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KINETIC STUDIES ON THE ACID-CATALYZED
PUMMERER REACTION OF
a-(METHYLSULFINYL)ACETOPHENONES'

NORIO KUNIEDA,* YOICHI FUJIIWARA, AKIRA SUZUKI and
MASAYOSHI KINOSHITA

Department of Applied Chemistry, Faculty of Engineering, Osaka City
University, Sumiyoshi-ku, Osaka, Japan 558

( Received December 12, 1982; in final form May 27, 1983)

The kinetic behavior of the acid-catalyzed Pummerer reaction of a-(methylsulfinyl)acetophenones in
dilute hydrochloric acid has been studied in detail. The kinetic data were analyzed in the light of
correlations between the reaction rates and acidity functions, activation parameters, solvent isotope
effects, polar effects of substituents, etc. Moreover, '*O-tracer experiments were also carried out using
acid media containing H,'*O. Based on these observations, a plausible mechanism for this reaction has
been discussed.

INTRODUCTION

In the last decades, Pummerer reactions have been extensively investigated with keen
interest in an effort to make use of the unique nature of this reaction in organic
syntheses.! Previously, Russell et al. have reported that B-keto sulfoxides, which have
an acidic methylene group, readily undergo the acid-catalyzed Pummerer reaction
under mild conditions, affording the corresponding hemimercaptals of glyoxals in
satisfactory yields.? During the course of our research concerned with the stereo-
chemistry of B-keto sulfoxides,’ we considered that the acid-catalyzed Pummerer
reaction of optically active B-keto sulfoxides might provide the corresponding
optically active hemimercaptals of glyoxals, supposing the reaction may take place
through the intramolecular transformation of the hydroxyl group. However, at-
tempts to synthesize optically active hemimercaptals of glyoxals by this method were
unsuccessful.* This finding has allowed us to attempt kinetic investigations of the
acid-catalyzed Pummerer reaction of fB-keto sulfoxides in order to clarify the
mechanistic features of the reaction in more detail. We have now compiled substan-
tial amounts of kinetic data on the reaction of substituted a-(methylsulfinyl)-
acetophenones (1) in dilute hydrochloric acid (1.40-3.46 M) and hence wish to
advance a plausible mechanism for the reaction.

TPart of this work was presented as a preliminary communication: N. Kunieda, Y. Fujiwara and M.
Kinoshita, 37th Annual Meeting of the Chemical Society of Japan, April 1978, Abstr. No. 3B40.
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RESULTS AND DISCUSSION

The a-(methylsulfinyl)acetophenones (la-1f) were prepared by treating methyl-
sulfinyl carbanion with the corresponding meta- or para-substituted ethyl benzoate
according to the method developed by Russell et al.?®% and by Corey et al.’ Careful
kinetic experiments were conducted on the rates of the acid-catalyzed Pummerer
reaction in hydrochloric acid of various concentrations ranging from 1.40 M to 3.46
M using a UV spectrophotometric method. Further, under the present reaction
conditions, 1 was found to afford the corresponding methyl hemimercaptal of
glyoxal (2) almost quantitatively, in a fashion analogous to the reaction reported by

Russell et al.?*%

CH3- ; cnz-c-csm‘-n ——> CHy=S-CH-C-CgH,-R

OH O
2
1 and 2
ar R = p-CHBO d: R=H
: R = p-CHjy e: R = p-Cl
+ R = m-CHq f: R =m-C1

The reaction followed pseudo-first-order kinetics and the rates increased with
increase of the acid concentration (see Experimental).

The dependence of the rates of 1d was first evaluated on the acidity of the media,
i.e., the slopes obtained by plotting log k,, vs. loglH*] or H,.,° the Bunnett
w-value’ obtained by plotting (log k,, + H,) vs. logay o, and the Bunnett-Olsen
¢-parameter® obtained by plotting (log ko, + H;) vs. ( H0 + log{H™]). Previously, it
was found by Landini et al.® and by us' that the H, function developed by Yates et
al.'''? satisfactorily represented the protonation behaviors of sulfoxides. Therefore,
we have used the H, function for the present treatments.

As shown in Figure 1, the plot of log &, values' for 1d were found to be linear
with log[H"], and the slope was nearly one (0.92, correlation coefficient r = 0.996),
whereas the slope of the plots of log k. values vs. Hy did not become unity
(slope = 0.46).

Next we determined that the Bunnett w-value for 1d was 6.70 (r = 0.995), as
shown in Figure 2. This value can be classified strictly into the class w > 3.3 of the
criterion, and it thereby indicates that the reaction proceeds through a route in
which water participates as the proton-transfer agent in the rate-determining step.’
Furthermore, the plot of (log k,, + H,) against (H, + log[H"]), illustrated in
Figure 3, gave a linear slope. The ¢ value for 1d was 1.10 (r = 0.997). According to

S

¥Considering the pKp;* values of dimethyl sulfoxide and aryl methyl sulfoxides,* " a-

(methylsulfinyacetophenones (1) are assumed to be protonated almost completely. Consequently, the
rate constant (k) as a function of protonated 1 (CH3 S(—OH) CH,—CO— C(,H,,—R) which is
calculated by the equation (k, = ko (ho™ + Ksu)/ho™)'*>* is uscful. However, the pK gy * value of
1d has not yet been determined. We have, therefore, used the & 5, value without correction in this paper.
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FIGURE 1 The rate constants for 1d plotted against log[HCI]. 1d = 6.00 x 1075 M, at 25°C.
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FIGURE 2 Bunnett plots for the reaction of 1d. 1d = 6.00 x 107> M, at 25°C.
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FIGURE 3 The free-energy relationship for the reaction of 1d. 1d = 6.00 X 1075 M, at 25°C.

the Bunnett-Olsen free-energy relationship,® this value corresponds to the class
¢ > (.56 for water acting as the proton-transfer agent.

The dependence of the rates on the acidities of the acid media (i.e., large w and
¢ values) shows that the reaction proceeds through a route in which water acts as
the proton-transfer agent in the rate-determining step. In order to confirm
these mechanistic inferences, we also observed the solvent isotope effect for the
reaction. Initially, we conducted the Kkinetics using 1d and 1d-d
(CH,—S0—CD,—CO—C,H;) in HCI—H,0 media in order to determine the role
of water in regard to the active a-hydrogen of 1d in the rate-determining step. It is
noteworthy that the rate for 1d was found to be exactly equal to that for 1d-d (see
Table I). This fact seems to suggest that, in this case, the rate of the H—D exchange
reaction arising from the acid-catalyzed keto—enol equilibrium is much faster than

TABLEI

Solvent isotope effect of deuteriohydrochloric acid on the reaction rate®

Starting 1 Acid medium® kops X 10° (sec™ ) ku,0/kD,0
1d DCl—D,0 9.06 + 0.22
1d HCI—H,0 25.6 + 0.7
1d-d¢ DCl—D,0 9.15 + 039 2
1d-d¢ HCl—H,0 25.0 + 0.8

a1; 6.28 X 107° M, at 30°C.
bAcid concentration; 2.33 M.
“CH,—SO0—CD,—CO—C,H;.
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that of the Pummerer reaction of 1d. Specifically, the rapid enolization step might
well precede the rate-determining step of the reaction. We accordingly observed the
solvent isotope effect for the reactions of 1d in ordinary HCl—H,O media and 1d-d
in DCI—D,0 media. The value of the ratio of the rate (ky,o/kp,0), i.€., the ratio of
the rate 1d-d in DCI—D,0 media to that of 1d in HCI—H,O media, is listed in
Table 1. By considering the fact that the nucleophilicity of D,0 is larger than that of
H,0," the solvent isotope effect observed (ky,0/kp,0 = 2.8) is rather large.

Since it has been known that sulfoxides are practically completely protonated in
acid media of moderate concentration,”'*'? a-(methylsulfinyl)acetophenones are
considered to be protonated almost completely in the range of hydrochloric acid
used here [CH;— *S(—OH)—CH,—CO—C,H ,—R].

On the basis of these findings, as well as the results reported by Russell ef al., a
plausible mechanism, which includes the rate-determining proton transfer by water,
may be illustrated by Scheme 1. In this reaction, the enolization and the Pummerer
reaction are considered to take place competitively. That is, the initial step of the
reaction begins with the rapid protonation equilibrium (Eq. 2), followed by the
enolization step (Eq. 3) and then the subsequent rate-determining step to form an
intermediate (I) (Eq. 4). Equation 5 shows a rapid nucleophilic attack of water on
the a-carbon atom of I to produce 2.

Generally, the acid-catalyzed enolization of ketones is considered to proceed
through rapid protonation at the carbonyl oxygen and then slow proton transfer of
the a-hydrogen to water.'” Of course, in this reaction, the path 3 may be the
rate-determining step for the enolization of 1, in a fashion analogous to the case of
ordinary ketones. However, the acidity of B-keto sulfoxides is known to be much
stronger than that of ordinary ketones,'® and actually the H—D exchange reaction
of 1 is very fast as described above. Therefore, we tentatively conclude that the
enolization path (Eq. 3) may be regarded as a much faster step in comparison with
the rate-determining path (Eq. 4), although further kinetic investigation is necessary
to obtain detailed mechanistic evidence for the enolization of 1. The rate-determin-
ing step (Eq. 4) involving the proton transfer of the enol hydrogen to water and the
protonation at the sulfoxide oxygen to produce the intermediate 1 is quite reason-
able, on the basis of the linear relationship between log &, vs. log[H*], the large
w-value and ¢-parameter, and the large solvent isotope effect. The intermediate 1
resembles in part the intermediate proposed for the rearrangement of pyrimidothia-
zine-5-oxide.'®

The energies and entropies of activation, E, and AS*, were estimated for the
reactions of 1d in 2.47 M acid and in 2.88 M acid. The E, values were 21.4 kcal /mol
(in 2.47 M acid) and 21.5 kcal /mol (in 2.88 M acid), and the AS* values were — 6.6
e.u. (in 2.47 M acid, 25°C) and —6.1 e.u. (in 2.88 M acid, 25°C).

Figure 4 illustrates the polar effects of substituents on the rates for the reactions
of a series of substituted a-(methylsulfinyl)acetophenones (la—f). The electron-
withdrawing substituents on the aromatic ring increase the reaction rate, and
log kg /ky values are nicely correlated with Hammett’s o-values and give a positive
p-value (p = +0.22). The activation parameters and the positive p-value are con-
sistent with the mechanism involving the rate-determining route of Eq. 4. Finally,
when the reaction proceeds through the pathway of Egs. 1-5, the oxygen of water
will be incorporated into 2 via path 5. In order to provide evidence as to the
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fast
CHB-Z-CHZ-EIJ—AI‘ + Hy0t /= CH3—+IS-CH2--Ar + H0 (1)
OH 0
1
+ + fast + +
CH3—S-CH2-(i‘,-Ar + HBO _— CHB-—?-CH2— (‘)-Ar + H,0 (2)
H 0 OH OH
. . fast + .
CH3—S—CH2-(lI-Ar + H,0 T—= CHB-—?-CH=(ID—AI‘ + Hq0 (3)
OH OH OH OH
. + slow .
CHa— S=CH== C-Ar + Hs0 + Hq0  T——= | CH,=~ S=CH=C-Ar
3 I 2 S 3¢l g 1
OH OH + H,_,OH Olg s+
AN AN
H H H H
— (CH.-*S=CH-C-Ar ¢ CHy-S—F CH-C-AT) + 2H,0 + H,0" (4)
A 3 Il 3 i 2 3
0
I
fast +
I + 28,0 T/ CH3-S-CH-C-Ar  + H40 (5)
OH O
2
(Ar = C6Hh-R)
SCHEME 1

0.2 k
a} m-Ci
N 3 o-
2 —0 H p-Cl
8 _—0
B P=CHgq
-0.2}
1 i 1 1 1
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FIGURE 4 The effect of substituents on the rate of the reaction of la—f. 1= 6.00 X 107° M,

[HCl) = 247 M, at 25°C.
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incorporation of oxygen, '*O-tracer experiments were carried out using acid media
containing H,'80 (1.50 atom%-'0). When 1d was treated in an acid medium, 2.0 N
HCl—H,'80/dioxane, for 10 h, the '®O-concentration of 2d obtained was 1.16
atom%-'80. Assuming that the ‘*O atom is incorporated only in the hydroxyl group
of 2d from H,'®0, the '*O-concentration observed is slightly large (the value for
100%-incorporation can be calculated to be 0.85 atom%-'80; see Experimental).
This is attributed to the fact that the incorporation of '*0 into the starting 1d
and/or the resulting 2d takes place competitively during the reaction. Actually,
ketones, alcohols,'™ and sulfoxides'™ are known to undergo the oxygen-exchange
reaction in acid media. When 1d was treated in HCl—H,'*O /dioxane for 2 h, the
180-concentration of 1d recovered was 0.33 atom%-'®0. However, when 2d was
treated in HC1—H, 'O /dioxane for 5 h, the recovered 2d contained 0.40 atom%-'80
(see Experimental). From the resuits of these control experiments, most of the
"8 O-content of 2d is considered to be derived by the incorporation of 80 into the
hydroxyl oxygen from H,'3O via path 5.

In summary, based on these observations, the mechanism shown in Scheme 1 in
which water acts as the proton-transfer agent in the rate-determining step is most
plausible for the acid-catalyzed Pummerer reaction of 1 in hydrochloric acid.

EXPERIMENTAL

General. The UV spectra were measured with a Jasco UVIDEC 2 type spectrophotometer. The NMR
spectra were determined with a Hitachi-Perkin-Elmer R20 or Jeol PS-100 spectrometer; the chemical
shifts are reported in & units, using tetramethylsilane as the internal reference. The melting points were
taken in a Yanako MP apparatus and are uncorrected.

Materials

Substituted a-( methylsulfinyl)acetophenones (1a—f) were prepared by treating meta- or para-substituted
ethyl benzoates with methylsulfinyl carbanion in dry tetrahydrofuran (THF), according to the published
method.?2¢5 Satisfactory NMR and elemental analytical data were obtained for all the resulting
a-(methylsulfinyl)acetophenones as follows:

1a (R = p-CH,0); mp 103°C (lit,** 101-102°C). NMR (CDCl;): § 2.78 (s, 3 H, CH;), 439 (q,J = 14
Hz, 2 H, —CH,—), 3.92 (s, 3 H, —OCH,;), 7.52 (q, 4 H, aromatic). Anal. Found: C, 56.36; H, 5.42%.
Calcd for C,,H,S0;: C, 56.58; H, 5.70%.

1b (R = p-CH;); mp 107°C (lit,* 106-107°C). NMR (CDCl,): & 2.50 (s, 3 H, p-CH,), 2.82 (s, 3 H,
CH,;), 445 (q. J = 14 Hz, 2 H, —CH,—), 7.47-8.05 (m, 4 H, aromatic). Anal. Found: C, 61.00; H,
6.10%. Caled for CyH,,50,: C, 61.20; H, 6.16%.

1c (R = m-CH;); mp 68.5°C. NMR (CDCl;): & 2.42 (s, 3 H, m-CHj;), 2.76 (s, 3 H, CH,;), 4.39 (q,

= 14 Hz, 2 H, —CH,—), 7.37-7.81 (m, 4 H, aromatic). Anal. Found: C, 61.10; H, 5.85%. Calcd for
C,,H,,80,: C, 61.20; H, 6.16%.

1d (R = H) mp 86°C (lit,”® 85-86°C). NMR (CDCl,): § 2.83 (s, 3 H, CH,), 4.46 (q,/ = 14 Hz, 2 H,
—CH,—), 7.50-8.25 (m, 5 H, aromatic). Anal. Found: C, 59.20; H, 5.43%. Calcd for CoH,,SO,: C,
59.32; H, 5.53%.

le (R = p-Cl); mp 118°C. NMR (CDCl;): § 2.81 (s, 3 H, CH;), 441 (q,J = 18 Hz, 2 H, —CH,—),
7.77 (q. 4 H, aromatic). Anal. Found: C, 49.60; H, 4.00%. Calcd for CoH,SO,CIL: C, 49.89; H, 4.19%.

if (R = m-Cl); mp 98°C. NMR (CDCl,): § 2.80 (s, 3 H, CH;), 4.40 (s, 2 H, ——CH,—), 7.50-8.02 (m, 4
H, aromatic). Anal. Found: C, 49.70; H, 4.13%. Calcd for C4HySO,Cl: C, 49.89; H, 4.19%.

Deuterio-a-( methylsulfinyl) acetophenone (CH;—SO—CD,—CO—C¢H)(1d-d) was prepared according
to the following procedure. A 50 ml round-bottomed flask containing a magnetic stirring bar was
equipped with a rubber septum and a nitrogen inlet tube. After flushing with dry nitrogen, 10 ml of dry
THF, Id (1 mmol), and 1| mt of 1 mmol/ml solution of ethylmagnesium bromide in ether were injected
successively through the septum vig syringe into the flask at 0°C, and the solution was stirred for 15 min.
D,0 (2 ml) was then added via syringe to the solution. The reaction mixture was extracted with
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chloroform (3 X 30 ml). The chloroform layer was dried (Na,SO,) and evaporated under a vacuum. The
recrystallization of the crude product from ethyl acctate yielded the corresponding analytically pure 1d-d
in a 60% yield; mp 86°C. NMR (CDCl,): 8 2.80 (s, 3 H, CHj), 7.50-8.20 (m, 5 H, aromatic).

Hydrochloric ucid. The concentration was determined by titration with a standard alkali solution. The
H, values of the media were obtained by interpolation from a graph of the data of Yates et al.'® The H,
values used here are the data evaluated by Paul and Long.%® DCl—D,O solutions were prepared from
MERCK DCI (min. 99%-d) by dilution with D,O (min. 99.75%-d). The activity of water, logay, . of the
acid media was the value interpolated from the table of Bunnett.?

Product Analysis and Kinetic Procedures. A solution of 1d (6.0 X 107 >M) (prepared from I ml of a 27.3
mg/ml solution of 1d in ethanol and 24 ml of 2.33 M hydrochloric acid) was stirred for 24 h at 30°C. The
reaction mixture was extracted with chloroform (3 X 30 ml), and the chloroform layer was dricd
(Na,SOy) and evaporated in vacuo. The NMR spectrum (CDCl;) of the resulting product exhibited
signals at 2.00, 4.36, and 6.14 ppm due to —SCH,, —OH, and —CH— protons of methyl hemimercaptal
of phenylglyoxal (2d), respectively. The formation of by-products, such as thiophenol and phenylglyoxal,
was not detected.*

Kinetic experiments were carried out with a UV spectrophotometer with a thermostated cell compart-
ment. Reactions were followed by continuous observation of the decrease in absorbance at the following
wavelengths: 1a, 280 nm; 1b, 253 nm; le, 253 nm; 1d, 253 nm; le, 246 nm; 1f, 253 nm. In the typical
procedure, 0.16 ml of an 1.5 X 1073M stock solution of 1d in ethanol was added to 3.84 ml of
hydrochloric acid contained in 1 cm UV cell at a preset temperature and the rate was measured directly
by checking the decrease in absorbance, A, at 253 nm. The pseudo-first-order rate constant, k., was
evaluated by the following equation, k¢ = In{(Ay — A,)/(A, — A,), where A, A,, and A, are the
absorbances at time 0, ¢, and after 12-16 half-times, respectively. The first-order kinetic plots were linear
over at least one half-life, with an error of 3-5 percent. Kinetic runs were done at least 3 times, and cach
run had 10-15 data points. The typical plots are illustrated in Figure 5. Activation parameters were
calculated by least-squares analysis of the Arrhenius plots (see Figure 6).

8O-Tracer Experiments. A solution of 360 mg of 1d in a mixture of 2.0 N HCl—H,'*O (1.2 ml) and
dioxane (2 ml) was surred at 25°C for 10 h. After the usual work up, the resulting analytically pure 2d
was subjected to the 'O analysis using a mass spectrometer. The '®Q-atom% was calculated from the
mass peak heights 44 and 46 of carbon dioxide according to the method described by Samuel (natural
CO, = 0.20 atom%-'#0).2' The HC1—H,'*0 media contained 1.50 atom%-'*O (excess '*Q-content =

1.0
~ osf /
< et

I /O
< os} o
< | /o/ e
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< / -4
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FIGURE 5 Typical first-order kinetic plots for the reaction of 1d. 1d = 6.00 X 107> M. @: in 1.40 M
acid at 25°C; a:in 2.47 M acid at 25°C; O: in 2.88 M acid at 30°C.



10: 31 30 January 2011

Downl oaded At:

PUMMERER KINETICS OF METHYLSULFINYL KETONES 231

1.4 F \.
124
n»
+  10f
2
o
x
2 :
2 08 -
o6} , °§
3.3 3.4 35
1/Tx10°

FIGURE 6 Arrhenius plots for the reaction of 1d. O : in 2.47 M acid; @: in 2.88 M acid.

1.30 atom%), and the '®O-concentration of 2d obtained was 1.16 atom%-'*0 (excess '*O-content = 0.96
atom%).

When 1d (360 mg) was treated in the same acid medium described above for 2 h at 25°C, 1d (70 mg)
was recovered after the usual work up and preparative TLC on silica gel. The '®O-concentration of 1d
recovered was 0.33 atom%-'*0 (excess '*O-content = 0.13 atom%). When 2d (175 mg) was treated in a
mixture of 2.0 N HCI—H,'*0 (1.2 ml) and dioxane (4 ml) for 5 h at 25°C, 2d (120 mg) was recovered
after the usual work up. The *O-concentration of 2d recovered was 0.40 atom%-'#0 (excess '*O-content
= (.20 atom%).
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