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Abstract: Both C—H bond dissociation energies for cyclobutene were measured in the gas phase (BDE =
91.2 4+ 2.3 (allyl) and 112.5 + 2.5 (vinyl) kcal mol™?) via a thermodynamic cycle by carrying out proton
affinity and electron-binding energy measurements on 1- and 3-cyclobutenyl anions. The results were
compared to those for an acyclic model compound, cis-2-butene, and provide the needed information to
experimentally establish the heat of formation of cyclobutadiene. Chemically accurate G3 and W1
calculations also were carried out on cycloalkanes, cycloalkenes, and selected reference compounds. It
appears that commonly cited bond energies for cyclopropane, cyclobutane, and cyclohexane are 3 to 4
kcal mol™ too small and their 7z bond strengths, as given by BDE1 — BDEZ, are in error by up to 8 kcal
mol~*.

Introduction radical but is inconsistent with high level calculations and is in
error? The corresponding bond energy for cyclobutene has not
been reported but is needed to complete an experimental
determination of the heat of formation of cyclobutadiéne.
Cyclopentengand cyclohexenehave been measured by kinetic
methods, but several additional assumptions were required in
the latter determination and a gas-phase value does not appear
to be availablé.In this work, we report experimental determina-
tions of both C-H bond strengths for cyclobutene and chemi-
cally accurate GBand W19 computations for cycloalkenes,
cycloalkanes, and selected reference compounds. To our sur-
r&pse the literature bond energies for cyclopropane, cyclobutane,
and cyclohexane appear to be too small by 3 to 4 kcal ol
and thex bond strengths in the corresponding cycloalkenes
consequently would be in error by up to 8 kcal mol

Carbon-hydrogen bond strengths are an indicator of free
radical stabilities and play a critical role in understanding
structure-reactivity relationships, reaction mechanisms, and
complex kinetic modeling of combustion, atmospheric, and
interstellar processés.Many carbon-centered radicals are
electron deficient and decrease in stability with increasing
s-character at the unpaired electron site. This well-known trend
was recently found to give rise to a linear relationship between
C—H bond dissociation energies (BDEs) and hybridization (as
given by heteronucledC—H coupling constants) for hydro-
carbons such as methane, ethylene, acetylene, cyclopropane, a
bicyclo[1.1.0]butané.It was surprising, therefore, to find that
the vinyl C—H bond in 3,3-dimethylcyclopropene is 27 kcal
mol~! weaker than the €H bond in acetylene (106.% 3.7
versus 133.3t 0.1 kcal mot?) and only 1.7+ 3.7 kcal mot? Experimental Section
stronger than the bond in methane despite having the hybridiza-  General. 3-Chlorocyclobutene was purchased from Fluka and
tion (and acidity) of an alkyne. This is due to an unanticipated prepared as previously descridédiethy! ether was dried over sodium
orbital interaction that stabilizes the vinyl radical and can be
viewed as a manifestation of angle strain. This finding makes @ ?g{rgggg,_%%g_m'ver’ R.T., Jr Hehre, W.JJAm. Chem. Sod 980
it interesting to determine the vinyl-€H bond energies for (4) (a) Chen, P. IPAdvances in Carbene Chemisfrigrinker, U., Ed.; JAI

. Press: Greenwich, CT, 1998; Vol. 2, pp485. (b) Merrill, G. N.; Kass,
cyclobutene, cyclopentene, and cyclohexene, which currently s R'3. Am. Chem. S0d997, 119, 12322-12337. (c) Montgomery, J. A,

are unavailable. Jr.; Ochterski, J. W.; Petersson, G. A.Chem. Phys1994 101, 5900~
. . 59009. (d) Bach, R. D.; Dmitrenko, @. Am. Chem. So2004 126, 4444~
Allylic C—H BDEs of small ring compounds also are of 4452. (€) Feng, Y.; Liu, L.; Wang, J.-T.; Zhao, S.-W.; Guo, Q.3XOrg.

i i i Chem.2004 69, 3129-3138.
interest but are either poorly established or unknown. The (5) Fattahi. A Lis. L.: Tian. .. Kass, S. Rngew. Chem., Int. E006 45,

experimental value for cyclopropene (9G:64.0 kcal mot1)3 4984-4988. _
is widely cited and is indicative of aromatic stabilization in the ~ (6) Furuyama, S.; Golden, D. M.; Benson, S. Wt J. Chem. Kinet197Q 2,

(@) Alfassi', Z. B.; Feldman, LInt. J. Chem. Kinet1981, 13, 771-783.

(1) (a)Energetics of Organic Free RadicalSimges, J. A. M., Greenberg, A., (8) The activation energy for the reaction of @Clith cyclohexene was
Liebman, J. F., Eds.; Blackie Academic & Professional: New York, 1996; obtained after empirically correcting the H-abstraction rate for the formation
p 301. (b) Parsons, A. FAn Introduction to Free Radical Chemistry of vinyl and homoallyl radicals. A correlation betweBgis and BDEs also
Blackwell Science: Oxford, England, 2000; p 238. (c) Finlayson-Pitts, B. was needed to obtain the desired bond energy, and a change in one of the
J. Chemistry of the Upper and Lower Atmosphere: Theory, Experiments BDEs would have a large effect on the final result.
and ApplicationsAcademic Press: San Diego, CA, 2000; p 969. (tin€p (9) Curtiss, L. A.; Raghavachari, K.; Redfern, P. C.; Rassolov, V.; Pople, J.
G.-M. Gas-Phase Thermal Reactions: Chemical Engineering Kinetics A. J. Chem. Phys1998 109, 7764-7776.
Kluwer Academic Publishers: Boston, MA, 2001; p 336. (10) (a) Martin, J. M. L.; de Oliveria, GJ. Chem. Phys1999 111, 1843—

(2) Fattahi, A.; McCarthy, R. E.; Ahmad, M. R.; Kass, S. R.Am. Chem. 1856. (b) Parthiban, S.; Martin, J. M. . Chem. Phys2001, 114, 6014
S0c.2003 125 11746-11750. 6029.
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metal, hexamethylphosphoramide was distilled over calcium hydride = 2.0 Hz), 7.42-7.54 (m, 9H), 7.6%7.66 (m, 6H)3C NMR (75 MHz,
under vacuum, and the reactions below were carried out under a dryCDCls) ¢ 32.2, 33.4, 128.0, 129.7, 134.8, 135.1, 135.9, 138.4. HRMS-
argon atmosphere in flame-dried glasswareand*C NMR spectra El calcd for GoH20Si (M) 312.1353, found 312.1334.

were recorded on Varian VI-300, VXR-300, and VI-500 spectrometers  1-Trimethylsilylcyclobutene. This compound was prepared as
and are reported in parts per milliod)(relative to tetramethylsilane described in the literatute but was purified by preparative gas
as an internal standard. High-resolution mass spectral analyses werehromatography using the following conditions: He flow rate, 30 mL
performed on a Finnigan MAT 95 mass spectrometer. Preparative gasmin~?; injector temperature, 16TC; oven temperature, 6C; detector
chromatography was carried out using a Gow-Mac series 350 gastemperature, 180C.

chromatograph equipped with a thermal conductivity detector and a 4  Gas-Phase ExperimentsA dual cell model 2001 Finnigan Fourier

m x 7 mm column of 10% SE-30 on Chromosorb P. Medium-pressure transform mass spectrometer equippedhwat 3 T superconducting
liquid chromatography (2560 psi) and flash column chromatography = magnet and controlled by a Sun workstation running Odyssey version
were carried out on J. T. Baker (23@00 mesh) silica gel. Analytical 4.2 was used for these studies. Fluoride ion was prepared by electron
thin-layer chromatography was performed on 0.25 mm Masherey-Nagel ionization of Nk at 8.7 eV and was allowed to react with a static
silica gel plates, and compounds were visualized with UV light (254 pressure of-(4—10) x 1078 Torr of 1- or 3-trimethylsilylcyclobutene.
nm) and vanillin/methanol/s3$0, (0.75:97.75:1.5) or phosphomolybdic ~ The product ions were transferred to the second cell where#hg3

acid (7% EtOH solution) stains. (M — TMS) ion was isolated using a stored-waveform inverse Fourier
3-Trimethylsilylcyclobutene. To a stirred solution of hexamethyl-  transform (SWIFT) excitatiof Neutral reagents were introduced via
disilane (0.717 g, 4.90 mmol) in 6 mL of HMPA at® °C, 3.13 mL slow leak valves, and subsequent reactions were monitored as a function

(5.01 mmol) of a 1.6 M solution of MeLi in diethyl ether was added of time. For the DePuy acidity determinatiosDH~ was prepared
dropwise. After being stirred for an additional 3 min, the resulting red by electron ionization (7.5 eV) of # in the source cell and then
solution was diluted with 12 mL of diethyl ether and cooled-60 transferred to the analyzer cell. After a pulse of argon up to a pressure
°C. The reaction mixture turned yellow after 5 min, at which point of ~107° Torr and a 1000-ms delay period, the product ions were
0.177 g (2.00 mmol) of 3-chlorocyclobutene dissolved in 2 mL gOEt ejected using a broadband chirp excitation, and the reaction with the
was added dropwise. The resulting solution was stirred for an additional selected silane~2.0 x 1078 Torr) was monitored over a 024 s time

1 h at—50 to —60 °C and then was poured into a mixture of 100 mL  period during which the product ratio was found to be constant.

of pentane and 100 mL of saturated aqueous ammonium chloride. The Amide was produced by electron ionization (7.3 eV) of a pulse of
aqueous material was extracted with pentanex(20 mL), and the NH; up to a pressure of 1 x 10°6 Torr and ethylamide was generated
combined organic solution was washed withCH(4 x 20 mL) and in the same way, but better signals were obtained by deprotonating a
dried over MgSQ. Distillation of the pentane and ether through a static pressure of EtNH(~4 x 1077 Torr) with NH,~. Both bases
Vigreux column at atmospheric pressure afforded a concentrated residuevere used to deprotonate cyclobutene, and the resulting ions were
that contained 3-trimethylsilylcyclobutene in a 75% yield as determined transferred to the second cell where thiz 53 ion was isolated and its

by gas chromatography. Further purification of this material was carried reactivity was explored. Alternatively, EtNHwas transferred to the

out by preparative GC employing the following instrument param- second cell before reacting it with a static pressure of cyclobutede (

eters: He flow rate, 30 mL mir; injector temperature, 6680 °C; x 1077 Torr) to obtain the proton-transfer rate constant. In this way,
oven temperature, 3TC; detector temperature, 7C. *H NMR (300 forward and reverse proton-transfer rate constants were measured, and
MHz, CDCk) 6 —0.01 (s, 9H), 2.32 (m, 1H), 2.35 (bs, 1H), 2.68 (m, the equilibrium constant{ = ki/k-,) for the acid-base reaction was

1H), 5.99 (m, 1H), 6.06 (M, 1H}*C NMR (75 MHz, CDC}) 6 —3.2, determined.

32.4,35.0, 134.1, 139.2. HRMS-CI (N}talcd for GH1sSi (M + H)* Computations. G3® and WZ° calculations were carried out as
127.0943, found 127.0938; calcd fostGsNSi (M + NH,)™ 144.1200, previously described in the literature using Gaussian 2003 on IBM and
found 144.1208. SGI workstations at the Minnesota Supercomputer Instifugdl of

3-Triphenylsilylcyclobutene. A 30% dispersion of sodium in xylene  the resulting energies are reported as enthalpies at 298 K and were
(447 mg, 19.4 mmol) was washed and decanted three times with 5 mL obtained using scaled HF (0.8929, G3) and B3LYP (0.985, W1)
portions of diethyl ether, and the residual solvent was removed under vibrational frequencies. In both cases, small vibrational frequencies that
vacuum. An argon atmosphere and 6 mL of diethyl ether were contribute more than't)RT to the thermal energy were replaced by
introduced into the flask, and then a solution of chlorotriphenylsilane (Y,)RT. Heats of hydrogenation and-Ei bond energies were computed
(0.736 mg, 2.50 mmol), naphthalene (0.064 g, 0.50 mmol), and 5 mL using calculated energies for all of the species involved; the experi-
of diethyl ether was quickly added to this suspension. After the reaction mental values for Hland B were not employed as is sometimes done.
mixture was stirred fol h atroom temperature, HMPA (1.04 mL,
5.98 mmol) was added, and 30 min later the deep green-black solution

was quenched with 3-chlorocyclobutene (0.118 g, 1.33 mmol) in 1.5  Fluoride-induced desilylation of 3-trimethylsilylcyclobutene

mL of diethyl ether ovea 2 min period. During this short time interval, (1) affords 3-cyclobutenyl aniom{z 53, 2a", eq 1). This ion
the reaction mixture turned brownish-red and then light violet. The

solution darkened over approximately the next 30 min at which point Si(CHg)s £~
1 mL of H,O was carefully added dropwise to destroy the excess
sodium, and then 2 mL of 10% aqueous HCI and 20 mL obQK
were added. The aqueous layer was extracted twice withtCGH5
mL portions), and the combined organic material was washed wth H . . . o
(4 x 5 mL). After being dried with MgS@ the solvent was removed :(chla ?r:%?lr;d V(\j,:{);roanaote_s iegggn;tim(ffcﬁc;sriiﬁ)i e%n?i
under reduced pressure and the product was purified by MPLC on a o acid : ’ 1 ’
silica gel column using hexane as the eluent to afford 101 mg (24%) ethylamine AH%ciq = 399.3 + 1.1 kcal mof7), but not

of 3- tr|phenylsnylcyclobutene asa _colorless solid. Further putlflcatlon (12) Negishi, E.: Boardman, L. D.: Sawada, H.: Bagheri, V. Stoll, A. T.: Tour,
can be carried out by recrystallization from hexane (mp-1243°C). J. M.; Rand, C. LJ. Am. Chem. S0d.988 110, 5383-5396.
H NMR (300 MHz, CDC}) 6 2.67 (dm, 1HJ = 13.5 Hz), 3.04 (dd, (13) Wang T. C. L. Ricca, T. L.; Marshall, A. @nal. Chem1986 58, 2935~
— 2938
1H,J=13.5and 4.5 Hz), 3.42 (m, 1H), 6.01 (m, 1H), 6.33 (d, IH, (14) (a) DePuy, C. H.; Gronert, S.; Barlow, S. E.; Bierbaum, V. M.; Damrauer,

R.J. Am. Chem. 800.989 11], 1968-1973. (b) DePuy, C. H.; B|erbaum
(11) Graig, N. C.; Borick, S. S.; Fisher, M. A,; Tucker, T. R.; Xiao, Y.Z. V. M.; Damrauer, RJ. Am. Chem. S0d.984 106, 4051~ 4053,
Fluorine Chem1992 59, 215-224. (15) Pople, J. A.; et alGaussian 03Gaussian, Inc.: Pittsburgh, PA, 2003.

Results and Discussion

Q)]

1a ~(CHa)SIF oo
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Table 1. DePuy Kinetic Acidity and Electron Affinity Measurement Data for 3-Trimethylsilylcyclobutene, 3-Triphenylsilylcyclobutene, and
1-Trimethylsilylcyclobutene

RSi(CHy)s [RSi(CsHs)a] ratio (R)? In(3R) AHo(RH)? EAR')?
ethyl 0.16+ 0.01 —0.73+ 0.05 420.1+ 2.0 —6.0+2.0
methyl 1.00 0.00 416.% 0.7 1.8+ 0.7
[0.010+ 0.002] [-3.51+ 0.70]

cyclopropyl 1.02+ 0.03 1.124+0.03 4115+ 2.0 8.4+ 2.0
[0.045+ 0.004] [-2.00+ 0.18]

vinyl 2.49+ 0.06 2.01+ 0.05 409.4+ 0.6 15.4+£ 0.6
[0.042+ 0.004] [-2.07+ 0.20]

phenyl 8.18+ 0.50 3.20+ 0.20 401.7+0.5 25.3+ 0.1
[1.00] [0.00]

1-naphthyl 394.2+1.2 31.6+0.5
[3.32+0.22] [2.30+ 0.15]

3-cyclobutenyl 9.04t 0.54 3.30+0.19 402.1+ 1.5
[0.29+ 0.03] [-0.14+ 0.01] [403.1+ 1.4F

1-cyclobutenyl 5.4H4 0.37 2.74+ 0.20 404.6+ 1.5 215+ 2.0¢

aRatio= (RsSIO/R'(R2)SIO") where R equals Me or Ph and is isotopically corrected. The data for the triphenylsilyl derivatives are given in brackets.
b All values are in kcal moi* and come from refs 14 and 16This work.

ammonia AH®,q = 403.6 & 0.8 kcal mot?).16 In the last ethylamide and ethylamine were measured (eq 2). Three
instance, signal loss is observed, but whensDused a small

amount of deuterium incorporation also is seen. If long reaction ]+ e ki D— ENHL (0
times are examined, the incorporation of a second deuterium p * ) P * e @

atom can be detected. These results suggest that the proton

affinity of 2a" is between ethylamide and amide (i.e., 40+5  jhgependent determinations were carried out in both directions
2.3 kcal motl) but an acid-catalyzed isomerization to the to affordk, = (2.25+ 0.29) x 10-1% andk_; = (2.49+ 0.09)
corresponding vinyl anion cannot be ruled out. Therefore, a | 10-11 ¢ molecule? s1, where the uncertainties are the

selective approach for measuring the acidity of cyclobutene at ¢tangard deviations in the measurements. The resulting equi-
the allylic position is desirable, and the DePuy kinetic method |inrium constant is 9.04+ 1.21. but given the inherent

was applied? difficulties in measuring neutral gas pressures with an ionization
This methodology makes use of the reaction of Okith a gauge, a more conservative error foof +9.04 was adopted
series of trimethylsilanes (RSi(G}) in which RH has aknown  for the subsequent data analysis (i.e., a 100% uncertainty was
acidity. By plotting AH® i RH) against the natural logarithm used). This leads tAAG®,¢q= —1.3+ 0.6 kcal mot?, which
of the statistically and isotopically corrected (€§8iO~/ can be combined with G®,¢i EtNH,) = 391.7+ 0.7 kcal mot™
R(CHs)2SiO™ product ratios R), a calibration line is obtained g give AG°xi(2H) = 393.0+ 0.9 kcal mot?. B3LYP/aug-
that can be used to obtain the acidity of compounds with ¢c.pvTZ geometries and vibrational frequencies were used to
unknown values at specific locations. Five reference compoundsgerive AS’,.i(2H) = 26.2 eu, which is only 0.2 eu larger than
were employed in this workR = ethyl, methyl, cyclopropyl,  the value for a proton and leads Ad1°.¢i{2H) = 400.9+ 1.1
vinyl, and phenyl), and a linear least-squares analysis of the kcal mor1.17 This result is in excellent accord with the
data gave the following equationAH’aciRH) = —4.49 x bracketing and DePuy method determinations and is extremely
In(R) + 416.9 kcal mot*, r> = 0.984 (Table 1). 3-Trimethyl-  \yell reproduced by G3 and W1 predictions of 401.2 kcal Thol
silylcyclobutene reacted with hydroxide ion to give an iso- |t also is our recommended value for the acidity of cyclobutene
topically corrected product ratio of 9.@4 0.54, which leadsto 4t the allylic position because equilibrium determinations are
an acidity of 402.14 1.5 kcal/mot?. In a similar way, five the most reliable method for measuring acidifiés.
triphenylsilyl derivatives were used to construct a calibration g put this quantity in perspective, we note that cyclobutene
line (AH®acidRH) = —3.89 x In(R) + 402.6 kcal/mol,r? = is 10.6 kcal mot? less acidic thagis-2-butene AH®acq= 390.3
0.987), and 3-triphenylsilylcyclobutene led to an acidity of cal mol-t at the G3 level of theory). The decreased acidity is
403.1+ 1.4 kcal mot™. These values and the bracketing results 3 direct result of the constrained geometry2af, which has a
indicate thatAH ,ciq = ~402 kcal mot™ for the allylic position, C1—C2—C3 bond angle that is 34smaller than that for allyl
and this suggests that an equilibrium determination might be anjon (j.e., 97.9versus 132.%).18 There also is an unfavorable
possible. This turns out to be the case since 1- and 3-cyclobute-grpjtal interaction between the terminal carbon atoms of the
nyl anions v~ and2a, respectively) are readily differentiated  g)1ylic system that is diminished by the pyramidalizatioreaf
(see below), and only the allylic ion is observed when (Figure 1).
cyclobuteneZH) is deprotonated by amide or ethylamide; NH The electron affinity of 3-cyclobutenyl radicaR#) was
undoubtedly abstracts a vinyl proton some of the time to give determined directly from the equilibrium acidity of cyclobutene
2v~, but equilibration in the presence 2l leads to insignificant by employing a recently reported linear correlation between
quantities ¢-1%) of this ion. experimentalAH®,i(RH) and EA(R) values for delocalized
To obtain the equilibrium acidity of cyclobutene, the forward  carbanions (i.e.AH%xi(RH) = (—1.274+ 0.058) EA(R) +
(k1) and reversek-1) rate constants for proton transfer with  405.9+ 1.6 kcal mot?).2° This leads to EAZat) = 3.9+ 2.0

(16) Bartmess, J. E. NIST Chemistry WebBook, NIST Standard Reference (17) An arbitrary but conservative uncertainty #2 eu was assigned to the
Database Number 69, Mallard, W. G., Linstrom, P. J., Eds. http:// computedAS’acig.
webbook.nist.gov; Oct 2006. (18) The cited values are at the B3LYP/aug-cc-pVTZ level.
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34.3° (37.07)

1.408
(1.412)

Figure 1. Computed B3LYP and MP2 structures of 3-cyclobutenyl anion
(2a7). Both geometries havé, symmetry, but the first value corresponds
to a B3LYP/cc-pVTZ+d structure, whereas the parenthetical quantities are
from a MP2(full)/6-31G(d) optimization.

kcal mol! (or 0.17+ 0.09 eV), which is in excellent accord
with our bracketed value of 0.24 0.21 eV; the latter result is
based upon the observation tRat” undergoes electron transfer
with O, (EA = 0.4484+ 0.006 eV) but not NO (EA= 0.026+
0.005)16 |t also is in excellent agreement with G3 and W1
theories, which predict values of 3.7 and 4.2 kcal ™ol
respectively. Interestingly, the computed G3 electron affinity
of cissCH3CH=CHCH,* (0.44 eV or 10.1 kcal mat') is 6.2
kcal mol? larger than the experimental value f@er. This
difference is a little more than half of that for the acidities, which
suggests that the destabilization of the cyclic radical is a little
less than half of that for the anion (i.e., 4.4 versus 10.6 kcal
mol~1). Given that the C3+C2—C3 bond angle in allyl radical

is smaller than that in its corresponding anion (i.e., 128etsus
130.4), this is not surprising®

Bond dissociation energies are related to acidities and electron

affinities via a thermodynamic cycle (eq 3), and the latter two

quantities can be used to derive the former one since the

ionization potential of hydrogen atom is well established (313.58
kcal mol?).
BDE(RH)= AH°_(RH) — IP(H) + EA(R") (3)

For cyclobutene, an allylic €H BDE of 91.2+ 2.3 kcal mot?
is obtained, and this value is well reproduced by G3 and W1
computations of 90.6 and 91.7 kcal mglrespectively. It also
is 4.6 kcal mot? larger than the G3 prediction for the—C1
BDE of cis-2-butene. More importantly, it can be combined
with our recently reported values for the proton affinity of
cyclobutadiene (PA= 224.3 + 2.7 kcal mot?) and the
ionization potential of 3-cyclobutenyl radical (l? 167.0 £
1.4 kcal mot?) to give the heat of hydrogenation of cyclob-
utadiene AH°nyg = 64.7 + 3.8 kcal mot?) and its heat of
formation AH% = 102.24 3.8 kcal mot?).5

The vinyl anion of cyclobutene2¢~) was generated via the
fluoride-induced desilylation of 1-trimethylsilylcyclobuterfe/(
eq 4). This species readily can be distinguished from its allylic

S|(CH3)3 F_

()

—(CHg)3SiF

v 2v-

isomer based upon their different reactivities (Table 2). For
example2v- deprotonates Nkto afford NH,~ and reacts with
COS to produce a 8130~ ion (m/z 67), neither of which are
formed from2a~. In contrast2a~ undergoes electron transfer
with CS,, wherea2v~ does not. Consequently, we were able
to show that under low-pressure Cl conditionslQ~’ Torr),
deprotonation of cyclobutene affords its allylic isomer rather

(19) Fattahi, A.; Kass, S. Rl. Org. Chem2004 69, 9176-9183.
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Table 2. lon—Molecule Reaction Products for 1- and
3-Cyclobutenyl Anions (2v— and 2a~, Respectively)

reaction products

2a” A

NH- (m/z 16)

HS~ (m/z 33, 20%),
CH;=CHC=CO™ (m/z67, 20%),
C4HsS~ (M85, 60%)

HS~ (m/z33, <25%),

C4HsS™ (/z 85, = 75%)

reagent

NH3
COs

signal loss
HS (m/z33,~70%),
C4HsS™ (mVz 85, 30%)

HS™ (Mz 33, ~15%),
CS (M2 76, 70%),
C4H5§ (m/z 85, 15%)

than the vinyl anion. Under the higher pressure conditions of a
flowing afterglow device £0.4 Torr), the allylic ion is too
fragile to survive and only the vinyl species is observed, albeit
in low conversiong?

These results indicate that the proton affinity2ef is similar
to or larger than that of N (AH®aciNH3) = 403.6+ 0.8
kcal moit), and bracketing is not a feasible method for refining
this quantity because suitable reference compounds are not
available in this range of the acidity scale. Therefore, the DePuy
kinetic method was used amtH° i = 404.6+ 1.5 kcal mof?
was obtained for the vinyl position of cyclobutene (Table 1).
This result is in accord with the reactivity data, G3 and W1
predictions of 403.9 and 404.0 kcal mg| respectively, and a
value of 405.8 kcal mott based upon the hybridization of
cyclobutene and a previously reported linear correlation between
AH4cig and J(13C—H).21-22 Interestingly, the product ratiofR)
for the reference silanes also were found to correlate with the
electron affinity of R (EA(R*) = 7.70x In R+ 0.36 eV,r?2 =
0.994). This result follows from the observation thgt® it
(RH) is linearly correlated to EA(RR for related families of
compounds, including hydrocarbon acids which give localized
anions!® Consequently, the product ratio determination for the
reaction of 1-trimethylsilylcyclobutene with HOnhot only gives
the acidity of cyclobutene but also affords the electron affinity
of 1-cyclobutenyl radicalZv*). The resulting value for the vinyl
radical is 21.5+ 2.0 kcal mot? (0.934 0.09 eV), which is in
good agreement with a bracketed electron affinity of 0496
0.15 eV based upon the observation tat undergoes electron
transfer with S@ (EA = 1.107 &+ 0.008 eV) but not with
chloropentafluorobenzene (EA0.82+ 0.11 eV) and reagents
with smaller electron affinities (Table 3524 It also is well
reproduced by G3 and W1 computations, which give values of
0.97 and 0.96 eV, respectively.

The vinyl C—H BDE of cyclobutene was derived using eq 3
and is 112.5k 2.5 kcal mot?. G3 and W1 predictions of 111.9
and 112.4 kcal mot, respectively, are in excellent accord with
this result. This bond energy also is larger than the G3 prediction
for cis-2-butene (107.7 kcal mot), which suggests th&v* is
destabilized relative to acyclic analogues (Table 4).

To put our measured bond energies in greater context, BDEs
were computed for alkanes, cycloalkanes, and cycloalkenes

(20) Kass, S. R.; Filley, J.; Van Doren, J. M.; DePuy, CJHAm. Chem. Soc.
1986 108 2849-2852.

(21) The coupling constant for cyclobutene is 170 Hz, as given in ref 22, and
AH°aiq = —0.319 + 460.0 kcal mot?, as given in ref 2.

(22) Hill, E. A.; Roberts, J. DJ. Am. Chem. So0d.967, 89, 20472049.

(23) The electron affinity also can be obtained using the linear correlation
betweenAH°,i(RH) and EA(R) for localized carbanionsAH®acif(RH)
= —0.613 x EA(R") + 414.7 kcal mot?) reported in ref 19, but in this
case this approach gives results with an average error of 4.2 kcat.mol
When we applied this t@v, we obtain EA= 16.5 kcal mot™.

(24) This approach fails foRa™ because it is a delocalized ion whereas the
reference compounds correspond to localized species.
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Table 3. Electron Affinity Bracketing Results for 1-Cyclobutenyl quently, there is no single reason for the discrepancy between
Radical (2v*)* experiment and theory, but it appears that a re-examination of
compd EA (V) electron transfer some of the cycloalkyl €H BDEs is warranted. It also is worth
carbon disulfide 0.5& 0.05 no noting that our computations indicate that the i€ BDE for
pentafluoropyridine 0.6&0.11 no cyclopentane is 3 to 4 kcal mdl smaller than that for
‘S:E:?Jfgﬁ)r)‘(tizguombenzene 1.18'7128:838 ;25 cyclohexane, which can be attributed to the reduction of four
eclipsing interactions upon the removal of a hydrogen atom from
aAll of the cited electron affinities come from ref 16. cyclopentane.
Table 4. Summary of Experimental Quantities Determined in This There is Il_mlted experimental C_Iata for _Cydoalkenes’ bUt_the
Work along with G3 and W1 Predictions? computed vinyl C-H bond energies are in good accord with

the available results. To our surprise, the bond strengths do not
increase in going from larger to smaller rings as expected based

calcd

quantity expt G3 w1

- . upon hybridization. Instead, the opposite trend is observed (i.e.,
AH’acid2H) 400.9+ 1.1 (allylic) 401.2 401.2 acyclic < 3 < 4 < 5), and cyclopentene is predicted to have
404.6+ 1.5 (vinylic) 403.9 404.0 .
EA(22s) 39420 37 4.2 the strongest €H bond. The corresponding value for cyclo-
EA(2ve) 21.54+2.0 _ 224 22.1 hexene is 4.5 kcal mot smaller than that for cyclopentene and
BDE(2H) 91.2+ 2.3 (allylic) 90.6 91.7 is the same as that for cyclopropene. The spread in energies for
112.5+ 2.5 (vinylic) 111.9 112.4 th ds i ly 6.2 kcal mblbut th deri .
AHC pye(c-CaHa) 647138 635 64.8 ese compounds is only 6.2 kcal mlbut the ordering is
AH°(c-C4Ha) 102.2+ 3.8 103.9 102.0 nonintuitive and reflects a combination of factors, including
_ hybridization and delocalization of the unpaired electron. These
#All values are in kcal mol". ® These values come from ref 5. two effects are counterbalancing since the latter preferentially

(Tables 5 and 6353 some of which previously have been stabilizes small ring radicals. This is qualitatively reflected by
reported at the G3 levéfie The alkane data serve to further the Mulliken spin densities at the radical center that increase
benchmark the G3 and W1 results, and as expected these twdVith ring size (e.g., 0.64 (35 0.84 (4) < 0.93 (5 and 6)§°
computational methods are in excellent accord with each other Both of these effects operate in the same direction at the allylic
and experiment. The largest deviation between these two Position, and consequently these BDEs span a larger ranige (
procedures is 0.5 kcal md), and the largest disagreement with ~kcal mof™) and the order is as expected (i.e53 > 5~ 6),

the experimental results given by Blanksby and Ellison is 0.8 if one uses the computed bond energy for cyclopropene rather
kcal motL. Therefore, it is quite surprising that the-&l bond than the experimental value. This is reasonable because a
energies for the cycloalkanes are predicted to be 3 to 4 kcal number of very reliable computational approaches indicate that
mol-1 larger than the experimental values with the exception the measured BDE is too small by9—13 kcal mot*. It was

of cyclopentane, which is well reproduced by theory. Given also recognized in the original work that if cyclopropene radical
the documented accuracy of these theoretical methods and th&ation rearranges then the reported BDE would be incorrect,
good accord between the G3 and W1 results, we are forced toand subsequently it was found that this ion does readily ring
conclude that the commonly cited—® bond energies for ~ 0pen®

cyclopropane, cyclobutane, and cyclohexane are most likely in  Homoallylic bond energies for cyclopentene and cyclohexene

error. also were computed, and they are the same as those for the
The literature value cited in Table 5 for cyclopropane comes corresponding cycloalkanes within the limits of the accuracy
from an equilibrium determination with €in a very low- of these calculations. This suggests that homoconjugation is

pressure pyrolysis reacté,the cyclobutyl G-H BDE was energetically unimportant in 4-cyclopentenyl and 4-cyclohexenyl
determined via iodination and competitive photobromination radicals and, presumably, in most other homoallylic radicals.
kinetics®® and the BDE for cyclohexane was derived from Heats of hydrogenation and bond strengths, which were
single-pulse shock tube measurements and a correlation betweenbtained by taking the difference in the—€&l BDEs of the
bromination activation energies and bond dissociationenefjigs.  cycloalkanes (BDEL) and their corresponding cycloalkyl radicals
All of these methods for determining BDEs are experimentally (BDEZ2), are given in Table 6. Experiment and theory are in
demanding and subject to various pitfalls, but they also are good accord witlAHyq in that the disparity between the two

capable of giving accurate thermochemical resiilt€onse- ranges from 0.1 to 1.7 kcal mdl and the average unsigned
deviations are 0.6 (G3) and 1.1 (W1) kcal mblFor thex
(25) Blanksby, S. J.; Ellison, G. BAcc. Chem. Re2003 36, 255-263. i
(26) CRC Handbook of Chemisiry and Physigsth ed.: Lide. D. k.. Ed: crc ~ Pond energies, the values span almost a 10 kcaf frahge
Press: Boca Raton, FL, 2004. and the disagreement with the predictions is almost as large

(27) McMillen, D. F.; Golden, D. MAnnu. Re. Phys. Cheml982 33, 493~ (i.e., up to 8.2 kcal mott). This is largely a reflection of the

(28) Luo, Y.-R.Handbook of Bond Dissociation Energies in Organic Com- difference between the experimental and computational results

pounds CRC Press: Boca Raton, FL, 2003. . o .
(29) Cox, J. D.; Pilcher, GThermochemistry of Organic and Organometallic for _the cycloalkane €H BDEs since BDE1— BDE2 is
CompoundsAcademic Press: New York, 1970; p 643. equivalent to 2BDE}- AHhyq — BDE(H—H). As for the G3

(30) Pedley, J. B.; Naylor, R. D.; Kirby, S. Phermochemical Data of Organic
Compounds2nd ed.; Chapman and Hall: New York, 1986; p 792.

(31) Tsang, W. IrEnergetics of Stable Molecules and Reaetintermediates (34) Tsang, W. InShock Waes in Chemistry Lifshitz, A., Ed.; Marcel
Minas da Piedade, M. E., Ed.; NATO Science Series C535; Kluwer Dekker: New York, 1981; pp 59129.

Academic Publishers: Dordrecht, The Netherlands, 1999; pp-333. (35) These values come from population analyses of B3LYP/cctaltzave-
(32) Baghal-Vayjooee, M. H.; Benson, S. \W. Am. Chem. Sod979 101, functions, but similar results are obtained from HF and MP2 calculations.
2838-2840. (36) (a) Parr, A. C.; Elder, F. AJ. Chem. Phys1968 49, 2659-2664. (b)
(33) (a) McMillen, D. F.; Golden, D. M.; Benson, S. Wt. J. Chem. Kinet. Parr, A. C.; Jason, A. J.; Stockbauer,IRt. J. Mass Spectrom. lon Phys.

1972 4, 487-495. (b) Ferguson, K. C.; Whittle, Hrans. Faraday Soc. 1978 26, 23—28. (c) Parr, A. C.; Jason, A. J.; Stockbauer)mR. J. Mass
1971 67, 2618-2628. Spectrom. lon Phys98Q 33, 243-251.
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Table 5. Alkane and Cycloalkane C—H Bond Energies?

BDE expt
compd G3 w1 ref 25 ref 26 ref 27 ref 28

CHy 104.2 104.3 104.92 0.03 104.9+ 0.1 105.1+ 0.2 105.0+ 0.1
CH3CH;3 101.2 101.2 101.+0.4 101.1+ 0.4 98.2+ 1 100.5+ 0.3
(CHz)2CH> 98.9 98.4 98.6- 0.4 97.8£ 0.5 95.1+ 1 98.1+ 0.7
CH3CH2CH,CH;g 98.8 98.8 98.2: 0.5 98.3+ 0.5 955+ 1 98.3+ 0.5
c-CsHs 109.2 109.0 106.% 0.3 106.3+ 0.3 106.3+ 0.3
c-C4Hg 100.5 99.9 96.5-1.0 96.5+ 1.0 96.8+ 1.0
¢c-CsHio 96.4 96.9 96.4- 0.6 94.5+ 1.0 95.6+ 1.0
c-CgH12 100.0 95.5+ 1.0 95.5+ 1.0 99.5+ 1.2

aAll values are in kcal molt.

Table 6. Alkene and Cycloalkene C—H Bond Energies?
BDE AHyq 71 BDE
compd G3 w1 expt G3 w1 expt G3 w1 expte

C-CgH4

vinyl 109.6 109.8 106.Z& 3. 54.6 55.2 53.5: 0.6 59.2 58.6 54.40.8

allyl 100.4 100.4 90.6: 4.C°

c-C4Hg

vinyl 111.9 112.4 112.5-25 324 32.4 30.£04 64.0 63.2 58.£15

allyl 90.6 91.7 91.2£23

c-CsHg

vinyl 113.9 26.5 27.2 26.4 0.4 61.7 62.4 62.6 0.8

allyl 84.2 85.0 82.3k 1.1f

hallyl9 96.8 96.9

c-CeH1o

vinyl 109.4 28.7 28.3: 0.3 66.6 58.4- 1.4

allyl 83.9 85+ 1"

hallyl9 99.2

Z-2-butene

vinyl 107.7 108.5 28.4 29.1 28:80.3 64.5 63.9 0.7

allyl 86.0 87.0 89.7,85.6 1.5

aAll values are in kcal molt. P Cycloalkane and cycloalkene heats of formation come from refs 29 antiT3@se energies were obtained using the
cycloalkane G-H BDEs given in ref 289 The experimental value is for 3,3-dimethylcyclopropene. See eReference 3! Reference 69 hallyl = homoallyl.
hReference 7. References 27 and 31, but the stereochemistry was not addressed.

ordering (i.e., 3< 5 < 4 < 6), the # bond strength for

whereas the latter effect has the opposite influence. It was also

cyclopentene seemingly is out of place. Presumably, this is found that the commonly cited €H bond energies for

related to the weak €H BDE for cyclopentane relative to that

for cyclobutane and cyclohexane.

Conclusions

cycloalkanes ((Ch), n = 3, 4, and 6) appear to be in error by

3 to 4 kcal mot?, and this discrepancy is approximately twice
as large for cycloalkeng bond energies. Finally, we note that
the allylic hydrogens in cyclobutene are only 3t71.9 kcal

Both the allyl and vinyl G-H BDEs for cyclobutene were
measured in the gas phase using a thermodynamic cycle. Thaepresents a crossing point in that the vinyl position of

resulting values (91.2: 2.3 and 112.5+ 2.5 kcal mot?,

respectively) enable the heat of formation of cyclobutadiene to for cyclopentene the order is reversed.
be experimentally establishedK{°; = 102.2+ 3.8 kcal mot?)
and were compared to other cycloalkenes. High level G3 and Acknowledgment. Support from the National Science Foun-
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