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Summary 

The knowledge of the electronic ground state of a carbene is of fundamental importance 

in chemistry, since these states show substantial differences in their reactivity. In this 

work the spin states of several carbenes were investigated as well as their reactivity with 

different reagents by using matrix isolation spectroscopy and quantum chemical calcula-

tions. 

3-Methoxy-9-fluorenylidene (5) was found to be a bistable carbene, whereby both its tri-

plet T-5 and singlet state S-5 coexist in equal parts in Ar and Ne matrices at 3 K, as 

evidenced from EPR, IR and UV-vis spectroscopic studies. Irradiation with 650 or 

455 nm produces predominantly S-5, while 530 or 405 nm irradiation recovers the triplet 

state T-5. No temperature dependency on the S/T ratio was observable. Quantum chemi-

cal calculations further confirm the bistability of this system predicting an ΔEST gap of 

0.5 and 1.3 kcal/mol for the u- and d-conformer, respectively, at the CCSD(T)/cc-

PVDZ//B3LYP-D3/def2-TZVP level of theory. Furthermore, the reactivity of 5 towards 

H2O, NH3, H2, D2, O2 and CO was investigated in terms of its spin specificity, whereby 

in all the reactions besides the one with D2 both the singlet and triplet state were reacting 

with the reagent as shown by IR spectroscopy. In the reaction of 5 with H2O (or D2O) a 

hydrogen-bonded singlet complex S-5ꞏꞏꞏH2O (or S-5ꞏꞏꞏD2O) was formed. The complex 

was stable in Ar at 3 K, but irradiation with 650 nm rapidly converted S-5ꞏꞏꞏH2O to the 

alcohol 11. In this reaction the triplet T-5 presumably serves as reservoir for S-5ꞏꞏꞏH2O 

forming S-5 via intersystem crossing. The reaction of 5 with NH3 proceeds similarly via 

generation of a hydrogen-bonded singlet complex S-5ꞏꞏꞏHNH2. However, this complex 

was found to be metastable and rearranged to its N–H insertion product 50 even at tem-

peratures as low as 3 K. In contrast, the complex S-5ꞏꞏꞏDND2 was stable at these condi-

tions, which is a strong evidence for quantum mechanical tunneling (QMT). Quantum 

mechanical calculations confirm these results showing that the energy barrier for the re-

arrangement of S-5ꞏꞏꞏH2O to form 11 is higher by 5 kcal/mol with respect to the reaction 

of S-5ꞏꞏꞏHNH2 calculated at the CCSD(T)/cc-PVDZ//B3LYP-D3/def2-TZVP level of 

theory. In the reaction of the carbene with CO both the singlet S-5 and triplet T-5 under-

went carbonylation forming the corresponding ketene 49. Although oxygen is known as 

a trapping reagent for triplet species, also in the reaction of 5 with O2 both the singlet and 

the triplet species were reacting forming carbonyl oxide 43. This species is highly pho-

tolabile and could be easily converted to its photoproducts 44, 45, 46 and 47. The reason 
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why both the singlet and triplet 5 were reacting might be the small geometrical change 

from S-5 to T-5 (and vice versa) due to the carbene center being incorporated in a five-

membered ring. Irradiation of the diazo precursor 7 in H2 matrices directly leads to the 

formation of the hydrogenation product 28. However, in D2 matrices photolysis of 7 gen-

erated at mixture of singlet S-5 and the hydrogenation product 28-d2 in equal parts demon-

strating a spin-selective D2 activation by T-5. The singlet could be converted to form 28-

d2 via irradiation with 405 nm (which in Ar favors the triplet formation).  

  

Scheme 1: Formation and reactivity of carbene S-5 and T-5. 

Another bistable carbene is the bis(p-methoxyphenyl)carbene (2), whereby the S/T ratio 

cannot only be adjusted photochemically, but also by increasing the temperature. Photol-

ysis of the diazo precursor 26 led to a ratio between singlet S-2 and triplet T-2 of approx-

imately 50:50 in different matrices (Ne, Ar, Xe). Annealing to 25 K in Ar converts the 

triplet towards the singlet (75:25). However, by annealing to 50 K in Xe the S/T ratio was 

only 66:34 showing that there is no temperature dependence, rather dependence on the 
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degree of softening of the matrix. This hypothesis was further confirmed by warming a 

Ne matrix up to 7 K containing both the singlet and triplet giving a similar S/T ratio. 

Furthermore, in Xe the rate constant for the triplet interconversion at 30 K, 40 K and 50 K 

was determined to be (1 – 2)ꞏ10-4 s−1 and, thus, independent from the temperature. These 

results demonstrate that also steric hindrance and kinetics depend on the local matrix en-

vironment, which is in agreement with previous research.[1] The bistable carbene 2 was 

investigated in terms of its spin specificity using CO and O2 as reagents. By performing 

experiments in CO-doped Ar matrices, in the case of carbene 2 also no spin selectivity 

was observed showing that the multiplicity is probably a less important factor in the car-

bonylation of carbenes in agreement with quantum mechanical investigations of 

Goedecke et al.[2] However, the oxidation of T-2 proceeded much faster than that of the 

singlet state (k(S-2) = (5.5 ± 0.2)ꞏ10-5 s−1) when conducting experiments in 1% O2 doped 

Ar matrices. Similar to the oxidation of carbene 5, photolysis of the carbonyl oxide 39 

formed the products 40, 41 and 42. Furthermore, in O2 doped Ne matrices only T-2 was 

reacting upon annealing to 5 K, whereas S-2 remained stable, which is in agreement with 

the spin-selective hydrogenation of 2 reported in literature.[3]  

 

Scheme 2: Reaction of bistable carbene 2 with O2. 

 

3,6-Difluoro-9-fluorenylidene (12) was found to be a triplet ground state carbene with a 

small singlet-triplet splitting ΔEST = 1.5 kcal/mol (at the CCSD(T)/cc-PVDZ//B3LYP-
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D3/def2-TZVP level of theory). The reaction with H2O results in the formation of a hy-

drogen-bonded complex S-12ꞏꞏꞏH2O, which remained stable in solid Ar, whereas photol-

ysis (with 650 nm) produced the alcohol 14. However, in the reaction of the carbene 12 

with ammonia, the hydrogen-bonded singlet complex was found to be very unstable. 

Thus, with NH3 the formation of the amine 52 seemed to proceed directly, while with 

ND3 the formation of the complex S-12ꞏꞏꞏDND2 was observed, that underwent tunneling 

to form the corresponding amine 52-d3. The rate of this process was measured to be in-

dependent of the temperature, which confirmed together with the large kinetic isotope 

effect the tunneling mechanism. The reason for the higher reactivity of S-12ꞏꞏꞏHNH2 

(with respect to S-5ꞏꞏꞏHNH2) is presumably based on the lower activation barrier by 

1.2 kcal/mol calculated at the CCSD(T)/cc-PVDZ//B3LYP-D3/def2-TZVP level of the-

ory. 

Moreover, cyclopentadienylidene (54) and tetrachlorocyclopentadienylidene (55) were 

investigated regarding their reactions with H2O, ICF3 and BF3. The complexation of the 

carbenes with H2O resulted (apart from the dimerization product) only in small shifts of 

the IR bands, which is characteristic for weak complexes of triplet carbenes. Hydrogen 

bonding apparently does not suffice to stabilize the closed-shell singlet state of 54 and 55 

due to the antiaromatic character of the positively polarized five-membered ring. This 

destabilization could also not be overcome by halogen bonding, since no halogen-bonded 

singlet complex was formed upon the interaction of carbene 54 and 55 with ICF3. Instead, 

the formation of the ylides 65 and 68 was observed with more favorably negatively po-

larized cyclopentadiene rings. The ylides could be converted photochemically 

(λ = 650 nm) to the corresponding triplet radical pairs 66 and 69; this process was reversi-

ble upon subsequent annealing. The hydrogen and halogen bonding stabilization for the 

diphenylcarbene (8) was calculated to be 9 – 11 and 15 kcal/mol, respectively, whereas 

its interaction with BF3 leads to a stabilization of the closed-shell singlet S-8 by even 

40 kcal/mol. Therefore, the reaction of the carbenes 54 and 55 with BF3 was investigated 

in order to stabilize the antiaromatic character of the positively polarized five-membered 

ring. Indeed, the reaction of 55 with BF3 generated the highly destabilized zwitterion S-

78 and its BF3 complex S-78ꞏꞏꞏBF3 containing a cyclopentadienyl cation fragment, whose 

antiaromaticity was proven by NBO, NICS and ACID calculations. The reaction of 54 

with BF3 proceeded differently than for its derivative. The formation of a singlet zwitter-

ion did not occur, rather the B–F insertion product 82 was formed directly. Increasing the 

amount of BF3 molecules in proximity to the carbene led to the stabilization of a triplet 
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species, which might be assigned to the triplet zwitterion T-81 complexed with (an) ad-

ditional BF3 molecule(s). Quantum mechanical calculations confirm this suggestion 

showing that T-81 is stabilized by 9.4 kcal/mol (with respect to the singlet S-81). The 

minor stabilization of S-81 compared to the chlorine substituted zwitterion S-78 is pre-

sumably caused by the electron-donating non-bonded electrons from the chlorines that 

stabilize the positively charged cyclopentadienyl unit, thus pushing electron density into 

the vacant p orbital of the neighboring carbon atoms. 

 

Scheme 3: Reactivity of carbene 55. 

While the triplet ground state of 54 in Ar was proven by EPR spectroscopy, no EPR 

spectrum for 55 was reported. Although the ground state of carbene 55 was assumed to 

be triplet due to its reactivity with oxygen, a detailed analysis concluding EPR, IR and 

UV-vis spectroscopy combined with polarization methods revealed that carbene 55 is a 

unique example for a carbene with an open-shell singlet ground state. Quantum mechan-

ical calculations support this assumption only in part showing that the triplet 3B1 and the 

open-shell singlet state 1A2 are nearly degenerate. 
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Chapter 1 

 General Introduction 

1.1 Carbenes 

Carbenes are of great interest in organic chemistry, since they often play a key role as an 

intermediate in a plethora of chemical reactions. They can be defined as “electrically neu-

tral species H2C: and its derivatives, in which the carbon is covalently bonded to two 

univalent groups of any kind or a divalent group and bears two nonbonding electrons, 

which may be spin-paired (singlet state) or spin-non-paired (triplet state).”[4] The arrange-

ment of these two electrons in two different orbitals (σ and π) results in four different 

electronical configurations, three singlet states (2 ∙ (½ – ½) + 1 = 1) and the triplet state 

(2 ∙ (½ + ½) + 1 = 3), which are schematically depicted in Figure 1. Like other reactive 

intermediates (e.g. most radicals, nitrenes, carbocations, zwitter ions), they are energy-

rich and usually show short lifetimes (e.g. 16 ns for triplet fluorenylidene in benzene[5]).[6]  

C
R

R
C

R

R
C

R

R
C

R

R

Triplet Singlet

3B1
1A1

1A1
1B1

p



p ppp


 

Figure 1: Electronic configurations of carbenes.[7-9] 

Methylene (H2C:) is the simplest carbene. The electronic structure of a carbene (singlet 

or triplet) is dependent on many factors. For a linear structure in H2C: one would expect 

two degenerated p-orbitals, which results, according to Hund’s Rule, in a triplet ground 

state. Contracting the angle of the carbene center causes rehybridization, which leads to 
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an increased energy gap between the pure p orbital and one rehybridized sp2-like orbital. 

If the energy gap is high enough to overcome the correlation energy, the carbene will 

prefer a singlet ground state.[10] 

The ground state and the geometry of methylene had been controversial for many 

years.[10] Although since 1952 the ground state of H2C: was predicted to be triplet (by 

theoretical calculations[11-14] and further confirmed via UV-vis spectroscopy[15]), the ge-

ometry was firstly determined by Bernheim and Wassermann[16] in 1970 via EPR spec-

troscopy, an analytical method, which enables the investigation of molecules with un-

paired electrons. The authors reported an H–C–H angle of 136° for triplet methylene. In 

fact, only few linear carbenes (with bulky groups) exist. Most triplet carbenes show bond 

angles of 130 – 150°, while singlets have bond angles of 100 – 110°.[17] The triplet ground 

state of methylene could be further confirmed by determination of the singlet-triplet en-

ergy separation (ΔEST gap) via kinetic measurements[18-19] and theoretical investiga-

tions[20], which demonstrated a singlet-triplet splitting of 8 – 9 kcal/mol.[10] Since ΔEST is 

defined as ΔEST = ES – ET, for singlet ground state carbenes a negative ΔEST value would 

be expected.  

Modification of the substituents of a carbene influences the ΔEST gap and, thus, also the 

spin multiplicity. Hoffmann and coworkers have predicted on the basis of MO calcula-

tions that, due to the correlation energy, most carbenes are non-linear ground state tri-

plets.[6, 21] Additionally, EPR studies demonstrated “that most aryl and diarylcarbenes 

have triplet ground states”.[22] However, singlet carbenes could be stabilized by electron-

donating substituents, which increase the energy of the carbenes 2p orbital. For example, 

methyl groups stabilize the singlet via hyperconjugation with the empty 2p orbital and 

carbenes with neighboring atoms bearing nonbonding electrons (-X, -O, -N, -S) (towards 

the carbene center) often are ground state singlets, due to the donation of those electrons 

into the empty 2p orbital. Additionally, steric effects can influence the multiplicity. While 

bulky substituents (e.g. adamantyl groups) favor the triplet by enlarging the R1–C–R2 

angle, constraining the R1–C–R2 angle via strained ring systems (e.g. four-/ five-mem-

bered rings) favors the singlet state. As a consequence N-heterocyclic carbenes are indef-

initely stable in their singlet ground state.[23] In Table 1 some carbenes are listed with 

their corresponding ΔEST gaps. 
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Table 1: Computed (G3MP2) and experimental singlet – triplet gaps for different carbenes[24] 

Carbene ΔEST (G3MP2)[24-25] ΔEST (exp.)[24] 
CH2 9.4 9.0[26] 
CH3CH 3.0  
Cyclopropylidene -16.8  
cyclobutylidene -10.5  
PhCH 2.3 2.3[27] 
Ph2C -2.6 2.6[28] 
Fluorenylidene -2.6 0.2 – 1[29] 
Cyclopropenylidene -71.6 -53.8[24] 
FCH -14.6 -14.9[30]/ -14.7[31] 
F2C -56.2 -54[32]/ -56.7[31] 
N,N-dimethyl-imidazol-2-ylidene -87.5  

 

Due to their hypovalency, carbenes are highly electrophilic and therefore undergo inser-

tion reactions into X–H, C=C or C–H bonds. However, the difference in the electronic 

structure between singlet and triplet carbenes affects their reactivity. One of the most 

characteristic reactions of carbenes is their addition to olefins to form cyclopropanes.[17] 

Singlet carbenes can form cyclopropane derivatives stereospecifically in a concerted 

manner. Triplet carbenes insert in the double bond of alkenes by a step-wise reaction. The 

first step is the homolytic cleavage of the double bond to form a diradical, followed by a 

slow spin inversion to produce the cyclopropane via ring closure. Since spin-flipping is a 

relatively slow process a mixture of diastereomers is formed (Scheme 4).  

 
Scheme 4: Mechanism of cyclopropane formation. 

 

Another spin-specific intermolecular reaction of carbenes is their insertion into a C–H 

bond: Singlet carbenes undergo C-H insertions in a concerted manner via a 3-membered 

cyclic transition state (Scheme 5). Only very few triplet carbene insertions into the C–H 

bond have been reported. In theory, triplet carbene insertions should follow a two step 
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radical pathway yielding mixtures of stereoisomers. However, this reaction outcome has 

never been observed.[17] 

 
Scheme 5: C–H insertion of singlet carbenes. 

 

The O–H insertion of a singlet carbene follows a reaction pathway consisting of two steps 

(Scheme 6): The Ione pair of the oxygen in methanol interacts with the empty p orbital 

of the carbene to generate the zwitterionic ylide as an intermediate. In the next step, a 

hydrogen shift leads to the formation of an ether,[7] Since this reaction pathway would be 

spin-forbidden in case of triplet carbenes, two radicals are formed which produce the al-

cohol via a radical-radical disproportionation reaction or coupling (Scheme 6).[33]  

 
Scheme 6: Reaction of triplet carbene with methanol. 
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1.2 Hydrogen Bonding 

A hydrogen bond is defined as a non-covalent, attractive interaction between a proton 

donor A–H and a proton acceptor as an atom B or a group of atoms B–C, where A is an 

electronegative atom, such as N,O, and F and the proton acceptor is an electron-rich re-

gion such as a lone pair of B or π-bonded pair of a B–C fragment (Figure 2).[34-36] 

 

Figure 2: Exemplary hydrogen bond. 

Although the nature of hydrogen bonding is still not fully clarified, the intermolecular 

forces involved in this interaction consist of a combination of dispersion-driven (van der 

Waals), electrostatic and charge-transfer (covalency) contributions dependent on the 

strengths of a hydrogen bond.[34] Strong hydrogen bonds possess bond strengths of  

15–40 kcal/mol and are mostly driven by charge transfer contributions.[37] Furthermore, 

the binding situation is characterized by a short HꞏꞏꞏB distance (1.2 – 1.5 Å) and a strong 

elongation of the A–H bond (0.08 – 0.25 Å).[36-37] Moreover, strong hydrogen bonds are 

linear with angles around 180°, whereby the degree of directionality depends on the po-

larity of the donor.[38] In contrast, moderate and weak H-bonds are driven mostly by elec-

trostatic and dispersion forces and vary between 4 – 15 and 1 – 4 kcal/mol, respec-

tively.[37] They are characterized by a longer HꞏꞏꞏB distance (> 1.5 Å) and a weaker 

lengthening (< 0.08 Å) of the A–H bond and smaller H-bond angles compared to strong 

hydrogen bonds.[37] These characteristics are also summarized in Table 2. It should be 

noted that the HꞏꞏꞏB bond strength (where H is covalently bound to A) increases with 

increasing electronegativity of A. Thus, for [FHF]- a strong hydrogen bond energy of 38.6 

kcal/mol was measured.[39] Examples for a moderate and a very weak hydrogen bond are 

HOHꞏꞏꞏOH2 (5.0 kcal/mol) and CH4ꞏꞏꞏF–CH3 (0.2 kcal/mol), respectively.[37] 
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Table 2: Characteristics of strong, moderate and weak hydrogen bonds.[34, 36-37, 40] 

H-bonds Strong Moderate Weak 
Interaction type Strongly covalent Mostly electrostatic Electrostatic/  

dispersed 
H-bond strengths 

[kcal/mol] 
15 – 40 4 – 15 < 4 

Bond lengths 
(HꞏꞏꞏA [Å]) 

1.2 – 1.5 1.5 – 2.2 > 2.2 

Lengthening of AH 0.08 – 0.25 0.02 – 0.08 < 0.02 
A–H Vs. HꞏꞏꞏB A–H ≈ HꞏꞏꞏB A–H < HꞏꞏꞏB A–H << HꞏꞏꞏB 

Hydrogen bond angle [°] 170 – 180 
Strongly direc-

tional 

130 – 180 
Moderate direc-

tional 

90 – 150 
Weakly directional 

1H δ (A–H) chemical 
shift [ppm] 

14 – 22 < 14 – 

Relative IR shift [cm−1] 25% 10 – 25% < 10% 
Examples/ 

types of bonds 
[FꞏꞏꞏHꞏꞏꞏF]- 

[H2OꞏꞏꞏHꞏꞏꞏOH2]+ 
(only two center 

bonds) 

HO-HꞏꞏꞏOH2 
 

CH4ꞏꞏꞏF–CH3 
N–Hꞏꞏꞏπ-bond 

 

In order to analyze the hydrogen bonding interaction spectroscopic methods, such as 

NMR and IR spectroscopy have been established as powerful techniques.[37, 41] In partic-

ular, for the system A–HꞏꞏꞏB a proton deshielding for H in A–H in 1H NMR spectra usu-

ally is observable, which leads to a 1H downfield shift. The hydrogen bond length is in 

direct correlation to the shift: The shorter the hydrogen bond, the greater is the chemical 

shift. Conclusively, NMR shift data could be used for the estimation of the length of a 

hydrogen bond, whereas for example β-diketone enoles, which possess very short intra-

molecular O–HꞏꞏꞏO hydrogen bonds, show very strong chemical shifts up to 19 ppm.[42] 

Another tool to analyze H-bonds is given by IR spectroscopy, since the formation of an 

H-bonded complex A–HꞏꞏꞏB has an influence on the vibrational modes of the fragments 

involved in several ways. The donor A–H frequency is the one that is most affected show-

ing a red-shift absorption and an increase in intensity or band broadening. For example 

the non-hydrogen bonded O–H stretch occurs at 3500 – 3600 cm−1.[43] In contrast the hy-

drogen-bonded OH stretch of paracetamol is redshifted to 3300 – 3000 cm−1.[43] Further-

more, hydrogen-bonded carbenes exhibit red-shifted O–H stretching absorptions. The  

O–H stretch of the hydrogen-bonded phenylchlorocarbene, in which one H2O molecule 

is attached to the carbene center, was found to be red-shifted by 438.4 cm−1. In analogy, 

singlet diphenylcarbene and MeOH are forming a strong hydrogen-bonded complex, 
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demonstrated by a huge red-shift of 864 cm−1 of the O–H stretch of MeOH. Also in the 

case of the A–HꞏꞏꞏB bond investigation via IR spectroscopy there is a correlation; the 

more pronounced the redshift, the stronger is the hydrogen bond.[35] 

 

1.3 Halogen Bonding 

„A halogen bond occurs when there is evidence of a net attractive interaction between an 

electrophilic region associated with a halogen atom in a molecular entity and a nucleo-

philic region in another, or the same, molecular entity.”[44] A typical halogen bond can be 

depicted as  

R–XꞏꞏꞏY,  

where the three dots represent the bond. The halogen bond donor R–X bears a halogen 

atom X with an electrophilic region, which is covalently bound to the R group. Y is the 

halogen bond acceptor and can be an anionic or neutral species with a nucleophilic region, 

or in other words a Lewis base.[45] Typically donors can be dihalogen molecules, haloal-

kanes, haloarenes, 1-haloalkynes, halonium ions and haloimides, whereas atoms pos-

sessing lone pairs, π-systems and anions are representative for halogen bond accep-

tors.[44] The strengths of a halogen bond covers a wide range spanning from 

2.4 – 35.9 kcal/mol.[45] 

Historically, the discovery of the halogen bond went back to the 19th century, when Guth-

rie proposed the I2ꞏꞏꞏNH3 structure based on the earlier work of Colin.[46-47] Mulliken and 

Hassel are among the pioneers in the investigation of the nature of halogen bonding. In 

1950 Mulliken first introduced this kind of interaction as a “charge transfer bonding” via 

UV measurements of iodine and bromine in aromatic solvents based on the investigations 

of Benesi and Hildebrand.[48-49] In 1954 Hassel and Hvoslef could identify the (linear) 

structure of a complex between bromine and dioxane via X-ray crystallographic studies, 

whose interaction Hassel described as “an intermolecular halogen bridge” [50] and con-

cluded that halogen bonding is closely related to hydrogen bonding.[51-52] The electronic 

origin of hydrogen bonding was finally explained by considering calculations of the elec-

trostatic potential on the halogens surfaces.[53] It seemed confusing that a halogen atom 

that was usually viewed as partially negatively polarized would interact with a nucleo-

philic region. This phenomenon has been explained by the so called “σ-hole”. For the 
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molecules CF3X (X = Cl, Br, I) the X atom approximately exhibits the s2px
2py

2pz
1 config-

uration (z is along the R–X axis) and these three unshared pairs of electrons form a belt 

around the central region of X, which results in a positive “σ-hole” on the outermost 

portion of its surface.[53] The positive potential increases with the polarizability, thus from 

F < Cl <Br <I, which also correlates with the halogen bond strength.[54] In CF3F, usually 

the fluorine atom does not show this anisotropic density distribution, i. e. the electrostatic 

potential for the whole atom is homogenously negative, while for CF3I the σ-hole is 

clearly visible (Figure 3).[54] This positive region enables the interaction with a nucleo-

phile. However, halogen bonding is, similar to hydrogen bonding, not a purely electro-

static phenomenon. Weak halogen bonds are mainly driven by dispersion, moderate by 

electrostatics and charge transfer contributions and strong bonds are dominated by charge 

transfer.[55-56] 

 

 

Figure 3: The molecular electrostatic potential, in Hartrees, at 0.001 electron Bohr-3 isodensity sur-
face of CF4, CF3Cl, CF3Br and CF3I (calculated at the B3LYP/def2-TZVP level of theory). 
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Despite the similarity in their nature, halogen bonding differs from hydrogen bonding by 

its directionality, tunability, donor atom dimensions and hydrophobicity.[45]  

1) Halogen bonding is highly directional (R–XꞏꞏꞏY ≈ 180°), which is due to charge 

transfer stabilization and repulsion of the halogen lone pairs with that of the Lewis 

base.[57]  

2) The broader tunability (compared to hydrogen bonding) is given by varying the 

interacting halogen atom, which affects the donor ability in the order 

I > Br > Cl > F.[45]  

3) The van der Waals radius of hydrogen (1.2 Å) is much smaller than the ones for 

the halogen atoms (rF = 1.47, rCl = 1.75, rBr = 1.85 and rI = 1.98 Å), which results 

in a higher sensitivity of halogen bonding towards steric hindrance compared to 

hydrogen bonding.[45] 

4) While typical halogen bond donors are apolar, all strong hydrogen bond donors 

are naturally more hydrophilic, such as OH and NH groups.[45, 55] Therefore, hal-

ogen bonding often is considered as a hydrophobic “sister interaction” of hydro-

gen bonding.[45, 55] 

In analogy to hydrogen bonding, halogen bonding can be proven by spectroscopic meth-

ods, whereby X-ray diffraction studies, along with IR and NMR spectroscopy are the 

techniques most commonly employed. In the IR spectra the R–I stretching vibration of 

several halogen bonded complexes showed a characteristic red shift, as well as an inten-

sity enhancement.[58-59] For example the halogen bonded complexes I2ꞏꞏꞏpyridine, 

I2ꞏꞏꞏbenzene and I2ꞏꞏꞏp-dioxane show ν(I–I) stretching absorptions at 183, 205 and  

206 cm−1, respectively, whereby these values are subsequent lower than the one for “free” 

I2 (ν(I–I) = 213 cm−1). Also NMR spectroscopy had been established as a powerful tool 

to assess the presence of halogen bonding. Widner et al. showed that the 13C chemical 

shift of one carbon atom in aryldiyne-tethered systems was affected by intramolecular 

halogen bonds.[60] Furthermore, it was shown that UV-vis absorption bands of the halogen 

bond donor usually shift to shorter wavelengths.[44] 

Halogen bonding has found a large range of applications in diverse fields such as crystal 

engineering,[61] supramolecular chemistry,[62] construction of organic semiconductors,[63] 

pharmaceutical chemistry[64] or organic catalysis,[65] which has led to an explosive growth 

of research over the last 20 years.[56]  
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1.4 Matrix Isolation Spectroscopy 

In the last chapter we focused on the properties of carbenes. Due to the high energy and 

reactivity implied by their structure, research on carbenes (and other reactive intermedi-

ates) is challenging, since most analytical methods are not suitable for their characteriza-

tion.[24] Therefore, two approaches were developed:[66]  

1) Measure reactive intermediates under ambient conditions in the timescale of  

10-6–10-12 seconds via time-resolved laser spectroscopy. 

2) Trap them in rigid host materials, where they are stable for hours and measure 

them using conventional spectroscopic tools (e. g. IR, UV-vis, EPR), which is 

referred to as matrix isolation spectroscopy. 

In this chapter the focus is laid on the latter method. Usually an excess of solidified inert 

gases (N2, Ne, Ar, Kr, Xe) is used as appropriate host materials, since they prevent diffu-

sion of the trapped species, referred to as guest. Thus, bimolecular reactions cannot occur, 

besides with the host. In order to enable the isolation of the reactive species in a matrix 

that consists of solidified inert gases very low temperatures are required (for ar-

gon < 20 K). Glasses formed by freezing a liquid, referred to as organic glasses, are an-

other host material that can be formed at temperatures of 77 K, therefore, making the 

experimental setup less demanding than in the case for solidified argon matrices. How-

ever, a significant advantage of solidified inert gas over organic glass is its chemical in-

ertness even to very reactive species and that organic glasses absorb over large regions of 

the IR spectrum, whereas inert gas matrices are transparent for most analytical meth-

ods.[67-68]  

Apart from the prevention of bimolecular reactions, interfering interactions with other 

molecules and diffusion, the lack of thermal energy also keeps unimolecular reactions 

(dissociations, reordering) from occuring. Furthermore, the rigid matrix prevents rota-

tions of the isolated species, causing infrared spectra to solely show vibrational transi-

tions, with the spectra thus being simplified as well as  gaining in intensity and selectiv-

ity.[67] This results in an excellent agreement between the spectra obtained via matrix iso-

lation IR spectroscopy with the ones obtained via quantum mechanical calculations in gas 

phase, which enables the identification of unknown substances. 

Pimentel and Porter are considered as pioneers of matrix isolation. In 1954 Whittle, Dows 

and Pimentel could successfully trapped CO2, CCl4 and methylcyclohexane in inert xenon 
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matrices at 66 K.[69] At the same time Norman and Porter report the isolation of atoms 

and radicals in glassy solvents at liquid nitrogen temperature.[70]  

In order to investigate reactive species usually a suitable precursor, which in the case of 

a carbene is the corresponding diazo compound or the diazirine, will be co-deposited (via 

vapourization) with an excess of inert gas (e.g. Ar) on a spectroscopic window at cryo-

genic temperatures (e.g. 15 K). For IR measurements CsI or CsBr windows were used, 

while for UV-vis spectroscopy sapphire and CaF2 have been established as suitable win-

dow materials.[68] The corresponding carbene can be generated e.g. via photolysis at the 

lowest possible temperature (3 K – 10 K) and investigated spectroscopically by IR and/or 

UV-vis spectroscopy. Additionally, the interaction of reactive species with small mole-

cules can be investigated via matrix isolation spectroscopy. For example in order to in-

vestigate the reaction of a carbene with water, the precursor of a carbene will be co-de-

posited with an inert gas doped with small amounts of water (e.g. 1%) at the lowest pos-

sible temperature (3 – 10 K) to prevent the diffusion of water. For the preparation of the 

gas mixture a gas handling system or a sample preparation line has to be used. After 

generation of the carbene, annealing to higher temperatures (e.g. for argon 25 K) enables 

the interaction of the carbene with small molecules (Figure 4), which can be investigated 

spectroscopically (IR, UV-vis, EPR spectroscopy). 

 

Figure 4: Reaction of small molecules with reactive species inside a matrix. The reactive species (el-
lipses) are isolated from each other in the rigid host lattice (shown as balls) (left). By annealing to higher 
temperatures the matrix gets softer, which allows the diffusion of small molecules inside the matrix (right). 

 

As mentioned above the equipment required for the matrix-isolation studies is quite com-

plex. In order to solidify an inert gas like argon, temperatures less than 20 K are required. 

To guarantee these temperatures and to prevent impurities, a high vacuum system and a 

high isolation is necessary.  
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The major equipment is summarized as the follows: 

 a refrigeration system,  

wherefore often times closed-cycle helium cryostats are used with a cooling rang-

ing from to 3-10 K; 

 a vacuum pumping system,  

which can consist of a rotary pump and an oil diffusion pump to reach a high 

vacuum (10-6 mbar); 

 a vacuum chamber (shroud) to enclose the sample; 

 a gas handling system for the preparation of the gas/ gas mixture; 

 a spectroscopic window,  

which is attached to a sample holder, where the sample and the matrix will be 

deposited and investigated spectroscopically; 

 methods for analyzing the matrices (IR, UV-vis, EPR spectroscopy).[68] 

 

A setup of a matrix isolation cold head is shown below (Figure 5). 

 

Figure 5: Representation of a matrix cold head.  
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1.5 Polarization Spectroscopy 

This chapter is giving a short introduction in the basics of polarization spectroscopy. A 

detailed description of this method is given in the literature by Thulstrup and Michl.[71-72] 

IR spectroscopy is an excellent technique for the investigation of substances providing 

valuable information about transition energies and intensities. However, to get access 

about the symmetry and molecular conformations, polarization spectroscopy is a power-

ful tool delivering the transition moment direction via measurements of an anisotropic 

sample.[73] 

Anisotropy is the property of a molecule to exhibit variations in physical properties along 

different molecular axes.[74] This directional dependence of molecules is an essential re-

quirement for polarization spectroscopy measurements. Anisotropic samples could be 

produced dissolving molecules in anisotropic media (e.g. crystals, liquid crystals or 

stretched polymers) or by photoselection, which is the method of choice in combination 

with matrix isolation experiments, since it prevents the rotation of molecules.[68, 75] Pho-

toselection affects the formation of a (partially) aligned sample via photolysis with plane-

polarized light. The theoretical background will be given in the next paragraph. 

Electronic transitions take place if a molecule is excited (e.g. absorbing a photon) from 

one electronic energy level to a higher one. These transitions have associated transition 

moments, which are vector quantities and can give the probability for absorption of a 

photon.[68] If plane-polarized light, which bears an electric field vector E, is encountering 

a matrix-isolated sample, the molecules with the transition moments parallel to the E vec-

tor have the highest probability of absorption, since the molecules, which are oriented 

perpendicular to the E-vector, show the lowest absorption probability. More precisely, 

the absorption probability is proportional to cos2(θ), where θ is the angle between the E-

vector and the transition moment.[68, 72, 76] This principle is applicable for the photoselec-

tion: If the molecules are fixed in a rigid matrix and are partial photolysed for instance 

with X-polarized light, those molecules whose transition moments lie close to X-direction 

reacts preferentially, whereby anisotropic starting material is left with a net preferred ori-

entation in Y-direction/ perpendicular to the X-direction (see Figure 6).[68]  
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Figure 6: Concept of Photoselection. Molecules are represented by circles and the line is indicating the 
direction of the transition moments photoactive absorption. If the molecules trapped in a matrix are photo-
lyzed with X-polarized light, those with their transition moment close to X-direction are photolyzed pref-
erentially, thus, leaving an anitrotopic sample containing molecules with transition moments with an ori-
entation perpendicular to the X-direction.[77] 

 

For the spectral analysis via polarization spectroscopy the linear dichroism (LD) of a 

sample is a great benefit. LD is defined as a change in the intensity of absorption bands 

if the electric vector of the light is rotated by 90 degrees.[76] From this follows, that for a 

molecule with a transition moment in Y-direction, the corresponding absorption shows a 

maximum, when measured with Y-polarized light and a minimum for X-polarized 

light.[68] Thus, the measurements of two spectra of an anisotropic sample, one measured 

with X-polarized light and one with Y-polarized light, provide information of the orien-

tation of the transition moments and, therefore, useful information of the symmetry of a 

molecule.[72, 76]  

A typical setup for these measurements is shown below (Figure 7). Apart from the mon-

ochromator, the photomultiplier, the amplifier and the recorder, which are used also for 

the “normal” spectroscopy methods (IR, UV), a rotatable polarizer is attached. Turning 

the polarizer by 90°, thus, enables the recording of two spectra, one spectrum measured 

with X-polarized light and one measured with Y-polarized light. For IR measurements a 

polarizer, which consists of fine aluminium grids, which are deposited on several sub-

strates, such as thallium bromoiodide, CaF2, polyethylene or germanium, is used.[68, 72] 

 

 

Figure 7: Schematic setup of a spectrometer for polarization spectroscopy measurements. M, mono-
chromator; P, rotatable polarizer; S, anisotropic sample; PM, photomultiplier; A, amplifier; REC, re-
corder.[72]  
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For planar molecules, especially those of C2v, D2h and D2 symmetry, the determination of 

the symmetry is simplified, since only three different transition moments along the sym-

metry determined molecular axes x, y, and z are possible.[76] Therefore, for molecules 

with C2v symmetry the transitions fall into three groups, with A1 (z), B1 (x), or B2 (y) 

symmetry, in which their transition moments lie perpendicular to each other.[68] Conclu-

sively, a properly estimation of their transition moments via simple theoretical methods, 

as well as an experimental determination is enabled.[75] 
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Chapter 2 

 Investigation of Arylcarbenes  

2.1 3-Methoxy-9-fluorenylidene  

2.1.1 Introduction 

Usually, under matrix isolation conditions carbenes were observed in their most stable 

electronic ground state, singlet or triplet. An exception was reported by Zhu et al. by the 

matrix-isolated formation and spectroscopical characterization of 2-naphtyl-(carbometh-

oxy)-carbene (1) in both, its singlet and triplet state.[78] The authors reported that T-1 

exhibited a triplet ground state, whereby its equilibrium could be shifted towards the sin-

glet state S-1 via photolysis with λ > 515 nm light. S-1 was metastable and several hours 

in the dark at 12 K, as well as 450 nm irradiation yielded to a reconversion of its triplet 

state (Scheme 7). 

O

OCH3 h > 515 nm

 12 K
h = 450 nm

O

OCH3

T-1 S-1  

Scheme 7: Magnetically bistable carbene 1. 

Recently, matrix isolation experiments of three other carbenes were reported, which show 

this special bistability, the bis(p-methoxyphenyl)carbene (2), the p-tolyl(trifluorome-

thyl)carbene (3) and the related fluorenyl(trifluoromethyl)carbene (4) (Chart 1).[79-80] All 

these carbenes had in common that their spin state could be switched via photolysis and 

also a temperature dependency was observed. By these studies it was concluded that 

“magnetic bistability of carbenes is a general phenomenon that only depends on the S-T 

gap of the carbene”.[80] Very recently, Feng et al. demonstrated that this assumption was 

also applicable for furoylnitrenes.[81]  
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Chart 1: Three additional bistable carbenes. 

 

In this chapter, the bistability of another carbene is investigated, which has a small singlet 

triplet gap (1.9 – 2.6 kcal/mol), the 3-methoxy-9-fluorenylidene (5). Song and Sheridan 

demonstrated that the incorporation of a methoxy group in para position of an aryl carbene 

could favor the singlet state.[82] DFT calculations confirm their findings, since the meth-

oxy substitution for carbene 5 is lowering the singlet triplet gap by 3 kcal/mol compared 

to the non-substituted fluorenylidene (6) (Chart 2). Furthermore, the carbene center is 

incorporated in a five-membered ring, which lowers its flexibility (with respect to carbene 

2).  

 

Chart 2: C–C–C bond angles at the carbene center and singlet-triplet gaps of 5 and 6. Both conformers 
(u and d) were considered. ΔEST was calculated at the B3LYP-D3/def2-TZVP level of theory. 
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2.1.2 Experiments in Ar and Ne 

The experimental work of this chapter was carried out in collaboration with Tobias 

Thomanek. 

IR Experiments 

To study the bistability of 3-methoxy-9-fluorenylidene (5), IR spectroscopy was used in 

argon and neon matrices at 8 K and 3 K, respectively. Therefore, first 3-methoxy-9-di-

azofluorene (7) as a precursor was co-deposited with Ar on the cold spectroscopic win-

dow at 8 K. With respect to the orientations of the methoxy groups (upwards and down-

wards), two conformers, u and d were considered (Chart 3). According to calculations, 

these conformers are almost degenerate in energy (ΔE = 0.3 kcal/mol). The IR spectrum 

of 7 is in good agreement with the calculated ones at the B3LYP-D3/def2-TZVP level of 

theory (Figure 8 and A1). The splitting of the strong diazo band at 2060 cm−1 could be 

caused by Fermi resonance by mixing normal and overtone modes. By comparison of the 

intensity of the vibration at 810 cm−1, which was assigned to 7-d, with the one at 

800 cm−1, which was assigned to 7-u, the ratio of 7-d and 7-u was determined to be 63:37 

taking into account the difference in intensity of the bands predicted by the calculations.  

 

Chart 3: Two conformers of 7 were considered with respect to the position of the methoxy group: 
down (d) and up (u). Energies relative to 7-d were computed at the B3LYP-D3/def2-TZVP level of theory. 
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Figure 8: IR spectra showing the precursor 3-methoxy-9-diazofluorene (7) in a mixture of both con-
formers (u and d). a, Deposition spectrum of 7 in Ar at 8 K. b, IR spectrum of 7-d calculated at the B3LYP-
D3/def2-TZVP level of theory. c, IR spectrum of 7-u calculated at the B3LYP-D3/def2-TZVP level of 
theory. 

 

Carbene 5 was produced by irradiation of the precursor with 365 nm LED light in a good 

conversion verified by the absence of the strong diazo vibration at 2060 cm−1 in the IR 

spectrum (Figure 9). Comparison of the spectrum with that of the two triplet conformers 

(T-5-u + T-5-d) calculated at the B3LYP-D3/def2-TZVP level of theory reveals the for-

mation of a mixture of conformers alongside additional compounds (Figure 9, Table A2). 

It should be noted that the intensity of the triplet bands is weak in comparison with the 

bands of the additional products. Photolysis with 650 or 455 nm LED light results in a 

substantial change in the IR spectrum (Figure 9): all bands assigned to the conformers of 

T-5 decrease in intensity, and those of the additional compounds increase. By comparison 

with DFT calculations these new species could be assigned to the singlet carbene S-5 

(Figure 9, Table A3). Although the strong C–C–C stretching vibration of the singlet at 

1102 cm−1 is not split in the experimental spectrum as it would be predicted from the 

calculations for both conformers, considering the high intensity of the band and the ap-

pearance of the band at 1429 cm−1 (assigned to T-5-d) and the one at 1235 cm−1 (assigned 

to T-5-u), a mixture of both conformers was suggested (Figure 9, Table A2 and A3).  
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Figure 9: IR spectra showing the photolytic conversion of T-5 to S-5. a, IR spectrum of 7 after irradia-
tion with 365 nm LED light in Ar at 8 K. b, Difference IR spectrum at 3 K showing changes after irradiation 
with 650 nm LED light of an argon matrix containing both singlet and triplet carbene. Bands pointing 
downwards, assigned to T-5, were disappearing and bands pointing upwards, assigned to S-5, were appear-
ing. c, Difference spectrum showing the interconversion of T-5 to S-5 calculated at the B3LYP-D3/def2-
TZVP level of theory including both conformers in the same ratio. d, e, Difference spectra showing the 
interconversion of T-5 to S-5 calculated at the B3LYP-D3/def2-TZVP level of theory for one con-
former.*Signals caused by H2O were marked with an asterisk. 

 

DFT calculations confirm this assumption showing an energy difference of 0.76 kcal/mol 

for singlet and 0.04 kcal/mol for triplet conformers. A back conversion from singlet to 

triplet could be initiated by additional irradiation with 530 or 405 nm LED light (see Fig-

ure 10).  
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Figure 10: IR spectra showing the photolytic conversion of T-5 to S-5. a, Difference spectrum showing 
the interconversion of T-5 to S-5 calculated at the B3LYP-D3/def2-TZVP level of theory including both 
conformers in the same ratio. b, Difference IR spectrum at 3 K showing changes after irradiation with 
650 nm LED light of an argon matrix containing both singlet and triplet carbene. Bands pointing down-
wards, assigned to T-5, were disappearing and bands pointing upwards, assigned to S-5, were appearing. c, 
Difference IR spectrum of the same matrix after additional irradiation with 530 nm LED light. Bands point-
ing downwards, assigned to S-5, were disappearing and bands pointing upwards, assigned to T-5, were 
appearing.*Signals caused by H2O were marked with an asterisk. 

 

It should be noted that a complete conversion could not be observed. The singlet-triplet 

(S/T) ratios after photolysis in Ar and Ne matrices are shown in the table below. The 

relative S/T population in Ne after irradiation with 650 nm differs from the population 

determined in Ar. This discrepancy might results from the softness of Ne matrices that 

allow conformational changes of a molecule inside a matrix and, hence, the intersystem 

crossing (ISC). The influence of the matrix host on the spin crossover is further described 

in Chapter 2.2. 

Table 3: Ratios between S-5 and T-5 determined by IR spectroscopy. 

Experiment S/T ratio (Ar) S/T ratio (Ne) 

Photolysis of 7: λ = 365 nm, 30 min 45:55 47:53 

Irradiation: λ = 650 nm, 30 min 60:40 80:20 

Irradiation: λ = 530 nm, 30 min 36:64 37:63 
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A thermal conversion from triplet to singlet or vice versa did not occur. Rather small 

shifts upon annealing to 25 K in Ar could indicate conformational changes. However, a 

specific assignment to one of the conformers was not possible (Figure 11). In neon, no 

change upon annealing to 6 K was observed. 

 

Figure 11: IR spectra showing changes after annealing. a, IR spectrum of 7 after irradiation with 365 nm 
LED light in an argon matrix at 3 K showing a mixture of S-5 and T-5. b, Difference IR spectrum at 3 K 
showing changes after irradiation with 530 nm LED light of an argon matrix containing both singlet and 
triplet carbene. Bands pointing downwards, assigned to S-5, were disappearing and bands pointing up-
wards, assigned to T-5, were appearing. c, Difference IR spectrum showing changes after annealing to 
25 K. d, Difference IR spectrum between S-5-u plus T-5-u and S-5-d plus T-5-d calculated at the B3LYP-
D3/def2-TZVP level of theory. e, Difference IR spectrum between S-5-u plus T-5-d and S-5-d plus T-5-u 
calculated at the B3LYP-D3/def2-TZVP level of theory. 

 

UV-vis Experiments 

The IR experiments described in the previous chapter were extended in the UV-vis region 

in order to analyze the photolytic and thermal reactivity of 5. Therefore, diazo precursor 

7 was sublimed and trapped with argon on a spectroscopic window at 8 K. After photol-

ysis of 7 (λ = 365 nm), carbene 5 in its triplet and singlet state was generated. This is 

confirmed by the appearance of a band at 461 nm and a weak one at 435 nm in agreement 

with those reported for the parent fluorenylidene (6) in triplet state (463 nm and 

440 nm)[83-84]. The band at 410 nm was assigned to S-5, since the band’s position is in 

accordance with the one of 6 in singlet state (416 nm)[83-84]. Irradiation with 455 or 
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650 nm LED light caused a decrease of the triplet bands, while the singlet bands in-

creased. Consequently, the intense bands at 266 nm and 276 nm could also be assigned 

to T-5 and S-5 (see Figure 12). These data could be confirmed by TD-DFT calculations. 

The electronic transitions calculated at the B3LYP-D3/def2-TZVP level of theory are 

matching with the assignments (Figure 12, inset). 

 

 

Figure 12: UV−vis spectra showing the generation and interconversion of T-5 and S- 5 by irradiation. 
a, UV−vis spectrum of 7 isolated in argon matrix at 8 K (dotted line). b, UV−vis spectrum obtained after 
30 min 365 nm irradiation of 7 at 8 K (blue line). c, UV−vis spectrum after subsequent 10 min irradiation 
with λ = 650 nm (red line). The bands of T-5 decreased, whereas those of S-5 increased during irradiation 
(indicated by blue arrows). The singlet (blue line) and triplet (red line) spectra calculated at the B3LYP-
D3/def2-TZVP level of theory are shown in the inset. 

 

Furthermore, the calculations predict additional weak bands at 544 and 571 nm for the 

triplet and very weak bands of the singlet at 600 and 640 nm, which are in accordance 

with the experimental results showing weak signals at 521 and 653 nm (see Figure 13, 

inset). Irradiation with 530 nm LED light converts the singlet back to the triplet (Figure 

13).  

The UV-vis measurements explain the photochemical behavior of carbene 5: Since T-5 

exhibits transitions at 461 and 653 nm, irradiation into these bands (with 455 and 650 nm 

LED light) resulted in the formation of the singlet S-5, whereas irradiation into the 410 

or 521 nm band of S-5 yields T-5. 



Chapter 2 – Investigation of Arylcarbenes 

 24 

Furthermore, a quantitative evaluation of the UV-vis spectra was conducted. The S/T ratio 

was determined by integrating singlet and triplet transitions at 410 and 461 nm, respec-

tively, which revealed similar S/T ratios with respect to the ones obtained from the IR 

experiments in Ar. Under cryogenic conditions, both states coexist indefinitely and an 

S/T ratio of approximately 44:56 was obtained. Irradiation (with λ = 650 or 455 nm) re-

sulted in the formation of T- 5 (S/T ratio of 53:47), whereas 530 and 405 nm light shifts 

the photostationary equilibrium towards S-5 (S/T ratio of 40:60). 

 

Figure 13: UV−vis spectra showing the photolytic interconversion of T-5 and S-5. a, UV−vis spectrum 
after 10 min irradiation of the carbene with λ = 650 nm in an argon matrix at 8 K (red line). b, UV−vis 
spectrum after subsequent 10 min irradiation with λ = 530 nm (blue line). The bands of S-5 decreased, 
whereas those of T-5 increased during irradiation (indicated by blue arrows). Very weak bands of T-5 and 
S-5 are shown in the inset (intensity multiplied by 20). 

 

EPR Experiments 

To study the bistability of carbene 5, EPR spectroscopy was used to monitor the triplet 

signal of 5. Photolysis (with λ = 365 nm) of an argon matrix containing 7 at 4 K generated 

the corresponding carbene in triplet state (T-5). The zero field splitting (zfs) parameters 

(D = 0.4235 cm−1 and E = 0.0261 cm−1) determined by simulation of the experimental 

spectrum are similar to the ones reported for the parent fluorenylidene (D = 0.4215 cm–1 
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and E = 0.0265 cm–1)[83]. Contrary to carbenes 2, 3 and 4, a thermal interconversion be-

tween singlet and triplet was not observed. Instead, the shape of the EPR signals changed, 

which is most likely due to the formation of a different conformer (Figure 14). 

 

Figure 14: X-band CW EPR spectra of an argon matrix showing almost no changes of the signal 
intensity of T-5 after annealing to 25 K. a, EPR spectrum of T-5 in Ar at 4 K (blue line). b, Annealing to 
25 K for 10 min showing almost no changes in the intensity of the spectrum (red line). Inset: EPR signal 
intensity plotted vs inverse temperature (Curie-Weiss plot). 

 

Plotting the signal intensity of the canonical transition z1 against the inverse temperature 

(Curie-Weiss plot) in the range between 4 K and 25 K shows a linear dependency (Figure 

14, inset), which indicates a triplet ground state or a nearly degenerated singlet triplet 

state.  

Irradiation with 650 nm LED light causes a loss of 12% of the signal intensity indicating 

the conversion to an EPR silent singlet species. Subsequent irradiation with 530 nm re-

sulted in a recovery of the triplet (Figure A5). 
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2.1.3 Reaction with H2O 

Previous reports have shown that both diphenylcarbene (8) and fluorenylidene (6), pro-

totypical triplet ground state carbenes, flip their spin states from triplet to singlet when 

interacting with single molecules of water forming strongly stabilized hydrogen-bonded 

complexes.[83, 85-86] The hydrogen-bonded complexes S-8ꞏꞏꞏH2O and S-6ꞏꞏꞏH2O coexist 

with their corresponding triplet ground states T-8 and T-6 in the same matrix. Although 

the triplet states T-8 and T-6 are more stable than the highly basic singlet states S-8 and 

S-6, the hydrogen bonding leads to a greater stabilization for S-8ꞏꞏꞏH2O and S-6ꞏꞏꞏH2O 

compared to T-8ꞏꞏꞏH2O and T-6ꞏꞏꞏH2O, which is only weakly interacting. S-8ꞏꞏꞏH2O and 

S-6ꞏꞏꞏH2O were reported to be metastable and rearranged to the formal O–H insertion 

products via quantum mechanical tunneling to form 9 and 10. However, latest findings 

revealed that these rearrangements were photo-induced by the light of the IR beam 

(Scheme 8). 

 

Scheme 8: Reaction of diphenylcarbene (8) and fluorenylidene (6) with H2O. 

 

IR Experiments 

In order to investigate the reaction of 3-methoxy-9-fluorenylidene (5) with water, matrix 

isolation IR experiments were conducted. Annealing of an Ar matrix doped with 1% of 

water containing both T-5 and S-5 to 25 K for 10 min results in a decrease of both species, 

while new bands were appearing, which were assigned to S-5ꞏꞏꞏH2O. As expected, the IR 

spectrum of S-5 show small shifts due to the complexation with water (Figure 15). A blue 

shift of (7.3 – 14.2) cm–1 was observed for the unsymmetrical C–C–C stretching vibration 
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at 1100.3 cm–1, which is a strong indication for a complex formation (Table A4). Further-

more S-5ꞏꞏꞏH2O was stable at temperatures below 20 K for many hours. However, irradi-

ation with 650 nm light rapidly leads to the formation of the formal O–H insertion prod-

uct, 3-methoxy-9-fluorenol (11). The calculated spectrum at the B3LYP-D3/def2-TZVP 

level of theory is in good agreement with the experimental spectrum of S-5ꞏꞏꞏH2O (Figure 

16, Table A4). Such photochemistry is contrary to the observations from the 650 nm ir-

radiation in Ar matrices containing both S-5 and T-5, since it results in the formation of 

S-5 and not its depletion. Following these findings, the reaction of 3-methoxy-9-fluo-

renylidene (5) with water is analogous to the reactions for the diphenylcarbene (8) and 

fluorenylidene (6). 

 
Figure 15: IR spectra showing the formation and reaction of a complex between S-5 and water. a, 
Mixture of T-5 and S-5 in an argon matrix doped with 1% of H2O at 3 K. b, Difference IR spectrum of the 
same matrix showing changes after annealing for 10 min at 25 K. Bands pointing downwards, assigned to 
T-5 and S-5, were disappearing, and bands pointing upwards, assigned to the complex S-5ꞏꞏꞏH2O, were 
appearing. c, Difference IR spectrum of the same matrix showing changes after irradiation with 650 nm at 
3 K. Bands pointing downwards, assigned to S-5ꞏꞏꞏH2O, were disappearing, and bands pointing upwards, 
assigned to the O–H insertion product 11, were appearing. d, Deposition spectrum of 11 in an argon matrix 
at 3 K. * Signals caused by H2O were marked with an asterisk. 
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Figure 16: Difference IR spectra showing the comparison of the product formed after annealing with 
the calculated hydrogen bonded singlet complex S-5ꞏꞏꞏH2O. a, IR spectrum of S-5-uꞏꞏꞏH2O calculated 
at the B3LYP-D3/def2-TZVP level of theory. b, IR spectrum of S-5-dꞏꞏꞏH2O calculated at the B3LYP-
D3/def2-TZVP level of theory. c, Difference IR spectrum of an argon matrix doped with 1% of H2O show-
ing changes after irradiation with 650 nm LED at 3 K. Bands pointing downwards, assigned to the complex 
S-5ꞏꞏꞏH2O, were disappearing and bands pointing upwards, assigned to 11 were appearing. d, deposition 
spectrum of 11 in an argon matrix at 3 K. * Signals caused by H2O were marked with an asterisk. 

 

In order to extend this study, similar experiments in 1% D2O doped argon matrices were 

performed. After photolysis of the diazo precursor, annealing of the matrix to 25 K con-

verted T-5 (and S-5) to S-5ꞏꞏꞏD2O. The generated complex was photolabile, since irradi-

ation with 650 nm LED light produced its O–D insertion product 11-d2 (Figure 17). Sim-

ilar to previous results for the fluorenylidene (6),[83] no significant shifts of the complex 

S-5ꞏꞏꞏD2O compared to S-5ꞏꞏꞏH2O were observed. The calculated spectrum at the 

B3LYP-D3/def2-TZVP level of theory is in good agreement with the experimental spec-

trum of S-5ꞏꞏꞏD2O (Figure 18, Table A5). DFT calculations do not predict significant 

shifts for the singlet water complexes, as well. This might be an indication that the singlet 

fluorenylidene 5 forms a relatively weak hydrogen bond by complexation with water. 
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Figure 17: IR spectra showing the formation and reaction of a complex between S-5 and D2O. a, IR 
spectrum of a mixture of T-5 and S-5 in an argon matrix doped with 1% of D2O at 3 K. b, Difference IR 
spectrum of the same matrix showing changes after annealing for 10 min at 25 K. Bands pointing down-
wards, assigned to T-5 and S-5, were disappearing, and bands pointing upwards, assigned to the complex 
S-5ꞏꞏꞏD2O, were appearing. c, Difference IR spectrum of the same matrix showing changes after irradiation 
with 650 nm at 3 K. Bands pointing downwards, assigned to S-5ꞏꞏꞏD2O, were disappearing, and bands 
pointing upwards, assigned to the O–D insertion product 11-d2, were appearing. d, IR spectrum of 11-d2 
calculated at the B3LYP-D3/def2-TZVP level of theory. * Signals caused by D2O were marked with an 
asterisk. 
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Figure 18: Difference IR spectra showing the comparison of the product formed after annealing with 
the calculated hydrogen-bonded singlet complex S-5ꞏꞏꞏD2O. a, IR spectrum of S-5-uꞏꞏꞏD2O calculated 
at the B3LYP-D3/def2-TZVP level of theory. b, IR spectrum of S-5-dꞏꞏꞏD2O calculated at the B3LYP-
D3/def2-TZVP level of theory. c, Difference IR spectrum of an argon matrix doped with 1% of D2O show-
ing changes after irradiation with 650 nm LED at 3 K. Bands pointing downwards, assigned to the complex 
S-5ꞏꞏꞏD2O, were disappearing and bands pointed upwards, assigned to 11-d2 were appearing. d, IR spectrum 
of 11-d2 calculated at the B3LYP-D3/def2-TZVP level of theory. 
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2.1.4 Computational Study 

To confirm the experimental results quantum mechanical calculations were conducted.  

The singlet–triplet gap (ΔEST) of carbene 5 was calculated considering the two conform-

ers d and u computed at the B3LYP-D3/def2-TZVP level of theory. Since there is no 

significant difference, it could be concluded that the orientation of the methoxy groups 

has basically no influence on the relative stability of the conformers in the singlet or triplet 

state. With respect to ΔEST, T-5 is estimated to be 1.89 kcal/mol (for conformer u) and 

2.61 kcal/mol (for conformer d) more stable than S-5. The singlet-triplet energy gap pre-

dicted for the parent fluorenylidene (6) at the same level of theory amounts to 

4.85 kcal/mol. The degeneracy of T-5 and S-5 is more notable using coupled cluster cal-

culations that predict a singlet triplet energy splitting of 0.5 and 1.3 kcal/mol for the u- 

and d-conformers, at the CCSD(T)/cc-PVDZ//B3LYP-D3/def2-TZVP level of theory. At 

the same level of theory the value of the ΔEST gap for 6 was calculated to be 3.4 kcal/mol.  

To investigate the influence of water on the singlet triplet gap of 3-methoxy-9-fluorenyl-

idene (5), three complexes were calculated including not only the carbene center as H-

bond acceptor, but also the oxygen atom of the methoxy group with one (1:1) or two (2:1) 

molecules of water. In the case where only the oxygen atom is interacting with water, the 

influence on the S-T gap is relatively small, with the triplet complexes being more stabi-

lized than the complexes with the singlet. In contrast, when the carbene center acts as 

acceptor, the effect on the S-T gap is much higher. Since the singlet state S-5 is highly 

basic, it forms a very strong hydrogen bond with water, while T-5 is only a weak hydrogen 

bond acceptor. Thus, the stabilization energy for S-5 complexes is approximately 

7 kcal/mol larger than the one for the triplet (see Table 4), whereby the singlet becomes 

ground state (Figure 19). Additionally, if the interaction with two water molecules is con-

sidered (2:1 complexes), the stabilization energy of the singlet complexes is higher than 

that for the triplet complexes (see Table 4). The ΔEST of the 2:1 complexes 5-uꞏꞏꞏ2H2O 

and 5-dꞏꞏꞏ2H2O are slightly smaller compared to the ΔEST of the complexes 5-uꞏꞏꞏH2O 

and 5-dꞏꞏꞏH2O, where only one water molecule is attached to the carbene center. This is 

probably caused by the interaction of water with the methoxy group, which could minorly 

stabilize the triplet over the singlet.  
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Figure 19: Realative energies of S-5, T-5 and their most stable complexes with one water molecule 
for the u-conformer calculated at the B3LYP-D3/def2-TZVP level of theory. 

 

Table 4: Stabilization energies (ΔEs) and average singlet-triplet gaps (ΔEST) computed at the B3LYP-
D3/def2-TZVP level of theory for the 1:1 and 2:1 5ꞏꞏꞏH2O complexes. 

Complex 
ΔES (kcal/mol) 

ΔEST (kcal/mol) Singlet Triplet 

C as H-bond acceptor 
5-uꞏꞏꞏH2O -10.75 -3.64 -4.77 
5-dꞏꞏꞏH2O -10.47 -3.53 -4.32 

O as H-bond acceptor 
5-uꞏꞏꞏwb -3.94 -4.47 2.42 
5-dꞏꞏꞏwb -3.69 -4.25 3.18 

2:1 complex 
5-uꞏꞏꞏ2H2O -14.61 -8.08 -4.65 
5-dꞏꞏꞏ2H2O -13.98 -7.65 -3.71 

 

The reaction pathway of the rearrangement of S-5ꞏꞏꞏH2O to 11 was computed at the 

B3LYP-D3/def2-TZVP level of theory and shows the reaction runs through a transition 

state which lies above the hydrogen-bonded complex by 5.6 kcal/mol (Figure 20). The 

activation energy is similar to the one for the parent compound S-6ꞏꞏꞏH2O and also the 

enthalpy is just slightly higher for the formation of 11 (ΔE = 55.9 kcal/mol) compared to 

the one for the unsubstituted species (ΔE = 62.2 kcal/mol). Therefore, it is not surprising 

that both species 6 and 5 show the same reactivity towards water. 
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Figure 20: Rearrangement of S-5ꞏꞏꞏH2O via a transition state (TS) forming 11 compared to the rear-
rangement of S-6ꞏꞏꞏH2O calculated at the B3LYP-D3/def2-TZVP level of theory. Energies in brackets 
correspond to the single point calculations at the CCSD(T)/cc-pVDZ//B3LYP-D3/def2-TZVP level of the-
ory. 

 

2.1.5 Conclusion 

The photochemical interconversion between the singlet and triplet states of carbene 5 has 

been investigated by EPR, IR, and UV-vis spectroscopy in solid Ar and Ne and supported 

by quantum chemical calculations. These experiments demonstrate that 5 is another bi-

stable carbene that coexists in Ar and Ne at 3 K and that no ISC within the time scale of 

our experiments (hours) was occurring. Thus, the findings further confirm the declaration 

that the bistability is a general phenomenon, which results in the degeneracy of the singlet 

and triplet state. The ΔEST gap of 5 was calculated predicting a value of 0.5 and 

1.3 kcal/mol for the u- and d-conformers, at the CCSD(T)/cc-PVDZ//B3LYP-D3/def2-

TZVP level of theory (and 1.9 and 2.6 kcal/mol at the B3LYP-D3/def2-TZVP level of 

theory for the u- and d-conformers, respectively). The photostationary equilibria between 

S-5 and T-5 were established by irradiation either with 405 nm or 530 nm into the transi-

tion bands of S-5 or with 455 nm or 650 nm into the bands of T-5. Contrary to recently 

investigated carbenes 1, 2, 3 and 4, carbene 5 did not show a spin switch upon annealing 
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to higher temperatures, which facilitates the investigation of the carbene with respect to 

its spin-specific reactivity. In the reaction of 5 with water, the singlet state forms a hydro-

gen-bonded complex and the triplet state presumably serves as reservoir explaining the 

decay in both states upon annealing. Therefore, no spin-specificity was observable. The 

hydrogen-bonded complex was photolabile and rearranged to the O–H insertion product 

11 (Scheme 9). In Chapter 3 the spin specific reactivity of the bistable carbenes 5 and 2 

will be investigated with other reagents (H2, D2, O2, CO). 

The properties of optically switchable magnetic materials could find applications such as 

information storage and is, therefore, of high interest. 

 

Scheme 9: Singlet-triplet interconversion of carbene 5 and its reaction with water. 
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2.2 Bis(p-methoxyphenyl)carbene 

2.2.1 Introduction 

For rigorous spectroscopic characterization of matrix-isolated species, the consideration 

of the effects of the matrix host on the guest species is necessary. These ‘matrix effects’ 

can be divided in three groups: physical effects including matrix splitting or site effects, 

chemical effects accounting for chemical host-guest interactions, and cage effects. Since 

host-guest interactions in solidified noble gases are usually weak, this introduction will 

focus on the cage effects, that could even influence reaction pathways.[68] A classic ex-

ample for cage effects is given by radical pairs formed via photocleavage. Due to the 

rigidity of the matrix at low temperatures, these fragments remained trapped in the same 

matrix cavity and could easily undergo recombination. Thus, a highly photolabile precur-

sor may appears to be entirely photostable under matrix isolation conditions, since the 

fragments immediately recombine after their generation.[66] These cage effects strongly 

depend on the rigidity and, thus, on the chemical identity of the matrix host (e.g. Ne, Ar, 

Kr, Xe). Due to their difference in the mass, and hence in the magnitude of the London 

dispersion force, the inert gases differ also in their thermal properties (Table 5). Diffusion 

of guest molecules in solid matrices depends on the temperature and the boiling temper-

ature of the matrix host. Rapid diffusion is generally observed at approximately 1/3 of the 

boiling point, where the host is soft. For example, an annealing temperature of 35 K in 

argon would be comparable to about 10 K in neon with respect to the host softness.  

 

Table 5: Thermal properties of inert matrix hosts.[68] 

Host Td (K)a m.p. (K) b.p. (K) 

Ne 10 24.5 27.1 

Ar 35 83.9 87.4 

Kr 50 116.6 120.8 

Xe 65 161.2 166 
a Td is the temperature at which diffusion of trapped guests becomes appreciable; Td data from reference[87] 

 

As mentioned in Chapter 2.1, we recently reported the isolation of bis(p-methoxy-

phenyl)carbene (2) in both its triplet T-2 and singlet state S-2 in argon matrices at 3 K.[79] 

The spin states could be switched via photolysis: 365 nm light irradiation shifted the 
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photo-stationary equilibrium towards T-2, whereas photolysis with λ = 450 nm photo-

chemically populated S-2. Upon annealing at higher temperatures (> 10 K), T-2 was con-

verted into S-2, however, cooling back to 3 K did not restore T-2, which might be due to 

the rigidity of the matrix (Scheme 10). Furthermore, the reaction of 2 with water was 

investigated. Annealing of an argon matrix doped with 1% of water containing S-2 and 

T-2 results in the decay of the triplet and singlet carbene and the irreversible formation of 

a hydrogen-bonded complex between the singlet carbene and water. The complex was 

found to be metastable and rearranged to its corresponding O–H insertion product via 

quantum mechanical tunneling. However, some open questions arise like why ISC in this 

carbene is very slow allowing both states to coexist in solid Ar, and if there is a thermo-

dynamic equilibrium between the spin states. These questions will be addressed in the 

following section. 

 
Scheme 10: Singlet-triplet interconversion of 2. 

 

In this chapter, the singlet-triplet interconversion of carbene 2 is systematically investi-

gated in different matrices (Ne, Ar, Xe) by IR and UV-vis spectroscopy. Equilibrium 

populations and formation rates of both spin states were determined from 3 to 50 K aim-

ing an understanding of the ISC process of this peculiar carbene. 
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2.2.2 Experiments in Xe and Ne 

IR Experiments 

Bis(p-methoxyphenyl)diazomethane was deposited at 35 K in a Xe and at 3 K in a Ne 

matrix. The corresponding carbene (2) was generated by irradiation with 530 nm LED 

light as a mixture of triplet (T-2) and singlet (S-2) with a singlet-triplet (S/T) ratio of 

approximately 50:50, as determined for both matrices. In accordance to previous experi-

ments in Ar[79] irradiation with UV light (365 nm) caused a conversion from singlet to 

triplet (exemplified for Ne in Figure 21). The singlet triplet ratios for the irradiation steps 

in different matrices are shown in Table 6. Although the ratios in Ne, Ar and Xenon were 

comparable, photolysis with 365 nm LED light in Ne at 3 K caused the highest triplet 

population with an S/T ratio of 35:65, since Ne at 3 K is softer, than Ar and Xe at com-

parable temperatures.  

 

Figure 21: IR spectra showing the interconversion of S-2 to T-2 by photolysis. a, Mixture of S-2 and 
T-2 in a neon matrix at 3 K. b, Difference IR spectrum showing changes after irradiation with 365 nm at 
3 K. Bands pointing downwards, assigned to S-2, were disappearing, and bands pointing upwards, assigned 
to T-2, were appearing. c, IR spectrum of the same matrix after irradiation with 365 nm for 20 min at 3 K. 
*Signal is due to corresponding ketone caused by the thermal decomposition of the precursor during the 
deposition. 
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Table 6: Singlet-triplet ratios of 2 after photolysis in different matrices. 

Experiment S/T ratio (Ne) S/T ratio (Ar)a S/T ratio (Xe) 

Photolysis (530 nm, 3 K) 53:47 52:48 47:53 

Irradiation (365 nm, 3 K) 35:65 38:62 43:57 
a Data from reference [79] 

 

Furthermore, the S/T ratio could also be shifted thermodynamically, as described for pre-

vious experiments in Ar causing a conversion from triplet to singlet.[79] Interestingly, the 

photolytic conversion forming the triplet even occurred at 50 K in a xenon matrix (Figure 

22). Cooling back to lower temperature did not restore T-2 as described in previous measure-

ments in Ar.[79] 

 

Figure 22: IR spectra showing the interconversion of S-2 and T-2 by annealing and irradiation in Xe. 
a, Mixture of S-2 and T-2 in a xenon matrix at 3 K. b, Difference IR spectrum showing changes after 
annealing up to 50 K for 12 h. Bands pointing downwards, assigned to T-2, were disappearing, and bands 
pointing upwards, assigned to S-2, were appearing. c, Difference IR spectrum showing changes after irra-
diation with 365 nm at 50 K. Bands pointing downwards, assigned to S-2, were disappearing, and bands 
pointing upwards, assigned to T-2, were appearing. *Signal is due to corresponding ketone caused by the 
thermal decomposition of the precursor during the deposition. 

 

The thermodynamical behavior was analyzed in more detail showing that the singlet pop-

ulation increased with increasing temperature within one experiment, which is depicted 

in Figure 23. Interestingly, annealing a Xe matrix containing carbene 2 to 50 K resulted 

in a comparable S/T ratio after annealing a Ne matrix containing 2 to 7 K.  
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Figure 23: IR spectra showing the thermal interconversion of T-2 to S-2 in Xe and Ne matrices. An-
nealing to higher temperatures caused an increase of the singlet bands (blue), while triplet bands were 
decreasing (red arrows). 

 

The ratios for each annealing steps are listed in Table 7. By comparing these values in 

different matrices it was concluded that the S/T ratio is strongly influenced by the envi-

ronment. The reason is that the conversion from triplet to singlet is accompanied with a 

large geometrical change of the C–C–C bond angle at the carbene center. In case for 

carbene 2 the angle for the triplet was calculated to be 141°, while the singlet is distinctly 

smaller with a value of 119° using DFT methods.[79] At low temperatures (3 K) the ma-

trices are very rigid, whereby conformational changes and hence the ISC are kinetically 

inhibited. When the matrices are annealed, this confinement barrier is overcome and the 
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thermodynamically more stable state can be formed. Since Ne provides the lowest Td 

(10 K)[87] carbenes are allowed to undergo partial diffusions and conformational relaxa-

tions at 5 K. As a consequence, small intrinsic barriers can be overcome already at very 

low temperatures. In contrast, Xe possesses a significantly higher Td (65 K)[87] and thus, 

conformational changes took place in similar extent at 30 K. Therefore, the S/T ratio in 

Table 7 is presumably attributable to varying degrees, in which the matrix environment 

prevents structural changes. 

Table 7: Singlet-triplet ratios after annealing in different matrices. 

S/T ratio (Ne) T (Ne) S/T ratio (Ar)a T (Ar) S/T ratio (Xe) T (Xe) 

47:53 5 K   46:54 30 K 

    57:43 40 K 

65:35 7 K   66:34 50 K 

71:29 8 K 75:25 25 K   
a Data from reference [79] 

It should be noted that a full conversion towards the singlet S-2 was not observable. Alt-

hough the ratios indicate a conformer dependency, this relation could not be confirmed. 

In previous EPR experiments in argon a clear splitting of the z1 and y2 signal indicated 

the existence of another triplet species, which was assigned to the different conformers.[79] 

However, annealing to 50 K in xenon resulted in a loss of all the bands in equal parts, 

while no conformer dependency could be observed (see Figure A6). The singlet and tri-

plet states might be in an equilibrium, as assumed for the bistable p-tolyl(trifluorome-

thyl)carbene.[80] This phenomenon was explained with the softness of the matrices that 

allowed intrinsic barriers to be overcome by conformational relaxation of the carbenes, 

which would also coincide with our findings. The barrier for the ISC of T-2 to S-2 was 

calculated to be 1.4 kcal/mol via DFT methods.[79] However, several solid state reactions 

showed that on different matrix sites the trapped carbene is affected differently.[88-89] To 

be more precise, depending on the matrix site in which 2 is trapped, individual matrix 

atoms would interact more or less strongly with the carbene, as assumed for 1H-bicy-

clo[3.1.0]-hexa-3,5-dien-2-one.[88] Therefore, a distribution of the singlet-triplet splitting 

values for 2 could be expected, in agreement with the research on the p-tolyl(trifluorome-

thyl)carbene.[80]  

To obtain a better understanding of the thermal ISC process UV-vis experiments were 

performed, which will be described in the following section.  
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UV-vis Experiments 

Similarly to the previous IR experiments bis(p-methoxyphenyl)carbene (2) in both its 

triplet (strong band at 324 nm) and singlet state (broad band at 387 nm) was produced 

irradiating  the precursor bis(p-methoxyphenyl)diazomethane with 530 nm deposited in 

a Xe matrix at 35 K. Irradiation with 365 nm produce partial conversion of singlet into 

triplet, in agreement to IR observations (Figure 24).  

 

Figure 24: UV-vis spectra showing the photolytic interconversion of S-2 to T-2 in Xe. Irradiation of 
the precursor (dotted line) with 530 nm produced S-2 and T-2 as a mixture (black line). Irradiation with 
365 nm caused an increase of the triplet band (324 nm) while the singlet band (387 nm) decreased. 

 

Annealing to higher temperatures caused a singlet increase, while the triplet band at 

324 nm decreased. It should be noted that at 20 K there is substantially no conversion 

from triplet to singlet (in the timescale of 100 minutes). Additionally, the singlet increase 

seems to be finished at 30 K after 4 hours, while at 40 K the singlet is still converting 

after hours. Therefore, the temperature was kept at 40 K for 16 h for completion of the 

spin crossover. The influence of temperature on the singlet and triplet population is shown 

in the UV-vis spectra (Figure 25).  
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Figure 25: UV-vis spectra showing the thermal interconversion of T-2 to S-2 in xenon. 
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2.2.3 Kinetic Study 

Since the thermal conversion from triplet to singlet 2 proceeds very slowly in xenon, 

kinetic measurements of this reaction at 30 K, 40 K and 50 K were included. For kinetic 

evaluation, the matrix was annealed to the desired temperature and irradiated with 365 nm 

for 15 minutes to produce a high concentration of triplet carbene and to observe the con-

version to the singlet over time. To determine the reaction rate, the integrated intensity of 

the singlet (387 nm) and triplet (324 nm) bands were monitored as a function of time. 

Figure 26 shows the thermochemistry of T-2 at 40 K after several hours. The evaluation 

of the rate of the conversion of T-2 to S-2 was conducted with the stretched exponential 

approach of Siebrand and Wildman,[90] who include dispersive kinetics due to a contin-

uum of multiple matrix sites. Thus, the data were fitted to the equation  

𝑦 𝑔 𝑎 ∙ exp 𝑘𝑡  ,   

where k is the rate constant, g is the y intercept, a is the initial integrated intensity, y is 

the integrated intensity at time t and c (0 < c < 1) is the dispersion coefficient.  

 

Figure 26: UV-vis spectra showing the thermochemistry of T-2 after 16 h at 40 K showing the de-
crease of the triplet T-2 while S-2 increased simultaneously. 
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Figure 27 shows the raw data points in black with the fitted curves of the triplet and singlet 

in blue and in red, respectively, at 40 K. Table 8 exhibits the values of the individual 

parameters and associated standard errors for the experiment. For S-2 the reaction rate 

was determined to be 1.2∙10-4 s−1, while the rate for T-2 is just slightly different with a 

rate constant of 1.9∙10-4 s−1, which might be based on the baseline. This rate is in agree-

ment with kinetic measurements of Tsegaw et al., who investigated the triplet singlet 

conversion of the bistable p-tolyl(trifluoromethyl)carbene with k = 1.9∙10-4 s−1 in Xe at 

40 K. Moreover, the rate for the ISC is also in accordance with the kinetic measurements 

for the hydrogenation of 2 that proceeded much slower (~10-6 – 10-5 s−1).[3] The author 

predicted that the rate for the spin crossover had to be faster than the reaction rate, since 

the equilibrium between singlet S-2 and triplet T-2 maintained, which was confirmed by 

the kinetics described in this chapter. 

 

Table 8: Values of the different parameters for kinetic evaluation. 

T 

/K  

Spin 

state 
g 

StdErr 

g 
A 

StdE

rr a 
k/ s−1 

StdErr 

k/ s−1 
c 

StdErr 

c 

40 S-2 9.17E-01 4E-03 8.5E-02 5E-03 1.2E-04 2E-05 6.9E-01 6E-02 

40 T-2 9.96E-01 2E-03 -1.75E-01 3E-03 1.86E-04 7E-06 7.4E-01 3E-02 

 

 

Figure 27: Time dependency of the integrated intensity of the UV-vis signal of singlet and triplet at 

40 K. 
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For a precise investigation in the kinetics the reaction rates were measured at different 

temperatures. Although the tendency at higher temperatures seems to increase, all rates 

are approximately in the same order of magnitude (see Table 9). Several experiments 

were conducted to confirm the results including the IR measurements (using vibrations at 

813 and 1272 cm−1 for the triplet decrease and 830 and 1157 cm−1 for the singlet increase). 

To compare the values the dispersion coefficient c was fixed to the average value of 0.76, 

which is similar to the dispersion coefficient in the kinetic measurements for the thermal 

triplet singlet conversion of p-tolyl(trifluoromethyl)carbene of Tsegaw et al. with 

c = 0.75.[80] The corresponding graphs including the values of the different parameters 

are given in the appendix (Figure A1–A3). Since the kinetics at 30 K and 50 K in Xe are 

similar, there is almost no temperature dependence, rather a dependence of the softening 

of the matrix, which influenced in the ISC rates. However, not only the rigidity, but also 

the polarizability of a matrix could influence the barrier width and thus the reaction rate. 

Measuring the tunneling rates of formic acid in different media showed that the barrier 

height increased in more polarizable media due to solvation of a molecule.[91-92] Thus, the 

tunneling rate in a heavier matrix should be slower, which explains, why the thermal ISC 

of 2 in Xe proceeded more slowly (with respect to Ne and Ar). This phenomenon is also 

in agreement with Wagner et al. showing that the most polarizable Xe matrix impeded 

tunneling of the rotamerization in carbonic acid.[93] Since the polar singlet state would be 

more stabilized in rare gas matrices (especially in Xe) than the less polar triplet state, the 

kinetics could be affected, which complicates the kinetic investigation.  

Table 9: Reaction rates (k) in Xe at different temperatures (dispersion coefficient fixed to 0.76). Tri-
plet rates are shown in black, while singlet rates are shown in red. 

T/ K k (UV)/ s−1 k (IR)/ s−1 

30 0.69∙10-4/ 1.52∙10-4   

40 1.30∙10-4/ 1.88∙10-4 0.98∙10-4 *1/ 1.58∙10-4 1.10∙10-4/ 1.24∙10-4 

  1.37∙10-4 *1/ 1.37∙10-4 1.10∙10-4/ 1.72∙10-4 

50 1.42∙10-4/ 2.04∙10-4 2.35∙10-4 *1/1.97∙10-4 1.10∙10-4/ 1.69∙10-4 

  4.90∙10-4 *1/ 1.64∙10-4 1.62∙10-4/1.74∙10-4 

for triplet/ for singlet      *1 small signal, close to the strongest singlet band  
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2.2.4 Conclusion 

Herein, the investigation of the photolytic and especially thermal conversion to S-2 in 

different matrices was reported. Therefore, the results of previous experiments in Ar were 

extended conducting measurements in Xe and Ne. By irradiating the diazo precursor with 

530 nm LED light at 3 K both the singlet S-2 and the triplet carbene T-2 were formed, 

which indefinitely coexist in the matrices with an S/T ratio of approximately 50:50. Pho-

tolysis with 365 nm LED light could shift this ratio towards the triplet, while annealing 

to higher temperatures favored the singlet formation. Comparing the ratios during anneal-

ing in different matrices (Ne, Ar, Xe) showed that the thermal spin conversion does 

mainly depends on the degree of softness that allows conformational changes, since the 

ISC is accompanied with the change of the C–C–C bond angle from triplet (141°) to 

singlet (119°). Therefore, at very low temperatures (3 K) the conversion was completely 

inhibited due to the rigidity of the matrix, which enabled the indefinite co-existence of S-

2 and T-2 at this temperature. Moreover, matrix hosts interact differently with trapped 

carbenes, and the polar singlet state is likely more stabilized than the less polar triplet 

state. While the interconversion at higher temperatures in argon and neon proceeded more 

rapidly, for Xe experiments rate constants of approximately (1 – 2)ꞏ10-4 s−1 were detected 

in a temperature range of 30 K – 50 K. This value is much faster than for the hydrogena-

tion of 2 (~10-5 – 10-6 s−1)[3] and comparable with the rate for the thermal ISC of p-

tolyl(trifluoromethyl)carbene in Xe ((1 – 3)ꞏ10-4 s−1)[80]. However, the kinetics might be 

misleading due to the polarizability and the dispersive matrix environment that could pro-

duce distributions of singlet–triplet energy values. Moreover, small intrinsic barriers also 

affect the kinetics. By annealing to higher temperatures matrices become soft, which en-

ables carbenes to undergo conformational relaxations. As a consequence, small intrinsic 

barriers could be overcome, which could result in the equilibrium population of singlet 

and triplet 2. Nevertheless, irradiation could shift the equilibrium. 

In summary, the matrix plays an important role and the bistability presumably results 

from kinetic and thermodynamic effects, which is in agreement with the research on the 

bistable p-tolyl(trifluoromethyl)carbene.[80] 
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2.3 3,6-Difluoro-9-fluorenylidene 

2.3.1 Introduction 

Previous results have shown that magnetic bistability as a general phenomenon solely 

depends on the S-T gap.[1, 79] Therefore, carbenes were studied for which quantum me-

chanical calculations predict a nearly degeneracy for their singlet and triplet states. To 

extend this study, 3,6-difluoro-9-fluorenylidene (12) was investigated. While the parent 

fluorenylidene (6) is a ground state triplet, adding one electron-donating methoxy group 

in para-position of the aryl ring stabilizes the singlet resulting in a degeneracy of both the 

singlet and triplet state. Fluorine substitution predicts a similar effect; however, a minor 

singlet stabilization compared to the one for the methoxy analogue is expected (Chart 4). 

The addition of methoxy groups is followed by the occurrence of energetically close lying 

conformers that could complicate the spectrum, whereas the substitution with fluorine 

demonstrates a crucial advantage. Furthermore, generally fluorenylidenes are flat mole-

cules; the incorporation of the five-membered ring into the two aryl rings affects less 

flexibility (compared e.g. to the diphenylcarbene (8)), which also facilitates the spectral 

properties for IR measurements. 

 

Chart 4: Structures of fluorenylidenes and their corresponding ΔEST gaps calculated at the B3LYP-
D3/def2-TZVP level of theory. Energies in parentheses correspond to the single point calculations at the 
CCSD(T)/cc-pVDZ//B3LYP-D3/def2-TZVP level of theory. 
 

The spin state dictates the carbenes reactivity.[83, 85-86] Consequently, modifications on the 

S-T gap could also influence in the reaction pattern, whereby the reactivity of carbene 12 

will also be investigated in this chapter.  

  



Chapter 2 – Investigation of Arylcarbenes 

 48 

2.3.2 Experiments in Ar 

3,6-Difluoro-9-fluorenylidene (12) was produced by irradiation of 3,6-difluoro-9-diazo-

fluorene (13) with 365 nm deposited in an argon matrix at 3 K. The spectra below (Figure 

28) show that 12 was generated in high yields showing a complete elimination of the 

strong diazo vibration at 2065 cm−1. By comparing of the carbene spectrum in argon with 

the spectra of the singlet and triplet 12 calculated at the B3LYP-D3/def2-TZVP level of 

theory, a better fitting with the triplet with respect to the singlet spectrum was observed. 

The IR spectrum of 12 is in good agreement with the calculated one of T-12 at the 

B3LYP-D3/def2-TZVP level of theory (Figure 29 and Table A6). The band at 1175 cm−1 

was assigned to the C–C–C asymmetric stretching vibration at the carbene center. An-

nealing to 25 K and irradiation with 650 – 365 nm LED light causes no changes in the 

experimental spectrum, showing that T-12 was stable under these conditions. 

 

 

Figure 28: IR spectra showing the formation of the 3,6-difluoro-9-fluorenylidene (T-12) from  
3.6-difluoro-9-diazofluorene (13) by 365 nm photolysis. a, IR spectrum of 13 in an argon matrix at 3 K. 
b, Difference spectrum of the same matrix after irradiation at 365 nm showing the generation of T-12.  
c, Spectrum of T-12 in Ar at 3 K. d, IR spectrum of T-12 calculated at the B3LYP-D3/def2-TZVP level of 
theory.  
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Figure 29: Comparison of the photolysis product of 13 in an argon matrix at 3 K with the spectra of 
T-12 and S-12 calculated at the B3LYP-D3/def2-TZVP level of theory. a, Deposition spectrum obtained 
after irradiation of 13 with 365 nm LED light in an argon matrix at 3 K. b, IR spectrum of T-12 calculated 
at the B3LYP-D3/def2-TZVP level of theory. c, IR spectrum of S-12 calculated at the B3LYP-D3/def2-
TZVP level of theory.  
 

 

2.3.3 Reaction with H2O 

Previous research demonstrated that both diphenylcarbene (8) and fluorenylidene (6), 

prototypical triplet ground state carbenes, flip their spin states from triplet to singlet when 

interacting with single molecules of water forming corresponding strong hydrogen-

bonded complexes.[83, 86] Therefore, the reaction of triplet T-12 with water was investi-

gated under matrix isolation conditions. Similarly to the experiments in argon, carbene 

12 was produced by 365 nm irradiation of 13 deposited in an argon matrix doped with 

1% of H2O at 3 K. While at low temperatures a diffusion of molecules inside the matrix 

is inhibited, after annealing at 25 K allows H2O to diffuse and to interact with T-12. Thus, 

a hydrogen-bonded complex of 12 in singlet state was formed, which is in agreement with 

previous experiments of fluorenylidenes 5 and 6, and diphenylcarbene (8). Also this hy-

drogen-bonded complex S-12ꞏꞏꞏH2O rearranged to the O–H insertion product via “irradi-

ation” with the light of the IR beam or via 650 nm light irradiation (Figure 30). Blocking 

the IR beam with a filter effects no reaction within 39 hours.  
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Figure 30: IR spectra showing the formation and reaction of the complex S-12ꞏꞏꞏH2O. a, IR spectrum 
of T-12 in Ar doped with 1% of H2O at 3 K. b, Difference IR spectrum of the same matrix after annealing 
for 40 min at 25 K showing the generation of S-12ꞏꞏꞏH2O. Bands pointing downwards, assigned to T-12, 
were disappearing and bands pointing upwards, assigned to the complex between S-12 and water, were 
appearing. c, Difference IR spectrum of the same matrix after irradiation at 3 K showing the formation of 
the O–H insertion product. Bands pointing upwards, assigned to fluorenol 14, were appearing and bands 
pointing downwards, assigned to S-12ꞏꞏꞏH2O, were disappearing. d, Deposition spectrum of 14 in argon at 
3 K. *Signals are caused by water and its aggregates.  
 

The experimental spectrum of the hydrogen-bonded complex in singlet state fits well with 

the calculated one (see Figure 31, Table A7). However, the strong O–H stretching vibra-

tion of the complex, which should appear at about 3000 cm−1, was not detected in the 

experimental spectrum. This might be caused by the influence of other water molecules 

in proximity to the one, which is involved in the hydrogen bond with the carbene, whereby 

the band would be weakened.  
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Figure 31: Difference IR spectra showing the disappearance of the complex S-12ꞏꞏꞏH2O after irradi-
ation to form fluorenol 14. a, IR spectrum of the complex S-12ꞏꞏꞏH2O calculated at the B3LYP-D3/def2-
TZVP level of theory. b, Difference IR spectrum (Figure 30c). Bands pointing upwards, assigned to flu-
orenol 14, were appearing and bands pointing downwards, assigned to S-12ꞏꞏꞏH2O, were disappearing. c, 
IR spectrum of 14 in an argon matrix at 3 K. *Signals caused by water and its aggregates.  
  

Similar experiments were performed replacing H2O with D2O in order to extend this 

study. Therefore, the precursor 13 was deposited in an argon matrix doped with 1% of 

D2O at 3 K. After photolysis of the diazo precursor, annealing the matrix to 25 K con-

verted T-12 to S-5ꞏꞏꞏD2O. The generated complex was found to be photolabile. Thus, 

irradiation with 650 nm LED light produced its O–D insertion product 14-d2 (Figure 32). 

Similar to previous results for the fluorenylidenes 5 and 6,[83] no significant shifts of the 

complex S-12ꞏꞏꞏD2O compared to S-12ꞏꞏꞏH2O were observed.  
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Figure 32: IR spectra showing the formation and reaction of the complex S-12ꞏꞏꞏD2O. a, T-12 in Ar 
doped with 1% of D2O at 3 K. b, Difference IR spectrum of the same matrix after annealing for 10 min at 
25 K showing the generation of S-12ꞏꞏꞏD2O. Bands pointing downwards, assigned to T-12, were disap-
pearing and bands pointing upwards, assigned to the complex between S-12 and D2O, were appearing. c, 
Difference IR spectrum of the same matrix after irradiation at 3 K showing the formation of the O–D in-
sertion product. Bands pointing upwards assigned to fluorenol 14-d2 were appearing and bands pointing 
downwards assigned to S-12ꞏꞏꞏ D2O were disappearing. d, IR spectrum of 14-d2 calculated at the B3LYP-
D3/def2-TZVP level of theory. *1Signals caused by H2O. *Signals caused by D2O. 
 

The calculated spectrum at the B3LYP-D3/def2-TZVP level of theory is in good agree-

ment with the experimental spectrum of S-12ꞏꞏꞏD2O (Figure 33, Table A8). In accordance 

to previous findings of the fluorenylidenes 5 and 6, DFT calculations does not predict any 

significant shifts for the singlet water complexes, as well. Thus, one can assume that also 

singlet fluorenylidene 12 forms a relatively weak hydrogen bond (with respect to S-8) via 

complexation with water. To sum up, the reaction of T-12 with H2O resulted in the for-

mation of a photolabile hydrogen-bonded singlet complex in analogy to the reactions of 

the parent fluorenylidene (6) and the 3-methoxy-9-fluorenylidene (5). The reaction 

scheme is depicted in Scheme 11. 
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Figure 33: Difference IR spectra showing the disappearance of the complex S-12ꞏꞏꞏD2O at 3 K after 
irradiation to form fluorenol 14-d2. a, IR spectrum of the complex S-12ꞏꞏꞏD2O calculated at the B3LYP-
D3/def2-TZVP level of theory. b, Difference IR spectrum (Figure 32c). Bands pointing upwards assigned 
to fluorenol 14-d2 were appearing and bands pointing downwards assigned to S-12ꞏꞏꞏD2O were disappear-
ing. c, IR spectrum of 14-d2 calculated at the B3LYP-D3/def2-TZVP level of theory.  
 

 

Scheme 11: Reaction of T-12 with H2O. 
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2.3.4 Computational Study 

The experimental results were supported by including theoretical investigations. DFT cal-

culations in gas phase predict that 12 is a triplet ground state molecule 

(ΔEST = 1.5 kcal/mol calculated at the CCSD(T)/cc-pVDZ//B3LYP-D3/def2-TZVP level 

of theory). However, the hydrogen-bonded complex in singlet state S-12ꞏꞏꞏH2O is pre-

ferred by 2.8 kcal/mol over the complex in triplet state (Figure 34). S-12 is due to the 

electron lone pair a strong base, which enables the formation of a hydrogen bond with 

one water molecule stabilizing the system by 10.01 kcal/mol. In T-12ꞏꞏꞏH2O only weak 

van der Waals interactions are present since T-12 is only a weak hydrogen bond acceptor.  

 

Figure 34: Energy diagram showing the differences between S-12 and T-12 and T-12ꞏꞏꞏH2O and  
S-12ꞏꞏꞏH2O calculated at the B3LYP-D3/def2-TZVP level of theory. Energies in brackets correspond 
to the single point calculations at the CCSD(T)/cc-pVDZ//B3LYP-D3/def2-TZVP level of theory. 
 

Moreover, the energy diagram for the reactions of the hydrogen-bonded complexes in-

cluding the transition states and O–H insertion products was calculated including the ac-

tivation barrier (EA) for the rearrangement of the complex S-12ꞏꞏꞏH2O (10.5 kcal/mol) 

and the enthalpy (ΔE = 76.2 kcal/mol) (Figure 35). The energetics are very similar to the 

one of the methoxy-substituted fluorenylidene 5 (with EA = 12.5 kcal/mol and 

ΔE = 63.2 kcal/mol). Thus, it is not surprising that both carbenes show a similar reactiv-

ity. 
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Figure 35: Theoretical reaction pathway of the rearrangement of S-12ꞏꞏꞏH2O to form the O–H inser-
tion product 14 calculated at the B3LYP-D3/def2-TZVP level of theory. Energies in parentheses corre-
spond to the single point calculations at the CCSD(T)/cc-pVDZ//B3LYP-D3/def2-TZVP level of theory.  
 

2.3.5 Conclusions 

In this chapter, the investigation of carbene 12 in argon matrices via IR spectroscopy was 

described, which was supported by quantum mechanical calculations. The carbene was 

observed solely in its triplet state, which was confirmed by a comparison of the experi-

mentally obtained spectrum of 12 with theoretically calculated spectra of the correspond-

ing singlet and triplet carbenes, calculated at the B3LYP-D3/def2-TZVP level of theory. 

Therefore, no bistability was observed, which might be based on the higher singlet-triplet 

gap (ΔEST = 1.5 kcal/mol) compared to bistable carbenes 5 (ΔEST = 0.5 kcal/mol) and 2 

(ΔEST = -0.5 kcal/mol) calculated at the CCSD(T)/cc-pVDZ//B3LYP-D3/def2-TZVP 

level of theory. Further irradiation with visible (650, 530, 450 nm) and UV (365 nm) light 

and annealing of the matrix to 25 K did not cause any changes in the spectrum of the 

carbene, thus, showing that the triplet carbene formed in the matrix was stable under these 

conditions. Furthermore, the reaction with water was studied, which is similar to the one 

of carbene 5 and 6, whereby one single molecule of water causes a spin flip from its triplet 

to its singlet state resulting in the formation of a hydrogen-bonded singlet complex. More-

over, the hydrogen-bonded complex was found to be photolabile and rearranged to form 

the O–H insertion product 14.  
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2.4 Summary 

In this chapter the arylcarbenes 5, 2, and 12 were investigated using matrix isolation tech-

niques. 

 

Chart 5: Structures of investigated arylcarbenes. 
 

Carbene 5 was found to be another example of a carbene coexisting in both its triplet and 

singlet states in Ar and Ne at 3 K. In contrast to previously investigated bistable carbenes 

1, 2, 3 and 4 no thermal ISC was observed in the temperature range between 3 and 35 K. 

However, the photostationary equilibria between S-5 and T-5 were established by irradi-

ation either with 405 or 530 nm into the bands of S-5 or with 455 or 650 nm into the 

bands of T-5. In the reaction of 5 with water, the singlet state forms a hydrogen-bonded 

complex and the triplet state presumably serves as reservoir explaining the decay in both 

states upon annealing. Therefore, no spin-specificity was observable. The hydrogen-

bonded complex was photolabile and rearranged to the O–H insertion product 11 upon 

irradiation with λ = 650 nm. 

 

Scheme 12: Photolytic interconversion and reaction of bistable carbene 5 with H2O. 
 

The thermal spin crossover of bistable carbene 2 (from T-2 to S-2) was investigated in 

various hosts (Ne, Ar, Xe). Photolysis of its diazo precursor 26 led to a ratio between 

singlet S-2 and triplet T-2 of approximately 50:50 in different matrices. Annealing to 

25 K in Ar converts the triplet towards the singlet (75:25). However, by annealing to 50 K 

in Xe the S/T ratio was only 66:34 showing that there is no temperature dependence, 

rather dependence on the degree of softening of the matrix. This hypothesis was further 

confirmed by warming a Ne matrix up to 7 K containing both the singlet and triplet giving 
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a similar S/T ratio. Furthermore, in Xe the rate constant for the triplet interconversion at 

30 K, 40 K and 50 K was determined to be (1 – 2)ꞏ10-4 s−1 and, thus, independent from 

the temperature. These results demonstrate that also steric hindrance and kinetics depend 

on the local matrix environment, which is in agreement with previous research.[1]  

The investigation of carbene 12 in argon matrices via IR spectroscopy reveals that 12 is 

a triplet ground state carbene, whereby the singlet S-12 was not observed (upon annealing 

to 25 K or photolysis with different wavelengths of λ = 650 – 365 nm). The reaction with 

water proceeds in analogy to the fluorenylidenes 5 and 6 stabilizing the singlet state S-12 

upon its complexation with water. 

 

Scheme 13: Reaction of triplet T-12 with H2O. 
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Chapter 3 

 Spin Specific Reactions 

3.1 Introduction 

Over the past decades, carbene chemistry has attracted considerable attention due to the 

diversity in its reaction pattern, which is dependent on the spin state (singlet or triplet) of 

the carbene.[28, 94-95] Reaction of carbenes with alcohols had been established as standard 

technique to test the spin state:[96-99] Singlet carbenes were assumed to insert into O–H 

bonds,[100] whereas C–H insertions are characteristic for triplet carbenes.[101]  

Additionally, reactions with small molecules such as H2, O2, CO and HCl conducted using 

matrix isolation techniques were found to be useful for the investigation of the ground 

state of a carbene. H2 and O2 react spin specific for triplets, whereas CO and HCl were 

used as reagents to probe singlet reactivity.[102] Song and Sheridan unveiled the examina-

tion of the ground state multiplicity of the isomeric aryl(trifluoromethyl)-carbenes 15 and 

16 from their thermal reactions with H2, O2 and HCl in N2 matrices.[82] While triplet m-

methoxyphenyl(trifluoromethyl)carbene (15) reacts with H2 and O2 to generate products 

17 and 18, respectively, singlet 16 exclusively reacts with HCl forming stable 19 (Scheme 

14). In contrast, the H2 insertion product 20 was not detected upon annealing of a H2-

doped Ar matrix containing carbene 16 at 35 K.  However, there are some exceptions 

reported, for example the reaction of singlet carbenes with O2
[103-104] and H2

[105-106].  

CF3
CO CF3

H3CO
S-16T-15
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H H
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Scheme 14: Reaction of isomeric aryl(trifluoromethyl)carbenes with H2, O2 and HCl. 
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In this chapter the spin specific reaction of bistable carbenes 2 and 5 with H2, O2 and CO 

will be investigated, allowing a direct comparison between singlet and triplet reactivity, 

thus, providing more insights in such reaction mechanisms. 

 

3.2 Reactions with Hydrogen 

The work of this chapter was carried out in collaboration with Dr. Enrique Méndez Vega, 

who contributed (in equal parts) in the practical realization and data analysis/ interpretation. 

3.2.1 Introduction 

Hydrogenation of hydrocarbons is one of the most important and most fundamental pro-

cesses in organic chemistry. In most cases, this reaction requires the addition of metals or 

metal complexes as catalysts or very high temperatures and unfavorably high H2 pres-

sures.[107] However, triplet carbenes are capable to insert into the H2 even at cryogenic 

temperatures, whereas singlet carbenes usually do not undergo any reaction at these tem-

peratures.[108] For singlets the hydrogenation reaction is concerted, whereas triplets un-

dergo a two-step mechanism over a radical pair assisted by quantum mechanical tunneling 

(Scheme 15).[106] The contrasting reactivity is rationalized in terms of the considerable 

higher activation energies in singlet hydrogenations compared to the one of triplets.[106] 

To give an example, the addition of singlet phenylchlorocarbene to H2 was calculated to 

have a barrier of 12.4 kcal/mol, while the reaction with triplet aryltrifluorocarbene exhib-

ited a significant lower energy barrier (5.7 kcal/mol).[108] Kollmar describes the addition 

of hydrogen to singlet methylene as a two-phase-process. In the first, the electrophilic 

phase of the reaction, the H2 molecule forms a three-center-bond due to the interaction of 

the π orbital of the carbene center with the σ orbital of the hydrogen. The nucleophilic 

phase, where the carbene lone pair populates electron density into the σ* orbital of H2, 

weakening the H–H bond, yields to the final tetrahedral adduct.[109] 

 

Scheme 15: Hydrogenation mechanism for singlet and triplet carbenes. 
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Several triplet carbenes have been reported to undergo hydrogenation under cryogenic 

temperatures.[108] However, it was recently reported that three structurally related triplet 

arylcarbenes (diphenylcarbene (8), fluorenylidene (6) and the dibenzocycloheptadienyli-

dene) exhibit a contrasting reactivity toward H2 and D2.[110] Diphenylcarbene (8) was 

found to be stable in a hydrogen and deuterium matrix at 3 K and its hydrogenation prod-

ucts 21 and 22 were not observed, whereas irradiation of diazofluorene (23) in a hydrogen 

matrix at 3 K directly lead to the formation of product 24. In D2, fluorenylidene (6) slowly 

reacts via quantum mechanical tunneling to give product 25 (Scheme 16). Dibenzocyclo-

heptadienylidene did not undergo any reaction in D2. In contrast in H2 the corresponding 

hydrogenation product was formed. The reason for the different reactivity of these car-

benes is based on differing carbene stabilization energies, which were determined via 

quantum chemical calculations. 

 

 

Scheme 16: Reactions of diphenylcarbene (8) and fluorenylidene (6) with hydrogen. 

 

The bistable bis(p-methoxyphenyl)carbene (2) was also found to undergo a spin specific 

reaction with hydrogen and deuterium.[3] By irradiating the corresponding diazo precursor 

26 in both, the hydrogen and deuterium matrices the triplet carbene reacted too fast to be 

observable with hydrogen to form the corresponding product 27, while the singlet carbene 

was stable under these conditions. However, subsequent irradiation with 365 nm LED 

light, which in argon converted singlet into the triplet, results in the formation of adduct 

27 (Scheme 17).[3] 
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Scheme 17: Reaction of bistable bis(p-methoxyphenyl)carbene (2) with hydrogen. 

 

3.2.2 Results and Discussion 

Reaction of 3-Methoxy-9-fluorenylidene with Hydrogen 

In analogy to carbene 2, the hydrogenation of carbene 5 was studied in low-temperature 

matrices. Therefore, the diazo precursor 7 was deposited in a pure hydrogen matrix and 

irradiated producing 3-methoxyfluorene (28) with a strong IR signal at 1498 cm−1, 

whereas characteristic IR signals of S-5 (1483 cm−1) and triplet T-5 (1429 cm−1) were not 

observed throughout the photolysis. Even short time irradiation (5 min) directly formed 

adduct 28 showing that presumably both S-5 and T-5 reacted too fast to be observable 

even at temperatures as low as 3 K. After irradiation with 365 nm LED for two hours, a 

total conversion of 7 to 28 was obtained (see Figure 36).  

The observations are in contrast to the hydrogenation of the bistable bis(p-methoxy-

phenyl)carbene (2), in which exclusively the triplet T-2 reacted, whereas the singlet S-2 

maintained stable in the H2 matrix. Méndez Vega et al. also investigated contrasting re-

activities between the parent compounds diphenylcarbene (8) and fluorenylidene (6), 

which was attributed to the different carbene stabilization energies. These findings might 

be also applicable for the bistable carbenes 2 and 5, which will be investigated following 

this chapter. 
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Figure 36: IR spectra showing the formation of 3-methoxyfluorene (28) in a pure hydrogen matrix. 
a, Deposition spectrum of the diazo precursor 7 in a hydrogen matrix at 3 K. b, Difference IR spectrum of 
the same matrix showing changes after irradiation for 5 min at 3 K. Bands pointing downwards, assigned 
to 7, were disappearing, and bands pointing upwards, assigned to 28, were appearing. c, IR spectrum of the 
same matrix after irradiation for 2 h with 365 nm LED light at 3 K showing the hydrogenation product 28. 
d, IR spectrum of 28 in a hydrogen matrix at 3 K. 

 

Reaction of 3-Methoxy-9-fluorenylidene with D2 

IR Experiments 

Similar to previous experiment in H2, precursor 7 was deposited in a pure deuterium ma-

trix at 3 K. After irradiation (365 nm) the D2 insertion product, 9,9-dideutero-3-metho-

xyfluorene (28-d2) and S-5 were generated showing strong signals, at 1497 cm–1 (for 28-

d2) and 1483 cm–1 (for S-5), based on comparison with IR spectra of 28-d2 and S-5 in Ar 

(Figure 37). The characteristic signal (in plane C–H deformation vibration) of T-5 at 

1429 cm–1 observed in Ar, was not detected in D2. Spectroscopic evidence indicated that 

substantially all the triplet carbene was converted to the fluorene 28-d2, whereas the sin-

glet carbene S-5 remained stable in D2 matrices upon keeping the matrix in the dark at 

3 K for 24 h. The reaction of S-5 with D2 was solely activated upon photolysis with the 

wavelengths, at which the photostationary equilibrium was shifted towards T-5 (λ = 530 

or 405 nm). Irradiation with λ = 405 nm for 12 hours resulted in a clean and complete 

conversion of S-5 into 28-d2 (Figure 37c).  
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Integration of the characteristic signals of S-5 (1483 cm1), T-5 (1429 cm1), and 28-d2 

(1498 cm1) reflected a similar relative population of S-5 in Ar and D2 matrices (45%) 

after 365 nm irradiation. However, the relative concentration of T-5 in Ar (55%) was 

replaced by an exact amount of 28-d2 (55%) in D2 matrices, indicating that the hydro-

genation product 28-d2 was exclusively formed from T-5 (Figure 38). 

 

Figure 37: IR spectra showing the formation of 9,9-dideutero-3-methoxyfluorene (28-d2) in a pure 
deuterium matrix. a, Difference IR spectrum of S-5 and T-5 in an argon matrix at 3 K. b, Spectrum of a 
mixture of S-5 and 28-d2 (45:55) in a D2 matrix at 3 K. c, IR spectrum of the same matrix after irradiation 
for 12 h with 405 nm LED light at 3 K showing solely the hydrogenation product 28-d2. e, IR spectrum of 
28-d2 in a H2 matrix at 3 K. 
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Figure 38: IR spectra showing the reaction of carbene S-5 and T-5 with D2. a, IR spectrum of a mixture 
of S-5 and T-5 in an Ar matrix at 3 K, obtained after irradiating 7 with λ = 365 nm. The S-5/T-5 ratio is 
approximately 45:55. b, IR spectrum obtained after irradiating 7 with λ = 365 nm in a D2 matrix at 3 K. The 
S-5/28-d2 ratio is approximately 45:55, while T-5 was not observed. c, IR spectrum obtained after subse-
quent irradiation of matrix (b) with λ = 405 nm in D2 at 3 K showing the disappearance of S-5, while 28-d2 
increased in intensity. d, IR spectrum of 28-d2 in H2 at 3 K. 

 

UV-vis Experiments 

In order to corroborate the selective D2 activation by T-5, the reaction was also monitored 

via UV–vis spectroscopy (Figure 39). In agreement with IR measurements in solid D2, T-

5 was not detected due to the absence of the transitions at 266 and 461 nm; rather a mix-

ture of 28-d2 (with λmax = 255, 265, 296, 301, and 309 nm) and S-5 (with λmax = 276, 386, 

and 410 nm) was observed. Likewise, the irradiation in the electronic transition of S-5 at 

410 nm induces the photochemical reaction of S-5 with D2. The final spectrum after pro-

longed photolysis with 405 nm resulted in a spectrum that resembles very much that of 

28-d2, as independently deposited in Ar matrices (Figure 39). There is an excellent match-

ing in the position as well as in the shape of the vibrationally-resolved structure of such 

bands (e.g. that at about 300 nm). Moreover, the intensity of the product bands after 

365 nm roughly look like half of that after 405 nm, indicating a singlet-product ratio of 

approximately 50:50. That correlates well with previous quantitative analysis of IR spec-

tra resulting in similar relative population (45:55). Again this tells about a quantitative 

spin selectivity, where the triplet population was replaced by an exact amount of product 

28-d2.  
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Two mechanisms could be considered for the photochemical activation of singlet carbene 

S-5. Either the reaction might proceed via photolytic conversion to the reactive triplet 

state or a direct singlet reaction via an excited singlet state S*. However, the inertness of 

the singlet with UV irradiation (365 nm) seems to support the former hypothesis. 

 

Figure 39: UV–vis spectra showing the sequential reaction of S-5 and T-5 with D2. a, UV–vis spectrum 
of the mixture of S-5 and T-5 in Ar at 3 K, obtained after irradiating 7 with λ = 365 nm. b, UV–vis spectrum 
obtained after irradiating 7 with λ = 365 nm in D2 at 3 K. c, IR spectrum obtained after subsequent irradia-
tion of the matrix with λ = 405 nm in D2 at 3 K. d, UV–vis spectrum of 9,9-dideutero-3-methoxyfluorene 
(28-d2) in Ar at 3 K. 

 

Computational Study 

In order to understand the spin-selectivity observed for the hydrogenation of carbene 5, 

the reactions of both S-5 and T-5 with H2 were computationally studied via intrinsic re-

action coordinate (IRC) calculations and all stationary points. 

The mechanisms for the reactions of S-5 and T-5 with H2 are distinctively different. Sin-

glet S-5 directly inserts into H2 via a concerted and highly exothermic path to generate 

the H2 insertion product 28. In contrast, T-5 abstracts an H atom to form the triplet radical 

pair T-29ꞏꞏꞏH, which subsequently undergoes ISC to the singlet surface and recombines 

to give product 28.  
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Although DFT calculations predict a higher and broader barrier for S-5 compared to T-5, 

CCSD(T) energy calculations predict similar barriers on the singlet and triplet energy 

surfaces (EA(S-5···H2) = 6.4 kcal/mol and EA(T-5···H2) = 6.8 kcal/mol); Figure 40). Ac-

cordingly, similar intermolecular C–H distances (1.53 – 1.55 Å) are predicted for both 

transitions states TS (S-5···H2) and TS (T-5···H2). These results are in contradiction to the 

declaration that singlet carbenes generally were less reactive towards H2 than triplets due 

to higher energy barriers[108, 111-113]  

 

Figure 40: Reaction pathways for the hydrogenation of S-5 (blue trace) and T-5 (red trace) calculated 
at the B3LYP-D3/def2-TZVP level of theory. Energies in parenthesis were corrected by single point 
CCSD(T)/cc-PVDZ calculations.  

However, the barriers for singlet and triplet 5 are too high to allow a thermal reaction with 

H2 at 3 K, hence, suggesting that the hydrogenation proceeds via quantum mechanical 

tunneling. The mechanisms for the insertion into H–H for singlet and triplet carbenes are 

entirely different. For triplets a linear approach of H2 is assumed, which results in an 

orbital overlapping of the carbenes σ orbital with the σ* orbital of H2. In contrast, H2 

approaches to the carbene center of singlets from the side, in order to achieve a maximal 
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overlap with both the σ and σ* orbital of H2. To be precise, the electrophilic π orbital will 

interact with the bonding σ orbital of H2, while the nucleophilic σ orbital donates electron 

density into the σ* orbital.[110] Sheridan et al. assumed that the lower reactivity of singlet 

carbenes (with respect to the triplets) would be based on the lower probability of QMT 

involving two hydrogens simultaneously.[108] This might explain the spin selectivity ob-

served for the bistable carbene 5. 

The reaction of bistable carbene 5 with H2 and D2 is summarized in Scheme 18. The 

experiments demonstrated that in the hydrogenations of S-5 and T-5 via D2 a spin specific 

reactivity was observed. While triplet T-5 reacted directly with D2, for singlet S-5 this 

process was much slower. These findings are also in accordance with the results for the 

hydrogenation of the bistable 2, where solely the triplet underwent a reaction with hydro-

gen. However, while the singlet S-5 in H2 matrices undergoes a direct hydrogenation S-2 

stays stable in a H2 matrix. Conclusively, S-5 exhibits a higher reactivity towards H2 than 

S-2. One explanation could be the higher energy barrier for S-2 with EA = 10.1 kcal/mol 

with respect to the barrier for S-5 (EA = 6.9 kcal/mol). Furthermore, Méndez Vega et al. 

found a similar trend comparing the reactivities of the unsubstituted compounds triplet 

fluorenylidene (T-6) and diphenylcarbene (T-8) towards hydrogen. They reported that 

triplet fluorenylidenes’ higher reactivity compared to the one for the diphenylcarbene re-

sults from its lower carbene stabilization that is funded in the small C–C–C angle in the 

five-membered ring.[110] Thus, this interpretation may be also applicable for carbenes 2 

and 5. 

 

Scheme 18: Reaction of bistable carbene 5 with H2 and D2. 

 

 



Chapter 3 – Spin Specific Reactions 

 68 

3.3 Reactions with Oxygen 

3.3.1 Introduction 

The reaction of carbenes with oxygen is of fundamental importance, since the primary 

thermal adduct is the carbonyl oxide, referred as ‘Criegee intermediate’ which is an im-

portant reaction intermediate in the ozonolysis reactions[114] and also in enzymatic oxy-

genations.[115], [116] Carbonyl oxides can be easily detected by IR spectroscopy due to their 

intense O–O stretching vibration at around 900 – 1000 cm−1 and via UV-vis spectroscopy 

by their strong π → π* absorption, which causes an intense yellow to red color.[117] Fur-

thermore, oxygen is typically used to probe the spin state of the carbene. Triplet carbenes 

and (triplet) oxygen undergo a rapid reaction forming stable singlet products, while in 

case for singlet carbenes this process is spin-forbidden.[118] The reaction of oxygen with 

diphenylcarbene (8) was extensively studied by laser flash photolysis and matrix isolation 

spectroscopy.[118-120] The latter method (performed in an argon matrix doped with 1 – 2% 

of oxygen) enabled the elucidation of several oxidation products. While the thermal re-

action of 8 and O2 produces the corresponding benzophenone O-oxide (30) and traces of 

benzophenone (31), the photooxidation products were identified as 31, diphenyldioxirane 

(32), and phenyl benzoate (33).[118] The proposed mechanism is shown in Scheme 19. 

Scheme 19: Reaction of diphenylcarbene (8) with O2. 

The reaction of oxygen with triplet fluorenylidene (T-6), was investigated by Dunkin and 

Bell.[121] Photolysis of the primary formed fluorenone O-oxide (34) led to the formation 

of 9-fluorenone (35) and dibenzopyran-6-one (36). The authors proposed that the gener-

ation of 35 proceeds via photo-ejection of an oxygen atom from 34, while 36 could be 

derived via a dioxetane 37 or dioxirane 38 (Scheme 20). 
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Scheme 20: Reaction of fluorenylidene (6) with O2. 

 

3.3.2 Results and Discussion 

Reaction of Bis(p-methoxyphenyl)carbene with O2 

IR Experiments in Ar 

The oxidation of carbene 2 was studied in low-temperature matrices. An argon matrix 

doped with 1% of O2 containing the diazo precursor 26 was irradiated with 530 nm at 3 K 

to generate the corresponding carbene 2 as a mixture of singlet and triplet (identified by 

its strong absorptions about 1257 and 1242 cm−1). While at low temperatures a diffusion 

of molecules inside the matrix is inhibited, after annealing at 25 K the diffusion of oxygen 

was allowed to interact with the carbene. Thus, the following IR spectra (Figure 41) show 

that carbonyl oxide 39 was formed as a product showing its characteristic O–O stretching 

vibration at 884 cm−1, which matches with the computational spectra calculated at the 

B3LYP-D3/def2-TZVP level of theory (Table A9). The formation of the corresponding 

ketone 40 was not observed, verified by the absence of the characteristic peak around 

1660 cm−1. The difference spectra after annealing at 25 K correlates well with the calcu-

lated difference spectra of T-2 giving 39. However, some bands in the experimental spec-

trum (at 833 and 1326 cm−1) were not predicted to diminish towards the calculations of 

T-2, which were assigned to S-2. Thus, it can be concluded that both singlet and triplet 2 

were reacting with molecular oxygen in an argon matrix at 25 K. In order to compare the 

efficiency for the oxidation of triplet T-2 and singlet S-2, the S/T ratio should be analyzed. 

Unfortunately, the determination of the singlet population was hindered due to overlap-
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ping of the singlet signals with product 39 peaks. Hence, in order to compare the effi-

ciency of the singlet and triplet oxidation UV-vis experiments had to be conducted, since 

carbonyl oxides are known to show transitions above 400 nm.  

By comparing the oxidation of 2 with its hydrogenation, the reaction of 2 with H2 seems 

to be more spin selective, since solely the triplet state T-2 reacted, whereas the singlet 

state S-2 remained stable in H2 matrices. However, in 5% H2 doped Ar matrices, no spin 

selectivity was observed.[3] Rather both the singlet and the triplet decrease were detected 

upon annealing to 30 K. Consequently, the higher temperature facilitated the reaction of 

S-2 with H2. Therefore, also the oxidation of S-2 could be enhanced by the temperature 

(25 K) that was required to guarantee the diffusion of O2 molecules in Ar. To prove this, 

experiments in O2 doped Ne matrices might be helpful, since Ne enables the diffusion of 

small molecules already at very low temperatures (5 K). 

 

Figure 41: IR spectra showing the formation of the carbonyl oxide 39 in an argon matrix doped with 
1% of oxygen. a, Mixture of T-2 and S-2 in an argon matrix doped with 1% of O2 at 3 K. b, Difference IR 
spectrum of the same matrix showing changes after annealing for 10 min at 25 K. Bands pointing down-
wards, assigned to T-2 and S-2, were disappearing, and bands pointing upwards, assigned to the complex 
39, were appearing. c, Difference IR spectrum of an independent experiment showing the photochemical 
interconversion from S-2 to T-2 in Ar at 3 K as a reference. d, Difference IR spectrum showing the inter-
conversion of T-2 to 39 (red line) and IR spectrum of S-2 (blue dotted line) calculated at the B3LYP-
D3/def2TZVP level of theory. e, IR spectrum of 40 calculated at the B3LYP-D3/def2TZVP level of theory. 
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Irradiation of 39 with 530 nm produced the dioxirane 41 and further the ketone 40 was 

observed showing a band at 1660 cm−1, which was assigned to the C=O stretching vibra-

tion (Figure 42, Table A10). Irradiation with 450 nm generated the phenyl benzoate 42 

as its photo oxidation product showing a strong absorption at 1750 cm−1 that was assigned 

to the C=O stretching vibration (Figure 43, Table A11). These results are in accordance 

with the ones for the parent diphenylcarbene (8), where the benzophenone O-oxide (30) 

exhibited the same photochemistry.[118] 

 
Figure 42: IR spectra showing the formation of the dioxirane 41 in an argon matrix doped with 1% 
of oxygen. a, IR spectrum after annealing a 1% oxygen doped argon matrix for 10 min at 25 K showing a 
mixture of carbene 2 and carbonyl oxide 39. b, Difference IR spectrum showing changes after irradiation 
with 530 nm. Bands pointing upwards were assigned to 41 (and minor bands to 40). Bands pointing down-
wards were assigned to 39. c, Difference IR spectrum showing the interconversion of 39 to 41 calculated 
at the B3LYP-D3/def2TZVP level of theory d, IR spectrum of 40 calculated at the B3LYP-D3/def2TZVP 
level of theory.  
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Figure 43: IR spectra showing the formation of phenyl benzoate 42 in an argon matrix doped with 
1% of oxygen. a, Difference IR spectrum showing changes after irradiation with 530 nm. Bands pointing 
upwards were assigned to 41 (and minor bands to 40). Bands pointing downwards were assigned to 39. b, 
Difference IR spectrum showing changes after irradiation with 450 nm. Bands pointing downwards were 
assigned to 41 and bands pointing upwards were assigned to 42. c, Difference IR spectrum showing the 
conversion of 41 to 42 calculated at the B3LYP-D3/def2TZVP level of theory.  
 
 
The oxidation of bistable carbene 2 is summarized in Scheme 21. Due to the strong over-

lap of the S-5 signals with the oxidation product 39 no declarations about the efficiency 

of the reaction for S-2 and T-2 and hence the spin selectivity could be made. In this regard, 

UV-vis spectroscopy would be very informative since the electronic transitions of the 

carbenes and 39 should be more separated.  
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Scheme 21: Reaction of bistable carbene 2 with O2. 
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UV-vis Experiments in Ar 

By photolyzing diazo precursor 26 in an Ar matrix doped with 1% of O2 at 8 K, both the 

bis(p-methoxyphenyl)carbene in triplet (T-2) and in singlet state (S-2) were generated 

with a relative S/T population of approximately 50:50. This was confirmed by the appear-

ance of intense bands at 316 nm for T-2 and 384 nm for S-2, which is in accordance to 

previous results in argon.[79] After annealing to 25 K for 10 min oxygen was allowed to 

interact with the carbene. Consequently, the bands of T-2 and S-2 lost in intensity by 69% 

and 40%, respectively, showing that both carbenes were reacting, while simultaneously a 

broad band at 433 nm was formed. This band was assigned to the carbonyl oxide 39 (Fig-

ure 44), since its shape and the position are characteristic for the π → π* transition of 

carbonyl oxides showing broad signals in the visible region (380 – 460 nm). The position 

of the π → π* transition is slightly redshifted compared to the transition for the parent 

benzophenone O-oxide (at 422 nm)[118], which results from the π-electron-donating meth-

oxy groups, which increase the nucleophilicity of the carbonyl oxide, as described in lit-

erature.[122]  

 

Figure 44: UV-Vis spectra showing the reaction of S-2 and T-2 with oxygen to form 39 during an-
nealing to 25 K. a, UV-vis spectrum of diazo precursor 26 in an argon matrix doped with 1% of oxygen at 
8 K (dotted line). b, UV-vis spectrum obtained after several hours 530 nm irradiation (blue line). c, UV-vis 
spectrum of the same matrix after 10 min annealing to 25 K (red line). Inset: UV-vis spectra showing that 
the reaction of O2 with S-2 proceeds more slowly than the one with T-2. 
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Since the intensity loss of the triplet T-2 and singlet S-2 upon annealing for 10 minutes 

proceeds irregularly, one could assume that the triplet state exhibits a higher reactivity 

towards O2 compared to the singlet state. Moreover, while the reaction of T-2 with O2 

was completed after 10 minutes, the reaction of S-2 with oxygen even proceeded after 

hours (Figure 44, inset). This could be a hint that the singlet carbene is not directly react-

ing with oxygen. The reaction rate for the oxidation of S-2 was determined integrating 

the intensity of the transition (λmax = 384 nm) as a function of time. The fitting was con-

ducted via the stretched exponential approach of Siebrand and Wildman90 resulting in a 

rate of (5.5 ± 0.2)ꞏ10-5 s−1 with an dispersion coefficient of 0.5 (or k = (7.2 ± 0.4)ꞏ10-5 s−1 

with an dispersion coefficient c = 0.65). The plots and the parameters including the errors 

are shown in the appendix (Figure A4). The rate for the hydrogenation of S-2 (determined 

in a 5% H2 doped Ar matrix at 30 K) is smaller with (2.1 ± 0.2)ꞏ10-5 s−1 (with c = 0.65)[3] 

with respect to the oxygenation of S-2, showing that the oxidation of singlet S-2 might be 

more efficient than its hydrogenation.  

The results demonstrated that “singlet carbenes [...] are oxidated several orders of mag-

nitude more slowly than triplet carbenes”[117], as described also in several laser flash pho-

tolysis studies.[123-125] In order to achieve a better understanding in the reaction mecha-

nism of S-2 with oxygen, the experiment was extended in a neon matrix. A neon matrix 

is much softer than an argon matrix. Therefore, oxygen can diffuse already at 5 K, which 

enables the investigation of the reactivity of S-2 already at very low temperatures, provid-

ing information about the reaction barrier for the oxidation. 

 

IR Experiments in Ne 

Similarly to the previous experiments, carbene 2 was generated as a mixture of triplet and 

singlet after irradiation of the precursor with 530 nm LED deposited in an argon matrix 

doped with 1% of oxygen at 3 K. Since neon matrices are known to be much softer at 

lower temperatures, a partial diffusion is already allowed at temperatures above 4 K. An-

nealing to 5 K caused a decrease of the triplet signals T-2, while the signals of 39 were 

appearing simultaneously. Characteristic singlet S-2 signals (1255 cm−1) did not decrease 

showing that the singlet did not undergo any reaction with O2. Contrarily, at 7 K the re-

action of both the carbene in singlet and triplet state could be observed. The experimental 

difference spectrum of the photochemical conversion from T-2 to S-2 in Neon at 3 K and 
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the spectra calculated by the B3LYP-D3/def2-TZVP level of theory confirm these results 

(Figure 45, Table A12–14).  

 

Figure 45: IR spectra showing the formation of the carbonyl oxide 39 in a neon matrix doped with 
1% of oxygen. a, Difference IR spectrum showing the conversion of T-2 to 39 calculated at the B3LYP-
D3/def2TZVP level of theory. b, Difference IR spectrum showing the photochemical conversion from T-2 
to S-2 is given as a reference. c, Difference IR spectrum showing changes after annealing a mixture of T-2 
and S-2 in a neon matrix doped with 1% of oxygen for 10 min at 5 K. Bands pointing downwards, assigned 
to T-2, were disappearing, and bands pointing upwards, assigned to 39, were appearing. c, Difference IR 
spectrum of the same matrix showing changes after annealing for 10 min at 7 K. Bands pointing down-
wards, assigned to T-2 and S-2, were disappearing, and bands pointing upwards, assigned to 39, were ap-
pearing. d, Difference IR spectrum showing the conversion of T-2 and S-2 to 39 calculated at the B3LYP-
D3/def2-TZVP level of theory.  

 

The observations in Neon could indicate that S-2 is not able to overcome the reaction 

barrier at 5 K, while the triplet mechanism might be barrierless. Therefore, these results 

confirm previous assumptions that the spin-allowed reaction of triplet carbenes with O2, 

appeared without an activation barrier under matrix isolation conditions.[102, 117] Never-

theless, Méndez Vega observed no reaction of the parent diphenylcarbene (8) with O2 

upon annealing O2-doped p-H2 matrices up to 5 K.[3] Hence, the author concluded that the 

activation energy was too low at these temperatures, which is contrasting to the results 

obtained for carbene 2. The singlet carbene is only allowed to react at temperatures above 

5 K, which leads to the assumption of a small activation barrier for S-2. Ganzer et al. 

suggested that the oxidation of the singlet phenylchlorocarbene might proceeded via a 
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complex that facilitates ISC or over a spin-forbidden barrier, whereas Makihara et al. 

concluded a spin-allowed reaction between O2 and the carbenes triplet state equilibrated 

with its singlet state.[103-104] The barrier for the ISC from S-2 to T-2 was calculated to be 

2.5 kcal/mol[79], hence, this small barrier might be the reason, why the reaction of S-2 

with oxygen was prevented at 5 K, whereas at 7 K the oxidation took place due to ISC of 

S-2.  Lamsabhi et al. confirmed the mechanisms via previous ISC, predicting spin-al-

lowed oxidation mechanisms for degenerated carbenes.[126] Hence, in the next section 

another bistable carbene, the 3-methoxyfluorenylidene (5) will be investigated. The reac-

tivity of bistable carbene 2 towards O2 in Ar and Ne matrices is summarized in Scheme 

22. 

 

Scheme 22: Reactivity of bistable carbene 2 towards O2 in Ar and Ne matrices. 
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Reaction of 3-Methoxy-9-fluorenylidene with Oxygen 

IR Experiments in Ar 

An argon matrix doped with 1% of O2 containing the diazo precursor 7 was irradiated 

with 365 nm at 3 K to generate the corresponding carbene 5 as a mixture of singlet and 

triplet with its characteristic signals at 1483 and 1429 cm−1, respectively. Furthermore, 

small amounts of oxydation products were generated showing small bands at 1755 and 

1715 cm−1, which is characteristic for the C=O stretching absorption (Figure 46, a). After 

annealing to 25 K the bands of the triplet T-5 and singlet S-5 decreased, while the car-

bonyl oxide 43 was formed as a product showing its characteristic O–O stretching vibra-

tion at 895 cm−1. The difference spectra after annealing at 25 K are in good agreement 

with the calculated difference spectra including 43, T-5 and S-5 (Figure 47, Table A15). 

Additionally, comparison of the experimental spectrum with the S-5/T-5 difference spec-

tra of a former experiment clearly shows that both singlet and triplet species were reacting 

with molecular oxygen in an argon matrix at 25 K (Figure 47a, c).  

 

Figure 46: IR spectra showing the formation of the carbonyl oxide 43 in an argon matrix doped with 
1% of oxygen. a, Mixture of T-5 and S-5 in an argon matrix doped with 1% of O2 at 3 K. b, Difference IR 
spectrum of the same matrix showing changes after annealing for 10 min at 25 K. Bands pointing down-
wards, assigned to T-5 and S-5, were disappearing, and bands pointing upwards, assigned to the carbonyl 
oxide 43, were appearing. c, Difference IR spectrum of the same matrix showing changes after irradiation 
with 650 nm LED light at 3 K. Bands pointing downwards, assigned to 43, were disappearing, and bands 
pointing upwards, assigned to the ketone 44 and the dioxirane 45, were appearing. 
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Figure 47: IR spectra showing the reaction of S-5 and T-5 with oxygen to form the carbonyl oxide 43 
upon annealing at 25 K in an argon matrix doped with 1% of O2. a, Difference IR spectrum showing 
changes after annealing for 10 min at 25 K. Bands pointing downwards, assigned to S-5 and T-5, were 
disappearing, and bands pointing upwards, assigned to 43, were appearing. b, Difference IR spectrum of 
43 and S-5 + T-5 calculated at the B3LYP-D3/def2-TZVP level of theory. c, Difference spectrum between 
S-5 and T-5 in an Ar matrix at 8 K is given as a reference.  

 

Irradiation of 43 with 650 nm (and 530 nm) produced ketone 44 and dioxirane 45, which 

exhibit characteristic signals at 1715 and 1363 cm−1, respectively. The experimental dif-

ference spectra are in good agreement with the spectra of 44 and 45 calculated at the 

B3LYP-D3/def2-TZVP level of theory (Figure 48, Table A16–17). While irradiation with 

650 nm led to a higher amount of ketone 44 (with respect to the dioxirane 45), further 

irradiation (with 530 nm) showed a higher dioxirane formation. The amount of 44 and 45 

was estimated by comparing the intensity of the C=O stretching vibration of the ketone 

44 at 1715 cm−1 with the one of the C–O stretching vibration of the dioxirane 45 (Figure 

48b, c). Irradiation with 450 nm generated dibenzopyranones 46 and 47 (identified by the 

C=O stretching vibrations at 1753 and 1759 cm−1), while the intensity of ketone signals 

decreased. The comparison of the experimental with the calculated spectra is shown in 

Figure 49 and Table A18. 
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Figure 48: IR spectra showing the formation of ketone 44 and dioxirane 45 in an argon matrix doped 
with 1% of oxygen. a, Difference IR spectrum between 44 plus 45 in a ratio of 2:1 and 43 calculated at the 
B3LYP-D3/def2-TZVP level of theory. b, Difference IR spectrum showing changes after irradiation with 
650 nm. Bands pointing upwards, were assigned to 44 (and minor bands to 45). Bands pointing downwards 
were assigned to 43. c, Difference IR spectrum showing changes after irradiation with 530 nm. Bands 
pointing upwards, were assigned to 45 (and minor bands to 44). Bands pointing downwards were assigned 
to 43. d, Difference IR spectrum between 44 plus 45 in a ratio of 1:2 and 43 calculated at the B3LYP-
D3/def2-TZVP level of theory. 
 

 
Figure 49: IR spectra showing the formation of dibenzopyranones 46 and 47 in an argon matrix 
doped with 1% of oxygen. a, Difference IR spectrum showing changes after irradiation with 450 nm. 
Bands pointing upwards, assigned to 46 and 47, were appearing. Bands pointing downwards, assigned to 
44, were disappearing. b, Difference IR spectrum showing the conversion of 44 to 46 and 47 calculated at 
the B3LYP-D3/def2TZVP level of theory. c, Difference IR spectrum showing the conversion of 44 to 46 
calculated at the B3LYP-D3/def2-TZVP level of theory. d, Difference IR spectrum showing the conversion 
of 44 to 47 calculated at the B3LYP-D3/def2-TZVP level of theory. 
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UV-vis Experiments in Ar 

For UV-vis measurements, 3-methoxy-9-diazofluorene (7) was sublimed and trapped 

with argon doped with 1% of oxygen on a spectroscopic window at 8 K. After irradiation 

at 365 nm both the carbene 5 in its triplet and in its singlet state were generated. This was 

confirmed by the appearance of bands at 461 nm and 410 nm for T-5 and S-5, respec-

tively. After annealing the matrix at 20 K for 10 min oxygen is allowed to interact with 

the carbene. Consequently, the bands of T-5 and S-5 decreased at the same rates showing 

that both carbenes were reacting (Figure 50). Simultaneously, a broad band at around 

440 nm was formed, which was assigned to the carbonyl oxide 43. The shape and  the 

band position was similar to the one reported for the parent fluorenone O-oxide (34) 

showing a broad π → π* transition at 445 nm[127].   

 

Figure 50: UV-Vis spectra showing that both S-5 and T-5 are reacting with oxygen to form 43 while 
annealing. a, UV-vis spectrum of diazo precursor 7 in an argon matrix doped with 1% of oxygen at 8 K 
(dotted line). b, UV-vis spectrum obtained after 365 nm irradiation (blue line). c, UV-Vis spectrum of the 
same matrix after 10 min annealing to 20 K (red line).  
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IR Experiments in Ne 

Similarly to the previous experiments, carbene 5 was produced as a mixture of triplet and 

singlet after irradiation of the precursor 7 with 365 nm LED in 1% O2 doped Ne matrices 

at 3 K. Hereby, not only the carbene was formed, but mainly oxidation products 44, 45, 

46 and 47 (exhibiting characteristic bands about 1715, 1365 and 1760 cm−1). Annealing 

to 5 K caused a decrease of both the triplet T-5 and singlet S-5 signals, while the signals 

of the carbonyl oxide 43 were appearing simultaneously, showing that S-5 is able to react 

with oxygen even at temperatures as low as 5 K. Further irradiation of 43 resulted in the 

generation of ketone 44 dioxirane 43, and dibenzopyranones 45 and 46 as described in 

previous experiments in Ar (Figure 51). The reactivity of carbene 5 towards O2 is sum-

marized in Scheme 23. 

 

 

Figure 51: IR spectra showing the formation of carbonyl oxide 43 in a neon matrix doped with 1% 
of oxygen. a, Mixture of T-5 and S-5 and the oxidation products 44, 45, 46 and 47 in an argon matrix doped 
with 1% of O2 at 3 K. b, Difference IR spectrum showing changes after annealing the same matrix at 5 K 
for 10 minutes. Bands pointing downwards, assigned to T-5 and S-5, were disappearing, and bands pointing 
upwards, assigned to 43, were appearing. c, Difference IR spectrum of the same matrix showing changes 
after irradiation with 650 nm LED. Bands pointing downwards, assigned to 43, were disappearing, and 
bands pointing upwards, assigned to 44 and 45, were appearing. d, Difference IR spectrum of the same 
matrix showing changes after irradiation with 450 nm LED. Bands pointing downwards, assigned to 44, 
were disappearing, and bands pointing upwards, assigned to 46 and 47, were appearing. 
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Scheme 23: Reaction of bistable carbene 5 with O2. 

 

In summary, O2-trapping experiments show that both the singlet and triplet states of car-

benes 2 and 5 react with oxygen in argon matrices at low temperatures to form the car-

bonyl oxides 39 and 43. Ganzer et al., who reported the reaction of singlet chlorophenyl-

carbene with oxygen to generate the oxidation products, also investigated the spin-for-

bidden conversion of a singlet carbene.[104] However, UV-vis spectroscopic measure-

ments indicate that the reaction of the triplet T-2 proceeds faster than the one of singlet 

S-2 (with k = (5.5 ± 0.2)ꞏ10-5 s−1). Conclusively, the addition of oxygen for singlet S-2 is 

less efficient than for the triplet state T-2. In order to achieve a better understanding, 

experiments in neon were conducted, since neon allows a diffusion of oxygen even at 

5 K. Indeed, annealing the matrix at 5 K initiated the oxygenation of triplet T-2, while no 

reaction of singlet S-2 with O2 occured. Hence, the reaction of triplet T-2 with oxygen is 

(or is nearly) barrierless, while the mechanism for the singlet indicates a higher activation 

barrier. Ganzer et al. proposed two possible mechanisms for the singlet carbene oxidation. 

Either a complex formation between the carbene and oxygen that could facilitate inter-

system crossing before addition or the reaction proceeds over a spin-forbidden entropic 

barrier.[104] The oxidation of singlet S-2 could proceed via a two-step-mechanism, where 

the first step is the intersystem crossing from triplet to singlet, which is supported by the 

slower rate for S-2, however, a direct reaction over an entropic barrier cannot be excluded 

completely. In the oxidation of 5 no differences between the triplet and the singlet reac-

tivity were observed. Both spin states seem to react directly with oxygen including ex-

periments in argon and neon matrices. Therefore, singlet 3-methoxy-9-fluorenylidene  

(S-5) is more reactive towards oxygen than singlet bis(p-methoxyphenyl)carbene (S-2). 
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This trend was also found for the hydrogenation that was described in the previous sec-

tion, which probably results from the small C–C–C angle in the five-membered ring that 

causes a lower carbene stabilization in 5 compared to the one in 2.  
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3.4 Reactions with Carbon Monoxide 

3.4.1 Introduction 

In the last section, it was described that triplet carbenes and (triplet) oxygen undergo a 

rapid reaction, while in case for singlet carbenes this process is less efficient due to the 

spin-conservation rule. Contrarily, CO easily reacts with singlet carbenes forming the 

corresponding ketenes. These carbonylation products can be identified via IR spectros-

copy due to their strong absorption of the C=C=O stretching vibration which appears in 

the region of 2000 – 2200 cm−1.[117] Although for several triplet carbenes the reaction with 

CO was observed,[128-129] this spin-forbidden reaction should be less efficient than the 

spin-allowed reaction with singlet carbenes.  

Hereafter, the carbonylation of the bistable carbenes 2 and 5 will be investigated under 

matrix isolation conditions. 

 

3.4.2 Results and Discussion 

Reaction of Bis(p-methoxyphenyl)carbene with Carbon Monoxide   

Carbene 2 was formed in its triplet T-2 (1242 cm−1) and singlet state S-2 (1257 cm−1) 

upon irradiation of precursor 26 in Ar matrices doped with 5% of CO. After annealing at 

25 K CO is allowed to diffuse inside the matrix. However, annealing for one minute is 

dominated by the thermal triplet to singlet conversion, while the formation of the ketene 

48, identified by its characteristic C=C=O stretching vibration at 2101 cm−1, proceeded 

very slowly (Figure 52, Table A19). After further annealing for 4 h, the slow conversion 

from both singlet and triplet (same ratio) 2 to ketene 48 was observed.   
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Figure 52: IR spectra showing the formation of ketene 48 in an argon matrix doped with 5% of CO. 
a, Mixture of T-2 and S-2 in an argon matrix doped with 5% of CO at 3 K. b, Difference IR spectrum of 
the same matrix showing changes after annealing for 1 min at 25 K. Bands pointing downwards, assigned 
to T-2, were disappearing. Bands pointing upwards, assigned to S-2 and very minor bands, assigned to 48, 
were appearing. c , Difference IR spectrum of the same matrix showing changes after annealing for 4 h at 
25 K. Bands pointing downwards, assigned to S-2 and T-2, were disappearing, and bands pointing upwards, 
assigned to 48, were appearing. d, IR spectrum of 48 calculated at the B3LYP-D3/def2-TZVP level of 
theory. 
 

 

Reaction of 3-Methoxy-9-fluorenylidene with Carbon Monoxide    

Similarly to the previous reaction, annealing of a 1% CO doped Ar matrices containing 

S-5 and T-5, resulted in a loss of intensity of both the triplet and singlet signals (1429 and 

1483 cm−1, in the same ratio), while the signals of the ketene 49 (2116, 2125 cm−1) were 

appearing simultaneously. The experimental spectrum is matching with the calculated 

one (see Figure 53, Table A20).  
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Figure 53: IR spectra showing the formation of ketene 49 in an argon matrix doped with 1% of CO. 
a, Mixture of T-5 and S-5 in an argon matrix doped with 1% of CO at 3 K. c, Difference IR spectrum of 
the same matrix showing changes after annealing for 10 min at 25 K. Bands pointing downwards, assigned 
to S-5 and T-5, were disappearing, and bands pointing upwards, assigned to 49, were appearing. b, Differ-
ence spectrum between S-5 and T-5 in an Ar matrix at 8 K. d, IR spectrum of 49 calculated at the B3LYP-
D3/def2-TZVP level of theory. 

In summary, in the reactions of carbenes 2 and 5 with CO no spin specificity could be 

observed, rather both the singlet and triplet states reacted simultaneously forming stable 

ketenes 48 and 49. Although one would expect a practically barrierless[130] reaction for 

CO with singlets, while the reaction with triplets is formally spin-forbidden, several triplet 

carbenes were trapped with CO,[102] while the stable singlet N-heterocyclic carbene car-

rying tert-butyl groups does not react with CO.[131] These results indicate that the reactiv-

ity of a carbene towards CO is influenced by other factors than its spin state. This hypoth-

esis is corroborated by Goedecke et al., who calculated the bond dissociation energies 

(BDEs) of several ketenes and found that the calculated singlet-triplet energy gaps ΔEST 

of the corresponding carbenes correlate well with these BDEs using quantum chemical 

calculations.[2] Therefore, the authors concluded that the stability of a ketene is mainly 

dependent on the ΔEST, while the multiplicity is a less important factor and “the search 

for carbenes which add CO yielding stable ketenes should focus on species which have a 

sufficiently low S/T gap”.[2] Thus, it is not surprising that both the bistable carbenes 2 and 

5 (where the singlet and triplet spin states are degenerate) reacted with CO and no spin 

specificity was observable. 
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3.5 Conclusions 

The spin specificity of carbenes 2 and 5 has been investigated by conducting experiments 

in solid H2, D2, O2 and CO doped Ar (and Ne) via IR, and UV–vis spectroscopy and by 

quantum chemical calculations. The reaction of 5 with H2 shows that both the singlet S-

5 and the triplet T-5 state directly reacted with H2 after irradiation of its diazo precursor 

7 even at 3 K. Hence, no spin selectivity was observed. In contrast, experiments in solid 

D2 indicate a fast reaction for the triplet state, whereas the singlet was stable under these 

conditions. The reaction of S-5 with D2 could solely be activated photochemically with 

the wavelengths, at which the photostationary equilibrium is shifted towards T-5 (λ = 530 

or 405 nm). In the reaction of 5 with oxygen no spin specificity was observed. However, 

for carbene 2 the oxidation of T-2 proceeds much faster than that of the singlet state. In 

an O2-doped Ne matrix at 5 K, T-2 selectively reacted with O2, whereas S-2 remained 

stable. Presumably, the mechanism of the reaction of S-2 proceeds via the more reactive 

T-2 through ISC. The reason of the higher reactivity of S-5 compared with S-2 probably 

results from the small C–C–C angle in the five-membered ring that causes a lower carbene 

stabilization in 5 compared to the one in 2. In order to investigate favored singlet reactiv-

ity CO was used as a reagent of choice. However, for both carbenes 2 and 5 no spin 

selectivity was observed performing experiments in CO-doped argon matrices. Therefore, 

the multiplicity is probably a less important factor in the carbonylation of carbenes, which 

is in agreement with quantum mechanical investigations of Goedecke et al.[2]. In the fu-

ture, experiments with HCl could be performed, since HCl is known as an alternative 

probe for singlet reactivity.[82] 

Nevertheless, experiments of the bistable carbenes with hydrogen and oxygen showed a 

spin specific behaviour favouring the triplet state. These bistable systems are useful for 

probing singlet-triplet carbene reactivity and these results may have relevance in the field 

of spin-chemistry. 
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3.6 Summary 

In order to investigate the spin specificity of their reactivity the bistable carbenes 2 and 5 

were studied in solid Ar (and Ne) using H2, D2, O2 and CO as reagents.  

In the reaction of the carbene with CO both the singlet S-5 and triplet T-5 underwent 

carbonylation forming the corresponding ketene 49. Although oxygen is known as a se-

lective trapping reagent for triplet species, in the reaction of 5 with O2 both the singlet 

and the triplet species were forming carbonyl oxide 43. This species is highly photolabile 

and could be easily converted to its photoproducts 44, 45, 46 and 47. Irradiation of the 

diazo precursor 7 in H2 matrices directly leads to the formation of the hydrogenation 

product 28. However, in D2 matrices photolysis of 7 generated at mixture of singlet S-5 

and the hydrogenation product 28-d2 in equal parts demonstrating a spin-selective D2 ac-

tivation by T-5. The singlet could be converted to 28-d2 via irradiation with 405 nm 

(which in Ar favors the triplet formation). 
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Scheme 24: Reactions of bistable carbene 5 with H2, D2, O2 and CO. 
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The bistable carbene 2 was investigated in terms of its spin specificity using CO and O2 

as reagents. By performing experiments in CO-doped Ar matrices, in the case of carbene 

2 also no spin selectivity was observed showing that the multiplicity is probably a less 

important factor in the carbonylation of carbenes in agreement with quantum mechanical 

investigations of Goedecke et al.[2] However, the oxidation of T-2 proceeded much faster 

than that of the singlet state (k(S-2) = (5.5 ± 0.2)ꞏ10-5 s−1) when conducting experiments in 

1% O2 doped Ar matrices. Similar to the oxidation of carbene 5, photolysis of the car-

bonyl oxide 39 formed the products 40, 41 and 42. Furthermore, in O2 doped Ne matrices 

only T-2 was reacting upon annealing to 5 K, whereas S-2 remained stable, which is in 

agreement with the spin-selective hydrogenation of 2 reported in literature.[3] The higher 

reactivity of S-5 compared to S-2 presumably results from the small C–C–C angle in the 

five-membered ring that causes a lower stabilization in 5 with respect to the one in 2. 

 

Scheme 25: Reactions of bistable carbene 2 with O2 and CO. 
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Chapter 4 

 Reactions with Ammonia 

4.1 Introduction 

The activation of small molecules has gained considerable attention in the organic and 

organometallic chemistry, due to their application considering renewable energy storage 

e.g. in photosynthesis or fuel cells.[132] While the activation of molecules, such as H2, N2, 

CO (containing the splitting of a strong covalent bond) in transition metal complexes has 

been extensively studied, the activation of the N–H bond remains challenging.[133] Am-

monia generally forms simple Lewis acid-base adducts with transition-metal complexes 

coordinating to the vacant site of the complex via the nitrogen lone pair, which hinders 

alternative coordination modes, and therefore, the N–H bond cleavage is not occuring.[134] 

As a consequence, the activation of ammonia via N-heterocyclic carbenes (NHCs) was 

investigated.[133] 

However, only few carbenes are known to activate NH3, which is based on the high N–H 

bond strengths (107 kcal/mol) and its basicity (pka = 38).[135] Frey et al. published the 

activation of ammonia using alkylaminocarbenes for the first time in 2007.[136] Later the 

N–H bond activation by an N,N′-diamidocarbene was reported by the Bielawski  

group.[137-138]  

The elucidation of the reaction mechanism between a carbene and an ammonia molecule 

yielding to its corresponding amine has been a proven challenge for scientists. Bethell et 

al. proposed that the reaction mechanism takes place via an ylide as an intermediate. This 

was proposed by studying the kinetics of the reaction of diphenylcarbene (8) with n- and 

t-butylamine in acetonitrile due to the absence of a kinetic isotope effect.[139] Zupancic et 

al. agreed with his assumption investigating the reaction of fluorenylidene (6) with t-

butylamine using laser spectrophotometric techniques.[140] However, it should be noted 

that both authors did not observe the ylide as an intermediate during the reactions. Fur-

thermore, ab initio and DFT calculations were performed, which also suggested a reaction 

pathway via a ylide.[141-142] 
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The reaction of diphenylcarbene, fluorenylidene and phenylchlorocarbene with H2O 

yielding hydrogen-bonded singlet adducts has been investigated via matrix isolation spec-

troscopy.[79, 83, 86, 143] Thereby, the singlet stabilization energy (which is based on the hy-

drogen-bonding stabilization energy of the nucleophilic singlet carbene with water) even 

enables a spin flip from a triplet carbene to its singlet state, if the energy gap ΔEST is small 

enough (< 5 kcal/mol). The hydrogen-bonded water complexes are very photolabile, and 

easily undergo a rearrangement to its corresponding O–H insertion products. The car-

benes reaction with NH3 might behave similar to the one with H2O, albeit NH3 is known 

to be a weaker hydrogen bond donor than H2O. Thus, we assumed that a spin flip of a 

carbene from triplet to singlet upon ammonia complexation could only be ensured by 

systems with an even smaller singlet triplet gap (<< 5 kcal/mol), since the hydrogen bond-

ing stabilization energy for NH3 is expected to be lower than the one for H2O.  

In this chapter the reactions of 3-methoxy-9-fluorenylidene (5) and 3,6-difluoro-9-fluo-

renylidene (12) with ammonia will be investigated. The systems were chose due to their 

small singlet-triplet gaps (ΔEST(5) = 0.5 kcal/mol; ΔEST(12) = 1.5 kcal/mol) and their 

facile complexation with water, which was reported in the previous chapters. 
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4.2 Reaction of 3-Methoxy-9-fluorenylidene with 

Ammonia 

4.2.1 Results and Discussion 

IR Experiments with NH3 

In order to study the reaction of 5 with ammonia, the diazo precursor 7 was photolyzed 

(λ = 365 nm, 3 K) in Ar matrices doped with 1% or 5% of ammonia to form a mixture of 

S-5 and T-5 showing its characteristic singlet and triplet absorptions at 1483 and  

1429 cm−1, respectively (Figure 54). Annealing to 25 K for several minutes allowed the 

diffusion of the ammonia molecules, which could be easily followed in the IR spectra by 

observing the formation of ammonia dimers, trimers and multimers from the mono-

mer.[144] Simultaneously, all IR bands assigned to T-5 and S-5 decreased in intensity, and 

new bands appeared showing strong absorptions at 1222, 1485, 1597 and 1613 cm−1 (Fig-

ure 54). Those bands were assigned to a singlet complex S-5ꞏꞏꞏHNH2, where the hydrogen 

atom of ammonia is attached to the carbene center, which is similar to the product ob-

tained from the reaction of the carbene 5 with water. The experimental IR spectrum fits 

well with the calculated one of S-5ꞏꞏꞏHNH2 (Figure 55, Table A21). In contrast to our 

experiments with water, this complex was found to be metastable and rearranged to its 

corresponding amine 3-methoxy-9-aminofluorene (50) even at temperatures as low as 

3 K. 
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Figure 54: IR spectra showing the formation and reaction of a complex between S-5 and ammonia. 
a, Mixture of T-5 and S-5 in an argon matrix doped with 5% of NH3 at 3 K. b, Difference IR spectrum of 
the same matrix showing changes after annealing for 10 min at 25 K. Bands pointing downwards, assigned 
to T-5 and S-5, were disappearing, and bands pointing upwards, assigned to the complex S-5ꞏꞏꞏHNH2, were 
appearing. c, Difference IR spectrum of the same matrix after 20 hours at 3 K showing he formation of the 
N–H insertion product 50. Bands pointing downwards, assigned to S-5ꞏꞏꞏHNH2, were disappearing, and 
bands pointing upwards, assigned to product 50, were appearing. d, Reference spectrum of 50 matrix-iso-
lated in Ar at 3 K. *Signals marked with an asterisk are caused by NH3 and its higher aggregates.  
 

 
Figure 55: Difference IR spectra showing the comparison of the product formed after annealing with 
the calculated singlet complex S-5ꞏꞏꞏHNH2. a, IR spectrum of S-5-dꞏꞏꞏHNH2 calculated at the B3LYP-
D3/def2-TZVP level of theory. b, IR spectrum of S-5-uꞏꞏꞏHNH2 calculated at the B3LYP-D3/def2-TZVP 
level of theory. c, Difference IR spectrum of an annealed argon matrix doped with 5% of NH3 containing 
T-5 showing changes after 20 hours. Bands pointing downward, assigned to the complex S-5ꞏꞏꞏHNH2, were 
disappearing and bands pointed upward, assigned to 50 were appearing. d, deposition spectrum of 50 in an 
argon matrix at 3 K. *Signals marked with an asterisk are caused by NH3 and its higher aggregates. 
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IR Experiments with ND3 

To gain more insight into the reaction mechanism between 5 and ammonia, experiments 

in an argon matrix doped with 1% and 5% of ND3 were performed. As expected, irradia-

tion of the precursor 7 with 365 nm in the matrix at 3 K produced S-5 and T-5 with its 

characteristic signals at 1483 and 1429 cm−1, respectively. T-5 and S-5 rapidly reacted 

with ammonia, when the matrix was allowed to warm from 3 K to 25 K. Thus, a hydro-

gen-bonded singlet complex S-5ꞏꞏꞏDND2 was generated showing strong absorptions at 

1216, 1226, 1488, 1594 and 1615 cm−1 (Figure 56). The experimental IR spectrum fits 

well with the calculated spectrum of S-5ꞏꞏꞏDND2 (Figure 57, Table 22). The rearrange-

ment of this deuterated complex to its insertion product was not observed at 3 K within 

30 h contrarily to previous results with the undeuterated species (Figure 56). This isotope 

effect could be an indication for a tunneling process. The hydrogen-bonded singlet com-

plex S-5ꞏꞏꞏDND2 was stable upon photolysis (λ = 650 – 365 nm LED light); hence, amine 

50-d3 was not observed. 

 
Figure 56: IR spectra showing the formation of a complex between S-5 and ND3. a, Mixture of T-5 and 
S-5 in an argon matrix doped with 1% of ND3 at 3 K. b, Difference IR spectrum of the same matrix showing 
changes after annealing for 10 min at 25 K. Bands pointing downwards, assigned to T-5 and S-5, were 
disappearing, and bands pointing upwards, assigned to the complex S-5ꞏꞏꞏDND2, were appearing. c, Dif-
ference IR spectrum of the same matrix at 3 K showing no observable changes after 26 hours. *Signals 
marked with an asterisk are caused by ND3 and its higher aggregates. 
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Figure 57: IR spectra showing the comparison of the product formed after annealing with the calcu-
lated singlet complex S-5ꞏꞏꞏDND2. a, IR spectrum of S-5-dꞏꞏꞏDND2 calculated at the B3LYP-D3/def2-
TZVP level of theory. b, IR spectrum of S-5-uꞏꞏꞏDND2 calculated at the B3LYP-D3/def2-TZVP level of 
theory. c, Difference IR spectrum of an argon matrix doped with 5% of ND3 containing T-5 showing 
changes after annealing to 25 K. Bands pointing downward, assigned to the carbene T-5 and S-5, were 
disappearing and bands pointed upward, assigned to the complex S-5ꞏꞏꞏDND2 were appearing. *Signals 
marked with an asterisk are caused by ND3 and its higher aggregates. 

 

UV-vis Experiments 

UV-vis experiments were performed in order to support the data obtained from IR exper-

iments. Therefore, similar to the IR experiment, the diazo precursor 7 was sublimed and 

trapped with argon doped with 1% of NH3 on a spectroscopic window at 9 K. Upon irra-

diation at 365 nm 3-methoxy-9-fluorenylidene (5) was generated in both its spin states 

showing its significant transitions at 410 (and 276) nm and at 461 (and 266) nm for singlet 

S-5 and triplet T-5, respectively. In accordance to the IR experiments, after annealing to 

25 K the bands of S-5 and T-5 decreased, while new bands at 279, 314 and 418 nm in-

creased (Figure 58). The bands at 276 and 418 nm are only slightly shifted from the tran-

sitions of S-5, and thus assigned to the hydrogen-bonded singlet complex S-5ꞏꞏꞏHNH2. 

The band at 314 nm was assigned to the N–H insertion product 50, since its position and 

shape is similar to the reported value of 9-amino-fluorene in ethanol (λ = 305 nm).[145] 

Surprisingly, small amounts of 50 were also present directly after the generation of the 
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carbene, which, presumably, is caused by a direct interaction with NH3 molecules in the 

same matrix cage.  

 

Figure 58: UV-vis spectra showing the conversion of S-5 and T-5 to S-5ꞏꞏꞏHNH2 (and 50) during 
annealing. a, UV-vis spectrum of 3-methoxy-9-diazofluorene (7) in an argon matrix doped with 1% of 
ammonia at 9 K (dotted line). b, UV-vis spectrum obtained after 365 nm irradiation showing the formation 
of the singlet S-5 and triplet T-5 (blue line). c, UV-vis spectrum of the same matrix after 10 min annealing 
to 25 K (red line). The bands at λmax = 279 and 418 nm were assigned to S-5ꞏꞏꞏHNH2. The band at λmax = 
314 nm was assigned to 50, presumably, resulting from a rapid rearrangement of S-5ꞏꞏꞏHNH2. 

 

The assignments of these bands could be further verified showing that the transitions as-

signed for metastable S-5ꞏꞏꞏHNH2 decreased, while the band for 50 increased, simultane-

ously, after the matrix was kept in the dark for 22 hours at 9 K (Figure 59). Furthermore, 

the transition of the triplet at 266 nm seemed to increase, which, presumably, resulted 

from additional bands of the insertion product underneath the band of T-5.  
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Figure 59: UV-vis spectra showing the rearrangement of S-5ꞏꞏꞏHNH2 to form 50 while the matrix was 
kept in the dark for 22 h. a, UV-vis spectrum of a matrix doped with 1% of NH3 containing T-5 and S-5 
after 10 min annealing to 25 K (red line). b, UV-vis spectrum after 22 hours at 9 K showing the conversion 
of S-5ꞏꞏꞏHNH2 to 50 (blue line).  

 

EPR Experiments 

Another method to gain more insight in the reaction mechanism could provide the EPR 

spectroscopy, since it is highly sensitive and enables a facile detection of paramagnetic 

species. Similar to previous experiments, irradiation of 7 with 365 nm LED light in an 

argon matrix doped with 1% of NH3 at 4 K resulted in the formation of the corresponding 

triplet carbene T-5 showing its EPR spectrum with zfs parameters D = 0.4275 cm−1 and 

E = 0.0269 cm−1. Annealing to 25 K caused a loss of 54% of the carbene T-5 signals, 

while no significant increase was detected indicating the formation of the EPR silent sin-

glet hydrogen-bonded complex S-5ꞏꞏꞏHNH2 (Figure 60). Interestingly, additional bands 

in the radical region were observed. These bands were increasing after the matrix was 

kept at 4 K. This species was assigned to the triplet radical pair 51 with zfs parameters 

with D = 0.029 cm−1 and E = 0.00017 cm−1 (Figure 61). The generation of the radical pair 

was obtained after annealing to 25 K (which produces S-5ꞏꞏꞏHNH2) and subsequent cool-

ing down to 4 K. Additionally, no triplet decrease was observed. These findings demon-

strate that the source for 51 was the hydrogen-bonded complex. However, the bands were 

also present directly after the generation of T-5, which might be due to a reaction of the 
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triplet carbene with ammonia or due to the interaction with NH3 molecules in the same 

matrix cage that resulted in the formation of complex S-5ꞏꞏꞏHNH2. The proposed reaction 

scheme is shown in Scheme 26.  

 
Figure 60: X-band CW EPR spectra of an argon matrix doped with 1% of NH3 showing changes of 
T-5 after annealing to 25 K. a, Argon matrix doped with 1% of NH3 at 4 K showing the triplet spectrum 
of T-5 (blue line). b, Annealing to 25 K for 10 min showing a loss of 54% signal intensity of T-5 (red line). 
c, Spectrum after the matrix was kept in the dark for one hour showing the formation of triplet radical pair 
51. *radical signal (NH2). 
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Figure 61: Comparison of the experimental EPR spectrum with the simulated spectra of 51 and T-5. 
a, EPR spectrum of T-5 and 51 in Ar doped with 1% of NH3. b, Simulated EPR spectrum of 51. c, Simulated 
EPR spectrum of T-5. 

 

 

Scheme 26: Proposed mechanism for the reaction of 5 with NH3. 
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Kinetic and Computational Study 

In order to get more insight in the reaction mechanism, kinetic measurements of the rear-

rangement of S-5ꞏꞏꞏHNH2 to the amine 50 at 3 K were performed. To determine the re-

action rate of the complex to the amine, the decrease of the band at 1381 cm−1 of the 

complex was measured as a function of the time (Figure 62) and the data were fitted to 

the equation[90] 𝑦 𝑔 𝑎 ∙ exp 𝑘𝑡 . The reaction rate was determined to be  

5.3ꞏ10-5 s−1 with c = 0.61 or 5.9ꞏ10-5 s−1 with c = 0.73. The deuterated complex did not 

undergo any rearrangement within the timescale of hours, which shows a large isotope 

effect. This is an indication for a tunneling process.  

 

 

Figure 62: Plot of the decreasing intensity of the C=C stretching vibration of S-5ꞏꞏꞏHNH2 at 3 K fitted 
to the equation for dispersive kinetics. 

 

Interestingly, the hydrogen bonded complex S-5ꞏꞏꞏH2O (in the experiment with water, 

Chapter 2) did not undergo any tunneling. This difference could be explained by quantum 

chemical calculations. The activation barrier (EA) for the rearrangement of the complex 

S-5ꞏꞏꞏH2O was calculated to be 5.6 kcal/mol. In contrast, in case of S-5ꞏꞏꞏHNH2 the bar-

rier is smaller with EA = 4.7 kcal/mol calculated at the B3LYP-D3/def2-TZVP level of 

theory. Recalculation at the CCSD(T)/cc-pVDZ//B3LYP-D3/def2-TZVP level of theory 

is showing the same trend with an activation energy of 12.5 and 7.5 kcal/mol for the water 
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and ammonia complex, respectively. Additionally, the barrier for the deuterated complex 

was calculated to be higher in energy (EA = 5.4 kcal/mol) with respect to the undeuterated 

complex at the B3LYP-D2/def2-TZVP level of theory. The energy diagram for the reac-

tions of the complexes including the transition states and N–H insertion products is shown 

in Figure 63.  

 

Figure 63: Comparison of the theoretical reaction pathways of the complexes S-5ꞏꞏꞏHNH2/  
S-5ꞏꞏꞏDND2 to 50 and 50-d3 computed at the B3LYP/def2-TZVP level of theory. Energies in brackets 
correspond to the single point calculations at the CCSD(T)/cc-pVDZ//B3LYP-D3/def2-TZVP level of the-
ory. 

 

Furthermore, the complex S-5ꞏꞏꞏHNH2 is less stabilized (by ~5 kcal/mol) than the hydro-

gen bonded water complex S-5ꞏꞏꞏH2O, which results from the weaker hydrogen bond 

donor NH3 (compared to H2O). However, the hydrogen bonding stabilization is strong 

enough to favor the formation of the singlet S-5ꞏꞏꞏHNH2 over the triplet T-5ꞏꞏꞏHNH2. 

This is also predicted from the calculations showing an singlet triplet energy splitting 1.9 

and 4.0 kcal/mol at the B3LYP-D3/def2-TZVP and CCSD(T)/cc-pVDZ//B3LYP-

D3/def2-TZVP level of theory, respectively (Figure 64). 
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Figure 64: Energy diagram showing the differences between S-5 and T-5 and T-5ꞏꞏꞏHNH2 and  
S-5ꞏꞏꞏHNH2 calculated at the B3LYP-D3/def2-TZVP level of theory. Energies in parentheses corre-
spond to the single point calculations at the CCSD(T)/cc-pVDZ//B3LYP-D3/def2-TZVP level of theory. 

 

Table 7: Stabilization energies for the complexes S-5ꞏꞏꞏHNH2 and T-5ꞏꞏꞏHNH2. 

B3LYP-D3/def2TZVP ΔEZPE [kcal/mol] 

S-5ꞏꞏꞏHNH2 5.84 

T-5ꞏꞏꞏHNH2 2.01 
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4.3 Reaction of 3,6-Difluoro-9-fluorenylidene with 

Ammonia 

4.3.1 Results and Discussion 

IR Experiments with NH3 

To study the reaction of carbene 12 with ammonia, the diazo precursor 3,6-difluoro-9-

diazofluorene (13) was photolyzed (365 nm, 3 K) in an argon matrix doped with 1% of 

ammonia to form T-12 showing its characteristic absorptions at 1211, 1296, 1463 and 

1577 cm−1 (Figure 65). Annealing to 25 K for several minutes allowed the diffusion of 

the ammonia molecules, which could be easily followed in the IR spectra by observing 

the formation of ammonia dimers, trimers and multimers from the monomer.[144] Simul-

taneously, all IR bands assigned to T-12 decreased in intensity, and new bands appeared 

(Figure 65). After comparing the new IR signals with the IR spectrum of the correspond-

ing amine 52, these bands were assigned to the N–H insertion product. The formation of 

a hydrogen-bonded singlet complex S-12ꞏꞏꞏHNH2 was not observed. Thus, the generation 

of 52 could proceed in two ways: it is either following a singlet pathway over highly 

unstable S-12ꞏꞏꞏHNH2, which very rapidly (even during annealing) converted to the in-

sertion product, or a triplet pathway over a radical pair 53 (Scheme 27). In order to eluci-

date the mechanism of the direct formation of 52, the reaction was further investigated by 

means of experiments with deuterated ammonia ND3 and EPR experiments to test the 

appearance of a radical species. 
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Figure 65: IR spectra showing the reaction of T-12 with NH3. a, T-12 in Ar doped with 1% of NH3 at 
3 K. b, Difference IR spectrum of the same matrix after annealing for 10 min at 25 K showing the generation 
of 52. Bands pointing downwards, assigned to T-12, were disappearing and bands pointing upwards, as-
signed to 52, were appearing. c, IR spectrum of 52 in an Ar matrix at 3 K. *Signals marked with an asterisk 
are caused by NH3 and its higher aggregates. 

 

 

Scheme 27: Proposed mechanism for the reaction of carbene 12 with ammonia. 
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IR Experiments with ND3 

To gain more insights into the reaction mechanism between 12 and ammonia, an experi-

ment in an argon matrix doped with 1% of ND3 was performed. As expected, irradiation 

of the precursor 13 with 365 nm at 3 K produced T-12 (1211, 1296 1463, 1577 cm−1). 

Surprisingly, T-12 rapidly reacted with ammonia if the matrix was allowed to warm from 

3 K to 25 K to generate a hydrogen-bonded singlet complex S-12ꞏꞏꞏDND2 showing strong 

absorptions at 1083, 1170 and 1204 cm−1. The experimental IR spectrum fits well with 

the calculated spectrum of S-12ꞏꞏꞏDND2 (Figure 66). The strong absorption of the exper-

imental spectrum at 1170 cm−1 was assigned to the C–C–C asymmetric stretching vibra-

tion, which is characteristic for singlet carbenes (Table A23).  

 

Figure 66: IR spectra showing the formation of the complex S-12ꞏꞏꞏDND2. a, T-12 in Ar doped with 
1% of ammonia at 3 K. b, Difference IR spectrum of the same matrix after annealing for 10 min at 25 K 
showing the generation of S-12ꞏꞏꞏDND2. Bands pointing downwards, assigned to T-12, were disappearing 
and bands pointing upwards, assigned to S-12ꞏꞏꞏDND2, were appearing. c, spectrum of S-12ꞏꞏꞏDND2 cal-
culated at the B3LYP-D3/def2-TZVP level of theory. *Signals marked with an asterisk are caused by ND3 
and its higher aggregates. 

 

Interestingly, this singlet complex rearranged to its N–D insertion product 52-d3 even at 

temperatures as low as 3 K, which indicates the reaction proceeds through a quantum 

mechanical tunneling (QMT) process. The experimental IR spectrum fits well with the 
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calculated one of the deuterated 9-amino-fluorene (52-d3) and is comparable to the spec-

trum of 52 (Figure 67, Table A24).  

The observation of the hydrogen-bonded complex S-12ꞏꞏꞏDND2 as an intermediate for 

the generation of the amine 52-d3 is a strong indication that also the undeuterated amine 

52 resulted from a very rapid rearrangement of S-12ꞏꞏꞏHNH2. This conclusion would be 

also in agreement with the assumption of the formation of the amine via QMT, since 

hydrogen atoms are known to undergo much faster tunneling reactions, which is demon-

strated by large kinetic isotope effects. 

 

Figure 67: IR spectra showing the rearrangement of the complex S-12ꞏꞏꞏDND2 to 52-d3. a, IR spectrum 
of S-12ꞏꞏꞏDND2 calculated at the B3LYP-D3/def2-TZVP level of theory b, Difference IR spectrum show-
ing changes of an annealed argon matrix doped with 1% of ND3 containing 12 after 24 h at 3 K showing 
the formation of the N–D insertion product. Bands pointing downwards, assigned to S-12ꞏꞏꞏDND2, were 
disappearing and bands pointing upwards, assigned to 52-d3, were appearing. c, IR spectrum of 52-d3 cal-
culated at the B3LYP-D3/def2-TZVP level of theory. d, IR spectrum of 52 calculated at the B3LYP-
D3/def2-TZVP level of theory. e, IR spectrum of 52 in argon at 3 K. *Signals marked with an asterisk are 
caused by ND3 and its higher aggregates. 
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UV-vis Experiments with NH3 

In order to investigate the mechanism for the reaction of 12 with ammonia in more detail, 

UV-vis experiments were conducted. In a similar manner to the IR experiments, the pre-

cursor 13 was deposited in an argon matrix doped with 1% of NH3. Subsequent irradiation 

resulted in the formation of the corresponding triplet carbene 12 showing its significant 

transition at 470 nm, which was similar to the reported one for the unsubstituted triplet 

fluorenylidene (T-6) (λmax = 463 nm[83]). Upon annealing to 25 K this band decreased, 

while new bands at 405, 314 and 276 nm increased simultaneously (Figure 68). The tran-

sition at 314 nm was assigned to the 3,6-difluoro-9-amino-fluorene (52) comparing the 

UV-vis spectrum with the deposition spectrum of 52 (in argon). The bands at 405 and 

276 nm were assigned to the hydrogen-bonded complex S-12ꞏꞏꞏHNH2, since the bands 

shape and position are very similar to those assigned to S-5ꞏꞏꞏHNH2 (λmax = 418, 279 nm). 

Interestingly, the bands of S-12ꞏꞏꞏHNH2 and 52 were observed even directly after photol-

ysis of the diazo precursor. Presumably, this results from a direct interaction of the car-

bene with NH3 molecules in the same matrix cage. 

The rearrangement to form the N–H insertion product 52 proceeds very rapidly, since 

after annealing for 10 minutes, the most part of S-12ꞏꞏꞏHNH2 already converted. This is 

confirmed by the formation of the product 52 showing the decrease of the bands at 276 

and 405 nm and simultaneous increase of the band at 314 nm (Figure 69).  

The results obtained from the UV-vis experiments could deliver some insights into the 

reaction mechanism of carbene 12 with ammonia showing the presence of the hydrogen-

bonded complex S-12ꞏꞏꞏHNH2, which rapidly converted to its N–H insertion product 52.  
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Figure 68: UV-vis spectra showing the conversion of S-12 and T-12 to S-12ꞏꞏꞏHNH2 and 52 during 
annealing. a, UV-vis spectrum of 13 in an argon matrix doped with 1% of ammonia at 9 K (dotted line). 
b, UV-vis spectrum obtained after 365 nm irradiation showing the formation of singlet und triplet 12 (blue 
line). c, UV-vis spectrum of the same matrix after 30 seconds annealing to 25 K (red line). The bands at 
λmax = 276 and 405 nm were assigned to S-12ꞏꞏꞏHNH2. The band at λmax = 308 nm was assigned to 52, 
probably resulting from a rapid rearrangement of S-12ꞏꞏꞏHNH2. d, UV-vis spectrum of 52 in an argon 
matrix. 
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Figure 69: UV-vis spectra showing the rearrangement of S-12ꞏꞏꞏHNH2 to form 52 during annealing. 
a, UV-Vis spectrum of a matrix doped with 1% of NH3 containing T-12 and S-12 after 30 seconds annealing 
to 25 K (red line). b, UV-vis spectrum after 10 min at 25 K showing the conversion from of S-12ꞏꞏꞏHNH2 
to 52 (blue line). 

 

UV-vis Experiments with ND3 

Similar to the previous experiment, irradiation of the diazo precursor 13 with 365 nm 

LED light at 9 K results in the formation of the corresponding triplet carbene 12 showing 

its significant transition at 470 nm. Upon annealing to 25 K this band decreased, while 

new bands at 405, 314 and 276 nm increased simultaneously, which were assigned to the 

hydrogen-bonded complex S-12ꞏꞏꞏDND2 and its N–D insertion product 52-d3 (Figure 70). 

S-12ꞏꞏꞏDND2 and 52 showed very tiny transitions even directly after photolysis of the 

diazo precursor, which might resulted from a partial diffusion of ND3 already at 9 K or a 

direct interaction of the carbene with ND3 molecules in the same matrix cage. As ex-

pected, the conversion S-12ꞏꞏꞏDND2 proceeds slower compared to the one for S-

12ꞏꞏꞏHNH2, showing a decrease of the transitions of S-12ꞏꞏꞏDND2 and simultaneous in-

crease of 52-d3 even after letting the compound several hours (in the dark) at 9 K (Figure 

71). 
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Figure 70: UV-vis spectra showing the conversion of S-12 and T-12 to S-12ꞏꞏꞏDND2 (and 52-d3) during 
annealing. a, UV-vis spectrum of 52 in an argon matrix (black line). b, UV-vis spectrum of an independent 
experiment obtained after irradiating 13 (365 nm) in an argon matrix doped with 1% of ND3 showing the 
formation of the singlet und triplet 12 (blue line). c, UV-vis spectrum of the same matrix after 30 seconds 
annealing to 25 K (red line). The bands at λmax = 276 and 406 nm were assigned to S-12ꞏꞏꞏDND2. The weak 
band at λmax = 307 nm was assigned to 52-d3, probably resulting from a partial rearrangement of S-
12ꞏꞏꞏDND2.  
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Figure 71: UV-vis spectra showing the rearrangement of S-12ꞏꞏꞏDND2 to form 52-d3 while the matrix 
was kept in the dark for several hours. a, UV-vis spectrum of 52 in an argon matrix (black line). b, UV-
vis spectrum of a different experiment of a matrix doped with 1% of ND3 containing T-12 and S-12 after 
15 minutes annealing to 25 K (red line). b, UV-vis spectrum after 6 hours at 9 K showing the conversion 
from of S-12ꞏꞏꞏDND2 to 52-d3 (green line). c, UV-vis spectrum after 12 hours at 9 K showing the conversion 
from of S-12ꞏꞏꞏDND2 to 52-d3 (blue line). 
 

 

EPR Experiments 

Similar to our previous experiments, irradiation of 13 with 365 nm LED light in an argon 

matrix doped with 1% of NH3 at 4 K resulted in the formation of the corresponding triplet 

carbene T-12 showing its EPR spectrum with zfs parameters D = 0.4229 cm−1 and 

E = 0.0262 cm−1. The reaction proceeds similarly to the one of T-5: Upon annealing to 

25 K a loss of 56% of the carbene signals was observed showing the formation of EPR 

silent complex S-12ꞏꞏꞏHNH2 and additional bands in the radical region were observed, 

which were increasing after the matrix was kept at 4 K (Figure 72).  



Chapter 4 – Reactions with Ammonia 

 112 

 

Figure 72: X-band CW EPR spectra of an argon matrix doped with 1% of NH3 showing changes of 
T-12 after annealing to 25 K. a, Argon matrix doped with 1% of NH3 at 4 K showing the triplet spectrum 
of T-12 (blue line). b, Annealing to 25 K for 10 min showing a loss of 56% signal intensity of T-12 (red 
line). c, Spectrum after the matrix was kept in the dark for one hour showing the formation of triplet radical 
pair 53. *Radical signal (NH2). 

 

This species was assigned to the triplet radical pair 53 with zfs parameters  

(D = 0.027 cm−1 and E = 0.00016 cm−1) similar to the one of the radical pair 51 

(D = 0.029 cm−1 and E = 0.00017 cm−1) (Figure 73). Since the generation of the radical 

pair was observed after annealing to 25 K (which produces S-12ꞏꞏꞏHNH2) and subsequent 

cooling down to 4 K and, furthermore, no triplet decrease was observed, the source for 

51 was assumed to be the hydrogen-bonded complex. However, the bands were also pre-

sent directly after the generation of T-12, which might be due to a direct interaction of 

the carbene with NH3 molecules in the same matrix cage that resulted in tiny amounts of 

complex S-5ꞏꞏꞏHNH2 formation. The proposed reaction mechanisms are shown in 

Scheme 28.  
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Figure 73: Comparison of the experimental EPR spectrum with the simulated ones for 53 and T-12.  

 

 

Scheme 28: Proposed mechanism for the reaction of 12 with ammonia. 
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Kinetic and Computational Study 

In order to get more insights in the reaction mechanism, kinetic measurements of the 

rearrangement of S-12ꞏꞏꞏDND2 to the amine 52-d3 at 3 K were included. The decrease of 

the strong C=C stretching vibration (at 1475 cm−1) of the complex was measured as a 

function of the time, which is depicted in Figure 74. The reaction rate was determined to 

be 1.2ꞏ10-5 s−1 (c = 0.73) (or 0.9ꞏ10-5 s−1 with c = 0.67) and thus much faster than the 

reaction of T-12 with water. Since for reaction of the carbene 12 with undeuterated am-

monia the insertion product 52 was formed directly, the determination of the reaction rate 

was not possible. As mentioned above, one explanation for the direct formation of 52 

could be that the rearrangement of the singlet complex to the amine was too fast to be 

detected. The reaction rates for the rearrangement of S-12ꞏꞏꞏDND2 to the amine 52-d3 

were also determined at 12 K to be 3.2ꞏ10-5 s−1 (c = 0.73) (or 3.0ꞏ10-5 s−1 with c = 0.67) 

(Figure 75). Since these values are in the same order of magnitude with the rates obtained 

at 3 K, the rearrangement process is independent of the temperature and the Arrhenius 

activation barrier is zero. These findings confirm the assumption that the reaction pro-

ceeded by a tunneling mechanism. 

 
Figure 74: Time dependency of the integrated intensity of the C=C stretching vibration of  
S-12ꞏꞏꞏDND2 at 3 K. 
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Figure 75: Time dependency of the integrated intensity of the C=C stretching vibration of  
S-12ꞏꞏꞏDND2 at 12 K. 

 

Moreover, quantum chemical calculations were included in order to confirm the obtained 

results. Since ammonia induces only a weak stabilization for the triplet (2.7 kcal/mol) and 

a moderate stabilization energy for the singlet (-5.6 kcal/mol), both the two complexes 

12ꞏꞏꞏHNH2 are nearly degenerate calculated by the B3LYP-D3/def2-TZVP level of the-

ory (Figure 76). Subsequent re-calculation at the CCSD(T)/cc-pVDZ level of theory re-

sulted in a higher stabilization for the singlet complex by 1.6 kcal/mol. Thus, the for-

mation of a singlet complex S-12ꞏꞏꞏHNH2, which yields to the amine 52, is also predicted 

by computations. This complex is less stabilized (ES = 5.6 kcal/mol) than the complex 

with water S-12ꞏꞏꞏH2O (ES = 10 kcal/mol; Chapter 2.3), which confirms the faster reac-

tion rate to the formation of the corresponding amine. Furthermore, the energy barrier for 

the rearrangement is lower for the ammonia complex (EA = 3.5 kcal/mol) than for the 

water complex (EA = 5.2 kcal/mol). Re-calculation at the CCSD(T)/cc-pVDZ level of 

theory showed significant differences with an energy barrier of 6.3 and 10.5 kcal/mol for 

S-12ꞏꞏꞏHNH2 and S-12ꞏꞏꞏH2O, respectively. The energy diagram for the reactions of the 

hydrogen bonded complexes including the transition states and N–H/N–D insertion prod-

ucts is shown in Figure 77. These calculations are in agreement to the experimental find-

ings, since the energy barrier for the reaction of the deuterated complex S-12ꞏꞏꞏDND2 is 

predicted to be 0.7 kcal/mol higher than the one for S-12ꞏꞏꞏHNH2, which is also an ex-

planation for the slower reactivity of the deuterated complex.  
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Figure 76: Energy diagram showing the singlet triplet splittings of 12 and 12ꞏꞏꞏHNH2 calculated at 
the B3LYP-D3/def2-TZVP level of theory. Energies in brackets correspond to the single point calcula-
tions at the CCSD(T)/cc-pVDZ//B3LYP-D3/def2-TZVP level of theory. 

 

 

Figure 77: Comparison of the theoretical reaction pathways of the complexes S-12ꞏꞏꞏHNH2/  
S-12ꞏꞏꞏDND2 to 52 and 52-d3 computed at the B3LYP/def2-TZVP level of theory. Energies in brackets 
correspond to the single point calculations at the CCSD(T)/cc-pVDZ//B3LYP-D3/def2-TZVP level of the-
ory. 
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Table 4: Stabilization energies for the complexes S-12ꞏꞏꞏHNH2 and T-12ꞏꞏꞏHNH2. 

B3LYP-D3/def2TZVP ΔEZPE [kcal/mol] 

T-12ꞏꞏꞏHNH2 -2.74 

S-12ꞏꞏꞏHNH2 -5.58 

 

 

The obtained results demonstrated, that the formation of the amine 52 over a hydrogen-

bonded complex via a tunneling process is the most probable mechanism. However, an-

other reaction mechanism to yield the amine would run over the triplet ammonia complex, 

which generates the triplet radical pair 53 (Figure 78). This process shows an even lower 

activation barrier than the singlet route with EA = 2.3 kcal/mol. However re-calculation 

at the CCSD(T)/cc-pVDZ//B3LYP-D3/def2-TZVP level of theory lead to an barrier of 

7.9 kcal/mol. This number might be more accurate showing that the singlet mechanism 

with a smaller energy barrier (EA = 6.3 kcal/mol) is favored with respect to the triplet 

mechanism. 

 

Figure 78: Reaction pathway of the complexes T-12ꞏꞏꞏHNH2 to 52 via the triplet route computed at 
the B3LYP/def2-TZVP level of theory. Energies in brackets correspond to the single point calculations 
at the CCSD(T)/cc-pVDZ//B3LYP-D3/def2-TZVP level of theory. 
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Comparison of the reactions for carbenes 5 and 12 with ammonia concluded a similar 

reaction pattern. Although the reaction of T-12 with NH3 in the IR experiments seemed 

to proceed directly, UV experiments showed the appearance of a hydrogen-bonded singlet 

complex upon annealing, whereby the ammonia is allowed to diffuse to enable bimolec-

ular reactions. The triplet radical pair was observed in both experiments with carbene 5 

and 12 and was increased continuously over the time after annealing to 25 K and subse-

quent cooling down to 4 K. These facts lead to the conclusion, that the reaction mecha-

nism for both carbenes runs over the hydrogen-bonded singlet complex, whereby this 

complex might be the source for the triplet radical pair. Conclusively, the ‘direct’ reaction 

occurred during the IR measurements of T-12 with ammonia, presumably, is a conse-

quence for a very rapid insertion reaction of the hydrogen-bonded singlet complex. Quan-

tum chemical calculations further support this hypothesis, showing a lower activation 

barrier for S-12ꞏꞏꞏHNH2 (EA = 6.3 kcal/mol) than for S-5ꞏꞏꞏHNH2 (EA = 7.5 kcal/mol at 

the CCSD(T)/cc-pVDZ//B3LYP-D3/def2-TZVP level of theory). Another confirmation 

is given by the comparison of the rates of the reaction of both carbenes with ND3. While 

for S-5ꞏꞏꞏDND2 no tunneling was observed, the tunneling of S-12ꞏꞏꞏDND2 proceeds much 

faster with k = 1.2ꞏ10-5 s−1. 

 

4.4 Conclusions 

In this chapter the reaction of two carbenes, the bistable 3-methoxy-9-fluorenylidene (5) 

and the triplet 3,6-difluoro-9-fluorenylidene (12) with ammonia was investigated using 

matrix isolation techniques. 

Similarly to their reaction with water (which was described in Chapter 2), the carbenes 

formed hydrogen-bonded singlet complexes upon their interaction with one single mole-

cule of ammonia, which were detected via UV-vis and IR spectroscopy. Contrarily to the 

hydrogen-bonded water complexes, these complexes was found to be metastable and re-

arranged to form their corresponding N–H insertion products 50 and 52, respectively even 

at temperatures as low as 3 K. These differences results from the lower energy barriers 

for the ammonia complexes (EA = 7.5 kcal/mol for S-5ꞏꞏꞏHNH2/ 6.3 kcal/mol for S-

12ꞏꞏꞏHNH2) with respect to the water complexes (EA = 12.5 kcal/mol for S-5ꞏꞏꞏH2O/ 

10.5 kcal/mol for S-12ꞏꞏꞏH2O), that is based on the higher stabilization energy from water 

as the stronger hydrogen bond donor (compared to ammonia).  
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The reaction rate for the rearrangement for S-5ꞏꞏꞏHNH2 was determined to be  

5.9ꞏ10-5 s−1, while the reaction for S-12ꞏꞏꞏHNH2 was too rapid to be observable. There-

fore, the rearrangement reaction of S-12ꞏꞏꞏHNH2 proceeds much faster compared to the 

rearrangement of S-5ꞏꞏꞏHNH2, which is based on the lower energy barrier for this process 

(EA = 6.3 kcal/mol) compared to the rearrangement of S-5ꞏꞏꞏHNH2 (EA = 7.5 kcal/mol 

calculated at the CCSD(T)/cc-pVDZ//B3LYP-D3/def2-TZVP level of theory). Further-

more, the carbenes reactivity towards ND3 was determined in order to investigate kinetic 

isotope effects. Similar to the experiment with undeuterated ammonia, S-5ꞏꞏꞏDND2 and 

S-12ꞏꞏꞏDND2 were generated upon their complexation with ammonia. However, the com-

plex S-5ꞏꞏꞏDND2 was found to be stable under our experimental conditions (3 K, in the 

timescale of 26 hours), while the complex S-12ꞏꞏꞏDND2 slowly converted to the corre-

sponding amine at 3 K (k = 1.2ꞏ10-5 s−1). Thus, both reactions indicate a huge kinetic iso-

tope effect, which is typically for tunneling mechanisms. Additionally the rearrangement 

of S-12ꞏꞏꞏDND2 was found to be temperature independent (k = 3.2ꞏ10-5 s−1 at 12 K), 

which further confirms a conversion via tunneling.  

However, EPR experiments detected the presence of tripet radical pairs 51 and 53 after 

annealing to 25 K and subsequent cooling down to 3 K. Presumably, these species act as 

an intermediate between the hydrogen-bonded singlet complexes S-5ꞏꞏꞏHNH2 and  

S-12ꞏꞏꞏHNH2 and products 50 and 52. The hydrogen-bonded complexes might serve as a 

reservoir for the radical pairs, which explains why an increase of these species was ob-

served after the complex formation. 
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4.5 Summary 

The investigation of the reactions of bistable 3-methoxy-9-fluorenylidene (5) and triplet 

3,6-difluoro-9-fluorenylidene (12) with ammonia revealed the formation of hydrogen-

bonded singlet complexes S-5ꞏꞏꞏHNH2 and S-12ꞏꞏꞏHNH2, similar to the reactions of 5 and 

12 with water. In contrast to the water complexes (S-5ꞏꞏꞏH2O and S-12ꞏꞏꞏH2O, described 

in Chapter 2), the ammonia complexes S-5ꞏꞏꞏHNH2 and S-12ꞏꞏꞏHNH2 were found to be 

metastable and rearranged to the formal N–H insertion products 50 and 52 via quantum 

mechanical tunneling. The reason why the ammonia complexes undergo tunneling might 

be based on the lower activation barrier (EA = 7.5 kcal/mol for S-5ꞏꞏꞏHNH2/ 6.3 kcal/mol 

for S-12ꞏꞏꞏHNH2) with respect to the water complexes (EA = 12.5 kcal/mol for S-5ꞏꞏꞏH2O/ 

10.5 kcal/mol for S-12ꞏꞏꞏH2O), resulting from the higher stabilization energy from water 

as the stronger hydrogen bond donor (compared to ammonia). The rapid reactivity of S-

12ꞏꞏꞏHNH2 (in IR measurements even too fast to be observable) and S-12ꞏꞏꞏDND2 

(k = 1.2ꞏ10-5 s−1 at 3 K) relative to S-5ꞏꞏꞏHNH2 (k = 5.9ꞏ10-5 s−1 at 3 K) and S-5ꞏꞏꞏDND2 

(no reaction observed within 26 hours) is also caused by a lower activation barrier for the 

former reactions. 

 

Scheme 29: Reactions of carbenes 5 and 12 with NH3. 
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Chapter 5 

 Cyclopentadienylidenes 

5.1 Reactions with H2O, ICF3 and BF3 

5.1.1 Introduction 

The previous chapters focused on the investigation of carbenes with very small singlet 

triplet gaps (ΔEST = 1 – 3 kcal/mol calculated at the B3LYP-D3/def2-TZVP level of the-

ory) and their reactivity. For example the reaction of the fluorenylidenes 5, 6 and 12 to-

wards water shows that one molecule of water enables a spin flip from triplet  

to singlet via hydrogen bonding stabilization. For cyclopentadienylidene (54) 

(ΔEST = 8.9 kcal/mol), which was determined to be a ground state triplet by EPR, IR and 

UV-vis spectroscopic measurements,[128, 146-147] the spin flip to form the singlet state 

would be more challenging, since the σ2π0 configuration (which usually is the lowest-

lying singlet configuration) results in only four electrons in the five-membered ring and 

hence destabilizes the system. The reactivity of 54 and 55 towards CO,[128-129] O2,
[127, 148-

149] as well as the dimerization of 54 in N2 was already reported by the group of Dunkin 

many years ago forming the corresponding products 56-60,[147] which is shown in Scheme 

30. In this chapter, the reactivity of the 54 and its derivative tetrachlorocyclopentadienyl-

idene (55) towards water and ‘stronger’ Lewis acids (ICF3, BF3) will be investigated in-

vestigated via matrix isolation spectroscopy. 
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Scheme 30: Reactivity of cyclopentadienylidene (54) and tetrachlorocyclopentadienylidene (55) re-
ported by the group of Dunkin. 

 

 

5.1.2 Reactions of Cyclopentadienylidene in Ar and H2O 

The information of this chapter is “Reprinted (adapted) with permission from S. Henkel, 

I. Trosien, J. Mieres-Pérez, T. Lohmiller, A. Savitsky, E. Sanchez-Garcia, W. Sander*; 

The Journal of Organic Chemistry 2018, 83 (15), 7586-7592. Copyright 2018 American 

Chemical Society.” Experiments were carried out by me. All authors discussed the results 

and contributed in the final manuscript. 

 

Reaction in Ar 

To generate cyclopentadienylidene as a ground state triplet carbene (T-54), diazocyclo-

pentadiene (DCP) was embedded into an Ar matrix at 3 K and treated with visible light 

(λ = 450 nm). The obtained IR spectrum clearly evidence the successful transformation 

to the desired molecule and is in good agreement with the spectrum of T-54, which was 

measured in N2 by Baird et al.[128] Therein, absorption signals at 1340, 1101, 925 and 

696 cm−1 were observed. As expected, upon annealing of the matrix to 25 K, diffusion of 

the molecules could not be inhibited and formation of the dimerization product fulvalene 

(60) was observed (with series of bands around 1365, 762 and 697 cm−1 in accordance to 

the data reported by Baird et al.[128]). The measured spectra of T-54 as well as 60 are in 

good agreement with the theoretical spectra obtained by quantum mechanical calculations 
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(QMC) (Figure 79) (for further details see the Appendix, Table A25–26). The absorptions 

around 1487 cm−1 are due to the C=C stretching vibrations of the cyclopentadiene units. 

The band splittings in the experimental spectra of 60 and T-54 (Figure 79, marked with 

asterisks) can be explained in terms of Fermi resonance, where a fundamental vibration 

couples with an overtone resulting in a shift in frequency and a change in intensity in the 

spectrum.  

 

Figure 79: IR spectra showing the thermal dimerization of cyclopentadienylidene (T-54). a, IR spec-
trum of DCP after photolysis with 450 nm LED light showing a nearly complete conversion to the corre-
sponding carbene T-54 in argon at 3 K. b, IR spectrum of T-54 calculated at the B3LYP-D3/def2-TZVP 
level of theory. c, Difference IR spectrum of the same matrix showing changes after annealing to 25 K. 
Bands pointing upwards assigned to fulvalene (60) were appearing and bands pointing downwards assigned 
to T-54 were disappearing. d, IR spectrum of 60 calculated at the B3LYP-D3/def2-TZVP level of theory. 
*Signals marked with an asterisk might be caused due to Fermi resonance. 
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Reaction with H2O 

In order to investigate the interaction of T-54 with water, DCP was photolyzed 

(λ = 450 nm, 3 K) in an argon matrix doped with 1% of H2O. Annealing the matrix to 

25 K allows the diffusion of small molecules, which enables the interaction between the 

carbene T-54 and H2O. The resulting difference spectrum is depicted in Figure 80. At 

first glance, apart from the formation of water dimers and oligomers around 1600 cm−1 

and fulvalene 60 (with series of bands around 1365, 762 and 697 cm−1 in accordance with 

the data reported by Baird et al.[128]), no significant difference between the spectra meas-

ured in the water-containing and the water-free Ar matrix could be observed (see Figure 

80). A careful analysis of the spectrum of T-54 in the annealed argon matrix containing 

1% H2O reveals, that small differences at 1336 cm−1 and 708 cm−1 were observable (Fig-

ure 80, marked with °). These might indicate the formation of a weakly hydrogen-bonded 

triplet complex T-54ꞏꞏꞏH2O, while a spin flip upon the formation of a hydrogen-bonded 

singlet complex can be excluded. A comparison of the calculated spectrum of T-54ꞏꞏꞏH2O 

with the experimental one is shown in the appendix, Figure A7.  

 

Figure 80: IR spectra showing the chemistry of cyclopentadienylidene (T-54) in 1% H2O doped ar-
gon. a, IR spectrum T-54 in 1% H2O doped argon at 3 K. b, Difference IR spectrum of the same matrix 
showing changes after annealing to 25 K. Bands pointing upwards assigned to fulvalene (60) were appear-
ing and bands pointing downwards assigned to T-54 were disappearing. Additional bands at 1336 cm−1 and 
708 cm−1 (marked with °) could be caused by H2O interacting with T-54 forming a complex T-54ꞏꞏꞏH2O. 
c, Difference IR spectrum of T-54 in argon after annealing to 25 K showing the formation of 60. The bands 
marked by * are due to H2O monomers and small amounts of H2O dimers.  
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5.1.3 Reactions of Tetrahlorocyclopentadienylidene in Ar, Ne 

and H2O 

Reaction in Ar and Ne 

Analogously to the experiments of 54, tetrachlorocyclopentadienylidene (55) was pro-

duced by irradiation of tetrachlorodiazocyclopentadiene (TCDCP) with 450 nm LED 

light (for 5 min) embedded in an Ar (or Ne) matrix at 3 K. The IR spectrum of 55 (Figure 

81) is in good agreement with the data reported by Bell et al.[129] (Table A27).  

 

Figure 81: IR spectra showing tetrachlorocyclopentadienylidene (55). a, IR spectrum of T-55 calcu-
lated at the B3LYP-D3/def2-TZVP level of theory. b, IR spectrum of diazotetrachlorocyclopentadiene after 
photolysis with 450 nm LED light showing a complete conversion to the corresponding carbene 55 in Ne 
at 3 K. c, Difference IR spectrum of the same matrix showing changes after annealing to 7 K. Bands point-
ing upwards assigned to fulvalene (61) were appearing and bands pointing downwards assigned to T-55 
were disappearing. b, IR spectrum of an independent experiment showing diazotetrachlorocyclopentadiene 
after photolysis with 450 nm LED light in argon at 3 K. c, Difference IR spectrum of the same matrix 
showing changes after annealing to 25 K. Bands pointing upwards assigned to fulvalene (61) were appear-
ing and bands pointing downwards assigned to 55 were disappearing. d, IR spectrum of 61 deposited in an 
argon matrix at 3 K. *Signals might be caused by Fermi resonance. °Band shifting indication relaxation of 
55. 

 

Although carbene 55 was assumed to be a ground state triplet,[129] the spectrum of T-55 

calculated at the B3LYP-D3/def2-TZVP level of theory only demonstrates a moderate 
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matching with the experimental obtained spectra in Ar and Ne (Figure 81). Analogously 

to the experiment of 54, annealing of the Ar matrix to 25 K generated the chlorine-sub-

stituted fulvalene 61 with its characteristic absorption at 1241 cm−1. It should be noted 

that the relative population of dimerization product 61 (with respect to 55) is less com-

pared to the population of 60 (with respect to 54). This can be attributed to the bulky 

chlorine substituents in 55 that impede the diffusion of 55 inside the matrix. Interestingly, 

additional bands increase after the annealing process, which were not observed in the 

experiment performed in Ne. These bands might be caused by Fermi resonance, as as-

sumed for the splitting of the bands in T-54 and fulvalene 60. For clarification of the 

ground state of carbene 55, more experiments and QMC are required, whereby the eluci-

dation will be explored in Chapter 5.2. However, for the investigation of the reactivity of 

55, the carbene will be treated as ground state triplet as for the reactions with CO and O2 

reported by the group of Dunkin.[129, 149] 

 

Reaction with H2O 

The information of this chapter was “Reprinted (adapted) with permission from P. Costa, 

I. Trosien, J. Mieres-Pérez, W. Sander*; Journal of the American Chemical Society, 2017, 

139 (37), 13024-13030. Copyright 2017 American Chemical Society.” Experiments were 

carried out by me. All authors discussed the results and contributed in the final manu-

script. Figure 82 was also “Reprinted (adapted) with permission from P. Costa, I. Trosien, 

J. Mieres-Pérez, W. Sander*; Journal of the American Chemical Society, 2017, 139 (37), 

13024-13030. Copyright 2017 American Chemical Society.” 

 

In order to investigate the interaction of T-55 with water, TCDCP was photolyzed 

(λ = 450 nm, 3 K) in Ar matrices doped with 1% of water forming T-55 showing its char-

acteristic absorptions at 1512, 1345 and 1126 cm−1. Annealing the matrix to 25 K allows 

the diffusion of water, whereby the carbene T-55 is allowed to interact with H2O. How-

ever, the resulting difference spectrum looks nearly identical, apart from the formation of 

water dimers and oligomers, than the one obtained in Ar (Figure 82) indicating no spin 

flip and rather the formation of a weakly hydrogen-bonded triplet complex T-55ꞏꞏꞏH2O, 

similarly to the results obtained for the unsubstituted triplet cyclopentadienylidene  

(T-54).  
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Figure 82: Comparison of the reaction of 55 after annealing to 25 K in Ar and 1% H2O doped Ar 
matrices. a, T-55 in an Ar matrix doped with 1% of water at 3 K. b, Difference IR spectrum of the same 
matrix after annealing for 10 min at 25 K. c, Difference IR spectrum of an independent experiment showing 
the same changes after annealing an argon matrix containing T-55 for 10 min at 25 K. The bands marked 
by * are due to H2O monomers and dimers. (Reproduced from Ref.[150]) 
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Conclusions 

The cyclopentadienylidenes (T-54 as well as T-55) show a different reactivity, when com-

pared to triplet fluorenylidene (T-6) or diphenylcarbene (T-8), since no spin flip could be 

observed upon its interaction with water. Presumably, the different reactivity is based on 

the larger singlet triplet splitting for 54 (ΔEST = 8.9 kcal/mol) and 55 

(ΔEST = 7.4 kcal/mol) with respect to the one for fluorenylidene (6) (ΔEST = 4.9 kcal/mol 

calculated at the B3LYP-D3/def2-TZVP level of theory). As mentioned above, the desta-

bilization of the closed shell singlet (with σ2π0 configuration) results from the four elec-

trons in the five-membered ring. Therefore, Chen et al. reported that the lowest-lying 

singlet was the open-shell singlet (1A2) state, which was calculated to be 7 kcal/mol more 

stable than the nonplanar closed-shell singlet.[8] However, only the highly polar closed 

shell singlet is expected to act as a strong hydrogen bonding acceptor, while an open-shell 

singlet, similarly to the triplet, only generates a weak van der Waals interaction upon 

complexation with water.[151]   

Since the hydrogen bonding stabilization energy is too weak to favor the singlet, the re-

action of carbene 54 and 55 has to be investigated with other reagents than water. Recent 

research revealed, that stronger Lewis acids tends to a stronger interaction with singlet 

diphenylcarbene (S-8) calculating the stabilization energies of S-8 upon its interaction 

with H2O, CF3I and BF3. While the hydrogen bonding stabilization was calculated to 

9.4 kcal/mol, halogen bonding stabilization results in a stabilization of 15.3 kcal/mol and 

the BF3 complex is even stabilized by 40.0 kcal/mol.[152] Thus, in the next sections the 

investigation of the interaction of 54 and 55 with ICF3 and BF3, which act as stronger 

Lewis acids will be described. In these reactions the carbene 55 will be treated as ground 

state triplet as for the reactions with CO and O2 reported by the group of Dunkin.[129, 149] 

The ground state of this carbene will be investigated in Chapter 5.2. 
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5.1.4 Reactions of Cyclopentadienylidenes with ICF3 

The information of this chapter is “Reprinted (adapted) with permission from S. Henkel, 

I. Trosien, J. Mieres-Pérez, T. Lohmiller, A. Savitsky, E. Sanchez-Garcia, W. Sander*; 

The Journal of Organic Chemistry 2018, 83 (15), 7586-7592. Copyright 2018 American 

Chemical Society.” S. Henkel and me conceived the presented idea. S. Henkel and E. 

Sanchez-Garcia performed the computations. Experiments were carried out by me with 

support of S. Henkel. All authors discussed the results and contributed in the final manu-

script. The figures of this chapter are also “Reprinted (adapted) with permission from S. 

Henkel, I. Trosien, J. Mieres-Pérez, T. Lohmiller, A. Savitsky, E. Sanchez-Garcia, W. 

Sander*; The Journal of Organic Chemistry 2018, 83 (15), 7586-7592. Copyright 2018 

American Chemical Society.” 

 

5.1.4.1 Introduction 

As mentioned in the last chapter closed-shell singlet carbenes are -based on their electron 

lone pair- highly basic molecules and should therefore be able to act as strong halogen 

bond acceptors. An early example was given by Arduengo et al., who investigated a 

nearly linear C–I–C bond and a C–I bond length of 2.75 Å between the carbene center of 

a stable N-heterocyclic carbene (NHC) as halogen bond acceptor and the iodine atom of 

pentafluoroiodobenzene as halogen bond donor via X-ray structure analysis in 1991.[153] 

Three years later, the authors published another halogen-bonded complex, in which two 

NHCs are attached to an iodine atom (with a C–I bond length of 2.3 – 2.4 Å).[154] 

Recently, interaction between diphenylcarbene (8) and ICF3 as a halogen bond donor was 

investigated using matrix isolation spectroscopy (IR, UV-vis and EPR) in combination 

with quantum mechanical calculations.[155] While the triplet ground state T-8 is non-polar 

and exhibits typical radical reactivity, the closed-shell singlet S-8 (which lies approxi-

mately 5 kcal/mol above the triplet) is both a strong electrophile and nucleophile and ex-

hibits a reactivity similarly to a 1,1-zwitterion. Therefore, solely the singlet state S-8 is 

able to form strong hydrogen and halogen bonds, resulting in a switching of the spin state 

from T-8 to S-8. In addition to the halogen-bonded singlet complex 62a, a second com-

plex 62b (type II) was formed that is thermodynamically slightly more stable. Calcula-

tions predict that in the type II complex the DPCꞏꞏꞏI distance is shorter than the I–CF3 

distance, while for the conventional type I complex it is the reversed case. Irradiation of 
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the complexes 62a and 62b produced radical 63 and CF3 in high yields. Upon annealing 

the formal C–I insertion product 64 was formed in small quantities (Scheme 31). 

 

Scheme 31: Reaction of diphenylcarbene (8) with ICF3. 

 

5.1.4.2 Results and Discussion 

IR and EPR Experiments 

Similar to the reactions of T-54 with water, T-54 was generated via photolysis of DCP in 

an argon matrix doped with 1% of ICF3. Subsequent annealing at 25 K allows the diffu-

sion of ICF3, which resulted in a rapid decrease of all IR bands assigned to the carbene, 

while, simultaneously, several new bands were formed with an intense absorption at 

998 cm−1 (Figure 83a). By comparison with the calculated spectra of various possible 

products, the main product was identified as singlet species 65 (Figure 83b, Table A28), 

in which the iodine atom is located closer to the carbene center (2.0 Å) than to the CF3 

fragment (2.4 Å) with a C-I-C angle of 108° (B3LYP-D3/def2-TZVP, Figure 84). There-

fore, the structure of this species differs from a classical hydrogen-bonded complex be-

tween carbene 54 and ICF3. The C–F stretching vibrations of the CF3 fragment are sensi-

tive towards the structure and the charge of the CF3 fragment. While the C–F stretching 

vibrations in CF3
- were found at 778 and 1050 cm−1, in ICF3 the bands were observed at 

1064 and 1175 cm−1.[155-156] The comparison of these vibrations with the one in the formed 

species 65 at 998 and 1157 cm−1 reveals a closer similarity to CF3I than to CF3
-, indicating 

a small build-up of positive charge in the CF3 fragment.  
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Figure 83: IR difference spectra showing the reaction of cyclopentadienylidene (54) with ICF3 in 
argon. a, Difference spectrum obtained after annealing of an 1% ICF3 doped argon matrix containing T-54 
to 25 K for 10 min. b, Difference spectrum of 54 and 65 calculated at the B3LYP-D3/def2-TZVP level of 
theory. c, Difference spectrum obtained after 650 nm photolysis of a matrix containing 65 for 5 min. d, 
Difference spectrum of 65 and 66 calculated at the B3LYP-D3/def2-TZVP level of theory. (Reproduced 
from Ref.[151]) 

 

The singlet species 65 is photolabile showing a rapid conversion to a triplet radical pair 

66 upon irradiation with red light (λ = 650 nm). The radical pair exhibits intense absorp-

tions of the CF3 radical at 1244 and 1250 cm−1, which was confirmed by comparison with 

the computed IR spectra (Figure 83, Table A29). Interestingly, the complex 65 could be 

restored upon annealing, while the formation of the formal C–I insertion product 67 was 

not observed, although this process was calculated to be highly exothermic by 

65 kcal/mol. Presumably, this phenomenon is caused by matrix cage effects, which leads 

to an inhibition of the movement of the radical species for the insertion reaction. In con-

trast, the singlet species 65 and the triplet radical pair 66 are energetically very similar, 

hence these species could be interconverted by sequential irradiation and annealing steps 

(Figure 84, Figure A8). 
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Figure 84: Optimized geometries of complex 65 and triplet radical pair 66 at the B3LYP-D3/def2-
TZVP level of theory. Energies (in kcal/mol) are given relative to non-interacting 54 + CF3I. (Reproduced 
from Ref.[151]) 

These results were further confirmed by EPR spectroscopy. Irradiation of the diazo pre-

cursor in an ICF3 doped argon matrix generated the triplet carbene 54 showing character-

istic triplet signals with zero field splitting parameters of |D = 0.420 cm−1| and 

|E = 0.012 cm−1|, which is in accordance with the data reported by Wasserman et al.[146] 

Furthermore, the signals around 3400 G were assigned to the formation of CF3 radicals 

due to their characteristic hyperfine coupling splitting as reported in the literature.[155, 157] 

Annealing to 25 K causes a decrease of these signals, while no signals increased, as ex-

pected for an EPR silent singlet species 65. Subsequent irradiation with 650 nm restored 

the signals of the CF3 radical, in agreement with the formation of radical pair 66 as ob-

served in the IR spectroscopy measurements (Figure 85).  
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Figure 85: EPR spectra showing the reaction of T-54 with ICF3. a, Spectrum of 54 in argon doped with 
1% of ICF3 at 4 K (black line). b, Spectrum of the same matrix after annealing to 25 K for 10 min (red line). 
c, Spectrum obtained after 650 nm irradiation for 10 min (dotted blue line). Inset shows the radical region 
together with a simulated spectrum (in grey) of CF3 radicals.[158] (Reproduced from Ref.[151]) 

The reaction of carbene 55 with ICF3 proceeds in analogy to the one of carbene 54: An-

nealing of an argon matrix to 25 K containing carbene 55 and doped with 1% of ICF3 

resulted in the formation of singlet complex 68 (Figure 86a, Table A30), whose calculated 

structure is very similar to that of 65, here with a C–I–C angle of 105°. Also complex 68 

could be quenched upon irradiation with 650 nm LED light forming the triplet radical 

pair 69 (Figure 86c, Table A31). Subsequent annealing to 25 K caused a reconversion of 

the singlet 68, while the formal highly exothermic C–I insertion product 70 (58 kcal/mol) 

was not observed. The radical pair 69 and singlet complex 68 were calculated to be de-

generated. Therefore, an interconversion by sequential irradiation and annealing steps 

was observed, in analogy to the reaction behavior of carbene 54 (Figure A7). Scheme 32 

summarizes the reaction of 54 and 55  
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Figure 86: IR difference spectra showing the reaction of tetrachlorocyclopentadienylidene (55) with 
ICF3 in Ar. a, Difference spectrum obtained after annealing of a 1% ICF3 doped argon matrix containing 
55 to 25 K for 10 min. b, Difference spectrum of T-55 and 68 calculated at the B3LYP-D3/def2-TZVP 
level of theory. c, Difference spectrum obtained after 650 nm photolysis of a matrix containing 68 for 5 min. 
d, Difference spectrum of 68 and 69 calculated at the B3LYP-D3/def2-TZVP level of theory. (Reproduced 
from Ref.[151]) 

 

 

Scheme 32: Reaction of carbenes 54 and 55 with ICF3. 
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Computational Study 

In order to understand the reaction behavior of carbenes 54 and 55 with ICF3, the reaction 

pathways on the lowest energy singlet and triplet potential energy surfaces (PES) were 

investigated at the B3LYP-D3/def2-TZVP level of theory. In the first step, weakly bound 

complexes between the triplet carbenes 54 and 55 and CF3I were formed. Bond formation 

between the iodine and the carbon atom of the carbene core and intersystem crossing to 

the singlet PES results in the exothermic reactions forming singlet species 65 and 68 with 

an enthalpy of 20 and 23 kcal/mol, respectively (Figure 87). 

 

Figure 87: Relaxed potential energy scans along the C–I distance and the C–I–C angle of 54 and CF3I. 
The triplet (red-yellow) and singlet (purple-blue) surfaces were calculated at the B3LYP-D3/def2-TZVP 
level of theory. Energies are relative to the minimum on the singlet PES. (Reproduced from Ref.[151]) 

 

Although the CF3–I bond distance in the singlet complexes 65 and 68 is with 2.4 Å longer 

than that in CF3I (with 2.2 Å), indicating a weakening of the C–I bond in the complexes, 

the orientation of the CF3 group suggests that some bond character remains. Hence, the 
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iodine atom is formally hypervalent. Additionally, the calculated C–I bond distances of 

2.0 Å of the C5H4I and C5Cl4I fragments are shorter than that of CF3I and C5X4I– anions 

(2.1 Å for both X = H and Cl). In order to calculate the distribution of electron density in 

atoms and thus investigating the individual charges of the fragments within the complexes 

65 and 68 natural bond orbital (NBO) calculations were performed. These calculations 

predict that the CF3 fragments are almost neutral with NBO charges in 65 and 68 of -0.13 

and -0.08 respectively, whereas the iodine atoms are strongly positively polarized 

(NBOIodine(65) = 0.70/ NBOIodine(68) = 0.75) and the cyclopentadienyl rings are nega-

tively polarized (NBOCp(65) = -0.57/ NBOCp(68) = -0.68). This asymmetric charge dis-

tribution is the reason, why the I–C(Cp) bond is much shorter than the I–C(CF3) bond. 

The calculated charges of each atom are shown in Figure 88.  

 

Figure 88: NBO charges for the ylides 65 and 68 calculated at the B3LYP-D3/def2-TZVP level of 
theory. (Reproduced from Ref.[151]) 

 

For carbene 55 a halogen-bonded singlet complex 71 was located in addition to the singlet 

complex 68 on the singlet PES (Figure 89). This complex was identified as “classical” or 

conventional halogen-bonded complex determining the linear C–I–C angle and C–I dis-

tance of 2.7 and 2.2 Å. The binding situations in both singlet complexes 68 and 71 are 

substantial different: In complex 68 the CF3 fragment interacts with the electronegative 

region of the iodine atom resulting in a negative partial charge in the cyclopentadienyl 

ring with a planar geometry (Figure 89). In contrast, in the halogen-bonded complex 71 

the iodine atom interacts with the lone pair of the closed-shell singlet carbene S-55 

through its electron-deficient region leading to a positive partial charge in the cyclopen-

tadienyl ring with a non-planar geometry. The differences in the partial charge could be 

visualized by the plots of the electrostatic potential (Figure 89). Therefore, the classical 
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halogen-bonded complex 71 is destabilized due to the anti-aromatic character of the pos-

itively polarized cyclopentadienyl ring, whereby the complex is even higher in energy 

than the non-interacting triplet plus ICF3 by 0.6 kcal/mol, and not observed experimen-

tally. 

 
Figure 89: Optimized geometries of singlet complexes 68 and 71 at the B3LYP/def2-TZVP level of 
theory with selected structural parameters. The electrostatic potentials (top view, 0.003 a-3 isodensity 
surface, potential from -12 (red) to 31 (blue) kcal/mol) are shown. Energies (kcal/mol) are relative to the 
non-interacting 55 + ICF3. (Reproduced from Ref.[151]) 
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5.1.4.3 Conclusion 

Although previous reactions of triplet diphenylcarbene (T-8) and ICF3 results in the for-

mation of a halogen-bonded singlet complex S-8ꞏꞏꞏICF3, this complex was not observed 

for the reaction of carbenes 54 and 55 with ICF3 based on the destabilization due to the 

anti-aromatic character of the positively polarized five-membered ring. Therefore, instead 

of acting as a nucleophile, these carbenes undergo an electrophilic reaction with ICF3 

leading to the formation of singlet complexes 65 and 68 with energetically preferred neg-

atively polarized ring systems. This aromatic stabilization even balances the build-up of 

a positive charge at the iodine atom, which results in an increase of the bond length be-

tween the iodine atom and the CF3 fragment. 

The formed ylides 65 and 68 upon photolysis easily converted to triplet radical pairs 66 

and 69. This rearrangement is slightly endothermic by 0.7 and 1.4 kcal/mol, respectively, 

thus, subsequent annealing restored the ylides. 

In summary, the halogen-bonding stabilization energy between the closed-shell carbenes 

S-54 and S-55 does not suffice to stabilize the closed-shell singlet complex due to its anti-

aromatic character. Therefore, in the next section the reaction of carbenes 54 and 55 with 

BF3 as an even stronger Lewis acid will be investigated. 
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5.1.5 Reactions of Cyclopentadienylidenes with BF3 

The information of Chapter 5.1.5.1 and 5.1.5.2 is “Reprinted (adapted) with permission 

from P. Costa, I. Trosien, J. Mieres-Pérez, W. Sander*; Journal of the American Chemical 

Society, 2017, 139 (37), 13024-13030. Copyright 2017 American Chemical Society.” P. 

Costa and J. Mieres-Pérez performed the computations. Experiments were carried out by 

me with support from P. Costa. All authors discussed the results and contributed in the 

final manuscript. Figures are also “Reprinted (adapted) with permission from P. Costa, I. 

Trosien, J. Mieres-Pérez, W. Sander*; Journal of the American Chemical Society, 2017, 

139 (37), 13024-13030. Copyright 2017 American Chemical Society.” 

 

5.1.5.1 Introduction 

The cyclopentadienyl cation (72) could be regarded as a prototypical 4π-electron 

(Hückel) antiaromatic molecule.[159] Breslow introduced the term “antiaromaticity” in or-

der to describe conjugated ring systems, which are thermodynamically less stabilized than 

the acyclic compounds in the 1960s.[160-161] He studied the pentaphenylcyclopentadienyl 

cation (73) in frozen dichloromethane at 77 K via EPR spectroscopy to detect the cation 

in its triplet state.[162] However, determining a non-linear Curie-Weiss plot, he concluded 

that the singlet was the ground state of 73, whereas the measurements of pentachlorocy-

clopentadienyl cation (74) in SbF5 showed a triplet ground state due to a linear tempera-

ture dependency according to the Curie law.[163-164] Additionally, Vancik et al. confirmed 

the triplet ground state of 74 by IR spectroscopy measurements.[165] Also the parent cy-

clopentadienyl cation 72 (synthesized in solid SBF5) was identified in its triplet ground 

state upon EPR spectroscopy.[166] 

 
Chart 6: Representative structures of cyclopentadienyl cations. 

 

Baird expanded the aromaticity concepts predicting the lowest triplet state for 4n rings 

would be aromatic due to the significant higher bonding energy compared to the diradical 

reference structure.[167-168] For the triplet cyclopentadienyl cations the EPR spectra sug-
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gested D5h symmetry, hence, in agreement to Bairds rule the ground state has to be con-

sidered as aromatic and not antiaromatic. These results were underlined via PFI-ZEKE 

photoelectron spectroscopy measuring the highly symmetrical triplet ground state.[169-170] 

In contrast, the first excited singlet state exhibits only 1E’2 symmetry with strong pseudo-

Jahn-Teller distortion by interacting with the next higher singlet state, which is predicted 

to be higher in energy than the triplet by 4.39 ± 0.02 kcal/mol. However, for the tetra-

chlorocyclopentadienyl cation (75) a singlet ground state was assumed in solid SbF5 via 

IR spectroscopy measurements.[171] 

The synthesis of antiaromatic singlet cyclopentadienyl cations is challenging, since it re-

quires suitable precursors and strongly interacting Lewis acids (SbF5). Recently the reac-

tion of triplet diphenylcarbene (T-8) with BF3 under matrix isolation conditions was re-

ported resulting in a spin flip from triplet to singlet forming a strongly bound Lewis acid-

base complex S-76ꞏꞏꞏBF3 between the closed-shell singlet DPC as strong Lewis base and 

BF3 (Scheme 33).[172] The resulting product could be regarded as a zwitterion consisting 

of a positively charged benzhydryl and a negatively charged BF3 fragment. Irradiation 

with visible light lead to the formation of the formal B–F insertion product 77 via 1,2-F 

migration from the boron to the adjacent carbon atom. This process was reversible restor-

ing the Lewis acid-base adduct upon photolysis with UV-light. 

 

Scheme 33: Reaction of triplet diphenylcarbene (T-8) with BF3. 

 
As mentioned above, the interaction with BF3 leads to 40 kcal/mol stabilization of the 

closed-shell singlet S-8, whereas hydrogen and halogen bonding stabilized the singlet by 

only 9 – 11 and 15 kcal/mol, respectively.[172] Therefore, BF3 could be a proper candidate 

to synthesize highly destabilized antiaromatic (singlet) cyclopentadienyl cations, whereas 

trials with H2O and ICF3 fail (as described in the last chapters). 
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5.1.5.2 Reaction of Tetrachlorocyclopentadienylidene with BF3 

Results and Discussion 

T-55 was generated via photolysis of TCDCP in an argon matrix doped with 1% of BF3. 

Annealing the matrix for 10 minutes to 20 K lead to a decrease of the bands assigned to 

carbene T-55 and BF3 (1370 – 1530 cm−1/ 676 cm−1), while new peaks appeared. Oligo-

mers of boron trifluoride appeared around 1380 – 1540 cm−1 and 655 cm−1 and addition-

ally, two intense IR bands at 1285 and 1304 cm−1 and several weaker bands were ob-

served (Figure 90). Further annealing to 25 and 30 K resulted in an increase of the inten-

sity of the band at 1304 cm−1, while for the band at 1285 cm−1 no change occured (Figure 

90). Therefore, the signals at 1285 and 1304 cm−1 clearly belong to two different com-

pounds A and B, respectively.  

 

Figure 90: IR spectra showing the interaction between tetrachlorocyclopentadienylidene (T-55) and 
BF3. a, IR spectrum of T-55 in argon doped with 1% of BF3 at 3 K generated by 450 nm photolysis of 
TCDCP. b, IR spectrum of the same matrix showing the difference between the IR spectrum recorded after 
annealing at 20 K and the one recorded after irradiation of TCDCP at 3 K. c, IR spectrum of the same 
matrix showing the difference between the IR spectrum recorded after annealing at 25 K and the one rec-
orded after annealing at 20 K measured at 3 K. d, IR spectrum of the same matrix showing the difference 
between the IR spectrum recorded after annealing at 30 K and the one recorded after annealing at 25 K 
measured at 3 K. Spectra b-d, showing the formation of two different species A and B. *signals due to BF3.  
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The photolabile species A could be easily converted into a new species upon irradiation 

with red light (650 nm) or the light source of the IR spectrometer (Figure 91). By com-

parison with spectra calculated at the M06-2X/6-311++G(d)/IEFPCM(argon) level of 

theory, compound A was assigned to the Lewis acid-base adduct S-78, and its photoprod-

uct to the formal B–F insertion product 79 (Figure 91, Table A32 and A33). The experi-

mental IR spectrum is in excellent agreement with the calculated one of S-78 and did not 

indicate the presence of the triplet species T-78, although DFT calculations predict a de-

generacy of both states. EPR spectroscopy measurements could confirm the singlet 

ground state showing that 78 is EPR silent. Furthermore, the UV-vis spectrum obtained 

from the experiment is in a good agreement with the results from TD-DFT calculations 

showing a broad absorption around 320 nm (Figure A9). 

 

Figure 91: IR spectra showing the photochemistry of S-78. a, Difference IR spectrum showing changes 
after 650 nm of an argon matrix at 3 K containing S-78. Bands pointing downwards were assigned to S-78 
and bands pointing upwards to 79. b, IR spectrum of S-78 (multiplied by -1, peaks pointing downwards) 
and IR spectrum of 79 (peaks pointing upwards) calculated at the M06-2X/6-311++G(d)/IEFPCM(argon) 
level of theory. (Reproduced from Ref.[150]) 

 

Contrarily, species B is less photolabile than species A. Thus, UV photolysis (365 nm 

LED) is required for its bleaching. The amount of B could be enlarged by higher anneal-
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ing temperatures of the matrix (25–30 K) and longer diffusion times. Moreover, increas-

ing the concentrations of BF3 in the matrix also favors the generation of B, whereas at 

very low concentrations of BF3 (0.1%) mainly A and only traces of B were formed (Figure 

92). As a consequence, it was concluded that more than one BF3 is required for the for-

mation of B. Therefore, B was assigned to S-78 interacting with a second BF3 molecule, 

which was supported by comparing the experimental with the calculated spectrum (Figure 

93, Figue A10, Table A34). 

 

Figure 92: IR spectra showing difference on the C–C–C str. vibration of S-78 and S-78∙∙∙BF3 between 
the experiments with argon matrices doped with 1% of BF3 (black line) and 0.1% of BF3 (red line). 
a, IR spectrum showing the formation of S-78 and S-78∙∙∙BF3 after annealing to 20 K of an argon matrix 
doped with 1% of BF3 containing T-55. b, IR spectrum showing the formation of S-78 and S-78∙∙∙BF3 after 
annealing to 20 K of an argon matrix doped with 0.1% of BF3 containing T-55. c, IR spectrum showing the 
formation of S-78 and S-78∙∙∙BF3 after annealing to 25 K of an argon matrix doped with 1% of BF3 con-
taining T-55. d, IR spectrum showing the formation of S-78 and S-78∙∙∙BF3 after annealing to 25 K of an 
argon matrix doped with 0.1% of BF3 containing T-55. e, IR spectrum showing the formation of S-78 and 
S-78∙∙∙BF3 after annealing to 30 K of an argon matrix doped with 1% of BF3 containing T-55. f, IR spectrum 
showing the formation of S-78 and S-78∙∙∙BF3 after annealing to 30 K of an argon matrix doped with 0.1% 
of BF3 containing T-55. (Reproduced from Ref.[150]) 
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Figure 93: IR spectra showing the photochemistry of S-78∙∙∙BF3. a, IR spectrum of S-78∙∙∙BF3 calculated 
at the M06-2x/6-311++G(d)/IEFPCM(argon) level of theory. b, Difference IR spectrum showing changes 
after 365 nm irradiation an argon matrix at 3 K containing S-78∙∙∙BF3. Bands pointing downwards were 
assigned to S-78∙∙∙BF3. Bands pointing upwards indicate the formation of an unknown species. * IR bands 
assigned to 55, ○ IR bands assigned to 79. (Reproduced from Ref.[150]) 

 

Computational Study 

In order to support the experimental findings relative energies, geometries, as well as 

NICS values and NBO charges were calculated at the M06-2X/6-311++G(d)/ 

IEFPCM(argon) level of theory. The method was chosen, since Kozuch et al. reported 

that for the charge transfer character of halogen-bonded systems functionals with a high 

amount of exact exchange (e.g. M06-2X) were required.[173]  

The calculated singlet triplet gap of carbene 55 strongly depends on the functional: While 

at the M06-2X/6-311++G(d)/IEFPCM(argon) level of theory the S-T gap was calculated 

to be -10.4 kcal/mol, Frenking et al. reported a gap of only -2.2 kcal/mol.[2] Therefore, 

for a higher accuracy DFT-calculated energies were re-calculated with single-point 

CCSD(T) methods leading to a, presumably, more reliable value with 

ΔEST = 3.7 kcal/mol. 

While T-55 interacts only weakly with BF3 (with a binding energy of 6.4 kcal/mol), the 

reaction of S-55 with BF3 is strongly exothermic (by 29 kcal/mol) forming the Lewis 
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acid-base complex calculated at the CCSD(T)/6-311++G(d)//M06-2x/6-311++G(d)/IE-

FPCM(argon) level of theory. Therefore, the singlet complex was calculated to be more 

stable by 2.3 kcal/mol than the triplet, despite the destabilized cyclopentadienyl cation 

fragment (Figure 94). 

 

Figure 94: Energy diagram showing the S-T gaps (kcal/mol) of 55 and its most stable complexes with 
BF3 calculated at the CCSD(T)/6-311++G(d)//M06-2X/6-311++G(d)/IEF-PCM(argon) level of the-
ory. Values between parentheses correspond to the M06-2X/6-311++G(d)/IEF-PCM(argon) level of the-
ory. (Reproduced from Ref.[150]) 

 

The bonding pattern of the 2-fold BF3 bound singlet carbene S-78ꞏꞏꞏBF3 is highly inter-

esting, since the second BF3 is bound via a fluorine atom that bridges both BF3 units with 

similar bond distances (of 1.552 Å and 1.596 Å for the F–BF2R and F–BF3 distance, re-

spectively) to the two adjacent boron atoms (Figure 95). Consequently, the second BF3 

exhibits a strong binding energy of 19.0 kcal/mol calculated at the CCSD(T)/6-

311++G(d)//M06-2x/6-311++G(d)/ IEFPCM(argon) level of theory. In contrast, the  

B–F distance in BF4
– was calculated to be only 1.408 Å at the same level of theory. 
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Figure 95: Some structural parameters of the optimized structures of S-78 and S-78ꞏꞏꞏBF3 computed 
at the M06-2X/6-311++G(d)/IEF-PCM(argon) level of theory. Plots of electrostatic potential (isosurface 
value 0.05) of S-78 and S-78ꞏꞏꞏBF3 are shown on the bottom (blue: positive potential, red: negative poten-
tial). (Reproduced from Ref.[150]) 

 

 The fluorine bridge shows a characteristic band at 537 cm−1 in the IR spectrum, which 

was assigned to the asymmetric F–B–F stretching vibration. The calculations reveal that 

the bridging fluorine atom carries less negative charge compared to the other fluorine 

atom, whereby it exhibits the character of a rare fluoronium bridge. Struble et al.[174] and 

Panisch et al.[175] reported similar species, where the fluoronium bridges two carbon at-

oms and two silicon atoms, respectively. 

In order to verify the charge separation in S-78 and S-78ꞏꞏꞏBF3 (consisting of a cyclopen-

tadienyl fragment and one negatively charged BF3 fragment), the E symmetrical B–F 

stretching vibration was analyzed spectroscopically comparing the frequencies with anion 

BF3
-, neutral BF3 and cation BF3

+. As a result, a negative charge at the BF3 moiety was 

concluded, similar to the complex S-78ꞏꞏꞏBF3 (Figure 96).  
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Figure 96: Characteristic IR vibrations of the BF3 fragment. The experimental frequencies of the de-
generate, E symmetrical B–F and F–B–F stretching vibrations (black), A1 symmetrical BF3 stretching vi-
brations (red) of the cation BF3

+,[176] of the anion BF3
- [176] and for the neutral BF3

[176-177] (three lower traces) 
are compared to those of S-78, S-78∙∙∙BF3 and S-76∙∙∙BF3 (upper traces). (Reproduced from Ref.[150]) 

 

Calculations of the dipole moment further confirms this charge separation with a dipole 

moment of 9.4 D for S-78, which is similar to the one for the ion pair between the cation 

74 and BF4
- (with 10.5 D) and entirely different to the one for carbene S-55 (with 1.3 D). 

Another method to corrobate these findings can be given by NBO calculations, which 

reveal a charge separation of 0.45 between the cyclopentadienyl and BF3 unit, half that 

of the ion pair (Figure 97). 
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Figure 97: NBO charges and dipole moments calculated at the M06-2X/6-311++G(d)/IEF-PCM(ar-
gon) level of theory. (Reproduced from Ref.[150]) 

 

An aromatic state of the same molecule should show much less bond alternation than an 

antiaromatic Jahn-Teller distorted state. In the cyclopentadienyl units T-78, S-78, and  

S-78ꞏꞏꞏBF3 the variations of bond lengths could be correlated to the A parameter as de-

fined by Julg and François.[178-179] The A parameters for T-78, S-78, and S-78ꞏꞏꞏBF3 were 

calculated to be 0.99, 0.29 and 0.36, respectively, in agreement with the values for the 

corresponding electronic states of the parent cyclopentadienyl cation 72 determined by 

Wright and Lee.[180] Conclusively, T-78 shows an aromatic character, while S-78 and  

S-78ꞏꞏꞏBF3 are antiaromatic molecules.  

Calculations of NICS(0)[181] values and the anisotropy of the induced current density 

(ACID)[182] can further confirm the antiaromaticity in S-78 and S-78ꞏꞏꞏBF3. The NICS(0) 

values were calculated to be -2.0, 38.2 and 35.0 for T-78, S-78, and S-78ꞏꞏꞏBF3, respec-

tively. The prototypical pentachlorocyclopentadienyl cation (74) shows a similar trend 

with values of 2.4 and 60.3 for its triplet and singlet, respectively. The ACID is a useful 

method for the investigation of the delocalization of electrons in a molecule. The ACID 

scalar field isosurfaces of S-78 and S-78ꞏꞏꞏBF3 give a paratropic (anti-clockwise) ring 

current indicating an antiaromatic character. In contrast, the ring current in T-78 is dia-

tropic (clockwise), which confirms that T-78 is an aromatic molecule (Figure 98). 
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Figure 98: ACID isosurface (value 0.05), NICS(0) values and bond lengths in the five-membered ring 
(Å) of S-78 and T-78 computed at the M06-2X/6-311++G(d)/IEFPCM(argon) level of theory. The 
current density vectors indicate the direction of the ring current. S-78 shows paratropic (anti-clockwise) 
currents, indicating its strong antiaromatic character, whereas T-78 shows diatropic currents indicative for 
aromaticity. (Reproduced from Ref.[150]) 
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Conclusion 

Singlet carbenes are strong Lewis bases. They undergo a highly exothermic reaction with 

BF3 as a strong Lewis acid forming zwitterions with a positively charged carbene unit 

and a negatively charged BF3 fragment. The interaction between singlet diphenylcarbene 

(S-8) and BF3 results in the formation of a zwitterion containing a benzhydryl cation with 

a calculated energy of approximately 35 kcal/mol, which is much higher than the energy 

obtained for the reaction of S-8 with water (~5 kcal/mol) and ICF3 (~10 kcal/mol). Thus, 

BF3 enables an efficient synthesis of highly destabilized zwitterions proven through the 

example of the generation of S-78. This species and its BF3 complex S-78ꞏꞏꞏBF3 bearing 

a cyclopentadienyl cation unit show the essential properties of a 4π-electron antiaromatic 

molecule:  

1. singlet ground state,  

2. strong bond alternation,  

3. large positive NICS(0) value and  

4. paratropic ring current.  

While S-78 is highly photolabile, S-78ꞏꞏꞏBF3 is stabilized by the second BF3 molecule via 

a highly unusual B–F–B fluoronium bridge. 

Although the definition of aromaticity and antiaromaticity is controversially discussed, 

the isolation and spectroscopic characterization of molecules that clearly fulfill the crite-

ria of antiaromaticity, such as S-78, are important to keep this highly useful concept alive. 
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5.1.5.3 Reaction of Cyclopentadienylidene with BF3 

Computational Study 

The latter section described that the reaction of carbene 55 with BF3 results in the for-

mation of an antiaromatic singlet zwitterion S-78. This study was extended by investigat-

ing the reaction of the parent cyclopentadienylidene (54) with BF3. Similar to the inves-

tigation of the reaction of carbene 55 with BF3, the quantum mechanical calculations were 

performed at the M06-2X/6-311G++(d,p)/IEFPCM(argon) level of theory. The singlet 

triplet energy gap was calculated to be -10.8 kcal/mol, and thus, similar to the ΔEST of 55 

with 10.4 kcal/mol (Figure 99). However, reactivities of carbenes 55 and 54 were pre-

dicted to be distinctly different. While for carbene 55 the reaction of the singlet S-55 with 

one BF3 molecule is highly exothermic stabilizing the singlet by 30.1 kcal/mol, singlet S-

54 is stabilized by only 17.3 kcal/mol upon its interaction with BF3. As a consequence, 

the resulting singlet zwitterion S-81 would be less stable than its triplet T-81 by 

9.4 kcal/mol, while in case for the chlorine-substituted compound, the singlet zwitterion 

S-78 was favored over its triplet T-78 by 0.4 kcal/mol. The minor stabilization in S-81 

with respect to S-78 is based on the electron-donating non-bonded electrons from the 

chlorine atoms that stabilize the positively charged cyclopentadienyl unit pushing elec-

tron density in the vacant p orbital of the neighboring carbon atoms. Therefore, the geo-

metric structure of S-81 is distorted in order to prevent the antiaromatic destabilization. 

Since the singlet zwitterion 78 could be further stabilized by adding an additional BF3, 

this influence was also investigated for species 81. T-78ꞏꞏꞏBF3 was calculated to be lower 

in energy by 15.9 kcal with respect to T-81 (note that calculations for the corresponding 

singlet S-81ꞏꞏꞏBF3 are more challenging and still in progress). The formal B–F insertion 

product 82 is even lower in energy showing an exothermicity of 21.2 kcal/mol.  

To sum up, the calculations predict that the reaction of carbene 54 with BF3 will not result 

in the formation of a singlet zwitterion S-81, contrarily to the reaction of its derivative 

55. Rather, the generation of a zwitterion T-81 bearing a triplet cyclopentadienyl cation 

fragment might occur, which is stabilized by 9.4 kcal/mol over S-81. Therefore, EPR 

spectroscopy methods might be helpful in order to monitor this triplet species. 
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Figure 99: Energy diagram showing the S-T gaps (kcal/mol) of 54 and its most stable complexes with 
BF3 compared to the energetics of 55 and its BF3 bonded complexes calculated at the (U)M06-2X/6-
311++G(d,p)/IEFPCM(argon)level of theory. 

 

EPR Experiments 

DCP was co-deposited along with an excess of 1% BF3 doped Ar on a copper rod at 4 K. 

Photolysis with λ = 450 nm resulted in the formation of T-54 with its characteristic EPR 

spectrum (Figure 100, black line). The zfs parameters of the carbene (D = 0.42 cm−1 and 

E = 0.012 cm−1) were determined by simulation and are in good agreement with the data 

from the literature.[146] Annealing to 25 K enabled the diffusion of BF3 and thus the inter-

action with the carbene. Subsequent cooling back to 4 K caused a distinct intensity loss 

of the triplet signals of approximately 47% (Figure 100, red line), while no additional 

signals arose in the EPR spectrum. This indicates the formation of a diamagnetic EPR 

silent species. 
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Figure 100: X-band CW EPR spectra of T-54 in 1% BF3 doped Ar showing changes of the signal 
intensity of T-54 after annealing. a, EPR spectrum of T-54 in 1% BF3 doped Ar at 4 K (black line). b, 
Annealing to 25 K for 5 min showing a loss of intensity of the spectrum (red line) of 47%. c, Annealing to 
30 K for 5 min showing a loss of intensity of the spectrum (blue line) of 67% (compared to the signals of 
a). 

 

The calculations (described previously) predicted that an additional BF3 molecule is able 

to stabilize the triplet zwitterion T-81 by 15.9 kcal/mol. In order to stabilize such a reac-

tion intermediate, which yields to the B–F insertion product, and furthermore, to get an 

insight in the reaction mechanism, the amount of BF3 was increased in the argon matrix 

to 7%. Thus, an argon matrix doped with 7% of BF3 containing DCP was annealed to 

25 K before it was photolyzed to guarantee an excess of BF3 molecules in proximity to 

the carbene. Irradiation with λ = 450 nm generated the triplet cyclopentadienylidene  

(T-54) and an additional triplet species (Figure 101). In 1973 Saunders et al. reported the 

EPR spectrum of the unsubstituted triplet cyclopentadienyl cation showing triplet signals 

at 1189 ± 5, 1265, 2074 ± 2, 4187 ± 2 and 5323 ± 2 G and the D value was calculated to 

be 0.1868 ± 0.0005 cm−1 (and E < 0.001 cm−1).[166] These values are similar to the one of 

the unknown triplet species in our experiment (Figure 101), in which the D value was 

determined to be 0.183 cm−1. The higher E value of 0.003 cm−1 indicates an irregular 

symmetry of the molecule, which could be caused by the attachment of additional BF3 

molecules. Subsequent annealing to 25 K and cooling back to 4 K resulted in a decrease 
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of these signals, while no increase of bands was observed indicating the formation of an 

EPR silent singlet species. 

 

Figure 101: X-band CW EPR spectra of T-54 in 7% BF3 doped Ar showing changes of the signal 
intensity of T-54 after annealing. a, EPR spectrum of T-54 and an additional triplet species in 7%  
BF3 doped Ar at 4 K (black line). b, Simulated spectrum of a triplet species with zfs parameters  
D = 0.183 cm−1 and E = 0.003 cm−1.c, Simulated spectrum of a T-54 with zfs parameters D = 0.420 cm−1 
and E = 0.012 cm−1. 

 

IR Experiments 

Similar to the EPR experiment, prior to irradiation of Diazocyclopentadiene (83) 

(450 nm, 3 K), the argon matrix doped with 7% of BF3 containing 83 was annealed to 

25 K to guarantee an excess of BF3 molecules in proximity in order to stabilize possible 

reaction intermediates. In order to form the corresponding carbene T-54, 83 was photo-

lyzed with λ = 450 nm LED light. However, in the resulting spectrum only traces of T-

54 and several new bands were observed indicating the reaction of T-54 with BF3 (Figure 

102). Subsequent annealing to 25 K resulted in a decrease of one species, while simulta-

neously the bands of the other unknown species increase, which demonstrated the pres-

ence of two unknown species A and B. 
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Figure 102: IR spectra showing the reaction of diazocyclopentadiene (83) in a 7% BF3 doped argon 
matrix. a, IR spectrum of T-55 in Ar at 3 K. b, IR spectrum of 83 in a 7% BF3 doped argon matrix after 
subsequent annealing to 25 K. c, IR spectrum of the same matrix showing the formation of two different 
species A and B after photolysis with 450 nm LED light. c, Difference IR spectrum of the same matrix 
showing changes after annealing to 25 K. Bands pointing downwards assigned to B were disappearing and 
bands pointing upwards assigned to A were appearing. * Signals caused by BF3.  

 

By considering the results obtained by EPR experiments, the thermally stable species A 

is EPR silent and hence a singlet, whereas the species B should be a triplet. As a conse-

quence, the spectrum of species A was compared with the calculated spectra of S-81 and 

82, while species B was compared with several triplet zwitterions T-81, T-81ꞏꞏꞏBF3,  

S-81ꞏꞏꞏ2BF3 and S-81ꞏꞏꞏ3BF3. The position of the bands of species A are in agreement 

with the spectrum of 82 calculated at the M06-2X/6-311G++(d.p)/IEFPCM(argon) level 

of theory, whereas the band intensities differ (Figure 103, Table A35). This could be due 

to further BF3 molecules in proximity to the molecule, which influence the vibrations 

bearing the BF2 and fluorine substituent. The assignment of A could be further confirmed 

by its photostability, since irradiation with λ = 650 – 365 nm LED light did not result in 

any change of the spectrum of A. The comparison of species B with the calculated zwit-

terions is more complex and did not allow a clear assignment, since the spectra of T-

81ꞏꞏꞏBF3, S-81ꞏꞏꞏ2BF3 and S-81ꞏꞏꞏ3BF3 are very similar and correlate with the spectra of 

species B (Figure 103, Table A36). The formation of T-81 bearing only one BF3 molecule 
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might be excluded, since EPR measurements with 1% BF3 doped Ar matrices did not 

detect any triplet species expect T-54. 

 

Figure 103: Comparison of the difference IR spectrum after annealing to 25 K of a 7% BF3 doped 
argon matrix containing T-54 with different computed IR spectra. IR spectrum of (a) T-81ꞏꞏꞏ3BF3, (b) 
T-81ꞏꞏꞏ2BF3, (c) T-81ꞏꞏꞏBF3 and (d) T-81 calculated at the M06-2X/6-311G++(d,p)/IEFPCM(argon) level 
of theory. e, Difference IR spectrum showing changes after annealing to 25 K of a 7% BF3 doped argon 
matrix (see Figure 102d). Bands pointing upwards assigned to the insertion product 82 were appearing and 
bands pointing downwards (possibly) assigned to T-81ꞏꞏꞏBF3 were disappearing. IR spectrum of (f) 82 and 
(g) S-81 calculated at the M06-2X/6-311G++(d.p)/IEFPCM(argon) level of theory.  
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Conclusion 

In the previous section the successful generation of a cyclopentadienyl cation fragment-

containing antiaromatic molecule S-78 was accomplished by transformation of S-55 via 

interaction with BF3. For the parent cyclopentadienylidene (54) the reaction with BF3 is 

different and the singlet zwitterion S-81 could not be isolated. Rather the formal insertion 

product 82 was formed directly in Ar matrices doped with 1% of BF3. Increasing the 

amount of BF3 molecules in proximity to the carbene lead to a stabilization of a triplet 

species, which might be assigned to T-81 complexed with one or more additional BF3 

molecule. DFT calculations confirm this hypothesis showing that the triplet zwitterion T-

81 is stabilized by 9.4 kcal/mol over the singlet S-81. The minor stabilization of S-81 

compared to the chlorine substituted zwitterion S-78 is based on the electron-donating 

non-bonded electrons from the chlorine atoms that stabilize the positively charged cyclo-

pentadienyl unit pushing electron density in the vacant p orbital of the neighboring carbon 

atoms. Therefore, S-81 is more distorted in order to prevent the antiaromaticity. For the 

next phase of the project, UV-vis spectroscopy measurements and further quantum me-

chanical calculations might be helpful to confirm the presence of the triplet zwitterion T-

81. A proposed reaction scheme of T-54 in comparison to the reaction of T-55 with BF3 

is depicted in Scheme 34. 

 

Scheme 34: Reactions of T-55 and T-54 with BF3. 
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5.2 Investigation of the Ground State of Tetrachloro-

cyclopentadienylidene 

Parts of this chapter were taken from a unpublished manuscript co-written with H. Henkel 

and J. Mieres-Pérez, E. Sanchez-Garcia and W. Sander*. S. Henkel wrote the manuscript 

with support from J. Mieres-Pérez and me. S. Henkel, J. Mieres-Pérez and E. Sanchez-

Garcia performed the computations. Experiments were carried out by me with support 

from S. Henkel. All authors discussed the results and contributed to the final manuscript. 

5.2.1 Introduction 

Usually, carbenes either have a triplet ground state (e.g. diphenylcarbene, fluorenylidene) 

or a σ2-π0 singlet ground state (N-heterocyclic carbenes). However, cyclopentadienyli-

dene (54) and its derivatives are special cases, since their frontier orbital consist of three 

energetically close-lying orbitals. For 54 these orbitals are a σ orbital (of a1 symmetry) 

and two π orbitals of a2 and b1 symmetry in the C2v point group, which result from the 

incorporation of the carbene carbon into the five-membered ring. As a consequence, three 

triplet, three open-shell (os) and three closed-shell (cs) singlet electronic configurations 

have to be considered. Figure 104 shows the frontier orbitals of 54 and the possible elec-

tronic configurations.  

 
Figure 104. Frontier orbital of cyclopentadienylidene (54) and possible electronic configurations. (Re-
produced from Ref.[183]) 

 

The occupation of the orbitals in different electronic states results in different geometries. 

A dienylic structure bearing two double bonds in the ring is obtained for B1 states, where 
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the 1a2 is filled, while an allylic structure is favored for A2 states, in which the 2b1 orbital 

is filled. If both the 2b1 and 1a2 orbitals are occupied by one electron, while the σ orbital 

(9a1) is filled (B2 states), no bond alternation will occur. 

The ground state of cyclopentadienylidene (54) was found to be the 3B1 state (via EPR, 

IR and UV-vis spectroscopic measurements).[128, 146-147] However, the lowest-energy sin-

glet state of this carbene is open-shell (1A2), as reported in several computational stud-

ies.[8, 184-185] Chen et al. pointed out the reason for the stability of the open-shell (os) sin-

glet is based on Coloumb repulsion.[8] In the B1 state the two unpaired electrons occupy 

the 9a1 σ orbital and the 2b1 π orbital, which are non-disjoint orbitals, since they have the 

carbene carbon atom in common. In the triplet 3B1 state the two electrons possess the 

same spin, they do not appear in the same region of space. Consequently, the Coloumb 

repulsion between these electrons is much lower than for the 1B1 state, in which the elec-

trons are of opposite spin resulting in a destabilization of 1B1 relative to 3B1. However, in 

the 1A2 state the unpaired electrons occupy disjoint orbitals, i. e., orbitals with common 

atoms, which are the 9a1 σ orbital and the 2b1 π orbital. To this disjoint nature, the elec-

trons do not appear in the same region, even if they have opposite spins, thus 1A2 is not 

destabilized relative to 3A2 and, hence, is the lowest-energy os-singlet state. Compared to 

methylene, the incorporation of the carbene center into the five-membered ring leads to a 

stabilization of both, the π and σ orbital.[184] While conjugation stabilizes the π orbital, 

the σ orbital is stabilized by an increase of s character due to the smaller bond angle at 

the carbene center. Consequently, an open-shell configuration is favored over a closed-

shell one. Thus, 54 is a carbene in which the lowest-energy singlet state is open-shell, 

which was calculated to be only 3 – 4 kcal/mol higher in energy than the 3B1 triplet 

ground state according to DFT, CCSD(T) and CASPT2 calculations.[8] 

 

Figure 105: Disjoint and non-disjoint orbitals exemplified for 54. (Reproduced from Ref.[183]) 

In this chapter the ground state of tetrachlorocyclopentadienylidene (55) will be investi-

gated via quantum chemical calculations and spectroscopic measurements. As mentioned 

above, EPR studies showed that 54 is a ground state triplet, whereas for 55 no proper EPR 

spectrum was reported. However, due to its reactivity with oxygen[149] it was assumed 
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that also carben 55 has a triplet ground state as well. The EPR spectrum, which will be 

discussed in this chapter, calls for a re-investigation of the ground state of this carbene. 

 

5.2.2 Computational Study 

In order to predict the ground state of 55 computationally, calculations of all electronic 

states shown in Figure 104 were performed at the B3LYP-D3/def2-TZVP level of theory. 

In the C2v point group the triplet 3B1 and open-shell singlet 1A2 configuration were found 

to be the lowest singlet and triplet states, respectively. Moreover, despite its imaginary 

frequency also the 3A2 triplet is close in energy. For a higher accuracy the energies were 

recalculated at the CASSCF, CASPT2, NEVPT2 and CIPT2 level of theory (see Table 

A37) confirming that the 3B1 and 1A2 state are nearly degenerate. The small energy dif-

ference between the two states does not allow the determination of the ground state with 

respect to the accuracy of the method, but it might be expected that both states are acces-

sible at cryogenic temperatures.  

Investigation of the optimized structures of the energetically lowest-lying electronic states 

reveals different geometries due to the different orbital occupation as mentioned before 

for the parent cyclopentadienylidene (54). Structures of the first three electronic states of 

55 calculated at the B3LYP-D3/def2-TZVP level of theory are shown in Figure 106. The 
3B1 state possesses a dienylic structure with bond distances of 1.41, 1.38, 1.49 Å, while 

an allylic structure is obtained for the 3A2 and 1A2 state with bond lengths of 1.38, 1.48 

and 1.36 Å.  

 

Figure 106: Structures of the first three electronic states in C2v symmetry and the distorted structures 
for the 3A2 state (Cs symmetry) of 55 calculated at the B3LYP-D3/def2-TZVP level of theory. 

Despite being geometrically different, the two triplet states are very close in energy, alt-

hough the triplet 3A2 state shows two imaginary frequencies in the C2v point group corre-

sponding to an in-plane and out-of-plane distortion of the carbene carbon. Following 

these frequencies leads to two energy minima with Cs symmetry that are only slightly 

higher in energy than the 1A2 state by 0.6 and 0.9 kcal/mol and the 3B1 state by 0.1 and 
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0.4 kcal/mol and thus degenerate with the open-shell singlet 1A2 and triplet 3B1 state (Ta-

ble 10). Furthermore, the calculated C2v closed-shell 1A1 singlet states show imaginary 

frequencies as well. The corresponding distorted structures have a lower symmetry and 

are much lower in energy than the one in the C2v point group avoiding antiaromatic de-

stabilization due to four electrons in the five-membered ring. The open-shell 1B1 and 1B2 

singlet states lay well above the 1A2 state, which might be based on Coloumb repulsion 

between the electrons in non-disjoint orbitals. To be precise, in the 1B1 state the unpaired 

electrons occupy the non-disjoint 9a1 σ and 2b1 π orbital, which causes a destabilization 

due to the repulsion of these electrons and hence the 1B1 state is higher in energy by 

11.2 kcal/mol relative to the 1A2 state. For the 1B2 state four of the atoms involved of the 

singly occupied orbitals are non-disjoint, which might explains the high destabilization 

by 21.6 kcal/mol (Table 10). 

 

Table 10: Calculated relative energies of several minimum geometries of tetrachlorocyclopentadi-
enylidene (55) at the B3LYP-D3/def2-TZVP level of theory. (Reproduced from Ref.[183]) 

 3B1
3A2 3B2

1B1
1A2

1B2

1A1 
(a2

2b1
2) 

1A1 
(a1

2b1
2) 

1A1 
(a1

2a2
2)

relative energy C2v 0.5 0.7 10.4 11.2 0 21.6 40.4 14.2 13.5 

imaginary frequencies C2v 0 2 1 2 0 1 1 1 1 

minimum point group  C2v Cs Cs   C2v  C1 C2 C1 

realtive energy 0.5 0.6 0.9   0.0  8.0 9.4 8.0 

 

The relative energies between the 3B1 and 1A2 state of 0.5 kcal/mol for 55 and 

3.6 kcal/mol for the parent cyclopentadienylidene (54) show that in the chlorine-substi-

tuted carbene 55 the open-shell singlet state is more stabilized. This might be related to 

the orbital energies of 54 and 55 (Figure 107). The chlorine substitution in 55 effectively 

increases the energy separation between the singly occupied orbitals (SOMOs) in both 

the A2 and B1 state compared to parent 54. The relative increase in energy separation is 

larger for the A2 state, since the 5a2 orbtial, which has chlorine atoms directly attached to 

the carbon atom with the highest contributions, is affected most. 
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Figure 107. Relative orbital energies diagram of the lowest triplet and open-shell singlet states of 54 
and 55 at the NEVPT2(6,6)/6-31g(d)//CASSCF(6,6)/6-31g(d) level of theory. (Reproduced from 
Ref.[183]) 

As described above, in the A2 state the SOMOs are disjoint orbitals, therefore the corre-

sponding open-shell singlet state is not destabilized by electron repulsion as in the case 

of B1 with non-disjoint SOMOs.  
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5.2.3 EPR Experiments 

EPR spectroscopy is known as most straight-forward tool to identify triplet species. Tet-

rachlorodiazocyclopentadiene (84) was co-deposited with Ar on a Cu rod and subse-

quently irradiated with λ = 450 nm in order to produce the corresponding carbene 55. 

However, only very weak signals of a triplet species with zero field splitting (zfs) values 

of |D| = 0.551 cm−1 and |E| = 0.0075 cm−1 were observed. In addition, a more intense set 

of signals around 3600 G and an intense half-field signal was observed that could be at-

tributed to a triplet species with |D| = 0.037 cm−1 and |E| = 0.0025 cm−1 (Figure 108). The 

low zfs parameter of the latter species indicate that there is no strong interaction between 

the two non-bonding electrons of the underlying triplet species, thus, corresponding to a 

triplet radical pair, rather than to a carbene, where the two electrons share the carbene 

carbon as the common atom. Furthermore, a small transition at 390 G (marked with * in 

Figure 108) might indicate the presence of an additional high-spin species. 

 

Figure 108: a, CW X-band EPR spectrum of the photoproducts of 84 in Ar at 3 K (blue). b-c, Simu-
lated spectra with, D = 0.551 cm−1 and E = 0.0075 cm−1 and D = 0.037 cm−1 and E = 0.0025 cm−1, respec-
tively (g = 2.0023, μ = 9.577 GHz; black). *unidentified transition. (Reproduced from Ref.[183]) 

 

 

Furthermore, a pulsed Q-band EPR spectrum of the photoproducts of 84 in MTHF at 5 K 

was measured in order to support the observation of triplet carbene 55. The resulting 

spectra show the characteristic transitions of a triplet carbene with zfs splitting parameters 
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of D = 0.542 cm−1 and E = 0.01 cm−1, quite similar to those observed in Ar. The triplet 

signals appear to be more pronounced in MTHF compared to Ar. Therefore, the measure-

ments were also repeated using MTHF as matrix material (Figure 109, right). For this, 84 

was co-deposited with MTHF and subsequently photolyzed at 4 K resulting in a triplet 

spectrum with higher intensity compared to the spectrum in Ar. Hence, MTHF might 

stabilize the carbenes triplet state. 

 

 

Figure 109: Left: Q-band pulsed EPR spectrum of the photoproducts of 84 at 5 K in MTHF frozen 
solution (a, grey) and simulation (b, black) with D = 0.542 cm−1 and E = 0.01 cm−1 (g = 1.995, 
μ = 34.14 GHz). Right: CW X-band EPR spectrum of the photoproducts of 84 deposited in MTHF at 4 K 
(a, grey) and simulation with the same parameters (b, black). (Reproduced from Ref.[151, 183]) 

 

 

5.2.4 IR Experiments 

The computational results reported above predicted four energetically close-lying elec-

tronic states for 55 (3B1, 1A2, and two in 3A2) without a preference for a ground state. 

Unfortunately, a comparison of the calculated IR spectra of these structures (shown in 

Figure 106) with the experimental spectrum obtained after photolysis of the diazo precur-

sor 84 in a neon matrix at 3 K (as described in Chapter 5.1.1) did not allow an assignment 

(see Figure 110). Consequently, more data are necessary to elucidate the carbene’s ground 

state. 
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Figure 110: Comparison of the experimental IR spectrum obtained after photolysis of 84 with the 
calculated spectra of the four energetically lowest-lying electronic states of 55. a, IR spectrum obtained 
after 450 nm irradiation of 84 in Ne at 3 K. b-e, IR spectra of carbene 55 for the 3B1, 3A2-oop, 3A2-ip and 
1A2 state, respectively, calculated at the B3LYP-D3/def2-TZVP level of theory. 

 

5.2.5 Polarization Methods 

In order to identify the ground state of 55 polarization spectroscopy methods might be 

helpful for the spectral analysis. This method can induce anisotropic polarizability in mol-

ecules and provides information about the symmetry of the relative transition dipole vec-

tors in a molecule. 

IR Experiments 

Baird et al.[128] reported the linear dichroism IR spectra of parent cyclopentadienylidene 

(54) and its corresponding diazo precursor 83 obtained by irradiating matrix-isolated 83 

with plane-polarized light. While the polarized photolysis results in 83 with a net orien-

tation showing dichroic UV and IR spectra, 54 did not show dichroism and it was con-

cluded that it was too mobile in the matrix. Similarly, the symmetry of the IR and UV 

transitions of tetrachlorodiazocyclopentadiene (84) and the corresponding carbene 55 

were determined by IR dichroism spectra of partially ordered matrices. For this reason, 

84 was photolyzed with linear polarized light (with λ = 450 nm). The irradiation with 

linear polarized light leads to a predominant conversion of molecules that had their elec-

tronic transition moment oriented parallel to the electronic (E) vector of the polarized 
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light. As a consequence, the photoproduct as well as the remaining precursor molecules 

are ordered with respect to the E vector. Diazo precursor 84 possesses C2v symmetry. 

Thus, the vibrational or electronic transitions for this molecule are either parallel to the 

C2 axis (A1) or perpendicular to it (B1 out-of-plane, B2 in plane). Figure 111c shows an 

IR dichroism spectrum obtained by two measurements of the IR spectrum with perpen-

dicular polarized IR light. Both, 84 and the carbene 55 have a net orientation inside the 

Ar matrix at 3 K, as bands were observed for both species, the orientation of the bands 

accounts for the different symmetry of the vibrations. The vibrations of 84 (marked in 

blue) in Figure 111 that show bands pointing upwards have to have an opposite symmetry 

to the bands pointing downwards (-). Furthermore, the symmetry obtained from the ex-

periment allows the assignment of experimentally obtained vibrations to the calculated 

ones.  

 
Figure 111: IR dichroism of 55 and 84 in argon at 3 K. A spectrum of 84 and 55 measured in an 
independent experiment is shown for comparison. a, IR spectrum of 84 in Ar. b, IR spectrum of the 
photolysis (λ = 450 nm) product 55 in Ar. c, IR difference spectrum of two measurements with perpendic-
ular polarization of the IR light after partial irradiation of the matrix containing 84 with linear polarized 
light (λ = 450 nm). 
 

Figure 112 and Table 11 show the assignment of the experimental bands of precursor 84 

with its corresponding polarizations (+ or -) to the respective calculated vibration with its 
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explicit symmetry label (A1 or B1). This comparison allows the determination of the po-

larizations (+ and -) from the experiments. A negative (-) and positive (+) polarization are 

assigned to a symmetry along the z axis (A1) and a symmetry along the xy axis (B1) in 

the molecular (x, y, z) coordinate system, respectively.  

 

Table 11: Experimental (Ar, 3 K) and calculated (B3LYP-D3/def2-TZVP) IR frequencies, intensities 
and polarizations of tetrachlorodiazocyclopentadiene (84). (Reproduced from Ref.[183]) 

Ar, 3 K 84 
𝜈 ̃ / cm−1 rel. Int. Pol. Mode 𝜈 ̃ / cm−1 rel. Int. Sym. 

662 2 - 17 665 2 B1 
737 10 - 18 740 5 B1 
778 3 + 19 778 3 A1 

1086 5 + 21 1087 2 A1 
1277 28 + 22 1275 30 A1 
1341 3 - 23 1333 2 B1 
1409 16 + 24 1445 13 A1 
1534 10 - 26 1559 6 B1 
2106 100 + 27 2226 100 A1 

 

 

Figure 112: Assignment of the experimental IR spectrum of 84 to a calculated spectrum considering 
IR dichroism. a, IR spectrum of 84 including the polarization of the observed vibrations based on the IR 
dichroism (see Figure 111) in Ar. b, IR spectrum of 84 including the symmetry for each vibration calculated 
at the B3LYP-D3/def2-TZVP level of theory. 
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The polarizations (+ and -) facilitate the analysis of the carbene spectrum: Since the partial 

irradiation with linear polarized light results in orientations of diazo precursor 84 and 

carbene 55 aligned perpendicular to each other (in the laboratory coordinate system), also 

the symmetries of the vibrations aligned relative to the z axis (in the molecular system for 

each compound), have to be aligned perpendicular. Thus, if the photoproduct possesses a 

C2v or Cs point group, the positive polarizations (+) for the carbene indicates a B1/B2 (for 

C2v) or A’ (for Cs) symmetry, while a negative polarization (-) indicates an A1 or A’’ 

symmetry. When taking this information into account, a comparison between the experi-

mental spectrum of the photoproduct of 84 with the calculated spectra of the four ener-

getically lowest-lying electronic states of 55 (Figure 113), all states of 55 besides the 1A2 

open-shell singlet state oss-55 can be excluded. The discrepancy (reverse order) of the 

two bands between 1000 and 800 cm−1 in the calculated spectrum of oss-55 is presumably 

caused by the limit of the method to calculate an open-shell singlet compound. However, 

all other bands of the oss-55 are matching with the calculated bands and their correspond-

ing symmetries. Moreover, also the calculated intensities are in agreement with the ex-

perimentally obtained showing the most intense vibration around 1250 cm−1 (Table 12). 

 

 

Figure 113: Comparison of the experimental IR spectrum obtained after photolysis of 84 with the 
calculated spectra of the four energetically lowest-lying electronic states considering IR dichroism. 
a, IR spectrum obtained after 450 nm irradiation of 84 including the polarization of the observed vibration 
based on IR dichroism (Figure 111) in Ne at 3 K. b-e, IR spectra of 55 for the 1A2, 3B1, 3A2-oop and 3A2-ip 
state calculated at the B3LYP-D3/def2-TZVP level of theory. 
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Table 12: Experimental (Ar, 3 K) and calculated (B3LYP-D3/def2-TZVP) IR frequencies, intensities 
and polarizations of open-shell singlet tetrachlorocyclopentadienylidene (oss-55). 

Ar, 3 K oss-55 (1A2) 

𝜈 / cm−1 rel. Int. Pol. Mode
𝜈 ̃ / 

cm−1 
rel. Int. Sym.  

530 4 a 17 550 1 B2  

550 1 a 18 551 2 A1  

700 29 + 20 696 15 B1  
890 41 - 22 935 20 A1  
940 1 + 21 829 6 B1  

1126+ 48+ + 
23 1117 8 B1 

 
1137 6 +  

1309-1357 100 + 25 1278 100 B1  
1512 27 - 27 1541 9 A1  

      a signal too small for an assignment. 

 

UV-vis Experiments 

In order to further corrobate the open-shell singlet ground state of carbene 55, UV-vis 

experiments were carried out. Similar to the IR experiment, a matrix containing 84 was 

photolyzed with linear polarized light (λ = 450 nm). In the difference spectrum obtained 

for measurements of the UV-vis spectrum with perpendicular polarized light, the bands 

of 55 and 84 are pointing in the same direction showing that the corresponding transition 

dipole vectors of the precursor 84 with λmax = 291, 302 and 315 nm and the one for the 

carbene 55 with λmax = 310, 316, 321, 327, 333, 340 and 345 nm are aligned along the 

same coordinate axis in the laboratory coordinate system (Figure 114). Since precursor 

84 and carbene 55 are oriented perpendicular to each other, these transitions can be as-

signed to opposing symmetries. 
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Figure 114: UV-vis dichroism of 55 and 84 in Ar at 3 K. Spectra of 84 and 55 measured in an inde-
pendent experiment are shown for comparison. a, UV-vis spectrum of 84 in Ar. b, UV-vis spectrum of 
the photolysis product 55 in Ar. c, UV-vis difference spectrum of two measurements with perpendicular 
polarized light after irradiation of the matrix containing 84 with linear polarized light (λ = 450 nm) for one 
minute. 

 

In order to identify the ground state of the carbene 55, the symmetry of the transition of 

the precursor 84 and the different electronic states of 55 calculated via TD-DFT calcula-

tions were compared to the experiment. The experimentally observed band of 84 at 

302 nm was assigned to the calculated transition of the precursor 84 at λ = 284 nm with 

A1 symmetry and, therefore, its corresponding dipole vector is aligned along the z axis 

(within its molecular coordinate system). For this reason, the 3B1 and 3A2-oop triplet states 

can be excluded, since the calculated transitions for the 3B1 triplet state at λ = 387 nm and 

the 3A2-oop triplet state at λ = 386.6 nm have A1 and A’’ symmetry, respectively. The 

symmetry for the calculated transition of the 1A2 oss-55 at λ = 361 nm is B1. As a conse-

quence, UV-vis spectroscopy excludes the triplet ground state and confirms the 1A2 open-

shell singlet ground state of carbene 55. 
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5.2.6 Conclusion 

The ground state of carbene 55 was investigated via EPR, IR, UV-vis spectroscopy com-

bined with polarization methods and by quantum chemical calculations. While quantum 

mechanics predicted nearly degenerate energies of the triplet 3B1 and 3A2 states and the 
1A2 open-shell singlet state, IR and UV-vis experiments including IR dichroism measure-

ments are inconsistent with a triplet ground state and support a 1A2 ground state. However, 

EPR spectroscopy revealed weak triplet carbene signals, which might be interpreted as 

an excited triplet state that was not detectable in IR and UV-vis measurements. Thus, 

carbene 55 is a unique example with an open-shell singlet ground state. This conclusion 

would also be in agreement with the reactivity of carbene 54 (as described in Chapter 

5.1), since open-shell singlets are known to have a “triplet-like” reactivity. However, it is 

still puzzling that the computationally predicted degenerated 3B1 triplet state does not co-

exist with the 1A2 state, since magnetic bistability of carbenes was assumed to be observed 

in general, if the S/T gap is small enough.[1] One explanation might be the limit of the 

method to calculate an open-shell singlet compound that leads to inaccurate energy values 

of these systems. Therefore, further quantum chemical calculations to get a higher accu-

racy are in progress.  

The experiments conducted allow discoveries of molecules with unusual spin states, 

which also provide a better understanding of these rare species and could be of interest 

within the field of molecular electronics.[186] 
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5.3 Summary 

Cyclopentadienylidene (54) and tetrachlorocyclopentadienylidene (55) were investigated 

regarding their reactions with H2O, ICF3 and BF3. The complexation of the carbenes with 

H2O resulted (apart from the dimerization product) only in small shifts of the IR bands, 

which is characteristic for weak complexes of triplet carbenes. Hydrogen bonding appar-

ently does not suffice to stabilize the closed-shell singlet state of 54 and 55 due to the 

antiaromatic character of the positively polarized five-membered ring. This destabiliza-

tion could also not be overcome by halogen bonding, since no halogen-bonded singlet 

complex was formed upon the interaction of carbene 54 and 55 with ICF3. Instead, the 

formation of the ylides 65 and 68 was observed with more favorably negatively polarized 

cyclopentadiene rings. The ylides could be converted photochemically (λ = 650 nm) to 

the corresponding triplet radical pairs 66 and 69; this process was reversible upon subse-

quent annealing.  

The hydrogen and halogen bonding stabilization for the diphenylcarbene (8) was calcu-

lated to be 9 – 11 and 15 kcal/mol, respectively, whereas its interaction with BF3 leads to 

a stabilization of the closed-shell singlet S-8 by even 40 kcal/mol. Therefore, the reaction 

of the carbenes 54 and 55 with BF3 was investigated in order to stabilize the antiaromatic 

character of the positively polarized five-membered ring. Indeed, the reaction of 55 with 

BF3 generated the highly destabilized zwitterion S-78 and its BF3 complex S-78ꞏꞏꞏBF3 

containing a cyclopentadienyl cation fragment, whose antiaromaticity was proven by 

NBO, NICS and ACID calculations. The reaction of 54 with BF3 proceeded differently 

than for its derivative. The formation of a singlet zwitterion did not occur, rather the B–

F insertion product 82 was formed directly. Increasing the amount of BF3 molecules in 

proximity to the carbene led to the stabilization of a triplet species, which might be as-

signed to triplet zwitterion T-81 complexed with (an) additional BF3 molecule(s). Quan-

tum mechanical calculations confirm this suggestion showing that T-81 is stabilized by 

9.4 kcal/mol (with respect to the singlet S-81). The minor stabilization of S-81 compared 

to the chlorine substituted zwitterion S-78 is presumably caused by the electron-donating 

non-bonded electrons from the chlorines that stabilize the positively charged cyclopenta-

dienyl unit, thus pushing electron density into the vacant p orbital of the neighboring 

carbon atoms. 
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Scheme 35: Reactivity of carbene 55. 

While the triplet ground state of 54 in Ar was proven by EPR spectroscopy, no proper 

EPR spectrum for 55 was reported. Although the ground state of carbene 55 was assumed 

to be triplet due to its reactivity with oxygen, a detailed analysis concluding EPR, IR and 

UV-vis spectroscopy combined with polarization methods revealed that carbene 55 is a 

unique example for a carbene with an open-shell singlet ground state. Quantum mechan-

ical calculations support this assumption only in part showing that the triplet 3B1 and the 

open-shell singlet state 1A2 are nearly degenerate. 
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Chapter 6 

 Materials and Methods 

Preparative Methods 

Column Chromatography 

For column chromatography silica gel purchased from Acros Organics with a pore size 

of 60 Å and a particle size of 35 – 70 μm or aluminium oxide (stage 1) of the same com-

pany with a pore size of 60 Å and a particle size of 50 – 200 μm was used as a stationary 

phase. Aluminium oxide was deactivated (by adding water) to stage 4 before use. The 

amount of the silica gel and the diameter of the column is dependent of the compound 

amount which should be separated. 

Thin Layer Chromatography (TLC) 

Retention factors were determined by using thin layer chromatography. POLYGRAM® 

TLC plates (Macherey-Nagel SIL G/UV254) were used. The spots were analyzed via a 

CAMAG UV lamp. 

Nuclear Magnetic Resonance Spectroscopy (NMR) 

1H NMR spectra were measured using a Bruker DPX-200 (200.13 MHz) and for meas-

urement of the 13C NMR spectra a Bruker DPX-200 (50.32 MHz) was used. The chemical 

shifts were denoted in ppm downfield from tetramethylsilane and referenced with respect 

to the solvent signal. The coupling constants were denoted in Hz. Signal multiplicities are 

denoted as singlet (s), broad singlet (bs), doublet (d), triplet (t) and multiplet (m).  

Mass Spectrometry 

The spectra were recorded at 70 eV EI using a Varian MAT-CH5 spectrometer. The char-

acteristic peaks were denoted. 
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Solvents and Reagents 
All chemicals and solvents were used as received without further purification. All starting 

compounds were purchased from commercial suppliers. 

Syntheses 
Diazocyclopentadiene (83) was prepared according to literature[187] starting from cyclo-

pentadiene. The sample could be further purified by distillation yielding 83 as a yellow 

oil. 1H NMR (200 MHz, Benzene-d6): δ = 6.54-6.25 (m, 2H, C=CH), 6.13-5.89 (m, 2H, 

C=CH) ppm. IR (Ar, 3 K): 𝜈 = 2089, 1429, 1416, 1413, 1394, 1300, 1072, 1060, 909, 

710, 559 cm−1. 

Tetrachlorodiazocyclopentadiene (84) was prepared according to literature proce-

dures[188-189] by two reaction steps starting from hexachlorocyclopentadiene: synthesis of 

the corresponding hydrazone, tetrachlorocyclopentadienone hydrazone,[188] followed by 

oxidation with Ag2O to form 84 as an orange solid. C5Cl4N2 (229.9) Calcd: N 12.18, C 

26.12, H 0 Found: N 12.6 C 26.1 H 0.55. IR (Ar, 3 K): 𝜈 = 2107, 1590, 1407, 1396, 1277, 

1264, 1253, 1086, 778, 739 cm−1. 

Perchlorofulvalene (61) was synthesized according to literature[190] starting from 

dienochlor yielding 61 as a dark blue/black solid. IR (Ar, 3 K): 1531, 1241, 1170, 772, 

708, 696, 628, 580, 563 cm−1.  

Bis(p-methoxyphenyl)diazomethane (26) was synthesized according to literature[191] by 

two reaction steps: synthesis of the corresponding hydrazone, bis(p-methoxy-

phenyl)methylenehydrazone, followed by oxidation with HgO to form 26 as a purple 

solid. 1H NMR (200 MHz, DMSO-d6): δ = 7.15-7.19 (m, 4H, ArH), 7.00-7.05 (m, 2H, 

ArH), 3.77 (s, 6H, OCH) ppm. IR (Ar, 3 K): 𝜈 = 3020–2843 (broad), 2040, 1515, 1469, 

1443, 1309, 1279, 1252, 1184, 1177, 1048, 827, 606 cm−1. 

3-Methoxyfluorenone (44) was synthesized according to literature[192] via a Pd-catalyzed 

dehydrogenation starting from 4-methoxy-diphenylketone yielding 44 as a white solid. 
1H NMR (200 MHz, DMSO-d6): δ = 7.80-7,83 (“d”, J = 7.28 Hz, 1H, ArH), 7.54-7.63 

(m, 3H, ArH), 7.43(d, J = 2.22 Hz, 1H, ArH), 7.34-7.41 (m, 1H, Ar-H), 6.86, 6.90 (dd, J 

= 2.23 Hz, 8.08 Hz, 1H, ArH), 3.91 (s, 3H, OCH3) ppm.  
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3,6-Difluorofluorenone was synthesized as described for 44 by replacing 4-methoxy-

diphenylketone with 4,4’-difluoro-diphenylketone. 1H NMR (200 MHz, DMSO-d6): δ = 

7.82 (“d”, J = 7.82 Hz, 1H, ArH), 7.79 (“d”, J = 2.25 Hz, 1H, ArH), 7.68 (dd, J = 3.02 

Hz, 5.17 Hz, 2H, Ar-H), 7.23 (td, J = 2.27 Hz, 7.12 Hz, 2H, ArH) ppm. 

3-Methoxy-9-diazofluorene (7) was synthesized according to literature[193-194] by two 

reaction steps starting from 3-methoxyfluorenone: synthesis of the corresponding tosyl 

hydrazone, 3-methoxyfluorenone tosylhydrazone, followed by elimination of the tosyl 

group with NaOH yielding 7 as a red solid. 1H NMR (200 MHz, DMSO-d6): δ = 8.10 

(“d”, J = 6.86 Hz, 1H, ArH), 7.72 (d, J = 2.39 Hz, 1H, ArH), 7.67 (“d”, J = 7.43 Hz, 1H, 

ArH), 7.62 (“d”, J = 8.58 Hz, 1H, ArH), 7.35 (pd, J = 0.96 Hz, 7.46 Hz, 2H, ArH), 7.03 

(dd, J = 2.37 Hz, 6.19 Hz, 1H, ArH), 3.86 ppm (s, 3H, OCH3) ppm. 13C NMR (200 MHz, 

DMSO-d6): 157.73, 133.60, 131.86, 130.68, 126.41, 121.33, 120.67, 119.86, 114.38, 

105.85, 55.51 ppm. MS (EI) (m/z, %) 222.1 [M+], 194.1, 179.1, 151.1. C14H10N2O (222.1) 

Calcd: N 12.6, C 75.7, H 4.5 Found: N 11.4 C 75.8 H 4.5. IR (Ar, 3 K): 𝜈 = 2058, 1624, 

1617, 1608, 1580, 1495, 1452, 1459, 1439, 1441, 1291, 1249, 1222, 1210, 1208, 1178, 

1156, 1043, 744, 650, 616, 613 cm−1. 

3,6-Difluoro-9-diazofluorene (13) was synthesized as described for 7 by replacing 3-

methoxy-fluorenone with 3,6-difluorofluorenone yielding 13 as a pink solid. 1H NMR 

(200 MHz, DMSO-d6): δ = 8.04 (dd, J = 1.83 Hz, 7.55 Hz, 2H, ArH), 7.77 (dd, J = 3.51 

Hz, 5.03 Hz, 2H, ArH), 7.30 ppm (td, J = 1.91 Hz, 7.56 Hz, 2H, ArH) ppm. 13C NMR 

(200 MHz, CDCl3): δ = 163.52, 158.69, 129.32, 120.25, 114.85, 108.35 ppm. IR (Ar, 3 

K): 𝜈 = 2065, 1498, 1462, 1453, 1272, 1193, 1150, 862, 812, 660, 628 cm−1. 

3-Methoxy-9-fluorenol (11) was synthesized according to literature[195] starting from 3-

methoxyfluorenone. 1H NMR (200 MHz, DMSO-d6): δ = 7.78 (“d”, J = 6.7 Hz, 1H, ArH), 

7.56 (“d”, J = 6.9 Hz, 1H, ArH), 7.47 (“d”, J = 8.2 Hz, 1H, ArH), 7.42 – 7.20 (m, 3H, 

ArH), 6.86 (“dd”, J = 8.2, 2.3 Hz, 1H, ArH), 5.68 (d, J = 7.3 Hz, 1H, C-CH), 5.41 (d, J = 

7.3 Hz, 1H, OH), 3.83 (s, 3H, OCH3) ppm. 13C NMR (50 MHz, DMSO-d6): δ = 160.04, 

147.79, 140.96, 139.35, 138.94, 128.22, 127.46, 125.77, 124.93, 119.96, 113.30, 105.27, 

73.03, 55.37 ppm. IR (Ar, 3 K): 𝜈 = 2968, 2938, 2864, 1620, 1592, 1517, 1497, 1471, 

1460, 1445, 1377, 1353, 1289, 1241, 1223, 1215, 1194, 1174, 1050, 1026, 805, 794, 771, 

748 cm−1. 
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3,6-Difluoro-9-fluorenol (14) was synthesized as described for 11 by replacing p-

methoxy-fluorenone with 3,6-difluorofluorenone. 1H NMR (200 MHz, CDCl3): δ = 7.59 

(“dd”, J = 8.3, 5.0 Hz, 2H, ArH), 7.35 – 7.19 (m, 2H, ArH), 7.12 – 6.96 (m, 2H, ArH), 

5.52 (s, 1H, C-CH), 1.68 (s, 1H, OH). IR (Ar, 3 K): 𝜈 = 3616, 2929, 1616, 1597, 1501, 

1489, 1456, 1381, 1306, 1284, 1266, 1220, 1192, 1154, 1099, 1034, 941, 864, 796, 696, 

647, 606 cm−1. 

3-Methoxyfluorene (28) was synthesized according to literature[196] starting from 3-

methoxyfluorenone. 1H NMR (200 MHz, CDCl3): δ 7.76 (d, J = 6.9 Hz, 1H, ArH), 7.53 

(d, J = 7.1 Hz, 1H, ArH), 7.47 – 7.35 (m, 2H, ArH), 7.35 – 7.28 (m, 2H, ArH), 6.88 (dd, 

J = 8.2, 2.4 Hz, 1H, ArH), 3.90 (s, 3H, OCH3), 3.84 (s, 2H, C-CH2) ppm. GC-MS (m/z, 

%) 196 [M+]. IR (Ar, 3 K): 𝜈 = 3063, 3013, 2958, 2920, 2911, 2840, 1629, 1618, 1598, 

1497, 1470, 1458, 1445, 1443, 1343, 1328, 1321, 1315, 1308, 1298, 1288, 1283, 1247, 

1223, 1219, 1199, 1193, 1177, 1170, 1046, 890, 868, 847, 815, 800, 769, 731, 718, 

693 cm−1. 

9,9-Dideutero-3-methoxyfluorene (28-d2) was synthesized via a H/D exchange reaction 

according to the following procedure: 3-methoxyfluorene 28 (75 mg, 0.38 mmol), 10 ml 

of D2O and 0.2 ml of NaOD were placed into a pressure tube. The mixture was stirred at 

180 °C for 24 hours. After extraction with diethylether (3 x 10 ml), the combined organic 

layer was dried over Na2SO4 and filtered. Removal of the solvent in vacuo yielded 28-d2 

as a light brown solid (75 mg, 99%). 1H NMR (200 MHz, CDCl3): δ = 7.75 (“dd”, J = 

6.7, 1.4 Hz, 1H, ArH), 7.53 (“dd”, J = 7.1, 0.8 Hz, 1H, ArH), 7.46-7.36 (m, 2H, ArH), 

7.36 – 7.28 (m, 2H, ArH), 6.87 (“dd”, J = 8.2, 2.4 Hz, 1H, ArH), 3.90 (s, 3H, OCH3) ppm. 

GC-MS (m/z, %) 198 [M+]. IR (Ar, 3 K): 𝜈 = 3063, 3013, 2958, 2917, 2840, 1627, 1617, 

1598, 1497, 1470, 1461, 1456, 1442, 1343, 1317, 1291, 1288, 1284, 1247, 1243, 1218, 

1198, 1191, 1177, 1053, 1051, 1043, 884, 866, 847, 762, 709, 702, 669 cm−1. 

3-Methoxy-fluoren-9-ylamine (50) was synthesized according to literature[197] by two 

reaction steps starting from 3-methoxyfluorenone: synthesis of the corresponding oxime, 

3-methoxyfluorenone oxime, followed by reduction with zinc dust to form 50 as a color-

less solid. 1H NMR (200 MHz, DMSO-d6): δ = 7.81 (d, J = 6.5 Hz, 1H, ArH), 7.63 (dd, 

J = 19.2, 7.3 Hz, 2H, ArH), 7.36 (dd, J = 12.5, 5.9 Hz, 3H, ArH), 6.88 (d, J = 6.3 Hz, 1H, 

ArH), 4.77 (s, 1H, C-CH), 3.75 (bs, 2H, NH2) ppm. 13C NMR (50 MHz, DMSO-d6): δ = 

159.75, 148.54, 141.01, 139.65, 139.50, 127.81, 127.35, 125.60, 124.82, 119.98, 113.40, 
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105.15, 56.64, 55.40 ppm. IR (Ar, 3 K): 𝜈 = 1631, 1626, 1617, 1590, 1495, 1459, 1442, 

1368, 1313, 1287, 1219, 1179, 1043, 1001, 972, 891, 867, 768, 739, 729 cm−1. 

3,6-Difluoro-fluoren-9-ylamine (52) was synthesized as described for 50 by replacing 

3-methoxyfluorenone with 3,6-difluorofluorenone. 1H NMR (200 MHz, DMSO-d6): δ = 

7.85 (ddd, J = 11.4, 8.8, 3.8 Hz, 4H, ArH), 7.24 (td, J = 9.5, 2.4 Hz, 2H, ArH), 5.11 (s, 

1H, C-CH), 3.86 (bs, 2H, NH2) ppm. 13C NMR (50 MHz, DMSO-d6): δ = 165.45, 160.58, 

141.65, 141.47, 140.49, 140.45, 127.27, 127.09, 115.11, 114.66, 108.31, 107.82, 54.24 

ppm. IR (Ar, 3 K): 𝜈 = 1618, 1596, 1498, 1484, 1458, 1219, 1198, 1154, 974, 943, 886, 

861, 785, 762, 744, 694, 601 cm−1. 

 

Matrix Isolation Spectroscopy 
  For matrix isolation studies a Closed Cycle Helium cryostat manufactured by Sumitomo 

Heavy industries was used. The cryogenic head by APD company was connected with a 

compressor to obtain temperatures around 3 K. For the generation of the high vacuum an 

oil diffusion pump by Leybold Company or a turbo pump (for EPR measurements) was 

used. The matrices were generated by co-deposition of the precursor and (0.1 – 7% of 

H2O/ NH3/ O2/ CO/ ICF3/ BF3) with a large excess of argon, xenon or neon (Messer 

Griesheim, 99.99 %) with a flow rate of approximately 1.85 sccm on a spectroscopic 

window (Cu rod, CsI and sapphire for EPR, FT-IR and UV-vis spectroscopy) cooled at 

3 – 9 K. For the hydrogenation experiments H2 (Air Liquide 99.999%) or D2 (Merck 

Schuchardt 99.5%) was used as the matrix host. The precursors were sublimed at different 

temperatures (bis(p-methoxyphenyl)-diazomethane 26 at 70°C; 3-methoxy-9-diazofluo-

rene (7) at 60°C; 3,6-difluoro-9-diazofluorene (13) at 55°C; tetrachlorodiazocyclopenta-

diene (84) at 20°C; diazocyclopentadiene (83) at -50°C). Photolysis of the samples was 

performed using custom-made LEDs with λ = 650, 530, 450, 405 or 365 nm (max. 5 W) 

or using high-pressure mercury lamp (Ushio 500 W) equipped with dichroic mirrors 

(Oriel) and long-pass cut-off filters (Schott, 50% transmission). For the IR measurements 

the matrix wagon can be driven in the spectrometer manufactured by the company Bruker. 

The software OPUS also by Bruker Company was used to measure and to evaluate the IR 

spectra. FTIR spectra were recorded in the range between 400 and 4000 cm−1 with a res-

olution of 0.5 cm−1. Matrix EPR spectra were recorded with a Bruker ELEXSYS 500 X-

band spectrometer. The Simulation of the EPR spectrum was performed by the software 
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Easyspin (MATLAB). Matrix UV-Vis spectra were recorded with a Varian Cary 5000 UV-

Vis-NIR spectrophotometer in the range of 200 – 800 nm with a resolution of 0.1 nm.  

 

Calculations 
DFT geometry optimizations, vibrational frequencies and IRC profiles were calculated 

using M06-2X[198] in combination with the integral equation formalism of the polarizable 

continuum model (IEF-PCM)[199] or B3LYP[200] functional with the D3 empirical disper-

sion correction[201]. Several basis sets such as 6-311++G(d,p)[202-203], def2-TZVP[204] and 

cc-pVDZ[205] were employed. The calculations were carried out using a 64 bit cluster with 

the Linux software. Gaussian09[206] provided the calculation program for DFT calcula-

tions. CCSD(T) single point calculations were performed using MOLPRO[207]. We used 

GaussView5.08[208] as front and backend. The geometries were visualized by using CYL-

view[209]. 
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 Appendix 

Parts of the figures and tables in this chapter are “Reprinted (adapted) with permission from S. Hen-

kel, I. Trosien, J. Mieres-Pérez, T. Lohmiller, A. Savitsky, E. Sanchez-Garcia, W. Sander*; The Jour-

nal of Organic Chemistry 2018, 83 (15), 7586-7592. Copyright 2018 American Chemical Society.” 

and “Reprinted (adapted) with permission from P. Costa, I. Trosien, J. Mieres-Pérez, W. Sander*; 

Journal of the American Chemical Society, 2017, 139 (37), 13024-13030. Copyright 2017 American 

Chemical Society.” 

9.1 Spectroscopic Data 

Table A1. IR spectroscopic data of 7. 

 7-u 

 

7-d 

 

   

 Calc. gas phasea

 

Exp. Argonb

 

Exp. Neonc 

 

 

Mode  / cm−1 Iabs (Irel)  / cm−1 Iabs(Irel)  / cm−1 Irel  / cm−1 Irel Assignment 

21, 22 626.3 

630.2 

9.9 (0.9) 

10.1 (0.9) 

629.2 

631.7 

9.7 (0.8) 

0.7 (<0.1) 

613.2 

615.7 

0.8 611.7 

615.7 

0.5 Skel. Vibr. 

23 648.5 9.2 (0.8)   635.3 0.3 634.9 0.4 Skel. Vibr. 

23   663.9 23.2 (2.0) 649.7 0.9 649.9 1.2 Skel. Vibr. 

24 706.2 6.4 (0.6) 703.6 3.4 (0.3) 689.6 0.5 688.4, 

690.8 

0.4 Skel. Vibr. 

25 738.9 17.9 (1.6) 737.8 15.9 (1.4) 722.8 0.8 723.9 0.3 C–H def. (oopd) 

27 757.7 34.8 (3.1) 756.3 35.4 (3.1) 744.1 2.0 745.1 0.7 C–H def. (oop) 

28 785.3 4.9 (0.4) 783.3 10.7 (0.9) 765.0 1.5 765.6 0.5 C–H def. (oop) 

29 811.3 37.7 (3.3)   797.5 0.9 798.1 0.5 C–H def. (oop) 

29   826.7 31.8 (2.8) 811.6 1.3 813.4 0.5 C–H def. (oop) 

30, 31 869.1 

874.6 

0.7 (<0.1) 

4.1 (0.4) 

865.0 

871.9 

7.9 (0.7) 

10.9 (0.9) 

842.7 0.3 843.2 0.2 C–H def.(oop) Skel. 

Vibr. 

32 891.0 17.2 (1.5) 886.8 17.2 (1.5) 866.9 1.1 871.9 1.1 C–H def. (oop) 

39 1060.7 52.3 (4.7) 1059.6 46.7 (4.1) 1042.9 3.5 1045.7 3.2 C–O str. (OCH3) 

40 1098.0 20.4 (1.8) 1093.5 6.6 (0.6) 1075.5 0.8 1076.8 0.9 C–H def.(ipe) 

44 1190.1 35.4 (3.2) 1190.2 31.3 (2.7) 1155.8 2.2 1157.0 1.7 C–H def. (ip) 

45 1201.9 59.7 (5.3) 1202.5 46.2 (4.0) 1178.2 5.6 1180.3 6.1 C–H def. (OCH3) 

46 1234.2 138.0 (12.3) 1229.1 156.5 (12.6) 1207.7 

1210.3 

10.2 1209.1 

1212.2 

9.9 C–H def. (ip) 

47, 48 1242.2 

1253.2 

43.2 (3.8) 

67.0 (5.9) 

1243.3 

 

31.1 (2.7) 

 

1221.5 4.0 1221.2 1.6 C–H def. (ip) 
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48   1275.2 99.9 (8.7) 1248.9 2.9 1251.4 2.8 C–H def. (ip) 

49 1319.3 123.1 (11.0) 1316.5 51.5 (4.5) 1290.9 6.6 1292.8 6.2 C–H def. (ip) 

50 1335.8 4.9 (0.4) 1344.3 32.3 (2.8) 1317.6 0.7 1320.0 1.0 C–H def. (ip) 

52 1375.7 40.4 (3.6) 1367.2 9.0 (0.8) 1351.3 0.8 1350.6 0.6 C–C–C str. 

53 1421.2 14.6 (1.3) 1423.7 12.9 (1.1) 1383.3 0.8 1387.7 0.7 C=N str. 

54, 55 1466.6 

1473.8 

52.7 (4.7) 

87.6 (7.8) 

1461.1 

 

41.5 (3.6) 

 

1438.7 

1440.6 

5.1 1441.0, 

1443.7 

5.5 C–H def. (ip) (OCH3) 

55, 

56 

1485.1 43 (3.8) 1478.6 

1487.1 

50.3 (4.4) 

156.2(13.5) 

1452.1 

1458.9 

12.0 1454.0, 

1460.9 

10.8 C–H def. (ip) (OCH3) 

58 1504.3 64.1 (5.7) 1503.8 4.5 (0.4) 1468.5 1.2 1472.0 1.8 C–H def. (OCH3) 

59 1508.5 16.8 (1.5) 1509.3 28.1 (2.4) 1477.3 0.6 1479.3 1.1 C–H def. (ip) (OCH3) 

60 1520.9 75.5 (6.7) 1521.7 100.6 (8.7) 1494.9 9.8 1496.9 9.2 C–H def. (OCH3) 

61, 62 1610.1 

1611.5 

46.1 (4.1) 

14.5 (1.3) 

1608.8 

1611.6 

20.9 (1.8) 

3.5 (0.3) 

1580.1 1.7 1581.6 

 

1.5 

 

C=C str. 

63, 64 1644.1 5.9 (0.5) 1642.9 

1649.2 

19.9 (1.7) 

81 (7.1) 

1608.4 

1616.6 

3.3 1614.2, 

1618.0 

5.3 C=C str. 

64 1657.9 75.2 (6.7)   1623.8 3.5 1630.7 12.3 C=C str. 

65 2167.6 1123.9 

(100) 

2169.8 1153.4 

(100) 

2057.8 100 2065.6 100 N=N str. 

aCalculated at the B3LYP-D3/def2-TZVP level of theory. b In Ar matrix at 8 K. c In Ne matrix at 3 K.  
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Table A2. IR spectroscopic data of T-5. 

 T-5-u 

 

T-5-d 

 

     

 Calc. gas phasea 

 

Exp. Argonb

 

Exp. Neonc 

 

 

Mode  / cm−1 Iabs(Irel)  / cm−1 Iabs(Irel)  / 

cm−1 

Irel  / 

cm−1 

Irel Assignment 

21 734.6 22 (13) 734.8 22 (8) 716.8 4 711.1 

717.9 

5 C–H def. (oop) 

22 759.1 28 (16) 758.0 27 (10) 742.0 6 743.4 6 C–H def. (oop) 

23 775.4 3 (2) 774.4 8 (3) 754.7 4 755.4 6 C–H def. (oop) 

24, 

25 

812.3 

818.1 

38 (22) 

4 (2) 

828.5 

834.5 

32 (12) 

8 (3) 

811.8 7 813.3 7 C–H def. (oop) 

35 1057.4 55 (32) 1055.2 49 (18) 1042.8 

1044.8 

15 1045.9 13 O–CH3 str. 

37 1139.3 55 (32)   1087.7 9 1088.6 10 C–H def. (ip) 

37   1126.3 49 (18) 1096.8 4 1098.9 8 C–H def. (ip) 

40 1196.4 50 (29) 1194.5 16 (6) 1170.5 7 1171.8 8 C–H def. (ip) 

42 1227.3 12 (7) 1222.8 37 (13) 1197.5 5 1198.5 4 C–H def. (ip) 

44 1246.4 156 (91) 1261.9 275 (100) 1229.6 

1234.6 

100 1229.7 

1236.1 

100 C–H def. (ip) 

45 1317.9 143 (84) 1307.4 61 (22) 1276.8 21 1277.4 25 C–H def. (ip) 

47 1342.5 59 (35) 1342.7 18 (7) 1310.5 7 1311.5 11 C–C–C asymm. str. 

50 1444.2 25 (15) 1461.0 104 (38) 1428.8 29 1431.3 39 C–H def. (ip) 

54 

55 

1500.7 

1509.6 

129 (75) 

3 (2) 

1500.6 

1508.7 

4 (1) 

70 (25) 

1474.5 35 1477.4 38 C–H3 def. 

58 

59 

1614.6 

 

28 (16) 1612.8 

1625.5 

63 (23) 

165 (60) 

1573.9 

1578.6 

12 1575.7 

1580.2 

27 C=C str. 

59 1632.4 171 (100)   1593.5 2 1596.9 9 C=C str. 
aCalculated at the B3LYP-D3/def2-TZVP level of theory. b In Ar matrix at 8 K. b In Ne matrix at 3 K. 
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Table A3. IR spectroscopic data of S-5. 

 S-5-u 

 

S-5-d 

 

     

 Calc. gas phasea 

 

Exp. Argonb

 

Exp. Neonc

 

 

Mode  / cm−1 Iabs(Irel)  / cm−1 Iabs(Irel)  / cm−1 Irel  / cm−1 Irel Assignment 

22 773.6 46 (14) 771.7 43 (14) 751.2 6 752.2 4 C–H def. (oop) 

23 792.6 10 (3) 792.3 4 (1) 769.6 4 770.7 3 C–H def. (oop) 

25 827.2 43 (13) 845.9 35 (12) 808.5 6 809.9 4 C–H def. (oop) 

27 895.6 12 (4) 882.4 24 (8) 873.4 4 

 

844.0 

875.1 

2 

3 

C–H def. (oop) 

35 1051.1 49 (15) 1050.2 61 (20) 1040.4 14 1039.0 15 O–CH3 str./ C–H def. 

(ip) 

36 1103.3 53 (16) 1100.4 60 (20) 1081.8 15 1083.2 14 C–H def. (ip) 

37 1128.5 234 (71) 1116.9 202 (68) 1100.3 100 1102.2 72 C–C–C str. 

39 1179.9 46 (14) 1176.3 41 (14) 1162.0 19 1163.0 21 C–H def. (ip) 

40, 

41 

1191.1 

1193.4 

43+10 

(13+3) 

1188.8 

1193.0 

8+14 

(3 +5) 

1175.1 

1176.8 

17 1178.0 20 C–H def. (ip) 

42 1210.3 57 (17) 1207.0 8 (3) 1189.3 9 1190.5 13 C–H def. (ip) 

43 1229.0 112 (34) 1230.7 163 (55) 1200.2 

1205.5 

39 1200.1 

1206.3 

30 Carbene C-Ph str./  

C–H def. (ip) 

44 1251.8 179 (54) 1262.0 299 (100) 1218.5 

1223.1 

44 1219.9 

1224.0 

41 C–H def. (ip) 

45 1297.5 90 (27) 1295.2 38 (13) 1258.9 5+ 

13 

1260.5 8 C–H def. (ip) 

46 1315.0 <1 1306.6 25 (8) 1270.4 1271.6 13 C–H def. (ip) 

47 1319.3 170 (52) 1330.9 78 (26) 1285.9 

1290.1 

41 1286.7 

1290.7 

42 C–H def. (ip) 

48 1410.9 60 (18) 1411.8 35 (12) 1379.8 21 1381.1 27 C–H def. (ip)/ C–C–

C def. (ip) 

49 1450.4 10 (3) 1447.1 6 (2) 1420.2 5 1422.0 4 C–H def. (ip) 

50 1462.9 38 (12) 1468.4 65 (22) 1432.0 7 1434.0 5 C–H def. (ip) 

54 1504.3 75 (23) 1503.8 25 (8) 1468.5 8 1473.9 6 C–H3 def. 

55 1516.2 151 (46) 1517.2 110 (37) 1482.3 61 1484.3 45 C–H3 def. 

56 1602.8 38 (12) 1593.7 79 (26) 1571.4 6 1573.9 4 C=C str. 

58 1636.1 63 (19) 1636.2 266 (89) 1599.1 25 1601.0 24 C=C str. 

59 1649.2 330 (100) 1638.2 134 (45) 1612.3 

1618.5 

93 1613.4 

1620.4 

100 C=C str. 

aCalculated at the B3LYP-D3/def2-TZVP level of theory. b In Ar matrix at 3 K. 
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Table A4. IR spectroscopic data of S-5ꞏꞏꞏH2O.  

 S-5-uꞏꞏꞏH2O 

 

S-5-dꞏꞏꞏH2O 

 

    

 Calc. gas phasea

 

Exp. Argonb 

 

 

 

Mode  / 

cm−1 

shift Iabs (Irel)  / 

cm−1 

shift Iabs(Irel)  / 

cm−1 

shift Irel Assignment 

21 566.6  38.5 (10) 565.8  7.0 (1) 554.4  5 Skeletton Vibr. 

26 751.3  14.6 (4) 751.2  16.4 (3) 733.9  2 C–H def. (oop) 

27 771.7 -1.9 33.3 (8) 770.0 -1.7 31.1 (6) 755.8 4.6 5 C–H def. (oop) 

29, 

30 

817.4 

834.3 

 20.5 (5) 

33.2 (8) 

826.6 

847.6 

 70.5 (13) 

33.5 (6) 

816.9  6 O–H def. 

31 845.3  107.2 (27) 857.8  44.9 (8) 857.9 

874.0 

 3+1 O–H def. 

32, 

33 

880.5 

896.0 

 16.7 (4) 

13.2 (3) 

878.9 

883.2 

 10.9 (2) 

34.2 (6) 

896.6  8 O–H def. 

C–H def. (oop) 

41 1048.7 -2.4 44.5 (11) 1048.9 -1.3 60.6 (11) 1030.4 -6.6 8 O–CH3 str. 

42 1105.6 2.3 38.7 (10) 1102.4 2.0 41.2 (8) 1089.5 7.7 37 C–H def. (ip) 

43 1138.9 10.4 272.3 (69) 1125.9 9.0 241.7 (45) 1107.6 

1114.5 

7. 12+3

2 

C–H def. (ip)/ 

C–

C-C asym. str. 

45, 1188.6 8.7 8.8 (2) 1188.8 12.5 12.7 (2) 1169.5 8.5 12  

46, 1194.5 3.5 39.1 (19) 1193.3 4.5 34.7 (6)  C–H def. (ip) 

47 1200.1 6.7 40.2 (10)  1197.4 4.4 6.0 (1)   

49, 

50 

1249.2 

1257.0 

-2.6 

– 

5.2 

276.2 (70) 

83.4 (21) 

1253.5 

1264.6 

-6.5 

– 

2.6 

224.9 (41) 

315.5 (5)) 

1225.4 6.9  

–  

2.3 

100 CPh–C str. 

C–H def. (ip) 

51 1302.5 5.0 179.9 (46) 1299.1 -7.5 

– 

3.9 

56.7 (11) 1274.4 11.5 

– 

0 

24 C–H def. (ip) 

53 1329.1 9.8 101.2 (26) 1338.3 7.4 76.1 (14) 1298.0 

1310.8 

12.1/ 

20.7 

4 

3 

C–H def. (ip) 

54 1416.0 5.1 65.9 (17) 1416.1 4.3 35.6 (7) 1385.6 5.8 7 C–H def. (ip) 

56 1464.7 1.8 59.9 (15) 1469.0 0.6 78.1 (14) 1428.5

1435.4 

-3.5 

– 

3.4 

2+2 C–H def. 

(OCH3) 

58, 

59 

1498.0 

1498.4 

 9.7 (3) 

7.5 (2) 

1500.2 

1502.0 

 9.6 (2) 

1.0 (<1) 

1465.8 

 

 4 

 

C–H def. 

(OCH3) 

60 1504.1 -0.2 66.5 (17) 1505.1 1.3 44.7 (8) 1474.6 6.1 6 C–H def. 

(OCH3) 
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61 1518.8 2.6 182.3 (46) 1521.2 3.0 107.5 (20) 1486.3 4.0 29 C–H def. 

(OCH3) 

62 1599.8 -3.0 50.5 (13) 1589.4 4.3 86.7 (16) 1562.9 

1571.8 

-8.5/ 

0.4 

7+9 C=C str. 

64, 1637.1 1.0 64.3 (16) 1637.8 1.6 155.2 (29) 1597.8 

1615.0 

1.3 58+5 C=C str. 

65 1652.1 2.9 329.0 (84)  1640.5 2.3 259.3 (48) 2.7 

– 

(-3.5) 

 

aCalculated at the B3LYP-D3/def2-TZVP level of theory. b In Ar matrix at 3 K. 
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Table A5. IR spectroscopic data of S-5ꞏꞏꞏD2O  

 5-uꞏꞏꞏD2O 

 

5-dꞏꞏꞏD2O 

 

   

 Calc. gas phasea 

 

Exp. Argonb

 

 

Mode  / cm−1 Iabs (Irel)  / cm−1 Iabs(Irel)  / cm−1 Irel Assignment 

21 566.6 38.1 (10) 561.8 14.3 (3) 554.2 3 Skeletton Vibr. 

28 775.7 35.6 (9) 773.8 31.5 (6) 754.2 3 C–H def. (oop) 

29 795.4 7.4 (2) 795.0 13.8 (3) 771.0 4 C–H def. (oop) 

30, 

31 

824.0 

837.6 

10.7 (3) 

39.0 (10) 

  
815.9 5 O-D def./ ring expansion 

31   856.2 27.4 (5) 857.2 5 C–H def. (oop) 

32, 

33 

875.9 

895.9 

9.9 (3) 

14.0 (4) 

874.1 

883.1 

10.0 (2) 

29.5 (6) 

874.5 

891.8 

2 

4 

O–H def. 

C–H def. (oop) 

40, 

41 

1042.3 

1048.7 

9.3 (2) 

44.1 (11) 

1042.8 

1048.9 

12.0 (2) 

63.3(12) 
1030.1 9 O–CH3 str. 

43   1125.4 250.8 (47) 1090.1 34 C–H def. (ip) 

43 1138.2 281.1 (72)   1104.0 30 C–H def. (ip) 

46, 1194.3 34.3 (9) 1193.1 31.9 (6) 1169.6 13 C–H def. (ip) 

47 1200.1 39.0 (10) 1196.7 5.7 (1)  

50, 

51 

1249.3 

1257.0 

271.6 (69) 

83.3 (21) 

1253.7 

1264.6 

214.4 (40) 

317.8 (60) 
1234.3 100 

CPh–C str. 

C–H def. (ip) 

52 1302.8 177.3 (45) 1299.3 56.6 (11) 1273.1 27 C–H def. (ip) 

54 1329.2 100.5 (26)  

1338.4 

 

74.9 (14) 

1294.9 

1310.4 

3 

5 

C–H def. (ip) 

55 1416.1 65.2 (17) 1416.1 35.5 (7) 1385.1 8 C–H def. (ip) 

57 1464.8 58.9 (15)  

1469.1 

 

77.4 (15) 

1428.4 

1435.2 

4 

2 

C–H def. (OCH3) 

61 1504.1 66.5 (17) 1505.1 44.5 (8) 1474.1 6 C–H def. (OCH3) 

62 1518.8 182.9 (47) 1521.2 108.0 (20) 1486.0 25 C–H def. (OCH3) 

63 1599.8 49.3 (13) 1589.4 85.3 (16) 1562.5 

1573.3 

17 C=C str. 

65, 1637.1 63.5 (16) 1637.8 155.5 (29) 1597.5 
66 

C=C str. 

66 1652.1 328.5 (84) 1640.5 259.7 (49) 1613.4  
aCalculated at the B3LYP-D3/def2-TZVP level of theory. b In Ar matrix at 3 K. 
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Table A6. IR spectroscopic data of T-12. 

 Calc. gas phasea 

 

Exp. Argonb

 

 

Mode /cm−1 rel  / cm−1  rel  Assignment 

15 587.5 5.7 575.0 2.5 Skeleton Vibr. 

16 596.3 9.3 579.2 4.2 C–H deformation (oopc) 

22 798.0 17.6 784.8 10.7 C–F str. 

24 828.1 28.3 811.6 28.8 C–H deformation (oop) 

26 884.9 28.8 861.8 26.1 C–H deformation (oop) 

31 961.9 9.2 944.1 8.9 C–C deformation (ipd) 

33, 

34 

1110.7, 

1115.6 

16.4 

+6.5 

1087.9, 

1094.2 

12.6 

+3.5 

C–H deformation (ip) 

35 1167.6 20.8 1149.2 21.4 C–H deformation (ip) 

36, 

37 

1212.2, 

1214.1 

16.7 

+54.6 

1191.5 36.9 C–H deformation (ip) 

38, 

39 

1229.2, 

1232.5 

4.4 

+41.0 

1211.5 69.6 C–H deformation (ip) 

40 1289.7 17.4 1263.2 28.9 C–H deformation (ip) 

41 1302.7 21.2 1281.9 21.4 C–H deformation (ip) 

42 1332.5 23.7 1296.2 16.9 C–C-C asym. str. 

43 1376.6 7.5 1342.5 1.6 Ring deformation (ip) 

44 1437.7 13.5 1405.7 9.5 C–H deformation (ip) 

46, 

47 

1487.9, 

1490.1 

49.4 

+22.4 

1463.2 82.4 Ring deformation (ip) 

48 1592.9 9.2 1563.7 1.7 C=C str. 

49, 

50 

1605.0, 

1611.8 

18.7 

+81.3 

1577.7 100 C=C str. 

51 1627.9 41.7 1596.3 12.2 C=C str. 
aCalculated at the B3LYP-D3/def2-TZVP level of theory. b In Ar matrix at 3 K. 
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Table A7. IR spectroscopic data of S-12ꞏꞏꞏH2O. 

 Calc. gas phasea 

 

Exp. Argonb

 

 

Mode /cm−1 rel  / cm−1  rel  Assignment 

24 733.7 2.5 717.6 3.8 Ring deformation 

29,  

30,  

31 

848.4, 

854.1, 

860.1 

11.4 

+6.8 

+7.8 

835.7 25.6 C–H deformation (oopc), 

OH-wagging 

32,  

33 

890.0, 

892.6 

6.1 

+28.0 

870.8 17.9 C–H deformation (oopc), 

OH-wagging 

39,  

40 

1106.4, 

1111.2 

18.6 

+52.2 

1083.1 74.4 C–H deformation (ipd) 

42 1202.1 73.1 1175.1 92.3 C–C-C asym. str. 

43,  

44,  

45 

1220.6, 

1224.8, 

1227.5 

21.4 

+12.3 

+70.3 

1205.8 78.2 C–H deformation (ip) 

46, 

47,  

48 

1292.8, 

1300.7, 

1304.6 

4.7 

+28.3 

+13.1 

1263.6 43.6 C–H deformation (ip) 

49 1415.8 6.9 1389.7 7.7 Ring deformation (ip) 

51 1465.1 18.7 1441.9 26.9 C=C str., ring deformation 

52 1491.3 36.2 1465.7 33.3 C=C str., ring deformation 

53 1513.6 34.6 1480.5 56.4 C=C str. 

54 1612.1 34.7 1573.6 10.3 C=C str. 

56 1634.4 100 1590.6 100 C=C str. 

57 1643.7 51.0 1598.5 30.8 C=C str. 
aCalculated at the B3LYP-D3/def2-TZVP level of theory. b In Ar matrix at 3 K. 
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Table A8. IR spectroscopic data of S-12ꞏꞏꞏD2O. 

 Calc. gas phasea 



Exp. Argonb 



 

Mode /cm−1 rel  / cm−1  rel  Assignment 

33 892.2 17 871.1 11 C–H deformation (oopc) 

39,  

40 

1106.4 

1110.9 

12 

+36 

1176.0 

+1186.0 

47 C–H deformation (ipd) 

42, 43 1201.3, 

1206.0 

48 

+7 

1206.4 38 C–C-C str., OD-wagging 

44, 

45, 46 

1221.5, 

1224.9, 

1227.6 

13 

+7 

+46 

1265.7 60 OD-wagging, C–H defor-

mation (ip), C–F str. 

48, 49 1300.9, 

1304.6 

19 

+8 

1441.7 21 Ring deformation, C–H de-

formation (ip) 

52 1465.1 12 1465.4 11 C=C str., ring deformation 

53 1491.3 24 1480.4 15 C=C str. 

54 1513.6 23 1573.2 30 C=C str. 

55 1612.1 22 1586.1 4 C=C str. 

57, 58 1634.4 

1643.7 

66  

+34 

1598.7 36 

+64 

C=C str. 

aCalculated at the B3LYP-D3/def2-TZVP level of theory. b In Ar matrix at 3 K. 

 

Table A9. IR spectroscopic data of the carbonyl oxide 39. 

 39-uu 



39-du 



39-dd 



     

 Calc. gas phasea 



Exp. Argonb

 

Exp. Neonc

 

 

Mode  / cm−1 (Irel)  / cm−1 (Irel)  / cm−1 (Irel)  / cm−1 Irel  / cm−1 Irel Assignment 

26 610.8 (5) 610.2 (6) 610.9 (10) 599.0 5 - - Skel. Vibr. 

37, 

38 

861.5, 

863.9 (17) 

861.3, 865.9 

(18) 

861.0, 866.3 

(20) 

839.2 22 840.3 22 C–H def. (oop) 

39 924.6 (15) 923.9 (17) 925.6 (21) 883.5 18 888.3 27 O-O str. 

44 1010.0 (9) 1009.5 (12) 1008.5 (12) 980.6 6 981.8 3 Ring def. 

47, 

48 

1055.9, 

1058.3 (24) 

1056.5, 

1059.2 (23) 

1056.8, 

1060.3 (25) 

1040.5 3 1044.7 12 O–CH3 str./ 

C–H def. (ip) 

54, 

55, 

56 

1208.1, 

1209.0, 

1209.9 (62) 

1207.8, 

1208.6, 

1210.5 (61) 

1207.9, 

1208.5, 

1210.6 (58) 

1175.7 60 1177.8 32 C–H def. (ip) 

58, 

59 

1293.5, 

1295.3 (100) 

1294.3, 

1294.6 (100) 

1290.8, 

1295.7 (100) 

1264.2 66 1265.7 51 C–H def. (ip) 
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60, 

61 

1318.3, 

1335.1 (15) 

1320.7, 

1334.4 (37) 

1322.3, 

1338.1 (57) 

1312.0 13 1313.8 17 C–H def.(ip)/ 

C=C–C str. 

65 1417.7 (38) 1421.1 (41) 1419.5 (24) 1380.7, 

1385.9 

30 1381.4, 

1387.5 

32 C=O str. 

74, 

75 

1545.7, 

1552.3 (17) 

1545.3, 

1552.2 (18) 

1545.1, 

1552.1 (20) 

1511.9, 

1520.7 

22 1514.3, 

1522.5 

8 C–H def. (ip) 

78, 

79 

1642.0, 

1650.0 (85) 

1643.0, 

1649.7 (90) 

1643.4, 

1649.9 (94) 

1602.3, 

1607.7 

100 1604.1 100 C=C str. 

aCalculated at the B3LYP-D3/def2-TZVP level of theory. b In Ar matrix at 3 K. c In Ne matrix at 3 K. 

 

Table A10. IR spectroscopic data of dioxirane 41. 

 41-uu 

 

41-du 

 

41-dd 

 

   

 Calc. gas phasea 



Exp. Argonb

 

 

Mode  / cm−1 (Irel)  / cm−1 (Irel)  / cm−1 (Irel)  / cm−1 Irel Assignment 

25,  

26 

573.1, 

595.4 (17) 

583.9, 

594.7 (16) 

590.0, 

595.4 (19) 

586.5 18 Skel. Vibr. 

36,  

37 

837.9, 

854.5 (18) 

841.0, 

854.6 (14) 

842.0, 

854.7 (14) 

826.0 40 C–H def. (oop) 

40 941.6 (13) 939.2 (11) 937.0 (12) 924.1 38 Ring def. 

47,  

48 

1060.0, 

1061.5 (21) 

1060.2, 

1062.4 (20) 

1060.7, 

1063.0 (22) 

1048.3 25 O–CH3 str. 

54, 

55, 

56 

1207.3, 

1207.8, 

1208.0 (46) 

1207.6, 

1207.7, 

1208.9 (37) 

1207.5, 

1207.5, 

1209.5 (35) 

1167.7 23 C–H def. (OCH3)(ip) 

58, 

59 

1284.0, 

1287.7 (100) 

1283.6, 

1285.3 (100) 

1284.0, 

1284.3 (100) 

1254.5 100 C–H def. (ip) 

74, 

75 

1550,4, 

1554.6 (34) 

1550.1, 

1554.5 (32) 

1549.9, 

1554.4 (34) 

1521.8, 

1516.2 

48 C–H def. (ip) 

78, 

79 

1654.9, 

1655.6 (41) 

1654.8, 

1656.2 (38) 

1654.7, 

1655.7 (41) 

1617.7 83 C=C str. 

aCalculated at the B3LYP-D3/def2-TZVP level of theory. b In Ar matrix at 3K. 
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Table A11. IR pectroscopic data of ester 42. 

 42-uu 

 

42-du 

 

42-ud 

 

42-dd 

 

   

 Calc. gas phasea



Exp. Argonb

 

 

Mode  / cm−1 (Irel)  / cm−1 (Irel)  / cm−1 (Irel)  / cm−1 (Irel)  / cm−1 Irel Assignment 

30 716.4 (3) 716.9 (3) 718.8 (3) 719.6 (3) 692.0 4 C–H def. (oop) 

32 783.3 (3) 782.4 (3) 784.1 (4) 783.3 (4) 748.1 5 Skel. 

33 799.6 (8) 800.7 (9) 799.1 (10) 800.3 (9) 765.5 8 Skel. 

37 853.5 (7) 855.8 (8) 853.6 (8) 855.7 (8) 845.8 10 C–H def. (oop) 

38 866.5 (10) 866.8 (11) 869.5 (10) 869.7 (10) 871.3 3 C–H def. (oop) 

44 1026.8 (10) 1026.7 (11) 1026.8 (11) 1026.6 (11) 1010.9 3 Ring def. 

48 1074.0 (56) 1074.6 (54) 1073.5 (70) 1073.7 (59) 1071.4 39 C-OPh str. 

54 1199.5 (100) 1199.7 (90) 1202.5 (93) 1202.4 (84) 1167.2 40 C–H def. (ip) 

57 1234.5 (92) 1233.9 (90) 1234.6 (100) 1233.9 (89) 1203.1 100 C–H def. (ip) 

58 1263.5 (46) 1261.7 (51) 1263.1 (47) 1261.4 (47) 1249.0 8 Ph-C-O str. 

60 1295.4 (35) 1295.2 (39) 1292.5 (45) 1292.4 (49) 1265.1 39 C-OCH3 str. 

73, 74 1542.6, 

1549.0 (71) 

1542.4, 

1549.1 (78) 

1542.4, 

1548.4 (76) 

1542.3, 

1548.4 (76) 

1515.9, 

1509.5 

50 C–H def. (ip) 

77 1648.4 (47) 1648.3 (52) 1649.8 (45) 1649.7 (45) 1613.4 13 C=C str. 

79 1789.1 (97) 1788.9 (100) 1790.0 (100) 1790.1 (100) 1749.6 51 C=O str. 

aCalculated at the B3LYP-D3/def2-TZVP level of theory. b In Ar matrix at 3K. 
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Table A12. IR pectroscopic data of S-2 and T-2 in 1% O2 doped Ar. 

 (T/S-)2-uu 

 

(T/S-)2-du 

 

(T/S-)2-dd 

 

   

 Calc. gas phasea 



Exp. Argonb

 

 

Mode  / cm−1 (Irel)  / cm−1 (Irel)  / cm−1 (Irel)  / cm−1 Irel Assignment 

29 777.4 (6) 771.1 (8) 776.3 (8) 765.3 10 Skel. Vibr. 

33, 34 837.7, 844.5 

(21) 

839.0, 843.7 

(23) 

839.9, 843.6 

(19) 

815.9 32 C–H def. (oop) 

33 856.4 (19) 857.3 (18) 858.2 (17) 832.5 4 C–H def. (oop) 

42, 43 1059.2, 

1061.2 (37) 

1059.0, 

1061.4 (37) 

1059.1, 

1061.5 (29) 

1047.0 34 C-O str. 

49 1191.2 (32) 1192.2 (29) 1192.3(22) 1158.1 35 C–H def. (ip) 

53 1266.3 (70) 1273.2 (100) 1268.2, 

1275.7 (57) 

1240.3, 

1244.1 

82 C–H def. (ip) 

55, 56 1300.2, 

1312.7 (100) 

1301.8, 

1307.9 (86) 

1297.2, 

1308.3 (100) 

1273.5, 

1279.4 

92 C–H def. (ip) 

57 1328.8 (13) 1332.1 (7) 1329.0 (9) 1296.5 13 C–H def. (ip) 

59 1372.3 (45) 1372.1 (45) 1372.1 (44) 1325.6 18 C–C–C def. 

69 1516.6 (26) 1516.5 (29) 1516.5 (28) 1480.0 23 C=C str. 

73 

72 

1620.2 (60) 

1624.6 (100) 

1620.6 (62) 

1624.8 (100) 

1620.8 (50) 

1625.2 (100) 

1581.1 100 C=C str. 

aCalculated at the B3LYP-D3/def2-TZVP level of theory. b In Ar matrix doped with 1% of O2 at 3 K.  
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Table A13. Spectroscopic data of S-2 and T-2 in O2 doped Ne after annealing at 5 K. 

 (T/S-)2-uu 

 

(T/S-)2-du 

 

(T/S-)2-dd 

 

   

 Calc. gas phasea 



Exp. Neonc

 

 

Mode  / cm−1 (Irel)  / cm−1 (Irel)  / cm−1 (Irel)  / cm−1 Irel Assignment 

29 777.4 (6) 771.1 (8) 776.3 (8) 766.3 8 Skel. Vibr. 

33, 34 837.7, 844.5 

(21) 

839.0, 843.7 

(23) 

839.9, 843.6 

(19) 

818.4 18 C–H def. (oop) 

33 856.4 (19) 857.3 (18) 858.2 (17) -  C–H def. (oop) 

42, 43 1059.2, 

1061.2 (37) 

1059.0, 

1061.4 (37) 

1059.1, 

1061.5 (29) 

1050.2 50 C-O str. 

49 1191.2 (32) 1192.2 (29) 1192.3(22) 1159.6, 

1168.5 

35 C–H def. (ip) 

53 1266.3 (70) 1273.2 (100) 1268.2, 

1275.7 (57) 

1245.2 73 C–H def. (ip) 

55, 56 1300.2, 

1312.7 (100) 

1301.8, 

1307.9 (86) 

1297.2, 

1308.3 (100) 

1275.3 100 C–H def. (ip) 

57 1328.8 (13) 1332.1 (7) 1329.0 (9) 1298.7 18 C–H def. (ip) 

59 1372.3 (45) 1372.1 (45) 1372.1 (44) -  C–C–C def. 

69 1516.6 (26) 1516.5 (29) 1516.5 (28) 1483.1 43 C=C str. 

73 

72 

1620.2 (60) 

1624.6 (100) 

1620.6 (62) 

1624.8 (100) 

1620.8 (50) 

1625.2 (100) 

1580.0 80 C=C str. 

aCalculated at the B3LYP-D3/def2-TZVP level of theory. b In Ne matrix at 3 K. 
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Table A14. Spectroscopic data of S-2 and T-2 in O2 doped Ne after annealing at 7 K. 

 (T/S-)2-uu 

 

(T/S-)2-du 

 

(T/S-)2-dd 

 

   

 Calc. gas phasea 



Exp. Neonc

 

 

Mode  / cm−1  / cm−1  / cm−1  / cm−1 Irel Assignment 

29 777.4 (6) 771.1 (8) 776.3 (8) 766.3 6 Skel. Vibr. 

33,  

34 

837.7, 844.5 

(21) 

839.0, 843.7 

(23) 

839.9, 843.6 

(19) 

818.5 7 C–H def. (oop) 

33 856.4 (19) 857.3 (18) 858.2 (17) 834.4 10 C–H def. (oop) 

42,  

43 

1059.2, 

1061.2 (37) 

1059.0, 

1061.4 (37) 

1059.1, 

1061.5 (29) 

1049.6 28 C-O str. 

49 1191.2 (32) 1192.2 (29) 1192.3(22) 1159.7, 

1169.3 

40 C–H def. (ip) 

49 1192.1 (60) 1195.3 (57) 1196.9 (60) 

53 1266.3 (70) 1273.2 (100) 1268.2, 

1275.7 (57) 

1244.9 22 C–H def. (ip) 

53 1286.2 (85) 1284.8 (94) 1282.9 (93) 1255.0 60 C–H def. (ip) 

55,  

56 

1300.2, 

1312.7 (100) 

1301.8, 

1307.9 (86) 

1297.2, 

1308.3 (100) 

1275.1 31 C–H def. (ip) 

57 1328.8 (13) 1332.1 (7) 1329.0 (9) 1301.3 6 C–H def. (ip) 

59 1372.3 (45) 1372.1 (45) 1372.1 (44) 1327.5 32 C–C-C def. 

69 1516.6 (26) 1516.5 (29) 1516.5 (28) 1482.3, 

1472.8 

23 C=C str. 

73 

72 

1620.2 (60) 

1624.6 (100) 

1620.6 (62) 

1624.8 (100) 

1620.8 (50) 

1625.2 (100) 

1582.9 100 C=C str. 

aCalculated at the B3LYP-D3/def2-TZVP level of theory. b In Ne matrix at 3 K. 
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Table A15. IR spectroscopic data of 43. 

 43-u 

 

43-d 

 

     

 Calc. gas phasea 



Exp.  Argonb

 

Exp. Neonc

 

 

Mode  / cm−1 (Irel)   / cm−1 Irel  / cm−1 Irel Assignment 

25, 

26 

747.9 (10) 

750.1 (4) 

748.6 (12) 

751.3 (4) 

735.2 20 736.6 8 Skelleton vibr., 

C–H def. (oop) 

27 788.1 (7) 788.7 (10) 774.2 11 774.7 4 C–H def. (oop) 

33 938.1 (54) 939.6 (69) 895.3 100 901.5 100 O-O str. 

37 1000.8 (36) 1000.4 (41) 971.9 24 974.0 22 Ring def., O-O str. 

39, 

40 

1055.3 (<1) 

1056.1 (16) 

1054.0 (22) 

1057.1 (2) 

1038.7 4 1041.6 8 C–H def. (ip), 

O–CH3 str. 

42  

1145.9 (30) 

1135.6 (36) 1107.5 

1120.6 

10 

13 

1109.1 

1121.1 

14 

14 

C–H def. (ip) 

44, 

45, 

46 

1186.5 (8) 

1191.9 (8) 

1202.5 (18) 

1186.6 (12) 

1193.2 (4) 

1201.5 (8) 

1156.7 

1180.1 

13 

13 

1156.9 

1181.7 

19 

12 

C–H def. (ip) 

49 1256.4 (70)  

1276.0 (93) 

1225.4 

1244.9 

16 

57 

1226.1 

1245.4 

10 

60 

C–H def. (ip) 

50 1322.2 (49) 1313.2 (14) 1311.6 17 1312.7 16 C–H def. (ip) 

53 1400.2 (22) 1395.6 (2) 1371.3 16 1371.9 12 Ring expansion 

55 1475.6 (17) 1476.7 (19) 1440.5 14 1442.5 18 C–H def. (ip) 

58, 

59 

1500.2 (29) 

1505.7 (11) 

1498.7 (9) 

1506.7 (12) 

1458.5 

1461.7 

13 1459.8 

1462.0 

18 H3C-O def. 

60 1519.2 (20) 1521.4 (32) 1490.7 36 1491.8 29 C–H def. (ip) 

65  

1655.6 (100) 

1645.0 (100) 1606.4 

1615.9 

23 

+28 

1608.3 

1618.9 

20 

+36 

C=C str. 

aCalculated at the B3LYP-D3/def2-TZVP level of theory. b In Ar matrix at 3 K. c In Ne matrix at 3K. 
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Table A16. IR spectroscopic data of 45. 

 45-u 

 

45-d 

 

   

 Calc. gas phasea 



Exp. Argonb

 

 

Mode  / cm−1 (Irel)   / 

cm−1 

Irel Assignment 

26 766.0 (32) 765.2 (27) 753.5 65 C–H def. (oop) 

34 933.8 (17) 932.1 (15) 918.9 44 Ring expansion 

53 1386.0 (100) 1388.7 (100) 1362.5 100 C-O str 

65 1666.0 (88) 1658.8 (47) 1634.6 55 C=C str. 

aCalculated at the B3LYP-D3/def2-TZVP level of theory. b In Ar matrix at 3 K.  

 

Table A17. IR spectroscopic data of 44. 

 44-u 

 

44-d 

 

   

 Calc. gas phasea 



Exp. Argonb

 

 

Mode  / cm−1 (Irel)   / cm−1 Irel Assignment 

21 692.0 (8) 692.3 (8) 674.0 6 C–H def. (oop) 

24 756.8 (17) 756.0 (16) 737.5 3 C–H def. (oop) 

25 797.7 (4) 795.6 (6) 768.2 8 C–H def. (oop) 

31 937.8 (20) 936.0 (20) 923.3 7 C-O def. 

37 1057.0 (16) 1056.2 (16) 1040.9 12 H3C-O str. 

39  

1131.5 (37) 

1124.6 (32) 1100.4 

1112.6 

9 

4 

C–H def. (ip) 

42 1189.8 (7) 1191.0 (2) 1178.9 6 C–H def. (ip) 

46 1251.0 (79) 1265.9 (98) 1237.9 26 C–H def. (ip) 

47, 

48 

1317.6 (19) 

1319.7 (18) 

1309.5 (11) 

1321.1 (28) 

1298.8 18 C–H def. (ip) 

49 1335.9 (35) 1346.1 (13) 1313.9 10 C–C–C str. 

50 1401.4 (24) 1397.2 (6) 1373.1 3 Ring expansion 

55 1504.6 (23) 1503.7 (5) 1493.9 6 (O)CH def 

60 1638.9 (34) 1637.1 (31) 1597.5 16 C=C str. 

61 1655.6 (95) 1649.6 (55) 1622.6 18 C=C str. 

62 1774.2 (100) 1775.2 (100) 1715.4 100 C=O str. 

aCalculated at the B3LYP-D3/def2-TZVP level of theory. b In Ar matrix at 3 K.  
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Table A18. IR spectroscopic data of 46 and 47. 

aCalculated at the B3LYP-D3/def2-TZVP level of theory. b In Ar matrix at 3K. 

Table A19. IR spectroscopic data of 48. 

 48-uu 

 

48-du 

 

48-dd

 

   

 Calc. gas phasea 



Exp. Argonb

 

 

Mode  / cm−1 (Irel)  / cm−1 (Irel)  / cm−1 (Irel)  / cm−1 Irel Assignment 

37, 854.5 (7) 851.9 (4) 851.6 (3) 839.1 14  

38 854.8 (3) 854.9 (5) 853.7 (7)    

46, 1061.1 (<1) 1061.6 (5) 1062.3 (9) 1029.4 15 C–H def. (oop) 

47 1064.2 (3) 1065.0 (9) 1065.4 (5)   H3C-O str. 

55 1211.5 (13) 1211.7 (10) 1212.0 (8) 1176.1 48 H3C-O str. 

57, 1277.6 (42) 1278.1 (12) 1276.1 (36) 1248.8 9 H3C-O str. 

58 1280.0 (7) 1278.7 (43) 1282.6 (17) 1265.6 23  

73, 1545.4 (35) 1545.5 (30) 1546.0 (30) 1513.9 55 C–H def. (ip) 

74 1547.6 (6) 1548.2 (10) 1548.5 (10)    

77. 1651.2 (7) 1651.2 (6) 1651.1 (5) 1601.5 40 C=C str. 

78 1652.6 (<1) 1652.6 (2) 1652.5 (2)    

79 2170.6 (100) 2171.0 (100) 2171.2 (100) 2101.1 100 C=C=O str. 

aCalculated at the B3LYP-D3/def2-TZVP level of theory. b In Ar matrix at 3K. 

 46-u 

 

46-d 

 

47-u 

 

47-d 

 

   

 Calc. gas phasea 



Exp. Argonb

 

 

Mode  / cm−1 (Irel)   / cm−1 (Irel)   / cm−1 Irel Assignment 

27 765.8 (17) 763.9 (15)   752.6 8 C–H def. (oop) 

40 1088.9 (14) 1085.2 (27)   1076.4 18 C-O (ring) str. 

40   1095.4 (34) 1093.9 (20) 1100.5 9 C-O (ring) str. 

46   1225.7 (40) 1226.5 (27) 1202.2 11 C–H def. (ip) 

49 1286.5 (43) 1285.4 (30) 1284.0 (<1) 1282.9 (12) 1269.2 15 C–H def. (ip), ring 

expansion 

50 1315.8 (2) 1315.7 (1) 1312.6 (9) 1313.3 (6) 1306.1 6 C–H def. (ip) 

57 1498.9 (2) 1498.0 (2) 1497.2 (2) 1496.4 (2) 1482.6 6 H3C-O def. 

58 1506.2 (7) 1505.7 (6) 1507.1 (8) 1506.2 (7) 1499.3+ 

1504.9 

20 H3C-O def. 

63, 

64 

1649.0 (32) 

1653.5 (34) 

1646.8 (41) 

1651.4 (20) 

1647.8 (6) 1647.4 (7) 1631.3 6 C=C str. 

65 1793.7 (100) 1794.0 (100) 1792.6 (100) 1792.7 (100) 1753.1+ 

1758.7 

100 C=O str. 
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Table A20. IR spectroscopic data of 49. 

 49-u 

 

49-d 

 

   

 Calc. gas phasea 



Exp. Argonb

 

 

Mode  / cm−1 (Irel)  / cm−1 (Irel)  / cm−1 Irel Assignment 

25 738.0 (1) 737.3 (1) 724.9 2 C–H def. (oop) 

27 758.8 (2) 757.7 (2) 747.1 2 C–H def. (oop) 

28 786.0 (<1) 784.1 (1) 766.6 2 C–H def. (oop) 

29 812.4 (3) 828.2 (2) 800.1 2 C–H def. (oop) 

39 1160.5 (3) 1059.7 (4) 1042.3 4 H3C-O str. 

44 1191.6 (1) 1191.7 (1) 1072.6 1 C–H def. (ip) 

45 1202.0 (5) 1202.9 (3) 1178.4 8 C–H def. (ip) 

46 1225.3 (6) 1224.3 (9) 1207.7 5 C–H def. (ip) 

48 1254.6 (3) 1274.2 (6) 1249.0 4 C–H def. (ip) 

55 1476.1 (4) 1478.9 (3) 1441.6 5 C–H def. (ip) 

56 1489.3 (3) 1492.0 (6) 1458.1 7 C–H def. (ip) 

60 1520.5 (6) 1521.3 (7) 1492.2 12 C=C str. 

61 1608.4 (3) 1607.9 (1) 1577.9 2 C=C str. 

64 1657.8 (5) 1649.8 (5) 1625.4 3 C=C str. 

65 2191.3 (100) 2192.3 (100) 2115.9 

+2125.3 

100 C=C=O str. 

aCalculated at the B3LYP-D3/def2-TZVP level of theory. b In Ar matrix at 3K. 
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Table A21. IR spectroscopic data of S-5ꞏꞏꞏHNH2. 

 S-5-uꞏꞏꞏHNH2 

 

S-5-uꞏꞏꞏHNH2 

 

    

 Calc. gas phasea 

 

Exp. Argonb

 

  

Mode  / cm−1 shift Iabs(Irel)  / cm−1 shift Iabs(Irel)  / cm−1 shift Irel Assignment 

22 566.0  36.0 (9) 565.1  4.9 (1) 554.6  5 Skelleton vibr. 

28 776.9 3.3 39.1 (10) 775.2 3.5 35.3 (7) 753.2 2.0 8 C–H def. (oop) 

42, 

43 

1104.4 

1113.9 

1.1 53.6 (14) 

180.6 (47) 

1101.3 

1108.8 

1.1 59.1 (11) 

207.5 (40) 

1077.3 

+1081.6 

+1087.2 

-(5.9 

– 

1.6) 

1 C–H def. (ip)/ 

N–H def. 

44 1139.6 11.1 182.7 (48) 1127.5 10.6 126.2 (25) 1102.3 

+1107.0 

2.0 

 – 

6.7 

22 C–H def. (ip)/ 

N–H def. 

46, 

47, 

48 

1186.5 

1193.8 

1194.8 

6.6 

2.7 

1.4 

18.8 (5) 

30.8 (8) 

38.5(10) 

1184.1 

1190.2 

1197.8 

7.8 

1.4 

4.8 

37.0 (7) 

7.1 (1) 

6.6 (1) 

1158.1 

+1164.9 

-3.9 

 – 

2.9 

11 C–H def. (ip)/ 

C–CPh str. 

50, 

51 

1239.8 

1255.0 

10.8 

3.2 

174.4 (46) 

155.0 (41) 

1241.3 

1263.4 

10.6 

1.4 

194.2 (38) 

319.9 (62) 

1222.3 20.1 

–

14.2/ 

-0.8 

– 

3.8 

46 C–CPh str./  

C–H def. (ip)/ 

O–CPh str. 

52 1300.2 2.7 142.9 (38) 1297.3 2.1 39.7 (8) 1264.3 5.4 12 C–C–C str./  

C–H def. (ip) 

54 1329.3 10.0 110.9 (29) 1337.1 6.2 76.1 (15) 1296.4 

+1309.1 

10.5 

+19.0 

8 C–H def. (ip)/ 

O–CPh str. 

55 1415.1 4.2 62.7 (16) 1415.1 3.3 34.7 (7) 1382.2 2.4 10 C–H def. (ip)/ 

C–C–C def. 

62 1517.2 1.0 167.1 (44) 1519.3 2.1 105.9 (21) 1485.2 2.9 34 COCH3–H def./ 

C=C str. 

63 1599.2 -3.6 50.3 (13) 1589.0 4.7 83.0 (16) 1560.3 

+1569.1 

-2.3 3+1 C=C str. 

65, 

66 

1636.4 

1651.1 

0.3 

1.9 

61.9 (16) 

318.5 (84) 

1637.0 

1639.6 

0.8 

1.4 

151.9 (30) 

247.4 (48) 

1597.0 

1613.2 

-2.1 

0.9 

64 

+36 

C=C str. 

aCalculated at the B3LYP-D3/def2-TZVP level of theory. b In Ar matrix at 3K. 
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Table A22. IR spectroscopic data of S-5ꞏꞏꞏDND2. 

 S-5-uꞏꞏꞏDND2 

 

S-5-dꞏꞏꞏDND2 

 

   

 Calc. gas phasea 

 

Exp. Argonb

 

 

Mode  / cm−1 Iabs(Irel)  / cm−1 Iabs(Irel)  / cm−1 Irel Assignment 

42 1049.9 47.1 (12) 1049.6 68.9 (13) 1023.7 12 O–CH3 str. 

44 1137.3 265.6 (67) 1124.8 242.2 (46) 1118.2 59 C–H def. (ip) 

52, 

53 

1239.8 

1255.0 

170.9 (45+) 

159.0 (42) 

1241.3 

1263.4 

195.5 

(37+) 

328.0 (63) 

1216.2 

1226.3 

100 C–CPh str./ 

C–H def. (ip) 

54 13002.2 146.7 (39) 1297.3 40.7 (8) 1266.0 23 C–H def. (ip)/ 

C–C–C str. 

56 1329.3 106.0 (28) 1337.1 70.8 (14) 1300.7+ 

1313.3 

8+9 C–H def. (ip)/ 

O–CPh str. 

57 1415.1 64.9 (17) 1415.1 36.3 (7) 1383.0 14 C–H def. (ip)/ 

C–C–C def. 

64 1517.2 166.7 (44) 1519.3 104.9 (20) 1488.3 83 COCH3–H def./ 

C=C str. 

65 1599.3 51.4 (14) 1589.1 83.6 (16) 1558.6+ 

1566.6 

16 C=C str. 

67, 

68 

1636.4 

1651.1 

61.9 (16+) 

318.3 (84) 

1637.0 

1639.6 

151.6 

(29+) 

247.4 (47) 

1594.8+

1602.9+ 

1615.0 

56+19 C=C str. 

aCalculated at the B3LYP-D3/def2-TZVP level of theory. b In Ar matrix at 3K. 
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Table A23. IR spectroscopic data of S-12ꞏꞏꞏDND2. 

 Calc. gas phasea 

 

Exp. Argonb 

 

 

Mode  / cm−1 Irel  / cm−1 Irel Assignment 

25 732.8 3 716.6 4 C–C–C def. 

40, 

41 

1105.1 

1110.3 

22+ 

48 

1083.4 

1088.5 

55 C–H def. (ip) 

42 1173.8 13 1153.9 4 C–F str./  

C–H def. (ip) 

43 1194.5 67 1170.5 41 C–C–C str. 

45 1209.1 17 1183.1 40 C–C–C str./  

N–H def. 

46, 

47 

1222.8 

1225.9 

22+ 

65 

1204.4 100 C–F str. 

50+ 

51 

1299.2 

1305.1 

25+ 

11 

1258.9 

1263.7 

19 C–H def. (ip) 

52 1414.8 8 1386.3 7 C–C–C def./  

C–H def. (ip) 

53 1436.3 1 1405.2 1 C–H def. (ip) 

54 1464.3 20 1439.9 17 C–H def. (ip) 

55 1490.9 35 1449.7 11 C–H def. (ip) 

56 1511.4 33 1475.7 21 C=C str. 

57 1611.8 32 1572.2 4 C=C str. 

59 1633.6 100 1584.7 29 C=C str. 

60 1642.9 52 1597.1 32 C=C str. 

aCalculated at the B3LYP-D3/def2-TZVP level of theory. b In Ar matrix at 3K. 

  



Chapter 9 – Appendix  

 211 

Table A24. IR spectroscopic data of 52-d2. 

 Calc. gas phasea 

 

Exp. Argonb

 

 

Mode  / cm−1 Irel  / cm−1 Irel Assignment 

34 936.1 9 944.4 30 C–H def. (oop)/ 

N–C str. 

37 963.2 15 974.2 30 C–H def. (ip) 

50 1308.0 40 1281.6 60 C–H def. (ip) 

54 1483.4 43 1460.0 40 C–H def. (ip) 

56 1528.1 100 1496.9 10

0 

C–H def. (ip) 

57 1630.5 52 1592.3 80 C=C str. 

59, 

60 

1653.6 

1654.1 

17+ 

78 

1615.6 40 C=C str. 

aCalculated at the B3LYP-D3/def2-TZVP level of theory. b In Ar matrix at 3K. 

 

Table A25. IR spectroscopic data of 54. (Reproduced from Ref.[151]) 

Exp. Ar 

 

Ref.[128] 

 

T-54b 

 

 

𝜈̃ / cm−1 (rel. int.) 𝜈̃ / cm−1 Mode 𝜈̃ / cm−1 (rel. int.) Assignment. 

577 7 577 3 600 8 Ring def. (oop) 

698 100 703 5 714 100 C–H def. (oop) 

845 3  7 869 2 C–H def. (oop) 

924 4 922 9 934 2 C–H def. (ip) 

1101 8 1101 12 1122 15 C–C–C str./  

C–H def. (ip) 

1340 20 1345 15 1369 25 C–H def. (ip) 

1420 2  16 1445 9 C=C str. 

a In Ar matrix at 3K. b Calculated at the B3LYP-D3/def2-TZVP level of theory.  
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Table A26. IR spectroscopic data of 60. 

 Calc. gas phasea 

 

Exp. Argonb 

 

 

Mode  / cm−1 Irel  / cm−1 Irel Assignment 

9 611.6 24 617.0 14 C–H def. (oop) 

13 776.8 100 762.8 

+755.4 

100 C–H def. (oop) 

17 843.7 25 824.1 8 Ring def./  

C–H def. (ip) 

25 1027.7 43 1009.4 10 C–H def. (ip) 

27 1110.6 20 1085.2 12 C–H def. (ip) 

35 1396.2 50 1364.5 22 C–H def. (ip) 

36 1527.6 93 1487.2 

+1475.7 

+1469.7 

29 C=C str. 

aCalculated at the B3LYP-D3/def2-TZVP level of theory. b In Ar matrix at 3K. 

 

Table A27. IR spectroscopic data of 55 (previous hypothesis). (Reproduced from Ref.[151]) 

Exp- Ara 

 

Ne, 3 K 

 

Ref.[129] 

 

Calc. T-55b 

 

 

𝜈̃ / cm−1 (rel. int.) 𝜈̃ / cm−1 (rel. int.) 𝜈̃ / cm−1 Mode 𝜈̃ / cm−1 (rel. int.) Assignment 

530 4 530 5 530     

550 1 551 2 550 11 581 11 C–Cl str. 

700 29 704 24 703 15 694 34 C–Cl str. 

880 2 883 18 882 16 927 32 C–C–C def. 

890 41 891 40 892 

1126 48 1120 45 1127 18 1205 100 C–C–C str. 

1137 6 1140 10 1138 19 1222 15 C–C str. 

1347 100 1349 100 1356     

1512 27 1516 25 
1508 

1512 

20 

21 

1450 

1463 

19 

49 

C=C str. 

C=C str. 

a In argon matrix at 3K. b Calculated at the B3LYP-D3/def2-TZVP level of theory.  
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Table A28. IR spectroscopic data of 65. (Reproduced from Ref.[151]) 

Exp- Ara 

 

65 (syn)b 

 

65 (anti)b 

 

 

𝜈̃ / cm−1 (rel. int.) Mode 𝜈̃ / cm−1 (rel. int.) Mode 𝜈̃ / cm−1 (rel. int.) Assignment 

699 2 15 706 16 15 707 15 C–H def. (oop) 

862 4 19 874 3 19 874 2 Ring def./  

C–H def. (ip) 

1000 
100 21 999 100 21 1000 100 C–H def. (ip) 

22 1013 22 1015 C–H def. (ip) 

1157 26 25 1164 27 25 1166 6 C–F str. 

1404 1 30 1409 10 30 1409 10 C=C str. 

a In argon matrix at 3K. b Calculated at the B3LYP-D3/def2-TZVP level of theory.  

 

Table A29. IR spectroscopic data of 66. (Reproduced from Ref.[151]) 

Exp. Ara 

 

Calc. gas phaseb 

 

 

𝜈̃ / cm−1 (rel. int.) Mode 𝜈̃ / cm−1 (rel. int.) Assignment. 

693 12 15 697 9 C–F def. 

704 5 17 713 30 C–H def. (oop) 

870 
5 18 865 22 Ring def./  

C–H def. (ip) 

1124 6 25 1119 7 C–H def. (ip) 

1244 90 27 1242 98 C–F str. 

1250 100 28 1242 1000 C–F str. 

a In argon matrix at 3K. b Calculated at the B3LYP-D3/def2-TZVP level of theory.  
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Table A30. IR spectroscopic data of 68. (Reproduced from Ref.[151]) 

Exp. Ara 

 

68 (syn)b 

 

68 (anti)b 

 

 

𝜈̃ / cm−1 (rel. int.) Mode 𝜈̃ / cm−1 (rel. int.) Mode 𝜈̃ / cm−1 (rel. int.) Assignment. 

692 5 25 683 4 25 683 4 C–Cl str. 

716 7 26 715 7 26 715 6 C–F def. 

992 13 27 990 26 27 990 14 C–I str. 

1011 100 29 1006 100 29 1009 100 C–I str. 

1201 11 31 1206 6 31 1204 24 C–F str. 

1225 57 32 1224 43 32 1221 32 C–F str. 

1315 4 34 1308 9 34 1307 8 C=C str. 

1506 7 36 1520 7 36 1520 7 C=C str. 

a In argon matrix at 3K. b Calculated at the B3LYP-D3/def2-TZVP level of theory.  

 

Table A31. IR spectroscopic data of radical pair 69. (Reproduced from Ref.[151]) 

Exp. Ara 

 

Calc. gas phaseb 

 

 

𝜈̃ / cm−1 (rel. int.) Mode 𝜈̃ / cm−1 (rel. int.) Assignment. 

698 6 26 692 4 C–F def. 

710 3 27 712 11 C–Cl str. 

1081 18 29 1065 13 C–I str. 

1245 91 31 1222 20 C–F str. 

1248 100 32 1235 71 C–F str. 

1268 92 33 1260 100 C–C–C str. 

a In argon matrix at 3K. b Calculated at the B3LYP-D3/def2-TZVP level of theory.  

 

 

 

 

 

 

 

 

 



Chapter 9 – Appendix  

 215 

Table A32. IR spectroscopic data of S-78. (Reproduced from Ref.[150]) 

 Calculated[a] Argon[b] Xenon[c]  

Mode /cm−1 (Iabs) / cm−1 (rel) / cm−1 (rel) Assignment 

18 585.5 (99) 582.1 (7) 581.6 (7) BF3 str. 

19 629.5 (10) 625.7 (3) 625.7 (4) C–C rocking 

23 752.4 (132) 737.4 (8) 738.7 (9) Skel vibr. 

24 906.6 (295) 896.6 (18) 896.6 (21) C–B str. 

26 1058.2 (276) 1013.0 (16) 1019.1 (19) C–B str. 

27 1113.6 (343) 1094.5 (25) 1084.1 (22) B-F str. 

29 1140.3 (233) 1120.4 (8) 1120.4 (6) B-F str. 

30 1275.0 (150) 1245.3 (6) 1245.3 (5) C–C–C def. 

31 1329.0 (1529) 1285.7 (100) 1280.0 (100) C–C–C str.  

+ C–B def. 

[a]Calculated at the M062x/6-311++G(d)/IEFPCM(argon) level of theory. [b]Argon matrix at 3 K. [c] Xenon matrix at 3 K.  
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Table A33. IR spectroscopic data of S-78ꞏꞏꞏBF3. (Reproduced from Ref.[150]) 

 Calculated[a] Argon[b] 

 

Xenon[c]  

Mode /cm−1 (Iabs) / cm−1 (rel) / cm−1 (rel) Assignment 

26 545.9 (422) 537.1 (21) 536.2 (22) B-F asym. str.  

(on fluoride bridge) 

32 757.0 (110) 743.6 (4) 741.1 (6) Skel vibr. 

34 908.3 (128) 889.3 (10) 889.4 (10) B-F sym. str.  

(on fluoride bridge) 

38 1154.0 (334) 1111.5 (17) * C–B str. 

39 1180.2 (65) 1138.5 (3) * B-F str. (on the second 

BF3 molecule) 

42 1300.0 (636) 1259.6 (24) 1261.0 (26) B-F str. (on the second 

BF3 molecule) 

43 1345.7 (1743) 1304.4 (100) 1298.7 (100) C–C-C str. + C–B def.

45 1717.0 (116) 1592.9 (7) 1598.1 (9) C–C str. 

[a]Calculated at the M06-2X/6-311++G(d)/IEFPCM(argon) level of theory. [b]Argon matrix at 3 K. [c] Xenon matrix at 3 K 

*the corresponding IR bands could not be detected due to the broad IR vibration of T-55 in xenon matrix which covers 

them. 
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Table A34. IR spectroscopic data of 79. (Reproduced from Ref.[150]) 

 Calculated[a] Argon[b] Xenon[c]  

Mode /cm−1 (Iabs) / cm−1 (rel) / cm−1 (rel) Assignment 

19 622.9 (23) 611.8 (5) 611.8 (4) F-B-F scissoring 

21 695.2 (56) 679.3 (18) 679.3 (17) C–B def. + C=C def. 

23 773.7 (46) 751.3 (20) 751.3 (18) Skel vibr. 

24 996.1 (50) 977.0 (14) 982.3 (12) C–B str.+ C–C-C def. 

26 1093.8 (42) 1054.3 (20) 1047.3 (23) C–F str.+ C–C-C def. 

28 1244.6 (117) 1174.2 (48) 1163.6 (51) C–C-C def. 

29 1272.5 (183) 1235.0 (29) 1236.9 (25) C–C str. 

30 1329.3 (332) 1313.0 (41) 1315.0 (38) C–B str. 

31 1447.0 (376) 1429.7 (100) 1426.8 (100) B-F str. 

33 1700.0 (107) 1606.2 (25) 1606.2 (23) C=C str. 

[a]Calculated at the M062x/6-311++G(d)/IEFPCM(argon) level of theory. [b]Argon matrix at 3 K. [c]Xenon matrix at 3 K. 

 

Table A35. IR spectroscopic data of 82.  

 Calc. gas phasea 

 

Exp. Argonb

 

 

Mode  / cm−1 Irel  / cm−1 Irel Assignment 

8, 9 556.7 

563.3 

1+4 556.0 23 C–H def. (oop) 

12, 

13 

741.6 

746.7 

2+26 726.7 56 C–H def. (oop) 

15 869.9 7 845.5 8 Ring def./ C–H def. 

(ip) 

18, 

19 

995.7 

1004.9 

12+3 978.1 60 C–H def. (ip) 

20, 

21 

1093.3 

1101.1 

12+3 1052.3 37 C–H def. (ip) 

23 1219.1 23 1146.4 26 C–F str. 

25 1314.5 100 1294.1 100 C–B str. 

a Calculated at the M062x/6-311++G(d)/IEFPCM(argon) level of theory. bArgon matrix at 3 K. 
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Table A36. IR spectroscopic data of T-81 complexed with one to three BF3 molecules. 

   T-81ꞏꞏꞏBF3 

 

T-81ꞏꞏꞏ2BF3 

 

T-81ꞏꞏꞏ3BF3 

 

 

Exp. Argona 

 

Calc. gas phaseb



 

 / cm−1 Irel Mode  / cm−1 (Irel)  / cm−1 (Irel)  / cm−1 (Irel) Assignment 

738.6 22 21/30/39 741.1 (14) 747.3 (13) 749.5 (14) C–H def. (oop) 

847.3 22 25/35/45 884.4 (13) 883.8 (9) 884.3 (6) Ring def./ B–F str. 

968.4 17 27/37/47 932.4 (14) 945.7 (18) 958.8 (25) Ring def./ B–F str. 

1016.6 20 30/39/49

+50 

1030.0 (13) 1020.8 (19) 1024.7 (7) 

+1027.6 (13) 

C–H def. (ip) 

1064.9 80 31+32/ 

41+42/ 

51+52 

1098.6 (17)

+1123.9 (11) 

1092.5 (17)

+1118.1 (4) 

1100.2 (16)

+1121.0 (5) 

C–H def. (ip) 

1135.0 6 33/43/53 1187.9 (25) 1193.2 (4) 1153.2 (22) B–F str. 

1161.3 54 34+35/ 

44+45/ 

54+55 

1229.0 (17)

+1256.3 (42) 

1226.4 (56)

+1247.0 (13) 

1242.8 (53)

+1250.8 (14) 

C–H def. (ip)/ 

B–F str. 

1278.4 100 37/47/57 1304.5 (100) 1324.9 (100) 1342.4 (100) B–F str. 

aArgon matrix at 3 K. bCalculated at the M062x/6-311++G(d)/IEFPCM(argon) level of theory.  

 

 

9.2 Further Tables 

Table A37. Calculated relative energies of tetrachlorocyclopentadienylidene (55) at various levels of theory. Zero-point 
corrected DFT energies at the B3LYP-D3/def2-TZVP level (including Houk-Yamaguchi-correction). Multireference en-
ergies were obtained using the CASSCF(6,6)/6-31g(d) wave function as reference. (Reproduced from Ref.[183]) 

  3B1 3A2 3B2 1B1 1A2 1B2 1A1 (a2
2b1

2) 1A1 (a1
2b1

2) 1A1 (a1
2a2

2)

 

DFT 0.5 0.7 10.4 11.2 0 21.6 40.4 14.2 13.5 
CASSCF 0 7.1 31.8 26.0 2.2 67.7    
CASPT2 0.6 2.3 18.5 18.7 0 36.6   

NEVPT2 0 2.0 19.9 17.5 0.7 36.3    
CIPT2 0.7 2.0 15.4 18.2 0 33.3    
MRCI 0    1.2     
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9.3 Kinetic Data 

Thermal Interconversion from Triplet T-2 to Singlet S-2  

 

 

Figure A1: Time dependency of the intensity of the UV signal of singlet and triplet at 30 K, 40 K and 
50 K. 
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Figure A2: Time dependency of the integrated intensity of the IR signal of singlet and triplet at 40 K. 
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Figure A3: Time dependency of the integrated intensity of the IR signal of singlet and triplet at 
50 K. 
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Oxidation of Singlet S-2 to form Carbonyl Oxide 39 

 

Figure A4: Time dependency of the integrated intensity of the IR signal of singlet S-2 at 25 K. 
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9.4 Figures 

 

Figure A5: X-band CW EPR spectra of an argon matrix showing changes of the signal intensity of 
T-5 after irradiation with 650 and 530 nm LED light at 4 K. a, Argon matrix at 4 K showing the triplet 
spectrum of T-5 (blue line). b, After irradiation with 650 nm for 10 min 12% of the signal intensity is lost 
(red line). c, subsequent irradiation with 530 nm for 10 min could recover the signal intensity (green line).  
 

 
Figure A6: X-band CW EPR spectra of an argon matrix showing the increase of signal intensity of 
T-2 after irradiation with 365 nm LED light and decrease after warming from 4 to 50 K and cooling 
back to 4 K. a, Argon matrix at 4 K showing the triplet spectrum of T-2 (black line). b, After irradiation 
with 365 nm LED light the triplet signals are increasing. c-d, After annealing at 50 K for 1 min/ 330 min 
and cooling back to 5 K the intensity of the signals was decreasing (blue/ green line). Inset: EPR signal of 
z1. 
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Figure A7: IR spectra showing the interaction of carbene T-54 with H2O. a, Difference IR spectra after 
annealing an Ar matrix to 25 K containing T-54. Signals pointing downwards decreased during irradiation, 
signals pointing upwards increased concomitantly. b, Calculated IR spectra of T-54 (pointing downwards) 
and T-54ꞏꞏꞏH2O (pointing upwards) at the B3LYP-D3/def2-TZVP level of theory. *Signals marked with 
an asterisk were assigned to fulvalene 60. 
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Figure A8: IR spectra showing the reversibility of the reaction of 65 and 68 to radical pairs 66 and 
69. a, Difference spectrum obtained after 650 nm photolysis of a matrix containing 65 for 5 min. Signals 
pointing downwards decrease during irradiation, signals pointing upwards increase concomitantly. b, Cal-
culated IR spectra of 65 (pointing downwards) and 66 (pointing upwards) at the B3LYP-D3/def2-TZVP 
level of theory. c, Difference spectrum obtained after subsequent annealing of the same matrix to 25 K for 
10 min. Signals pointing downwards decrease upon annealing, signals pointing upwards increase concom-
itantly. d, Calculated IR spectra of 66 (pointing downwards) and 65 (pointing upwards) at the B3LYP-
D3/def2-TZVP level of theory. e, Difference spectrum obtained after 650 nm photolysis of a matrix con-
taining 68 for 5 min. Signals pointing downwards decrease during irradiation, signals pointing upwards 
increase concomitantly. f, Calculated IR spectra of 68 (pointing downwards) and 69 (pointing upwards) at 
the B3LYP-D3/def2-TZVP level of theory. g, Difference spectrum obtained after subsequent annealing of 
the same matrix to 25 K for 10 min. Signals pointing downwards decrease upon annealing, signals pointing 
upwards increase concomitantly. h, Calculated IR spectra of 69 (pointing downwards) and 68 (pointing 
upwards) at the B3LYP-D3/def2-TZVP level of theory. (Reproduced from Ref.[151]) 
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Figure A9: (A) UV-vis spectra showing the generation and annealing processes of an argon matrix 
doped with 1% of BF3 containing T-55. a, UV-vis spectrum of tetrachlorodiazocyclopentadiene 
(TCDCP) in argon matrix doped with 1% of BF3 at 8 K. b, UV-vis spectrum of the same matrix after 
photolysis of TCDCP by 450 nm showing the generation of T-55. c, UV-vis spectrum of the same matrix 
after annealing at 20 K d, UV-vis spectrum of the same matrix after annealing at 25 K. e, UV-vis spectrum 
of the same matrix after annealing at 30 K. (B) UV-vis spectra showing the irradiation process of the matrix 
annealed to 30 K. a, Same UV-vis spectrum of panel (A)–e. b, UV-vis spectrum of the same matrix after 
irradiation for 40 min with 650 nm. c, UV-vis spectrum of the same matrix after irradiation with 365 nm. 
(C) The panel C shows the most intense spectral transitions calculated with TD-DFT method. Spectral 
transitions of S-78, S-78∙∙∙BF3, T-78 and 79 calculated by TD-DFT at the (U)M06-2X/6-311++G(d)/IEF-
PCM(argon) level of theory. (Reproduced from Ref.[150]) 
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Figure A10: IR spectra showing the shift of the C-C-C str. vibration of S-78 and S-78∙∙∙BF3. a, IR 
spectra of S-78 (black line) and S-78∙∙∙BF3 (red line) calculated at the M06-2X/6-311++G(d)/IEF-PCM(ar-
gon) level of theory. b, Difference IR spectrum showing the disappearance of S-78 upon irradiation with 
λ = 650 nm (black line). Difference IR spectrum showing the disappearance of S-78∙∙∙BF3 upon irradiation 
with λ = 365 nm (red line). (Reproduced from Ref.[150]) 
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9.5 Computational Data 

 
UB3LYP-D3/def2-TZVP 

E= -724.4818277 

ZPVE = 0.206232 

 C                  2.49022500   -2.76235000    0.00000500 

 C                  3.52801000   -1.82594600    0.00000100 

 C                  3.25903700   -0.46182500   -0.00000500 

 C                  1.93215100   -0.04934500   -0.00000700 

 C                  0.87270200   -0.99081900   -0.00000200 

 C                  1.16215000   -2.35115900    0.00000300 

 H                  2.72525800   -3.81895400    0.00000900 

 H                  4.55538800   -2.16701800    0.00000200 

 H                  4.06774200    0.25881100   -0.00000900 

 H                  0.36329000   -3.08262200    0.00000700 

 C                  1.32222300    1.27012200   -0.00001700 

 C                 -0.12479500    1.11624200   -0.00000700 

 C                 -1.16821200    2.03747200   -0.00000400 

 C                 -2.47084500    1.57131600    0.00000200 

 C                 -2.74498700    0.19358200    0.00000600 

 C                 -1.70683500   -0.73532800    0.00000400 

 C                 -0.39331800   -0.26897000   -0.00000200 

 H                 -0.97443100    3.10308600   -0.00000900 

 H                 -3.30801000    2.25619900    0.00000300 

 H                 -1.90064600   -1.79783300    0.00000800 

 O                 -4.06856500   -0.13239900    0.00001200 

 C                 -4.42940900   -1.50303200    0.00001800 

 H                 -4.05683500   -2.01621500    0.89259300 

 H                 -5.51684200   -1.52744300    0.00002200 

 H                 -4.05684300   -2.01622000   -0.89255700 

 N                  1.96733700    2.39638200   -0.00002200 

 N                  2.53007300    3.37899300    0.00000400 

 
UB3LYP-D3/def2-TZVP 

E = -724.4813282 

ZPVE = 0.206209 

 

C                 -2.99122900   -2.46445000   -0.00000300 

C                 -3.85977100   -1.36939800    0.00000000 

C                 -3.36951100   -0.06835200    0.00000100 

C                 -1.99250800    0.11929200   -0.00000200 

C                 -1.10437400   -0.98425400   -0.00000500 

C                 -1.61341800   -2.27803200   -0.00000600 

H                 -3.39746200   -3.46771600   -0.00000400 

H                 -4.92942500   -1.53602300    0.00000200 

H                 -4.04815900    0.77587300    0.00000300 

H                 -0.94498900   -3.13013600   -0.00000800 

C                 -1.17501200    1.32199600   -0.00000600 

C                  0.22834700    0.93444800   -0.00000100 

C                  1.40353500    1.66689800    0.00000300 

C                  2.62440400    0.99556900    0.00000200 

C                  2.66312500   -0.40483400   -0.00000200 

C                  1.48008300   -1.14685800   -0.00000500 

C                  0.26521500   -0.48285600   -0.00000400 

H                  1.38801000    2.74994200    0.00000500 

H                  3.53770100    1.57113000    0.00000500 

H                  1.54142000   -2.22717700   -0.00000700 

O                  3.81352700   -1.13725000   -0.00000200 

C                  5.05730500   -0.45740400    0.00000200 

H                  5.17547800    0.16544800    0.89259300 

H                  5.82159500   -1.23142500    0.00000100 

H                  5.17548100    0.16545300   -0.89258500 

N                 -1.62692100    2.53812700   -0.00000300 

N                 -2.01951000    3.60073600    0.00002700 
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B3LYP-D3/def2-TZVP 

E = -614.8590298 

ZPVE = 0.195137 

 

C                 -2.50985100    0.08504900   -0.00000100 

C                 -2.50384500    1.48570900    0.00000000 

C                 -1.30242600    2.17707300    0.00000000 

C                 -0.09478700    1.47604500    0.00000000 

C                 -0.12510900    0.05433900    0.00000000 

C                 -1.30183700   -0.65209700   -0.00000100 

H                 -3.45643900    1.99762200    0.00000000 

H                 -1.28664700    3.25974100    0.00000100 

H                 -1.30668700   -1.73269800   -0.00000100 

C                  1.24734500    2.02042100    0.00000100 

C                  2.06939200    0.79055600    0.00000100 

C                  3.45007500    0.69881400    0.00000100 

C                  4.05216300   -0.56960000    0.00000100 

C                  3.27191600   -1.71441400    0.00000000 

C                  1.86492700   -1.63732000    0.00000000 

C                  1.28513800   -0.39227100    0.00000000 

H                  4.04656100    1.60248700    0.00000200 

H                  5.13117000   -0.65642800    0.00000100 

H                  3.74913900   -2.68666700    0.00000000 

H                  1.27160900   -2.54429200   -0.00000100 

O                 -3.72920700   -0.48934900   -0.00000100 

C                 -3.84211700   -1.90888500   -0.00000200 

H                 -3.38618900   -2.34315100    0.89365500 

H                 -4.90857800   -2.11917900   -0.00000200 

H                 -3.38618900   -2.34315000   -0.89365800 

 
B3LYP-D3/def2-TZVP 

E = -614.8604173 

ZPVE = 0.195272 

 

C                 -2.32313800    0.67971400    0.00000000 

C                 -2.67091100   -0.67323800    0.00000000 

C                 -1.66539300   -1.64129700    0.00000000 

C                 -0.32818200   -1.26484900    0.00000000 

C                  0.00000000    0.12566200    0.00000000 

C                 -0.96528900    1.09073100    0.00000000 

H                 -3.70697900   -0.97565500    0.00000000 

H                 -1.91844400   -2.69429400    0.00000000 

H                 -0.74846800    2.15145200    0.00000000 

C                  0.83504300   -2.12878900    0.00000000 

C                  1.93598500   -1.14516200    0.00000000 

C                  3.29726200   -1.40480200    0.00000000 

C                  4.19845900   -0.33108800    0.00000000 

C                  3.73155700    0.97514700    0.00000000 

C                  2.35279900    1.25678100    0.00000000 

C                  1.47580500    0.19821200    0.00000000 

H                  3.64571400   -2.42997900    0.00000000 

H                  5.26460600   -0.51861200    0.00000000 

H                  4.43942900    1.79493500    0.00000000 

H                  2.00704000    2.28371300    0.00000000 

O                 -3.21226100    1.69198400    0.00000000 

C                 -4.60610300    1.39905500    0.00000000 

H                 -4.89095200    0.83704700    0.89325900 

H                 -5.11027800    2.36201100    0.00000000 

H                 -4.89095200    0.83704700   -0.89325900 
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UB3LYP-D3/def2-TZVP 

E = -614.8632783 

ZPVE = 0.195111 

 

C                 -2.34411000    0.59124800    0.00000000 

C                 -2.65883100   -0.77511600    0.00000000 

C                 -1.64708100   -1.72837000    0.00000000 

C                 -0.31377600   -1.32088100    0.00000000 

C                  0.00000000    0.08415000    0.00000000 

C                 -1.00659700    1.02109900    0.00000000 

H                 -3.68809900   -1.10061200    0.00000000 

H                 -1.89772300   -2.78123800    0.00000000 

H                 -0.80407200    2.08456500    0.00000000 

C                  0.92424100   -1.99792400    0.00000000 

C                  2.02245400   -1.10087900    0.00000000 

C                  3.40799300   -1.27138400    0.00000000 

C                  4.22087300   -0.14406800    0.00000000 

C                  3.67008000    1.14022700    0.00000000 

C                  2.28576500    1.32589900    0.00000000 

C                  1.45759400    0.21860900    0.00000000 

H                  3.83800100   -2.26458500    0.00000000 

H                  5.29709100   -0.26136500    0.00000000 

H                  4.32492200    2.00212300    0.00000000 

H                  1.86934300    2.32623300    0.00000000 

O                 -3.26839800    1.58732500    0.00000000 

C                 -4.64691900    1.24880000    0.00000000 

H                 -4.91824700    0.67722500    0.89276900 

H                 -5.18591400    2.19336700    0.00000000 

H                 -4.91824700    0.67722500   -0.89276900 

 
UB3LYP-D3/def2-TZVP 

E = -614.8631936 

ZPVE = 0.195138 

 

C                  2.50903100    0.07165400    0.00000000 

C                  2.52625900    1.47859800   -0.00000100 

C                  1.35115900    2.20184800   -0.00000200 

C                  0.12679600    1.52079900   -0.00000200 

C                  0.11422000    0.08763300    0.00000000 

C                  1.29751200   -0.63105300    0.00000100 

H                  3.48847800    1.97249600   -0.00000100 

H                  1.37612100    3.28377400   -0.00000300 

H                  1.27531600   -1.71135200    0.00000200 

C                 -1.22408800    1.92545600   -0.00000300 

C                 -2.11228100    0.81839900   -0.00000200 

C                 -3.50143000    0.69425500   -0.00000200 

C                 -4.06014700   -0.57938500    0.00000000 

C                 -3.25181500   -1.71832700    0.00000200 

C                 -1.85889000   -1.60851600    0.00000200 

C                 -1.28164700   -0.35208000    0.00000000 

H                 -4.13059700    1.57490500   -0.00000400 

H                 -5.13695000   -0.69063500   -0.00000100 

H                 -3.71046100   -2.69882400    0.00000300 

H                 -1.24276700   -2.50002900    0.00000300 

O                  3.73168200   -0.51989300    0.00000100 

C                  3.81039500   -1.93710100    0.00000400 

H                  3.34296300   -2.36350900   -0.89290500 

H                  4.87103200   -2.17725100    0.00000500 

H                  3.34296200   -2.36350600    0.89291300 
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B3LYP-D3/def2-TZVP 

E = -691.3437705 

ZPVE = 0.219691 

 

C                 -2.45191900   -0.65565100    0.00240000 

C                 -2.54488700    0.73893600    0.01362200 

C                 -1.38203100    1.50791500    0.02094400 

C                 -0.13771100    0.88140800    0.01710400 

C                 -0.06648900   -0.54628500    0.00584300 

C                 -1.19252000   -1.31451200   -0.00144100 

H                 -3.50800200    1.22592300    0.01532000 

H                 -1.42611700    2.59098400    0.02924400 

H                 -1.17837500   -2.39686300   -0.01107700 

C                  1.15863500    1.50414900    0.01865900 

C                  2.07082100    0.35113200    0.00981200 

C                  3.45635900    0.36115500    0.00661400 

C                  4.14741600   -0.85844000   -0.00312600 

C                  3.45107700   -2.05775100   -0.01012000 

C                  2.04354300   -2.08469500   -0.00774000 

C                  1.37238100   -0.88585600    0.00246900 

H                  3.98694800    1.30493900    0.01010400 

H                  5.22974600   -0.86723000   -0.00612700 

H                  3.99817400   -2.99236900   -0.01825400 

H                  1.51749300   -3.03176800   -0.01446900 

O                 -3.51002600   -1.48524200   -0.00585200 

C                 -4.82862300   -0.94254400   -0.00691600 

H                 -5.00135000   -0.33178200   -0.89643100 

H                 -5.49885000   -1.79802100   -0.01580300 

H                 -5.00832000   -0.34501600    0.89021300 

O                  0.34633500    4.28331200   -0.10182700 

H                  0.82768900    3.41618300   -0.06626000 

H                  0.79417100    4.84668300    0.53622900 

 

 
B3LYP-D3/def2-TZVP 

E = -691.3419793 

ZPVE = 0.219567 

 

C                 -2.59447300   -0.09093000    0.00441100 

C                 -2.45301400    1.30339700    0.01390900 

C                 -1.19323800    1.87844800    0.01968000 

C                 -0.06183100    1.05373100    0.01613100 

C                 -0.22535000   -0.36008500    0.00628400 

C                 -1.46387700   -0.94652200    0.00021000 

H                 -3.35223600    1.90404100    0.01511800 

H                 -1.06096900    2.95413600    0.02620400 

H                 -1.57679300   -2.02102500   -0.00808300 

C                  1.31880400    1.45411200    0.01774600 

C                  2.03138800    0.16470400    0.00965300 

C                  3.39724900   -0.05489900    0.00645400 

C                  3.87693100   -1.37459700   -0.00249000 

C                  2.99235600   -2.44025300   -0.00861900 

C                  1.59821200   -2.23101500   -0.00620900 

C                  1.13726300   -0.93806700    0.00317200 

H                  4.07783700    0.78715400    0.00923900 

H                  4.94288000   -1.56228600   -0.00548400 

H                  3.37556500   -3.45310100   -0.01607900 

H                  0.92248700   -3.07809100   -0.01230700 

O                 -3.86120800   -0.54363600   -0.00052200 

C                 -4.11642800   -1.94555200   -0.01233300 

H                 -3.70820100   -2.42978200    0.87845200 

H                 -5.19856000   -2.04658400   -0.01506700 

H                 -3.70507300   -2.41523200   -0.90942200 

O                  0.98685800    4.33391600   -0.10648700 

H                  1.31279800    3.39802000   -0.06988600 

H                  1.50111700    4.80567800    0.55539300 
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B3LYP-D3/def2-TZVP 

E = -691.3303627 

ZPVE = 0.215295 

 

C                 -2.58843000   -0.39825400    0.02142300 

C                 -2.60154800    0.98708800   -0.17918800 

C                 -1.40014000    1.67061900   -0.34926300 

C                 -0.19478300    0.98239200   -0.28762100 

C                 -0.19930000   -0.42517100   -0.06128400 

C                 -1.37261800   -1.11764800    0.07099000 

H                 -3.53399500    1.52912300   -0.21593500 

H                 -1.40485900    2.73971700   -0.52251300 

H                 -1.41211600   -2.18963500    0.21387700 

C                  1.14689600    1.45451400   -0.51651400 

C                  1.99805800    0.30096600   -0.24743800 

C                  3.38271400    0.22167000   -0.22806500 

C                  3.98009400   -1.02246200   -0.01138200 

C                  3.19959300   -2.16026100    0.16463900 

C                  1.79872900   -2.08975300    0.15021300 

C                  1.21017500   -0.85769600   -0.03667700 

H                  3.97788800    1.11557300   -0.36101500 

H                  5.05891300   -1.10513700    0.01515800 

H                  3.68097500   -3.11794100    0.31867500 

H                  1.20528000   -2.98475800    0.29141500 

O                 -3.69588000   -1.15193200    0.17517500 

C                 -4.97650400   -0.53039000    0.13711500 

H                 -5.15368800   -0.04965900   -0.82862500 

H                 -5.69759600   -1.33068900    0.28196500 

H                 -5.08243000    0.20569800    0.93843500 

O                  1.87754200    3.27143400    0.72298600 

H                  1.55318400    2.65692700   -0.26693000 

H                  1.05753300    3.48108200    1.18850900 

 
UB3LYP-D3/def2-TZVP 

E = -691.3339426 

ZPVE = 0.218168 

 

C                  2.45081100   -0.66264000    0.00211400 

C                  2.56112500    0.73543100   -0.02166200 

C                  1.42210900    1.53088400   -0.03439000 

C                  0.16433300    0.92723400   -0.02395200 

C                  0.05729600   -0.50856900   -0.00130100 

C                  1.19095500   -1.28605000    0.01235300 

H                  3.53142900    1.20838300   -0.03191500 

H                  1.50314900    2.60997100   -0.05729500 

H                  1.14805500   -2.36758500    0.03018600 

C                 -1.16016300    1.41048900   -0.03112800 

C                 -2.11906700    0.36667900   -0.01760900 

C                 -3.51419500    0.33273600   -0.02025800 

C                 -4.15289900   -0.90158300   -0.00203200 

C                 -3.41946000   -2.09053300    0.01860400 

C                 -2.02280600   -2.07118400    0.02099900 

C                 -1.36527400   -0.85512100    0.00261300 

H                 -4.08574500    1.25168900   -0.03695800 

H                 -5.23458100   -0.94333800   -0.00422800 

H                 -3.94055900   -3.03911200    0.03250300 

H                 -1.46418800   -2.99942600    0.03665800 

O                  3.51032600   -1.51111100    0.01609500 

C                  4.82539700   -0.97460500    0.00359900 

H                  5.01167200   -0.35400300    0.88512800 

H                  5.49609200   -1.83046500    0.01725700 

H                  5.00753400   -0.38564800   -0.90018100 

O                 -0.39602100    4.40730200   -0.01128100 

H                 -0.85386800    3.64562600   -0.39394000 

H                 -0.54238700    4.31537100    0.93658300 
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UB3LYP-D3/def2-TZVP 

E = -767.8128202 

ZPVE = 0.242988 

 

C                 -2.06362000   -0.41259100   -0.14581100 

C                 -2.07598200    0.98641600   -0.15835800 

C                 -0.88306600    1.69238100   -0.10986100 

C                  0.32589600    0.99220300   -0.05015900 

C                  0.31476100   -0.43004300   -0.04269000 

C                 -0.85418000   -1.14515800   -0.08933400 

H                 -3.03091400    1.49206200   -0.21242000 

H                 -0.86688800    2.77596100   -0.11835700 

H                 -0.85421100   -2.22555100   -0.08364000 

C                  1.65880600    1.53788600    0.00444300 

C                  2.50106200    0.33247800    0.04676200 

C                  3.88185800    0.25995200    0.10403600 

C                  4.49850000   -1.00080500    0.13619800 

C                  3.73243300   -2.15447800    0.11044700 

C                  2.32503100   -2.09568900    0.05156800 

C                  1.72966900   -0.85940000    0.02076700 

H                  4.46826600    1.16988700    0.12165500 

H                  5.57737000   -1.07417400    0.18045100 

H                  4.22080400   -3.12070000    0.13519100 

H                  1.74445600   -3.01032700    0.03099900 

O                 -3.27848500   -1.00592600   -0.19132200 

C                 -3.38986000   -2.42969900   -0.19408800 

H                 -2.96473500   -2.85840300    0.71620000 

H                 -4.45564100   -2.63852900   -0.23190500 

H                 -2.90105400   -2.85702800   -1.07214300 

O                  1.00028000    4.35600100   -0.17244700 

H                  1.44179300    3.47173800   -0.10263800 

H                  1.47885800    4.93015200    0.43266600 

O                 -5.68228300    0.56330000    0.43863500 

H                 -5.48322400    0.94975900    1.29714700 

H                 -4.89881500    0.04744600    0.20434400 
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B3LYP-D3/def2-TZVP 

E = - 691.4372042 

ZPVE = 0.223970 

 

C                  2.54819800   -0.42479600    0.00333300 

C                  2.61767400    0.96489500   -0.12277300 

C                  1.44190100    1.71431500   -0.23042000 

C                  0.21928700    1.08000000   -0.19903500 

C                  0.15628000   -0.31743600   -0.06704300 

C                  1.30852100   -1.07471300    0.02895900 

H                  3.57101400    1.47105500   -0.14227900 

H                  1.51216900    2.79135700   -0.33727600 

H                  1.28596100   -2.15210100    0.12708500 

C                 -2.04712900    0.43421200   -0.16361900 

C                 -3.42640700    0.35436400   -0.13956300 

C                 -4.02186800   -0.90067200   -0.00851500 

C                 -3.23882400   -2.04934500    0.09110200 

C                 -1.84871100   -1.96771800    0.07242400 

C                 -1.25607300   -0.71706700   -0.04896300 

H                 -4.03081600    1.24985800   -0.20945800 

H                 -5.10101800   -0.98428800    0.01624600 

H                 -3.71760600   -3.01567800    0.18882000 

H                 -1.24470500   -2.86253000    0.15760700 

O                  3.63471900   -1.23927000    0.10812400 

C                  4.92844600   -0.65898000    0.09461100 

H                  5.06757000    0.03131700    0.93270600 

H                  5.62847500   -1.48589100    0.19109500 

H                  5.12166100   -0.13035700   -0.84430700 

C                 -1.17711900    1.66333200   -0.30265800 

H                 -1.32510200    2.11626900   -1.29406900 

O                 -1.51861300    2.61449100    0.70860400 

H                 -0.92150100    3.36687700    0.63295400 
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B3LYP-D3/def2-TZVP 

E = -767.8154619 

ZPVE = 0.243397 

 

C                 -2.21279500    0.29455800    0.08479900 

C                 -1.93608600    1.66096700    0.04356800 

C                 -0.60945000    2.09403200    0.00609000 

C                  0.42048200    1.15843900    0.01216500 

C                  0.10934800   -0.23420800    0.05804300 

C                 -1.18006900   -0.67895300    0.09419400 

H                 -2.73504700    2.38648000    0.03772000 

H                 -0.36514500    3.14949000   -0.02831600 

H                 -1.44869900   -1.72732400    0.13011800 

C                  1.84003500    1.41122200   -0.02761500 

C                  2.40862500    0.05815800    0.00247600 

C                  3.74664200   -0.30364400   -0.01471100 

C                  4.08537000   -1.66310800    0.02076600 

C                  3.09290100   -2.63083100    0.07148700 

C                  1.72930100   -2.28041700    0.08859400 

C                  1.40480000   -0.94600600    0.05395000 

H                  4.51026700    0.46278400   -0.05595600 

H                  5.12540500   -1.96240800    0.00815300 

H                  3.36979700   -3.67747600    0.09864700 

H                  0.96830300   -3.05034700    0.12811500 

O                 -3.46668400   -0.21775500    0.11925500 

C                 -4.59164300    0.66159300    0.14874600 

H                 -4.63012500    1.27733600   -0.75257000 

H                 -5.46704900    0.01886100    0.19181400 

H                 -4.56177100    1.30075200    1.03360100 

O                  1.77669600    4.29829500   -0.26513600 

H                  2.02215600    3.33993500   -0.19223900 

H                  2.39081900    4.76236000    0.31147400 

O                 -3.53493600   -3.13652300   -0.27876700 

H                 -3.56462500   -3.25537500   -1.23335500 

H                 -3.65966200   -2.18801300   -0.13533100 
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UB3LYP-D3/def2-TZVP 

E = -767.8057009 

ZPVE = 0.241780 

 

C                 -2.06602600   -0.43289200   -0.13851500 

C                 -2.10145100    0.97175700   -0.17839400 

C                 -0.93296700    1.70677000   -0.15043400 

C                  0.29325800    1.03269100   -0.08326200 

C                  0.32289500   -0.39968600   -0.04717900 

C                 -0.85359500   -1.12827000   -0.07424000 

H                 -3.06549600    1.45966200   -0.23639400 

H                 -0.95413100    2.78819200   -0.18628900 

H                 -0.82486800   -2.20796400   -0.04639300 

C                  1.64086400    1.44684100   -0.03916900 

C                  2.54243500    0.35350400    0.02027100 

C                  3.93151900    0.24478200    0.07466400 

C                  4.50175800   -1.02269500    0.12637200 

C                  3.70460500   -2.16902200    0.12414800 

C                  2.31142800   -2.07409900    0.06948800 

C                  1.72231700   -0.82472600    0.01704900 

H                  4.55229500    1.13133900    0.07560000 

H                  5.57867500   -1.12273500    0.16840700 

H                  4.17198400   -3.14441300    0.16481300 

H                  1.70468600   -2.97189800    0.06779700 

O                 -3.28496500   -1.04613800   -0.16901300 

C                 -3.35801600   -2.46731300   -0.15460100 

H                 -2.91906700   -2.87689600    0.75926300 

H                 -4.41716800   -2.71024600   -0.18841300 

H                 -2.85767300   -2.89515700   -1.02721600 

O                  1.02081700    4.48019600   -0.08133700 

H                  1.47705500    3.71073000   -0.44870600 

H                  1.15514500    4.40197200    0.86952300 

O                 -5.63701600    0.58129800    0.39664800 

H                 -5.45614600    0.87887900    1.29367100 

H                 -4.89012800    0.00981700    0.16676100 
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B3LYP-D3/def2-TZVP 

E = -767.8128202 

ZPVE = 0.242988 

 

C                 -2.06362000   -0.41259100   -0.14581100 

C                 -2.07598200    0.98641600   -0.15835800 

C                 -0.88306600    1.69238100   -0.10986100 

C                  0.32589600    0.99220300   -0.05015900 

C                  0.31476100   -0.43004300   -0.04269000 

C                 -0.85418000   -1.14515800   -0.08933400 

H                 -3.03091400    1.49206200   -0.21242000 

H                 -0.86688800    2.77596100   -0.11835700 

H                 -0.85421100   -2.22555100   -0.08364000 

C                  1.65880600    1.53788600    0.00444300 

C                  2.50106200    0.33247800    0.04676200 

C                  3.88185800    0.25995200    0.10403600 

C                  4.49850000   -1.00080500    0.13619800 

C                  3.73243300   -2.15447800    0.11044700 

C                  2.32503100   -2.09568900    0.05156800 

C                  1.72966900   -0.85940000    0.02076700 

H                  4.46826600    1.16988700    0.12165500 

H                  5.57737000   -1.07417400    0.18045100 

H                  4.22080400   -3.12070000    0.13519100 

H                  1.74445600   -3.01032700    0.03099900 

O                 -3.27848500   -1.00592600   -0.19132200 

C                 -3.38986000   -2.42969900   -0.19408800 

H                 -2.96473500   -2.85840300    0.71620000 

H                 -4.45564100   -2.63852900   -0.23190500 

H                 -2.90105400   -2.85702800   -1.07214300 

O                  1.00028000    4.35600100   -0.17244700 

H                  1.44179300    3.47173800   -0.10263800 

H                  1.47885800    4.93015200    0.43266600 

O                 -5.68228300    0.56330000    0.43863500 

H                 -5.48322400    0.94975900    1.29714700 

H                 -4.89881500    0.04744600    0.20434400 
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B3LYP-D3/def2-TZVP 

E = - 691.3303211 

ZPVE = 0.218718 

 

C                  1.96425800    0.17027700   -0.12343900 

C                  2.07027500   -1.22337300   -0.16578500 

C                  0.92277300   -2.00441900   -0.14469400 

C                 -0.33154900   -1.39792100   -0.08281700 

C                 -0.41108300    0.02046500   -0.04420800 

C                  0.70875500    0.81495500   -0.06307900 

H                  3.05671500   -1.66457600   -0.21926600 

H                  0.98967200   -3.08451400   -0.17759200 

H                  0.63315100    1.89245400   -0.03265200 

C                 -1.63082100   -2.04508100   -0.04995800 

C                 -2.54152800   -0.88351600    0.00922100 

C                 -3.92474000   -0.89943700    0.05718200 

C                 -4.62172600    0.31787000    0.11138200 

C                 -3.93149800    1.51919600    0.11724300 

C                 -2.52351100    1.55207200    0.06897200 

C                 -1.85033800    0.35630100    0.01539500 

H                 -4.44949200   -1.84649500    0.05223500 

H                 -5.70347600    0.32107800    0.14899700 

H                 -4.48149100    2.45121400    0.15959900 

H                 -2.00252300    2.50235800    0.07448200 

O                  3.13963800    0.84666900   -0.14388200 

C                  3.14787600    2.27349600   -0.12741900 

H                  2.68787100    2.65904000    0.78545000 

H                  4.19570800    2.56078500   -0.15630600 

H                  2.63381300    2.67742300   -1.00237800 

O                  5.59380800   -0.69118800    0.33366000 

H                  4.81836000   -0.14582300    0.14174700 

H                  5.47125600   -0.99209600    1.23949500 

 

 
B3LYP-D3/def2-TZVP 

E = -691.332166 

ZPVE = 0.218950 

 

C                  2.11762500   -0.37960600    0.06624300 

C                  2.03620900   -1.76782000   -0.03136500 

C                  0.78067500   -2.37753600   -0.10048800 

C                 -0.37285300   -1.60671500   -0.07048300 

C                 -0.25692100   -0.18813900    0.03320200 

C                  0.95787800    0.43334600    0.10140600 

H                  2.92892300   -2.37391200   -0.05511300 

H                  0.69801000   -3.45447500   -0.17775900 

H                  1.07287500    1.50714800    0.18260100 

C                 -1.74993600   -2.06642900   -0.13260000 

C                 -2.49059500   -0.79429700   -0.05454100 

C                 -3.86573300   -0.61891300   -0.06791000 

C                 -4.38992000    0.67807500    0.01754300 

C                 -3.54136200    1.77147300    0.11408100 

C                 -2.14302600    1.61235600    0.12891800 

C                 -1.63770900    0.33698400    0.04440200 

H                 -4.51406200   -1.48282500   -0.14331200 

H                 -5.46146600    0.83110600    0.00884700 

H                 -3.96082900    2.76784200    0.18020700 

H                 -1.49600300    2.47797700    0.20597100 

O                  3.28831300    0.30367100    0.13490300 

C                  4.52441900   -0.40885600    0.14329900 

H                  4.65457300   -0.97874200   -0.77969900 

H                  5.30104900    0.34787300    0.21874800 

H                  4.58129300   -1.07949300    1.00351500 

O                  2.99277700    3.20953700   -0.20597000 

H                  2.92328900    3.31077500   -1.16052200 

H                  3.21112200    2.27752400   -0.06519800 
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UB3LYP-D3/def2-TZVP 

E = -691.3359975 

ZPVE = 0.218921 

 

C                  2.11857800   -0.36618600   -0.08277800 

C                  2.06318600   -1.75932100    0.03929000 

C                  0.83411900   -2.40489400    0.12522300 

C                 -0.34091100   -1.65668700    0.08881300 

C                 -0.26944700   -0.22537100   -0.03894300 

C                  0.94884900    0.40817700   -0.12444600 

H                  2.96904000   -2.34572000    0.06826300 

H                  0.79605500   -3.48227400    0.21942500 

H                  1.03196300    1.48336700   -0.22360000 

C                 -1.71572000   -1.97502900    0.15026300 

C                 -2.53394300   -0.82021600    0.06784000 

C                 -3.91440200   -0.61220700    0.08220900 

C                 -4.39542600    0.68751900   -0.02218500 

C                 -3.52132100    1.77146400   -0.13964700 

C                 -2.13788800    1.57879100   -0.15544200 

C                 -1.63762800    0.29407900   -0.05224500 

H                 -4.59426000   -1.44940300    0.17247100 

H                 -5.46342500    0.86416000   -0.01284700 

H                 -3.92168800    2.77383800   -0.22036600 

H                 -1.46853600    2.42576800   -0.24785700 

O                  3.28653100    0.34110400   -0.16954000 

C                  4.52748100   -0.35412800   -0.17289100 

H                  4.59298800   -1.03800700   -1.02314600 

H                  5.29633900    0.40956200   -0.26249300 

H                  4.67302700   -0.91038100    0.75720500 

O                  2.96049800    3.20418500    0.27800900 

H                  2.78854700    3.23337300    1.22443500 

H                  3.17056300    2.27745800    0.09036800 
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UB3LYP-D3/def2-TZVP 

E = -767.8057009 

ZPVE = 0.241780 

C                 -2.06602600   -0.43289200   -0.13851500 

C                 -2.10145100    0.97175700   -0.17839400 

C                 -0.93296700    1.70677000   -0.15043400 

C                  0.29325800    1.03269100   -0.08326200 

C                  0.32289500   -0.39968600   -0.04717900 

C                 -0.85359500   -1.12827000   -0.07424000 

H                 -3.06549600    1.45966200   -0.23639400 

H                 -0.95413100    2.78819200   -0.18628900 

H                 -0.82486800   -2.20796400   -0.04639300 

C                  1.64086400    1.44684100   -0.03916900 

C                  2.54243500    0.35350400    0.02027100 

C                  3.93151900    0.24478200    0.07466400 

C                  4.50175800   -1.02269500    0.12637200 

C                  3.70460500   -2.16902200    0.12414800 

C                  2.31142800   -2.07409900    0.06948800 

C                  1.72231700   -0.82472600    0.01704900 

H                  4.55229500    1.13133900    0.07560000 

H                  5.57867500   -1.12273500    0.16840700 

H                  4.17198400   -3.14441300    0.16481300 

H                  1.70468600   -2.97189800    0.06779700 

O                 -3.28496500   -1.04613800   -0.16901300 

C                 -3.35801600   -2.46731300   -0.15460100 

H                 -2.91906700   -2.87689600    0.75926300 

H                 -4.41716800   -2.71024600   -0.18841300 

H                 -2.85767300   -2.89515700   -1.02721600 

O                  1.02081700    4.48019600   -0.08133700 

H                  1.47705500    3.71073000   -0.44870600 

H                  1.15514500    4.40197200    0.86952300 

O                 -5.63701600    0.58129800    0.39664800 

H                 -5.45614600    0.87887900    1.29367100 

H                 -4.89012800    0.00981700    0.16676100 
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B3LYP-D3/def2-TZVP 

E = -576.7623041 

ZPVE = 0.186937 

 

C                  2.42547600   -2.21982200   -0.00343100 

C                  3.14286200   -1.03297000    0.00951800 

C                  2.47278800    0.19774000    0.01956400 

C                  1.08296600    0.19867900    0.01576900 

C                  0.36057200   -1.02575700    0.00218900 

C                  1.01518600   -2.23178200   -0.00743200 

H                  2.95846300   -3.16284100   -0.01111700 

H                  4.22464100   -1.06032100    0.01102000 

H                  3.00539300    1.14149400    0.02968400 

H                  0.48025100   -3.17363800   -0.01841900 

C                  0.20505500    1.36251200    0.02107800 

C                 -1.12534800    0.75937200    0.01210100 

C                 -2.35024500    1.41102200    0.01148700 

C                 -3.52644500    0.65053600    0.00041600 

C                 -3.45894300   -0.73487400   -0.01054900 

C                 -2.22345000   -1.41207800   -0.01089400 

C                 -1.07344900   -0.66160800    0.00072000 

H                 -2.38190600    2.49324300    0.01804900 

H                 -4.49087200    1.14125900   -0.00059300 

H                 -4.37570000   -1.31162400   -0.01974600 

H                 -2.19805500   -2.49491600   -0.02078500 

O                  2.20649700    3.46765900   -0.10032800 

H                  2.06255500    4.19745700    0.50927600 

H                  1.38110200    2.92278800   -0.05795100 

 

 
B3LYP-D3/def2-TZVP 

E = -576.8665859 

ZPVE = 0.192072 

 

C                  3.00815800   -1.43496600    0.09675500 

C                  3.44756000   -0.11833800   -0.02885100 

C                  2.53017700    0.92354700   -0.17293800 

C                  1.18092400    0.62335000   -0.18153200 

C                  0.73462600   -0.69859500   -0.03997600 

C                  1.64816500   -1.73703000    0.09275700 

H                  3.73328000   -2.23212800    0.20295400 

H                  4.50870700    0.09597400   -0.01688000 

H                  2.86595900    1.94876300   -0.26904800 

H                  1.31402300   -2.76189900    0.19707200 

C                  0.00000000    1.56574700   -0.33124400 

C                 -1.18092400    0.62335000   -0.18153300 

C                 -2.53017700    0.92354700   -0.17293900 

C                 -3.44756000   -0.11833900   -0.02885200 

C                 -3.00815800   -1.43496600    0.09675300 

C                 -1.64816500   -1.73703000    0.09275700 

C                 -0.73462500   -0.69859500   -0.03997700 

H                 -2.86595900    1.94876300   -0.26904900 

H                 -4.50870700    0.09597400   -0.01688200 

H                 -3.73327900   -2.23212800    0.20295300 

H                 -1.31402300   -2.76189900    0.19707200 

O                  0.00000000    2.68154600    0.55453600 

H                  0.00000000    2.01239800   -1.33023900 

H                 -0.00000400    2.34371900    1.45868600 
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B3LYP-D3/def2-TZVP 

E = -576.7514666 

ZPVE = 0.182960 

 

C                 -3.02699500   -1.45802500    0.16127700 

C                 -3.44192400   -0.14936900   -0.06422600 

C                 -2.50237600    0.85765800   -0.29330800 

C                 -1.15201400    0.53623800   -0.25987000 

C                 -0.73780000   -0.79630800   -0.00653500 

C                 -1.66660500   -1.79754900    0.18293900 

H                 -4.49861600    0.08370400   -0.07543800 

H                 -2.81664900    1.87471000   -0.49327100 

H                 -1.36374600   -2.82377600    0.35025500 

C                  0.00383000    1.37416300   -0.55627900 

C                  1.15352500    0.53260400   -0.26504600 

C                  2.50329300    0.85632400   -0.28537000 

C                  3.43936300   -0.15388700   -0.05768000 

C                  3.02309200   -1.46360500    0.16011200 

C                  1.66226200   -1.80209700    0.17943900 

C                  0.73677600   -0.79820700   -0.01044800 

H                  2.81288000    1.87869200   -0.45890900 

H                  4.49624000    0.07869300   -0.05836400 

H                  3.76374800   -2.23759200    0.31855400 

H                  1.35755900   -2.82756000    0.34831900 

O                  0.10180100    3.23727400    0.70659700 

H                  0.01711400    2.67850700   -0.31165400 

H                 -0.78079700    3.19984900    1.09851800 

H                 -3.76871600   -2.23104600    0.31918300 

 

 
B3LYP-D3/def2-TZVP 

E = -698.8475407 

ZPVE = 0.146270 

C                  0.00000000    3.01011900   -0.76331100 

C                  0.00000000    3.44236200    0.54916300 

C                  0.00000000    2.48530200    1.56860400 

C                  0.00000000    1.13526700    1.24425700 

C                  0.00000000    0.73901500   -0.12210800 

C                  0.00000000    1.65874600   -1.14034700 

H                  0.00000000    4.50356300    0.75501700 

H                  0.00000000    2.78417400    2.60888200 

H                  0.00000000    1.39776200   -2.19054400 

C                  0.00000000    0.00000000    2.16802700 

C                  0.00000000   -1.13526700    1.24425700 

C                  0.00000000   -2.48530200    1.56860400 

C                  0.00000000   -3.44236200    0.54916300 

C                  0.00000000   -3.01011900   -0.76331100 

C                  0.00000000   -1.65874600   -1.14034700 

C                  0.00000000   -0.73901500   -0.12210800 

H                  0.00000000   -2.78417400    2.60888200 

H                  0.00000000   -4.50356300    0.75501700 

H                  0.00000000   -1.39776200   -2.19054400 

F                  0.00000000   -3.92795900   -1.74388800 

F                  0.00000000    3.92795900   -1.74388800 
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UB3LYP-D3/def2-TZVP 

E = -698.8521604 

ZPVE = 0.146295 

 

C                  0.00000000    2.99813400   -0.77521400 

C                  0.00000000    3.45665300    0.53800800 

C                  0.00000000    2.53859700    1.57922600 

C                  0.00000000    1.17375200    1.28262200 

C                  0.00000000    0.73097600   -0.08363600 

C                  0.00000000    1.65083400   -1.11593200 

H                  0.00000000    4.52214800    0.72077200 

H                  0.00000000    2.87753400    2.60652500 

H                  0.00000000    1.36064100   -2.15829100 

C                  0.00000000    0.00000000    2.07314000 

C                  0.00000000   -1.17375200    1.28262200 

C                  0.00000000   -2.53859700    1.57922600 

C                  0.00000000   -3.45665300    0.53800800 

C                  0.00000000   -2.99813400   -0.77521400 

C                  0.00000000   -1.65083400   -1.11593200 

C                  0.00000000   -0.73097600   -0.08363600 

H                  0.00000000   -2.87753400    2.60652500 

H                  0.00000000   -4.52214800    0.72077200 

H                  0.00000000   -1.36064100   -2.15829100 

F                  0.00000000   -3.90841300   -1.77098600 

F                  0.00000000    3.90841300   -1.77098600 

 

 
B3LYP-D3/def2-TZVP 

E = -775.4274275 

ZPVE = 0.175217 

 

C                  2.98309800   -1.07268200   -0.02765000 

C                  3.44933300    0.23050300    0.06230000 

C                  2.52851900    1.27191400    0.17108000 

C                  1.17859100    0.97606900    0.18118800 

C                  0.73254000   -0.34801100    0.07321300 

C                  1.63630400   -1.39819000   -0.02601700 

H                  4.51512600    0.41141200    0.04553800 

H                  2.86922500    2.29711300    0.23427600 

H                  1.32939500   -2.43197000   -0.10740200 

C                 -1.17886600    0.97772000    0.17951700 

C                 -2.52988300    1.26827400    0.18131200 

C                 -3.45267600    0.22802800    0.06795800 

C                 -2.98549000   -1.07331500   -0.03296200 

C                 -1.63781000   -1.39700600   -0.03374800 

C                 -0.73391800   -0.34770500    0.06899200 

H                 -2.88436400    2.28882400    0.26788300 

H                 -4.51854600    0.40871300    0.05965500 

H                 -1.33047200   -2.43061800   -0.11652200 

F                 -3.88700900   -2.07338900   -0.13633000 

F                  3.88563300   -2.07266100   -0.12705300 

C                  0.00559300    1.92129300    0.29820600 

H                  0.00457000    2.39502600    1.29071400 

O                  0.08723500    2.92629400   -0.71144800 

H                 -0.64244700    3.54423200   -0.59245200 
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B3LYP-D3/def2-TZVP 

E = -775.3296864 

ZPVE = 0.170631 

 

C                  2.66722800   -1.61674100   -0.00022900 

C                  3.30076200   -0.38880900    0.01197700 

C                  2.51990700    0.77071100    0.02212900 

C                  1.13331400    0.65330800    0.01911100 

C                  0.52312000   -0.63229600    0.00587500 

C                  1.27163400   -1.78020400   -0.00389300 

H                  4.38114200   -0.35305700    0.01261900 

H                  2.97019000    1.75626400    0.03179600 

H                  0.85157700   -2.77727800   -0.01452600 

C                  0.15688000    1.73085000    0.02486700 

C                 -1.11272200    1.01552200    0.01570900 

C                 -2.39326500    1.55231700    0.01501200 

C                 -3.50013700    0.69851600    0.00426700 

C                 -3.28209100   -0.66598200   -0.00600700 

C                 -2.00737000   -1.25393600   -0.00660400 

C                 -0.93688800   -0.39697600    0.00459600 

H                 -2.52466100    2.62659900    0.02141400 

H                 -4.51483800    1.07091600    0.00288600 

H                 -1.91745200   -2.33214600   -0.01625800 

F                 -4.34309900   -1.48739800   -0.01665800 

F                  3.41753200   -2.72902100   -0.00934800 

O                  2.00324000    3.96715000   -0.10618800 

H                  1.20763100    3.38123300   -0.05428400 

H                  1.80835800    4.72036100    0.45904300 

 

 
B3LYP-D3/def2-TZVP 

E = -775.3174076 

ZPVE = 0.166579 

 

C                 -3.01100600   -1.08835100    0.06378800 

C                 -3.44854700    0.21412100   -0.11522100 

C                 -2.50174200    1.21987100   -0.30392800 

C                 -1.15059500    0.89776800   -0.27697300 

C                 -0.74151400   -0.44560500   -0.06987500 

C                 -1.66389100   -1.45691600    0.08191700 

H                 -4.51008500    0.41764900   -0.11885600 

H                 -2.81628700    2.24263000   -0.46843000 

H                 -1.39429400   -2.49611300    0.21414100 

C                  0.00558300    1.74314700   -0.53281900 

C                  1.15091500    0.88647600   -0.28654900 

C                  2.50340900    1.20363700   -0.30010600 

C                  3.44114200    0.19011200   -0.11174300 

C                  2.99508100   -1.11061700    0.06068900 

C                  1.64571000   -1.47080200    0.07801800 

C                  0.73199500   -0.45193400   -0.07594200 

H                  2.81852900    2.22931800   -0.43804400 

H                  4.50391500    0.38719500   -0.10426100 

H                  1.36876000   -2.50745600    0.21484500 

O                  0.14822100    3.55794400    0.80749300 

H                  0.03514000    3.02064500   -0.23804100 

H                 -0.72809300    3.53383300    1.21427300 

F                  3.90669500   -2.08533800    0.22089400 

F                 -3.92920500   -2.05651800    0.22320500 
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UB3LYP-D3/def2-TZVP 

E = -775.3222099 

ZPVE = 0.169188 

 

C                  2.63000800   -1.66023300    0.00216800 

C                  3.30217700   -0.44243600   -0.01278400 

C                  2.57390200    0.73911700   -0.02145100 

C                  1.17814800    0.67078400   -0.01544800 

C                  0.50999000   -0.60050700   -0.00201300 

C                  1.24418500   -1.77167300    0.00756900 

H                  4.38324700   -0.44110800   -0.01841700 

H                  3.06794800    1.70153600   -0.03681300 

H                  0.78421400   -2.75093400    0.01866800 

C                  0.15118800    1.64380700   -0.01988100 

C                 -1.14041900    1.06635800   -0.01350100 

C                 -2.43586600    1.58759100   -0.01673800 

C                 -3.51553200    0.71505600   -0.00679200 

C                 -3.28330500   -0.65617200    0.00621100 

C                 -2.01177600   -1.21772500    0.00949900 

C                 -0.93165600   -0.35507500   -0.00097300 

H                 -2.59889300    2.65703100   -0.02749400 

H                 -4.53522500    1.07392200   -0.00925300 

H                 -1.90027200   -2.29389200    0.01952700 

F                 -4.34672800   -1.48518500    0.01606400 

F                  3.35940700   -2.79435700    0.01113600 

O                  2.10540800    4.06412700   -0.01991300 

H                  1.35016000    3.63065200   -0.43887100 

H                  1.86517500    4.11230700    0.91196000 

 

 
B3LYP-D3/def2-TZVP 

E = -616.1923859 

ZPVE = 0.219755 

C                  2.53264400    0.05764100    0.00001100 

C                  2.53075100    1.45916800    0.00000900 

C                  1.33594700    2.16438500    0.00000300 

C                  0.13343700    1.47205000   -0.00000400 

C                  0.13899900    0.07234100   -0.00000900 

C                  1.33146700   -0.64960500   -0.00000500 

H                  3.48412700    1.97044300    0.00001200 

H                  1.35286700    3.24788400   -0.00000200 

H                  1.31184800   -1.72954000   -0.00001800 

C                 -2.09946900    0.71698600   -0.00000900 

C                 -3.47368900    0.55010200    0.00000400 

C                 -3.99876600   -0.74194300    0.00001500 

C                 -3.15330100   -1.85063800    0.00000900 

C                 -1.77160100   -1.68831400   -0.00000800 

C                 -1.24654400   -0.40000900   -0.00001400 

H                 -4.13561800    1.40818200   -0.00000500 

H                 -5.07184300   -0.88617600    0.00002900 

H                 -3.57753000   -2.84691900    0.00001800 

H                 -1.11878500   -2.55269700   -0.00002800 

O                  3.76634200   -0.52339000    0.00001100 

C                  3.84931000   -1.93809400   -0.00000500 

H                  3.38284800   -2.36813700   -0.89239500 

H                  4.91058500   -2.17693500    0.00001800 

H                  3.38280800   -2.36816300    0.89235000 

C                 -1.28493300    1.98872200   -0.00000700 

H                 -1.49878000    2.60620500    0.87823800 

H                 -1.49878000    2.60621700   -0.87824600 
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B3LYP-D3/def2-TZVP 

E = -616.192059 

ZPVE = 0.219754 

C                 -2.41889800   -0.34686000    0.00003700 

C                 -2.56262000    1.04381800    0.00003700 

C                 -1.43174700    1.86439400    0.00001800 

C                 -0.17205200    1.30044000    0.00000100 

C                 -0.03575700   -0.09997200    0.00000600 

C                 -1.14743800   -0.92574600    0.00002000 

H                 -3.54248500    1.49729100    0.00005400 

H                 -1.55809800    2.94075600    0.00001800 

H                 -1.06400500   -2.00467000    0.00002000 

C                  2.12578400    0.77043500   -0.00001000 

C                  3.51025900    0.74358900   -0.00001300 

C                  4.16316300   -0.48841300   -0.00000800 

C                  3.43445800   -1.67740900   -0.00000100 

C                  2.04371700   -1.65589000   -0.00000100 

C                  1.39134500   -0.42718700   -0.00000500 

H                  4.08193100    1.66427400   -0.00002200 

H                  5.24536800   -0.52318400   -0.00000700 

H                  3.95751000   -2.62551900    0.00000500 

H                  1.48031900   -2.58088400    0.00000100 

O                 -3.46269600   -1.22514600    0.00005800 

C                 -4.78440700   -0.71399600   -0.00008500 

H                 -4.98297600   -0.11156600   -0.89248800 

H                 -5.44129800   -1.58115800   -0.00014300 

H                 -4.98316600   -0.11154800    0.89226300 

C                  1.18875500    1.95542600   -0.00001500 

H                  1.34055500    2.59081100    0.87828300 

H                  1.34054000    2.59078400   -0.87833700 

 

 
UB3LYP-D3/def2-TZVP 

E = -616.04390835 

ZPVE = 0.20643635 

C                  1.17899296   -0.96132094    0.00000000 

C                  0.04868798   -0.17796291    0.00000000 

C                  0.15978501    1.25751108    0.00000000 

C                  1.42083203    1.85177505    0.00000000 

C                  2.55812401    1.05284802    0.00000000 

C                  2.44149297   -0.34446498    0.00000000 

H                  1.13082393   -2.04282394    0.00000000 

H                  1.51783706    2.92967305    0.00000000 

H                  3.53039402    1.52184899    0.00000000 

C                 -2.03989407   -1.73052786    0.00000000 

C                 -3.43671407   -1.74143882    0.00000000 

C                 -4.16327603   -0.54777480    0.00000000 

C                 -3.51737300    0.68275618    0.00000000 

C                 -2.12178700    0.70842314    0.00000000 

C                 -1.37561203   -0.51780488    0.00000000 

H                 -1.48708609   -2.66243887    0.00000000 

H                 -3.96348909   -2.68704781    0.00000000 

H                 -5.24526203   -0.58345277    0.00000000 

H                 -4.08238798    1.60581519    0.00000000 

C                 -1.16143297    1.75084412    0.00000000 

H                 -1.77481790    4.35555313    0.00000000 

H                 -1.94175788    5.08238614    0.00000000 

O                  3.49881895   -1.19776701    0.00000000 

C                  4.81470696   -0.66511204    0.00000000 

H                  5.48346594   -1.52269706    0.00000000 

H                  5.00126698   -0.06058828   -0.89278453 

H                  5.00126698   -0.06058828    0.89278453 
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B3LYP-D3/def2-TZVP 

E = -–616.04201400 

ZPVE = 0.20740400 

C                 -1.17224794   -0.97866894    0.04463597 

C                 -0.05500589   -0.20015801   -0.04660298 

C                 -0.13882980    1.21978900   -0.18185197 

C                 -1.39045676    1.82235808   -0.20624701 

C                 -2.54735181    1.04868315   -0.10445105 

C                 -2.43843890   -0.33917286    0.01377094 

H                 -1.14219500   -2.05650094    0.14188296 

H                 -1.45785769    2.89885908   -0.30304100 

H                 -3.51531978    1.52573820   -0.12167008 

C                  2.06811202   -1.71248114    0.09874207 

C                  3.47477802   -1.67097722    0.10630411 

C                  4.15950810   -0.47048326   -0.01302185 

C                  3.45667517    0.73457478   -0.14932387 

C                  2.07111117    0.71147487   -0.15680291 

C                  1.38623909   -0.52570909   -0.02774294 

H                  1.55101196   -2.65969611    0.19595304 

H                  4.03105296   -2.59463226    0.20879212 

H                  5.24192410   -0.46795633   -0.00137082 

H                  3.97639123    1.67964075   -0.24444584 

C                  1.15517525    1.86167592   -0.27632293 

H                  1.63870729    3.64455088    1.63817310 

H                  1.73771529    3.94300586    2.31756111 

O                 -3.48849695   -1.17750580    0.10695090 

C                 -4.81106492   -0.64908772    0.08013786 

H                 -5.47344797   -1.50710568    0.16062683 

H                 -4.98300590    0.02607128    0.92241886 

H                 -5.00621786   -0.12283370   -0.85782814 

 

 
UB3LYP-D3/def2-TZVP 

E = -–616.03831078 

ZPVE = 0.20493878 

C                 -1.16589103   -0.95332605    0.00000000 

C                 -0.04261305   -0.16023403    0.00000000 

C                 -0.16185107    1.27223297    0.00000000 

C                 -1.42764708    1.85717395    0.00000000 

C                 -2.55997306    1.05069193    0.00000000 

C                 -2.43311904   -0.34573707    0.00000000 

H                 -1.10987902   -2.03441705    0.00000000 

H                 -1.53332609    2.93452095    0.00000000 

H                 -3.53564807    1.51264492    0.00000000 

C                  2.05872598   -1.69425700    0.00000000 

C                  3.45573898   -1.69089598    0.00000000 

C                  4.16961696   -0.48980297    0.00000000 

C                  3.50989294    0.73384602    0.00000000 

C                  2.11405794    0.74531300    0.00000000 

C                  1.38378296   -0.48742201    0.00000000 

H                  1.51551199   -2.63176201    0.00000000 

H                  3.99246099   -2.63094697    0.00000000 

H                  5.25194896   -0.51402595    0.00000000 

H                  4.06623093    1.66248003    0.00000000 

C                  1.15297292    1.79370799    0.00000000 

H                  1.49599390    3.28807999    0.00000000 

H                  1.68269489    4.10904100    0.00000000 

O                 -3.48365103   -1.20722208    0.00000000 

C                 -4.80381404   -0.68539910    0.00000000 

H                 -5.46555702   -1.54841811    0.00000000 

H                 -4.99525708   -0.08238104    0.89276267 

H                 -4.99525708   -0.08238104   -0.89276267 
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B3LYP-D3/def2-TZVP 

E = -616.03525311 

ZPVE = 0.20756211 

C                 -1.15882099   -0.95788501   -0.00818708 

C                 -0.04431801   -0.15668498   -0.01214701 

C                 -0.15184804    1.26203702   -0.06734689 

C                 -1.41195606    1.84686299   -0.07515184 

C                 -2.55251504    1.05061596   -0.01388691 

C                 -2.42700700   -0.34410404    0.00791998 

H                 -1.10582996   -2.03892001   -0.01653017 

H                 -1.50678708    2.92477599   -0.12080275 

H                 -3.52662805    1.51540593   -0.00295087 

C                  2.06875803   -1.68218793    0.01470886 

C                  3.46738303   -1.65683190    0.04536086 

C                  4.16399900   -0.45080388    0.02655495 

C                  3.47867997    0.76238411   -0.04563994 

C                  2.09039797    0.75251008   -0.06294294 

C                  1.39111900   -0.47857394   -0.01050204 

H                  1.53858106   -2.62690994    0.01512678 

H                  4.01677006   -2.58945189    0.07842478 

H                  5.24620100   -0.45842785    0.05211195 

H                  4.01590095    1.70176313   -0.08626287 

C                  1.15237694    1.86915407   -0.26997885 

H                  1.44658892    3.01847500    0.72342525 

H                  1.48699392    3.03571493    1.54007025 

O                 -3.47395998   -1.19984007    0.03479291 

C                 -4.79762499   -0.68012211    0.04012095 

H                 -5.45575097   -1.54527112    0.06141988 

H                 -4.97882601   -0.06357518    0.92504300 

H                 -4.99727701   -0.09308104   -0.86071100 
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B3LYP-D3/def2-TZVP 

E = -730.6490653 

ZPVE = 0.249717 

C                  1.22877500    0.85306100   -0.06972700 

C                  1.39870500   -0.40938300   -0.70234300 

C                  2.39112800    1.45627300    0.46063200 

C                  2.63256000   -1.01312600   -0.78723400 

H                  0.54324700   -0.88355000   -1.16495000 

C                  3.62067500    0.82373100    0.45047200 

H                  2.28864600    2.43837900    0.90381600 

C                  3.75097700   -0.41517500   -0.18987200 

H                  2.76786000   -1.95675500   -1.29999000 

H                  4.47408200    1.30789700    0.90200600 

C                 -1.22877500    0.85306100    0.06972700 

C                 -1.39870500   -0.40938300    0.70234300 

C                 -2.39112800    1.45627300   -0.46063200 

C                 -2.63256000   -1.01312600    0.78723400 

H                 -0.54324700   -0.88355000    1.16495000 

C                 -3.62067500    0.82373100   -0.45047200 

H                 -2.28864600    2.43837900   -0.90381600 

C                 -3.75097700   -0.41517500    0.18987100 

H                 -2.76786000   -1.95675500    1.29999000 

H                 -4.47408200    1.30789700   -0.90200600 

C                  0.00000000    1.57262800    0.00000000 

O                 -4.91306800   -1.09979200    0.30363500 

C                 -6.09648600   -0.55196200   -0.26227900 

H                 -6.88543800   -1.27092200   -0.05499600 

H                 -6.35003100    0.40772300    0.19703100 

H                 -5.99795400   -0.42283000   -1.34399900 

O                  4.91306800   -1.09979200   -0.30363500 

C                  6.09648600   -0.55196200    0.26227900 

H                  6.88543800   -1.27092200    0.05499600 

H                  6.35003100    0.40772300   -0.19703100 

H                  5.99795400   -0.42283000    1.34399900 
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B3LYP-D3/def2-TZVP 

E = -730.6490315 

ZPVE = 0.249690 

C                  1.23922500    1.04281900   -0.04591800 

C                  1.49558500   -0.26478200   -0.52373700 

C                  2.35408500    1.76882700    0.44940500 

C                  2.76775800   -0.81316400   -0.51666300 

H                  0.68183900   -0.83435700   -0.95290900 

C                  3.60412500    1.20513200    0.53631300 

H                  2.18619300    2.78603400    0.77860100 

C                  3.82677800   -0.08926000    0.04040900 

H                  2.92636300   -1.79766300   -0.93242700 

H                  4.44517100    1.74994400    0.94470800 

C                 -1.21777500    0.92200000   -0.00183000 

C                 -1.34785600   -0.25300600    0.78906400 

C                 -2.38574200    1.37997600   -0.65201300 

C                 -2.55035400   -0.91182900    0.90906700 

H                 -0.48936600   -0.60912000    1.34295900 

C                 -3.57896800    0.68356300   -0.60102300 

H                 -2.31589300    2.29835500   -1.22048700 

C                 -3.67134900   -0.46488100    0.19599100 

H                 -2.65828500   -1.78468200    1.54007100 

H                 -4.43628800    1.05227900   -1.14474900 

C                 -0.02613300    1.69434400   -0.12125500 

O                 -4.79953800   -1.19459200    0.35903900 

C                 -5.98539000   -0.79505200   -0.31569000 

H                 -6.74383400   -1.52391700   -0.04034400 

H                 -6.30718300    0.20106500    0.00112600 

H                 -5.84900700   -0.80536500   -1.40094700 

O                  5.10137000   -0.53720900    0.12477200 

C                  5.41129800   -1.83504800   -0.36435900 

H                  6.47509600   -1.97373900   -0.18701700 

H                  4.85030600   -2.60675500    0.17068400 

H                  5.20851200   -1.91549900   -1.43632400 
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B3LYP-D3/def2-TZVP 

E = -730.6490653 

ZPVE = 0.249717 

C                  1.22877500    0.85306100   -0.06972700 

C                  1.39870500   -0.40938300   -0.70234300 

C                  2.39112800    1.45627300    0.46063200 

C                  2.63256000   -1.01312600   -0.78723400 

H                  0.54324700   -0.88355000   -1.16495000 

C                  3.62067500    0.82373100    0.45047200 

H                  2.28864600    2.43837900    0.90381600 

C                  3.75097700   -0.41517500   -0.18987200 

H                  2.76786000   -1.95675500   -1.29999000 

H                  4.47408200    1.30789700    0.90200600 

C                 -1.22877500    0.85306100    0.06972700 

C                 -1.39870500   -0.40938300    0.70234300 

C                 -2.39112800    1.45627300   -0.46063200 

C                 -2.63256000   -1.01312600    0.78723400 

H                 -0.54324700   -0.88355000    1.16495000 

C                 -3.62067500    0.82373100   -0.45047200 

H                 -2.28864600    2.43837900   -0.90381600 

C                 -3.75097700   -0.41517500    0.18987100 

H                 -2.76786000   -1.95675500    1.29999000 

H                 -4.47408200    1.30789700   -0.90200600 

C                  0.00000000    1.57262800    0.00000000 

O                 -4.91306800   -1.09979200    0.30363500 

C                 -6.09648600   -0.55196200   -0.26227900 

H                 -6.88543800   -1.27092200   -0.05499600 

H                 -6.35003100    0.40772300    0.19703100 

H                 -5.99795400   -0.42283000   -1.34399900 

O                  4.91306800   -1.09979200   -0.30363500 

C                  6.09648600   -0.55196200    0.26227900 

H                  6.88543800   -1.27092200    0.05499600 

H                  6.35003100    0.40772300   -0.19703100 

H                  5.99795400   -0.42283000    1.34399900 
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UB3LYP-D3/def2-TZVP 

E = -730.651156 

ZPVE = 0.248414 

C                  1.31439000    0.85497100    0.04062900 

C                  1.67513100   -0.40566600   -0.50264500 

C                  2.36441500    1.63626000    0.59754800 

C                  2.98149000   -0.86406700   -0.47470300 

H                  0.90664100   -1.01880500   -0.95493500 

C                  3.66184900    1.18313600    0.61814200 

H                  2.12543400    2.60647900    1.01326500 

C                  3.98822000   -0.07313800    0.08664500 

H                  3.20720100   -1.83229900   -0.89791400 

H                  4.45584100    1.78132600    1.04594400 

C                 -1.31439000    0.85497100   -0.04062900 

C                 -1.67513100   -0.40566600    0.50264500 

C                 -2.36441500    1.63626100   -0.59754800 

C                 -2.98149000   -0.86406700    0.47470300 

H                 -0.90664100   -1.01880500    0.95493400 

C                 -3.66185000    1.18313600   -0.61814200 

H                 -2.12543500    2.60647900   -1.01326500 

C                 -3.98822000   -0.07313800   -0.08664500 

H                 -3.20720100   -1.83229900    0.89791300 

H                 -4.45584100    1.78132700   -1.04594300 

C                  0.00000000    1.32029500    0.00000000 

O                 -5.29998000   -0.42506700   -0.16214600 

C                 -5.70040000   -1.68038700    0.36313400 

H                 -6.77301400   -1.74715300    0.19564500 

H                 -5.20207400   -2.50780400   -0.15191800 

H                 -5.49729400   -1.74875500    1.43651300 

O                  5.29998000   -0.42506700    0.16214600 

C                  5.70040000   -1.68038700   -0.36313400 

H                  6.77301400   -1.74715300   -0.19564400 

H                  5.20207400   -2.50780400    0.15191800 

H                  5.49729400   -1.74875400   -1.43651300 
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UB3LYP-D3/def2-TZVP 

E = -730.6512266 

ZPVE = 0.248415 

C                  1.30583300    0.65188500   -0.01441400 

C                  1.57291800   -0.58223600   -0.67744200 

C                  2.41360900    1.31711600    0.56373300 

C                  2.84315900   -1.10486500   -0.73105400 

H                  0.75445300   -1.10903400   -1.15027700 

C                  3.69381400    0.79355000    0.50186900 

H                  2.24753800    2.26041300    1.06768700 

C                  3.92024800   -0.42611200   -0.14281600 

H                  3.03998100   -2.04354900   -1.23297200 

H                  4.50666900    1.33807100    0.95991600 

C                 -1.31894700    0.80332700   -0.00354000 

C                 -1.73325600   -0.47752600    0.44637300 

C                 -2.33989300    1.68378000   -0.45700300 

C                 -3.06343500   -0.86175300    0.42565000 

H                 -0.98723000   -1.16702900    0.81933900 

C                 -3.66068400    1.30384100   -0.46983900 

H                 -2.05955300    2.67137800   -0.79954500 

C                 -4.04070700    0.02621700   -0.03325700 

H                 -3.32999800   -1.84904900    0.77449300 

H                 -4.43245900    1.97737100   -0.81911100 

C                  0.02032000    1.19203300    0.02855500 

O                 -5.37169900   -0.24780900   -0.09250300 

C                 -5.82530200   -1.52161100    0.33634500 

H                 -6.90432300   -1.51728300    0.19958700 

H                 -5.38813500   -2.32569000   -0.26407700 

H                 -5.59562100   -1.69406700    1.39255100 

O                  5.13355200   -1.03049900   -0.25674200 

C                  6.26783000   -0.39410500    0.30975700 

H                  7.11325900   -1.04513900    0.09903300 

H                  6.44495900    0.58646000   -0.14318800 

H                  6.16258400   -0.27763800    1.39300900 

 

  



Chapter 9 – Appendix  

 254 

 
UB3LYP-D3/def2-TZVP 

E = -730.6512532 

ZPVE = 0.248396 

C                 -1.31378700    0.58873000    0.03655800 

C                 -1.63741400   -0.67820100    0.60606700 

C                 -2.39380000    1.36083200   -0.45485300 

C                 -2.93461500   -1.13045800    0.65337700 

H                 -0.84060100   -1.28785800    1.01151900 

C                 -3.70077900    0.90763500   -0.39883000 

H                 -2.18433600    2.33097500   -0.88649800 

C                 -3.98340000   -0.34580300    0.15219600 

H                 -3.17438000   -2.09449200    1.08339200 

H                 -4.49070600    1.53296500   -0.78874100 

C                  1.31378700    0.58873000   -0.03654800 

C                  1.63741100   -0.67820400   -0.60605300 

C                  2.39380400    1.36083300    0.45485300 

C                  2.93461100   -1.13046100   -0.65337000 

H                  0.84059500   -1.28786200   -1.01149900 

C                  3.70078200    0.90763600    0.39882500 

H                  2.18434200    2.33097900    0.88649600 

C                  3.98339900   -0.34580500   -0.15219800 

H                  3.17437400   -2.09449700   -1.08338100 

H                  4.49071200    1.53296800    0.78872800 

C                  0.00000000    1.05627100    0.00000800 

O                  5.22718700   -0.88742200   -0.25171000 

C                  6.33484500   -0.14412300    0.23100700 

H                  7.21186300   -0.76147200    0.05011600 

H                  6.44421100    0.80474400   -0.30357200 

H                  6.24743200    0.05403900    1.30392600 

O                 -5.22718900   -0.88742000    0.25170300 

C                 -6.33484400   -0.14412300   -0.23102400 

H                 -7.21186300   -0.76147100   -0.05013600 

H                 -6.44421200    0.80474600    0.30355100 

H                 -6.24742300    0.05403400   -1.30394300 
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B3LYP-D3/def2-TZVP 

E = -881.1356437 

ZPVE = 0.259350 

C                  1.25468800    0.52857600   -0.04546100 

C                  1.32868000   -0.73500200   -0.66691000 

C                  2.43645800    1.07266600    0.48194300 

C                  2.51859400   -1.42202700   -0.74915800 

H                  0.44256500   -1.16695400   -1.11039700 

C                  3.63117300    0.37290500    0.42794100 

H                  2.40304300    2.05339100    0.92709700 

C                  3.68315500   -0.87705500   -0.19398500 

H                  2.57985200   -2.38189400   -1.24387000 

H                  4.51685100    0.81796600    0.85615100 

C                 -1.31035400    0.51988200    0.07017100 

C                 -1.46314700   -0.70811100    0.73454100 

C                 -2.44003100    1.09464200   -0.52152600 

C                 -2.69086700   -1.33367500    0.79701700 

H                 -0.61232700   -1.16104900    1.22471400 

C                 -3.67726800    0.47128400   -0.47040400 

H                 -2.34117600    2.04012400   -1.03682700 

C                 -3.81020800   -0.75209500    0.19187100 

H                 -2.81455400   -2.27300100    1.31894100 

H                 -4.52331800    0.93978900   -0.95054100 

O                 -4.96796800   -1.44588800    0.30147200 

C                 -6.15109100   -0.90550900   -0.27269900 

H                 -6.94087400   -1.61991800   -0.05375900 

H                 -6.40322100    0.06181200    0.17135600 

H                 -6.05309100   -0.79433700   -1.35653500 

O                  4.80064100   -1.62737600   -0.31974600 

C                  6.02600300   -1.13506400    0.21011200 

H                  6.77042800   -1.89695800   -0.00743600 

H                  6.31632800   -0.19558700   -0.26821400 

H                  5.96083900   -0.98870900    1.29193400 

C                 -0.02103700    1.21787400    0.03295200 

O                  0.92368300    3.34085100   -0.03825400 

O                 -0.15508500    2.49611100    0.06639800 
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B3LYP-D3/def2-TZVP 

E = -881.1351481 

ZPVE = 0.259315 

C                  1.28311100    0.70748300    0.02190600 

C                  1.45316200   -0.56638700   -0.53797100 

C                  2.40916100    1.33835300    0.58972800 

C                  2.68426200   -1.20224200   -0.53781600 

H                  0.61298700   -1.06263700   -1.00364100 

C                  3.62818800    0.69844600    0.62142600 

H                  2.30287500    2.33205200    0.99283400 

C                  3.78256400   -0.57176200    0.05310200 

H                  2.77750900   -2.17407800   -0.99864600 

H                  4.49289600    1.17128900    1.06740500 

C                 -1.28120200    0.56526100    0.05605400 

C                 -1.38421700   -0.63389700    0.78043700 

C                 -2.42554000    1.04541900   -0.59023400 

C                 -2.57751300   -1.32225400    0.84856500 

H                 -0.52269500   -1.01283800    1.31275600 

C                 -3.62817000    0.35849400   -0.53299000 

H                 -2.36497000    1.96669800   -1.15307000 

C                 -3.71140300   -0.83485700    0.18970300 

H                 -2.66350100   -2.23871800    1.41669200 

H                 -4.48618900    0.75429400   -1.05546400 

O                 -4.83248700   -1.58460200    0.31050400 

C                 -6.02947300   -1.13871500   -0.31412100 

H                 -6.78505600   -1.88262500   -0.07381900 

H                 -6.34216000   -0.16508700    0.07404400 

H                 -5.91328800   -1.07773500   -1.40013700 

C                 -0.03102300    1.32854500    0.00918400 

O                  0.81416400    3.48077400   -0.19762200 

O                 -0.22755600    2.59687000   -0.05311100 

C                  5.26408300   -2.37834300   -0.45748000 

H                  6.31749500   -2.58808900   -0.28915700 

H                  4.65872600   -3.15138400    0.02476400 

H                  5.06205600   -2.37460800   -1.53244900 

O                  5.02555100   -1.10026900    0.11784600 
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B3LYP-D3/def2-TZVP 

E = -881.1349783 

ZPVE = 0.259312 

C                 -1.26450900    0.73353000   -0.03852600 

C                 -1.39275200   -0.50518100    0.60439800 

C                 -2.39256800    1.25637200   -0.70316500 

C                 -2.58593800   -1.21001900    0.59307300 

H                 -0.55140800   -0.91665700    1.14464500 

C                 -3.57166000    0.54600500   -0.74552000 

H                 -2.32068900    2.22388000   -1.17227500 

C                 -3.68532400   -0.68766600   -0.09329300 

H                 -2.64983000   -2.15015000    1.11996400 

H                 -4.43706400    0.93531400   -1.26485700 

C                  1.30362700    0.74473200    0.03972500 

C                  1.50043900   -0.48696700   -0.59066000 

C                  2.40086500    1.34053500    0.68786300 

C                  2.73742500   -1.11702600   -0.57779500 

H                  0.68136000   -0.95252500   -1.12135100 

C                  3.63053600    0.72078000    0.71209000 

H                  2.26820800    2.29376700    1.18045100 

C                  3.81233500   -0.51547600    0.07926300 

H                  2.85289800   -2.06173700   -1.08765100 

H                  4.47364000    1.16923300    1.22024400 

O                  5.05720000   -1.04167800    0.16056900 

C                  5.31751900   -2.29295400   -0.46115300 

H                  6.36445100   -2.51078300   -0.26486500 

H                  4.69592400   -3.08630000   -0.03549500 

H                  5.15415400   -2.24243600   -1.54165200 

C                  0.01073800    1.43187400   -0.00821300 

O                 -0.96956400    3.53495300    0.02932100 

O                  0.12873900    2.71119600   -0.01212100 

C                 -5.09197000   -2.53408300    0.48247700 

H                 -6.12291700   -2.81524000    0.28217000 

H                 -4.42289700   -3.30508000    0.08924900 

H                 -4.94481500   -2.43973000    1.56222300 

O                 -4.89307500   -1.29050600   -0.17704300 
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B3LYP-D3/def2-TZVP 

E = -806.0186161 

ZPVE = 0.256191 

C                  1.29129300    0.66486500   -0.04547000 

C                  1.43287100   -0.58944900   -0.65372300 

C                  2.43091300    1.27830700    0.47536100 

C                  2.66640100   -1.20738300   -0.72952100 

H                  0.57335700   -1.07367400   -1.09707700 

C                  3.67207000    0.66161300    0.42677400 

H                  2.32942800    2.25812700    0.92296000 

C                  3.79502800   -0.59135200   -0.18068900 

H                  2.78533000   -2.16767400   -1.21335200 

H                  4.52935600    1.15977300    0.85473200 

C                 -1.29129400    0.66487100    0.04548400 

C                 -1.43287700   -0.58943500    0.65375000 

C                 -2.43090900    1.27830500   -0.47536600 

C                 -2.66640800   -1.20737200    0.72954100 

H                 -0.57337200   -1.07365600    1.09712500 

C                 -3.67206600    0.66161000   -0.42678600 

H                 -2.32942400    2.25812000   -0.92297500 

C                 -3.79502900   -0.59134900    0.18068800 

H                 -2.78534000   -2.16765600    1.21338400 

H                 -4.52934500    1.15976600   -0.85476300 

O                 -4.95733700   -1.28173600    0.29102300 

C                 -6.14825500   -0.70872900   -0.23013200 

H                 -6.93849800   -1.42752400   -0.02673200 

H                 -6.38452400    0.23880700    0.26309900 

H                 -6.07470600   -0.54733900   -1.30977000 

O                  4.95733700   -1.28173500   -0.29103500 

C                  6.14825900   -0.70872800    0.23011000 

H                  6.93849900   -1.42752600    0.02670900 

H                  6.38452600    0.23880600   -0.26312600 

H                  6.07471700   -0.54733300    1.30974800 

C                  0.00000000    1.41139100    0.00000500 

O                  0.00000300    2.63297100   -0.00000100 
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C3v 

B3LYP-D3/def2-TZVP 

E = -806.0185843 

ZPVE = 0.256185 

C                  1.30870800    0.85857200    0.01030500 

C                  1.53668200   -0.42372700   -0.48620000 

C                  2.40225800    1.58235800    0.50775200 

C                  2.80932600   -0.98463900   -0.48559000 

H                  0.71831600   -0.99125200   -0.90829600 

C                  3.66529900    1.03211300    0.53591300 

H                  2.23346500    2.58774300    0.86973000 

C                  3.88024200   -0.25911600    0.03731700 

H                  2.95184300   -1.97364800   -0.89493400 

H                  4.51036100    1.57906100    0.93256800 

C                 -1.27232500    0.71705000    0.02284000 

C                 -1.36925600   -0.48809900    0.73093400 

C                 -2.42271800    1.21903500   -0.58610300 

C                 -2.56966100   -1.16700500    0.81776500 

H                 -0.50239200   -0.88299100    1.24317200 

C                 -3.62976400    0.53874600   -0.52663000 

H                 -2.35743600    2.16258000   -1.11162000 

C                 -3.70810500   -0.66425200    0.18092300 

H                 -2.65525100   -2.08833600    1.37835000 

H                 -4.49579900    0.95002500   -1.02369900 

O                 -4.83496900   -1.40807900    0.31101100 

C                 -6.03519600   -0.94717900   -0.29340900 

H                 -6.79306700   -1.68967100   -0.05495500 

H                 -6.33866600    0.02311600    0.11072600 

H                 -5.93185100   -0.87137600   -1.37999400 

O                  5.15746900   -0.71054100    0.10200800 

C                  5.45153100   -2.00998800   -0.38986000 

H                  6.51793000   -2.15409900   -0.23324400 

H                  4.89775900   -2.77885900    0.15738600 

H                  5.22799300   -2.09280600   -1.45774400 

C                 -0.02238800    1.53007900   -0.04273800 

O                 -0.08887600    2.74572200   -0.14136500 

 

  



Chapter 9 – Appendix  

 260 

 
B3LYP-D3/def2-TZVP 

E = -806.0185138 

ZPVE = 0.256189 

C                 -1.29187900    0.89780500   -0.04844800 

C                 -1.47759600   -0.34720600    0.54991300 

C                 -2.39657700    1.51597200   -0.65223900 

C                 -2.71924700   -0.97400500    0.54680900 

H                 -0.65166600   -0.83030800    1.05432900 

C                 -3.62781200    0.89788200   -0.68349700 

H                 -2.26230100    2.49428800   -1.09406400 

C                 -3.80024000   -0.35517300   -0.08174800 

H                 -2.83082700   -1.92982100    1.03673600 

H                 -4.48035600    1.36234300   -1.16105500 

C                  1.29187900    0.89780400    0.04845700 

C                  1.47758200   -0.34722400   -0.54987200 

C                  2.39659200    1.51598500    0.65221200 

C                  2.71923300   -0.97402400   -0.54677900 

H                  0.65164200   -0.83034000   -1.05425700 

C                  3.62782700    0.89789700    0.68345500 

H                  2.26232400    2.49430900    1.09401700 

C                  3.80024200   -0.35517300    0.08173000 

H                  2.83079700   -1.92986000   -1.03667100 

H                  4.48038200    1.36236700    1.16098400 

O                  5.04914600   -0.87854000    0.15832100 

C                  5.30054300   -2.14342100   -0.43630700 

H                  6.35031500   -2.35743800   -0.25007000 

H                  4.68522900   -2.92692700    0.01635800 

H                  5.12178000   -2.12000900   -1.51552400 

O                 -5.04914300   -0.87854000   -0.15834600 

C                 -5.30054800   -2.14340700    0.43630700 

H                 -6.35031800   -2.35743100    0.25006000 

H                 -4.68522800   -2.92692200   -0.01633400 

H                 -5.12180000   -2.11997400    1.51552600 

C                  0.00000100    1.64283100    0.00001000 

O                  0.00000000    2.86413800    0.00001700 

 

  



Chapter 9 – Appendix  

 261 

 

 
B3LYP-D3/def2-TZVP 

E = -881.1530638 

ZPVE = 0.259131 

C                 -1.28733500    0.59911700    0.04707500 

C                 -1.39229500   -0.58217500    0.78820700 

C                 -2.42099000    1.08587500   -0.59412700 

C                 -2.59540300   -1.25566500    0.88131300 

H                 -0.52352500   -0.97632000    1.29863400 

C                 -3.63522000    0.41323900   -0.51769400 

H                 -2.35303700    2.00524500   -1.15881300 

C                 -3.72735500   -0.76489300    0.22448900 

H                 -2.68479000   -2.16720400    1.45692800 

H                 -4.49385700    0.81528400   -1.03457800 

C                  1.28733500    0.59911700   -0.04707500 

C                  1.39229500   -0.58217600   -0.78820600 

C                  2.42099100    1.08587600    0.59412600 

C                  2.59540300   -1.25566700   -0.88131100 

H                  0.52352400   -0.97632200   -1.29863100 

C                  3.63522100    0.41324000    0.51769300 

H                  2.35303800    2.00524600    1.15881000 

C                  3.72735500   -0.76489400   -0.22448900 

H                  2.68478900   -2.16720500   -1.45692500 

H                  4.49385800    0.81528500    1.03457600 

O                  4.86015700   -1.50056800   -0.36764600 

C                  6.04929000   -1.05441300    0.26697600 

H                  6.81447900   -1.78493300    0.01494900 

H                  6.35376500   -0.06983800   -0.10088700 

H                  5.93174300   -1.01420000    1.35424700 

O                 -4.86015800   -1.50056800    0.36764600 

C                 -6.04929000   -1.05441300   -0.26697700 

H                 -6.81447900   -1.78493200   -0.01495000 

H                 -6.35376500   -0.06983800    0.10088400 

H                 -5.93174200   -1.01420100   -1.35424800 

C                  0.00000000    1.36245900    0.00000000 

O                 -0.01623700    2.55782800   -0.74567900 

O                  0.01623800    2.55782800    0.74567900 
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B3LYP-D3/def2-TZVP 

E = -881.1530028 

ZPVE = 0.259143 

C                 -1.26313700    0.65025400    0.03377900 

C                 -1.37624200   -0.40778500    0.94143400 

C                 -2.35826400    0.96637500   -0.76101500 

C                 -2.55091800   -1.12744900    1.04720600 

H                 -0.53601600   -0.66698800    1.57221700 

C                 -3.54322800    0.24338100   -0.67323700 

H                 -2.28558300    1.79204500   -1.45512100 

C                 -3.64440100   -0.80971100    0.23603400 

H                 -2.64812600   -1.94259300    1.75173700 

H                 -4.37234900    0.51119700   -1.31111700 

C                  1.31232600    0.76629400    0.02602000 

C                  1.47545900   -0.50735900   -0.50801700 

C                  2.43019000    1.41645000    0.55976300 

C                  2.71740000   -1.13509400   -0.51224800 

H                  0.62656700   -1.02595300   -0.93308500 

C                  3.66609300    0.80184800    0.57077000 

H                  2.31623300    2.41163900    0.96603500 

C                  3.82083600   -0.48070500    0.03404400 

H                  2.80769300   -2.12286500   -0.93889800 

H                  4.53364400    1.29497700    0.98866800 

O                  5.07481200   -0.99879700    0.09212100 

C                  5.30464000   -2.29331800   -0.44309000 

H                  6.36212400   -2.49633700   -0.29083700 

H                  4.71207900   -3.05232700    0.07702000 

H                  5.07981100   -2.32929200   -1.51349300 

O                 -4.75081500   -1.57924100    0.40683300 

C                 -5.90233100   -1.30277700   -0.37629200 

H                 -6.65275900   -2.02807700   -0.07051600 

H                 -6.27894900   -0.29225000   -0.19078600 

H                 -5.69797000   -1.42238700   -1.44475200 

C                 -0.00978100    1.46663500   -0.03253700 

O                 -0.05182800    2.59644800   -0.87162800 

O                 -0.07695000    2.71746300    0.61482800 
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B3LYP-D3/def2-TZVP 

E = -881.1528437 

ZPVE = 0.259110 

 

C                  1.28809600    0.79000600    0.06756300 

C                  1.45979400   -0.38884700   -0.65035000 

C                  2.36848600    1.29113800    0.80003200 

C                  2.67444600   -1.06719800   -0.64460700 

H                  0.63870700   -0.79024600   -1.22944300 

C                  3.57652900    0.62237000    0.82360400 

H                  2.24969400    2.21416400    1.34988900 

C                  3.74049400   -0.56310600    0.10019400 

H                  2.77380400   -1.97649400   -1.21839000 

H                  4.41479000    0.99964000    1.39407000 

C                 -1.28810300    0.78999600   -0.06758500 

C                 -1.45971900   -0.38896500    0.65016800 

C                 -2.36858000    1.29123800   -0.79985500 

C                 -2.67437100   -1.06731900    0.64446000 

H                 -0.63856900   -0.79044900    1.22911200 

C                 -3.57662300    0.62247300   -0.82338900 

H                 -2.24985100    2.21434800   -1.34958600 

C                 -3.74050400   -0.56311400   -0.10014200 

H                 -2.77366100   -1.97670100    1.21811600 

H                 -4.41495200    0.99983000   -1.39369900 

O                 -4.96508000   -1.14447300   -0.18599300 

C                 -5.20443000   -2.34322400    0.53544800 

H                 -6.23521600   -2.61834800    0.32456200 

H                 -4.54062700   -3.14842600    0.20548400 

H                 -5.08332400   -2.19286600    1.61263400 

O                  4.96506000   -1.14447800    0.18609900 

C                  5.20449800   -2.34311400   -0.53550400 

H                  6.23526200   -2.61826400   -0.32454600 

H                  4.54066100   -3.14837200   -0.20574200 

H                  5.08351300   -2.19258700   -1.61268000 

C                 -0.00000500    1.55067100   -0.00002400 

O                 -0.05247900    2.74615800    0.74385900 

O                  0.05246400    2.74613600   -0.74394600 
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B3LYP-D3/def2-TZVP 

E = -881.2734373 

ZPVE = 0.259931 

C                 -1.54700400    1.34589900    0.19529200 

C                 -1.63192600    0.56338900   -0.94389800 

C                 -2.38265200    1.09605100    1.27936800 

C                 -2.53449300   -0.49651800   -0.99755300 

H                 -0.99434000    0.77298900   -1.79219900 

C                 -3.28674800    0.05096200    1.22622100 

H                 -2.31256000    1.72793500    2.15478800 

C                 -3.36554200   -0.75907100    0.08986400 

H                 -2.58036000   -1.09742800   -1.89345100 

H                 -3.94502300   -0.15868600    2.05865400 

C                  1.40199700    1.19074600   -0.02174800 

C                  1.17389900    0.27524000    1.01330000 

C                  2.49495100    0.99046000   -0.86292100 

C                  2.01120600   -0.80632500    1.19254800 

H                  0.34351700    0.41558600    1.68950800 

C                  3.33391900   -0.10310200   -0.70569500 

H                  2.68468600    1.71040500   -1.64770300 

C                  3.09352300   -1.01055200    0.32916900 

H                  1.85025800   -1.51259500    1.99577400 

H                  4.16565800   -0.23443900   -1.38148700 

O                  3.84737100   -2.10762900    0.57943900 

C                  4.97200700   -2.37325100   -0.24823400 

H                  5.41666100   -3.28703300    0.13838700 

H                  4.67327800   -2.52766700   -1.28925100 

H                  5.70509700   -1.56302600   -0.19647500 

O                 -4.28228300   -1.76629600    0.14105400 

C                 -4.41458400   -2.61882100   -0.98389500 

H                 -5.18840400   -3.33840200   -0.72610200 

H                 -4.72197200   -2.06252800   -1.87538400 

H                 -3.48196400   -3.15206600   -1.19549100 

O                  0.99988500    3.40806700   -0.75873700 

C                  0.58573700    2.41459300   -0.22738200 

O                 -0.69500700    2.43445200    0.28247000 
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B3LYP-D3/def2-TZVP 

E = -881.2733553 

ZPVE = 0.259927 

C                 -1.50434700   -1.30023700   -0.13885700 

C                 -1.49341700   -0.67634500    1.10585500 

C                 -2.42009000   -0.91434800   -1.10196400 

C                 -2.38319300    0.35039600    1.36643300 

H                 -0.78974000   -0.99387000    1.86347400 

C                 -3.32440000    0.11174600   -0.83979000 

H                 -2.42371500   -1.42113700   -2.05787300 

C                 -3.30419000    0.75500000    0.39718700 

H                 -2.38758800    0.85024000    2.32574300 

H                 -4.03128600    0.39490700   -1.60535300 

C                  1.45199900   -1.15921600   -0.12133000 

C                  1.15156800   -0.10936400   -0.99827600 

C                  2.60339000   -1.07027600    0.65892900 

C                  1.97622000    0.99321500   -1.08340100 

H                  0.27379400   -0.16029300   -1.62547700 

C                  3.43079600    0.04139500    0.59756600 

H                  2.84778800   -1.89167300    1.31905400 

C                  3.11815000    1.08321900   -0.27947100 

H                  1.75919200    1.80425600   -1.76531100 

H                  4.30899500    0.08372300    1.22421500 

O                  3.85380200    2.21078900   -0.42621600 

C                  5.03246100    2.36975400    0.35231100 

H                  5.44857600    3.33335400    0.06858500 

H                  4.80565900    2.37367500    1.42247700 

H                  5.76106700    1.58261100    0.13755100 

O                 -4.13658600    1.77268300    0.75666700 

C                 -5.10238000    2.21998900   -0.17969800 

H                 -5.64823400    3.02221300    0.31175900 

H                 -4.63112300    2.60857200   -1.08845700 

H                 -5.80067400    1.42096300   -0.44926700 

O                  1.10139200   -3.46260000    0.31664600 

C                  0.65017500   -2.40614100   -0.03151100 

O                 -0.66725400   -2.36340400   -0.43522400 
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B3LYP-D3/def2-TZVP 

E = -881.2734307 

ZPVE = 0.259898 

C                 -1.45882500    1.34761500    0.36727000 

C                 -1.62518000    0.73204600   -0.86195400 

C                 -2.21763100    0.94183600    1.46069000 

C                 -2.53259000   -0.31579100   -1.00148700 

H                 -1.04790900    1.06315900   -1.71473500 

C                 -3.12645300   -0.09169800    1.32391200 

H                 -2.08563500    1.44550100    2.40911400 

C                 -3.28676600   -0.73434400    0.09314900 

H                 -2.64273600   -0.78463700   -1.96787900 

H                 -3.72652900   -0.42002500    2.16199900 

C                  1.47187400    1.24931500   -0.06612300 

C                  1.31818600    0.21082600    0.84958200 

C                  2.51020300    1.17174000   -1.00351000 

C                  2.16827200   -0.88670700    0.83736600 

H                  0.53504000    0.25398200    1.59225500 

C                  3.34929100    0.07863900   -1.03931300 

H                  2.64449200    1.98892500   -1.69926000 

C                  3.18502000   -0.96206900   -0.11722300 

H                  2.02938600   -1.66945400    1.56780500 

H                  4.14709300    0.00444800   -1.76601100 

O                  4.05861500   -1.99094400   -0.22862600 

C                  3.95810600   -3.08064700    0.67835700 

H                  4.74841800   -3.77346200    0.39977600 

H                  4.10951800   -2.75449200    1.71149400 

H                  2.98947200   -3.58196100    0.59330500 

O                 -4.20092200   -1.74515700    0.06539200 

C                 -4.42148900   -2.42434900   -1.15932100 

H                 -5.17966300   -3.17657000   -0.95340500 

H                 -4.78904000   -1.74456800   -1.93483500 

H                 -3.51091100   -2.91771600   -1.51486900 

O                  1.01481200    3.53827900   -0.47667800 

C                  0.64121400    2.47993500   -0.05178900 

O                 -0.60005300    2.41892200    0.54711300 
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B3LYP-D3/def2-TZVP 

E = -881.2732919 

ZPVE = 0.259891 

C                 -1.42186300   -1.32271300   -0.27061300 

C                 -1.47436100   -0.84356200    1.03579600 

C                 -2.28523600   -0.82239900   -1.22950900 

C                 -2.37409200    0.15440600    1.36490100 

H                 -0.81219300   -1.25055300    1.78803200 

C                 -3.19974900    0.17492300   -0.89954700 

H                 -2.24093100   -1.21839300   -2.23542500 

C                 -3.24249400    0.67374300    0.40174500 

H                 -2.42762500    0.54187900    2.37344900 

H                 -3.86582200    0.54802300   -1.66319600 

C                  1.53456000   -1.22186800   -0.07757100 

C                  1.29021100   -0.08083700   -0.83846700 

C                  2.65057300   -1.23971400    0.76939700 

C                  2.12636100    1.02470400   -0.76043500 

H                  0.44515900   -0.04800900   -1.51044100 

C                  3.47769600   -0.14181700    0.87103800 

H                  2.85390300   -2.13418900    1.34248100 

C                  3.22187100    1.00228300    0.10555100 

H                  1.91563900    1.88963000   -1.37117200 

H                  4.33497100   -0.14149900    1.53068300 

O                  4.09053400    2.02785600    0.27133000 

C                  3.89586700    3.22239800   -0.47376500 

H                  4.69909900    3.89240000   -0.17694400 

H                  3.95873600    3.03563500   -1.54983800 

H                  2.93246200    3.68506800   -0.24018800 

O                 -4.09016600    1.65119100    0.83127300 

C                 -5.01171400    2.20246300   -0.09400900 

H                 -5.58230100    2.94654000    0.45721600 

H                 -4.49929500    2.68850400   -0.93083900 

H                 -5.69435500    1.44026400   -0.48357800 

O                  1.14163200   -3.55358800    0.07616500 

C                  0.71879300   -2.45860900   -0.17404600 

O                 -0.57399700   -2.35241900   -0.64289700 
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B3LYP-D3/def2-TZVP 

E = -765.3596681 

ZPVE = 0.204888 

C                 -2.75564700   -0.32702700    0.00000700 

C                 -2.67573500    1.07053100    0.00000700 

C                 -1.43226800    1.69978700    0.00000400 

C                 -0.28554900    0.92551000    0.00000200 

C                 -0.36779200   -0.48607900    0.00000200 

C                 -1.59053500   -1.11485000    0.00000500 

H                 -3.57122400    1.67282300    0.00000800 

H                 -1.36830000    2.77993300    0.00000400 

H                 -1.69091900   -2.19193900    0.00000300 

C                  1.91308600    0.06442100   -0.00000200 

C                  3.28663400   -0.14587500   -0.00000200 

C                  3.74642900   -1.46428600   -0.00000200 

C                  2.85516600   -2.53237300   -0.00000100 

C                  1.47207000   -2.32041000    0.00000000 

C                  1.00320600   -1.02236500   -0.00000100 

H                  3.95589300    0.69939700   -0.00000300 

H                  4.81140500   -1.65657900   -0.00000300 

H                  3.23677000   -3.54569900   -0.00000100 

H                  0.78888800   -3.16022600    0.00000100 

O                 -3.91669100   -1.02285600    0.00001200 

C                 -5.15001600   -0.31487700   -0.00001900 

H                 -5.25064800    0.30820100   -0.89327500 

H                 -5.92784900   -1.07438000   -0.00000400 

H                 -5.25066300    0.30824500    0.89320700 

C                  1.12199900    1.28230900   -0.00000300 

O                  1.50195500    2.49717000   -0.00000100 

O                  2.84228000    2.77240300   -0.00000100 
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B3LYP-D3/def2-TZVP 

E = -765.3592524 

ZPVE = 0.204876 

C                  2.82088500   -0.25106800    0.00000500 

C                  2.52262100   -1.62272600    0.00000400 

C                  1.20979000   -2.06081000    0.00000200 

C                  0.18994200   -1.11509100    0.00000000 

C                  0.48604600    0.26038200    0.00000100 

C                  1.79573000    0.70651400    0.00000300 

H                  3.34734200   -2.32205000    0.00000600 

H                  0.98200400   -3.11845300    0.00000200 

H                  2.01359900    1.76405400    0.00000300 

C                 -1.85216200    0.07153100   -0.00000300 

C                 -3.17582100    0.49057100   -0.00000500 

C                 -3.42741000    1.86507900   -0.00000600 

C                 -2.38262200    2.78227900   -0.00000400 

C                 -1.04812800    2.35872100   -0.00000200 

C                 -0.78500400    1.00431500   -0.00000100 

H                 -3.96771800   -0.24111900   -0.00000600 

H                 -4.45007500    2.21897100   -0.00000700 

H                 -2.60295600    3.84242000   -0.00000500 

H                 -0.24449300    3.08434200   -0.00000100 

O                  4.13982000    0.05351300    0.00000700 

C                  4.53619600    1.41861300    0.00000700 

H                  4.17691000    1.93753300    0.89350800 

H                  5.62330000    1.41208900    0.00000900 

H                  4.17691200    1.93753300   -0.89349500 

C                 -1.25515100   -1.25320200   -0.00000200 

O                 -1.81622500   -2.39574600   -0.00000300 

O                 -3.18163300   -2.46351400   -0.00000500 

 

 
B3LYP-D3/def2-TZVP 

E = -690.240515 

ZPVE = 0.201748 

C                  2.52591600   -0.40596000   -0.00001400 

C                  2.60599400    0.99090800   -0.00001000 

C                  1.43682000    1.75266200   -0.00000200 

C                  0.21458400    1.11357900   -0.00000500 

C                  0.13669200   -0.29185500   -0.00001000 

C                  1.27948500   -1.05800700   -0.00001200 

H                  3.56421900    1.48774600   -0.00001300 

H                  1.48413100    2.83445800   -0.00000100 

H                  1.25869700   -2.13972500   -0.00001500 

C                 -2.06819900    0.48618900   -0.00000200 

C                 -3.44806600    0.43535800    0.00000900 

C                 -4.06328300   -0.81813500    0.00001000 

C                 -3.29491100   -1.97979600    0.00000600 

C                 -1.89834600   -1.92391700   -0.00000100 

C                 -1.28926100   -0.68103900   -0.00000700 

H                 -4.02611400    1.35082600    0.00001100 

H                 -5.14328200   -0.89058000    0.00001500 

H                 -3.78822500   -2.94377900    0.00001000 

H                 -1.31379500   -2.83538200   -0.00000300 

O                  3.60164500   -1.22957700   -0.00002200 

C                  4.90610500   -0.66506000    0.00003700 

H                  5.07672900   -0.05684300    0.89304200 

H                  5.59402900   -1.50706400    0.00006300 

H                  5.07680700   -0.05683600   -0.89294800 

C                 -1.16059400    1.68055000    0.00000000 

O                 -1.48674700    2.84761700    0.00000400 
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B3LYP-D3/def2-TZVP 

E = -690.2400709 

ZPVE = 0.201729 

C                  2.63125700    0.05858400   -0.00001200 

C                  2.53668200    1.45816500   -0.00001100 

C                  1.29696800    2.07756200   -0.00000400 

C                  0.15516200    1.29094900    0.00000100 

C                  0.24779300   -0.10637400   -0.00000100 

C                  1.47818400   -0.74107300   -0.00000700 

H                  3.45469700    2.02994500   -0.00001500 

H                  1.21377500    3.15699500   -0.00000300 

H                  1.54127300   -1.81910200   -0.00000800 

C                 -2.03617600    0.39167300    0.00001100 

C                 -3.39834200    0.17220400    0.00001600 

C                 -3.85558900   -1.14828400    0.00001700 

C                 -2.95088100   -2.20602400    0.00001200 

C                 -1.57091200   -1.97834200    0.00000600 

C                 -1.11933500   -0.67058300    0.00000500 

H                 -4.08460900    1.00963100    0.00002000 

H                 -4.91854800   -1.35248500    0.00002100 

H                 -3.32166600   -3.22344000    0.00001200 

H                 -0.87995100   -2.81222300    0.00000200 

O                  3.89269600   -0.43583900   -0.00001900 

C                  4.08491300   -1.84363200   -0.00002400 

H                  3.65368000   -2.30525800   -0.89325100 

H                  5.16137800   -1.99658700   -0.00003100 

H                  3.65369100   -2.30526300    0.89320600 

C                 -1.27818400    1.68758000    0.00000900 

O                 -1.74306600    2.80625900    0.00001100 

 

 
B3LYP-D3/def2-TZVP 

E = -765.3746512 

ZPVE = 0.204641 

C                 -2.65468500   -0.45068300   -0.00001100 

C                 -2.65560900    0.94781100   -0.00001000 

C                 -1.44629600    1.64648400   -0.00000600 

C                 -0.26458000    0.94036000    0.00000200 

C                 -0.26179500   -0.46455700    0.00000700 

C                 -1.44793100   -1.16739600    0.00000100 

H                 -3.58396500    1.49836300   -0.00001400 

H                 -1.43961900    2.72884400    0.00000000 

H                 -1.48329400   -2.24862200    0.00000900 

C                  1.98247900    0.18768500   -0.00000400 

C                  3.35628900    0.06134800   -0.00000200 

C                  3.89870200   -1.22490000    0.00000100 

C                  3.06733200   -2.34281600    0.00000200 

C                  1.67856400   -2.20761200    0.00000400 

C                  1.13788200   -0.93105300    0.00000200 

H                  3.98859900    0.93965400   -0.00000300 

H                  4.97303900   -1.35621600    0.00000400 

H                  3.50627600   -3.33260700    0.00000200 

H                  1.04176700   -3.08317800    0.00000600 

O                 -3.77735600   -1.21381900   -0.00001800 

C                 -5.04545900   -0.57412100    0.00002000 

H                 -5.18124900    0.04348200   -0.89286000 

H                 -5.78226900   -1.37386100    0.00003400 

H                 -5.18120700    0.04347500    0.89291200 

C                  1.14427100    1.42819900   -0.00001200 

O                  1.52661300    2.54741400   -0.74814800 

O                  1.52661000    2.54742500    0.74816100 
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B3LYP-D3/def2-TZVP 

E = -765.3743959 

ZPVE = 0.204642 

C                 -2.74961200    0.09518800   -0.00000700 

C                 -2.53936100    1.48142700   -0.00000800 

C                 -1.25292600    1.99987900   -0.00000500 

C                 -0.18258700    1.12246100   -0.00000100 

C                 -0.38587200   -0.26011300    0.00000000 

C                 -1.66711900   -0.79280700   -0.00000300 

H                 -3.40635900    2.12788100   -0.00001100 

H                 -1.08733700    3.06935800   -0.00000500 

H                 -1.81499400   -1.86240500   -0.00000300 

C                  1.93033300    0.04835900    0.00000500 

C                  3.26933800   -0.28050100    0.00000800 

C                  3.61489600   -1.63381400    0.00001000 

C                  2.62691300   -2.61509300    0.00000800 

C                  1.27307800   -2.27436300    0.00000500 

C                  0.92823900   -0.93201800    0.00000300 

H                  4.02527700    0.49397000    0.00000900 

H                  4.65778300   -1.92323400    0.00001200 

H                  2.91352900   -3.65923300    0.00001000 

H                  0.51415300   -3.04667100    0.00000400 

O                 -4.05010900   -0.29388100   -0.00001000 

C                 -4.35305000   -1.68095400   -0.00001200 

H                 -3.95969000   -2.17614600    0.89307500 

H                 -5.43829800   -1.74913600   -0.00001700 

H                 -3.95968300   -2.17614500   -0.89309800 

C                  1.28246400    1.39861600    0.00000300 

O                  1.82425700    2.44970000   -0.74805700 

O                  1.82425300    2.44970000    0.74806600 

 

 
B3LYP-D3/def2-TZVP 

E = -765.517027 

ZPVE = 0.206758 

C                 -2.54220000   -0.55771700   -0.00000200 

C                 -2.76670000    0.82656600   -0.00000700 

C                 -1.68187500    1.68133300   -0.00000500 

C                 -0.14549200   -0.20010600    0.00000600 

C                 -1.24302000   -1.05736800    0.00000100 

H                 -3.76718400    1.23150600   -0.00002000 

H                 -1.82612400    2.75313200   -0.00000600 

H                 -1.12322200   -2.13081800    0.00000700 

O                 -3.52602200   -1.48794300    0.00000100 

C                 -4.88274200   -1.06067300    0.00000200 

H                 -5.11583900   -0.47421100   -0.89321700 

H                 -5.47932100   -1.96954900    0.00001200 

H                 -5.11583900   -0.47419800    0.89321200 

C                 -0.37573800    1.19088600    0.00000300 

C                  0.72868100    2.15646300    0.00000400 

C                  2.25826100    0.28952200    0.00000100 

C                  1.23796700   -0.66878400    0.00000600 

C                  3.60197800   -0.07081600   -0.00000200 

C                  1.62047500   -2.01812100    0.00000000 

C                  3.94796400   -1.41041900   -0.00000200 

H                  4.34763200    0.71246900   -0.00000500 

C                  2.95268200   -2.38859000   -0.00000200 

H                  0.86071600   -2.78725400   -0.00000200 

H                  4.99207200   -1.69523400   -0.00000500 

H                  3.22055500   -3.43685600   -0.00000400 

O                  2.00306900    1.63427200   -0.00000300 

O                  0.61608900    3.35341600    0.00000300 
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B3LYP-D3/def2-TZVP 

E = -765.5173478 

ZPVE = 0.206737 

C                 -2.67590300   -0.11250100    0.00000100 

C                 -2.72926400    1.29172700    0.00000000 

C                 -1.56193000    2.01388700   -0.00000100 

C                 -0.25560000   -0.03605800    0.00000000 

C                 -1.45142400   -0.76786800    0.00000100 

H                 -3.69712100    1.77396400    0.00000000 

H                 -1.57648300    3.09505100   -0.00000300 

H                 -1.41733700   -1.84489200    0.00000200 

O                 -3.87617700   -0.73716100    0.00000300 

C                 -3.91740500   -2.15801200    0.00000300 

H                 -3.43900200   -2.56994600    0.89344600 

H                 -4.97132800   -2.42471300    0.00000400 

H                 -3.43900300   -2.56994700   -0.89344000 

C                 -0.31783200    1.36622100   -0.00000200 

C                  0.89272000    2.19317500   -0.00000400 

C                  2.18946100    0.15900200   -0.00000100 

C                  1.06028100   -0.66919000    0.00000000 

C                  3.48009300   -0.36082200   -0.00000100 

C                  1.27916200   -2.05494100    0.00000200 

C                  3.66279000   -1.73207300    0.00000100 

H                  4.31435900    0.32731400   -0.00000200 

C                  2.55690300   -2.58328300    0.00000200 

H                  0.43412600   -2.72936800    0.00000400 

H                  4.66500300   -2.14045900    0.00000100 

H                  2.69666300   -3.65618100    0.00000400 

O                  2.09720300    1.52275400   -0.00000300 

O                  0.92370000    3.39485600   -0.00000300 

 

 
B3LYP-D3/def2-TZVP 

E = -765.5129184 

ZPVE = 0.206698 

C                  2.67412400   -2.52240000    0.00000200 

C                  3.74086100   -1.62111700    0.00000600 

C                  3.48447000   -0.26370500    0.00000400 

C                  1.08567500   -0.69506900   -0.00000400 

C                  1.36785800   -2.06833400   -0.00000500 

H                  4.76042800   -1.98347900    0.00001300 

H                  4.28560600    0.46244600    0.00000500 

H                  0.56090800   -2.78720400   -0.00001000 

C                  2.16703600    0.20380100    0.00000000 

C                  1.95494200    1.66428700   -0.00000100 

C                 -0.41830600    1.24176200   -0.00000400 

C                 -0.26979500   -0.15081900   -0.00000500 

C                 -1.67188100    1.83124600   -0.00000100 

C                 -1.42932900   -0.92905500   -0.00000600 

C                 -2.81423900    1.04463800    0.00000200 

H                 -1.73893400    2.91061400    0.00000100 

C                 -2.69146000   -0.34836400   -0.00000100 

H                 -1.37682400   -2.00811400   -0.00001000 

H                 -3.78245200    1.52200400    0.00000400 

O                  0.65592600    2.09781400   -0.00000100 

O                  2.82756500    2.49125100    0.00000200 

O                 -3.74270800   -1.21547100   -0.00000300 

C                 -5.05943500   -0.68748400    0.00000900 

H                 -5.25003900   -0.08350300   -0.89284600 

H                 -5.72622100   -1.54664700    0.00000900 

H                 -5.25002800   -0.08351300    0.89287300 

H                  2.86817500   -3.58767700    0.00000200 

 



Chapter 9 – Appendix  

 273 

 
B3LYP-D3/def2-TZVP 

E = -765.5132903 

ZPVE = 0.206669 

C                  2.27041000    2.68207200   -0.00000100 

C                  3.43913400    1.91759800   -0.00000300 

C                  3.34913300    0.53923500   -0.00000400 

C                  0.91433400    0.67448100   -0.00000100 

C                  1.02926800    2.07238700    0.00000000 

H                  4.40699700    2.40131100   -0.00000400 

H                  4.23242600   -0.08444200   -0.00000500 

H                  0.14233100    2.68999900    0.00000100 

C                  2.09849500   -0.08531900   -0.00000300 

C                  2.06607100   -1.55981700   -0.00000400 

C                 -0.34008000   -1.42471600   -0.00000100 

C                 -0.36331600   -0.03108200    0.00000000 

C                 -1.51717400   -2.16926600    0.00000000 

C                 -1.61530900    0.61040100    0.00000200 

C                 -2.73532100   -1.52630900    0.00000200 

H                 -1.44980500   -3.24855300    0.00000000 

C                 -2.78959600   -0.12525300    0.00000300 

H                 -1.65341300    1.68759200    0.00000300 

H                 -3.66278200   -2.08250000    0.00000300 

O                  0.82755900   -2.14589300   -0.00000300 

O                  3.03163100   -2.27606900   -0.00000400 

O                 -4.04072500    0.41221400    0.00000500 

C                 -4.17395900    1.82375400    0.00000600 

H                 -3.72328100    2.26904200   -0.89306000 

H                 -5.24278800    2.02440600    0.00000800 

H                 -3.72327900    2.26904100    0.89307200 

H                  2.33334400    3.76308500    0.00000000 

 

 
B3LYP-D3/def2-TZVP 

E = -671.4563142 

ZPVE = 0.231931 

C                 -2.57012700   -0.18448900   -0.00000100 

C                 -2.46110300    1.21171800    0.00000200 

C                 -1.21492800    1.81842700    0.00000200 

C                 -0.06229200    1.02349700   -0.00000100 

C                 -0.19519100   -0.39401000   -0.00000100 

C                 -1.41940600   -1.01117800    0.00000000 

H                 -3.37409700    1.79150800    0.00000300 

H                 -1.11346900    2.89825400    0.00000200 

H                 -1.50485300   -2.08837100    0.00000100 

C                  1.31300900    1.45890000   -0.00000200 

C                  2.04808800    0.17782500   -0.00000300 

C                  3.41810600   -0.01435600   -0.00000400 

C                  3.92563700   -1.32365300   -0.00000400 

C                  3.06356400   -2.40788800   -0.00000400 

C                  1.66582500   -2.22739300   -0.00000200 

C                  1.17837100   -0.94361100   -0.00000200 

H                  4.08037300    0.84230800   -0.00000400 

H                  4.99537300   -1.48916100   -0.00000500 

H                  3.46791800   -3.41259600   -0.00000400 

H                  1.00752700   -3.08827200   -0.00000100 

O                 -3.82713900   -0.66846200    0.00000500 

C                 -4.04566500   -2.07577800    0.00000800 

H                 -3.62361800   -2.54277100    0.89373900 

H                 -5.12485800   -2.20560600    0.00001200 

H                 -3.62362500   -2.54277300   -0.89372500 

N                  0.64488200    4.64146500    0.00000200 

H                  1.12669100    3.73711900    0.00000000 

H                  0.96312800    5.15486600    0.81484600 

H                  0.96312800    5.15486900   -0.81484000 
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B3LYP-D3/def2-TZVP 

E = -671.458059 

ZPVE = 0.232097 

C                  2.40614300   -0.75233000   -0.00000200 

C                  2.53741100    0.63824400    0.00000500 

C                  1.39649000    1.44160500    0.00000600 

C                  0.13359500    0.85331000    0.00000200 

C                  0.02529700   -0.57275800   -0.00000200 

C                  1.12895700   -1.37372100   -0.00000600 

H                  3.51369300    1.09865600    0.00000700 

H                  1.47624900    2.52346000    0.00001000 

H                  1.08246100   -2.45533400   -0.00001200 

C                 -1.14872500    1.51513700   -0.00000600 

C                 -2.08668800    0.37796100    0.00000000 

C                 -3.47154500    0.42173200    0.00000300 

C                 -4.19353400   -0.77997200    0.00000500 

C                 -3.52782200   -1.99675100    0.00000200 

C                 -2.12175500   -2.05860900   -0.00000300 

C                 -1.42090800   -0.87625500   -0.00000200 

H                 -3.97751200    1.37905700    0.00000400 

H                 -5.27586200   -0.76152200    0.00000900 

H                 -4.09836600   -2.91736900    0.00000200 

H                 -1.61928500   -3.01857100   -0.00000600 

O                  3.44163200   -1.61271300   -0.00000700 

C                  4.77339500   -1.10572500    0.00000700 

H                  4.96638100   -0.50608400    0.89313700 

H                  5.42116100   -1.97854500    0.00000900 

H                  4.96639600   -0.50607700   -0.89311700 

N                  0.05135000    4.53427600    0.00000000 

H                 -0.57727100    3.72458800   -0.00000100 

H                 -0.17618600    5.09413000   -0.81470600 

H                 -0.17623500    5.09416800    0.81466500 

 
UB3LYP-D3/def2-TZVP 

E = -671.4533488 

ZPVE = 0.230465 

C                 -2.47411200   -0.64752000   -0.00000700 

C                 -2.55999500    0.75217200    0.00020800 

C                 -1.40521900    1.52558400    0.00033700 

C                 -0.15746400    0.90405200    0.00025600 

C                 -0.07812000   -0.53352400    0.00003300 

C                 -1.22518100   -1.29167500   -0.00009500 

H                 -3.52179100    1.24233600    0.00027400 

H                 -1.47325600    2.60563500    0.00049700 

H                 -1.20061400   -2.37394400   -0.00026200 

C                  1.17470800    1.36770300    0.00034200 

C                  2.11189300    0.30370700    0.00018600 

C                  3.50648200    0.24566200    0.00019100 

C                  4.12360800   -0.99964300    0.00000300 

C                  3.36980300   -2.17617800   -0.00018800 

C                  1.97368700   -2.13291300   -0.00019400 

C                  1.33793300   -0.90513100   -0.00001000 

H                  4.09325200    1.15508200    0.00033800 

H                  5.20443800   -1.06015400    0.00000400 

H                  3.87459900   -3.13366500   -0.00033200 

H                  1.39918600   -3.05158500   -0.00034300 

O                 -3.54888000   -1.47786500   -0.00014300 

C                 -4.85372000   -0.91822200   -0.00007700 

H                 -5.02760300   -0.30998100   -0.89284600 

H                 -5.53982600   -1.76192700   -0.00021700 

H                 -5.02763000   -0.31025600    0.89287400 

N                  0.72561300    4.67241300   -0.00052900 

H                  1.21321500    3.78048600   -0.00046500 

H                  0.12565600    4.68454300   -0.81782700 

H                  0.12630000    4.68501100    0.81723500 
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B3LYP-D3/def2-TZVP 

E = -671.4468513 

ZPVE = 0.228345 

C                 -2.56631700   -0.41644700    0.02111200 

C                 -2.60659400    0.96492900   -0.20487600 

C                 -1.42249400    1.67204100   -0.40272500 

C                 -0.20107900    1.01504700   -0.33460100 

C                 -0.17616100   -0.38310000   -0.07596500 

C                 -1.34011000   -1.10128400    0.07389300 

H                 -3.54988100    1.48808700   -0.24692500 

H                 -1.45915700    2.73520900   -0.60788500 

H                 -1.34936900   -2.17171200    0.23379700 

C                  1.14284000    1.49558100   -0.61304000 

C                  2.01406900    0.36309500   -0.28269600 

C                  3.40142200    0.27946500   -0.27352800 

C                  4.00309600   -0.95334900   -0.02540900 

C                  3.22711300   -2.09348200    0.17940500 

C                  1.83205300   -2.02466500    0.16231900 

C                  1.23255100   -0.79458200   -0.04413100 

H                  4.00380300    1.16010100   -0.46153400 

H                  5.08269600   -1.03153600   -0.00736500 

H                  1.23838500   -2.91775200    0.31551500 

H                  1.51767800    2.74167100   -0.25418300 

N                  1.62815400    3.11042600    0.86401500 

H                  2.32040400    2.55381200    1.35693700 

H                  0.74673300    3.01028000    1.35898700 

C                 -4.95130300   -0.58993800    0.14430400 

H                 -5.07161000    0.16251800    0.92933200 

H                 -5.13778900   -0.13063400   -0.83089700 

H                 -5.66337300   -1.39578900    0.30555100 

O                 -3.66539900   -1.19139500    0.19579100 

H                  3.71308500   -3.04595100    0.34986500 

 
UB3LYP-D3/def2-TZVP 

E = -671.4533297 

ZPVE = 0.230526 

C                  2.61450700   -0.03608800    0.00004600 

C                  2.44113600    1.36047100    0.00001300 

C                  1.17896600    1.91742700   -0.00002000 

C                  0.05855900    1.07664100   -0.00002000 

C                  0.23929900   -0.34528700    0.00001300 

C                  1.50901800   -0.89658000    0.00004600 

H                  3.32764200    1.98006000    0.00001500 

H                  1.05117600    2.99195700   -0.00004400 

H                  1.63364300   -1.96987500    0.00007100 

C                 -1.33416800    1.29434300   -0.00004800 

C                 -2.06599600    0.07835100   -0.00003500 

C                 -3.42574000   -0.23099800   -0.00005100 

C                 -3.80775100   -1.56833200   -0.00002900 

C                 -2.85339200   -2.58784300    0.00000800 

C                 -1.48778100   -2.29175000    0.00002500 

C                 -1.08479200   -0.96921200    0.00000300 

H                 -4.16765000    0.55701200   -0.00008000 

H                 -4.85972100   -1.82347000   -0.00004200 

H                 -3.17580600   -3.62113900    0.00002500 

H                 -0.75740300   -3.09230200    0.00005400 

O                  3.90530000   -0.45650000    0.00007500 

C                  4.17609900   -1.85020800    0.00010600 

H                  3.77104100   -2.33591600   -0.89289400 

H                  5.25949900   -1.94361400    0.00012400 

H                  3.77101400   -2.33588200    0.89311300 

N                 -1.48993100    4.62641000   -0.00013200 

H                 -1.80959900    3.66153300   -0.00011800 

H                 -0.90226500    4.74659000    0.81735200 

H                 -0.90223100    4.74655600   -0.81759700 
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B3LYP-D3/def2-TZVP 

E = -755.5511272 

ZPVE = 0.187989 

C                  2.98233800   -1.07921100    0.03069700 

C                  3.45067500    0.21940300   -0.09981800 

C                  2.52993300    1.26042100   -0.21628500 

C                  1.17710700    0.97512200   -0.19226600 

C                  0.73193200   -0.34773900   -0.05613100 

C                  1.63500700   -1.39827400    0.05481300 

H                  4.51701700    0.39740500   -0.11080200 

H                  2.88575300    2.27803600   -0.32442600 

H                  1.32519200   -2.42919200    0.15917400 

C                 -1.17710500    0.97512300   -0.19226400 

C                 -2.52993300    1.26042100   -0.21628300 

C                 -3.45067400    0.21940400   -0.09981800 

C                 -2.98233700   -1.07921200    0.03069400 

C                 -1.63500800   -1.39827400    0.05481200 

C                 -0.73193200   -0.34773700   -0.05613000 

H                 -2.88575000    2.27803800   -0.32442200 

H                 -4.51701600    0.39740600   -0.11080100 

H                 -1.32519100   -2.42919200    0.15917200 

C                  0.00000000    1.92373600   -0.29947100 

H                 -0.00000100    2.38443100   -1.30095800 

N                  0.00000100    2.91838000    0.78194100 

H                  0.81518200    3.51696900    0.71049200 

H                 -0.81517000    3.51698100    0.71048200 

F                  3.88386700   -2.07992600    0.13906700 

F                 -3.88387100   -2.07992300    0.13906700 

 

 
B3LYP-D3/def2-TZVP 

E = -755.4447795 

ZPVE = 0.183059 

C                  2.53105400   -1.78276900    0.00000200 

C                  3.23418400   -0.59394800    0.00000300 

C                  2.52296300    0.61056800    0.00000200 

C                  1.13150100    0.57721100   -0.00000100 

C                  0.44935700   -0.67276000   -0.00000100 

C                  1.12891600   -1.86330600   -0.00000100 

H                  4.31496000   -0.62079900    0.00000500 

H                  3.03326200    1.56784800    0.00000200 

H                  0.64997000   -2.83363700   -0.00000300 

C                  0.21793300    1.71410400   -0.00000800 

C                 -1.09030400    1.06240100   -0.00000100 

C                 -2.33915300    1.66855300    0.00000200 

C                 -3.49237500    0.87761400    0.00000300 

C                 -3.35087600   -0.49682800    0.00000100 

C                 -2.11124300   -1.15417300   -0.00000100 

C                 -0.99459500   -0.35709000   -0.00000200 

H                 -2.40977700    2.74863000    0.00000100 

H                 -4.48483000    1.30595900    0.00000400 

H                 -2.08088600   -2.23583700   -0.00000300 

N                  2.59444500    3.95347200    0.00000300 

H                  1.66903400    3.51650000   -0.00000500 

H                  2.64875400    4.55435700   -0.81517100 

H                  2.64873100    4.55437900    0.81516300 

F                  3.21554000   -2.93821600    0.00000000 

F                 -4.45715200   -1.25835800    0.00000100 
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UB3LYP-D3/def2-TZVP 

E = -755.44368300 

ZPVE = 0.181899 

C                  2.46199300   -1.85254600    0.00000000 

C                  3.21581000   -0.68351100   -0.00000100 

C                  2.57197500    0.54644100    0.00000000 

C                  1.17432500    0.57326700    0.00000000 

C                  0.42073600   -0.64939100    0.00000100 

C                  1.07224300   -1.86904200    0.00000000 

H                  4.29455400   -0.75701000   -0.00000100 

H                  3.12676300    1.47625700    0.00000000 

H                  0.54579700   -2.81434600    0.00000100 

C                  0.21767300    1.61586000   -0.00000100 

C                 -1.11037600    1.12602800   -0.00000100 

C                 -2.36731200    1.73432000   -0.00000100 

C                 -3.50472100    0.93799000    0.00000000 

C                 -3.36723800   -0.44594800    0.00000000 

C                 -2.13752400   -1.09322500    0.00000100 

C                 -1.00044500   -0.30643100    0.00000000 

H                 -2.45661600    2.81253300   -0.00000100 

H                 -4.49742200    1.36603900   -0.00000100 

H                 -2.09993100   -2.17458900    0.00000100 

N                  2.81208500    3.94426500    0.00000100 

H                  1.80732000    3.80063700   -0.00001000 

H                  3.03732100    4.49984800   -0.81748000 

H                  3.03730300    4.49983800    0.81749400 

F                  3.11272100   -3.03530700    0.00000000 

F                 -4.48633400   -1.20046400    0.00000100 

 

 
B3LYP-D3/def2-TZVP 

E = -755.4358068 

ZPVE = 0.179677 

C                 -2.99407600   -1.08788300    0.06294600 

C                 -3.44494700    0.21227500   -0.12174500 

C                 -2.51416900    1.22661600   -0.32712800 

C                 -1.15650900    0.92398800   -0.30414600 

C                 -0.73277800   -0.41129000   -0.08217100 

C                 -1.64894700   -1.43646600    0.07596300 

H                 -4.50879500    0.40461900   -0.12272500 

H                 -2.84690100    2.24139600   -0.50670600 

H                 -1.36207600   -2.47076300    0.21104400 

C                  0.00000000    1.76504600   -0.60342500 

C                  1.15651000    0.92398700   -0.30414900 

C                  2.51416900    1.22661600   -0.32713100 

C                  3.44494700    0.21227500   -0.12174700 

C                  2.99407600   -1.08788300    0.06294700 

C                  1.64894700   -1.43646600    0.07596400 

C                  0.73277800   -0.41129000   -0.08217200 

H                  2.84690000    2.24139500   -0.50671100 

H                  4.50879500    0.40461900   -0.12272700 

H                  1.36207700   -2.47076200    0.21104900 

H                 -0.00000200    3.08784500   -0.23465200 

F                  3.90800100   -2.06455100    0.23146700 

F                 -3.90800100   -2.06455100    0.23146400 

N                 -0.00000100    3.40895900    0.87825600 

H                  0.82304000    3.07185600    1.36660400 

H                 -0.82303600    3.07184900    1.36661000 
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UB3LYP-D3/def2-TZVP 

E = -755.4329931 

ZPVE = 0.176336 

C                 -3.05199900   -1.09401200   -0.00000300 

C                 -3.46718600    0.23347300   -0.00000200 

C                 -1.15966300    0.90063500    0.00000000 

C                 -0.76477600   -0.47637300   -0.00000100 

C                 -1.71627900   -1.47957000   -0.00000300 

F                 -3.99464100   -2.05968800   -0.00000500 

H                 -4.52614700    0.45114900   -0.00000300 

H                 -1.46128400   -2.53107900   -0.00000400 

C                  0.02693900    1.68526000    0.00000200 

C                  1.16671900    0.83579500    0.00000200 

C                  3.43436100    0.03703200    0.00000200 

C                  2.94452800   -1.26460000    0.00000000 

C                  1.58887100   -1.57285100   -0.00000100 

C                  0.69564300   -0.51752700    0.00000000 

H                  4.50389700    0.19467700    0.00000300 

F                  3.83102800   -2.28209200    0.00000000 

H                  1.27428400   -2.60808300   -0.00000200 

C                 -2.51404500    1.24323300    0.00000000 

C                  2.53855700    1.09819900    0.00000300 

N                  0.22643900    4.23812100    0.00000500 

H                  0.84068000    4.33877500   -0.81152700 

H                  0.84067800    4.33877300    0.81154000 

H                 -0.00079000    3.05264300    0.00000400 

H                  2.90230500    2.11786100    0.00000500 

H                 -2.81619800    2.28230200    0.00000100 

 

 
UB3LYP-D3/def2-TZVP 

E = -755.4539628 

ZPVE = 0.178567 

C                 -2.99890500   -1.27016000    0.00000000 

C                 -3.44734000    0.04648400    0.00000000 

C                 -1.15330800    0.77329700    0.00000000 

C                 -0.72964900   -0.59241800    0.00000000 

C                 -1.65374900   -1.62104700    0.00000000 

F                 -3.91841800   -2.26018700    0.00000000 

H                 -4.51156700    0.23743300    0.00000000 

H                 -1.37186000   -2.66560400    0.00000000 

C                  0.00001600    1.61209600    0.00000000 

C                  1.15331800    0.77326700    0.00000000 

C                  3.44733000    0.04639400    0.00000000 

C                  2.99886100   -1.27023800    0.00000000 

C                  1.65369600   -1.62109000    0.00000000 

C                  0.72962300   -0.59243700    0.00000000 

H                  4.51156300    0.23731700    0.00000000 

F                  3.91834900   -2.26028800    0.00000000 

H                  1.37178000   -2.66564000    0.00000000 

C                 -2.51793600    1.07856100    0.00000000 

C                  2.51795300    1.07849600    0.00000000 

N                  0.00012300    5.19047100    0.00000000 

H                  0.00017400    5.82455600   -0.80844000 

H                  0.00013300    5.82455500    0.80844000 

H                  0.00003100    2.69294400    0.00000000 

H                  2.84954000    2.10906000    0.00000000 

H                 -2.84949700    2.10913300    0.00000000 
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UB3LYP-D3/def2-TZVP 

E = -192.850461 

ZPVE = 0.066801 

C   0.00000000   -0.00000000   -1.21162300 

C   0.00000000    1.18560090   -0.42628852 

H   0.00000000    2.20327674   -0.77828197 

C   0.00000000    0.73933147    0.86877667 

H   0.00000000    1.35337886    1.75820240 

C   0.00000000   -1.18560090   -0.42628852 

H   0.00000000   -2.20327674   -0.77828197 

C   0.00000000   -0.73933147    0.86877667 

H   0.00000000   -1.35337886    1.75820240 

 

 
B3LYP-D3/def2-TZVP 

E = -385.9504528 

ZPVE = 0.143635 

C                  1.55789000   -1.17498200    0.00000600 

H                  1.21944700   -2.19818000    0.00001200 

C                  2.83361500   -0.73705200   -0.00000700 

H                  3.72268900   -1.35044300   -0.00001100 

C                  1.55789000    1.17498200    0.00000600 

H                  1.21944700    2.19818000    0.00001200 

C                  2.83361500    0.73705200   -0.00000700 

H                  3.72268900    1.35044300   -0.00001100 

C                  0.67858000    0.00000000    0.00000300 

C                 -0.67858000    0.00000000    0.00000300 

C                 -1.55789000   -1.17498200    0.00000400 

C                 -1.55789000    1.17498200    0.00000400 

H                 -1.21944700   -2.19818000    0.00000900 

C                 -2.83361500   -0.73705200   -0.00000600 

H                 -1.21944700    2.19818000    0.00000900 

C                 -2.83361500    0.73705200   -0.00000600 

H                 -3.72268900   -1.35044300   -0.00001000 

H                 -3.72268900    1.35044300   -0.00001000 

 

 
UB3LYP-D3/def2-TZVP 

E =-2031.3491177 

ZPVE = 0.0289885 

C    0.00000000   -0.74287400   -0.45316106 

C    0.00000000    0.74287400   -0.45316106 

C    0.00000000    1.17779300    0.85179894 

C    0.00000000    0.00000000    1.63054594 

C    0.00000000   -1.17779300    0.85179894 

Cl   0.00000000    2.78973400    1.42932694 

Cl   0.00000000    1.69682600   -1.85776606 

Cl   0.00000000   -1.69682600   -1.85776606 

Cl   0.00000000   -2.78973400    1.42932694 

 

 
UB3LYP-D3/def2-TZVP 

E = -269.3186912 

ZPVE = 0.089504 

C                 -0.08912500   -0.61268100   -0.00001000 

C                 -0.06550400    0.80713000   -0.00000900 

H                 -0.91289400    1.47131300   -0.00001500 

C                  1.26940800    1.12136700    0.00000200 

H                  1.69124200    2.11644300    0.00000600 

C                  1.20931500   -1.19756300   -0.00000100 

H                  1.45574600   -2.24569500    0.00000100 

C                  2.06249900   -0.12772300    0.00000700 

H                  3.14236800   -0.16969500    0.00001500 

O                 -3.27028400   -0.04923100    0.00000500 

H                 -2.76687000   -0.36084100    0.76025600 

H                 -2.76687700   -0.36086100   -0.76024200 

 

 
B3LYP-D3/def2-TZVP 

E = -635.5829574 

ZPVE = 0.0136368 

C   -0.00000000   -0.00000000   -1.19304395 

I   0.00000000    0.00000000    0.98018805 

F   0.00000000    1.24899732   -1.65895179 

F   -1.08166341   -0.62449866   -1.65895179 

F   1.08166341   -0.62449866   -1.65895179 
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B3LYP-D3/def2-TZVP 

E = -302.4794336 

ZPVE = 0.079452 

C   0.00000000   -1.17786504   -0.49555006 

C   0.00000000    0.72141004   -1.78341296 

C   0.00000000    0.00000000    0.33749600 

N   0.00000000    0.00000000    1.64736700 

N   0.00000000    0.00000000    2.77152500 

C  -0.00000000    1.17786504   -0.49555006 

C   0.00000000   -0.72141004   -1.78341296 

H   0.00000000    2.19478795   -0.13922088 

H   0.00000000    1.34330108   -2.66561293 

H   0.00000000   -1.34330108   -2.66561293 

H   0.00000000   -2.19478795   -0.13922088 

 

 
B3LYP-D3/def2-TZVP 

E = -828.4690264 

ZPVE = 0.0835038 

C   -2.21254299    0.25865897    1.17519811 

H   -1.90175895    0.09742687    2.19438709 

C   -1.50261404   -0.15468793    0.00000000 

C   -3.36039407    0.85636515   -0.72213178 

H   -4.15243509    1.24818221   -1.34283972 

C   -2.21254299    0.25865897   -1.17519811 

H   -1.90175895    0.09742687   -2.19438709 

I    0.32260795   -0.96357793    0.00000000 

C    1.90952496    0.80958306    0.00000000 

F    2.68580992    0.75065315   -1.08556304 

F    1.23325597    1.95078006    0.00000000 

F    2.68580992    0.75065315    1.08556304 

C   -3.36039407    0.85636515    0.72213178 

H   -4.15243509    1.24818221    1.34283972 

 

 
B3LYP-D3/def2-TZVP 

E = -828.4689925 

ZPVE = 0.0834634 

C   -2.23048892    0.25410456    1.17522712 

C   -3.38005294    0.84869370    0.72208138 

C   -2.23048892    0.25410456   -1.17522712 

C   -3.38005294    0.84869370   -0.72208138 

C   -1.52128497   -0.16062205    0.00000000 

I    0.31628803   -0.94409204    0.00000000 

C    1.92167702    0.79946697    0.00000000 

F    1.78136596    1.55888333   -1.08348165 

F    1.78136596    1.55888333    1.08348165 

F    3.14244902    0.24984198    0.00000000 

H   -1.91862709    0.09436967   -2.19429995 

H   -4.17413305    1.23641238   -1.34276246 

H   -4.17413305    1.23641238    1.34276246 

H   -1.91862709    0.09436967    2.19429995 

 

 
UB3LYP-D3/def2-TZVP 

E = -828.4656509 

ZPVE = 0.081307 

<S2> = 2.016552 

C   -2.89947000    1.26530200   -0.00021900 

H   -2.45252300    2.24523800   -0.00291600 

C   -4.22689100    0.94470000    0.00346600 

H   -5.05345800    1.63954400    0.00429100 

C   -3.11051300   -1.07339200    0.00413700 

H   -2.84585200   -2.11737800    0.00524400 

C   -4.35917800   -0.52012200    0.00619700 

H   -5.29684000   -1.05566700    0.00934900 

C   -2.18629700    0.02200100    0.00015800 

I   -0.13005400   -0.16391000   -0.00442500 

C    3.41434300    0.09784500    0.00205900 

F    3.72141000    1.14242300   -0.74377400 

F    3.78501700    0.27175200    1.25713100 

F    3.91019300   -1.01889900   -0.49960400 
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B3LYP-D3/def2-TZVP 

E = -828.5751216 

ZPVE = 0.0872099 

C    1.00192700    1.05597130   -1.18319898 

H    0.85740618    0.73549919   -2.20174997 

C    0.59281508    0.22690930    0.00000000 

C    1.54815256    2.19447957    0.73477399 

H    1.92888531    2.99795470    1.34810296 

C    1.00192700    1.05597130    1.18319898 

H    0.85740618    0.73549919    2.20174997 

I   -1.60679488    0.05621279    0.00000000 

C    1.54815256    2.19447957   -0.73477399 

H    1.92888531    2.99795470   -1.34810296 

C    1.20106441   -1.17661656    0.00000000 

F    0.85032467   -1.88608673   -1.08641978 

F    2.54638938   -1.08930725    0.00000000 

F    0.85032467   -1.88608673    1.08641978 

 

 
B3LYP-D3/def2-TZVP 

E = -2140.9750139 

ZPVE = 0.0421851 

C     0.00000000    1.17199060    0.39769112 

C     0.00000000   -0.72574075   -0.89421472 

C     0.00000000    0.00000000    1.23870389 

N     0.00000000    0.00000000    2.54556889 

N     0.00000000    0.00000000    3.66754889 

C     0.00000000   -1.17199060    0.39769112 

C    -0.00000000    0.72574075   -0.89421472 

Cl    0.00000000   -2.78112250    0.97816287 

Cl    0.00000000   -1.69768569   -2.30055822 

Cl   -0.00000000    1.69768569   -2.30055822 

Cl   -0.00000000    2.78112250    0.97816287 

 

 
B3LYP-D3/def2-TZVP 

E = -2666.9702178 

ZPVE = 0.0462464 

C    0.24978876   -1.06232888    1.16456805 

Cl   0.39355173   -0.54487887    2.79663605 

C    0.52468487   -0.26729491    0.00000000 

C   -0.12512326   -2.30602487   -0.72312296 

Cl  -0.50311532   -3.66262085   -1.69749596 

C    0.24978876   -1.06232888   -1.16456805 

Cl   0.39355173   -0.54487887   -2.79663605 

I    0.92241601    1.68291906    0.00000000 

C   -1.18790191    2.75355722    0.00000000 

F   -1.32169381    3.51165722   -1.08479606 

F   -2.09880598    1.79480329    0.00000000 

F   -1.32169381    3.51165722    1.08479606 

C   -0.12512326   -2.30602487    0.72312296 

Cl  -0.50311532   -3.66262085    1.69749596 

 

 
B3LYP-D3/def2-TZVP 

E = -2666.9699093 

ZPVE = 0.0462322 

C     0.24600308    1.07785499   -1.16472280 

Cl    0.39629802    0.56353219   -2.79720687 

C     0.52784907    0.28487082    0.00000000 

C    -0.13286083    2.32025676    0.72318936 

Cl   -0.50921474    3.67747665    1.69701755 

C     0.24600308    1.07785499    1.16472280 

Cl    0.39629802    0.56353219    2.79720687 

I     0.90512098   -1.67098719    0.00000000 

C    -1.16566807   -2.79492410    0.00000000 

F    -1.85572808   -2.46645593   -1.08267521 

F    -0.91782313   -4.10579311    0.00000000 

F    -1.85572808   -2.46645593    1.08267521 

C    -0.13286083    2.32025676   -0.72318936 

Cl   -0.50921474    3.67747665   -1.69701755 
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UB3LYP-D3/def2-TZVP 

E = -2666.9700162 

ZPVE = 0.043864 

 

C    0.44425300    1.12081400    0.63411200 

Cl  -0.02857300    2.74492600    0.63316600 

C    1.83746600    0.68042000    0.60259800 

Cl   3.18683200    1.72136400    0.56158900 

C    0.44426000   -1.12092600    0.63393600 

Cl  -0.02857600   -2.74503300    0.63273900 

C    1.83746700   -0.68053400    0.60249100 

Cl   3.18683600   -1.72147200    0.56131900 

C   -0.39465600   -0.00005200    0.64814300 

I   -2.47350100   -0.00005700    0.67627600 

C   -0.22278900    0.00025500   -2.61371500 

F    0.52513600    1.09151700   -2.59319500 

F   -1.04568700    0.00044700   -3.64652300 

F    0.52485300   -1.09120400   -2.59337500 

 

 
B3LYP-D3/def2-TZVP 

E = -2667.0682145 

ZPVE = 0.0493225 

C    -0.15857854    0.57660785    1.18370306 

Cl   -0.26425884    0.08744489    2.81408611 

C    -0.34893509   -0.34703717    0.00000000 

C     0.10795466    1.81573979   -0.73623609 

Cl    0.42499029    3.20060076   -1.67776026 

C    -0.15857854    0.57660785   -1.18370306 

Cl   -0.26425884    0.08744489   -2.81408611 

C     0.10795466    1.81573979    0.73623609 

Cl    0.42499029    3.20060076    1.67776026 

I     1.24884687   -1.85967622    0.00000000 

C    -1.72796211   -1.04417913    0.00000000 

F    -1.90715366   -1.81288110    1.08001588 

F    -2.69512008   -0.10663710    0.00000000 

F    -1.90715366   -1.81288110   -1.08001588 

 

 
B3LYP-D3/def2-TZVP 

E = -2666.9328148 

ZPVE = 0.0443027 

C    1.59775500   -1.08263500   -0.08420900 

Cl   1.16959000   -2.69535100    0.16595200 

C    3.05144800   -0.66039100   -0.13633600 

Cl   4.38253300   -1.71423500   -0.22405300 

C    1.59792400    1.08262200    0.08436500 

Cl   1.16976100    2.69526700   -0.16614700 

C    3.05154000    0.66036000    0.13620700 

Cl   4.38272700    1.71415200    0.22350100 

C    0.77312900    0.00000200    0.00031200 

I   -1.88794400    0.00005100    0.00079900 

C   -4.12379000    0.00000800   -0.00059200 

F   -4.60694300    1.06006400   -0.66619500 

F   -4.60706200   -1.10609700   -0.58638900 

F   -4.60881300    0.04607100    1.24945700 

 

 
UM062x/6-311++G(d)/IEFPCM(argon) 

E = -2031.12620973 

ZPVE = 0.030837 

C                  0.00000000   -0.73974500   -0.44419900 

C                  0.00000000    0.73974500   -0.44419900 

C                  0.00000000    1.17446800    0.85146400 

C                  0.00000000    0.00000000    1.64671400 

C                  0.00000000   -1.17446800    0.85146400 

Cl                 0.00000000    2.78870600    1.41590200 

Cl                 0.00000000    1.69039900   -1.85024000 

Cl                 0.00000000   -1.69039900   -1.85024000 

Cl                 0.00000000   -2.78870600    1.41590200 
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M062x/6-311++G(d)/IEFPCM(argon) 

E = -2031.10971159 

ZPVE = 0.030851 

C                 -0.65409600    0.43311700   -0.16829000 

C                  0.81801500    0.46102800   -0.11568200 

C                  1.14576200   -0.81765300    0.11384000 

C                 -0.13228000   -1.47125000    0.41330700 

C                 -1.18473900   -0.86590900   -0.22712600 

Cl                 2.65192400   -1.59898000    0.09749200 

Cl                 1.76826700    1.87201400   -0.23769300 

Cl                -1.56437300    1.78021000    0.32659800 

Cl                -2.85322800   -1.25536200   -0.19206100 

 

 
UM062x/6-311++G(d)/IEFPCM(argon) 

E = -2355.69453498 

ZPVE = 0.044089 

C                  1.13810900    0.58708700    0.28249500 

C                 -0.29118000    0.78805500    0.60242900 

C                 -0.77805200   -0.37328800    1.13045800 

C                  0.32561800   -1.28203600    1.14940600 

C                  1.49275900   -0.69522800    0.62758500 

Cl                -2.35325400   -0.68943600    1.70804600 

Cl                -1.12757200    2.24419100    0.35490400 

Cl                 2.11892700    1.76091900   -0.44067000 

Cl                 3.01605900   -1.44363100    0.42060400 

B                 -1.23249500   -0.80688200   -1.78300000 

F                 -1.06787700   -2.06358700   -1.43090800 

F                 -0.21507000   -0.12886500   -2.27057000 

F                 -2.41502800   -0.24509000   -1.69499700 

 

 
UM062x/6-
311++G(d)/IEFPCM(argon) 

E = -2355.72013905 

ZPVE = 0.045890 

C                  0.83044700    0.09570600    0.00000200 

C                  0.03965900   -1.09520700   -0.00000200 

Cl                 0.65025000   -2.65315300   -0.00000300 

C                 -1.34271800   -0.77448800   -0.00000500 

Cl                -2.62682500   -1.85690400   -0.00001000 

C                 -0.12482400    1.15773300    0.00000100 

Cl                 0.22671200    2.79612200    0.00000500 

C                 -1.44548000    0.63492300   -0.00000300 

Cl                -2.87511000    1.51789700   -0.00000500 

B                  2.50253200    0.11412800    0.00000700 

F                  2.88536600   -0.56755000    1.15297400 

F                  2.88537400   -0.56754900   -1.15295800 

F                  2.93696800    1.42954200    0.00000900 

 

 
M062x/6-311++G(d)/IEFPCM(argon) 

E = -2355.72059114 

ZPVE = 0.045767 

C                  0.86433100    0.08859200   -0.00000100 

C                  0.05118500   -1.04193100   -0.00001100 

Cl                 0.59137500   -2.60432400   -0.00000300 

C                 -1.43077200   -0.72384600   -0.00000500 

Cl                -2.66616200   -1.87712400   -0.00000300 

C                 -0.06019400    1.11026000   -0.00000500 

Cl                 0.25197200    2.74011800    0.00000200 

C                 -1.50750200    0.60281100   -0.00000600 

Cl                -2.86748500    1.59874800   -0.00000300 

B                  2.53437900    0.08250900    0.00000700 

F                  2.93389700   -0.60098500    1.14903400 

F                  2.93390900   -0.60097700   -1.14902000 

F                  2.97229700    1.40152300    0.00001400 
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M062x/6-
311++G(d)/IEFPCM(argon) 

E = -2680.31006409 

ZPVE = 0.059746 

C                 -0.31818400    0.05301700   -0.85371900 

C                  0.51598800    1.10933400   -0.52624100 

Cl                 0.15916100    2.71916400   -0.60571500 

C                  1.87772300    0.64067700   -0.03860400 

Cl                 3.13014600    1.67202500    0.41847400 

C                  0.46475300   -1.05957800   -0.57268100 

Cl                 0.01125600   -2.63954500   -0.72610100 

C                  1.84306000   -0.68895900   -0.06461700 

Cl                 3.03899100   -1.80372800    0.34786900 

B                 -1.90161700    0.07045500   -1.20534600 

F                 -2.34826600    1.30721700   -1.55469300 

F                 -2.26508600   -0.94044600   -2.04385800 

F                 -2.59111300   -0.27284500    0.14202700 

B                 -1.99156200   -0.05565200    1.60550100 

F                 -3.05899400   -0.16995300    2.41388800 

F                 -1.05487600   -1.05705100    1.71843700 

F                 -1.41572400    1.18690800    1.54058000 

 

 
M062x/6-
311++G(d)/IEFPCM(argon) 

E = -2355.74908691 

ZPVE = 0.048059 

C                  1.04687400    0.00000300   -0.42115300 

C                  0.10233700    1.17649000   -0.32634000 

Cl                 0.65388500    2.78499700   -0.44881400 

C                 -1.13478000    0.74097700   -0.06739600 

Cl                -2.52234100    1.68081900    0.22882200 

C                  0.10234300   -1.17648900   -0.32634000 

Cl                 0.65389900   -2.78499300   -0.44881500 

C                 -1.13477700   -0.74098200   -0.06739600 

Cl                -2.52233300   -1.68083100    0.22882100 

B                  2.02005200    0.00000500    0.84791400 

F                  1.51216200    0.00000200    2.05980000 

F                  3.31864700    0.00000600    0.68711400 

F                  1.78417700    0.00000500   -1.58114200 

 

 
UM062x/6-311++G(d, p)/IEFPCM(argon) 

E = -192.7380777 

ZPVE = 0.068098 

C                  0.00000000    1.21826700    0.00000500 

C                  1.18494400    0.42334300   -0.00000900 

H                  2.20340900    0.77623200   -0.00001500 

C                  0.73828700   -0.86869600    0.00001400 

H                  1.35228900   -1.75891100    0.00002000 

C                 -1.18494400    0.42334300    0.00000600 

H                 -2.20341000    0.77623100    0.00001100 

C                 -0.73828600   -0.86869700   -0.00001400 

H                 -1.35228800   -1.75891100   -0.00002200 

 

 
M062x/6-311++G(d, p)/IEFPCM(argon) 

E = -192.7190129 

ZPVE =  0.066210 

C                  0.00003800   -1.06718900    0.23329800 

C                  1.20778300   -0.45200700   -0.12251900 

H                  2.21759100   -0.82153600   -0.08718900 

C                  0.73174400    0.83961100   -0.02627300 

H                  1.31799100    1.69779900    0.28003300 

C                 -1.20775300   -0.45206000   -0.12249400 

H                 -2.21753200   -0.82167400   -0.08721600 

C                 -0.73180400    0.83958400   -0.02627700 

H                 -1.31809300    1.69776700    0.27995800 

  



Chapter 9 – Appendix  

 285 

 
UM062x/6-311++G(d, p)/IEFPCM(argon) 

E = -517.3222735 

ZPVE = 0.082762 

C                 -0.29452700    0.00000000   -0.02159500 

C                 -1.16721100    1.13975200   -0.01719200 

H                 -0.82676200    2.16571800   -0.03456600 

C                 -2.51870700    0.70081200    0.00630100 

H                 -3.39345100    1.33523100    0.01993900 

C                 -1.16721200   -1.13975200   -0.01719200 

H                 -0.82676200   -2.16571800   -0.03456600 

C                 -2.51870700   -0.70081200    0.00630100 

H                 -3.39345100   -1.33523100    0.01993900 

B                  1.35210700    0.00000000   -0.00205400 

F                  1.78048900   -1.15743400   -0.65431000 

F                  1.73658600    0.00000600    1.34194000 

F                  1.78048900    1.15742800   -0.65432000 

 

 
M062x/6-311++G(d, 
p)/IEFPCM(argon) 

E = -517.3068881 

ZPVE = 0.082377 

C                  0.25403700    0.00001200    0.28124600 

C                  1.15553400   -0.99890700   -0.05627400 

C                  2.62394100   -0.66150600    0.08709500 

C                  1.15554000    0.99892200   -0.05627100 

C                  2.62394600    0.66149600    0.08709400 

B                 -1.38486800    0.00000400    0.03502600 

F                 -1.67298600   -1.15726700   -0.69961100 

F                 -2.03308300   -0.00007100    1.26199800 

F                 -1.67303200    1.15732300   -0.69950100 

H                  0.80123800   -1.85731700   -0.62809600 

H                  3.42788000   -1.37959100    0.12887000 

H                  3.42789500    1.37957300    0.12885800 

H                  0.80125500    1.85734700   -0.62807600 

 

 
UM062x/6-
311++G(d, 
p)/IEFPCM(argon) 

E = -841.9097363 

ZPVE = 0.096909 

C                  1.01213000    0.51277600   -0.01433600 

C                  1.73948200    0.03015300    1.12275800 

H                  1.52589000    0.29931300    2.14738300 

C                  2.74147300   -0.86834800    0.68024200 

H                  3.43280600   -1.40669300    1.31221500 

C                  1.62341800   -0.09853200   -1.15748300 

H                  1.30400500    0.05915800   -2.17747300 

C                  2.66991700   -0.94742800   -0.72042100 

H                  3.29617100   -1.55815100   -1.35440500 

B                 -0.28364900    1.48684300   -0.00687800 

F                 -0.47765500    2.07573300   -1.22200600 

F                 -0.26804100    2.33729000    1.06122200 

F                 -1.48896500    0.56197700    0.22510100 

B                 -1.48752200   -1.02901500    0.03421700 

F                 -0.65810900   -1.45798700    1.04119500 

F                 -2.77995200   -1.37231500    0.15369400 

F                 -0.92967100   -1.19519800   -1.20686900 
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UM062x/6-311++G(d, 
p)/IEFPCM(argon) 

E = -1166.4850594 

ZPVE = 0.110331 

C                  0.06663300    0.72212600    0.28395300 

C                  0.27865000    1.72233500    1.28726700 

H                  0.42073300    1.50972400    2.33734100 

C                  0.29022500    2.99620200    0.67212000 

H                  0.44028300    3.94064600    1.17480200 

C                 -0.05967700    1.43119500   -0.95751700 

H                 -0.22189200    0.96924900   -1.92012600 

C                  0.08201700    2.81948600   -0.70536500 

H                  0.04316200    3.60264600   -1.44857500 

B                  0.01129500   -0.87571100    0.53276200 

F                 -1.05306100   -1.44124900   -0.17528300 

F                  0.00635300   -1.18767000    1.85647400 

F                  1.24381700   -1.46430200   -0.08494000 

B                  2.64330700   -0.62577100   -0.34132000 

F                  2.72549700    0.14043700    0.78454700 

F                  3.55150600   -1.59770600   -0.48144600 

F                  2.33688800    0.09243200   -1.46052800 

B                 -2.98156300   -0.40994000   -0.26372400 

F                 -2.73302300    0.27732400    0.84393800 

F                 -2.70508200    0.16886600   -1.42385000 

F                 -3.70562500   -1.50071300   -0.22166700 

 

 
UM062x/6-311++G(d, 
p)/IEFPCM(argon) 

E = -1491.0588828 

ZPVE = 0.123810 

C                  0.61171500    0.40226600    0.70701000 

C                  0.86704900   -0.27737000    1.94313000 

H                  0.84727700   -1.34994200    2.06791700 

C                  1.15955600    0.68313000    2.94116700 

H                  1.40024200    0.46899500    3.97232900 

C                  0.75443900    1.80148000    0.99090800 

H                  0.63296500    2.59437300    0.26606300 

C                  1.08986900    1.95819700    2.35731100 

H                  1.26743200    2.89794700    2.85980000 

B                  0.27377000   -0.27221000   -0.72198600 

F                 -0.58686700    0.52737900   -1.46297100 

F                 -0.21457400   -1.56130200   -0.56776700 

F                  1.52700100   -0.36651400   -1.49770600 

B                  3.06745200   -0.38722700   -0.80124600 

F                  2.89384600   -1.29631900    0.19309000 

F                  3.83167700   -0.74099500   -1.83524800 

F                  3.16977200    0.89637800   -0.36207900 

B                 -2.24228700    1.81990400   -0.67981300 

F                 -2.15497200    1.26896900    0.52425900 

F                 -1.55343000    2.92805200   -0.90137700 

F                 -3.13797600    1.41079000   -1.54041100 

B                 -2.15821200   -2.03678300    0.44097800 

F                 -2.01864300   -3.33438600    0.28909700 

F                 -2.87256000   -1.33243100   -0.40770000 

F                 -1.74408400   -1.47029000    1.56959700 
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M062x/6-311++G(d)/IEFPCM(argon) 

E = -517.3586103 

ZPVE = 0.085277 

C                 -0.01735100    0.59452400    0.00000000 

C                 -0.88482800    0.25806800    1.18342300 

H                 -0.59040700    0.44210100    2.20691900 

C                 -1.97679400   -0.38019700    0.73636900 

H                 -2.75000000   -0.82489600    1.34782800 

C                 -0.88483100    0.25805900   -1.18341900 

H                 -0.59041300    0.44208400   -2.20691700 

C                 -1.97680000   -0.38019600   -0.73635700 

H                 -2.75000900   -0.82489600   -1.34781000 

B                  1.18709100   -0.45065500   -0.00000200 

F                  2.43332000   -0.02522500   -0.00002400 

F                  0.97837800   -1.75269500    0.00001700 

F                  0.49819100    1.87984600   -0.00000500 

 

 
C2v 

UB3LYP-D3/def2-TZVP 

E = -2030.97573254950 

C        -2.22627159650136      0.00000000000000      1.27990355259103 

C         2.22627159650136       0.00000000000000      1.27990355259103 

C        -1.40446049436224       0.00000000000000     -1.18672264112482 

C         1.40446049436224       0.00000000000000     -1.18672264112482 

C         0.00000000000000        0.00000000000000      2.75190205085198 

Cl        -5.27288050726333      0.00000000000000      2.37281739306057 

Cl         5.27288050726333       0.00000000000000      2.37281739306057 

Cl        -3.20749022480999   0.00000000000000     -3.84194932995277 

Cl         3.20749022480999   0.00000000000000     -3.84194932995277 

 

 
C2v 

UB3LYP-D3/def2-TZVP 

E =-2030.97495835657 

C        -2.13700570663949       0.00000000000000      1.37202165022980 

C         2.13700570663949       0.00000000000000      1.37202165022980 

C        -1.28709545947504       0.00000000000000     -1.28365161770391 

C         1.28709545947504       0.00000000000000     -1.28365161770391 

C         0.0000000000000         0.00000000000000      2.85493228202128 

Cl       -5.19615328450116       0.00000000000000      2.31615532626228 

Cl        5.19615328450116        0.00000000000000      2.31615532626228 

Cl       -3.26441684977208       0.00000000000000     -3.83199149979883 

Cl        3.26441684977208        0.00000000000000     -3.83199149979883 

 

 
C2v 

UB3LYP-D3/def2-TZVP 

E =-2030.96147848217 

 

C       -2.09008070281851        0.00000000000000      1.33677924951716 

C        2.09008070281851        0.00000000000000      1.33677924951716 

C       -1.33770951082652        0.00000000000000     -1.24864218315477 

C         1.33770951082652       0.00000000000000     -1.24864218315477 

C        0.000000000000             0.00000000000000      3.04530827189133 

Cl      -5.17604309121360        0.00000000000000      2.24978583921296 

Cl       5.17604309121360         0.00000000000000      2.24978583921296 

Cl      -3.20160376940969        0.00000000000000     -3.86057704152107 

Cl       3.20160376940969         0.00000000000000     -3.86057704152107 
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C2v 

UB3LYP-D3/def2-TZVP 

E =-2030.96543152826 

 

C       -2.22502208706311       0.00000000000000      1.28715795752171 

C        2.22502208706311       0.00000000000000      1.28715795752171 

C       -1.40383710179241       0.00000000000000     -1.19300066300511 

C         1.40383710179241      0.00000000000000     -1.19300066300511 

C        0.000000000000           0.00000000000000      2.73129467516348 

Cl      -5.27378380332020      0.00000000000000      2.37887316122881 

Cl        5.27378380332020     0.00000000000000      2.37887316122881 

Cl      -3.21272088545591      0.00000000000000     -3.83867779332715 

Cl        3.21272088545591      0.00000000000000     -3.83867779332715 

 

 
C2v 

UB3LYP-D3/def2-TZVP 

E =-2030.97676260968 

 

C       -2.13777746519518        0.00000000000000      1.37261766670609 

C        2.13777746519518        0.00000000000000      1.37261766670609 

C       -1.28616993339939        0.00000000000000     -1.28506940202391 

C         1.28616993339939       0.00000000000000     -1.28506940202391 

C        0.0000000000000          0.00000000000000      2.85832579283570 

Cl      -5.19826296310551        0.00000000000000      2.31648748630725 

Cl        5.19826296310551        0.00000000000000      2.31648748630725 

Cl       -3.26347035710665        0.00000000000000     -3.83319864740730 

Cl        3.26347035710665        0.00000000000000     -3.83319864740730 

 

 
C2v 

UB3LYP-D3/def2-TZVP 

E =-2031.3491177 

ZPVE = 0.0289885 

C       -2.09175872586231      0.00000000000000      1.33648413446286 

C        2.09175872586231      0.00000000000000      1.33648413446286 

C       -1.33896542926600      0.00000000000000     -1.24149580522676 

C         1.33896542926600      0.00000000000000     -1.24149580522676 

C         0.0000000000000        0.00000000000000      3.05091207469333 

Cl      -5.18071959549176       0.00000000000000      2.23921518460487 

Cl        5.18071959549176      0.00000000000000      2.23921518460487 

Cl       -3.19144148106138       0.00000000000000     -3.85965955118760 

Cl        3.19144148106138       0.00000000000000     -3.85965955118760 

 

 
C2v 

UB3LYP-D3/def2-TZVP 

E =-2030.96147848217 

 

C       -2.09008070281851      0.00000000000000      1.33677924951716 

C        2.09008070281851      0.00000000000000      1.33677924951716 

C       -1.33770951082652       0.00000000000000     -1.24864218315477 

C         1.33770951082652       0.00000000000000     -1.24864218315477 

C        0.000000000000        0.00000000000000      3.04530827189133 

Cl      -5.17604309121360        0.00000000000000      2.24978583921296 

Cl       5.17604309121360        0.00000000000000      2.24978583921296 

Cl      -3.20160376940969      0.00000000000000     -3.86057704152107 

Cl       3.20160376940969      0.00000000000000     -3.86057704152107 

 

 
C2v 

B3LYP-D3/def2-TZVP 

E =-2030.95519110908 

 

C      -2.19580419699151          0.00000000000000      1.24618878563867 

C       2.19580419699151          0.00000000000000      1.24618878563867 

C      -1.45541394497949        0.00000000000000     -1.18064647606833 

C       1.45541394497949         0.00000000000000     -1.18064647606833 

C       0.00000000000000      0.00000000000000      2.94643535095297 

Cl      -5.25406454576264      0.00000000000000      2.33190204152138 

Cl       5.25406454576264       0.00000000000000      2.33190204152138 

Cl      -3.18700409977461       0.00000000000000      -3.87066202656820 

Cl        3.18700409977461      0.00000000000000      -3.87066202656820 
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C2v 

B3LYP-D3/def2-TZVP 

E =-2030.95434687619 

 

C      -1.98327125512062         0.00000000000000      1.44797656179527 

C        1.98327125512062         0.00000000000000      1.44797656179527 

C      -1.25813628037471          0.00000000000000     -1.37383153711586 

C        1.25813628037471         0.00000000000000     -1.37383153711586 

C        0.0000000000000      0.00000000000000      3.13532271632666 

Cl      -5.08730723993245      0.00000000000000      2.22424755535297 

Cl        5.08730723993245      0.00000000000000      2.22424755535297 

Cl       -3.28430764315952      0.00000000000000     -3.86605393819569 

Cl        3.28430764315952      0.00000000000000     -3.86605393819569 

 

 
C2v 

B3LYP-D3/def2-TZVP 

E =-2030.91373179596 

 

C      -2.30882434921249       0.00000000000000      1.36561670156970 

C       2.30882434921249        0.00000000000000      1.36561670156970 

C      -1.31634346676746        0.00000000000000     -1.20800684468769 

C        1.31634346676746        0.00000000000000     -1.20800684468769 

C         0.000000000000        0.00000000000000      2.44209395048482 

Cl      -5.33589152756262        0.00000000000000      2.39495486494159 

Cl        5.33589152756262       0.00000000000000      2.39495486494159 

Cl      -3.29926292955988      0.00000000000000     -3.77361169706597 

Cl       3.29926292955988      0.00000000000000     -3.77361169706597 

 

 
Cs 

UB3LYP-D3/def2-TZVP 

E =-2030.97572918544 

C      -2.21954652137579     -1.31001035185508      0.00000000000000 

C       2.22923579292038     -1.25385245063172    0.00000000000000 

C      -1.39049913405119      1.17943958202206     0.00000000000000 

C        1.41273982315386      1.19779463475090     0.00000000000000 

C      -0.01324792221568     -2.75473806038880   0.00000000000000 

Cl     -5.27867291865656     -2.37911220858874    0.00000000000000 

Cl      5.26422111205849     -2.36293696763595     0.00000000000000 

Cl      -3.21033785437898      3.81522643741135      0.00000000000000 

Cl       3.20610762254557      3.86818938491591     0.00000000000000 

 

 
Cs 

UB3LYP-D3/def2-TZVP 

E =-2030.97566720571 

 

C      -0.07487956505242      1.35718742352050     -2.12447499054055 

C      -0.07487956505242      1.35718742352050      2.12447499054055 

C       0.12922887432784     -1.27162821440076     -1.29687854448731 

C       0.12922887432784     -1.27162821440076      1.29687854448731 

C      -0.46651461605672      2.83813366637869     0.0000000000000 

Cl      0.13025384434646      2.33387635161045     -5.16939507834741 

Cl      0.13025384434646      2.33387635161045      5.16939507834741 

Cl      0.04865415440653     -3.83850239391952     -3.24459309504673 

Cl      0.04865415440653     -3.83850239391952      3.24459309504673 

 


