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in different matrix cages with MnH, possibly immobilized with
slightly different structures.!®!!
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(10) It is not possible from the IR data to make a definitive statement at
this time concerning the structure of MnH,; in Xe. All that one can say, is
that the two slightly different forms of MnH; in Xe (multiple-site effect or
geometrical isomers) display no evidence for a symmetrical IR active »(MnH;)
stretching mode. This could be taken to indicate linearity for both forms.
However, caution must be exercised here, as the sym »(MnH,) mode of a bent
MnH,, B molecule could be overlapped by the asym »(MnH;) mode of the
A form, and/or A and B might be only slightly bent yielding an IR sym
»(MnH,) band that remains below the detection limit of our experiment.
Raman data will help clarify this important point.

(11) MnH, can also be generated in solid Ar by using similar experimental
techniques.
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The absence of solvation can drastically alter many ionic re-
action mechanisms from that which occurs in solution. There are
several recent reports of mechanistic changeovers from solution
to gas phase occurring on detachment of the last molecule of
solvent from the reactive jon.! We report here what is to our
knowledge the first case where three distinct reactivity pathways
occur upon stepwise solvation: bare, monosolvated, and bulk-
solvated hydroxide ion react with acetonitrile to give three different
sets of products.

As part of a general study of the formation, thermochemistry,
and reactivity of monosolvated anions,? we have examined the
reactions of a number of carbon acids with species such as
RO™-HOR in our ICR spectrometer.’> Ketones, aldehydes, and
acetylenes readily exchange into such alcohol-alkoxide species
to give ions corresponding in mass to the deprotonated carbon acid
solvated by the alcohol.!>® Further reactions of such species are
consistent with such a structure: either the solvent alcohol or the
carbon acid can undergo further switching reactions with other
alcohols, and the threshold for the carbon acid switching into the
monosolvated ion is consistent with its acidity.*

When acetonitrile, water, and dimethylformamide are present
in the ICR spectrometer, monosolvated hydroxide produced by
the reaction sequence (1)—(4) reacts to form an ion of mass 58,
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H,0 + ¢ (6.2 eV) — H™ + HO. (1)

H- + H,0 — HO + H, o))

HO- + HCONMe, —~ HOH-"NMe, + CO  (3)
HOH-"NMe, + H,0 — HOH--OH + HNMe, (4)

corresponding to CH,CN™+HOH. No such product is observed
when acetonitrile is absent or when MeO~HOMe, formed by the
Riveros reaction of MeO™ with HCO,Me, analogously to (3),
reacts with acetonitrile. The differing reactivity of the ions
HO-HOH and MeO-HOMe would seem to denote a thermo-
chemical threshold. However, acetonitrile reacting with
MeQ~-HOH (from HO™ and HCO,Me) gives a product of mass
58, corresponding to CH,CN"-HOH, but no 72. This latter ion
would be the methanol-solvated product CH,=C==N"HOMe
and should be prefered thermochemically, methanol being more
acidic than water and therefore a better hydrogen bond donor.
We believe that reaction 5 has occurred, involving an internal Sy2

CH,CN + HO+-HOH — CH;0OH-~"CN + HOH (5)

reaction, rather than a simple proton transfer and solvent
switching, based on the following facts: (1) The pattern of re-
action, with HO™+-HOH but not with MeO™-HOMe, is observed
only for the carbon acid with a reasonably good leaving group,
CN-, and not for those carbon acids, such as acetone or aceto-
phenone, of comparable acidity but with poor leaving groups. (2)
The displacement mechanism explains the lack of the 727 ion on
reaction with MeO™-HOH; if methoxide is the nucleophile, the
product would be dimethyl ether, which cannot hydrogen bond
to cyanide like methanol can. (3) If various alcobols such as
ethanol are present with the 58" species, signals corresponding
in mass to MeOH+~"OR and ROH-"CN are observed, but none
for CH,CN"-HOR, though all these reaction products should be
formed exothermically. (4) Addition of CO, to 58 results in a
product at the mass of MeOCO,", but none for HOCO," or
NCCH,CO,". We thus conclude that the methyl cation transfer,
rather than proton transfer, is the principal mode of reaction.

The trifold pathways can be rationalized on the basis of the
nature of the solvation. In general, transition states with diffuse
charge are most favored in the absence of solvent, while charge
localization results in better solvation and more stabilization in
condensed protic media. For bare hydroxide reacting with the
nitrile, deprotonation (-18.7 kcal/mol} and displacement of
cyanide (—14.6 kcal/mol) are both exothermic. The preference
for proton transfer must therefore reflect a rate phenomenon. The
transition state for deprotonation should involve a looser complex,
1, than the transition state for displacement, 2, since the bonding

N
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N+ 7 CH
o 3
1 2 3

is centered about an s rather than a p orbital on the transferred
cation.® While the thermochemistry of simple addition of hy-
droxide to form the imide 3 is not known, the fact that it is an
addition, with no fragment to bear away any excess energy, makes
its observation unlikely under the conditions in the ICR spec-
trometer, !¢

For the solution-phase counterparts of these processes, in protic
solvents a slow hydrolysis (k = 3 X 10 M~ s7! at 35 °C) is
observed.” Deuterium exchange catalyzed by DO~ occurs at
“30-40 times” the hydrolysis rate.® In the solution phase, the
attacking hydroxide should be well solvated by a protic solvent,
while the transition states 1 and 2, where the charge is more
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diffuse, should be less favorably solvated. The reaction involving
1 should also be considerably endothermic. Structure 3 is the first
intermediate for hydrolysis; the charge, localized on the imide
nitrogen, should be a better hydrogen bond acceptor than that
of 1 or 2. The net effect of solvation is to slow all reactions due
to reactant solvation, but to stabilize 3 the most.

Why does HO~-HOH not deprotonate acetonitrile in the gas
phase? The basicity of the monosolvated hydroxide is lower than
that of the bare hydroxide by the hydrogen bond strength of 25
kcal/mol,* making reaction 6 endothermic by 6.3 kcal/mol.!d

HO-HOH + CH,CN — CH,—C=N- + 2H,0 (6)
HO-HOH + CH,CN — CH,—C=N-HOH + H,0 ()

Deprotonation with solvation of the product, as in reaction 7, is
about 7 kcal/mol exothermic, if a estimate of ca. 13 kcal/mol
for the hydrogen bond strength in the product is made.? The
observed process (5) is likewise ca. 7 kcal/mol exothermic, based
on the 13.8 keal/mol bond strength of HOH-"CN.> We speculate
that the controlling factor is the amount of charge developed on
the potential solvation site in the transition state. The cyano group
stabilizes adjacent anions primarily by polar effects, with little
charge developed on the nitrogen due to resonance delocalization.’
Cyanide, however, involves a localized charge more suitable for
solvation. To the extent that localized charge is developed on the
product anion in the transition state, solvation should favor that
transition state, all other things such as total exothermicity being
equal. We do not observe “hidden” proton transfer in the gas
phase, since HO-HOH does not incorporate any deuterium when
in the presence of CD;CN in the ICR spectrometer.
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Few facts in organic chemistry have inspired so much research
as the large ratio of solvolysis rates of the epimeric 2-norbornyl
pair of substrates. Oddly enough, in spite of all that has been
written about the topic,! the magnitude of this ratio is subject to
a possibly major uncertainty in the rate constant of one of the
isomers. Thus, while the ratio of solvolysis rates was originally
described? to be 350, it was later raised® several fold when rac-
emization of the exo substrate was found to be several times faster
than solvolysis; this process is of course a more sensitive indicator
of ionization than the appearance of solvolysis products. The
reason is that the endo isomer cannot racemize as a consequence

(1) Much of the literature on this subject is quoted by: Brown, H. C. “The
Non-Classical Ion Problem”; Plenum Press: New York, 1977; with comments
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Figure 1. 'O NMR spectra of endo-2-norbornyl mesylate in ethanol,
with external water reference: (A) Natural abundance 20% solution in
ethanol, showing base-line separation of the broad ether signal and sharp
sulfone signal, a small amount of methanesulfonic acid is visible just
upfield of the latter (600000 transients, 500-us delay time). (B) Eth-
er-labeled ester 3 h after dissolution in ethanol at 75 °C, with some
Pr(NOQ,); added to shift the acid liberated (100000 transients). (C) The
same solution after 64 h, with additional shift reagent and with solvent
and reference shown. The sharp sulfonyl signal at 173.5 is clearly not
detectible.

of heterolysis to an ion pair and return. Should there nevertheless
be substantial endo return, we would have an exaggerated notion
of how large the rate ratio really is.

Other means of searching for return are available. As is known
from Goering’s painstaking researches, the only general one is
oxygen scrambling when the leaving group is an oxy anion such
as a sulfonate. This requires that the anion within the pair be
able to undergo rotation about the C~S bond at a rate not very
much slower than the pair collapse. In all of the known cases of
return in which a search for such scrambling has been made, it
has been found and always at a rate equal to or only moderately
less than return. Thus, oxygen scrambling is clearly a very useful
cue. Until recently, its use was based on sampling, isolation,
degradation, the use of 30 and mass spectrometry;® however, we
recently showed that the process can easily be followed in situ by
means of NMR if O is used.® Return in the exo-brosylate during
ethanolysis was confirmed. We have now applied the same tool
to the endo-mesylate during ethanolysis at 75 °C; we were forced
to the change in anion because the two oxygen atoms in the
endo-brosylate were found to have virtually identical chemical
shifts (both within 0.1 of 161.5 ppm in ethanol at 75 °C; ethanol
itself is at 7.3 ppm relative to external water at that tempera-
ture).’2b

The natural-abundance spectrum of the mesylate in ethanol
at 75 °C shows signals at 158.3 and 173.5 ppm; ether-labeled
material® confirms our assumption on the basis of line widths that
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