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ABSTRACT: The thermochemistry of c#8, (°B;), c-CsHs® and c-GHg was investigated at the G2M(RCC,MP2)
level. The heat of formationAH® »gg), iOnization potential IP), electron affinity EA) and proton affinity PA) are
respectively, 125.1, 204.4, 42.5 and 230.7 kcal hdor c-CsH, (381), 63.5, 195.2, 44.9 and 197.2 kcal mbffor
c-CsHs® and 32.1, 199.9, 26.0 and 195.2 kcal midior c-CsHg. The computed values for the last two molecules are in
excellent agreement with available experimental data, with the errosslofnd +2 kcal mol™* for the heat of
formation and the other parameters, respectively. In addition, the heat of formation «f,t-Qs evaluated as
82.0 kcal mol?, about 10 kcal mol* higher than the experimental value. This leads to the suggestion that the
experimentalAH% »95(c-CsH4* ) value needs to be re-examined. Copyrigh2001 John Wiley & Sons, Ltd.

KEYWORDS: ab initio calculations; G2M method; thermochemistry; cyclopentadienyl radical; cyclopentadieny-
lidene; 1,3-cyclopentadiene

INTRODUCTION proton affinity PA), are well known, but the thermo-
chemical parameters of csB4 remain controversial. A

As important intermediate species in oxidation reactions large discrepancy between the reported experimental and
of benzene and toluene at high temperature, threetheoretical results for the heat of formation of gHG
cyclopentadiene hydrocarbons, cyclopentadienylidene (°B,) exists. In early theoretical studies, Glukhovtssy
(c-GsHy), the cyclopentadienyl radical (csBs®) and al.® and later Bolfillet al* reportedAH% o¢(c-CsHy) as
1,3-cyclopentadiene (c=Blg), have been the subjects of 119.4 and 119.5kcal mot, respectively (1 kcal =
numerous experimental and theoretical studiésVhile 4.184 kJ). These values were based on semi-empirical
the cyclopentadienyl radical is an important ligand in calculations at the MNDO level. In a more recent
many inorganic complexes, cyclopentadienylidene, the computational study, Wang and Brezinskysing a
second organic ring (the first one is gH), is assumed  higher theoretical level, the G2(MP2,SVP) and
to exist in interstellar space. G2(B3LYP/MP2,SVP) methods and Eqgn. (1), arrived at

The lowest energy geometric configurations of«Hg; a value of 125.2 kcal mofl. The reported value of
c-CsHs® and c-GH,4 haveC,, symmetry and their ground  125.2 kcal mol? is similar to those in Refs 1 and 3 (a
electronic states arey,, °B, and®B,, respectively. These  difference of ca. 5.5 kcal mot) but varies greatly from
facts are well established by both theoretical calculations the experimentally obtained value of 112:31.7 kcal
and experiment. mol~*.*

The thermochemical parameters of gHg and
c-CsHs®, including the heat of formationAH® 29g), C—CsHa(®B1) + 6CHs —: CHo(B1) + 3C,Hs + 2CoHa
ionization potential IP), electron affinity EA) and

(1)
*Correspondence toA. M. Mebel, Institute of Atomic and Molecular These differences might be attributed to either the
Science, Academia Sinica, P.O. Box 23-166, Taipei 10764, Taiwan. accuracy of the level of theory used or the experimental
E-mail: mebel@po.iams.sinica.edu.tw heat of formation of c-€H,*~ of 71.9+ 3.6 kcal mol™*

Contract/grant sponsorAcademia Sinica. 4 .
Contract/grant sponsorNational Science Council of ROContract/ chosen as the reference by McDonetdl.™ is uncertain.

grant number:NSC 8902113-M-001-069. AH®% 595(c-CsH,*) was derived fromPA(c-CsH,* ") =
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378.24 2.4kcalmol™, AH® o5(c-CsHs®) = 60.94 1.2
kcalmol™* and AH® ,og(H™) = 367.2kcal mol ™.

Consideringthe large discrepancyand importanceof
accuratedatafor thesereferencespeciesin this studywe
setout to re-examinghe thermochemicaparametergor
cyclopentadienylidee (c-CsH,), cyclopentadienylradi-
cal (c-CsHs®) and 1,3-cyclopentadiendc-CsHg) using
our G2M(RCC,MP2)method.The calculatedparameters
for c-CsHs® and c-CsHg were comparedwith available
experimentafesultsin orderto checktheaccuracyof our
theoreticalmethod.The heatof formation of ¢c-CsH,*~
was also re-computed pasedon five different working
reactions.Finally, dissociationenergiesfor the C—H
bondin thetitle speciesnverealsoinvestigated.

COMPUTATIONAL METHODS

All  calculations were performed using the

G2M(RCC,MP2)method® a variantof the G2 method®

This methodgivesan approximationto the RCCSD(T)/
6—-311G(3df,2p) energiesand includes the empirical
‘higherlevel correction’alsousedn G22It usesB3LYP/

6—-311G(d,poptimizedgeometriesand ZPE corrections
(thermal correctionsin this paper) and substitutesthe

QCISD(T)/6—3165(d,p) calculation of the original G2

schemeby therestrictedcoupledcluster® RCCSD(T)/6—
311G(d,p)calculation. It shouldbe mentionedthat the
G2M method can be also applied using MP2/6-31G*
geometriesand frequencie$ but the accuracyexpected
in this casels similar or slightly worsethanwith B3LYP

geometries.The total energy in G2M(RCC,MP2) is

computedasfollows:

E[G2M(RCC, MP2)] = E[MP2/6—311-+G(3df, 2p)]
+ E[RCCSOT)/6—311Gd, p)]
— E[MP2/6—311G(d, p)]
+ AE(HLC)
+ TC[B3LYP/6—311G(d, p)]

(2)
with the ‘higher level correction,’
AE(HLC) = —5.25n3 — 0.19n,, (3)

where n, and ng are the numbersof « and § valence
electrons,respectively.lt is known that the expected
accuracy of this computationalschemeis within 1—
2 kcalmol 12 When necessarythe Gaussian-3(G3)
theory which is based on MP2/6-31G* optimized
geometriel' and the CCSD(T)/6-31%G(3df,2p) level
were also usedto testthe accuracyof our calculations.
TheGaussia®8?andabinitio MOLPRO98' programs
wereemployedfor the calculations.

Copyright0 2001JohnWiley & Sons,Ltd.

CH, C,, 1A,
A

c¢-CHg -, C, 2A°

Figure 1. B3LYP/6-311G(d,p) optimized geometries of
various cyclopentadiene hydrocarbons. Bond lengths are in
A and bond angles in degrees

RESULTS AND DISCUSSION

Optimized geometriesof various speciesare shownin
Fig. 1. Calculatedtotal energiesand experimentaheats
of formation of the referencespeciesare presentedn
Table 1. Table 2 summarizeghe heatsof formation of
c-CsHa (3By), c-CsHs®, c-CsHg andc-CsH,*~ calculated
by employingten, three,six andfive different working
reactions, respectively. Table 3 summarizes other
thermochemicalparametersof c-CsH, (3Bl), c-GsHs*
and c-GCsHg 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-CsH,"", c-CsHe (*A1), c-CsHE (CAY),
c-CsHs ™, c- CsHg® ™ andc-CsHg® . Thecalculatedresult
for c-CsHs ™ is usedfor comparisorwith theexperimental
valuein orderto havea further checkof the accuracyof
ourmethodFinally, Table5 summarizeshedissociation
energiesof C-H bondsin c-CsHa (*A;), c-CsHe (CAY),
c-CsHs—, c-CsHeg, ¢-CsHg®t andc-CsHg® .

As seenin Table2, thevaluesfor theheatof formation
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Table 1. Calculated total energies (in hartrees), thermal corrections (in kcal mol~") and experimental heats of formation
(in kcal mol™") of various C,H, species

ccsp(Ty MP2/ G2M

Species MP2/6-311G(d,p) 6-311G(d,p) 6-311-G(3df2p) TC? (RCC,MP2) AH 508
HY 0 0 0 0 0 365.7
He —0.49981 —0.49981 —0.49981 0.0 —0.50000 52.10
H, ~1.16025 ~1.16834 ~1.16273 7.80 ~1.16383 0.00
‘CH, (*A) ~39.00441 ~39.03472 ~39.02810  12.12 —39.05542 102.7
:CH; (3B)) —39.03306 —39.05464 ~39.05229  12.57 —39.06510 93.¢'
~*CH, ~39.01215 —39.03653 ~39.06564  11.00 —39.08900 78.3+2.0
*CHj, —39.70724 —39.73223 ~39.73133  20.48 —39.74019 34.82
*CHa —39.35618 ~39.38112 ~39.37505  21.35 ~39.38229 261.71
“CHs, ~39.67027 —39.69498 ~39.72702  19.18 ~39.74292  33.10+0.9
CH, —40.37923 —40.40583 ~40.40564  29.78 —40.40654 ~17.89
CoHs ~77.11071 ~77.13879 ~77.15662  18.70 ~77.18210 54.19
CoHa ~78.34416 ~78.38371 ~78.39332  33.79 ~78.41166 12.54
CoHs ™ —78.86356 —78.90640 ~78.93809  37.63 —78.95904 34.3+2.1
CoHe —79.57087 —79.61568 ~79.62018  48.86 ~79.62521 —20.04
HaC—C=CH -116.31358  -116.35866  —116.38457  37.30 ~116.41373 44.32
c-CsH, ~116.27582  -116.32172  —116.34677  37.10 ~116.37707 66.%
H,C=CHCH, ~117.54350  -117.60019  —117.61677  52.35 —117.63899 4.88
c-CsH ~117.53652  -117.58926  —117.60887  52.93 ~117.62622 12.74
CsHs -118.76598  -118.82858  —118.83892  67.48 —118.84838 —25.02
H,C=CH—CH=CH,  —155.52226  —155.59031  —155.61933  56.12 —155.65779 26.00
¢-CsHy (Dag, *Aq) ~192.17037  -192.23418  -192.28730  43.11 ~192.34769  150.5+ 2'
¢-CsHa(Cay, °B1) ~192.20308  -192.28665  —192.31664  44.41 ~192.38966

c-CsHy (Cy, 1A) ~192.20219 19227187  -192.31942  44.26 —192.38385

c-CsHa™ (Co, 2A0) ~192.26286  —192.32629  -192.39804  43.48 ~192.45765

c-GsHa? " (Cav, °Bo) ~191.88578  —191.96903  —191.99087  44.14 ~192.06381

¢-CsHe® (Cav, “B1) -192.88364  -192.96786  —193.00129  51.73 —193.06854 63.6+ 1.0°
c-CsHe (Cay, 1AY) ~192.58586  —192.66094  —192.69669  52.60 ~192.75323

c-CsHe (Dap, 2A%) ~192.60328  -192.67204  —192.71287  53.05 ~192.75731

c-CsHs~ (Dsn, *A%) -192.95218  -193.01279  -193.09086  51.39 —193.14029

¢-CsHg (Covs A ~193.53597  -193.60871  —193.65441  60.44 ~193.70155 32.1+ 0.8
c-CsHe™" (Cav, 2A0) ~193.22252  -193.30279  -193.33332  60.40 ~193.38281

c-CsHe™ (Cs, 2A) -193.46148 19353881  —193.60175  56.26 —193.66033

c-CsHe™™ (Cay, 2By) ~193.46129 19353855  —193.60149  55.57 —193.66110

c-CsH7 (Ca 1A) A -193.81554  -193.89699  —193.92888  65.80 ~193.97619

c-CsH7 (Ca, 'A)) B ~193.85922  -193.93735  -193.97194  67.88 ~194.01262

qncluding zero-pointenergyandthermalcorrectionat 298K usingunscaledrequencies.

PExperimentalvaluesaretakenfrom Ref. 16, unlessmentionedotherwise.
Derivedfrom theH" + e~ — H® reactionand AH% 9e(H®)exp = 52.10kcalmol~* from Ref. 16.
YExperimentalvaluefrom Ref. 17.
°Experimentalvaluefrom Ref. 18.
Theoreticalvaluefrom Ref. 14.

9Experimentalaluefrom Ref. 19.

of ¢-CsH4 (°B;) computedby using10 differentworking
reactiong4)—(13)areinternally consistentwith anerror
barof ca.0.9kcalmol™. Thesmallestandlargestvalues
are obtainedfrom reactions(5) and (7), respectively.
Reaction(5) is an isomerizationandthe resultis based
uponthe heatof formation of spiropentadienéc-CsH,),
calculatedn our previouspaper+* 150.5+ 2 kcalmol ™.
This valuewasalso obtainedfrom 27 different working
reactionsat the G2ZM(RCC,MR) level. Thus, similar
errorbarsof +2 kcalmol™* canbe expectedor AH° 595
of ¢-CsH,4 (3B,) obtainedfrom reaction(5). Reaction(7)
is not isodesmic Although two C=C doublebondsare
conserveda cycle and a lone-pair are changedinto a

Copyright0 2001JohnWiley & Sons,Ltd.

C=-C triple bond.This canexplainwhy thelargestvalue
is obtained. Reaction (4) was used by Wang and
Brezinsky®> An interestingpoint comesfrom reaction
(4) from which a value of 125.4kcalmol™? is derived.
This is in good agreementwith reported value of
125.2kcalmol™* (see Ref. 5) derived at the
G2(B3LYP,MP2,SVP)evel. Taking the averageof the
computedraluesasourbestestimatethestandardeatof
formation of c-CsH, (°B;) can thus be proposedas
125.1kcalmol™*, with a probable error of +1kcal
mol~. This valueis in excellentagreementvith that of
Wang and Brezinsky® but still differs from the experi-
mentally determinedvalue? As mentionedabove,these

J. Phys.Org. Chem.2001;14: 131-138
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Table 2. Calculated heats of formation (in kcal mol™ 1) for cyclopentadienylidene (c-CsHa, Coy, 2

By, 1,3- cyclopentadlene (c-

CsHg, Gou, TAY), cyclopentad|enyl radical (c-CsHs®,C,,,%B,) and cyclopentadienylidene radical anion (c- C <Hs*, Cyy, 2A7) from
energies (AHrlzgg in kcal mol~") of different working reactions by the G2M(RCC,MP2) method
Reaction
No. Reaction AHOryzgg AHOfyggg AHofyggg exp.
4 c-CsHy (3B]) +6CH, — :CH, (®B1) + 3CHg + 2CH, 40.71 125.4
(5) c- C5H4( B, — c-CsH, (Spiropentadiené) 26.34 124.2
(6) c- C5H4( B1) + CH,; — C4He(1,3-but.)+ CoH, —27.41 125.5
(7) c- C5H4( B1) + CoHg — CaHs (1,3-but.)+ HC=C-CHs, —35.55 125.9
(8) c- C5H4( B1)+ CsHg — 2C4Hs (1,3-but.) —48.65 125.7
9 c- C5H4( B1) + CoHg — C4Hg (1,3-but.)+ CH2( B,) + CoH, 68.95 125.1
(10) c- C5H4( B1) + CsHg — CasHg (1,3-but.)+ CH2( B,) + HC=C—CH; 63.65 125.5
(ll) C- C5H4 ( B]_) + C3H8 - C4H6 (1 3-but. )+ CH2( Bj_) + C- C/3H4 86.65 124.4
(12) c- C5H4( B1) 4+ CsHg + Hy — CaHg (1,3-but.)+ :CH,(® *B1) + ¢-CgHe 33.11 1245
(13) c-CsHa (®B1) + CsHg + Hy — CaHg (1,3-but.)+ :CH,(°B,) + n—CgHg 25.10 124.6
Average= 1/INZ(AH% 2gg); With N=10 125.1
Error=[Max(AH®% 29g8) — Min(AH% 20g)]/2 0.9
(14) ¢-GsHg + CH4 - C4Hg (1,3-but.)+ CoH, 24.25 32.2
(15) ¢c-CsHg + CoHg — C4Hg (1,3-but.)+ c-CsHg 26.83 32.0 32.1+ 0.4
(16) ¢c-CsHeg + CoHg — C4Hg (1,3-but.)+ n-CsHg 18.81 32.1 31.8¢'
Average= 1/NE(AH % 20g)i With N=3 32.1 33.7
Error=[Max(AH% 29g) — M|n(AH % 208)]/2 0.1
a7 c-CsHs®* + CHy - c- O5Hg + °*CH, 20.92 63.9
(18) ¢c-GsHs® + H® - ¢-CsHg —83.46 63.4
(19) c-CsHs® + CoHg — CaHg (1,3-but.)+ *CHz + CoH» 71.33 63.7 60.9+ 1.7
(20) ¢-CsHs® + CoHg + Hy — C4He (1,3-but.)+ *CH3 + CoH, 30.08 63.3 63+ 29
(21) c-CsHs® + C3Hg + Hy — C4Hg (1,3-but.)+ *CHg + n-CaHg 27.47 63.3 63.2"
(22) ¢-CsHs® + CsHg + H, — C4Hg (1,3-but.)+ *CHs + ¢-CHg 35.49 63.1 63.6+ 1.0
Average= 1/NE(AH % 209)i With N=6 63.5
Error=[Max(AH% 29g) — M|n(AH % 208)]/2 0.4
(23) c-CsH,* ™ + CH,y — c-CsHg P ot CH,*~ 46.21 82.1
(24) c-CsHs"™ + CH, — ¢-CsHg® P+ CHg™ 33.09 81.4
(25) C-C5H4 + C,Hg — C- Q:,H5 + CoHs™ 34.68 83.1
(26) c-CsHa* — e - c-CsH, CBy)P° 4254 82.5
(27) c-CsH,* "+ HT - ¢c-CsHs® —383.35 81.1
Average= 1/INZ(AH% »gg); With N=5 82.0
Error=[Max(AH®% 298) — Min(AH®% 20¢)]/2 1.0

8AH fzgg(splropentadlenecy150 5+ 2 kcalmol~! from Ref. 14.

PHeatsof formationof c- CsH4 ( B,), c-CsHs® andc-CsHg are125.1,63.5and 32.1kcalmol™ 1 , respectively takenfrom the previouscalculations.

‘FromRef. 18.
dFrom Ref. 20.
°From Ref. 21.
fFrom Ref. 19.
9From Ref. 22.
"From Ref. 23.

discrepanciescan be due to the use of insufficiently
accurate theoretical level or the uncertainty of the
AHC 508(c-CsH,*") valueof 71.9+ 3.6kcal mol ™.

In orderto testthe accuracyof our method the heatof
formationof c-CsH, (°B,) wasalso calculatedusingthe
G3 and CCSD(T)/6—-31%G(3df,2p) methods. Based
upon the computed atomization energy, a value of
124.6kcalmol~! for the heat of formation of c-CsH,
(®B,) wasderivedusingthe G3 method Anothervalueof
124.8kcalmol™* was computed at the CCSD(T)/6—
3114+-G(3df,2p)level basedon the working reaction(4).
These values agree well with 125.11kcalmol™*
obtainedat the G2M level.

We alsotestedour methodby calculationsof heatsof
formation of similar molecules and comparison of

Copyright0 2001JohnWiley & Sons,Ltd.

obtainedvalueswith available experimentaldata. 1,3-
Cyclopentadiendc-CsHg) and cyclopentadienyfadical
(c-CsHs®) werechoserasthe bestexamplesdecauseghey
have geometriessimilar to that of c-CsH, and their
available experimentaldata are well established.The
heatsof formationof c-CsHg andc-CsHs® werecomputed
by usingthreeandsix differentworking reactions(14)—
(16) and (17)—(22), respectively (see Table 2). The
calculatedvaluesareinternally consistentwith errorsof
only 0.1and0.4kcalmol~*. Our bestvaluestakenasthe
averageof computedvalues are 32.1 and 63.5kcal
mol~1. Heatsof formationfor c-CsHg andc-CsHs® were
also calculatedusing the G3 methodand the valuesof
32.7 and 63.9kcal mol %, respectively,were obtained.
Theresultsarein excellentagreementvith all available

J. Phys.Org. Chem.2001;14: 131-138
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Table 3. Calculated ionization potentials (/P in kcal mol~"), electron affinities (FA in kcal mol‘1g and proton affinities (PA in

kcal mol™") for cyclopentadienylidene (c-CsHg, Gy, 3B,), cyclopentadienyl radical (c-CsHs®, G,

(c-CsHe, Cov 'A1)

B;) and 1,3-cyclopentadiene

Species Parameter  ReactionNo. Reaction Calculatedresult Experimentaldata
¢-CsH, (Coy, °By) IP (28) c-CsHy —» C-CsH* + € 204.4
EA (29) c-CHs* - c-CsHy+ e 42.5
PA (30) c-CsHe (*A) — c-CsHy+HT 228.1
(31) c-CsHe (CAY) — c-CsHy+ HF 230.7
c-CsHs® (Cay, 2B1) P (32) c-CsHs® — c-CsHd (CA) + e 197.7 197.3¢
(33) c-CsHs® — c-CsHe (CA) +e 195.2 193.9%
200.39+ 2.31°
EA (34) c-CsHs - c-CsHs® + e 44.9 40.82+ 2.54
41.194 0.46°
41.25+ 1.08
42.41+ 0.69
<50.73+ 6.92"
PA (35) c-CsHe*" = c-CgHs® + HF 197.2 198.%
194.63
c-CsHe (Cov, *AY) IP (36) c-CsHg —» C-CsHe* " + €~ 199.9 197.6240.23"
197.85+ 0.23"
207.54
EA (37) c-CsHe® - c-CsHg+ €~ 26.0
PA (38) c-CsH7 (A) - c-CsHg+H* 172.3
(39) c-CsH7 (B) - c-CsHg+ H T 195.2 196.4

3From Ref. 24.
bFrom Ref. 25.
°From Ref. 26.
9From Ref. 27.
®From Ref. 28.
"From Ref. 4.
9From Ref. 29.
hFrom Ref. 30.
KFrom Ref. 31.
'From Ref. 32.
"From Ref. 33.
"From Ref. 34.
°From Ref. 35.

experimentaldatafrom Refs. 18-23.The discrepancies
between calculated and experimental values are
<0.5kcalmol™, which lies within the error range of
the experimentabata.

In order to check our supposition further, we
reinvestigatedthe AH% ,9g(c-CsH4*~) value of 71.9+
3.6 kcalmol™*. Recently, AH% 5og(c-CsH,°™) was esti-
matedas83kcalmol~* by WangandBrezinsky> based
on the atomizationenergyat the G2(B3LYP,MP2,¥P)
level. This value looks reasonablesince basedon it,
AH% 505 Of c-CGsHs (®B;) can be obtained as
125kcalmol™t. However, the result derived from
atomization energy might not be accurate.Therefore,
we recalculatedthe heat of formation of c-CsH,*~
employing five different working reactions(see Table
2). Thevaluesobtainedareinternally consistentwith an
approximateerror of 1 kcalmol™. The largestvalueis
derived from the isodesmic reaction (25) and the
reference AH ,05(C,Hs ) value® of 34.3kcalmol™
with afairly largepossibleerrorof +2.1kcalmol™*. The
smallestvalue is obtainedfrom the PA of c-CsH,*~
[reaction(27)], which wasusedby McDonaldetal.* The

Copyright0 2001JohnWiley & Sons,Ltd.

PA(c-CsH,* ") valueof 383.4kcal mol~* computecby us
attheG2M(RCC,MP2)evelis about5 kcal mol~* higher
thanthatreportedby McDonaldet al.,* 378.2+ 2.4kcal
mol~. In orderto checkPA(c-CsH,* ") further, we used
several higher theoretical levels such as CCSD(T)/6—
311+G(3df,2p), CCSD(T)/6-31%+G(3df,2p) and
CCSD(T)/aug-cc-pY¥YZ and obtained the values of
383.5,383.6 and 383.9kcalmol™?, respectively.These
resultsareconsistenandagreewith the G2ZM(RCC,MP2)
value within 0.6kcalmol™?, i.e., within the expected
error range of the G2M(RCC,MP2) method,
+2 kcalmol ™. Takingthe averageof thefive calculated
valuesasourbestestimatethestandarceatof formation
of c-CsH,*~ can thus be proposedas 82.0kcalmol ™,
with a possibleerror of +1.5kcalmol™t. This valueis
about10kcal mol~* higherthanthat usedby McDonald
et al.* The disagreemenbetweenthe calculatedand
experimental values of 10kcalmol™* leads to the
suggestiorthat theseexperimentaldataneedsto be re-
examined.

Next, it was also of interestto computethe other
thermochemicaparameters|P, EA and PA, of c-CsH,

J. Phys.Org. Chem.2001;14: 131-138
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Table 4. Table 4. Calculated heats of formation (in kcal mol™") for c-CsH,®, c-CsHe ("A;), c-CsHa CAY), -CsHs ™, c-CsHe® and
C-CSHG.
Reaction Enthalpyof Calculated Experimental
Species No. Reaction reaction result data
c-CsHa"" (Co, 2B2) (40)  c-CsHa"" + CH, — c-CsHs® + CHY 12.25 330.8
(41) c-CsH,*t + Hy - c-CsHs® + HT 99.83 329.4
(42)  cGH,S"+e - c-GH4(°By) —204.35 329.4
Average= (1L/N)S(AH 20g); With N=3 329.9
c-CsHe (Coy, A1) (43) c-CsHe (*A)) + CH, — c-CsHg + CHY 47.65 264.0
(44)  c-CsHe (*A1) + :CH, (3B1) — c-CsHa (CBy) + CHy 29.10 263.9
Average= (1/IN)S(AH®% 20g); with N=2 264.0
c-CsHe (Dsp, 2AY) (45)  c-CsHz (CAY) — c-CsHy (PBy)+ HY 230.71 260.1 260.9
(46)  c-CsHz (PA) + CHsz - c-CsHa (3By) 4+ CH, —185.72 259.8 251.%
Average= (1/N)S(AH% 20g); With N=2 260.0
c-CsHs ™ (Dsn, *AY) (47)  c-CHs +H' - c-CsHg —352.20 18.6
(48) c-CGsHs™ - ¢-GsHs* + e~ 4491 18.6 19.0+2.C°
(49)  c-CsHs + CH, — c-CsHg+ CHa™ 64.23 18.8  195+2.4
(50)  c-CsHs + CH5® — c-CsHg + CHo®~ 56.43 19.1
Average= (1/IN)S(AH% 20g); with N = 4 18.8
c-CsHe® " (Covs 2A0) (51) c-CsHe" + e - c-CsHg —~199.90 232.0
(52)  c-CsHg®" +:CHy(*A;) - c-CsHs® + CHF -7.91 230.4
(53) c-CsHe™t = c-CsHs®* + HT 197.20 232.0
Average= (LINS(AH% 29g); with N = 3 231.5
c-CsHe® ™ (Cs, 2A) (54)  c-GCHe - c-CsHg+e —25.98 58.1
(55)  c-CsHe"™ — c-CsHa® + Hy 24.38 57.7
(56)  c-CsHe"™ + CH{ — c-CsHs® + CH, —271.38 55.2
(57)  ¢-CsHg® +:CH, (*A;) — c-CsHs® + CH3~ —60.06 53.9
Average= (1/IN)S(AH% 20g); with N = 4 56.2

&Takenfrom Ref. 7.
bFrom Ref. 33.
°From Ref. 27.
9From Ref. 30.

(®B4), c-CsHs® andc-CsHg (seeTable3). The calculated
valuesof c-CsHs® andc-CsHg arein goodagreementvith
the available experimentaldata from Refs 23-34.The
discrepanciesire 1-2kcalmol~! and the largestoneis
about 2kcalmol™ for the EA(c-CsHs®) value. The
values obtainedfor IP, EA and PA are, respectively,
204.4,42.5and230.7kcal mol~* for c-CsH, (381), 197.7,
44.9 and 197.2kcalmol~! for c-CsHs® and 199.9,26.0
and195.2kcal mol~? for c-CsHg with a possibleerror of
+2 kcalmol ™.

Next we calculatedheatsof formation for charged

speciesof ¢c-CsH,, ¢-CsHs® and c-CsHg (seeTable 4).
The heats of formation of c-CsH,*", c-CsHa (*Ay),
c-CsHE (3AY), c-CsHs ™, c-CsHe™' and c-CsHg®™~ were
computedusing three, two, two, four, three and four
different working reactions, respectively. The values
obtained are internally consistent.Our best estimates
takenasthe averageare 329.9,264.0,260.0,18.8,231.5
and56.2kcalmol™* for c-CsH,* ", c-CsHe (*AY), c-CsHe
(A, c-CsHs -, c-CsHg™" and c-CsHg®~, respectively.
The AH% ,0¢(c-CsHs™) value of 18.8kcalmol ™! is in
excellentagreementwith available experimentaldata.

Table 5. Calculated C*—H bond dissociation energies (in kcal mol~") for c-CsHs®, c-CsHe,c-CsHs ™, c-CsHg, c-CsHe™" and

C-C5H6.7

ReactionNo. Reaction Enthalpyof reaction Reference
(58) C-CoHs® — c-CoHa (®By) + H® 112.3

(59) c-CsHe (*A) — c-CsH,*F + H® 118.9

(60) c-CsHe (CAD) - c-CsH,™" + H® 121.4

(61) c-CsHs™ — C-CsH,* + H® 114.6

(62) c-CsHg — c-CsHs® + H® 83.5 83.6", 82.5¢
(63) c-CsHe*t - c-CsHe (*Ap) + H® 81.3

(64) c-CsHe™" — c-CsHe (CAL) + H® 78.8

(65) c-CsHg*™ — ¢-GsHs™ +H* 12.6

aTakenfrom Ref. 36.
PFrom Ref. 6f.
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J. Phys.Org. Chem.2001;14: 131-138



THERMOCHBMISTRY OF CYCLOPENTADIENES 137

The differencebetweenthe calculatedand experimental
resultsis <1 kcalmol™?, which lies in the errorrangeof

the experimentalvalue, 42 kcalmol~t. The AH% 598

(c-CsHe, Dsp, A valueof 260.0kcalmol™ is in good
agreementvith thatrecentlyreportedby Glukhovtsevet

al.,” 260.7kcalmol™, but it is about 8.5kcalmol™*

higherthanin experimentAs suggestedby Glukhovtsev
et al.,’ this experimental estimate needsto be re-

examined.t is worth mentioningthat the symmetryof

c-CsHg®™ is Cs in the groundelectronicstate.The C,,

structureof c-CsHg® ™ is atransitionstate which hasone
imaginary frequency both at the B3LYP/6-311G(d,p)
and MP2/6—-311G(d,p)evels of theory. The vibrational

modewith imaginaryfrequencyin the transitionstateis

therotationof CH, out of themolecularmplane.Hencethe

C,y geometrycorrespondgo a transition statebetween
two degeneraté&, isomers.However,the energyof the

C,y Structureis ~0.5kcalmol~* lower thanthatof the Cq

geometryat the CCSD(T)/6-311G(d,p)MP2/6-314G

(3df,2p) and G2M(RCC,MP2) levels, respectively,
mainly owing to the thermal correction. This leadsto

the suggestionthat the geometry of c-CsHg® is

effectively C,, symmetric.

In orderto evaluatethe strengthsof C*—H bondsand
to study the effect of the number of z-electronson
stabilizationof the C*—H bonds(seeFig. 1), the C*—H
dissociatiorenergiegor c-CsHs®, c-CsHa (*A;), c-CsHe
(A), c-CsHs, c-CsHe, c-CsHe™', c-CsHg™™ were
computed (see Table 5). The values obtained were
112.3, 118.9, 121.4, 114.6, 83.5, 81.3, 78.8 and
12.6kcal mol™, respectively The C*—H bonddissocia-
tion energyin c-CsHg is 83.5kcal mol™t, which is in
good agreementwith the previously calculated’ and
experimental® values. All values for the neutral and
charged c-CsHs® species vary in the range of
~9kcalmol™! and those for neutral and charged
c-CsHg vary in the rangeof ~4 kcalmol™, exceptfor
c-CsHg®. These results show that the changein the
numberof n-electronsin thering by +1 hasa moderate
effectonthestrengthof the C*—H bond,unlessaromatic
stabilizationoccursafter breakingthe C*—H bond.This
is the casefor the C*—H bondin c-CsHg*~, which is
foundto beveryweak.Theresultcanbeattributedto the
strong aromatic stabilizatiorf’ of c-CsHs (Dsn, AY),
which hassix n-electrons,as comparedwith c-CsHg®™,
which has five rn-electrons.In other cases,after H-
splitting thenumberof z-electronseitherdoesnotchange
[C'C5H57 (6n) - C'G5H4.7 (6n); c- C5H5. (5bn) -
c-CsHy, 3By (57); c-CsHe (4n) — c-CsHy®F (4n)] or the
changedoesnot lead to a large aromatic stabilization
[C'C5H6 (47'[) — C'C5H5. (57'[) and C'C5H6.+ (37’[) —
c-CsHz (4n)].

Finally, it wasalsoof interestto comparethe singlet—
triplet separatiorgap of cyclopentadienylidenwith that
of methylene (:CH,). The values obtained were 6.1
and 3.7kcalmol™* for :CH, and c-CsH, at the
G2M(RCC,MP2) level, respectively. The former,

Copyright0 2001JohnWiley & Sons,Ltd.

6.1kcalmol™* is about3 kcalmol™* lower thanthat in

experiment,9.0kcalmol~." However, if the ‘higher
level correction’is notincludedin the G2M(RCC,MP2)
method, the computedvalueswill be 9.3 and 6.8kcal
mol~* for :CH, andc-CsH,, respectively The value for

:CH, is in goodagreementith thatin the experiment’
andthetheoreticalvaluederivedby Nguyenetal.'® atthe
CCSD(T)/6-31%+G(3df,2p) level, 9.6kcalmol™™.

Since the singlet—triplet splitting is sensitive to the
theoreticaimethod we recalculatedhis valuefor c-CsH,4
at the CCSD(T)/6—313%G(3df,2p) level and obtained
7.7kcalmol™?, fairly closeto the G2M(RCC,MP2)esult
without HLC. The singlet-tripletsplitting of c-CsH, can
be alsoderivedusingthe following isodesmicreaction:

c-CsHa(®By) 4+ CHa(*A1) — c-CsHa(*A) + CH,(°By)
(6)

Onthebasisof heatof this reactionandthe experimental
singlet—triplet splitting of 9.0kcalmol~* for CH,, the

singlet—triplet separationenergiesof 6.6 and 7.0kcal

mol~* for c-CsH, areobtainedatthe G2M andCCSD(T)/
6-3114-G(3df,2p)levels, respectively We canconclude
thatthe singlet—tripletsplitting in c-CsH, is expectedo

be 7.0+ 1.0kcalmol™*. Thus,the singlet—tripletsepara-
tion gapof c-CsH, is about2.0kcal mol~* lowerthanthat

of :CH, and four =-electronsin the ring have a small

effecton the singlet—tripletsplitting.

CONCLUSIONS

The thermochemical parameters of c-CsH, (°By),
c-CsHs® and c-CsHg 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
+2kcalmol™! for the heatof formation and the other
parametersrespectively. The presenttheoretical study
suggestsa heatof formation, ionization potential, elec-
tron affinity andprotonaffinity of 125.1,204.4,42.5and
230.7kcal mol ™, respectivelyfor c-CsH, (°B,), with the
samepossibleerrors as thosefor ¢-CsHs®* and c-CsHe.
The heat of formation of ¢-CsH,*~ was evaluatedas
82.0kcalmol™, about 10kcalmol™* higher than in
experiment. This leads to the suggestionthat the
experimentalAH% »9g(c-CsH,4* ) value needsto be re-
examined.
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