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The solvolysis of ferrocenylmethyl acetate has been studied in 2,2,2-trifluoroethanol (TFE)-ethanol
mixtures and in aqueous ethanol, acetone, and TFE; a Y4, solvent ionizing power scale is developed.
For 19 solvents, a fair correlation with Yo, values is obtained (slope of 0.88 + 0.08, correlation
coefficient of 0.930); lateral dispersion is observed between excellent acetone—water, ethanol-water,
and TFE-ethanol plots. In aqueous ethanol, the product partitioning is almost identical to that
previously observed for benzhydryl derivatives. The developed Yoa. scale is used to correlate the
specific rates of solvolysis of triphenylmeéthyl and a-ferrocenylethyl acetates. Previous studies of
acetolyses and formolyses of acetate and benzoate esters are discussed.

Acetate esters (CH3;COOR) tend toreact via bimolecular
reaction at the acyl carbon (Bac2 or Axc2 mechanism).23
However, when the R group gives a very stable carbocation,
it is possible to observe alkyl-oxygen fission (Bap1 or A1l
mechanism). The Bsr1 mechanism can be considered as
one type of Sy1 mechanism, with a carboxylate leaving
group.

Solvolyses of carboxylic acid esters are subject to an
extremely powerful catalysis by added mineral acids.
Indeed, Stimson has shown that, for hydrochloric acid
catalyzed solvolyses of carboxylic acid esters of tert-butyl
alcohol? and benzhydrol,5 plots of specific rates of solvolysis
inaqueous acetone against [HCl] give negligible intercepts.
Even in the presence of alkyl groups which form relatively
stable carbocations (tert-butyl or benzhydryl), alkyl-
oxygen fission was not assured and, for acid-catalyzed
solvolyses in aqueous acetone, it was proposed that
benzoate esters solvolyze by the Ax11 mechanism, formate
esters by the A,c2 mechanism, and acetate esters by a
combination of these two pathways.5 These suggestions,
based on kineticstudies, are strongly supported for acetate
esters by product studies using 180-labeled water. It was
found® that tert-butyl acetate solvolyzes under acid
conditions in 70% aqueous dioxane at 25 °C with only
about 36 % alkyl-oxygen bond fission and predominantly
with acyl-oxygen bond fission.

Insertion of a third carbocation-stabilizing a-phenyl
group into benzhydryl acetateleads to the triphenylmethyl
(trityl) acetate, and this has been shown’ to solvolyze in
either aqueous dioxane or methanol almost entirely by
alkyl-oxygen bond fission. In aqueous dioxane, under
neutral conditions, 120 tracer studies indicated 94-96 %
alkyl-oxygen bond fission. In methanol, an 82% yield of
ether was isolated, giving a minimum value for alkyl-
oxygen bond fission. In 80% dioxane at 65 °C, a strong
catalysis by sulfuric acid was observed, but initially added
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0.03 M acetic acid had a negligible kinetic effect. Studies
of solvent variation in the neutral solvolysis of trityl
acetate®? indicated a general tendency for faster solvolyses
in solvents of higher ionizing power, consistent with an
Sn1 (Barl) mechanism.

The high tendencies for acid catalysis in the alkyl-
oxygen bond fission and for competition from acyl-oxygen
bond fission (even with the possibility of the formation of
arelatively stable carbocation) are, in part, a reflection of
the very poor leaving group ability of an acetate anion.1?
The trifluoroacetate is a much better leaving group,11-13
but even so, the benzhydryl ester was shown by tracer and
kinetic studies to solvolyze in neutral solution by a
combination of Boc2 and Ba11 mechanisms.!!

To establish a scale of solvent ionizing power for an
acetate leaving group (Yoac), for use within the Grunwald-
Winstein equation (eq 1), it is necessary to study an

log (k/k) =mYg,, (1)

ester which will lead to a very stable carbocation, so as to
give the required Bar1(Sn1) reaction. Ineq 1, k and &,
are the specific rates of solvolysis of a given substrate
(preferably an acetate or closely related ester) in a given
solvent and in 80% ethanol, respectively, and m in the
sensitivity of the specific rates of solvolysis toward changes
in solvent ionizing power.

One possible standard system is afforded by solvolyses
of trityl acetate.”® However, it has been claimed!5:16 that
the presence of even one a-aryl group leads to effects due
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to differential solvation of the aromatic ring at the ground
and transition states of the Syl reaction. It has been
suggested!” that, when the Grunwald-Winstein equation
is being used to aid in assigning mechanism, these effects
are usually small enough to be ignored. However, the
presence of three aromatic rings should probably, if
possible, be aveided.

An alternative is to use esters which, upon operation of
the Bar1 mechanism for solvolysis, will lead to a very stable
a-metallocenylcarbenium ion.!® For example, the rela-
tively high stability of ferrocenylcarbinyl cations!&19 ig
reflected in their isolation as stable salts,202! the ease of
solvolysis of neutral precursors in solvents of reasonably
high ionizing power,22-% and the observation of appreciable
secondary kinetic deuterium isotope effects in solvolysis
reactions of ferrocenylmethyl carboxylates.?-2" An ion-
ization—dissociation pathway for the solvolysis is supported
by detailed studies of common-ion rate depressions for
a-ferrocenylethyl acetate?* and the observation of both
common-ion rate depressions and special salt effects for
ferrocenylmethyl carboxylates.25-27

The precise mechanism by which the ferrocenyl group
releases electrons is controversial. Both direct partici-
pation by iron electrons®2228 and conjugation with the »
electrons of the pentadienyl ring systems?® have been
proposed;3 indeed, it has been suggested that, dependent
on the nature of the leaving group and the solvent, either
type of pathway can operate during solvolysis.26:27

In the present investigation, the detailed mode of
carbocation stabilization is not addressed; we have chosen
to study the solvolysis of ferrocenylmethyl acetate (eq 2)

on OAc CH 20R

Fe ROH Fe @
because the high stability of the incipient carbocation leads
to a solvolysis mechanism involving predominantly, if not
entirely, the Bor1 pathway,?2426 thus allowing the use of
the specific rates of solvolysis within eq 1 (with the m
value set at unity) to establish a Yoa. scale of solvent
ionizing power. The scale developed is then used to
correlate previously reported®® data for trityl acetate
solvolysis (trityl acetate solvolyzes in 80.7% acetone at 30
°C about 1.6 times faster than ferrocenylmethyl ace-

tate?224) and to correlate primarily?224 new data reported
for a-ferrocenylethyl acetate solvolysis.

The product distribution obtained in aqueous ethanol
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Table 1. Specific Rates of Solvolysis of Ferrocenylmethyl
Acetate (k), at 25.0 °C, and Derived Solvent Ionizing Power
(Yoac) Values

solvent® 105k,b g1 Yoac Yors®
100% EtOH 0.635 % 0.049 -1.33 -1.75
96% EtOH 1.95 £ 0.01e -0.84
90% EtOH 4,82 £ 0.21 -0.45 -0.568
80% EtOH 136205 0.00 0.00
70% EtOH 204 %11 0.33 0.47
60% EtOH 606 £2.3 0.65 0.92
90% acetone 0.118 @ 0.007 -2.06 -1.70
80% acetone 0.863 & 0.048/ -1.20 -0.79
70% acetone 3.77£0.23 ~0.56 0.07
60% acetone 12.7@ 0.8 -0.03 0.66
50% acetone 37317 0.44 1.26
100% TFE 642 £ 51 1.67 L77
97% TFE 965 £ 47# 1.85 1.83
90% TFE 806 @ 584 1.77 1.90
80% TFE 451 £ 154 1.52 1.96
70% TFE 493 &+ 26 1.56 2.00
80T-20E 518 £ 25 1.58 0.98
60T-40E 8556+ 2.4 0.80 0.21
40T-60E 170210 0.10 —0.44
20T-80E 3.20 £ 0.07 -0.63 -1.18

¢ Mixed solvents are prepared on a volume-volume basis, except
for the aqueous TFE solvents, which are on a weight-weight basis.
b With associated standard deviation; FcCH20Ac concentration of
ca.0.006 M. ¢ Calculated according to eq 2. ¢ Fromref 14, some values
adjusted as indicated in ref 36. ¢ From ref 26. / A value of 1.60 X 10-5
571 has been reported at 30 °C in 80.7% acetone (refs 22 and 24).f In
the presence of 0.0060 M AcOH, a value of 738 (£33) X 105 57! was
obtained. # Substrate was dissolved in 0.5 mL of acetone and 20 mL
of the indicated solvent added (solvent contains 2.4% acetone).

is found to be similar to that previously reported for
corresponding solvolyses of benzhydryl derivatives31-33

Results

Solvolysis of Ferrocenylmethyl Acetate
(FeCH20Ac). The specific rates of solvolysis of ferro-
cenylmethyl acetate have been obtained, at 25.0 °C, in
100-60% aqueous ethanol (five compositions), 90-50%
aqueous acetone (five compositions), 100-70% (by weight)
aqueous 2,2,2-trifluoroethanol (TFE) (five compositions),
and in TFE-ethanol mixtures (four compositions). These
values, together with a literature value® for 96 % aqueous
ethanol, are reported in Table I. Also in Table I are
reported the derived values for a solvent ionizing power
scalel43 for an acetate leaving group, based on ferro-
cenyimethyl acetate solvolysis (Yoa.). For comparison,
Yors values previously obtained in a similar manner but
based on the specific rates of solvolysis of 2-adamantyl
p-toluenesulfonate!435.36 gre also listed in Table I.

In80% ethanol and 97% TFE, measurements were also
made at three other temperatures and the specific rates
of solvolysis and the enthalpies and entropies of activation
(calculated using these data plus data from Table I) are
presented in Table II.

Solvolysis of a-Ferrocenylethyl Acetate (FcCH-
CH30Ac). The specific rates of solvolysis of a-ferro-
cenylethyl acetate, at 25.0 °C, have been measured in
ethanol, 80% ethanol, and three TFE-ethanol composi-
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Table I1. Specific Rates of Solvolysis of Ferrocenylmethyl
Acetate at Temperatures Other than 25.0 °C and Enthalpies
(AH*) and Entropies (AS*) of Activation

solvent temp, °C  10%,581  AHgstbe ASgegttd
80% EtOHe 34.3 2756+15
80% EtOHe 50.2 875x4.1
80% EtOHe 62.9 285+ 9 15202 -25.320.8
97% TFE/ -6.8 488+ 25
97% TFE/ 3.5 170+ 4
97% TFE/ 13.6 372+ 14 140£02 -20.8=%0.7

¢ With associated standard deviation; FcCH;OAc concentration
of ca. 0.006 M. ® Calculated using also the specific rates at 25.0 °C
(from TableI). ¢ Units of kcal/mol. ¢ Units of cal mol? K-1. ¢ Volume
to volume at 26.0 °C. f Weight to weight.

Table III. Specific Rates of Solvolysis (k) of
a-Ferrocenylethyl Acetate
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Figure 1. Plot of Yo, against Yor, for solvolyses in aqueous
ethanol (E), aqueous acetone (A), aqueous 2,2,2-trifluoroethanol
(T), and T-E mixtures.

Table IV. Correlation* of the Specific Rates of Solvolysis

solvents temp, °C 10%,b 81 log (k/ko)¢
100% EtOH 25.0 9.73 £ 0.70 -1.18
80% EtOH 25.0 148%5 0.00
20T-80E 25.0 44.3 £ 3.2 -0.52
40T-60E 25.0 193 10 0.12
60T-40E 25.0 1180 £ 58 0.80
80.7% acetone 25.0 9.934 -1.17¢
80% EtOH -2.2 99x05 0.00
60T-40E -1.7 55.0 £ 3.7 0.7
80T-20E -1.7 436 = 23 1.62f

@ Mixed solvents are prepared on a volume-volume basis at 25.0
°C. b With associated standard deviation; FcCHCH30Ac concen-
tration of ca. 0.006 M. ¢ Where %, is the specific rate of solvolysis in
80% ethanol. ¢ Obtained by interpolation (Arrhenius equation) within
literature data (ref 24) for four other temperatures. ¢ Interpolation
within data of Table I leads to a corresponding Yoa. value of -1.27.
f Based on interpolated specific rate of solvolysis in 80% ethanol at
-1.7°C of 10.5 X 105 §7L,

tions. These values, together with an interpolated value
(using the Arrhenius equation) from a study?? of the
solvolysis in 80.7% acetone at four other temperatures,
are presented in Table III. Values at ca. -2 °C for the
specific rates of solvolysis in 80% ethanol and two TFE-
ethanol compositions are also presented.

Product Study in Aqueous Ethanol. The reaction
of 0.0031 M FcCH;0Ac in 60% ethanol-40% water (by
volume) at 25.0 °C was allowed to proceed for in excess
of 10 half-lives. Analysis by GC-MS indicated the
formation of two products, which were identified as
FcCH.OH (47%) and FcCH;OCH.CH; (53%). This
corresponds to a selectivity (S), defined by eq 3, of 0.36.

_ [FcCH,0H][EtOH]
" [FcCH,OEt][H,0]

3)

Discussion

.Consideration of the Yoa. Scale. Several neutral
solvolyses of acetate esters R“"COOR, involving R groups
which give highly stable carbocations, have been shown to
proceed, at least primarily, via the Barl (Sx1) mech-
anism,7-922-2426 In aqueous-organic solvents, these sol-
volyses are subject to a powerful catalysis by added mineral
acid but, highly relevant to the present study, autocatalysis
by formed acetic acid has not been observed.” In the
present study, we similarly find no evidence for autoca-
talysis in solvolyses of ferrocenylmethyl and a-ferro-
cenylethyl acetates and no rate increase upon addition of
acetic acid to a solvolysis of ferrocenylmethyl acetate in
97% TFE (Table I).

The Yoa. values based on ferrocenylmethyl acetate give
only a fair correlation (r = 0.930) against the Yor,
values!4:35:36 algo reported in Table I. Inspection of Figure

of Ferrocenylmethyl Acetate, at 25.0 °C, Against Yor, or
YBnOT- Values

solvents scale n’ m ¢ r
Alld Yor. 19 0.88%£0.08 -0.03+0.44 0.930
TFE-EtOH: Yor, 5 1.06%£0.02 0.56+0.04 0.9995
EtOH-H;0% Yors 5 074%£001 -0.02%£0.02 0.9998
acetone-HO0 Yor. 5 084002 -060x0.05 0.9992
Alld Yoo, 19 0912004 -0.1540.24 0.980
TFE-EtOH¢ VYpors & 1.10£0.03 0.10£0.06 09991
EtOH-H;0%' Ypmors 5 094006 -0.08+0.09 0.9946
acetone-H:0 Yppore 6 0.88+0.03 -0.38+0.06 0.9987

¢ Using eq 1 with Yor, values from Table I and Ygaors values from
ref 16¢ (plus interpolated Ygnots values of 2.11 for 90% TFE and
~0.70 for 20TFE-80EtOH). The m and ¢ values are reported with
associated standard errors. * Number of solvents (data from Table
D). ¢ Correlation coefficient. ¢ Excluding 96 % ethanol (no Yor, value).
¢ The four TFE-EtOH mixtures and 100% EtOH. / The four aqueous
ethanol mixtures and 100% EtOH.

1 shows a dispersion into separate plots for aqueous
acetone, aqueous ethanol, and TFE-ethanol mixtures,
together with (as expected) a bunching together of the
aqueous-TFE points. The overall Grunwald-Winstein
correlation and three subcorrelations are reported in Table
IV. For all 19 solvents, the slope (m value) of 0.88 is
consistent with an ionization mechanism. Excellent
correlations (r > 0.999) are obtained for the three separate
plots mentioned above, again with the magnitude of the
slopes being consistent with an ionization mechanism. The
detailed nature of the dispersions is not consistent with
them arising from a sensitivity toward solvent nucleo-
philicity. For example, the points corresponding to
solvolyses in aqueous acetone mixtures of moderate
nucleophilicity lie below those for solvolyses in TFE~
ethanol mixtures of similar Y value but lower solvent
nucleophilicity. Indeed, a treatment in terms of the
extended Grunwald-Winstein equation?337 (eq 4) gives

log (k/k)) = INy+ mYqp, + ¢ 4)
essentially no improvement in correlation, with values for
l of -0.17 % 0.13, for m of 0.74 £ 0.14, and for ¢ of -0.15
= 0.43, and with the correlation coefficient improved only
to a value of 0.937 from the value of 0.930 obtained using

(37) Winstein, S.; Grunwald, E.; Jones, H. W. J. Am. Chem. Soc. 1951,
73, 2700.
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Figure 2. Plot of log (k/k,) for a-ferrocenylethyl acetate
solvolysis, at 25.0 °C, against Yoa. values.

thesimple (one-term) equation (eq 1). Ineq 4, thesymbols
aredefined asin eq 1, plus ! is the sensitivity of the specific
rates of solvolysis to changes in solvent nucleophilicity
(using the Nt scale®®). If the influence of the ferrocenyl
group does involve participation by electrons associated
with the iron atom, then these will interact at the rear of
the a-carbon® (internal Sy2-type reaction) and the most
favorable route for nucleophilic assistance by the solvent,
either by covalent attachment or solvation, will be blocked.

Within TableI, a Yoa. value is also included for solvolysis
in 96% ethanol.2® No corresponding Yor. value is avail-
able, but the value is reasonable with respect to Ypa. values
for 100 and 90% ethanol.

Recently, Yp,; scales have been developed!® for the
correlation of the specific rates of solvolysis of benzylic
derivatives, based on the use as the standard substrate of
2-adamanty] derivatives which also carry a 2-aryl sub-
stituent. A Ygnors scale is availablel® for use when a
p-toluenesulfonate, or a similar leaving group, is in a
benzylic position. Sincethesolvolyses of ferrocenylmethyl
acetate (eq 2) can be considered to be related to benzylic
solvolyses, we have investigated the extent to which
correlations are improved by substitution of Ygnots for
Yors. A plot of Yoac against Yenots (equivalent to Figure
1) shows an identical dispersion pattern but with the extent
of dispersion reduced. This isillustrated by a comparison
of the entries within Table IV for use of either Yor, or
Ygnote. For all 19 solvents, the slopes (m values) are
identical but the reduced dispersion leads to a better
correlation coefficient with use of Yp,ors. Similarly, the
intercepts (c values) for the individual TFE-ethanol and
aqueous acetone plots are reduced when Ygpnor, values are
used; however, the correlation coefficients are now mar-
ginally better with Yo, values.

When Yg,07s values replace Yor, values within the two-
term equation (eq 4), values are obtained for ! of 0.04 +
0.08, for m of 0.94 £ 0.08, and for ¢ of —0.12 £+ 0.24, and
the correlation coefficient of 0.981 is essentially unchanged
from the value obtained when the log (k/k,) values are
correlated against only Yg,or:. One can conclude that
Yuuots does give somewhat improved correlations but,
consistent with the opinions expressed in a recent review,!”
no additional mechanistic insight is gained over that
obtained by use of the more generally applicable Yorsscale.

(38) Kevill, D. N.; Anderson, S. W. J. Org. Chem. 1991, 56, 1845.
(39) Hill, E. A.; Richards, J. H. J. Am. Chem. Soc. 1961, 83, 4216.
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The study of the effect of temperature variation on the
specific rates (Table II) leads to quite large negative
entropies of activation; appreciably negative values have
been observed previously in neutral solvolyses of ferro-
cenylmethyl acetate,?® a-ferrocenylethyl acetate,* and
trityl acetate? in aqueous organic solvents.

Correlation of the Rates of Solvolysis of Trityl and
a-Ferrocenylethyl Acetates. The log (k/k,) values for
neutral solvolysis of trityl acetate in 80 and 60% ethanol
and 80 and 50% acetone have been reported.® A corre-
lation against Yor, values!4353 leads to a slope of 0.86 %
0.35 and an intercept of —0.52 £ 0.58 (r = 0.862); the
correlation is much improved when Y4, values (Table I)
are substituted for the Yor, values: slope of 1.11 =& 0.12
and intercept of —0.18 & 0.18 (»r = 0.988). The good
correlation with a slope of close to unity supports the Sx1
assignment for ferrocenylmethyl acetate solvolyses.

An excellent correlation against Yo, values is obtained
using our data for a-ferrocenylethyl acetate solvolysis. It
has previously been shown?? that the introduction of an
a-methyl group into ferrocenylmethyl acetate leads to only
a10-fold increase in the rate of solvolysis (in 80 % acetone).
Presumably, most of the dispersion of positive charge is
into the ferrocenyl system, and introduction of the
a-methyl group provides only a minor route for further
charge dispersion. Consistent with this viewpoint, a
correlation of log (k/k,) for five solvolyses of a-ferro-
cenylethyl acetate at 25.0 °C (Table III) leads to a slope
(m value) of essentially unity: slope of 0.96 £ 0.04 and
intercept of 0.07 £ 0.06 (r = 0.998). A value at 25.0 °C,
obtained by interpolation within data at other temper-
atures for solvolysis in 80.7% acetone,?* can be used in
conjunction with a Yo, value obtained by interpolation
within data for othersolvent compositions. This additional
point lies on the correlation line for the five solvent systems
of the present investigation. A new correlation with all
six solvent compositions leads to essentially unchanged
values for the slope and intercept: slope 0f 0.96 £ 0.03 and
intercept of 0.07 £ 0.05 (r = 0.998).

Also in Table III are presented three specific rates at
=1.7°C. Consistent with the excellent correlation against
Yoa. values at 25 °C, with a slope of essentially unity and
a very small intercept, the log (k/k) value for solvolysis
in 60% TFE-40% ethanol of 0.72 is in good agreement
with the Yoa. value of 0.80 (Table I). Similarly, the log
(k/k,) value for solvolysis in 80% TFE-20% ethanol (not
studied at 25 °C) of 1.62 is virtually identical to the Ypa.
value of 1.58.

The Sx1 Solvolyses of Carboxylate Esters in Acetic
and Formic Acids. A kinetic study of an achiral acetate
ester in acetic acid requires isotopic labeling, and such a
study has been carried out previously for the acetolysis of
trityl acetate. The acetolysis was found? to give a log (k/
k,) value of +1.18, which can be compared to a Yo, value
of —0.9. Earlier, we demonstrated that a Grunwald-
Winstein plot of the specific rates of solvolysis of trityl
acetateS in four aqueous—organic solvents against Yor,
values gave a slope of 0.86 and intercept of —0.52; on this
basis a log (k/k,) value of —1.29 would be predicted for
solvolysis in acetic acid, such that the measured specific
rate is about 300 times higher than the predicted value.
One possible explanation, consistent with the powerful
catalysis by mineral acid to solvolyses in aqueous—organic
solvents,’ is that the actual reactant in acetic acid is not
the neutral trityl acetate but an equilibrium concentration
of the faster reacting protonated species. Promotion of



Yoa. Solvent Ionizing Power Scale

the ionization of p-chlorobenzhydryl acetate in acetic acid
by electrophilic involvement of a specific solvent molecule
has been suggested previously.*

Available data for the solvolyses of benzoate esters can
be used to arrive at secondary Yoa. values. Due to the
close similarity between the leaving groups, values based
on benzoate would be expected to be a reliable substitute;
support comes from the observation that the solvent
ionizing power scale based on methanesulfonate asleaving
group is virtually identical to the p-toluenesulfonate
scale.144142 In96% ethanol at 25 °C, the ferrocenylmethy}
benzoate reacts about twice as fast as the acetate ester.2

The acetolysis of ferrocenylmethyl benzoate proceeds
15 times faster than the solvolysis in 96% ethanol,?” a
solvent with a You. value of ~0.84 (Table I), allowing one
toestimatea Yoa. value of +0.35 for aceticacid. Similarly,
one can estimate a Yoa. value of +0.17 for formic acid.?
The Yoa. value for acetic acid is considerably higher than
other Y; values, which range from —0.8 for a methane-
sulfonate leaving group to-2.2 for an iodide leaving group.!4
It is, however, also appreciably less than the value of 1.18
obtained?® as log (k/k,) for trityl acetate acetolysis. It has
been suggested*s that k.*** values (return from solvent-
separated ion pairs prevented) are better suited for use as
acetolysis values within the Grunwald-Winstein equation.
Recently, the k.= value for acetolysis was found to better
fit the correlation line based on other solvents than the
regular titrimetic rate coefficient (k) in a study of the
solvolysis of cholesteryl p-toluenesulfonate.#¢ A special
salt effect is also found?527 in the acetolysis (k.**t/k, value
of 5.1) and formolysis (k,*=*/k; value of 2.4) of ferroce-
nylmethyl benzoate, leading to alternative Yoa. values of
1.06 for acetolysis and 0.55 for formolysis. The revised
value for acetic acid is now in excellent agreement with
the log (k/k,) value for acetolysis of trityl acetate.

The report?® of the study of both acetolysis and for-
molysis of ferrocenylmethyl benzoate mentions several
unusual features, including a smaller kinetic isotope effect
in the more ionizing formic acid, surprisingly low preex-
ponential ratios (Ax/Ap), and unusual variation of some
of the kinetic isotope effects upon addition of lithium
perchlorate. However, the most unusual feature is, in our
opinion, the observation of lower solvolysis rates in formic
acid than in acetic acid, reflected in turn in the calculated
secondary Yo values. The Y; valuesforacetic and formic
acids listed in a recent review!4 show Y; values for formic
acid to be uniformly considerably greater than those for
acetic acid, with differences ranging from 3.2 units for a
trifluoromethanesulfonate leaving group to 4.8 units for
a chloride leaving group; these differences are very far
removed from the value of -0.2 (or adjusted value of —0.5)
which we have estimated based on the recent report.

The close similarity in reaction rates could be nicely
rationalized by reaction being of the protonated ester. It
has been shown that the rates of Syl solvolyses with a
neutral leaving group are virtually insensitive to changes
insolvent ionizing power.4> Unfortunately, a new problem
arises on this basis in that the formolysis rates are actually
lower than one would anticipate based on the other

(40) Winstein, S.; Appel, B.; Baker, R.; Diaz, A. In Organic Reaction
Mechanisms; The Chemical Society: London, 1965; pp 124~126.
(41) Bentley, T. W.; Carter, G. E. J, Org. Chem. 1983, 48, 579.
(42) Bentley, T. W.; Bowen, C. T. J. Chem. Soc., Perkin Trans. 21978,
57

('43) Fainberg, A. H.; Winstein, S. J. Am. Chem. Soc. 1956, 78, 2767.
(44) Kevill, D. N.; Abduljaber, M. H. J. Chem. Res., Synop. 1992, 240.
(45) Kevill, D. N.; Anderson, S. W. J. Am. Chem. Soc. 1986, 108, 1579,

5

J. Org. Chem., Vol. 58, No. 1, 1993 201

available Y, values for this solvent, and it is difficult to
visualize that the protonated species would react in Sy1
reactions at a lower rate than the original substrate.

Product Study. Theselectivity of 0.361in60% ethanol
indicates a modest preference for product formation
involving attack by ethanol rather than water. This is
consistent with capture of an unencumbered highly
reactive carbocation. The kinetic similarity to the sol-
volyses of benzhydryl derivatives, especially with regard
to common ion rate depression, is consistent with both
ferrocenylmethyl and benzhydryl carbocations being cap-
tured at the free-ion stage. The similarity extends also to
selectivities, with essentially identical values to that
obtained for ferrocenylmethyl acetate being reported for
solvolysis of benzhydryl derivatives in 60% ethanol at 25
°C: benzhydryl chloride (0.31 and 0.33),3132 the benzhy-
dryldimethylsulfonium ion (0.40),® and benzhydryl p-
nitrobenzoate (0.30, at 100 °C).32

Experimental Section

Materials. Ferrocenylmethyl acetate?2? was prepared by
treatment of the alcohol with acetyl chloride and triethylamine
in methylene chloride. The alcohol was prepared from (N,N-
dimethylamino)methylferrocene (Tokyo Kasei) or (ferrocenyl-
methyl)trimethylammonium iodide (Tokyo Kasei), following the
procedure of Lindsay and Hauser.# To allow the materials used
in the kinetic and product studies to be of fairly recent origin,
several small-scale preparations were performed.

The a-ferrocenylethyl acetate?247 was prepared similarly from
the alcohol, which was obtained by lithium aluminum hydride
reduction of acetylferrocene (Tokyo Kasei).4?

The purification of 2,2,2-trifluoroethanol was using a previously
reported procedure.®® Other solvents were purified as described
previously.+®

Kinetic Procedures.? A substrate concentration of ca. 6 X
10 M was used. The required amount of acetate ester was
transferred to 25 mL of the solvent under investigation, main-
tained in a constant temperature water bath. After a brief period
for temperature reequilibration, 2-mL portions were removed at
suitable time intervals. Infinity titers were taken after at least
10 half-lives. The portions were added to 10 mL of ice-cold 85%
acetone, containing phenol red as indicator, and titrated against
a standardized (ca. 0.0025 M) sodium hydroxide solution. Prior
to its use, nitrogen was bubbled through the 85% acetone for
about 10 min. Calculation of the first-order rate coefficients was
as previously described.®

Product Study. A 3 X 102 M solution of ferrocenylmethyl
acetate in 60% ethanol was allowed to react at 25.0 °C for 4 h,
and the products were analyzed by a GC-MS technique. A
Hewlett-Packard Model 5995 instrument with a 0.25-mm X 15-m
fused silica capillary SPB-1 column, with temperature program-
ming, was used for the analysis.
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