J. Phys. Chem. R005,109, 8553-8559 8553

Proton Exchange and Transesterification Reactions of Acetate Enolates with Alcohols in the
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Transesterification reactions and proton exchange reactions between acetate enolates and alcohols were studied
both separately and together. Kinetic analysis shows that transesterification and proton exchange happen in
a single collision event. The transesterification reaction is best viewed as an endothermic proton transfer,
followed by an exchange of alkoxide and an exothermic proton transfer. Reaction barriers were modeled by
Rice—RamspergerKasset-Marcus theory and compared to quantum calculations. CBS-QB3 achieves good
agreement whereas B3LYP and MP2 give slightly higher barriers. Quantum calculations also predict that the
transition state for these transesterification reactions is the same as that for direct transesterification reactions
between alkoxides and esters.

Introduction further confirmed and extended to other acetate e%férs.
Ultimately, Gross showed that transesterification reactions occur
between acetate enolates and alcohols, wherarld R are

alkyl groups? The transesterification reactions are reversible if
both HOR and HOR are present. The equilibrium between
enolate anions can be established and basicities of enolate anions
can be derived from acidities of alcohols and equilibrium
constants. Deuterium labeling experiments showed that proton

state or simply a complex weil"If the nucleophiles have high exchange reactions (PE) occur simultaneously with transesteri-
electron affinities, e.g., chloride and bromide, double well >”~ ' 9 ! (PE) y
fication reactions (TE).

potential surfaces with tetrahedral transition states are expected.
If the nucleophiles are alkoxides or hydroxides, these transes-

Substituent exchange at carbonyl carbon is of great impor-
tance in organic chemistd? In solution, these carbonyl
addition—elimination reactions proceed through a covalently
bound tetrahedral intermedigtéIn the gas phase, interestingly,
the reaction potential surface can be either a double well or
single well, in which the tetrahedral adduct can be a transition

terification or hydrolysis reactions typically have a single-well - CH,COOR, + HOR, LS "CH,COOR, + HOR, (1)
potential surface and the tetrahedral adduct is at the bottom of
the well with a binding energy of 1525 kcal/mol® B PE _

Transesterification reactions have been studied extendively. CH,COOR+ DOR— CHDCOOR+ HOR (2a)
Most experiments support the bimolecular base-catalyzed acyl-
oxygen cleavage (&2) mechanism, similar to that in solutiéA. ~CHDCOOR+ DOR-FE “CD,COOR+ HOR (2b)

Although both experimental and theoretical studies suggest that

the tetrahedral adduct in a gas phase transesterification reaction

iS a minimum, not a maximum, |t |S not Clear if the poten“a' Why |S the TE I’eaction not Observed fOI’ acetate esters and
surface has any barrier to reach this minimum. Ab initio Other esters with acidic hydrogens? Is this prohibited by the
calculations showed that a very small barriet(kcal/mol) has small barrier before reaching tetrahedral intermediate? Can this
to be overcome in a similar system, alkaline hydrolysis of barrier be observed experimentally? What is the relationship
carboxylic esterd®l A similar potential surface is expected between PE and TE of acetate enolates and alcohols?

for transesterification reactions, but the result has not been In this study, we examine the reactions between acetate
demonstrated experimentally. Direct transesterification or hy- enolates and alcohols, with botkhydrogen and alkyl groups

drolysis reactions of esters, usually without acidibydrogens, isotopically labeled, so that the products of PE and TE can be
have very high efficiencies and are not informativ@he simultaneously distinguished and measured by mass spectrom-
reactants have too much energy to be affected by a small barrieretry. Kinetic analysis shows that a TE is always coupled with
more than 10 kcal/mol lower than the reactants. a PE, whereas a PE can proceed without a TE. Density
Transesterification reactions of esters with aciditydro- functional theory (DFT) was applied to study the potential

gens, for example acetate esters, are rarely studied—Aeise surface of a representative system: methyl acetate plus meth-
reactions become dominant in this case, asotHg/drogen in oxide. For both PE and TE, the barriers calculated with DFT
acetate esters is-4L0 kcal/mol more acidic than alcohols. Klass have to be lowered by-2 kcal/mol to achieve good agreement

et al. detected transesterified enolate anions between methoxid@etween Rice RamspergerKasset-Marcus (RRKM) theory

and acetate esteF$But Vanderwel and Nibberifigobserved ~ and the experimental rates. CBS-QB3 gives better agreement
the opposite: only proton transfer but no transesterification With experiments. Nevertheless, both theory and experiment
occurs when methoxide reacts with methyl acetate. This was suggest that TE rates are determined by the barrier before the
tetrahedral intermediate is formed. For methoxide/acetate esters,
* Corresponding author. E-mail: brauman@stanford.edu. the RRKM analysis also predicts that the ratio between direct
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SCHEME 1: Reaction Mechanism 3, 4, and 10 in Table 1), in which either thehydrogen or

R,OD + CH,COOR, R,OH + "CDHCOOR, alkyl groups were isotopically labeled. _Here only PE_or TE rates

can be measured, and they serve as ideal comparisons to those
ﬂ representative systems.

R,OD + “CH,COOR, R,OH - "CDHCOOR, Electron impact on Nfgenerates the primary ion"FF-

reacts with acetates to give enolate ions. Other product ions
ﬂ ﬂ (TCH,CFO <30% and CHCOO™ <15%) were ejected at the

R,0 "+ DCH,COOR; R,0 ~ + HCDHCOOR, beginning of the duty cycle. Several studies have shown that

the direct proton transfer was the less important chat¥iéi”

\ . / The difference in our work may arise from the kinetic energy
o} PE only

of the primary ion, F. Nearly thermoneutral proton abstraction
)V"O reactions by F were shown to have a positive kinetic energy
DH,C ORZR‘ dependence whereas other reaction channels with a tight

transition state, such a3 or E2 reactions, have a negative
/TEonIy \PE+TE kinetic energy dependené&!® The opposite kinetic energy
dependence results in the different product ratios. In our
R/O" - DCH,COOR, R/O " + HCDHCOOR, instrument, the F directly generated from electron impact
ﬂ ﬂ dissociation is kinetically hot. When inert buffer gases were
added, much of the extra kinetic energy was removed, and the
yield of the enolate ions dropped significantly. With the highest
ﬂ ﬂ buffer pressure we used, direct proton abstraction became the
! ! less important channel, though the yield was still about 10%,
R,0D + CH,COOR, R{OH + CDHCOOR, higher than in previous work. It is possible that H-exchanged
ester enolates react back with neutral acetates to exchange H.
transesterifications and the aeilase reactions is simply too  Fortunately, however, the enolate anions undergo slow proton

R,OD + "CH,COOR, R,OH - CDHCOOR,

small to observe any transesterification products. transfer reactions with ketones or est&€ontrol experiments
were performed. For example, ethyl acetate enolate and ethyl-
Experimental Section d; acetateds (1 x 107 Torr) give neither proton transfer nor

transesterification products. The upper limit of these reactions

Instrumentation and Materials. An lonSpec OMEGA can be estimated to be 5 10-13 ¢cm? molecule® s,

Fourier transform ion cyclotron resonance mass spectrometer
(FT-ICR) with impulse excitation was used to measure the _
reaction rate? Experiments were performed at a 0.6 T magnetic CHDCOOR+ CH,COOR~#

field with a background pressure of{8) x 107° Torr. The CH,DCOOR+ CH,COOR (3a)
pressures of the alcohols were measured with a Varian ionization

gauge calibrated against a MKS Baratron capacitance manom- CD,COOR+ CH,COOR#>

eter. The errors in absolute pressure measurements were -

estimated to be 30%. The temperature in the ICR cell was CHD,COOR+ CH,COOR (3b)

estimated to pe 359 [ “CH,COOR, + CH,COOR, #
Nitrogen trifluoride (NF) was purchased from Ozark- _
Mahoning. All alcohols and acetates except methyl acetate- CH,;COOR, + CH,COOR, (3c)

were purchased from Aldrich and used without further purifica-

tion. Methyl acetatel; was synthesized from methanol and We used deuterium to discriminate between alkyl groups,

acetylds chloride and purified by preparative GC. Proton NMR  though this is not absolutely necessary. However, as shown in
(500 MHz) did not detect any impurities. All reagents were Gross's and our data, acetate esters with larger alkyl groups
introduced into the vacuum chamber through variable leak have slightly higher acidities and significantly enhanced rates
valves after multiple freezepump—thaw cycles. Positive and  of TE as well as PE. The alkyl groups differing only in isotopes

negative ion spectra showed expected patterns. should have essentially identical rates.

Experiments. We chose five alcohol-enolate pairs: system  The TE reaction rate constant for methyl acetate enctate
1, methanolds + methyl acetatek; system 2, methanal; + methanol is very slow<1 x 10711 cm? molecule’? s71). The
methyl acetate; system 3, ethamigl+ ethyl acetate; system 4, reaction times required up to 8000 ms. All others required up
ethanol+ ethyl-d; acetateds; system 5, butanathp + butyl to 4000 ms. lon loss is a significant problem given the elapsed

acetate. In these representative systems, we labeled bothime. The ion balanédis ~85% (~75% for systems 1 and 2).
o-hydrogen and alkyl groups with deuterium. All enolate ions Because all six ions have exactly the same chemical structure
can exchange one alkyl group (TE) and two hydrogens (PE) and very similar masses, we assume that ion loss is proportional
with the neutral alcohols, so a total of six ions can be detected, to the ion intensity and normalization of intensities will correct
simply by their different masses. In Scheme 1 (system 3 is usedthe error. This is another advantage of isotope labeling.

as an example), the six ions are designated ion 1 to ion 6, and Enolate anions are the only products. No complex was
concentrations of them are noted as C1 to C6, respectively. All generated at the pressure we used. No free alkoxide was detected
reactions are treated as pseudo first order. Without any molareither. Alcohols are usually 410 kcal/mol less acidic than
changes in any of these reactions, the total intensity of the six acetate® The proton transfer reactions from alcohols to acetates
ions can be normalized to unity. Even though these reactionsare too endothermic to occur significantly.

are thermoneutral and reversible, the back reactions do not Finally, methoxide and isobutoxide ions, generated by
happen because the concentration of corresponding alcohols i®lectron impact on methyl peroxide and isobutyl peroxide
very low. We also tried a few other alcohol-enolate pairs (entries respectively, were allowed to react with all acetates. The only
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TABLE 1: Experimental Rate Constants, Collision Rate Constants and Efficiencies Obtained at 350 K

enolate anion alcohol kee? KreP Keollisior? Effpe Effre kee/kTe
1 1+1 ~“CD,COOCH; CDsOH 6.2 .76 177 0.035 0.0043 8.0
2 1+1 ~“CH,COOCH; CD;0OD 7.2 .82 178 0.041 0.0046 8.8
3 1+1 ~“CD,COOCH; CHs0OH 5.9 183 0.032
4 1+1 “CH.,COOCH; CD3sOH .88 179 0.0049
5e 1+1 ~“CH,COOCH; CHs0OH 1.0 178 0.0056
6 2+ 2 ~“CH,COOGHs C,DsOD 15 4.2 163 0.092 0.026 3.49
7 2+ 2 ~CD,CO0OGDs C,HsOH 32 4.5 167 0.19 0.027 7.18
8¢ 2+2 ~“CH,COOGHs C,HsOH 3.8 169 0.022
9 4+ 4 ~“CH,COOGCHg C4,DyOD 26 13 147 0.18 0.089 2.03
10 444 ~CD,COOCHg C,HsOH 30 152 0.20
11¢ 4+ 4 CH,COOGCHg C4sHyOH 8.8 152 0.058

aBlank cells indicate no data availabf1071* cm?® molecule! st ¢ Measured by Gross by monitoring the moKE enolates reacting with
counterpart alkyl alcohols.

observable reaction was proton transfer. TE reactions between
isobutoxide and methyl acetate or ethyl acetate are exothermic.
TE between isobutoxide and butyl acetate are very close to 23 /
thermoneutral but cannot be detected under ICR because a & .
isobutoxide anah-butoxide have the same masses. TE reactions [
between methoxide and acetates are thermodynamically feasible, \
but no transesterified enolate ions were detected either. We 20 =
confirmed the results reported earli@that reactions between J
alkoxides and acetate esters undergo only proton transfer but
not transesterification under typical ICR conditions.
Theoretical Calculations.Optimized geometries and energies "2

of all species were obtained from density functional theory b { ' ,/2_3

calculations with the Gaussian 98 program suite (Version 5.4)
at the B3LYP/6-3%++G** level of theory. Vibrational fre- _
quency calculations were performed on the all optimized 8
geometries. Energy minima and saddle points were confirmed =
by frequency analysis and by viewing the motion of the P

imaginary vibrational mode for transition states. The two critical "

transition states of TS and PE were further confirmed by the 4 R

intrinsic reaction coordinate (IRC) procedures. For comparison, ¢ “’_. f"' ""

MP2 and CBS-QB3 calculations were also performed on these 4 o

two species. When the reaction kinetics are modeled with rigyre 1. DFT structure of complex 6 (a), TSTE (b), and TSPE (c).
RRKM theory, the B3LYP/6-3%++G** frequencies were used

without scaling. The computer program HYDRA has been secondary isotope effects may also contribute to the disagree-
described elsewhefé.Important computational details can be  ment (see Discussion and Supporting Information). Nevertheless,

found in the Discussion. we believe that th&kre ratios reported here are more reliable
because they are based on the exact same system. Most of the
Results errors should cancel out including pressure measurements, which

Reaction Efficiencies and RatesTable 1 lists all rate W€ consider to be the major error source.
constants and efficiencies. Although the reactions are thermo- Poténtial Surface The potential surface of methyl acetate
neutral, efficiencies are relatively high and easy to measure, €nolate anion and methanol was calculated with B3LYP/
Selected results of Grdsare also listed in Table 1 for direct ~6-31++G**. The critical structures of TSTE (transition state
comparison. Collision frequencies were calculated by the model ©f TE), TSPE (transition state of PE), Complex 6 are shown in
of Su and Bower# TE rates kre) were measured by monitoring F!gure 1. Energies of all important intermediates are shpwn in
the disappearance of Gt C2 + C3 and sums of two rates Figure 2. The oqu value_ that can _be cqrr_]pared to experimental
(ke + keg) were measured by monitoring the disappearance of measurements is the dlffere_nce in amdmgs of methyl acetate
C1. This treatment implicitly neglects several secondary kinetic @hd methanol. Thermochemical data available from the NIST
isotope effects. The correctness of the approximations and otherVebbook?yields a difference of 10.8 kcal/mol, which compares

important details of kinetic analysis are discussed in Supporting With the DFT predicted value of 8.3 kcal/mol (7.3 kcal/mol after
Information. ZPE correction). Complex 2 is a local minimum with all positive

Gross first showed that rates of self-exchange TE reactionsfrequenc'es; But the TS3, Wh'(,:h connects complex 2.a.nd
increase with the size of the alkyl group. It can be seen from COMPlex 1, is only 0.1 kcal/mol higher than complex 2. This is
our data that this is true not only for TE but also for PE. In Ot uncommon in acidbase reactions.
addition, TE seems to increase faster, which calsgkre to
decrease with the size of the alkyl group. Possible reasons will
be discussed later. The rates from the two studies agree well, Transesterification reactions are of fundamental importance
except for the TE rate between butyl enolate and butanol, in in organic synthesis and in biology. They have been studied
which a~35% difference is observed. Both experiments suffer both in solution and in the gas phase. Most of gas phase
from the inaccuracy of absolute pressure measurements. Theexperimental efforts have focused on esters without acidic

Discussion
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Figure 2. Potential surface of the reaction @b + CH;COOCH. The values below the species are ZPE corrected energies at B3LYP/
6-31++G** level.

a-hydrogens. The TE reactions are very fast and suggest tha>CHEME 2: Mechanism |2
there is no significant barrier along the reaction coordinate. If 1/3 ki1

there is an acidia-hydrogen, an even faster reaction, proton CHZC?OCZHS — CHlC‘iOCZDs
transfer, becomes dominant. lon molecule reaction rates can 2/3 kg
yield useful information about the transition state energy only lkml \ KpE2.1
within a certain range (typically 0-:1220% efficiency). The lower

. . . . . . _ 2/3 kTE2 -
end is usually limited by experimental inaccuracy. Volatile and CHDCOOC,Hs CHDCOOC,Ds
highly reactive impurities are often the major source of error. 2 5
The high end is often limited by dynamic problems and 173 keez
sensitivity of RRKM fitting. Sometimes efficiencies of highly Kee12 Kre2
reactive systems can be lowered to the informative range by

taking advantage of one of the virtues of chemically activated “CD,COOCH- feres “CDACOOCD:
. . . 2 2015 2 2Us
systems: the same reactive system can be prepared with 3 — 6
different energies or energy distributions by changing the asystem 3 is used as an example; the neutral alcohol is BOC
reactant$® In our case, an endothermic proton transfer may (not shown).

serve as a useful method to cool the-anolecule pair. Double

hydrogen/deuterium exchange experiments, in which an endo-the corresponding phenomenological kinetic scheme is shown
thermic proton transfer is followed by a hydrogen/deuterium in Scheme 2. Here, hydrogedeuterium exchange is assumed
exchange, has been shown to be informative compared withto be very fast, and thus statistical. The direct reaction paths
single hydrogen/deuterium exchange. For example, dhe  from ion 1 to ion 5 (diagonal process in Scheme 2) and ion 2
difluorobenzene anion exchanges one hydrogen withGIH to ion 6 clearly show that TE and PE happen in tandem. The
but three hydrogens with J®, and the para isomer exchanges three acidic hydrogens, one from the alcohol and two from the
three hydrogens with C¥D but only one with 026 In this enolate, become indistinguishable. This strongly supports a
case, the proton exchange with ¢BD reveals the acidity only,  relatively long-lived tetrahedral intermediate, and the reaction
whereas some dynamic information about the complexes canpath includes both tetrahedral complex and hydrogen-bonded
be found by the second proton exchange wifoDThe same complex. In the other phenomenological kinetic scheme (Scheme
strategy can be adopted for transesterification reactions betweerB), TE and PE are treated as independent processes. As a limiting
enolates and alcohols. In both systems, the reaction procedurecase, this kinetic scheme is true only if TE can happen without
can be generalized as an endothermic proton transfer, followedPE (see later discussions). Our experiments achieve a satisfying
by an exchange reaction, and an exothermic proton transfer. Infit only for Scheme 2 (see Supporting Information).
enolate/alcohol reactions the second step is an alkoxide ex- A tetrahedral intermediate has two identical (except isotope
change, whereas in double hydrogen/deuterium exchange exiabeling) alkoxide groups and threehydrogens. Transfer of
periments, it is another proton exchange. The mechanismone of the alkoxide groups gives transesterified products, and
proposed by Gross and further supported by this study is showntransfer of the other can give proton-exchanged products with
below. 2/3 probabilities. Thuskpe intrinsicis defined aspee — (2/3)kre.
Mechanisms and Kinetic Isotope Effects.The physical For all systems we studielpg/kre > 2/3, Kpg intrinsic > 0. This
mechanism is believed to be the one shown in Scheme 1 andrequires another path to exchange the proton without trans-
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SCHEME 3: Mechanism II2 feature in our system, where the attacking group is methoxide.
kel The complex (noted as HBR1a in Figure 1 of ref 10, or complex
"CH,COOC,;Hs N "CH,COOC,Ds 6 in this paper) at the bottom of the well is bound by -on
1 4 dipole interactions, stabilized by-H—O interactions from both
the acetyl and alkyl sides. Although Ornstein described the
kel keez1 complex as hydrogen-bonded, these -0 interactions are
Kiea probably not as strong as classical hydrogen béfge prefer
"CHDCOOC,Hs S "CHDCOOC;,D; to designate this complex as an tedipole complex to avoid
2 5 ambiguity with the more classical hydrogen-bonded complexes
formed between methanol and acetate enolate (complex 1 and
kee2 kee2.2 complex 3). Starting from the ierdipole complex, the hydrox-
ide or methoxide have to “push away” these alkyl groups to
) kres ) attack the carbonyl carbon. A barrier has to be overcome before
CDzC(3)0C2H5 - CD2C20C2D5 the tetrahedral complex is formed. The sameHC-O interac-

tions can be found at the top of the barrier, stabilizing the
transition state (noted as TS1a in Figure 2 of ref 10 or TSTE in
this paper). The barrier is very small, 1.1 and 0.4 kcal/mol for
hydroxide and methoxide respectively, but it is crucial in
determining reactivity of transesterification reaction, as shown
later by RRKM calculations. Interestingly, a similar cage-like
structure was found for methyl benzoate, which hsheydro-

gen, but not for methyl formate where a simple hydrogen-
bonded complex is formed instead. The stability follows the
trend: the hydrogen-bound complex (complexes 1 and 3)
the tetrahedral complex (complex #)the ion—dipole complex
(complex 6). Complex 3 is overall the most stable species.
Compared to complex 1, complex 3 is more stable because
oxygen is more electron withdrawing than carbon. Ambident
reactivity of enolate anions has been stuéiett by using
special reagents to differentiate the products of carbon attack
vs oxygen attack of enolate ions. In the transesterification
reactions we examined here, oxygen attack followed by addi-
fion—elimination is very unlikely, because the corresponding
tetrahedral complex (complex 5) is 33 kcal/mol higher in energy

aSystem 3 is used as an example; the neutral alcohol is BI®C
(not shown).

esterification. The 2/3 correction factor comes from the number
of exchangeable hydrogens/deuteriums. Strictly, this correction
should be weighted by the selectivity of H and D, but we believe
the selectivity is very close to unity (see Supporting Information
for discussion).

Ideally, all rates listed in Scheme 2 can be fit from data, and
most secondary kinetic isotope effects (KIE) can be calculated.
However, the accuracy of the experimental data and fitting
method prevent us from doing so. Another method to study some
of KIE's is to compare mirror systems. For example, by
comparingkre for systems 1 and 2 and for systems 3 and 4,
secondary isotope effects for TE caused by isotopes on the alkyl
group can be derived. Similarly, comparikge for systems 1
and 2 and systems 3 and 4 will allow us to get the primary
isotope effects for PE. This method, however, suffers from errors
in absolute pressure measurements, obscuring relatively smal
KIEs. The ratios are also convoluted with secondary isotope

ratios of alkyl groups from the alcohols. This makes interpreta- @S Predicted by DFT. More convincingly, if the reaction does
tion even more difficult. All kinetic isotope effects mentioned 99 through this channel, mechanism Il should be correct instead

above are nearly unity with one exception, the primary isotope ©f mechanism I (Schemes 2 and 3). Thus, complex 3 is probably
ratio of PE for systems 3 and41t appears that deuteriums on "0t on the reaction path for either PE or TE.
alkyl groups have little influence on TE rates, which agrees  TSTE (Transition State of Transesterification) and TSPE-
with our assumptions made in the kinetic analysis in the (Transition State of Proton Exchange).The reaction paths
Supporting Information. for TE and PE are shown in Figures 2 and 3. TE is a symmetric
Potential Surface. Transesterification reactions have been triple well. Both the attacking group and the leaving group are
studied less intensely than the comparable hydrolysis reactionsmethoxide. The potential surface will not be symmetric if there
The first systematic quantum prediction was done by Ornstein are different alkoxides or hydroxide, just as in the hydrolysis
and co-workers? Potential surfaces of hydrolysis reactions of reactions calculated by Ornstein. The barrier of TSTE was fitted
six representative esters were calculated. They focused onby RRKM theory to be-5.7 kcal/mol, about 2 kcal/mol lower
alkaline hydrolysis and did not calculate other reaction paths, than the DFT prediction. The surface for PE is a classical
for example, the Riveros reaction in case of methyl formate, symmetric double well. The imaginary frequency of TSPE is
and proton transfer reactions in case of acetate esters. Theséke a wagging motion of methylene group, in which the
reactions dominate experimentally. The reaction between hy- attacking methoxide group sways from onehydrogen to
droxide and methyl formate was later studied in more detail by another, this ensures us that this is the saddle point for proton
the Riveros group! The loss of CO was included as well as exchange. The experimental efficiency is about 34 (—
hydrolysis of methyl formate. Authors of both papers later (2/3)kre). The barrier is fitted to be-3.4 kcal/mol. Again, this
extended their systems to an even more challenging environ-value is about 2 kcal/mol lower than that from the DFT
ment, the solution phagé28 calculation. This is unusual inasmuch as DFT appears to
In this work, we performed quantum calculations on gas phase underestimate reaction barriers in most cases. Basis set tests
reactions between methyl acetate and methoxide to obtain awere tried at B3LYP but no significant influence was found
more complete potential surface that is necessary for deepemwhen basis set is larger than 6-81 A few more resource-
understandings of the transesterification reactions of estersconsuming quantum calculations were performed. MP2 gives
containing an acidic hydrogen. (Table 1, Figure 2). Ornstein’s nearly the same results as B3LYP, but CBS-QB3 predicts lower
results first clearly show the most important feature of trans- barriers and agrees better with RRKM. The results are listed in
esterification in the gas phase, an extremely shallow well along Table 2. Both transition states, especially TSPE, have a few
the reaction coordinate for hydroxide attacking acetyl carbon very low frequencie$? They are more like internal rotations
of acetate esters. We find a potential surface with a similar than harmonic oscillators, but it is not obvious what rotational
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CH3;0H + CH;0H +
-CH,COOCH; -CH,COOCH;

Complex 2

Complex 2

Complex 4
(Tetrahedral)

Complex 1 Complex 1
Figure 3. Reaction paths of TE and PE. (TS3, connecting complexes 1 and 2, is neglected).

TABLE 2: Barrier Heights (kcal/mol) Relative to Methanol and Methyl Acetate Enolate

B3LYP/6-31++G** MP2/6-311++G** CBS-QB3 ZPE RRKM
CHzO™ + CHsCOOCH; 8.3 9.1 8.1 -1.0
TSTE —3.6 —4.7 —6.3 0.2 —5.7
TSPE -0.9 —-0.4 -13 -0.7 —-3.4

constants should be used. The direct count method used in theThe faster slowing of TE suggests that TSTE is tighter, just as
RRKM program is expected to overestimate the efficiency. An predicted by theory.

anharmonic model should be more accurate but has not been |n the reaction of methoxide and methyl acetdseif any
used here. Tunneling has been neglected. Nevertheless, weetrahedral intermediate is formed in which undeuterated meth-
believe that the reaction system can be understood within theoxide and deuterated methoxide are chemically equivalent, either

framework of statistical theory and quantum calculations.  methoxide should have a 50% chance to dissociate. If deuterated
From Table 1 of ref 9, we see that when alcohols react with methoxide leaves, either deuterated methoxide or methyl acetate
the same enolate, the TE rate has the ordeBuOH > n-PrOH enolate (if a proton transfer follows the dissociation) should be

> i-PrOH ~ EtOH > MeOH. The reactivity correlates with  detected. Because neither is observed in the experiment, we
acidities very well except foi-PrOH. This is actually an  conclude that the reactants never enter this well. In systems 1
exothermicity-reactivity correlation, because alcohols have much and 2, the efficiency of TSTE is 0.0035, and the ré&tioetween
different acidities than acetate esters with same alkyl groups. the TE channel and the entrance or dissociation channel (methyl
Steric effects may slow the rate 8PrOH and explain the only  acetate enolate/methanol pair) can be derived from the reaction
exception. Rates of self-exchange reactions, which are thermo-efficiency; ® = (kgiss + krelkaisd, R = kre/kgiss = P/(1 — ).
neutral, follow the same trend: the bigger the alkyl group, the when the reaction is performed from the methoxide/methyl
faster the reaction. The calculated geometry of TSTE suggestsacetate pair, the methyl acetate enolate/methanol pair becomes
that the C-H—O interactions exist between the oxygen atom another exit channel. The ratinow determines the branching
on the attacking alkoxide and alkyl groups from both sides of ratio between two exit channels: transesterification and proton
the ester. These interactions are critical in stabilizing the TSTE transfer. TSTE is a tight transition state, and the entrance channel
It appears that the longer and more branched the alkyl group of (now the exit channel) is a loose one. It is expected that the
the ester is, the stronger these-lB—O interactions are.  higher the energy is, the lower the ratio is. Thus, no tetrahedral
Consequently, the TE reactions are favored kinetically, not complex is formed when methyl acetate is attacked by meth-
thermodynamically, in these cases. We believe that it is the oxide. This suggests that even a very small barrier can prevent
competition/combination of three factors (thermodynamic driv- a reaction from happening when another channel is more facile.
ing forces, steric effects, and stabilizing effects of alkyl groups, This phenomenon is not limited to this particular system. In
especially for branched ones) that determine the rate constantsthe double hydrogen/deuterium exchange experiment, an anion

Both quantum calculations and RRKM theory predict that can exchange two hydrogens with@ But if the reaction is
the TSPE is higher in energy than TSTE, but the latter transition performed using DO with the corresponding neutral, simple
state is tighter. Overall, PE is faster than TE. We believe the proton transfer is the only observable product. This may also
major reason is that the TSTE fixes both methyl rotations on explain why transesterified products can be observed in a high-
the alkyl side and acetyl side, whereas TSPE leaves both ofpressure CI sourcewhere the complexes may be collisionally
them free. stabilized.

We also translationally accelerated the enolate arions.
However, because vibrational modes in enolate ions will also ¢gnclusion
be activated in the low-energy collision processes, and energy
transfer from translation to vibration is not quantitatively PE and TE are coupled in acetate enolates/alcohols reaction
predictable, we cannot quantitatively anazye the dynamics. systems. The transesterification reaction is best viewed as an
Nevertheless, the two channels can be directly compared becausendothermic proton transfer, followed by an exchange of
they must have the same extra energy. Both TE and PE ratesalkoxide and then an exothermic proton transfer. Quantum
decrease with increasing translational energy and TE slows downcalculations were performed on methyl acetate and methoxide
faster. The negative dependence with extra energy shows thapair and only CBS-QB3 achieves satisfying agreement. Both
both transition states are tight relative to the dissociation channel. RRKM and quantum calculations predict that the transition states
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for transesterification reactions are the same for direct trans-

J. Phys. Chem. A, Vol. 109, No. 38, 2008659

(14) Han, C. C.; Brauman, J. J. Am. Chem. Sod.989 111, 6491~

esterification reactions between alkoxides and esters. A similar 8496

reaction scheme is suitable for double hydrogen/deuterium

(15) Riveros, J. M.; Ingemann, S.; Nibbering, N. M. 8.Chem. Soc.,
Perkin Trans. 21991, 1985-1989.

exchange experiments and may extend to other systems. An 16y Riveros, J. MJ. Chem. Soc., Chem. Commad89Q 773-774.

endothermic proton transfer, as an “ion cooling” metkblas

a 2-fold advantage. It can adjust reaction efficiencies into an
informative range, and slow, or even eliminate, otherwise
accessible reaction channel(s).
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