in the zeolite framework due to the assumption of the equiva-
lence of Si and Al ions and their environments,!® and (3) the
relatively small fraction of threefold axis scattering matter due
to the zero-coordinate cation, make this determination the least
definitive of the three, and worthy of further concern. However,
the detailed agreement of the positional and thermal param-
eters of the zero-coordinate cation found here with those found
in the previous two structures, coupled with newer results in
dehydrated Tly»-A,!7 affirms the present result and allows it
to constitute a reconfirmation of the existence of zero coordi-
nation.

Conclusion

Zero-coordinate cations, as have been found in dehydrated
Ki2-A,! dehydrated Rb;/Naj-A,3* and now in dehydrated
Cs7Ks-A, occur when well-defined conditions involving the
zeolite and the cations are satisfied. Briefly, zero coordination
occurs when all of the coordination sites available to large
cations in the zeolite framework are filled before all anionic
charges of the framework are balanced. By difference, one
cation per unit cell remains uncoordinated. This has been
discussed earlier®* in greater detail.

As a working definition, similar to the distance criterion used
to decide whether a significant hydrogen bonding interaction
exists, an ion is considered not coordinated to another ion if the
distance between them exceeds the sum of their corresponding
radii by more than 1.0 A3 At least, the bond order is much less
than one. On this basis, the ion at K(3) is termed zero coordi-
nate, zero being the sum of integers, all zero, describing its
bond orders to its nearest neighbors.? For this particular
structure, the distance discrepancy, 1.75 A, is substantially
larger that the value of 1.0 A used in the criterion.

It appears that zero-coordinate cations can be found in any
dehydrated sample of K,Rb;Cs,-A, wherer + s+t = 12 for
charge balance. As in RbNa-A, zero coordination may
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persist when one or more smaller exchangeable cations are
present per unit cell.
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Abstract: A series of complexes of the type cis-[Pt((S)-TMSO)(olefin)Cl,] where. TMSO is p-tolyl methyl sulfoxide, have
been prepared and characterized. The object was to determine to what extent chiral sulfoxide ligands were capable of distin-
guishing the prochiral faces of coordinated olefins, and whether chiral sulfoxides might prove useful for metal assisted asym-
metric synthesis. By a variety of techniques, the absolute configurations of the (coordinated) olefins were assigned, and the ex-
tent of chiral induction was determined quantitatively. The amount of chiral induction was found to be generally small. How-
ever, quite large discrimination was observed for the olefinic rotation barriers of the R and S olefin diastereomers: in all cases
studied, the S olefin appeared to rotate much more quickly than the R olefin diastereomer. The reasons for this and other chir-
al effects are suggested and their significance to the design of metal complexes for asymmetric synthesis is discussed.

Transition metal complexes, because of their simplicity
and ready susceptibility to subtle variation, provide attractive
reagents for asymmetric syntheses of organic molecules.!-3 Of
particular note are the modified versions of Wilkinson’s cat-
alyst, for which very high optical yields for the catalytic hy-

drogenation of prochiral olefins have been reported.*> Al-
though symmetry dictates that any chiral reagent will distin-
guish between the enantiotopic groups or faces of a prochiral
substrate,’ the rational design of asymmetric systems which
give high optical yields requires a fairly detailed understanding
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Figure 1. The various types of isomerism which may occur with the cis-
[Pt((S)-TMSO)(olefin)Cls] complexes. The top diagrams show the R
and S olefin diastereomers when the olefin is symmetrically trans-disub-
stituted. The lower sets of diagrams show, in addition to the diastereomers,
the possible rotamers which may occur for a monosubstituted olefin. The
absolute configuration of (free) (R)-TMSO is shown.
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of the factors which are involved in the diastereotopic inter-
action.” This paper describes an investigation of some of the
factors which may be involved in the diastereotopic discrimi-
nation of coordinated prochiral olefins. For this purpose we
sought monoolefinic metal complexes which were conveniently
stable and which were susceptible to variation of both the olefin
and the other coordinated ligands. In a number of ways the
monoolefin complexes of platinum(1I) seemed to be the most
promising for such a study, although even these are somewhat
restrictive. It is known? that robust monoolefin complexes of
platinum(1I) are generally found only when the resultant
species are either negatively charged or neutral and when the
olefin is not coordinated trans to a ligand with a strong w-trans
effect. In order to maximize the diastereotopic interaction
between the chiral ligand and the coordinated prochiral olefin,
it seemed desirable to have the two chiral centers coordinated
cis to each other. Moreover, we might expect a more effective
discrimination if the donor atom of the inducing ligand were
a chiral center, and if each of its substituent groups were to
exhibit distinctly different properties, either steric or elec-
tronic.

Practical matters restricted the chiral (inducing) ligand to
an arsine, phosphine, or sulfoxide, unless extensive elaboration
about other donor systems were contemplated. Of the three,
the superficially studied platinum-olefin-sulfoxide complexes®
seemed to present the most interesting species, particularly in
view of the inertness of sulfoxides to racemization under a wide
range of conditions.'® Also, the quite large discriminations
observed for the exchange of the benzylic protons of (S)-benzyl
methyl sulfoxide'' and for the addition of piperidine to (R)-
cis-propenyl p-tolyl sulfoxide!? suggested that the discrimi-
natory power of coordinated sulfoxides might be quite large.
Since, in general, sulfoxides coordinate via the sulfur atom to
platinum(11)'3 and have a pronounced trans directing influ-
ence.'* as do coordinated olefins, the conditions that the
asymmetrically ligated atom be the donor atom and also that
the chiral ligand and the prochiral olefin be coordinated cis to
each other are met.

This paper describes the preparation and characterization
of a series of cis-[Pt(sulfoxide)(olefin)Cl;] complexes, where
the sulfoxide is (R)-p-tolyl methyl sulfoxide ((R)-TMSO),
and a study of the chiral discrimination provided by the sulf-
oxide ligand. The TMSO ligand was chosen because its sulfur
methyl protons provide a convenient and sensitive probe for
the determination of diastereomer ratios, as well as for other
features of the system.

1. Stereochemistry

On coordination of a prochiral olefin to a platinum(II)
center, the olefinic unit is chiral, and, in dilute noncoordinating
solvents, the rate of racemization is slow at room tempera-
ture.'> Thus, when the chiral (R)-TMSO ligand and a pro-
chiral olefin. such as trans-2-butene, are coordinated to a metal
atom, two diastereomers are formed (Figure 1). Although the
trans-2-butene ligand can adopt only one distinct perpendic-
ular orientation in each diastereomeric complex, a monosub-
stituted olefin, such as propene, can adopt two (Figure 1), as
the vinylic substituent may point either at or away from the
TMSO ligand. It is convenient for the present purpose to refer
to these as rotamers in order to distinguish them from dia-
stereomers. Rotamers can be interconverted by rotation about
the olefin-metal bond axis without bond rupture, whereas
diastereomers require the interchange of olefinic faces.

2. Preparations

A stirred, dilute aqueous hydrochloric acid solution con-
taining K,[PtCls] and 1 equiv of (R)-TMSO under | atm of
ethylene gradually deposits the corresponding off-white cis-
[Pt(SO)(C,H4)Cl,] complex in high yield. The conditions,
however, are critical, for if the solution is not sufficiently dilute
the insoluble {Pt(SO),Cl,;] complex is deposited, whereas if
there is insufficient acid, platinum metal forms and if the acid
concentration is too high, a very (water) soluble yellow ma-
terial is formed which probably is the product of acid catalyzed
reduction of the sulfoxide (oxygen abstraction) and the cor-
responding oxidation of platinum(Il). The cis-[Pt(SO)-
(C;H,)Cly} complex is quite robust and provides a convenient
starting material for the preparation of the substituted ethylene
complexes, as olefin exchange occurs rapidly'® in the presence
of an excess of olefins which are not sterically hindering. Thus
the propene, 1-butene, cis- and rrans-2-butene, and isoprop-
ylethylene derivatives are formed by bubbling the appropriate
olefin into a cooled acetone solution of the parent ethylene
complex, while the styrene derivative results on dissolving the
ethylene complex in the “neat’ olefin. Less reactive, higher
boiling olefins such as trans-3-hexene, tert-butylethylene, and
trans-diisopropylethylene are most efficiently prepared by
refluxing a CH,Cly-acetone solution of the ethylene complex
with the appropriate olefin in excess. The preparation of all
these derivatives can be troublesome if the reactions are carried
out in either alcohols or DMF or to a lesser extent in chlori-
nated solvents, particularly if the temperature is raised above
about 50 °C, because of the production of a yellow side prod-
uct, which we have not identified completely.'” Moreover,
crystallization is difficult with complexes which contain pro-
chiral olefins, mainly because of the presence of two diaste-
reomers. However, under appropriately controlled conditions,
all of the diastereomeric complexes, except the propene and
trans-2-butene derivatives, can be induced to transform into
a single crystalline diastereomer. For the propene and trans-
2-butene complexes, a 1:1 and a 3:2 ratio, respectively, of the
two diastereomers were obtained as crystals under our condi-
tions. These (second-order) asymmetric transformations, to-
gether with a regional rule, allowed us to determine the abso-
lute configurations of the coordinated olefins; NMR was used
to determine the diastereomer proportions quantitatively.

3. Characterization and Absolute Configurations

The cis-[Pt((S5)-TMSO)(olefin)Cl;]'® complexes are
nonelectrolytes in both acetone and dichloromethane. In so-
lutions of the latter, all the complexes exhibit a strong
(stretching) vibration in the infrared at about 1150 cm~',
which is consistent with sulfoxides coordinated to a metal via
the sulfur atom.'3.'% The cis configuration and sulfur coordi-
nation of the TMSO ligand in the complexes cis-[Pt((S)-
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Figure 2. The quadrant rule used for the determination of the absolute
configuration of the coordinated prochiral olefins. The horizontal dotted
line represents the mean molecular plane of the complex and the sign of
the contribution to the circular dichroism of the lowest energy d-d band
of Pt{11) is shown: the R and S designations refer to the absolute config-
uration of the olefin. The sector occupancy of the styrene ligand is shown.
Note that the Pt atom faces the observer.

TMSO)((S)-isopropylethylene)Cly] and ¢is-[((R)-styrene)-
Cly] have been confirmed by absolute crystal structure de-
terminations.20
A study?' of an extensive series of platinum(1I)-olefin
complexes has suggested that the chirality of a coordinated
prochiral olefin may be determined from the circular dichroism
associated with the d-d transitions of the platinum chromo-
phore. The rule states that for a prochiral olefin, oriented
perpendicular to the mean molecular plane of the complex, an
R configuration will generate negative circular dichroism in
the lowest energy d-d band. Figure 2 shows this rule as a
quadrant space demarcation together with the crystallo-
graphically determined occupancy of the styrene molecule in
the cis-[Pt((S)-TMSO)((R)-styrene)Clz] complex.20 The
present complexes contain the chiral sulfoxide ligand as well
as the chiral olefinic unit, both of which induce optical activity
in the d-d transitions. This, however, does not appear to vitiate
the rule.
Figure 3 shows the absorption and circular dichroism spectra
of the cis-[Pt((S)-TMSO)(ethylene)Cl,] and cis-[Pt((S)-
TMSO)(cis-2-butene)Cl,] complexes, for which the major
source of dissymmetry is the chiral sulfoxide ligand. As ex-
pected, the two sets of spectra are nearly identical, each giving
a minus-plus couplet under the featureless region of the d-d
absorptions. Figure 4 shows the circular dichroism spectra of
the cis-[Pt((S)-TMSO)((R)-styrene)Cly] complex. The two
solid-state spectra refer to two different crystalline modifica-
tions, off-white plates and yellow blocks, the latter of which
is the modification for which the structure was determined.
Both the two solid state spectra and the (CHCl3) solution
spectrum obtained before (diastereomeric) equilibration give
very similar differential absorptions. This we take as evidence
of the diastereomeric identity of the solid and initially dissolved
species, a matter which is confirmed (vide infra) by NMR.
Moreover. the fact that the (crystallographically determined)
(R)-styrene configuration gives negative circular dichroism
for the lowest energy d-d transitions supports the applicability
of the quadrant rule to these systems (Figure 2).22
The diastereomeric equilibrium, cis-[Pt((S)-TMSO)-
((R)-olefin)Cly] = cis-[Pt((S)-TMSO)((S)-olefin)Cl,], is
slow for all the complexes in the dilute (10~3 M) chloroform
solutions used for the spectral measurements at 25 °C. The
styrene complex, which is the most rapid, takes 6 days to reach
equilibrium at 25 °C. Upon the addition of the common olefin,
however, equilibration can be induced to occur rapidly, usually
within | h. The equilibrium circular dichroism spectrum of the
styrene complex, induced by the addition of a catalytic amount
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Flgure 3. The absorption and circular dichroism of the ethylene and cis-

2-butene complexes of cis-[Pt((S)-TMSO)(olefin)Cl,]. in chloroform
solutions.
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Figure 4. The circular dichroism of the cis- [Pt((S)-TMSO)((R)-sty-
rene)Cly] complex. The lower two curves are solid state spectra referring
to two crystalline modifications, white plates (-) and yellow blocks
(- -). The upper two curves are CHCIj; solution spectra and refer to the

initially dissolved (unequilibrated) complex (—) and the equilibrated
complex (—).

of styrene, is shown in Figure 4. The initial and equilibrium
spectra of the I-butene, isopropylethylene, propene, and
trans-2-butene complexes are shown in Figure 5. The spectrum
of the tert-butylethylene species (Figure 6) remained un-
changed despite all attempts at equilibration,

An inspection of Figures 3, 4. 5, and 6 suggests that the
preponderant olefinic configuration in both the solid and in
chloroform solution is R for the styrene and trans-2-butene
complexes, but is S for the 1-butene, isopropylethylene, and
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Flgure 5. The circular dichroism spectra of the complexes cis-[Pt{(S)-
TMSO)(olefin)Cly]. initially dissolved in CHCl3 (—) and after equili-
bration (- - -). The olefin referred to is shown in the diagram.
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Figure 6. The circular dichroism spectrum of ¢is-[Pt((S)-TMSO)(tert-
butylethylene)Cl] in CHCl; solution.

tert-butylethylene complexes. The propene complex, as we
shall show, hasa 1:1, R:S olefinic ratio in the solid, but equil-
ibrates in solution to give a slight excess of the R olefin dia-
stereomer. It is notable that its unequilibrated circular di-
chroism spectrum is nearly identical with that of the ethylene
and cis-2-butene complexes (Figures 5 and 3), an expected
result since the major source of dissymmetry in all three cases
is the chiral sulfoxide ligand.

4. Diastereomer Proportions

In the concentrated chloroform solutions used for the NMR
measurements (0.2-0.4 M), most of the complexes equilibrate
rapidly and spontaneously at 25 °C. Because the velocity of

I

P |
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60 30 40 30 20 10
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Figure 7. The NMR spectra of an equilibrating CDClI; solution of cis-
[Pt((S)-TMSO)(1-butene)Cl,] at 30 °C. The top spectrum refers to a
freshly prepared solution and the lower spectra show the growth of the
second diastereomer; the bottom spectrum was taken after 24 h.

this equilibration increases with increasing concentration, we
assume that dimeric species are involved in the equilibration
process.

If. however, the 0.2 M solutions are held at ~0 °C, the initial
NMR spectra can be conveniently obtained. As an example
of the equilibration, we show the NMR spectra of cis-
[Pt((S)-TMSO)(1-butene)Cl;] (0.2 M) in chloroform at 31
°C and the changes which occur over the 24 h required for
equilibration (Figure 7). It is notable that the initial spectrum
shows a single sharp methyl proton signal at § 3.68 split by
195Pt (Jp, = 20.2 Hz) and a sharp p-tolyl methyl proton signal
at § 2.50, which shows no coupling to the '95Pt nucleus. The
olefinic protons (which are 93Pt coupled) occur between 4 4.1
and 5.3. As diastereomeric equilibration proceeds, a new sulfur
methyl proton signal develops at & 3.72 (Figure 7). At 60 MHz,
the p-tolyl methyl proton signal broadens, but is not re-
solved.

It is clear. therefore, that the crystalline 1-butene complex
is a single diastereomer which, in solution, equilibrates to yield
a diastereomeric mixture. That this is so was confirmed as
follows. The NMR spectrum of a 0.2 M solution of the 1-
butene complex in CDCl; at ~0 °C was run to observe the
initial (NMR) spectrum; the solution was immediately diluted
to 1073 M (at which concentration the equilibration is slow)
and the circular dichroism spectrum was measured. This
spectrum and that observed by making up 1073 M solution
initially were identical. Moreover, when the NMR had indi-
cated that equilibration had occurred, a constant circular di-
chroism spectrum was obtained. Thus the NMR gave the
quantitative diastereomeric ratio, while the circular dichroism
identified the chirality of the coordinated olefin.

In this way the diastereomeric ratios and the chiralities of
the coordinated olefins were obtained for all of the complexes,
except that the equilibration was achieved more expeditiously
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Table I. Configurational Assignments of the cis-[Pt({S)-TMSO)-
(olefin)Cl,] Complexes

Predominant

diastereomer

Configuration at equilibrium

of olefin in (%); 31 °C, CDCl;,
Olefin the crystal 04 M
Propene I:1, R:S R (56)
1-Butene S S (55)
Isopropylethylene S4 S (66)
trans-2-Butene 3.2, RS R (66)
trans-3-Hexene a R (60)
trans-Diisopropyleth- a R (55)
ylene
Styrene R R (75)
tert-Butylethylene S S (100)¢

Ethyl vinyl ether b R (75)

@ Not isolated as crystals. ¢ Diastereomeric equilibration is “in-
stantaneous’ at all detectable concentrations. ¢ May not be an equi-
librium value, see text. 4 A recent absolute crystal structure deter-
mination of cis-[Pt((.S)-TMSO)(isopropylethylene)Cl,] shows that
this assignment is indeed correct; the isopropy! group points away from
the sulfoxide. (N. C. Payne, private communication.)

by adding the common olefin, The results are collected in Table
I together with those for the trans-3-hexene and trans-diiso-
propylethylene complexes, which were isolated as oils. The
NMR spectra of these indicated that they were pure sub-
stances. The chirality of these coordinated olefins and the
unstable ethyl vinyl ether complex was determined from the
circular dichroism spectra on the plausible assumption (vide
supra) that, for each compound, an equimolar mixture of the
two diastereomers would give a circular dichroism spectrum
similar to that observed for the 1:1 mixture of the propene
complex. There is, however, a (NMR) complication with the
monosubstituted olefins, namely, the possibility that each di-
astereomer could contain a pair of rotamers (Figure 1). In
some cases this is so, but, as we show in the next section, the
velocity of (rotameric) interconversion is rapid at 31 °C and
an averaged NMR spectrum is obtained for each diastereomer.
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Even so, at 31 °C, depending on the chemical shifts, some of
the signals are broadened. It is in order to obtain sharp signals
that some of the NMR data shown in Table II refer to higher
temperatures.

5. Fluxional Behavior

The '"H NMR spectra of all the equilibrated complexes were
measured at intervals between 50 and —60 °C. these being the
practical limits determined by complex decomposition and
solubility. The spectra of the ethylene, propene, 1-butene, and
isopropylethylene complexes were found to be temperature
dependent, in that changes characteristic of fluxional behavior
were observed. In contrast, the NMR spectra of the styrene,
tert-butylethylene, cis-2-butene, trans-2-butene. and trans-
3-hexene complexes remained essentially constant over this
range. We have established that the trans-2-butene and
trans-3-hexene complexes, and probably also the cis-2-butene
derivative, are not rotating on the "H NMR time scale at 50
°C. Equilibrated solutions of the trans-2-butene and trans-
3-hexene complexes show somewhat complicated NMR pat-
terns for the olefinic methyl proton resonances. An analysis
of these shows clearly that in each diastereomer, the two ole-
finic methyl groups are in distinct chemical environments, and
that the integrated intensities of the assigned signals corre-
spond to the previously determined diastereomer ratios. Were
these olefins rotating on the NMR time scale, the magnetic
environments of the olefinic methyl groups would be rapidly
averaged, giving rise to only one olefinic methyl resonance in
the NMR spectrum of each diastereomeric complex (Figure
1). A summary of the NMR analysis is shown in Table II. The
resolution of the olefinic methyl proton resonances for the
trans-diisopropylethylene complex was insufficient for full
analysis. However, in view of the bulk of the olefin and the
static nature of the trans-2-butene and trans-3-hexene com-
plexes, we think it reasonable to assume that the trans-diiso-
propylethylene complex is also static. The cis-2-butene species
appears to contain two static rotamers; the olefinic methyl
proton signals, which show, in addition to the normal coupling,
diastereotopic splitting, occur as two sets of unequal intensities
(~4:3), indicating that two locked rotamers exist for this

Table II. High Temperature Limit !H NMR Spectral Data of cis-[Pt{(S)-TMSO)(olefin)Cl5] Complexes?

6scH; ppm,
Temp, andolefinic  JpiscHy  Siolyl-CHy  Oolefin-Hs  JProlefin-Hs  Oolefin-CHy  SJHCH3  JPCHy
Olefin °C configuration Hz ppm ppm Hz ppm Hz Hz
Ethylene 3] 3.70 20.4 2.49 4.64 64.2
Propene 49 3.68 (S) 20.5 2.50 4,0-5.3 1.91 6.0 44.0
3.72 (R)® 20.8¢ 2.486 1.80%.¢ 7.06 b.c
|1-Butene 48 3.68 (S) 20.26 2.506 4.1-5.3 1.03% 7.4 0
3.72(R) 20.0 2.48 ¢ ¢ 0
cis-2-Butene/ 3] 3.787 20.7 2.49 4.0-5.9 1.91 6.5 41.0
3.787 20.7 2.49 1.855¢ 6.3¢ 40.5¢
trans-2-Butene/ 3] 3.70(S) 21.0 2.49 4.8-6.3 1.832,2.228 6.4,6.0 45.0,45.0
3.77 (R)® 20.06 2.46% 1.576,% 6.0,% 45.0,%
2.020% 6.0% 45.0%
Styrene/ 31 3.54 (R)® 21.06 2.3556 4.1-5.6
3.74 (S) 16.0 2.580
tert-Butylethylene/ 31 3.68 (S) 21.0 251 4.2-5.6 011.07 0
trans-3-Hexene/ 31 3.70 (S) 20.8 2.484 4.6-5.2 096,100 7.0,7.0 0
3.76 (R)® 20.06 2.464 0.89,61.30% 7.0,67.06 0
Isopropylethylene 49 3.68 (S)? 20.5% 2.50% 4.1-5.2 1.014 6.8 0
3.72(R) 20.0 2.48 0.981 6.7 0
trans-Diisopropyl- 31 351 (R/R) 20.8 2.47 4.0-5.9
ethylene 3.57(S:.S) 20.0 2.47
Ethyl vinyl ether 31 h 1.447 7.0 0
0.9426 7.2 0

@ 100 MHz, CDClj solvent, internal reference and lock MesSi, complexes equilibrated at 31 °C. ® More abundant diastereoisomer. ¢ Resonance
near coalescence. ¢ Shoulder. ¢ More abundant rotamer. / The spectrum is temperature independent, & Complex patterns. * Extensive overlap

between S-CHj and O-CH; and olefinic protons.
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Table I1I. Low Temperature Limit 'H NMR Spectral Data of cis-[Pt({(S)-TMSO)(olefin)Cl,] Complexes?

6SCH3’ ppm,
Temp, AGF, and olefinic Jpisch, Otolyl-CH3, dolefin-H, Solefin-CHyy  >JHCH3»  JPCH3
Olefin °C kcal mol~!  configuration Hz ppm ppm ppm H:z Hz
Ethylene -30 3.72 20.5 2.49 3.1-5.4
Propene -18 146 £0.3 3.73(S) 21.5 2.53(S) 4.0-5.5 1.89 (S) 5.7 44.0
3.74 (R)b< 21.06 2.50 (R)® 1.63 (R}b< 6.2b:c 46.05.c
3.78 (R)® 20.0% 2.04 (R)? 6.26 44.00
1-Butene =23 147 £ 0.3 3.71 (S)® 21.06  2.53(S)® 4.0-5.5 0.996 (S)® 7.00
3.73 (R)c 20.0 2.50 (R) 0.855 (R)¢ 8.0¢
3.78 (R) 20.0 1.320 (R) 7.4
Isopropylethylene =12 14003  3.70(S)® 2076 2.49 (S)b 4.1-5.1 d d 0
3.74(R) ~20.5 2.47 (R) d d 0
3.76 (R)* ~20.5

4 100 MHz, CDCl; solvent, internal reference and lock Me4Si, complexes equilibrated at 25 °C.  More abundant diastereoisomer. ¢ More
abundant rotamer. 4 Extensive overlap. ¢ Determined approximately from 6G¥ = —RT In (w(6v)h/v2 kT) using the S-CHj signals.
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Figure 8. The NMR temperature profiles of selected regions of the spectra

of the equilibrated complexes cis-[Pt((S)-TMSO){olefin)Cl,]. The various
olefins studied and the regions of the spectra are shown.

complex (Table II). One perplexing feature of this system,
however, is that, even at 100 MHz we were unable to observe
the expected splitting of either the sulfur or p-tolyl methyl
proton signals.23 The temperature independence of the styrene
species does not allow for a conclusion to be drawn about the
fluxional nature of the olefin.

The propene, |-butene, and isopropylethylene complexes
show remarkable fluxional behavior which is qualitatively the
same for each of the equilibrated complexes. In Figure 8, we
show a series of variable temperature NMR spectra of cis-
[Pt((S)-TMSO)(propene)Cl;] in the sulfur methyl and olefin
methyl proton regions, together with the NMR behavior of the
sulfur methyl protons of the corresponding 1-butene and iso-
propylethylene complexes. It will be seen that, for each of the
complexes, the two sharp sulfur methyl proton signals, ob-
served at higher temperatures, retain their '°5Pt coupling as
the temperature is lowered, and that, in all three cases, the
downfield signal, representing the R diastereomer, first
broadens, then collapses, and finally resolves itself into two

sharp peaks of unequal intensity. These two peaks, we believe,
represent the two rotameric possibilities of the R olefin dia-
stereomers, olefinic rotation being slow on the NMR timescale.
What is remarkable, however, is that, between 50 and —60 °C.
the upfield sulfur methyl proton resonance, representing the
S olefin diastereomer in each case, remains essentially un-
changed. Moreover, the olefinic methyl proton signals for the
propene and 1-butene complexes behave in an analogous way.
We show the patterns observed for the simpler of the two, the
propene species, in Figure 8. The sharp central olefinic methyl
proton doublet, assigned to the S diastereomer, and which is
clearly seen at —18 °C, retains its chemical shift and resolution
up to 49 °C. The two wing doublets of unequal intensities,
assigned to the two rotamers of the R olefin diastereomer,?*
undergo drastic changes as the temperature is raised. These
resonances are not fully resolved at the highest temperature,
49 °C, we could achieve without decomposition, but it is clear
that the central doublet, despite its overlap with the coalescing
wing doublets, remains essentially unchanged over the tem-
perature range, while the two wing doublets begin to merge at
49 °C at 100 MHz. Similar behavior is observed for the 1-
butene complex, for which the olefinic methy! proton reso-
nances corresponding to the S olefin diastereomer (Figure 7.
top spectrum; 8 0.996; 3Jy.cp; = 7.0 Hz) remain unchanged,
but those associated with the R olefin diastereomer change
with temperature between —23 and 50 °C. The low tempera-
ture data are summarized in Table I1I. We have found that the
olefinic methyl protons of the isopropylethylene compound are
poorly resolved; two broad signals are observed at 30 °C which
split into four as the temperature is lowered. No specific con-
clusion could be drawn, other than evidence of temperature
dependence for these olefinic methyl proton signals. As ex-
pected, the ethylene complex was found to be fluxional. The
approximate barriers to rotation for the complexes are listed
in Table III.

The invariance of the NMR spectra of the S olefin diaste-
reomers admits to a number of explanations of varying
plausibility. The first is that both the sulfur methyl and olefin
methyl proton resonances of the (S)-propene and (S)-1-butene
rotamers, and the sulfur methyl proton resonances of the
(S)-isopropylethylene rotamers, are nearly degenerate. Since
this is not the case for any of the R olefin diastereomers, we
consider this circumstance improbable. The second is that one
stereomer of the S olefin diastereomer is strongly preferred
thermodynamically over the other, so that whatever the
chemical shifts of the two, the signal of the predominant ro-
tamer is (detectably) insensitive to olefin rotation. Inspection
of Figure 8 reveals that in all three cases, the two rotamers of
the R olefin diastereomer occur in similar proportions and
hence we find this explanation implausible. For the same
reason we consider it unlikely that the .S olefin complexes have
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only a single detectable rotamer populated, which is not ro-
tating on the NMR time scale. The final explanation, which
we prefer, is that the S olefin diastereomers have two rotamers
of comparable stability, which rapidly interconvert on the
NMR time scale between —60 and 50 °C. Our instrument did
not permit us to go to significantly lower temperatures, and
there are also practical problems with solubility. If, however,
we were to suppose that collapse would occur for the sulfur
methyl protons of the S olefin diastereomers at about —70 °C
and that the two rotamers had a similar sulfur methyl proton
chemical shift separation as is observed for the R olefin di-
astereomer (Figure 8), then we can calculate a free energy of
activation of about 11 kcal mol~! compared to about 15 kcal
mol~' for the rotational barrier of the R olefin diastereomers
(Table 111). A value of 11 kcal mol™' is not abnormal for
platinum olefin rotation, rotational barriers as low as 10 kcal
mol~' having been observed.2’

6. Discussion

Table | shows that the discriminatory effect of the chiral
sulfoxide ligand is not large provided we exclude the result for
the rert-butylethylene system, which is probably not an equi-
librium value. Nonetheless the results are revealing in a
number of ways. First, although most of the olefins are induced
to prefer an R configuration, at least two, the 1-butene and
isopropylethylene species, prefer to adopt an S configuration.
Moreover, those olefins which adopt the S configuration
preferentially do so to about the same extent as those which
prefer the R configuration. Second, increasing the length or
bulk of the aliphatic side chain of the olefin has only a small
effect on the discrimination and in some cases, for example
propene vs. l-butene, the sense of the discrimination is re-
versed. Finally, it might have been supposed that a disubsti-
tuted olefin would experience a stronger discrimination than
an analogous monosubstituted olefin, because, in the former
case, one olefinic substituent will always be directed to some
extent at the chiral sulfoxide whereas, in the latter case, the
substituent can point away from the chiral ligand (Figure 1).
That this is not a significant factor can be seen in, for example,
the cases of the isopropylethylene and trans-diisopropylethy-
lene ligands.

In order to rationalize some of these observations, it is im-
portant to distinguish between two types of interactions which
occur between chiral molecules.” The first is the total inter-
action, which may be quite large; the second is that part of the
total interaction which is discriminatory. The latter, which we
call the diastereotopic interaction, may constitute only a few
percent of the total interaction, but it is this interaction which
leads to asymmetric discrimination. The total interaction be-
tween the sulfoxide and the olefin undoubtedly increases as the
bulk of the olefinic side chains is increased, but as can be seen,
the diastereotopic interaction is only marginally affected.
Furthermore, the chiral sulfoxide molecule is capable of gen-
erating diastereotopic interactions which are opposite in sense
for two closely related olefins, propene and 1-butene. This last
observation suggests that the sulfoxide ligand is rotating and
therefore is capable of presenting the olefin with a variety of
rotameric conformations, some of which may induce an R
configuration and others an S configuration of the olefin. The
resultant sense of the induction would then depend on the
population average of the various rotameric conformations.
If the bulk of the olefinic substituent were to change the pop-
ulations of these rotameric conformations, then the observation
that the sense of discrimination may change could be under-
stood. A similar argument could apply for a rotating olefinic
ligand although, in these cases, the preferred rotamer popu-
lation is likely to be that in which the orientation of the olefin
is nearly perpendicular to the mean molecular plane.
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This rotational effect is seen in the fluxional behavior of the
two diastereomers of the propene, 1-butene, and isopro-
pylethylene complexes (Figure 8), where, in each case, the S
olefin diastereomer appears to rotate more quickly than the
R diastereomer despite the differing thermodynamic prefer-
ences of the diastereomers (Table I). This effect must therefore
be associated with the transition state of the rotational process,
which is approximately reached when the olefin lies in the
mean molecular plane of the complex. Before we discuss this,
however, it is important to ascertain what is involved in the
so-called rotation.

The present results show that ethylene and the three mo-
nosubstituted olefins are undergoing a fluxional exchange in
their complexes, for which, observationally, the olefinic groups
or atoms pointing at the (cis) chloro ligand are interchanged
with those facing the sulfoxide ligand. The results also show
that this does not occur with disubstituted olefins under similar
conditions. This fluxional exchange can occur by either com-
plete rotation about the olefin-platinum axis, or by an oscil-
latory motion, where one end of the olefin always passes the
same cis group, but is unable to pass the other under the same
conditions. (The notion that the olefinic faces are interchanging
is excluded, for, if this were so, “instantaneous” diastereomeric
equilibration would occur and we would not observe the syn-
chronous slow development of the NMR and circular di-
chroism spectra.)

We propose that the ethylene ligand is undergoing complete
rotation about the olefin-platinum axis, but that the propene,
1-butene, and isopropylethylene ligands undergo an oscillatory
motion, in which the substituted end of the olefin passes the
sulfoxide ligand, but cannot pass the (cis) chloro ligand under
the same conditions. The evidence for this is as follows. The
disubstituted olefins do not rotate because, as we assume., either
a complete rotation or an oscillatory motion would require a
substituent to pass the chloro ligand. That the cis halogen is
generally more hindering to rotation than other cis ligands is
suggested by the observations of Lewis®® on the cis-[Pt-
(L)(olefin)Cl,] complexes, where L is an aryl or alkyl arsine
or phosphine. Lewis found that the olefin “rotational” barriers
roughly paralleled the effective bulk of the nonhalide ligand;
for example, whereas propene was observed to “rotate” in the
triethylarsine and triethylphosphine complexes (AG* = 12.0
and 12.5 kcal mol~!, respectively), “rotation” was not observed
in the complexes containing the triphenyl analogues (AG* =
16 kcal mol~!). Moreover, for [Pt(acac)(propene)X] where
X = Cl or Br, the “rotational” barrier actually decreases in
going from the chloro to the bromo analogue (AGF¢c = 13.3,
AG*p, = 12.8 kcal mol~!). Although the disubstituted olefins
do rotate in the [Pt(acac)(olefin)X] system, the necessity, in
these cases, for the substituted end of the olefin to pass the
halogeno group increases the barrier to rotation, and, consis-
tently, the bromo species has a higher barrier than the chloro
complex (for trans-2-butene, AG¥¢| = 15.8, AG¥p, = 16.1
kcal mol~!). This conclusion that the substituted end of the
olefin requires more energy to pass a halogeno ligand than the
organic ligand is important in understanding the different
rotational behavior of the R and S olefin diastereomers. If, in
the present systems, the monosubstituted olefins were oscil-
lating with the substituent passing the chloro ligand, we would
not expect the large diastereotopic discrimination in the ro-
tational behavior, because, in the transition state, the chiral
end of the olefin would be distant from the chiral sulfoxide, and
the major interaction would occur with the nonchiral chloro
group.

Since the sulfoxide ligand is probably rotating, it is not
possible to specify precisely how chiral discrimination of the
olefins occurs in the transition state. However, the general
principle is shown in Figure 9; the olefin is in its (approximate)
transition state and the sulfoxide ligand is in an arbitrary ro-
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R-olefin
Figure 9. The proposed structures of the R and S olefins in the (*'rota-
tional™) transition state. The sulfoxide ligand is shown in a particular ro-
tameric conformation so as to emphasize how the R and S olefins may be
interactively discriminated in the transition state.

tameric conformation. It is readily seen that because the R
groups on the sulfoxide are (necessarily) different, the inter-
action energies of the R and S olefins in their transition states
are different. It is not difficult to discern that this will be so,
to a greater or lesser extent, for any sulfoxide rotamer.

7. Experimental Section

The instruments used were a Roussel-Jouan Dichrographe, Varian
T-60, and HA 100 NMR spectrometers, @ Unicam SP 800A spec-
trophotometer, and a Perkin-Elmer Model 141 digital polarimeter.

(+HR)-p-Tolyl Methy! Sulfoxide. Methyl Grignard, prepared from
magnesium (5.3 g) and methyl iodide (35 g) in dry ether (100 mL).
was added dropwise to a well-stirred solution of (—)-p-tolyl-/-methyl
sulfinate26-27 (30 g) in dry ether (500 mL) at 0 °C. The resultant so-
lution was stirred at room temperature for 30 min. It was then cooled
and hydrolyzed with aqueous ammonium chloride solution (1 M, 150
mL). The ether layer was separated, back-extracted with ammonium
hydroxide (1 M, 5 mL), dried (MgSOQy), and reduced to dryness. The
residue was diluted with hexene (50 mL) and cooled (0 °C. 12 h), and
the pale yellow needles which had separated from the menthol were
collected and washed with hexene (6.4 g).

The aqueous phase of the reaction mixture was thoroughly ex-
tracted with ether (six 200-mL portions) to yield a further 5.0 g of
product uncontaminated with menthol. The crude products were
combined. taken up in hot cyclohexane (7 mL/g), and decolorized
with charcoal. On cooling, the product deposited as lustrous white
flakes: [e]p = +143° (1% in acetone, 1it.28 [a]p = +145.5°) The
above workup can be applied to any of the sulfoxides derived from
(=)-p-tolyl-/-menthyl sulfinate, even those that are liquids, for, in
these cases. the sulfoxide deposits as an oil from cold (=78 °C) hexane
and the menthol can be removed by decantation. This is superior to
the previous steam distillation methods.28

Anal. Calcd for CgH10S0: C. 62.3; H, 6.5;S.20.8; O, 10.4. Found:
C.625:H,6.6;S.20.8; 0, 10.5.

cis-[Pt(S)-TMSOXC;H4)Cly]. (R)-p-Tolyl methyl sulfoxide (1.85
g) dissolved in aqueous HCI (0.5 M, 150 mL) was added to a solution
of K,[PtCly] (5.00 g) in aqueous HCI (0.5 M, 150 mL). The resulting
solution was immediately placed in an atmosphere of ethylene and
vigorously stirred. Within | h the product began to separate from the
solution and, after 3 days, it was collected, washed with water, and
then with ether (4.8 g). The product was taken up in hot acetone (50
mL) and was filtered to remove small amounts of platinum metal,
Upon the slow addition of light petrol, long. colorless needles of the
product separated: (¢ — €)316 nm = +2.07, (& — &)3600m = —0.44
(1073 M in CHCl3).

Anal. Calcd for [Pt{CsH10SO)C2H4)Cly]: C, 26.8; H, 3.1; CI,
15.9;8,7.1; 0, 3.6: Pt,43.5. Found: C,26.8; H, 3.2; Cl, 16.1; S, 7.1;
0, 3.8;Pt,43.2.

cis-[Pt((S)-TMSOXpropene)Cl,]. Propene was bubbled through a
solution of ¢is-[Pt((S)-TMSO}C1H4)Cls] (0.3 g) in acetone (12 mL)
at 0 °C for 1.25 h. The cold solution was reduced to dryness under
vacuum and the oily residue was dissolved in dichloromethane (1 mL)
and then diluted with anhydrous ether (5 mL). Propene was slowly
bubbled through the solution as light petrol (3.5 mL) was slowly
added. The flask was stoppered and the solution was cooled (4 °C, 2
h), whereupon a colorless oil separated out. The solution was diluted
with ether (5 mL) and light petrol (5§ mL). On cooling (4 °C), the oil

slowly converted to clumps of small white needles. These were col-
lected and washed with petrol (0.22 g). The crude material was re-
crystallized from dichloromethane (1.5 mL) containing ether (I mL)
by the addition of light petrol (7 mL); seeding gave colorless needles.
Subsequent preparations are facilitated by seeding the initial solu-
tion.

Anal. Calcd for [Pt{CsH10SO)(C3He)Cl1): C, 28.6; H, 3.5; S, 6.9;
Cl, 15.4. Found: C, 28.6; H. 3.4; S, 7.0; Cl, 15.3.

cis-[Pt(S)-TMSO) cis-2-butene)Cl,]. cis-2-Butene was bubbled
through a solution of ¢is-[Pt((S)-TMSO)(CsH4)Cl,] (0.50 g) in
acetone (15 mL) at 25 °C for 25 min. The resultant pale yellow so-
lution was taken to dryness under vacuum, and the crystalline residue
was recrystallized from dichloromethane (2 mL) containing ether (2
mL) by the slow addition of light petrol (15 mL). After cooling, the
small white needles were collected and washed with petrol (0.50 g).
Recrystallization of the crude product from dichloromethane (3 mL)
by the addition of ether (3 mL), followed by light petrol (25 mL),
yielded pale yellow plates (0.38 g).

Anal. Calcd for [Pt{CsH10S0)(C4Hs)Cl1): C, 30.3; H, 3.8; S, 6.7;
Cl, 14.9. Found: C.29.9; H, 3.8; S, 6.5; Cl, 14.8.

cis-[Pt((S)-TMSO) trans-2-butene)Cl,]. trans-2-Butene was bub-
bled through a solution of ¢is-[Pt((.S)-TMSO)(C,H4)Cl,] (0.50 g)
in acetone (15 mL) at 0 °C for 0.75 h and then for a further 0.75 h as
the temperature was allowed to rise 25 °C. The solution was reduced
to dryness under vacuum, and the resultant pale yellow oil was dis-
solved in dichloromethane (2 mL). The solution was then diluted with
ether (3.5 mL). Light petrol was added to the cloud point and, on
cooling (4 °C, 1 h), a flocculent white material separated and was
removed by filtration. The solution was again brought to the cloud
point with petrol, saturated with olefin, and cooled (4 °C, 1 h). The
oil which separated was induced to crystallize by scratching. The
mixture was then diluted with more petrol (30 mL) and cooled (4 °C,
12 h) before the solid was collected (0.22 g). The crude product was
dissolved in dichloromethane (1.5 mL) and diluted with ether (I mL).
Petrol was added to the cloud point and the solution was seeded. On
cooling to 4 °C, the product slowly crystallized as clumps of white
needles. (Use of seed crystals greatly aids crystallization at each stage
of the isolation procedure and crystallization must be induced to occur
as quickly as possible to avoid extensive decomposition.)

Anal. Calcd for [Pt{CsH10S0)(C4Hg)Cl1): C, 30.3; H, 3.8; S, 6.7;
Cl, 14.9. Found: C, 30.2; H, 3.8; S, 7.2; Cl, 14.4.

cis-[Pt((S}»TMSO)1-butene)Clz]. cis-[Pt((S)-TMSO)(C,H4)Cl3]
(0.5 g) was converted to the |-butene complex by the method used for
the trans-2-butene species. The complex formed as long, pale yellow
needles (0.48 g). 1t was recrystallized from dichloromethane (2 mL)
containing ether (2 mL) by the careful addition of petrol (25 mL).

Anal. Calcd for [Pt(CsH10SO)(C4Hs)ClL): C, 30.3; H, 3.8, S, 6.7;
Cl. 14.9. Found: C, 30.3; H, 3.7; S, 7.0; Cl, 15.0.

cis{Pt((S)-TMSO)styrene)Cl3]. A suspension of cis-[Pt((.S)-
TMSO)(C1H4)Cly] (1.50 g) in “neat” styrene (20 mL) was stirred
at room temperature for | h. The orange solution was filtered and
diluted with ether (7 mL), then petrol (20 mL) was added to cause
precipitation of white flakes. The solution was maintained at 4 °C for
3 days, during which time the white crystals transformed into large
lemon yellow blocks. These were collected and washed with ether in
petrol (1:1) (1.60 g). The product was recrystallized from dichloro-
methane (7 mL) containing ether (3.5 mL) by the addition of petrol
(20 mL) to give deep yellow crystals (1.32 g). The white and yellow
crystals have the same molecular isomerism and constitution.

Anal. Calcd for [Pt{CsH10S0)(CsgHg)Cl>]: C, 36.6; H,3.4;S,6.1;
Cl, 13.6. For the white plates, found: C, 36.7; H, 3.5; S, 6.2; Cl, 13.6.
For the yellow blocks, found: C, 36.7; H, 3.4; S, 6.3; Cl, 13.4.

cis-[Pt((S)-TMSO)isopropylethylene)Cl;]. 3-Methyl-1-butene was
bubbled through a solution of ¢is-[Pt({S)-TMSO)(C,H4)Cl1] (1.20
g) in acetone (30 mL) for 0.5 h, the solution allowed to stand for 1.5
h, and then reduced to dryness. The oily residue was dissolved in di-
chloromethane (2 mL), diluted with ether (4 mL), and petrol was
added to the cloud point. The solution was cooled (4 °C, 12 h), then
was filtered and again brought to the cloud point with petrol. An oil
separated on cooling (4 °C, 2 days), which transformed to a solid on
vigorous scratching. A further 7 mL of petrol was added and, after
cooling (4 °C, | day), the solid was collected (1.08 g). Recrystalli-
zation from dichloromethane (8 mL) containing ether (8 mL) by the
slow addition of petrol gave colorless plates.

Anal. Caled for [Pt(CgH16SO)(CsH0)Cly]: C, 31.8; H, 4.15 S, 6.5;
Cl, 14.5. Found: C, 31.7; H, 4.1; S, 6.7; Cl, 14.4.
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cis-[Pt((S)-TMSOX tert-butylethylene)Cl3]. To cis-[Pt((S)-
TMSO)(C,H4)Cl,] (1.0 g) dissolved in a 1:3 mixture of dichloro-
methane/acetone (8 mL) was added 3,3-dimethyl-1-butene (10 mL)
and the solution was gently refluxed for | h. The yellow solution was
filtered and diluted with ether (2 mL); hexane (70 mL) was added to
cause rapid formation of long, pale yellow needles. The mixture was
cooled for | h and the solid was collected (0.62 g). The product was
twice recrystallized from dry, peroxide-free tetrahydrofuran (3 mL/g)
by the slow addition of hexane and yielded long, off-white needles.

Anal. Caled for [Pt{CsH10SO)NCeH12)Cl3]: C, 33.3; H, 4.4:S. 6.4;
Cl, 14.1. Found: C, 33.5; H, 4.5; S, 6.4; Cl, 14.3.

cis-[Pt{(S)»TMSO)ethyl vinyl ether)Cl;]. Finely ground cis-
[Pt((S)-TMSO)(C1H4)Cl,] (0.5 g) was suspended in dry, peroxide-
free tetrahydrofuran (10 mL) and then freshly distilled ethyl vinyl
ether (2.5 mL) was added. The mixture was stirred at room temper-
ature: vigorous effervescence occurred, the solution turned yellow,
and the solid dissolved in 5 min. The resulting solution was warmed
on a steam bath for | min and then was filtered. Pale yellow needles
deposited after the addition of petrol (30 mL): after cooling (4 °C,
15 min) these were collected (0.45 g). The product was recrystallized
from dichloromethane (3 mL) by the careful addition of hexane (17
mL). This compound is very unstable even in the solid state and the
procedures above should be carried out with dispatch.

Anal. Caled for [Pt(CsH10SO)(C,HsOC,H;3)Cly]: C, 29.3; H, 3.7;
Cl, 14.4;S,6.5. Found: C, 29.1; H, 3.7; Cl, 14.6; S, 6.7.

cis-[Pt((S)-TMSO)(trans-3-hexene)Cls]. cis-[Pt((S)-TMSO)-
(C2H4)Cl,] (0.15 g) was dissolved in a 1:3 mixture of dichlorometh-
ane/acetone (2 mL), then trans-3-hexene (0.3 mL) was added. and
the solution was maintained at 60 °C for 2 h. The pale yellow solution
was reduced to an oil under vacuum and the residue was treated thrice
with chloroform and pumped, on each occasion, to remove the solvent
and olefin. The resultant oil was taken up in 0.6 mL of CDCl; and the
NMR was taken. Two drops of the free olefin were added and the
solution was allowed to equilibrate at 30 °C for 15 h. The final spec-
trum differed from the original.

cis-[Pt((S)-TMSOJ) trans-diisopropylethylene)Clz]. This complex
was prepared in situ by the method described for the trans-3-hexene
complex, except that the reaction mixture was maintained at 60 °C
for 1 h, then equilibrated similarly.

Stability of the Complexes. All the above complexes are unstable
even in the solid state at room temperature. Those containing highly
substituted ethylenes are the least stable, but even the ethylene com-
plex decomposes after a few weeks at room temperature. The life of
the complex can be prolonged by storage at =5 °C.
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