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ABSTRACT: The thermochemistry of c-C5H4 (3B1), c-C5H5
. and c-C5H6 was investigated at the G2M(RCC,MP2)

level. The heat of formation (DHo
f,298), ionization potential (IP), electron affinity (EA) and proton affinity (PA) are

respectively, 125.1, 204.4, 42.5 and 230.7 kcal molÿ1 for c-C5H4 (3B1), 63.5, 195.2, 44.9 and 197.2 kcal molÿ1 for
c-C5H5

. and 32.1, 199.9, 26.0 and 195.2 kcal molÿ1 for c-C5H6. The computed values for the last two molecules are in
excellent agreement with available experimental data, with the errors of�1 and�2 kcal molÿ1 for the heat of
formation and the other parameters, respectively. In addition, the heat of formation of c-C5H4

.ÿ is evaluated as
82.0 kcal molÿ1, about 10 kcal molÿ1 higher than the experimental value. This leads to the suggestion that the
experimentalDHo

f,298(c-C5H4
.ÿ) value needs to be re-examined. Copyright 2001 John Wiley & Sons, Ltd.
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INTRODUCTION

As important intermediate species in oxidation reactions
of benzene and toluene at high temperature, three
cyclopentadiene hydrocarbons, cyclopentadienylidene
(c-C5H4), the cyclopentadienyl radical (c-C5H5

.) and
1,3-cyclopentadiene (c-C5H6), have been the subjects of
numerous experimental and theoretical studies.1–7 While
the cyclopentadienyl radical is an important ligand in
many inorganic complexes, cyclopentadienylidene, the
second organic ring (the first one is c-C3H2), is assumed
to exist in interstellar space.2

The lowest energy geometric configurations of c-C5H6,
c-C5H5

. and c-C5H4 haveC2v symmetry and their ground
electronic states are1A1,

2B1 and3B1, respectively. These
facts are well established by both theoretical calculations
and experiment.

The thermochemical parameters of c-C5H6 and
c-C5H5

., including the heat of formation (DHo
f,298),

ionization potential (IP), electron affinity (EA) and

proton affinity (PA), are well known, but the thermo-
chemical parameters of c-C5H4 remain controversial. A
large discrepancy between the reported experimental and
theoretical results for the heat of formation of c-C5H4

(3B1) exists. In early theoretical studies, Glukhovtsevet
al.3 and later Bolfillet al.1 reportedDHo

f,298(c-C5H4) as
119.4 and 119.5 kcal molÿ1, respectively (1 kcal =
4.184 kJ). These values were based on semi-empirical
calculations at the MNDO level. In a more recent
computational study, Wang and Brezinsky,5 using a
higher theoretical level, the G2(MP2,SVP) and
G2(B3LYP/MP2,SVP) methods and Eqn. (1), arrived at
a value of 125.2 kcal molÿ1. The reported value of
125.2 kcal molÿ1 is similar to those in Refs 1 and 3 (a
difference of ca. 5.5 kcal molÿ1) but varies greatly from
the experimentally obtained value of 112.3� 4.7 kcal
molÿ1.4

cÿC5H4�3B1� � 6CH4!: CH2�3B1� � 3C2H6� 2C2H4

�1�

These differences might be attributed to either the
accuracy of the level of theory used or the experimental
heat of formation of c-C5H4

.ÿ of 71.9� 3.6 kcal molÿ1

chosen as the reference by McDonaldet al.4 is uncertain.
DHo

f,298(c-C5H4
.ÿ) was derived fromPA(c-C5H4

.ÿ) =
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378.2� 2.4kcalmolÿ1, DHo
f,298(c-C5H5

.) = 60.9� 1.2
kcalmolÿ1 andDHo

f,298(H
�) = 367.2kcalmolÿ1.

Consideringthe large discrepancyand importanceof
accuratedatafor thesereferencespecies,in thisstudywe
setout to re-examinethethermochemicalparametersfor
cyclopentadienylidene (c-C5H4), cyclopentadienylradi-
cal (c-C5H5

.) and 1,3-cyclopentadiene(c-C5H6) using
ourG2M(RCC,MP2)method.Thecalculatedparameters
for c-C5H5

. and c-C5H6 were comparedwith available
experimentalresultsin orderto checktheaccuracyof our
theoreticalmethod.The heatof formation of c-C5H4

.ÿ

was also re-computed,basedon five different working
reactions.Finally, dissociationenergiesfor the C—H
bondin the title specieswerealsoinvestigated.

COMPUTATIONAL METHODS

All calculations were performed using the
G2M(RCC,MP2)method,8 a variantof theG2 method.9

This methodgivesan approximationto the RCCSD(T)/
6–311�G(3df,2p) energiesand includes the empirical
‘higher levelcorrection’alsousedin G2.9 It usesB3LYP/
6–311G(d,p)optimizedgeometriesandZPE corrections
(thermal correctionsin this paper) and substitutesthe
QCISD(T)/6–311G(d,p) calculation of the original G2
schemeby therestrictedcoupledcluster10 RCCSD(T)/6–
311G(d,p)calculation.It shouldbe mentionedthat the
G2M methodcan be also applied using MP2/6–31G*
geometriesand frequencies,8 but the accuracyexpected
in this caseis similar or slightly worsethanwith B3LYP
geometries.The total energy in G2M(RCC,MP2) is
computedasfollows:

E�G2M�RCC;MP2�� � E�MP2=6ÿ311�G�3df; 2p��
� E�RCCSD�T�=6ÿ311G�d; p��
ÿ E�MP2=6ÿ311G�d; p��
��E�HLC�
� TC�B3LYP=6ÿ311G�d; p��

�2�

with the ‘higher level correction,’

�E�HLC� � ÿ5:25n� ÿ 0:19n� �3�

where na and nb are the numbersof a and b valence
electrons,respectively.It is known that the expected
accuracy of this computationalschemeis within 1–
2 kcalmolÿ1.8,9 When necessary,the Gaussian-3(G3)
theory which is based on MP2/6–31G* optimized
geometries11 and the CCSD(T)/6–311�G(3df,2p) level
were also usedto test the accuracyof our calculations.
TheGaussian9812 andabinitio MOLPRO9813programs
wereemployedfor thecalculations.

RESULTS AND DISCUSSION

Optimized geometriesof various speciesare shown in
Fig. 1. Calculatedtotal energiesandexperimentalheats
of formation of the referencespeciesare presentedin
Table 1. Table 2 summarizesthe heatsof formation of
c-C5H4 (3B1), c-C5H5

., c-C5H6 andc-C5H4
.ÿ calculated

by employingten, three,six and five different working
reactions, respectively. Table 3 summarizes other
thermochemicalparametersof c-C5H4 (3B1), c-C5H5

.

and c-C5H6 such as IP, EA and PA. Where possible,
computedvalues are comparedwith available experi-
mental data. Table 4 shows the results for heats of
formation of c-C5H4

.�, c-C5H5
� (1A1), c-C5H5

� (3A'1),
c-C5H5

ÿ, c- C5H6
.� andc-C5H6

.ÿ. Thecalculatedresult
for c-C5H5

ÿ is usedfor comparisonwith theexperimental
valuein orderto havea furthercheckof theaccuracyof
ourmethod.Finally, Table5 summarizesthedissociation
energiesof C-H bondsin c-C5H5

� (1A1), c-C5H5
� (3A'1),

c-C5H5
ÿ, c-C5H6, c-C5H6

.� andc-C5H6
.ÿ.

As seenin Table2, thevaluesfor theheatof formation

Figure 1. B3LYP/6±311G(d,p) optimized geometries of
various cyclopentadiene hydrocarbons. Bond lengths are in
AÊ and bond angles in degrees
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of c-C5H4 (3B1) computedby using10 differentworking
reactions(4)–(13)areinternallyconsistent;with anerror
barof ca.0.9kcalmolÿ1. Thesmallestandlargestvalues
are obtainedfrom reactions(5) and (7), respectively.
Reaction(5) is an isomerizationand the result is based
uponthe heatof formationof spiropentadiene(c-C5H4),
calculatedin ourpreviouspaper,14 150.5� 2 kcalmolÿ1.
This valuewasalsoobtainedfrom 27 different working
reactionsat the G2M(RCC,MP2) level. Thus, similar
errorbarsof �2 kcalmolÿ1 canbeexpectedfor DHf

o,298

of c-C5H4 (3B1) obtainedfrom reaction(5). Reaction(7)
is not isodesmic.Although two C=C doublebondsare
conserved,a cycle and a lone-pair are changedinto a

C�C triple bond.Thiscanexplainwhy thelargestvalue
is obtained. Reaction (4) was used by Wang and
Brezinsky.5 An interestingpoint comesfrom reaction
(4) from which a value of 125.4kcalmolÿ1 is derived.
This is in good agreementwith reported value of
125.2kcalmolÿ1 (see Ref. 5) derived at the
G2(B3LYP,MP2,SVP)level. Taking the averageof the
computedvaluesasourbestestimate,thestandardheatof
formation of c-C5H4 (3B1) can thus be proposedas
125.1kcalmolÿ1, with a probable error of �1 kcal
molÿ1. This valueis in excellentagreementwith that of
Wang and Brezinsky,5 but still differs from the experi-
mentallydeterminedvalue.4 As mentionedabove,these

Table 1. Calculated total energies (in hartrees), thermal corrections (in kcal molÿ1) and experimental heats of formation
(in kcal molÿ1) of various CnHn species

Species MP2/6–311G(d,p)
CCSD(T)/

6–311G(d,p)
MP2/

6–311�G(3df,2p) TCa
G2M

(RCC,MP2) DHo
f,298

b

H� 0 0 0 0 0 365.7c

H. ÿ0.49981 ÿ0.49981 ÿ0.49981 0.0 ÿ0.50000 52.10
H2 ÿ1.16025 ÿ1.16834 ÿ1.16273 7.80 ÿ1.16383 0.00
:CH2 (1A1) ÿ39.00441 ÿ39.03472 ÿ39.02810 12.12 ÿ39.05542 102.7d

:CH2 (3B1) ÿ39.03306 ÿ39.05464 ÿ39.05229 12.57 ÿ39.06510 93.8d

ÿ.CH2 ÿ39.01215 ÿ39.03653 ÿ39.06564 11.00 ÿ39.08900 78.3� 2.0
.CH3 ÿ39.70724 ÿ39.73223 ÿ39.73133 20.48 ÿ39.74019 34.82
�CH3 ÿ39.35618 ÿ39.38112 ÿ39.37505 21.35 ÿ39.38229 261.71
ÿCH3 ÿ39.67027 ÿ39.69498 ÿ39.72702 19.18 ÿ39.74292 33.10� 0.9
CH4 ÿ40.37923 ÿ40.40583 ÿ40.40564 29.78 ÿ40.40654 ÿ17.89
C2H2 ÿ77.11071 ÿ77.13879 ÿ77.15662 18.70 ÿ77.18210 54.19
C2H4 ÿ78.34416 ÿ78.38371 ÿ78.39332 33.79 ÿ78.41166 12.54
C2H5

ÿ ÿ78.86356 ÿ78.90640 ÿ78.93809 37.63 ÿ78.95904 34.3� 2.1
C2H6 ÿ79.57087 ÿ79.61568 ÿ79.62018 48.86 ÿ79.62521 ÿ20.04
H3C—C�CH ÿ116.31358 ÿ116.35866 ÿ116.38457 37.30 ÿ116.41373 44.32
c-C3H4 ÿ116.27582 ÿ116.32172 ÿ116.34677 37.10 ÿ116.37707 66.2e

H2C=CHCH3 ÿ117.54350 ÿ117.60019 ÿ117.61677 52.35 ÿ117.63899 4.88
c-C3H6 ÿ117.53652 ÿ117.58926 ÿ117.60887 52.93 ÿ117.62622 12.74
C3H8 ÿ118.76598 ÿ118.82858 ÿ118.83892 67.48 ÿ118.84838 ÿ25.02
H2C=CH—CH=CH2 ÿ155.52226 ÿ155.59031 ÿ155.61933 56.12 ÿ155.65779 26.00
c-C5H4 (D2d,

1A1) ÿ192.17037 ÿ192.23418 ÿ192.28730 43.11 ÿ192.34769 150.5� 2f

c-C5H4(C2v,
3B1) ÿ192.20308 ÿ192.28665 ÿ192.31664 44.41 ÿ192.38966

c-C5H4 (C1,
1A) ÿ192.20219 ÿ192.27187 ÿ192.31942 44.26 ÿ192.38385

c-C5H4
.ÿ (C2v,

2A1) ÿ192.26286 ÿ192.32629 ÿ192.39804 43.48 ÿ192.45765
c-C5H4

.� (C2v,
2B2) ÿ191.88578 ÿ191.96903 ÿ191.99087 44.14 ÿ192.06381

c-C5H5
. (C2v,

2B1) ÿ192.88364 ÿ192.96786 ÿ193.00129 51.73 ÿ193.06854 63.6� 1.0g

c-C5H5
� (C2v,

1A1) ÿ192.58586 ÿ192.66094 ÿ192.69669 52.60 ÿ192.75323
c-C5H5

� (D5h,
3A'1) ÿ192.60328 ÿ192.67204 ÿ192.71287 53.05 ÿ192.75731

c-C5H5
ÿ (D5h,

1A'1) ÿ192.95218 ÿ193.01279 ÿ193.09086 51.39 ÿ193.14029
c-C5H6 (C2v,

1A1) ÿ193.53597 ÿ193.60871 ÿ193.65441 60.44 ÿ193.70155 32.1� 0.4e

c-C5H6
.� (C2v,

2A2) ÿ193.22252 ÿ193.30279 ÿ193.33332 60.40 ÿ193.38281
c-C5H6

.ÿ (Cs,
2A') ÿ193.46148 ÿ193.53881 ÿ193.60175 56.26 ÿ193.66033

c-C5H6
.ÿ (C2v,

2B1) ÿ193.46129 ÿ193.53855 ÿ193.60149 55.57 ÿ193.66110
c-C5H7

� (C2v,
1A1) A ÿ193.81554 ÿ193.89699 ÿ193.92888 65.80 ÿ193.97619

c-C5H7
� (C2v,

1A1) B ÿ193.85922 ÿ193.93735 ÿ193.97194 67.88 ÿ194.01262

aIncluding zero-pointenergyandthermalcorrectionat 298K usingunscaledfrequencies.
bExperimentalvaluesaretakenfrom Ref. 16, unlessmentionedotherwise.
cDerivedfrom theH� � eÿ → H. reactionandDHo

f,298(H
.)exp = 52.10kcalmolÿ1 from Ref. 16.

dExperimentalvaluefrom Ref. 17.
eExperimentalvaluefrom Ref. 18.
fTheoreticalvaluefrom Ref. 14.
gExperimentalvaluefrom Ref. 19.
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discrepanciescan be due to the use of insufficiently
accurate theoretical level or the uncertainty of the
DHo

f,298(c-C5H4
.ÿ) valueof 71.9� 3.6kcalmolÿ1.

In orderto testtheaccuracyof our method,theheatof
formationof c-C5H4 (3B1) wasalsocalculatedusingthe
G3 and CCSD(T)/6–311�G(3df,2p) methods. Based
upon the computed atomization energy, a value of
124.6kcalmolÿ1 for the heat of formation of c-C5H4

(3B1) wasderivedusingtheG3method.Anothervalueof
124.8kcalmolÿ1 was computed at the CCSD(T)/6–
311�G(3df,2p)level basedon the working reaction(4).
These values agree well with 125.1�1 kcalmolÿ1

obtainedat theG2M level.
We alsotestedour methodby calculationsof heatsof

formation of similar molecules and comparison of

obtainedvalueswith availableexperimentaldata. 1,3-
Cyclopentadiene(c-C5H6) and cyclopentadienylradical
(c-C5H5

.) werechosenasthebestexamplesbecausethey
have geometriessimilar to that of c-C5H4 and their
available experimentaldata are well established.The
heatsof formationof c-C5H6 andc-C5H5

. werecomputed
by usingthreeandsix different working reactions(14)–
(16) and (17)–(22), respectively (see Table 2). The
calculatedvaluesareinternallyconsistent,with errorsof
only 0.1and0.4kcalmolÿ1. Our bestvaluestakenasthe
averageof computed values are 32.1 and 63.5kcal
molÿ1. Heatsof formationfor c-C5H6 andc-C5H5

. were
also calculatedusing the G3 methodand the valuesof
32.7 and 63.9kcalmolÿ1, respectively,were obtained.
The resultsarein excellentagreementwith all available

Table 2. Calculated heats of formation (in kcal molÿ1) for cyclopentadienylidene (c-C5H4,C2v,
3B1), 1,3-cyclopentadiene (c-

C5H6, C2v,
1A1), cyclopentadienyl radical (c-C5H5

.,C2v,
2B1) and cyclopentadienylidene radical anion (c-C5H4

.ÿ, C2v,
2A1) from

energies (DHr,298 in kcal molÿ1) of different working reactions by the G2M(RCC,MP2) method

Reaction
No. Reaction DHo

r,298 DHo
f,298 DHo

f,298 exp.

(4) c-C5H4 (3B1)� 6CH4 → :CH2 (3B1)� 3C2H6� 2C2H4 40.71 125.4
(5) c-C5H4 (3B1) → c-C5H4 (Spiropentadiene)a 26.34 124.2
(6) c-C5H4 (3B1)� CH4 → C4H6(1,3-but.)� C2H2 ÿ27.41 125.5
(7) c-C5H4 (3B1)� C2H6 → C4H6 (1,3-but.)� HC�C-CH3 ÿ35.55 125.9
(8) c-C5H4 (3B1)� C3H8 → 2C4H6 (1,3-but.) ÿ48.65 125.7
(9) c-C5H4 (3B1)� C2H6 → C4H6 (1,3-but.)� :CH2(

3B1)� C2H2 68.95 125.1
(10) c-C5H4 (3B1)� C3H8 → C4H6 (1,3-but.)� :CH2(

3B1)� HC�C—CH3 63.65 125.5
(11) c-C5H4 (3B1)� C3H8 → C4H6 (1,3-but.)� :CH2(

3B1)� c-C3H4 86.65 124.4
(12) c-C5H4 (3B1)� C3H8� H2 → C4H6 (1,3-but.)� :CH2(

3B1)� c-C3H6 33.11 124.5
(13) c-C5H4 (3B1)� C3H8� H2 → C4H6 (1,3-but.)� :CH2(

3B1)� nÿC3H6 25.10 124.6
Average= 1/N�(DHo

f,298)i with N = 10 125.1
Error= [Max(DHo

f,298)ÿMin(DHo
f,298)]/2 0.9

(14) c-C5H6� CH4 → C4H6 (1,3-but.)� C2H4 24.25 32.2
(15) c-C5H6� C2H6 → C4H6 (1,3-but.)� c-C3H6 26.83 32.0 32.1� 0.4c

(16) c-C5H6� C2H6 → C4H6 (1,3-but.)� n-C3H6 18.81 32.1 31.89d

Average= 1/N�(DHo
f,298)i with N = 3 32.1 33.2e

Error= [Max(DHo
f,298)ÿMin(DHo

f,298)]/2 0.1
(17) c-C5H5

.� CH4 → c-C5H6
b� .CH3 20.92 63.9

(18) c-C5H5
.� H. → c-C5H6

b ÿ83.46 63.4
(19) c-C5H5

.� C2H6 → C4H6 (1,3-but.)� .CH3� C2H2 71.33 63.7 60.9� 1.2f

(20) c-C5H5
.� C2H6� H2 → C4H6 (1,3-but.)� .CH3� C2H4 30.08 63.3 63� 2g

(21) c-C5H5
.� C3H8� H2 → C4H6 (1,3-but.)� .CH3� n-C3H6 27.47 63.3 63.2h

(22) c-C5H5
.� C3H8� H2 → C4H6 (1,3-but.)� .CH3� c-C3H6 35.49 63.1 63.6� 1.0f

Average= 1/N�(DHo
f,298)i with N = 6 63.5

Error= [Max(DHo
f,298)ÿMin(DHo

f,298)]/2 0.4
(23) c-C5H4

.ÿ � CH4 → c-C5H6
b� CH2

.ÿ 46.21 82.1
(24) c-C5H4

.ÿ � CH4 → c-C5H5
. b� CH3

ÿ 33.09 81.4
(25) c-C5H4

.ÿ � C2H6ÿ c-C5H5
.� C2H5

ÿ 34.68 83.1
(26) c-C5H4

.ÿ eÿ → c-C5H4 (3B1)
b 42.54 82.5

(27) c-C5H4
.ÿ � H� → c-C5H5

. ÿ383.35 81.1
Average= 1/N�(DHo

f,298)i with N = 5 82.0
Error= [Max(DHo

f,298)ÿMin(DHo
f,298)]/2 1.0

aDHo
f,298(spiropentadiene)=150.5� 2 kcalmolÿ1 from Ref. 14.

bHeatsof formationof c-C5H4 (3B1), c-C5H5
. andc-C5H6 are125.1,63.5and32.1kcalmolÿ1, respectively,takenfrom thepreviouscalculations.

cFromRef. 18.
dFromRef. 20.
eFromRef. 21.
fFromRef. 19.
gFromRef. 22.
hFromRef. 23.
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experimentaldatafrom Refs.18–23.The discrepancies
between calculated and experimental values are
<0.5kcalmolÿ1, which lies within the error range of
theexperimentaldata.

In order to check our supposition further, we
reinvestigatedthe DHo

f,298(c-C5H4
.ÿ) value of 71.9�

3.6 kcalmolÿ1. Recently,DHo
f,298(c-C5H4

.ÿ) was esti-
matedas83kcalmolÿ1 by WangandBrezinsky,5 based
on the atomizationenergyat the G2(B3LYP,MP2,SVP)
level. This value looks reasonablesince basedon it,
DHo

f,298 of c-C5H4 (3B1) can be obtained as
125kcalmolÿ1. However, the result derived from
atomizationenergy might not be accurate.Therefore,
we recalculatedthe heat of formation of c-C5H4

.ÿ

employing five different working reactions(seeTable
2). Thevaluesobtainedareinternallyconsistent,with an
approximateerror of 1 kcalmolÿ1. The largestvalue is
derived from the isodesmic reaction (25) and the
referenceDHo

f,298(C2H5
ÿ) value16 of 34.3kcalmolÿ1

with a fairly largepossibleerrorof �2.1kcalmolÿ1. The
smallest value is obtained from the PA of c-C5H4

.ÿ

[reaction(27)], whichwasusedby McDonaldet al.4 The

PA(c-C5H4
.ÿ) valueof 383.4kcalmolÿ1 computedby us

attheG2M(RCC,MP2)level is about5 kcalmolÿ1 higher
thanthat reportedby McDonaldet al.,4 378.2� 2.4kcal
molÿ1. In orderto checkPA(c-C5H4

.ÿ) further,we used
severalhigher theoretical levels such as CCSD(T)/6–
311�G(3df,2p), CCSD(T)/6–311��G(3df,2p) and
CCSD(T)/aug-cc-pVTZ and obtained the values of
383.5,383.6 and 383.9kcalmolÿ1, respectively.These
resultsareconsistentandagreewith theG2M(RCC,MP2)
value within 0.6kcalmolÿ1, i.e., within the expected
error range of the G2M(RCC,MP2) method,
�2 kcalmolÿ1. Takingtheaverageof thefive calculated
valuesasourbestestimate,thestandardheatof formation
of c-C5H4

.ÿ can thus be proposedas 82.0kcalmolÿ1,
with a possibleerror of �1.5kcalmolÿ1. This value is
about10kcal molÿ1 higherthanthatusedby McDonald
et al.4 The disagreementbetweenthe calculatedand
experimental values of 10kcalmolÿ1 leads to the
suggestionthat theseexperimentaldataneedsto be re-
examined.

Next, it was also of interest to compute the other
thermochemicalparameters,IP, EA and PA, of c-C5H4

Table 3. Calculated ionization potentials (IP in kcal molÿ1), electron af®nities (EA in kcal molÿ1) and proton af®nities (PA in
kcal molÿ1) for cyclopentadienylidene (c-C5H4, C2v,

3B1), cyclopentadienyl radical (c-C5H5
., C2v,

2B1) and 1,3-cyclopentadiene
(c-C5H6, C2v,

1A1)

Species Parameter ReactionNo. Reaction Calculatedresult Experimentaldata

c-C5H4 (C2v,
3B1) IP (28) c-C5H4 → c-C5H4

.� � eÿ 204.4
EA (29) c-C5H4

.ÿ → c-C5H4� e 42.5
PA (30) c-C5H5

� (1A1) → c-C5H4� H� 228.1
(31) c-C5H5

� (3A'1) → c-C5H4� H� 230.7
c-C5H5

. (C2v,
2B1) IP (32) c-C5H5

. → c-C5H5
� (1A1)� eÿ 197.7 197.39a

(33) c-C5H5
. → c-C5H5

� (3A'1)� e 195.2 193.93b

200.39� 2.31c

EA (34) c-C5H5
ÿ → c-C5H5

.� e 44.9 40.82� 2.54d

41.19� 0.46e

41.25� 1.08f

42.41� 0.69g

<50.73� 6.92h

PA (35) c-C5H6
.� → c-C5H5

.� H� 197.2 198.7k

194.63l

c-C5H6 (C2v,
1A1) IP (36) c-C5H6 → c-C5H6

.� � eÿ 199.9 197.62� 0.23m

197.85� 0.23n

207.54o

EA (37) c-C5H6
.ÿ → c-C5H6� eÿ 26.0

PA (38) c-C5H7
�(A) → c-C5H6� H� 172.3

(39) c-C5H7
�(B) → c-C5H6� H� 195.2 196.4k

aFromRef. 24.
bFromRef. 25.
cFromRef. 26.
dFromRef. 27.
eFromRef. 28.
fFromRef. 4.
gFromRef. 29.
hFromRef. 30.
kFromRef. 31.
lFromRef. 32.
mFromRef. 33.
nFromRef. 34.
oFromRef. 35.
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(3B1), c-C5H5
. andc-C5H6 (seeTable3). Thecalculated

valuesof c-C5H5
. andc-C5H6 arein goodagreementwith

the availableexperimentaldata from Refs 23–34.The
discrepanciesare 1–2kcalmolÿ1 and the largestone is
about 2 kcalmolÿ1 for the EA(c-C5H5

.) value. The
values obtainedfor IP, EA and PA are, respectively,
204.4,42.5and230.7kcalmolÿ1 for c-C5H4 (3B1), 197.7,
44.9 and 197.2kcalmolÿ1 for c-C5H5

. and 199.9,26.0
and195.2kcalmolÿ1 for c-C5H6 with a possibleerrorof
�2 kcalmolÿ1.

Next we calculatedheatsof formation for charged

speciesof c-C5H4, c-C5H5
. and c-C5H6 (seeTable 4).

The heats of formation of c-C5H4
.�, c-C5H5

� (1A1),
c-C5H5

� (3A'1), c-C5H5
ÿ, c-C5H6

.� and c-C5H6
.ÿ were

computedusing three, two, two, four, three and four
different working reactions, respectively.The values
obtained are internally consistent.Our best estimates
takenastheaverageare329.9,264.0,260.0,18.8,231.5
and56.2kcalmolÿ1 for c-C5H4

.�, c-C5H5
� (1A'1), c-C5H5

�

(3A'1), c-C5H5
ÿ, c-C5H6

.� and c-C5H6
.ÿ, respectively.

The DHo
f,298(c-C5H5

ÿ) value of 18.8kcalmolÿ1 is in
excellent agreementwith available experimentaldata.

Table 5. Calculated C*ÐH bond dissociation energies (in kcal molÿ1) for c-C5H5
., c-C5H5

�,c-C5H5
ÿ, c-C5H6, c-C5H6

.� and
c-C5H6

.ÿ

ReactionNo. Reaction Enthalpyof reaction Reference

(58) c-C5H5
. → c-C5H4 (3B1)� H. 112.3

(59) c-C5H5
� (1A1) → c-C5H4

.� � H. 118.9
(60) c-C5H5

� (3A'1) → c-C5H4
.� � H. 121.4

(61) c-C5H5
ÿ → c-C5H4

.ÿ � H. 114.6
(62) c-C5H6 → c-C5H5

.� H. 83.5 83.6a, 82.56b

(63) c-C5H6
.� → c-C5H5

� (1A1)� H. 81.3
(64) c-C5H6

.� → c-C5H5
� (3A'1)� H. 78.8

(65) c-C5H6
.ÿ → c-C5H5

ÿ � H. 12.6

aTakenfrom Ref. 36.
bFromRef. 6f.

Table 4. Table 4. Calculated heats of formation (in kcal molÿ1) for c-C5H4
., c-C5H5

� (1A1), c-C5H5
� (3A'1), c-C5H5

ÿ, c-C5H6
. and

c-C5H6
.

Species
Reaction

No. Reaction
Enthalpyof

reaction
Calculated

result
Experimental

data

c-C5H4
.� (C2v,

2B2) (40) c-C5H4
.� � CH4 → c-C5H5

.� CH3
� 12.25 330.8

(41) c-C5H4
.� � H2 → c-C5H5

.� H� 99.83 329.4
(42) c-C5H4

.� � eÿ → c-C5H4(
3B1) ÿ204.35 329.4

Average= (1/N)�(DHo
f,298)i with N = 3 329.9

c-C5H5
� (C2v,

1A1) (43) c-C5H5
�(1A1)� CH4 → c-C5H6� CH3

� 47.65 264.0
(44) c-C5H5

� (1A1)� :CH2 (3B1) → c-C5H4 (3B1)� CH3
� 29.10 263.9

Average= (1/N)�(DHo
f,298)i with N = 2 264.0

c-C5H5
� (D5h,

3A'1) (45) c-C5H5
� (3A'1) → c-C5H4 (3B1)� H� 230.71 260.1 260.9a

(46) c-C5H5
� (3A'1)� CH3

ÿ → c-C5H4 (3B1)� CH4 ÿ185.72 259.8 251.5b

Average= (1/N)�(DHo
f,298)i with N = 2 260.0

c-C5H5
ÿ (D5h,

1A'1) (47) c-C5H5
ÿ � H� → c-C5H6 ÿ352.20 18.6

(48) c-C5H5
ÿ → c-C5H5

.� eÿ 44.91 18.6 19.0� 2.0c

(49) c-C5H5
ÿ � CH4 → c-C5H6� CH3

ÿ 64.23 18.8 19.5� 2.4d

(50) c-C5H5
ÿ � CH3

. → c-C5H6� CH2
.ÿ 56.43 19.1

Average= (1/N)�(DHo
f,298)i with N = 4 18.8

c-C5H6
.� (C2v,

2A2) (51) c-C5H6
.� � eÿ → c-C5H6 ÿ199.90 232.0

(52) c-C5H6
.� � :CH2(

1A1) → c-C5H5
.� CH3

� ÿ7.91 230.4
(53) c-C5H6

.� → c-C5H5
.� H� 197.20 232.0

Average= (1/N�(DHo
f,298)i with N = 3 231.5

c-C5H6
.ÿ (Cs,

2A') (54) c-C5H6
.ÿ → c-C5H6� eÿ ÿ25.98 58.1

(55) c-C5H6
.ÿ → c-C5H4

.ÿ � H2 24.38 57.7
(56) c-C5H6

.ÿ � CH3
� → c-C5H5

.� CH4 ÿ271.38 55.2
(57) c-C5H6

.ÿ � :CH2 (1A1) → c-C5H5
.� CH3

ÿ ÿ60.06 53.9
Average= (1/N)�(DHo

f,298)i with N = 4 56.2

aTakenfrom Ref. 7.
bFromRef. 33.
cFromRef. 27.
dFromRef. 30.
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The differencebetweenthe calculatedandexperimental
resultsis <1 kcalmolÿ1, which lies in theerror rangeof
the experimentalvalue, �2 kcalmolÿ1. The DHo

f,298

(c-C5H5
�, D5h,

3A'1) valueof 260.0kcalmolÿ1 is in good
agreementwith that recentlyreportedby Glukhovtsevet
al.,7 260.7kcalmolÿ1, but it is about 8.5kcalmolÿ1

higherthanin experiment.As suggestedby Glukhovtsev
et al.,7 this experimental estimate needs to be re-
examined.It is worth mentioningthat the symmetryof
c-C5H6

.ÿ is Cs in the groundelectronicstate.The C2v

structureof c-C5H6
.ÿ is a transitionstate,which hasone

imaginary frequencyboth at the B3LYP/6–311G(d,p)
andMP2/6–311G(d,p)levels of theory.The vibrational
modewith imaginaryfrequencyin the transitionstateis
therotationof CH2 outof themolecularplane.Hencethe
C2v geometrycorrespondsto a transitionstatebetween
two degenerateCs isomers.However,the energyof the
C2v structureis�0.5kcalmolÿ1 lower thanthatof theCs

geometryat the CCSD(T)/6–311G(d,p),MP2/6–311�G
(3df,2p) and G2M(RCC,MP2) levels, respectively,
mainly owing to the thermal correction.This leadsto
the suggestion that the geometry of c-C5H6

.ÿ is
effectively C2v symmetric.

In orderto evaluatethestrengthsof C*—H bondsand
to study the effect of the number of p-electronson
stabilizationof theC*—H bonds(seeFig. 1), theC*—H
dissociationenergiesfor c-C5H5

., c-C5H5
� (1A1), c-C5H5

�

(3A'1), c-C5H5
ÿ, c-C5H6, c-C5H6

.�, c-C5H6
.ÿ were

computed (see Table 5). The values obtained were
112.3, 118.9, 121.4, 114.6, 83.5, 81.3, 78.8 and
12.6kcalmolÿ1, respectively.TheC*—H bonddissocia-
tion energyin c-C5H6 is 83.5kcal molÿ1, which is in
good agreementwith the previously calculated6f and
experimental36 values. All values for the neutral and
charged c-C5H5

. species vary in the range of
�9 kcalmolÿ1 and those for neutral and charged
c-C5H6 vary in the rangeof �4 kcalmolÿ1, exceptfor
c-C5H6

.. These results show that the change in the
numberof p-electronsin the ring by �1 hasa moderate
effectonthestrengthof theC*—H bond,unlessaromatic
stabilizationoccursafterbreakingtheC*—H bond.This
is the casefor the C*—H bond in c-C5H6

.ÿ, which is
foundto beveryweak.Theresultcanbeattributedto the
strong aromatic stabilization37 of c-C5H5

ÿ(D5h,
1A'1),

which hassix p-electrons,ascomparedwith c-C5H6
.ÿ,

which has five p-electrons. In other cases,after H-
splittingthenumberof p-electronseitherdoesnotchange
[c-C5H5

ÿ (6p) → c-C5H4
.ÿ (6p); c- C5H5

. (5p) →
c-C5H4,

3B1 (5p); c-C5H5
� (4p) → c-C5H4

.� (4p)] or the
changedoesnot lead to a large aromaticstabilization
[c-C5H6 (4p) → c-C5H5

. (5p) and c-C5H6
.� (3p) →

c-C5H5
� (4p)].

Finally, it wasalsoof interestto comparethesinglet–
triplet separationgapof cyclopentadienylidenewith that
of methylene (:CH2). The values obtained were 6.1
and 3.7kcalmolÿ1 for :CH2 and c-C5H4 at the
G2M(RCC,MP2) level, respectively. The former,

6.1kcalmolÿ1 is about3 kcalmolÿ1 lower than that in
experiment,9.0kcalmolÿ1.17 However, if the ‘higher
level correction’ is not includedin the G2M(RCC,MP2)
method,the computedvalueswill be 9.3 and 6.8kcal
molÿ1 for :CH2 andc-C5H4, respectively.The valuefor
:CH2 is in goodagreementwith that in theexperiment17

andthetheoreticalvaluederivedby Nguyenetal.15 at the
CCSD(T)/6–311��G(3df,2p) level, 9.6kcalmolÿ1.
Since the singlet–triplet splitting is sensitive to the
theoreticalmethod,werecalculatedthisvaluefor c-C5H4

at the CCSD(T)/6–311�G(3df,2p) level and obtained
7.7kcalmolÿ1, fairly closeto theG2M(RCC,MP2)result
without HLC. Thesinglet–tripletsplitting of c-C5H4 can
bealsoderivedusingthe following isodesmicreaction:

c-C5H4�3B1� � CH2�1A1� ! c-C5H4�1A� � CH2�3B1�
�6�

Onthebasisof heatof this reactionandtheexperimental
singlet–triplet splitting of 9.0kcalmolÿ1 for CH2, the
singlet–triplet separationenergiesof 6.6 and 7.0kcal
molÿ1 for c-C5H4 areobtainedat theG2M andCCSD(T)/
6–311�G(3df,2p)levels,respectively.We canconclude
that the singlet–tripletsplitting in c-C5H4 is expectedto
be7.0� 1.0kcalmolÿ1. Thus,thesinglet–tripletsepara-
tion gapof c-C5H4 is about2.0kcalmolÿ1 lowerthanthat
of :CH2 and four p-electronsin the ring have a small
effect on thesinglet–tripletsplitting.

CONCLUSIONS

The thermochemical parameters of c-C5H4 (3B1),
c-C5H5

. and c-C5H6 were investigated at the
G2M(RCC,MP2)level. The valuesobtainedfor the last
two molecules are in excellent agreementwith the
available experimental data, with errors of �1 and
�2 kcalmolÿ1 for the heat of formation and the other
parameters,respectively.The presenttheoreticalstudy
suggestsa heatof formation, ionization potential,elec-
tron affinity andprotonaffinity of 125.1,204.4,42.5and
230.7kcalmolÿ1, respectively,for c-C5H4 (3B1), with the
samepossibleerrorsas thosefor c-C5H5

. and c-C5H6.
The heat of formation of c-C5H4

.ÿ was evaluatedas
82.0kcalmolÿ1, about 10kcalmolÿ1 higher than in
experiment. This leads to the suggestion that the
experimentalDHo

f,298(c-C5H4
.ÿ) value needsto be re-

examined.
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