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Calculations of enthalpies of formation of carbenes
in the ground state in the gas phase
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Known enthalpies of formation (AcA°) of carbenes in the ground state in the gas phase
were analyzed; the prospects for the theoretical evaluation of A(H® were considered. The AfH®
values of carbenes were calculated by the group-addition method, developed previously for

free radicals, as well as by the AMI and PM3 quantum-chemical methods; these met hods
were compared.
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Carbenes are one of the main classes of intermedi-
ates formed in chemical reactions.! Experimental deter-
mination of thermochemical characteristics of carbenes
is difficult, because these species are highly reactive and
have short lifetimes. Therefore, most of the experimen-
tal values known for these compounds have been ob-
tained by indirect methods and often differ substantially
from one another. Hence, the development of reliable
theoretical methods for the calculation of thermochemi-
cal characteristics of carbenes is an important aspect of
the studies of reactions involving these species.

Previously, two of us have composed a data bank of
thermochemical characteristics of free organic radicals?:3
and have developed group-addition methods for the
calculation of enthalpies of their formation.%5 In the
present study we calculated enthalpies of formation of
carbenes in the ground state using the group-addition
method and the AM1 and PM3 gquantum-chemical meth-
ods and compared the values obtained.

There are literature data’-67 on the compilation of
the thermodynamic properties of simple carbenes. En-
thalpies of formation for 42 carbenes have been reported
in a known monograph;® however. it is impossible to
distinguish the values obtained experimentally from those
calculated by the author using methods based on substi-
tution increments and isodesmic reactions, because the
tables given in the monograph are not accompanicd by
references. Furthermore. some of the experimental val-
ues have been corrected by the author of Ref. 8, but this
is not reflected in the tables. Therefore, the AcA° values
reported in the monograph under considerationd should
be used with certain care.

The available experimental data on the enthalpies of
formation of carbenes are summarized in Table 1. This
table also presents data taken frorn handbooks!%7 in-
cluding weighted average values and the results of nu-
mencal estimates as well as a nurnber of values taken
from the monograph mentioned above.® Some of the
data listed in Table 1 are characterized by large errors or
have been obtained using rough approximations. For
example, the A¢H® values for !CBr,, 'Cl,, and }CHPh
were found from a comparative examination of the
enthalpies of formation of carbenes and of radicals
having similar structures. All the foregoing complicates
markedly the task of analysis, correlation, and interpre-
tation of the data presented.

To calculate A¢H° by the grou p-addition approach,
we chose the values, most reliable from our viewpoint,
among the enthalpies of formation of carbenes (see
Table 1) and used them as reference values. Table 1
also includes the muitiplicities of the ground states of
carbenes. Although not all of the v alues listed in Table ]
correspond in reliability to refere nice values, it is guite
admissible to use the present set of AfH° in order to
verify whether this method can be employed and whether
this lcads to trustworthy resuits. However, the set of
reference values in question is inac<dequate for the group-
addition method to be used for the calculation of the
ApH° values of carbenes of various structures. This prob-
lem can be solved by assuming that the effects of
identical substituents on free-rad tcal and carbene cen-
ters are quantitatively close to o e another. This would
make it possible to reduce the task to the transfer to
carbenes of the well-developed g roup-addition method
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Table 1. Experimental and calculated enthaipies of formation (A¢H°) of carbenes

Carbene Multiplicity Ack°/k) mol™!
of the
ground experiment the group- AMI PM3
state addition
method
CH, 3 390.424.07 - 337.8 316.2
CF, ! ~180.0£10,7 —158.1 -284.1 ~205.2
~205+12,°
—164 4 10
CHF 1 105.3425,7 147.9 87.3 147 .4
1094122
163.1,1
574.]812
CCl; ! 226.2+20.7 197.8 202.5 240.1
163+12°
230+8,13
218 Q+|4 210
213.4+8.414
CHCI | 308.3+30,7 319.7 3246 3477
298+24,°
“24.2911
CFCl 1 25+20,7 183 ~15.9 43.1
~-8+29°
Z_t
CBr, ! 336.6+507 315.1 376.3 438.7
CHBr 1 373+18'2 382.2 412.7 459.7
CFBr 1 63+ 80.8 776 1124
Cl, 1 468.4+60,7 419.3 508.3 508.2
503.38
CHI 1 4281211 4343 496.0 489.0
C=CH, l " 397.0k14.607 - 471.8 453.2
C=C=0 3 290.88 - 407.6 367.9
C=NH | 175318 - 204 236.6
179.98
: <ﬂ ! 4774179 543.0 6217 569.2
C=C=CH, i 502—523% - 587.6 582.6
CHC=CH 3 58620 5729 515.9 505.7
CHMec 3 366 i8 3428 2777 252.4
: Q : 450.6% 384 3 506.0 478.4
CHC=N 3 460410015 480.0 459.1 465.0
CFCF, { —586%123 ~580.4 ~574.3 ~528.5
CFC,F; 1 ~1008+213 -996.4 —964.3 =940.3
C(CF3) 3 —-887+2112 —-887.2 ~941.0 —964 .8
C(CF;)C,Fs 3 1305123 -1304.9 -1330.2 ~1374.7
CPhH 3 4278 440 1 430.5 4189

(to0 be continued)
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Table 1. (continued)

Carbene Multiplicity ApHe/kd mol™!

of the

ground experiment the group- AMI P M3

state addition

method

CPhF | 114,223 108.5 1575 1969
CPhCl 1 280.723 280.3 3754 386.5
CPhBr 1 33398 3428 4551 4745
CPh, 3 364.024 512.0 4979 4933
C(FYOMe | —234+-22213 —2281 ~260.4 -2258
C(CHOMe 1 ~90. 415 -90.2 ~2.1 146
C(OMe), 1 ~25518 —302.7 ~244.9 -228.1
CFl ! - 133 153.8 154.7
CCiBr 1 - 253 2923 3214
cai 1 - 305 372.8 356.2
CBrl 1 - 367 4383 4735
CMe, 3 - 296 2211 1957
CHNH, 1 - 351 369.0 3930
C(NH,)CaN 1 — 352 309.8 341.1
C(F)C=N 3 - 268 227.6 276.7
CHOH | -~ 67 69.6 68.4
CHCHO 3 - 215 202.6 167.0
CHCOOH 3 — 13 —-39.2 —60.6
C{Me)OMe 1 — —63 38.1 3.4
C(CHOPh ! - 70 163.7 161.1
C(CF;))C(O)CF; 3 - ~1021 —-1053.7 -1097.2
C(CF;))C(O)C,Fs 3 - —1439 —1435.5 ~1497.2
CHCF, 3 - —~245 ~319.7 —-3424
CHCH=CH, 3 - 395 364.7 356.6
CBut, 3 - 128 1244 80.6
C(CFj)Ph 3 - —198 ~2203 —2333

Note. When several dissimilar experimental 4¢H° values have been reported, we chose the most
reliable of them (underlined) and used it in the subsequent calculations as the reference value.
* These values were estimated by us based on the reported bond dissociation energies (data of
Ref. 1S) and enthalpies of formation of carbynes CF and CCI (data of Ref. 16).

for the calculation of the AfH° values of free organic values of Af° of carbenes XYC i11 the ground state were
radicals. In this study, we used the first approximation*-3 calculated from the following formmula

of this approach, developed for free organic radicals.

According to this approximation, the contributions of AHUXYCY = G+ LAvEs +Ec "kz;“k-l' (D
groups in free radicals to iuc enthalpies of formation ‘ '

were taken as the contributions of the corresponding where C. is the contribution of the carbene center; 4; are
groups containing no carbene center to Agf°. Thus, the the contributions of other groups i n the carbene; Egis the
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Table 2. Contrnibutions (kJ mol™!) of various groups (underlined) to 3cH° of radicals and carbenes

Group Contribution Group Contribution Group Contribution Encrgy Contribution
H;C--C ~41.0 ~C (C)—-HC=C 156 A, (F—=F)8 —4 6
= C E\C =1342 1
. B €\ Ay (Cl—Ca 77
HZS:\C 218 HCO—(C) —1359 C,g =C 189 i
Ay (Br—Br) 0
- A L
HC ’—% —~(34 NE—(©) 96 C=C=C 67.9
ég 1.7 E© 08 (O)—C=C "7 E{C=C—C")*  —52.0
NC - Cl—(C) ~339
N HCA~—(Car)2 138 ECHeeC Y —29.3
¢ B1—(C) 28.6 C’ S(CeHs—C")* - —29.
HO-C -175.3 ,
2 1—(O) 80.7 o
o =C 2 AN 16.6
Q\C -128.4 H,C=C 27.2 e,

Note. The atoms linked directly to the central atom of the group under consideration are given in parentheses after the dashes; Cq,

is a carbon atom belonging to a benzene ring.

* These values were estimated by us based on the reported bond dissociation energies (data of Ref. 15) and enthalpies of formation

of carbynes CF and CClI {data of Ref. 16).

energy of conjugation of the free electrons of the carbene
center with the a-system in conjugated carbenes; Eis the
ring strain energy in cyclic carbenes; and A, is the energy
of nonvalent clectrostatic interactions between electrone-
gative atoms and groups in substituents.

The C_ values for Eq. (1) are found using reference
AcH® values, while the other terms in this cquation are
parameters characterizing structural fragments, which
were reported previously®3 in the studies dealing with
the development of the first approximation of the ap-
proach in question. To present the structural param-
eters, we used the generally accepted designations for
groupsz®—31 (Table 2). In terms of the first approxima-
tion, it was assumed that the contributions of identical
groups to the enthalpies of formation of the intermedi-
ates are equal, irrespective of the distance (along the
chain in the species) between this group and an atom
with unpaired electrons. Based on the experimental
values of AcH® of carbenes (see Table 1), we caiculated
the contributions of the HC: and C: centers to A H°,
which are determined taking into account the multiplic-
ity of the ground state of the corresponding carbene
(Table 3). These parameters were calculated with differ-
ent degrees of reliability. They can be made more accu-
rate following the appearance of new reference ApH°
values for carbenes and the refinement of the existing
values. Some AH° values of carbenes, calculated by the
method described above, are also listed in Table 1. The
ApfP values for those carbenes for which no experimen-
tal AcH° are available but the multiplicity of the ground
state is known!8.7 were calculated by the group-addi-
tion method in a similar way (see Table 1). We did not
consider cyclic conjugated carbenes, because the calcu-
lation of A;H° for these species requires additional data
on the Eq and E values. Table | also includes the

enthalpies of formation of carbenes that we found by the
AM! and PM3 semiempirical quantum-chemical calcu-
lations (see Ref. 26) using the MOPAC program with
full optimization of the molecular geometry.
Comparison of the AcH® values calculated by differ-
ent methods for singlet halocarbenes (Figs. 1—3) and
triplet carbenes (Fig. 4) indicates that the vajues ob-
tained by the group-addition method are closer to ex-
perimental results than those found by quantum-chemi-
cal calculations. In general, the enthalpies of formation
of halocarbenes obtained by the group-addition method
lie within the confidence intervals of the corresponding
experimental values. In the calculation of Agf#° for
cyclopropenylidene, we used the £ and Eg values for
the cyclopropeny! radicai;3 however, this proved to be
improper, because, according to the published data,?’
the p-orbital of the carbene center in cyclopropenylidene
is involved in the common n-system of the three-mem-
bered ring. In addition, the bond angie at the carbene
center in cyclopropenylidene is smaller than that in

Table 3. Group contributions (C.) of carbene centers
(undertined) 10 \(H” of carbenes

Group Multipticity of the C.
ground state /k) mol™!
=~c 1 257.9
C
-
:Q\C 3 3779
‘CH-C I 353.6
CH-C 3 383.8
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AcH/x) mol™!

T

| I
H F Ci Br I
X
Fig. 1. Dependence of the enthalpies of formation (A¢H®) of
singlet carbenes CX; oa the substituent X (here and below,

I, experimental values; 2, the results of the group-addition
method; 3, AMI calculations; and 4, PM3 calculations).

methylene; consequently, a zwitterion type singlet state
is stabilized, and cyclopropenylidene has the structure of
an onium anion. Similarly, the substantial underestima-
tion of the AfH° value calculated for cyclopropylidene
can be explained by the fact that the CH—C—CH bond
angle in the singlet ground state of this carbene is 6—7°
smaller than that in the triplet state (see Ref. 27).
Therefore, the structure of singlet cyclopropylidene is
additionally strained, and the A¢H® value increases. if we
assume that the energies of this strain in cyclo-
propenylidene and cyclopropylidene are identical and
are equal to =66 kJ mol~! (see Table 1), the energy of
the additional stabilization of cyclopropenylidene, due
to the change in its structure, should be =130 kJ mol™!.
fn the calculation of A¢H° for diphenylcarbene, 3CPhs,
we used the value ECHPh,) = =317 kJ mol™! (see
Ref. 5). At the same time, it should be expected that the
energy of conjugation in this carbene will increase,
because the Ph—C—Ph angle at the central carbon atom
in this case (150°, see Refs. 1, 7) is larger than that in
the corresponding free radical CHPh; (the Ph—C—Ph
angle is 120°, see Ref. $).

The fact that for some carbenes, the Apf° values,
calculated by the method of group contributions, deviate
markedly from the experimental values is due, as a rule,
to some specific features of their structures; this is
confirmed once again by the above examples. The ef-
fects of thesc specific features on the A¢H° values are
normally taken into account by introducing additional
parameters. For example, stabilization of the singiet

AHT /%) mol™!
500 —~

L ) | } i
H F Cl Br

X

Fig. 2. Dependence of the enthalpies of formation (A¢f°) of
singlet carbenes CHX on substituent X (for notation, sce
Fig. 1).

A¢H /%I mol™!

500

400

300

}
Br

X

Fig. 3. Dependence of the enthalpies of formation (AcH°) of
singlet carbenes CPhX on substitueent X (for notation. see
Fig. 1)

states of methoxycarbenes 'C(F) OMe and 'C(ClYOMe
is ensured by the interaction of the unshared electron
pair of the O atom with the v acant p-orbital at the
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AcH/K) mol™!
600 —

& { { L 1 1 | L { ]

i 2 3 4 5 6 7 3 9 10
Fig. 4. Enthalpies of formation (ArH°) of triplet carbenes
C(CMey); (1), CMe, (2), C(F)C=aN (3), CHMe (3), CH, (5),
C=C=0 (6), CHPh (7), CHC=N (8), CPh; (9), and CHC=CH
(10) (for notation, see Fig. 1).

carbene center.2® For this reason, when the AH° values
of these carbenes are calculated using standard param-
eters (sec Tables 2 and 3), the results deviate substan-
tially from experimental values. When the additional
energy of comjugation £¢O...C), which is equal to
—110.9 kJ mol™! in conformity with the first approxi-
mation for free radicals,S is taken into account, the AcHP
values calculated for C(Hal)OMe are in good agreement
with experimental data. In this case, as in the case of
free radicals, the Eg value is not additive, since
Eg0...C..0) # 2E(0O...C). This can be seen using
dimethoxycarbene ‘C(OMe)2 as an example (see
Table 1). Note once again that all the calculations
performed refer to carbenes in the ground state. The
determination of the multiplicity of the ground states of
carbenes presents a separate, rather complex problem.!

Thus, the results of the performed calculations, their
comparison with experimental data, and the rationaliza-
tion of the large deviations observed indicate that the
group-addition method for the calculation of AH° is
applicable to carbenes in the ground state.

Analysis of the results of AM1 and PM3 semiempirical
quantum-chemical calculations (sece Table 1) for
halocarbenes CX,, CHX, and CPhX (see Figs. 13,
respectively) indicates that these methods lead to under-
estimation of AcA° values for fluorocarbenes and to
averestimation of these values for the rest of the
halocarbenes, and these errors are systematic. in gen-
eral, for the ten carbenes in the triplet ground state
studied (see Fig. 4), the calculated values are in satis-

factory agrecement with the experimental data. The most
accurate Acff° values for singlet carbenes are obtained by
the AM1 method, those for fluorocarbenes are found by
the PM3 method, and in the case of triplet carbenes, the
most accurate results are provided by the AM ! method.
Thus, as a rule, quantum-chemical methods understate
the Acf® values of triplet carbenes and, conversely,
overstate AcH° for singlet carbenes, all these methods
being characterized by large scattering of the resulits
obtained. Quantum-chemical methods are appropriate,
most of all, in the case of the calculation of AcH® values
for carbenes having some specific geometrical or elec-
tronic features, for which no data on the corresponding
group contributions have been reported.

Analysis of the A;H° values found by various methods
pravides reasons for critical evaluation of the existing
experimental enthalpies of formation of a number of
carbenes. For example, in the case of diphenylcarbene
{triplet ground state), calculations lead to A4 lying in
the 494—512 kJ mol™! range, which indicates that the
experimental?? value, equal to 364.0 kJ mol™!, must be
checked and determined more accurately,

The authors are grateful to Al. G. Krestov for usefu!
remarks in the discussion of this study,
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