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lation, 4.63 g (85%) of a mixture of 3-methyl-4-bromobutyl acetate
and 2-methyl-4-bromobutyl acetate in a ratio of 2.7:1. The propor-
tions of the isomers were obtained from the integrated intensities
of the NMR signals for the methylene protons of the acetate-bear-
ing carbons in the two compounds; ir (CHCl) 1730 cm~1; NMR
(CCly) 0.98 (d, 3 H, CHa, J = 6 Hz), 1.07 (d, 3 H, CH3, J = 7 Hz),
1.5-2.2 (m, 3 H, -CH and CCHC), 2.04 (s, 3 H, OCOCHjy), 3.35-
3.6 (t, 2 H, CH:CH,Br and d, 2 H, -CHCH;Br), 3.96 (d, 2 H,
-CHCH:0, J = 6 Hz), 4.12 ppm (t, 2 H, CH,CH30-, J = 7 Hz).

Anal. Caled for C;H;3BrOg: C, 40.21; H, 6.27; Br, 38.22. Found:
C, 40.31; H, 6.31; Br, 38.186.

Cleavage of 2,5-Dimethyltetrahydrofuran. A mixture of cis-
and trans-2,5-dimethylfuran (2.6 g, 26 mmol) under the standard
conditions afforded 5.22 g (88%) of the diasterecisomeric 2-methyl-
4-bromopentyl acetates: ir (CHCl3) 1730 ecm~}; NMR (CCly) 1.20
(d, 3 H, CH3CH-O, J = 6 Hz), 1.60-1.95 (m, 4 H, CHy), 1.69 (d, 3
H, CHsCHBy, J = 7 Hz), 2.00 (s, 3 H, CH3COs-), 4.13 (m, 1 H,
CHBr), 4.9 ppm (m, 1 H, -CHO).

Anal. Caled for CgH15BrOy: C, 43.07; H, 6.77; Br, 35.82. Found:
C, 43.10; H, 6.78; Br, 35.85.

Cleavage of Tetrahydropyran. Application of the usual condi-
tions with the exception of the reaction temperature, 85° in the
present case, to tetrahydropyran (2.53 ml, 26 mmol) yielded 3.32 ¢
(50%) of 5-bromopenty! acetate:'* '"H NMR (CCl,) 1.4-1.8 (m, 6 H,
CHy) 2.0 (s, 3 H, OCOCHy), 3.45 (t, 2 H, CHgBr, J = 6 Hz), 4.08
ppm (t, 2 H, CH20, J = 7THz).

Cleavage of Cyclohexene Oxide. The title compound (2.55 g,
26 mmol) after treatment with magnesium bromide-acetic anhy-
dride and subsequent distillation gave 4.58 g {80%) of trans-2-bro-

mocyclohexyl acetate:1* 'TH NMR (CCly) 1.15-2 (m, 8 H), 2.05 (s, 3

H), 3.87-4.16 (m, 1 H, CHBY), 4.74-5.0 ppm (m, 1 H, CHOAc).

cis=2,5-Dimethyltetrahydrofuran (eis-5). Distillation of com-
mercial 2,5-dimethyltetrahydrofuran at atmospheric pressure
through a Nester-Faust annular Teflon spinning band column op-
erating at a reflux ratio of 30:1 afforded cis-2,5-dimethyltetrahy-
drofuran: bp 90-91° (lit.15 90-91°); *H NMR (CCl,) 1.15 (d, 3 H,
CHj;, J = 6 Hz), 1.28-2.24 (m, 4 H, CHy), 3.81-4.41 (m, 2 H, CH);
13C NMR (CDCl;) 21.60 (CHjy), 33.38 (CHy), 75.36 ppm (CH).
Both GLC analysis on SE-30 silicone rubber and Carbowax 20M
and peak height measurements of the 13C NMR spectrum of the
cis compound indicated the presence of no more than 10% of the
trans isomer trans-2,5-dimethyltetrahydrofuran (trans-6).

trans-2,5-Dimethyltetrahydrofuran (trans-6). The higher
boiling fraction from spinning band distillation afforded the title
compound: bp 91-92° (1it.!5 92-94°); 'H NMR (CCly) 1.18 (d, 3 H,
CHs, J = 6 Hz), 1.28-2.41 (m, 4 H, CH»), 3.81-4.41 (m, 2 H, CH);
13C NMR (CDCly) 21.48 (CHj3), 34.31 (CHy), 74.55 ppm (CH).
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Cleavage and Reconstitution of the Isomeric 2,5-Dimethyl-
tetrahydrofurans, Each of the above isomers was subjected to the
cleavage conditions described previously. The distilled products
were analyzed on a Carbowax 20M column at a programmed tem-
peérature rate increase of 2°/min from an initial temperature of
110°. The retention time for threo-7 (from cis-5) was 10.3 min and
that for erythro-8 (from trans-6) was 11.5 min, Analysis of mix-
tures of the isomers indicated that 10% of one isomer was detect-
able in the presence of the other. The bromoacetate threo-7 (2.26
g, 10 mmol) was dissolved in 25 ml of ethylene glycol containing
0.7 g of potassium hydroxide. The solution was heated at 60° for 6
hr. Distillation through a Vigreaux column at 92° and atmospheric
pressure followed by separation of water and drying yielded cis-5
(0.44 g, 44%). Gas chromatographic and spectroscopic analysis as
described above indicated the presence of 10% or less of the trans
isomer. Application of the same procedure to erythro-8 (2.26 g, 10
mmol) afforded pure trans-6 (0.42 g, 42%).
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An unusual rate law has been observed for hydrolysis of several vinyl ethers in phosphate buffets in the pH
range 5.5-7.6. In addition to the expected terms in [H*] and [HoPO, "] alone, a term in [H*][H,PO4~| was also ob-
served. After determination of the pK’, of HaPOy (1.62 £ 0.06) in the 5% dioxane, u = 1.0 M (KCl), solvent sys-
tem used for the kinetics, and evaluation from a Brgnsted correlation of the contribution expected from HzPOq4
catalysis, it has been shown that the unusual rate law does not represent a new mechanism, but rather direct ob-
servation of HyPOQ, catalysis at pH values more than four units higher than its pK’s. The consequences of this

observation are listed.

In the study of the hydrolysis of vinyl ethers to their cor-
responding ketones, wel? and others® have shown repeat-
edly that these species undergo hydrolysis by the rate law

ky = ku[H*] + 3 kua,[HA/] (L

where ky is the observed, pseudo-first-order rate constant,
and HA; is a general acid catalyst. We were therefore rath-
er surprised when, while studying the hydrolysis of com-
pounds 1 and 2 in phosphate buffers,* we observed appar-
ent conformity to the rate law
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k\l, = kH[H+] + kH2po4(H2PO4_] <+ kH2p04,H[H+][H2PO4_]
(2)

The cross term in eq 2 in [HT] and [HoPO4~] is hitherto
unprecedented, and it presented the possibility that an un-
usual mechanism was operating in these hydrolyses which
had previously not been observed. Another explanation of
this term in eq 2 is that catalysis by undissociated H3PO4
was being observed at pH values more than four units
higher than its pK,. In this paper, we demonstrate that the
rate law of eq 2 is rigorously followed, and then resolve
these two kinetically equivalent possibilities, with the re-
sult that one may evaluate H3PO, catalysis in buffers of
HyPO,~—HPO,= in vinyl ether hydrolysis.

Results

The hydrolysis of all compounds was carried out in ei-
ther 5% ethanol, 25° (1 and 2), or 5% dioxane, 29.9° (3 and
4), with the ionic strength maintained at 1.0 M with KCL;

R,
OCH;
CH, ‘
| Ce
R. c—ocH, “USNch,
/
CH, X
L, R, = CHy; R, = CO,~ 3X=H
2, R1 = CO:—§ Rg =H 4, X = QCH,

excellent pseudo-first-order kinetics were observed. In
Table I are summarized the hydrolysis data for these com-
pounds. As we have observed before, plots of the observed
pseudo-first-order rate constant, ky, vs. total phosphate,
[Pr], at a constant pH were strictly linear over the concen-
tration range examined (0.05-0.20 M). Because of the
strong buffer catalysis, the intercepts of such plots, which
are extrapolated quantities, are a very small fraction of the
observed rate constants, and the percent error in these in-
tercepts is therefore quite large. We shall, however, make
no use of these intercepts in this work. The slopes of such
plots are the quantities of interest here, and they are deter-
mined with excellent precision. For a single acid, eq 1 may
be rewritten

ky = ku[H*] + kuafualPrl (3)

in which fua is the fraction of the buffer in the acid fogm. If
% cat is the observed slope of the ky vs. [P} plot, then kcq is
given by

Reat = kuafua 4)

and a plot of Eeat vs. fua should be linear through the ori-
gin. It is clear from Figure 1 that this behavior is not ob-
served for compounds 1-4 when HA = HyPO,~, Although
the plots appear to emanate from the origin, evidently sig-
nificant positive deviations from linearity are observed at
fra > 0.5. In contrast, we have previously shown that eq 4
is followed by a-methoxystyrenes when the catalyzing acid
is monprotic.2 The data in Figure 1 may be fit, however by
the equation

]:"'cat = (kH2PO4 + kH2P04,H [H+] )fHA (5)

with the parameters given in Table II; this equation is
equivalent to eq 2. It should be noted that fitting the data
in Figure 1 with a simple linear equation gives a severely
deteriorated correlation with a substantially negative inter-
cept at fua = 0; such an intercept is physically meaningless
since it has been shown that hydrolysis of these vinyl
ethers is not accompanied by a salt effect? over the range of
buffer concentrations used in this work.
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TableI
Summary of Hydrolysis Data for Vinyl Ethers 1-47

PH fual % ate? 41 min™? 2y € min~1
f 0

Hydrolysis of 1, Phosphate Buffers?

5.49  0.932 10.2 + 0.9 2.48 + 0.01
5,78  0.876 10.0 £ 0.1 1.46 £ 0.01
6.08  0.780 8.15 = 0.44 (7.50 + 0.66) x 107!
6.30 0.681 6.26 + 0.16 (5.96 + 0.20) x 107!
6.44  0.608 5.33 + 0.61 (4.69 + 0.78) x 10"
6.63  0.500 4,61 +0.19 (2.87 + 0.19) x 107!
6.83  0.387 3.43 + 0.26 (1.97 + 0.28) x 107!
7.05 0275 2.11 + 0.14 (1.43 + 0.13) x 10!
7.37  0.154 1.37 + 0.06 (5.44 + 0.49) x 107!
7.70  0.078 0.810 + 0.048  (2.01 = 0.34) x 107
Hydrolysis of 2, Phosphate Buffers?
5.37 0.948 7.20 + 0.60 (3.65 = 0.80) x 1071
5.43  0.941 7.50 + 0,06 (2.41 £ 0,05) x 107!
5.59  0.916 6.48 + 0.06 (1.91 = 0.05) x 107!
5.76  0.881 5.83 + 0.04 (1.30 = 0.05) x 10!
6.06  0.788 4,39 + 0.16 (9.72 + 0,24) x 1072
6.32 0.671 3.49 + 0,13 (7.20 + 0.24) x 1072
6.47  0.591 2.86 = 0.07 (6.36 = 0.84) x 102
8.65  0.489 2.38 = 0,02 (4.61 £ 0.27) x 107
6.83  0.387 1.88 = 0.06 (2.70 = 0.08) x 1072
7.01  0.294 1.42 = 0.01 (1.87 + 0.02) x 1072
7.32  0.170 0.888 + 0.006 (5.72 + 0.99) x 1072
7.51  0.119 0.618 = 0.008 (2.39 + 0.01) x 1078
Hydrolysis of 3, Phosphate Buffers®
5.54  0.900 1.74 % 0.18 (1.49 +1.24) x 1072
5.94  0.800 1.30 + 0.02 {9.30 £ 1.16) x 10"
6.24  0.700 1.07 £ 0.07 {5.70 = 4.81) x 107
6.49  0.600 (8.02 + 0.48) x 107! (4.18 = 2.04) x 1073
6.61 0500 (7,10 +0.19) x 10"! (3.60 £ 1.29) x 1073
6.82  0.400 (5.14 £ 0.12) x 10°! (2.95 = 0.81) x 1078
7.02  0.300 (3.75 = 0.14) x 10°! (2.45 = 0.96) % 1073
7.30  0.200 {2.59 +0.01) x 10°! (4.03 £ 0.93) x 107
7.63  0.100 {(1.28 =0.01) x10°! (5.00 + 9.96) X 1075
Hydrolysis of 3, Qther Buffers®
Acetate,
4,70  0.500 4,27 £ 0.08 (2.01 = 0.10) x 107
Formate,
3.62  0.500 80.1 £ 4.4 1.72 = 0.15
Hydrolysis of 4, Phosphate Buffers®
5.54 0,900 20.1 = 2.8 (3.11 £ 1.,93) x 107!
5.94  0.800 179 1.0 (1.08 + 0.66) x 107!
6.24  0.700 145 £ 0.7 (7.75 + 5.,18) x 10!
6.49  0.600 12.2 + 0.2 (6.20 +1.30) x 107!
6.61  0.500 9.39 + 0.36 (4.73 = 2.44) x 107!
6.82  0.400 7.65 £ 0.11 (2.34 + 0.78) X 1072
7.02  0.300 4,86 + 0.18 (4.90 = 1.26) x 107
7.30  0.200 3.39 + 0.16 (7.09 +10.9) x 1072
7.63 0,100 1.77 + 0.03 (5.85 = 1.94) x 103

@ Equation 3. ? Equation 4. ¢k = ky[H*]; eq 1, 2, or 3. The
values of ko are generally of very low precision, especially at the
higher pH values. This fact is due to the very strong buffer cataly-
sis, which means that ko, an extrapolated number, is a very small
percent of the values of &y actually observed, whereas the error in
ko is of the same order as the errors in ky. ¢ 25°, 5% ethanol, x =
1.0 M (KC1). € 29.9°, 5% dioxane, u = 1.0 M (KCl). / In each case,
the parameters kca: and ko (see note ¢) were determined by a plot
of ky vs. [Pr] at constant pH, varying the value of [P-] from 0.05 to
0.20 M. The concentrations of the individual buffer species HoPO4-
and HPO42~ can be calculated from the mass action law and the
pKa' of HoPO4—.
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Figure 1. Slopes of buffer plots (eq 5) plotted vs. the fraction of
the buffer in the HoPO,~ form. The points are experimental, and
the lines are calculated from eq 5 and the parameters in Table IL
The parameters were determined by a weighted, nonlinear least-
squares fit of the points using eq 5.

Table I1
Parameters of Equation 5 for Hydrolysis of
Vinyl Ethers 1-4

=1

Compd kH2p04, 1 min”t kH2P04,H' ! min

1 (1.44 = 0.06) x 10 (1.14 £ 0.17) x 10*

2 (7.58 + 0.20) x 1072 (1.57 + 0.08) x 10*

3 1.33 + 0.04 (2.53 = 0.47) x 10°

4 ~18.6 £ 0.6 (2.62 £ 1.00) x 10°
%1 and 2 in 5% ethanol, u = 1.0 M (KCl); 3 and 4 in 5% dioxane,

u=10M(KCl).

To evaluate the possible contribution of catalysis by
H3PO, it was necessary to determine its operational pK, in
the solvent systems used here. Whereas operational pK,
values may be determined for weak acids by half-neutral-
ization, this procedure is not satisfactory for stronger acids
because of “buffer failure”.? For H3PO,, we used a variant
of the Ostwald dilution procedure, as follows, to determine
the pK, of H3POy in the 5% dioxane, u = 1.0 M (KCl), sys-
tem. When an acid HA is present in solution at My mol/l.
stoichiometric concentration, the mass action law becomes

2
K, = <_—.__x > <7H_7A> 6
* \Mo—x/ \ yua ©)
where x/Mj is the degree of dissociation of the acid, and v;
is the activity coefficient of species i referred to 1 M infi-
nitely dilute solution in the 5% dioxane, u = 1.0 M solvent
system used for the kinetics. In logarithmic form, recogniz-
ing that x = [H*], we have
p[H*] = pK’a/2 — Y% log (Mo — [H*]) + Y log %Q (7
We have previously determined the relationship in this sol-
vent system between pH meter reading and p[H*], namely,
that the two are by coincidence equal;! thus, we have a
method for determining [H*]. A plot of pH vs. —log (Mo —
[H*]) should have slope 0.5 and intercept %pK’, + klog
(vHYA/YHA). If we assume that HA makes a small pertur-
bation in the nature of the medium (e.g., the change in
ionic strength over the entire range of H3PO4 concentration
used was found to be about 4%), then the activity coeffi-
cient term may be ignored. The linearity and slope of a plot
of the data according to eq 7 are tests of this assumption, or
of the less restrictive but operationally equivalent assump-
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- log (Me=[H"]
Figure 2. Dilution plot for determination of the pK’s of H3POy in
5% dioxane, u = 1.0 M (KCl). The error bars are standard devia-
tions in log (Mo — [H*]), assuming a constant data. error of 0.03 in

pH. The line is calculated for a slope of 0.49 and intercept of pK’,/
2 = (.81, determined by a weighted least-squares fit of the data.

tion that variations in the various activity coefficients are
self-compensating. This is, of course, the advantage of
using a high ionic strength medium: contributions of buffer
components at low concentration cause only a negligible
change in the nature of the solvent. Figure 2 is a dilution
plot constructed from eq 7; the slope is 0.49 £ 0.01, at the
theoretical prediction; the intercept of 0.81 # 0.03 trans-
lates into a pK’, of 1.62 % 0.06 for HaPQ, in the 5% dioxane
solvent system. '

Discussion

It is clear from Figure 1 that the observation of the rate
law of eq 2 for vinyl ether hydrolysis, first observed for 1
and 2, is not unique to a particular structure, and is proba-
bly general for this reaction. The curves presented in Fig-
ure 1, which were adequately reproduced by eq 2 or 5, may
equally well be represented by eq 8.

ky = ku[H*] + ku,po,[HePOs™] + Ru,po J/HsPOL] (8)

The equivalency between the two expressions is given by
the relation

kH.Po,HK HsP0, = kPO, )]

in which K'y,po, is the dissociation constant of H3POy de-
termined above. In deciding between the two kinetically
equivalent alternatives of eq 2 and 8, we were required to
have a reasonable estimate of what to expect for catalysis
by HsPOy. A direct measurement of ky,po, is precluded by
the fact that the observed rate constants at pH values such
that [HsPOQy4] would be present in measurable concentra-
tion would be immeasurably fast (ca. 103 min~!) by the
method used here. A Br¢nsted o determined for a-me-
thoxystyrene hydrolysis is 0.62 (acetate and formate buff-
ers); this value differs from that previously given? because
the previous value of 0.46 was based on the difference be-
tween acetate and phosphate; in fact, HoPO4™ catalysis is
faster by nearly a factor of 10 than that predicted from
Brgnsted plots of carboxylate buffers, in accord with Kres-
ge’s® and our* observation of positive electrostatic assis-
tance of vinyl ether hydrolysis by negatively charged acids.
Kresge and coworkers® have found that the hydrolysis of
ethyl cyclopentenyl ether and ethyl isopropenyl ether, two
vinyl ethers only slightly less reactive than a-methoxystyr-

-ene, shows a = 0.63 £ 0.03 and 0.64 & 0.04, respectively, for .

catalysis by carboxylic acids, in excellent agreement with



Oxidation of Terminal Olefins to Methyl Ketones

the value of 0.62 found above. Extrapolation of the Br¢nst-
ed correlation (with statistical corrections) to the pK’, of
H,PO,, determined as discussed in the Results section,
gives an expected value for ky,po, of 1.07 X 103 M~ min~1;
the observed value (Table II, eq 9) is 6.25 X 103 M~1 min—!,
a factor of 5.8 larger than predicted. Since it has been
shown by direct measurement of ky,po, for ethyl vinyl
ether that this catalytic constant lies about 0.5 log unit (a
factor of 3) above the Br¢nsted prediction based on car-
boxylate buffers, our observed ku,po, is thus within a fac-
tor of 2 of the expected value. The significance of the re-
maining difference is questionable in view of the assump-
tions and approximations made in this and other® work.
The calculated values of ku,po, for 1, 2, and 4 show similar
agreement with observed values when we assume that the
pK’, of H3POy in the 5% ethanol, u = 1.0 M (KCl) system is
the same as that in the dioxane system. This last assump-
tion is quite reasonable, since a number of acids of diverse
types show such an identity in pK’, in the two solvents.
Several conclusions result from this work. (1) Kresge’s
caution,38 that one should construct Br¢nsted plots from
the same type of catalysts, is further underscored. (2)
H;PO, is confirmed to be an unusually active catalyst in
vinyl ether hydrolysis, and probably in similar reactions as
well. (3) Catalytic constants determined for components of
polyprotic acids should be based on an exploration of the
full range of pH covered by the buffer, because (4) strong
acids, even if present in miniscule amounts, may have de-
tectable catalytic activity. (5) In favorable cases such as
this, catalytic constants for the stronger acids in a polypro-
tic array may be evaluated without direct measurement at
pH values at which the strong acid dominates, at which the
reaction under consideration may be too fast to measure,
and at which buffer failure leads to troublesome complica-
tions in measuring buffer catalysis. (6) Finally, effects simi-
lar to those observed here might be anticipated for poly-
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basic amines in reactions during which negative charge is
present in the rate-determining step.

Experimental Section

The synthesis of all compounds, product analyses, and kinetic
methods have been previously described.!*

To determine the pK’s of H3PQy, standard 0.1 M phosphoric
acid was established by potentiometric titration with standard
KOH. Known molarities, My, of H3PO4 were formulated in the 5%
dioxane, u = 1.0 M (KCl) solvent system, and the pH was det.er-
mined on a Radiometer Model 26 instrument using a combination
electrode standardized at several pH values. The hydrogen ion
concentration was determined from the pH meter reading (see Re-
sults section for a justification of this procedure) and a dilution
plot, Figure 2, constructed according to eq 7. A weighted, linear
least-squares analysis’ was carried out to obtain the parameters of
fit.
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The oxidation of terminal olefins by Jones reagent in the presence of a catalytic quantity of mercury(II) affords
good yields (>70%) of the corresponding methyl ketones. Similar oxidations of 1,2-disubstituted olefins gives fair
(20-70%) yields; in the case of unsymmetrically substituted olefins, mixtures of ketones are produced.

The Wacker process for oxidation of olefins to ketones
has three mechanistically distinct parts:3 first, activation of
the olefinic double bond toward nucleophilic attack by
coordination with Pd(II) and addition of a hydroxide moi-
ety to this electrophilic double bond; second, conversion of
the resulting 2-hydroxyethylpalladium(II) compound . to
ketone and a (formally) Pd(0) atom by a series of palladi-
um(II) hydride addition-eliminations involving vinylic al-
cohol intermediates; third, reoxidation of the palladium(0)
to palladium(II) by copper(II). Wacker oxidation is an ex-
tremely useful and general reaction. It is, nonetheless,
worthwhile to try to develop procedures for oxidizing ole-
fins that use as catalysts metals less expensive than palla-
dium, and which involve reactions (and possibly generate

products) different from those of the Wacker oxidation.
Mercury(Il) is an obvious candidate for the catalyst for
new oxidation reactions: it resembles palladium(II) in its
ability to activate olefins for nucleophilic attack,* but dif-
fers in that decomposition of the oxymercuration products
normally generates cations by loss of mercury(0) rather
than olefins by loss of mercury hydride.’ Unfortunately,
neither we nor others® have been able to discover a satisfac-
tory solution to the principal problem in developing a mer-
cury(II)-catalyzed analog of the Wacker oxidation: viz., an
efficient regeneration of mercury(II) from mercury(0). In
the absence of a solution to this problem, there are, how-
ever, ways of involving mercury(Il) in catalytic oxidation of
olefins other than in a direct analog of a Wacker oxidation.



