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Abstract: The method of collision-induced dissociation threshold analysis for determining carbene thermochemistry
is applied to the ground-state triplet carbenes,hiethylene,1), CH,=CHCH (vinylcarbene22), and PhCH
(phenylcarbene3). The chief aims of this study are to evaluate the energetic and dynamical consequences of the
obligatory curve-crossing that characterizes dissociation of a halide ion fraxrhafocarbanion to form a carbene

with a triplet ground state, and to determine accurate heats of formatichaiod3. Threshold collision energies

for loss of halide from CHX~ (X = ClI, Br), CHLCHCHX~ (X = ClI, Br, 1), and PhCHX (X = CI, Br, |) are
determined with use of a flowing aftergloviriple quadrupole apparatus. The dissociation energies are combined
with the measured gas-phase acidities of the corresponding methyl, allyl, and benzyl halides in simple thermochemical
cycles in order to derive the absolute heats of formation for the carbenes. The valtke§(1) derived from the

results for the two different methyl halides (92:23.7 kcal/mol) is in excellent agreement with the well-established
literature value for the triplet ground state of methylene:; ,0f X 381 CH,] = 92.9+ 0.6 kcal/mol. The good
agreement indicates that dissociation of the halomethyl anions occurs adiabatically to produce the triplet state of the
product without any significant reverse activation energy or dynamical constraints. The measured dissociation energies
for 1-chloro-, 1-bromo-, and 1-iodoallyl anions are combined with the bracketed acidities of allyl chloride, bromide,
and iodide to yield three independently determined but closely matched valuAsifess(2): 92.3+ 2.6, 93.9+

3.4, and 93.2t 3.1 kcal/mol, respectively. The average value from the three determinations:®4kcal/mol,

is in fair agreement with the estimated heat of formation for the triplet ground stef2eobfained from various
MCSCF and density functional calculations (90 kcal/mol), but much lower than the predicted heat of formation for
the lowest singlet state &f (100 kcal/mol). As with the halomethyl ions, efficient adiabatic dissociation of the
haloallyl anions at the thermodynamic limit is indicated by these results. The apparent heats of forma8ion for
derived from the measured dissociation energies for PhCHEHCHBr and PhCHt, and the bracketed acidities

of the corresponding benzyl halides show a somewhat larger (non-systematic) variation, but are all within the assigned
uncertainties. The derived values fAH; 295(3) are 103.2+ 3.2, 105.5+ 2.7, and 100.9+ 2.8 kcal/mol for the

benzyl chloride, bromide, and iodide systems, respectively, giving an average value oftl8%&&cal/mol. The
measured heats of formation fdtrand3 are compared with the predictions obtained from various levels of ab initio
theory. Density functional calculations with the BVWN5 and B3LYP functionals in conjunction with polarized,
triple-C basis sets are found to perform best with respect to the sirtgigtet splittings and absolute heats of formation,

while MCSCF and CISD methods lead te-$ gaps and heats of formation that are too high. The experimental
thermochemistry is used to derive values for th€H bond strengths in allyl radical and benzyl radical: JaH
[CH;=CHCH—H] = 104.0+ 3.4 kcal/mol and DkhdPhCH-H] = 105.2+ 3.5 kcal/mol.

Understanding the effects of different substituents on the states are found for carbenes with electropositive groups or
electronic structures, reactivity, and relative stabilities of car- unsaturatedg-acceptor substituents such as cyano, phenyl, and
benes is a venerable pursuit of physical organic chemistry. vinyl. The multiplicity of the ground state and magnitude of
Experiment and theory have shown that the ground-statethe singlet-triplet splitting serve as the basis for the valence-
multiplicity and singlet-triplet splitting of a carbene are state promotion energy models for carbene stability originally
exquisitely sensitive to the nature of the substituents appendedproposed by Carter and Godd&rdnd recently extended by
to the divalent carbod. Singlet ground states are generally Chen and co-workers. Thus, an important connection exists
observed or predicted for carbenes possessing electronegativehetween substituent effects on the electronic structures and the
m-donor substituents such as halogens, alkoxy, and aminothermochemistry of carbenes.
groups, and for carbenes incorporated into small rings (cy- We have been developing gas-phase experimental methods
cloalkylidenes) and double bonds (vinylidenes). Triplet ground for determining absolute heats of formation for carbenes based
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triplet carbene/halide ion surface is largely repulsive (Figure 1,
A parts B and C). If the intersystem-crossing rate is fast compared
3RCH + X- to halide dissociation, then adiabatic dissociation will give the
1 i ground-state triplet carbene product. However, the measured
RCH + X activation energy will depend upon the actual location of the
crossing relative to the triplet asymptote, and the extent of
mixing at this point. Therefore, a reverse activation energy is
possible for this type of dissociation (Figure 1C). In general,
we can expect that electrostatic interactions between the halide
ion and the triplet carbene will decrease the energy of the
IRCH + X- dissociation barrier somewhat, but we have no guarantees that
3RCH + X it will be below the triplet product asymptote (Figure 1B).
In the present work we examine the energetics and dynamics
of halide dissociation from three different typesahalocar-
banion that produce carbenes with triplet ground states (eds 2

X = Cl, Br, I).
CH,X~— CH, + X~ @)
C 1
‘ IRcH + x°
s ; ] CH,CHCHX™ — CH,CHCH + X~ 3)
RCH + X )
PhCHX — PhCH+ X~ (4)
3
r(C-X) Methylene (), the product of halide dissociation from a

Figure 1. Schematic potential energy surfaces involved in dissociation halomethyl anion, has an accurately known heat of formation
of a-halocarbanions to carbenes: (A) ground-state singlet carbene; (B)and singlet-triplet splitting: AH;20g[X 3B; CH,] = 92.94+ 0.6
ground-state triplet carbene with surface crossing occurring at an energykcal/mol, AEst = 9.0 + 0.1 kcal/mol®-12 This system can
below the triplet asymptote, and (C) ground-state triplet carbene with therefore serve as a benchmark for evaluating the utility of CID
surface crossing occurring at an energy above the triplet asymptote.ihrashold measurements for deriving triplet carbene thermo-
quadrupole instrument to determine the threshold energy for Cgﬁ,ﬂ;féﬁ%gg:g‘ﬁg t?t;z:inc%:;[i?rt’r?:(d)b?/rggllgtzge?:){rghsi%gy.
hglide loss. The measured dissociation energy can_be combine hotolysis of vinyldiazomethane in a glassy matti6 & gives
with the knowrt (or measurable) hegts of formation of th? rise to two similar but non-identical signals with the hyperfine
reactant and product ions to determine the heat of formation parametersDis = 0.4578 cm, Egs = 0.0193 cn?, Dyans=

for the carbene product. For systems involvaiggletcarbene 0.4093 cm, andEyans= 0.0224 cm, which are assigned to
products, dissociation on a single diabatic potential energy o cis andtrans geometric isomers of plan@; respectively.
surface gives the ground state of the.produc.t.directly (Eigure Davis et al carried out generalized valence bond (GVB)
1A). The reverse process, nucleophilic addition to a singlet . jations to characterize the ring-opening reaction of cyclo-
carbene, has been examined experimentally and computatlonallypropene to vinylcarben¥. Thecis andtransforms of ground-

for simple cases and has been shown to occur without a bérrier. state3A” vinylcarbene were found to be nearly isoenergetic,

Thgs, for singlet' carbene systems the measure.d dissocia‘tior]ying 12 keal/mol below the lowest planar singiet statéAa
activation energies can be directly equated with the bond gyiensive MCSCF and multi-reference-Cl calculations of the
dissociation energies. In the first application of this experi- CsHa4 potential energy surface carried out by Yoshimine and

mental approach to the archetypal.singlet carbenes d0B o-workers give similar resulfs. Phenylcarbene3] has been
CCl, excellent agreement was obtained between the measured,o subject of several experimerifaland theoretical-22

heats of formation and literature values derived from different investigations. The plandA” ground state foB predicted by

2xp(|ar|menta| methods and/_ohr rtle_tlgbleHatl) |nlgo Ic;al;:ﬁlatiblr;s. theory has also been verified by low-temperature ESR studies,

nalogous measurements wit CHF, C Cl, and CFC ave Deeny hich give the hyperfine splitting parametdds= 0.518 cnt!

performed which give heats of formation that are also in good

agreement with other determinations and with high-level  (9) Armentrout, P. B.; Simons, J. Am. Chem. Sod992 114, 8627.

calculations (10) Leopold, D. G.; Murray, K. K.; Stevens-Miller A. E.; Lineberger,
. . " L. W. C.J. Chem. Physl1985 83, 4849.

Halocarbanion dissociations that produce carbenestripilet (11) (a) Lengel, R. K.; Zare, R. Nl. Am. Chem. Sod 978 100, 7495.
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andE = 0.024 cntl.18a Ap initio and DFT calculations on were extracted into the third quadrupole, which was held at a constant
phenylcarbene recently reported by four different gr@,@]ﬁg attractive voltage (25 V) relative to Q2. lon detection was carried
suggest values for the singtetriplet splitting (X 3A" — &1A") out with a conversion dynode and an electron multiplier operating in

in 3 of about 4 kcal/mol, which is consistent with indirect PulSe counting mode.
experimental estimaté3 Energy Threshold Measurements. The general procedures used

. . . to measure energy-resolved CID data and to derive the threshold ener
In the following, we first describe measurements of the 9y i

. L ' ) are described in detail elsewhéfe?® An appearance curve is generated
dISSOClatIOH energies of the halomethyl anions;CH and  om the energy-dependent ion abundances by plotting the partial cross
CH:Br~ (eq 2), and a derivation of the absolute heat of formation section for formation of a particular fragment ion as a function of the

for CH,. The results for both systems are shown to be in good center-of-mass (CM) collision energy of the mass-selected reactant ion.
agreement with the known thermochemistry for triplet meth- The CM collision energy is related to the nominal lab-frame energies,
ylene. The formation, absolute basicities, and collision-induced Eias, by Ecm = Ea[nV(m + M)], wherem andM are the masses of the
dissociation of a series of 1-haloallyl anshalobenzyl carban- neutral target and reactant ion, respectively. Absolute cross sections
ions with X = ClI, Br, | are then described (egs 3 and 4). for formation of a single product ion from Cl() are calculated from
Arguments are presented to support the assignment of vinyl-the relationo, = IpllN_I, wherel, and| are t_he intensities of the pro_duct
carbene and phenylcarbene, respectively, as the threshol hned;f?:gttsgt é‘;ﬂgoﬁ thaethn:g:bﬁ]r (ﬁni'tzn?fzihe target gas, dns
dissociation products. The same heat of formation for vinyl- P gth ( )

. . . The activation energy for dissociation is derived by fitting the
carbene is obtained from the results for the three different yperimental ion appearance curve with an assumed model fuffction

1-haloallyl anions. Similarly, the apparent heats of formation that explicitly accounts for the reactant ion internal energy and
for PhCH derived from measurements with three different unimolecular decomposition lifetime effe@s.This function is given
halobenzyl anions agree within experimental error. Values for in eq 5, whereEr is the energy thresholdy, is a scaling factom is an

the a-CH bond strengths in allyl radical and benzyl radical are

derived from the experimental thermochemistry, which allows o(E) = UOZ[giPD(E,Ei,r)(E + E — E)"E] (5)

an assessment of the sequential C-H bond energies of propene

and toluene, respectively. Ab initio molecular orbital and DFT

Czlcﬂliﬂotnhs of thﬁ ge.o;netrlfes., s:ngkgtlplet S%“tt'i?gs' landb ion having energyg and populationg; (3gi = 1). The vibrational
absolute ermoc emistry or viny Ca,r ene an p Enylicarbene; o g energy distributions of the reactant ions were estimated from
are also described, and compared with the experimental results caicyjated harmonic frequencies obtained from semiempirical molecular

. . orbital calculation$! The Pp term in eq 5 is the probability that the
Experimental Section metastable reactant ion having internal enefgy-(E;) will dissociate
within the (typical) flight-time of an ion from Q2 to the detectaa(
with a flowing afterglow-triple quadrupole instrument that has been S04S)?* This probability is estimated by performing RRKM calcula-
described in detail previous. The standard operating conditions were ~ 10NS Of the32reactant ion decay rate as a function of internal energy
P(He) = 0.40 Torr,F(He) = 190 STP crifs, andu(He) = 9400 cm/s. (vide infra).3> The parameterkr, o,, andn are varied iteratively so
The halocarbanio’ns were produced by ’proton abstraction from the &S {0 minimize deviations between the experimental cross sections and
corresponding halocarbons by Oldnd, in the case of the halomethyl "€ calculated values in the steeply rising portion of the appearance
ions, by fluoride-induced desilylation of MBICH,X compoundsg® curve3® Convoluted into the fit are a_Dop_pIer_ broadenln_g f_unc_tlon
Hydroxide ion was generated by electron ionization of a mixture of developed by Chantf{and the reactant ion kinetic energy distribution,
N0 and CH, and F was generated by ionization of BIFAIl ions in which is approximated by a Gaussian function with a full-width at half-
the flow reactor are thermalized log. 1 collisions with the He buffer ~ Maximum of 1}? eV (lab). "
gas prior to sampling through a small orifice into the low-pressure In d_erlvmg the d_|550C|at|on probal_Jl ity _fac_torE’.i) from RRKM .
analyzer chamber. For collision-induced dissociation (CID) studies, analysis of the activated halocarbanion lifetimes, some assumptions
the halocarbanions were mass-selected with the first quadrupole of thedre required regarding the nature of the dissociation transition state.
EXTREL triple quadrupole analyzer and then injected into the gas- The relative “tightness” or “looseness” of the dissociation transition
tight, rf-only quadrupole (Q2) with a nominal lab-frame energy state is reflected by the activation entropy&, which can be estimated
determined by the Q2 rod offset voltage. Argon and neon were used from _t_he vibrational partition functions for the reactant ion (Q)¢ and
as collision gases in Q2 at low pressures corresponding to single- ransition state (Q as in eq 6, where; = 1/[ 1 — exp(—hv/ksT)], E,

collision conditions €0.05 mTorr). Fragment ions produced by CID andE, are the average vibrational energies of the transition state and
) ' reactant ion, respectively, anks is the Boltzmann constant. By

adjustable parameter, ahmddenotes vibrational states of the reactant

All experiments were carried out at room temperature (298 K)
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AS = kg In(QtlQ) + (Evi —E)T= calculations. All symmetry-allowed single and double excitations from
; ; the reference configuration(s) were included, except for those from the
Kg In(I_l q /l_l o)+ (&~ E)T (6) non-valence molecular orbitals (frozen core approximation). The CISD
energies obtained in this way were corrected for the estimated effects
transition state® As in the previous studies of collisionally-activated ~ Of quadruple excitations by the method of Davidson (i.e., CHSIN2).**
halide elimination reactions af, m- and p-halopheny! anior? and Total energies for the MCSCR)/3-21G geometry of each species
halobenzyl anion we assume “product-like” transition states for the ~Were also determined from density functional theory by using two
a-halocarbanion dissociations that are characterized by the vibrational different exchange-correlation functional combinations: the Becke
frequencies of the product carbene plus two additional low frequencies €xchange function&with the V correlation functional of Vosko, Wilk,
near 25 cm' to represent in-plane and out-of-plane bending of the and Nusair (BVWN5)?® and the Becke three-parameter exchange
dissociating carbonhalide bonc?® This particular choice of bending functionaf* with the correlation functional of Lee, Yang and Parr
frequencies giveA St values for the halocarbanion dissociations in ~ (B3LYP). Both sets of calculations employed the Dunning polarized,
the range 48 eu. This same range fmsiloocwas used in the energy- correlation-consistent [1055p2d1f/453p2dlf] (6 d fUnCtiOnS) tr@ple'
resolved CID studies of halophenyl and halobenzyl anions. basis sé¥® (i.e., BVWNS5/cc-pVTZ and B3LYP/cc-pVTZ).

For a dissociation reaction with no reverse activation energy, the  The HF and DFT calculations were carried out with use of the
threshold valueEr, derived from the above analysis corresponds to Gaussian 92/DF? suite of programs, and the MCSCF and CISD
the 0 K bond dissociation energp\E,. The corresponding 298 K calculations were performed by using either the Gaussian 92/DFT or
enthalpy change, Digs, is obtained fromAE, by adding the difference ~ MOLCAS programs'/
in 0—298 K integrated heat capacities for the products and reactants
and a factor oRT (0.59 kcal/mol at 298 K) to represent the PV work ~ Results
for dissociation. The thermochemical results reported in this work
employ the “stationary electron” conventién.

Materials. Gas purities were as follows: He (99.995%), Ar

The absolute heat of formation of the carbene product of a
halocarbanion dissociation reaction (egs42 can be expressed

(99.955%), Ne (99.99%), 40 (99%), CH (99%), NF; (99%). Al in terms of the d[sggciation enthalpy, @JdR.CH—X_], and
reagents were obtained from commercial sources and used as supplied® gas-phase acidities and heats of formation for RCahd
except for degassing of liquid samples prior to use. HX (eq 7).

Computational Details. Optimized geometries for the singlet and
triplet states of methylendy, vinylcarbene 2), phenylcarbene3j, and AH; ,6(RCH) = DH,odRCH—X" ] + AH,_,{RCH,X) +
the corresponding hydrocarbons methane, propene, and toluene were
obtained by MCSCHn) calculations with a 3-21G basis set, using AHf,zgs(RCH2X) — AH,{HX) — AHf,zgs(HX) (7)
active orbital spaces that included attype orbitals in each molecule
along with the in-planer orbital for each carbene. The following  The dissociation enthalpy can be derived from the measured

procedures and symmetry constraints were employed: methyleneraghold energy for halide loss from the collisionally-activated
MCSCF(2,2)/3-21G (), vinylcarbene MCSCF(4,4)/3-21@J), phen- halocarbanion, provided that dissociation occurs rapidly on the

ylcarbene MCSCF(8,8)/3-21G20, methane HF/3-21GTE), propene instrument time scale with no reverse activation energy. The

MCSCF(2,2)/3-21G ), and toluene MCSCF(6,6)/3-21&4). o . -
All optimized structures were verified to be minima within the auxiliary thermochemical data for HX and R@Xindicated

defined symmetry by the absence of any negative eigenvalues in thel €J 7 are available in the literatdrer can be estimated by
Hessian matrices derived from frequency calculations carried out with additivity methods'® The values used in this study are listed
the MCSCF and HF procedures identified above. For the MCSCF in Table 1. The gas-phase acidities of the methyl, allyl, and
vibrational analysis, numerically-evaluated energy gradients were used.benzyl halides AHaid RCH:X), are either known or can be
Zero-point energies (ZPE) were computed from the scaled harmonic measuredia equilibrium or bracketing techniques.

frequencies (scale facter 0.9°") obtained from MCSCF(2,2)/6-31G* One advantage of the present approach to carbene thermo-
calculation® for the carbenes and HF®1G* calculations for the chemistry is that it permits multiple independent measurements
closed-shell hydrocarbons. of the heat of formation of the carbene by use of different

Total energies for the three carbenes, methane, propene, and toluen . . . .
were also computed at the MCS@) and CISD levels with use of ?ﬁﬁczabin\;ﬁph p;zugs%F'BIh:;ési l;ﬁghsl dofé{:‘r)rbge;tkllznsgtrar:ged

the Dunning polarized, correlation-consistent [9s4p1d/3s2pl1d] d@uble- . : . . .
basis set for carbon (includiné d functions) and a [4s/2s] basis set provided that each different halocarbanion dissociates at the

for hydrogeR®“at the MCSCHi,n)/3-21G geometries. This basis set thermodynamic limit and the auxiliary thermochemical data are
is designated cc-pVDZ although it lacks polarization functions on the accurately known. Systematic variations in the results obtained
hydrogen atoms. The CISD calculations for the carbenes employed awith different halides could signal the presence of a reverse
single reference configuration for each triplet state and two reference activation energy or some dynamical constraint that invalidates

configurations for each singlet state, which were constructed from the the presumption of thermodynamic control for the dissociation.
natural orbitals resolved from the corresponding MCSG#{cc-pVDZ

(41) (a) Langhoff, S. R.; Davidson, E. ft. J. Quantum Cheri974
(35) Lifshitz, C.Adv. Mass Spectroml989 7, 713. 8, 61. (b) Blomberg, M. R. A.; Siegbahn, P. E. Nl. Chem. Phys1983
(36) Bending frequencies were obtained by loosening the carbalide 78, 5682.

bending modes in the reactant anions by factors between 2 and 10. Threshold (42) Becke, A. D.J. Phys. A1988 38, 3098.

curves were fit with assumed transition states corresponding to activation  (43) Vosko, S. H.; Wilk, N.; Nusair, MCan. J. Phys198Q 58, 1200.

entropies that were 2 eu higher and 2 eu lower than the ones used in the (44) Becke, A. D.J. Chem. Phys1993 98, 5648.

final analysis. The effect on the threshold energies was less than or equal (45) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B. 1988 37, 785.

to 1 kcal/mol for all three halobenzyl anion dissociations. (46) Gaussian 92/DFT Revision G.3; Frisch, M. J.; Trucks, G. W.;
(37) We employed an average scale factor of 0.9 because some of theSchlengel, H. B.; Gill, P. M. W.; Johnson, B. G.; Wong, M. W.; Foresman,

calculated frequencies were analytically derived while others were numeri- J. B.; Robb, M. A.; Head-Gordon, M.; Replogle, E. S.; Gomperts, R.;

cally evaluated. This value is in the range of the one recommended by Andres, J. L.; Raghavachari, K.; Binkley, J. S.; Gonzalez, C.; Martin, R.

Pople and Radom for HF/6-31G* frequencies. Pople, J. A.; Scott, A. P.; L., Fox, D. J.; Defrees, D. J.; Baker, J.; Stewart, J. J. P.; Pople, J. A,;

Wong, M. W.; Radom, Llsr. J. Chem1993 33, 345. Gaussian, Inc.: Pittsburgh, PA, 1993.

(38) The active orbital spaces for these calculations consisted of the  (47) MOLCAS-2: Anderson, K.; Blomberg, M. R. A.;"Rcher, M. P;
nonbondingo and orbitals of each carbene. A single reference config- Kelld, V.; Lindh, R.; Malmgvist, R.-A; Noga, J.; Olsen, J.; Roos, B. O.;
uration was used for the triplet states (i.e., ROHF/6-31G*), and a two- Sadlej, A. J.; Siegbahn, P. E. M.; Urban, M.; Widmark, P.-O; University
configuration reference was used for each singlet state (i.e. TCSCF/6-31G*). Lund: Sweden, 1992.

(39) Dunning, T. HJ. Chem. Phys1989 90, 1007. (48) (a) Benson, S. Wrhermochemical Kineti¢cslohn Wiley & Sons:

(40) (a) Dunning, T. HJ. Chem. Phys197Q 53, 2823. (b) Dunning, T. New York, 1976. (b) Benson, S. W.; Garland, L.JJ.Phys. Chem1991],

H. J. Chem. Physl1971, 55, 716. 95, 4915.
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Table 1. Supplemental and Thermochemical Data

AHi204(9), AHi204(0),
compd kcal/mokF compd kcal/mok
CHsCI —-19.6+0.1 CH, —-17.8+ 0.8
CH3Br —9.1+0.3 CH=CHCH; 40+ 0.7
CH,=CHCHCI -1.3+£0.6 CH=CHCH, 41.4+ 0.8
CH,=CHCH,Br 11.4+ 0.6 GHsCH3 12.0+ 0.1¢
CH,=CHCH,l 23.84+0.6 GHsCH, 49.7+ 0.6°
CsHsCH,CI 4.0+ 0.7 (A1) CH;, 101.84+ 0.5
CsHsCH,Br 16.0+0.5 (B;) CH; 929+ 0.6
CgHsCHGl 25.0+1.0
AH.’:\cidx AHacidy
compd kcal/mol compd kcal/mol
HCl 3334+ 0.2 HI 314.4+ 0.1
HBr 323.6+ 0.3

a All data from ref 5 unless otherwise notétBerkowitz, J.; Ellison,
G. B.; Gutman, D.J. Phys. Chem1994, 98, 2744.° Reference 72.
d Reference 11¢ Reference 10.

In the present study we have addressed this issue by examinin
two different halomethyl anions (> Cl, Br) and three different
haloallyl and halobenzyl anions (> Cl, Br, I).

Methylene. Chloromethyl and bromomethyl anions (&,
X = ClI, Br) were prepared by fluoride-induced desilylation of
the corresponding halomethyltrimethylsilanes, as shown in eq
8. The major ionic product of both reactions is the correspond-
ing halide ion, Ct and Br, formed either by nucleophilic

displacement at carbon or by a dissociative rearrangement

involving attack at silicon followed by methyl migratidf.
(CH,),SICHX + F — CH, X" + (CH,),SiF
— X+ (CH,),SIiCH,F or

(CHy),SI(F)ICHCH,  (8)
Collisional activation of CHCI~ in the triple quadrupole
analyzer with argon or neon target gas producesasSlthe only
ionic product in the £30 eV (lab) collision energy range. A
representative chloride ion appearance curve for CID with neon
target gas is shown in Figure®2. The maximal cross section
for this reaction is 1.5 Aat approximately 6 eV (CM). The

feature near the origin (see inset) corresponds to formation of

chloride ion by an exothermic reaction with unavoidable traces
of oxygen impurity in the collision cell (eq 9).

CH,CI™ + 0,—CI” + CH,0, 9)

Thermochemical estimates indicate that the neutral product of

this reaction could be any one of the [C, 2H, 2Q] isomers,
including formic acid, dioxirane, or even formaldehy@e
oxide3! Control experiments were carried out in which different
mixtures of Q and Ar were used as collision targets for energy-
resolved CID of CHCI~. The cross sections measured at each
value of the collision energy were then extrapolated to zero
oxygen contaminant, and the resulting extrapolated appearanc
curve was fit with eq 5. The optimized values Bf and n

obtained from the extrapolated data were found to be essentially

(49) Damrauer, R.; Danahey, S. E.; Yost, VJEAmM. Chem. So4984
106, 7633.

(50) The energy-resolved cross section obtained with argon target is
similar in appearance, although it displays somewhat more tailing in the

threshold region. Because of the greater spread in the lab-frame collision

Poutsma et al.

cross section ( A? )

collision energy (eV, CM)

Figure 2. Cross sections for dissociation of halide ion from halomethyl
anions resulting from collisional activation with neon targetat3.0

9 1075 Torr (eq 2). The solid lines are the optimized, fully convoluted

model appearance curves obtained with use of eq 5 as described in the
text. The small features near the collision energy origin (see inset) in
both halide curves are due to exothermic reactions between thé CH
ions and trace oxygen contaminant in the neon target gas (see text).

the same as those obtained by fitting the steeply-rising, post-
threshold region of appearance curves in which the exothermic
feature was minimized. This suggests that small amounts of
oxygen impurity do not obscure the CID threshold analysis.

Analysis of the CID cross sections for GEI~ with and
without the inclusion of the dissociation probability factdes,
in the model (eq 5) indicates a negligible influence of ion
lifetime effects on the threshold behavior. The average internal
energy content of CHCl~ at 298 K based on the computed
vibrational frequencies is 0.016 eV (0.4 kcal/mol), so this
contribution to the CID cross section is also small. Analysis
of multiple CI~ appearance curves having minimal contaminant
features gives average values for the fitting paramefgrs:
0.95+ 0.13 eV (21.9+ 2.9 kcal/mol) anch = 1.54 + 0.10,
where the uncertainty ity is derived from the precision of
the measurements and a 0.15 eV (lab) (0.04 eV, CM) uncertainty
in the energy scale. Combining this with the difference in
0—298 K integrated heat capacities between the CID products
and reactantd and a PV= RTwork term gives DHod CH,>—

Cl~ ] = 23.1+£ 2.9 kcal/mol.

The energy-resolved CID behavior of bromomethyl anion,
CH.Br—, is similar; a representative Brappearance curve is
given in Figure 2. Bromide ion is the only ionic product formed
by CID in the 0-30 eV energy range, and the maximum CID
cross section is 4 Aat about 4 eV (CM). The feature in the
Br~ appearance curve due tg @ontaminant in the neon target
gas is more pronounced, but its influence on the threshold
analysis is negligible. lon lifetime effects are also insignificant
in the observed CID cross sections, and the internal energy
contribution (0.021 eV, 0.5 kcal/mol) is quite small. The
average values dEr andn obtained from replicate measure-

‘ents areEr = 0.87+ 0.07 eV (20.1+ 1.6) andn = 1.61+

0.07, where the uncertainty & is determined as before by
the precision of the measurementisO(06 eV) and a 0.03 eV
CM uncertainty in the energy scale. Converting this value for
Er to a 298 K enthalpy change in the prescribed manner gives
DH2edCH,—Br~ ] = 21.1+ 1.6 kcal/mol.

The thermochemical relation given by eq 7 fo=RH and X

energies when neon compared to argon target is used, the former is preferred= Cl, Br requires values for the gas-phase aciditi®l{;q) of

for energy-resolved analysis of low-dissociation energy reactions.

(51) Kafafi, S. A.; Martinez, R. |.; Herron, J. T. IMolecular Structure
and EnergeticsLiebman, J. L., Greenberg, A., Eds.; VCH: Deerfield Beach,
FL, 1988; Vol. 6.

(52) Translational and rotational contributions to the heat capacity are
treated classically, and the vibrational components were obtained from
calculated vibrational frequencies.
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Table 2. Thermochemical Results for Methylene, Vinylcarbene, and Phenylcarbene

RCHX~ Er(egs 2, 3, D) n (eq 5) DHodRCH—X P AHac RCH:X)P AHi 20 RCHY
CH.CI- 21.9+2.9 1.5440.10 23.1£ 2.9 400+ 2 92.2+ 3.9
CH,Br~ 20.1+1.6 1.61+0.07 21.1+ 16 395+ 3 92.2+ 3.4

922+3.7

CH;=CHCHCI 28.6+ 1.6 1.524+0.07 29.5+ 1.6 375.4+ 2.0 92.3+ 2.6
CH;=CHCHBI 21.2+2.6 1.554 0.08 22.0+ 2.6 375.3+ 2.0 93.9+ 3.4
CH,=CHCHI~ 18.7+2.2 1.51+0.08 195+ 2.2 370.7+ 2.0 93.2+3.1
933+ 3.

CeHsCHCI 37.4+24 1.68+0.10 38.5+ 2.4 372.0+ 2.0 103.24+ 3.2
CeHsCHBI 31.4+1.7 1.53+0.09 32.5+1.7 371.7+ 3.0 105.5+ 3.5
CeHsCHI 242+ 1.6 1.50+ 0.10 24.9+ 1.6 371.8+ 2.0 100.9+ 2.8
102.8+ 3.5

apooled average of all measurements; see text for uncertainty assigfinmennits of kcal/mol.

methyl chloride and methyl bromide. Two independent mea- bromide results. The indicated uncertainties are determined
surements of both acidities are available in the literature. from the root-square sums of the component uncertainties, and
Ingemann and Nibbering report values/Adfl,ciq for CHsCl and a major contributor in both cases is the uncertainty in the gas-
CH3Br of 396.1+ 3.1 and 392.8t 3.1 kcal/mol, respectively,  phase acidity of the methyl halide. The agreement between
which were obtained from acitbase bracketing measurements these two values is excellent; pooling all data gives an average
carried out in a Fourier transform ICR. Hierl and Henchman value for AHs295(CHy) of 92.2 4+ 3.7 kcal/mol. The absolute
determined threshold energies for endothermic proton transferheats of formation for the triplet ground state and the (lowest)
from CH;Cl and CHBr to OH™ in an ion beam instrument and  singlet excited state of methylene are well-establish&H; 29s-
recommend the valuesH,.i CHsCl) = 399.64 2.5 kcal/mol [X 3B1 CH2] = 92.9+ 0.6 kcal/mol andAH; »0g@ A1 CHy] =
andAHaci CH3Br) = 396.7+ 2.5 kcal/mol®* The discrepancy ~ 101.94 0.5 kcal/mol*®~12 The good correspondence between
between the ion beam results and the bracketed acidities isthe apparent heat of formation for methylene determined by
attributed by Hierl and Henchman to interfering side reactions energy-resolved CID and the known value for the triplet ground
(S\2) in the ICR experiments. Ab initio molecular orbital state indicates that dissociation of the collisionally-activated
calculations carried out at the G2 level of theory predict acidities halomethyl anions occurs adiabatically with no excess energy
for CH3Cl and CHBr (AHaciq at 298 K) of 398.2 and 393.2  barrier beyond the reaction endothermicity. It is implicit in this
kcal/mol, respectively®> We have attempted to determine the conclusion that the intersystem crossing required to produee CH
equilibrium constant for proton transfer between chloromethyl in its triplet state must be fast on the time scale of the halide

anion and benzené\{H,i{CsHs) = 401.7+ 0.5 kcal/mot® ), dissociation.
eq 10. Vinylcarbene. The 1-haloallyl anions CKCHCHX™ with
X = Cl, Br, and | were produced in the flow reactor by proton
CH,CI™ + CHg=CH,Cl + CH,~ (10) abstraction from the corresponding allyl halides by GThe

major primary product of these reactions is the corresponding

While it is clear that CHCI- reacts with benzene to produce halide ion, formed by substitution and/or elimination. Fast
some phenide anion, the major product ion9g%) is CI secondary reactions between the 1-haloallyl anions and the
which is presumably’ formed by nucleophilic displace;nent neutral allyl halides also produce the halide ions, thereby limiting
within the ion/molecule complex following proton transfer. the maximum abundances of the carbanions that can be
Moreover, the yield of CLCI~ from the reaction between achieved. Collisional activation of the 1-haloallyl anions in t.he
phenide ion and CKCl is less than 1%, the major product again L+~ 10 eV (CM) energy range with argon and neon targets yield
being CI. This behavior makes equilibrium analysis for the corresponding halide ions as the oqu ionic products (eq 3).
reaction 10 unreliable. However, its occurrence as a reversible Te energy-resolved CID cross sections for the 1-chloro-,
reaction is significant. On the basis of the ion beam results, 1-brg)mo-, and 1-iodoallyl anions obtained with neon collision
the apparent reversibility of reaction 10, and the prediction from 9a$° are shown in Figure 3. No low-energy features due to
G2 theory, we assighHaci CH:Cl) to be 400+ 2 kcal/mol. O, contaminant in the target gas are observed in the haloallyl
For methyl bromide we adopt the average of the Hierl and anion CID cross sections. The maximum CID cross sections
Henchman value and the value predicted by G2 theory, 2395 range fronca. 3.5 to 10.,&, with the chloroallyl an?on exhibi.ting
3 kcal/mol, with an uncertainty that encompasses both values. the lowest cross section and the iodoallyl anion showing the
A summary listing of the acidities and CID threshold data for highest.
the methyl halides is given in Table 2. The Cl, Br, and I~ appearance curves were mpdeled .by
Combining the dissociation enthalpies and acidities described USINg €9 5. As with the halomethyl anions, the dissociation
above with the appropriate auxiliary data from Table 1 according Probability factors for the haloallyl anions are found to be
to eq 7 gives two independent values for the 298 K heat of essentially unity at threshold, so there are no significant effects
formation for methyleneAH; 2(CH): 92.2 + 3.9 from the due to kinetic shifts in the CID onsets. The average internal

methyl chloride results and 9242 3.4 kcal/mol from the methyl energies of the CPCHCHX™ ions are estimated from the
computed vibrational frequencies to be 1.4, 1.5, and 1.5 kcal/

(53) Ingemann, S.; Nibbering, N. M. M. Chem. Soc., Perkin Trans. 2 mol for X = Cl, Br, |, respectively, and there are several low-

1985 837. . . .
(54) Hierl, P. M.; Henchman, M. Jnt. J. Mass Spectrom. lon Processes frequengy modes in these ions SUCh that the '.mer.nal energy
1992 117, 475. convolution makes a small but significant contribution to the
(55) Methyl chloride: Smith, B. J.; Radom, Il. Phys. Chen1991, 95, ~  CID cross section at the threshold. Average values for the fitting
10549. Methyl bromide: Mayer, P. A.; Radom, L. Personal communication
of unpublished results. (57) The 1-bromoallyl anion was also generated by proton abstraction

(56) Davico, G. E.; Bierbaum, V. M.; DePuy, C. H.; Ellison, G. B.;  from 1-bromopropene; the behavior of the bromoallyl ions produced from
Squires, R. RJ. Am. Chem. S0d.995 117, 2590. the two different precursors is identical.
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Figure 3. Cross sections for dissociation of halide ion from haloallyl
anions resulting from collisional activation with neon targetat3.0
x 1075 Torr (eq 3). The solid lines are the optimized, fully convoluted
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Figure 4. Cross sections for dissociation of halide ion from halobenzyl
anions resulting from collisional activation with argon targetat3.0
x 1075 Torr (eq 4). The solid lines are the optimized, fully convoluted

model appearance curves obtained with use of eq 5 as described in thenodel appearance curves obtained with use of eq 5 as described in the

text.

text.

parameterér andn obtained from replicate measurements of gH+) is accurately known to be 26.0 8uand the absolute

the halide appearance curves for each of the three haloallylentropies of GHsX and GH4X~ can be estimated by using
anions are listed in Table 2, where the uncertainties are standard statistical mechanical formufde.The molecular
determined in the manner described previously. The corre- yiprational frequencies and rotational constants needed for these
sponding 298 K enthalpy changes for reaction 3 are determinedggtimates were obtained from semiempirical molecular orbital

by applying the appropriate temperature corrections aRd a
factor to eacter value.

calculationg! of the structures and normal modes of each of
the allyl halides and haloallyl anions. For the three allyl halides,

The gas-phase acidities of each of the allyl halides were the resulting values foASwigare 24.7, 24.5, and 24.6 eu for X
determined by bracketing experiments, wherein a series of = c| Br, and |, respectively. Therefore, at 298 KHacir

anionic reference bases with known proton affinities were
allowed to react with each allyl halide. The reverse reaction,

(CH=CHCH,X) = 375.4+ 2.0, 375.3+ 2.0, and 370. 74
2.0 kcal/mol for X= Cl, Br, and I, respectively (Table 2). The

proton transfer to the haloallyl anions by reference acids, was yg|ue forAHa CH;=CHCH,CI) obtained in the present study

not examined because of the uncertainty in the site of proto-

nation (the 1- or 3-position) of these unsymmetrical allylic
specie$® The bracketing results are given in tabular form in
the Supporting Information. Allyl chloride and allyl bromide
behave identically, in that proton transfer occursit#rO-
(AG4cidi-PrOH) = 370.14 0.6 kcal/mol§® and to each of the

is considerably lower than, but within the uncertainty of, the
acidity given by Dahlke and Ka%s(379.0 & 4.0 kcal/mol).
The higher value was determined by a bracketing procedure to
be between that for C4OH and CHCH,OH.

Combining the haloallyl ion dissociation enthalpies and allyl
halide acidities with the auxiliary data from Table 1 according

stronger base anions that were examined, while no protonyg oq 7 gives three independent values for the 298 K heat of

transfer occurs to F(AGaciHF) = 365.14 0.3 kcal/mol or
any of the weaker bases. Proton abstractiotByO~ (AGgcis
(t-BuOH) = 369.34 0.6 kcal/mol}® appears to be relatively
slow, as indicated by the significantly greater flow rates of the
neutral allyl halides that are required to depletettBaiO™ ion
signal. In contrast, allyl iodide reacts by proton transfer to
t-BuO~ with noticeably greater efficiency, and it also transfers
aproton to F, CH,CN™ (AGaci CHsCN) = 365.2+ 2.0 kcal/
mol),> and FCHCH,O~ (AGacid FCH,CH,OH) = 363.5+ 3.5
kcal/mol)89 In each of these reactions, the major observed
product is the corresponding halide ion; (Br—, and I, formed

by nucleophilic substitution or elimination. From these results,
we assign values for the acidities of the allyl halidA&acir
(CH,=CHCHX), to be 368.0+ 2.0, 368.0+ 2.0, and 363.4

+ 2.0 kcal/mol for X = ClI, Br, and |, respectively. The
corresponding enthalpy terr\Hqci CH;=CHCHX), can be
calculated by usind\Hacig = AGacig + TASacie, WhereASycigis

the entropy change for acid dissociation givem{®.q= SH™)

+ §(C3H4X ") — YC3HsX).51 The absolute entropy of a proton,

(58) The 1-halopropenes are-2 kcal/mol lower in energy than the
3-halopropene isomers (ref 5), which means that the 3-position in a
1-haloallyl anion is the thermodynamically preferred site of protonation.

(59) Ervin, K. M.; Gronert, S.; Barlow, S. E.; Gilles, M. K.; Harrison,
A. G.; Bierbaum, V. M.; DePuy, C. H.; Lineberger, W. C.; Ellison, G. B.
J. Am. Chem. S0d.99Q 112, 5750.

(60) Graul, S. T.; Schnute, M. E.; Squires, R.IR. J. Mass Spectrom.
lon Processed499096, 181.

formation for vinyl carbeneAHs 205 CH;=CHCH): 92.3+ 2.6,
93.94 3.4, and 93.2 3.1 kcal/mol from the chloride, bromide,
and iodide systems, respectively (Table 2). The indicated
uncertainties are derived from the root-square sum of the
uncertainties in each term in eq 7. The agreement among the
three values is excellent; pooling all the data gives a final
average value oAH; 295(CH,=CHCH) = 93.3+ 3.4 kcal/mol.
Phenylcarbene. The a-halobenzyl anions, PhCHX with
X = ClI, Br, and | were produced by reaction of Olith the
corresponding benzyl halides. Halide ions were also observed
as primary and secondary reaction products. ClDueia-
lobenzyl anions with argon target in the-10 eV (CM) collision
energy range produces the halide ion as the only ionic product
(eq 4). Halide ion appearance curves obtained from energy-
resolved CID of each the three halobenzyl anions are shown in
Figure 4. As with the haloallyl anions, no features due to
reactions with @ contaminant in the target gas are observed in

(61) Bartmess, J. E.; Mclver, R. T., Jr. (Bas Phase lon Chemistry
Bowers, M. T., Ed.; Academic Press: New York, 1979; Vol. 2, Chapter
11.

(62) Chase, M. W.; Davies, C. A.; Downey, J. R.; Frurip, D. J,;
McDonald, R. A.; Syverud, A. NJ. Phys. Chem. Ref. Dai®85 14, Suppl.

1 (JANAF Tables).

(63) A concise description of these calculations can be found in ref 56.
Note that the first term of eq A2 in this paper contains a minor typographical
error, it should read/,R In(T).

(64) Dahlke, G. D.; Kass, S. R. Am. Chem. S0d.99], 113 5566.
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Table 3. Total Energies, Zero-Point Energies, Singl&tiplet Splitting, Carbene Stabilization Energy, and Heat of Formation for
Vinylcarbené

leveP Eot 2A” Eiot 1A’ Eot *A” AE(CA"—1A") CSEEA")° AHs 206°A" CH,CHCHY
MCSCF(4,4)/cc-pvyDZ  —115.85056  —115.83166 —115.82157 —-13.2 171 98.4
CISD+DV2/cc-pvDz —116.20253 —116.18597 —116.17738 —-11.7 17.4 98.1
BVWN5/cc-PVTZ —117.24293  —117.22630 —-11.7 27.3 88.2
B3LYP/cc-pVTZ —116.62269  —116.60358 —13.3 26.0 89.5
zero-point energy 28.4 29.7 28.3
Hagg — Ho® 3.0 2.7 2.9
expt 21.4+ 35 93.3+ 34

aTotal energies in atomic units; all other quantities in kcal/m@eometries obtained from MCSCF(4,4)/3-21G optimizatiériguation 11.
d Equation 12¢ Derived from ROHF/6-31G* frequencies, scaled by a factor of 0.9.

the CID cross sections. The maximum CID cross sections for make reliable conclusions. For this reason, the bracketing results

the halobenzyl ions are estimated to be 1, 3, and® $oAthe obtained from the PhCilireactions were used to assid®acid-
chloride, bromide, and iodide, respectively. (PhCHI) = 364.5+ 2.0 kcal/mol.
The average internal energies of the PhCH#hs estimated Entropies of ionizationAS,iq for the benzyl halides were

from the calculated vibrational frequendieare 2.5, 2.8, and  estimated by using the same procedures used for the allyl
3.0 kcal/mol for X= ClI, Br, and |, respectively. Because of halides’® Values of 23.7, 24.1, and 24.4 eu were computed
the greater number of degrees of freedom and stronger bondgor benzyl chloride, bromide, and iodide, respectively. Com-
in halobenzyl anions compared to the other two systems, kinetic bining ASycig with AGacig values givesAHaci CsHsCH2X) =
shifts in the CID onsets are significant. Dissociation probability 372.0+ 2.0, 371.74+ 2.0, and 371.8t 2.0 kcal/mol for X=
factors,Pp in eq 5, were obtained by using the RRKM model ClI, Br, and I, respectively.
described in the Experimental Section. Analysis of replicate  Combining the dissociation enthalpies for the halobenzyl ions
data sets for each of the halobenzyl anions was carried out withwith the benzyl halide acidities and the auxiliary data from Table
and without the ion dissociation lifetime effects included in the 1 according to eq 7 gives values for the 298 K heat of formation
model. Average values for the fitting parameté&s and n for phenyl carbeneAHs 295(CeHsCH), of 103.2+ 3.2, 105.5+
obtained from the analysis including ion dissociation lifetime 2.7, and 100.9t 2.8 kcal/mol from the chloride, bromide, and
effects are given in Table 2 for each system. The final iodide systems, respectively (Table 2). The final uncertainty
uncertainty assigned to eaEh value was determined from the  assigned to each value is the root-square sum of the component
precision of the measurements, a-6®8 kcal/mol (0.15 eV, uncertainties, which is dominated by the uncertainty in the gas-
lab) uncertainty in the energy scale, and an additional 1 kcal/ phase acidity of each benzyl halide. The spread among the three
mol due to the uncertainty in the ion lifetime analy¥isThe independent measurements (4.6 kcal/mol) is somewhat larger
kinetic shifts, determined from the difference between the two than that obtained for methylene and vinyl carbene, but all the
values ofEr for each ion obtained with and without inclusion assigned uncertainties overlap. Pooling the data from all
of the ion lifetime effects, amount to 4.6, 1.8, and 1.1 kcal/mol measurements gives the final averag&Hs 95(CsHsCH) =
for the chloride, bromide, and iodide systems, respectively. The 102.8+ 3.5 kcal/mol.
298 K enthalpy changes for reaction 4 are determined by Computational Results. Optimized geometries for the triplet
applying the appropriate temperature corrections aRdl factor ground states®A") and the two lowest singlet state\( and
to eachEr value. 1A") of 1-3 were obtained from MCSCR{n)/3-21G calcula-

The gas-phase acidities of the benzyl halides were estimatedtions, in which the active spaces included the carbanbital
by the bracketing method. For these systems proton transferand allz-type orbitals in each (planar) molecule. Geometries
reactions in both directions could be examined without ambigu- for the3A” and'A’ states were also computed with the BVWN5/
ity since protonation of a-halobenzyl anion at the-carbon cc-pVDZ procedure. The structural details will not be discussed
is strongly preferred. The results of these experiments are here, other than to say that the present calculations give optimal
summarized in tabular form in the Supporting Information. geometries for these carbenes that are consistent with the results
Benzyl chloride has an estimated acidityGacig) of 364.9+ of previous computational studiés!4151719 Complete listings
2.0, lying between that of acetonitrile and 2-fluoroethanol. of the calculated structural parameters f6r3 and the corre-
Benzyl bromide transfers a proton to moderately strong basessponding hydrocarbons methane, propene, and toluene are
such ag-BuO-, cyclopropyl methoxide AGacig (c-CsHsCHy- provided with the Supporting Information. Total energies for
OH) = 367.5+ 0.5 kcal/molf° and CHCN™, but appears to  each of these species obtained from MCSCF, CISD, and DFT
react only by nucleophilic substitution withrF Weaker bases, = (BVWN5 and B3LYP) calculations employing either the cc-
such as deprotonated 3,3-dimethyl-2-butamoBG{.q = 364.5 pVDZ or cc-pVTZ basis set are listed in Tables3 along
+ 2.0 kcal/moly and acetone enolate\Gaci(CH3).CO) = with the zero-point vibrational energies and208 K integrated
361.94 2.0 kcal/mol)? do not react with benzyl bromide via  heat capacities derived from the scaled harmonic frequencies.
proton transfer. Bromobenzyl anion abstracts a proton from The ZPE-corrected energy difference between the lowest singlet
acetonitrile and from stronger acids, such as 3,3-dimethyl-2- and triplet states o® and3, AE((A" — 1A") obtained from the
butanol and acetone. From these resuliS,.{PhCHBTr) of four different approaches, is given in the fifth column of Tables
364.5+ 2.0 kcal/mol is assigned. Benzyl iodide undergoes 3 and 4. Theoretical estimates for the heats of formation of
proton transfer with FCKHCH,O~ and stonger bases, while phenylcarbene and vinylcarbene were derived from the calcu-
proton transfer does not appear to take place with 3,3-dimethyl- lated enthalpy change for the isodesmic reaction shown below
2-butanol and acetone. Bracketing reactions between iodobenzyleq 11, R= CgHs, CH,=CH).
anion and reference acids were difficult to interpret, as only
acetone and GEH,OH reacted with PhCHI to give a CA")RCH+ CH,— RCH, + (®B;))CH,  (11)
significant yield of proton transfer product. The other acids
either did not react by proton transfer or reacted too slowly to The energetics of this hypothetical dihydrogen transfer reaction
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Table 4. Total Energies, Zero-Point Energies, Singl&tiplet Splitting, Carbene Stabilization Energy, and Heat of Formation for
Phenylcarberfe

leveP Eot SA” Eot 1A’ Eot 'A" AECA"—1A") CSEEA")e AHs 206°A" PhCHY'
MCSCF(8,8)/cc-pvVDZ —268.57088 —268.55693 —268.53507 -10.7 11.0 111.7
CISD+DV2/cc-pvVDZ —269.35972 —269.34846 —269.32486 —-9.0 12.8 109.9
BVWN5/cc-pVTZ —271.68499 —271.67783 —6.4 19.3 103.4
B3LYP/cc-pVTZ —270.32585 —270.31656 —-7.7 17.5 105.2
zero-point enerdgy 62.0 63.9 62.7
Hags — He® 4.2 3.9 4.1
expt 19.9+ 3.6 102.8+ 3.5

aTotal energies in atomic units; all other quantities in kcal/m@eometries obtained from MCSCF(8,8)/3-21G optimizatiérigguation 11.
d Equation 12¢ Derived from ROHF/6-31G* frequencies, scaled by a factor of 0.9.

Table 5. Total Energies and Zero-Point Energies ¥8i Methylene, Methane, Propene, and Toliene

leveP Eot °B1 CH; Etot CHa Eiot CH—=CHCH; Ewt PhCH
MCSCF{,n)/cc-pVDZ® —38.92038 —40.19641 —117.10521 —269.82736
CISD+DV2/cc-pvDz —39.02957 —40.35970 —117.51074 —270.66733
BVWN5/cc-pVTZ —39.39351 —40.79941 —118.61125 —273.05803
B3LYP/cc-pVTZ —39.16844 —40.53849 —117.95724 —271.66600
zero-point energy 10.5 27.0 48.5 77.4
Hags — Ho® 2.4 2.4 3.1 4.6

2 Total energies in atomic units; all other quantities in kcal/Mm@eometries obtained from MCSGHFi()/3-21G optimizations¢ MCSCF(2,2)
for methylene, MCSCF(4,4) for propene, MCSCF(8,8) for toluene, HF for methane; see text for descriptions of active orbital Bpsivesl
from RHF/6-31G* or ROHF/6-31G* frequencies, scaled by a factor of 0.9.

provide a measure of the stabilization or destabilization imparted could suppress the total cross section for reaction to such an
by a substituent relative to triplet methylene, and is referred to extent that the dissociation onset cannot be observed at the true
as the “carbene stabilization enthalpy” or CBE> The heat threshold, resulting in a “competitive shitf’of the appearance

of formation of RCH can be evaluated by combining the CSE curve to higher energies. In previous studies of negative ion

value with the known heats of formation of RgHCH,4, and CID, we concluded that collision-induced electron detachment

CH, (Table 1) according to eq 12. becomes competitive with dissociation only when the activation
energy for the dissociation exceeds the electron detachment

AH; 56(RCH) = AH; 50 RCH,) + AHf,298(331 CH,) — energy by a large margirtg 1 eV)726-28 The chlorocarban-

ions naturally possess the highest halide dissociation energies
for reactions 2-4; therefore, any deleterious effects of collision-
) ) induced electron detachment would be greatest with these ions.
Values of the CSE, corrected to 298 K, are given for the triplet ggtimates of the electron affinities of GBI, CH,—CHCHCI,
states ol and3 in the tables, along with the resulting estimate  ang PhCHCI radicals can be derived from the measured acidities
for AHs 20(RCH) obtained from the different theoretical meth- 349 c-H bond energies of the corresponding chlorohydrocar-
ods. bons according to the following relation: EA(R) D(R—H)
— AHaciRH) + IP(H). Thea-CH bond energies in methyl
chloride and allyl chloride are given in the NIST compilafion
The good agreement between the heat of formation fof CH as 100.9 and 88.6 kcal/mol, respectively; for benzyl chloride
measured in this work and the well-established literature value we estimate a value of 87 kcal/mol. These combine with the
for X 3B; CH, indicates that dissociation of collisionally- appropriate acidities listed in Table 2 to give EA(&H) =
activated CHCI~ and CHBr~ ions occurs at the adiabatic limit ~ 14.5 kcal/mol, EA(CH=CHCHCI) = 26.8 kcal/mol, and EA-
with an observable threshold that properly reflects the reaction (PhCHCI)= 22.9 kcal/mol. The measured chloride dissociation
endothermicity. Furthermore, the consistency among the valuesenergies of CHCI~, CH,=CHCHCI~, and PhCHCt are 21.9,
determined forAH¢(2) from the three different haloallyl anion  28.6, and 37.4 kcal/mol, respectively (Table 2). Thus, the
experiments strongly suggests that the sargd,Qroduct is chloride dissociation energy exceeds the electron binding
formed in each case, and that the haloallyl anion dissociationsenergies of the carbanion in each case, but only by small
are also occurring at the thermodynamic limit. Although the amounts ranging from about 2 to 15 kcal/mol. The apparent
variation among the heats of formation for phenylcarbene absence of any adverse effects due to electron detachment in
derived from the three different halides is larger than that for the CHCI~ experiments, plus the fact that the maximum CID
the other two carbenes, it is nonsystematic and the independentross sections measured for all the halocarbaniord (142)
values are all within the uncertainty assigned to the final pooled are in the “normal” range for negative ion CI/28suggests
average. We therefore conclude that halide dissociation from that competitive shifts in the CID onsets due to collision-induced
each of the activated halobenzyl anions occurs adiabatically toelectron detachment are unimportant.
produce the same-Hg product at threshold. These and other Product Structures. Since only the ionic products of a CID
factors necessary to evaluate the experimental results areare observed directly, the identity of the accompanying neutral
discussed below. product must be inferred. Although the corresponding carbenes
Electron Detachment. In performing energy-resolved CID  are the simplest mechanistic alternatives for the products of
studies with negative ions, one must recognize the potential halide loss from haloallyl and halobenzyl anions, rearrangements
complications of collision-induced electron detachment. This to lower energy isomeric forms are conceivable. Note, however,
(65) Rondan, N. G.. Houk, K. N.. Moss, R. A Am. Chem. S0d980, that such rearrangements are relevant only if they take place

102 1770. (66) Lifshitz, C.; Long, F. AJ. Chem. Physl964 41, 2468.

AH; ,0¢(CH,) — CSE (12)

Discussion
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during the halide dissociation event that is probed by energy- benzocyclopropen&( AH; = 89 + 1 kcal/mof®), and bicyclo-
resolved CID (not afterwards), and only if the activation [4.1.0]hepta-2,4,6-triene8( AHi(est) = 107 kcal/mol)?1.22
parameters for the dissociative rearrangemeitafdASH) are Pyrolysis of phenylcarbene at temperatures in excess of 600
more favorable than those for simple, direct halide cleavage °C leads to the ring-contracted produdtand5, while at lower
without rearrangement. Unimolecular decomposition reactions temperatures ring expansion@mccurs?®70 Theoretical studies
involving hydrogen rearrangements and/or skeletal rearrange-of the GHg potential energy surface have been carried out by
ments are usually associated with tighter transition states Matzingeret al. 2% Wong and Wentrug! and Schaefer, Schleyer,
compared to simple bond-cleavage reactions and, as a resultand Borderf? These high-level calculations indicate that
are less efficient unless their activation energies are exceptionallycycloheptatetraené is the central intermediate for formation
low.5” The maximum CID cross sections obtained for the of both the ring-contracted and ring-expanded proddets.
haloallyl and halobenzyl anions 30 A?) are similar in Moreover, the near-degenerate rearrangement of phenylcarbene
magnitude to those determined for direct-cleavage CID reactionsto 6 is calculated to occur on the singlet surfagthe bicyclic
of many other negative ions examined in our laboratory in which triene 8 with an activation barrier ota. 17 kcal/mol. This
rearrangements do not occur. places the key transition state for isomerization of phenylcarbene
The stable, closed-shells8, isomers are methyl acetylene t0 4—8 at aboutAH = 122 kcal/mot-much higher than the
(AH; = 44.6 kcal/mol}; allene AH; = 45.6 kcal/mol§ and apparent enthalpy of thesB¢ product of the threshold CID
cyclopropene AH; = 66.2 kcal/mol? Yoshimine and co- experiments. As stated above for the haloallyl system, it is
workers mapped the 8, potential energy surface using unlikely that the presence of the halide ion in the activated
MCSCF and multi-reference ClI procedures in conjunction with halobenzyl carbanion complexes would reduce the rearrange-
a polarized, doublé- basis set® Thermal interconversion ~ mentbarrier to any significant extent, so we can rule outisomers
among the three isomers noted above is calculated to take placét—8 as the GHs product of halobenzyl anion CID. Mechanistic
on the singlet surface via rearrangements involving vinylcarbene, considerations and the measured energetics are most consistent
cyclopropanylidene (c-(CHkC:), and propenylidene (GH with formation of phenylcarbene.
CH=C:) intermediates®® Triplet vinylcarbene is calculated to Gas-Phase Acidities of Methyl, Allyl, and Benzyl Halides.
lie 45.9 kcal/mol higher in energy than methylacetylé¥e The differing trends in the-CH acidities of methyl, allyl, and
which suggests a heat of formation for this species of 44.6  benzyl halides (X= ClI, Br, 1) deserve comment. In general,
45.9= 90.5 kcal/mol. This theoretical estimate fH;(CH,- halogen substitution increasesCH acidity”* Sigma electron
CHCH) is in satisfactory agreement with our experimental value Withdrawal by the electronegative halogen stabilizes the negative
(Table 2) and with the values predicted by DFT calculations i0n and induces a greater s-character in the carbanion lone pair,
(vide infra). The singlet states of vinylcarben&\(), cyclo- and the destabilizing four-electroninteraction involving the
propanylidene ¥a1), and propenylidene!d’) are predicted to  lone pairs of CI, Br, and | is minimal. Methyl chloride is about
be higher in energy than methylacetylene by 54.0, 62.3, and 17 kcal/mol more acidic than methan&HacidCHs) = 416.6
42.2 kcal/mol, respectively, suggesting heats of formation of kcal/mol)? while methyl bromide is 22 kcal/mol more acidic.
98.6, 106.9, and 86.8 kcal/mol, respectivély.Singlet vinyl- The NIST compilatioBlists AHaciCHal) as 386.4+ 4.9 kcal/
carbene and cyclopropanylidene are therefore ruled out asmol, which suggests a 30-kcal/mol increase for iodine substitu-
products of haloallyl anion CID since the experiments indicate tion. However, this value comes from the same FT-ICR study
a significantly lower value foAH;(CsHs). Propenylidene and  that gaveAHaciq values for CHCIl and CHBr that are believed
the three stable, closed-shelsHG isomers can also be ruled to be too low by 4 kcal/mot? Assuming the same correction
out since the computed transition states for their formation lie for CHsl gives AHaciq (CHsl) = 390+ 5 kcal/mol. The effect

59-66 kcal/mol above that for methyl acetylene {20 kcal/ of iodine-substitution on the acidity of methane then becomes
mol above triplet vinylcarbené¥c It is unlikely that the 26 kcal/mol. Thus, for the series GK, X = Cl, Br, I, AHacig
proximal halide ion in the decomposing §d4++-X~]* com- decrements by 5 kcal/mol for each substitution. Replacing a

plexes formed during CID could lower these rearrangement hydrogen in a methyl halide with a vinyl or phenyl group leads
barriers by the 1218 kcal/mol needed to match the experi- 0 acompression in the differences among the three halocarbons.
mentally-determined value fakH;(CsHs). We therefore con-  The allyl halides are more acidic than propene by 26 kcal/
clude that the nascentB, product formed at threshold in the Mol (AHacipropene)= 391.14 0.3 kcal/mol)/? but in this
haloallyl CID experiments is the unrearranged vinylcarbene in series the chloride and bromide have identical acidities, while
its triplet ground state. the iodide is more acidic by45 kcal/mol. Moreover, the three

benzyl halides have identicAlH,.iq values lying about 10 kcal/

mol below that for tolueneAHaci(toluene)= 382.3+ 0.5 kcal/

l b
| mol).”2 The differing trends for the three systems can be
@ ©> <> understood by considering the charge distributions in the
C=CH negative ions. Polarization and delocalizationsetlectron
4 5 6 7 8

density by the vinyl and phenyl groups results in diminished
electron density at the-carbon compared to a halomethyl anion,
and attenuated differences between the three halides. Compared

’ : to vinyl, the larger, more polarizabfesystem of a phenyl grou
halobenzyl anion CID is 161105 kcal/mol (Table 2). We can y - d P y P y grotip
(68) Billups, W. E.; Chong, W. Y.; Leavell, K. H.; Lewis, E. S,

therefore rule qut the acyclic/Bg isomers, all of which have Margrave, J. L; Sass, R. L.; Shieh, J. J.. Werness, P. G.. Wood, . L.
heats of formation greater than 118 kcal/rffolLower energy Am. Chem. Sod 973 95, 7878.
C7Hg isomers include fulvenallend,(AH(est)= 82 kcal/mol)?8 gl(gg)sioines, R. C.; Turner, A. B.; Jones, W. B1Am. Chem. S04969,
i = 48 .

the ethynylcyclopentadienes, (AH(est) = 90 kcalf mzo(IF)QZ (70) Schissel, P.; Kent, M. E.; McAdoo, D. J.; HedayaJEAm. Chem.
1,2,4,6-cycloheptatetraené, (AH:(est) = 92 kcal/mol)? S0c¢.1970,92, 2147.
(71) Rodriquez, C. F.; Sirois, S.; Hopkinson, A.L Org. Chem1992

(67) Busch, K. L.; Glish, G. L.; McLuckey, S. AMass Spectrometry/ 57, 4869.
Mass Spectrometry Techniques and Applications of Tandem Mass Spec- (72) Ellison, G. B.; Davico, G. E.; Bierbaum, V. M.; DePuy, C. Int.
trometry, VCH: New York, 1988. J. Mass Spectrom. lon ProcessE®96 156 109.

The apparent heat of formation of the;Hg product of
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leads to a greater attenuation of the absolute and differentialand, as a result, systematic halide effects are not observed in
halogen-substituent effects. the former processes.

Dissociation Dynamics. The consistency of the thermo- Calculated Energetics. The predicted CSE values and heats
chemical results for triplet carbenés-4 obtained with the of formation for2 and3 given by the four different levels of
different halocarbanion precursors indicates that the obligatory theory indicated in Tables 3 and 4 differ significantly. In
curve-crossings involved in dissociation reactiors42occur general, the MCSCF and CISEDV2 calculations predicta
at energies below the triplet product asymptotes (Figure 1B), 10 kcal/mol smaller carbene stabilizations and correspondingly
and that intersystem crossing by the activated ions occurs rapidlyhigher heats of formation than the two DFT procedures. For
on the time scale of halide loss. We recently reported some vinyl carbene, the absolute heats of formation predicted by the
examples of “spin-forbidden” dissociations of another series of MCSCF and CISB-DV2 calculations are higher than the
halocarbanions in which these same conclusions evidently doexperimental value by 5 kcal/mol. A similar discrepancy

not apply?® Halide loss from collisionally-activateat, m-, and between experiment and these same levels of theory was found
p-halobenzyl anions, which are isomers of tehalobenzyl previously in thex,n-dehydrotoluene studd?.Both DFT-derived
anions shown in eq 4, yields the,f)-biradicalsa,2-, a,3-, estimates are too low compared to experiment byb Xcal/

anda,4-dehydrotoluene, respectively (e.g., eq 13 shown for the mol, but close to the value fakH{*A" CH;=CHCH] derived
o,4 isomer). o,2- and a,4-dehydrotoluene are ground state from the MRCI/DZP calculations reported by Yoshimine and
triplets A" and®B;, respectively), whereas thg3 isomer is co-workerst®
a ground state singlet4'"). The apparent heats of formation For phenylcarbene, the disparity among the heats of formation
derived for the two triplet biradicals displayed a systematic computed by the different methods is 7 kcal/mol, but in this
dependence upon the halide precursor, with the chlorides givingcase the DFT predictions are in good agreement with experi-
the highest and the iodide giving the lowest apparent heats ofment. Using the experimental heat of formation of benzocy-
formation. In contrast, the results for the singleB biradical clopropene (894 1 kcal/molf® in conjunction with the
were invariant with changes in the halide precursor. Arguments computed GHg isomer energy difference reported by Wong and
were presented that the halide dependence of the triplet biradicaWentrup® suggests heats of formation for phenylcarbene of
measurements could have resulted from a reverse activation108.1 and 104.9 kcal/mol at the G2(MP2,SVP) and BLYP/6-
barrier in theo- andp-halobenzyl anion dissociations (e.g. Figure 311+G(3df,2p) levels of theory, respectively. Semiempirical
1C) that minifies with the iodides. Alternatively, halide- methods predict heats of formation f&&'" phenylcarbene in
dependent variations in the rate-limiting singtétiplet inter- the 98-111 kcal/mol rangé8 with the AM1 results (102.9 kcal/
system crossing (e.g. Figure 1B wki{(l) > kis(Br) > kis(Cl)) mol)!® showing the best agreement with experiment.
The variation in the singlettriplet splittings computed by
CHy CH, the different mgthods are smaller. For comparison, the calcu-
/©/ ©/ . x- (1B lated (X3B; — a'A;) splittings for methylene at the MCSCF,
. CISD+DV2, BVWNS5, and B3LYP levels of theory are11.6,
—12.1,—9.7, and—11.0 kcal/mol, respectively (experimental
AEst= 9.0 kcal/mol)!® Atthe MCSCF and CISBDV2 levels
. o . of theory, the “open-shell”A’" state of vinylcarbene is
could also lead to halidedependent variations in the apparent  c5cylated to lie 56 kcal/mol above the lowest singlet state,

heats of formation. In the limit of very slow intersystem |y hereas for phenylcarbene tHe4ta — b 1A") splitting is more
crossing, diabatic dissociation would occur to produce the higher ihan twice as big (1415 kcal/mol).

energy singlet product, while fast intersystem crossing is Sequential C-H Bond Strengths in Propene and Toluene.
required for adiabatic dissociation to the triplet. Enhanced ratespq experimental heats of formation and3 can be used in
of intersystem crossing are expected for the |0_d|(1(333 and conjunction with eq 14 and the thermochemical data listed in
bromides due to heavy-atom induced spambit coupling’ Table 1 to derive estimates for tleCH bond dissociation

_The presence of a systematic halide effect in the triplet enthalpies in allyl and benzyl radicals, respectively. The derived
biradical experiments and its absence in the triplet carbene

X
X = Cl, Br, 1

measurements can be rationalized by considering the nature of RCH,—RCH+H (14)
the lowest singlet states in the two systems. For carben8s

the lowest singlet state is “closed-shell” with th&z° config- DH,odRCH—H] =

uration predominating?14151922 whereas fora,2- ando,4- AH; 6 RCH) + AH, 5o5(H) — AH, ,05(RCH)

dehydrotoluene the “open shell” singlet withodr® configu-
ration is the lowest singlet state. As dissociation of an
activated halocarbanion proceeds, the lowest singlet configu-
ration of the nascent carbene or biradical will dominate the
evolving mixture of configurations that exists prior to singlet
triplet intersystem crossing. In the region of the crossing on
the potential energy surface, transitions between the siogtét

and tripletolz! configurations of the carbenes are sparbit
allowed, whereas transitions between the singllet and triplet
olm! configurations of the biradicals are spiorbit forbidden
because the singtetriplet electronic transition does not involve

a change in orbital angular momenttf. Therefore, the
intersystem crossing rates are generally greater in the carbene
forming dissociations than in the biradical-forming dissociations

values are indicated in Figure 5 along with the CH bond
enthalpies of propene and toluene and, for comparison, the
corresponding values for methane and methyl radical. The
“second”o-CH bond strengths in propene and toluene are the
same, within error, and both are approximately 15 kcal/mol
larger than the first. The bond strength reductions in propene
and toluene relative to methane are well understood manifesta-
tions of z-delocalization in the allyl and benzyl radicafs’

The a-CH bonds in allyl and benzyl radicals are found to be
5—6 kcal/mol weaker than the CH bond in methyl radical. The
origins of this difference are not readily apparent. When
m-delocalization effects are removed, vinyl and phenyl substit-
uents have little or no net effect on the CH bond strength of

(73) Turro, N. J.Modern Molecular PhotochemistrnBenjamin/Cum- methane. This can be shown by adding the known, CH
mings Publishing Co.: Menlo Park, CA, 1978; Chapter 7.
(74) salem, L.; Rowland, GAngew. Chem., Int. Ed. Endl972 11, 92. (75) Hrovat, D. A.; Borden W. TJ. Phys. Cheml994 98, 10460.
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C-H bond enthalpies (298 K, kcal/mol) mol).1%11 This indicates that the formally spin-forbidden
dissociation of these carbanions occurs without any significant
*‘* 1049+0.1 ’l‘ 1100406 . reverse activation energy, and tha; the oingatory singtgtlet _
HH}C\H e N B SNy intersystem crossing must be rapid on the time scale of halide
H loss. Three independent measurements each of the absolute

heats of formation of the 4£1, and GHe products of Cf, Br-,
and I~ loss from a-haloallyl and a-halobenzyl anions were

H 688404 H 1080534 H carried out. The two sets of results show good internal

Ho o M —— m O H —— u_ O _H consistency, which further validates the thermochemlcal_model
i c=H -H § ¢ " ¢ ¢ for the CID threshold measurements. Thermodynamic and

H H H H H kinetic arguments are presented for identifying the threshold

products ofa-haloallyl anda-halobenzyl anion CID as vinyl-
carbene and phenylcarbene, respectively. The measured heat
H H of formation for vinylcarbene, 93.& 3.4 kcal/mol, falls in the
é.”.H 89.8+0.6 5\ 1052£3.5 ¢ middle of the range of values predicted by ab initio and DFT
\* T o “H calculations (8898 kcal/mol). ForAH¢29s(PhCH), the DFT
predictions (103-105 kcal/mol) are in good agreement with the
Figure 5. Summary of sequential-€H bond dissociation enthalpies experimental heats of formation, 102183.5 kcal/mol, while

of methane, propene, and toluene. the values derived from MCSCF and CI$DV2 methods are
7—9 kcal/mol too high. The measured heats of formation for

rotational barriers of allyl radical (15.7 kcal/m8land benzyl ~ Vinylcarbene and phenylcarbene are used to derivexti
radical (12.5 kcal/molf74to the CH bond strengths of propene bond dissociation energies in allyl and benzyl radicals:
and toluene, respectively, in order to derive the energy changesPH20d CH2.CHCH—H] = 104.0 + 3.4 kcal/mol and Dhbg

for dissociation to the non-conjugated radicals. The resulting [PNCH-H} = 105.2+ 3.5 kcal/mol.

bond strengths are about the same as,ddBH3;—H]. Fur-
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In this work we have demonstrated the applicability of energy-
resolved collision-induced dissociation @fhalocarbanions to
the determination of absolute heats of formation for carbenes
with triplet ground states. The CID thresholds and atidse ] ) ] o
measurements for chloromethyl and bromomethyl anions give ~Supporting Information Available:  Listing of calculated
a consistent heat of formation for GK92.2 + 3.7 kcal/mol) geometries for molecules in Tables 3 and acic-base bracket-
that is in excellent agreement with the well-established literature N9 results for benzyl halides and allyl halides (6 pages). See

value for this archetypal triplet carbene (9249 0.6 kcall any current masthead page for ordering and Internet access
instructions.
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