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Tris(indenyl)lanthanoid (1) Sulfoxide Adducts (1:1) in the Solid State and in
Solution: Ligand Chirality as a Powerful Diagnostic Tool for Rapid
Intermolecular Sulfoxide Exchange and Indenyl 7° = 5! Fluxionality
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Abstract: Numerous members of the
new class of 1:1 adducts: [LnCp;-
OSR!R?] (Cp=CsH; or CH;; RYR?=
Me/4-MeCH, (MTSO) or Ph/Ph
(DPSO); Ln=La, Pr, Nd, or Sm) have
been prepared and characterized. While
solid [Ln(CyH;);-MTSO] (CH;=in-
denyl; Ln=La, Pr) contains exclusively
oxygen-bonded sulphoxide and three 7°-
coordinated indenyl ligands in a chiral
arrangement around the metal ion, the
CyH; ligands of the dissolved paramag-

involved in rapid n°=n'! fluxionality.
Both variable-temperature 'H NMR and
f—f circular dichroism (CD) spectroscopy
indicate that a second chirogenic centre
is generated that lies closer to the metal
ion than the chiral sulphur atom of the
MTSO ligand. In strict contrast, the
congeners with Cp = CsHs (Ln=Pr, Nd,
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Yb) are practically CD-silent, although
again the Ln—O distances are shorter by
about 10 pm than in the corresponding
THF adducts. Surprisingly, the NMR
spectra of solutions of mixtures of
[Ln(C4H;);- MTSO] complexes with (R)-
(+)- and (S)-(—)-MTSO, or/and with
two different metals reveal rapid inter-
molecular sulphoxide exchange. On the
other hand, mutual MTSO/THF exchange
seems to be inhibited, which suggests
that the facile sulphoxide exchange

netic molecules (Ln="Pr, Nd, Sm) are

Introduction

Although pentahapto (7°) coordination represents the most
common bonding mode of the cyclopentadienyl (Cp) ligand,
numerous cases of lower Cp hapticities are known. Often
quite puzzling, and almost contradictory features, may
accompany the studies of variable-hapticity systems. One
classical example is the complex [Ti(5’-Cp),(%'-Cp),], the
high-temperature solution NMR spectra of which are, never-
theless, consistent with four virtually equal Cp ligands,!
whereas the more recently investigated complex [Sm(7’-
Cp*);] (Cp*=CsMes)P displays a solution chemistry that
could be rationalized in terms of at least short-lived molecules
of the type [Sm(7°-Cp*),(n'-Cp*)].}! Similarly, a lower
hapticity than five was repeatedly proposed for the indenyl
ligands of the adduct [Sm(indenyl);- THF] (indenyl = C4H;)
even at room temperature, but was finally ruled out by X-ray
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follows a special mechanistic pathway.

crystallography and solution NMR spectroscopy.F! Currently,
we are focusing our interest, in view of the rapidly increasing
structural diversity of tris(indenyl)lanthanoid(irr) complexes
withPl (and without!®) one Lewis base molecule, on the new
1:1 adducts with achiral diphenylsulphoxide (DPSO) and
chiral methyl-p-tolyl-sulphoxide (MTSO). We wish to dem-
onstrate that the use of both (R)-(+)- and (S)-(—)-MTSO
provides valuable insights into new details of the structure and
reactivity of [Ln(CyH;);- OSRR'] systems. Interestingly, rapid
n>=mn' interconversion of indenyl ligands is deduced here
from both variable-temperature (VT) NMR and f-f circular
dichroism (CD) experiments.

Results and Discussion

Synthesis and general properties of adducts of the general
type [LnCp;- OSRR’]: Organometallic sulphoxide complexes
of the general composition [LnCp;- OSR'R?] (Ln=lantha-
noid element, Cp=CsHs or C;H,, R=alkyl or aryl group)
have rarely been described in the open literature. Apart from
the presentation of the complex [La(CsHs);- OSMe,] as an
outstanding candidate for '*La NMR spectroscopy,/ only
the crystal structures of this compound™! and three related
Ln(CsHs); derivatives” (see Table 1) have so far been
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Table 1. List of known [LnCp;- OSR'R?] complexes. Compounds desig-
nated by an asterisk have been investigated by X-ray crystallography; a:
with (R)-(4+)-MTSO; b: with (S)-(—)-MTSO.l2

Cp=CyH; Cp=C;sH; Color
MTSO DPSO MTSO DPSO CyH,/CsH;

La 1a*[0 qp=i 500
Pr 2a*2l 2p*B 6

8a*Bl 13+#181  colorless
9a*l19] 14%% leek green/yellowish green

Nd 3a 3b 704 10217 15 green/violet-blue
Sm 4a 4b - 11al - deep red/pale yellow
Yb - - - 1224 — deep green

[a] Moreover, the chiral complex [Pr(CsHs);- (R)-(+)-OS(2-pyridyl)(p-
tolyl)] has been characterised both by X-ray crystallography and solution
'"H NMR spectroscopy.”! The complex [La(CsHs);- DMSO] has been
mentioned in the text.

documented in slightly remote contexts. Detailed spectro-
scopic properties of the first tris(indenyl) congener (with Pr
and (R)-(4+)-MTSO) have been described,”™ and we have
published more recently the crystal structure of its La
homologue 1a and, inter alia, the 'TH NMR spectrum of the
first corresponding diphenylsulphoxide (DPSO) adduct 5.1
In Table 1, all known adducts with MTSO and DPSO are
listed. This table also presents the complete numbering
scheme of all sulphoxide complexes referred to here.

All 1:1 sulphoxide adducts can be readily prepared by
allowing a suspension of either the corresponding THF adduct
or base-free [LnCps] in toluene to react with the sulphoxide in
a strict 1:1 ratio; removal of excess sulphoxide at a later stage
is practically impossible. Usually, the sulphoxide adducts are
obtained in excellent yields as polycrystalline precipitates.
Owing to considerably better solubilities at elevated temper-
ature, analytically pure and well-crystallized products can be
obtained by redissolving the primary product in toluene
heated up almost to boiling point, and slow cooling to about
0°C afterwards. Interestingly, the complexes 3 and 4 (Ln = Nd
and Sm) are more soluble in toluene and have so far not
afforded single crystals of X-ray quality. While the melting

Abstract in Chinese: H =
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[LnCp"; -OSRPRP] (Cp" = CsHs % CsHy; RVRP = Me/4-MeCgH,y (MTSO) 32
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points of all cyclopentadienyl complexes (i.e., 8a—10a and
13-15) lie between 226 and 238°C, those of the indenyl
complexes with MTSO (1a-4b) are notably lower (128-
150°C) than the melting points of the corresponding DPSO
adducts 5-7 (180-200°C).

All indenyl complexes are more sensitive, both thermally
and towards traces of air and halogenated solvents, than the
corresponding cyclopentadienyl complexes. For instance,
while their solubility in dichloromethane exceeds that in
toluene, solutions in CH,Cl, tend to age within a few hours.
Moreover, even the surfaces of crystals of 2—4 kept under
pure N, darken spontaneously. A substantial red-shift of the
7(SO) bands of the tris(cyclopentadienyl) complexes (Ta-
ble 2) suggests considerable Ln—O interaction, while in the
infrared spectra of the tris(indenyl) complexes the corre-
sponding 7(SO) bands cannot be reliably identified.

Table 2. Red-shift A7(SO) [cm~!] and Ln—O distances [pm] in [LnCp;-L]
systems (L=MTSO, DPSO or THF); #(SO) of MTSO: 1048 cm™!; of
DPSO: 1037 cm™

Cp=C;sH; Cp=CyH;

MTSO DPSO MTSO/DPSO THF“
A7(SO) d(Ln—0O) A#SO) d(Ln—O) d(Ln—O)

La 42 244.4(5) 20 244.3(4)  2453(5)RI00T 258.8(9)
244.1(7)! 257.5(2)
Pr 40 241.8(4) 25 244.4(4)  244.2(8)1 255.7(7)

243.2(5)! -
Nd 39 239.0(6) 40 - 238.3(4)l 258(2)
- 251.2(7)

Sm 23 - - - - -
Yb 21 229.0(7) 239(2)tl

[a] With (R)-(+)-MTSO. [b] With (S)-(—)-MTSO. [c] With DPSO. [d] Of
[Lu(CsHs), - THF].®

Solid-state structures from crystallographic studies: Single
crystals for X-ray crystallography were grown by slow cooling
of warm, concentrated toluene solutions. Suitable solutions of
1 and 2 were best achieved by the addition of small portions of
THEF. In Figure 1, the molecular structures of two representa-
tive examples of the MTSO and DPSO adducts that contain
cyclopentadienyl ligands are compared. As expected for the
strongly oxophilic Ln** ions, the sulphoxide molecule is
coordinated exclusively by its oxygen atom. Interestingly,
owing to the chiral space group P2,2,2;, the (R)-(+)-MTSO
ligand makes the entire lattice helical. According to the
crystallographic results on [Ln(CsHs);- MTSO] systems cur-
rently available (see Table 1), all members of this particular
class from La to Yb seem to be isostructural.

The three new indenyl complexes 1b, 2a and 2b are
isostructural with, but not always equally configured as, the
earlier reported!'” complex 1a, so that 1a and 1b, and the pair
2a and 2b can be considered as genuine optical antipodes
(Figure 2). In accordance with the polarity of the S=O bond,
the Ln—O distances of all sulphoxide adducts investigated are
significantly shorter than those of the corresponding THF
adducts (Table 2). From the Ln—O(S) distances listed in
Table 2, a slightly shorter Gd—O distance can be extrapolated
than actually reported for the novel sulphur dioxide com-
plex [GA(SO,);(u-AsFq);], (243(2)-245(1) pm).2% The S=O
bond is only about 3 pm longer than in noncoordinated
MTSO.2!
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Figure 1. Molecular structures of a) 8a—10a and b) 13 and 14, including the atomic numbering schemes.
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As we have stated earlier,'” the chiral sulphoxide ligand
helps to generate a chiral {Ln(C,H,);0} fragment as a result of
a specific disposal of each of the benzo groups of the three
indenyl ligands. While one benzo group lies approximately
transoid to the Ln—O vector, the orientation of the other two
is reminiscent of a paddle wheel with two paddles and the
Ln—O bond as axis. As the two paddles are oriented counter-
clockwise in the presence of (R)-(+)-MTSO, but clockwise in
the presence of (§)-(—)-MTSO (Figure 2), each of the four
complexes 1a, 1b, 2a and 2b contains two distinct stereogenic
centres. So far, we have not observed any of the two
diastereomers of the combinations: clockwise/(R)-(+) and
anti-clockwise/(S)-(—). The actual disposal of each of the
indenyl ligands may be further quantified by consideration of
the shortest individual distances D, (n =1-3) from the centre
of each benzo group to the plane spanned by the centres of the
three five-membered ring fragments of the indenyl ligands® ¢!
(Table 3). For ideal paddle-wheel-like arrangements, the D,
values should approach zero (but ca. 220 pm for an ideal
meridional arrangement). From the data in Table 3, it is
apparent that the centres of the benzo groups of the paddle-
like indenyl ligands of 1 and 2 reside alternately above and
below the reference plane (above is defined as cisoid to the
metal ion). Table 3 also includes the D, values of the related

1994 ——
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DPSO adduct 7 with Ln=Nd.
For comparison, base-free
[Pr(CyH;);] with three cisoid—
meridional and [Sm(CyH,);-
THF] with three equatorial in-
denyl ligands are also consid-
ered. Obviously, the data set of
7 differs from the sets of 1 and
2, since the three paddles are
almost equally distorted from
the ideal paddle-wheel arrange-
ment. Although 7 contains no
chiral sulphoxide, the {Nd-
(CH;);0} fragment could,
strictly speaking, be considered
as chiral. The structure of 7 in

b)

Figure 2. Molecular structures of a) 1a and 2a and b) 1b and 2b, including the atomic numbering schemes.

Table 3. Comparison of the parameters D, and A, [pm] of the title
complexes and base-free [Pr(CyH,);].[!

CH, (1) CH, (2) GH, (3) Ln—PL
D, Ay D, A, Ds A
1a 1598 173 —2162 33 1436 138 393
1b —1588 170 —2159 3.7 1441 132 397
2a —1592 186 —2174 18 140.7 13.1 381
2b —1589 194 —2166 4.1 1425 143 385
7 1418 146 1112 167 1272 161 492
[Pr(C,H,), ] 1977 44 2105 17 1950 50 21.1
[Sm(C,H,),-THFJ) 256 7.1 256 71 256 71 523

[a] A=(Ln—C(8, 9)).,,— (Ln—C(1, 2, 3)),,; Ln—PL=shortest distance
between Ln and the plane spanned by the three Cs centres of the indenyl
ligands. The numbering of the CyH; ligands follows that chosen for
Figures 2 and 3. For the sign of D, and D, see the text.

the crystal involves a racemic mixture of molecules with
respect to the new chirogenic centre; the molecular structure
of one enantiomer of 7 is shown in Figure 3.

In all five indenyl complexes considered here (1a/b, 2a/b
and 7) the two C,H; carbon atoms shared by the Cs and the C,
fragment of each indenyl group are slightly more distant from
the metal ion than the other three Cs carbon atoms. This quite
general feature is documented for the title compounds and for
some related complexes (Table 3). We have correlated the

0947-6539/99/0507-1994 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 7



Ligand Chirality

1992-2003

Ci25)

Figure 3. Molecular structure of 7 with the atomic numbering scheme.

quite frequent inequality of the Ln—C bond lengths of indenyl
complexes with the variable steric congestion dependant on
the spatial disposition of each CoH; unit.[! Instead of rejecting
the idea of genuine #7-bonding, it seems to be more
appropriate to talk of only moderately distorted #’-coordina-
tion.

Room-temperature 'H NMR spectra of single indenyl com-
plexes: All complexes examined give rise to solution 'H NMR
spectra consistent with the presence of three virtually
equivalent CsHs or CoH; ligands. While the DPSO adducts 6
and 7 display, as already observed for 5" and various THF
adducts,P! four CyH; proton resonances (I,,,=6:6:6:3), the
MTSO adducts 1-4 give rise to seven equally intense (I, =3)
CoH; signals. The spectrum of diamagnetic 1a has been
reported previously,'”) and so only the room-temperature
spectra of three paramagnetic complexes are depicted in
Figure 4. Obviously, enantiomeric pairs of adducts with the

H-4.7 ™S

a)

<« 6(ppm)

Figure 4. Room-temperature 'H NMR spectra of a)6 dissolved in
[Dg]toluene, b) 4a in [Dg]benzene and c) 3a in [D¢]benzene. The methyl
proton resonances of 4a have been omitted. * =solvent.
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same central metal, but either (R)-(+)- or (S)-(—)-MTSO, will
have identical spectra. As we have already suggested,['”) the
appearance of seven signals could be due to the prochiral
nature of the indenyl proton pairs H1/3, H4/7 and H5/6 of
each {Ln(x"-CyH,)} fragment (n=3 or 5), the resonances of
which would undergo diastereotopic splitting as soon as
another ligand (such as chiral MTSO) introduces a stereo-
genic centre (see Figure 5). The actual observation of

M
3 4 A
5 D
1 -~ 6 c s (M)
a) b)

Figure 5. a) Conventional numbering of indenyl hydrogen atoms. b) Sche-
matic description of the prochiral nature of the atoms A/A’, B/B" and C/C’
in a {M(»"-indenyl)} fragment. A change of the coordinated face (i.e.,
M —(M)) would convert the unprimed atoms to primed atoms and vice
versa.

diastereotopic splitting rules out any rapid (on the NMR time
scale) intra- or intermolecular scrambling capable of inter-
converting the coordinated face of a CyH; ligand. Such a
process would destroy the prochiral nature by quenching all
diastereotopic splitting.

The observed equality of all three indenyl ligands is
therefore either caused by rapid intramolecular ring mobililty
or a rigid, Cs-symmetric fixation of all three indenyl ligands
with paddlelike benzo groups. The absence of two nonequi-
valent sets of C;H; and MTSO resonances in any of the
recorded spectra, which would be caused by two diastereo-
mers, disfavours the latter view. Although two diastereomers
are, in principle, expected, owing to the generation of a second
stereogenic centre at the metal site, they might be too short-
lived to be observed in solution. It should be recalled that
various kinds of chiral {Ln(CyH;);0} fragments have actually
been found in the solid state (vide supra), including those with
three paddle-wheel-like CoH; ligands.P!

Owing to the well-documented,” pronounced absence of
substantial NMR line broadening and line displacements in
the paramagnetic 4> Sm' system, a satisfactory assignment of
the seven CyH; proton resonances of 4a and 4b is possible
(Figure 4 and Table 4). Each of the seven C;H, resonances has
retained its specific multiplet pattern. Moreover, in accord-
ance with the expectation that protons of the Cs fragment
should always be affected most strongly by the paramagnet-
ism as they lie closest to the metal ion, the absolute values of
the so-called isotropic shift, | Al |=|gpara — §dia | | of 4a (992
refers to the corresponding chemical shifts of the diamagnetic
La complexes 1a/b) are found to decrease in the order: H1/
3 >H3/1 > H2 > H4/7 > H5/6 > H6/5, H7/4.

While the CyH; resonances of 3a/b cannot be reliably
attributed to distinct H atoms, because seven equally intense
singlets appear, the C;H; resonances of 2a/b can be plausibly
assigned (Table 4). There is little uncertainty in view of the
four signals that display low | A®°| values and pairs of doublet
and triplet patterns, but some ambiguity remains for the two
singlets with A*® = —6.47 and — 4.46 pm. One of them should
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Table 4. Comparison of the proton resonance patterns of selected indenyl complexes and binary mixtures thereof,

including the isotropic shifts A™ of 2a and 4a.l?

emerge at about 0=19 and
—0.5, and as the 2a/2b ratio is

Resonances of indenyl protons Resonances

of MTSO/DPSO protons raised further, the NMR spec-

Complex H-1,3 H-2 H-4,7 H-5,6 m-tolyl-H  o-tolyl-H  p-tolyl-CH; SCH; tra approach the appearance of
La 1la 5.81(s)  6.44(t) 7.32(d) 6.93(t) 6.84(d) 7.00(d) 1.80(s) 1.94(s) the room-temperature spec-
6.14(s) 7.66(d)  7.01(t) trum of pure 2a or 2b. The
La 1a+1b (1:1)  597(d) 642(t) 7.50(q) 7.0(q) 6.83(d) 6.95(d)  1.75(s) 1.94(s) . o
Sm 4a 10.08(s)  9.34(s) 7.30(d) 7.15(1)  6.52(d) 564(d)  1.79(s) 0.01(s) fyswmatlc exammatlon.Of the
11.79(s) 824(d)  7.56(1) H NMR. spectra for.dlfferent
A, 4a +411 4290 -019 4018  —048 -120  -001 -1.93 2a/2b ratios thus confirms that,
+5.82 +0.75 4059 owing to their pairwise collapse
4a+4b (1:1) 1095(s) 9.36(s) 7.67(s) 7.67(s) 6.56(d) 5.66(d) 1.83(s) 0.11(s) at a 2a/2b ratio of 1:1, the two
Pr 2a 19.55(s)  1.98(s) 10.41(d) 4.95(t)  4.18(s)  —586(s)  087(s) —13.30(s) =
—0.52(5) 622(d)  385(1) doublets at 6.76.22 and 10.41
A%, 22 41368 446 +292  —202  —266 —1286  —093  —1524 and the two triplets at 6 =3.85
—6.47 -127 =312 and 4.95 of pure 2a (or 2b)
Pr 2a+2b (1:1) absent 1.83(s) 8.52(s)  4.17(s) 4.17(s) —5.98(s) 0.5(s) —13.59(s) belong to prochiral pairs of
La 5 597(d)  642(t) 7.84(q) 6.90(q)  6.89(m)M  7.24(dd)
Pr 6 9025(s)  4.16(s) 818(q) 4.02(dd) 351(1)  —755(s)  434(0)¢ C:H, protons. Moreover, the

[a] All samples were dissolved in C4Dy, except for the mixtures of (1a+1b) and (2a+2b), which were studied

[Dg]toluene solution. [b] Involving m- and p-phenyl-H. [c] Here of p-phenyl-H.

belong to H2, and one to H1/3. More clarity will be provided
in the following paragraphs.

Room-temperature 'H NMR spectra of binary mixtures of
indenyl complexes. In the absence of any rapid intermolecular
exchange of sulphoxide ligands, the 'H NMR spectra of
solutions that contain two different adducts should not
deviate from the simple superposition of the individual
spectra. However, exact 1:1 mixtures of 1a and 1b were
found to give rise to a spectrum devoid of any diastereotopic
splitting, as observed for the achiral complex 5,/ in which no
more than four distinct multiplets can be ascribed to the seven
indenyl protons (see Table 4). Solutions of mixtures with 1a/
1b ratios slightly different from 1.0 afford continuously
modified spectra, in agreement with a rapid, concentration-
dependent exchange equilibri-
um.  Correspondingly, the
'H NMR spectra of the freshly
prepared, quasi-racemic 1:1
mixtures of 3a/3b or 4a/4b,
display only four indenyl reso-
nances instead of seven.

Exact 1:1 mixtures of the
paramagnetic  quasi-enantio-
mers 2a and 2b display, in

two widely separated, but nev-
ertheless coalescing, singlets (at
0=—0.52 and 19.55) should be
assigned to H1 and H3. The
remaining singlet of pure 2a/b at 6 =1.98, which is easily
detected at all 2a/2b ratios, would then be best ascribed to H2.
The well-reproducible, complete breakdown of the diaster-
eotopic splitting of all CyH; resonances in the racemic 1:1
mixtures contrasts with the persistence of all signals of the
MTSO protons. Both features can, however, be rationalized in
terms of continuous and rapid, infermolecular exchange of
(R)-(+)- and (S)-(—)-MTSO ligands. This view is well-
supported by the observation that a 1:1 mixture of diamag-
netic 1a and paramagnetic 2a gives rise to a significantly
perturbed resonance pattern of the MTSO protons (Fig-
ure 7a), while the CyH; resonances still correspond to those of
pure 1a and 2a. The (R)-(+)-MTSO molecules oscillate
rapidly between diamagnetic and paramagnetic metal centres,
leading, inter alia, to considerable broadening or even the

*

b SCH,

N

o-tolyl-H
AL

! o-tolyl-H SCH,

L

o

addition to three signals unam-
biguously  attributable  to
MTSO protons, three singlets
of different intensity and line

o-tolyl-H SCH,

!

width (Figure 6 and Table 4).
At a 2a/2b ratio of 1.2, the
broad resonance at lowest field
splits into two signals and the

o-tolyl-H SCH,

neighbouring intense signal into

UL E

T e e o e e B R s

three signals. The relatively 24

weak new doublet should be-

T T T T T T T

4 ) -4 -8 -12

<« 6 (ppm)

long to the m-tolyl protons of
the MTSO ligand. At a 2a/2b
ratio of 16:1, two more signals

1996 ——
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Figure 6. 'HNMR spectra of (from top to bottom): a 1:1 mixture, a 1.2:2 mixture and a 16:1 mixture of 2a and 2b,
and pure 2a. The designations a/a’, b/b’ and c/c’ correspond to the CyH; proton pairs H1/3, H4/7 and HS5/6.
Solvent: [Dg]benzene. X =m-tolyl-H, # =TMS, * =solvent.
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Al M

[La(CyH,)(R)-MTSO] + [Pr(C,H,),(R)-MTSO]

vations in which rapid MTSO
exchange would take place ex-
clusively between MTSO ad-
ducts in the same solution and,
independently, rapid THF ex-
change exclusively between

THF adducts. Some doubt
might thus arise in the presence
of ideally separated, strictly
mononuclear complexes in the
otherwise strictly homogenous
solution.

'H VT-NMR spectra of single
| indenyl complexes. In view of

the frequently observed pro-

A \...*_J .«JUJAJL__)J“JLMG‘
*
b)
‘ [PF(C,H,)(R)-MTSO] + [Pr(C,H,),DPSO]
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Figure 7. 'H NMR spectra of 1:1 mixtures of a) 1a and 2a and b) 2a and 6. Solvent: [D¢]benzene. * =solvent.

disappearance of MTSO signals. Evidently, equally rapid,
although undetectable, intermolecular sulphoxide exchange
must also be assumed to occur in the solution of a pure
tris(indenyl)lanthanoid complex carrying a sulphoxide ligand.

In a related experiment, the 'H NMR spectrum of a 1:1
mixture of 1b [with (S)-(—)-MTSO] and 2a [with (R)-(+)-
MTSO] was inspected. As before, the resonances of the
MTSO protons were strongly affected while, owing to the
involvement of both MTSO enantiomers, the La-bonded Cy;H;
ligands gave rise to only four multiplets and the Pr-bonded
CyH; ligands to no more than three comparatively broad
singlets (vide supra). More surprisingly, a 1:1 mixture of 2b
(chiral) and 6 (achiral) that should display a total of eleven
signals in the absence of any exchange, actually gave rise to no
more than four CyH,; resonances (Figure 7b). As both
complexes contain Pr!!; the resonances of both sulphoxides
remained almost unperturbed. Here again, the experimental
results confirm rapid MTSO/DPSO exchange. MTSO ex-
change also takes place between the indenyl complex 2b and
the cyclopentadienyl complex 8a, as again the diastereotopic
splitting of the CyH; resonances is quenched, and MTSO
signals undergo significant perturbation.

In striking contrast to the constantly facile exchange of
sulphoxide ligands (vide supra), a corresponding mutual
replacement of MTSO by THF molecules (and vice versa)
seems to be inhibited. Thus, solutions of the mixtures 1a/
[La(CoH;);- THF] and 2b/[Pr(CoH;);- THF] gave rise, for
various molar ratios, only to the clean superpositions of the
'H NMR spectra of the pure components. It should be
recalled that, according to crystallographic results (see
Table 2), the Ln—O(THF) distance always exceeds the
Ln—O(SR,) distance; this anticipates an even better mobility
of the THF molecules. This expectation has experimentally
been confirmed for 2-methyltetrahydrofuran (MeTHF), since
solutions of [Pr(CgH;);-rac-MeTHF] displayed exclusively
four CoH; proton resonances between 50 and —70°C.1 An
unexpected mechanistic scenario emerges from these obser-
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portionality of the chemical
shifts of paramagnetic samples
and the reciprocal temperature,
all VI-NMR results have been
presented graphically by the
corresponding 0 versus 7! dia-
grams. First of all, the divergence of distinct pairs of 0 versus
T-! curves, which includes the diamagnetic complex 1a (see
Figure 8a), suggests that the amount of diastereotopic split-
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Figure 8. Comparison of the 6 versus 7' diagrams of the CyH; proton
resonances of a) 1b and b) 4a. Solvent: [Dg]toluene.

0947-6539/99/0507-1997 $ 17.50+.50/0 1997



FULL PAPER

R. D. Fischer et al.

ting increases with decreasing temperature; this reflects, inter
alia, a concomitantly longer lifetime of the adduct. A
corresponding trend is found for the moderately paramag-
netic complex 4a; here the diastereotopic splitting is rapidly
magnified by the temperature dependence of the magnetic
susceptibility of the Sm'" ion (Figure 8b). More surprisingly,
the 0 versus 7! plots of the indenyl protons H1 and H3 of 4a
show an inverse temperature dependence: although the
positive isotropic shifts Al of these nuclei should further
increase if the Curie — Weiss law is obeyed, the two A values
decrease significantly with decreasing temperature. The slope
of that particular o versus 7! plot differs drastically from all
other curves including the plots of the MTSO protons
(Figure 9a). This feature raises the question of whether the

%
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Figure 9. Comparison of the 6 versus 7! diagrams of the sulphoxide
protons of a) 4a, b) 2a and c) 6. Solvent: [Dg]toluene.

unusual shift of 6 from 11.1 at +80°C to 6.5 at —80°C could
be caused by corresponding changes of the magnetic suscept-
ibility tensors of the Sm3* ion. Alternatively, a virtually
continuous change of the chemical nature of the proton in
question might be taken into account: generally, any con-
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version of an aromatic proton into an aliphatic one would
lower the 'H NMR shift by about 3—4 ppm. Corresponding
signal displacements are well documented for the NMR
spectra of fluxional metal complexes in which a cyclopenta-
dienyl (or indenyl) ligand undergoes interconversion from #°
to '-hapticity.l" 2 21 In the case of 4a and 4b, the equilibria in
Equation (1) could account best for this particular mode of
rapid isomerization.

[Sm(’-CoHy); - MTSO] == [Sm(37°-CoHy )5 (n'-CoHy) - MTSO] == ... 1)

The virtual equivalence of all three indenyl ligands (vide
supra) requires that each of them adopt #!-hapticity with the
same probability and that the all-n>-isomer becomes less
abundant with decreasing temperature. Provided that the
coordinated Cs face does not change (vide supra), each of the
C,H; ligands can generate a racemic pair of {Ln(3!-CoH,)}
fragments, in which the otherwise equivalent, o-bonded (to
Ln) and chiral ring carbon atoms C1 and C3 become optical
antipodes. In the presence of only one MTSO enantiomer, two
diastereomers of different steric congestion should result.
However, the VI-NMR spectra of 1-4 are devoid of any
evidence of two isomers, which lends strong support to just
one particular diastereomer. Steric congestion is indicated by
the emergence of two low-temperature plots for the o-phenyl
protons of the DPSO ligand of 6 (Figure 9c).

While the complexes 3a and 3b (Ln=Nd) also give rise to
seven approximately linear ¢ versus 7! curves for the CoH,
protons, any further interpretation would at present remain
rather speculative. On the other hand, from a comparison of
the d versus T-! diagrams of chiral 2b (Figure 10a) and achiral
6 (Figure 10b), more insight into the fluxional nature the
structure of 2a or 2b in solution is available. Interestingly,
four 6 versus 7! plots similar to the four experimental curves
of 6 result when, following the assignment proposed for 2a in
Table 4, the values of (H2) and the average values of 6(H1)/
0(H3), 6(H4)/6(H7) and 6(H5)/6(H6) of 2b are plotted versus
the reciprocal temperature (Figure 10b). The quite successful,
tentative simulation of the quenching of the diastereotopic
splitting for 2b not only helps to confirm the earlier proposed
assignment, but also supports the view that both 2 and 6 are
fluxional in accord with the equilibria indicated by Equa-
tion (1). In striking similarity to the o versus 7-! diagram of
4a, the ¢ versus 7! diagrams of 2b and 6 also contain one
particular curve (to be ascribed to H1 or/and H3) that surprises
by its pronounced high-field shifts with decreasing temper-
ature. Thus, A of 2b drops from about 6 = —3.1 at 70°C to
about 0 = —40.7 at —70°C, while A* of 6 changes from 6 =
+3.7at +80°Cto 0 = —2.8 at —70°C. Hence, as in the case of
4a (vide supra), the chiral MTSO ligand again dictates the
preference of one distinct diastereomer of 2a or 2b, whereas
the protons H1 and H3 of 6 remain equivalent. A 0 versus 7!
diagram very similar to that shown in Figure 10a (solvent
Dg[toluene]) has also been obtained for 2a in CD,Cl,.

!H VI-NMR spectra of binary systems of indenyl complexes:
To determine the temperature range at which the intermo-
lecular exchange of MTSO molecules slow down on the NMR
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Figure 10. Comparison of the ¢ versus 7! diagrams of the CyH; protons of
a)2b and b) 6. Experimental data points for 6 are depicted by smaller
symbols, while the larger symbols designated by an S refer to simulated o
versus 7! curves (see text). Solvent: [Dg|toluene.

time scale, the 'H NMR spectrum of a 1:1 mixture of 2a and
2b dissolved in [Dg]toluene was also inspected in the temper-
ature range + 70 to — 70 °C. As is seen from the corresponding
o versus 7' diagram (Figure 11a), the curves of the three
CyoH; resonances detectable at room temperature display
reasonably straight lines down to about —10°C, whereafter a
stronger deviation from linearity and a splitting into two
branches (i.e., of H1 and H3) occurs. Moreover, between
about —30 and —40°C, the two O versus 7! curves of H4/7
and H5/6 also undergo the expected splitting. Thus, below
about —40°C, a seven-line pattern is again obtained; this
indicates that each adduct molecule has become sufficiently
long-lived.

A notably different situation is found for the solution of a
4a/4b (1:1) mixture. While the ¢ versus 7-! diagram recorded
immediately after the preparation of this solution (Fig-
ure 11b) still resembles that obtained for the 2a/2b mixture
(Figure 11a) in that seven curves emerge from initially four
quasi-linear plots at lower temperatures only, the appearance
of the ¢ versus 7-! diagram of the same solution (in a sealed
tube) changed drastically with time. After 23 days, a diagram
of the somewhat intermediate appearance shown in Fig-
ure 11c was obtained, and the 0 versus 7! diagram recorded

Chem. Eur. J. 1999, 5, No. 7
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Figure 11. ¢ versus 7-' diagrams of a) a 1:1 mixture of 2a and 2b, b) a 1:1
mixture of 4a and 4b immediately after the preparation of the sample and
c) 23 days later. Solvent: [Dg]toluene.

38 days after the preparation of the solution looked practi-
cally identical with that found for solutions of pure 4a
(Figure 8b). Hence, the finally studied sample formally
appears to involve molecules that do not exchange (R)-(+)-
MTSO molecules against their (S)-(—)-enantiomers and vice
versa. This situation is somewhat reminiscent of the inhibited
mutual exchange of MTSO and THF molecules (vide supra).

1¥La NMR spectroscopy: In excellent agreement with the
expectation that the total ligand hapticity of the fluxional
[Ln(CyH;);- MTSO] systems [Eq. (1)] should in average be
lower than for related rigid molecules with three strictly 7°-
coordinated Cp ligands, a '*La NMR shift of 6 =—450 (in
toluene, 45 °C, W, = 2480 Hz) was found for 1b. In contrast, a
0 ("La) value of —563 (toluene, 25°C, W,, =390 Hz) was
obtained for the cyclopentadienyl congener 8a. A d (¥La)
value of —558.6 consistent with an all-n>-hapticity has already
been reported for [La(CyH;);- THF].H
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Circular dichroism of f-f ligand-field excitations: According
to the assessment of the 'H NMR spectra of the principally
chiral pairs of the MTSO adducts 2a/b and 4a/b, only one of
the two potential diastereomers of the type [Ln(3°-CyH,),(7'-
CoH,) - (R)-(+)-MTSO] should be present, although, owing to
rapid equilibria [Eq. (1)], its lifetime should be very short. In
this particular isomer, the o-bonded (to Ln) indenyl carbon
atom (C1) will be a new chirogenic centre. Being immediately
adjacent to the Ln3" ion, this chirogenic centre should be able
to influence the 4f electrons of the metal more strongly than
the chiral sulphur atom of the MTSO ligand, which is
separated from the metal ion by two subsequent chemical
bonds and should, moreover, be disfavoured by the rapid
intermolecular exchange of the MTSO ligand.

To confirm the hypothesis of a new chirogenic centre
adjacent to the Ln*" ion independently, we carried out CD?!
studies of [Pr(CsHs);- MTSO] (9a) and [Pr(C,H;);- MTSO]
(2a/b) solutions in the optical f—f excitation ranges *H, —
Py, and *H,— 'D, of the system Pr'l. Owing to the much
shorter time scale of optical spectroscopy, any Cotton effects
of the (on the slower NMR time scale) very short-lived
isomeric forms of interest should be readily observable. While
pure 9a (see Figure 1a) may be considered as an almost ideal
example of a 4f system subjected exclusively to usually weak,
vicinal perturbations?”) (which are due to one single chiral
atom in the ligand sphere), the isomers of 2a and 2b, which
are proposed to have one chiral #'-CyH; ligand and (R)-(—)-
or (S)-(—)-MTSO, are more likely to experience so-called
configurative perturbations?” of the f electrons, which are
capable of inducing considerably stronger chiroptic (i.e., CD)
effects than purely vicinal perturbations.

According to the room-temperature CD studies carried out
on 9a, 2a and 2b, the f electrons of the cyclopentadienyl

a)

+A gmol ‘\

-Agmol {'

Emol

460 480 500 nm

complex 9a display extremely poor chiroptic responses.
Under optimized scanning conditions, no more than two very
weak signals at 497 nm (Ae,, =+1.1 x 10* Lmol~'cm!) and
482 nm (Ag,,=—1.3 x10~*Lmol~'cm™") could be observed.
The homologues 11a and 12a of 9a (Table 1) did not display
any detectable chiroptic response at room temperature (i.e.,
Ag,, <107 Lmol'cm™!), although Yb™ should be one of the
chiroptically most sensitive 4f systems.?s! In striking contrast,
the CD spectra between 400 and 650 nm of 2a and 2b consist
of at least ten well-shaped signals with Ag,, values exceeding
those of 9a by more than one order of magnitude (Table 5 and
Figure 12). Somewhat smaller Ag,, values were also observed
in CH,CI, solution. It is, moreover, remarkable that the

Table 5. Regular absorption and circular dichroism data of [Pr(CyH,);-
(R)-(+)-MTSO] 2a between 16100 and 21800 cm™".

E Emotl” CD Al
[cm™!] [Lmol~'cm™] [em™!] [x 10* Lmol~'cm™]
16108 0.5 16155 —42
16247 1.9 - -
16316 1.8 16313 8.5
16434 22 - -
16549 1.4 16539 9.1
16650 0.8 - -
16812 0.2 - -
19569 2.5 - -
19802 7.6 19817 —30.6
19972 6.7 20226 16.6
20492 8.0 20429 23.5
20618 7.6 20593 —-16.9
20747 8.8 20781 7.4
21097 2.1 20964 — 148
21645 8.4 21177 1.6
21786 5.9 21758 53.7

[a] ¢(Pr’**) =3.058 x 10~2mol L' in benzene.
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Figure 12. Conventional absorption spectrum (bottom) and f—f CD spectra (top) of 2a (dotted curve) and 2b (solid curve) in the ranges: a) 450 to 520 nm

and b) 580 to 640 nm. Solvent: benzene.
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indenyl complexes display Cotton effects even for f—f
transitions to levels of the ionic 'D, manifold; these do not,
unlike transitions to 3P,, derived states, belong to the
chiroptically more sensitive®] ionic states of Pr'l. In view of
the involvement of rapid equilibria (vide supra), which
require that only a distinct fraction of all molecules of 2a or
2b will be chiroptically active, the absolute Ae,, values of the
most intense Cotton effects are remarkably high. For com-
parison, the highest Ae, values of some appropriately
modified tris(8-diketonates) of Pr'!! with chiral substituents!*!
match the largest Aeg, values of 2a/2b. Similarly, the
structurally well-understood organometallic complex [{Pr-
(CsHs),u-{(R)-(—)-OCH,CHEt(NMe,)}},]B  displays maxi-
mal Ae,, values of +67.0 x 10~ Lmol~'cm™! (at 22085 cm™")
and of +18.0 x 10~* Lmol'cm™! (at 16762 cm™1).B!

Interestingly, the CD spectra of the indenyl complexes are
better resolved than the conventional absorption spectra
(Figure 12). As expected for optical antipodes, the CD spectra
of 2a and 2b display mirror symmetry. Genuine CD peaks are
most reliably detectable when the projection of the best
mirror plane, which should coincide with the base line, is
known. Unfortunately, the high chemical sensitivity of the
samples strongly hampered the verification of reproducible
concentrations. Results of a first VI-CD experiment for 2b
are shown in Figure 13. Although various experimental
deficiencies did not permit sufficiently precise measurements
of the actual temperature, and solubility problems did not
guarantee the correct knowledge of the true concentrations at
lower temperature, the main CD signals of the sample clearly
increase as the temperature decreases. Part of this temper-
ature dependence of Ag,, will be due to the usual temperature
dependence of the magnetic susceptibility tensors for mag-
netic dipole-allowed transitions, but the CD also is expected
to increase because the abundance of the species that contain
the chiral #!-CyH; ligand [Eq. (1)] will increase with decreas-
ing temperature.

a)

+Ag T
b)
<)
Aed
L 1 Jq 1 1 £ 1 ] ’
440 460 480 500 nm

Figure 13. Variable-temperature CD spectrum of a) 2b at room temper-
ature, b) ca. —30°C and c) ca. —70°C. Solvent: toluene.
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Conclusions

The results described here clearly demonstrate that isomor-
phic [Ln(CyH;); - MTSO] molecules in the crystalline phase do
not exist in solution, although both the dissolved and the
crystallized molecules involve, in addition to the chiral
sulphur atom of the MTSO ligand, a new chirogenic centre
close to the metal ion. The presence of the new chiral centre in
the dissolved molecules is strongly supported by the NMR
results and was independently confirmed by f—f CD spectro-
scopy. We wish to underline here that satisfactory disentan-
gling of the fluxional nature of the title complexes was only
possible by the adoption of chiral sulphoxide ligands and,
concomitantly, chiroptical studies. Following this strategy,
even Evans’ interesting hypothesis of 77°/5' fluxional [SmCp*;]
moleculesP®! might successfully be tackled provided that a
suitable derivative with a chiral substituent at one ring carbon
atom of each Cp* ligand would become available.

In view of the comparatively short Ln—O(MTSO) distances
(Table 2), the observation of apparently facile intermolecular ex-
change of sulphoxide molecules is even more striking. More-
over, the surprising inhibition of mutual MTSO/THF ex-
change suggests that a special mechanism might be respon-
sible for the exclusive exchange of sulphoxide ligands. One
first speculation might focus on the formation of contact pairs
of complexes, in which the sulphoxide ligands would play the
role of loose bridges (Figure 14). Such a quasi-symmetrical,
short-lived contact pair could, in principle, dissociate in two
alternative ways. For instance, from a pair involving the two
diastereomers  [Ln(#°-CoH;),(1'-(R)-CoH;)(R)-(+)-MTSO]
and [Ln(5’-CoH;),(1'-(S)-CoH;)(S)-(—)-MTSO], alternative
diastereomers involving the combinations: (R)-7!-CoH,/(S)-
(—=)-MTSO and (S)-'-CoH7/(R)-(+)-MTSO could be gener-
ated. Nonspontaneous epimerizations could be responsible
for some of the still unexplained findings described above.
One stable dinuclear complex,? faintly reminiscent of the
contact pair schematically depicted in Figure 14, involves two
Nd** centres bridged by alkoxide groups and carries two cyclic
ether functionalities instead of two 5'-CyH; ligands.

Tol
\ ~Me
ﬁ
nS-Ind O 1'-Ind
L / 7-Tnd
JLn ;Ln/
! 1Ind 7-Ind
7'-In .
/Sy:
Me “Tol

Figure 14. Schematic representation of a potential intermediate respon-
sible for the facile sulphoxide exchange (see text).

Experimental Section

General methods: Manipulation under an inert atmosphere (N,) was
absolutely mandatory. Starting materials and solvents were carefully
conditioned as described earlier.> % ' Infrared spectra were obtained on
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a Perkin—Elmer IR-1720 spectrometer, and NMR spectra either on a
Varian Gemini 200 ('H, room temperature) or a Bruker AM 360 spec-
trometer ("H-VT, '¥La). Unless otherwise stated, the samples were
dissolved in [Dg]benzene for room temperature 'H NMR studies and in
[Dg]toluene for the VT studies. Solutions for '¥La NMR studies were
prepared in 3:7 toluene/[Dg]toluene, in 10 mm diameter tubes. Standard
conditions: deuterium lock, SI=4 K, TD =8 K, SW="71 kHz, DW =70 us,
AQ =0.05s, NS =825. Most of the NMR samples were protected in sealed
tubes. Optical (NIR/VIS) absorption spectra were recorded on a Cary SE
instrument, and the f—-f CD spectra on a JascoJ500G dichrograph
equipped with a DP-500N data processor and a noncommercial low-
temperature device. The differential molar extinction values Ag, were
determined according to ref. [33].

X-ray crystallography: Data collections were performed either on a
Hilger—Watts Y290 diffractometer at 153 K (for crystals of 1b, 2a, 2b,
13 and 14) or at room temperature (293 K) on a Syntex P2, instrument (for
7, 8a, 9a and 10a). Individual crystal data are listed in refs. [11-19]. All
measurements were carried out with Moy, radiation (4 =70.9261 pm) with
the w/2@-scan technique. All calculations are based on SHELX-93 and
SHELXTL-PLUS programme sets.’¥! Heavy atoms were found from
Patterson maps or located by direct methods, and other non-hydrogen
atoms were detected by Fourier techniques. Refinement was based on full-
matrix least-squares techniques. Hydrogen atoms were included by use of a
riding model with d[C—H] =96 pm. The absolute configurations of chiral
molecules were determined by measurement of the corresponding Friedel
pairs (for the individual Flack parameters see refs. [11-13 and 15-17].
R1=Z2||F,| — |F.||/Z|Fy|; wR2=[Zw(F§ — F2/IZw(F3)*'"?; S=[Zw-
(F§ — F})YX2(n—P)]"?; P=[max(F}0)+2F?]/3. Further details on the
crystal structure investigation(s) may be obtained from the Fachinforma-
tionszentrum Karlsruhe, D-76344 Eggenstein-Leopoldshafen, Germany
(fax: (449)7247-808-666); e-mail: crysdata@fiz-karlsruhe.de), on quoting
the depository numbers CSD-380176 (1b), CSD-380178 (2a), CSD-380177
(2b), CSD-380175 (7), CSD-380183 (8a), CSD-380181 (9a), CSD-380182
(10a), CSD-380180 (13) and CSD-380179 (14).

Preparation of 1b, 2a, 2b, 3a, 3b, 4a, 4b, 6, 7, 8a, 9a, 10a and 13-15
Synthesis of 1b (also representative for 2a—4b): Under stirring, a solution
of (5)-(—)-MTSO (Fluka; 0.45 g,2.97 mmol) in toluene (25 mL) was added
to a suspension of [La(CyH,);- THF]P! (1.65 g, 2.97 mmol) in toluene
(20 mL). The mixture soon became a faintly yellow, transparent solution,
which was stirred for a further 8 h. After filtration and concentration to a
volume of about 8 mL, the solution was cooled overnight at about 0°C,
whereafter the precipitate was collected, washed with hexane (2 x 20 mL)
and dried in vacuo. Yield: 1.67 g (88.4%). Recrystallization from hot
toluene containing a small amount of THF afforded at 0 °C single crystals of
X-ray quality (m.p. 147-150°C) 'H NMR: see Table 4. C;H;LaOS
(638.60): caled C 65.86, H 4.85; found: C 65.23, H 4.87 %.

Compound 2a: Yield 90%, m.p. 142-145°C, 'H NMR: see Table 4;
C3sH3OPrS (640.60): caled C 65.65, H 4.84; found: C 65.39, H 4.89%.

Compound 2b: Yield 84.2 %, m.p. 146 -148°C; C;5H;,OPrS (640.60): caled
C 65.65, H 4.84; found: C 65.63, H 4.96 %.

Compound 3a: Yield (after drying at 70°C): 96%, m.p. 129-132°C;
'"H NMR ([D¢]benzene): 6 = —10.45 (s, 3H, SMe), —7.46 (s, 3H), —2.0 (s,
3H), —1.35 (s, 2H), 1.20 (s, 3H, p-Me), 3.30 (s, 3H), 4.32 (s, 3H), 5.05 (s,
2H), 6.09 (s, 3H), 6.10 (s, 3H), 9.49 (s, 3H); C3sH;;NdOS (643.94): caled C
65.31, H 4.81; found: C 65.96, H 4.91%.

Compound 3b: Yield 78.6 %, m.p. 128 - 130 °C; C;sH3 NdOS (643.94): caled
C 65.32, H 4.81; found: C 64.28, H 4.93 %.

Compound 4a: Yield 78.0%, m.p. 134-136°C; '"H NMR: see Table 4;
C;sH;,0SSm (650.06): caled C 64.69, H 4.77; found: C 63.99, H 4.91%.

Compound 4b: Yield 80.0%, m.p. 133-136°C; C;;H; OSSm (650.06):
caled C 64.69, H 4.77; found: C 64.01, H 4.86 %.

Synthesis of 7 (also representative for 5! and 6): A solution of DPSO
(Fluka; 0.52 g, 2.58 mmol) in toluene (20 mL) was added to a suspension of
[Nd(CgH;);- THF]P! (1.45 g, 2.58 mmol) in toluene (30 mL). After stirring
the clear solution for 12 h, filtration and concentration of the filtrate to one
half of its initial volume, the resulting suspension was left at 0°C for a few
days. Well-shaped, green crystals (1.71 g, 96 %; m.p. 197-200°C) were
finally obtained after drying in vacuo at 40-60°C. '"H NMR ([D¢]benzene):
0=-3.87(s,6H), —2.14 (d,4H), — 0.89 (s, 3H), 4.75 (t, 4H), 5.12 (s, 6 H),
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5.23 (t, 2H), 7.66 (s, 6H); C3H3NdOS (691.98): caled C 67.72, H 4.48;
found: C 67.30, H 4.64 %.

Compound 6: Yield 85%, m.p. 196-199°C; 'H NMR: see Table 4;
C3yH;,OPrS (691.98): caled C 68.35, H 4.52; found: C 67.70, H 4.66 %.
Synthesis of 8a (also representative for 9a, 10a and 13-15): Under stirring
at room temperature (ca. 3h), a solution of (R)-(+)-MTSO (0.22 g,
1.45 mmol) in toluene (20 mL) was added to a suspension of [La(CsHs); -
THF] (0.59 g, 1.45 mmol) in toluene (20 mL). The mixture first became
clear and quickly turbid again. After heating almost up to boiling point and
quick filtration of the hot solution, the filtrate was slightly concentrated and
cooled down slowly (over several days) to room temperature. Colorless
needle-shaped crystals were finally collected after washing with cold
hexane and drying in vacuo. Yield: 0.62g (88%); m.p. 226-230°C;
'"H NMR ([Dg4]benzene): 6 =1.78 (s, 3H, p-Me), 1.90 (s, 3H, SMe), 6.23 (s,
15H, CsHs), 6.77 (d, 2H, m-Ph), 7.05 (d, 2H, 0-Ph); C,;H,sLaOS (488.42):
caled C 56.58, H 5.12; found: C 56.27, H 5.12%.

Compound 9a: Yield 75%, m.p. 227-231°C; 'H NMR (CD,CL): 6=
—20.78 (s, 3H, SMe), —13.73 (s, 2H, 0-Ph), 2.19 (s, 2H, m-Ph), 12.50 (s,
15H, CsHs); 'H NMR ([Dg]benzene): 6 = —21.75 (s, 3H, SMe), —14.38 (s,
2H, o-Ph), —0.45 (s, 3H, p-Me), 1.63 (s, 2H, m-Ph), 13.30 (s, 15H, CsHs);
C,3H,sOPrS (490.42): caled C 56.35, H 5.10; found: C 55.98, H 5.27%.
Compound 10a: Yield 78 %, m.p. 226-230°C; 'H NMR ([D¢]benzene):
0=-10.92 (s, 3H, SMe), —4.80 (d, 2H, o-Ph), 0.58 (s, 3H, p-Me), 2.93 (s,
15H, CsHs), 3.89 (d, 2H, m-Ph); C;3H,sNdOS (493.76): caled C 55.98, H
5.06; found: C 55.39, H 5.01 %.

Compound 13: Yield 93 %, m.p. 227-230°C; 'H NMR ([D¢]benzene): 6 =
6.24 (s, 15H, C5Hy), 6.86 (m, 6 H, m-/p-Ph), 7.25 (m, 4H, 0-Ph); C,;H,sLa0S
(536.47): calcd C 60.47, H 4.66; found: C 59.56, H 4.72 % .

Compound 14: Yield 92 %, m.p. 230-233°C; 'H NMR ([D¢]benzene): 6 =
—14.14 (d, 6H, m-/p-Ph), 1.76 (t, 4H, o-Ph), 13.71 (s, 15H, CiH,);
C,;H,sOPrS (538.47): caled C 60.25, H 4.64; found: C 59.20, H 4.76 %.
Compound 15: Yield 83 %, m.p. 235-238°C; 'H NMR ([D¢]benzene): 6 =
—5.54 (d, 4H, 0-Ph), 3.08 (s, 15H, C,H,), 3.86 (t, 4H, m-Ph), 4.62 (t, 2 H, p-
Ph); C,;H,sNdOS (541.80): calcd C 59.88, H 4.61; found: C 59.50, H 4.67 %.
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