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A variety of nucleophiles have been investigated for their reactions with formyl and acetyl esters in the gas phase

in our flowing afterglow. The reactions that are permitted in the gas phase are more varied than those seen in the
condensed phase. The rates of reactions of methyl and ethyl esters as well as various lactones have been undertaken
with various nucleophiles: H,N~, HO™, CH;0~, NCCH, ", F~, CH;C(=0)CH, ", CH,;S™ and O,NCH," . For example,
the reaction rate of NCCH,~ + HCO,CH,CHj has been found to be (1.3 = 0.2) x 107! cm® molecule ' s* and the
only product is HC(O™)=CHCN which results from nucleophilic acyl substitution (B,2) followed by a proton
transfer within the ion—molecule complex. Other reaction mechanisms that have been observed include B-elimination
(E2), bimolecular nucleophilic substitution at the alkyl group (B,;2), and the Riveros reaction (elimination of CO).
A mechanism for the F~ + HCO,CHj, reaction has been determined at the B3LYP/6-31+G(d) level. Most notably,
channels were determined computationally (B,;2 and Riveros), and these channels are also observed experimentally.
Furthermore, the B,.2 pathway which proceeds via nucleophilic attack on the carbonyl group also leads to the

Riveros products, F~(CH;0H) and CO.

Introduction

The carbonyl moiety (C=0) is fundamentally important in
organic chemistry as well as in biological systems. For instance,
carbonyl groups are involved in a variety of enzyme functions
under aqueous conditions. The reaction pathways that occur in
solution have been well examined,! and stabilization effects of
the carbonyl group in the gas phase are reasonably well under-
stood.? However, what makes carbonyl groups reactive is less
well understood, and the effect of solvent (typically water) can
be quite dramatic.® Brauman* and Riveros® have noted that
many mechanistic pathways are available in the gas phase, and
some of them are typically not seen in aqueous solution. By
investigating reactions with carbonyl groups in the gas phase,
the intrinsic reactivity of the carbonyl group can be system-
atically examined, and the importance of the leaving group,
the nucleophilic strength, as well as the electronic and steric
properties of the carbonyl group can be explored.

Previous gas phase experiments on carbonyl compounds
have utilized both ion cyclotron resonance ** (ICR) and flowing
afterglow®’ (FA) techniques. The FA has been shown to be
particularly reliable in determining rate coefficients for gas
phase reactions due to the presence of a bath gas (typically
helium) and the moderately high pressure (typically 0.5 torr) in
the reaction region. Further advancements to the FA technique
include the selected ion flow tube (SIFT),® collision induced
dissociation (CID),® drift capability!® and temperature vari-
ability,"" and these techniques have increased the role of the FA
method for studying gas phase reactions. Many advantages of
the flow discharge method have been elegantly reviewed by
Graul and Squires.'?

Many groups have investigated the reactivity of esters in the
gas phase. Brauman,* Riveros® and their co-workers utilized
ICR methods to study the reactions of various methyl esters.
DePuy, Nibbering and co-workers® have used both ICR and
FA methods to study a number of nucleophiles for their reac-
tions with methyl formate. Riveros and co-workers®* have
focussed on F~ and HO™ reactions with formyl and acetyl
derivatives. Bartmess and co-workers have examined some

reactions of carbanions with a variety of esters in an ICR
spectrometer.'*

The shape of the potential energy surface for gas phase
reactions with carbonyl compounds has also received some
experimental and computational attention. Brauman and
co-workers* have probed the potential energy surface of
%Cl™ + CF,C(=0)*Cl experimentally and determined that the
surface contains two wells which correspond to ion—dipole
complexes. Furthermore, they determined that the tetrahedral
intermediate, as characterized in aqueous solution, may be a
transition state or energetically inaccessible for some carbonyl
reactions in the gas phase. Rice-Ramsperger—Kassel-Marcus
(RRKM) transition-state theory and ab initio calculations
provide support for the different potential energy surfaces in the
gas and condensed phases.*

Other ab initio calculations have probed the factors that
stabilize the carbonyl group but not the driving force for their
reactivity.? Reactions between nucleophiles with carbonyl
derivatives have been studied computationally. Jorgensen and
co-workers® have examined nucleophilic attack at carbonyl
groups (aldehydes and acid chlorides) and explored the stability
of the tetrahedral intermediates.'®> Computationally, the reduc-
tion of carbonyl compounds, i.e. the reaction of hydride ions
with typically aldehydes and ketones, has been studied *° as well
as the reactions of Cl~ with HC(=0)Cl, CH,C(=0)Cl* and
PhC(=0)Cl1."”

A computational study of acyl transfer reactions has recently
been reported by Lee and co-workers.’® They noted that the
calculated potential energy surfaces can be as simple as a single
well and as complex as a triple well. They also noted that the
B,c2 mechanism is affected by the electronic preferences of the
incoming nucleophile and the leaving group as well as the over-
all exothermicity of the reaction. These effects have also been
noted experimentally.**

Some possible reactions of an anionic nucleophile with ethyl
acetate are shown in Scheme 1. The pathways that are available
for ethyl acetate are (a) nucleophilic acyl substitution (B,c2),
(b) proton transfer (PT) which may also be followed by frag-
mentation, (¢) Sy2 displacement (B,;2) which can occur on
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Fig.1 A schematic diagram of our variable temperature flowing afterglow—selected ion flow tube apparatus. (Only the variable temperature flowing

afterglow was used for these results.)

either alkyl group, and (d) E2 eliminations. Decarbonylation
(loss of CO) is also possible for some systems and is a pre-
dominant product for formyl esters.” This pathway has been
termed the Riveros reaction, and solvated anionic clusters are
usually generated.®

We have completed an exhaustive study of a variety of
anionic nucleophiles with formyl and acetyl esters. In addition,
we present some computational results for F~ attack on methyl
formate so as to understand the experimental product distribu-
tion and the mechanisms for their formation.

Experimental

These reactions were studied using a home-built variable tem-
perature flowing afterglow (Fig. 1).!' Briefly, ions are generated
via electron ionization and traverse the length (~1 m) of a stain-
less steel flow tube via a constant flow of a helium buffer gas.
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Neutral reagents are added downstream in order for reactions
to occur, and the charged species from these reactions are
subsequently monitored using quadrupole mass spectrom-
etry. By adding these reagents at different locations along the
length of the flow tube, ion—neutral reactions can be monitored
as a function of distance/time, and rate coefficients can be
determined.

Rate coefficients are determined under conditions of pseudo-
first order kinetics, and the reported rates are averages of at
least three measurements. Most of the rates reported here were
obtained at 298 K and 0.5 torr, but some have been determined
as a function of temperature and/or pressure.

Upon reaction with a neutral reagent, product ions can be
observed. The yield of each product ion was determined by
extrapolating the normalized ion percentage to the zero flow
limit of the neutral reagent. This method' allows for the
determination of primary and secondary ions. Even with this



Table 1 Rates and ionic product distributions for negative ion reactions with methyl formate (AH, 4 = 391 kcal mol )*

AH, 4 ADO
Ton (A7) (HA)*" Tonic products® Rxn path AH,..° Rate Rate® Eff./  Pub. rate®
H,N~ 404 HC(=0)NH" (36%) B,c2 —38.7 19.2+0.8 23.6 0.814 25.0%5.0
CH,0™ (29%) Riveros —-10.4
CH,O (NH;) (24%) Riveros
HCO,™ (10%) Bar2
CH,0 (CH;OH) (Secondary ion)
HO~ 391 HCO,™ (42%) Bar2 or B,2 -38.1 17.9+0.2 23.0 0.778  18.0+4.0
CH,0™ (39%) Riveros 4.0"
CH,0" (H,0) (20%) Riveros —20.5
CH,0" 380 CH,;0(CH;0H) (97%) Riveros -17.4 8.1+0.3 18.6 0.435
HCO,™ (3%) Bar2 —35.7
CD;0" 380 CH,0(CD;0H) (64%) Riveros -17.4 10.0 + 1.0 18.0 0.556  13.0%x3.0
CH,07(CD,0D) (29%) Riveros -17.4
HCO,™ (7%) B, 2 —35.7
NCCH,"~ 373 HC(O7)=CHCN (100%) Bac2 0.48 £ 0.01 17.1 0.028  0.30 £ 0.06
F- 371 F~(CH;0H) (57%) Riveros -9.7 21.0+2.0 22.1 0.950
HCO,™ (43%) Bar2 -19.4
CH,C(=0)CH,” 369 CH,C(=0)CH, (CH;0H) (60%) Riveros 0.09 +0.01 15.5 0.006
HCO,™ (40%) Bar2 —334
CH,S~ 357 HCO,™ (95%) -194
CH,S™(CH;0H) (5%) Riveros
O,NCH,"~ 356 HCO,™ (66%) B, 2 0.07 £0.01 15.3 0.005
O,NCH, (CH;OH) (34%) Riveros

“ Values from the NIST website (http://webbook.nist.gov). * %Yields are extrapolated for a zero flow rate of neutral reagent in STP cm®s™". ¢ AH,,, in

rxn

kcal mol ™!, calculated from values reported by NIST (http://webbook.nist.gov). ¢ Rates in units of (107'° cm® molecule ! s™') and the reported errors
are one standard deviation of at least triplicate measurements. ¢ Rates in units of (10~'° cm® molecule ! s ') and the polarizability for HCO,CHj is

approximated using group additivity. / Efficiency = (experimental rate/ADO rate). ¢ Reference 6¢, in units of 107 cm® molecule ' s™!. # The AH,

rxn

assumes H,0 and CO as products. If HCO,H was a product, AH,, would be —2.3 kcal mol?, but PT should have also occurred.

extrapolation, the accuracy of the product determination
should be considered as £10%." These percent yields are taken
as the average of three different initial flow rates of the neutral
reagent where each is extrapolated to the zero flow limit of the
neutral compound.

In this work, the helium (Praxair, 299.995%) bath gas is
further purified by passing the gas through a copper coil,
packed with 4 A molecular sieves, that is submerged in liquid
nitrogen. The purified helium is then passed over the filament
of the EI source. H,N is then formed from electron ionization
of NH; (AGA, 99.99%). There is always some impurity of HO™
when H,N~ is generated in our system (as is typical for flowing
afterglows), but in the experiments reported here, the ratio of
H,N™ to HO™ was always better than 9:1, and a correction for
the presence of HO™ was not performed.

For some experiments, H,N~ was used to deprotonate H,O
for generating HO ™, but on most occasions, HO™ was generated
by dissociative electron attachment on N,O (AGA, 99.5%), fol-
lowed by hydrogen atom abstraction from CH, (AGA, 99.99%).
HO™ or H,N™ was subsequently used to deprotonate CH,;OH
(Fisher, 99.9%), CD;0OD (Cambridge Isotopes, 99.8%), CH;CN
(Mallinckrodt, 99.9%), CH;C(=0)CH, (Mallinckrodt, 99.8%),
and CH;NO, (Aldrich, 96%) to form CH;0~, CD;0",
NCCH,", CH,;C(=0)CH,", and O,NCH,", respectively. The
reaction of HO™ with CH,;SSCH; (Aldrich, 98%) generated
CH,S". Finally, F~ was formed by electron ionization of NF;
(Air Products, 99.5%). These compounds were used as provided
by the manufacturer. The neutral reagents, HCO,CH; (Aldrich,
97%), HCO,CH,CH; (Baker, 98.1%), CH;CO,CH; (Aldrich,
99+%), CH;CO,CH,CH; (Mallinckrodt, 99.9%), B-propio-
lactone (Acros, 98%), and y-butyrolactone (Acros, 99+%), were
used as provided by the commercial sources.

Computational methods

All calculations were performed with the GAUSSIANY4 suite
of programs.®® All stationary points were fully optimized at the
B3LYP/6-31+G* level*! of theory and confirmed as minima or
transition states via vibrational frequency analysis calculations.
All transition states were confirmed to have only one imaginary

vibrational frequency. The reactant and product which con-
nected each transition state was confirmed by an intrinsic
reaction coordinate?> (IRC) search or by incremental (typ-
ically 10%) displacement along the vibrational mode for the
imaginary frequency and then a careful optimization (opt=
calcfc or calcall) in either direction. All energies reported here
include (unscaled) zero point vibrational energy and thermal
corrections to 298 K (1 atm pressure).

Results

Rate coefficients have been determined for the reactions of
H,N", HO", CD,0", NCCH, , F, CH;C(=0O)CH, , and
O,NCH,~ with methyl formate and methyl acetate. For
reactions with ethyl formate and ethyl acetate, only H,N",
HO -, CH;0", NCCH,", F~, and O,NCH,~ were used. The
reactivity of these esters is compared to B-propiolactone and
v-butyrolactone in order to examine acyclic vs. cyclic esters.

General trends

The rate coefficients for the reactions of H,N~, HO™, CH;0™ or
CD;0O7, and F~ with all of the esters have been found to be near
the theoretical Average Dipole Orientation (ADO) rate limit
(1.5 to 2.5 x 107 cm® molecule ! s™! for these systems). How-
ever, the rate coefficients with NCCH,~, CH;C(=0)CH,", and
O,NCH, " are much less efficient with rates between 107 to
107'2 cm® molecule ' s7%, as seen in Table 1.

For example, the reaction rates for H,N~ with methyl
formate, ethyl formate, methyl acetate, and ethyl acetate are
(19.2£0.8), (28 £ 1), (26 £ 2), and (33 + 5) X 107'° cm® mole-
cule™! s7!, and the efficiencies?® (kopg/kapo) Of these reactions
are quite high (Tables 1-4). When comparing the rates and effi-
ciencies for the formate and acetate esters, the ethyl esters seem
to react faster and more efficiently. This trend appears to be
independent of the chosen nucleophile (except O,NCH,~ which
does not react with the ethyl esters). Thus, the alkyl group of
the ester has an important role in the rate of reaction. This is
most probably due to the different reaction pathways that are
available to the various esters (see below).
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Table 2 Rates and ionic product distributions for negative ion reactions with ethyl formate

AH,q ADO

Ton (A7) (HA)“  Tonic products® Rxn path AH, ¢ Rate* Rate  Eff/

H,N" 404 HCO, (or CH;CH,07) (72%) E2 or B4, 2 (or Riveros) —41.1 or—# (or —13.1) 28.0+ 1.0 27.2 1.00
HC(=0)NH" (26%) Bac2 —38.3
CH,CH,O0 (NH;) (3%) Riveros

HO™ 391 HCO,™ (95%) E2 or By 2 or B,c2 —26.7 or —37.7 or —37.7 27.0£ 1.0 26.5 1.00
CH,CH,0™ (H,0) (5%) Riveros

CH,0O" 380 HCO, (or CH;CH,07) (53%) E2 or B2 (or B,c2) —18.6 or —34.8 (or —2.7) 19.0£2.0 21.1 0.90
CH,CH,0O (CH;OH) (47%) Riveros

NCCH,~ 373 HC(O")=CHCN (100%) Bac2 1.3£0.2 19.3 0.07

F 371 HCO,™ (or CH;CH,07) (79%) E2or B,;2 (or B,c2) —7.50r —29.7 (or +22.2) 36.0 £ 6.0 254 1.00
F~(CH,;CH,OH) (21%) Riveros

O,NCH,” 356 HCO,™ (100%) E2 or B,;2 +4.4 or —*# 0.06 £ 0.01 17.1 0.004

“ Values from the NIST website (http://webbook.nist.gov). * %Yields are extrapolated for a zero flow rate of neutral reagent in STP cm®s™'. ¢ AH,,,, in
kcal mol ™!, calculated from values reported by NIST (http://webbook.nist.gov). ¢ Rates in units of (107'° cm® molecule ! s™!) and the reported errors
are one standard deviation of at least triplicate measurements. ¢ Rates in units of (107'* cm® molecule ' s™?). / Efficiency = (experimental rate/ADO

rate), and limited to a value of 1. # Experimental values are not available.

Table 3 Rates and ionic product distributions for negative ion reactions of methyl acetate (AH ;4 = 372 kcal mol ™)*

AH,q ADO Pub.
Ton (A7) (HA)* Tonic products® Rxn path AH,.° Rate* Rate® Eff/ rate®
H,N" 404 (M-H)~ (299%) PT -32.0 26.0 + 2.0 245 1.00
CH,C(=0O)NH"™ (1%) B,c2 -37.6
HO~ 391 CH,CO,~ (78%) Bar2 or Bo2 —36.7 28.0£2.0 239 1.00
(M-H)™ (22%) PT -19.0
CD;0~ 380 (M-H)~ (100%) PT -8.0 15.1+0.7 18.4 0.82
NCCH,~ 373 (M-H)~ (57%) PT -1.0 0.37 £0.02 17.5 0.02
CH,C(O7)=CHCN (43%) B,c2
F 371 FC(=0)CH,™ (36%) B,c2 + PT 28.0% 1.0 229 1.00 2.2¢
CH,CO,™ (21%) B,.2 -18.0
F~(CH;OH) (14%) B,c2 + E2
(M-H)™ (14%) PT 1.0
F~(CH;CO,CH;) (14%) Adduct
CH,C(=0)CH,"~ 369 No observed reaction 15.7
O,NCH," 356 No observed reaction 15.5

“ Values from the NIST website (http://webbook.nist.gov). * %Yields are extrapolated for a zero flow rate of neutral reagent in STP cm® s™'. © AH,
in kcal mol ™!, calculated from values reported by NIST (http://webbook.nist.gov). ¢ Rates are in units of (107 cm® molecule™

rxn>

!'s7!) and the reported

errors are one standard deviation of at least triplicate measurements. ¢ Rates are in units of (107 cm® molecule ! s™!). / Efficiency = (experimental

rate/ADO rate), and limited to a value of 1. ¢ Reference 27.

Table 4 Rates and ionic product distributions for negative ion reactions with ethyl acetate

AH,, ADO Pub.
Ton (A7) (HA)“ Tonic products® Rxn path AH,_ ¢ Rate* Rate® Eff/ rate®
H,N~ 404 (M-H)™ (64%) PT 33.0+£5.0 27.2 1.00
CH,CO, (31%) E2 or By, 2 —40.0 or —#
CH,C(=O)NH" (5%) B2 ~375
HO" 391 CH,CO,™ (68%) By2orE20rBy2  —36.60r =256  24.0% 1.0 26.5 0.91
or —36.6
(M—H)" (32%) PT
CH,0" 380 (M—H)~ (83%) PT 19.1 0.1 20.9 0.91
CH,CO, (17%) E2 or By, 2 —17.50r —33.7
NCCH,” 373 CH,C(O")=CHCN (53%) B2 0.41%0.1 19.1 0.02
(M—H)~ (47%) PT
F 371 FC(=0)CH," (54%) B,2 + PT 350+ 8.0 253 100 2.1*
CH,CO,™ (46%) E2 or By, 2 —6.50r—%
O,NCH," 356 No observed reaction 16.7

“Values from the NIST website (http://webbook.nist.gov). ? %Yields are extrapolated for a zero flow rate of neutral reagent in STP cm®s™'. ¢ AH,

rxn»

in kcal mol ™!, calculated from values reported by NIST (http://webbook.nist.gov). ¢ Rates are in units of (107'* cm® molecule ' s ') and the reported
errors are one standard deviation of at least triplicate measurements. ¢ Rates are in units of (107 cm® molecule™* s™?). / Efficiency = (experimental
rate/ADO rate), and limited to a value of 1. £ Experimental data are not available. # Reference 27.

However, NCCH, " reacts exclusively with formate esters via
a B,c2 mechanism to yield HC(O™)=CHCN and the corre-
sponding alcohol (Tables 1 and 2) and undergoes B,c2 or
proton transfer reactions with acetate esters (Tables 3 and 4).
This is the one example where the products of the reaction
seem to be driven entirely by the nucleophile. Plots of the
Riveros product yields for the formyl esters and the proton

2400 J. Chem. Soc., Perkin Trans. 2, 1999, 2397-2407

transfer yields for the acetyl esters for the different nucleo-
philes are shown in Fig. 2, and these will be discussed further
below.

Not only are the ethyl esters more reactive, based on the rate
coeflicients, but they also yield a larger percentage of products
from the reaction at the alkyl group than at the carbonyl group.
If the ethyl esters were undergoing B,;2 reactions, like the
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Fig.2 Correlation of the Riveros product yields for the formyl esters and the proton transfer yields for the acetyl esters for the different nucleophiles

according to their gas phase acidity (AH,q)-

methyl esters, the reactions should be slower due to increased
steric congestion.?* In addition, the methylene carbon should
be less electrophilic as the methyl group is generally con-
sidered to be electron-donating/polarizable as compared to a
hydrogen atom. Both of these would cause the reaction to slow
down, yet the reaction rate increases. Therefore, the form-
ation of the carboxylate ion in the alkyl esters occurs pre-
dominantly via an elimination (E2) rather than a nucleophilic
substitution (B,;2) pathway (Scheme 1). These aspects are
similar to those discussed by DePuy, Bierbaum and co-workers
in their pioneering studies of the factors that favor elimination
vs. substitution mechanisms in alkyl halides and other organic
compounds.***

Reactions of methyl formate

The product ions observed from nucleophilic attack on methyl
formate can be used to infer the mechanistic pathways that
generated these product ions. For the H,N~ + HCO,CHj, reac-
tion in our FA, four primary products, HC(=O)NH"™ (36%),
CH,0™ (29%), CH;0~(NH;) (24%) and HCO,™ (10%), and one
secondary product CH;0 (CH;OH) are generated (Table 1).
These products and their approximate yields are in reasonable
agreement with results by DePuy and co-workers,* except that
we do not detect the formation of the (M—H)™ anion from the
formyl derivatives. As noted by DePuy and co-workers, such
(M-H)™ anions will react with excess neutral reagents from the
ionization source of the flowing afterglow (such as NH; used to

generate H,N™) and will yield additional products. Therefore,
our FA product yields should be considered as qualitative for
the formate esters.

A typical spectrum of H,N~ + HCO,CH; as well as the
extrapolation to zero methyl formate flow (so as to obtain
the product yields) are shown in Fig. 3. As stated above, the
extrapolation procedure should provide qualitative information
about the primary products of these reactions. As seen in Fig. 3,
the presence of the HC(=O)NH™ product demonstrates that
there is sufficient time and energy for proton transfer to occur
between CH;0~ and HC(=O)NH, in the ion—molecule complex
during the B,c2 pathway. Therefore, a tetrahedral species is
accessible for this reaction.

(0]

o)
0 © ©
HN P A
—— —> | H NI, | —H NH
H OCH4 H OCH; | - )
NH; - cH30°|  + CH3oH

The methoxide ion product is most likely generated via a
Riveros (decarbonylation) reaction since the HC(=O)NH™ ion
is also observed (see below). The CH;0 (NH;) complex is
definitely formed via a Riveros (decarbonylation) reaction. The
formate ion is generated via a B,;2 mechanism, and attack on
the methyl group of the ester results in formation of methyl-
amine as a neutral (and undetected) product.
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extrapolation to zero flow of methyl formate for determining the primary products of this reaction (bottom).

The reaction of HO™ ion with methyl formate produces
HCO, (42%), CH;0™ (39%), and CH;0™ (H,0) (20%). Again,
the reaction agrees with results by DePuy and co-workers,*
except that the (M—H)™ ion is not detected in our FA due to
subsequent reactions. Both the methoxide ion and the meth-
oxide ion—water complex products are formed from the Riveros
reaction. The methoxide ion could be generated via a B2 reac-
tion, but the formic acid product would transfer a proton (like
formamide, above) to the methoxide ion to produce the more
stable methanol and formate ion. The formate ion can be
formed via a B2 pathway (after a proton transfer in the ion—
molecule complex) or from B,; 2 attack upon the methyl group
of methyl formate. The efficiency of the HO™ reaction with
methyl formate reaction was 79%, while the reaction with amide
ion was 81%.

The reaction of CH;0™ and CD;O~ with methyl formate
yields HCO,™ resulting from the B,;2 pathway in small per-
centages (3 and 7%, respectively). The other products observed
are complexes of methoxide ion with methanol (protiated or
deuterated) which result from a Riveros reaction. We observed
two different complexes as the original deuterated methoxide
was generated from the reaction of HO™ (or H,N™) with CD;-
OD, and some H/D exchange could have occurred. In previous
ICR experiments by Riveros and co-workers,’ the naked meth-
oxide ion was also observed as a product. However, we do
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not observe this ionic product, and this is in agreement with
previous FA results by DePuy and co-workers.® Therefore, the
formation of the methoxide ion may be due to the low pressures
in which the ICR experiments were conducted.

The remainder of the ions, excluding NCCH,~ which was
mentioned previously, follow the same pattern as methoxide
ion. A Riveros product is formed as a complex between meth-
anol and the reactant ion, and HCO,™ is formed as another
product via a B,;2 reaction. The Riveros products are dom-
inant for both F~ and CH;C(=0)CH, , while the Riveros
pathway is the minor channel for CH;S™ and O,NCH, . In
fact, the Riveros reaction is the favored pathway for the less
basic ions (A7) with a AH,;,(HA) > 369 kcal mol™! (Table 1),
neglecting NCCH,~ where only the B,c2 pathway is observed
as noted earlier.

We also examined the Riveros reaction of NCCH,~ with
methyl formate as a function of temperature from 298 to 448 K,
in 50 K increments (Table 5). The reaction shows a negative
temperature dependence, and the only product observed at
all temperatures is HC(O™)=CHCN (via a B,c2 mechanism
followed by a proton transfer).

Experimentally, the reaction of F~ with HCO,CHj; occurs
with 95% efficiency and yields F"(CH;OH) (Riveros) and
HCO,™ (B412) products. A representative spectrum (at 298 K
for a long reaction time) is shown in Fig. 4. The reaction occurs



Table 5 Variable temperature studies at 0.5 torr

Rate/10'° cm® molecule ' s™!

Product distribution (%)*

Mechanistic
Reaction 298 K 348 K 398 K 448 K Products pathway 298 K 348K 398K 448K
F~ + HCO,CH;, 21.0%£2.0 272104 26.0% 1.0 21.0£3.0 HCO,” Bar2 43 18 15 6
F (CH,OH) Riveros 57 82 85 94
F~ + CH;CO,CH; 28.0%+1.0 29.0£4.0 31.0£2.0 29.0£5.0 F~(CH;0OH) BAc2 + E2 14 9 5 10
CH,CO,™ B, 2 21 13 12 11
FC(=0)CH,"~ Buc2 + PT 36 70 65 74
(M-H)~ PT 14 6 16 15
F~(CH;CO,CH;) Adduct 14 3 1 0
NCCH, + 048 +0.01 0.38+0.01 0.23%£0.01 0.15%£0.02 HCO )=CHCN B, 100 100 100 100
HCO,CH;,

“ Reported errors are one standard deviation of at least triplicate measurements. ® Product distributions for four different temperatures.
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Fig. 4 A typical spectrum for the reaction of F~ with methyl formate (HCO,CHj;) at 0.5 torr and 298 K at our longest reaction time. (The
extrapolation of the product’s intensities to the zero flow limit provides the data shown in Table 5.)

upon almost every collision, and the Riveros product is favored
at 298 K after extrapolation to zero neutral flow of methyl
formate (Table 5). Therefore, despite the larger exothermicity
(calculated at the B3LYP/6-31+G(d) level) of the B,; 2 reaction
(AH,,=—24.1 kcal mol™"), the Riveros pathway (AH,,, =
—12.9 kcal mol ') dominates.

The origin of this preference is of interest. We, therefore,
calculated the entire potential energy surface for F~ + HCO,-
CH, at the B3LYP/6-31+G(d) level. These enthalpy results (in
kcal mol™! at 298 K) are presented in Fig. 5, and the relative
enthalpy of the F~ + HCO,CH; reactants is set at zero. The
pathway for the B,;2 process (Fig. 5a) proceeds through an
ion—dipole complex that is —14.2 kcal mol™! more stable than
the reactants at infinite separation. The transition state for
cleavage of the O—-CHj; bond is 4.3 kcal mol ™! higher in energy
than the complex, but still exothermic relative to the reactants.
The Riveros reaction could possibly occur via direct attack of
F~ on the formyl hydrogen (Fig. 5b), and DePuy, Nibbering
and co-workers® have cited the large complexation energy as
a driving force for this process. The direct proton abstraction
pathway for the Riveros reaction was exhaustively searched for
without success; however, a transition state for deprotonation
concomitant with C-O cleavage was located which yields the
F~(CH,;0H) complex along with dissociated CO. This transi-

tion state is +0.3 kcal mol ! higher in energy than the reactants,
but proceeds through a more stable ion—dipole complex (by ~4
kcal mol™") relative to the B,;2 pathway. Thus, the relative
activation barriers would suggest that the B,; 2 pathway should
strongly dominate at 298 K, but experimentally, we observe a
57:43 preference for Riveros:B,;2. These results suggest that
either the B3LYP/6-31+G(d) method underestimates the
energy barriers in this system or some dynamical effects are also
important due to the differences in the energies of the ion—
dipole complexes.

We also searched for the process by which nucleophilic
acyl substitution (NAS, B,c2) would proceed. Coordination
of F~ to methyl formate leads to a doubly-bridged ion—dipole
complex where the (normally less stable) £ conformation of the
ester is involved. This ion—dipole complex is the most stable
(—22.1 kcal mol™! relative to reactants) of the complexes
located. Formation of a tetrahedral intermediate is achieved via
a relatively low energy transition state; however, the endo-
thermic (+5.2 kcal mol™") transition state for C-OCH, bond
cleavage leads directly to deprotonation of the formyl hydrogen
by CH;O0~ upon departure. Subsequent fragmentation of
FCO™ within the FCO™(CH;0H) complex then leads to the
F~(CH;0H) complex. Thus, the process of nucleophilic attack
at the carbonyl carbon also leads to formation of the Riveros
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Fig.5 Potential energy surface for the reaction of F~ with methyl formate (HCO,CH,) as calculated at the B3LYP/6-31+G* level (AH in kcal mol ™!

at 298 K). Selected bond distances are shown in A.

products as the basicity of CH;O~ drives the final proton
transfer.

The transition states for the cleavage of the C~-OCH; bond,
either in the Riveros pathway (Fig. 5b) or the B,c2 pathway
(Fig. 5¢), have a barrier that is larger than the energy of the
initial F~ and HCO,CH;. Therefore, an increase in internal
energy (temperature) might be able to favor the Riveros reac-
tion. Experimentally, the reaction of F~ with methyl formate at
room temperature (Table 5) produces F~(CH;OH), the Riveros
product, in 57% yield and HCO,", the B,;2 product, in 43%
yield. The percent yield (57, 82, 85, and 94%) of the Riveros
reaction increases with increasing temperature (298, 348, 398,
and 448 K, respectively) as predicted by the barrier seen in the
calculated potential energy surface (Fig. 5). Of course, this is a
very simple analysis, and temperature effects on the potential
energy surface will be important for both reaction channels.

Reactions of ethyl formate

As with methyl formate, the reaction of NCCH,~ with ethyl
formate is unique and generates only a B2 product (HC(=0)-
CHCN"). For most of the anionic reactions with ethyl formate,
the Riveros reaction is the minor pathway for reaction. As
stated earlier, the reaction at the alkyl group is most likely to
occur via an E2 elimination, but the possibility of B,; 2 has not
been conclusively eliminated. However, the fast reaction rates
and the high efficiencies of the ethyl formate reactions suggest
that a new pathway is dominant. We believe that this new path-
way is an E2 elimination and is in agreement with previous
results by Riveros and co-workers.® For the reaction with ethyl
formate, the formate and ethoxide ions cannot be distinguished
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in our system as our instrument only has unit mass resolution.
However, in analogy to the acetyl ester reactions (see below)
where this isobaric situation may not occur for acetate vs.
ethoxide ions, we are confident that HCO, ™ is the dominant ion
for the reactions with ethyl formate. (Recent experiments with
H™O™ as a nucleophile also confirm these conclusions.?)

For H,N~ with ethyl formate, the products are very similar
to those in the case of methyl formate. The products are
HCO,™ and/or CH;CH,O™ (72%), HC(=O)NH™~ (26%), and
CH;CH,0™(NH;) (3%). The mechanisms that would lead to the
formation of these product ions are E2 and/or Riveros, B,c2,
and the Riveros pathways, respectively.

Similar reactivity is seen for HO™. The products, as in the
reaction with methyl formate, are HCO,™ and/or CH;CH,O™
(95%) and CH;CH,O (H,0) (5%). The pathways involved are
E2 and/or B,c2 for the formation of HCO,", and the Riveros
reaction would form CH;CH,O~ and the CH,CH,0 (H,0)
complex.

For the reaction of methoxide ion with ethyl formate, the
products are HCO,” and/or CH,;CH,O™ (53%) and CH;-
CH,O (CH;0OH) (47%). Since CH;0O~ was not generated in
the reaction with CD;O~ with methyl formate, the amount of
CH;CH,O™ generated from the reaction with ethyl formate is
likely to be negligible. Also, the true yield of the Riveros reac-
tion can be assigned to the CH;CH,O (CH;OH) complex. In
this case, the Riveros pathway only accounts for 47% of the
reaction, while the E2 reaction accounts for about 53%.

The reaction of F~ with ethyl formate yields HCO,™ (79%)
and F~(CH;CH,OH) (21%). Here, we have once again reasoned
by analogy and discounted the possibility of CH;CH,O™ as a
possible product ion because this F~ reaction seems to compare



very well to the methyl formate case. The ethyl formate reaction
favors E2 (79%) over decarbonylation (21%).

With O,NCH, " and ethyl formate, the Riveros product is not
seen. The reaction is very slow [(6 = 1) X 107! cm?® molecule™
s~ '] and yields HCO,™ as the only product. It appears that the
reaction proceeds exclusively via a B,;2 reaction at the alkyl
group.

Reactions with methyl acetate

In the reactions with methyl acetate (AH,q = 372 kcal mol ™),
the noticeable trend is that proton transfer is the favored path-
way for this ester with all nucleophiles/bases considered here
except HO™ and F~ ions. Furthermore, CH;C(=O)CH,” and
O,NCH, " were unreactive on the time scale of our experiments.
Table 3 lists all of the products and rate coefficients for the
reactions with methyl acetate.

The reaction of H,N~ proceeds at a rate of (26 £ 2) x 1071
cm?® molecule ™ s! and produces <1% of CH,C(=0)NH" (pro-
ton transfer comprises the rest of the products), while HO™
reacts with a rate coefficient of (28 £ 2) x 107! cm® molecule™
s~! and produces the acetate ion in 78% yield. The acetate ion
can be formed via B,c2 or B,;2 mechanisms, but the major
pathway is more likely to be B,c2 since this product channel is
seen for H,N™.

The most interesting reaction with methyl acetate occurs with
F~ as the nucleophile. In this reaction, five primary products
are formed. Two of these products, FC(=0)CH,~ (36%) and
F(CH;0H) (14%), occur from addition to the carbonyl
carbon followed by subsequent fragmentation to form FC(=0)-
CH; and CH,0". The FC(=O)CH," ion is generated when a
proton transfer occurs within the ion—molecule complex, while
the F(CH;OH) cluster ion is formed when the proton trans-
fer leads to an elimination reaction to form neutral ketene.
Two other products are acetate ion (21%), formed via B,;2,
and the deprotonation product (14%). This reaction is also the
only case of the acyclic esters studied here to yield an adduct
(14% yield), and this product may be a tetrahedral intermedi-
ate or a loose ion—molecule complex between F~ and the alkyl
groups of the ester. Previous ICR experiments by Riveros and
co-workers have seen only two major products (FC(=0O)CH,~
and CH;CO,"), and their reported rate is much slower than our
results (by a factor of ~10).5%?” Perhaps the different pressure
regimes between the corresponding ICR and FA experiments
are of importance, and such investigations are in process.

The ionic products, FC(=O)CH,~ and F~(CH;OH), which
are produced by the B,c2 pathway, are generated even more
efficiently at higher temperatures (Table 5), but the overall
reaction rate is essentially constant across the temperature
regime. This demonstrates that the B,.2 pathway becomes
more accessible with increasing temperature and suggests that a
small barrier may exist for traversing the B,2 mechanism.

Reactions of ethyl acetate

As in the reactions with methyl acetate, the dominant products
with ethyl acetate are derived from proton transfer, but the
products derived from reaction at the alkyl group also increase.
The acetate ion, formed in 31% yield, is now produced for the
reaction with H,N~, unlike with methyl acetate. The alkyl reac-
tion pathway available to the methyl acetate is via B, 2 only,
but ethyl acetate may also undergo an E2 elimination to yield
acetate ion as a product. The increased yield must be due to an
E2 pathway. Overall, the reaction rates are quite fast and are
very efficient for most of the nucleophiles, except for NCCH, .

Another difference between the reactions of methyl and ethyl
acetate is that the reaction with methoxide as a nucleophile
yields exclusively the (M—H) ™ product with methyl acetate, but
the (M—H)™ and acetate ions are formed as products with ethyl
acetate. The acetate ion product is obviously formed from an E2
reaction at the alkyl group with ethyl acetate.

Finally, the reaction of F~ with ethyl acetate produces only
FC(=0)CH,  (54%) and CH;CO," (46%). The former is gener-
ated from a B2 mechanism followed by proton transfer, while
the latter is produced from an E2 or a B, 2 pathway. The
increased reaction rate and efficiency for F~ with ethyl acetate
(as compared to methyl acetate) also suggests that the E2
pathway is dominating. Once again, our reaction rate of F~
with ethyl acetate is much faster than reported by Riveros and
co-workers in their ICR experiments.**?’

Reactions of - and y-lactones

The reactions of B-propiolactone with all of the ions con-
sidered here are much faster than the acyclic counterparts, and
this is probably due to the faster ADO rates for the lactones
(Table 6). However, the chemistry is not very interesting. Most
of the observed reactions, except CH;S™ (see below), are dom-
inated by loss of a proton to yield the (M-H)™ ion. Reactions
with y-butyrolactone also produce the corresponding (M-H)™~
ion. Based on the reactions in Table 6, the acidity (AH,.q4) of
B-propiolactone appears to be lower than 370 kcal mol™!, but
we have not resolved that value any further at this point. It is
possible that the products from the lactones are due to elimin-
ation reactions to make the corresponding acrylates, and such
reactions are known in the condensed phase.”® We have con-
sidered an elimination pathway, but at this point we are unable
to distinguish a simple proton transfer from an elimination
mechanism as all of our attempts to refine the acidity of the
corresponding (M-H)~ ions were unsuccessful. In our current
FA apparatus, we did not have enough reaction time to syn-
thesize the ion in question cleanly, and then to characterize its
subsequent chemistry.

The only exception to the dominance of proton transfer with
these lactones is the reaction of CH;S™ with B-propiolactone
which produces an adduct of some kind. Experiments to
determine the nature of the adduct have been attempted. In
order to understand if a simple ion-molecule complex was
being formed, the reaction was carried out at three different
pressures in the hope that the higher pressure would favor com-
plex formation and the reaction rates would increase. However,
if there is a pressure dependence, it is within our experimental
error (Table 6).

Attempts were made to observe hydrogen—deuterium
exchange between the adduct and CD;OD or CD;CO,D, but
these studies were not successful. The attempt to determine the
acidity of the adduct also met with little success. The adduct
would not undergo proton transfer under the time scale of the
experiment. The small amount of H/D exchange that was
observed was not convincing, but a small amount (~10%)
occurs with acetic acid. This signal decrease may actually be the
protonation of a reactant and thereby decreases the amount of
product seen. The major limitation for these experiments is
simply the length of the reaction region (~0.5 m) of our FA as
we have to make the reactants, then the adduct ion, and finally
study its subsequent chemistry.

Another limitation of our FA is seen in attempts to measure
reaction rates with y-butyrolactone and larger lactones, such
as d-valerolactone and g-capriolactone. These lactones do not
have sufficient vapor pressures at room temperature in order to
obtain consistent flow rates of the neutral reagent that is needed
to generate accurate kinetic measurements. However, since
proton transfer was the only significant channel observed with
B-propiolactone and y-butyrolactone, we did not investigate
these reactions any further.

Conclusions

Some interesting trends have been observed. For example, the
reactions of NCCH,~ with the formyl and acetyl esters are
dominated by the B,:2 mechanism. For reactions with nucleo-
philes, the ethyl esters typically react faster than the methyl
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Table 6 Rates and ionic product distributions for negative ion reactions with lactones*

AH,q ADO
Ton (A") (HA)® Pltorr Neutral reagent Tonic products® Rxn path Rate* Rate® Eff.”
OH™ 391 0.5 B-Propiolactone (M-H)~ PT 45.0%3.0 41.5 1.00
CH,0" 380 0.5 B-Propiolactone (M-H)~ PT 30.0£2.0 33.1 0.91
F 371 0.5 B-Propiolactone (M-H)~ PT 39.7
CH,S™ 357 0.5 B-Propiolactone CH,S™(B-lactone) Adduct 79%0.6 28.9 0.27
0.8 CH,S™(B-lactone) Adduct 82104 28.9 0.28
1.0 CH,S™(B-lactone) Adduct 82%0.6 28.9 0.28
OH™ 391 0.5 v-Butyrolactone (M-H)~ PT 123£0.3
CH,0" 380 0.5 v-Butyrolactone (M-H)~ PT
NCCH,"~ 373 0.5 v-Butyrolactone (M-H)~ PT
O,NCH," 356 0.5 v-Butyrolactone No observed reaction

“ Rates for the reactions with y-butyrolactone, §-valerolactone and g-capriolactone were tried with little or no success due to vapor pressure problems
(see text). ® Values from the NIST website (http://webbook.nist.gov). ¢ %Yields are 100%, extrapolated for a zero flow rate of neutral reagent in STP

cm?®s™!. 9 Rates in units of (107 cm® molecule™

1

s 1) and the reported errors are one standard deviation of at least triplicate measurements. ¢ Rates in

units of (107* ¢cm® molecule™* s™*) and the polarizability for B-propiolactone is approximated using group additivity. / Efficiency = (experimental

rate/ADO rate), and limited to a value of 1.

esters, and the reactivity with the ethyl esters is dominated by
chemistry at the alkyl group. This change is due to the avail-
ability of the E2 pathway for alkyl reactions with the ethyl
esters,>24%

A comparison of formyl and acetyl esters demonstrates that
the formyl esters react more readily with less basic ions, but
the rates of reaction of formyl esters with more basic ions are
slower than the acetyl esters. The main reason for the increased
reaction rate of basic nucleophiles with the acetyl esters is the
availability of the proton transfer pathway. The acidity (AH,.q)
of the formyl esters is approximately 391 kcal mol™*, while the
acidity of the a-hydrogen in the acetyl esters is approximately
374 kcal mol*. Other reaction pathways do not compete effect-
ively when proton transfer is favorable (i.e. exothermic).

The Riveros pathway dominates the reactivity of methyl
formate. The B,c2 pathway is observed to only a very small
extent with methyl formate as a substrate. F~ ion demonstrates
some interesting reactivity with the esters considered here.
Computational (B3LYP/6-31+G(d)) results demonstrate that
the B,;2 pathway (Fig. 5a) has the lowest activation barrier;
however, the experimental results at 298 K (Table 5) show a
slight preference for the Riveros pathway. The calculated
Riveros pathway has a slightly endothermic (+0.3 kcal mol™!)
barrier, and variable temperature experimental studies demon-
strate an increase in the Riveros product as the temperature is
increased from 298 to 448 K.

Moreover, from a mechanistic sense, the Riveros product can
be generated through two different routes: a F-assisted C-O
bond cleavage (Fig. 5b) or through nucleophilic attack at the
carbonyl carbon (B,c2, Fig. 5¢). In the B,.2 pathway, the
alkoxide leaving group abstracts a proton from the formyl or
acetyl group prior to departing from the complex.

Further examples of nucleophilic reactivity with carbonyl
groups will be presented in due course from both experimental
and computational approaches.
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