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ketene ligand is bonded to the metal.

Ketene 2 can be isolated by column chromatography on
silica. If adsorbed water has not been removed from the
silica (by heating under vacuum) prior to use, water adds
to both the coordinated and the uncoordinated ketene and
both acid 4'? and its metal complex 5'° are obtained. 4 is
readily cleaved from the metal by heating an acetone so-
lution of 5 (Scheme I).

Though the hitherto unknown ketene 2 is thermally
stable, it is extremely reactive toward moisture. It is a very
interesting compound for organic reactions, because of the
different properties of the substituents at the ketene
carbon. Owing to the workup procedure (including
treatment of the reaction mixture with NEt,Cl) the iso-
lated yield of 2 is rather low (12%). However, since we
could not detect other silicon-containing products from the
thermolysis of 1, we believe that the actual yield of 2 +
3 is much higher. For instance, the isolated yield of acid
4 is 32%, if a mixture of 2 + 3 is chromatographed on
(undried) silica and the resulting mixture of 4 + 5 is treated
with acetone as described above. Use of ketene 2 for
syntheses therefore should proceed without isolation of 2.

The structure of 2 is shown in Figure 1.1* The dihedral
angle between the planes O, C1, C2, S, Si and C1, S, C3
is 86°. This conformation excludes conjugation between
the sulfur lone pairs and the C=C bond and rather sug-
gests hyperconjugation between the C—S and C=C
bonds.’® The latter view is also supported by the 8-C1
(sp? distance, which is as long as S—C3 (sp®). Similar C-S
bond lengths are found in thio enol ethers, e.g., 174.8 pm
in CH,—CHSMe!® and 176.4 (2)-177.1 (2) pm in cis- and
trans-Ph(MeS)C=C(SMe)Ph.!” Interestingly, the C1—Si
distance in 2 (184.9 (6) pm) is distinctly shorter than the
C(carbene)—Si distance in (CO);M==C(OEt)SiPh; (M =
Cr, 200 (2)pm; M = Mo, 194 (2) pm)® and other silyl-
carbene complexes.'®

Carbonylation of carbene ligands to yield ketenes or
ketene complexes is probably an important step in catalytic
reactions. Formation of these compounds has occasionally
been observed in stoichiometric reactions of carbene com-
plexes (e.g., ref. 19 and 20). For (CO);M=CPh, (M = Cr,
W) an intramolecular carbene-CO coupling has been
proven.'® In the case of 1 attack of CO (intra- or inter-

(12) 4: mp 180 °C; 'H NMR (chloroform-d,) 6 10.73 (s, 1 H), 7.53 (m,
15 H), 3.80 (3, 1 H), 2.70 (g, 2 H), 1.2 (t, 3 H); IR (methylene chloride)
»(CO) 1691 em™. Anal. Caled for CoHy0,8Si: C, 69.80; H, 5.86. Found:
C, 70.00; H, 5.96.

(13) 5: 'H NMR (acetone-dg) 6 10.8 (s, 1 H, 7.6 (m, 15 H), 4.5 (s, 1 H),
3.1 (q, 2 H), 1.0 (t, 3 H); IR (pentane) »(CO) 2072 (m), 1982 (w), 1943 (vs),
1930 (sh), 1695 (w) cm™.

(14) Crystals obtained by cooling a pentane solution of 2: triclinic,
space group P1 ,a = 975.7 (6) pm, b = 1015.2 (6) pm, ¢ = 1052.3 (5) pm,
a = 8377 (4)°, 8 = 79.28 (4)°, v = 76.11 (4)°; V = 992 X 10 pm3; Z =
2, d(caled) = 1.21 g em™; Mo Ka (A = 71.069 pm). A total of 2874
independent reflections (w scan, 2° < 20 < 49°) were reduced to structure
factors by correction for Lorentz and polarization effects. Solution of the
structure by MULTAN. Anisotropic refinement for all atoms by full-
matrix least squares (fixed hydrogen parameters, isotropic B) resulted in
R = 0.087 and R,, = 0.090 (1/w = o(F)?) for 2291 structure factors with
F, 2 40 (F,).

(15) Miiller, C.; Schifer, W.; Schweig, A.; Thon, N. J. Am. Chem. Soc.
1976, 98, 5440.

(16) Samdal, S.; Seip, H. M. Acta Chem. Scand. 1971, 25, 1903.

(17) Adiwidjaja, G.; Kistenbrugger, L.; Voss, J. J. Chem. Res., Synop.
1981, 88; J. Chem. Res., Minipr. 1981, 1227.

(18) Schubert, U.; Ackerman, K.; Rustemeyer, P. J. Organomet. Chem.
1982, 231, 323.

(19) Dorrer, B.; Fischer, E. O. Chem. Ber. 1974, 107, 2683. Mitsudo,
T.; Sasaki, T.; Watanabe, Y.; Takegami, Y.; Nishigaki, S.; Nakatsu, K.;
J. Chem. Soc., Chem. Commun. 1978, 252. Herrmann, W. A.; Plank, J.
Angew. Chem. 1978, 90, 555; Angew. Chem., Int. Ed, Engl. 1978, 17, 525.
Klimes, J.; Weiss, E. Angew. Chem. 1982, 94, 207; Angew. Chem., Int. Ed.
Engl. 1982, 21, 205.

(20) Fischer, H. Angew. Chem. 1983, 95, 913; Angew. Chem., Int. Ed.
Engl. 1983, 22, 874.
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molecularly) to the carbene carbon is obviously facilitated
by the SEt substituent, because the corresponding eth-
oxy-substituted complex (CO);W=C(OEt)SiPh; only
yields the corresponding ketene EtO(Ph,Si)C=C==0 at
a CO pressure of about 50 atm.?
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Summary: The first 1'°Sn 2D NOESY NMR spectrum
allows to demonstrate unambiguously that the ditin com-
pound CH,[(C¢H5)SN(SCH,CH,),NCH,], isomerizes at the
tin center in an uncorrelated way. The advantages of 2D
NMR over traditional 1D NMR line-shape analysis are
shortly emphasized.

This report describes the first two-dimensional (2D)
11981 NMR (exchange spectroscopy, EXSY) spectrum. It
illustrates the power of this method in the elucidation of
the dynamic stereochemistry of tin compounds. The
model system examined for this purpose is a compound
exhibiting two five-coordinate tin centers, CH,[(CgHj)-
Sn(SCH,CH,),NCHj],, hereafter compound 1. Its syn-
thesis, molecular structure, and solution stereochemistry
were discussed recently.”? The static stereochemistry in
solution was unambiguously established from NMR data.’
Among these the 1D '°Sn NMR spectrum of 1, at room
temperature in CDCl,, exhibits four signals in the ap-
proximate ratio 0.9:1:1:0.2. This was interpreted by as-
signing the first and the last signals to the C,, isomers aa
and ae, respectively, in which the two tin atoms are ho-
motopic, while the two central, equally intense signals were

(1) (a) Eenheid Organische Chemie en Instrumentele Eenheid, Fa-
kulteit Wetenschappen, Vrije Universiteit Brussel. (b) Department of
Chemistry, Martin-Luther University, Weinberg 16, 4020 Halle/S, GDR.
(c) Dienst voor Algemene en Organische Scheikunde, Fakulteit Toege-
paste Wetenschappen, Vrije Universiteit Brussel, Pleinlaan 2, B-1050
Brussel, Belgium. (d) Aspirant at the Belgian “Nationaal Fonds voor
Wetenschappelijk Onderzoek (NFWO)”.

(2) Willem, R.; Gielen, M.; Meunier-Piret, J.; Van Meersche, M
Jurkschat, K.; Tzschach, A. J. Organomet. Chem. 1984, 277, 335.
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Figure 1. The three isomers of compound 1.

assigned to the C, isomer ae.? These isomers are depicted
in Figure 1. The letters a and e refer to whether the
methylene bridge occupies the axial or equatorial position
at the two tin centers. At higher temperatures these four
11581 NMR signals coalesce to a unique residual signal.?
Two modes of isomerization are in principle? possible for
1: the mode M, in which each tin center isomerizes in an
uncorrelated way, and the mode M, in which both tin
centers isomerize in a correlated way. The presence of a
unique residual signal at higher temperature can be ex-
plained in principle by the mode M, alone. No evidence
for aggregates of 1 in solution has been found: in the solid
state the species is monomeric and a cryoscopic molar
weight determination in benzene showed 1 to be monom-
eric.

Alternative explanations are that both modes proceed
at similar rates? or that the two residual signals under the
mode M, are accidentally isochronous. This note shows
that 2D 1'%8n NMR EXSY spectra®* of 1 provide an un-
ambiguous choice between these alternatives.

The 2D 11°Sn NMR EXSY spectra of a ca. 0.35 M so-
lution of 1 in CDClI,, presented in Figures 2 and 3 together
with the 1D 1Sn spectrum, were recorded at 25 °C at
186.5 MHz with a Bruker AM 500 spectrometer, working
in the FT mode equipped with an Aspect 3000 computer
and using the Bruker DISB 84 program.

Homonuclear tin-tin couplings are well visible on the
1D spectrum: the satellites of the two equally intense
central ae signals are unresolved: [2J(}'°Sn—'1"Sn)| ~ |%J-
(119Sn-11%8n)| = 173 Hz. The satellites of the low field aa
signal are due to a pure |2J(}°Sn-'"Sn)| coupling of 192
Hz. The chemical shifts are given as previously? with
respect to tetramethyltin as external standard. The pulse
sequence used for the 2D spectra is the one proposed by
Jeener, Ernst, and co-workers® to observe exchange pro-
cesses, preparation — 90° — evolution — 90° — mixing — 90°
— detection, with experiments at two different mixing

(3) (a) Jeener, J.; Meier, B. H.; Bachmann, P.; Ernst, R. R. J. Chem.
Phys. 1979, 71, 4546, (b) Meier, B. H.; Ernst, R. R. J. Am. Chem. Soc.
1979, 101, 6441. (c) Macura, S.; Ernst, R. R. Mol. Phys. 1980, 41, 95.

(4) For literature on 2D NMR and on stereochemical applications
thereof see ref 3 and: (a) Aue, W. P.; Bartholdi, E.; Ernst, R. R. J. Chem.
Phys. 1976, 64, 2229. (b) Bax, A. “T'wo Dimensional Nuclear Magnetic
Resonance in Liquids”; Delft University Press and D. Reidel Publishing
Company: Boston, MA, 1982, (c) Freeman, R.; Morris, G. A. Bull. Magn.
Reson. 1979, 1, 5. (d) Morris, G. A. In “Fourier, Hadamard and Hilbert
Transformations in Chemistry”; Marshall, A. G., Ed.; Plenum Press: New
York, 1982. (e) Freeman, R. Proc. R. Soc. London 1980, 373, 149. (f)
Willem, R.; Jans, A.; Hoogzand, C.; Gielen, M.; Van Binst, G.; Pepermans,
H. J. Am. Chem. Soc. 1985, 107, 28. (g) Willem, R.; Gielen, M.; Peper-
mans, H.; Brocas, J.; Fastenakel, D.; Finocchiaro, P. J. Am. Chem. Soc.
1985, 107, 1146. (h) Willem, R.; Gielen, M.; Pepermans, H.; Hallenga, K ;
Recca, A.; Finocchiaro, P. J. Am. Chem. Soc. 1985, 107, 1153.
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Figure 2. The 2D 1*Sn NMR EXSY spectrum of 1 in CDCly
at room temperature with a mixing time of 7, = 5 ms.

times® (see below): 7, =5 ms (Figure 2) and 7, = 50 ms
(Figure 3). Broad-band decoupling on protons was used
during the whole sequence, with, however, a lower decou-
pling power during the preparation period. All two-di-
mensional data matrices were submitted in both t, and t,
dimensions to a Lorentz-Gauss transformation and zero-
filled in t; prior to Fourier transformation.

For a system of uncoupled exchanging spins, the relevant
part of the 2D spectrum, excluding the so-called axial
peaks,®¢ is given by

S(wy,Tmws) = 2 ¥ L/ T lexp(Liry)]is %
15 ¥ msw’2 ¥ 2 (w2_wk)2+ 1/T2k2 p m/kl /2

1/Ty
(wl - wl)2 + 1/T212

My (1)

In eq 1 each term of the double sum corresponds to a peak
of the 2D spectrum at the frequency coordinate w;,w;, on
the frequency axes w; and w, associated with the evolution
period t; and the detection period t,, respectively. The
nondiagonal elements of L;; of L are those of the Kubo-
Sack matrix3-® in the absence of significant dipolar relax-
ation3® and represent merely the rate constant of magne-
tization transfer from magnetic site [ to magnetic site &.
The diagonal elements of L, which are irrelevant to the
stereochemical analysis, contain terms related to both
chemical exchange and longitudinal relaxation.?® In the
type of 2D experiment described here, essentially a picture
of the nondiagonal part of this matrix L is desired, in this
case L, or L, (or both), since it indicates directly whether
the exchange process proceeds through mode M; or M,,
respectively. The mixing time 7,* is the time period
between the evolution and the detection periods during
which the magnetization exchange due to chemical process
is allowed to proceed along the z axis and My, is the
equilibrium magnetization along the z axis, associated with
the exchanging magnetic site [ and proportional to its

(5) Brocas, J.; Gielen, M.; Willem, R. “The Permutational Approach
to Dynamic Stereochemistry”, McGraw-Hill: New York, 1983, p 417 ff
and references cited therein.
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Figure 3. The 2D 19Sn NMR EXSY spectrum, with 7, = 50
ms, and the corresponding 1D spectrum of 1 in CDCl; at room
temperature.

population. The matrices L; and L, associated with the
modes M; and M, are

| 12 3 4
4]0 & Kk I°
3{k 00 0k
L= ok 0 & @
0 A R
! 12 3 4
41k, 0 0 1
300 k'L O
L= 2 0 L} & 0 3
L0 0 &

2

The matrix entry indices 1, 2, 3, and 4 refer to the 11°Sn
magnetic sites of isomer aa, to both sites of ae, and to the
one of ee, respectively. As in the experimental spectra, the
main diagonals of L; and L, are read from the bottom left
to the top right.

Equation 1 shows that the 2D spectrum can exhibit only
a cross peak at the frequency coordinates wy,w; if the matrix
element exp(L7,): is nonzero. Series expansion of the
operator exp(L7,) of eq 1 gives

2 3

Tm T.
K =exp(Lr,) =1+ Lr, + L2—2,— + LS—;— +.. @

Hence, the choice of the length of r,, becomes of prime
importance. Indeed if 7, is very short, the operator K

Communications

reduces to the identity and no cross peak at all will appear
in the 2D spectrum. For a suitably choosen value of 7,
the operator K is approximated by I + Lr,, and the cross
peaks of the 2D spectrum are in one-to-one correspondence
to the desired nondiagonal elements of L that establish
the nature of chemical exchange. When the mixing time
is too long, higher order terms of L appear, and the 2D
spectrum can exhibit cross peaks at entries where L itself
exhibits zero nondiagonal elements, so that the 2D spec-
trum can no longer be the desired picture of L. The 2D
spectrum of Figures 2 and 3 illustrate this. The spectrum
2, with the shorter 7, 5 ms, shows that mode M, alone
proceeds. Indeed, all cross peaks are zero, except those
at the entries 12, 13, 21, and 31. These correspond to
nonzero nondiagonal elements in L, but zero elements in
L,. That cross peaks associated with row and column 4
are absent at this short 7, is attributed to the low intensity
of signal 4 and a slight overenhancement.’

Examination of eq 3 shows that the matrix L is in fact
block diagonal, which implies that the higher powers of
L, will never exhibit cross peaks at entries where L, itself
exhibits zero nondiagonal elements. The spectrum of
Figure 3 with the longer r,, 50 ms, displays crosspeaks
where spectrum 2 with the shorter 7, 5 ms, does not.
Hence, mode M, can proceed neither alone nor with a rate
that is significant with respect to that of mode M,.

This excludes clearly the second alternative explanation
that the residual signal at high temperature could be due
to two accidentally isochronous residual signals arising
from mode M; alone. Therefore the isomerization can be
considered as essentially uncorrelated. These straight-
forward 2D NMR arguments show the power of this
technique in elucidating stereochemical problems which
could not be solved by traditional 1D NMR, especially in
the present case in which line-shape analysis would have
required the tedious determination of the strong tem-
perature dependence of signal intensities, chemical shifts,
and line widths.

On the other hand, however, spectrum 3 illustrates the
importance of finding the correct mixing time. This
spectrum, obtained with the longer 7., 50 ms, does exhibit
cross peaks at all entries. Either this reflects the higher
powers of L, in the series expansion 4 becoming significant,
i.e., two-step isomerizations of M; become observable or
M, one-step isomerizations become just observable at
mixing times for which M, one-step isomerizations can be
considered as rapid. Hence such 2D EXSY spectra should
always be recorded with different mixing times.

When the optimal 7, has been found, the stereochemical
information provided is much more straightforward than
that available from 1D NMR spectra. Furthermore, the
data were obtained for several spectra in only a few hours.
We are currently developing the application of 2D EXSY
11%Sn NMR to other stereochemically nonrigid tin com-
pounds.
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Summary: The unstable species [(CsHs)Ru(PPh),(n',S-
CH,S)]" has been observed in solution and shown to
convert to [Ru(CsHs}n5-C,H,S)]*. An 7',S-thiophene
complex has been stabilized in the form
[(CsH4CH,CH;S)RU(PPh,),1X (2). An X-ray structural
study of 2 (X = BPh,) confirms the structure and shows
that the sulfur is pyramidal. Displacement reactions of 2
have been studied.

Although w(n®)-complexation of thiophenes has been
recognized for many vears,! it is only recently that »',S-
coordination has been demonstrated for a dibenzo-
thiophene derivative.?2 This report describes the charac-
terization of a simple 7',S-thiophene complex, its stabili-
zation by chelation, and evidence that this type of complex
is a precursor to n®-thiophene coordination. We suggest
that the dynamics of thiophene coordination are relevant
to the chemisorption of thiophene on metal surfaces.®4

Treatment of CD,Cl, solutions of (CsH;)Ru(PPh,),Cl
with AgBF, in the presence of thiophene gives a yellow,
thermally unstable compound assigned as [(C;H;)Ru-
(PPh,),(C,H,S)IBF, (1). The 'H and %P NMR spectra
show that 1 is a cyclopentadienyl complex (8¢, 4.52) which
contains equivalent phosphine ligands (ép 38.7). Com-
pound 1 could not be obtained in pure form, and the
microanalytical data were generally low in carbon and high
in sulfur. Both compound 1 and the recently reported
[(CsH5)Fe(CO),(C,H,S)]BF, are proposed to contain S-
bound thiophene ligands.’ Upon standing in solution 1
steadily decomposed to give a new complex whose 'H
NMR spectrum was characterized by a Cp singlet (8 5.40)
and a pair of multipets (6.32, 6.16 ppm) in a 5:4 ratio

(1) (a) Fischer, E. O,; Ofele, K. Chem. Ber. 1958, 91, 2395. (b) Bailey,
M. F.,; Dahl, L. F. Inorg. Chem. 1965, 4, 1306. (c) Singer, H. J. Organo-
met. Chem. 1967. 9, 135. (d) Braitsch, D. M.; Kurnarappan, R. N. J.
Organomet. Chem. 1975, 84, C37. (e) Bachman, P.; Singer, H. Z. Na-
turforsch., B: Anorg. Chem., Org. Chem. 1976, 31B, 525. (f) Russell, M.
J. H.; White, C.; Yates, A.; Maitlis, P. M. J. Chem. Soc., Dalton Trans.
1978, 857. (g) Kolobova, N. E.; Gorcharenko, L. V. Izv. Akad. Nauk
SSSR, Ser Khim. 1979, 4, 900. (h) Lesch, D. A.; Richardson, J. W.;
Jacobson, R. A.; Angelici, R. J. J. Am. Chem. Soc. 1984, 106, 2901.

(2) Bucknor, S. M,; Draganjac, M.; Rauchfuss, T. B.; Ruffing, C. J.;
Fultz, W. C.; Rheingold, A. L. J. Am. Chem. Soc. 1984, 106, 5379.

(3) Gates, B. C.; Katzer, J. R.; Schuitt, G. C. A. “The Chemistry of
Catalytic Processes”; McGraw-Hill: New York, 1979. Zdrazil, M. Appl.
Catal. 1982, 4, 107.

(4) Schoofs, G. R.; Preston, R. E.; Benziger, J. B. Langmuir 1985, 1,
313,

(5) Kuhn, N.; Schumann, H. J. Organomet. Chem. 1984, 276, 55.
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Figure 1. 200-MHz 'H NMR spectra of (CsHg)Ru(PPh;),Cl and
thiophene (10 equiv) (spectrum A), the same solution 4 min after
addition of 1 equiv of AgBF (spectrum B), the same solution 30
min later (spectrum C), and purified [(CsH:)Ru(C ,H,S)]BF, in
CD,Cl,. Signals are labeled I for (CsHz)Ru(PPhy),Cl, II for
[(CsHs)Ru(PPhy),(C,H,S)]*, III for [(CsH;)Ru(C,H,S)]*, and x
for CH,Cl,.

Scheme I
S _CHaCl S_ _CHgCeHs

@/ NaCgHy g {ThCH2CsHs)
AgBFy

(TRCHoCgH4IRU(PPhgl,Cl ——2 [(ThCH,CsHg)Ru(PPhs),1BF,

RuCl3/PPhy
e e,

(Figure 1). This new complex has been identified as
[(C5H5)Ru(n5-C4H4S)]BF4 {eq 1).6
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