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Abstract: The ion-molecule reactions of fluoride and hydroxide ions with alkyl formates have been studied by ion cyclotron 
resonance spectroscopy. Two reactions are observed to take place: (1) indirect gas phase ion solvation, ROHF - and 
(ROHOH)-; and (2) formation of HCOO -. Absolute and relative rate constants have been obtained for esters up to the dif
ferent butyl groups, as well as for DCOOC2H5 and HCOOC2D5. The formation of HCOO - is shown to be enhanced by the 
presence of /3 hydrogens for the fluoride reactions. This fact is interpreted in terms of an intermediate which is capable of as
suming a six-membered ring configuration. The suggested neutrals from this mechanism, C2H4 and HF, are consistent with 
neutral analysis. A general discussion is presented for the overall mechanism of these systems. 

A large volume of chemical research has been accumu
lated over the last decades regarding the reactivity of nu-
cleophiles toward esters. The mechanistic details of classical 
examples like ester hydrolysis are by now well understood 
and appear profusely illustrated in elementary textbooks. 
However, and in spite of the impressive amount of data 
available, the extent to which the intrinsic features of the 
reagents dictate the outcome of the reaction may still be 
considered a complex question. 

The role of the solvent in a chemical reaction can be 
eliminated in some instances by recreating the solution pro
cess in the gas phase through an ion-molecule reaction. In a 
recent example relevant to the gas phase ion chemistry of 
esters, we showed that alcohols attack a protonated acid as 
a nucleophile when its proton affinity is lower than that of 
the acid.1,2 Esters in turn can also act as gas phase nucleo-
philes toward protonated alcohols when the proton affinity 
of the latter allows it. 

The reaction of negatively charged nucleophiles with es
ters of formic acid has also been studied in our laboratories 
by ion cyclotron resonance techniques.3,4 In this respect, it 
has been shown that reaction 1 is the most common reactive 
channel for several negative ions. 

X - + HCOOCH 3 — C H 3 O H X - + CO (1) 
X - = R O - (R = alkyl), C 2H", F - , O H -

The observation of associated ions has enabled the determi
nation of the solvating ability of neutrals in the gas 
phase.3,5,6 

The present paper deals with the details of the reaction of 
F - and O H - with alkyl formates in the gas phase. These 
two nucleophiles are unique in the sense that they can gen
erate H C O O - competitively with reaction 1. The mecha
nistic implications of the reactions of F - and O H - are par
ticularly interesting because the product distribution is sig
nificantly dependent on the alkyl group of the ester. 

The results included in this paper are potentially of theo
retical interest because these systems are in principle ame
nable to quantum mechanical calculations. Thus, reports 
have already appeared on the minimum energy path of a 
nucleophile, H - , approaching a model carbonyl system, 
H2CO.7 Our observations suggest that our reactions exhibit 
a much more complex potential energy surface than that 
suspected on the basis of solution results. 

Experimental Section 

The ICR spectrometer used in this investigation is similar to 
that described previously.2 Modifications introduced in the emis
sion current circuitry improved the regulation capabilities of the 

original Varian version.6 A two-pulse method developed to work 
with a conventional ICR cell allowed the measurement of resi
dence times of the ions as a function of electric and magnetic 
fields.8 

Hydroxide ions were generated from H2O by electron impact at 
7.6 eV (uncorrected electron energy). Fluoride ions were obtained 
from SO2F2 (Matheson) at a nominal electron energy of 4.2 eV. 

The esters of formic acid were prepared in most cases by esteri-
fication followed by distillation of the product. Ethyl formate-rf5, 
HCOOC2D5, was prepared from 98% C2D5OD (Merck). The 
small percentage of undeuterated species is well below the repro
ducibility of our rate constants. Ethyl formate-^i, DCOOC2H5, 
was prepared by an adaptation of the method outlined by Stevens 
and Van Es.9 The starting material, DC02Na, was kindly provided 
by Dr. Luciano de Amaral from this Institute. The purity of the es
ters was assessed by low-pressure ICR spectroscopy. Esters were 
used after these spectra agreed with conventional mass spectra. 

Kinetic experiments were carried out in a flat drift cell of three 
regions. Pressures were read from an ion gauge located above the 
cell, and with the Vac-Ion throttled to about one quarter of its 
pumping capacity. The ion gauge was calibrated against an MKS 
Baratron Model 90 capacitance manometer. Readings and calibra
tion of the ion gauge were obtained at 2000 G. Experiments de
signed to measure the rate constants of the fluoride ion were car
ried out at an SO2F2 pressure of 1.5 to 2.0 X 1O-6 Torr. This was 
necessary because ROHF - ions formed by reactions similar to (1) 
react rapidly with SO2F2 to yield S02F3 - . At these pressures of 
SO2F2, the amount of S02F3 - was always negligible. Other ionic 
species obtained from SO2F2 (F2

- , SO2F -, and SO2F2
-) proved to 

be unreactive toward the esters. In the hydroxide ion experiments, 
the pressure of water was kept around 5 X 1O-5 Torr. 

The rate constants were calculated using the procedure recently 
outlined by Bowers.10 The reproducibility of these constants is on 
the order of 10%, but the combined errors in the determination of 
residence times and absolute pressures make these constants prob
ably no better than 20% accurate. 

The relative rate constants shown in Tables I and II (k\jk\\) 
were initially obtained in a series of experiments in which the pres
sure was monitored only by the Vac-Ion current. The use of an ion 
gauge at a later date did not affect the values in any noticeable 
way. Therefore, the possibility of pyrolysis of the esters on the ion 
gauge filament to yield HCOOH which would undergo proton 
transfer with F - , or OH - , and result in a different source of 
HCOO - was regarded as minimal. This conclusion is reinforced 
by the fact that no HCOO - was observed for the systems of ref 3 
and 4 in the presence of an ion gauge. 

Results 

1. Fluoride Ion Reactions. The reaction of F - with 
HCOOCH3 proceeds almost exclusively according to (2). 
Nevertheless, the formation of H C O O - through reaction 3 
is also detected, although the rate constant is considerably 
slower for this case (Table I). 
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Table I. Rate Constants for the Reactions (I) F - + H C O O R — 
R O H F - + C O (Ic1) and (II) F " + H C O O R — H C O O - + Neutral 
(A:,,) (See Text)" 

1O10A:, 1O10A:,, fci/*n* 

HCOOCH3 7.2 0.8 9.0 
HCOOC2H5 2.7 2.7 1.0 
HCOOC2D5 2.6 1.7 1.6 
DCOOC2H5 2.9 2.9 1.0 
HCOOCH2CH2CH3 2.8 1.5 1.8 
HCOOCH(CHj)2 2.5 2.8 0.90 

HCOOCH2CH2-
CH2CH3 

HCOOCH2CH-
(CH3)2 

k,/kn 

1.9 

9.5 

HCOOCH(CH3)-
(C2H5) 

HCOOC(CH3)3 

k,/k„ 

2.0 

0.52 

" Absolute rate constants are given in cm3/(molecule s). b Relative 
rate constants are reproducible to within 5%. 

F- 4- HCOOCH3 — CH3OHF" + CO 
AZZ2 = -15 kcal/mol4'11 (2) 

F- + HCOOCH3 — HCOO- + CH3F 
AiZ3 = -26kcal/mol12 (3) 

While the absolute rate constants were not determined for 
HCOOCD3, the relative rates showed no appreciable differ
ence. 

The fact that alkyl formates other than HCOOCH3 ex
perience a sizable acceleration for the HCOO - reaction 
motivated a closer analysis of the ethyl formate reaction. 

F- + HCOOC2H5 -* C2H5OHF- + CO 
AiZ4=* -18 kcal/mol13 (4) 

The second reaction offers two possibilities with respect to 
neutral products. 

F- + HCOOC2H5 -* HCOO- + C2H5F 
ATZ5 = - 2 5 kcal/mol12 (5) 

F- + HCOOC2H5 — HCOO- + C2H4 + HF 
AZZ6 = - 1 8 kcal/mol12 (6) 

Several attempts were made to identify the neutral products 
by using the procedure outlined by Brauman14 in a normal 
drift cell. Because of background interfering mass peaks in 
the mass spectra of the accumulated reaction products with 
HCOOC2H5 and HCOOC2D5, the experiments are not 
completely clear-cut cases. However, the data are consistent 
with reaction 6 and not with (5). 

Absolute and relative rate constants of the fluoride reac
tions with alkyl formates are tabulated in Table I. For the 
higher alkyl formates, the equivalent reactions to (5) and 
(6) are obviously possible. 

2. Hydroxide Ion Reactions. The reaction of O H - with 
HCOOCH3 gives rise to three products. 

OH" + HCOOCH3 — HCOO- + CH3OH 
AZZ7 = - 4 5 kcal/mol12'15 (7) 

OH- + HCOOCH3 — (HOHOCH3)- + CO 
AZZ8 =* -15 kcal/mol4 (8) 

The third ionic product is CH3O - for which two pathways 
are possible: either displacement as in (9), or decomposition 
of excited (HOHOCH3) - ions in (10). 

O H - + HCOOCH3 ->• HCOOH + CH3O -

AZZ9 = - 1 3 kcal/mol16 (9) 
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Table II. Rate Constants for the Reactions (I) OH" + HCOOR — 
CO + (HOHOR)- and CO + H2O + RO" (A:,) and (II) O H - + 
HCOOR — HCOO - + Neutral (ku)" 

HCOOCH3 

HCOOC2D5 

1O1 0Zc1 

6.7 
2.2 

ki/kn 

\Oloku 

8.4 
9.0 

ki/kn
b 

0.80 
0.25 

ki/ku 

HCOOCH2CH2- 0.31 HCOOCH2CH- 0.51 
CH3 (CH3)2 

HCOOCH(CH3J2 0.28 HCOOCH(CH3)- 0.37 
(C2H5) 

HCOOCH2CH2- 0.37 HCOOC(CHj)3 0.31 
CH2CH3 

" Absolute rate constants are given in cm3/(molecule s). * Relative 
constants are reproducible within 5%. 

O H - + HCOOCH3 — H2O + CO + CH3O -

AZZ10 = - 4 kcal/mol (10) 

Double resonance experiments carried out at low levels of 
translational energy excitation reveal that the ionic concen
tration of CH3O - increases when either O H - or (HO-
HOCH3) - are accelerated. Pressure studies show that the 
relative amounts of (HOHOCH3) - and CH3O - do not re
main constant, but that the ion current ratio /VHCOO-/ 
(NcH3O- + A (̂HOHOCH3)-) is essentially independent of 
pressure.17 These observations wefe taken as evidence for 
reaction 10 being the preferred mechanism for the forma
tion of CH3O - . Rate constants tabulated in Table II have 
been obtained assuming that both (HOHOCH3) - and 
CH3O - arise from the same process. A similar assumption 
has been made for the other cases. 

By analogy to the reactions of F - , higher alkyl formates 
offer again two sets of possible neutrals upon formation of 
HCOO -. 

O H - + HCOOC2H5 — HCOO- + C2H5OH 
AZZn = - 4 8 kcal/mol (11) 

OH- + HCOOC2H5 — HCOO- + C2H4 + H2O 
AZZi2 = -37 kcal/mol (12) 

No attempts were made to identify the neutral products in 
this case. The competing reaction responsible for the forma
tion of (HOHOC2H5)-, and presumably C2H5O -, could 
only be measured quantitatively by using HCOOC2D5 in 
order to separate the mass peaks due to HCOO - and 
C2D5O -. 

OH" + HCOOC2H5 —«- (HOHOC2H5)- + CO 

I («) 
H2O + C2H5O" 

Relative rate constants for the reactions of OH - and a 
few absolute ones are listed in Table II. Absolute rate con
stants were not determined for the propyl formates because 
of significant decrease in sensitivity in the spectra arising 
from recording of the spectra at a lower marginal oscillator 
frequency (153.5 kHz) than that used for reactions 7-13 
(307 kHz). 

Discussion 
The observation that HCOO - constitutes the major 

product of the gas phase reaction of OH - with alkyl for
mates can be understood in terms similar to those used in 
solution chemistry. A carbonyl center represents a good nu-
cleophile acceptor and it can generate a tetrahedral inter-

1976 



2051 

mediate by addition of the nucleophile. While no such inter
mediate has been detected in our work, its existence has 
been claimed in negative ion-molecule reactions of perfluo-
roacetic anhydride.1 8 This line of reasoning results in an in
termediate which besides encountering a large exothermici
ty for product formation requires only a facile internal pro
ton transfer to eliminate the alcohol molecule. 

OH - + HCOOR 

O-

H — C — O R 

0 — H 
HCOO" + ROH (14) 

This mechanism is entirely similar to the solution process. It 
also provides a good understanding of why the displacement 
reaction 9 would not compete effectively with (7) as the 
proton will stay with the least acidic moiety. This interme
diate, however, offers no obvious clue as to the efficiency of 
reaction 8. 

The effectiveness of F - to promote the formation of 
H C O O - constitutes a more subtle problem. It is particular
ly remarkable in view of the failure to observe this product 
when nucleophiles like R O - , R S - (R = alkyl), S H - , or 
N H 2 - are allowed to react in the gas phase with alkyl for
mates.6 While reaction 3 makes up only 10% of the reactive 
collisions, a tetrahedral intermediate like (14) would be 
faced with a rather awkward CH3F elimination. Thus , reac
tion 3 may actually be an S N 2 type process for which the 
activation energy is not negligible but less than for other 
nucleophiles.19 However, the most important aspect of the 
fluoride ion reactions is the large acceleration observed in 
other alkyl formates. The several-fold increase in the rate 
constant ku (Table I) for ethyl formate does not fit the pat
tern of 5 N 2 type reactions for which it is unrealistic to ex
pect such drastic changes.2 0 

A different approach can be used to account explicitly for 
reaction 6 on the basis of the gas phase induced elimination 
mechanism advanced by Beauchamp. 2 1 In this interpreta
tion, the reaction would proceed as outlined in (15). This 

F" + 
H OOCH H O OOCH 

HF + HCOO- + C2H4 (15) 

pathway would predict correctly the neutrals which were 
shown to be the most likely from our experiments. However, 
given the exothermicity of reaction 6 and the results of ref 
21 , the expected ionic product would be ( H C O O H F ) - . This 
species should have a sizable bonding energy.2 2 This mecha
nism would also fail to explain why stronger bases like alk-
oxide ions are unable to promote this elimination process. 
Thus, this explanation would appear doubtful. 

A more likely mechanism for reaction 6 can be illustrated 
by (16) which assumes again the formation of a tetrahedral 

O 

F- + / C x 

H OC2H5 

-0. P-CH, 
V 

H A / 
F H 

CH2 

HCOO- + HF + C2H4 (16) 

intermediate by addition of the nucleophile onto the car-
bonyl.2 3 This kind of intermediate is attractive because it is 
able to provide a straightforward answer to the variation of 
the rate constants with alkyl groups. Any increase in the 

number of hydrogens at the (3 position results in an increase 
of statistical possibilities for H F elimination. This is in clear 
agreement with the decrease in the rate constant ku in 
going from ethyl to n-propyl, and the increase in going from 
rt-propyl to isopropyl formate. The butyl formates provide a 
beautiful example of the importance of the /3 hydrogens, 
and the relative rate constants (ku/ki) are seen to follow 
the order: tert-butyl > sec-butyl, «-butyl > isobutyl. These 
features make the scheme shown in (16) a reasonable 
choice for these reactions. 

The variation in the relative rate constants of O H - with 
alkyl formates is less pronounced than for F - . Undoubted
ly, the pathway described in (14) is likely to be the most im
portant for H C O O - formation in the case of O H - . How
ever, our results point out some possible contribution from 
the mechanism proposed in (16), with O H - instead of F - , 
leading to the neutral products of reaction 12. Experiments 
with oxygen-18 enriched O H ' should be able to detect this 
process. 

The kinetic enhancement of the H C O O - reaction by /3 
hydrogens (at least for the F - reactions) finds its analogies 
in other ester reactions. Ester pyrolysis is a unimolecular 
process which gives rise to olefin elimination. A six-member 
cyclic transition state has been successful in explaining the 
trend of the rate constants as a function of alkyl groups, and 
in particular of /3 hydrogens (reaction 17).24 Further com-

R-COOC 2 H 5 

0--CH 2 

K"~-~ C j /CH2 
0--H 

RCOOH -1- C2H4 (17) 
parisons can be made between our system and reaction 17 
on the basis of isotope effects. The rate constants of 
HCOOC2H5 and HCOOC2D5 with fluoride ions (reaction 
5 or 6) yields ky\/ku — 1.6. This value is very close to the 
ratio of 1.8 observed for the thermal rate constants of these 
two compounds.25 Care must be of course exercised in this 
comparison as the isotope effect will be a sensitive function 
of the bond making and breaking processes. For the case of 
OH - , the isotope effect is more difficult to establish be
cause HCOOC2H5 yields two products of the same mass, 
HCOO - and C2H5O - . Presumably, this effect could be 
helpful in determining the extent of the participation of 
pathway 16 for the OH - reactions. 

While our considerations above have been focused on the 
HCOO - reactions, the overall mechanism of our systems 
must also explain the formation of ROHX - ions present in 
all cases. The energetics of the ion solvation induced reac
tion have been discussed at length in a previous paper for 
several nucleophiles.4 It was concluded from these argu
ments that these systems behaved as if the reaction pro
ceeds through attack at the formyl hydrogen. Thus, only 
gas phase bases stronger than PH 2

- were observed to give 
rise to ROHX -. The data in Tables I and II reveal that the 
solvation induced reaction is characterized by similar rate 
constants for OH - and F - with methyl formate. This rate 
constant decreases drastically on going to ethyl formate in 
both cases but no appreciable change is observed with the 
higher alkyl formates, at least in the case of the fluoride 
ion. Finally, differences in the rate of reaction of 
HCOOC2H5 and DCOOC2H5 with F - are practically 
within the experimental error. 

The facts summarized above make a tetrahedral interme
diate as in (14) or (16) difficult to accommodate reaction 1. 
A slow displacement of RO - from the tetrahedral interme
diate followed by expulsion of ROHX - while satisfactory in 
terms of lack of isotope effect at the formyl hydrogen is in
consistent with the anion dependence of this reaction, and 
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the inability to see appreciable contribution from reaction 
9 26 

Our explanation for the ROHX - reactions is based on 
our previous results4 and a qualitative description of the po
tential energy surface. A local minimum in the approach of 
an X - ion to the neutral could be represented by a loose hy
drogen bonded association (X --HCOOR). This species 
could then evolve either into the ROHF - + CO products, 
or into the tetrahedral intermediate, for which changes are 
needed in the molecular geometry of the neutral. The exam
ple referred to in our introduction7 illustrates in this respect 
the complexity of the potential energy as a nucleophile ap
proaches a simple carbonyl system. 

It is clear from the above arguments that our under
standing of these systems is still precarious at the molecular 
level. It is also evident that the gas phase reaction brings 
out details on the mechanistic side which are quite unsus
pected from the results in solution. Further studies on other 
carbonyl systems27 reveal that the general discussion pre
sented here is a good starting point for understanding nu-
cleophilic processes in esters. 

This study draws attention to the importance in many 
cases of determining the neutrals produced in an ion-mole
cule reaction. Although our experience in trying to distin
guish reactions 5 and 6 has not been completely successful, 
the overall evidence seems to favor reaction 6. It is finally 
interesting to point out that given the quoted exothermicity 
of the reaction (18 kcal/mol) and the postulated intermedi
ate, it is not improbable that some of the HF eliminated in 
reaction 6 may be vibrationally excited (KHF = 4138.5 
cm - ' ) .2 8 Investigation of vibrational chemiluminescence in 
ion-molecule reactions of the type described here would 
represent indeed an exciting possibility. 
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