Experimental

Infrared Spectral Measurements. A Perkin-Elmer
Model 21 spectrophotometer equipped with a LiF
prism and a Perkin-Elmer Model 421 grating spectro-
photometer were used for determination of the in-
frared spectra. The solvent, A.R. grade CCl,, was
decanted from P;O; before use. Matched silica cells,
1 or 2 cm. in length, permitted the observation of dilute
solutions (0.005 M or less) and the use of different
concentrations. The calibration of the instruments
was checked daily against indigenous water vapor in the
standard manner; the data reported are corrected.
Samples were run at room temperature. The position
of the peaks was evaluated by determining the center
of the band envelope at various positions and averaging.
Sharp peaks were determined with an accuracy of +1
cm.~!; broad peaks and shoulders to +2 or 3 cm.”.
The separation of the peaks, Av, could be measured
with an accuracy of =2 cm.~! since the difference was
dependent on the relative and not the absolute position
of the peaks. Reproducibility was shown to be good.

Sources of Compounds. Compounds 1, 2, and 4 were
commercial samples, recrystallized before use. The
preparation of 7a-d, 8, 9a,b, 13b, 13d, and 14 has been
reported earlier.®

2-Hydroxy-2'-methylolbipheny! (14). Reduction of
the lactone of 2’-hydroxybiphenyl-2-carboxylic acid
(m.p. 92-93°),8 prepared by the method of Emmons and
Lucas, ! with LiAlH, in ether gave 2-hydroxy-2’-methyl-
olbiphenyl, m.p. 131.4-132.6°. Anal. Calcd. for
Ci;HO,: C,77.98; H, 6.04. Found: C,77.58; H,
6.05.

1,2,3,4-Dibenz-1,3-cycloheptadien-6-0l (13c).*® Re-
duction of 1,2,3,4-dibenz-1,3-cycloheptadien-6-one?!
by LiAlH, in the usual manner gave a product which was
distilled at 150° (0.1-0.5 mm.). Crystals formed on
standing. Recrystallization from cyclohexane gave
material, m.p. 81.5-82.5°. Anal. Calcd. for C;5sH,.0:
C, 85.68; H,6.71. Found: C, 85.34; H, 6.70.
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Proten magnetic resonance spectroscopy has been em-
ployed to follow simultaneously the kinetics of disap-
pearance of methoxy protons of substrate, appearance of
methyl protons of methanol, and appearance of methoxy
protons of product for the hydrolysis of 2,2-dimethoxy-
propane, methyl orthobenzoate, 6,6,6-trimethoxyhexano-
nitrile, and methyl orthocarbonate in weakly acidic
mixtures of deuterium oxide and methanol-d, at 25°.
In all cases, the first-order rate constants for each of
these reactions were approximately the same. This
result is interpreted in terms of rate-determining car-
bonium ion formation. This conclusion is corroborated
by the finding, from product analysis studies, that little
exchange of the methoxy functions of substrate with
deuteriomethoxy functions of solvent occurred in the
course of hydrolysis. On the basis of kinetic and product
analysis studies, deuteriomethanol and deuterium oxide
appear to exhibit approximately equal reactivities toward
the carbonium ions derived from the above substrates.

Introduction

Several independent lines of evidence strongly sug-
gest that the acid-catalyzed hydrolysis of acetals,

(1) Supported by grants from the National Science Foundation (GB-
431) and from the National Institutes of Health (AM-08232-01),

Wenthe, Cordes | Hydrolysis of Ketals, Ortho Esters, and Orthocarbonates

Received March 31, 1965

ketals, ortho esters, and, by analogy, orthocarbonates
proceeds by a reaction pathway not involving solvent as
nucleophilic reagent (eq. 1). (i) These substrates are
R2 R2
—ROH |

| +H:0
R,~—C—OR + H* —

R~—C* —
+ROH i ~H:0
OR OR
IT2 R2
|
R—C—OH + H* —> R—C=0 + ROH (1)
OR

extremely resistant to nucleophilic attack by hydroxide
ion and other nucleophilic reagents; (ii) volumes of
activation for the acid-catalyzed hydrolysis of dimeth-
oxymethane, dimethoxy- and diethoxyethane, and
ethyl orthoformate are close to zero or slightly posi-
tive?; (iii) entropies of activation for the hydrolysis of
several acetals, ketals, orthoformates, and orthoben-
zoates are near zero or slightly positive?~; (iv) the

(2) 1. Koskikallio and E. Whalley, Trans. Faraday Soc., 55, 809
09(2?%. Brescia and V. K. LaMer, J. Am. Chem. Soc., 62, 612 (1940).

(4) P. M. Leininger and M. Kilpatrick, ibid., 61, 2510 (1939),

(5) R.H. DeWolfe and J. L. Jensen, ibid., 85, 3264 (1963).

(6) 1. G. Fullington and E. H, Cordes, J. Org, Chem., 29, 970 (1964).

(7) L. L. Schaleger and F. A. Long, Advan. Phys. Org. Chem., 1,
1(1963).
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hydrolysis of certain acetals and ketals in moderately
concentrated solutions of mineral acids yields rate
constants which are correlated with the Hammett H,
acidity function*®®; (v) correlation of rate constants
for acetal hydrolysis with activity of water yields values
of Bunnett’s w-parameter which are characteristic of
reactions which occur by unimolecular reaction paths!?;
(vi) rate constants for the hydrolysis of a series of
aliphatic acetals and ketals are well correlated by
Taft’s o* parameters (plus a hyperconjugation term)
indicating the absence of steric effects expected for
reactions involving participation of a nucleophilic
reagent!!; (vii) the observed value of p* for hydrolysis
of aliphatic acetals and ketals is —3.60!!; (viii) the
first-order rate constants for the decomposition of
methyl orthobenzoate in aqueous solutions are inde-
pendent of the concentration of several amines under
conditions in which a substantial fraction of the ortho
ester yields aminolysis products.®

Furthermore, reaction pathways of the type indicated
in eq. 1 are consistent with the observation of general
acid catalysis for certain of these reactions,!®!® with the
observed solvent deuterium isotope effects,?614-17
and with the observation of catalysis of ortho ester
hydrolysis by certain anionic detergents. %1

Contrary to the above conclusions, Kwart and Price,
on the basis of correlation of rate constants with an
empirical solvent composition-acidity function, have
suggested that the hydrolysis of methyl p-nitroortho-
benzoate occurs with solvent participation as nucleo-
philic reagent.!*> The basis for this conclusion has
been pointedly criticized by DeWolfe and Jensen.®
Kaeding and Andrews, in a study of the hydrolysis of
the dimethyl ketal of p-nitrobenzophenone, have ob-
tained results consistent with either a unimolecular or
bimolecular reaction path, the latter alternative being
favored by these authors.?® This study was carried out
in largely alcoholic media in which reaction of the
carbonium ion with solvent would be expected to be
rate determining and, hence, provides no evidence for the
nature of the reaction pathway in aqueous solution.

On the basis of these results, the conclusion that,
for most reactions at least, acetal, ketal, and ortho
ester hydrolysis occurs without the nucleophilic par-
ticipation of solvent is warranted.

Despite numerous assumptions in the literature that
carbonium ion formation is the rate-determining step
for these reactions, nearly all of the above data is
equally consistent with rate-determining decomposition
of the tetrahedral intermediate (eq. 1). Only the
results of the aminolysis experiments of Fullington and
Cordes (point viii above) are difficult to reconcile with
the latter possibility. Consequently, experiments, re-

(8) F. A. Long and M. A. Paul, Chem. Rev., 57, 935 (1957).

(9) M. M. Kreevoy and R. W, Taft, Ir., J. Am. Chem. Soc., 77, 3146
(1955).

(10) J. F. Bunnett, ibid., 83, 4956, 4978 (1961).

(11) M. M. Kreevoy and R. W. Taft, Jr., ibid., 77, 5590 (1955).

(12) H. Kwart and M. B. Price, ibid., 82, 5123 (1960).

(13) J. N. Bronsted and W, F. K. Wynne-Jones, Trans. Faraday Soc.,
25, 59 (1929).

(14) J. C. Hornel and J. A. V. Butler, J. Chem. Soc., 1361 (1936).

(15) F. Brescia and V. K. LaMer, J. Am. Chem. Soc., 60, 1962 (1938).

(16) M. L. Bender and M. S. Silver, ibid., 85, 3006 (1963).

(17) M. Kilpatrick, ibid., 85, 1036 (1963).

(18) J. G. Fullington and E. H. Cordes, Proc. Chem. Soc., 224 (1964).

(19) M. T. A. Behme, J. G. Fullington, R, Noel, and E. H. Cordes,
J. Am. Chem. Soc., 87, 266 (1965).

(20) W. W, Kaeding and L. J. Andrews, ibid., 74, 6189 (1952).

ported herein, have been undertaken in an effort to
establish unequivocally the nature of the rate-determin-
ing step for these interesting reactions.

As revealed by a preliminary study of the hydrolysis of
methyl orthobenzoate, kinetic and product composition
studies, employing n.m.r. as analytical tool, provide a
simple and straightforward experimental distinction
between the possible rate-determining steps for re-
actions of this type when carried out in deuterium
oxide-methanol-d, mixtures.2! The experimental quan-
tities determined by this method include the first-order
rate constants for the disappearance of the methoxy
protons of the ortho ester, k,reno ester, fOr the appearance
of the methyl protons of methanol, ky.on, and for the
appearance of the methoxy protons of the carboxylic
ester, ket Since the proton resonance singlets for
each of these groups are well separated, these rate
constants can be determined simultaneously as de-
scribed in the Experimental section. In addition, the
ratio of integrated proton intensities at infinite time of
the products to some internal, time-independent
standard provides a quantitative measure of product
composition.

Both the product composition and the relative mag-
nitudes of the various rate constants are functions of the
nature of the rate-determining step. If carbonium ion
formation were rapid and reversible (i.e., carbonium
ion formation not rate determining), the methoxy
groups of the starting material would be rapidly ex-
changed for deuteriomethoxy groups through reaction
of the carbonium ion with solvent deuteriomethanol.
The ortho ester would be converted more slowly to
carboxylic ester product. Thus, kortuo ester 20d Kyieon
would be considerably larger than kg Further-
more, little or no carboxylic ester product containing
methoxy protons would be formed since virtually all
of the ortho ester would have been converted into the
corresponding deuterated material in the pre-equilib-
rium exchange reactions. In contrast, if carbonium
ion formation were rate determining, methanol would
not be exchanged for deuteriomethanol in a pre-
equilibrium reaction; hence, Koruo esters Kneons and
Kester Would be nearly identical. In addition, only pro-
tonated carboxylic ester would be produced as re-
action product.

These considerations clearly apply with equal force
to the hydrolysis of methyl orthocarbonates and, in
part, to the hydrolysis of methyl ketals. This manu-
script fully describes results obtained with methyl
orthobenzoate and extends the previous work to a
ketal, an aliphatic ortho ester, and an orthocarbonate.

Experimental

Materials. Methyl orthobenzoate was prepared ac-
cording to the procedure of McElvain and Venerable.??
6,6,6-Trimethoxyhexanonitrile and methyl orthocar-
bonate were the generous gifts of Mr. M. Matta of this
department and Professor Robert Taft, Pennsylvania
State University, respectively.

The 6,6,6-trimethoxyhexanonitrile was purified of a
slight carboxylic ester contaminant by treatment with 4
ml. of a 4 N sodium hydroxide solution per gram of

(21) A. M. Wenthe and E. H. Cordes, Tetrahedron Letters, 3163
(1964).

(22) S. M. McElvain and J. T. Venerable, J. Am. Chem. Soc., 72, 1661
(1950).
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sample. Methanol was added in an amount sufficient
to solubilize the mixture. The resulting solution was
then stirred well for about 10 min, and extracted three
times with ether. The collected ether washings were
dried over sodium carbonate and the ether was re-
moved. The n.m.r. spectrum of the remaining frac-
tion showed only a sharp singlet at 3.25 p.p.m., indica-
tive of the methoxy protons of the ortho ester, and the
characteristic splitting of the methylene proton signals
between 1.4 and 2.5 p.p.m. No signal was observed in
the region (3.6-3.7 p.p.m.) where the methyl protons of
normal carboxylic ester would be expected to appear.

The methyl orthocarbonate sample was separated
from methanol and dimethyl carbonate impurities by
distillation through a micro spinning-band column.
The pure methyl orthocarbonate (b.p. 114°) gave a
single, sharp peak at 3.3 p.p.m., again indicating the
presence of only one kind of methyl proton, that of the
methoxy functions of orthocarbonate.

Deuterium oxide and 2,2-dimethoxypropane were
commercial products purified by distillation. Meth-
anol-d,, obtained from Nuclear Research Chemical
Corp.,, was employed without further purification.
N.m.r. spectra revealed no detectable protomethanol.

Kinetic Measurements. All kinetics studied were
carried out at 25 = 0.5° with the aid of a Varian Associ-
ates A-60 n.m.r. spectrometer. Relative concentrations
of all reacting species of interest were determined as a
function of time by comparison of their integrated
proton intensities with that of an appropriate, time-
independent internal standard. For the hydrolysis of
methyl orthobenzoate, the aromatic protons were
employed as internal standard; for the hydrolysis of
6,6,6-trimethoxyhexanonitrile, the methylene protons;
for the hydrolysis of 2,2-dimethoxypropane, the total
methyl protons of ketal and acetone; for the hydrolysis
of methyl orthocarbonate, the methyl protons of added
acetonitrile. First-order rate constants were obtained
from semilogarithmic plots of the ratio of the inte-
grated intensities of the protons of interest to those of
the internal standard against time. In all cases, satis-
factory first-order plots were obtained. First-order
rate constants indicated in this paper are considered to
be accurate to within £2097. All reactions were
monitored for varying periods following their comple-
tion to ensure that the reaction products were stable to
the reaction conditions. Only in the case of acetone,
the product of 2,2-dimethoxypropane hydrolysis, was
exchange of protons with the solvent noted. In this
case, the exchange was sufficiently slow so that appreci-
able errors were not introduced into the experimental
results.

Product Composition. Product compositions were
estimated from the ratio of integrated intensities at
infinite time of the protons of interest to those of the
internal standard.

Results

A. 2,2-Dimethoxypropane. Figure 1 shows the
course of hydrolysis of 0.8 M 2,2-dimethoxypropane in
an equimolar mixture of deuteriomethanol and deu-
terium oxide at 25° in the presence of a 0.006 M
acetate buffer, 507 base (eq. 2). The peak seen at 2.1
p.p.m. in the spectrum taken at zero time is not due to
an initial rapid reaction but rather to acetone present as
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Figure 1. Proton magnetic resonance spectra indicating the
course of hydrolysis of 2,2-dimethoxypropane in a deuterium oxide—~
deuteriomethanol mixture at 25° in the presence of a 0.006 M
acetate buffer, 509, base. The peak near 3.1 p.p.m. is due to the
methoxy protons of the ketal, that near 1.2 p.p.m. to the methyl
protons of the ketal, that near 3.25 p.p.m. to methanol, and that
near 2.1 p.p.m. to acetone.

OCH;
~CH,0H . +H:0
CH;—C—CH; + H* CH;—C—CHj;
| +CH:0H | ~ H,0
OCH; OCH;
OH
| —~CH:OH
CH;—C—CH; + H*
+CH;OH
OCH;
|OI—I
CH;—C—CH; —> CH;,——?-—CH;, + H* ()
* |
(0]

a slight contaminant of the 2,2-dimethoxypropane.
This necessitated a small correction for the integrated
intensity of this signal in all spectra taken thereafter.
The ratio of the integrated proton intensity at zero
time to that of the internal standard was subtracted
from the corresponding value at all later times to arrive
at the true value for acetone produced in hydrolysis.
First-order rate constants were calculated for the
disappearance of the methoxy protons of ketal, kyecar!,
for the appearance of the methyl protons of methanol,
kwmeom, for the disappearance of the methyl protons of
ketal, kyear?, and for the appearance of the methyl
protons of acetone, Kaeetone. 1hese rate constants are
collected in Table I. The identity, within experimental
error, of kketal1 and kMeOH and of kketal2 and kacetoue
is required by the stoichiometry of the reaction. First-
order rate constants for disappearance of ketal, kyetar!,
and appearance of acetone, Kacewone, differ by only a

Table I. First-Order Rate Constants for the Hydrolysis of
2,2-Dimethoxypropane in an Equimolar Mixture of
Deuteriomethanol and Deuterium Oxide at 25°¢

kket.all,b kketz\lz,c kMeOH, kacetone,
min.~! min.~! min.~! min.~! Ry
1.4 10°% 8.1 X 10* 1.3 X103 8.1 X 10~¢ 1.05

a Carried out in the presence of 0.006 M acetate, 50%; base;
2,2-dimethoxypropane concentration, 0.8 M. ? First-order rate
constant for the disappearance of the methoxy protons of the ketal.
¢ First-order rate constant for the disappearance of the methyl
protons of the ketal. ¢ Ratio of the integrated intensities at infinite
time of the methyl protons of methanol to the methyl protons of
acetone.
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Figure 2. Proton magnetic resonance spectra indicating the course
of hydrolysis of 6,6,6-trimethoxyhexanonitrile in a deuterium oxide-
deuteriomethanol mixture at 25° in the presence of 0.006 M
acetate buffer, 809 base. The peak near 3.2 p.p.m. is due to the
methoxy protons of ortho ester, that near 3.25 p.p.m. to methanol,
that near 3.65 p.p.m. to the methoxy protons of carboxylic ester,
and the complex multiplets to the methylene protons of the ortho
ester and carboxylic ester.

factor of two. This result is inconsistent with de-
composition of dimethylmethoxycarbinol as the
principal rate-determining step for which the disap-
pearance of ketal would occur more rapidly than the ap-
pearance of acetone, /.., Kyeta1! > Kacetone- Qualitatively,
these first-order rate constants strongly suggest slow
carbonium ion formation followed by rapid partition-
ing of the carbonium ion between deuterium oxide and
deuteriomethanol.

The disparity in first-order rate constants can be
quantitatively accounted for on the above basis by the
following kinetic analysis. Secondary deuterium iso-
tope effects, which are neglected throughout the kinetic
treatment, are reasonably expected to introduce only
small errors in the calculation. In this and all subse-
quent schemes, R identifies substrate, C, carbonium
ion, and P, product. Subscripts indicate the number
of proto—methoxy groups in a species.

Reactions involved in the hydrolysis of 2,2-dimethoxy-
propane in deuteriomethanol-deuterium oxide solution
are written below (eq. 3). Derivation of the rate ex-

CHy . CH,
1
CH;,O——lc—OCHa + H* — CH:0—C+ + CH,0D
k_
CH, ' CHs
R2 1
CHy i CHy
CH;0—C—OCD; + H* —> CH,0—C* + CD,0D
| ko
CH, ' CHs
R| 1
(|3H3 e (|3H3
CH30—|C-—OCD3 + Hr— cnao—c|+ + CH,OD
k_
RCHa ' CCHa
1 (]
(l:Ha . (|3H3
1
CD30——|C-—OCD3 + H+* " CD;0—C+ + CD;0D
ko
CH, ' CH,
Ro CO
k:
C, + D,0 —» P + CH;0D
k:
Co + D:O —> P + CD;0D 3)
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pressions for the reactions in eq. 3 is markedly simplified
by recognizing that, since the concentration of meth-
anol is small throughout the course of the reaction
compared to the concentration of deuteriomethanol
and deuterium oxide, reaction of the carbonium ions
with methanol may be neglected. Employing this
assumption and the steady-state assumption for the
carbonium ions, the following expressions for the
first-order rate constants are obtained in which a is
defined as k- (CD;OD)/(k—(CD;OD) + kxD.0)).

ketar! = kmeorn = ki(H X1 — 'fa) 4
kketal2 = kacetone = kl(H+)(1 - a) (5)

Clearly, kacetone/kMeOH = 2k2/(k—1 + 2k2) Whel’l, as is
the case here, the molar concentrations of deuterio-
methanol and deuterium oxide are equal. Since the
experimental value for this ratio of first-order rate
constants is 0.5 (Table I), it follows directly that deuterio-
methanol is approximately twice as reactive as
deuterium oxide toward the dimethylmethoxymethane
carbonium ion.

B. 6,6,6-Trimethoxyhexanonitrile. Spectra found in
Figure 2 exhibit the progress of hydrolysis of 0.5 M
6,6,6-trimethoxyhexanonitrile in an equimolar mixture
of deuteriomethanol and deuterium oxide at 25°
in the presence of 0.006 M acetate buffer, 809 base.

OCH;, OCH;
~CH:;OH | + H:0
R—C—OCH; + H* - R—C*
| + CH:OH | ~ H:0
OCH; OCH;
OCH; OCH;
| ~CH;3;0OH |
R—C—OH + H~ — R—C* —>
| +CH;0H |
OCH; OH
(0]

R—C—OCH; + H* (6)

The first-order rate constants for the disappearance of
the methoxy protons of ortho ester, Ko.tho esters fOT the
appearance of the methyl protons of methanol, kyeom,
and for the appearance of the methoxy protons of the
carboxylic ester product, ke, were obtained and are
presented, along with integrated intensities at infinite
time, in Table II. These results are qualitatively
similar to those for the orthobenzoate discussed below
and the same conclusions apply.

Table II. First-Order Rate Constants and Product Composition
for the Hydrolysis of 6,6,6-Trimethoxyhexanonitrile in an Equimolar
Mixture of Deuteriomethanol and Deuterium Oxide at 25°=

korthn ester, k.\{eOH; kesten
min.~! min,™! min.~! Ry? Rge
4.2 X103 4.1 X 10~¢ 4.2 X103 0.74 0.30

a Carried out in the presence of 0.006 M acetate buffer, 80 7 base;
ortho ester concentration, 0.5 M. ? Ratio of integrated intensities
at infinite time of the methy! protons of methanol to the methylene
protons. ¢ Ratio of the integrated intensities at infinite time of the
methoxy protons of the carboxylic ester product to the methylene
protons.

C. Methyl Orthobenzoate. Spectra in Figure 3 were
taken during the hydrolysis of 0.5 M methyl ortho-
benzoate in an equimolar mixture of deuteriomethanol
and deuterium oxide at 25° in the presence of 0.006
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Table III.  First-Order Rate Constants and Product Composition for the Hydrolysis of Methyl Orthobenzoate in
Deuteriomethanol-Deuterium Oxide Solutions at 25°2
(CDaoD)/ kortho esters kMeOH; kesten
Run (D:O) Buffer min,~1 min.! min,™1! Ryt Rype
1 1.0 0.006 M acetate, 507 2.2 X 107¢ 2.9 X 104 2.6 X 104 1.46 0.45
base
2 2.0 0.014 M formate, 50% 1.1 X 103 1.4 X 108 1.3 X 108 1.38 0.38
base
3 1.0 0.027 M DCI 1.53 0.40

s Methyl orthobenzoate concentration 0.5 M.
aromatic protons.
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Figure 3. Proton magnetic resonance spectra indicating the
course of hydrolysis of methyl orthobenzoate in a deuterium oxide—
deuteriomethanol mixture at 25° in the presence of a 0.006 M
acetate buffer, 509 base. The peak near 3.0 p.p.m. is due to the
methoxy protons of ortho ester, that near 3.25 p.p.m. to methanol,
and that near 3.80 p.p.m. to the methoxy protons of methyl benzo-
ate.

M acetate buffer, 5097 base A second run, for which
spectra are similar but not included here, involved the
same concentration of methyl orthobenzoate but in a
solution whose molar concentration ratio of deuterio-
methanol to deuterium oxide was 2 and in the presence
of 0.014 M formate buffer, 5097 base. A third run
in an equimolar mixture of deuteriomethanol-deu-
terium oxide in the presence of 0.027 M DCl was
made to confirm product composition at infinite time.
The data are summarized in Table III. The first-
order rate constants for the disappearance of the
methoxy protons of the orthobenzoate, kgino esters
for the appearance of the methyl protons of methanol,
kmeom, and for the appearance of the methoxy pro-
tons of methyl benzoate, keer, are essentially equal in
the two kinetic runs. Furthermore, a rather large
fraction of the original ortho ester yields methyl
benzoate without exchanging with solvent deuterio-
methanol. If no exchange had occurred, values of
Ry and Rygp of 1.2 and 0.6, respectively, would be
obtained. If complete exchange had occurred the
corresponding values would be 1.8 and 0.0. These
results are certainly inconsistent with pre-equilibrium
carbonium ion formation but are accounted for by a
slow formation of carbonium ion followed by rapid
partitioning between water, yielding product, and
deuteriomethanol, yielding partially deuterated ortho
ester, which finally yields, in part, deuterated methyl
benzoate. These results may be quantitatively ac-
counted for by the following kinetic analysis in which
secondary deuterium isotope effects are neglected.
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b Ratio of the integrated intensities at infinite time of the methyl protons of methanol to the
¢ Ratio of the integrated intensities at infinite time of the methoxy protons of methyl benzoate to the aromatic protons.

Employing the notation indicated above, the pertinent
reactions may be formulated as indicated in eq. 7.

k1
R; + H* —~— C, + CH;0D
ko1
1/sk:
R, + H* C, + CD;OD
ko1
2/ 3k
R; + H* ~— C; + CH;0D
-1
2/sky
R; + H* —~— G, + CD;OD
ko1
1/ sk,
R, + H* —~—— Cy + CH;0D
ko1
k1
Ry + H* I C, + CD;0D
ko1

k:

C, + D:O —> P, 4+ CH;OD
l/ k

Ci + DO > P, 4+ CD,OD
l/ &

C\ + D,O > P, + CH,0D

k2
Co + D20 —3> Py + CDaOD

0]

Proceeding as above, the following expression for the
first-order rate constants may be derived.?¢ If, for
Kortho ester = Ki(HD[1 — *fza] )

kymeon = k(HM[1 — ')d] €))

kester = k(HD[1 — 4] (10)

example, the concentrations of deuteriomethanol and
deuterium oxide are equal, and deuteriomethanol and
deuterium oxide are considered to be equally reactive
toward the intermediate carbonium ions (an assump-
tion consistent with and supported by the degree of
pre-equilibrium methoxy group exchange), then the
value of a is 0.5 and the above treatment predicts that
the observed rate constants should be approximately
equal,?®?4 in accord with experimental fact.

(23) In performing the derivations for the rate expressions herein, it
is important to bear in mind that the n.m.r, spectrometer records signals
which are proportional to the total number of protons only. Hence,
the expression of the total amount of 2,2-dimethoxypropane is Rt =
R: 4+ 3Ry, For the case of methyl orthocarbonate, the appropriate
expressionis Rt = Ry + 3/4R3 + 1/2R: + /4Ry, and so forth.

(24) The rate expressions derived hereafter, in contrast to those for
2,2-dimethoxypropane hydrolysis, are not rigorously correct. This
arises from the fact that the occurrence of some methoxy function ex-
change has not been explicitly introduced into the calculations. Since,
in all cases, the amount of exchange was small, this approximation
introduces only a modest error into the derived values and does not
affect, in any fashion, the conclusions derived herein. Were the ex-
change to be included into the rate equations, the agreement between
the observed and calculated ratios of rate constants would be sub-
stantially improved.
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D. Methyl Orthocarbonate. Spectra in Figure 4
follow the course of hydrolysis of 0.375 M methyl
orthocarbonate in an equimolar deuteriomethanol-
deuterium oxide solution at 25° in the presence of
0.006 M acetate buffer, 5097 base. Acetonitrile, the

OCH; OCH;

[ ~CHiOH [ +H:0
CH;0—C—OCH; + H* ______ ~ CH,0—C*
| +CH:0H ~ H:0
OCH: OCH;
OCH;,
| —CH:OH
CH;0-—C—OH + H™*
| +CH:OH
OCH,

CH,0C—OH —> CH,0—C—OCH; + H* (11)

I |
OCH; o)

added internal standard present in a concentration of
0.4 M, produces the singlet at 2.0 p.p.m.

First-order rate constants for the disappearance of
the methoxy protons of orthocarbonate, krtnocarbonates
for the appearance of the methyl protons of methanol,
kyteon, and for the appearance of the methoxy protons
of dimethyl carbonate, Kegeer, are presented in Table IV,
These data suggest that methyl orthocarbonate, like
the previously discussed ortho esters, reacts with slow
carbonium ion formation. Extensive exchange is not
observed even under conditions in which the molar
ratio of deuteriomethanol to deuterium oxide is four.
These results are quantitatively accounted for by the
following kinetic analysis. Formulating the hydrolysis
of methyl orthocarbonate in deuterium oxide-deuterio-
methanol mixtures as before yields the reactions indi-
cated in eq. 12. Proceeding as before, these reactions

k1

R, + H* C; + CH;OD
k-1
1/ ek

R; + H* C; + CD;OD
ka1
3/4k1

R; + H* = G, + CH,O0D
ko1
1/sk1

R, + H* C; + CD;OD
k-1
1/aks

R; + H* C, + CH;0D
k-1
3/4ky

R, + H* C, 4+ CD;OD
k-1
/41

R, + H* —=C, + CH;OD
k-1
k1

Ry + H* 2 C, 4+ CD;OD
ko1

C; + DO —]—c; P, + CH,OD
C; + DO _Zf; P. + CD;OD
C;, + D:O -z—/-s-f; P, + CH;0OD
C + DO -2—/-35; P, + CD;OD
C, + DO -l—/-s-k; P, + CH;OD

k:
Cs + D:0 —> Py + CD;OD -
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Figure 4. Proton magnetic resonance spectra indicating the course
of hydrolysis of methyl orthocarbonate in a deuterium oxide—
deuteriomethanol mixture at 25° in the presence of a 0.006 M
acetate buffer, 509 base. The peak near 3.2 p.p.m. is due to
the methyl orthocarbonate, that near 3.25 p.p.m. to methanol,
and that near 3.8 p.p.m. to dimethyl carbonate.

yield the following rate expressions?* (eq. 13-15) in
Kortnocarbonate = ki(HT)[1 — %/ud] 13)

kmeon = kKi(HO)[1 — '/2d] (14)

kester = ky(H*) [1 — 4] (15)

which ¢ is defined as above. If, in accord with the
degree of observed exchange, we assume that deuterium
oxide and deuteriomethanol are equally reactive
toward the intermediate carbonium ions, values of a
for the experiments indicated in Table IV indicate that
the observed rate constants should be approximately
equal, a prediction concordant with the observed
facts.

Discussion

The observation that first-order rate constants for
disappearance of methoxy protons of substrate, appear-
ance of methyl protons of methanol, and appearance
of the methoxy protons of product for the hydrolysis
of 2,2-dimethoxypropane, methyl ortho esters, and
methyl orthocarbonate in deuteriomethanol-deuterium
oxide solutions requires that carbonium ion formation
be the principal rate-determining step for each of these
reactions in dilute aqueous solutions. In the cases of
the ortho esters and orthocarbonate, this conclusion is
corroborated by the observation that rather little
exchange of methoxy functions of substrate with
deuteriomethoxy functions of solvent occurred in the
course of the hydrolysis, as evidenced by the product
compositions. The small disparities in rate constants
and modest degree of exchange that were observed are
quantitatively accounted for, within the limits of
experimental error of the determinations, by the assump-
tion that deuteriomethanol and deuterium oxide are
equally reactive, within a factor of two, toward the
carbonium ion intermediates. This assumption finds
positive support from the studies of 2,2-dimethoxy-
propane hydrolysis (see Results) and is in accord with
the relative reactivities of methanol and water toward,
for example, the #-butyl and benzhydryl carbonium
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Table IV. First-Order Rate Constants and Product Composition for the Hydrolysis of Methyl Orthocarbonate in

Deuteriomethanol-Deuterium Oxide Solutions at 25°¢

(CDaoD)/ korthucarbunate, kMeOH, kester,
Run (D:0O) Buffer min,~! min.™! min.~! Ry? Rpuce
1 1.0 0.006 M acetate, 509 base 8.3 X 10 7.4 X 1074 8.0 X 10 2.1 1.7
2 4.0 0.014 M formate, 50%; base 1.3 X 1073 1.1 X 108 1.1 X 1073 2.6 2.0

a Methyl orthocarbonate concentration, 0.375 M.
methyl protons of 0.4 M acetonitrile.
methyl protons of 0.4 M acetonitrile.

ions.?=% Thus, in solutions containing high concen-
trations of methanol, as those employed in these
studies, reaction of the carbonium ion with water is
partially rate determining. It follows directly that, for
the case of dilute aqueous solutions in which the con-
centration of methanol is small compared to that for
water throughout the course of the reaction, carbonium
ion formation will be largely rate determining. Our
results do not rigorously exclude a small contribution
of the rate of tetrahedral intermediate decomposition to
the over-all rate.

These conclusions are in accord with expectations
based on chemical arguments. In solutions contain-
ing little methanol, rate-determining reaction of the
carbonium ion with water is extremely unlikely since
this requires that methanol react with the carbonium
ion, regenerating starting material, more rapidly than
water reacts with the carbonium ion, yielding products.
Since the rate constants for reaction of methanol and
water are almost certainly about the same, the rare
for the latter reaction must be greater. A similar
argument suggests that decomposition of the tetra-
hedral intermediates is not rate determining. Since
the over-all equilibrium constant for interconversion of,
for example, methyl orthobenzoate and dimethyl ortho-
benzoate should be about unity, the latter would be
present in much greater concentration than the former,
were equilibrium established, due to the high concen-
tration of water relative to methanol. Since the
rate constants for the decomposition of these species
should be about equal (the dimethyl orthobenzoate
might actually be expected to decompose somewhat
more rapidly since a specific acid-general base catalyzed
reaction pathway is uniquely available to it), the rate
for dimethyl orthobenzoate decomposition should be
greater than the corresponding quantity for methyl
orthobenzoate.

The carbonium ions derived from ketals, ortho esters,
and orthocarbonates have been directly observed as
stable chemical species in anhydrous strongly acidic
media by Ramsey and Taft.28 In addition, Bender has
prepared (in solution) compounds closely related to
those proposed as intermediates in the hydrolysis of
ortho esters.?® Thus, the suggested intermediates for
the hydrolysis of the compounds under consideration
are largely known.

Rate-determining carbonium ion formation for the
hydrolysis of ketals, ortho esters, and orthocarbonates

(25) L. C. Bateman, E. D. Hughes, and C. K. Ingold, J. Chem. Soc.,
881 (1738).

(26) F. Spieth, W. C, Ruebsamen, and A. R. Olson, J. Am. Chem.
Soc., 76, 6253 (1954).

(27) N. T. Farinacci and L. P, Hammett, ibid., 59, 2542 (1937).

(28) B. G. Ramscy and R, W, Taft, Jr., personal communication.
(29) M. L. Bender, J. Am. Chem. Soc , 75, 5986 (1953).

Wenthe, Cordes | Hydrolysis of Ketals, Ortho Esters, and Orthocarbonates

b Ratio of integrated intensities at infinite time of the methyl protons of methanol to the
¢ Ratio of integrated intensities at infinite time of the methoxy protons of dimethyl carbonate to the

is consistent with and supported by all of the known
facts concerning these reactions as outlined in the
Introduction. One aspect of these reactions deserves
further comment. Naively, one might expect that the
reactivities of ketals, ortho esters, and orthocarbonates
should parallel carbonium ion stabilities. Second-
order rate constants collected for several of these
reactions suggest that this expectation is not fulfilled.? 3
Indeed, within a limited series of compounds just the
opposite appears to be true, alkyl ortho esters being
more reactive than aryl ortho esters which, in turn, are
more reactive than orthocarbonates. Several explana-
tions for this order of reactivity have been advanced,
each assuming that carbonium ion formation is rate
determining. DeWolfe and Jensen, noting that the
reactivities parallel the electron-donating power by
inductive effects alone of the substituent attached to the
ortho ester carbon, have suggested that the transition
state for these reactions is reached so early that only
inductive, and not resonance, effects are important in
affecting the stability of the transition state.® Al-
though this explanation cannot be rigorously ruled
out, the importance of hyperconjugation on the rate of
hydrolysis of aliphatic acetals and ketals!! and the large
Bronsted «-value for general acid catalysis of methyl
orthobenzoate hydrolysis!? suggest that the transition
states for these reactions partake of considerable car-
bonium ion character.

An alternative explanation has been advanced by
Hine on the basis of variation in starting material sta-
bilities.®® Arguing that double bond-no bond reso-
nance in the substrates, which is certainly lost in the
transition state to some extent, will be most important
for the orthocarbonate and least important for the alkyl
ortho ester, one has a factor which may offset the
reverse order of carbonium ion stabilities. This
argument is weakened somewhat by the lack of defini-
tive data as to the importance of double bond-no
bond resonance for compounds of this type.

A most interesting finding, which provides a more
direct explanation of the observed reactivities, is the
observation of Taft and his associates that, in the gas
phase at least, the stabilization energy of the cations do
not vary in the series CH;OC(CHj3),*, (CH;0),CHT,
(CH;0),CCH;*, and (CH;0);C*.3! These results were
based on appearance potential measurements for the
formation of these cations employing monoenergetic
electron beams. These results may not be directly
extrapolated to aqueous solution since differences in
solvation energies for the different carbonium ions may
be of some importance. Nevertheless, the suggestion

(30) J. Hine, ibid,, 85, 3239 (1963).,
(31) R. W. Taft, Jr., personal communication,
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is strong indeed that the stabilities of these cations will
not be greatly different in aqueous solution and, conse-
quently, one needs rather small effects to account for
the observed order of reactivities.
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The negative ion mass spectra of alkylbenzenes, sub-
stituted benzenes, aliphatic acids, esters, nitriles, and
ketones have been measured. The spectra are compared
with their positive ion counterparts and with other work
on negative ion mass spectrometry. The utility of this
type of mass spectrometry under the experimental
conditions used (20-70-e.v. electron energy) with re-
spect to molecular weight and structure determination is
considered to be only of limited value, at least as far as
the compounds under discussion are concerned.

Introduction

In the last few years studies involving positive ion
mass spectra have been applied to a great variety of
organic compounds.*® However, very little has been
published with respect to negative ion mass spectrom-
etry. There also appear to be discrepancies in the
published experimental results, which demonstrate
the need for further work. The most recent discussion
of this subject is by Melton,” who classifies the forma-
tion of negative ions by electron bombardment under
the following headings: (a) dissociative resonance
capture, AB 4+ e — A: 4 B~; (b) resonance capture,
AB 4 e — AB—; and(c)ion pair formation, AB + e —
AT 4+ B~ +e.

In mechanisms a and b negative ions are formed ex-
clusively by electron impact, whereas negative ion
production by mechanism ¢ may be induced by any
ionizing radiation, e.g., photons, « particles, etc., as

(1) For paper LXXII see A. M. Dufficld, H. Budzikiewicz, and C,
Djerassi, J. Am. Chem. Soc., 87, 2926 (1965).
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ter 4.

Received March 1, 1965

well as by electrons. Process a occurs when AB
captures an electron and undergoes an electronic
transition to give the negative ion B~ and the radical
A-. Process b is also initiated by electron capture.
When AB captures a low-energy electron (<1 e.v.),
an excited negative species AB*~ is formed. This
excited species may be stabilized by collision with a
neutral molecule or by radiation; otherwise the cap-
tured electron is expelled. Dissociation into A-
and B~ will occur if the captured electron has sufficient
energy to produce an electronic transition to a higher
energy than that of the dissociation energy. In the
generation of negative ions by process ¢ the molecule
after electron impact receives sufficient energy to dis-
sociate into A+ and B-, both of which may be in the
excited state.

Under the normal operating conditions (50-70 e.v.)
of a mass spectrometer, all three processes may occur.
As they are pressure dependent in different ways, the
relative intensities of negative ion mass spectra change
with sample pressure. A further complication is the
low yield of negative ions as compared with positive
ions, generally by a factor of 10° lower. In an attempt
to overcome these difficulties, Ardenne and his col-
laborators® have employed a gas discharge source
(argon, 10?2 mm.) with a sample partial pressure of
approximately 10-¢ mm. The low-energy electrons
created (2-4 e.v.) form negative ions by resonance cap-
ture (process b), which gives very little fragmentation.
However, the high over-all source pressure (10—3-10—2
mm.) can cause ion-molecule reactions. For alcohols,
species have been observed® corresponding to the com-
bination of an alcoholate anion and a neutral molecule.
This type of negative ion mass spectrometry has been
employed in the determination of the molecular weights
of steroids,!® and natural products in general,'! where
the general absence of extensive fragment ions has been
considered to be an advantage. However, recent

(8) M. v. Ardenne, Z. Angew. Phys., 11, 121 (1959).

(9) M. v. Ardenne, K. Steinfelder, and R. Tummler, Z. physik. Chem.
(Leipzig), 220, 105 (1962); 221, 240 (1963).

(10) M. v. Ardenne, K. Steinfelder, R. Tiimmler, and K. Schreiber,
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