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Gas Phase §2 Reactions of Halide lons with Trifluoromethyl Halides: Front- and
Back-Side Attack »s. Complex Formation'
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Density functional theory computations and pulsed-ionization high-pressure mass spectrometry experiments
have been used to explore the potential energy surfaces for gas-pl2assa&tions between halide ions and
trifluoromethyl halides, X + CRY — Y~ + CRX. Structures of neutrals, iermolecule complexes, and
transition states show the possibility of two mechanisms: back- and front-side attack. From pulsed-ionization
high-pressure mass spectrometry, enthalpy and entropy changes for the equilibrium clustering reactions for
the formation of Ct(BrCFs) (—16.54- 0.2 kcal mott and—24.54- 1 cal mol! K1), CI-(ICF;) (—23.6+

0.2 kcal mot?), and Br(BrCFs) (—13.94 0.2 kcal mot! and—22.24+ 1 cal molt K™1) have been deter-

mined. These are in good to excellent agreement with computations at the B3LY P& Rdf)//B3LYP/
6-311+G(d) level of theory. It is shown that complex formation takes place by a front-side attack complex,
while the lowest energys2 reaction proceeds through a back-side attack transition state. This latter mechanism
involves a potential energy profile which closely resembles a condensed piaseastion energy profile.

It is also shown that the Cl+ CRBr — Br~ + CRCI Sy2 reaction can be interpreted using Marcus theory,

in which case the reaction is described as being initiated by electron transfer. A potential energy surface at
the B3LYP/6-31%#G(d) level of theory confirms that the'H CRBr — Br~ + CF, Sy2 reaction proceeds
through a Walden inversion transition state.

Introduction X—R-Y]

Bimolecular nucleophilic displacement\(& reactions in the
gas phase between halide ions and halomethanes, eq 1, have
been studied extensively for over three decades, both experi-
mentally'=25 and theoretically, using electronic structtfre’
and trajector§?—%° computations.

X~ 4 CHY — XCH,+ Y~ (1)

Energy

In the condensed phase, this type of reaction had already X + RY
received substantial attention from the 1930s onward, initially
by Ingold and co-worker& and followed by many otherd. 73
The Sy2 acronym comes from the fact that the rate of reaction
is first-order both in the nucleophile and substrate concentrations,
[X~]and [CH:Y], respectively, eq 2, making the overall reaction
second order.

Reaction Coordinate

Figure 1. Hypothetical potential energy surface for a condensed phase
S\2 reaction.

rate= K[X ][CH,Y] (2)
computations have shown that in the gas-phag2 ®ac-

In Figure 1, a typical schematic potential energy profile is tions proceed through a double-well potenfiauch as that
shown for an exothermic, condensed phasg Seaction. shown in Figure 2. A large variety of rates and reaction
Because of the high central barrier of 430 kcal mot?, efficiencies have been observed and these are mainly due
most reactions proceed very slowly. This is mainly caused by to variations in the central barrier height relative to the re-
strong solvation effects, which mask the intrinsic reactivity actants.
of the species involved. By performingy3 reactions in the The gas-phasex@ reaction is thus proposed to proceed by
gas phase, information on intrinsic energetics, dynamics, andyree consecutive, elementary processes: (i) formation of an
kinetics can be obtained, thereby exposing the role of the sol- gnrance channel iermolecule complex from the reactants, eq
vent in condensed phase reactions. Many experiments ands. (ji) conversion of the entrance channel4amolecule complex

" Part of the special issue “William Hase Festschrift’. to the exit channel ionmolecule complex through a transition

* Corresponding author. Telephone: (519) 888-4591. Fax: (519) 746- State, eq 4; (iii) dissociation of the exit channel {amolecule
0435. E-mail: mcmahon@Uwaterloo.ca. complex into the products, eq 5.
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I, (CHgly) + hw — 1" + CHy' + 1, 9)

X+ RY — |7 (CH,B,) + hv — Brl~* + CH,Br’ (10)

Ervin and co-workers have also investigated égahd eq
777 using guided ion beam tandem mass spectrometry tech-
niques, (GIB-MS/MS) and observed a process that closely
resembled the results of Barlow et’&in the case of the former
reaction. However rigorous statistical modeling indicated that
the observed reaction proceeded via back-side attack. In addition,
formation of Ch~* was observed at a center of mass kinetic
energy,Ecm, of 4.3+ 0.4 eV (994 9 kcal mol?), eq 11.

Energy

Y(RX)

Reaction Coordinate 87cI” + CH.*cl— *cP’Cl ™ + CH," (11)
Figure 2. Hypothetical double minimum potential energy surface for
a gas-phasen2 reaction. In a subsequent study of the reaction between fluoride ion and
methyl chloride, both proton abstraction and formation of #CI
were observed at higher center-of-mass kinetic energies,of F
in addition to the §2 reaction, eqs 1214 252|n their examina-
tion of eq 777 they were able to show that this reaction behaves

X~ + CH,Y = X (CH,Y) ©)
X(CHpY) == [X+=:CHg-Y] F =Y (CHX) (4)
Y7(CHyX) = Y~ + CHyX ) F~ + CH,Cl—CI” + CH,F (12)
The transition state is represented by [X&H*, indicating P+ CHCI— CH,Cl + HF (13)

synchronous shortening and lengthening of theC<and C-Y F~ 4+ CH.Cl— FCI™* + CH. (14)
bonds, respectively. Under thermal, low-pressure conditigy®s, S 3 3

reactions are initiated via the so-called back-side attack mech-gatistically at thermal energies, in contrast to earlier suggestions
anism as indicated by eq 3. ) i _ that this reaction might behave nonstatisticadfijradom and
From many experiments and trajectory computations, it co.\orkers have shown that at the GJ(level of theory the
has been shown that the energy redistribution in the en- 5 side attack transition state [CIgEY]~*, is 2.7 kcal mot?
trance channel ionmolecule complex may be nonstatisti- | ; Bt ' ;
o . ; gher in energy than the reactaftsn good agreement with
13,15,16,49,5254,56,60,63,7478 . . . .
cal. o This is ascribed as being due 0 gyperimental results, while the front-side attack transition state,
the short lifetime of the nascent complex and the poor energy [CHACl,] *, is 46.3 kcal mot? higher in energy? Interestingly,
transfer between the intermolecular and intramolecular vibra- 4,0 [CHCI,]* front-side attack transition state was formed from
tional mor_JIes of the complex. As a consequence of this, it had e pack-side attack complex, Q@CHsCl), rather than from the
been conjectured th‘;‘t the neutral &product could then be  ont.side attack complex, GICICHs), since this latter complex
vibrationally excited: - _was not located as a stable minimum. In contrast, stable minima
Barlow et al. studied the rate coefficient for eq 6 as a function |\ are [ocated for the BBrCHs) and (ICH3) front-side attack
_of the kinetic energy of’Cl~ using a flowing afterglow-selected _complexes at the G2()(ECP) level of theory® The binding
ion flow tube (FA-SIFT) apparatus, and observed an exponential gnergies for these two complexes are however much lower than
increase in the rate constant with increasing ion energy from \noce for the back-side attack complexes; (BHBr) and

0410 2.0 eV’ |~(CHeal), with values of 1.7 kcal mott vs 9.8 kcal mot? and
— 3 35 i 37 4.6 kcal mof! vs 8.6 kcal mot?, respectively.
Cl" + CH;7CI—"Cl + CH;"'Cl (6) Halide ion—halogen interactions are not unknown in chem-

istry, with, for example, the gas-phase trihalide anions, X
This result was explained by assuming the occurrence of a=F, Cl, Br, |), existing as hypervalent species with true covalent
higher energy mechanism with a [§FCIS’CI]* transition state, ~ bonds.8 Recently the bond dissociation energies were deter-
in which the two chlorine atoms are equivalent. The possibility mined for these four species with values of 2352.5 kcal
of such a front-side attack mechanism has been examinedmol-! for F3~,84 23.6+ 1.2 kcal mot? for Cls—, 830.3+ 1.7

experimentally by Johnson and co-work&r8%-83 and Ervin kcal mol? for Brg—,85 and 30.1+ 1.4 kcal mot? for 15~ 86
and co-workers? and theoretically by the groups of Raddfn,  having been obtained. Recent photodissociation experiments and
Hase38 and Zieglert DFT computations on BriCland BrIBr- also reveal interesting
Cyr et al® observed, besides formation of displacement dynamics and chemistry for these novel spedies.
reaction products, formation of CIBrand b~ for eqs 7 and 8 In view of the above findings, it would seem reasonable to

at elevated center-of-mass kinetic energies of the nucleoffiles. assume that by replacing the giith a CF; group it may be
Johnson and co-workers further observed a higher energypossible to render front-side attack more energetically accessible,
identity reaction in which case it might become the main mechanism for the
Sn2 reaction. The electronic repulsion between the nucleophile
ClI" + CH;Br—CIBr " + CH’ ) and the electronegative fluorine atoms would also logically
impede back-side attack from taking place. There are only a
"+ CHgl — I, "+ CHJ’ (8) relatively small number of articles published concerning-ion
molecule reactions between halide ions (and other anions) and
channel for §~(CHslp) and formation of Bri* from 17 (CH,Bry) trifluoromethyl halides. Hop and McMahon studied the endo-
upon photoexcitation, eqs 9 and ¥ 83 thermic 2 reaction between bromide ion and dichlorodifluo-
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romethane using Fourier transform ion cyclotron resonance though replacing the Cfgroup by a Cggroup appears to favor
(FT-ICR) threshold collision induced dissociation measurements, formation of a front-side attack complex, it cannot be ruled out

eq 1588 a priori that back-side attack is not possible, or even still more
favorable for an §2 reaction, as was suggested by Morris and
Br + CECl,— CI" + CF,CIBr (15) Viggiano

In the present work the thermochemistry for the equilibrium
By following the abundance of the chloride ion as a function clustering reactions of chloride and bromide ions onto trifluoro-
of the center-of-mass kinetic energy of the bromide ion, the methyl bromide and iodide, eqs 223, have been studied by
threshold energy was obtained after analyzing the data usingpulsed ionization high-pressure mass spectrometry (PHPMS).

the empirical threshold model developed originally by Armen- |n addition, high level DFT and ab initio computations have
trout and co-worker$® and a threshold value of 2148 1.2

kcal mol"! was obtained. In that work, it had been speculated - A~

that the reaction proceeded through a front-side attack mech- Cl" + CRBr=CI'(BrCFy (21)
anism, involving a pentacoordinate transition state{TBr] . Br -+ CF,Br = Br (BrCF,) (22)
Further it was conjectured that “the rapid and linear increase in 3

cross-section at energies slightly above the threshold suggests Cl” 4+ CF,l = CI(ICFy) (23)

nonstatistical behavior” and “a collision complex which is either
not bound or very weakly bound” was implicated.

Morris and Viggiano studied the reactions of oxide {xand
superoxide (@) anions, and halide ions (X with various

been performed to gain further insight into the structures of the
ion—molecule complexes and the transition states, and to
- . . . construct potential energy profiles for the front- and back-side
trifluoro methyl halides (C§X) using a variable temperature attack mechanisms, as well as other possible mechanisms. The

(VT) SIFT instrumenf® A wide variety of products was ; :
. ) . . quality of the calculated thermochemistry has also been evalu-
observed and the associated rate constants and reaction efficien:

cies were obtained. For these reactions between halide ions an@teql by the agreement with the limited experimental data
. . . : available to date.

trifluoro methyl halides, formation of adduct ions was observed,

egs 16 and 17, as well as formation of Band I, eq 18. In

general, the efficiencies for these reactions were quite low, Experimental Methods

- - _ All measurements were carried out on a pulsed-ionization
F 4+ CRX—F (XCFy) (X=ClBr.1) (16) high-pressure mass spectrometer (PHPMS), configured around
- v _ a VG 8-80 mass spectrometer. The instrument, constructed at
Xo 4 CRX =X (XCRy) (X =Cl, Br, ) (17) the University of Waterloo, has been described in detall
F +CFRX—X +CF, (X=Br,l) (18  Previously
Gas mixtures were prepared manometricallyai5 L heated
with the exception of eq 18, for X Br and I. In a subsequent ~ stainless steel reservoir at 370 K, using s the major gas
study, Morris and Viggiano investigated the latter two reactions at pressures of 766800 Torr. In cases where small partial
further as a function of temperature, kinetic energy, internal pressures of the GR reactant were required, manometric
temperature, and pressure using the VT-SIFT instruffent. dilutions of mixtures of known partial pressures were made by
Under all conditions, the association reaction was the major reducing the total pressure by a factor of-BD and then adding
reaction channel. From the results obtained, it was concludedmethane to a new, higher pressure. Chloride ion was generated
that these reactions proceed by two different, noncompeting from trace amounts of C¢by dissociative electron capture of
complexes and that the displacement reaction proceeds statistithermalized electrons from 50 to 506 pulses ba 2 keV
cally by the classical Walden inversion mechanism. electron gun beam. Bromide ion was efficiently generated by
In a further study using the SIFT apparatus, Morris et al. an S2 reaction between Clandn-butyl bromide, eq 24.
investigated the reactions between a large variety of anions, A
and the four trifluoro methyl halides (GK) at 300 K?2 CI™ 4+ CH,CH,CH,CH,Br — Br~ + CH,CH,CH,CH,CI
Nonreactivity and complex formation were observed, as well (24)
as reactions initiated by electron transfer, which in most cases
were fast and efficient.
Staneke et al. performed FT-ICR experiments between various
negative ions and fluorochloro- and fluorobromometh&a&sr
the reactions between Otand CECIl and CEBr no formation
of ClI= or Br- was observed. Formation of the adduct ion,
Br—(BrCFs), was observed, albeit from secondary reactions, eqs

The trifluoromethyl halides (GEl, CRBr or CRl) were
added to tB 5 L reservoir to give relative amounts between
0.1% and 1.6%, depending on the ion source temperature and
the nature of the experiment involved. The ion source pressure
and temperature ranged from 4 to 5.0 Torr and-3045 K,

19 and 20. respectiyely. . . |
Intensity vs time profiles of mass selected ions were
CFE;Br "+ CF,Br— CF; "+ CF;Br, (19) monitored using a PC-based multichannel scalar (MCS) data

acquisition system, configured typically at 1068 dwell time
CH,SHBr + CF,Br— CH,SH+ CF;Br,  (20) per channel over 250 channels. Additive accumulations of ion
signals from 2000 electron gun beam pulses were used.
Surprisingly, no thermochemical data for the formation of Examples of both raw data as well as normalized tiinéensity
the F(XCF3) and X (XCFs) complexes (X= Cl, Br, I) have profiles for eq 21 are shown in Figures 3 and 4, respectively.
been determined to date, either experimentally or computation-  Equilibrium constantsieg) at different absolute temperatures
ally. In addition, no data are available on the thermochemistry for the various halide ion-trifluoro methyl halide clustering
of the transition states for either back- or front-side attack. Even equilibria, eqs 2%+23 are determined from eq 25 where
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Figure 3. Experimental time-intensity profiles for the3*Cl~ +
CRBr = 35CI~("°BrCR) clustering equilibrium aPion source= 4.00
Torr, Tion source= 322 K, P(CH,) = 3.99 Torr,P(CFBr) = 0.01 Torr,
andP(CCly) < 0.01 Torr.
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Figure 4. Normalized time-intensity profiles for the data shown in
Figure 3.

_ InX (CFyY)]
X ]

PO

CF,;Y,source

- > (25)

INtX ~(YCR3)]/Int[X ] is the ion intensity ratio of the X(YCF3)
and X ions at equilibriumP* is the standard pressure (1 atm.),
and Pcry sourceiS the partial pressure (in atm) of the trifluoro-
methyl halide in the ion source.

From the equilibrium constants the standard Gibbs’ free
energy changeg\G, at different absolute temperaturds,can
be calculated from eq 26. By combining eqs 26 and 27 the van't
Hoff equation, eq 28, can be obtained and from a plot of
In(Keg) Vs LIT, bothAH and ASfor the clustering reaction can
be obtained from the slope and intercept, respectively.

AG=—RTInK, (26)

AG = AH — TAS 27)
_AS AH1

In(Keq) = E - ?T (28)

Equilibrium constants were calculated for various isotope
pairs, e.g.3CI=/35CI~("*BrCFs) and 35CI=/35CI~(81BrCFs) or
79Br=/7Br—("BrCFs) and"°Br~/"Br—(8!BrCFs). The observed
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of CR81Br. In addition, it must be recognized that timéz value
corresponding t8°CI~(81BrCF) also contains th&’Cl~("°BrCk)
isotope pair, and an appropriate correction was made.
Trifluoromethyl bromide and iodide were obtained from SCM
Specialty Chemical Inc., methane was obtained from Praxair
Ltd., carbon tetrachloride was obtained from J. T. Baker
Chemical Co., and-butyl bromide was obtained from Aldrich.
All chemicals were used as received without further purification.

Computational Methods

All computations were performed using ti&aussian 92°
and Gaussian 9% suites of programs. Geometries were
optimized using the BSLYP meth&&8 in combination with
the 6-318-G(d) (@) basis set for C, F, Cl, and Bf;1%and the
LanL2DZ (pb) basis set for I Normal mode vibrational
frequencies and natural population analysis (NPA) charges were
calculated at the same level of thedP§.Single point energy
computations were performed on the B3LYP level of theory in
combination with the 6-314G(3df) (c) basis sét3 1% on the
B3LYP/a geometries. For some of the smaller systems inves-
tigated computations were performed using the MP2(full)
method®” in combination with basis setfor C, F, Cl, and Br,
and modified LanL2DZ basis sets for® indicated here as
LanL2DZ(spd) ¢) and LanL2DZ(spdf)€), or using the G3 and
G3(MP2) method$%°

For the formation of F(BrCFs), Cl~(BrCFs), and C(CFsBr)
relaxed potential energy surface scans were performed at the
B3LYP/alevel of theory with the F---Br, CI~++-Br, and Ct-:-C
distances, respectively, as adjustable parameters, and optimizing
all other bond distances, bond angles, and dihedral angles. An
additional relaxed potential energy surface scan for €l
CRCl through CH(CRsCI) to [CICRCI]~* was performed as
well.

Results and Discussion

1. Structures. The structures of G, CKBr, and CRl, as
calculated at the B3LYR/(CFRCI and CRBr) and B3LYP/p/
b] levels of theory, are summarized in Table 1, and compared
with the corresponding experimental data. As can be seen, the
agreement between theory and experirtiént'? is good to
excellent. Roszak et al. performed computations on the same
molecules at the MP2 level in combination with larger basis
sets, and the agreement between experiment and their results
was in general slightly better than that obtained Hét&he
only significant trend observed for the three molecules is the
elongation of the €X bond length in going from X= Cl to |,
which is mainly due to the increasing atomic size of the halide
and the associated weaker bond. TheFCbond lengths and
the X—C—F bond angles are remarkably constant for the three
molecules. At this level of theory, there is excellent agreement
for all three molecules with experimental dipole moments and
normal mode vibrational frequencies (see below). FosQTF
CRsBr, and CFRl dipole moments of 0.52, 0.66, and 1.08 D,
respectively, were calculated, while, experimentally, corre-
sponding values of 0.50, 0.65, and 1.05 D were determitfed.
Attachment of an electron into the LUMO of the trifluoromethyl
halides to form the corresponding radical anions causes some
significant structural changes. Elongation of theXCbond by
0.864 and 0.813 A for X= Cl and Br, respectively, is the most
noticeable feature, which raises the question of whether
X~(CFs") might not be a better description for the &F*

equilibrium constants obtained for these isotope pairs must alsospecies. In Figure 5, the B3LY#&étructure of CECI™* is shown.

be corrected for the fact that the partial pressure ofBCntro-
duced into the reservoir consists of 50% ofs®Br and 50%

The elongation of the €X bond can best be explained by the
fact that the LUMO is an antibonding-type orbital of a



1354 J. Phys. Chem. A, Vol. 110, No. 4, 2006 Bogdanov and McMahon

TABLE 1: Computational B3LYP/a (b for Y = 1) and Experimental Structural Data for CF 3Y and CF3Y~ (Y = CI, Br, I)
Species

R(C—X)2 R(C—F)? A(XX—C—F)
structure B3LYP4 experiment B3LYPH experiment B3LYPRL experiment
CRCI 1.773 1.751+ 0.008 1.333 1.328t 0.002 110.4 108.6+ 0.4¢
CRCI 2.640 1.362 112.5
CRBr 1.949 1.914+0.03 1.333 1.34+ 0.02 110.3 109.5+ 2.¢¢
CRBr— 2.762 1.363 112.3
CRl®¢ 2.162 2.135+ 0.030 1.336 1.340k 0.021 110.6 108.4+ 1.9

aln A. ®In deg.cB3LYP/[a/b.] 9 From ref 1102 From ref 111! From ref 112.

on the other hand, Xexperiences some electrostatic repulsion

from the three fluorine atoms in G¥, which each bear a partial

negative charge. This is most evident from the substantially
2640 A longer X ---C distances found in GI¥ complexes relative to
those in the analogous GWM complexes. The structural data in
Table 2 also show how the structural features in both the
X7(YCF3) and X (CRyY) complexes are different, not just
relative to each other but also relative to the isolatedYCH
general, the €Y bond in both the X(YCF;3) and X (CRY)
Figure 5. Optimized B3LYPa structure of CECI~". complexes is longer than that in &F with the former shorter

] than the latter. The sole exceptions to this trend are the ClI
'FI'ABLE 2 Copwputatlonal B3LYP/ag Structural Data for the and Br front-side attack complexes of @&l where the C-Cl
ront-Side (X~ (YCF3)) and Back-Side (X (CF3Y)) ; . . .

Complexes (X= F, Cl, Br; Y = CI, Br, I) bond length in the CfEI moiety is about 0.01 A shorter in
each case than that in gH itself. For the C-F bonds in
X~(YCFs3), a small increase in €F bond length is observed

structure R(C—Y)2 R(C—F)2 R(X™::+Y)2 R(X~+:C)2 A(Y—C—F)°

F(BrCk) 1997 1366  2.210 113.3 relative to CRY, while for X"(CF;Y) a small decrease takes
F(CRBr) 2.073  1.308 2.768 105.6 | The X+--YCE- dist in the X(YCF |
CF(CICR) 1761 1352 3.004 112.2 place. The 3 distances in the X 3) complexes
CI-(CRCl)  1.829 1.319 3.770 108.2 show a nonmonotonic trend. For=X Cl and Br, and constant
CI=(BrCFs) 1.974  1.356 2.875 1125 Y, R(X™+--Y) increases from X= CI to Br for all Y’s, as
g::g%zé‘?;rc) égég igéz ) 067 3.724 ﬂg-g expected due to the increasing ionic radius and the associated
CIH(CR° 2258 1317 3714 1081 more diffuse nature of the larger halide. For eithe=XCl or
Br(CICF) 1761  1.350 3.198 112.0 Br and Y= ClI, Br, and I,R(X~---Y) decreases as Y proceeds
Br-(CRCl) 1.820 1.321 4.103 108.6 from CI to Br, while it increases as Y goes from Br to I. This
E::E(B:fégg ;-ggi 12?3 3.047 4030 13;-‘3‘ is likely due to the competing effects of increasing halogen size
Br(ICFs) ¢ 5043 1359 3122 ) 1128 vs_mcreasmg dipole moment and_ polarizability. I_n the cases of
Br(CRl)c 2248  1.319 4.000 108.4 CI=(BrCR;) and Br(BrCF;) the interhalogen distances are

within 0.05 A of those in CIBT* or Br, ™, respectively. However
for CI~(CICFs) and Br (CICR) the interhalogen distances are
0.23 and 0.33 A longer, respectively than those ia"Cbr
CIBr—. For the X (CRY) complexes, different and more logical

In addition, small increases in the-& bond lengths and the ~ trends are observed. This can be ascribed simply as being the

X—C—F angle of around 0.03 A and 20respectively are  result of the competing effects of increasing bond strength in

observed. Unfortunately, no experimental results for the three the adduct, counterbalanced by the increasing size of the

CFX~* species are available. Compared to the analogous resultd'/0gen. In going from ¥= Cl to Br to I in all X"(CRY), the

obtained by Roszak et al. for @ and CREX~* (X = Cl, Br) R(X™-+C) simply decreases. Finally, in the"®YCFs) com-

the C—X bond lengths reported here are slightly longérpy ~ Plexes, the Y-C—F angles are larger than in ¥, while in

~0.03 A for CRX and by~0.06 A for CREX . the X*(C_FgY) complexes they are somewhat smaller. Similar
As noted above, complex formation between and CRY observations have been made for £&H X~(CHsX), and

can give rise to two possible iermolecule complexes arising X (XCHs) (X = Br, ) at the MP2(fc)/[6-3%G(d)/LanL2DZ-

from front-side and back-side attack, respectively, eqs 29 and (Spd)] level of theory?”3° For both X"(CH3zX) and X~ (XCHa)

aln A ®In deg ¢B3LYP/[a/b].

symmetry almost entirely localized on the-& bond and the
extra electron is almost entirely localized on the halogeh.3X.

30. small increases ilR(C—X) relative to CHX take place. For
R(C—H) a small decrease relative to @Kl takes place in
X~ + CF,Y = X (YCF,) (29) X~(CHgX), while a small increase takes place im(XCHa).
Last, in X (CH3X) a small decrease in the-XC—H angle takes
X~ + CRY =X (CRY) (30) place, while in X' (XCHs) the angles do not change perceptibly

relative to free CHX.

In Table 2, the essential features of the structures of the front-  For the back- and front-side attack mechanisms, separate
side and back-side attack complexes of#th CF;Br, and both transition states are also possible, indicated by [XGFf and
Cl~ and Br with CRsCI, CRBr, and CRl are summarized. In [CFsXY] #, respectively. In Table 3, the results for the four
each of the front-side attack complex species(¥CFs), X~ [XCF3Y] * transition states are summarized, while in Figure 6
interacts with the positive end of the dipole moment iek€F  the structures of [FCBr]~* and [CICRCI]~* are shown. It is
such that each species adopts a linear arrangement of the C, Ynoteworthy that the €:Br distances in [FCEBr]~* and
and X atoms. In the back-side attack complex specie€CRY), [CICF3Br]~* are shorter than that in [BrGBr]—* indicating early
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TABLE 3: Computational B3LYP/a Structural Data for the
[XCF3Y]~* Transition States (X, Y = F, Cl, Br)

structure  R(X-++C)® R(C-+-Y)2 R(C—F)2 A(X:*C—F)° A(F—C—F)°

[FCFsBr]—* 2.244 2.293 1.298 81.8 120.0
[CICFCII*  2.488 2.488 1.284 90.0 120.0
[CICFsBr]* 2536  2.630  1.283 89.1 120.0
[BrCFsBr]=*  2.667 2.667 1.283 90.0 120.0
aln A. b In deg.
@

Figure 6. (a) Optimized B3LYP4 structure of [FCEBr]~*. (b)
Optimized B3LYPa structure of [CICECI]~*.

TABLE 4: Computational B3LYP/a Structural Data for the
[CF3XY] ~* Transition States (X, Y = Cl, Br)

structure

[CFsCly) [CRCIBr]~ [CF3Brg]~
R(C-+-X)? 2.410 2.437 2.638
R(C--Y)a 2.410 2.618 2.646
R(X---Y)3 3.151 3.317 3.487
R(C—Fa)? 1.325 1.325 1.326
R(C—Fax)? 1.360 1.325 1.353
R(C—Fay)? 1.360 1.360 1.353
A(X+Cs+-Y)P 81.6 81.9 82.6
A(X++*C—Fa)P 97.6 95.3 97.3
A(Y ---C—Fa)P 97.6 100.2 97.6
A(X ++-C—Fgx)P 82.7 83.1 81.7
A(Y +--C—Fgy)P 82.7 81.1 81.2

aln A. b In deg.

transition states in the first two cases. Similarly, the-Cl
distance in [CICECI] ¥ is shorter than that in [CIGBr]~*. The

J. Phys. Chem. A, Vol. 110, No. 4, 2006355

Figure 8. Atom labeling in the [CEXY] ~* transition states.

TABLE 5: Computational B3LYP/a and MP2(full)/a (b for
1), and Experimental Structural Data for XY and XY —* (X,
Y =Cl, Br, I)

R(X—Y)a
structure B3LYP4 MP2(full)/a experiment
Cl, 2.053 2.024 1.988
Cly 2.755 2.650
ClBr 2.191 2.164
ClBr— 2.865 2.747
Br, 2.330 2.303 2.283
Bro 2.990 2.869
1P 2.710 2.692 2.666
Pl 3.381 3.282

a|n A. b LanL2DZ(spd).c From ref 115.

than in the [XCRY]~* transition states, with the -€F5 bond
length shorter than the €5 bond length. There are small
variations in the various bond angles, but these are sufficiently
small as to not influence the discussion here. Replacing one of

C—F distances in all cases are slightly shorter than in the the fluorine atoms by a chlorine atom produces some effect as

X~ (CRY) complexes. Compared to the-€L distance of 2.371
A in [CICHsCI] ™, as calculated at the B3LYP/6-31G(d,p)

seen from the [BrC{El]~* and [CRCI,Br]~* transition state
structures relative to [CIGBr]~* and [CRCIBr] ¥, respectively.

level of theory, the substitution of hydrogen atoms by fluorine In both structures there are increases in the)G C---Y,

atoms increases this distance by 0.117°A.

X-++Y, and C-F bond lengths. In [CFEI,Br]~—* the C—Cl bond

The [CRXY]* front-side attack transition states calculated length is longer than that in [BrGEl;]~* (1.777 and 1.705 A,

for this work show features similar to [GM2]~* obtained by
Glukhovtsev et al.3® The structural data for [GEI;] ¥
[CFsCIBr]—*, and [CRBr,]~* are shown in Table 4 based on

respectively). Compared to the structures of §CH]~* and
[CH3Br,]  at the MP2/6-33-G(d) and MP2/[6-3%G(d)/ECP]
level of theory3? respectively, the X-X distances are actually

the atom definitions given in Figure 7. As an example, the longer than in [CECl)]~* and [CRBry]~* from this work.

structure of [CECl,]~* is shown in Figure 8. For [GEl;]~*
the G--Cl distances are 0.078 A shorter than in [CKCH*,

Loosely bound e;ectrostatic complexes of;@Rd XY~ were
also searched for, but without success. All such structures

while in [CFsBr,]~* the G--Br distance is, on average, 0.025 attempted collapsed to one or the other of the front-side attack

A shorter relative to [BrCEBr]—*. The X-++Y distance increases
as expected from [GEl]~* to [CFzBry] ¥, but in all three

structures it is approximately 0.4®.50 A longer than in the
isolated XY * species. The €F distances are slightly longer

complexes.

Finally, in Table 5, a summary is given of the B3LP/
MP2(full)/a (d for X, Y =), for the XY and XY * species (X,
Y = Cl, Br, I). As expected there is an increase in the¥X
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18 - derived from the thermochemical data given in Tabl&%8Vith
16 4 the exception of the reactions involving radicals and/or radical
anions as products, in general the agreement is very good to

CHBrCFY excellent. It is interesting to note that the electron affinity (EA)

12 - : of CIBr has never been determined. In Table 9, the calculated

electron affinities (in eV) as well as the bond dissociation

energies (BDE) (in kcal mol) of the various species involved

8 1 Br(BrCF) in the different reactions have been summarized. Results from

6 - B3LYP, MP2, G3, and G3(MP2) calculations are given, as well

as corresponding experimental data. For the few systems

investigated, calculations at the G3 and G3(MP2) levels seem

2 - to perform very well. Except for the EA of GFand the BDE

0 . ‘ . . of CIBr, the B3LYP£//B3LYP/a method chosen performs less

250 275 3.00 3085 150 accurately than the MP2(fulf/computations. Use of different

- basis sets or use of composite methods such G2 or G3 may be
1000/T (k™) more accurate, but they also more computationally demanding

Figure _9. Van_’t_ H_off plots for the halide ion-trifluoro methyl halide and consequently more expensive.

clustering equilibria: X + CRBr == X7(BrCF) (X = Cl, Br). In Table 10, the calculated activation enthalpibl¥,gg, for

the front- and back-side attack mechanisms, eqs 33 and 34,

relative to the reactants are summarized, including the only

experimental result availabfé.

14

10 A

In(Kgq)

4

bond distance in going from XY and XY. In general, the
agreement between the MP2 results and experifieistcloser
than that for the B3LYP data, but the B3LYP values may still

be considered adequate to be used for the purposes of the X~ 4 CF,Y — [CF,XY] —* (33)
arguments made in the present discussion. 3 s
2. Experimental and Computational Thermochemistry. X~ + CF,Y — [XCF,Y] —# (34)

For the complex formation equilibria of the halide ion-

trifluoromethyl halides, eqs 29 and 30, no experimental ther-  hg suggestion of Morris and Viggiano, that eq 18 proceeds
mochemistry is available in the literature. In Figure 9, the tnrough the classical Walden inversion, a back-side attack
experimental van't Hoff plots for the formation of GBrCF;) mechanism, had already seemed to be a very reasonable
and Br(BrCFs) are shown. . , conclusion based on all of their observatiéh©n the other

A summary of the available experimental and computational pand, arguments that the three fluorine atoms might shield attack
thermochemistry is given in Table 6 for the formation of the ¢ the carbon also seem reasonable a priori. This assumption
various X'(YCF3) and X°(CFY) complexes. It can be seen  \yas seemingly supported by the fact that Staneke et al. failed
that the agreement between experimental and computationaky gpserve formation of Brfrom the reaction between OH
results is good to excellent. With the exceptions of the formation 5,4 CRBr.% Results from the present work confirm that the
of F(BrCFs), Br(ICFs), and perhaps C[CICF;), no other  ¢oncjusion of Morris and Viggiano was indeed correct, since
systems would be accessible experimentally due to the VerY AH*,g5 for [FCFsBr]~* is —6.3 kcal mot1. Ho and McMahon
small binding energies |nvol\£ed. For all back-side attack haq suggested that eq 15 could proceed through a front-side
complexes, X(CFsY), the AGyog” values are positive, so these  attack transition state [GEI,Br]~*88 Comparison of the transi-
complexes may only exist at very low temperatures. Measuring tjon, state energetics for front- (47.2 kcal mbland back-side
the experimental thermochemistry for the formation ofB¥CF) (24.6 kcal mot?) attack mechanisms relative to the experimental
would only be possible at temperatures h|gher than 500 K aqd threshold energy of 21.& 1.2 kcal mot?, shows clearly that
at these temperatures competition fr(_)m the displacement reactionis reaction also likely proceeds through a back-side attack
may well render the clustenng reaction unobservable. AH& mechanism. SincAG® for the formation of X (CFsY) is greater
value for eq 23 was determined from thé5° values at 432 than zero at room temperature, it is highly probable that the
and 446 K and the\S",0g value from the DFT computations. jifetime of any complex formed would be exceedingly short
With increasing ion source temperatgre, the total ion intensity 54 it would be likely that the reaction could only proceed via
dropped quickly and had completely disappeared at 460 K, most, so-called direct mechanism. This actually then more closely

probably due to plugging of the ion exit aperture by HI, or resemples the mechanism of a condensed phageegction,
possibly b, formed by electron radiolysis of GF The close

agreement between experiment and theory gives confidence that

the chosen level of theory is suitable for these kinds of systems. X~ + CRY —[XCF,Y] *—XCF,+Y~  (35)
In addition to nucleophilic displacement and complex forma-
tion, formation of XY and XY™ by Y* and Y abstraction, In Table 10, all transition states for back-side attack are lower

respectiyely, are glso possible processes that should be considy, energy than for the front-side attack mechanism. Unfortu-
ered while exploring the potential energy surfaces for eqs 31 pately it was not possible to test the computations by performing

and 32 in the reaction betweer and CRY. experiments similar to those of Hop and McMahon using
FT-ICR threshold measurements. Guided ion beam (GIB)
X"+ CRY —CF +XY (31) experiments such as those carried out by Ervin and co-workers
_ 3 on a number of more conventionah® systems would be
X"+ CRY — XY "+ CF; (32) extremely valuablé$ since that technique is much more suited

to the measurement of accurate cross sections and threshold
In Table 7, the computationaAH°,9g values for these energies. The higher energy transition statespOH —* might
additional possible reaction channels are summarized, as wellalso be accessed experimentally in such experiments. Close
as the experimental data where available. The latter values arenspection of the NPA charges (see below) indicates that it
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TABLE 6: Experimental PHPMS and Computational B3LYP/c//B3LYP/a Thermochemical Data for the Formation of

X~(YCF3) and X (CFzY) Complexes (X=F, Cl, Br; Y = ClI, Br, I)

AH®5g? AH° 2 AS 208 AS b
clustering equilibrium B3LYP/c//B3LYP/a PHPMS B3LYP/a PHPMS
F~ + CRBr=F (BrCky) —30.9 —24.8
F~ + CRBr=F (CRBr) —-8.2 —-22.1
Cl~ + CRCI = CI(CICFR) —-9.8 —-21.2
Cl~ + CRCl = CI (CRCI) —-2.3 -17.3
Cl~ + CRBr=CI*(BrCR) —-14.9 —16.5+0.2 —22.3 —245+1.0
Cl~ + CRBr=CI~(CRsBr) —2.4 —-17.8
Cl~ + CRsl = CI (ICF3)° —-21.5 —23.6+0.2 —-22.3
Cl~ + CRl == CI (CRl)°© —2.6 —-17.2
Br~ + CRCl = Br (CICF) —-8.0 —20.5
Br~ 4+ CRCl = Br (CRKCl) —-1.4 —-15.5
Br~ + CRBr=Br (BrCF) —-12.5 —13.94+0.2 —-21.8 —22.2+1.0
Br~ + CRBr=Br (CrBr) —-1.2 -15.7
Br~ + CRl == Br (ICF3)°¢ —-18.7 —-21.9
Br~ + Ckl = Br (Ckl)° —-1.7 -15.7

21n kcal molL. P In cal molt K=t ¢ B3LYP/[b/c]//B3LYP/[a/c].

TABLE 7: Computational B3LYP/c//B3LYP/a and

Experimental Thermochemical Data for the Reactions: X

+ CFsY — Y~ + CFgX, XY~ + CF5~, CFsY— + X, and
CFs + XY (X =F, Cl, Br; Y = Cl, Br)

reaction

AH%3982

AH® 2

B3LYPW/B3LYP/a experiment

In Figures 16-12, all computational B3LYR//B3LYP/a
AH®;95 and AH¥9g values for the various reactions are sum-
marized in schematic potential energy diagrams. Even though
the substitution of hydrogen atoms by fluorine atoms does not
reverse the order of back- and front-side attack mechanisms in
gas-phase & reactions, the difference between the two

F~ -+ CFBr— Br -+ CF, —59.6 —590.4 transition states has been reduced considerably. This is mainly

Cl~ + CRCl— CI- + CRCI 0.0 0.0 due to the large increase in theH*0g values for back-side

ClI" + CRCI—Cl,* + CR +45.2 +57.4 attack and a small decrease in thel,gg values for front-side

Cl~ + CRCl— CRCI— + CI* +67.6 NA attack.

ClI” + CRCI—~CR + Cl J_r69'6 J_r70'2 The relationship between kinetics and thermodynamics plays

Cl~ + CRBr — Br~ + CFRCl 10.8 10.5 . . : .

Cl- + CEBr— CIBr— + CEs# +33.7 NA an important role in chemistry. Marcus has derived an expres-

Cl~ + CFsBr— CRBr— + CI* +57.8 +63.2 sion, the Marcus equation, which originally related the activation

Cl~ + CRBr— CR~ + CIBr +58.1 +59.6 energy to the thermochemistry of electron-transfer reactions in

Br~ + CRCI—CI” + CRBr +10.8 +10.5 solution, eq 3616 Brauman and co-workefs~12° have subse-

Br” + CRCl— ClBr _,+ CFS, +44.4 NA quently shown that this relationship can be applied similarly to

Br~ 4+ CRCl — CFRCI™ + Br +64.8 NA T :

Br- + CRCl — CFy + CIBr +68.9 +70.1 transfer of other moieties in the gas-phase such as occurs in

Br- + CFsBr — Br- + CF:Br 0.0 0.0 the gas-phasend

Br-+ CRBr—Br, + CR +33.6 +43.3 5

Br~ + CRBr— CRBr— + Br* +54.9 +57.4 . + AE  (AE)

Br- + CRBr— CFR~ + Br, +58.5 +59.9 AE"=AEy+ =~ + ; (36)
16AE,

akcal mol. ® From ref 116.

TABLE 8: Experimental Standard Heats of Formation,
A¢H°, of Various Neutrals and (Radical) Anions

structure AfH® 2 structure AfH° 2

F +19.0 F —59.4

Cl +29.0 Ccr —54.4

Br +26.7 Br —50.94+0.2
I* +25.5 I~ —45.1

CFks —112.4 CR~ —154.7+ 4.4
Cl, 0.0 Ch —55.3+ 4.6
CIBr +3.5 CIBr NA

Br, +7.4 Br™ —-50.3

I +14.9 b~ —43.3+0.1
CK, —223.0 Chr™ NA

CRCl —169.2 CRCI— NA

CRsBr —155.1 CEBr— —176.3+ 4.6

an kcal mol™. b From ref 116.

closely resembles a [GFEXY ~*]* species. Monitoring the cross
section for formation of XY* as a function of the center-of-
mass kinetic energy of Xmight then give information on the
energy of [CEXY] ~* relative to the reactantsXand CRY. It

should be noted however that Ervin and co-workers report that

reaction. In Figure 13, a typical gas-phasg2Slouble well
potential energy diagram is shown indicating the definitions of
AE* andAE in eq 37.AE; can be determined from the Marcus
additivity postulate, eq 376

1
AEq=5(AEx + AEy) (37)

In eq 37AE;, andAE}, are the intrinsic kinetic contributions
to the activation energy for the identity gas-phag2 &actions,
egs 38 and 39.

X~ + CHX — X~ + CH,X (38)
Y™+ CHY — Y + CH,Y (39)

Brauman’s group has shown both experimentally and using
RRKM modeling that eq 36 applies to a large variety of
nonidentity gas-phasey3 reactions:117-120This was supported
theoretically by Wolfe et al. from ab initio computatiod;122
as well as by Shaik and Pro%s.

Despite the limited amount of data available, it is of interest

such experiments often yield excess thresholds due to angularto question if the high barrien® reactions described here might
momentum barriers and the inefficiency of collisional activation also follow eq 36. From the B3LYB/B3LYP/a computations

in promoting these reactioR%?¢

it can be determined that for the back-side attack mechanism,
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TABLE 9: Computational B3LYP/c//B3LYP/a, MP2/a, G3, and G3(MP2), and Experimental Electron Affinities and Bond
Dissociation Energies of Various (Radical) Neutrals and Radical Anions

AH°2983'b AHOa,b
reaction B3LYP¢//B3LYP/a MP2(full)/a G3 G3(MP2) experimertt

Clr+e —ClI- —3.68 —3.16 —-3.61 —3.67 —3.61
Cl,+e —Cly —2.84 —2.47 —2.45 —2.47 —2.40
ClBr+e —CIBr— —2.85 —2.46 NA
Brr+e —Br- —3.56 —3.13 —3.36
Br,+e —Br —2.87 —2.56 —2.55
lo+e — I —2.97 —2.53 —2.52
CR +e —CR -1.79 —-1.52 —1.83¢
CRCl+e — CRCI —0.75 —0.86 NA
CRBr+e — CRKBr— —1.18 —0.92
Cl,— 2CF +54.8 +42.1 +56.8 +57.5 +58.0
CIBr—ClI* + Br +52.6 +42.3 +52.2
Br, — 2Br +49.4 +41.3 +46.0
Cly;>—ClI-+CI +35.4 +26.0 +30.3 +29.7 +29.9
CIBr—*—CI~ +Br +33.4 +26.1 NA
ClBr*—Br +CI +36.2 +26.8 NA
Br,*—Br~ + Br* +33.5 +26.6 +26.1

aln eV. P In kcal mol™. ¢LanL2DZ(spd) basis set for .From ref 116

TABLE 10: Computational B3LYP/c//B3LYP/a
Thermochemistry for the Reactions: X + CFzY —
[XCF3Y]~* or [CF3XY] * (X = F, Cl, Br; Y = ClI, Br)

AH¥59¢2 for Ez2 for
reaction B3LYP/W/B3LYP/a  experiment
F~ + CRBr— [FCRBI]* -6.3
Cl~ + CRCI—[CICFCI * +20.7
Cl~ 4+ CRCI — [CFCly # +43.9
Cl- + CFsBr — [CICF3Br]~* +15.5
Cl~ 4+ CFRBr — [CFCIBr]~* +36.3
Br- + CFRCl — [BrCFsCl]* +26.2
Br~ + CRCl— [CFCIBr] ¥ +47.1
Br~ + CFsBr — [BrCFsBr] * +20.8
Br~ + CFsBr — [CF3sBr,]~* +39.9
Br~ + CF.Cl,— [BrCF,Cl;] ~* +24.6 +21.0+ 1.2
Br~ + CRCl, — [CF.Cl,Br]* +47.2

an kcal mol™. b From ref 88.

AEEC, and AEgrB, are +23.0 and+22.0 kcal mot?, respec-
tively, giving aAEf) value of+22.5 kcal motl. AEcg has a
value of—9.8 kcal mot?, which results in &\E* value of+17.9
kcal mol? from eq 36. By using the B3LY®El/ B3LYP/a re-
sults an identical value is obtained. Similarly, a consideration
of the front-side attack mechanism yields excellent agreement.
AEL, and AEL . are +53.7 and+52.4 kcal mot?, respec-
tively, giving aAEE value of +53.0 kcal mott. AE, ;. has a
value of—3.9 kcal mot?, which results in a\E* value of+51.1
kcal moi~! from eq 36. By using the B3LYEN B3LYP/aresults

an almost identical value of 51.2 kcal méiis obtained. Thus,

£From ref 133.

frequencies of C{Cl, CRBr, and CRl.126 The excellent
agreement confirms once again that the B3La¥IBYel of theory
appears to be an acceptable choice. As noted above, the
[CFsXY] ~* transition state seems to closely resemble ag]CF
XY ~]* complex, and it may be the transition state for a high
kinetic energy {2 reaction, eq 40, as well as that for X¥
formation, eq 41. In the [CIXY]~* transition state, the
imaginary frequency corresponds to a combined

X~ + CFY — [CFXY] F—Y +CFX  (40)

X"+ CRY — [CF;XY] F XY+ CR’ (41)
C — X and C— Y motion. In addition, there is an %Y
motion, and the corresponding frequency is very close to the
frequency in “free” XY™. In [CFCly]~*, [CFsCIBr]~*, and
[CFsBry]—* these frequencies are 179, 140, and 100 %¢m
respectively, while in G, CIBr—, and Bg* they are 198,
163, and 118 cmt, respectively.

The imaginary frequency in the [XGF]~* transition state
is larger in magnitude than that in the isomeric j&F]—#
transition state. For all three systems investigated it is consis-
tently around 510 while for the front-side attack transition state
it decreases from 21Go 185 to 163. Examination of the
motion of the imaginary frequency in the [X@A ~* transition
state shows that it is an umbrella-like inversion of the @eup.
This would also explain the increased barrier height, relative
to CHs. Substitution of one of the fluorine atoms by a chlorine
atom decreases the imaginary frequencies in [@GIB]  and

the simple Marcus equation is seen to be a reliable treatment[CF.Cl,Br]~* to 428 and 176, respectively.

of both possible mechanisms for thg2Zeactions of trifluoro-
methyl halides.

Finally, it can be noted that, at the G3(MP2) level of theory,
the AH;°295 values of CECIl and CRCI— have been calculated
to be—173.1 and-193.0 kcal mot?, respectively. The first of

4. Natural Population Analysis (NPA) Charges.In pro-
ceeding from CECI to CRsl the NPA charge on the halogen
atom increases from 0.8@ +0.1%. As expected, the fluorine
atoms bear considerable negative charge, with each around
—0.33, while the carbon atom is positively charged, ranging

these is in reasonably good agreement with the experimentalfrom +0.88 in CFsl to +1.00 in CRCI. This thus gives an

value of —169.2 kcal mof1.124

3. Normal Mode Vibrational Frequencies. It was shown
above that the B3LYR/level of theory (f/b] for CF3l) is able
to generate structures and dipole moments of thgXCF
molecules that are in good agreement with experimental data.
This agreement was a determining factor in the use of this level
of theory for the subsequent computations on the-imolecule
complexes and transition states. In Table 11 an overview is given
of the calculated and experimental normal mode vibrational

indication of the preference forXto interact with Y in CRY,

but also shows that back-side attack on carbon is still feasible.
Upon formation of the X(YCF3;) complex some charge
redistribution takes place. First, partial charge transfer from X
to CRyY takes place, ranging from-0.0& in Cl~(CICF;) to
+0.22% in Br(ICF3). The NPA charge on Y becomes more
positive, while on carbon it becomes generally somewhat less
positive, dropping to arountt0.90e. All fluorine atoms become
more negatively charged to aroureD.3%. Formation of the
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Figure 10. Schematic B3LYRY/B3LYP/a potential energy profile for
the various Ct + CRCI reactions.
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Figure 11. Schematic B3LYRY/B3LYP/a potential energy profile for
the various Ct + CRBr and Br + CRKCI reactions.

X~(CRY) complexes shows a very different picture. No charge

transfer from X to CRY takes place. In addition, the charges
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Figure 12. Schematic B3LYRY/B3LYP/a potential energy profile for
the variousBr + CFR;Br reactions.
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Figure 13. Schematic double well gas-phasg2Spotential energy
profile with the definitions ofAE and AE* for the Marcus equation.

~ +1.2% and q(F) ~ —0.27). Unlike the situation for the
[XCH3Y] ¥ transition states, where a decreasdq(CHg)|/2
was observed going from [CIGEI]~ to [BrCHzBr]—*37 here
no decrease is observed (q(CR)Y2 In the [CRXY]~*

transition states a very different picture emerges. Both X and

on the fluorine atoms become somewhat less negative, aroundy have NPA charges around0.48, thereby making the GF
—0.31e, while the NPA charge on Y becomes negative. The moiety neutral, withg(C) = +1.0% andq(F) = —0.3%. This

charge on carbon becomes slightly more positive.

thus also supports the [@FXY ~]* description of the [CEXY] ~*

More interesting are the charges in the back- and front-side transition state.
attack transition states. The wave function for the transition state ~ Finally, in [BrCR,Cl,]~* and [CRCI,Br]~*, the only change

[XCF3Y]~* can be viewed, in valence bond terms, as a triple in the various NPA charges arising from substitution of a
fluorine atom by a chlorine atom is at the carbon atom. In the

ion configuration, XCFRtY ™ and the transition state can be
represented as a gFtransfer from X to Y~. In all [XCFsY] ¥
transition states investigated, the B3ALE¥MPA charges on X
and Y are—0.7Cg, while on the Ck moiety it is +0.4Ce (g(C)

first transition state it is-0.8Cg, while in the second it iS-0.66e.
The new chlorine atoms have an NPA chargetdf.14e and
0.0C, respectively.
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TABLE 11: Computational B3LYP/a (b for Y = 1) and Experimental Normal Mode Vibrational Frequencies for CF3Y (Y =
Cl, Br, 1)

»(CFCl) »(CFsBr) @ »(CFsl)2

normal mode B3LYR experimerit B3LYP/a experimerit B3LYP/[a/b] experiment
CX bend 344 350 300 306 266 260
CX bend 344 350 300 306 266 260
CF; s-deform 462 476 339 349 276 286
CF; d-deform 553 563 541 547 531 537
CF; d-deform 553 563 541 547 531 537
CX str 772 781 750 760 735 742

CFs s-str 1074 1105 1057 1089 1048 1080
CR; d-str 1180 1212 1174 1210 1154 1187
CRs d-str 1180 1212 1174 1210 1154 1187

aln cm L. ° From ref 117.

becomes important even at relatively long ion neutral separa-

F~+ CFBr tions. In contrast to the potential energy profiles shown in
o F +BrCF B Figures 16-12, the substantial exothermicity of eq 42 then also
N’j@r] has the effect of lowering the transition state energy below that

of the separated reactants. The calculated binding energy of the
-10 F(CFaBr) , back-side attack complex of 8.2 kcal mblis less than that
found, computationally and experimentally, for either (CIHsCl)
or CI7(CHsBr), both of which were observed to exhibit
nonstatistical §2 behavior. Nonstatistical behavior arises when
the complex lifetime is too short to permit complete randomiza-
. tion of the internal energy among the vibrational modes of the
') complex. The unimolecular dissociation lifetimes of nascent
F(BICFy) * ion—molecule complexes such as these are determined by the
binding energy, the number of vibrational modes and the
vibrational frequencies of the complex. Since the binding energy
. is less than and the number of normal modes the same as both

]
]
[}
.
.
J .
-20 .
.
.
.
.
o

-30 4

-40 A *

1
AER31 yP/6-311+G(d) (Kcal mol™’)

50 . CI~(CHsClI) and CI(CH3Br) it might at first seem unlikely that
. the back-side attack complex could be solely responsible for
. Br™ +CF, the statistical behavior. However in the cases where nonstatis-
04 '\’-— tical behavior was observed this was also the result of poor
BIr(CF) mode coupling between tht_e intermolecular modes of the newly
4 formed complex and the intramolecular modes of the alkyl
70 . . . : . . . . . , halide. The front-side attack complex is calculated to be much
0 8 6 4 2 0 2 4 6 8 10 more strongly bound at 30.9 kcal méland it is almost certainly
R(C-Br) - R(C-F) (A) this species that is observed in the association reaction, eq 43,
Figure 14. Possible B3LYP4 potential energy profiles for the - in the experiments of Morris and V.Igglano' They _aISO observg
CFsBr — Br- + CF and F + CFBr — F-(BrCFy) reactions. that the rate constant for the association reaction increases with

increasing pressure while that for the displacement reaction
5. Potential Energy SurfacesMorris and Viggiano have remains essentially constant. With increasing temperature both

previously investigated the reactions of With both CRBr and rate constants decrease but that for the association reaction
CFsl and found that two reaction channels exist, displacement decreases more rapidly such that at the higher temperatures the
and associatioPt The observation of these two reactions association product represents a smaller fraction of the overall
represented the first clear indications that & Gfup need not  reactivity. These data led Morris and Viggiano to conclude that
necessarily prevent back-side attack by a nucleophile in a gas-there were possibly different intermediates involved in the two
phase §2 reaction. From their extensive studies of temperature, processes since the increase in formation of the association
kinetic energy, and pressure dependences of the two reactiorproduct did not appear to occur at the expense of the displace-
channels, they concluded that the two reactions are not competi-ment product. Thus, the most plausible explanation of the
tive and that, unlike the reactions with the analogouss}CH  behavior of this system is that theySdisplacement reaction
species, the displacement reaction behaves statistically. Theoccurs on the back-side attack potential energy surface while
CF3Br reaction has also been investigated computationally in the complex formation occurs on the front-side attack surface.
conjunction with the present work and possible B3LXP/ As expected, the well-depth for the BCFs) exit channel
potential energy profiles for the separate reactions of eqs 42complex is very shallow.
and 43 are shown in Figure 14. The distarR€—Br) — It is also of interest to consider the potential energy profile
R(C—F) = AR has been chosen as the reaction coordinate. As for back-side attack in the CH CFsCl system using the same

type of reaction coordinate, as shown in Figure 15. Ervin and

F + CFBr—Br +CF, (42) co-workerd®?¢ have recently shown that for endothermig2S
B B reactions the reaction threshold observed can exhibit a consider-
F + CFBr—F (BrCF,) (43) able excess translational energy requirement above the thermo-

dynamic threshold, even when the central barrier lies below this
expected, the iondipole interaction betweenFand (BrCF) threshold. The close resemblance of this surface to that of
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25 9 determined. The agreement of the B3L¥H3LYP/a compu-
[CICF,CII” tations when the reaction includes radicals and radical anions
is less good than that in the case of closed shell species. It has
been shown that then8 reaction between a halide ion and a
201 trifluoromethyl halide proceeds preferentially through a back-
side attack transition state. The Ct CRBr — Br~ + CFRsCl
has been shown to obey Marcus theory, which means that even
at high kinetic energies the back-sid@2Sreaction may be
initiated by electron transfer. From normal mode vibrational
analysis and NPA charges it has been shown that theqgF *
transition state closely resembles a fCRKY —*]* complex.

Finally, potential energy surfaces have been determined for
several reactions as well as clustering equilibria. The suggestion
by Morris and Viggiano that the formation of Brfrom the
reaction betweenFand CEBr comes from back-side nucleo-
philic displacement is shown to likely be correct, demonstrating
that the Ck group does not necessarily hinder attack on the
carbon atom despite the presence of three electronegative
fluorine atoms. At threshold, the back-sidg23eaction between
01 kinetically excited Ct and CRCI should also proceed through
a [CICRCI]~* transition state.

o o
L L

-1
AEg3| vp/6-311+G(d) (keal mol™)

CI™ + CF4CI CICF3 +CI”

Cr(CFCh (CICFy)C Acknowledgment. The authors thank the Natural Sciences
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Figure 15. B3LYP/a potential energy profile for the CiH CFCl —
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