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Abstract

The standard enthalpy and entropy changekl( and AS’) for the formation of solvated & complexes (S)X(RY) (X, Y=CI, Br;
R =(CH;),CH; S=CHOH, CHCN, (CH;),CO, CHCF,H) have been determined by pulsed-ionization high pressure mass spectrometry.
Not surprisingly, solvent effects are evident even at this mono-salvation level. Structures of sol\Zatedplexes and transition states for the
CI=(S) + CHCl Sy2reaction (S = HO, H,S, NH;, PHs, SO,) have also been determined atthe MP2/6-31+G(d) level of theory. Alarge variety of
solvent dependent structures have been obtained, showing solvent reorganization upon going from the complex to the transition state. Standarc
binding and activation enthalpiea {5, andAHzigg) were determined at the MP2/6-311+G(3df,2p)//IMP2/6-31+G(d,p) level of theory. For
the CI(H,0) + CH;Br and Br (H,0) + CH;ClI reactions, structures and enthalpies were calculated at the MP2/[6-31+G(d)/LanL2DZ(spd)]
and MP2/[6-311+G(3df,2p)/LanL2DZ(spdf)]}//IMP2/[6-31+G(d)/LanL2DZ(spd)] level of theory. For the-CIH;Br and CI (H,O) + CH;Br
reactions potential energy surface scans were performed at the MP2/[6-31+G(d)/LanL2DZ(spd)] level of theory. Formation of the two possible
sets of solvated products, BiH,O) + CH;Cl and Br- + (CH;ClI)(H,O) proceeds through two different surfaces. Water transfer to the leaving
group can be facilitated by rotation of the BCHzCl) part in the exit channel B{CHzCl)(H,O) complex. Finally, for the Ci+ CH;ClI
reactions in the condensed phase, complexation and activation enex@igs and AE!(e)) were determined for a variety of solvents at
the MP2/6-31+G(d) level of theory using the isodensity polarized continuum model. A linear correlation betw&és) and AE!(¢) was
obtained, and a similar correlation exists for the mono-solvated gas phase&stion, indicating that mono-solvation already exhibits some
features of the condensed phase reaction.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction The acronym §2 comes from the fact that the rates of such
reactions were found to be first order in both the nucleophile
Bimolecular nucleophilic displacement{®) reactions in and substrate concentrations, [Xand [RY], respectively
the condensed phase are among the most important reactionéEq. (2), making the overall reaction second order.
in chemistry (Eq(1)), and have been studied from the 1930’s
onward, initially by Ingold1], and followed by many others ~ rate= k[X"][RY] (2)

2-10]
! ] In Fig. 1 schematic potential energy profiles for four hy-

X" 4+RY > XR+Y"™ (1) pothetical condensed phase and gas phr8a&actions are
shown. For all four situations the transition state corresponds
to a penta-coordinated complex, [XRY] The increase in

* Corresponding author. Tel.: +1 519 888 4591; fax: +1 519 746 0435, the barrier height on going from the gas phase to the con-
E-mail addressmcmahon@uwaterloo.ca (T.B. McMahon). densed phase is mainly due to the differential solvation of
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Fig. 1. (a) Condensed phase unimodal reaction energy profile (R =reactants, TS =transition state, P =products); (b) condensed phase dotible-well reac
energy profile for weak solvation (RC =reactants complex, PC = products complex); (c) condensed phase double-well reaction energy profilerfdr strong a
asynchronous desolvation and ion—-molecule complexation (desolv = desolvation) and (d) gas phase double-well reaction energy profile.

the reactants and the transition state. This is caused by thealso be accounted for. In the condensed phagé,ahd E2
greater extent of delocalization of charge in the transition reactions may compete with3 reactions, and the extent to
state as opposed to the significantly more localized chargewhich this occurs is very sensitive to the nature of the alkyl
situation in the isolated nucleophile. A large variety of bar- group, R.

rier heights have been determined, and these are very much In order to bridge the gap between the gas and condensed
solvent dependefit—6,9] Unfortunately, the extentof solva-  phases, studies of prototype micro-solvatg@ Species have
tion of the nucleophile and transition state for various solvents been performed in the gas phase (8)) using a variety of
may be different, and in addition the solvation of the substrate experimental techniqu¢$1—26] By performing these kinds
must also be consider§sl,6]. The effects of counterionsand of experiments it is hoped to gain additional insight into the
competitive reactions may also play a role and these shouldintrinsic contribution of the solvent molecules to the progress
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Table 1
Overview of published work on solvated,3 reactions in the gas phase
X~ (Sh RY n Method Quantity Reference
OH~(H20), CHsBr 0-3 FA k3o K [11]
OH~(H20), CH3Br 1 SIFT K300 Kk [12]
OH~(H20), CHsCl 0-2 Bq o(ET) [13]
RO~ (ROH), CHsCI 0-3 FA kogs Kk [14]
RO~ (ROH), CHsBr 0-3 FA kogs K [14]
F~(ROH), CHsCl 0-3 FA kogs Kk [15]
F~(ROH), CHsBr 0-3 FA kogs K [15]
Cl~(ROH), CH3Br 0-3 FA kogs k [15]
OD~(D20), CH;sCl 0-2 VT-SIFT K200-500 K [16]
OH™(H20)n CH3CN 1 VT-SIFT ko40-363K [17]
OH~(H20), CH3CN 0-2 SIFT koo k [17]
CI~(CHCl3), CH3Br/CHjzl 0-2 KIMMS kaggk [19]
F~ (H20/D20), CH3X/CD3X 0,1 FA-SIFT k302 K kn/kp [20]
OH~(H20), CHsCl 0-2 Bq o(ET) [21]
OH~(H20), CH3Br 0,1 Bq o(Er) [21]
OH~(H20), CH3Br 0-4 VT-SIFT kr [22]
F~(H20), CH;3Br 0-5 VT-SIFT kr [24]
CI~(H20), CHsBr 1-3 VT-SIFT kr [25]
of these reactions. This was the result of intramolecular micro-solvation of
3 3 the §y2 transition state, facilitated by the presence of the
X7 (Sh+RY = Y (S)y +RX + (n —m)S 3) remote functional group and the consequent through-space

In Table 1an overview is given of those systems that have |on—d|polebstab|llzaft|on mbtleractlons. vated nucleophil
been investigated experimentally to date in the gas phase. Ag can be seen romable 1 most solvated nucleop les
As can be seen, the main focus has been on obtaining kineticStUdIeOI to date mvolye water or other strongly bound p_rot|c
data, although isotope effects, cross sections, and productiorﬁowerllts' Hov;/]ever, in acjtual condenjed pﬂise quk’ Itl has
distributions were also studied and reported. The main con- een nown that &2 regcpons proceed much faster in polar,
clusion of this body of work has been that dramatic changes aprotic soIvent§5,6]. $|m|lar trends can be °bsef‘.’ed for the
in reactivity can be observed, even with the addition of a 9"°VNY bUI_St'" relatively small nur_nber of published the-
single solvent molecule. Further, most reactions become too();]et'c""clj SLUd'?S oEn s;lvatf(iqszreacltlons. Mor?kum{ﬂ?] K
slow for their rate constants to be measurable with the ad- Showed that for q) (n= N ) solvent tran_s ercan take
dition of two or more solvent molecules. With respect to Place before, after, and during the Walden inversion of the

the product ion distributions some interesting results have methy! group.

also been reported. For mpst mono-solvated reactions °”|VCI‘(HZO),, 1 CHsCl — CI~(H20), 4+ CHsCl 9)

a small fraction of the leaving groups are solvated (&9).

[11-16,19-22,24,25ven though this reaction pathway is Hu and Truhlaf28] have calculated transition state theory
more exothermic than formation of the non-solvated leaving rate constants and kinetic isotope effects at the MP2/aug-

group (Eq.(5)). cc-pVDZ level of theory for Eqs(10) and (11) and found
B _ excellent agreement with the experimental data from O’Hair
X7(S)+ RY - Y (S)+ RX 4) etal.[20].
X7(S)+ RY »> Y"+RX + S (5)  F(H20) + CH3Cl — CI~(H20) + CHaF (10)
For more extensively solvated nucleophilas-(2), com- F~(H20) + CH3Cl — CI~ +CHsF + H,0 (11)
plex formation (Eq(6)) and ligand-switching (Eq(7)) be-
come more importarj24,25] In addition, the energy of the solvated transition state,
B ~ [(H,O)FCHCI]~*, was calculated to be-2.2 kcal mot?
X" (Sh+RY + M — (§),X7(RY) + M (6) with respect to the reactants. Bickelhaupt et al. investigated

the effect of solvation by one to four HF molecules on the
E2 and &2 reaction of F and GHsF [29]. The main obser-

Craig and Braumaf23,26] showed that introduction of ~ vation was the increased importance of the2 $ver the E2

X~(Sh +RY — (S)_1X"(RY) + S )

an o-substituent (X=CN, Cl, OH) onto a primary-alkyl pathway as the number of solvent molecules increased. Re-
chloride significantly enhanced the rate of gas phag2 S cently, several very interesting articles have been published
identity chloride displacement reactions (E8)). that reported results on ab initio molecular dynamics simula-

tions of solvated §2 reactions. Tachikawa showed that the
CI™ +*CI(CHz),X — *CI~ 4 CI(CH2),, X (8) reaction between{H,0) and CHCI can proceed via three
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pathways (Eqg(12)—(14), and that the branching ratios are
dependent on the centre-of-mass collision en¢3gy31]

F~(H20) 4+ CHsCl — CI~ + CHsF + H0 (12)
F~(H20) + CHsCl — CI~(H20) + CHgF (13)
F~(H20) + CHsCl — CI~ + (CHsF)(H20) (14)

At a collision energy of 10.0 kcal mot, the branching
ratios are 0.55:0.04:0.41, while at 17.7 and 25.0 kcafthol
they are 0.46:0.18:0.36 and 0.35:0.43:0.22, respecti8ély
These results thus clearly show that solvent transfer can
be increased with increased kinetic energy which evidently

aids in passage over a barrier. It was also shown that sol-

vent transfer only takes place in a very narrow range of the
HO-H-. .- .-F~...CH3Cl angles, thereby explaining why sol-
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Surprisingly, no experimental thermochemical data on

important cluster ions of this type have been reported to

date. As noted above, most computational data on solvated
Sn2 reactions have involved water as the solvent and, it

would seem logical to extend such investigations to more

commonly employed solvent types as well.

In the present work, a combined PHPMS and computa-
tional ab initio study is presented to add information on the
thermochemistry and structures of solvate® £omplexes
and transition states. Various solvents have been investigated
to gain insight into the intrinsic nature of solvent effects at
the micro-solvation level. Some of the solvents studied, both
in the experiments and the computations, are not necessarily
commonly employed but they do serve as useful models for
various solvent types.

vent transfer in these reactions has been observed so seldom

in experiments. Finally, Raugei et §82] have reported data
on the potential energy profiles and stationary points for Eq.
(15) (n=0-2).

Cl~(H20), + CH3Br — products (15)

By molecular dynamics (MD) computations these au-
thors were able to confirm reports by Seeley et[25]
on similar reactions. They observed for ligand switching
for bothn=1 and 2. In addition, for th@=1 S2 reac-
tion an activation energy of 2.5 kcal mdl was measured,
while at the B3LYP/6-311+G(d,p) level of theory a value
of —1.9 kcal mot* was found. Mohamed and Jensen carried
out DFT and ab initio computations at the B3LYP/6-31+G(d)
and MP2/6-31+G(d)//B3LYP/6-31+G(d) levels of theory for
the micro-solvated reactions, Hd.6),

CI=(S), + RCl — CIR + CI=(S), (16)

with R=CHs, CH3CHy, (CH3)2CH, (CH)3C; S=HO0,
CH30OH, CHCN, (CHs)2CO, (CH)20, CHzCH2CHg,
n=0-2, 0-4 (S =HO only) [33]. In addition, to include ef-
fects of bulk solvation, the reactions were also studied using
the polarizable continuum model (PCM) at the B3LYP/6-
31+G(d) level of theory. Not surprisingly, it was found that
for all solvents used the barrier heights increase with the num-
ber of solvent molecules and that, except for R = ¢§3€, the

2. Experimental

All measurements were carried out on a pulsed-ionization
high pressure mass spectrometer (PHPMS), configured
around a VG 8-80 mass analyzer. The instrument, constructed
at the University of Waterloo, has been described in detail
previously[40].

Gas mixtures were prepared in a 5 L heated stainless steel
reservoir at 350-380 K, by using Glds the bath gas at a pres-
sure of 300—800 Torr. Chloride ion was generated from trace
amounts of CCj by dissociative electron capture of thermal-
ized electrons from 50 to 5Q0s pulses of a 2keV electron
gun beam. Two different methods were used to generate bro-
mide ion. In the first, bromide ion was generated from £Br
by dissociative electron capture, in analogous fashion to the
generation of chloride ion, by injectingud of a CBrs/CgHsg
solution, with a CBjf concentration of 0.287 M, into the reser-
voir. The second method, which generates bromide ion more
efficiently, involves the §2 reaction between Clandn-buty!l
bromide (Eq(17)).

CI™ + CHgCH,CH,CH,Br
— Br~ + CH3CH,CH,CH,CI 17)

The two alkyl halides ((Ch)2CHCI and (CH)2CHBI)

transition state structures do not change substantively uponand the four solvents (G#OH, CH;CN, (CHg).CO, and
solvation. The PCM model has been shown to underestimateCHzCF,H) were added in a wide variety of relative amounts,
the trend in increase of activation energies relative to the gasdepending upon the ion source temperature and the nature of

phase, which depends on the dielectric constant of the sol-

vent. Finally it should be noted that other studies of solvated

the experiment involved. The ion source pressure and tem-
perature ranged from 4.0 to 7.5 Torr and 300 to 380K, re-

Sn2 reactions have been reported, but their main focus hasspectively.

been on equilibrium and non-equilibrium solvent effects, and
kinetic solvent isotope effec{84—39] These topics, while
interesting and important, will not be discussed, within the
context of the present work.

As can be seen ifkrig. 1b and ¢ and from Eq(6), the
solvated {2 complexes, ($X~(RY), are intermediates
on the potential energy surfaces ofjSreactions in the

Time intensity profiles of mass selected ions were moni-
tored by using a PC based multi-channel scalar (MCS) data
acquisition system, configured at 50-3200dwell time per
channel over 250 channels. Additive accumulations of ion
signals from 1000 to 2000 electron gun beam pulses were
used.

Equilibrium constantsieg) at different absolute temper-

condensed phase and in micro-solvated gas phase reactiongtures for the various halide ion—solvent (EtB)), solvated
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Sn2 (Eg. (19), and §2 complex solvation (Eq(20))
clustering equilibria were determined from E¢21)—(23)
respectively.

XT+S = X7(9) (18)
X7(S) + RY = (S)X (RY) (19)
X~(RY) + S = (S)X"(RY) (20)
_Int(X~(S)) PO
ea18 = Int(X™) . Ps source D
_ Int((S)X~(RY)) P°
eq19 = Int(X~(S)) . PRy source (22)
cq20 = Int((S)X~ (RY)) P 23)

Int(X~(RY)) ' Ps source

In Egs. (21)—(23) Int(X~(S))/Int(X™), Int((S)X~(RY))/
INt(X~(S)), and Int((S)X (RY))/Int(X~(RY)) are the ion in-
tensity ratios of the X(S) and X, (S)X™(RY) and X (S),
and (S)X (RY) and X (RY) ions at equilibrium, respec-
tively; PP is the standard pressure (1 atm), &kource 2and
Pry source@re the partial pressures (in atm) of the solvent (S)
and the {2 substrate (RY) in the ion source, respectively.

From the equilibrium constants the standard Gibbs’ free
energy change\(G°®) at different absolute temperaturd (

can be calculated from E¢R4).
AG° = —RT In(Keq) (24)

By combining Eqs(24) and (25}he van’t Hoff equation,
Eq. (26), can be obtained.

AG®° = AH° — TAS® (25)
AS°  AH°1

IN(Keg) = — — = 26

(Keg) = — T (26)

By plotting In(Keg) versus 1T, AH° and AS’ can be ob-

tained directly from the slope and the intercept, respectively.

While both AH® and AS’ values may have a temperature
dependence the application of the van’'t Hoff equation im-

209

Equilibrium constants were calculated from the ex-
perimental data for various isotope pairs. For example,
the ratios 35CI—(S)/(SPF°CI~(R33CI) and 3°CI—(S)/
(SP°CI-(R%'Cl), and 35CI—(S)/(SF°CI-(R"®Br) and
35CI—(S)/(SP°CI~(R®1Br) would be measured and then
these data were statistically corrected using the appropriate
isotopic composition of the ions and neutral molecules
involved in the equilibrium.

Carbon tetrabromidéso-propyl bromide and chloridey
butyl bromide, and 1,1-difluoroethane were obtained from
Aldrich Chemical Company Inc., acetonitrile and benzene
from BDH, acetone and methanol from Fisher Scientific, car-
bon tetrachloride from J.T. Baker Chemical Co., and methane
from Praxair. All chemicals were used as received

3. Computational

All computations were performed using the Gaussian 98
and 98W suites of progranl]. Geometries were optimized
using the HH42] and MP2(fc)43] methods in combination
with the 6-31+G(d,p) &) [44—48] basis set. Normal mode
vibrational frequencies were calculated at the HF level of
theory, scaled by 0.893[4#9-51] while for some systems
the MP2 level of theory was used, scaled by J4H]. Single
point energy computations were performed at the MP2(fc)
level of theory in combination with the 6-311+G(3df,2p) (
[45-48,52]basis set, using the MP2geometry. For the sys-
tems containing bromine and iodine, similar computations
were performed, except that the 6-31+G(d) [44—48,53]
basis set was used for H, C, N, O, and CI, while for Br
and | a modified LanL2DZ ECP basis set, here indicated
as LanL2DZ(spd)d) [54,55] was used. The normal mode
vibrational frequencies were scaled by 0.8949]. For the
single point energy computations for bromine and iodine, the
LanL2DZ(spd) basis set was used, including an extra f func-
tion, indicated as LanL2DZ(spdfg) [54,55] For some of
the systems investigated, computations were also performed
at the G2(MP2) level of theorfb6] to further test the suit-
ability of the above mentioned method on the systems of

plies that they are constant throughout the temperature rangenterest. For the Cl+ CH3zBr and CI-(H,0) + CHzBr reac-

examined (21-112C). Moreover, our analysis of our exper-
imental data for many different types of association equilib-
ria, with the aid of ab initio calculations, has revealed that
even though individuahHs and & may be strongly tem-
perature dependent, the association reactiét? and AS’

are not and thus the reported experimental data will, within
the experimental error, reflect the correspondinld;qs and

tions, potential energy surface scdh§] were performed
at the MP2/g/d] level of theory to obtain information on
the reorganization of the solvent molecule as the reaction
proceeds.

For the CI + CHzCl reaction in the gas phase, a potential
energy scan was performed at the M#2¥el of theory with
the CI - .C distance as an adjustable parameter and allowing

AS54g Values. Hence comparison of the experimental data full optimization of all other degrees of freedom. Solvent ef-

with ab initio calculatedA H345 and AS54q is expected to

fectsin the condensed phase were taken into account by using

be valid. Relative experimental errors reported are the resultthe isodensity polarized continuum (IPC) mo¢8] at the

of the precision of the equilibrium constant measurements MP2/c level of theory on optimized structures from the above
obtained through regression analysis while the somewhatmentioned scan. The solvents used were heptane, benzene,
larger absolute experimental errors contain contributions chloroform, THF, acetone, methanol, acetonitrile, DMSO,
from estimated uncertainties in temperature and pressureand water. The solvent was specified in the computation by
measurements. including the dielectric constant) For the Ct + CHsl and
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I~ + CHsClI reactions in acetone, and for the FCHzCl, Table3 o
F~ + CHsBr, F~ + CHgl, CI~ + CHzBr Computational MP2i structural data for the chloride ion—solvent molecule
. ' ’ . . [
Br~ + CH3Br, and I + CHsF reactions in water, the acti- complexes -
vation energies were determined at the MR2Id MP2/E/d] Complex Length&)/angle () MP2
levels of theory using the IPC model. CI~(H20) CIm---H 2191
O—H 0.986/0.963
H—O—H 1015
Cl=(H2S) Cr---H 2.169
4. Results and discussion S—H 1.368/1.330
H—S—H 931
4.1. Structures CI=(NHz3) Cl---H 2.246
N—H 1.025/1.014
In Table 2it can be seen that in general the MP2 optimized A=NH 1052/106.1
geometries for the three methyl halides and the five solvent €!™ (PHs) cl™-H 3.109/3.210
molecules agree well with available experimental d&€. ;F__F;_H 92'298’ 1.418
The results from the HF geometries also show acceptable - '
agreement. It should be noted that higher levels of theory € (52) gl—o S iig;
would most probably give results that are in closer agree- 0-S-0 1152
ment with experimental data, but for the objectives of this
study the results obtained are sufficiently accurate to provide ®™ H20) gEH H g'ggg/o 671
good qualitative and quantitative insights. Upon chloride ion H—O—H 1015

complex formation, some geometrical changes take place in
the solvent molecules, but no dramatic or unexpected changes
are observed. These results are summariz&@éloe 3 It is

hydrogen atom of Ng| while it actually interacts with two
hydrogen atoms of P

to the results from the extensive studies of Glukhovtsev et
interesting to note that chloride ion interacts with only one al.[61,63]

The solvated 2 complexes, (S)X(CHgY) are far
more interesting from a chemical point of view, and a large

Many results on the geometries of thgZSion—molecule variation in structures can actually be observeditn 2the
complexes X (CHsY) have previously been reported in the MP2 structures of the (S)C{CH3Cl) complexes (S =10,
literature using a large variety of methods and basis setsH»S, NHg, PH;, SO,) are shown. These reveal very different
[60-64] The present results ifable 4are almost identical  bonding characteristics particularly relative to the @)

Table 2

Computational HR, HF/[c/d], MP2/a, and MP2/g/d] and experimental structural data for the solvent and methyl halide molecules studied

Molecule Length A)/angle ¢) HF MP2 Experimerit

CHsCI C—H 1.078 1085 1.11+ 0.01
C—Cl 1.786 1778 1.784+ 0.003
H—C—H 1106 1100 110+ 2

CH3Br® C—H 1.076 1088 1.086
C—Br 1.954 1952 1.933
H—C—H 1111 1109 111.2

CHsl® C—H 1.077 1088 1.084
(o 2.148 2146 2.132
H—C—H 1112 1110 111.2

H,O O—H 0.943 0963 0.958
H—O—H 107.1 1054 104.45

H2S S—H 1.327 1331 1.3455
H—S—H 94.4 929 93.3

NH3 N—H 1.000 1012 1.008+ 0.004
H—N—H 1089 1081 107.3+ 0.2

PH; P—H 1.405 1406 1.415+ 0.003
H—P—H 95.7 947 93.3+ 0.2

SO, SO 1415 1482 1.4321
0—SsO 1186 1193 119.536

a From ref.[59].
b [c/d].
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Table 4
Computational MPZ and MP2/g/d] structural data for the solvated and unsolvatg@ Somplexes
X~ (CHaY) Length @A) MP2 (S)X~(CHaY) Length @) MP2 (S)X~(CHzY) Length @A) MP2
CI~ (CHsCI) Cl--.C 3.256 (HO)CI~ (CHsCI) Cl---.C 3.269 (HO)CI~ (CH3Br) Cl---C 3.233
C—ClI 1.808 C-Cl 1.804 G-Br 1.983
Cl~ (CHzBr) Cl--.C 3.201 H-.Cl 2.198 H..Cl 2.239
C—Br 1.990 (HS)CI-(CHsCl) Cl-..C 3.265 (HO)Br~ (CHsCl) Br.--C 3.455
Br~ (CH3Cl) Br---C 3.453 C-Cl 1.804 G-Cl 1.804
c—Cl 1.808 H--Cl 2.195 H--Br 2.482
(NH3)CI=(CHsCl) cl--C 3.261
c—Cl 1.806
H-..Cl 2.423
(PHs)CI~(CH3Cl) Cl--.C 3.261
C—ClI 1.806
H---Cl 2.502
(SO,)CI~(CHsCl) cl--C 3512
c—Cl 1.799
S..Cl 2.651

complexes, but also relative to GICH3CI), especiallyinthe  a large increase in the Cl..CH3Cl distance takes place,
case of (SQ)CI~(CH3ClI). For S=HO0, H>S, NHg, and PH from 3.256 to 3.51A. Other interesting features in this
the CI~(CH3Cl) moiety does not change significantly relative  structure are the interaction of the two oxygen atoms of SO
to isolated CI(CHsCIl). However, for (SQ)CI~(CH3CI) with two hydrogen atoms of C4€l (R(O- - ~H):2.368,&),

0 — O .O O

(a) (H,0)CT(CH;Cl) (b) (H2S)CI'(CH;Cl)

e

(©) (NH3)CT(CH5Cl) d) (PH5)CI(CH;Cl)

Co

(e) (SO2)CI(CH5CY) 4} (H20)CI'(CH;3Br)
(2) (H,0)Br (CH;Cl)

Fig. 2. Optimized MP2 structure of (a) (HO)CI~(CHsCl); (b) (H2SCI (CH3Cl); (c) (NH3)Cl—(CH3Cl); (d) (PHs)Cl~(CHsCI) and (e) (SQ)CI—(CHsCl).
Optimized MP2/¢/d] structure of (f) (HO)CI~(CH3zBr) and (g) (HO)Br~ (CH3ClI).
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as well as the interaction of the chloride ion with the third sition states. As in the solvategi&complex, PH only binds
hydrogen atom (R(Cl.--H) =3.046,&). H.O and HBS via a single hydrogen atom in the solvated transition state.
bind almost identically to CI(CHsCl), although the MP2  The binding of SQ@ in [(SO,)CICHsCI]~* is very different
structures are quite different from the HF structures, with than that in (SQ)CI™(CH3Cl). As expected, R(S-Cl) has

the latter being more symmetric. Except for Sz the increased, from 2.651 to 2.98%and only one oxygen atom
other three hydrogen bonding solvents show an expectedinteracts with one hydrogen atom at R(GH)=2.731A.
increase in the Cl- - -H distance. In contrast to C(PHs), in From all of these structures it seems that upon going from

(PH3)CI~(CHsCI) the PH; molecule is bonded to chloride the solvated §2 complex to the transition state, for all
ion by only one hydrogen atom. Surprisingly, for the solvents, a significant reorganization in the relative orien-
(H20)CI~(CH3Br) complex a more symmetric structure was tation of the solvent molecule takes place. Transition state
obtained Fig. X(f)). However, it should be emphasized that structures [(HO),CICH3Cl]~* with n=1-3 have also been
the potential energy surface for the solvent molecule motion reported, and various isomers are possjB#38] It seems
is fairly flat, and consequently the solvent molecule will reasonable to assume that in the condensed phase extensive
be fairly mobile, giving rise to various shallow minima and solvation of the transition state occurs, and that solvent
considerable freedom of movement of the solvent molecule reorganization is very complex. Nonetheless, information
within the complex. Similarly to the chloride ion complex, on the mono-solvated transition state may still provide some
the (HLO)Br—(CH3ClI) complex Fig. 2g)) has a symmetric  insight into the bulk behaviour, and even at this level reveals
structure with the Ci(CHsBr) and Br (H>O) moieties in differences among solvents. For the water mono-solvated
this complex being almost identical to those in the isolated [CICH3Br]~ transition state, two isomers are possible,
complexes. [(Ho0)CICHzBr]*and [(H,O)BrCHsCI]~* (Fig. 3f) and

For the transition states [XGf¥] ¥ similarcommentscan  (g)). The halide bonded to the water molecule has a shorter
be made to those advanced for the analogous ion—moleculadistance to the carbon atom than that in [CKBH ~F, while
complexes. The structures of the solvate¢? Sransition the other halide atom will be further away from the carbon
states [(S)CICHCI]~* are shown irFig. 3and some of the  atom. As expected, R(H-X) will be shorter for X = Cl than
key bond distances are summarizedable 5 For S=H0 for Br, and this will have consequences for the solvation
and HS relatively symmetric structures are obtained. In energy (see below). Finally, it should be noted that increasing
[(H2S)CICHCI]—* the hydrogen atom not only interacts the number of solvent molecules could provide additional
with the chloride on the left side, but also with that on the right insight in the cooperative binding of the solvent molecules
side. However, it cannot be confidently concluded that for in both the ion—molecule complexes and transition states.
S = H,S transfer of the solvent molecule from the nucleophile
to the leaving group would necessarily be more facile. This 4.2. Experimental thermochemistry
type of structure is not seen in these calculations for S&H
however Morokumg27] and Tucker and Truhldi34] did In Tables 6—%he experimental PHPMS thermochemical
find a bridge-like transition state for S =B, in which the data derived from this work on solvateg &complexes to-
two hydrogen atoms are interacting with the two chlorides. gether with that for other relevant species from the literature

Attempts to find similar structures failed at the MRvel are shown. The corresponding van't Hoff plots for each of the
oftheory. The bonding of Nkland PH is very different, with clustering reactions studied are showrFig. 4. Iso-propyl
NH3 bonding being more like that in the)® and BS tran- chloride and bromide were chosen as the prototype
Table 5
Computational MP2/a and MP2/[c/d] structural data for the solvated and unsolyg2ddaBsition states
[XCH3Y]~ Length &) MP2 [(S)XCHsY]~ Length &) MP2 [(S)XCHsY]~ Length &) MP2
[CICHsCI]~ Cl-..c 2.310 [(RO)CICHCI]~ Cl-..c 2.265 [(RO)CICH;Br]~ Cl--.Cc 2.317
C.--Cl 2.311 G--Cl 2.348 Cl--Br 2.474
[CICH3Br]~ cl--.c 2.371 H--Cl 2.294 H-.Cl 2.308
C---Br 2.430 [(HS)CICHCI— Cl--.c 2.277 [(RO)BrCHsCIl ~ Br...C 2.394
[CICH,CNBr]~ Cl--.Cc 2.365 G.-Cl 2.333 Cl--Cl 2.398
C.--Br 2.440 H-.Cl 2.443 H.-Br 2.582
[CICH3I]~ Cl--.c 2.414 [(NH)CICHsCI]~ Cl--.Cc 2.288 [(HO)CICH,CNBr]~ Cl--.Cc 2.317
C - 2.588 G--C 2.329 G- -Br 2.476
H..-Cl 2.536 H..Cl 2.453
[(PH3)CICHsCI]~ cl--.c 2.288
C.--C 2.332
H---Cl 2.650
[(SO.)CICHsCI~ Cl--.Cc 2.232
C.--Cl 2.387

S..Cl 2.959




B. Bogdanov, T.B. McMahon / International Journal of Mass Spectrometry 241 (2005) 205-223

(a) [(H0)CT(CH;CD]* (b) [(HS)CT(CHChF

(©)  [(NH3)CI(CHCJ* (d) [(PH3)CT(CH;CD[F

(&)  [(SO.)CI(CH:Ch

e

[(H:0)CT(CH;3Br)J*

[(H0)Br (CH;C)]*

(2) *

213

Fig. 3. Optimized MP2{ structure of (a) [(HO)CICHsCI]~¥; (b) [(H2S)CICHCI~¥; (c) [(NH3)CICHsCIl~¥; (d) [(PHs)CICHsCIl~¢ and (e)

[(SO,)CICH3CI]~*. Optimized MP2/§/d] structure of (f) [({:O)CICHzBr]~F and (g) [(HO)BrCHsCI] ~*.

Table 6

Experimental PHPMS thermochemistry for the X S = X~ (S) (X=CI, Br; S=CHOH, CH;CN, (CHg)2,CO, CH;CRH) and X~ + RY = X~ (RY) (X,

Y =Cl, Br; R=(CHz)2CH) clustering equilibria

System# Clustering equilibrium AHe (kcal mol 1) AS (calmol1K-1) Reference
Cl— + (CHa)2CHCl = CI~((CHs)>CHCI) —14.7 —23.3 [65]
CI~ + (CHg),CHBr = CI~((CH3)>CHBr) ~15.2 —24.0 [65]
Cl~ + CH;OH = CI~(CH30H) -17.5 —24.0 [71]
CI~ + CH3CN = CI~(CH3CN) —-15.8 —-18.7 [65]
1 Cl~ +(CHjz)2CO=CI~((CH3)2C0O) —-14.1 —-20.2 This work
2 CI~ + CH3CRH = CI~ (CHzCRH) -12.8 -18.4 This work
Br— + (CHg),CHCl = Br—((CH3)>CHCI) —12.4 ~20.6 [65]
Br~ + CHzOH = Br~(CHzOH) -145 -21.9 [73]
Br~ + CH3CN = Br(CH3CN) -14.3 -18.7 [65]
3 Br + (CHg)2CO= Br~((CHz)2CO) ~11.2 ~15.9 This work
4 Br— + CH3CRH = Br~(CH3CRH) -10.6 -15.7 This work

Estimated relative errorgsH° +£0.2 kcalmot1; AS’ + 1.0 calmot1 K1, Estimated absolute erroraH° + 0.4 kcal mot; AS® +2.0 cal mot 1 K1,
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Fig. 4. van't Hoff plots for (a) the Cl+S=CI(S) (S=(Ch),CO, CHCRH) clustering equilibria; (b) the Br+S=Br—(S) (S=(CH),CO, CHCRH) clustering equilibria; (c) the
CI=(S) + RCl= (S)CI"(RCI) and CI(RCl)+S= (S)CI"(RCI) (S=CHOH; R=(CHs)2CH) clustering equilibria; (d) the CKS)+RCl=(S)CI"(RCI) and CI'(RCl)+S= (S)CI"(RCI) (S=CHCN;
R =(CHg)>CH) clustering equilibria; (e) the C[S)+ RCl= (S)CI"(RCI) and CI(RCI) + S= (S)CI" (RCI) (S=(CH)2CO; R=(CH)>CH) clustering equilibria; (g) the C(S) + RCl= (S)CI"(RCI) and
CI~(RCI) + S= (S)CI (RCI) (S = CH,CRH; R = (CHg),CH) clustering equilibria; (h) the CKS) + RBr= (S)CI~ (RBr) and CI (RBr) + S= (S)CI (RBr) (S = CHOH; R = (CHs)2CH) clustering equilibria; (i)
the CI(S) + RBr= (S)CI~ (RBr) and CI"(RBr) + S= (S)CI (RBr) (S=CHCN; R =(CH;)2CH) clustering equilibria; (j) the CiI(S) + RBr= (S)CI~ (RBr) and CI(RBr) + S= (S)CI~(RBr) (S=(CH;),CO;
R = (CHg)2CH) clustering equilibria; (k) the CI(S) + RBr= (S)CI~(RBr) and CI(RBr) + S= (S)CI~ (RBr) (S = CHCRH; R =(CHs),CH) clustering equilibria.
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Table 7
Experimental PHPMS thermochemistry for the (3) + RCl= (S)CI~ (RCI) and CI" (RCI) + S= (S)CI~ (RCI) (S =CHOH, CH;CN, (CHz)>CO, CHCRH;
R =(CHg)2CH) clustering equilibria

System# Clustering equilibrium AH° (kcal mott) AS (calmor1K-1)
5 CI-(CH3OH) + (CHs)2CHCl = (CH3OH)CI~ ((CHz)2,CHCI) -11.0 -18.1
6 CI~ ((CHg)2CHCI) + CHgOH = (CH3OH)CI~ ((CHs)2CHCI) ~14.6 -20.3
7 CI-(CHsCN) + (CHg)2CHCl = (CH3CN)CI- ((CHg)2CHCI) ~11.0 ~185
8 CI~ ((CHg)2CHCI) + CHsCN = (CHsCN)CI~ ((CH3)2CHCI) -11.7 -13.8
9 CI™ ((CH3)2CO) + (CH)2CHCI = ((CHs)2CO)CI ((CH3)2CHCI) 117 ~19.7
10 CI((CH3)2CHCI) + (CHg)2CO= ((CH3),CO)CI ((CHs)2CHCI) -10.5 ~14.4
11 CI (CHsCRoH) + (CHg)2CHCl = (CH3CRH)CI~ ((CHz)2CHCI) -11.3 -18.4
12 CF ((CHg)2CHCI) + CH;CFoH = (CH3CRoH)CI~ ((CH3),CHCI) ~10.9 ~175

Estimated relative errorgsH° 4 0.2 kcalmot, AS’ + 1.0 calmot 1 K~1. Estimated absolute errorsH° + 0.4 kcal motl; AS® 4+ 2.0 calmot 1K1,

Table 8
Experimental PHPMS thermochemistry for the 3) + RBr= (S)CI~ (RBr) and CI (RBr) + S= (S)CI~ (RBr) (S=CHOH, CH;CN, (CHz)2CO, CH;CRH;
R =(CHg)2CH) clustering equilibria

System# Clustering equilibrium AH° (kcal mot1) AS (calmor1K-1)
13 CI-(CH3OH) + (CHs)2CHBr = (CH3OH)CI~ ((CHa)2CHBT) ~11.8 ~21.0
14 CI((CHa)2CHB) + CHyOH — (CH30H)CI~ ((CH3)2CHBr) ~14.8 —22.9
15 CI-(CH3CN) + (CHg)2CHBr = (CHsCN)CI™ ((CHz),CHBr) ~12.3 211
16 CI((CHa)2CHB) + CHsCN = (CH3CN)CI~ ((CHs)2CHBr) ~13.9 _215
17 CI((CHz)2CO) + (CHs)2CHBr = ((CHs)2CO)CI ((CHs)2CHBr) ~11.9 ~19.4
18 CI((CH3)2CHBH) + (CHg)2CO= ((CHz3)>CO)CI- ((CHs)2CHB) ~11.9 ~20.0
19 CIF(CH3CF2H) + (CHa)2CHBr = (CH3CF2H)CI~ ((CHs)CHBr) ~11.9 ~18.8
20 CI((CHs)2CHB) + CHsCFoH — (CH3CF2H)CI~ ((CHz)2CHB) _12.4 _23.4

Estimated relative errorgsH° + 0.2 kcal mot!; AS® 4+ 1.0 cal mot' K—1. Estimated absolute erroraH° + 0.4 kcal mot; AS> 4+ 2.0 calmot 1 K1,

alkyl halides for this study in order that the binding energetics chosen as typical dipolar aprotic solvents and3;CRH

of the three component complexes would be sufficient to per- was chosen as an, albeit poor, model of a hydrocarbon
mit equilibrium measurements to be made over an adequatesolvent.

temperature range. In addition, in order that the Slis- In previous work from this laboratory Li et a[65]
placement reaction of the unsolvated species be sufficientlydetermined the well-depths and transition state energies for
slow that no complications due to its occurrence interfere several {§2 reactions using similar PHPMS experiments and
with the clustering measuremenisg-propyl bromide was some of these data relevant to the present study are also sum-
taken as the only viable choice for the non-identity reac- marized inTable 6 As noted above, there are two different
tion. This is a consequence of the fact that the barrier to reactions that can take place leading to the solvat@c®m-

this reaction lies above the energy of reactants whereas forplex (S)X™(RY), Egs.(3) and (4) A thermochemical cycle
both methyl and ethyl bromides the barrier lies below the for the formation of the (S)X(RY) complex from separated
energy of reactants. For solvents, methanol was chosen aseactants, X, RY, and S, which relates the thermochemical
a prototypical protic species, acetonitrile and acetone werevalues for the two different routes to the solvated complexes

Table 9
Experimental PHPMS thermochemistry for the8) + RCl= (S)Br~(RCI) and Br (RCI) + S= (S)Br (RCI) (S=CHOH, CH;CN, (CHz)2CO, CHCRH;
R =(CHg)2CH) clustering equilibria

Clustering equilibrium AG%y, (kcalmol?) AH° (kcal mol 1) AS (calmor1K-1)
Br~ (CH3OH) + (CHg)2CHCl = (CH30H)Br((CHz)2CHCI) —49 ~106 ~18.0
Br—((CHs)2CHCI) + CHyOH = (CHzOH)Br ((CHs),CHCI) -7.0 —124 ~18.0
Br~(CHsCN) + (CHs)2CHCl = (CHsCN)Br~ ((CHs),CHCl) 45 —9.9 ~18.0
Br~((CH3)2CHCI) + CHsCN = (CHsCN)Br ((CHs)2CHCI) —6.4 ~120 ~18.0
Br~((CHz)2CO) + (CH;)2CHCI = ((CH3)2CO)Br—((CHs)2CHCI) -5.0 -104 —18.0
Br—((CHs)2CHCI) + (CHs),CO = ((CHs),CO)Br~((CHz),CHCI) -53 ~107 ~18.0
Br~(CH3CRH) + (CH3)2CHCIl = (CH3CFR,H)Br~ ((CHz)2CHCI) -5.0 -104 —18.0
Br—((CHa)2CHCI) + CHsCFoH = (CHsCRoH)Br ((CHs)2CHCI) 4.8 ~102 ~18.0

Estimated relative errorsaG5y,+0.2kcalmot?; AH° £0.5kcalmotl; AS®+1.0calmotlK~1. Estimated absolute erroréG5y,=+ 0.4 kcal mot?;
AH° +1.0kcalmot?; AS +£2.0calmot1K—1,
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AHO,  _ Table 11
X +RY +8S X(RY)+S Computational MP2//MP2AHSE values for the X (S)+CHY =
(S)X~(CHgY) and X~ (CHzY) + S= (S)X~(CHsY) (X=Cl, Br; Y =Cl, Br,
AH®, [(2) (4) | AH, I; S=H,0, HyS, NHg, PHg, SO,, CH3OCHg) clustering equilibria
_ (3) _r Clustering equilibrium AHSgg,
X (S) +RY AHC. (S)X(RY) MP2//MP2
) (kcal mol1)

AH®| + AH% = AH% + AH% CI~ (H20) + CHsCl = (H20)CI~ (CH3Cl) -85
CI=(CHsCl) + H0 = (H,0)CI~ (CHsCl) 126
Fig. 5. Thermochemical cycle for the formation of solvatg@8omplexes. CI~(H2S) + CH;Cl = (H2S)CI™ (CH3Cl) -83
CI=(CHsCl) + HyS= (H2S)CI™ (CH3Cl) -107
. — ) . i CI~(NH3) + CH3Cl = (NH3)CI~ (CHsCl) -89
is shown inFig. 5 Using the data iffables 6—3he energetics  ¢|-(cH,Cl) + NHz — (NH3)CI- (CHsCl) _6.6
for the formation of the solvated\@ complexes can be  CI-(PHs) + CHsCl = (PHs)CI—(CHsCI) -9.6
calculated by the two different routes. For the (@H30H, CI7(CH3ClI) + PHz = (PH3)CI™ (CH3Cl) —4.5
CH3CN and (CH)>CO/(CHs)>CHCI systems the agreement €l (SG2) + CHsCl= (SC)CI™ (CH5CI) —91
. . CI=(CHsCl) + SO = (SOp)CI~ (CH3Cl) —-200
following these two pathways is generally very good and Gl (Hy0) + CHBr — (H20)CI- (CHsBN) ‘83
the conclusion can be drawn that the structures of the ci-(cH,Br) + H,0 — (H,0)CI- (CH3BY) 124
solvated {2 complexes formed are independent of the cI-(CH3OCH;s)+CHsl = (CH3OCHs)CI~(CHsl) -9.8
path followed. However, the same cannot be said for the CI™(CHsl) + CH3OCHz = (CH3OCHz)CI™ (CHgl) e
CI=/CH3CFH/(CHz)>,CHCI, CI/CH3CFH/(CHz),CHBr Br™(H20) + CHsCl = (H20)Br (CH5Cl) —84
Br~(CH3Cl) + H20 = (H20)Br~(CHsCl) -109

and Br/(CH3),CO, CHCRH/(CH3)2CHBr systems.
These cases represent situations where the alkyl halide

binds the relevant halide ion more strongly than the solvent

molecule. It might then be anticipated that the addition of Substantial barrier between the minima is not unreasonable.
the solvated halide ion to the alkyl halide is accompanied Unfortunately the substantial computer resources necessary
effectively by a halide ion transfer to the alkyl halide and to test this hypothesis via ab initio calculations were not
subsequent solvation of that complex. The fact that the two available to us. Itis quite noteworthy however that the trends
routes through the thermochemical cycle do not give the samein energetics with changing solvent for analogous reactions
energetic changes would suggest that possibly the situationfeveals no strong differences among the four prototypical
is not this simple. A comparison of the datalimbles 8and 9 solvents investigated.

reveals that the enthalpy changes for complexation for the

four special cases above are less favourable than expected}.3. Computational thermochemistry

which leads to the possibility that this halide ion transfer

is not occurring and that more than one possible structure  In Table 1Qthe computational thermochemistry for alarge
of the solvated complex might be formed. It is known that variety of halide ion—solvent molecule ang 3 substrate
proton transfer involving carbon acids frequently involves clustering equilibria, together with available experimental
substantial barriers and thus a complex of halide ion, alkyl data[65,66] are shown. In general, the agreement between
halide and solvent which exists in a double well with a AHj5yg values from the MPRI/MP2/a and G2(MP2)

Table 10
Computational and experimental literature thermochemical data for theS& X~ (S) and X + CHsY = X~ (CHgY) (X=Cl, Br; Y=ClI, Br, I; S=H0,
H>S, NHz, PH;, SO, CH3OCHg) clustering equilibria

Clustering equilibrium A Hjgg (keal mol1) A AS3eg AS
He (kcal mot1) (calmor1K—1) (calmor1K—1)2
MP2//MP2 G2(MP2) PHPMS HF PHPMS

Cl~ +H,0 = CI~(H20) —145 —142 —14.7° -17.5 -19.7
Cl~ +HyS=CI~(H,S) —-128 —-125 —-17.5

CI~ +NHz = CI=(NH3) -8.1 -8.0 -8.2¢ —14.9 —15.#
Cl~ +PHg = CI~(PHg) -5.3 —6.0 —-14.0

Cl=-+SO, = CI~(SOy) —213 —218 —22.2¢ —21.4 —21.6
Cl~ + CH3OCHgz = CI~(CH3OCHg) -76 —7.59 —19.0% -15.4
CI~ + CHCl = CI~(CHzCl) —104 —-107 —104° —14.6 —15.3
CI~ + CHsBr = CI~(CH3Br) —104 —1258 —14.9

Cl~ + CHgl = CI~(CHjl) -76 —9.8f —14.9

Br~ +H,O= Br~(H,0) —132 —11.7° -16.4 —14.7
Br~ + CHzCl = Br—(CHsCl) -107 —10.9¢ —13.6 —20.3

aMP2/a, °From ref.[72], °From ref.[73], 9From ref.[74], &From ref.[65], fFrom refs[75,76]
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computations and H° values from PHPMS experiments are Tucker and Truhlar[34] found a AH54g value of
good to excellent. This gives some confidence that the results—10.1 kcal mot!, at the MP2/6-31G(d,p) level of the-
from the MP2b//MP2/afor the solvated §2 systems should  ory, for Eq. (27a) while for Eq. (27b) a A Hjgg value of
also give reliable results and trends. Entropy data are calcu-_g 3 kcal mot! was obtained.

lated using the standard statistical thermodynamic formu-

lations for a rigid rotor, harmonic oscillator species. For the Cl™(H20) + CH3Cl = (H20)CI™(CHsCl) (27a)

A 8544 Values from HFA computations and S values from - N -

PH%Dglt\g/IS experiments the agreement is very much systemCI (H20)2 + CHsCl = (H20)2C1(CHSCI) (27b)
dependent. Systems containing bromine and iodine atoms No other computations with other solvents than water are
gave varying results. In general however, for most systemsavailable for the X (S) + RY reactions.

studied, the agreement with other available computational |n Table 12the results of the&Hggsvalues to go from the
data was good. For some of the more weakly bound systemsreactants to the transition states for selected unsolvated and

the calculated\ S394 values show substantial inconsistencies  solvated {2 reactions (Eqg28) and (29) are given.
with the experimental PHPMS data. This is particularly true

for the larger, more complex substrates. This is more than X~ +CHaY = [XCH3Y] (28)
likely the result of the fallur_e of the calculatlt_)ns tp accurately X~(S) + CHaY — [(S)XCHaY] ! (29)
reproduce low frequency intermolecular vibrational modes
as well as the fact that treatment of these modes by the The present values for E(28) give reasonable to good
standard procedures does not take account of their anharagreement with available experimental and computational
monic character. Additionally, particularly for more complex data. It can be seen that mﬁqggg values for S=HO and
systems, the possibility of the presence of more than oneH,S are nearly identical, while the same is true for S =NH
conformational form could also contribute to any differences. I

In Table 11the A H3,, values for the formation of solvated and P, Tuckler and Truhlaf34] found aA Hygg value of

298 +5.4 kcal mof ™+ for Eq. (30) at the MP2/6-31G(d,p) level of

Sn2 complexes from the MPBI/MP2/a computations are theory, while for Eq(31) a value of +10.7 kcal mof was
shown. For the reasons noted abavé;,, values are not |\ it0 g

reported as they are expected to be significantly in error. Since
only one structure of the solvatecy® complex has been  CI~(H20) + CHsCl — [(H20)CICH3CI] ™% (30)
investigated, these values all satisfy the thermochemical cycle

in Fig. 5. As noted above, some structural changes can takeC! (H20)2 + CHsCl — [(H20)2CICHsC] ' (31)
place in the X (RY) complexes after addition of a solvent  |ntroducing more solvent molecules will give rise to more
molecule, and this may give rise to unexpect®d® and  gplvated transition states as shown by Morokyg#. For
AS’ values. instance, for Eq(31), [(H20)CICHsCI(H20)]~ ¥ would also
Table 12

Computational MP2//MPAH§98 and experimentaAH! values for the X +Y =Cl, Br, |; Z=H, CN, S=H0, H,S, NHs, PHs, SOy) reactions

Reaction A HSge, MP2/IMP2 (kcal mat?) AH#, experiment (kcal mott)

Cl~ + CH3Cl — [CICH3CI]~ +45 +1.0+ 1.7 +3., +2.5, 2.9+ 1.(¢

Cl~ + CHsBr — [CICH3Br]~ +2.9 —1.8, —1.8,-1.7, -1.59, —1.1°, —4.7"
Cl~ + CHsl — [CICH3l]~ -01 —46+05, —2.7

CI~ + CH,CNBr— [CICH2CNB]~ -56 —6.1°

Br~ + CHsCl — [CICH3Br]~ +3.1 +5.7

Br~ + CH,CNCI— [CICH,CNBI]~ -65

Cl~(H20) + CHsCl — H,0)CICHCI] - +9.0

CI~(H2S) + CHsCl — H,S)CICHCI]~ +9.3

CI~(NH3) + CH3Cl — [(NH3)CICHCI]~ +7.2

CI~(PHs) + CHsCl — [(PH3)CICH3CI]~ +7.3

CI~(SOy) + CHaCl — [(SO2)CICH5CI]~ +155

CI~(H,0) + CHBr — [(H20)CICHsBr]~ +7.0

CI~(H20) + CH,CNBr — [(H20)CICH,CNBI]~ -13

Br—(H0) + CHsCl — [CICH3Br(H,0)] +6.1

a From ref.[77].
b From ref.[78].
¢ From ref.[79].
d From ref.[80].
€ From ref.[81].
f From ref.[65].
9 From ref.[82].
' From ref.[25].
i From ref.[83].
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[CICH,CI|” +§

1(S)CICH,CIJ~
CI™+CH,Cl+8

CI(S) + CH,Cl
3
CI'(CH,Cl) +§

(S)CI™(CH,Cly

0 T T T T T T T T T T 1
0 2 4 6 & 10 12 14 16 18 20 22 < -20 4 \
—AH®,,, (33) (Kcal mol”) |

Fig. 6. Plot of —A H3yg for the formation of Ct(S) vs. —A H;4g for the
formation of (S)CI (CH3Cl) and [(S)CICHCI]~ (S=HO, HyS, NHg, PH;,
SOy).

—AHC, (32), —AHC,, (34)(Kcal mol™)
~
1

Ho_,_gx (keal/mol)

be a valid alternative. A different picture emergesif;qq =35
for Eq.(32)is taken instead ozBH;tg8 for Eq. (29).

-40 -
[CICH3CIf+ S = [(S)CICHsCI]~* (32)
Fig. 7. Schematic MPB//MP2/a potential energy profiles for the
For S=HO0, HzS, NHg, PHs, and SQ A H5yg values of CI~ +CHsCl and CI(S)+CHsCl reactions (S=HO, H,S, NH;, PHs,

—9.9,-8.0,—5.3,—2.4, and-11.2 kcal mot?®, respectively, SO
can be found. A plot the-A H3yg values for Eq(33) versus

the — A Hg,g values for Eqs(32) and (34)is shown irFig. 6 For the water mono-solvated transition state of

[CICH3Br]~, two isomers are possible, [¢)CICHzBr]~
CIm+S = CI"(S) (33) and [(HLO)BrCHsCI]~. At the MP2/p/e)//MP2/[c/d] level

_ _ of theory, including zero-point energies and thermal correc-
CI"(CHsCI) + S = (S)CI"(CH3Cl) (34) tions at the MP24/d] level of theory, the first of these is

Interestingly, both plots show a linear correlation, except Only 0.4 kcalmof* more favorable than the second. Still,
for the transition state solvation by S_(J:rom these p|ots the barrier, if present, for the water transfer I’eaCtion, will be
it can be seen that the solvation of the transition states is€xpected to be considerably higherAtz 5o, mainly due to
less exothermic than the solvation of thg2Son-molecule the unfavorable entropy associated with the bridged transition
complexes, which is in turn less exothermic than the solvation State for water transfer. Seeley et[@b] found an activation
of the bare halide ion. energy for Eq(38) of +2.7 kcal mot 1.

In Fig. 7all data for Eqs(17)—(19)from Tables 10-12re
shown together as schematic potential energy profiles. With
the exception of Pkithe transition states [(S)CIGEI] ~* can Correcting the calculated activation energy (+2.9kcal
all be seen to be lower in H54g value than the separated in- mol~1) for the non-solvated @ reaction to match the ex-
dividual reactants, Cl+ CHzCl + S. This means thatitcould  perimental value of-1.8 kcal mot1, and applying this cor-
be possible to kinetically excit®’CI—(S), for instance, and  rection to the calculated activation energy for E28) gives
to monitor formation off’CI~ and/or®’CI—(S) from these  a value of +2.5kcal mofl. Even though the agreement is
energetic collisions with CkCl (Eq. (35a) and (35) very close, the values cannot really be compared since they
35— 37 37— 35 represent different processes. From the potential energy sur-

CI(S) + CHg™Cl — “ICIm + CHe™Cl + S (358) ¢4 Giscussed below it can be seen that ligand switching is
35CI~(S) + CHs®'Cl — 37CI~(S) + CH3*Cl (35b) indeed energetically more favorable than the solvatgd S
reaction.

The main question then is, are there, besides the sol-
vated &2 reactions mentioned in the introduction, other sys-
tems possible for which true solvateg Sreactions can be
observed? It does not seem unreasonable to assume that
35CI7(S) + CH3Cl — 35CI™ +S + CHsCl (36) mono-solvated §2 reactions in the gas phase, if even these
a5 a5 are possible to perform, are the clos_est one can get_to the

CI™(S) + CH3Cl — *°CI"(CH3Cl) + S (37) condensed phase counterparts. Obtaining such experimental

CI~(H20) + CH3Br — CI~(CHsBr) + H,0 (38)

Unfortunately, at lower centre-of-mass kinetic energies
for 35CI—(S), simple collision induced dissociation (reaction
(36)) or chloride ion transfer to C§Cl (reaction(37)) may
also occur.
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5 30 -
[CICH;Br|”
0 CT™ + CH;Br 25 aqueous phase
n
=) 20 4
g -5 _ -
= ** [(H,0)CICH ;Br] T
s -
=)
= = 15 A
§ -10] CI(CH;Br) Brw CHyCl =
@7 =
Z — 101
B CI'(H,0) = CH;Br 3
N &}
= 154 Br™ + (CH,C(H,0) T
S 2 o
= o 5
3 Br (CH;CD) 2
I 20 S,
=] 7 i
; (H,0)CI(CH,Br) Br(H,0) + CH I mz il
= : Br (CH;C)(H,0) 3
&
& 251 -5 1
(=
=
m
< R -10 A
301 (H,0)Br (CH;C1)
-15 . : : ‘ ‘ )
-35 ; ‘ : , ‘ : : . -6 -4 -2 0 2 4 6
-8 6 4 2 0 2 4 6 8 AR(C-CI) (A)

R(C-Br) — R(CI-C) (A)
Fig. 9. MP2¢t and MP2¢ IPCM potential energy surface scan plots of the
Fig. 8. MP2/E/d] potential energy profiles for the CH CHzBr— gas phase and water phase €ICH3Cl Sy2 reactions, respectively.
Br-+CH3Cl and CI(H20)+CHsBr— Br~ +(CH3Cl)(H2,0) and

Br™ (Hz0) + ChCl reactions. taken into account. This transfer might simply be viewed as a

protation of the Br (CHsCl) part of the complex. This would

data is quite necessary to test the computational data, whic ] ) A
seem to be an accessible alternative to the symmetric bridge-

can often be very method and/or system dependent. The re-> <
activity of most larger clusters investigated to date show no K€ transition state that connects the HOICICHgB]
Su2 processes taking place. Producing less strongly bound@"d [CIC,:"bBr(HZO)]___i transition states. The expected in-
clusters that could still show some reactivity seems unpro- Cré@se in the transition state energy for the solvaig# S
ductive since these do not relate well to the actual solution '€@ction is clearly observable. The occurrence of rotations

phase solvents used in ion—molecule clusters to facilitate isomerization is not

uncommon. For example, the unimolecular dissociation of
the CI-(HOCRs3) complex into Ct (HF) and CRO has been
shown to take place through a series of steps that include in-
ternal rotations in some of the intermediates (sché29)

4.4. Potential energy surfaces

In Fig. 8the results for potential energy surface scans for

Eqgs.(39)—(41)are shown. [67].

CI~ 4+ CH3Br — Br~ + CHsCl (39)  CI"(HOCR3) — [CF30™ (HCI)] — ~OCR(HCI)
Cl™(H20) + CHsBr — Br~ + (CHsClI)(H20) (40) — CI7(HF)(CRO0) — (FH)CI"(CF0)

CI™(H20) + CHsBr — Br(Hz0) + CHsCl (41) — CIP(HF) + CRO (42)

The reaction coordinate was taken to be the difference  tdoes notseem unlikely, if the lifetime of the"YRX)(S)

in the G-Br and G-Cl distances. For Eq39) the expected c_om_plex is su_ffi_cient and excess int_ernal energy can be re-
qualitative profile has been obtained, even though the barrierdistributed efficiently, for |somer|zat|pn to the more stable
height relative to the reactants does not seem to agree with(S)Y ™ (RX) complex to become possible, and consequently
many experimental data or with various computational results the relative amount of observable solvated product ions,
that support the experimental data. For E@€) and (41) Y (S), may increase.

two different potential energy surfaces have been obtained,

however this difference is only evident on the product side of 4.5. Gas phase mono-solvation versus condensed phase
the profile. For Eq(40) the same reaction coordinate can be Sy2 reactions

used like for Reaction 39. For E@1)on the other hand, upon

going from Br~(CH3CI)(H20) to (H,O)Br—(CHsCl) an ad- In Fig. 9the gas phase potential energy surface scan at
ditional reaction coordinate for the water transfer should be the MP2£ level of theory for Eq(43)is shown, together the
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Table 13 30 -
Computational MP2 IPCMAE*(¢) and AE(¢) values for the Ct(S). +
CH3CI(S)s — [CICH3CI] ¥ (S)y and CF (CH3CI)(S), condensed phase
Sn2 reactions for a variety of solvents S .
Solvent . AE(e) (kealmolY)  AE(e) (kcal mol2) 25 acetone 170N T
Gas phase .00 +77 -9.6 ol methanol  DMSO
Heptane b2 +160 = chloroform
Benzene 247 +174 —4.6 =
Chloroform 49 +217 -26 g 209
THF 7.58 +225 -21 E
Acetone 207 +245 -1.4 ! benzene
Methanol 3263 +248 = heptane
Acetonitrile 3664 +248 I 154
DMSO 467 +250 &
Water 783 +251 -1.2 =
=
& 104
condensed phase analog in water (&d.) “:‘.ﬂ
gas phase
Cl~ +CHs*Cl — *Cl~ + CHsClI (43)
54
ClI~ (H20)00 4-(:f+3*(:|(F12())OO
— *CI7(H20)s + CH3CI(H20)00 (44)
0 10 20 30 40 50 60 70 80

As expected, and as shown previously, the barrier in the
condensed phase has increased dramatically, and the well- £
depths of the ion—molecule complexes have been reduced ] ) o
considerabl\{68-70} In addition, there is a small barrier, Fig. 10. Plotofthe dlelectr_lc constar) {/s. the MPZte_lctlvaFlon energy for

; . . ; . the CI- + CHCl Sy 2 reaction AE! (e)mp2(teys-31+G(d) in various solvents.

corresponding to partial desolvation prior to formation of the
ion—molecule complex. It was assumed that the transition
state geometries in the gas and condensed phase are identi-
cal, and this was mainly done for CPU time saving purposes.
The results for the various MR2IPCM barrier heights and
well-depths AE¥(¢) and AE(e), respectively, in a variety of
solvents spanning a large range of dielectric constantése
shown inTable 13 The results are plotted Figs. 10 and 11
It can be seen that in going from the gas phase to THF as 81
solvent, a large increase iRE!(¢) is observed, while upon
going from acetone to water it levels off. A similar but inverse
trend is observed by plottingversus—AE(e), with a large
drop going from the gas phase to THF, while from acetone
to water it levels off. Plotting- AE(g) versusAE¥(¢) gives a
nearly linear correlationHig. 12). To see how well the cho-
sen method actually performs, computations on various other
condensed phase systems were performed for which experi-
mental activation energies are known. The resultiole 14
show that good to excellent agreement can be obtained ex-
cept for systems where Fis the nucleophile. The experi-
mental results for the Cl+ CH3Br and Br~ + CH3Br reac- 24
tions may be inaccurate, as discussed by Moelwyn-Hughes waer
and co-workerg2—4]. As noted above, the results for most *
experiments ifable 1show that even the addition of one sol-
vent molecule will dramatically slow the reaction compared 0 .
to the non-solvated gas phase reaction by almost two orders 0 10 20 30 o 50 60 70 80
of magnitude. It would be interesting to see if for mono-

solvated {2 reactions the linear correlation fromg' 12 Fig. 11. Plot of the dielectric constan) (vs. the negative MP2/complex-

also applies. Ifrig. 13a plot of — A H3gg VerSUﬁHégg’ both ation energy for the Cl+ CHsCl Sy2 reaction,— AE(e)mp2(fcy/6-31+G(d) in
from MP2b//MP2/a computations for Eqg45) and (46) various solvents.

? gas phase

)

—1

benzene

—AE(&)\ypo g ys-31+aa) (keal mol

chloroform

THF

acetone
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30+
254 water acetone
—~
- chloroform
[=]
E 204
E
= benzene
7 o154
7
2
&
= 10
=
kLIJ
< gas phase
5]
0 T T T T 1
0 2 4 6 8 10

-1
—AE(&)vpareys-314cea) (keal mol ™)

Fig. 12. Plot of — AE(s)mp2(fc)/6-31+G(d) VS- AEI(S)Mpz(fc)/e.31+c;(d)f0r the
CI~ + CH3CI S\ 2 reaction in various solvents.

respectively, is shown (S =4@, HyS, NHs, PHg)

CI=(S) + CHsCl = (S)CI™(CHsCl) (45)

CI=(S) + CH3Cl — [(S)CICHsCI]™ (46)

In Fig. 14 a plot of —AH°® for Eg. (47), from PHPMS
results of this work, versus E! for Eq. (48), from Mohamed
and Jensef83], is shown (S = CHOH, CH;CN, (CHg)2CO).

CI=(S) + (CHg)2CHCI = (S)CI((CH3)2CHCl)  (47)

CI~(S) + (CHs)2CHCI — [(S)CICH(CHs).Cl]~  (48)
The AE* values were obtained as followaE! values
for [CIRCI]~ (R=Me, Et,i-Pr, t-Bu) were taken as av-
erages from B3LYR/ and MP2¢//B3LYP/c computations,

Table 14

Computational MP2 IPCMAEf and experimental £ values for
X~ (S)o + CH3Y(S)o — [XCH3Y] #(S) (X, Y=F, Cl, Br, I; S=H0,
(CHs)2CO) condensed phasg 3reactions

X~ CHgY Solvent AFE* Ea Reference
(kcalmol1)  (kcal mot?)

Cl~ CHal Acetone  +17.0 +16.5 [2]
I~ CHsCl  Acetone +18.1 +18.0 [2]
Cl~ CHzBr Acetone +20.6 +15.7 [84]
Br~ CHsBr Acetone +19.4 +15.8 [85]
F CHsCl  Water +14.9 +26.9 [3]
F~  CHsBr Water +14.2 +25.2 [3]
F~  CHsl  Water +11.4 +25.2 [3]
Cl= CHsBr Water +21.2 +24.6 [3]
Br— CHzBr Water +20.0 +23.7 [9]
1= CHsF  Water +25.1 +23.1 [3]

11 1

AH' o4 (kcal mol™!)

no solvent

(%)

—AH",,, (keal mol 1)

Fig. 13. Plot of the MPDI/MP2/a —A H3gg VS. —A Hgg results for the
CI~(S) + CH;Cl mono-solvated $2 reaction.

16
e CH;0H
CH,CN
~ 14 CH,CF,H
L
©
=) (CH;)»,CO
=
o
2
g 124
10
no solvent
8 T T T ]
8 10 12 14 16

—AH® (kcal mol ™)

Fig. 14. Plot of the PHPMS-AH® vs. the calculatechE' results for the
CI~(S) + (CHz)2CHCI mono-solvated & reactions.
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and these values (3.5, 7.2, 10.0, and 17.4 kcaithote-
spectively). TheAE! values for [(S)CICHCI]~ were es-
timated by taking the B3LYR/ AE! values and adding
5.0kcal motl, a value based on the average of th&!
values for [(HO)CIRCI]. This gives AE' values for
S=CHOH, CHCN, and (CH).CO of 15.5, 14.6, and
13.4 kcal mot?, respectively. It seems that theH° value
for S= CH;OH should be around10.1 kcal mot?. In addi-
tion, for S= CHCRH a AE* value of 14.1 kcal mai! can
be estimated from interpolation of the fitted line. The latter
two values are indicated by white dotskig. 14 In Fig. 13
the results for S=Ngland PH are somewhat off the line,

B. Bogdanov, T.B. McMahon / International Journal of Mass Spectrometry 241 (2005) 205-223

MP2/[c/d] level of theory, show that formation of Brand
Br—(H20) proceeds through two different profiles. Isomer-
ization from Br (CH3CI)(H20) to (H,O)Br—(CH3Cl) can
be accomplished by a rotation of the BCH3Cl) part. This
process is energetically favorable and leads to a net solvent
transfer.

For the condensed phase Gi CH3Cl Sy2 reactions in
a variety of solvents, the MPIPCM —AE(e) and AE*(¢)
values show a leveling off as the dielectric constantincreases
to around 20 (acetone). Plotting AE(g) versus AE*(e)
gives a linear correlation, and similar behavior is observed
for the MP2b//MP2/a computations of the CI(S) + CH;CI

but the overall result and conclusion do not change. Thesereactions (S=HO, HxS, NHs, PH;, SO;), and PHPMS
results seem to indicate that from a thermochemical point of results and computations from Mohamed and Jensen for

view, mono-solvated & reactions in the gas phase already
show features of their condensed phase counterparts.

5. Conclusion

In this work various aspects of the structures and thermo-

chemistry of solvated \& complexes and transition states

the CI(S) + (CHs)2CHCI reactions (S =CEDOH, CH;CN,
(CH3)2CO). This may indicate that, in addition to dramatic
changes in the kinetics upon mono-solvation, the thermo-
chemistry may also begin to adopt condensed phase features.
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