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Stereochemistry of the [1,4] Rearrangement of
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Abstract: Deprotonation of optically active 2-chloro-10-(2,5-xylyl)-10-thioxanthenium perchlorate, resolved via the (+)-cam-
phor-10-sulfonate salt, yielded 2-chloro-10-(2,5-xylyl)-10-thiaanthracene, which rearranged to optically active 2-chloro-9-
(2,5-xylyl)-10-thioxanthene. This constitutes the first example of an asymmetric induction in the transfer of chirality from sul-
fur to carbon accompanying an intramolecular [1,4] rearrangement. The low enantiomeric excess in the product thioxanthene,
ca. 7% as determined by 'H NMR, could be ascribed to the configurational instability of the intermediate thiaanthracene,
which racemizes about ten times as fast as it rearranges at —15 °C.

Thiaanthracenes (1), formed by the deprotonation of
thioxanthenium salts (2), are unstable compounds which un-
dergo thermal rearrangements to yield the corresponding 9-
substituted thioxanthenes (3) (eq 1).!2 These rearrangements
can be formally described as six-electron [1,4] sigmatropic
shifts, i.e., as thermal intramolecular rearrangements of cyclic
sulfonium ylides.?

H_ _H H H R,
R R R
COO™ CQU™ oo
| X~ |
Ry R,
2 1 3

The objective of the present work was to determine whether
asymmetric induction could be observed in the transfer of
chirality from sulfur to carbon in the rearrangement of an
unsymmetrically substituted 10-aryl-10-thiaanthracene (eq
2, chiral center starred).? Although such inductions had been
reported for intramolecular 1,2 shifts,*3 no precedent existed
for asymmetric inductions in a [1,4] rearrangement.

— ?2 - (2)

A ring # Bring

The system of choice was 2-chloro-10-(2,5-xylyl)-10-
thiaanthracene (1, R; = 2,5-xylyl; R, = Cl). Previous work!-?
had shown that 1 rearranges to 2-chloro-9-(2,5-xylyl)-10-
thioxanthene (3) intramolecularly (no crossover products were
detected) and in high yield (70-80%), and that the rear-
rangement follows first-order kinetics. The experimental
strategy called for resolution of the previously described! 2-
chloro-10-(2,5-xylyl)-10-thioxanthenium (2) perchlorate, and
deprotonation of the resolved salt to 1: assuming pyramidal
stability of 1 and 2 on the time scale of the rearrangement 1
— 3, and stereospecificity in the rearrangement itself, this
procedure should lead to enantiomerically enriched 3 and thus
to detectable asymmetric induction.

Results and Discussion

Optical Activation of a Thioxanthenium Perchlorate. The
chloride of 2, prepared from the perchlorate by ion exchange
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chromatography, was converted in 98% yield to the cam-
phor-10-sulfonate by reaction with silver (+)-camphor-10-
sulfonate. Repeated recrystallization of the crude mixture of
diastereomeric salts yielded a product, mp 178.5-179.5 °C dec,
[«]®°p +27.8° (CHCI;), whose rotation did not change on
further recrystallization. The product appeared to be dia-
stereomerically pure as judged by the !H NMR spectrum,
which showed no resonance doubling of any signals even in the
presence of lanthanide shift reagents, and by the noise-deco-
upled '3C NMR spectrum, which exhibited only the expected
31 signals. The other diastereomer was never isolated, perhaps
because the two diastereomers interconvert upon warming in
acetone solution, and one crystallizes preferentially (second-
order asymmetric transformation).® This view gains in
plausibility if we consider that the half-life for stereomutation
of 2 (by pyramidal inversion at sulfur) is only 3-4 min at 56
°C, assuming an energy barrier for inversion of ca. 25 kcal /mol
by analogy with the closely related 9,9-dimethyl-10-phenyl-
10-thioxanthenium perchlorate (4) (AG¥ = 25.4 kcal/mol).”
The same view also accounts for the observation that in one
resolution, the yield of the presumably diastereomerically pure
salt was 55% (Experimental Section).

Addition of perchloric acid to a cold methanol-water solu-
tion of the diastereomeric salt precipitated 2 perchlorate, which
was chemically pure (mp 194-195 °C dec) by IR and 'H
NMR, and was optically active ([a]%0400 +0.71° (1:4
Me,SO-CH;0H)). A solution of this salt at room temperature
maintained a constant [a]2%40 for over 20 h, which gives a
lower limit for AG¥,. of 25 kcal/mol.2 On concentration of
a solution of the sulfonium salt at 71 °C, complete loss of op-
tical activity was observed, accompanied by chemical de-
composition. Attempts to determine the kinetics of racemi-
zation were thus precluded. We were unable to estimate the
enantiomeric purity of optically active 2 perchlorate, since 1H
NMR spectra of the racemic perchlorate in CDCl; failed to
show resonance doubling in the presence of the chiral shift
reagents (HFC)3Eu and (TFC);Eu, or in (+)-2,2,2-tri-
fluoro-1-phenylethanol solution.

Direct determination of diastereomeric and enantiomeric
purity of 2 salts thus eluded us throughout this study, and our
evidence for diastereomeric and enantiomeric purity in 2
camphorsulfonate and perchlorate therefore remains cir-
cumstantial and presumptive in character.’

Asymmetric Induction in the Transfer of Chirality from
Sulfur to Carbon. Deprotonation of 2 perchlorate, [a]2400
+0.71°, at —20 to —15 °C, using a slight deficiency (0.84
molar equiv) of potassium rert-butoxide (KOBu(¢)) in 10:3
toluene-Me,SO yielded the rearrangement product, 3, [a] 20400
—1.64° (CHCls), in 82% yield (based on KOBu(t)). The op-
tical activity of 3 provides unimpeachable evidence for
asymmetric induction in the transfer of chirality from sulfur
in 1to carbon in 3.10

Direct determination of the enantiomeric excess (ee) in 3
by NMR techniques proved unsuccessful: the 'H NMR
spectra of racemic 3 failed to show resonance doubling in the
presence of (HFC);Eu, (TFC);Eu, the corresponding Pr and
Yb derivatives, or in (+)-2,2,2-trifluoro-1-phenylethanol so-
lution. On the assumption that our lack of success in differ-
entiating between enantiomers of 2 and 3 by these techniques
might be traced to the instability of the association complex
between substrate and chiral auxiliary agent, we resorted to
structural modifications of 3 which held the promise of alle-
viating this problem.

Oxidation of racemic 3 with m-chloroperbenzoic acid gave
a 4:1 mixture of trans:cis sulfoxides 8b:8a. The peri protons,
H-4 and H-5, in both diastereomers are deshielded relative to
the remaining aryl protons,'! and in the presence of shift re-
agents are cleanly separated in the '"H NMR spectrum (CDCls3
solution). In the presence of (TFC);Eu, the signals of the
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R = 2,5-xylyl

5a, X = 0, Y = electron pair
5b, X = electron pair, Y =0
6, X=Y=0

protons in both isomers are resonance doubled. Since the sig-
nals in 5a fall partially under the peri proton pattern of 5b, it
became necessary to separate the two isomers; this was ac-
complished by thick layer chromatography, which afforded
pure 5b, uncontaminated by 5a.

In the presence of 0.59 molar equiv of (TFC);Eu, the peri
proton signals of Sb appeared as a set of four doublets of equal
intensity centered at 6 13.2, 12.5, 12.3, and 11.9 ppm, with
3JHH =8.5,7.0, 8.5,and 7.0 Hz, respectively (as deduced by
comparison of the 60- and 100-MHz spectra). The four signals
may be pairwise assigned to H-4 and H-5, and, within each
pair, to the enantiomers of 5b. If we assume that the two dif-
ferent J values correspond to the two different couplings
H-4/H-3 and H-5/H-6, there are only two alternatives: either
the two downfield signals originate with one enantiomer of Sh
and the two upfield signals with the other, or the two outside
signals originate with one enantiomer and the two inside ones
with the other. Since the integrated signal intensities of the two
outside signals are significantly different for optically active
samples of 5b, the second one of these alternatives is ruled out.
The ee of such samples is then simply estimated from the re-
lationship ee = |(4 — B)/(A4 + B)|, where A and B are the
integrated intensities of the two outside signals at § 13.2 and
11.9 ppm. This ee is taken to be the same as the ee of the pre-
cursor 3.

In this way an ee of 7 £ 1% was estimated for 3 with [«] 2%
—1.64°. A sample of this material, combined with an equal
amount of racemic 3 had [«]?%499 —0.80° and an ee (by NMR)
of 3.0 £ 0.5%; this provides a measure of reliability for our
method of determining ee.

In contrast to the sulfoxides §, the sulfone 6, prepared by
H>0; oxidation of 3, exhibited no resonance doubling in the
presence of chiral shift reagents or in (+)-2,2,2-trifluoro-1-
phenylethanol solution.

Pyramidal Inversion at Sulfur in a Thiaanthracene. 1f one
assumes that the starting 2 perchlorate is enantiomerically
pure, or nearly so, and that the [1,4] rearrangement 1 — 3
proceeds with complete stereospecificity, as would be expected
for this strictly intramolecular rearrangement,!-2 then one is
left with the need to explain the low value of the ee (7%) in the
product of rearrangement, 3.

An obvious possibility is that 3 is produced with an initially
high ee, but suffers racemization under the basic conditions
of the rearrangement.!? Indeed, when 3, [«] 20490 —1.64°, was
treated with 0.97 molar equiv of KOBu(r) at —=15to =20 °C
for 5 min, the produced thioxanthene had [«]2C4q0 —1.03°,
implying ca. 37% racemization; in support of this conclusion,
treatment of racemic 3 under the same conditions, followed
by quenching with D,O/D>SOy, resulted in 34 £ 1% incor-
poration of deuterium in the 9 position. However, whereas
treatment of optically active 2 with 1 equiv of 1,8-bis(di-
methylamino)naphthalene (“proton sponge”) for 4 h yielded
3 with [«]0400 —1.56°, reaction of optically active 3 with
proton sponge gave no racemization, and reaction of racemic
3 with proton sponge, followed by quenching with D,O/
D,S0s, gave no deuterium incorporation.'? Since the optical
purity of 3 obtained by deprotonation of 2 with the nonra-
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cemizing base 1,8-bis(dimethylamino)naphthalene differs only
negligibly from that of the product obtained by deprotonation
of 2 with a deficiency of KOBu(r), it is reasonable to conclude
that the low optical purity in both cases is not primarily due
to a process in which 3 is racemized by base subsequent to its
formation from 1.

The remote possibility that the intermediate thiaanthracene
1, a sulfonium ylide,1:2 might itself function as a strong base
capable of effecting racemization of 3 by proton exchange
during the course of the rearrangement was tested in the fol-
lowing experiment. A deficiency (0.84 molar equiv) of
KOBu(r) was added to a solution of racemic 2 and a solution
of 0.84 molar equiv of active 3, [a]?P400 —1.62°, was imme-
diately added to this mixture. The rotation of the recovered 3
was [@]20490 —0.90°. Given a rearrangement yield of 80%, the
expected [a] 20400 of —0.90° is in excellent agreement with the
observed value, and establishes the fact that 1 does not ra-
cemize 3 to a significant extent in the course of the reaction.

Since the starting sulfonium salt, 2 perchlorate, is configu-
rationally stable under the conditions of the rearrangement (see
above), the remaining possibility is that the intermediate
thiaanthracene 1 racemizes competitively with rearrangement.
To test this possibility, active 2, [«]20400 +0.70°, was treated
with 0.87 molar equiv of KOBu(z) at —18 °C and held at that
temperature for 90 min; the reaction was then quenched (at
low temperature) with D;SO4/D;0, the colorless solution was
treated with 10% aqueous HClQOy, and the perchlorate salt was
recovered. The recovered salt had no observable rotation, and
had incorporated one deuterium atom in the 9 position. In a
similar experiment, when active 2 was treated with 0.84 molar
equiv of KOBu(z) and quenched with HCIO, within 4-5 min,
the recovered salt was 25% racemized. One is thus forced to
the conclusion that the intermediate thiaanthracene 1 suffers
racemization under the conditions of the rearrangement.

H H R
i/ s

Scheme 1

H H
Cl
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R R
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Kinetics of Pyramidal Inversion. The picture developed in
the preceding section is summarized in Scheme I, which shows
that 1 formed from 2 (arbitrary absolute configuration) either
rearranges to give 3, with a rate constant k;, or undergoes
pyramidal inversion, with a rate constant kj, to give the en-
antiomer, 1. This in turn can either revert to 1 by pyramidal
inversion or rearrange to 3, the enantiomer of 3.

Scheme I assumes (a) that the rate of deprotonation of 2 is
much greater than the rate of rearrangement,? (b) that the
conversion of 1to 3 is irreversible, (c) that any racemization
pathways other than pyramidal inversion can be neglected, and
(d) that the stereospecificity of the rearrangement is complete,
i.e., that the transformations 1 — 3 and 1 — 3 are disallowed.
These simplifying assumptions lead to kinetic equations 3 and
4, where 4 and 4 1 and 1, respectively.'4

(A+ A) = (A4 + A)ge kv (3)

ERE RIEE I
A+ A1 A+ A4lo

Using the data from an experiment in which 2 was depro-
tonated in 5:2 toluene-Me,SO and, after 90 min at —18 °C,
quenched to give a 77% recovery of 2 (Experimental Section),
eq 3 yields k) = 4.8 X 1075 5™, From the Eyring equation
{assuming a transmission coefficient of unity), AG* (=18 °C)
= 20 kcal/mol, in fair agreement with the previously reported?
value of AG* = 20.7 £ 0.1 kcal/mol (which leads, by extrap-
olation, to k; = 1.3 X 10~3s~1at —18 °C) for the rearrange-
ment of racemic 1in 9:1 toluene-Me,SO.

In order to obtain values for k5, attempts were made at first
to determine relative ee values'S of the optically active
thiaanthracene intermediate by direct observation. Circular
dichroism was employed to monitor A4 (ca. 515 nmin 10:3
toluene-Me,SO)? at room temperature and at 0 °C; optical
rotary dispersion was used to monitor the region above and
below Amax (at 550 and 450 nm) at room temperature and at
0 °C. However, in both cases the absorption was so intense
that, given the low rotational strength of the monitored tran-
sition, no displacement from the baseline could be observed.
The desired information was therefore obtained indirectly:
aliquots of the reaction mixture were withdrawn at periodic
time intervals and quenched with aqueous HCIOy, and the
recovered 2 perchlorate examined polarimetrically. Since
protonation is instantaneous and 2 is conformationally stable,
the relative ee of the recovered perchlorate may be taken as
equal to the relative ee of 1 at the time of quenching. This
method yielded rough values of k, ranging from 1.5 X 10~4
s71t0 3.5 X 107451, corresponding to AG¥jn, (—15 °C) =
19.1-19.5 kcal/mol.!6 The salient conclusion emerging from
these kinetic studies is that racemization of thiaanthracene 1
proceeds approximately ten times faster than rearrangement
to 3.14

The present study is the first in which a thiabenzene has been
observed to undergo pyramidal inversion. Semiempirical MO
calculations indicate a barrier to inversion of ca. 43 kcal /mol
for S-methylthiabenzene!” and of 35-45 kcal/mol for S-
phenylthiabenzene.!® Experimentally, Jower limits of 16.8 and
23.7 keal/mol have been estimated! for the inversion barrier
at sulfur in 1-isopropyl-2-phenyl-2-thianaphthalene and in
1-pentafluorophenyl-2-methyl-2-thianaphthalene, respectively.
That the inversion barrier in 1 is well below the barriers for
thiabenzenes and thianaphthalenes may be principally due to
the effect of polyaryl substitution at sulfur: when 1 is viewed
as a sulfonium ylide,!2 the presence of three aryl groups at-
tached to the sulfur center offers greater opportunity for de-
localization of the lone pair, thus contributing to a lowering
of the transition state energy.® A similar effect has been noted
for sulfonium ions.!®

We regard it as highly significant that the inversion barrier
in 1is ca. 6 kcal/mol lower than the barrier in the closely re-
lated sulfonium salt 4.7 In a previous investigation0 in which
the inversion barrier at sulfur in an ylide was directly compared
to thatof the corresponding sulfoniumion (in methanol at 50°
C), it was found that the enthalpy of activation for the race-
mization of ethylmethylsulfonium phenacylide, AH* = 23.6
+ 0.2 keal/mol (on the assumption that AS* ~ 0), is 5.4
kcal/mol lower than that of ethylmethylphenacylsulfonium
perchlorate (AH¥* = 29.0 & 0.5 kcal/mol). If the agreement
between the two sets of comparisons is not the result of a for-
tuitous coincidence, we submit that the barrier lowering in 1
relative to 4 constitutes independent evidence for the de-
scription!-2 of thiaanthracenes as cyclic sulfonium ylides.

We conclude.our discussion of the stereochemistry of 1 —
3 by describing some conformational aspects of the rear-
rangement. We presume that the internal C-S-C angles in 1-3
and the internal C-C(9)-C angles in 2 and 3 are considerably
smaller than 120°, and that the ground states of these mole-
cules are therefore folded (“butterfly” conformations).?!
Designating the diastereomeric pseudoaxial and equatorial
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forms by suffix letters a and e, respectively, the stereoisomers
of 1 and 3 are formally related by pyramidal inversion (/),
rearrangement (R), and boat-to-boat inversion (B) as shown
in Scheme II.

Scheme 11
/H H\ H\ /R
R
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By analogy with similarly constituted systems (9,10-dihy-
droanthracenes and structurally related heterocycles),?!-22
molecules of type 1-3 are expected to oscillate rapidly (“flut-
ter”’) through a planar conformation (process B, a = ¢) with
an energy requirement of no more than ca. 7 kcal/mol. Con-
sequently, the high-energy processes (R and /, each ca. 20
kcal/mol) dominate the energy profile,?? and Scheme 11 ef-
fectively collapses to Scheme I. The rearrangement must of
course proceed from the a isomer of 1 (or 1), and we note that
the a isomer of 3 (or 3) is expected to predominate at equilib-
rium.?* Finally, although process B occurs independently of
the higher energy processes, and with a far higher frequency,
it might additionally occur as an event which is intimately
coupled to these processes; in that case it would be an insepa-
rable component of R and /.

Experimental Section2®

2-Chloro-10~2,5-xylyl)thioxanthenium Chloride. An ion exchange
column was prepared by stirring 300 g of Dowex 2-X8 ion exchange
resin (Baker Chemical Co.) with 400 mL of 4% HCl and then with
400 mL of saturated KCl solution. The column was packed and was
eluted with distilled water until the eluent no longer gave a positive
chloride ion test (AgNO3). After being eluted with ca. I L of MeOH,
the column was charged with a solution of 9 g of 2-chloro-10-(2,5-
xylyl)thioxanthenium (2) perchlorate! in 50 mL of CH3CN and, after
about 0.5 h, was then eluted with about 300 mL of MeOH /CH;CN.
Evaporation of the eluate yielded an oil which was triturated with ether
until it solidified. The solid was dried under vacuum to give 6.5-7.0
g of 2 chloride (85-90%), mp 150-165 °C dec. The IR spectrum of
this sample did not show the characteristic CIO4~ band at 1050-1100
cm~!. The crude 2 chloride was used in subsequent reactions without
further purification. The 'H NMR spectrum (CDCls) featured res-
onances at § 2.3 (s, 3 H, ArCHs), 2.77 (s, 3 H, ArCH3), 4.43 and 4.97
(ABgq,J = 20 Hz, 2 H, H-9), 6.90 (brs, | H, ArH), and 7.47-8.63
(m, 9 H, ArH).
2-Chloro-10-(2,5-xylyl)thioxanthenium Dibenzoy! Hydrogen Tar-
trate, One gram (2.29 mmol) of the perchlorate salt of 2 was passed
through an anion exchange column, and the crude chloride salt was
treated with (+)-silver dibenzoyl hydrogen tartrate2® (2.29 mmol)
in 1:2:3 CH3;0H-H,0-CH3CN. The silver chloride was removed by
filtration of the solution through Celite; concentration of the filtrate
gave 1.5 g of oil (94%). Attempts to crystallize this oil from acetoni-
trile, chloroform, and acetone resulted in purple solutions, indicative
of the presence of 1. The 'H NMR spectrum of a purple Me,SO so-
lution exhibited a resonance at § 5.2 ppm due to the 9 proton of 3,
evidence for the deprotonation of 2 and rearrangement of the resultant
1.
2-Chloro-10-(2,5-xylyl)-10-thioxanthenium (+)-Camphor-10-sul-
fonate. Silver oxide (5 g) and (+)-10-camphorsulfonic acid (5 g) were
combined in 30 mL of acetonitrile?” and the mixture was stirred for
20 h at room temperature, under exclusion of light. Filtration of the
black suspension through Celite followed by evaporation of the solvent
from the filtrate afforded a white solid. Crystallization from aceto-
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nitrile/ether yielded needles of silver (+)-camphor-10-sulfonate (5
g, 69%, [«]20p +14.3° (water), lit.28 [a]p +14.56°). A mixture of the
silver salt (6.85 g) and 11.5 g of 2 chloride in 250 mL of CHCl; was
stirred for 5 min at room temperature under exclusion of light. The
reaction mixture was cooled to —78 °C, filtered through Celite (ca.
3 g of AgCl collected), washed with water, dried, and concentrated
to yield 17 g (97%) of an oil. The 'H NMR spectrum featured reso-
nances at 6 0.82 (s, 3 H, CH3), 1.13 (s, 3 H, CH3), 2.23 (s, 3 H,
ArCH3), 2.70 (s, 3 H, ArCH3), 1.17-2.87 (m, 7, CH,,CH), 2.77,3.57
(ABq,2H,J = 16 Hz, CH,S0,),4.27,4.83 (ABq, 2 H,J = 20 Hz,
H-9), 6.75 (brs, | H, ArH), 7.18-8.33 (m, 9 H, ArH).

The mixture of diastereomers was fractionally crystallized from
acetone/ether. The initial crop had mp 169.0-173.5 °C dec, [a]®p
+22.6°, [«]®03¢5 +139° (¢ 1.45, CHCI3). Recrystallization was
continued until the product had a constant mp 178.5-179.5 °C dec,
[a]ZOD +27.8°, [a]20355 +165° (C 1.26, CHC13).

Anal. Caled for C3;H338,04Cl: C, 65.41; H, 5.86; S, 11.27; Cl,
6.23. Found: C, 65.45; H, 5.94; S, 11.04; Cl, 6.42.

The noise-decoupled 13C NMR spectrum (in CDCls) of the final
crop featured resonances (downfield from Me,Si) at 21.1, 21.5, 21.6,
22.3,25.8,28.3,36.8,43.9,44.2,48.2,48.9,59.9, 120.8, 122.0, 125 .8,
129.9,130.3,130.4,132.2,133.2,133.6, 134.8,134.9, 135.3, 136.0,
139.4,139.7,139.8, 141.6, 142.3, 218.0 ppm. ORD curve (CH;OH):
[¢] +871, #3770, 0, —3432° at 350, 310 (max), 297, 285 nm, re-
spectively.

Optically Active 2-Chloro-10-(2,5-xylyl)-10-thioxanthenium Per-
chlorate. A solution of 2-chloro-10-(2,5-xylyl)-10-thioxanthenium
camphor-10-sulfonate (0.7 g, [@]?°p +28.0° (¢ 3.49, CHCl3)) in 50
mL of CH;0H-20 mL of H,O was cooled in a dry ice-acetone bath
until the solution became viscous. HCIO4 (70%) (2 mL) was added,
followed by 300 mL of H,O. A precipitate formed immediately. The
mixture was stirred for 0.5 h and the solid was collected and washed
with water and then with ether. The solid was dried under high vacuum
(0.48 g, mp 194-195 °C dec). From the ORD curve a value of [a] %400
+0.71° (¢ 1.47, 1:4 Me,SO-CH;OH) was obtained. The solution
showed no change in rotation upon standing in the ORD cell at room
temperature (protected from light) over a period of 20 h. ORD curve
(1:4 Me,SO-CH;30H): [¢] +6.07, +7.69, +8.30, 0, —2.43° at 450,
400, 355 (max), 318, 315 nm, respectively. The IR spectrum showed
no carbonyl absorption and had the strong characteristic perchlorate
band at 1050-1100 cm™!, The 'H NMR spectrum (CD;CN) featured
absorptions at § 2.24 (s, 3 H, ArCH3), 2.73 (s, 3 H, ArCH3), 4.50 (br
s,2 H,9-H), 6.86 (brs, | H, ArH), 7.37-7.98 (m, 9 H, ArH).

Concentration of the ORD sample by heating (at 71 °C) to half its
volume resulted in a solution whose ORD curve showed 110 displace-
ment from the baseline. This inactive sample was added to a volume
of water (200-300 mL), and the solution was extracted with ether.
Evaporation of the ether layer (after drying) led to an oil whose 'H
NMR spectrum in CDClj clearly indicated the presence of 2-
chloro-9-(2,5-xylyl)-10-thioxanthene by a singlet at § 5.1 (H-9),
among other unidentified resonances.

2-Chloro-9-(2,5-xylyl)-10-thioxanthene 10-Oxide (5). A solution
of 2-chloro-9-(2,5-xylyl)-10-thioxanthene! (0.5 g) in 10 mL of CH,Cl,
was cooled to 0 °C. m-Chloroperbenzoic acid (0.33 g) was added and
the reaction mixture was stirred at 0 °C until all reactants became
soluble (usually 5 h). Saturated bicarbonate solution was added, and
the layers were separated; the organic layer was washed with bicar-
bonate and then with water, and dried. Evaporation of the solvent gave
0.53 g of a product consisting of a 4:1 mixture of trans:cis sulfoxides.
The cis and trans configurations were assigned on the basis of the
position of the methine (9-H) proton24 in the 'H NMR spectra, the
trans isomer having the downfield resonance. The 'H NMR spectrum
(CDCl;) of the mixture featured resonances at § 1.90 (s, 3 H, cis-
ArCHs), 2.37 (s, 3 H, cis-ArCH3), 2.21 (s, 3 H, trans-ArCH3), 2.32
(s, 3 H, trans-ArCH3), 4.97 (br s, 1 H, cis-H-9), 590 (brs, | H,
trans-H-9), 6.73-8.25 (m, 20 H, ArH).

The mixture was chromatographed on a thick layer silica gel plate
(PQ4F 2000, Quantum Labs) using three chloroform developments.
The UV-absorbing region consisted of two broad bands that were
barely separated; collection of the denser lower band afforded an oil.
Eventually the oil was crystallized from heptane to afford dense
prisms, mp 132.0-133.0 °C. The 'H NMR spectrum (CDCl;) of the
crystals featured resonances at § 2.20 (s, 3 H, ArCH3), 2.33 (s, 3 H,
ArCHj3), 593 (brs, | H,H-9), 6.67-7.58 (m, 8 H, ArH), 7.83-8.33
(m, 2 H, ArH). On the basis of the NMR data2?4 the crystals were
assigned the trans stereochemistry (5b).
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Anal. Caled for C5H70SClL: C, 71.68; H, 4.59: S, 9.11. Found:
C,71.48. H, 4.89; S, 8.96.

For the determination of enantiomeric excess (ee), NMR spectra
were recorded on freshly prepared samples (typically 200 mg of b,
300 mg of (TFC)3Eu, 2 mL of dry CDCl;). The integrated intensity
of the peri protons H-4 and H-S was twice that of H-9.

2-Chloro-9-(2,5-xylyl)-10-thioxanthene 10,10-Dioxide (6). A sus-
pension of 2-chloro-9-(2,5-xylyl)- 10-thioxanthene! (1.0 g) in a mixture
of 6 mL of glacial acetic acid and 2.5 mL of 30% H,0, was stirred
(protected from light) for 12 days. The mixture was poured into water
and extracted with CHCl3. Evaporation of the solvent afforded an oil,
which was crystallized froni ethanol to give 0.8 g (73%) of dense prisms
(mp 162.5-163.5 °C). The 'H NMR spectrum (CDCl;) featured
resonances at 6 1.85 (s, 3 H, ArCH3), 2.38 (s, 3 H, ArCH3), 5.67 (br
s. 1 H,9-H), 6.83-7.67 (m, 8 H, ArH), 8.0-8.33 (m, 2 H, ArH).

Anal. Calcd for C;;H70,SCl: C, 68.38; H, 4.65. Found: C, 67.80;
H, 4.72.

Deprotonation Reactions. General Procedure, All reactions were
run under nitrogen, and protected from light. The optically active
thioxanthenium perchiorate ([a] 500 +0.72° (1:4 Me,SO-CH;0H))
was dissolved in a mixture of degassed toluene {distilled from sodium)
and degassed Me;SO (distilled from CaH3;). A solution of potassium
tert-butoxide (sublimed) in Me,SO was added to the perchlorate
solution. The reaction mixtures were initially intensely purple in color,
unless otherwise noted. After the reaction mixture became colorless,
it was cooled in an ice bath and water was added. The layers were
separated and the water layer was washed with CHCls. The combined
orgaic layers were dried over MgSO, and concentrated to an oil.
Chromatography of the vil on silica gel, eluting with hexane, resulted
in 4 homogeneous oil (the rearrangement product 3) which could be
crystallized from ethanol. The specific rotation of an oil obtained di-
rectly from the column and of crystals obtained from this oil proved
to be the same. ORD (CHCl5): [¢] —5.46,0, +1.67° at 400, 337, 323
nni, respectively. The 'H NMR (CDCls) spectrum exhibited reso-
nances at 8 2.17 (s, 3 H, ArCH3), 2.30 (s, 3 H, ArCH3), 5.17 (s, | H,
H-9), 6.97-7.67 (m, 10 H, ArH).

A. Optically active 2 perchlorate (5 g) i1 106 mL of toluene-30 mL
of Me>SO was treated with 1.20 g of potassiuni rert-butoxide in 20
mL of Me,;SO at room iemperarure. Workup after 4 h afforded op-
tically inactive 3 (2.9 g, 80%).

B. Optically active 2 perchlorate (0.70 g) in 50 mL of toluene-15
ml. of Me;SO was cooled to =15 to =20 °C, 0.15 g of potassium
tert-butoxide in 10 mL of Me,SO was added, and the bath was re-
moved. Workup after 4 h gave 0.44 g (82%) of an oil (3), [«]2C400
—1.64° (¢ 0.80, CHCly).

C. Optically active 2 perchlorate (0.7 g, 1.6 mmol) and 0.35 g (1.63
mmol) of 1,8-bis(dimethylamino)naphthalene were combined in 25
mL. of Me;SO-110 L of toluene at room temperature. The reaction
niixture was pale cherry in color. Workup after 4 h gave 0.15 g (28%)
of 3, [a] 490 —1.56° (¢ (.58, CHCI3). Repetition of this reaction using
racentic 2 gave the same chemical yield.

D. Optically active 2 perchlorate (1.30 g) was dissolved in 100 mL
of toluene-30 mL of Me,;SO and cooled to ca. —18 °C. Potassium
tert-butoxide (0.29 g) in 10 mL of Me,SO was added. The reaction
mixture was maintained at the initial temperature for 90 min. Cold
D,0/D»S0, was added, followed by HC1O,. The mixture was poured
onto ice and a precipitate formed. The precipitate was collected,
washed with water, then ether, and dried to yield 1.0 g (77%) of re-
covered 2 perchlorate. The '"H NMR spectrum (Me,SO-dg) showed
the incorporation of one deuterium atom: 8 2.33 (s, 3 H, ArCH3), 2.85
(s, 3 H, ArCH3), 472 (br s, 1 H, H-9), 7.08 (br s, | H, ArH),
7.40-8.40 (m, 9 H, ArH). An ORD sample (¢ 2.0, 1:4 Me,SO-
CH3OH) gave no observable rotation (the lower limit of observation
was ca. [a]20400 +0.10°). The usual workup of the rearrangement
product yielded 110 mg of 3 after column chromatography; however,
the sample was still slightly yellow in color. The [«]20490 of the product
was ~=2.85° (¢ 0.33, CHCl3).

E. Optically active 2 perchlorate (0.70 g) in 50 mL of toluene-135
mL of Me,SO was treated with 0.15 g of potassium tert-butoxide in
10 mL of Me;SO atca. =18 °C. After 4 min, a 30% HC1O4 solution
was added; because of the viscosity of the solution, the time elapsed
before the solution became colorless was 4-5 min. The reaction mix-
ture was poured into | L of ice water and the precipitate was collected
by suction filtration, washed with water and ether, and dried to give
0.68 g of recovered 2 perchlorate. The rotation of the collected salt
was [a] 2400 +0.65° (¢ 1.85, 1:4 MeaSO-CH;,0H).

F. Racemic 2 perchlorate (0.70 g) was dissolved in S0 mL of tolu-
ene-15 mL of Me;SO and cooled toca. —18 °C; 0.15 g of potassium
tert-butoxide in 10 mL of Me,SO was added. Immediately after the
tert-butoxide solution addition was completed, a solution of 0.45 g
of active 3 ([@]?%00 —1.62°, ¢ 1.03 (CHCI3)) in 5 mL of toluene was
added. After warming to room temperature, the reaction mixture was
stirred overnight. The usual workup afforded 0.82 g of 3 with [«t] 2400
—0.90° (¢ 1.66, CHCI;). The expected rotation, [o]cxp, Was calculated
as follows. Let a = moles limiting reagent (= 0.15/112.2), b = frac-
tion of 2 rearranged, i.e., yield (= 0.80), ¢ = mol wt of 3 (= 336.9).
Then abc (0°) + 0.45 (—1.62°) = (abc + 0.45)[a] cxp, Whence [a]exp
= —0.90°.

Control Experiments on the Product of Rearrangement (3). A. A
solution of 0.35 g of 1,8-bis(dimethylamino)naphthalene in 20 mL
of toluene was added to a solution of 0.30 g of optically active 3
([e) 20400 —1.62° (¢ 1.03, CHCI3)) in 25 mL of Me,SO-90 mL of
toluene. The reaction mixture was stirred overnight at room temper-
ature. After the usual workup, 0.26 g of 3 with {«] 20400 —1.60° (c 0.87,
CHCl;) was obtained.

The reaction was repeated as above except that racemic 3 was used
and the reaction mixture was quenched with D,O/D>SO4. No D was
incorporated (by 'H NMR).

B. A solution (2.6 mL) of 0.62 g of potassium teri-butoxide in 20
mL of Me;SO was added to a solution of 0.25 g of optically active 3
([@])®©400 —1.64° (¢ 0.80, CHCI3)) in 10 mL of toluene-3 mL of
Me,SO, and cooled to ca. —18 °C. After 5 min the reaction mixture
was quenched with cold concentrated HCI and worked up in the usual
manner. The oil was crystallized from ethanol; the first crop (0.16 g,
649%) had [a] 20400 —1.03° (¢ 1.07, CHCIs). This result implied 37%
racemization.

The reaction was repeated as above except that racemic 3 was
employed and the reaction mixture was quenched after 5 min with
D,0/D,S0y,. Integration of the '"H NMR spectrum of the crude oil
(H-9 at 6 5.1 vs. methyl at § 2,17 and 2.30; 12:111) implied 35% D
incorporation, while that of the crystallized 3 (15:134) implied 33%
D incorporation.

Kinetics of Pyramidal Inversion, The general procedure used was
as follows. A deficiency (typically 0.8 equiv) of KOBu(i) was added
to a sample of optically active 2 perchlorate, and after a set period of
time the reaction mixture was quenched with aqueous HClO4. The
recovered perchlorate was examined polarimetrically, and the rotation
of the recovered salt was corrected for the presence of a molar excess
(typically 0.2 equiv) of unreacted perchlorate. This correction is only
approximate since, in order to compute the fractional decrease in
optical purity, the simplifying assumption has to be made that re-
protonation of 1 by 2 is a negligible process. To the extent that this
approximation does not hold, the calculated values of k, are too high,
since a factor of (1 — x)[a]g is subtracted from [«], where x =
fractional molar equiv of KOBu(1).

On this basis, the results described under Deprotonation Reaction
E (above) lead to a value of k, = ca. 5 X 10~*s! and AGF;,, = 19
kcal/mol. Similar values were obtained in the following set of ex-
periments. A solution of 0.450 g of KOBu(?) in 25 mL of DMF2? was
added to a solution of 2.10 g of optically active 2 perchlorate in 200
mL of DMF; the addition took approximately 1.25 min. The tem-
perature of the reaction mixture was maintained at —15 °C. Aliquots
were taken at regular intervals over a period of 80 min, and quenched
with the appropriate quantity (5 or 10 mL, depending on the size of
the aliquot) of 10% aqueous HCIO4. The perchlorate salts were fil-
tered, washed with ether, dried, and examined on the Cary 60 spec-
tropolarimeter at 420 nm in 1:4 Me,SO-CH3;0H. Uncorrected
rotations fell in the range of agysg +0.0068 to +0.0030°, with anun-
certainty of £0.0008°. Values of k, were computed as described above
and in the text, and led to AG¥;,, = 19.1-19.5 kcal/mol.
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Abstract: Kinetic studies are reported for the Cope rearrangements of the 2-phenyl, 3-phenyl, 2-(a-naphthyl), 2-(8-naphthyl),
2,4-diphenyl, and 2,5-diphenyl derivatives of 1,5-hexadiene. The results suggest that the transition state for the reaction is a

biradicaloid akin to the 1,4-cyclohexylene biradical.

Although the Cope rearrangement of 1,5-hexadienes was
discovered over 30 years ago,® and although it has been studied
in detail by a number of workers,* its mechanism is still not
completely understood.

It has been established that the reaction is normally intra-
molecular,® that it involves rearrangement of each allyl group,
implying the intervention of intermediates with bonding across
the 1,6 positions, and that the preferred conformation of such
intermediates is analogous to the “chair” conformation of
cyclohexane.® It is, however, possible for the reaction to take
place via the alternative “boat” conformation,® even in the case
of 1,5-hexadiene (1) itself,” and indeed the “boat” rear-
rangement can take place extremely easily if facilitated by

relief of ring strain, as in the degenerate Cope rearrangement
of semibullvalene.-t0

Cope®!! assumed that the reaction takes place in a single
step via a cyclic transition state, i.e., that it is a pericyclic
process in current terminology,!2 and this view has been
commonly accepted. According to it the degenerate rear-
rangement of 1 would be represented as 1 — 2 — 3, where 2
is the symmetrical transition state, isoconjugate with benzene
and so aromatic.!3 On this basis the preferred chair confor-
mation of 2 can be attributed to an antibonding 1,4 interac-
tion.!3 Similar conclusions follow from orbital correlations
between 2 and a pair of allyl radicals!? or from arguments
based on the frontier orbital method.!4
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