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Abstract:

ions (R,O") with alkyl formates (HCOOR,) for R = CHj,, CoH;, and i-CH:.
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Ton cyclotron resonance spectroscopy has been used to study the general gas-phase reaction of alkoxide

These systems are shown to lead in all

cases to the formation of a complex ion, (R.R;O;H)~, and to produce alkoxide displacement (R,O~) only when the

electron affinity of RyO- is equal to or larger than that of R.O-.

Evidence is presented that the complex ions cor-

respond to alkoxide ions “solvated’” by a single neutral molecule of alcohol and presumably held by hydrogen
bonding. The “solvated’’ alkoxide ions can react further with alcohols to establish the intrinsic clustering ability

of alcohols by the formation of a preferential “solvated” species.

The order of solvating ability is shown to follow

the scale of gas-phase acidity, ~~-C,H,OH > i-C;H,OH > C,;H;OH > CH;OH.

Ion cyclotron resonance spectroscopy (icr) has been
successfully used in gas-phase studies of ion-mole-
cule reactions to point out the importance of solvent
effects in determining reactivity in solution. For ex-
ample, the acidity order of simple alcohols in the gas
phase is the reverse of the order in solution.»? Like-
wise, the acidities of the hydrocarbons toluene and
propylene are greater than the acidity of water in the
gas phase.? The basicities of the amines follow the
order (CHs)sN > (CHs)QNH > CHsNHz > NHs,
whereas the solution order does not obey this simple
trend.* Since equilibria and kinetics are generally
complex functions of intrinsic effects and solvation,
these studies are particularly relevant for the separation
of these factors and the understanding of the correct
relationship between structure and reactivity.

This paper.reports the application of icr to a new and
unique method for the indirect preparation of gas-
phase alkoxide ions, ‘‘solvated” by a single neutral
molecule of alcohol. This method is based on the gen-
eral gas-phase reaction of alkoxide ions with alkyl
formates in the pressure range of 10-%to 5 X 10— Torr,
where bimolecular collisions are the only important
processes. The “‘solvated” alkoxide ions thus formed
can be further reacted with other neutral molecules to
establish the order of preference of neutrals as sol-
vating agents. In this study, the relative order of in-
trinsic solvating ability of the simple alcohols is deter-
mined by icr and related to hydrogen-bonding ability.

The trend observed for relative stability of “‘solvated”
species parallels closely the extensive measurements
recently carried out by high-pressure mass spectrom-
etry on gas-phase ionic equilibria of Cl— solvated by
different hydrogen-bonding neutrals.® Furthermore,
the relationship established in ref 5 by Kebarle between
gas-phase acidity and the hydrogen-bonding capability
of the “‘solvent” molecule is further explored for the
case of the simple alcohols.

Experimental Section
All the experiments were carried out in a Varian V-5900 icr spec-
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trometer provided with a dual inlet system., The pressure readings
quoted throughout this work (107¢ to 5 X 10~% Torr) were obtained
from the Vaclon current and should therefore be regarded as ap-
proximate values. A typical flat cell design® was found to be sat-
isfactory for the present study, Double-resonance experiments
were carried out in the usual fashion,” maintaining low ion currents
and low irradiating fields.?

The alkoxide ions were generated by electron impact of alkyl
nitrites at 20 eV.® The production of minor quantities of HNO-
and NO,~ did not interfere with the reactions reported below. The

"NO,~ intensity could be appreciably reduced by storing the nitrites

at low temperatures and pressures in glass bulbs wrapped in alu-
minum foil. The nitrites themselves were prepared by alcoholysis
of isoamyl nitrite and purified by fractional distillation.

The alkyl formates and alcohols were of reagent grade quality,
and deuterated alkyl formates and alkyl nitrites were prepared from
the corresponding deuterated alcohols (Merck). The purity of all
reagents was checked by a combination of gc, nmr, and low-pres-
sure icr.

The reactivity of the solvated alkoxide ions was studied by
bleeding into the cell an approximately 1:2 mixture of alkyl (R,)
nitrite and alkyl (Ry,) formate, and varying the amounts of the re-
acting neutrals through different inlets.

Results

A. General Reactions of Alkoxide Ions with Alkyl
Formates. The reactions taking place in the cell of an
icr spectrometer in the pressure range of 1078 to 5§ X
10~% Torr can be divided into two cases depending on
the relative size of the alkyl groups involved in the
system.

(1) ForR,>R,

R.O- + HCOOR, —> (R.R:0;H)~ + CO (1)

The actual systems investigated in this category were
the following: C,H;O—- 4+ HCOOCH;, i-C;H,0- +
HCOOC,H;, i-C;H.0- + HCOOCH,;, CH;0- +
HCOOCD;, i-C;H,0- + HCOOCD:;,.

For these cases, the only new feature observed in the
negative-ion icr spectrum is an intense peak corre-
sponding to a complex ion of mass number equal to the
sum of the masses of the two reactants minus 28 mass
units (Figure 1). Double-resonance studies, as well as
pressure dependence of these high mass peaks, indicate
that this complex ion does in fact come from the gen-
eral reaction of an alkoxide ion with the corresponding
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Figure 1. Negative ion spectrum of an approximately equimolar
mixture of isopropyl nitrite and methyl formate at 1 X 10~% Torr.
The ion at m/e 91 corresponds to i-C;H,O~(CH;OH).

alkyl formate. No other appreciable products of ion—
molecule reactions are observed in these mixtures in the
indicated pressure range. A special situation arises
when ethyl nitrite is used as the source of negative ions,
as both C,H;0- (m/e 45) and C.H;0~ (m/e 43) are pro-
duced in appreciable quantities. Addition of methyl
formate only yields a complex ion of mass 77.

(2) For R, £ Ry. The complex ion produced by
reaction 1 appears again as a strong feature in the nega-
tive-ion icr spectrum. Unlike the cases previously con-
sidered, the production of R,O~ by a formal alkoxide
displacement is also observed as a product.

R.O~ + HCOOR;, —» R;0~ + HCOOR. (2)

By increasing the pressure of HCOOR, relative to the
nitrite, tertiary products are observed in these cases
corresponding to the complex ion of reaction 1, but
produced by RyO~ and HCOOR, (Figure 2). The
following systems were investigated in this category:
i-C;H,0— + HCOOCH(CHj,;),, CH;0- + HCOOCD;,
CD;0~ 4+ HCOOCH;, i-C;H,0- + HCOOCH(CD;),,
C;D;0- 4+ HCOOC,H;, CH;O- + HCOOC.H;,
CD;O~ 4+ HCOOC:H;, CH;0- + HCOOCH(CH,),,
C.H;0~ + HCOOCH(CH;),, CD;0- 4+ HCOOCH-
(CD3)s, and CH;0~ + HCOOC;H..

Although no rigorous kinetic treatments have been
carried out for each individual case, the extent of the
competitive reactions 1 and 2 is dependent on the
system. Thus, both reactions proceed at comparable
rates for the case of CH;O~ + HCOOCH(CH;),. On
the other hand, where R, = Ry, reaction 1 is favored,
and for the extreme case of CH;0- 4+ HCOOCH;
reaction 2 is the only product observed.

B. Structure of the Complex Ion. From a consider-
ation of mass alone, the neutral fragment of mass 28 lost
in the formation of the complex must be either CO or
C;H.. The consistent loss of mass 28 with variation of
the alkyl group structure provides strong evidence that
CO is the expelled neutral fragment. In this respect,
the reaction

CD;0~ + HCOOCH(CD;); —» complex ion + neutral
m/e 34 m/e 100

and the subsequent reaction of

(CD;);CHO~ + HCOOCH(CD;), —> complex ion + neutral
mje 65 mfe 131

where C,H, cannot be lost, are particularly conclusive

L L I I | 1

| ]
40 60 80 100 1207%%

Figure 2, Negative ion spectrum of an approximately 2:1 mixture
of isopropyl formate and ethyl nitrite at 2 X 10~® Torr. The ion
at mfe 105 corresponds to i-C;H,0~(C,H:OH), whereas the ion at
mje 119 is a tertiary ion produced from the reaction of i-C;H,0~
and HCOOCH(CHj)..

in identifying the neutral as CO. Thus, the complex
formation is actually an alkoxide induced decarbonyla-
tion of an alkyl formate. This reaction is similar to the
well-known decarbonylation of alkyl formates by
strong base. !¢

Although the structure of the complex is not directly
observable, some definite conclusions can be reached on
the nature of this species which has the formal composi-
tion of an alkoxide ion clustered by a single molecule of
alcohol, namely (R.O-R,OH)~.

The complex ion formed from the reaction of CH;0~
(m/e 31) + HCOOCH(CH;), and that formed from
(CH3),CHO- (m/e 59) + HCOOCH;,, with formal com-
position [(CH;),CHO-CH,;OH]- (m/e 91), have iden-
tical reactivity.

At pressures higher than 105 Torr, the complex ion
of mass 91 reacts with C;H;OH to yield exclusively a
new complex ion of m/e 105 in both cases. Double-

(CHuOz)~ + C:H;OH —> (C;:H1:0:)~ + CH;OH 3)

m/e 91 m/fe 105

resonance experiments and pressure-dependence studies
confirm this reaction. Similar behavior is observed for
other pairs of R, and R,, indicating that the structure
of the complex ion depends only on R. and Ry, but
that it is immaterial whether these groups are contained
in the reactant ion or neutral.

A more valuable piece of information can be ex-
tracted from the experiment where the ion [(CHj).-
CHO - CD;OH]}- (m/e 94), made from (CH,);CHO- +
HCOOCD;, reacts with C;H;OH exclusively by reac-
tion 4. Thus, no scrambling takes place between the

(C:HsD;02)~ 4+ C:H;OH —> (C;H;;0:)~ + CD;OH (4)
mfe 94 mfe 105
hydrogens and the deuteriums of the original alkyl
groups, R, (i-C3H,) and Ry, (CDy).

For the case where R, and Ry are chemically equal,
the complex thus formed can be reacted with an ap-
propriate alcohol, R,OH, to yield comparable quan-
tities'* of (R,OR.OH)- and (R,OR,OH)~. Such a be-
havior was encountered in reactions 5-7.

(10) J. C. Powers, R. Seidnar, and T. G. Parson, Tetrahedron Leu.,
1713 (1965).

(11) Equal quantities of the products are not observed in reactions 5
and 7 because an appreciable and consistent isotope effect favors the sub-
stitution of the deuterated “solvent” molecule by roughly a factor of 1.3.

Such an effect is not observed in reaction 6 where no « deuteriums are
present.
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Table I. Reactivity of Clustered Alkoxide Ions, R.O~(R,OH) + R,OH
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Ra > Rc > Rb
i-C;H,0~(CD;OH) + C:H;OH — i-C;H,0~(C:H;OH) + CD;OH
i-C3H70_(CH30H) + CzHaOH - i-C3H70_(C2H50H) + CHsOH
-C;H,0~(CD,OH) + C,D;0D — i-C;H,0~(C;H;0D) + CD;OH
- i-C3H70_(C2D50H) + CD;;OD
i-C;H,0~(CH;0OH) + C.D;OD — i-C;H,;0~(C.D;OD) + CH,OH
- I'C3H70_(C2D50H) + CHsOD

R.> Rc =Ry
i-C;H,0~(CH;0H) + CD;0D — i-C;H,0~(CH;OD) + CD;OH
- I'C3H70_(CD30H) + CHsOD
bl I'C5H70_(CD30D) + CHsOH

Rc > Rs, Rb
CH;0~(CD;OH) + ~C:H,OH — -C.H,0~(CH;OH) + CD;OH
— +-C4H,0-(CD;OH) + CH;OH
+-C;H,0~(CH;0H) + +-C:H,OH — (-C.H,0~(+~-C;H,OH)
CHsO_(CDsoH) + i'C3H7OH - I'C3H7o_(CHsOH) + CDaOH
- i-C3H70_(CD30H) + CH;OH
i-C;H;0~(CH;0H) + i-C;H,OH — i-C;H,0~(i-C;H,OH) + CH;OH

i-C;H,0-{(CD;)CHOH] + ¢-CH;OH — ¢-C;H;0(i-C;H;OH) + (CD;CHOH
— -C;H,0{(CD;»CHOH] + i-C;H,OH

+CH,0~(i-C;H,0H) + +C.H;OH — +CH,0~(+~C.;H,OH) + i-C;H,OH

CH;0(C.D;0H) + i-C;H,OH — i-C;H,0~(C:H;OH) + C.D;OH
— i-C;H;0~(C.D;OH) + C:H:OH

i-C;H,0~(C:H;0H) + i-C;H;OH — i-C;H,0~(;-C;H,OH) 4+ C:H;OH

(a) Complex (CH;O-CD;OH)~ (m/e 66) formed either
by CH,;0- + HCOOCD; or CD;0~ + HCOOCH,.

—>» (C4H02)~ + CD;OH
(C:HD;0s) + i-C3H7OH—!: mie 91 )

m/e 66
—> (C;H;D;0;)- + CH;OH
mje 94

(b) Complex [i-C;H;0:(CD;).CHOH]}- (m/e 125) pro-
duced from i-C;H,0~ + HCOOCH(CD3)s.

—_— (C7H17Oz)_ + C;D:HOH

(CeHsDe0y)~ + 1-CH,OH— mle 133 ©
mfe 125
(C:HuD¢0,)~ + C;H.:OH
mje 139

(¢) Complex (C;D;0:-CH;OH)~ (m/e 96) produced
from C,D;0~ + HCOOC,H;.

—> (C:H1;0,)~ + C,D;0H

m/e 105

(C4H5D502)_ + i-C;H;OH—| (7)

-—> (C:H:D;0,)~ + C;H:OH
mje 110

These experiments conclusively show that for the
symmetrical reaction, i.e., R, = Ry, both groups are
located in chemically equivalent positions within the
complex ion. This evidence strongly suggests that the
complex is in fact a ‘“‘solvated” ion, an alkoxide-
alcohol moiety.

For the simplest case, the structure of the “solvated”
ion would be (CH;O---H...-OCD;)~, presumably
held together by hydrogen bonding. Partial support
for a hydrogen-bonded structure is also verified by the
reaction of i-C;H,0—~(CH,OH) with CD;0D, where be-
sides the thermoneutral replacement of CH;OH by
CD;OD in the complex, reaction 8 is observed to take
pl?lce slowly as the pressure of CD,OD is raised in the
cell.

(i-CsH;0- - ‘H: - OCHy)~ + CD;0D —»>
mje 91
(i-C;H,O: - -D-- -OCH;)~ + CD;OH (8)
mje 92
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Figure 3. Negative ion spectrum at 4 X 1075 Torr of approxi-
mately equal quantities of isopropyl nitrite, methyl formate, and
ethanol. The only feature compared to Figure 1 is the formation of
the ion i-C;H,O(C:H;OH) by a ‘‘solvent” substitution reaction
of the m/e 91 ion.

C. General Reactivity of Clustered Alkoxide Ions.
In the previous section, it was shown that the solvated
ions are capable of undergoing substitution of an alcohol
moiety in the complex by another neutral molecule.
These substitutions are observed in the 10-> Torr
region, and the characteristic specificity of such reac-
tions indicate the preferred ‘“‘solvent” molecule for a
given ion. For example, the ion i-C;H,O—~(CH;OH)
reacts with C;H;OH to yield exclusively i-C;H.O~
(C;H;OH) and CH;OH (reaction 3), rather than the
other possible product ion and i-C;H,OH (Figure 3).
Likewise, the complex (CH;O:--H-..-OCDj3)~ reacts
with ~-C;H-.OH to yield both i-C;H.O-(CH;OH) and
i-C;H,0~(CD;OH) and the corresponding neutrals
(reaction 5). When the pressure of i-C;H.OH is in-
creased both of these ions react further to yield the ion
i-C;H,0-(i-C;H,OH).

The preferred order of substitution for several reac-
tions investigated in the present case is listed in Table 1.
As these “solvent” displacement reactions are observed
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under conditions where the ions are trapped in the cell
for only a few milliseconds, and thus far away from
equilibrium, the observed reactions lead in a straight-
forward fashion to the following gas-phase ‘“mono-
solvating” ability of alcohols: ¢+C,H,OH > i-C;H:r-
OH > C,H;OH > CH,;OH.

Other related hydroxylic compounds and electron-
deficient compounds like BF; can also be used as
neutral reactants with the clustered species. For ex-
ample, the reaction of C;H;0—(CH;OH) with BF; shows
no apparent preferential substitution specificity as re-
actions 9a and 9b proceed to approximately equal extent.

—> (C,H;OBF;)~ + CH;OH (9a)
-—> (CH;OBF;)~ + C:H;OH (9b)

On the other hand, the clustered alkoxide ions are un-
reactive with respect to simple amines, and reaction
with alkyl chlorides produces only Cl- in a competitive
process with the nude alkoxide ion, as previously re-
ported for similar systems.!? A similar behavior is ob-
served in the reaction with C;H;SH, where the only ob-
served product corresponds to C;H;S—.

C:H;0~(CH;OH) + BF, —[

Discussion

The general gas-phase reaction between alkoxide ions
and alkyl formates has been shown to yield two possible
products: (1) the formation of an alkoxide-alcohol
cluster and (2) formal alkoxide displacement in re-
stricted cases.

The “solvated” alkoxide ions produced via decar-
bonylation of formates presumably arise from initial
attack on the formyl hydrogen. The method is indeed
a very convenient way of making clustered negative
ions, as the direct association of R,O~ and R,OH is not
observed in an icr spectrometer within its convenient
pressure range for the simple alcohols. Furthermore,
the fact that such a reaction is a fast one in the icr time
scale enables the study of the reactivity of “solvated”
species using the advantages of the icr technique as
demonstrated in our case for the alcohols as solvent
molecules. This reaction can also be used to form
alkoxide ions “solvated” by a water molecule by re-
acting OH—- with an alkyl formate, or an alkoxide ion
with HCOOH. However, in this case other reactive
channels predominate and therefore have not been in-
cluded in the present discussion. !?

The trend obtained for the gas-phase “‘solvating”
and hydrogen-bonding ability of a single molecule of
alcohol by reactivity arguments, namely, CH,OH <
C,H;OH < i-C;H,OH < r-C.H,OH, is in general agree-
ment with the relationship established by Kebarle !¢ of
increasing hydrogen-bond strength with gas-phase
acidity. Such a trend can be explained by an extension
of the polarizability arguments advanced by Brauman
and Blair!? to explain the stability of negative ions.
Thus, the preferential formation of a larger complex by
a given alkoxide ion can be explained by the presence of
more polarizable matter (alkyl group) in the larger
complex and partial delocalization of the net charge.!®
The actual hydrogen-bond strength of the alkoxide-
alcohol clustered species should be in the vicinity of the

(12) D. K. Bohme and L. Brewster Young, J. 4mer. Chem. Soc., 92,
7354 (1970).

(13) P. C.Isolani, in preparation for publication.

(14) M. Arshadi and P. Kebarle, J. Phys. Chem., 74, 1483 (1970).
(15) N. C. Baird, Can.J. Chem., 47, 2306 (1969).

24 kcal/mol determined for the ion (HO---H---OH)-
by high pressure mass spectrometry.'® However, the
bond strengths may actually be considerably higher if
the dissociation energy of the OH-(H,O) is actually
closer to the 36 kcal/mol determined by Friedman.v

The alkoxide displacement reaction (eq 2) can be con-
sidered the gas-phase analog of a transesterification
reaction. Although it is difficult to exclude completely
the possibility that reactions 1 and 2 proceed viaz the
same mechanism, with excited clustered ions decom-
posing to yield alkoxide ions, the absence of R,O—
when R, > Ry, seems to favor for the alkoxide displace-
ment a more direct attack of the negative ion on the
partially positive carbonyl carbon. 8

The directional specificity of reaction 2 to yield the
larger alkoxide ion is reminiscent of the results for the
proton transfer in the system R,O- + R,OH = R,-
OH 4 R,0O-, where the reaction is favored in the direc-
tion to yield the larger alkoxide ion.!2 The same anal-
ysis and interpretation made for the proton transfer
studies can be applied to reaction 2. Thus, the ener-
getics of the reaction

R.O~ + HCOOR, —» R;,0~ + HCOOR.

can be considered as the sum of the difference in the
two C-O bond strengths of the alkyl formates, and the
difference in electron affinities of the two alkoxyl rad-
icals. If the C-O bond strengths are assumed to be
approximately equal,'® the AH for the alkoxide dis-
placement will be determined by the relative electron
affinities of the alkoxyl radicals. Thus, the experi-
mental results for reaction 2 further support the evi-
dence of Brauman and Blair>? for the increase in elec-
tron affinity of the alkoxyl radicals with increasing alkyl
substitution.

The systems reported here for the behavior of nude
and “‘solvated” alkoxide ions in the gas phase in condi-
tions suitable for icr studies and applications to similar
systems should provide an important approach to
understanding and bridging the relationship between
intrinsic and solution reactivity.
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