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Nucleophilic Substitution Reactions of 1-Phenylethyl Benzenesulfonates
with Anilines in Methanol-Acetonitrile!
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Nucleophilic substitution reactions of 1-phenylethyl benzenesulfonates with anilines have been investigated
in methanol-acetonitrile mixtures at 25 °C. Magnitudes of the Hammett coefficients px, py, and pz indicate
that a stronger nucleophile leads to a greater degree of bond cleavage whereas a stronger nucleofuge leads to
tighter bond formation in the transition state. Magnitudes of cross interaction constants between substituents
in the nucleophile and in the leaving group are unusually large, which is rationalized by an intermolecular Syi
mechanism with retention of product configuration involving a four-center transition state. Cross interaction
constants also indicate that bond formation has progressed somewhat but bond breaking is extensive in the transition
state so that its structure resembles that expected for an Sy1 mechanism. The ratio of solvatochromic parameters
a/s is relatively small, indicating that electrophilic assistance by methanol is less than that for normal Sx1 or

Sn2 reactions.

Nucleophilic substitution reactions of 1-phenylethyl
derivatives display a variety of mechanisms. Tidwell et
al.? reported that solvolyses of 1-phenylethyl tosylates
proceed by an ion-pair mechanism involving nucleophilic
attack on the ion pair. Jencks et al.® concluded that re-
actions of 1-phenylethyl derivatives with azide ion in an
ionizing solvent proceed through a concerted Sy2 dis-
placement mechanism with an open “exploded” transition
state (TS) that closely resembles a carbocation. Extensive
studies on phenolyses of 1-phenylethyl systems, however,
led Okamoto et al.* to propose an intermolecular Syi
mechanism involving a four-center TS (I) with net reten-
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tion of configuration in the phenolysis products. We have
reported the use of cross interaction constants, p;;, (eq 1)

log (kij/kun) = pio; + pjo; + pyoio; (1)

for investigating the mechanisms of reactions in solution.
We have shown that the intensity of interactions between
substituents i and j, indicated by the magnitudes of cross
interaction constants, |oy|, varies inversely with the distance
between the two substituents® and is enhanced strongly
by the formation of a bypass bridge structure that provides
an additional interaction route in the TS.5

We here present the results of kinetic studies on nu-
cleophilic substitution reactions of substituted 1-phenyl-
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(4) Okamoto, K.; Takeuchi, K.; Inoue, T. J. Chem. Soc., Perkin Trans.
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Table I. Pseudo-First-Order Rate Constants (k, X 10¢s™)
and Activation Parameters for the Methanolysis of
1-Phenylethyl p-Nitrobenzenesulfonates in MeOH-MeCN

% (v/v) temp, °C act. parameters
MeOH 25.0 35.0 45.0 55.0 AH*e -AS*
100 2.89 450 7.82 134 10.0 51.9
90 2.69 4.21 7.70 128 10.2 51.3
80 2.23 378 6.80 11.7 10.8 49.2
70 1.76 3.10 5.80 10.6 114 47.17
50 0.658 146 3.24 6.50 13.9 42.8

¢kcal mol. beu.

ethyl benzenesulfonates with anilines in methanol-aceto-
nitrile mixtures (eq 2). We have found an unusual en-

2XCH,NH, +
YCgH,CH(CH,)080,C;H,Z
YC;H,CH(CH3)NHC;H,X + XC,H,NH,* +

“0S0,C¢H,Z (2)

X = p-CH,, H, p-Cl, m-NO,

Y = p-OCH,, p-CH,, H, p-Cl

Z= p'CHB’ H’ P'Cl, p'NOZ
hancement of cross interaction between substituents X in
the nucleophile and Z in the leaving group, indicating that

reaction 2 is a retentive displacement proceeding by an
intermolecular Syi mechanism.

MeOH-MeCN

Results and Discussion

Rate constants and activation parameters for the
methanolysis of 1-phenylethyl p-nitrobenzenesulfonates
in methanol-acetonitrile mixtures are summarized in Table
I. The rate is seen to increase with the methanol content
of the solvent mixtures. Second-order rate constants &,
for the reaction of 1-phenylethyl benzenesulfonates with
anilines, (2), were obtained from slopes of the plots of
pseudo-first-order rate constants, k,°%4, versus aniline
concentration (eq 3, Table II). Tables I and II reveal that

k,°%d = k; + k,[aniline] @

the methanolysis rates k; are negligible compared to &, in
most cases and hence that methanolysis should not in-
terfere with determinations of k,. However, for the re-
actions of 1-phenylethyl derivatives with m-nitroaniline,
ratios of ky/k, are ~20, so that Guggenheim plots for the
determination of k,°®*d begin to deviate from an initial
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straight line. Apparently the benzenesulfonic acid pro-
duced in the reaction caused reversion of the product 1-
phenylethyl methyl ether back to the reactants. It is
known that acids can cleave 1-phenylethyl ethers readily
at room temperature.*® We therefore used k,°*d values
for these reactions obtained from the slopes of the initial

S - - © straight line parts of the plots. The plots of eq 3 then gave
- ACEEETEY Je ik 3 good linearities with correlation coefficients >0.990, and
o NS | —© 8 =1 [ i) . N N .
2 QTN OO AR -CBND O the intercepts k, agreed with the values determined in-
& B o dependently by methanolysis.
2"t SnoeB8unsd Effect of Substituents. Table II indicates that the
8 OINAlcSSNALE—A s 53103 . . .
< 1L I P R PA PN P e o g rate increases with a strong nucleophile (X = p-CHj;) and
i o — with a good leaving group (Z = p-NO,). A small rate
= > e I T LT decrease is also found with a more electron-withdrawing
H R R = GRS R X N . ..
E N[FSadsBu—Sads~a substituent in the substrate (Y = p-Cl). Variations of
2 Hammett px and Bronsted 8y parameters (obtained by
] g [ ' PX o PNE . .
g 0 ‘5 % § 2o g 28 § § varying X in the .nucleophlle) with substituents Y in the
"_.; N eSS caad ’sf‘ll:;sltrlaff a%% Zin glle leavinglg_roule alre sumlélarized in
@ N able I1I. e px values are relatively large and negative,
E I % cxn@aeg8rond indicating considerable charge transfer from the nucleo-
g NSRRI RS8R~ phile to the substrate, and hence considerable bond for-
&I? _ - - w m.ation, in the TS: The magnitudes of px and B.N increase
N R R R with a better leaving group (Z = p-NO,) and with a more
CSEE T LEA P Y AR = e g2 B i electron-withdrawing substituent in the substrate (Y =
3 | p-Cl)
= o) gy . . .
N Il B P-4 g 288 g 8 g The pz and B,, values (obtained by varying substituent
15} NmFNSoH SNSRI - i i i
2 Z in the leaving group) are shown in Table IV. The
A - o magnitudes of p; and §,, increase with a more electron-
0 n 5 ooy § “23 3 © 5 - § donating substituent in the nucleophile (X = p-CHj) and
L IR Dl B R B R R with a more electron-withdrawing substituent in the sub-
a5 N strate (Y = p-Cl). Thus a stronger nucleophile leads to
28 N S =S B a greater degree of bond breaking, and a stronger nu-
9w NZ Q- ER8agsB g~ ! : ’ :
s %8 LSS RSTRBSE8S cleofuge (Z = p-NO,) leads to tighter bond formation. An
2z electron-withdrawing group (Y = p-Cl) in the substrate
é’é | Blotgin—c8naxd seems to enhance both bond formation and bond cleavage.
AR B dRYGSRand This type of push-pull behavior between the nucleophile
SE A and nucleofuge in the TS is general in the dissociative Sx2
~Q It : o] [=2] el « . . . o g N
| 1553382885552 mechanism’® and is also in agreement with the predictions
K NFSHdS AR~ of the MO theoretical model for assessing effects of sub-
= . stituents on the TS in Sy2-type reactions.®
g . E © 8 8 o213 § 388 8 The interaction between the nucleophile and leaving
- LR LT group in the TS is evidence for a concerted Sy2 dis-
) N placement mechanism for reaction 2. However, steric
x A % =5 E 29T ;85 SR § hindrance by the methyl group of the 1-phenyle.thy1 system
. N R R R R R = R > should decrease the amount of bond formation and in-
s crease the cationic character of the T'S compared with that
E S| 1T |eeg g S oy = § &% o 3 in substitution reactions of benzyl derivatives.
- EIRRIE SRR JRE PRy <R PP, Although a better correlation is obtained with ¢* in the
g |4 - o ° o Hammett plots for the solvolysis of substituted 1-
- U 38 RNIB]IERA phenylethyl chlorides,® we found plots with normal ¢ values
i M| NSRRGSR LEBS IS for substituents Y in the substrate more satisfactory.
-« . +
p o - . - Example; _of ’It‘) l\;iadue.s detelrrqmed wnélh oy and oy" are
3 S|2585833872859 compared in ‘l'able V, correlations are _etenora@ed in t.he
S NIlRSdsidaaoRdsd plots with ¢* (py*). The better correlation obtained with
vg . o and the relatively small values of py indicate that the
8 E . S S S positive charge development at the o carbon is not suffi-
-4 B-Re — — — : + o+ ] . i
& o 5 5Z g 5Z % 52 cient to ;var.relllnt oy ayblpk{;f The magnltqd}f of py, 1c{le
= S AT ALAT A% AT AR terrinneh_ 1wn(;X oy (TI?J Oe) )é is gﬁeazer W(l; a wga;{ e)r
nucleophile = m-NOQO,) and nucleofuge (Z = p-CHjy).
% T Since the magnitude of py (<0) is a measure of positive
|28 f 2 charge development at the reaction center in the TS, a
257 greater |py| value for a less nucleophilic entering group
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Table II1. Hammett px® (8x?) Values for the Reaction of Y-1-Phenylethyl Z-Benzenesulfonates with X-Anilines in
MeOH-MeCN at 25 °C
Y = p-OCHj; Y = p-CH, Y=H Y = p-Cl

%(V/V) 7 = 7 = = Z = 7= 7 = 7= = = 7 = . 7= =
MeOH pCH; Z=H pCl p-NO, p-CH; Z=H p-Cl p-NO, p-CH; Z=H p-Cl p-NO, p-CH; Z=H p-Cl p-NO,
100 -2.02 -~2,13 -2.22 -2.56 -2.04 -2.15 -2.24 -2.58 -207 -219 -227 -261 -213 -224 -232 -2.67
(0.68) (0.72) (0.75) (0.86) (0.69) (0.72) (0.75) (0.87) (0.69) (0.74) (0.76) (0.88) (0.71) (0.75) (0.78) (0.89)

80 -2.07 -212 -232 -2.59 ~2.08 -217 -234 -259 -212 -2.23 -239 -2.65 -218 -2.26 -245 -2.72
(0.70) (0.71) (0.78) (0.87) (0.70) (0.73) (0.79) (0.87) (0.71) (0.75) (0.80) (0.89) (0.73) (0.76) (0.82) (0.91)

50 -2.12 -224 -237 -266 -2.14 -227 -240 -269 -2.19 -232 -244 -274 -228 -241 -2.54 -2.86
0.71) (0.75) (0.79) (0.89) (0.72) (0.76) (0.80) (0.90) (0.73) (0.78) (0.82) (0.92) (0.77) (0.81) (0.85) (0.96)

aCorrelation coefficients, r > 0.998. Hammett substituent constants, oy, used for these determinations were taken from: Gilliom, R. D.
Introduction to Physical Organic Chemistry; Addision-Wesley: Reading, MA, 1970; p 147. ®The pK, values of anilines were taken from:

Streitwieser, A., Jr.; Heathcock, C. H. Organic Chemistry, 2nd ed.

; Macmillan: New York, 1976; p 737.

Table IV. Hammett pz° (ﬁllb) Values for the Reaction of Y-1-Phenylethyl Z-Benzenesulfonates with X-Anilines in
MeOH-MeCN at 25 °C

% (v/v) MeOH X in XC¢H,NH, Y = p-OCHj4 Y = p-CH;, Y=H Y = p-Cl
100 p-CH; 1.02 (-0.34) 1.03 (-0.34) 1.05 (-0.35) 1.08 (-0.36)
H 0.95 (-0.32) 0.95 (-0.32) 0.97 (-0.32) 1.00 (-0.33)

p-Cl 0.74 (-0.25) 0.74 (-0.25) 0.79 (-0.26) 0.81 (-0.27)

m-NO, 0.53 (-0.18) 0.54 (-0.18) 0.56 (-0.19) 0.60 (-0.20)

80 p-CH; 1.02 (-0.34) 1.04 (-0.35) 1.07 (-0.36) 1.08 (-0.36)
H 0.90 (-0.30) 0.90 (-0.30) 0.92 (-0.31) 0.95 (-0.32)

p-Ci 0.72 (-0.24) 0.74 (-0.25) 0.75 (-0.25) 0.77 (-0.26)

m-NO, 0.52 (-0.17) 0.54 (-0.18) 0.55 (-0.18) 0.56 (-0.19)

50 p-CHyg 1.11 (-0.37) 1.11 (-0.37) 1.12 (-0.37) 1.15 (-0.38)
H 0.97 (-0.33) 0.99 (-0.33) 1.01 (-0.34) 1.04 (-0.35)

p-Cl 0.86 (-0.29) 0.86 (-0.29) 0.88 (-0.29) 0.95 (-0.32)

m-NO, 0.60 (-0.20) 0.61 (-0.21) 0.62 (-0.21) 0.62 (-0.21)

s Correlation coefficients, » > 0.990. The oy values were taken from the same source as those for oy in Table III. *The pK,°Hs values for
methyl transfer from substituted arenesulfonates to benzenesulfonates in sulfolane were used in the 8, determination: Hoffmann, R. V;

Sharkweiler, J. M. J. Am. Chem. Soc. 1986, 108, 5536.

Table V. Comparison of p Values Obtained with oy (py) and

oyt (py?)°
Z = p-CH,4 Z=H Z = p-Cl Z = p-NO,
oy —0.39 (0.998) -0.41 (0.999) -0.36 (1.000) -0.30 (1.000)

py* -0.17 (0.962) -0.18 (0.978) -0.15 (0.973) -0.13 (0.976)

2In methanol, with X = H at 25.0 °C. Values in parentheses are
correlation coefficients. The oy and oy* values are taken from the
same source as those for sy in Table IIIL.

reflects less charge transfer from the nucleophile to the
reaction center, resulting in less neutralization of positive
charge. However, a smaller |py| value for a stronger nu-
cleofugic group (p-NO,) reflects more bond formation than
bond cleavage with an increase in nucleofugic strength of
the leaving group. This must mean that the change in the
degree of bond breaking with nucleofugic strength is less
than that in bond formation, since bond breaking is much
more advanced in the TS as indicated by the negative
values of py.

Although we can use the magnitudes of px and py as
measures of bond formation and bond cleavage, respec-
tively, this is only feasible within a series of reactions, since
the efficiency of charge transmission may differ in different
reaction series.®* On the other hand, cross interaction
constants? are not affected by variable charge transmission
and therefore provide a better measure of the TS structure.
The magnitudes of cross interaction constants pxy (Table
VII) are relatively small. For Sy2 reactions involving an-
iline nucleophiles the |oxy| values range from 0.60 to 1.20,°

(9) Substituted (X) anilines reacting with various substrate (with Y)
gave the following pyy values: YCgH,CH,S0,C1.MOR 35 C 'S0 —0.69
(Kang, H. K. Ph.D. Thesis, Inha University); YC¢H,SO,C] MeOH. 35 °C

Table VI. Hammett py Values® for the Reaction of
Y-1-Phenylethyl Z-Benzenesulfonates with X-Anilines in
MeOH-MeCN at 25 °C

% (v/v) X in Z= Z= =
MeOH XCHNH, p-CH; Z=H p-Cl p-NO,
100 p-CH, -0.33 -0.29 -0.27 -0.20
H -0.39 -0.41 -0.36 -0.30

p-Cl -0.47 -0.45 -0.41 -0.32

m-NO, -0.53 -0.50 -0.45 -0.40

80 p-CHj, -0.34 -0.28 -0.27 ~-0.22

H -0.42 -0.33 -0.37 -0.30

p-Cl -0.48 -0.46 -0.45 -0.39

m-NO, -0.55 -0.53 -0.51 -0.48

50 p-CH;3 -0.34 -0.29 -0.29 ~0.25
H -0.43 ~0.42 -0.40 -0.32

p-Cl -0.49 -0.48 -0.48 -0.33

m-NO, -0.64 -0.62 -0.60 -0.61

¢Correlation coefficients, r > 0.993. The oy values are taken
from the same source as those for ox in Table III.

and hence the |pxy| of 0.21-0.25 in methanol (Table VII)
is less than half the values for the Sy2 reactions, indicating
much less bond formation in the TS of reaction 2. The
magnitude of pxy, and hence the degree of bond formation
in the TS, is greater with a stronger nucleofugic group (Z
= p-NO,), which agrees with our conclusion based on the
magnitudes of px and p;. Moreover, we find that values
of |oyz| are even smaller, indicating a grossly dissociative
nature of the TS for this reaction. The magnitudes of pyz
are comparable to those for the dissociative Sy2 reactions
of benzyl benzenesulfonates with anilines in methanol (oyz
= 0.11 for X = H).%*! The value of |pyz| decreases, and

XY= 0.70 (Lee, L; Koo, I. 8. Tetrahedron 1983, 39, 1803); YC;H,CH,Cl
MR 80 °C oy = —0.77 (Ballistreri, F. P.; Maccarone, E.; Mamo, A. J.
Org. Chem. 1976, 41, 3364) YO CH,080,CeH, MeOH & ¢, pxy = —0.62
(ref 5a); YCsH,CH,SO,F MOR45°C ), = = _1.24 (ref 5b).

(10) (a) Lee, I.; Lee, H. W.; Sohn, S. C.; Kim, C. 8. Tetrahedron 1985,
41, 2635. (b) Lee, L; Sohn, S. C,; Kang, C. H.; Oh, Y. J. J. Chem. Soc.,
Perkin Trans. 2 1986, 1631. (c) Lee, I.; Sohn, S. C.; Oh, Y. J.; Lee, B. C.
Tetrahedron 1986, 42, 4713.
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Table VII. p;, p;, and p; Values for the Reaction of Y-1-Phenylethyl Z-Benzenesulfonates with X-Anilines in MeOH-MeCN at

25.0 °C

% (v/v) % (v/v) % (v/v)
MeOH Z px Py pxy CC° MeOH X oy pz pyz CC° MeOH Y px pz pxz CC°
100 p-CH; -2.07 -0.39 -0.22 0.999 100 p-CH; -0.30 1.04 0.10 0.997 100 p-OCH; -2.11 0.91 -0.55 0.999
H -2.20 -0.37 -0.21 0.999 H -0.39 0.97 0.11 0.999 p-CH; -2.13 091 -0.55 0.999
p-Cl -2.27 -0.34 -0.23 1.000 p-Cl -0.45 0.78 0.13 0.991 H -2.17 0.95 -0.56 0.999
p-NO, -2.61 -0.25 -0.25 1.000 m-NO, -0.50 0.56 0.14 0.997 p-Cl -2.22 098 -0.56 0.999
80 p-CH; -2.12 -041 -0.23 1.000 80 p-CH; -0.30 1.06 0.11 0.998 80 p-OCH; -2.16 0.90 -0.56 0.999
H -2.18 -0.34 -0.26 0.999 H -0.37 0.92 0.10 1.000 p-CH; -2.17 091 -0.56 0.999
p-Cl -2.39 -0.35 -0.26 1.000 p-Cl -0.47 0.75 0.10 0.995 H -2.21 0.93 -0.58 0.999
p-NO, -2.65 -0.29 -0.28 1.000 m-NO, -0.58 0.55 0.10 0.991 p-Cl -2.28 0.95 -0.58 0.999
50 p-CH; -2.18 -0.41 -0.24 1.000 50 p-CH; -0.31 1.13 0.10 0.995 50 p-OCH; -2.23 1.00 -0.56 - 0.999
H -2.32 -0.38 -0.28 0.999 H -0.42 1.01 0.12 0.999 p-CH; -2.26 1.00 -0.56 0.999
p-Cl -2.44 -0.38 -0.27 0.999 p-Cl -0.48 0.90 0.15 0.990 H -2.30 1.02 -0.56 0.999
p-NO, -2.74 -0.30 -0.31 1.000 m-NO, -0.56 0.61 0.15 0.999 p-Cl -2.36 1.05 -0.60 0.999

@ Multiple correlation coefficients.

hence bond cleavage increases, with a stronger nucleophile
{p-CHj), which is also consistent with our conclusion based
on the magnitudes of px and py.

The TS involved in an Sy-type reaction can be sche-
matically represented as II. It consists of three fragments:

OO0
®

II

a nucleophile with substituent X and reaction center Ry,
a substrate with Y and Ry, and a leaving group with Z and
Rz. Since the polar and resonance effects of the substit-
uents are transmitted through reaction centers Ry, Ry, and
Ry, the magnitude of cross interaction will be inversely
proportional to the distances between reaction centers,*
lpxyl « 1/dxy, loyzl « 1/dyz, and |pxz] « 1/(dxy + dyz).
The lengths of carbon chains connecting substituents to
the reaction centers may be considered to remain constant
in the activation process for all practical purposes. Thus
in the nucleophilic substitution reactions (Sy1 and Sy2),
we should expect the |pxz| value to be the smallest among
the three cross interaction constants |oxyl|, |ovzl, and |oxzl,
since (dxy + dyz) is greater than either dxy or dyz. The
|pxzl values for the reactions of benzyl benzenesulfonates
with anilines were in fact found to be the smallest
(=20.10).51 In contrast, the |oxs| for reaction 2 (Table VII)
is the greatest of the three. This unusual enhancement
of the cross interaction between X and Z can only be ra-
tionalized by a four-center TS (III), i.e., by an intermole-

CH3
s’ 'Y
YCgH4—C-------- 0S0,CgH4Z
H
H—'T H
III

cular Sni mechanism.* The two substituents X and Z in
III can interact by two routes; the additional interaction
route is provided by a bypass hydrogen-bond bridge, so
that the approach of the nucleophile aniline is restricted
to the front side, leading to retention of configuration in
the amine product. Since the two TS structures I and II1
are essentially the same, the mechanism proposed by
Okamoto et al. for the phenolysis of 1-phenylethyl de-
rivatives supports the same mechanism for reaction 2.

One way of confirming the four-center TS is to compare
the |pxz| values for a reaction with a nucleophile having
no hydrogen atoms for bridge formation, e.g., N,N-di-

methylanilines (DMA), with the |oxy| values in Table VII.
Kinetic studies with DMAs conducted under the same
conditions used in reaction 2 gave markedly smaller values
of Joxz], 0.23-0.25,11 about half that for anilines. The im-
possibility of hydrogen-bond bridge formation should be
the main cause of the smaller |px;|. However, the rather
large |pxz{ value for the DMA reaction compared to that
for dissociative Sy2 reactions (Joxz] =~ 1.0)% may indicate
a direct electrostatic interaction between Ry and Ry in
reactions with DMA and with anilines. Another possible
origin of the relatively large |oxg] values for the DMA
reaction is a greater degree of bond formation, DMA being
a better nucleophile. The |pxy| values of 0.35-0.39 with
DMAs indicate some increase in bond formation compared
with the reaction with anilines, for which |pxy| values are
0.21-0.25.

Effect of Solvent. The increase in rate with increase
in the methanol content of the solvent (Tables I and II)
is consistent with electrophilic assistance and bond
cleavage by methanol, although the effect is relatively
small. The magnitudes of px, oz, pxy, and pyy indicate that
bond formation as well as bond breaking increases with
the acetonitrile content of solvent. However, the increase
in the magnitude of px; with acetonitrile content indicates
that the increase in bond formation is somewhat greater
than that in bond breaking, as discussed under substituent
effects. Although the rate decreases, both bond formation
and cleavage increase in the T'S with acetonitrile content.
This implies that the TS becomes less stable, and hence
the activation barrier becomes higher, with an increase in
acetonitrile content, but the TS shifts to a later position
on the reaction coordinate in accord with the Hammond
postulate.!?

The ratio of a/s derived from Taft’s solvatochromic
equation (eq 4) is a measure of the contribution of hy-

4

drogen bond donor acidity () relative to that of the po-
larity polarizability (7*) of solvent in the T'S. For aniline
nucleophiles the hydrogen bond acceptor basicity contri-
bution of solvent (b3) was found to be negligible.!* The
value of a/s in normal S\2 reactions is 0.5-0.7'%!* and is
greater in Sy1 reactions.’® We determined 64 values of a/s
for reaction 2 using three solvent mixtures and found an
average value of 0.28, which is remarkably lower than those

log B = aa + s7* + b3 + constant

(11) Lee, I.; Kim, H. Y.; Lee, H. W., submitted for publication.

(12) Hammond, G. S. J. Am. Chem. Soc. 1955, 77, 334.

(13) Kamlet, M. J.; Abboud, J. L.; Taft, R. W. Prog. Phys. Org. Chem.
1981, 13, 485.

(14) Kang, H. K. Ph.D. Thesis, Inha University, 1987, p 48.
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for other Sy reactions. It appears therefore that the hy-
drogen bond donor acidity of the solvent in assisting
electrophilic bond cleavage of the leaving group in reaction
2 contributes much less than in other Sy reactions. This
is consistent with the intermolecular Syi mechanism for
reaction 2, since the TS with the four-center structure III
is most likely to show less response to hydrogen-bonding
assistance in the bond cleavage of the leaving group. Thus
solvent effects also support an intermolecular Syi mech-
anism in reaction 2.

Experimental Section

Materials. Anilines were purified as described previously.!%
G.R. grade solvents MeOH and MeCN were used without further
purification. Substituted acetophenones (Tokyo Kasei Chemicals)
were redistilled and recrystallized.

Preparation of Substituted 1-Phenylethyl Benzene-
sulfonates. The method of Tipson'® was used. To the aceto-
phenone was added LiAlH, (10%), and the mixture was refluxed
with stirring at room temperature for ~12 h. The resulting
1-phenylethyl alcohols were distilled under reduced pressure,
treated with NaH for ~1 h, and then reacted with the benzen-
esulfonyl halide for ~12 h at 0 °C. The mixture was filtered and
the ether evaporated. Liquid esters were distilled. Solid esters
were recrystallized from ether and dried in a vacuum oven. Purity
was confirmed by a single spot in TLC (silica gel plate, eluent
40% dichloromethane-cyclohexane).

1-(p-Methoxyphenyl)ethyl tosylate: mp 50-51 °C; R; (TLC)
0.41; IR (KBr) 1625, 1525, 1470, 1370, 1165 cm™!; 'H NMR 6 2.2
(s, 3 H, CHjy), 2.4 (5,3 H, CHjy), 3.9 (s, 3 H, OCHy), 5.0 (q, J =
6.0 Hz, 1 H), 7.05-7.21 (d, J = 8.3 Hz, 4 H), 7.19-7.37 (d, J = 8.0
Hz, 4 H). Anal. Caled for C,gH,30,8: C, 61.55; H, 5.91. Found:
C, 61.23; H, 5.86.

1-(p-Methylphenyl)ethyl tosylate: mp 37-39 °C; R, (TLC)
0.57; IR (KBr) 1605, 1507, 1380, 1357, 1155, 825 cm™'; 'H NMR
62.14 (d, J = 6.0 Hz, 3 H, CHj), 2.20 and 2.24 (s, 3 H, CHj,), 4.72
(s, 1 H), 6.90-7.12 (d, J = 8.0 Hz, 4 H, ar), 6.95-7.28 (d, J = 8.3
Hz, 4 H, ar). Anal. Caled for C;gH,40,S: C, 66.18; H, 6.25. Found:
C, 66.21; H, 6.01.

1-(p-Chlorophenyl)ethyl tosylate: mp 56-57 °C; R, (TLC)
0.41; IR (KBr) 1625, 1527, 1470, 1365, 1095, 915 cm™; 'H NMR
§2.17 (s, 8 H, CH,), 2.28 (s, 3 H, CHj,), 4.80 (q, J = 6.0 Hz, 1 H),
7.01-7.18 (d,J = 8.5 Hz, 4 H, ar), 7.2-7.29 (s, 4 H, ar). Anal. Calcd
for C;sH;504SCl: C, 57.97; H, 4.86. Found: C, 57.11; H, 4.91.

1-Phenylethyl tosylate: mp 32-33 °C; R; (TLC) 0.59; IR
(KBr) 1615, 1507, 1455, 1325, 1155, 856 cm™; 'H NMR 6 2.08 (s,
3 H, CH,), 2.18 (s, 3 H, CHjy), 4.66 (q, J = 6.5 Hz, 1 H), 6.90-7.11
(s, 5 H, ar), 7.12-7.25 (d, J = 7.5 Hz, 4 H, ar). Anal. Calcd for
C,;H,;0,8: C, 65.19; H, 5.84. Found: C, 64.78; H, 5.93.

1-(p-Methoxyphenyl)ethyl benzenesulfonate: mp 84 °C,
R; (TLC) 0.39; IR (neat) 1610, 1555, 1450, 1340, 1275, 1160 em™
'H NMR 6 1.74 (s, 3 H, CH;), 3.67 (s, 3 H, OCH,), 4.52 (s, 1 H),
6.73-7.01 (d, J = 8.0 Hz, 4 H, ar), 6.97-7.29 (s, 5 H, ar).

1-(p-Methylphenyl)ethyl benzenesulfonate: mp 83-84 °C;
R; (TLC) 0.47; IR (neat) 1607, 1547, 1430, 1335, 1160, 855 em™;
'H NMR § 1.72 (s, 3 H, CHy), 2.11 (s, 3 H, CHj), 4.47 (s, 1 H),
6.80-7.01 (d, J = 8.0 Hz, 4 H, ar), 7.03-7.22 (s, 5 H, ar).

1-Phenylethyl benzenesulfonate: mp 56-57 °C; R, (TLC)
0.48; IR (neat) 1627, 1557, 1455, 1345, 1170, 870 cm™!; 'H NMR
6 1.74 (s, 3 H, CHj;), 4.53 (s, 1 H), 6.72-6.97 (s, 5 H, ar), 6.90-7.21
(s, 5 H, ar).

1-(p-Chlorophenyl)ethyl benzenesulfonate: mp 64 °C; R;
(TLC) 0.36; IR (neat) 1620, 1570, 1365, 1175, 1097, 865 cm™; 'H
NMR 6 2.11 (s, 3 H, CHj,), 4.72 (s, 1 H), 6.92-7.11 (s, 4 H, ar),
7.07-7.24 (s, 5 H, ar).

1-(p-Methoxyphenyl)ethyl p-chlorobenzenesulfonate: mp
57-569 °C; R, (TLC) 0.36; IR (Nujol) 1635, 1535, 1465, 1365, 1165,
1100, 920 cm™!; 'H NMR 6 2.25 (s, 3 H, CH,), 3.75 (s, 3 H, OCHy),
4.85 (s, 1 H), 7.11-7.28 (s, 4 H, ar), 7.29-7.42 (s, 4 H, ar). Anal.
Calcd for C,;H,;0,SCl: C, 55.13; H, 4.63. Found: C, 54.51; H,

(15) (a) Tipson, R. 8. J. Org. Chem. 1944, 9, 235. (b) Perin, D. D.;
Armarego, W. L. F.; Perrin, D. R. Purification of Laboratory Chemicals,
2nd ed.; Pergamon: Oxford, 1980.
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4.61.

1-(p-Methylphenyl)ethyl p-chlorobenzenesulfonate: mp
44-46 °C; R; (TLC) 0.44; IR (Nujol) 1617, 1511, 1385, 1347, 1154,
1095, 850 cm™; 'H NMR 6 2.24 (s, 3 H, CH,), 2.29 (s, 3 H, CH,),
4.82 (s, 1 H), 7.11-7.32 (d, J = 8.5 Hz, 4 H, ar), 7.29-7.52 (s, 4
H, ar). Anal. Caled for C5H,;05SCl: C, 57.97; H, 4.86. Found:
C, 58.01; H, 4.81.

1-Phenylethyl p-chlorobenzenesulfonate: mp 38-39 °C;
R; (TLC) 0.46; IR (Nujol) 1630, 1535, 1461, 1349, 1161, 1097, 917
em™; 'H NMR 4 2.17 (s, 3 H, CHj), 4.69 (q, J = 6.0 Hz, 1 H),
7.07-1.29 (s, 5 H, ar), 7.30-7.54 (s, 4 H, ar). Anal. Calcd for
C,H;3;0,8ClL: C, 56.66; H, 4.42. Found: C, 56.61; H, 4.43.

1-(p-Chlorophenyl)ethyl p-chlorobenzenesulfonate: mp
62-64 °C; R, (TLC) 0.33; IR (Nujol) 1643, 1537, 1480, 1371, 1169,
1090, 927 cm™'; 'H NMR 6 2.31 (s, 3 H, CH3), 4.91 (s, 1 H),
7.24~7.46 (s, 4 H, ar), 7.49-7.63 (s, 4 H, ar). Anal. Caled for
C,H;;,0,8Cly: C, 50.77; H, 3.65. Found: C, 50.71; H, 3.73.

1-(p-Methoxyphenyl)ethyl p-nitrobenzenesulfonate: mp
78-80 °C; R, (TLC) 0.32; IR (KBr) 1645, 1560, 1547, 1410, 1360,
1347,945 cm™; 'H NMR 6 2.33 (s, 3 H, CHj), 4.37 (s, 3 H, OCHy),
5.01 (s, 1 H), 7.52-7.76 (s, 4 H, ar), 7.74-8.01 (s, 4 H, ar). Anal.
Caled for C,zH;50,NS: C, 53.41; H, 4.48; N, 4.15. Found: C, 52.89;
H, 4.52; N, 4.02.

1-(p-Methylphenyl)ethyl p-nitrobenzenesulfonate: mp
74-76 °C; R, (TLC) 0.37; IR (KBr) 1550, 1469, 1345, 1344, 1160
cm™l; 'H NMR 6 2.31 (s, 3 H, CH,), 2.35 (s, 3 H, CH;), 4.97 (q,
J = 6.5 Hz, 1 H), 7.48-7.71 (d, J = 9 Hz, 4 H, ar), 7.70-7.95 (s,
4 H, ar). Anal. Caled for C;;H;;0;NS: C, 56.06; H, 4.71; N, 4.35.
Found: C, 56.01; H, 4.73; N, 4.29.

1-Phenylethyl p-nitrobenzenesulfonate: mp 68~70 °C; R,
(TLC) 0.38; IR (KBr) 1644, 1555, 1545, 1405, 1350, 1346, 946 cm™,;
'H NMR 6 2.33 (s, 3 H, CHy), 5.00 (s, 1 H), 7.51-7.75 (s, 5 H, ar),
7.73-8.01 (s, 4 H, ar). Anal. Caled for C; H,30:NS: C, 54.72;
H, 4.26; N, 4.56. Found: C, 54.14; H, 4.17; N, 4.17.

1-(p-Chlorophenyl)ethyl p-nitrobenzenesulfonate: mp
85-86 °C; Rf (TLC) 0.28; IR (KBr) 1645, 1560, 1550, 1365, 1351,
1215, 950 cm™}; 'H NMR 6 2.45 (s, 3 H, CH,), 5.11 (s, 1 H),
7.55-7.80 (s, 4 H, ar), 7.79-8.11 (s, 4 H, ar). Anal. Calcd for
C, H;,0,NSCL C, 49.20; H, 3.54; N, 4.10. Found: C, 49.14; H,
3.56; N, 4.07.

Rate Constants. Rates were measured conductometrically
at 25.0 °C. Pseudo-first-order rate constants k,°**! were deter-
mined by the method of Guggenheim with a large excess of the
aniline. Second-order rate constants k, were obtained from the
slope of a plot of k,°** vs [aniline] (eq 3), where k, is the rate
constant for methanolysis. Four or more different concentrations
of the aniline were used in the plot of eq 3. Duplicate kinetic runs
showed that rates were reproducible within £3%.

Reactions of sulfonates with anilines were followed by IR using
the disappearance of the aniline peak at 1600-1650 cm™, the
appearance of the NH peak at 3200~3500 cm™), and the increase
in the C-N peak at 1250 cm™..

The product anilide and the byproduct methyl ether were
separated from the reaction mixture by TLC, using R values that
had been determined independently. IR spectra were taken with
a Nicolet MX-1 FT-IR on a KBr tablet. Typical spectral data
are as follows.

1-(p-Methoxyphenyl)ethyl benzanilide: R;0.59; IR (KBr)
3400, 3050, 1630, 1250, 1180, 850, 650 cm™; 'H NMR & 2.5 (s, 3
H, CH,), 3.75 (s, 3 H, OCHj), 4.25 (q, J = 6.0 Hz, 1 H), 6.80-7.10
(d, J = 8.0 Hz, 4 H, ar), 7.20-7.50 (q, J = 7.5 Hz, 5 H, ar). Anal.
Caled for C;zH,ON: C, 79.26; H, 7.54; N, 6.16. Found: C, 79.11;
H, 7.56; N, 6.24.

1-(p-Methoxyphenyl)ethyl methyl ether: R;0.35; IR (neat)
2940, 2840, 1610, 1515, 1450, 1375, 1290, 1250, 1180, 1105, 1040,
840 cm™; 'H NMR 6 1.30 (d, J = 6.0 Hz, 3 H, CHy), 3.05 (s, 3 H,
OCHy), 3.70 (s, 3 H, OCHj), 4.05 (q, J = 6.0 Hz, 1 H), 6.50-6.90
(q,J = 8.0 Hz, 4 H, ar). Anal. Caled for C,(H,40,: C, 72.26; H,
8.49. Found: C, 72.20; H, 8.57.
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A novel synthesis of carbacepham and carbacephem ring systems through 1,6-bond coupling by a radical

cyclization reaction is described.

Recently much attention has been focused on the ex-
ploration of a synthetic strategy for nonclassical 8-lactam
antibiotics, such as thienamycin? and PS-5,° originating
from their attractive physiological activities.* Among the
number of synthetic routes® the carbon-carbon bond
formation reaction at the C, position of an azetidinone has
become of increasing interest® (Scheme I). We have al-
ready reported a new carbon-carbon bond formation re-
action at the C; position of an azetidinone by employing
an enolate anion’ and carbene species® as nucleophiles, and
the application of this reaction led to a short synthesis of
PS-5 antibiotics.® As an extension of our work on the
synthesis of nonclassical 3-lactam antibiotics, we have
explored the radical cyclization reaction® of 4-(phenyl-
thio)azetidin-2-one.

Results and Discussion
Alkylation of N-[(methoxycarbonyl)methyl]-4-(phe-
nylthio)azetidin-2-one (1) with allyl bromide in the pres-
ence of lithium hexamethyldisilazide in dry tetrahydro-
furan at —78 °C gave the allyl derivative 3 as an inseparable
mixture of diastereomers in a ratio of 2:3, in 77% yield,
together with the diallyl compound 5. Radical cyclization

(1) A part of this work was published as a preliminary communication:
Kametani, T.; Honda, T. Heterocycles 1982, 19, 1861.

2) Kahan,J S.; Kahan, F. M,; Goegelma.n,R Currie, S. A.; Jackson,
M.; Stapley, E. O.; Miller, T. W.; Miller, A. K,; Hendlm, D.; Mochales,
S Hernandez, S.; Woodruff H. B Blrnbeum J.dJ. Antzbzot 1979, 32,

(3) Okamura, K.; Hirata, S.; Koki, A.; Hori, K.; Shibamoto, N.; Oka-
mura, Y.; Okabe, M Okamoto R Kouno, K. Fukagawa, Y. Shunauchi,
T.,; Ishikura, T,; Lein, d.d. Antibiot. 1979, 32, 262.

(4) Cooper, R. D. G. In Topics in Antibiotic Chemistry; Sammes, P.
G., Ed.; Ellis Horwood Ltd.: Chickester, 1979; Vol. 3.

(5) (a) Kametani, T.; Fukumoto, K.; Thara, M. Heterocycles 1982, 17,
463. (b) Shibuya, M. J. Synth. Org. Chem. (Jpn.) 1983, 41, 62. (c)
Cooper, R. D. G. Topics in Antibiotic Chemistry; Sammes, P. G., Ed.;
Ellis Horwood: England; 1980; Vol. 3, p 24. (d) Ratcliffe, R. W;
Schonberg, G. A. Chemistry and Biology of 8-Lactam Antibiotics; Morin,
R. B., Gorman, M. Eds.; New York, 1982; Vol. 2.

(6) Kametani, T.; Kanaya, N.; Mochizuki, T.; Honda, T. Heterocycles
1982, 19, 1023, and references cited therein.

(7) Kametani, T.; Honda, T.; Sasaki, J.; Terasawa, H.; Nakayama, Y.;
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Fukumoto, K. J. Chem. Soc., Perkin Trans. 1 1981, 228,

(9) (a) Bachi, M. D.; Hoornaert, C. Tetrahedron Lett. 1981, 22, 2689,
2693. (b) Bachi, M. D.; Hoornaert, C. Ibid. 1982, 23, 2505. (c) Bachi, M.
D.; Frolow, F.; Hoornaert, C. J. Org. Chem. 1983, 48, 1841. (d) Beckwith,
A. L. J.; Boate, D. R. Tetrahedron Lett. 1985, 26, 1761.
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of the mixture 3 was carried out by treatment with tri-n-
butyltin hydride in the presence of a catalytic amount of
a,a’-azobis(isobutyronitrile) (AIBN) for 18 h, yielding the
carbacepham derivative 7 in 43% yield (66% yield based
on consumed starting material), together with a small
amount of the desulfurized compound 10. Formation of
a carbapenam ring system, which might be an another
possible cyclization product, could not be observed under
these conditions. This observation was rationalized by
assuming that a larger energy would be required for the
formation of the l-azabicyclo[3.2.0]heptan-7-one ring
system having a large strain energy than the 1-azabicy-
clo[4.2.0]octan-7-one ring system. Therefore, the formation
of a carbacepham would be the predominant reaction,
although a similar reaction!® with the pyrrolidinone de-
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