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The potential energy surface of the gas-phase reaction between halide iarsd(EF) and methyl formate

has been investigated by ab initio calculations. Fartivo pathways have been observed at thermal energies
and identified in the calculations: (I)-elimination of CO to yield a fluoridemethanol adduct, the so-
called Riveros reaction that has found wide application in gas-phase ion chemistry, ané (23@acement

of HCOO . The first reaction is shown to proceed by the initial formation of a loose complex followed by
formal abstraction of a formyl hydrogen to yield a three-body complex that dissociates into the final products.
The 2 reaction initially involves formation of a loose complex with the fluoride attached to the methyl
group of the ester. The first pathway is calculated to go through a lower energy local transition state than the
corresponding @& reaction but the transition states are located below the energy of the reagents. Both ion
neutral complexes can interconvert via formation of a stable tetrahedral intermediate. The product distribution
was estimated via a simple RRKM calculation that predicts 92%-efimination and 8% of & reaction.

This prediction is in excellent agreement with measurements carried out by FT-ICR. This product distribution
is predicted to remain essentially unchanged for the reaction with DCQ@CAdjreement with experimental
observations. A similar analysis of the corresponding €/[HCOOCH; reaction reveals that-elimination

has a substantial activation energy (well above the reagents) accounting for the failure to observe this reaction
even though it is exothermic. These calculations also reveal that for treygtem, the tetrahedral intermediate

is not a stable intermediate in agreement with previous experimental data on related systems.

Introduction SCHEME 1

Gas-phase ion chemistry, and particularly the study of-ion X(HOMe) + CO (1a)

molecule reactions, have significantly furthered our understand-
ing of intrinsic reactivity and helped to unravel the mechanism
of chemical reactions under solvent-free conditibifibis is best
exemplified by gas-phase nucleophilic displacement2)S
reactions where a lively interplay between experiment and theory ) ] )
has contributed to the elucidation of the energetics, the potential'eSult, reaction la has become well established in gas-phase
energy surface, and the dynamics of these reactidiBecause ion chemistry® and has been routinely used as a convenient
of their relevance to many important organic and biochemical Method to generate gas-phase mono-solvated dfionsxperi-
processes gas-phase reactions between esters and anionf@ents designed to determine binding energlesucture’® and
nucleophiles have also been the subject of a large number ofSpectroscopic characterizati&hOn the other hand, it is still
experimental studiesHowever, considerably less is known unclear as to why reaction 1a is not observed for second-row
about the potential energy surface and the dynamics for theseanions such as Clalthough the reaction is exothermic.
systems since several mechanisms leading to different products Given the ease of reaction l1a for simple nucleophiles, the
are operative even for the simplest cases. question arises regarding the nature of the potential energy
Experiments from our laboratorieas well as work from surface that favors such a pathway as opposed to the traditional
other group¥'5t89have revealed that the reaction of ions such viewpoint of nucleophilic attack at the carbonyl system. We
as OH, F~, RO (R = alkyl), and NH,~, with methyl formate have recently addressed this particular question for the reaction
can proceed by-elimination of CO, |2 displacement at the  of OH~ vis-avis the gas-phase hydrolysis reaction 1b that can
methyl group, and/or additierelimination at the carbonyl center  proceed either by a2 or an §2 mechanism?® At the highest
as illustrated in Scheme 1 (X= nucleophile). level of theory reported in our earlier work (MP4/6-34G-
While the product distribution is dependent on the thermo- (2df,2p)//MP2/6-3%G(d)), reaction 1a was found to proceed
chemistry and the nature of the nucleophile, reaction 1a is the by abstraction of the formyl proton and formation of a three-
preferred pathway for ions such as,FOH-, and RO. As a body complex, CHO~(H,0)(CO) without any formal activation
energy along the reaction pathway. In this report, we extend
* Author to whom correspondence should be addressed at Instituto de our ab initio calculations to theFand CI” reactions in order
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Failure to observe a reaction between @hd HCOOCH 51 s
was originally rationalized in terms of the thermochemistr - -
involveo? in '[I‘)l/e association of anions with methanol and th):a FHOCH;) > F(DOCHy) -
energy required to decarbonylate methyl formételnfortu-
nately, this argument cannot explain the origin of a possible
energy barrier for the case of ClOur present calculations for
the energy surface profile of the Feaction coupled with
statistical rate theories yield excellent agreement with the
experimentally observed product distribution. Likewise, these
calculations reveal a substantial energy barrier for reaction la
when CI is the nucleophile. Thus, it is possible to have a unified
view about this useful and common reaction in the gas phase. HC?’O' DC?O‘

Experimental Section as as

A recent stud¥ of the gas-phase F+ HCOOCH; reaction ‘ l

showing a considerably different product distribution from our e e R LA
earlier experimentsprompted us to reexamine this system in - gigyre 1. FT-ICR spectra of the products of reaction 2. The left-hand
our FT-ICR spectrometer. The general features of this spec-side shows the product distribution for the/RCOOCH; reaction and
trometer have been discussed in recent publications from thisthe right side the corresponding product distribution for tdiDEOOCH;
laboratory!” The temperature of the cell is typically around 330 reaction.

K while the magnetic field was maintained at 1.0 T.

Fluoride ions were generated directly in the cell of the
spectrometer by electron impact at 3.4 eV fromgldEa nominal
pressure of 1.8< 1078 Torr. For a typical 80 ms ionization
pulse, an electron ejection pulse of 150 ms was applied to the
trapping plates with the radio frequency field tuned~@.5
MHz. The electron ejection pulse is essential for reducing space
charge effects due to trapped thermal electrons. Methyl formate
(Aldrich) was introduced in the spectrometer at a pressure of
7.5 x 107° Torr, and its pressure was periodically remeasured
after pumping away N¥- Nitrogen was added to the system up
to a total pressure of 2 1077 Torr in order to help the
thermalization of the reagent ions. In a different set of
experiments, nitrogen was introduced through a pulsed valve

to achieve a maximum instantaneous pressure>ofl® 7’ Torr. : . "
the structures corresponding to local minima and transition

lon/molecule reactions were studied by isolating fluoride ions states. Al stationary points were characterized by harmonic
in the reaction cell through a sequence of short pulses to remove, ' yp y

all other ions at times ranging from 500 to 2500 ms after ion frequency analysis, and the frequencies were used to determine
formation. The reaction products of the/ICOOCH; system zero-point vibrational energies (ZPE) without any scaling
were determined from FT-ICR spectra typically recorded with pg?ﬁ?igﬁgh:;?{ot::g t':g?ﬂ%g/%%fggdrgh)e;fge'\lﬂiz%e

32 K data at different reaction times. While no attempt was P <P

made to measure the absolute rate constants in these experimenfglerG .Ieve'ls were per'formed In conjunction with an additivity
o approximation to obtain effective MP4/6-31G(2df,2p) ener-
due to the uncertainties in the value of the absolute pressures

the product distribution was determined from the relative peak glos. Comparison Qf the most s_|gn|f|cant results _obtalned_ by
intensities of the magnitude spectra of the product Tons this methodology with those derived from calculations carried
acquired with impulse excitatiolf.Impulse excitation is rou- out with full MP4/6-311G(2df,2p) energies reveal very good

tinely used in our laboratory because at low ion densities it yields agreement and are discussed later in this paper.
excellent isotopic ratios as frequently verified in our spectrom- For the Cl + HCOOCH; system we have only used the

i . . ; . ) .
eter with germanium-containing ioA& The advantage of MP2/6-3H-G* energies since the relatively high barriers

) N . . . __encountered for this system precluded an investigation at a
impulse excitation in these cases resides in the fact that all ions . . . ' :

. : higher level of theory for reasons explained in the discussion.
in the cell are accelerated simultaneously to the same large

radius of gyration in a short period of time thus minimizing ﬁf”;%g;g'r‘r’]s‘;?'cu'a“ons were done with the Gaussian 94 suite
E%Tgsfsthscsgglems associated with mass discrimination in The F~ + HCOOCH 3 System.Figure 2 outlines the detailed
_ pectra. . mechanisms of the reactions that were characterized in this work
P reacts with HCOOCHlalong two different pathways as for the F + HCOOCH; system. Each step of the mechanism
shown in reaction 2 along with the product distribution. These . ) y S P .
as well as intermediates and transition states has been numeri-
cally labeled for convenience. The optimized structures for all
minima and transition states encountered for the different

experimental error. Similar experiments were also carried out
with 99% DCOOCH and the product distribution is observed
to be essentially unchanged upon deuteriation at the formyl
hydrogen (see Figure 1). These results are in excellent agreement
with those reported in our previous wofkxperiments carried
out with a 10-fold, or higher, increase in the pressure of methyl
formate reveal that §FHOCH;) ions can undergo a slow reaction
similar to reaction 2a to yield RCH3;OH), ions. This kind of
sequential “Riveros reaction” initiated by a mono-solvated anion
has already been observed for alkoxide i&and for CR~.12¢

Ab Initio Calculations. The potential energy surface for the
gas-phase reaction of X(X = F, Cl) with HCOOCH was
initially explored at the MP2 level of theory using the standard
6-31+G* basis set. This level of calculation was used to locate

HCOOCH; DCOOCH3

7 FHOCHg) + €O 0920015 09020015 (22) pathways are shown in Figures 3 and 4, while Table 1 lists the
F + HCOOCHs reaction and activation energies for each step. A graphical
HCOO- + CH3F 00810015 01010015 (2b) representation of the potential energy surface profile is shown

in Figure 5.

results represent the average of 10 independent measurements Minima and Transition State Structures. The interaction
and were found to be independent of reaction time within of F~ with methyl formate leads to the formation of two ien
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Figure 2. A general diagram of the reaction pathways for the gas-phase HCOOCH; system.

Ms4 TS6

MS3

Figure 3. Structure of intermediates and transition states resulting from
the initial formation of the § entrance complex (MS1) leading to the
S\2 reaction and to formation of the tetrahedral species (MS3). MS5 MS6

Figure 4. Structure of intermediates and transition states resulting from
abstraction of the formyl hydrogen by the fluoride ion.

molecule complexes labeled MS1 and MS4 in Figure$2
The MS1 complex can undergo anyBStype displacement
through transition state TS2 that leads to the MS2 exit complex
of the well-establishedn2 double well potentiad. This complex

can then dissociate to the final products, i.e., HC@@d methyl
fluoride. While passage of the MS1 to the MS2 complex is
calculated to involve a barrier of 9.0 kcal mé| this transition
state (TS2) is still well below the energy of the reagents. The

By comparison, the MS4 ionneutral complex can proceed
either through steps 6 or 7 (Figures 2 and 5). Step 7 leads to
the formation of the tetrahedral intermediate through transition
state TS7 located 6.9 kcal mdl above the energy of the
complex but 13.9 kcal mol belowthe energy of the reagents.
The fate of this tetrahedral intermediate was discussed above
calculated exothermicity for thex8 reaction amounts to 23.7 and further rea_ction is expected to be unfavorable on the basis
kcal molt in close agreement with a value of 2453 kcal of our calculations. The other pathways, step 6, leads to the
mol-derived from available experimental dafaThe MS1 proton abstraction of the formyl proton and formation of the
complex can also proceed to form a tetrahedral intermediate thrée-body MS5 complex. Unlike the energy surface calculated
(MS3 structure) through transition state TS4, and the barrier for the similar OH" reaction;® step 6 has a substantial energy
for this step is calculated to be only 4.1 kcal mbl This barrier amounting to 11.2 kcal mdi at our best level of
pathway is similar to that found for the gas-phase reaction of calculation?® The three-body MS5 complex is characterized by
OH~.1525While the MS3 tetrahedral intermediate can undergo @ very low binding energy (3.6 kcal md) with respect to the
methanol elimination through step 8 to yield the MS5 complex, ultimate products of reaction 2a, namely the fluorigieethanol
this step involves a barrier of 21.4 kcal mélwith the TS8 adduct, MS6, and CO. The binding energy of the fluoride
structure calculated to be 2.1 kcal mblabave the energy of methanol is calculated to be 30.1 kcal mblin excellent
the reactants (see Figure 5). agreement with the experimeriéibinding enthalpy of 29.6
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TABLE 1: Reaction and Activation Energies for the Reaction Pathways of F + HCOOCH 32

Reaction Energies

step MP2/6-33+G(d) MP2/6-31%#G(2df,2p) MP4/6-3%+G(d) MP4/6-313-G(2df,2p} AZPE AE
1 —15.81 —-17.73 —-16.11 —18.04 0.23 —-17.81
—13.67 —15.45 —13.59 —15.37 -1.13 —16.50
3 11.50 11.07 11.82 11.39 —0.73 10.66
4 0.68 —1.69 0.57 —1.80 0.34 —1.46
5 —=17.75 —20.14 —18.22 —20.61 —0.19 —20.80
6 1.42 0.77 -0.19 —0.84 -3.25 —4.09
7 2.63 0.72 2.68 0.77 0.76 1.53
8 -1.21 0.05 —2.87 -1.61 —4.01 —5.62
9 3.72 3.59 4.08 3.94 —-0.34 3.61
10 28.56 30.77 27.97 30.18 —0.13 30.05
Activation Energies
step MP2/6-33G(d) MP2/6-311%G(2df,2p) MP4/6-3%G(d) MP4/6-313-G(2df,2p} AZPE AE?
2 11.75 12.00 9.81 10.07 —1.08 8.99
4 4.54 4.54 4.14 4.15 —0.06 4.09
6 20.04 15.41 19.04 14.42 —3.09 11.33
7 6.76 6.95 6.36 6.55 0.36 6.91
8 27.77 25.05 27.14 24.42 —3.06 21.36

aEnergies in units of kcal mot; steps numbered according to Figure® ®btained by additivity approximatiol.Zero-point vibrational energy
contribution.

A

AE
F" + CH;OH +CO
87
F o+
HCOOCH; TS8 (2.1)
* 10 7
Sl ;
* TS2(8.8) Ts6(-9.6 R
5, TS4 (-13.7) (5.6 HCOO
R + CHyF
(-23.7)
HCOOCH; =+ F < ° f o ..
MSI(-178)  Fe+HCOOCH,  \ = N—L— .7 CH;0H -+ F + CO
MS4 (-20.8) Cot -+ F (:21.3)
$ o MS5(-24.9)
co

HCOO +++ CH5F
MS2 (-34.3)

Figure 5. Calculated potential energy profile for the gas-phaseHFHCOOCH; reaction.

2 kcal mol! and a value of 30.4 kcal mol calculated between the MS1, MS3, and MS4 complexes (with the MS4
previously at the CCSD level with a large basis Zet. complex being the predominant one) and the final products to
Analysis of the Reaction PathsThe potential energy surface  be formed through TS2 and TS6.
profile displayed in Figure 5 and discussed above is qualitatively ~ The efficiency of the §2 reaction is thus expected to depend
consistent with the experimental results and with the nature of on the probability of passing through TS2 since the MS2
the reaction products in reaction 2. According to this profile, complex would be formed with enough energy for dissociation
collisions between F ions and methyl formate lead to the tothe HCOO + CHsF products. By comparison, the efficiency
formation of MS1 and MS4 iormolecule complexes. Both of  of the decarbonylation reaction will be dictated by the prob-
these species can form the tetrahedral intermediate MS3 throughability of passing through TS6, a pathway with a lower
TS4 or TS7, representing barriers of relatively low activation activation barrier than TS2. The final products are then expected
barriers when compared with the energy content of the system.to be CHOH--:F~ + CO as a result of dissociation of the
However, this tetrahedral intermediate is unlikely to lead to energy-rich MS5 complexes.
reaction products since TS8 involves a high barrier as discussed RRKM Calculations. The expected product distribution for
above. However, this tetrahedral intermediate provides a com-reaction 2 can be estimated from a microcanonical analysis of
munication channel between the MS1 and MS4 complex. Sincethe unimolecular rate constants for the intermediate complex.
ion—molecule reactions typically proceed through long-lived This approach assumes that the system displays statistical
intermediates, it is possible to assume an equilibrium distribution behavior, a reasonable starting point in the absence of any
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TABLE 2: Harmonic Vibrational Frequencies for the
Structures MS4, TS2, and TS8

MS4 TS2 TS6
108 60 53
109 124 77
170 177 170
232 333 195
331 357 262
415 370 294
749 770 532
933 1049 728

1119 1128 799

1188 1162 1037

1224 1243 1175

1242 1348 1180

1491 1426 1469

1505 1437 1524

1530 1440 1547

1551 1700 1688

1687 2948 3033

2582 3238 3094

3097 3440 3135

3179 3444 3505

3211 - -

aUnits of cnT™. Values obtained at MP2/6-315(d) level of theory.

experimental data to the contrary. We have previously used this

kind of approach in the analysis of the product distribution of
the OH + HCOOCH; reaction and the theoretical predictions

were found to be in excellent agreement with experimental
observationd® Thus, a simple RRKM approach was also used

in the present case to estimate the product distribution for the

F-/HCOOCH; system.
The analysis is based on the assumption that equilibrium

J. Phys. Chem. A, Vol. 106, No. 2, 200275

TABLE 3: Single-Point Calculations at Exact MP4/
6-311+-G(2df,2p) and MP2/6-31H1-G(2df,2p) Levels and
Using Additivity Approximation for the MP4 Method 2

process MP4 (exact) MP4 (additiviy) ~ MP2
MS4— TS2 12.38 12.64 14.41
MS4— TS6 14.03 14.42 15.41
TS2— TS6 1.65 1.78 1.00

aln kcal mol? PIn the additivity approximationE[MP4/6-
311+G(2df,2p)] ~ E[MP4/6-314+G(d)] + E[MP2/6-311G(2df,2p)]
— E[MP2/6-31+G(d)].

A similar RRKM calculation was also carried out for the F
+ DCOOCH; reaction by using the calculated vibrational
frequencies of the deuterium-substituted MS4 and the corre-
sponding transition state structures. The resulting unimolecular
rate constantsks{DCOOCH;) = 4.0 x 100 s1 and krsg
(DCOOCH;) = 3.9 x 10" s predict for DCOOCH a
branching ratio of 91% for the decarbonylation path (the Riveros
reaction 2a) and 9% for they3 path (reaction 2b). This small
change in branching ratio upon deuteriation at the formyl
position is also in excellent agreement with the present
experimental findings.

Due to the importance of the local energy barriers in the
overall energy surface and the barrier heights in determining
the calculated branching ratio, we have tested the accuracy of
our additivity approximation by performing exact MP4/6-
311+G(2df, 2p) single-point calculations on the key structures,
namely MS4, TS2, and TS6. Table 3 lists the barriers for the
MS4— TS2 and MS4— TS6 processes, as well as the energy
variation involved in going from TS2 to TS6, calculated at the
MP4/6-31HG(2df,2p) level, at the MP2/6-3#G(2df,2p)

between the MS1, MS3, and MS4 species is faster than the evel, and using the additivity approximation. The results shown

lifetime of these intermediate species. Under these conditions,

we can take the MS4 complex, the most stable, as the referenc
species and compute the reaction rate constants through TS
and TS6 by RRKM theory. For the sake of simplicity rotational
effects have not been considerdd~0), and the internal energy
available E*) to the MS4 complex is then calculated by the
following equation:

E* = AEyg + Er — Eygy

whereAEysa is the energy released upon formation of the MS4
complex (20.80 kcal mol), Er is the thermal contribution to
the translational, rotational, and vibrational energy of the
reactants (3.70 kcal mol), andEys. is the thermal contribution

to the translational and rotational energy of the MS4 complex
(1.78 kcal mot?). Thus, at 298 K the energy available to the
MS4 species i€* = 22.7 kcal mof?. The barrier heights for
TS2 and TS6 are 12.0 kcal m@él and 11.3 kcal motf,

in Table 3 clearly point out that the additivity approximation is
indeed very adequate with barrier heights that are predicted to
e different by less than 0.4 kcal mélwith those calculated
at the exact MP4/6-3HG(2df,2p) level. By comparison, barrier
heights calculated at the MP2/6-3tG(2df,2p) level differ as
much as 2 kcal molt from those calculated at higher levels of
theory. Even more important and critical to the calculation of
the branching ratio is the calculated variation in energy in going
from TS2 to TS6 structure (TS2> TS6). The additivity
approximation yields a value that is only 0.13 kcal ol
different from that obtained at the full MP4 calculation, while
the MP2 calculation yields a value that differs by 0.65 kcal
mol~1. These results clearly point out that the additivity
approximation used in our work is capable of predicting a
potential energy surface in very close agreement with that
obtained at the exact MP4 level and at a considerable savings
of computational time. Thus, very small differences in the
calculated branching ratio would result from using the values

respectively, and the calculated harmonic vibrational frequenciesobtained by the exact MP4 calculation or by additivity ap-

are listed in Table 2.

RRKM calculations were then performed using the Zhu and
Hase program® and the resulting unimolecular rate constants
(kTSZ =4.70x 109s 1 and ktse = 5.08 x 10t S_l) yleld the
following branching ratio for reaction 2: 92% decarbonylation
(the Riveros reaction 2a) and 8% for thg2Spath (reaction
2b). This result is in very good agreement with our previous
measurementsand with those reported in the present set of
experiments. Furthermore, this branching ratio remains es-
sentially unchanged with increasing internal energy of the

proximation. On the other hand, the MP2 calculations would
lead to a considerably less reliable potential energy surface and
branching ratio.

The CI~ + HCOOCH 3 System.The fact that reaction 1a is
not observed with Ci led us to analyze the profile of the
potential energy surface in a fashion similar to that described
above. The available experimental détaredicts the Ci-
promoted {2 reaction (reaction 1b in Scheme 1) to be
endothermic by 9 3 kcal mol™. Thus, the fact that no HCOO
displacement is observed in the temolecule reaction of Cl

reagents as verified by RRKM calculations carried out with with HCOOCH; can be readily understood on thermochemical

higher values ofE*.2° This prediction also agrees with the

grounds. On the other hand, similar experimental dataedict

experiments that show no significant variation with the ther- the so-called Riveros (reaction 1a) to é&eothermicby 6 + 2

malization time of the ions.

kcal mol1.
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Figure 6. A general diagram of the reaction pathways for the gas-phase-GICOOCH; system.

TABLE 4: Reaction and Activation Energies for the
Gas-Phase Reaction Cl + HCOOCH 32

Reaction Energies

step MP2/6-3%+G* AZPE? AE
1 —9.67 0.29 —9.38
2 6.91 -2.13 4.78
3 11.97 —0.65 11.32
4 —9.30 0.32 —8.98
5 5.52 —2.89 2.63
6 3.58 —0.56 3.03
7 16.16 -0.78 15.38
im 3241 0.00 32.41
Activation Energies
step MP2/6-3+G* AZPE AEF
2 22.69 —1.82 20.87
5 49.53 —5.56 43.97

2 Energies in units of kcal mot; steps numbered according to Figure
6. P Zero-point vibrational energy contribution.

TS2

MS2

Figure 7. Structure of intermediates and transition states resulting from
attachment of the chloride ion to the methyl group of the ester.

Figure 8. Structure of intermediates and transition states resulting from
abstraction of the formyl hydrogen by the chloride ion. The MSi species
is a putative tetrahedral intermediate that is not a minimum in the
potential energy surface (see text).

activation energy and the TS2 structure is located 11.5 kcal
mol~! above the reagents. Thus, passage to the exit MS2
complex, located 4.6 kcal mol below the energy of the
reagents, and dissociation of MS2 to HCO@nd methyl
chloride is highly unfavorable at thermal energies. The overall
endothermicity of the @ reaction is predicted to be 6.7 kcal
mol~1 at the MP2/6-3%G* level of theory.

The decarbonylation mechanism involving the MS3 complex
was found to have a very high activation energy associated with
the TS5 structure, located 35 kcal mblabove the energy of
the reagents! This barrier allows us to conclude that no reaction
is expected to be observed by techniques such as ion-cyclotron
resonance or flowing afterglow even though the overall reaction

Our theoretical results for this system are shown in Figures is exothermic. The potential energy surface for this pathway
6 to 9 and are summarized in Table 4. Figure 6 outlines the also reveals the three-body product side complex, MS4 in Figure

reaction pathways investigated by analogy with thedactions,

9, that is located 6.4 kcal ndl below the energy of the reagents.

and Figures 7 and 8 display the optimized structures for the If this species were to be formed, it would then lead to loss of
local minima and transition states. The calculated potential CO and formation of the C¥DH---CI~ adduct.

energy surface profile is represented in Figure 9.

Analysis of the Potential Energy SurfaceAs in the case
of the fluoride ion, the interaction of the Cion with methyl
formate leads to two possible iemolecule complexes, namely

Another possibility that we have investigated is formation
of a tetrahedral intermediate as encountered for th@F. In
this case, the tetrahedral species is found not to be minimum
on the potential energy surface. To estimate the stability of a

MS1 and MS3. These are calculated to have stabilization hypothetical tetrahedral like structure for this system, a calcula-

energies close to 9 kcal mdl The $2 mechanism for the

tion was performed with the €Cl distance frozen at 1.8 A,

reactant side MS1 complex is predicted to have a substantialand optimizing the remaining geometrical parameters. This is
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Figure 9. Calculated potential energy profile for the gas-phase-€IHCOOCH; reaction.

represented by the MSi structure located 23.0 kcalfratbove the complexes discussed above, and not as a direct process. For
the energy of the initial reagents. the CI ion, the tetrahedral species of methyl formate is not a

This energy surface profile clearly predicts that both channels stable intermediate but a transition state, a result that is of
are energetically unfavorable and are consistent with the considerable significance. An earlier theoretical study of the
experimental results that show no reactivity for this systém. thermoneutral chloride displacement reaction betweera@t

The fact that the barrier for the decarbonylation reaction was either formyl chloride, HCOCI, or acetyl chloride, GEOCI,
found to be very high precluded the need for calculations at predicted the tetrahedral structures to be transition states for
higher levels of theory. On the basis of the more extended these reactions rather than stable intermedf&t€hese findings
calculations for the FHCOOCH; system, we can in fact are consistent with experimental observations that the chlorines
estimate that the barrier predicted by our MP2/6-8&ld) are not equivalent in the iemeutral complexes of Clwith
calculation for the Ct/HCOOCH; reaction could probably be  CH3;COCI and CHOCOCI, and thus these complexes are best
in error by 2 or 3 kcal mat! at most. Even with this uncertainty, described as iondipole complexes rather than tetrahedral
the transition structure TS5 would still lie considerably above intermediates$3
the energy of the reagents, and no reaction is expected to be Finally, we have made use of a very simple approach to
observed within the conventional time and pressure regimes of estimate the product distribution in these systems. This approach,

gas-phase ion chemistry techniques. based on RRKM theory, predicts branching ratios that are in
] ) excellent agreement with experimental findings.
Discussion The significant changes in the potential energy surface for

The potential energy surface for the gas-phase reaction of€quivalent reactions in solution is presently being investigated
anionic nucleophiles with methyl formate, discussed in this paper in order to learn how solvent effects can extensively modify
and in ref 15, reveals the formation of a highly favorable intrinsic reactivity and the outcome of well-known chemical
complex with the anion bound to the formyl hydrogen of the reactions.
ester. Our calculations show that the barrier associated with
further abstraction of this proton and the subsequent formation ~Acknowledgment. This work was made possible by the
of an anior-methanol adduct and CO scales with the basicity support of a grant and a postdoctoral fellowship (J.R.P.) from
of the corresponding nucleophile. In fact, these studies clearly the S@ Paulo Science Foundation (FAPESP), and a Senior
show the barrier to increase in the order Ofo barrier}s < Research fellowship from the Brazilian Research Council
F~ < CI-, with the last case involving an energy barrier well (C.N.Pq). The authors also acknowledge the help of Gustavo
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also be formed in these systems is that corresponding to thethe experiments.

S\2 entrance comple¥ The activation energy calculated for
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