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We study the effects of protic solvent (water, methanol, ethanolfentithutyl alcohol) and cation (Na K,

Cs") on the unsymmetrical& reaction X + RY — RX + Y~ (X = F, Br; R= CHj;,C3H7;Y = CI, OMs).

We describe a series of calculations for th@ $eaction mechanism under the influence of cation and protic
solvent, presenting the structures of pre- and postreaction complexes and transition states and the magnitude
of the activation barrier. An interesting mechanism is proposed, in which the protic solvent molecules that
are shielded from the nucleophile by the intervening cation act as a lmsgmsto reduce the unfavorable
Coulombic influence of the cation on the nucleophile. We predict that the reaction barrier fa/2hea8tion

is significantly lowered by the cooperative effects of cation and protic solvent. We show that the cation and
protic solvent, each of which has been considered to retardyhesBctivity of the nucleophile, can accelerate

the reaction tremendously when they interact with the fluoride ion in an intricate, combined fashion. This
alternative 2 mechanism is discussed in relation to the recently observed phenomenal efficiency of fluorination
in tert-alcohol media [Kim, D. W.; et alJ. Am. Chem. SoQ006 128 16394].

I. Introduction protic solvent for {2 reaction is based on the idea that the
solvent molecules, acting as a proton donor (Lewis acid), may

The bimolecular nucleophilic substitutiony® reactioA=2° . X )
. - . form hydrogen bonds with the nucleophile to seriously reduce
is one of the fundamental and most useful chemical reactions.. oL L .
its nucleophilicity. This view of protic solvent has long been

Recent progress in experimental technique such as the SPEC, ked to explain the low reactivity of the strong baseilf

troscopy of low-temperature gas-phase clusters and quantu ) . .
chemical methods has allowed this very important class o;nthe solution phase. .Second, the effects 9f counterion (cation)
must also be taken into account for the simple reason that one

reaction to be studied in detail at the molecular level. For ¢ include th leophili t al in th luti
example, it is now well-known that there exist intermediate pre- May not include the nucieopniiic agent alone in he solution
phase. Due to very strong Coulombic influence on the nucleo-

and postreaction complexes that are distinct from the transition® > ; . .
state?'-24 These complexes may be regarded as the starting andP hile, cation may decrease thg2Sreaction rates, especially
ending structures in the low-temperature gas-phage@ction, when ".[ is close to thg nucleophile as in a contgct ion pa|rl(CIP).
respectively, although their role would diminish at elevated For this reason, this latter form of the catienucleophile

temperatures and vanish in the solution phase. The prototypicalcomplex_haS been con3|de_red as being much less fav_orable_ for
unsymmetrical §2 reactiod® 162529 F~ 4+ CH,Cl — CHgF-+ the solution-phasen® reaction than solvent-separated ion pair

CI- has been studied by several groups. The anioisBne of (SSIP) .and has not begn gtudied systematically except the
the most basic nucleophiles, and the reaction proceeds almosPioneering works by Streitwieser and co-workés.

with unit probability by a nucleophilic attack of Fon CHCI In a recent report) we described a new type ofS reaction

via a very small activation barrier of about 2 kcal/mol in the characterized by several striking observations. First, bulky protic
gas phasé® This highly simplified version of the & reaction solvents {ert-butyl alcohol ortert-amyl alcohol) are extremely
may, however, not explain why fluorination has been considered good for the {2 reaction. Second, product yield is highly
difficult to occur in the organic chemistry community. Several dependent on the cation (€& much better than K). Third,
factors must be considered to elucidate the true nature of thethe relative reactivity of the halide ion nucleophile appears to
Sn2 reaction in the solution phase. First, solvent molecules are be reversed (Fmuch more reactive than By from that typical
expected to play a very important role on the reaction. Protic for halide ions in protic solvents (F< CI~ < Br~, etc). Our
solvents such as water are usually regarded as retardinghe S observations clearly demonstrated that large and polarizable
reaction. O’Hair et al® for example, measured that the rate cation and bulkyert-butyl alcohol may exhibit catalytic activity,
constant of the reaction of the hydrateddiecreases by a factor ~ and the phenomenal efficacy of fluorination seems to require a
of about 100 from that of the bare Fon. The inefficacy of fundamental revision to the role of protic solvent and cation in
the S2 reaction. Thecombinedeffects of cation and solvent

* Corresponding author: Telephone:82-31-201-2423. Fax:+82-31- may be quite complicated and intricate, and their mode of

Zof'fll}rf-h'fe'g‘g'ﬁivseﬂ?f@kh“-ac-k“ interactions may only be elucidated by scrutinizing their role
E Ui’,ivegrsity of Ulsan %ouege of Medicine. in a variety of_ configurations on the potential energy surface of
8 Inha University. the S42 reaction.
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S\2 Reaction in Protic Solvents

In the present work we systematically analyze the influence
of cation and protic solvent on the&reactions X + RY —
RX + Y~ (R = CHsCsHz; X = F, Br; Y = Cl, OMs). We
calculate and compare the reaction barriers of i r8actions
in water and methyl, ethyl, antért-butyl alcohols to study the
effects of the size of the protic solvent. Two halide nucleophiles,
F~ and Br, are employed to elucidate the observed relative
reactivity of F~ and Br, and a number of cations (NaK™,
Cs") are compared to determine their influence on th S
reactions. The effects of the leaving group are also briefly
discussed by calculating the mechanism and the barrier for the
model $2 reaction C$F~(tert-butyl alcohol), + C3H;OMs (n
=1, 2). We find that, in the absence of solvent, cation is shown
to retard the reaction tremendously, increasing the reaction
barrier in the order of Cs< Rb* < K* < Na*. When cation
is not present, protic solvent (acting as a Lewis acid) also
decreases they3d reaction rate by interacting (forming hydrogen
bond) with the nucleophile. These findings are in line with the
conventional thinking of the role of cation and protic solvent
in S\2 reactions. We propose an alternative mechanism in which
cation and protic solvent moleculesoperateto accelerate the
S\2 reaction, respectively. In this situation, solvent molecules
are shielded from the nucleophile by the cation and act as a
Lewis baseon the cation to alleviate its unfavorable Coulombic
influence of cation on the nucleophile. We show that bulky
solvent and bulky and polarizable cation are highly favorable
for the proposed catalysis by demonstrating thet-butyl
alcohol and Cs may profoundly lower the reaction barrier of
the §2 reaction F + CgH,OMs — CgH/F + OMs™, as
observed in this phenomenally efficient fluorination procss.

II. Computational Methods

MP2 and density functional theory methods (B313¥F2and
the MPW1K334 are employed with the 6-3#+G** basis
set and the effective core potential for Cs (Hay-Wadt VDZ-
(n+1)),%® as implemented in the Gaussian®®&nd Gaussian
037 set of programs. Stationary structures are confirmed by
ascertaining that all the harmonic frequencies are real. The
structure of the TS is obtained by verifying that one and only
one of the harmonic frequencies is imaginary and also by
carrying out the intrinsic reaction coordinate analysis (IRC)
along the reaction pathway. Zero-point energies (ZPE) are taken
into account, and default criteria are used for all optimizations.

Ill. Results and Discussion

-1, F =(H20), + CH3Cl (n = 0—2). Figure 1 presents the
gas-phase & reaction F + CHzCl — CHzF + CI~.15:16:2529
Itis useful to note that the negative activation barrier frequently
coined in the {2 halogen exchange reaction refers to the energy
of the transition state (TS) relative to the reacting species at
infinite separation. Since the intermediate complexes become
important in low-temperature gas phase, it would be more
appropriate to compute the activation barrier as the difference
in energy between the prereaction complex and the TS. The
activation barrier thus defined is calculated to be quite small in
all the calculations presented in Table 1. We employ the B3LYP,
MPW1K, and MP2 methods with a series of basis sets
(6-311++G**, aug-cc-PVDZ, and aug-cc-PVTZ). It seems that
the B3LYP method gives the reaction barrier that is somewhat
(by ~2 kcal/mol) smaller than that obtained by the MP2 method.
MPW1K/6-31H+G** and MPW1K/aug-cc-PVTZ methods
predict quite similar magnitude of the barrier, which is close
(to within ~0.5 kcal/mol) to that obtained by the MP2/aug-cc-
PVDZ level of theory. We find that the MPW1K method gives
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Figure 1. Gas-phase reactionm H CH;Cl — CHsF + CI~ of the free

F~ ion: Formation of pre- and postreaction complexes (energy and
Gibbs function in kcal/mol and bond lengths in A): (1) B3LYP/6-
311++G**, (2) MPW1K/6-311++G**, (3)MP2/6-31H-+G**.

TABLE 1: Comparison of Theoretical Methods Used for the

Gas-Phase Reaction F+ CH3Cl — CH3F + Cl— (barrier
Ea, Ga, and reaction energyAE in kcal/mol)
method E2 G2 AEP AGyog
B3LYP/6-31H-+G** 0.08 0.55 —24.8 —24.3
B3LYP/aug-cc-PVDZ 0.10 056 —245 —24.0
B3LYP/aug-cc-PVTZ 0.37 0.83 —24.8 —24.5
MPW1K/6-31H-+G** 2.44 3.31 —28.1 —27.4
MPW1K/aug-cc-PVDZ 1.89 269 -—-28.1 —27.5
MPW1K/aug-cc-PVTZ 2.67 3.53 —28.2 —27.6
MP2/6-31H+G** 3.60 5.07 —35.8 —34.4
MP2/aug-cc-PVDZ 2.85 3.76 —-354 —34.6

aEnergy (Gibbs function) of TS- energy (Gibbs function) of
prereaction complex (ZPE-correcteBEnergy of postreaction complex
— energy of prereaction complex (ZPE-corrected).

more accurate barrier heights than B3LYP, as observed by
Truhlar and co-worker&2 The energy and Gibbs function of
reaction calculated by the MPW1K method are also a bit more
accurate (closer to the MP2 values) than those obtained by the
B3LYP theory, as observed by Zhao and TruRR&rSince we
want to treat the system with big solvent moleculest{butyl
alcohol) influencing the rate ofy\@ reaction, we employ in this
work the MPW1K/6-31%+G** technique that is demonstrated
to give a quite accurate barrier (Table 1), unless noted otherwise.
The prereaction complex is calculated to be 15.9 kcal/mol lower
in energy than the reactants F CH;Cl, while the correspond-
ing change in Gibbs function (at 298 K) 9.9 kcal/mol by
the MPW1K/6-31#+G** method. The postreaction complex
is 8.7 (3.1) kcal/mol lower in energy (Gibbs function) than the
products [CHF + CI7]. It must be noted that the role of these
complexes would diminish at elevated temperatures and vanish
in the solution phase.

Figure 2a,b presents the calculated results for the effects of
hydration®1415 We obtain two TS's connecting the same
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Figure 2. Sy2 reaction F + CH3Cl — CHgF + CI~ under the influence

of a water molecule (a, b) and two water molecules (c, d). Energy and
Gibbs function in kcal/mol and bond lengths in A. (1) B3LYP/6-
311++G**, (2) MPW1K/6-311++G**.

prereaction and postreaction complexes with similar activation
barriers [5.6 (9.29.3) kcal/mol by B3LYP (MPW1K) theory],
but slightly different Gibbs function of activation [8.0 (12.5)
and 6.3 (9.8) kcal/mol]. We find that the MPW1K theory gives
the barrier that is consistently larger (by-8 kcal/mol) than
that obtained by the B3LYP method for all the reacting systems
(Figures 1-8) studied in this work.

Oh et al.

and CHCI depicted in Figure 1. This increase in activation
barrier results from hydrogen bonding of the water molecule
with F~, decreasing its nucleophilicity. The calculated barrier,
however, still seems to be small, suggesting that the effects of
a water molecule directly interacting with Fare not sufficient

to explain the difficulty of fluorination in the solution phase.
Figure 2c depicts the situation in which two protic solvent
molecules interact as a Lewis acid with the nucleophile, raising
the barrier from 0.1 to 11.5 kcal/mol (B3LYP/6-311G**).

The barrier of the reaction is expected to increase further as a
function of the number of water molecules. The water molecule
may also assist the detachment of Gind Figure 2d presents

a situation in which a water molecule interacts with, Rhile
another binds to the leaving group. The effects of a water
molecule interacting with the leaving group are estimated to
lower the barrier slightly (by~2 kcal/mol) from the situation
depicted in Figure 2c. It seems that the smaller distance (1.326
A) between the hydrogen atom in® and F in Figure 2d
than that in Figure 2a,b (1.474 A) may overwhelm the effects
of assisting the leaving group.

These predictions are in agreement with experiments. O’Hair
et all® measured that the rate constant of the reacticiifO); »

+ CH3Cl decreases by a factor of about 100 and by almost 4
orders of magnitude, respectively, from that for the bare F
ion. The rate constant of the corresponding reaction in aqueous
solution, on the other hand, drastically drops from the gas-phase
value by almost 20 orders of magnitude with the increase in
the barrier height to 27 kcal/mdt.Recently, Morokuma, Tomasi
and co-workers employed ONIOM-PCM methods to study
the reaction Ct + CHsClI in aqueous solution, and the net
influence of solvation in theabsenceof the cation was
considered as increasing the reaction barrier from the gas-phase
reaction Ct(H20) + CHsCl by 14—15 kcal/mol. Adopting this
estimation, the barrier of the reactiom(gq) + CHsCl may
amount to about 20 kcal/mol.

I11-2. Na*F~ + CH3Cl. Figure 3a depicts the situation in
which the cation interacts with™An theabsencef the solvating
water molecules. When NaF,” and CHCI are arranged in an
approximately collinear fashion, thg&reaction may not occur
because of too strong Coulombic interactions betweehaal
F~. When NaF~ and CHCI are complexed in ther-type
configuration, on the other hand, the reaction may proceed but
only with considerable activation barrier85 (38) kcal/mol
by the B3LYP/6-31#+G** (MPW1K/6-311++G**) method]
that is much larger than that-@7 kcal/mol) experimentally
measured for the solution-phase reaction. The situation depicted
in Figure 3 is similar to the ion pair\& reaction studied by
Streitwieser and co-workéfsand may be considered an extreme
case, in the sense that Naxerts a strong Coulombic influence
on F at closest distance, with N&~ in the form of CIP. In
actuality, the radial distribution function of the cation N
the aqueous NaX solution exhibits successive peaks with
decreasing probability around the aniorm, ¥ and thus, some
of the complex NaF~ may exist in the form of SSIP. Obviously,
the cation Na farther from F is expected to exert a diminishing
influence, and the net effects of cation may be described as a
weighted average of those of CIP and SSIP, increasing the

Structures of the TS's presented in Figure 2a are somewhatbarrier to less than predicted in Figure 3. When the complex

different: One of the OH bonds of the water molecule in the
TS in path a is distorted away from the-E—CI axis, whereas

it is more or less in line with the axis in path b. The solvating
water molecule is being kept close to fluorine throughout the

Na"F~ exists as the SSIP form, the cation is shielded from the
nucleophile by the intervening solvent molecules.

I11-3. NatF~(H.0), + CH3Cl (n = 1, 2). Acknowledging
that the protic solvent molecules and the cation tend to decrease

reaction. In both cases, the activation barriers are significantly the rate of the & reaction when thegeparatelyinfluence the

larger (by~7 kcal/mol) than that for the reaction of free F

reacting system, one may ask: what would the effects of protic
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CHzF + CI~ (a) under the influence of Naand (b—d) under the influence of Naand a water molecule.

Energy and Gibbs function in kcal/mol and bond lengths in A. (1) B3LYP/643tG**, (2) MPW1K/6-311++G**, (3) effective barrier, starting

from the global minimum energy complex.

solvent be when partaking in combination with cation in the

barrier (also given in Figure 3) is28 kcal/mol, which is still

solution phase? Figure 3 illustrates the situations under thevery low compared with the mechanism in Figure 3b. The

influence of N& and a water molecule. In Figure 3b, a water
molecule bridges Na and F in the prereaction complex,
partially neutralizing the Coulombic attractive force of Nan
F~, but also decreasing the nucleophilicity of Kself. This

activation barrier for the reverse reaction, on the other hand, is
significantly larger than that for the forward reaction. The
solvent-assistedy2 mechanism shown in Figure 3d involves
quite vigorous movements of the nuclei during the reaction, and

role of water (proton-donating toFand accepting positive
charge from Nd) is maintained throughout the reaction, with the ring structure is eventually pushed away fromsEHIt

the water molecule being kept far from @El. These two should be noted, however, that substantial movements of water
contrasting effects seem to more or less cancel out, giving themolecules predicted in the gas-phase reaction here would not

the water molecule initially bridging Naand CI~ as part of

activation barrier (38.2 kcal/mol) that is similar to (but a bit
higher than) that (34.9 kcal/mol, B3LYP/6-3t1G**) for the
corresponding reaction without the binding water molecule

(Figure 3a). In the prereaction complex depicted in Figure 3c,

the water molecule is located between*Na~ and CHCI,
bridging CH;, Na*, and F. The water molecule breaks away
from Na, but still binds and reduces the nuclephilicity of F
in the TS, producing a much larger barrier (46.4 kcal/mol,
B3LYP/6-311-+G**). It is useful to note that HO remains
far from the CI moiety throughout the reaction. The most
interesting situation, in which the water molecule bridges Na
and the leaving group C] alleviating the effects of Nlaon
the nucleophile F and also assisting the detachment of ,G$
depicted in Figure 3d. This cooperative influence of"Nand
H.O lowers the activation barrier drastically to 20.2 (24.0) kcal/
mol by the B3LYP/6-311++G** (MPW1K/6-311++G**)

really describe those in the solution-phase reaction, in which
numerous water molecules may restrict their mofibn.

Figure 4 presents the structures of the prereaction complexes
and the mechanism of they® reaction under the influence of
Na" and thetwo water molecules, and again we predict very
interesting effects of cation and protic solvent. In the prereaction
complex in Figure 4a, the two water molecules bridge ldad
F~, slightly increasing the barrier from that in Figure 3b
involving a water molecule. Then8 reaction via this mecha-
nism seems quite unrealistic due to the large reaction barrier
(Ea = 43.6 kcal/mol, MPW1K/6-311+G**). A more interest-
ing situation is depicted in Figure 4b, in which a water molecule
interacts with N& and F, while another water molecule bridges
Na™ and Cl. By patrtially reducing the positive charge of the
Na' ion and by assisting the detachment of the leaving group
CI~ ion, the latter water molecule seems to lower the barrier

method. Since the prereaction complex in the mechanism from the case without its influence (Figure 3b) significantly by

depicted in Figure 3d is-7.8 kcal/mol higher in energy than

the lowest energy prereaction complex in Figure 3b, the effective molecules also act to give a low barriét,(= 28.1,G, =

~16 kcal/mol to 27.3 kcal/mol. In Figure 4c, the two water
29.0
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Figure 4. S\2 reaction F + CHsCl — CHzF + CI~ under the influence of Naand two water molecules. Energy and Gibbs function in kcal/mol
and bond lengths in A (MPW1K/6-3#1+G*).

kcal/mol) for the {2 reaction. In this situation, a water molecule barrier by the combined effects of cation and protic solvent to
bridges F, Cl, and HO, while another water molecule interacts 20—23 kcal/mol, however, is far short for catalytic effects,
with Na. The magnitude of the reaction barrier for the because the barrier is still #18 kcal/mol higher than that for
mechanism illustrated in Figure 4d is similar to that in Figure reactions in which only the protic solvent influences it (Figure
3d, with another water molecule located at the far side exerting 2). It seems that the effects of water molecules om téaeduce
minimal influence. Thus, it seems that a single water molecule the strong Coulombic influence of Nan F~ are not sufficient.
directly interacting with the cation may essentially be responsible The mechanism illustrated in Figures 3d and-4b however,
for the predicted effects. may give useful insights to devising a scheme by which the
This predicted role of water molecule (acting as a Lewis base) cation and solvent may catalyze thg2Seaction. For example,
in the gas-phase\2 reaction is in high contrast with the a highly polarizable cation such asCer ammonium would
situation (either in the gas phase or in solution) in which protic be more favorable, because it will be affected by the protic
solvent is generally considered to retard th $action, acting solvent more easily and to a larger degree.
as Lewis acid and forming a hydrogen bond with the nucleo-  Ill-4. Na*Br=(H,O), + CH3Cl (n = 0, 1). Since the
phile. It also seems that this lowering of the reaction barrier fluorination reaction is generally thought to be more difficult
predicted above by interacting protic solvent and cation is a than bromination, it will be interesting to examine how the
new feature of the @& reaction in the sense that the cation here proposed mechanism would predict the relative reactivity of F
remains close to the nucleophile in the form of CIP during the and Br . Figure 5 shows the mechanism of bromination under
reaction (the SSIP form has been considered to be best for thethe influence of N& and a water molecule. It is interesting to
reaction with the cation being kept as far as possible from the note that the barrier (27.3 kcal/mol, MPW1K/6-321G**) is
nucleophile in the conventionak$nechanism). This mechanism now higher than that (24.0 kcal/mol) for fluorination (Figure
of promoting the reaction by protic solvent is different from 3d), indicating that bromination may occur less readily than
the solvent-mediated chemical reaction such as the multiple fluorination under these circumstances, that is, when a water
proton-transfer processéwia the solvent molecule(s), in which  molecule acts as a base to alleviate the retarding effects of cation.
a part (proton) of the solvent molecule creates or annihilates This prediction is clearly distinct from the effects of solvation
chemical bonds with the reacting molecules. In the present that have been invoked to explain the difficulty of fluorination
situation, the solvent molecule remains intact, acting as a relative to bromination in the solution phase (5 solvated
mediator of the chemical reaction. Lowering of the reaction more extensively than Bj. It seems rather that the difference
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Figure 5. Sy2 reaction (a) Br + CHsCl — CHsF + CI~ and (b)
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in the inherent basicity of Fand Br (F~ is more basic than & 210
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Br~) makes fluorination more favorable than bromination due
to the role of water molecule as a Lewis base here.
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lI-5. M +F~(H,0), + CH3Cl (M =K, Rb, and Cs;n =0, H 1398

1). Since the metal cation may interact with the nucleophile

’ 3.156 A \
and the solvent molecules, the barrier and the rate constant of , 4, - 3.085,% 9
the 2 reaction may also be profoundly affected by the * 1491 . :
properties of the cation. When a larger metal cation interacts J.’J 1381 ;'m
with F~, the Coulombic effects are expected to be smaller than " - AE=-11.0"-124%

that of Na'. Indeed, the barriers of the reaction”™ + CHs- | 208 AGase =-10.00 1159 3017 % .

ClI (Figure 6a depicts the mechanism for¥Cs) are calculated @' ' =
to be 29.5, 23.0, and 20.7 kcal/mol (B3LYP/6-31+G**) for 9

M =K, Rb, and Cs, respectively, which are progressively much Figure 6. Sy2 reactions of (a) C$~ + CHsCl and (b) CsF~(Hz0)
smaller than that (34.9 kcal/mol) for the reaction [ifa + + CHsCl. Energy and C;‘ibbs function in kcal/mol and bond lengths in
CH4ClI] depicted in Figure 3a. When a water molecule interacts é‘é&i%lgi%étf G ECP for Cs, Hay-Wadt VDZ(f1)). (1)

. . , . - , (2) MPW1K/6-3114-+G**.
with the nucleophile F and larger metal cation (Figures 6b
describes such a case for#Cs, corresponding to Figure 3d  tert-amyl alcohol in the present work) are extremely good for
for M = Na), the barriers of the reaction™#~(H,O) + CHs- the Sy2 reaction. This finding is striking, because in conven-
Cl are calculated to be 22.3, 20.3, and 20.3 for=\WK, Rb, tional 42 reactions polar, aprotic solvents are known to be
and Cs, respectively, quite similar to that (20.2 kcal/mol) for much more efficient. Second, product yield is highly dependent
the reaction NaF~(H,O) + CHzCl. It seems that the bulky  on the cation (Csis much better than K), which provides
cation is pushed away from the reactants, allowingkd HO experimental evidence for the important influence of Coulombic
to get close to each other (their distance in Figure 6b is only interactions of the cation on the reaction. Third, the relative
1.491 A). This proximity of HO to F- may decrease the reactivity of the halide nucleophile appears to be the reverse
nucleophilicity of F to a larger degree than in the reaction (F~ much more reactive than By of that (F < CI~ < Br~,
Na"F~(H20) + CHsCl, and therefore, the smaller Coulombic etc.) typical for halide in conventionak@ reactions in aprotic
effects of the larger cation are more or less offset by the larger solvents predicted by simply considering the differential sol-
electrostatic influence of the water molecule ontB give the vation of the nucleophile. Fourth, the effect of the leaving group
barriers that are almost independent of the metal cation. Thus,seems to be much larger than in the convention2l r@actions,
water does not seem to be a good protic solvent to harness thesuggesting that some sort of interaction between the leaving
predicted effects of the large and polarizable cations to lower group and the other constituents of the reaction (the nucleophile,
the activation barrier. Bulky solvent molecules, which may be cation, or the solvent molecule) is affecting the reaction rate.
alienated from the nucleophile more easily, would be much The pronounced effect of the cation suggests that it may be in

better, as described in the next section. proximity to the nucleophile. On the other hand, the OH group
I11-6. Cs*F(tert-butyl alcohol), + CsH;OMs (n = 1, 2). of the protic solvent molecule and the nucleophile should remain
Our calculated results for a series of reactionst~CHzCl — as remote as possible during the progress of the reaction, because

FCHs; + CI~ in water and under the influence of cation may hydrogen bonding between them would certainly reduce the
provide a fundamental insight into the mechanism of the reactivity of the nucleophile. We propose that protic solvent
phenomenally efficient fluorination in protic solvent described molecules may play a critical role in promoting the reaction by
in a previous repo® The observed characteristics of the alleviating the unfavorable Coulombic influence of the metal
nucleophilic substitution reaction were in stark contrast with cation on the nucleophile, without forming a hydrogen bond
aspects associated with the conventiongl Raction in several  with the nucleophile. The size of the solvent molecule would
respects. First, hindered protic solvertestbutyl alcohol and be an important property in this case, because the bulkier solvent
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molecules are, the more difficult it will be for them to penetrate obtained as the sum of the barrier from the prereaction complex
between cation and nucleophile. The size and polarizability of in Figure 7band the relative energy (6.8 kcal/mol) of this
the cation would also be critical: bulky cation may better shield complex with respect to the global minimum energy structure
the solvent from the nucleophile, and the influence (reducing given. The effective barrier thus obtained is 27.5 kcal/mol, as
the positive charge of the cation) of solvent molecules on cation given in Figure 7c.
may be maximal when it is easily polarizable. For small solvent Noting the retarding effects oért-butyl alcohol, interactions
protic solvent molecules, methanol and ethanol, we find that ith more protic solvent molecules would furthiecreasethe
the barriers 0&20'2.(2.4'0) keal/mol by the B3LPY (MPWlK) already high barrier in this conventionaly& mechanism.
method are quite similar to the case of the reaction mediated pyegence of another protic solvent interacting with the leaving
g oL moleces Would eflanl oe 1S group (Figure 7c) il only a Sight change i the barir
tertbut I' alcohol Theystructure of the leaving aro | This latter situation looks similar to the very interesting

uty : ; g group may ailso -, -hanism recently proposed by Pliego and-Rikboso#2—46
be critical when the protic solvent molecule may interact with . . . . . .

in which the reaction rate increases by selective solvation of

the leaving group to produce a stable transition state and lOWthe nucleophile and leaving group by forming two cooperative

activation barrier. We choose the mesylate group possessin R - .
multiple oxygen atoms that may interact with OH in the bulky gm/drogetr} bogds_V\;ltz fj'oll_m the7tra}n5|r':|on state. Tlhelb?r(rju:r %f
tert-butyl alcohol molecule. e reaction depicted in Figure 7c is, however, calculated to be

Figure 7a depicts thex@ reaction F + n-CsH-OMs in the !arg_er .than that o_f the ipn pair reaption proposed belpw,
absence of cation and solvent. The extremely low activation indicating that the interesting mechanism proposed by Pliego
barrier (6 kcal/mol, MPW1K/6-31%+G**) indicates that this and co-workers is not effective here. It must be noted that the
reaction would proceed almost with gas kinetic rate constant. tert-butyl alcohol molecule near the leaving group moves
Figure 7b,c demonstrates the effects of protic solvent on the vigorously during the course of reaction, and this prediction
Sx2 reaction in which the “naked” nucleophile Fteracts with ~ May be prone to change when more solvent molecules affect
tert-butyl alcohol. Our calculations show that the net effects of in solution. In this latter case, the movements of solvent
a tert-butyl alcohol molecule are to raise the reaction barrier molecules are expected to be seriously restrained, accompanied
by ~16 kcal/mol, indicating that the protic solvent, acting as a With the increase in reaction barrier. Since the barriers for the
Lewis acid, may retard the reaction tremendously. The prere- mechanisms depicted in Figure 7b,c are quite similar (the
action complex given in Figure 7b is the global minimum energy difference is only~1 kcal/mol), it seems that theert-butyl

structure in the F(tert-butyl alcohol)+ n-CsH,OMs system, alcohol molecule interacting with the nucleophile primarily
whereas that in Figure 7c is not, lying 6.8 kcal/mol above the determines the magnitude of the reaction barrier, and that
global minimum energy complex in the Eert-butyl alcohol)} vigorous movement of thiert-butyl alcohol molecule near the

+ n-C3H;OMs system. In this latter case, the effective barrier leaving group may not be a significant factor, at least with
for the reaction F(tert-butyl alcohol} + n-CsH;OMs may be respect to the reaction barrier.
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complex.

The effects of the cation Cson the reaction F+ n-CsH7-
OMs, on the other hand, are to raise the barrier only~8y

given in Figure 8b is 10.2 kcal/mol higher in energy than the
global minimum energy complex in the G5 (tert-butyl

kcal/mol (Figure 8a), which is much less pronounced than those alcohol)+ n-C3H;OMs system, the effective barrier is 22.2 kcal/

of tert-butyl alcohol (Figure 7b). We find that the configuration

mol, which is slightly larger (by~0.5 kcal/mol) than that given

of the reacting species depicted in Figure 8b,c for the reactionin Figure 7b for the reaction of bare nucleophile kb the

Cs"F(tert-butyl alcohol) , + n-C3H;OMs lowers the barrier
by the combined effects dért-butyl alcohol and cation Cs
The activation barrierf; = 14.6,G, = 16.0 kcal/mol, MPW1K/
6-311H-+G**) of the S\2 reaction CSF~ 4+ n-C3H;OMs in the
absence of protic solvent now decrease&fo= 12.0 G, =
12.2) kcal/mol (MPW1K/6-311++G**) under the influence of
atert-butyl alcohol molecule (Figure 8b). Comparing with the
gas-phase & reaction between lbare F~ and the comparable
halide (for examplek, = ~10 kcal/mol for Ct + neopentyl-
CI),5 this indicates that the unfavorable Coulombic influence
of Cst on F has essentially been nullified by tart-butyl

presence of protic solvent acting as a Lewis acid in the
conventional §2 mechanism. Therefore, thgSreaction of

the naked F (Figure 7b) and the CIP form of H(Figure 8b)
seems to proceed with very similar rate constants under the
influence of a singleéert-butyl alcohol molecule.

Figure 8c shows that a secotert-butyl alcohol molecule
further reduces the activation barrier B3 = 8.8 kcal/mol,
approaching that (6.0 kcal/mol) for the reaction + n-C3H-
OMs (Figure 7a) that would proceed nearly with gas kinetic
rate constant. The prereaction complex presented in Figure 8c
is 14.7 kcal/mol higher in energy above the global minimum

alcohol molecule. Considering that the prereaction complex energy complex for the C&(tert-butyl alcohol} + n-CsH+-
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OMs system, and thus, the effective barrier is calculated to be  (4) Adamovic, I.; Gordon, M. SJ. Phys. Chem. 2005 109, 1629.
23.5 kcal/mol. Comparing with the barrier (27.5 kcal/mol) Che(ri) ;’gggg&%ﬁg%‘gf N.; Jorgensen, W. L.; Brauman, J. lAm.
obtained for the conventhnal mechan'sm qu(l'ért—butyI (65 Mb, S. J.; Vreven, -T.; Mennucci, B.; Morokuma, K.; Tomasi, J.
alcohol} + n-C3H;OMs depicted in Figure 7c, it can be seen Theor. Chem. Acc2004 111, 154.

that our proposed mechanism via the CIP form of the metal 200(67)12U9l%gf7ud, E.J. Phys. Org. Chem2006 19, 461; Chem. Eur. J.
halide is much more favorable than_ the conven_tlonal mechanism. (8) Gonzales, J. M. Cox, R. S.: Brown, S. T.: Allen, W. D.: Schaefer,
The dlffgrence of~5.3 kcal/mol in 'the barrlgr of the two . F. 1. J. Phys. Chem. 001, 105, 11327.

mechanism amounts to 200 times difference in rate constants. (9) Wang, H.; Hase, W. LJ. Am. Chem. Sod.997, 119, 3093; Sun,

Interactions with more solvent molecules may still lower the L Hase, W. L Song, KJ. Am. Chem. So@001, 123 5753.
barrier by “pulling” th iti h f th ti d al (10) Harder, S.; Streitwieser, A.; Petty, J. T.; Schleyer, P. \0.FAm.
arrer by “pulling " the positive charge of the cation and alsO  chem, soc1995 117, 3253. Streitwieser, A.; Choy, G. S.-C.; Abu-

possibly by assisting the detachment of the leaving group to a Hasanayn, ). Am. Chem. Sot997, 119, 5013. Hasanayn, F.; Streitwieser,
larger degree. Although our comparison of the two mechanismsA.; Al-Rifai, R. J. Am. Chem. So€005 127, 2249. _ _
would become more rigorous if the influence of the other infinite ., (11)_Hernandez, M. I.; Campos-Martinez, J., Villareal, P.; Schmatz, S.;
. . Clary, D. C.Phys. Chem. Chem. Phys999 1, 1197.
number of solvent molecules could be shqwn to pe similar in -~ (12) Bowman, J. MJ. Phys. Chem. 2001, 95, 4960.
the two cases, and if the effects of dynamic polarizdfiame (13) Cossi, M.; Adamo, C.; Barone, Zhem. Phys. Letl99§ 297, 1.
included in our calculations, our proposed alternative mechanism20(()124)1Ogﬂl‘if(‘)''ggl;"_g'0 '(')'é flhgsis(éhem 2000 104, 497;2001, 105 1260;
(.Flgure 8b,c) \{vould bg muc.h more feasible than the conven- “~ 15y o'Hair, R. A. J.; Davico, G. E.; Hacaloglu, J.; Tang, T. T.; DePuy,
tional mechanism depicted in Figure 7b,c, when we consider c. H.: Bierbaum, V.J. Am. Chem. Sod994 116, 3609.
the already large difference in the reaction barriers of the two (b)(16) (a)é}?gel. é éagwig, K-OM-J- Phys. ChemA 2001, 105, 4042.
i ; J. Am. Chem. So 125 1014.
mecrt]anlsrlis under the |nflue|nc<|e o;tvlvo sollventfmoleculles (due (17) Craig, S. L: Brauman, J. I Am. Chem. Sod999 121, 6690,
to the bulkiness oftert—buty alcohol, only a few solvent (18) Jorgensen, W. LAcc. Chem. Re<989 22, 184.
molecules are expected to interact directly with the reactants). (19) Sun, L.; Song, K.; Hase, W. IScience2002 296, 875.
Therefore, we suggest that this alternative mechanism, in Which59§20) Safi, B.; Choho, K.; Geerlings, B. Phys. ChemA 2001, 105
the+tert-butyl alcohql mo_lecule actsas a Lewis base to_th(_a cation (él) Laerdahl, J. K.: Uggerud, nt. J. Mass Spectrom. lon Prog002
Cs' (and as a Lewis acid to the leaving grot®Ms, bridging 214 277.
the two) may indeed account for the experimentally observed  (22) Wilbur, J. L.; Brauman, J. U. Am. Chem. Sod 991, 113 9699.
phenomenal efficiency of fluorination itert-alcohol medium 80(02%9%1% Fsggg P.; Szulejko, J. E.; McMahon, T. & Am. Chem.
; . ; 3 .
in the presence of bulky and pola!rlzable cation sugh as®Cs (24) Dessent, C. E. H.; Johnson, M. &. Am. Chem. Sod 997, 119
The different degree of solvation for nucleophiles (more 5607.
solvation for F than for larger ) has usually been invoked to 19éi5)206225;enbefgef, M. R. C.; Haas, Angew. Chem., Int. Ed. Engl.
explain the smaller reaction rates of smaller halides in protic (26) Bathgate, R. H.: Moelwyn-Hughes, E. &.Chem. Sod959 2642.
solvent. However, thIS.IS not the case here, .because it was (27) Bohme, D. K.; Raksit, A. BCan. J. Chem1985 63, 3007.
observed that the relative rate constants are in reverse order (28) Seeley, J. V.; Morris, R. A.; Viggiano, A. Al. Phys. Chem. A
(F~ > Br) to that predicted for the nucleophilicity of the 1997 101 4598.

. . . _ _ (29) Kato, S.; Hacaloglu, J.; Davico, G. E.; DePuy, C. H.; Bierbaum,
solvated halide in protic solvent {F< CI~ < Br~, etc). The V. M. J. Phys. Chem. 2004 108 9887.

observed higher reactivity of Fis better explained by differ- (30) Kim, D. W.; Ahn, D.-S.; Oh, Y.-H.; Lee, S.; Kil, H.-S.; Oh, S. J.;
ences in the interactions in the CIP form of catidralide. Our Iéee’zsdojal;l}gén'lgégf Ryu, J. S.; Moon, D. H.; Chi, D. X.Am. Chem.
i ; - _ — oc .
calculau_ons for the reactlon_s € +n C_3H7OMS X =F, (31) Becke, A. D.J. Chem. Phys1993 98, 5648,
Br) predict that the softer Bris less negatlvef0.9693) than (32) Lee, C.; Yang, W.: Parr, R. Phys. Re. B 1988 37, 785.
F~ (—0.9856), due to the larger effects of the cation*Cs (33) Lynch, B. J.; Fast, P. I.; Harris, M.; Truhlar, D. &.Phys. Chem

indicating that the nucleophilicity is parallel to the basicity in A 200Q 104 4811. - _
the Sy2 reaction in the protic solvent (Fmore reactive than 665134) Lynch, B. J.; Zhao, Y.; Truhlar, D. G. Chem. Phys199§ 108

Bro). (35) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 299.
In summary, we have carried out a systematic analysis for  (36) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
the effects of cation and protic solvent onZSreactions. We M- A Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr;

. Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
have demonstrated that bulky protic solveettbutyl alcohol) D.; Kudin, K. N.; Strain, M. C.; Farka?srf O.; Tomasi, J.; Barone, V.; Cossi,

may enormously promote the reaction when affecting the M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
reaction in combination with bulky and polarizable cation{)Cs ~ Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.;

. N . . . Salvador, P.; Dannenberg, J. J.; Malick, D. K.; Rabuck, A. D.; Raghavachari,
in an intricate fashion, proposing a new class 2 $eaction. K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul, A. G.; Stefanov,

B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.;
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