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Abstract: The temperature-dependent nmr spectra of 9-(2,4,6-trimethylphenyl)xanthene (III-H), 9-(2,6-dimethyl-
phenyl)xanthenol (II-OH), and 9-(2-methylphenyl)xanthene (I-H) were investigated in detail. The observed ex-
change of methyl environments is attributed to hindered rotation about the 9-aryl bond. Exchange rates were cal-
culated by comparing experimental spectra with theoretically calculated spectra over a range of temperatures, and
gave AFxse* of 17.6, 10.9, and 9.4 kcal/mol for III-H, I1I-OH, and I-H, respectively. A comparison is drawn of the
similarities and differences for the rotational barriers and chemical shifts of these and other xanthyl derivatives with
the recently investigated 9-arylfiuorenyl system. Interpretation of the spectral results in terms of nonbonded
interactions in both the ground and transition states is discussed in some detail for both systems. The striking dif-
ferences between barriers of analogous compounds of the xanthyl and fluorenyl series are explained by the greater

conformational mobility in the former.

The preferred axial-phenyl conformation suggested for the xanthyl com-

pounds is discussed in relation to the conformationally analogous 9,10-dihydroanthracenyl system. The at-
tempted detection of an optically active xanthyl cation is briefly reported.

hese studies of the 9-arylxanthyl system originated
from an interest in their role as carbonium ion
precursors; in particular they appeared promising as

It is our purpose here to compare and contrast the
rotational processes of the 9-arylxanthyl with the re-
ported fluorenyl systems, to comment on the nature and

Table I. Chemical Shifts? (3)
——eee———Xanthyl Fluorenyl? —_
~—————CHj; at position————— ~——————CH; at position——————

9-Aryl substituent 2/ 3’ 4/ 6/ 9-H 2/ 3/ 4/ 6’ 9-H
Carbinols (X = OH)

I, 2’-methyl 1.62¢ ¢ 1.25¢ ¢

I, 2/,6'-dimethyl 1.354 2,934 1.15 2.90

111, 2/,4/,6'-trimethyl 1.33 2.25 2.98 1.17 2.25 2.90

IV, 3’-methyl 2.25¢

V, 4’-methyl 2.25

VI, 2’-ethyl 0.37¢ c
Hydrocarbons (X = H)

I, 2’-methyl ¢ 2.32e7 5.59¢</ 1.13¢ 2.69¢ 4.90,5.30

11, 2/,6'-dimethyl 1.63 2.58 h 1.13 2.69 5.50

111, 2/,4',6'-trimethyl 1.60 2.27 2.53 5.9 1.10 2.25 2.64 5.47

IV, 3’-methyl 2.21¢ 4.97

V, 4’-methyl 2.27 4.98

VI, 2’-ethyl c 1.10¢ h

@ Probe temperature (~36°) unless specified otherwise.
from Siddall and Stewart®? at 0°,
forms. See Discussion. ¢ At —65°,

at the 3’ and 5’ positions since aryl rotation is rapid, and no isomer preference is expected.
of the 2’ and 6’ rotamers are observed for the methyl protons at § 1.66 and 2.73 and for the methine proton at 5.67 and 5.48.
signals of the 2’ and 6’ rotamers were observed? at 0° with the 6’ isomer predominating to the extent of 61.5% (Kc.q = 1.6).

solvent band.

an entry into studies of the preparation and properties
of an optically active 9-arylxanthyl carbonium ion.
Though this latter goal was not realized (vide infra),
nmr studies on the covalent 9-arylxanthyl compounds
revealed a novel rotational barrier which was conse-
quently investigated in some detail. Concurrently, an
analogous barrier was discovered in the closely related
9-arylfluorenyl system, and reported independently by
three different groups.!=+4

b Data for the carbinols from Chandross and Sheley! and for the hydrocarbons
¢ ¢ listed under site of the more predominant rotamer in the equilibrium mixture of the two possible
At probe temperature a single methyl resonance at § 2.14 is observed.

¢ Average 6 of methyl protons
At —100° the signals
¢ Two methyl
» Obscured by

/ Chemical shift at —65°.

mechanism of the rotational process, and to consider
the role of conformational effects in the 9-arylxanthyl
system.

(1) E. A. Chandross and C. F. Sheley, Jr., J. Amer. Chem. Soc., 90,
4345 (1968).

(2) T. H. Siddall, III, and W. E, Stewart, J. Org. Chem., 34, 233
(1969).

(3) T. H. Siddall, III, and W, E. Stewart, Tetrahedron Lett., 5011
(1968).

(4) A. Rieker and H. Kessler, ibid., 1227 (1969).
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Results

The nmr spectra of compounds studied in this work
(I-VI) are summarized in Table I and, for purposes
of comparison, the data are also listed for the corre-
sponding fluorenyl systems (F1-I-F1-V) recently reported
by others, !4

0]
LD
R R
2 ¥ 4’ 6
I-X CH; H H H
II-X CH, H H CH,
m-X CH; H CH;, CH;
IV-X H CH, H H
V-X H H CH, H
vI-X CH, H H H
X=0H, H, or Cl
Fl=9-arylfluorenyl

The presence of discrete signals for the 2’- and 6'-
methyl substituents in the xanthyl compounds I1I-H
and III-H at room temperature and 11I-OH and I1I-OH
at low temperature clearly indicates the existence of a
barrier to rotation about the 9-aryl sp2>-sp® bond. An
increase in temperature leads to broadening and even-
tual coalescence of these 2’- and 6’-methyl signals, as
expected for rotational processes in which rotamers
are being rapidly equilibrated on the nmr time scale.

Activation parameters for methyl exchange in the
xanthyl compounds are shown in Table II. Also

Table II. Kinetic Datac
Xanthyl Fluorenyl?———
Com- T, TC’
pound AFy50 + AS350 + °C Ave AFsg0 + °C Ave
II.OH 10.9 5.8 —20 99 21.3 200 105
II-H 17.6 5.2 ~95 36 >26 >200 92
I-H 9.4 2.5 ~-75 64 16,34 90

2 Energies of activation are in kilocalories per mole and entropies
of activation are in entropy units. Estimated errors for the xanthyl
compounds are =+0.5 kcal/mol and =2 eu, ?Reference 2,
¢ vel—cE, — Vo'_cu, at 60 MHz, ¢ At 60°,

listed in Table II are the chemical shift (v¢-c, —
vo_cm,), coalescence temperatures, as well as the cor-
responding values for analogous fluorenyl compounds
as obtained by others. Kinetic parameters were de-
termined by comparison of experimental spectra with
calculated spectra at a series of temperatures. Ar-
rhenius plots of these data are shown in Figure [;
limits of error estimated from the least squares analyses
are 0.5 kcal/mol.

Discussion

Comparison of Xanthyl and Fluorenyl Systems. In
general, the presence and detection of the rotational
barrier about the xanthyl 9-aryl bond arises from steric
and anisotropic considerations qualitatively similar to
those for the 9-arylfluorenes; however, greater con-
formational mobility and variation in nonbonded inter-
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Figure 1. Arrhenius plots (1/RT X 103 vs. In & (sec™1)) for methyl

exchange in compounds [1I-H, II-OH, and I-H.

actions lead to important differences and these will be
discussed in detail.

The structure in Table I represents the similar ground-
state configuration of the 9-arylxanthyl and fluorenyl
compounds. Space-filling molecular models® clearly
demonstrate the similar steric requirements in both
molecules. As shown in this figure, steric requirements
force the 9-aryl ring to be approximately perpendicular
to the fluorenyl or average xanthyl plane, leading to
very different chemical and magnetic environments for
the o-methyl groups in the 2’ and 6’ positions. In the
absence of rotation the 2’-methyl is located in the shield-
ing zone of the 7 clouds of the multiaromatic rings, in
contrast to the 6’-methyl which is held in close proximity
to the 9-X group and approximately in the plane of this
aromatic component. Thus, the large differencesin the
chemical shifts of the 2’- and 6’-methyls are readily
understood in terms of their individual proximity to
the shielding and deshielding zones of the xanthyl or
fluorenyl components. Johnson and Bovey’s® cal-
culations, previously carried out in reference to the
fluorenyl system,! are presumably applicable here as
well, but are superfluous since the above assignments
have been rigorously established by application of the
nuclear Overhauser effect on 11I-H; the 32 97 enhance-
ment of the 9-H proton signal, observed upon irradia-
tion of the low-fleld methyl, identifies the latter as the
more proximate methyl group at the 6’ position.

In the di-o-methyl-substituted compounds, II-OH,
II-H, 111-OH, III-H, FI-11-OH, FI-1I-H, FI-I1I-OH, and
FI-11I-H, equal populations of diastereomeric methyls
offer no difficulty in recognizing and interpreting the
rotational barriers as long as slow rotation on the nmr
time scale can be achieved in an accessible tempera-
ture range. The observation that the nonequivalence of
the two methyl groups may be removed by heating
requires rapid rotation on the nmr time scale, a pro-
cess which time-averages the methyl environments and
leads to a single resonance found at the exact average
of the individual methyl signals. In contrast to the
2’- and 6’-methyls, the 4’-methyls of the 9-mesityl-
xanthene (I11I-H) and xanthenol (III-OH) have normal
aromatic methyl chemical shifts and line shapes which
are independent of temperature, as required by symmetry
considerations,

The situation differs with the mono-o-methyl com-
pounds, in which methyl may assume either a 2’ or 6’

(5) CPK atomic models (The Ealing Corporation, Cambridge, Mass.)
are particularly well suited for the study of steric interactions in crowded
systems.

(6) C. E. Johnson, Ir., and F. A. Bovey, J. Chem. Phys., 29, 1012
(1958).
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Figure 2. 100-MHz nmr spectrum of the methyl region of I-H
in CD:Cl, showing limits of fast (25°) and slow exchange (—100°).
For the slow-exchange spectrum the more intense low-field reso-
nance is assigned to the 6’-methyl.

position., The resulting diastereomeric rotamers are
now of unequal energy and this leads to unequal popu-
lation distribution. As seen in Table I for compound
FI1-I-H near ambient temperature, Siddall and Stewart?
were able to detect a mixture of the two possible ground-
state conformers in which the rotamer with methyl at
the 6’ position predominates. As expected, the methyl
resonances of the individual mono-o-methyl rotamers
of FI-1-H are close to those found for the 2’- and 6’-
methyls of the di-o-methyl derivatives, FI-II-H and
FI-11I-H. Inthe present work only a single resonance is
observed near ambient temperature for the mono-o-
methyl compounds I-H and I-OH. Such a single
methyl signal can be the result of either (i) rapid ro-
tation in which the individual methyl environments of
the two diastereomeric rotamers are averaged or (ii)
slow rotation in which an energetically favored rotamer
overwhelmingly dominates.

From the observation that the chemical shifts of the
single methyl resonances in I-H and 1-OH are between
the chemical shifts expected for the individual rotamers,
we can conclude that fast rotation (i) and not the
thermodynamic constraint (ii) applies. Using the limit-
ing chemical shifts as obtained from the appropriate
dimethyl derivative, and assuming the usual relation
between mole fraction and chemical shift,’ the favored
isomer for I-OH has methyl at the 2’ position (837,
K., = 4.9) while I-H has methyl at the 6’ position
(639, Koq = 1.7). This conclusion was confirmed for
[I-H by direct low-temperature nmr observation of
both rotamers (see Figure 2, —100°) in the approximate
proportions calculated above from the time-averaged
chemical shift (see Figure 2, 25°). This chemical shift
argument can be used to interpret the data reported by
Chandross and Sheley! for the mono-o-methyl alcohol
F1-I-OH. The chemical shift of FI-I-OH (§ 1.25 at
probe temperature) is too close to that which would be

(7) J. W. Emisley, J. Feeney, and L. H, Sutcliffe, “High Resolution

Magnetic Resonance Spectroscopy,” Vol, I, Pergamon Press, New York,
N. Y., p 485,

Figure 3. Ground (3a) and transition (3b) states for aryl rotation
in both xanthyl and fluorenyl compounds.

expected for the pure 2’ isomer to decide whether con-
dition i or ii applies. However, from the constancy
of the chemical shift values of the 2’-methyl protons
in other derivatives (see FI-II-OH, H, and FI-11I-OH,
H) it seems likely that rotation is fast and that the 2’
rotamer is favored to the extent of >90%7.

Similarly, the assertion! that the lack of line broaden-
ing at high temperature in the nmr spectrum of 9-chloro-
9-o-tolylfluorene (FI-I-Cl) proves the absence of rota-
tion in this compound is invalid on the basis of the
above discussion. In fact, the chemical shift of the
methyl in this compound (& 1.25) in comparison to the
2’- and 6’-methyls of nonrotating dimethyl compounds
(6 1.10 and 2.95 in FI-1I-Cl, respectively) again suggests
that fast rotation is occurring and that the 2’ rotamer is
present to >90%7.

The Effect of 9-X Substituents. Mechanism of Rota-
tion. There is a dramatic difference in the rotational
barriers in both the xanthyl and fluorenyl compounds
with variation of the size of the 9-X substituents (Table
IT). A comparison of the barriers in the di-o-methyl-
substituted hydrocarbon (X = H) and alcohol (X =
OH) in both systems shows that introduction of the
larger 9-X group lowers the barrier by ~7 and >5 kcal/
mol, respectively. Superficially this observation of
increased barrier with decreasing size of 9-X substitu-
ent seems anomalous and an explanation of this phe-
nomenon requires a detailed examination of the mech-
anism for exchange of methyls.

The observation of two nonequivalent methyls at
low temperature which coalesce to a single band at
high temperature clearly defines the respective ground-
and transition-state configurations. The ground state,
as previously deduced from a consideration of chemical
shifts and space-filling models, has the 9-aryl ring ap-
proximately perpendicular to the xanthyl plane (see
Figure 3a). The transition state, reached by a 90°
rotation about the 9-aryl bond in either direction, leads
to a high-energy array in which the molecular plane
of symmetry bisects the plane of the aryl ring, and the
two ortho methyls are equivalent. To attain this transi-
tion state the molecule encounters severe steric inter-
actions between the ortho-9-aryl substituents and the 1-
and 8-hydrogens (see Figure 3b). This interpretation
agrees with that outlined by Siddall and Stewart? for the
fluorenyl case.

Chandross and Sheley! have proposed an entirely
different mechanism for the methyl exchange. On the
basis of the observation of a considerably lower rota-
tional barrier when Cl is substituted for either OH or H
in the 9 position, they eliminate steric inhibition to
rotation about the 9-aryl bond as a source of the barrier.
They suggest instead an ionization-recombination
mechanism in which methyl exchange is accomplished
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by inversion at the 9-carbon via a carbonium ion pair
intermediate, a conclusion apparently supported by
the ease with which FI-III-Cl and FI-III-OH are con-
verted to the 9-mesitylfluorenyl-9 cation detectable by
optical spectroscopy. However, since polarity of sol-
vent is known to be of major influence for processes in-
volving carbonium ion intermediates while the rota-
tional barrier of FI-III-Cl was solvent independent,
they were forced to postulate that inversion involved
only tight ion pairs. Though it would be difficult to
rigorously eliminate such an intermediate, we are not
aware of any precedent to support the concept of tight
ion pairs as applied to stable, isolable carbonium ion
salts., This would be particularly relevant to the xan-
thyl compounds which form even more stable car-
bonium ions. It has now been found that the barrier
for the xanthyl compounds is not affected by change in
solvent polarity and that the addition of CF;COOH to
the point where the carbonium ion is actually observable
in the nmr leads to no significant change for the methyl
exchange rates in the carbinol, 1I-OH. Presumably
Chandross and Sheley! would attribute the absence of
rotation in the hydrocarbon FI-II-H to its sterically
insurmountable barrier, unalleviated by the ability of
this molecule to ionize and invert. In fact, as is shown
for the xanthyl hydrocarbon, III-H, where ionization
is equally implausible, rotation does occur and the
barrier depends only upon steric factors to be discussed
below.

The elimination of steric factors as the source of the
barrier to rotation of the 9-aryl group on the basis of the
effect of the steric size of the 9-substituent, as was con-
cluded by Chandross and Sheley,! is invalid.® Though
they state that ‘““the primary barrier to rotation comes as
a result of steric interactions between the 2’- and 6’-
methyls and the 1 and 8 ring protons of fluorene rather
than because of any substituent on the C-9 carbon,”
they use the inverse correlation of size of the 9-X sub-
stituent with AF* to eliminate transition state 3b. In
point of fact and as clearly demonstrated by a considera-
tion of the relative steric influences in the ground and
transition state (Figure 3), substitution at C-9 has a
primary influence only on the energy of the ground
state and little or no influence on the energy of the transi-
tion state. The inverse substituent effects observed
both in the fluorenyl and xanthyl systems (i.e., the
barrier increases with decreasing size of 9-X substituent)
are thus readily interpreted as an increase in ground-
state energy with increased size of X, relative to the
transition state which remains unaffected. Similar con-
clusions in favor of a transition state involving a rota-
tional mechanism rather than an inversion mechanism
were independently reached by Rieker and Kessler*
and by Siddall and Stewart.?

The mono-o-methyl compounds are informative con-
cerning the energy of both the ground and transition
state. Our conclusion that the barrier to rotation is
considerably smaller in all the mono-o-methylxanthyl
and -fluorenyl compounds is in accord with the removal
of one of the two major interactions in the transition

(8) However, we cannot at this time eliminate the unlikely possibility
that the exchange in the fluorenes and xanthenes proceeds via inde-
pendent mechanisms. We agree with Dr, Chandross (personal com-
munication) that the finding of a similar or lower barrier for a 9-alkyl-
9-mesitylfluorene than for FI-III-Cl would effectively eliminate any

mechanism involving ionization. Unfortunately, such compounds
appear to be synthetically inaccessible,
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state. Similar ground-state energies for mono- and
0,0'-dimethyl xanthylhydrocarbons (I-H, II-H), as
suggested by the nearly equal equilibrium distribution
of the two rotamers of I-H, would be expected to lead
to an approximately 5097 reduction in the barrier of
the monomethyl as compared to the dimethyl com-
pounds. This is substantiated by a comparison of
AF¥* for 1I-H and II-H in Table II. Similar reasoning
applied to the fluorenyl case provides an additional
argument against an ionization-recombination mech-
anism. This mechanism, on the basis of the observa-
tion! that the mono-o-methyl compound, Fl-1-Cl, ionizes
slower than the corresponding more sterically en-
cumbered di-o-methyl derivatives, requires a greater
rotational barrier for the former. The experimental
facts are otherwise: FI-1II-Cl requires a temperature
greater than 80° for fast rotation,! while we have con-
cluded that FI-I-Cl is rotating rapidly at ambient tem-
perature.

As noted earlier, steric interactions in the ground
state between the 9-X and mono-o-methyl substituents
affect the population distribution between the 2’ and
6’ rotamers. Increasing the size of X in going from the
hydrocarbon to the carbinol leads to substantially
increased population of the 2’ isomer at the expense of
the 6’ isomer. This can only be due to relief of steric
compression between the 6’ and 9-X substituents.®
Parenthetically, we note that this difference in con-
former populations (AF°(6’ isomer, I-OH) — AF°(6’
isomer, I-H) == 1.2 kcal/mol) should act to equalize the
ground-state energies of these two compounds and that
we would therefore expect the rotational barriers to be
more nearly alike here than in the 2/,6'-dimethyl com-
pounds in which ground-state differences account for a
6 kcal/mol difference in the barrier. A similar trend is
noted for the mono-o-ethyl derivatives where the 2’
isomer is seen to be favored in the alcohol VI-OH
(6cw, 0.37, 6cn, 1.83) relative to the hydrocarbon VI-H
(6cn, 1.10, dcn, 2.72) when comparison is made to nor-
mal chemical shifts as found in the ethyl group of
ethylbenzene (6w, 1.25, 6w, 2.68).

Conformational Effects. The major difference be-
tween corresponding derivatives of the previously in-
vestigated fluorenyl compounds!—* and the present
xanthyl series is readily apparent from Table 1I; the
coalescence temperatures of 1I-OH and FI-1I-OH differ
by more than 200° and account for ~10 kcal/mol
difference in AF* and a difference at least as large is
likely between III-H and FI-III-H. We can account for
these dramatic differences by consideration of confor-
mational alternatives available to the xanthyl but not to
the fluorenyl system. Construction of Drieding models
shows that, in common with other six-membered cyclic
1,4-dienes with at least one sp? center, the central ring
of the xanthyl compounds must exist in a boat con-
formation in its most stable ground state. For un-
substituted xanthene, interconversion between two
identical conformations by a boat-to-boat ring-flipping
process is illustrated for the central ring in Figure 4.
Inversion between the two boat forms is expected to be
a very facile process by analogy with the 9,10-di-
hydroanthracenes, in which attempts to detect this

(9) Another manifestation of this steric crowding between the 9-X
and o-aryl substituents is reflected in our inability to insert substituents

as large as CHj; at the 9 position in the 9-(2/,6’-dimethylphenyl) com-
pounds by standard synthetic techniques.
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Figure 5. Ground state with phenyl substituent axial (5a) or
equatorial (5b). Transition state with phenyl substituent axial
(5¢) or equatorial (5d).

barrier at low temperature have thus far been unsuc-
cessful. 11 Substitution of medium size groups at the
9 position such as OH and aryl would have relatively
little effect on the energetics of this boat-to-boat inter-
conversion which we postulate would be fast under all
temperatures encountered in our studies.

Though interconverting rapidly, the 9-arylxanthenes
and xanthenols can exist in two energetically different
ground-state conformations, with phenyl axial'? as in
Figure 5a and phenyl equatorial'® as in Figure 5b.
Consideration of steric interactions encountered by the
9-aryl substituents in the rotational process necessary
to interconvert the o-methyl substituents suggests that
these interactions are minimized in the axial isomer 5a
(transition state 5¢) and maximized in the equatorial
isomer 5b (transition state 5d). In the transition state
for rotation in the axial conformer (5c¢) the distance
between the barrier-inducing ortho-methyls and the
1,8-hydrogens is large compared to the corresponding
equatorial transition state (5d) in which extreme hin-
drance precludes rotation.!'* The situation in the
fluorenes where the central ring is planar would be
expected to be in between these two extremes. We
therefore conclude that the axial boat conformation

(10) W. B, Smith and B. A. Shoulders [J. Phys. Chem,, 69, 2022
(19635)] examined the nmr spectrum of 9,10-dihydroanthracene down to
—60°. We have extended this down to —100° with similar results.

(11) (a) D. Nicholls and M., Szwarc, J, 4mer. Chem. Soc., 88, 5757
(1966); (b) D. Nicholls and M, Szwarc, Proc. Roy. Soc., Ser. A, 301,
231 (1967).

(12) Atoms or groups in the 9 position of xanthenes and in the 9
and 10 positions of 9,10-dihydroanthracenes are described frequently
as pseudo- or quasi-axial or equatorial, but for simplicity we refer to
such substituents as axial or equatorial,

(13) The alternative possibility of rate-determining conformational
ring flip with fast phenyl rotation could in principle fit the nmr results.
However, this can be ruled out by (a) the barrier is observed in the
fluorenyl compounds where conformational effects are impossible, (b)
the unlikely possibility that this conformational process could have a
barrier as high as thosc observed, and (c) the requirement of fortui-
tously cqual population of axial and equatorial conformers,

available to the xanthyl but not the fluorenyl system
leads to the lower barriers exhibited by the former.

We believe, as will be amplified below, that, in fact,
the axial conformer (5a) where rotation is more facile
is the favored conformation. However, we emphasize
that this fact is irrelevant to the argument so long as
interconversion of the two conformers (5a = 5b) is
a process requiring considerably less energy than the
rotational process which exchanges the methyls (5a =
5¢).

Our conclusion that the axial conformation is the
favored one was arrived at by comparison of the chemi-
cal shifts of the 2’- and 6’-methyls in the two series of
compounds. The very similar environments of the 6'-
methyl protons in both the xanthyl and fluorenyl com-
pounds is reflected in their similar chemical shifts
(TableI). They appear at § 2.95 = 0.05 in the alcohols
and replacement of the electronegative hydroxyl group
by hydrogen shifts both series upfield to § 2.60 = 0.10.
This is in contrast to the shifts observed for the 2’-
methyl protons which, rather than being in the vicinity
of the 9-substituent, are over the aromatic portion.
Though similar effects upon the 2’-methyl due to the
shielding by the aromatic rings would have been ex-
pected in both the xanthyls and fluorenyls, instead we
find significant downfield shifts in the xanthyl com-
pounds. This amounts to 0.5 ppm for the xanthyl
hydrocarbons (II-H and III-H) and is best explained
on the basis of a preferred axial conformation where the
2’-methyl is in close proximity to the ether oxygen as
shown in 6. For the 2’-methyls of the corresponding

xanthenols the downfield shift relative to the cor-
responding fluorenols is smaller (0.3 ppm) than that
observed with the hydrocarbons. We relate this to the
previously noted ground-state destabilization intro-
duced by the larger OH. Models suggest that the
6’-methyl-9-hydroxy interaction can be relieved by a
slight twisting of the 9-phenyl group in its axial con-
formation, This leads to a more skewed ground state
and places the 2’-methyl further from the oxygen and
more nearly over the aryl shielding zone and accounts
for the observed reduction in chemical shift difference.

Corroborative evidence for a favored axial phenyl
conformation is found in the downfield shift of the
equatorial 9-H of III-H as compared to FI-11I-H; the
lower field resonance of the xanthyl 9-proton follows
from its close proximity to the deshielding zone of the
xanthyl aromatic rings. Finally, in the carbinols the
presence of equatorial phenyl, ie., axial hydroxyl,
would be expected to produce an infrared-detectable
concentration of intramolecularly hydrogen-bonded
hydroxyl (see 7). The infrared spectra of I-OH and
IT11-OH showed only the presence of nonbonded hy-
droxyl as a sharp band at 3600 cm—! in dilute CCl, solu-
tion, suggesting that the population of equatorial
phenyl is too small to observe, or less likely, that equa-
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torial phenyl is present but with a hydrogen bond too
weak for detection.

The deduction that the preferred conformation in
this mobile xanthyl ring system is that with phenyl
axial led us to draw a parallel with the analogously
substituted  9,10-dihydroanthracenyl  system. We
would expect, from a consideration of models, that
they have similar geometry and conformational in-
version barriers, resulting from similar steric inter-
actions in both ground and transition states. A con-
siderable body of literature has accumulated in recent
years concerning inversional barriers of 9-substituted
9,10-dihydroanthracenes. There is general agreement
that with 9-substituents smaller than s-butyl the in-
versional barrier is very low, %1415 though it appears to
us that in at least two cases!!1¢ the experimental rea-
soning used to substantiate this is specious. For
9,10-disubstituted 9,10-dihydroanthracenes only one re-
port suggests the possibility of a barrier high enough to
permit the isolation of conformers.!” This seemed
highly unlikely to us and has been repudiated by the
very recent work of MacMillan and Walker.'® In only
one drastically modified anthracenyl system has the
presence of a conformaticnal barrier been unequivocally
observed: the introduction of moderately bulky sub-
stituents on the methylene and/or 1,8-ring positions
of 9,10-dihydro-9,9-dimethyl-10-methyleneanthracenes
leads to nmr detectable inversion barriers. %%

Conformational preference for 9-mono- and 9,10-
disubstituted 9,10-dihydroanthracenes has also been
the object of numerous recent studies. A definitive
analysis of the steric interactions which lead to con-
formational preferences in such systems has been pre-
sented by Beckett and Mulley.'4 They explicitly point
out that equatorial groups are subject to greater non-
bonded interactions than the corresponding axial
groups, and that this leads to a preferred axial confor-
mation. This experimentally supported conclusion has
been ignored by some recent investigators,!'’!516 who
have erroneously assumed that cyclohexane conforma-
tional preferences are applicable in this system and con-
sequently have incorrectly relegated the bulky group
to the equatorial position. Two very recent communi-
cations!®?! reaffirm the original conclusions of Beckett
and Mulley!4 and, in particular, MacMillan'® indicates
an intention of a general reappraisal of this entire sub-
ject.  Our conclusion that the axial phenyl conforma-
tion is preferred in the 9-arylxanthyls is in accord with

(14) A. H. Beckett and B. A. Mulley, J. Chem, Soc., 4159 (1955).

(15) L. J, Durham and J. Studebaker, Chem. Commun., 456 (1965).

(16) W. Carruthers and G. E, Hall, J. Chem. Soc. B, 861 (1966).

(17) D. Cohen, L. Hewitt, and I, T. Millar, Chem, Ind. (London),
1532 (1966).

(18) J. MacMillan and E. R. H. Walker, Chem. Commun., 1031
(1969).

(19) D. Y. Curtin, C. G. Carlson, and C, G, McCarty, Can. J. Chem.,
42, 565 (1964),

(20) Z. M. Holubec and J. Jonas, J. Amer. Chem. Soc., 90, 5986
(1968).

(21) A. L. Ternay, Jr., A. W, Brinkmann, S. Evans, and J. Herrman,
Chem. Commun., 654 (1969),
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the similar steric interactions in both systems, and agrees
with the conclusions of Beckett and Mulley. 14

Chirality in the Xanthyl Carbonium lon. The original
motivation for this investigation arose from attempts to
synthesize or detect by nmr techniques a stable dissym-
metric carbonium ion in which chirality is inherent at
the carbonium ion site. We chose derivatives of the 9-
arylxanthyl carbonium ions because of their synthetic
accessibility, their thermodynamic stability, and the
presence of steric factors which are necessary for the
introduction and maintenance of the dissymmetry.
The synthesis?2 and stability??® of xanthyl cations are
described elsewhere, and the latter is discussed here
only so far as it supplies information on the ground-
state conformation of the 9-arylxanthyl cations.

Consideration of models clearly shows that in com-
mon with the previously discussed 9-sp? xanthyl series,
the 9-sp? carbonium ion also must have phenyl per-
pendicular to the xanthyl moiety in its ground-state
configuration (as in 8). Experimental confirmation for

this conclusion is clearly evident from the fact that
carbonium ion stabilization energies (AF-) for 3’- and
4’-substituted 9-arylxanthyl cations correlate with o
rather than with ¢*.2? Assuming an average planar
conformation for the xanthyl portion we note that steric
interactions in the transition state between the 2’ and
6’ and | and 8 substituents are considerably larger for
rotation about the 9-aryl bond in the cation than in the
previously discussed tetrahedral compounds. Further,
conformational factors cannot relieve the transition
state interactions to nearly the same extent in the cation.
In fact, considering the likely possibility that the ether
oxygen in the cation is more nearly sp*-hybridized due
to electron demand at the carbonium ion site, the cation
no longer will exist in a boat conformation, thus elim-
inating the possibility of conformational relief of transi-
tion-state nonbonded interactions. We conclude, then,
that if steric interactions in the ground state of the tri-
gonal and tetrahedral xanthyl compounds are at all sim-
ilar, the former will have a significantly larger rotational
barrier.

On the above basis we felt justified in constructing
dissymmetric 9-arylxanthyl carbonium ions with the
expectation that the chirality inherent in this system
would be maintained in a readily accessible temperature
range. In contrast to the 9-sp® covalent xanthyl com-
pounds where nmr studies allowed the detection of
diastereomeric o-methyls, the symmetry elements of the
carbonium ion are such that substituents in the 2’ and
6’ positions are now equivalent (see 8, R = R’). To
create chirality in the cation it is necessary to destroy
both mirror planes of 8 by asymmetrically substituting

(22) S. V. McKinley, J. W, Rakshys, Jr,, A. E. Young, and H, H.
Freedman, to be submitted for publication,

(23) A. E. Young, V. R. Sandel, and H. H, Frecedman, J. Amer.
Chem, Soc., 88, 4532 (1966).
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both the xanthyl and 9-aryl rings (8, R, R’’ = alkyl,
R’ = H). Inthe absence of aryl rotation, the resulting
rotamers are now enantiomers rather than diastere-
omers, and for nmr detection require a diastereotopic
probe.2* The carbinol precursors to such potential
chiral carbonium ions were prepared with a 2-isopropyl
group and a 2’-methyl as in 9 and a 1,2-benzo and
2’-ethyl as in 10. These covalent xanthenols 9 and 10

oL

OH

are also chiral, but by virtue of the asymmetric center
at C-9, and accordingly exhibit the diastereotopic
character of the isopropyl methyls in 9 and the methy-
lene protons in 10 by a 1.5- and 2.5-Hz splitting in their
respective  100-MHz spectra.2’ However, the car-
bonium ions prepared from these carbinols did not
exhibit nonequivalent methyls of the 2-isopropyl group
or methylene protons of the ethyl group even at —90°.
We attribute this to a reduction in anisochronous char-
acter of these groups rather than to a low rotational
barrier about the 9-aryl bond. It is possible that the
use of a more sensitive probe group would detect such
enantiomeric carbonium ions, and the feasibility of such
an approach has been considerably strengthened by the
detection of an analogous barrier in suitably substi-
tuted trityl cations,?8

Experimental Section

1. Syntheses. Commercially available chemicals used in the
preparation of the 9-arylxanthyl alcohols were obtained as follows:
o-, m-, and p-bromotoluene (Columbia Organic Chemicals);
2-bromo-m-xylene (Aldrich); and 2-bromomesitylene and xanthen-
9-one (Eastman). All compounds synthesized gave nmr and infra-
red spectra consistent with the proposed structures. Melting
points are uncorrected. Elementary analyses were performed by
Galbraith Laboratories.

a. Xanthenols. These were prepared by reaction of xanthen-
9-ones with aryl Grignards in tetrahydrofuran (THF). Owing to the
low solubility of xanthenone in THF, this solid was usually added
directly to the Grignard and the resulting suspension stirred over-
night followed by the usual work-up procedure. Crude reaction
products were isolated and recrystallized. Yields were generally
50-75%. The melting points of xanthenols with the following sub-
stituents agreed with those reported in the literature: 9-o-tolyl,?
9-p-tolyl,® and 9-m-tolyl.2® 9-(2,6-Dimethylphenyl)xanthenol is

(24) (a) K, Mislow and M, Raban [in “Topics in Stereochemistry,”
Vol. I, Interscience Publishers, New York, N. Y., 1967, p 19 ff] define
diastereotopic.  (b) We note, however, that it is possible to detect the
rotational barrier in a xanthyl cation suchas8 (R = R’ = CH:X, R’/ #
H) in which the rotamers are neither enantiomers nor diastereomers;
thus identical diastereotopic probe groups substituted in the 2/ and 6’
positions can detect the absence of rotation though the molecule is
inherently achiral.

(25) (a) Though not actually observed, slow aryl rotation can, as a
consequence of the diastereomeric rotamers thus produced, lead to four
isopropy! methyl doublets in 9 and four methylene quartets in 10.
(b) J. C. Martin (personal communication) has pointed out that the
presence of magnetic nonequivalence of the isopropyl methyls in 9 also
offers evidence against an ionization-recombination mechanism in the
xanthenols., Fast rotation at room temperature for 9, as previously
shown for I-OH, is expected on the basis of their similar constitution,
An ionization-recombination mechanism for this fast rotation would
require loss of the asymmetry at C-9 with concomitant absence of iso-
propyl nonequivalence in 9.

(26) J. W. Rakshys, S. V. McKinley, and H, H. Freedman, J, Amer.
Chem. Soc., 92, 3518 (1970).

(27) F. F. Blicke and O. J. Weinkauff, ibid., 54, 1446 (1932).

reported elsewhere.?? Other xanthenol derivatives have the follow-
ing physical properties: 9-mesityl, mp 192.5-193.5° dec (4nal.
Calcd for CpsHOs:  C, 83.51; H, 6.37. Found: C, 83.36; H,
6.39), 2-isopropyl-$-o-tolyl, mp 97.5-99°, and 1,2-benzo-9-(2-
ethylphenyl), mp 170-173°.

b. Xanthenes. The alcohols were reduced to the hydrocarbons
using acetic acid and zinc as described by Reilly and Drumm.$®
The hydrocarbons were recrystallized from a methylene chloride-
methanol mixture. Elemental analyses were as follows: 9-(2-
methylphenyl)xanthene (4nal. Caled for CooH;¢0: C, 88.20; H,
592, Found: C, 87.82; H, 5.99) and 9-(2,6-dimethylphenyl)-
xanthene (A4#nal. Caled for CyH,;s0: C, 88.08; H, 6.34. Found:
C, 87.78; H, 6.30). Elemental analyses and spectral evidence were
relied upon for characterization, since melting points were not re-
producible in some cases.

¢.  Xanthen-9-ones. 1,2-Benzoxanthone was prepared by the
procedure of Dilthey and coworkers3! and had mp 142° (lit. 142°31),
2-Isopropylxanthone was prepared by treatment of 7 g of o-(p-iso-
propylphenoxy)benzoic acid with 80 ml of acetic anhydride and 1.5
ml of concentrated sulfuric acid at 100° for 1.5 hr. After cooling
and extraction with ether an oil was obtained. Recrystallization
from methanol-water and again from methylene chloride-petroleum
ether yielded 5 g of white solid, mp 84.5-85.5°. The starting mate-
rial, o-(p-isopropylphenoxy)benzoic acid, was prepared from o-
chlorobenzoic acid and p-isopropylphenol (Dow Chemical Co.) by
a procedure similar to that described by DeTar and Hlynsky.3?
Recrystallization from benzene-petroleum ether gave a solid in 509
overall yield with mp 114.5-115.5° (4nal. Caled for G¢H;¢O03:  C,
74.98; H,6.29. Found: C, 74.71; H,6.22).

2. Nmr Measurements. The chemical shift data listed in Table I
for the 9-arylxanthyl compounds and the rate data for the Arrhenius
plots of Figure 1 were obtained on ~2-10%; solutions in chloroform-
d or methylene chloride-d; using a Varian A56/60 or HA100 spec-
trometer.

Rates of methyl exchange between magnetically nonequivalent
sites were obtained from a comparison of experimental spectra to
theoretically calculated spectra. The spectral calculations were
carried out using either EXCH1032 on a IBM 7094 computer or a
modified version of this program on an IBM 1130 and plotted using
a Calcomp plotter. Temperature calibrations above —60° were
obtained using methanol peak separations. Below —60° tempera-
tures were measured using a special toluene thermometer mounted
in a conventional spinning nmr tube,?* in which calibrations agreed
well with those obtained above — 50° by Van Geet.3?

The exchange rates for 1I-OH were obtained at 60 MHz in methy-
lene chloride solution primarily in the temperature range above
coalescence due to its limited solubility at lower temperatures; how-
ever, chemical shifts in the slow-exchange limit were obtained at
—65° on a more dilute solution with the HA100 spectrometer.
The hydroxyl proton resonance normally found in the methyl region
of the spectrum was removed by deuteration. Rate data for I[1I-H
were obtained in deuteriochloroform solution at 60 MHz over the
temperature range between coalescence and the slow-exchange limit,
For compound I-H, where the 2’- and 6’-methyl sites are unequally
populated, the isomer equilibrium was obtained by integration
(planimeter) of the two distinct methyl signals at several tempera-
tures below coalescence and extrapolated to higher temperatures in
the range of the kinetic studies. Over this range, AG® for the
equilibrium, 2’ isomer = 6’ isomer, is ~—0.3 kcal/mol. The
AGasoF values, which differ by this amount, are reported as an aver-
age valuein Table II.

The nuclear Overhauser experiment was performed at probe
temperature on a thoroughly degassed CDCl; solution of I1I-H at
100 MHz using TMS as lock signal. Irradiation of the low-field
(6”) and high-field (2’) methyl signals produced enhancements of the
9-H signal of 33 and 157, respectively. The latter enhancement by

(28) M. Gomberg and L. H. Cone, Justus Liebigs Ann. Chem., 370,
142 (1909).

(29) A. Schonberg and A, Mustafa, J. Chem. Soc., 997 (1947).

(30) J. Reilly and P. J. Drumm, 15id., 455 (1930).

(31) W. Dilthey, F. Quint, and F. Dahm, J. Prakt, Chem., 141, 65
(1934).

(32) D. F. DeTar and A, Hlynsky, J. Amer. Chem. Soc., 77, 4411
(1955).

(33) Wethank G. M. Whitesides for the use of his computer program
EXCH 10 which solves the equation (no. 24) as described in H. O. House,
R. A. Latham, and G. M. Whitesides, J. Org. Chem., 32, 2495 (1967).

(34) We thank S. W. Tobey of this laboratory for making this
apparatus available to us,

(35) A.L.Van Geet, Anal. Chem., 40, 2227 (1968).
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the spatially more distant 2’-methyl is expected as a result of a small
but significant methyl exchange rate at this temperature (23°).

Solvent effects were semiquantitatively examined by comparison
of the line widths of the exchange broadened di-o-methyls of II-OH
at several temperatures. At 4-10°, the half-height line widths in
CD:Cl; and DMSO-d; were 5.50 and 5.15 Hz, respectively, and at
ambient temperature in CD.Cl,, CDCl;, and DMSO, 2.90, 4.20, and
2.65 Hz at 100 MHz. These differences represent rate variations of
less than a factor of about 3, and for this range of solvent polarities
are considered insignificant.

The effect of the presence of carbonium ion on the exchange pro-
cess of II-OH was examined by combining equimolar amounts of

5907

this carbinol (8(av CHj; at 30°) = 2.1) and its carbonium ion tetra-
fluoroborate (5(30°) = 1.90). The line widths of the CH;’s of II-
OH (9.5 and 17.5 Hz at 100 MHz in CD,Cl. at +1.5 and —8°,
respectively) are close to those expected for the carbinol alone. 1t
was further noted that the addition of a fractional equivalent of
CF;COOH to II-OH near —10° generated an observable amount of
the carbonium ion distinct from carbinol for which the line width
was approximately that expected for II-OH alone in CD,Cl..
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Abstract:

From analysis of coupling constants for a series of 2-substituted and 2,2-disubstituted 1,3-oxathiolanes,

it has been possible to conclude that there is one highly preferred conformation but that rapid pseudorotation is

occurring. The latter is confirmed by a low-temperature nmr study of 2-ethyl-1,3-oxathiolanes.

The envelope

conformations (1 and 2) most consistent with the observed coupling constants for monosubstituted oxathiolanes

have the R group directed away from the center of the ring with either C-5 or O-1 as the flap atom.

Postulated col-

lision complexes based on these conformations explain the observed solvent shifts.

ow barriers to pseudorotation and the consequent
profusion of nearly equi-energy conformers com-
plicate the conformational analysis of five-membered
rings,® thus accounting for the dearth of information
on such materials. Particularly lacking are data on
five-membered sulfur-containing heterocycles.

On the basis of a derived barrier height of 2.8 kcal/
mol for thiophane®® and assuming distorted cyclo-
pentane geometries, conformational calculations in-
dicated the C, form should be favored over the C,
conformer.® This low barrier for thiophane pseudo-
rotation has been supported by recent studies,* and
similar results were found for pyrrolidine and tetra-
hydrofuran.

Recent X-ray diffraction studies of ethylene sulfate
indicate C, symmetry in the solid state with the C-C
bond forming an angle of 20.6 =+ 0.5° with the ring
OSO plane.> The thiophane ring of the 1:1 thiophane—
bromine complex appears planar on single crystal X-ray
analysis, but this is attributed to the superposition of
images from two static or dynamically interconverting C,

(1) (a) Polytechnic Institute of Brooklyn; (b) Bell Telephone Labora-
tories,

(2) (a) See, for example, E, L. Eliel, N, L. Allinger, S, J, Angyal, and
G. A. Morrison, “Conformational Analysis,” Wiley, New York, N. Y.,
1965, Chapter 2; C. Romers, C, Altona, H, R, Buys, and E, Havinga,
“Topics in Stereochemistry,” E. L, Eliel and N. L. Allinger, Ed., Vol. 4,
Interscience, New York, N. Y., 1969, Chapter 2; (b) W, N, Hubbard,
H, C. Finta, D, W, Scott, J, P, McCullough, C. Katz, M, E, Gross,
J. F. Messerly, R, E. Pennington, and G, Waddington, J, Amer, Chem,
Soc., 74, 6025 (1952),

(3) K. S. Pitzer and W. E, Donath, ibid,, 81, 3213 (1959),

(4) G. A, Crowder and D, W. Scott, J. Mol, Spectrosc., 16, 122 (1965).

(5) F. P. Boer, J. J, Flynn, E. T, Kaiser, O. R, Zaborsky, D. A,
Thomalia, A, E. Young, and Y. C. Tong, J, Amer, Chem, Soc., 90,
2970 (1968).

ring enantiomers.® By contrast in the crystal structure
of cholestan-4-one-3-spiro(2,5-oxathiolane) the oxa-
thiolane ring exists in a slightly distorted envelope
conformation with the methylene carbon atom adjacent
to oxygen lying 0.5 A out of the plane defined by the
other four atoms and with a torsional angle of 34.3°
between the two carbon atoms.” The conclusion that
2-substituted 1,3-oxathiolanes exist in an envelope con-
formation not undergoing pseudorotation and with the
oxygen atom out of the plane of the other atoms was
reached by Pasto and coworkers upon interpretation
of nmr spectra.?

Our conformational studies of the highly flexible 2-
substituted 1,3-oxathiolane ring system were under-
taken in order to understand some reactions of these
compounds,®1° but we were also aware of the potential
to obtain information about the pseudorotation of
the ring afforded by the magnetically nonequivalent
protons of the insulated ethylene group in the chiral
molecule. Thus our studies were designed not only
to define a dominant conformation of 1,3-oxathiolanes
if any existed, but also to determine whether rapid
pseudorotation were occurring on the nmr time scale.

Results

2-Ethyl-1,3-oxathiolane. The nmr spectrum of 2-
ethyl-1,3-oxathiolane at 60 MHz in carbon tetrachloride

(6) G. Allegra, G. E, Wilson, Jr., E, Benedetti, C. Pedone, and R,
Albert, ibid., 92, 4002 (1970),

(7) A. Cooper and D, A, Norton, J. Org. Chem., 33, 3535 (1968).

(8) D. J, Pasto, F, M. Klein, and T. W, Doyle, J. Amer. Chem., Soc.,
89, 4368 (1967).

(9) G. E. Wilson, Jr., ibid., 87, 3785 (1965).

(10) G. E, Wilson, Jr,, and M, G. Huang, unpublished data.
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