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7° and H7C1C2C3 = 2.4°), As a result the charge tends to
localize at C3, which is consistent with the Mulliken population
analysis and the fact that C2~C3 is longer than C1-C2 by 0.013
A. The structure is also in accord with the electronegativity of
fluorine, its preference for bonding at sp? centers, and its relatively
poor m-donating abilities. The geometry of 1-hydroxyallyl anion
(7a), on the other hand, reflects the fact that oxygen is not as
electronegative as fluorine and is a better w-electron donor. The
negative charge is shifted away from the substituent leading to
a flattening out at C3 (04C3C2C1 = 2.9° and H5C3C2Cl =
9.7°), increased pyramidalization at C1 (H7C1C2C3 = 17.5° and
H6CI1C2C3 = 4.2°), and a large difference in bond lengths (0.052
A) between C1-C2 (long) and C2~C3 (short). 1-Aminoallyl anion
(1a), in stark contrast to 4a and 7a, is calculated to be planar,
and the geometry is quite similar to that of the parent ion.*
Nitrogen only has one lone-pair of electrons and it is orthogonal
to the w-system. This eliminates the driving force for distorting
the carbon framework and means that the strong #-donating ability
of an amino group is not destabilizing in this instance. The greater
delocalization in 1a, relative to 4a and 7a, offsets the smaller
amount of inductive stabilization. A subtle balance exists in each
of the three anions and leads to the different geometries and the
failure of linear free energy relationships.

The interaction between a charged site and a substituent directly
bound to it depends to some degree on the particular system.
First-row substituents (N(CH,),, OCH,, and F) do not affect the
acidity of propene, but this observation cannot be generalized to
every substrate; different compounds may display enhanced or
even diminished acidities. Benzyl derivatives are analogous to
the corresponding propenes,*’ but calculated deprotonation energies
for substituted ethylenes and cyclopropanes are distinct, i.e. F <
OH < NH, < H (Table V). The enhanced acidities can be

(39) Allyl anion (6-3]1+G* optimized structure) is planar and has a C-C
bond distance of 1.388 A and a C—-C—C bond angle of 132.2°. Kroeker, R.
L.; Bachrach, S. M,; Kass, S. R. J. Org. Chem. In press.

(40) Unpublished data, G. Dahlke and S. Kass.

accounted for simply by the electronegativity or field effect of the
substituents. This contrasts with the propene data, and presumably
is a result of the ions being localized and somewhat less flexible
and having less repulsive electron-electron interactions. There
is little experimental data, however, to compare the calculations
to and consequently further discussion will be deferred until a later
date.

Conclusions

Fragile anions which are weakly bound can be prepared at low
temperatures under the unique conditions available in a flowing
afterglow device. This makes it possible to study a series of
3-substituted propenes. The reactivity of the conjugate bases is
generally in keeping with previous reports but occasionally leads
to the formation of additional ions of interest, e.g. OHF~. 3-
Fluoropropene, 3-methoxypropene, and 3-(dimethylamino)propene
have the same acidities, within experimental error, as the parent
compound. Electron-withdrawing and w-donating substituents
therefore do not destabilize an ion with respect to its basicity, but
they do lead to a decrease in electron-binding energies. There
is, however, an empirical correlation between acidity and electron
affinity. Molecular orbital calculations reveal that the allylic
anions (4a, 7a, and 1a) have different geometries as a result of
a number of compensating factors. This explains why linear free
energy relationships are not applicable in this case and suggests
that different substrates may behave very differently. Ab initio
computations support this latter notion and additional results will
be reported in due course.
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Abstract: The heats of formation of X'A; CF, and X'A, CCl, have been determined from measurements of the threshold
energies for collision-induced halide ion dissociation from CF;~ and CCl;™ in a flowing afterglow-triple quadrupole apparatus.
The derived values AH®(544(CF,, g) = —39.4 £ 3.4 keal/mol and AH®;,45(CCl,, g) = 52.1 % 3.4 kcal/mol are significantly
higher than the heats of formation recently obtained for these carbenes from proton affinity bracketing experiments by Lias,
Karpas, and Liebman (J. Am. Chem. Soc. 1988, 107, 6089) but are in good agreement with measurements from other laboratories
and with ab initio molecular orbital calculations. The gas-phase acidity (AH,q) of CHCI; has also been determined from
a proton-transfer bracketing procedure to be 357.6 % 2.0 kcal/mol, from which EA(CCI,) = 2.25 £ 0.10 eV is obtained. The
carbon-carbon bond energies in CFy=CF, (79.1 % 3.8 kcal/mol) and Cl,C=CCl, (106.3 % 4.9 kcal/mol) are derived from
the present results and critically compared with the predicted values obtained from the proposed relationship between C==C

bond strengths and carbene singlet-triplet energy gaps.

The modern era of carbene chemistry, according to Skell,!
marks its beginnings with the pioneering kinetic studies by Hine
and co-workers of CCl, intermediates in the alkaline hydrolysis
of chloroform.2 In the intervening 40 years since these seminal

(1) Skell, P. S. Tetrahedron 1988, 41, 1427,

studies, interest in carbenes has grown across diverse chemical
disciplines. The prodigious research activity devoted to carbenes
is motivated not only by their practical utility in organic synthetic

(2) Hine, J. J. Am. Chem. Soc. 1950, 72, 2438. Hine, J. Divalent Carbon;
Ronald Press: New York, 1964.
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procedures for producing cyclopropanes,? but also by the recog-
nition that carbenes and carbenoid intermediates intercede in
numerous organic and organometallic reaction mechanisms.*
Moreover, divalent carbon species are proposed to play significant
roles in combustion chemistry® and interstellar organic synthesis,®
and they have been advantageously employed in materials science,’
catalysis,® and photoaffinity labeling procedures in biochemistry.’

Determination of the fundamental physical properties of
carbenes continues to be a vital and challenging task. Among
the major classes of reactive organic intermediates such as car-
bocations, radicals and carbanions, carbenes have the dubious
distinction of being the least well characterized thermodynami-
cally.!® This is due, in part, to their extreme bimolecular reactivity
in solution and their proclivity for fast unimolecular rearrange-
ments that preclude the usual calorimetric or equilibrium-based
methods for obtaining thermochemical information. Moreover,
carbenes do not possess the convenience of a net molecular charge
that would enable their direct mass spectrometric characterization,
nor do they have a simple chemical relationship with thermody-
namically well characterized neutral molecules such as is the case
with conjugate acid-base pairs or redox couples. The archetypal
carbene, CH,, has well-established heats of formation for its triplet
ground state (AH®;05(XB, CH,, g) = 92.6 % 0.6 kcal/mol) and
for its first excited singlet state (AH®;44(3'A| CH,, g) = 101.9
% 0.5 kcal/mol) that have been determined by various experi-
mental methods!! and confirmed by the highest level quantum
mechanical calculations.!?> The halocarbenes likewise have been
subjects of numerous direct and indirect thermochemical mea-
surements, although for some of them there remain significant
discrepancies among the reported heats of formation.!>  Moreaver,
for some of the monohalocarbenes, there are still uncertainties
about the multiplicities of the ground states.!* A recent review
of the available halocarbene thermochemistry through 1985 by
Lias, Karpas, and Liebman (LKL)" exposes a surprisingly wide
range of measured heats of formation for both X!A, CF, (=39.7
to -56.0 kcal/mol) and X!A, CCl, (55 to <30 kcal/mol) as
determined from photoionization and electron ionization onsets,

(3) (a) Doering, W. E.; Hoffmann, A. K. J. J. Am. Chem. Soc. 1954, 76,
6162. (b) Doering, W. E.; LaFlamme, P. M. Tetrahedron 1958, 2, 75. (c)
March, J. Advanced Organic Chemistry, 3rd ed.; J. Wiley and Sons: New
York, 1985; pp 768774 and references therein.

(4) (a) Kirmse, W. Carbene Chemistry;, Academic Press: New York, 1971.
(b) Moss, R. A.; Jones, M. In Reactive Intermediates; Jones, M., Moss, R.
A., Eds.; J. Wiley and Sons: New York, 1985; Vol. 3, Chapter 3; 1981; Vol.
2, Chapter 3; 1978; Vol. |, Chapter 3.

(5) (a) Shaub, W. M,; Lin, M. C. In Laser Probes for Combustion
Chemistry; Crosley, D. R., Ed.; American Chemical Society: Washington,
DC, 1980. (b) Urban, J.; Klimo, V.; Tino, J. Collect. Czech. Chem. Commun.
1984, 49, 1432, 1440.

(6) (a) Hirota, E. J. Phys. Chem. 1983, 87, 3375. (b) Bohme, D. K. In
Structure Reactivity and Thermochemistry of Ions; Ausloos, P., Lias, S. G.,
Eds.; D. Reidel: Dordrecht, Holland, 1987; p 219; Nature 1986, 319, 473.
(c) DePuy, C. H. Pure Appl. Chem. 1989, 61, 693.

(7) Gross, H.; Sixl, H. Chem. Phys. Lett. 1982, 91, 262 and references
therein.

(8) (a) Irvin, K. J. Olefin Metathesis, Academic Press: New York, 1983.
(b) Schubert, V., Ed. Advances in Metal Carbene Chemistry; Kluwer Aca-
demic Publishers: Dordrecht, The Netherlands, 1989.

(9) (a) Bayley, H. Photogenerated Reagents in Biochemistry and Molec-
ular Biology, Elsevier: Amsterdam, 1983. (b) Westheimer, F. H. Ann. N.
Y. Acad. Sci. 1980, 346, 134.

(10) Lias, S. G.; Bartmess, J. E.; Liebmann, J. F.; Holmes, J. L.; Levin,
R. D.; Mallard, W. G. J. Phys. Chem. Ref. Data, Suppl. 1988, 17.

(11) (a) Leopold, D. G.; Murray, K. K.; Stevens-Miller, A. E.; Lineberger,
W. C.J. Chem. Phys. 1988, 83, 4849 and references therein. (b) Lengel, R.
K.; Zare,R. N. J. Am. Chem. Soc. 1978, 100, 7495. (c) Feldman, D.; Meier,
K.; Zacharias, H.; Welge, K. H. Chem. Phys. Lett. 1978, 59, 171. (d)
Hayden, C. C.; Neumark, D. M; Shabatake, K.; Sparks, R. K.; Lee, Y. T.
J. Chem. Phys. 1982, 76, 3607.

(12) (a) Petersson, G. A.; Al-Laham, M. A. J. Am. Chem. Soc. 1989, 111,
1256 and references therein. (b) Schaefer, H. F., II1. Science 1986, 231, 1100.
(c) Goddard, W. A., I11. Science 1988, 227, 917. (d) Shavitt, 1. Tetrahedron
1988, 41, 1531.

608 (13) Llas,S G.; Karpas, Z.; Liebman, J. F. J. Am. Chem. Soc. 1988, 107,

(14) (a) Murray, K. K,; Leopold, D. G.; Miller, T. G.; Lineberger, W. C.
J. Chem. Phys. 1988, 89, 5442 and references therein. (b) Scuseria, G. E;
Duran, M.; Maclagan, M. G. A. R,; Schaefer, H. F., 111 J. Am. Chem. Soc.
1986, 108, 3248,
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gas-phase thermal equilibrium studies, and carbene proton affinity
bracketing measurements. In these latter experiments, one de-
termines how strong a neutral base is required to affect thermal
energy proton abstraction from a halogenated methyl cation in
the gas phase (eq 1).!5 If the heat of formation of the reactant

CHX2+ + B — BH* + CXZ (1)

cation is known independently, then the heat of formation of the
singlet carbene product can be determined from the bracketed
proton affinity, PA(CX,). From measurements of this type carried
out in an ion cyclotron resonance (ICR) spectrometer, LKL
recommend heats of formation for singlet CF, and CCl, of —49
% 3 kcal/mol and 39 & 3 keal/mol, respectively—values that are
at the lower ends of the ranges reported for these species in the
literature.!

In recent reports from this laboratory, we have shown how
collision-induced dissociation (CID) threshold energy measure-
ments with a flowing afterglow—triple quadrupole instrument!$
can provide an excellent source of thermochemical data for gas
phase ions.!” The method relies on the precise determination of
an activation energy for the direct cleavage of a thermalized
reactant ion to a single product ion and a stable neutral fragment.
If the heat of formation of either the reactant ion or product ion
is known independently, then the other can be determined from
the measured activation energy, provided the dissociation is rapid
and does not involve a reverse activation energy. We have em-
ployed this technique to determine, inter alia, carbanion heats of
formation and hydrocarbon acidities from the decarboxylation
onsets for collisionally activated RCO; ions,'® sequential solvation
energies of atomic transition-metal cations with H,O and NH,,"”
negative ion binding energies of BH,,% and Me;Si* cation affinities
of alkenes.?! In each of these applications, the focus is on the
thermochemistry of the ionic product or reactant of the CID
reaction. An obvious extension is to use this methodology for
determining unknown heats of formation for neutral products of
well-behaved dissociation reactions involving thermodynamically
well characterized reactant and product ions. We introduce here
an application of this latter approach to the determination of heats
of formation for the singlet dihalocarbene products from disso-
ciation of collisionally activated trihalomethyl anions (eq 2). This

CXJ— e CXZ + X X = F, Cl (2)

reaction is, in principle, well-suited for CID threshold energy
measurements because it is a direct bond cleavage from a
structurally simple precursor ion that produces a single stable
product ion. Moreover, dissociation of the carbanion correlates
directly with the singlet ground state of the dihalocarbene.!*22
The needed heats of formation for the trihalomethyl anions are
either known or can be determined accurately from gas-phase
acidity measurements, and for the halide ion products the ther-
mochemical data is well-established.!® In this paper, we present
the details of our experimental measurements for CF, and CCl,,
along with supplemental results from high-level ab initio molecular

(15) Vogt, J.; Beauchamp, J. L. J. Am. Chem. Soc. 1978, 97, 6682.
(16) Graul, S. T.; Squires, R. R, Mass Spectrom. Rev. 1988, 7, 263.
(17) For previous reports of the derivation of thermochemical data from
CID threshold analysis with beam instruments, see: (a) Lifshitz, C.; Wy, R,
L. C,; Tiernan, T. O. J. Chem. Phys. 1978, 68, 247. (b) Armentrout, P. B.;
Beauchamp, J. L. Chem. Phys. 1980, 50, 21. (c) Semo, N. M.; Koski, W
S. J. Phys. Chem. 1984, 88, 5320. (d) Ervin, K.; Loh, S. K.; Aristov, N.;
Armentrout, P. B. J. Phys. Chem. 1983, 87, 3593. Aristov, N.; Armentrout,
P. B. Ibid. 1986, 90, 5135. Boo, B. H.; Armentrout, P. B. Ibid. 1987, 91, 5777.
Loh, S. K.; Lian, L.; Hales, D. A.; Armentrout, P. B. 7bid. 1988, 92, 4009.
Loh, S. K.; Lian, L.; Hales, D. A.; Armentrout, P. B. J. Chem. Phys. 1988,
89,610, 3378. Loh, S. K.; Hales, D. A,; Lian, L.; Armentrout, P. B. J. Chem.
Phys. 1989, 90, 5466. Loh, S. K.; Lian, L.; Armentrout, P. B. J. Am. Chem.
Soc. 1989, 111, 3167. Hales, D. A.; Armentrout, P. B. J. Cluster Sci. 1990,
1, 127. (e) Norwood, K.; Ali, A.; Flesch, G. D.; Ng, C. Y. J. Am. Chem. Soc.
1990, /12, 7502.
(18) Graul, S. T.; Squires, R. R. J. Am. Chem. Soc. 1990, 112, 2517.
(19) Marinelli, P. J.; Squires, R. R. J. Am. Chem. Soc. 1989, 111, 4101.
(20) Workman, D. B.; Squires, R. R, Inorg. Chem. 1988, 27, 1846.
1(21) Hajdasz, D. J.; Squires, R. R. J. Chem. Soc., Chem. Commun. 1988,
1212

(2.2) Harrison, J. C.; Liedtke, R. C.; Liebman, J. F. J. Am. Chem. Soc.
1979, 102, 7162.
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orbital calculations that bear on the energetics of these carbenes.
The combined experimental and theoretical results are critically
compared with other recent measurements and calculations for
CF; and CCl, in the literature, and the relevance of our new data
to current interests in the C==C bond strengths in C,F4 and C,Cl,
is discussed.

Experimental Section

All experiments were performed with a flowing afterglow-triple
quadrupole apparatus that has been described previously.!®18-21 The
standard operating conditions in the 7.6-cm i.d. X 100 cm helium flow
reactor were P(He) = 0.400 Torr, F(He) = 190 STP cm?®/s; v(He) =
9400 cm/s, and T = 298 K. The negative ions generated in the flow tube
are thermalized by ca. 107 collisions/s with the helium bath gas and other
added neutral compounds and then extracted through a I-mm orifice in
a nose cone into an EXTREL triple quadrupole mass analyzer. The
desired reactant ion is selected with the first quadrupole (Q1) and in-
jected into the rf-only, gas-tight central quadrupole (Q2) with an axial
kinetic energy determined by the Q2 rod offset voltage. Argon collision
gas is maintained in Q2 at a static pressure of <5 X 107 Torr, corre-
sponding to single ion/atom collisions.'®* Fragment ions resulting from
collision-induced dissociation are efficiently contained in Q2 and ex-
tracted by a low-voltage exit lens into Q3, which is maintained at a
constant attractive voltage (ca. 5 V) with respect to the variable Q2 rod
voltage. Ton detection is carried out with a conversion dynode and
electron multiplier operating in pulse-counting mode.

The primary reagent ions used for generating trihalomethy! anions
were OH™ (from electron ionization of a mixture of N,O and CH,) or
NH;" (from ionization of NH;). Proton abstraction from CHF; or
CHCI,; by either OH™ or NH;" produces intense signals of CF;™ and
CCly", respectively. Alternatively, these ions can be made by direct
electron ionization of CF, and CCl,. The measured CID threshold
energies displayed no dependence on the particular source of the tri-
halomethyl anion that was used.

Materials. Gas purities were as follows: He (99.995%), Ar
(99.955%). N,O (99.0%), and CH, (99.0%). Liquid samples were ob-
tained from commercial sources and used as supplied except for multiple
freeze-pump—thaw cycles prior to use. The negative ion mass spectra
from CHCl;, CHF,, and each of the neutral reference acids used in the
acidity bracketing experiments showed these materials to be free of
significant impurities.

CID Threshold Measurement and Analysis. A detailed account of the
data collection procedures and analysis method for CID threshold energy
measurements with the flowing afterglow-triple quadrupole instrument
was provided in a recent publication from this laboratory.!® Briefly, the
axial kinetic energy of the mass-selected reactant ion is scanned while
the intensity of the CID fragment ion formed in Q2 under single-collision
conditions is monitored. The center-of-mass collision energy E., for the
system is given by eq 3, where E,,;, is the nominal lab energy and M and

Ec.m, = Ellb [m/(M + m)] (3)

m represent the masses of the reactant ion and neutral target, respec-
tively. The energy axis origin is located by retarding potential analysis
with Q2 serving as the retarding field element. The reactant jon kinetic
energy distribution, as given by the simple first derivative of the retarding
curve, is typically found to have a Lorentzian or near-Gaussian shape
with a full width at half-maximum of 1-2 eV (lab frame). Under single
collision conditions in Q2, the normalized intensity of the CID fragment
ion is directly proportional to the dissociation partial cross section.'® A
plot of the product ion yield versus the center-of-mass collision energy
gives rise to an ion appearance curve from which the activation energy
for the dissociation may be deconvoluted by means of a fitting procedure
based on the assumed model function given by eq 4.2 Here, /(E) is the

KE) = L[(E - E7)"/ E™] 4

normalized intensity of the product ion at center-of-mass collision energy
E, E; is the desired threshold energy, I, is a scaling factor, and # and
m are adjustable parameters. For the present studies, we have found »
=15 m=15and n = 1.5, m = 1.0 to provide the best fits of the
experimental halide ion appearance curves from trihalomethyl anions.?*
Use of linear models (# = 1, m = 0) or higher values than 1.5 for n and

(23) (a) Ervin, K. M.; Armentroul, P. B. J. Chem. Phys. 1988, 83, 166.
(b) Armentrout, P. B.; Beauchamp, J. L. J. Chem. Phys. 1981, 74, 2819. (c)
Rebick, C.; Levine, R. D. J. Chem. Phys. 1973, 58, 3942,

(24) Theoretical and experimental support for the use of eq 4 for CID
threshold analysis may be found in Chesnavich, W. J.; Bowers, M. T. J. Phys.
Chem. 1989, 83, 900, and Sunderlin, L. S.; Armentrout, P. B. Int. J. Mass
Spectrom. Ion Processes 1989, 94, 149.
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Figure 1. Appearance curve for F~ from collisional activation of CF;~
with argon at 5.0 X 1075 Torr. The solid line is the optimized, fully
convoluted model appearance curve calculated by using eq 4 with n =
1.5 and m = 1.0, and the dashed line represents the unconvoluted exci-
tation function. The arrow indicates the electron binding energy of the
CF; reactant ion (ref 10).

m were found to give significantly poorer fits. Optimization is carried
out by an iterative procedure in which # and m are held constant and I,
and Er are varied so as to minimize the deviations between the experi-
mental and calculated appearance curves in the vicinity of the reaction
onset and up to the point where the product ion yield begins to decay.'*
Convoluted into this fit are the reactant ion kinetic energy distribution
approximated by a Gaussian function with a 1.5-¢V (lab) half-width and
a Doppler broadening function developed by Chantry to account for the
random thermal motion of the argon target.2® The CID threshold, Ex,
derived in this way is considered to correspond to a thermal activation
energy for production of room temperature (298 K) products from
thermalized, room temperature reactants. Therefore, unlike photoioni-
zation and electron jonization thresholds, a temperature correction for
the products is unnecessary.?® 1In order to convert Et to a bond disso-
ciation enthalpy term for use in deriving heats of formation, an expansion
work factor AnRT must be added.?” Thus, for the present systems at
298 K (eq 2, An = 1), DH,[CX;-X"] = E1 + 0.59 kcal/mol.
Calculations. The energetics for various reactions involving 'A; CF,
and 'A; CCl, were evaluated at different levels of theory by using the
GAUSSIAN 86 package of ab initio MO programs® on a VAXstation 3200.
Complete geometry optimizations were carried out by using analytically
evaluated energy gradients, and all stationary points were verified to be
true minima by the absence of any negative force constants in the Hessian
matrix. For all of the negative ion calculations, the geometries and
vibrational frequencies were obtained with a diffuse-function augmented
6-31+G(d) basis set,?® and correlation-corrected single-point energies
were computed by using third-order Moaller-Plesset perturbation theory
(frozen core) (i.e., MP3/6-31+G(d)//6-31+G(d)). For the CF,, CCl,,
and CH, proton affinity calculations, we employed fourth-order
Moller-Plesset corrections (frozen core) including all quadruple, triple,
double, and single excitations with a 6-311G(2d) basis set (i.e.,
MP4SDTQ/6-311G(2d)//6-311G(2d)). The calculated energy changes
(AE+o7) for all reactions were converted to 298 K enthalpies by including
the standard zero-point energy, temperature, and work terms given in eq
5.3 The calculated vibrational frequencies were scaled by a factor of
0.9, and those falling below 500 cm™ were omitted from the analysis.

AHygs = AEror + AEyp + A(AE\ip)ags + AEry + AEyyy + APV (5)

(25) Chantry, P. J. J. Chem. Phys. 1971, 55, 2746.
364(726) Traeger, J. C.; McLoughlin, R. G. J. Am. Chem. Soc. 1981, 103,

(27) Michl, 1.; Magnera, T. J. Am. Chem. Soc. 1989, 111, 5036.

(28) Frisch, M. J,; Binkley, J. S.; Schlegel, H. B.; Raghavachari, K.;
Melius, C. F.; Martin, R. L.; Stewart, J. J. R.; Bobrowicz, F. W.; Rohlfing,
C. M,; Kahn, L. R.; Defrees, D. J.; Seeger, R.; Whiteside, R. A.; Fox, D. J.;
Fleuder, E. M.; Pople, J. A. Carnegie-Mellon Quantum Chemistry Publishing
Unit: Pittsburgh, PA, 1984,

(29) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, J. A. Ab Initio
Molecular Orbital Theory; J. Wiley and Sons: New York, 1986; pp 86ff.

(30) (a) Del Bene, J. F.; Metee, H. D.; Frisch, M. J.; Luke, B. T.; Pople,
J. A. J. Phys. Chem. 1983, 87, 3279. (b) Gao, J.; Garner, D. S,; Jorgensen,
W. L. J. Am. Chem. Soc. 1986, 108, 4784,
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Table I. Supplemental Thermochemical Data?

AH®205(8), AHGa
kcal/mol ref kcal/mol ref
HF -648 £0.2 32 371.0£ 0.2 10
CHF, -166.1 £0.3 33 377.0 £ 2.1 34
CH,F, ~108.2+ 0.2 36
F,C=CF, -1579+04 36
CF, -223.4 0.1 36
CF; -1124 1.3 63
CHF, =571 12 64
F 189 0.1 39
CHF,* 1434 £ 3.0 42
HCl -22.1 £0.1 32 3334 £0.2 10
CHCl, -250+£05 36 3576 £ 2.0 this work
CH,Cl, -229+£0.2 36
Cl1,C=C(l, -21£1.2 36
CCl, -232+£07 36
CCl, 187+ 1.5 47
CHCl, 223+ 1.0 65
Cl 20.1+£0.1 39
CHCl* 2123 42,43
CH, -178 £0.1 36
'A, CH, 101.9 £ 05 11 PA(CH,) =
CH,* 2613+ 04 26 2063+ 0.8 10
H 52.1 39
H* 3657 10

7 All data taken from ref 10 with the primary references indicated.
The stationary electron convention is employed in this work.

Results

CF,. Reaction between CHF, and either OH™ or NH," in the
helium flow reactor produces a clean mass spectrum with CF;~
(m/z 69) as the only significant product ion. Low energy (<50
eV, lab) collisional activation of CF;” in the triple quadrupole yields
F~ as the sole ionic product (eq 6). Dissociation to the singlet

CF; —CF, + F- (6)

1A, state of CF, is the spin-allowed process. This state is well-
separated energetically from the lowest triplet *B, by ca. 57
keal/mol.3! Careful monitoring of the F~ yield as a function of
the center-of-mass collision energy with argon target gas at 5 X
1075 Torr in Q2 gives rise to the appearance plot illustrated in
Figure 1. An estimate of the maximum cross section (oy,,,) for
the dissociation observed at 8 eV (center-of-mass frame) can be
computed from eq 7, where NV is the target gas number density

Tmax = [Imax/IO]/NI (7)

(<1.6 X 10'2 molecules/cm?), [ is the corrected collision path
length in the middle quadrupole (23 cm at 8 eV), and /,,, and
I, are the product ion and initial reactant ion intensities, re-
spectively. The calculated value for these conditions is 1-2 A2,
The optimized fit of the n = 1.5, m = 1.0 model function (eq 4)
convoluted together with the CF;” ion beam and Doppler
broadening distributions described in the Experimental Section
is shown as the solid curve in Figure 1, and the dashed line
represents the unconvoluted function. Most of the threshold
behavior can be satisfactorily modeled with this composite function
within fairly strict limits on the adjustable parameters. The
optimal value of the threshold energy, Er, derived for this data
set is 2.41 eV. Several replicate measurements carried out with
a range of conditions over a period of several months give an
average value of 2.40 £ 0.12 eV (55.3 + 2.7 kcal/mol). The
uncertainty quoted is larger than the actual precision (1.5
kcal/mol) and reflects the minor variation in the final value of
Er that results from use of slightly different values of #n and m
in the model excitation function. Thus, at room temperature, the
bond dissociation enthalpy, DH,e[CF,-F7], is 559 % 2.7
kcal /mol.

The enthalpy change for reaction 6 can be expressed in terms
of the measured bond dissociation enthalpy and the heats of
formation for CF;~ and F, the latter two quantities being derived

(31) Koda, S. Chem. Phys. 1986, 66, 383.
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CCl3 - CCl, + CI-
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Figure 2. Appearance curve for Cl- from collisional activation of CCly”
with argon at 4.6 X 1075 Torr. The solid line is the optimized, fully
convoluted model appearance curve calculated by using eq 4 with n =
1.5 and m = 1.0, and the dashed line represents the unconvoluted exci-
tation function. The arrow indicates the electron binding energy of the
CCl5™ reactant ion (ref 47).

from the heats of formation and gas-phase acidities of CHF, and
HF, respectively. Rearranging this equation in terms of the
gas-phase heat of formation for CF, gives eq 8. The absolute

AHC;505('A| CF,) = DH,0[CF;~F] + AH,4(CHF;) -
AH,o(HF) + AH®;50(CHF;) — AH®;505( HF) (8)

acidity and heat of formation of HF are accurately known to be
371.0 £ 0.3'% and —64.8 = 0.2 kcal/mol,>? respectively (Table I).
Fluoroform has a measured heat of formation of ~166.1 £ 0.3
kcal/mol* and a gas-phase acidity of 377.0 & 2.1 kcal/mol,'° the
latter determined from proton transfer equilibrium studies with
ethanol and 2-propanol in an ICR.3* Combining these quantities
with the bond dissociation enthalpy for CF;™ according to eq 8
gives a final value for AH®(,05('A; CF,, g) of -39.4 = 3.4
kecal/mol, where the quoted uncertainty represents the square root
of the sum of squares of the component uncertainties.

The nature and magnitude of the carbon—carbon bonding in
CF,=CF, are of current interest because of its extraordinary
weakness.”* OQur new value for AH{CF,) can be combined with
the measured heat of formation for CF,=CF, (AH®(,5[C,F,,
g] = -157.9 £ 0.4 kcal/mol)* to yield a total C=C bond energy
in C2F4, DH298[CF2=CF2L of 79.1 £ 3.8 kcal/mol.

CQCl,. Reaction between CHCl; and OH™ or electron ionization
of CCl, at the ion source produces intense signals of CCl,™ along
with even greater amounts of Cl™ from Sy2 displacement and
dissociative electron capture processes. CID of the m/z 117 (all
35C1) isotopomer of CCl;™ under single collision conditions yields
CI" as the only fragment ion (eq 9) with the energy dependence

CCl;- — CCl, + CIF 9)

illustrated in Figure 2. As with CF,, the singlet-state product
is the ground state of the carbene.!*?2 The maximum cross section
for the dissociation of CCl;™ at 5.0 eV (center-of-mass) with 4.6
X 1073 Torr Ar collision target is calculated from eq 7 to be ca.
5 A2 Analysis of the CI” appearance curve in Figure 2 with the

(32) Wagman, D. D.; Evans, W. H.; Parker, V. B.; Schumm, R. H,;
Halow, 1,; Bailey, S. M.; Churney, K. L.; Nuttall, R. L. J. Phys. Chem. Ref.
Data, Suppl. 1982, 1.

(33) Kudchaker, S. A.; Kudchaker, A. P.; Wilhoit, R. C.; Zwolinski, B.
J. J. Phys. Chem. Ref. Data 1978, 7, 417.

(34) Bartmess, J. E.; Scott, J. A.; Mclver, R. T., Jr. J. Am. Chem. Soc.
1979, 101, 6046.

(35) (a) Berson, J. A,; Birney, D. M.; Dailey, W. P., III; Liebman, J. F.
In Modern Models of Bonding and Delocalization; Liebman, J. F., Greenberg,
A., Eds.; VCH Publishers, Inc.: New York, 1988; Chapter 9. (b) Wang, S.
Y.; Borden, W. T. J. Am. Chem. Soc. 1989, 111, 7282 and references therein.

(36) Pedley, J. B,; Naylor, S. P. Thermochemical Data of Organic Com-
pounds; Chapman and Hall: New York, 1986.
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Table II. Summary of Acid—Base Bracketing Experiments for
CCl;~/CHCly?

CCly + HA =% CHCl, + A
reverse

HA AG,qa(HA)®  forwarded reverse
PhCOCH; 3545+ 20 -
CF,CH,0H 3541 +£20 - +
CF,;C(CH,),0H 353.5+£20 - +
((CH3),Si);NH 3529+20 - +
HCONH, 3528+20 -
(CH;CH,),SiOH 351.5+£20 +
pyrrolidine 3509 £ 2.0 + (slow) + (fast)
(CH,;),CHNO, 3500 £ 2.0 + (slow) + (fast)
CH;NO, 349.7+£20 + (fast) + (slow)
CH;CH,SH 3489 + 20 + -
CH,CH,CH,SH 3479 + 2.0 + -
1,3-cyclopentadiene  347.7 £ 2.0 +¢
(CH;),CHSH 347.1 £ 2.0 + -

9 All reactions carried out in the helium flow reactor at 298 K.
bGas-phase acidity in kcal/mol, ref 10. ¢+ and - correspond to ob-
serving and not observing proton transfer, respectively. 4By slow it is
meant that while some proton transfer takes place, it does so with an
apparent rate that is less than that for the reverse proton transfer under
conditions of comparable neutral flow rate (ca. 0.1 STP cm¥/s).
¢ Reference 37.

same model as was used for CF, yields a value of 1.29 eV for
the threshold energy. Many replicate measurements carried out
over an extended period provide a final value for Er (eq 9) of 1.31
% 0.12 eV (30.2 £ 2.7 kecal/mol). Therefore, the heterolytic bond
dissociation enthalpy for the trichloromethyl anion, DH,e[C-
Cl,-CI], is 30.8 & 2.7 kcal/mol. Equation 10 provides the ex-

AH®(505('A| CCly) = DHygs[CCl,~CI'] + AH,;o(CHCI;) -
AH,o(HC1) + AH®(30(CHCly) - AH®;205(HCI) (10)

pression for obtaining AH%;,03('A; CCl,, g) from the measured
CI" dissociation enthalpy and supplemental thermochemical data.
In eq 10, all but AH,;(CHCI,) are well-known quantities.! The
gas-phase acidity of chloroform has been reported by Bohme and
co-workers to be between that of cyclopentadiene (AG,qq = 347.7
% 2.0 keal/mol) and acetone (AG,;q = 361.9 £ 2.0 keal/mol).??
We have carried out a more detailed proton transfer bracketing
procedure in the helium flow reactor using an extended series of
reference acids and bases, with the results summarized in Table
II. The CCl; ion rapidly abstracts a proton from CH,;NO,, alkyl
thiols, and other compounds of greater acidity but fails to de-
protonate formamide, hexamethyldisilazane, 8-fluoroalcohols, and
all weaker acids. Further, CHCI, transfers its proton to CF,C-
H,0", CF,C(CH,;),07, (Me;Si),N-, and Et,SiO™ but not to any
thiolate ions. These observations locate AG,q(CHCI;) in the
vicinity of 350 kcal/mol.!° Pyrrolidine, nitromethane, and 2-
nitropropane (and their conjugate base anions) are all observed
to undergo reversible proton transfer with the CHCI;/CCl,”
conjugate acid-base pair. Qualitative observations of the relative
rates of the forward and reverse proton transfers with each of these
species leads us to assign a final value to AG,4(CHCI,;) of 349.9
+ 2.0 kecal/mol. In order to derive AH,q(CHC]l;) from these
results, the entropy of chloroform ionization (AS,q) is required.’®
Because the rotational symmetries of CCly;” and CHCI, are the
same and the translational, vibrational, and electronic entropy
differences are neglibly small, AS,.;(CHCI,) is reliably given by
the absolute entropy of the proton, 26.0 eu.’® Thus, at 298 K,
AH,44(CHCl3) = 357.6 & 2.0 keal/mol.

With the gas-phase acidity of CHClI, in hand, we can now derive
the heat of formation for CCl, from the CCl;™ bond dissociation

04 (217%3B°hme' D. K.; Lee-Ruff, E.; Young, L. B. J. Am. Chem. Soc. 1972,
(38) Barimess, J. E; Mclver, R. T, Jr. In Gas Phase Ion Chemistry;
Bowers, M. T., Ed.; Academic Press: New York, 1979; Vol. 2, Chapter 11.
(39) Chase, M. W, Jr., Davies, C. A., Downey, J. R,, Jr., Frurip, D. J.,
McDonald, R. A, Syverud, A. N., Eds. JANAF Thermochemical Tables, 3rd
ed.; J. Phys. Chem. Ref. Data, Suppl. 1988, 14.
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Table ITII. Total Energies (au) for Ions and Molecules Related to
Carbene Thermochemistry

-E1or(MP3/ -E1or(MP4SDTQ/
6-31+G(d)// 6-311G(2d)//
species 6-31+G(d)) ZPE‘  6-311G(2d))  ZPE®
A, CF, C, 237.129104 432 237332315 4.38
CFy C, 336820891 4.58
CHF, G, 337430714 143
CH,F, G, 238391923 202
F 99.613630
CHF G, 237.623773 129
1A, CCl, C, 957.121692 2.11  957.268844 2.05

CCly G, 1416848918 0.73
CHCl, G, 1417438139 11.2

CH,Cl, C, 958.411839 17.7
cr 459.682 380

CHCl,* G, 957.608194  10.0
IA,CH, C, 38993238 10.2 39.022449 100
CH, T,  40.349991 26.9

CH,s* Dy 39.362874  18.8

@ Zero-point energies in kcal/mol. All frequencies scaled by 0.9;
frequencies less than 500 cm™ ignored.

Table IV. Calculated Reaction Enthalpies® for CX,, CX;y, CHX,*,
and CHX,*

carbene, AH g3, AH, g4 AH g, APA
CX, (eq 11) (eq 12) (eq 13) (eq 14)

'A, CF, 50.2 374.5 58.2 -30.5

1A, CCl, 30.9 360.7 40.7 0.15

9 All data in kcal/mol; see text for discussion of theoretical levels
and defining equations.

enthalpy and eq 10 using AH,(HCI) = 3334 + 0.2,1°
AH®;205(CHCLy) = -25.0 & 0.5,% and AH®;,0(HCl) = -22.1
% 0.1 kcal/mol2 (Table I). The final value is AH®;,45(*A CCl,,
g) = 52.1 £ 3.4 kcal/mol, with the quoted uncertainty representing
the square root of the sum of squares of the component uncertainty
intervals. From this value for AH{CCl,) and the literature value
for the heat of formation of Cl,C=CCl, (~2.1 % 1.2 kcal/mol),*
we derive a total C=C bond energy in C,Cl; (DH,4[Cl,C==C-
Cl,]) of 106.3 = 4.9 kcal/mol.

Computational Results, In order to obtain a theoretical per-
spective for our experimental results, we have carried out ab initio
MO calculations on a series of ions and neutral compounds related
to the thermochemistry for CF, and CCl,. Total energies for the
optimized geometries of the various species are listed in Table I11.
The energetics for selected reactions have been computed from
the differences in total energies and corrected to AHqq in order
to make direct comparisons with experimental data; these data
are summarized in Table IV. AHy, is the enthalpy of halide
dissociation from CX;" to the singlet carbene (eq 11), and AH, 4

AH gy

CX;'—’ lAl CXZ+ X' (]l)
Al
CHX3 _ CXJ— + H+ (]2)

is the computed gas-phase acidity of the corresponding neutral
haloform molecule (eq 12). A theoretical estimate of the heats
of formation for the dihalocarbenes can be derived from the singlet
carbene stabilization energy, A, which is given by the com-
puted enthalpy of the isodesmic reaction shown in eq 13.9 For

AH,
IA, CX; + CH, — A, CH, + CH,X,  (13)

CF, and CCl,, stabilization energies of 58.2 and 40.7 kcal/mol,
respectively, are calculated at the MP3/6-314+G(d)//6-31+G(d)
level of theory. By combining the computed stabilization en-
thalpies with the experimental heats of formation for !A; CH,,
CH,, and CH,X,,''% we calculate heats of formation for 'A, CF,

(40) (a) Rondan, N. G.; Houk, K. N.; Moss, R. A. J. Am. Chem. Soc.
1980, /02, 1770. (b) Baird, N. C.; Taylor, K. F. J. Am. Chem. Soc. 1978,
100, 1333.
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and 'A; CCl, of -46.4 and 56.2 kcal/mol, respectively.
Because much of the earlier thermochemical data for CF, and
CCl, is based on measurements of their gas-phase proton affin-
ities,'?1% we have calculated PA(CF,) and PA(CCI,) relative to
PA(CH,) (eq 14) at the MP4SDTQ/6-311G(2d)//6-311G(2d)

CHX,* + 1A CH, 2 1A, CX, + CH;*  (14)

level of theory, corrected to AH,g5.*' For CF,, APA is calculated
to be ~30.5 kcal/mol, while for CCl, a value of 0.15 kcal/mol
is obtained. Combining these differences with the absolute ex-
perimental proton affinity of 'A; CH, (206.3 % 0.8 kcal/mol)!°
gives PA(CF;) = 175.8 kcal/mol and PA(CCl,) = 206.5 kcal /mol.
It is worthwhile to note that the directly calculated value for
PA(CH,) at this level of theory (206.3 kcal/mol) is in excellent
agreement with the experimental value. The computed proton
affinities for CF, and CCl, can be combined with the experimental
heats of formation for CHF,* (143.4 £ 3.0 kcal/mol),*? CHCl,*
(212.0 % 3.0 keal/mol),*>43 and the proton (365.7 kcal/mol)!°
to yield heats of formation for CF, and CCl, of -46.5 and 52.9
kcal /mol, respectively.

Discussion

General Considerations. Unimolecular dissociation of a halide
ion from a-halocarbanions such as CF;™ or CCl;~ formally rep-
resents the second stage of a stepwise, base-catalyzed a-elimination
of HX from the corresponding haloform molecule. a-Eliminations
have been extensively studied in solution and are frequently used
to generate carbene intermediates in practical synthetic proce-
dures.3# In polar, protic media, or in the presence of strongly ion
pairing countercations, trihalomethyl carbanions and other «-
halocarbanions are often unstable with respect to halide disso-
ciation and formation of the corresponding carbene.* In the gas
phase, stable CX;™ ions are easily generated in abundance and
halide ion dissociation from them requires thermal or photo-
chemical activation.

Collision-induced halide ion dissociation from a trihalomethyl
anion has several desireable features for appearance energy
measurements and the derivation of thermochemical data. The
dissociation is a prototype direct-cleavage process involving
structurally simple reactants that produce stable products. The
reverse process, nucleophilic addition to a singlet carbene, has been
examined computationally for simple cases and has been shown
to proceed without a barrier.** Moreover, gas-phase flash pho-
tolysis studies of the reaction between !A; CH, and H,0 at 298
K give an overall reaction rate that is close to the gas-kinetic
limit.** For these reasons, we assume that halide ion loss from
CX,™ ions proceeds without any reverse activation energy.
Furthermore, the sharply rising halide ion appearance plots
(Figures | and 2) and normal dissociation cross sections (1-5 A2)
suggest that these are relatively efficient CID processes and do
not suffer from kinetic shifts.

For negative ion CID studies, competitive shifts* in the observed
dissociation onsets are possible from competing electron detach-
ment from the activated reactant ion. In the case of CCly™, the
electron binding energy (2.25  0.10 eV) derived from our CHCl,
acidity measurements* is significantly greater than the observed
CI- dissociation energy (1.31 eV), so collision-induced electron
loss is not competitive at threshold (cf. Figure 2). For CFy,

(41) For earlier calculations of carbene proton affinities, see: Hopkinson,
A. C,; Lien, M. H. Can. J. Chem. 1988, 63, 3582,

K (42{) L;)ssing, F. P. Bull. Soc. Chim. Belg. 1972, 81, 125. Corrected to 298

(ref 13).

(43) Werner, A. S.; Tsai, B. P.; Baer, T. J. Chem. Phys. 1974, 60, 3650.

(44) (a) Harding, L. B,; Schlegel, H. B.; Krishnan, R.; Pople, J. A. J. Phys.
Chem. 1980, 84, 3394. (b) Trinquier, G.; Malrieu, J. J. Am. Chem. Soc. 1979,
101, 7169.

(45) Hack, W.; Wagner, H. G.; Wilms, A. Ber. Bunsen-Ges. Phys. Chem.
1988, 92, 620.

(46) Lifshitz, C.; Long, F. A. J. Chem. Phys. 1964, 41, 2468.

(47) From EA(CCl;) = DH,[Cl,C-H] - AH,o(CHCl;) + IP(H),
DH,5[Cl;C-H] = 95.8 & 1.0 kcal/mol; Mendenhall, G. D.; Golden, D. M.;
Benson, S. W. J. Phys. Chem. 1973, 77, 2707. AH,y4(CHCl;) = 357.6 £ 2.0
kcal/mol, this work. IP(H) = 313.6 kcal/mol, ref 10.
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however, the electron binding energy EA(CF;) = 1.84 eV10is less
than our measured F~ dissociation energy of 2.4 eV (Figure 1)
s0, in principle, electron detachment can occur in competition with
F~ loss at threshold and this could result in a shift in the F-
appearance curve to higher collision energies. The smaller cross
sections observed for F~ dissociation from CF;™ (1 A2) compared
to CI- dissociation from CCl,™ (5 A2) and the difference between
the experimental dissociation energy and the calculated one (Table
IV) may indicate the occurrence of a small competitive shift in
the measured onset. However, we note that electron detachment
from CF;™ has been reported to be a relatively inefficient process
due to poor Franck—-Condon overlap between the carbanion and
radical surfaces. A 1.6-eV difference between the vertical and
adiabatic electron affinities of CF, was found from photode-
tachment studies in an ICR.#® If collision-induced detachment
from CF; is similarly slow, then a competitive shift in the F~
dissociation onset becomes less likely. Unfortunately, unambiguous
electron scavenging experiments that might clarify the role of
electron detachment during CID of CF;™ are not practical with
a triple quadrupole analyzer.

Comparison with Earlier Results. Lias, Karpas, and Liebman
(LKL) recently compiled the available thermochemical data for
fluoro- and chlorocarbenes and presented a critical evaluation of
these data for comparison with their own estimates obtained from
proton affinity bracketing in an ICR.!? Difluorocarbene has been
investigated by a variety of experimental methods over a period
of 25 years. Analysis of gas-phase thermal dissociation equilibria
in which CF, is involved leads to values for AH®,54('A; CF,)
of ca. -44 kcal/mol.**#®  Slightly lower values (=46 to ~47
kcal/mol) are obtained from combinations of the measured value
for IP(CF,) (11.42 & 0.01 eV)*® with CF,* appearance energy
measurements from various fluorocarbons.®® Berman et al.
recommend a value for AH®;,93(CF,) of —44.2 & 1.0 kcal/mol
on the basis of measurements of the photoionization onsets for
production of ions formed by loss of CF, from CF,=CFCF,,
¢-C;F, and C4H,CF3.52  Their measured value is close to the
weighted average (-43.8 = 2.0 kcal/mol) derived from a com-
pilation of several other measurements in the literature that were
adjusted for updated thermochemical data, From analysis of the
occurrence of reaction 15 with various reference bases in the gas

CHF,* + B — BH* + CF, (15)

phase, LKL assign a proton affinity to CF, of 173 % 1 kcal/mol,3
which is essentially the same as that obtained earlier from PA
bracketing in an ICR by Vogt and Beauchamp (172 £ 2 kcal/
mol).!5 The heat of formation of CHF,* has been determined
to be 143.4 £ 3.0 kcal/mol by its appearance potential from
CH,F,.#? Combining this with PA(CF,) leads to AH®;,03('A,
CF,) = —49 = 3 kcal/mol, as reported by LKL.!3

The present value for AH{CF,) of -39.4 & 3.4 kcal/mol is
nearly 10 kcal/mol higher than the LKL value but within the error
limits of the average value recommended by Berman et al.5 In
attempting to understand the discrepancy, it is important to
recognize that the present value and the LKL value are both
ultimately based on the same three types of experimental data:
an ion appearance measurement, a gas-phase acid-base mea-
surement, and a measured combustion enthalpy and heat of va-

(48) Richardson, J. H.; Stephenson, L. M.; Brauman, J. 1. Chem. Phys.
Lett. 1975, 30, 17.

(49) (a) Edwards, J. W.; Small, P. A. Ind. Eng. Chem. 1965, 4, 396. (b)
Modica, A. P.; LeGraff, J. E. J. Chem. Phys. 1966, 44, 3375. (c) Zmbov,
K. F.; Uy, O. M.; Margrave, J. L. J. Am. Chem. Soc. 1968, 90, 5090. (d)
Okafo, E. N.; Whittle, E. J. Chem. Soc., Faraday Trans. 1 1974, 70, 1366.
(e) Schug, K. P.; Wagner, H. G. Ber. Bunsen-Ges. Phys. Chem. 1978, 82,719.
(N Rodgers, A. S. In Fluorine-Containing Free Radicals: Kinetics and
Dynamics of Reactions; ACS Symposium Series 66; American Chemical
Society: Washington, DC, 1978; p 296.

(50) Dyke, J. M.; Golob, L.; Jonathan, N.; Morris, A.; Okuda, M. J.
Chem. Soc., Faraday Trans. 2 1974, 70, 1828.

(51) Ajello, J. M.; Huntress, W. T., Jr.; Rayermann, P. J. Chem. Phys.
1976, 64, 4746.

(52) Berman, D. W.; Bomse, D. S.; Beauchamp, J. L. Int. J. Mass Spec-
trom. Ion Phys. 1981, 39, 263.
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porization for a halogenated methane. If 49 kcal/mol is the true
value for AH{CF,), then either an F~ appearance energy of 2.04
eV (47 kcal/mol) would be required from our CF;~ CID exper-
iments or the reference acidity and/or heat of formation for CHF,
must be in error by about 10 kcal/mol. Alternatively, for our
value to be correct, either the bracketed PA(CF,) is too low by
ca. 10 kcal/mol or the reference data for CHF,* and/or CH,F,
are inaccurate.

The MO calculations provide only limited arbitration here. The
values for AH{CF,) obtained from the computed enthalpies for
isodesmic reaction 13 (-46.4 kcal/mol) and reaction 14 (-46.3
kcal/mol) are both nearly halfway between our measured value
and the LKL value. Carter and Goddard recommend a similar
value for AH®;,03(CF,, g) of =46.5 £ 1.6 kcal/mol on the basis
of correlation-consistent CI (CCCI) calculations of the 'A; CF,
dimerization energy combined with the experimental heat of
formation of C,F,.>* The computed F- dissociation enthalpy of
CF;™ (eq 11) at the MP3/6-31+G(d) level (50.2 kcal/mol) is also
nearly halfway between our measured value and that predicted
from the LKL value for AH{CF,). However, it is likely that the
total correlation energy contribution to this (nonisodesmic) reaction
energy is incompletely accounted for. It is significant that the
computed gas-phase acidity of CHF,, 374.5 kcal/mol, is 2.5
kcal/mol lower than the experimental value of 377.0 + 2.1
kecal/mol.193 Gas-phase acidities calculated with double-¢ quality
basis sets including zero-point energy and limited correlation
corrections (such as in the present case) are almost always higher
than the true values.’ Indeed, the calculated gas-phase acidity
of CHCl, (360.7 kcal /mol, Table IV) is 3.1 kcal/mol higher than
the experimental value determined in the present study. Thus,
it is entirely possible that the fluoroform acidity in the literature
is too high. A lower value for AH,s(CHF;) would lead to a lower
(more negative) heat of formation for CF, derived from our
measured F~ dissociation energy (eq 8). In view of the good
agreement among the theoretical values for AH(CF,), as well
as the possibilities for error in the fluoroform acidity and/or a
small competitive shift in our F~ appearance energy, we suggest
that -39.4 kcal/mol represents an accurate upper limit for
AH®;555(CF,, g), with the true value being closer to ~44 kcal /mol,
as recommended by Berman et al.

From their proton transfer bracketing experiments, LKL assign
the proton affinity of 'A; CCl, to be between that of n-C;H,CN
and C,H,CN, or 193 & 2 kcal/mol.?* The heat of formation of
CHCI,* is reported to be 212 & 2 kcal/mol from its appearance
energy from CHCI,.“24 Combining this with PA(CCI,) led LKL
to assign an absolute heat of formation to 'A; CCl, of 39 £ 3
kcal/mol. It was noted by these investigators that their proton
affinity and heat of formation for CCl, differed significantly from
the values derived earlier from PA bracketing by Levi et al.
(PA(CCl,) = 209.6 = 2.0 kcal/mol, AH{(CCly) = 56 £ 2
kcal/mol).5® They argued that the earlier measurements were
complicated by the occurrence of fast, competing side reactions
of CHCI,* with the reference bases that obscured the thermo-
chemical threshold for proton transfer. Ironically, in the same
year as the LKL investigation, a photoionization study of CF,CCl,
and CCl, appeared in which the heat of formation and adiabatic
ionization potential for 'A; CCl, were determined.® The derived
value for AH®(,45(*A CCl,) of 54.9 £ 2.0 kcal/mol is in excellent
agreement with earlier ICR measurements criticized by LKL. It
is noteworthy that these investigators chose to use a value for
AH{CF,) of —43.5 £ 1.5 kcal/mol in deriving the heat of for-
mation of CCl, from the measured CCl,* appearance energy.

Cheng and Grabowski reported a redetermination of AH{CCl,)
based on measurements of the gas-phase acidity of the di-

407(753) Carter, E. A.; Goddard, W. A., I11. J. Am. Chem. Soc. 1988, 110,

(5'4) Siggel, M. R. F,; Thomas, T. D.; Saethre, L. J. Am. Chem. Soc. 1988,
110, 91 and references therein.
845(25) Levi, B. A,; Taft, R. W.; Hehre, W. T. J. Am. Chem. Soc. 1977, 99,
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chloromethyl radical, CHCI, (eq 16).” From their bracketed
acidity (AH,qq) of 362.4 £ 3.0 kcal/mol and auxilliary thermo-
chemical data for CHCI, and CCl,, they assign the heat of for-
mation of 'A,; CCl, to be 57.2 £ 4.0 kcal/mol.

The calculated heats of formation for CCl, derived from the
ab initio results for reaction 13 (56.2 kcal/mol) and reaction 14
(52.9 kcal/mol), as well as the computed CI binding energy of
CCl;™ (30.9 kcal/mol), are all in good agreement with the ex-
perimental results. The computed gas-phase acidity for CHCI,
is slightly high, as expected. The calculated difference in acidities
between CHCI, and CHF,, which should be more reliably esti-
mated from the ab initio calculations,* is 13.8 kcal/mol, compared
to the experimental difference of 19.4 kcal/mol. This again
suggests that the literature value for AH,.q(CHF,) is probably
too high.

In view of the good general agreement among the values for
AH{CC],) derived from such diverse experimental approaches
as CCl, photoionization (54.9 2.0 kcal/mol),’¢ CHCI, acidity
bracketing (57.2 £ 4.0 kcal/mol),” CCl, proton affinity bracketing
(56 £ 2 keal/mol),** and CCl;~ collision-induced dissociation (52.1
+ 3.4 kcal/mol), it seems likely that the LKL value (39 £ 3
kcal/mol) is in error. Qur ab initio calculations suggest that the
proton affinity of A, CCl, is close to 207 kcal/mol—some 13
kcal/mol higher than that obtained by the LKL. Possible sources
of error in the PA bracketing experiments include residual vi-
brational or translational excitation in the CHCl,* reactant ion
that could lead to a lower apparent basicity for CCl, and/or the
occurence of fast secondary reactions or reactions with impurity
ions in the ICR that leads to protonation of reference bases with
proton affinities below 207 kcal/mol.

Carbon—Carbon Bond Strengths in C,F, and C,Cl,. Discrep-
ancies among any measured or calculated values for AH{(CX;)
are amplified by a factor of 2 in comparing the corresponding
derived values for DH,g5[X,C=CX,]. Using AH{CF,) =-39.4
+ 3.4 kcal/mol from our CID measurements, we obtain D-
Hyg4[F,C==CF,] = 79.1 £ 3.8 kcal/mol. This bond strength is
in fair agreement with the equilibrium CFy=CF, bond dissociation
enthalpy of 76.3 £ 3.0 kcal/mol obtained by Margrave and co-
workers from Knudsen cell experiments at 1200 K** but is sig-
nificantly higher than the value of 64.5 % 2.5 calculated by Carter
and Goddard.5® The higher value derived from our CID results
probably represents a reliable upper limit, for the reasons cited
earlier. Using the recommended value for AH{CF,) of ~44
kcal/mol, we obtain DH e[ F,C=CF,] = 70 kcal/mol—a value
halfway between the thermal equilibrium value* and the value
calculated by Carter and Goddard.*’

The carbon—carbon bond enthalpy in Cl,C==CCl, (106.3 £ 4.9
kcal/mol) derived from our CID threshold results is ca. 14
kcal/mol lower than the bond energy predicted by Carter and
Goddard (120.4 & 2.1 kcal/mol) on the basis of CCCI calculations
of the singlet-triplet energy gap in CCl, (AEgr = 25.9 kcal /mol)®
and a presumed relationship between double bond strengths and
carbene singlet—triplet splittings (eq 17).® Here, the premise

DHy44[X,C==CX;] = DH,44[H,C=CH,] - 2AEs1(CX;) )
(17

is that the C=C bond energy in a halogenated olefin is weakened
relative to the C=C bond in ethylene (DH,5[H,C=CH,] = 172.2
% 2.1 kecal/mol) by an amount equal to the promotion energy AEgy
required to prepare the halocarbene fragments in their triplet
bonding state. Subsequent calculations by Shin et al.®° using an
improved computational method (DCCI) yield a lower value for
AEgr(CCl,) of 20.9 kcal/mol and a correspondingly higher value
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for DH 5[ C1,C=CCl,] of 130.4 kcal/mol. From this bond energy
and the experimental heat of formation for C,Cl,, the heat of
formation of 'A; CCl, is predicted to be 64.2 kcal/mol—a value
that is well outside the error limits on any of the experimentally
determined values. Similarly, if one uses the present value for
DH 5[ CI,C=CCl,] (106.3 & 4.9 kcal/mol) in conjunction with
eq 17, then a singlet~triplet splitting of 33.0 kcal/mol is predicted
for CCl,—a result that is well outside the probable error in the
DCCI calculations.!¥®3® We therefore conclude that the rela-
tionship described by eq 17, while certainly having qualitative
utility, is of limited use for reliable absolute predictions of C=C
bond energies and carbene singlet-triplet energy gaps, at least
for the dihalocarbene systems examined here.

Grev, Schaefer, and Baines recently described an alternative
analysis of the C=C bond energies in haloethylenes and related
organometallic compounds in terms of the “divalent-state stabi-
lization energy” (DSSE) of the component carbene fragments.®!
The DSSE, originally defined by Walsh for binary SiX, com-
pounds,$? is simply the difference between the first and second
C-X bond energies in a CX, molecule, i.e., DSSE = D[X,C-X]
- D[X,C-X]. These parameters were shown by Grev et al. to
correlate with the strengths of double bonds in substituted alkenes,
disilenes, and digermenes, although for systems with electroneg-
ative substituents the quantitative accuracy of the correlations
was relatively poor. However, an advantage of DSSE values is
that, unlike the Carter and Goddard model, they are independent
of the ground-state multiplicity of the carbene fragments. From
a consideration of the DSSE values for SiH,, SiHCI and SiCl,
derived from the sequential dissociation energies of various
SiH,Cl,, compounds, Grev et al. concluded that the DSSE is a
function of the silylenes only; i.e., it is essentially independent of
the tetravalent silane from which it is derived. From the heats
of formation for CF, and CCl, obtained in the present study, we
can derive DSSE values for these carbenes and evaluate the
proposed independence of DSSE on the precursor. While DSSE
is formally defined in terms of bond dissociation energies at 0 K,
the errors imposed by using 298 K heats of formation are minor
compared to the absolute experimental uncertainties. The first
C-X bond energies in CF, and CCl, are known to be 130 £ 2
and 71 £ 2 kcal/mol, respectively.!® The second C~X bond
energies determined from the heats of formation for CF,, CCl,,
and the corresponding trihalomethyl radicals (Table I) are
DH,45[F,C=F] = 92 & 4 and DH,44[C1,C~Cl] = 63 % 4 kcal/mol,
from which we calculate DSSE values for CF, and CCl, of 38
% 4 and 8 % 4 kcal/mol, respectively. Similarly, the first C-H
bond energies in CH,F, and CH,Cl, are 103 & 1 and 97 £ |
kcal/mol,'® while the second C~H bond energies are 70 % 4 and
82 % 4 kcal/mol, respectively (Table I). Thus, from CH,X,
precursors, the DSSE’s are 33 % 4 kcal/mol for CF, and 15 £
4 kcal/mol for CCl,. Within error, the DSSE values for each
carbene derived from the two different precursors are the same,
although just barely so for CCl,. We note, however, that the first
C-Cl and C-H bond energies in CCl, and CH,Cl, need only
change by 1-2 kcal/mol in order to make the two CCl, DSSE’s
identical. Therefore, this limited data set further supports the
notion that DSSE depends only on the divalent species being
considered.

Conclusions

We have described here a new experimental strategy for ob-
taining thermochemical information for gas-phase halocarbenes
and an application of this approach to the determination of heats
of formation for 'A; CF, and 'A; CCl,. Analysis of the threshold
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dissociation behavior of collisionally activated trihalomethyl anions
in a flowing afterglow~triple quadrupole apparatus yields accurate
limiting values for the carbon—halide bond dissociation enthalpies,
DH,5[CX;~X"]. These bond dissociation enthalpies can be
combined with known or measurable heats of formation for CX;~
and X~ ions to yield heats of formation for the corresponding
singlet dihalocarbenes. The derived value for CF, of ~39.4 + 3.4
kcal/mol is slightly higther than the recommended value of —44
kcal/mol. We suggest that the observed dissociation onset for
CF;™ could be slightly shifted to higher collision energy due to
competing electron detachment from this ion at threshold. Also,
potential inaccuracies in the gas-phase acidity of CHF, that was
used to derive AH{CF,) are suggested by our molecular orbital
calculations. The value for AH{CCl,) of 52.1 % 3.4 kcal/mol
obtained in the present study is in good agreement with recent
measurements by different techniques in other laboratories>5—’
but significantly higher than the value of 39 £ 3 kcal/mol rec-
ommended by Lias, Karpas, and Liebman on the basis of proton
transfer bracketing experiments with CHCl,* in an ICR. The
origin of the discrepancy is traced to a misassignment of the proton
affinity of CCl,. High-level ab initio MO calculations suggest
a value for PA(CCl,) of 207 kcal/mol, which leads to a heat of
formation for CCl, in good agreement with the present experi-
mental results.

The experimental thermochemistry for CF, and CCl, has been
used to evaluate the Carter and Goddard proposal concerning the
quanitative relationship between C=C bond energies and triplet
excitation energies of singlet carbenes (eq 17).%%%° It is shown
that while fair agreement is obtained between the actual and
predicted value for DH,g5[ F,C=CF,],> the predicted C=C bond
enthalpy for Cl,C==CCl, based on the current best estimate for
AEgr(CCl,) = 20.9 kcal/mol® is well outside the range of ex-
perimentally determined values. Similarly, the recommended value
for DH 4[C1,C==CCl,] of 106.3 & 4.9 kcal/mol leads to a pre-
dicted singlet-triplet splitting for CCl, that is inconsistent with
the accurately calulated value. The simple relationship shown
in eq 17 should therefore be applied with caution.

The CID threshold technique described here should be ap-
plicable to other carbenes. In surveying the scope and limitations
of this method, we have found that cyclic and acyclic a-halo-
carbanions bearing a wide variety of different substituents can
be formed in the gas phase using standard negative ion synthesis
procedures. Moreover, halide ion dissociation from these species
appears to be a general and kinetically facile decomposition
pathway. We have discussed the potential complicating effects
on CID threshold measurements of electron detachment from the
collisionally activated halocarbanions. For this reason, dissocia-
tions involving a-fluorocarbanions are anticipated to be proble-
matic since the carbene-halide ion binding energies are maximal
for fluoride,5 but the electron affinities of fluorinated radicals
are comparatively low.1 a-Chlorocarbanions probably provide
the best compromise here. It should also be noted that while
dissociation to the singlet carbene is the spin-conserving process,
the halide ion appearance curves reflect the lowest energy, ki-
netically accessible decomposition route. a-Halocarbanions that
produce carbenes with triplet ground states may well dissociate
with collision energies less than that of the singlet carbene as-
ymptote if the intersystem crossing rate is competitive with the
rate of unimolecular decomposition at threshold. We are presently
examining the dissociation behavior of simple monohalomethyl
anions, CH,X", X = Cl, Br, I, in order to address this issue.
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