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1 in DMF hampered the measurement of its transient spectra,
we examined the dynamics of the photoexcited states of 2 and 4
in DMF. The energy levels of the ion pairs were calculated to be
1.41 eV for Dp*-Hp~-Im and 1.19 eV for Dp*-Hp-Im~. Anal-
ysis of the transient absorption spectra of 2 and 4 reveals the
formation of Dp*-Hp~-Im within 30 ps, and the values of &,
and k, were determined to be 1.0x 10'% and 1.1 x 10° s™1, re-
spectively. Here again the increase of k, is large in DMF, while
kg 1s slightly smaller. As a consequence, the overall quantum
yield decreases to roughly 0.1. The polar environment is of
course favorable in lowering the energy level of the charge-sep-
arated states for the ET process. But it often accelerates the
energy-wasteful CR reaction, which is accompanied by a con-
comitant decrease of the overall quantum yield of the charge
separation, as observed in our system. This kinetic aspect may
be quite common and should be taken into account in the future
design of more elaborate photosynthetic model systems.

In summary, a sequential ET relay resembling that in the RC
and ultimately leading to the formation of long-lived charge
separated states has been realized in the Dp-Hp-Im triads 1 and
2, which have a molecular composition quite similar to that of
the RC. The polarity of solvent is crucial in determining the
overall CS quantum yield. The polarity of the solvent is crucial
for the overall CS quantum yield.
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Cycloadditions of Ruthenium Alkylidyne
Complexes with Carbony! or
Thiocarbonyl Compounds**

Robin B. Bedford, Anthony F. Hill,*
Andrew J. P. White, and David J. Williams

Whilst the cycloaddition of carbon-carbon and metal—car-
bon multiple bonds is central to alkene and alkyne metathesis
processes,!'! the addition of heteroallenes and heteroalkenes to
alkylidyne complexes has been less intensely studied!® despite
the added intrigue of multiple bond polarity. Reactions of
atkylidyne complexes of Group 6 metals with carbon disulfide
have been discussed recently by Mayr and Lee.”*! and the pro-
cesses observed typically involve C—C bond formation. We have
been previously concerned with the cycloaddition of SO, and
iminooxosulfuranes to Group 8 alkylidyne complexes®™ and
have suggested that the products derive from M-S and C-O
bond formation (Scheme 1).1) Herein we report the reactions of
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Scheme 1. Addition of sulfur dioxide and iminooxo-4*-sulfuranes to a ruthenium
benzylidyne complex. A = O, NC¢H,-4-Me.

a ruthenium benzylidyne complex with CO,, MeNCS, and CS,,
in which the orientation of addition is opposite to that observed
in the analogous reactions with the Group 6 alkylidyne com-
plexes.

Treating a solution of [Ru(=CPh)CI(CO)(PPh,),] (1)!*! with
carbon disulfide leads to clean formation of a carbonyl-
free complex, spectroscopic data (Table 1) for which are consis-
tent with the formulation [Ru(n?-SCPh)CI(CS)(PPh,),] (2a)
(Scheme 2). The corresponding carbony! analogue 2b could be
prepared by the route outlined in Scheme 2, and spectroscopic
data for the two analogues compare well in all respects but
those associated with the thiocarbonyl/carbonyl ligand. This
route to 2b has precedent in the preparation of the com-
plexes [Os(7*-SCC4H,-4-Me)Cl(CO)(PPh,),] and [Ru(n?-
SCSiMe,OEt)CI(CO)PPh,),] 1™
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Table 1. Selected spectroscopic data of the complexes 2a and 2b [a].

2a 2b

IR (Nujol, cm™1)

H(CA) 1257vs 1928 vs, 1906 vs [b]

ruthenathiirene 1283s, 1187 m, 12875, 1187m,
978w, 829s 978w, 820s
NMR (CDCl,, 25°C)
31p (*H} 27.7 30.0
13C {IH}

SRuCS [J (PC)/Hz]
SRuSCPh [/ (PC)/Hz]

FAB-MS (nba-matrix)
mfz (intensity (%))
[assignment]

305.9 ft, 15.1}
310.6 [t, 8.9]

208.9 {t, 15.1]
311.5t, 8.1]

810(1) [M]1*

782(15) [M — COI*

705(2) [M — SCPh]*  775(19) [M — CI}*

564(5) [M ~ L]+ 520(8) [M — CO — L]*
529(11) [M — Cl— L]* 485@) [M — CO —Cl — L]*

826(2) [M]*
791(5) [M — CIJ*

{a] L = PPh,, nba = nitrobenzyl alcohol. [b] Solid-state splitting: #(CO) in
CH,Cl,: 1920 cm ™~ 1.
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Scheme 2. Preparation of ruthenium(ir) thiobenzoyl complexes.

The formulation of [Ru(r*-SCPh)CI(CS)(PPh;),] (2a) was al-
so confirmed by X-ray crystallography.t®! Although the struc-
ture is definitive (Fig. 1), detailed analysis of the relative molec-
ular dimensions is precluded by positional disorder (35:65) of
the thiocarbonyl and thiobenzoyl ligands about an axis approx-
imately colinear with the Ru—Cl(1) bond such that there is
almost perfect overlap between the Ru-S(2) linkage and the
thiocarbonyl grouping. Considering the thiobenzoyl group as
one ligand, the geometry at the ruthenium center is a distorted
trigonal bipyramid; the S(2)-Ru-CK1) and C(10)-Ru-Ci(1)
angles are noticeably contracted to about 109.0(2) and
104.4(9)°, respectively, and the P(31)-Ru-P(12) angle is
177.6(1)°. Interestingly, the carbon atoms of the thiobenzyl
phenyl ring lie in the plane formed from the atoms CI(1), S(2),
C(3), and C(10). This orientation is consistent with conjugation
between the aromatic ring and the C-S group of the thioben-
zoyl ligand, which enhances the donor role of the ligand. The
orientation is further stabilized by face-to-face n-x stacking rela-
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Fig. 1. The structure of 2a in the crystal, showing the n-n stacking of the phosphane
phenyl and thiobenzoyl rings.

Ph tionships between the thiobenzoyl phenyl
ring and one each of the phosphane
phenyl groups (Fig. 1). The associated

Cl/ I \S ring-centroid to ring-centroid distances
PPh 2 are about 3.60 and 3.72 A. This mode of
3 . . .

ring stacking is also present for the alter-
natively disordered structural arrange-

ment.
Ph We favor the following mechanism
PPhy / for the formation of 2a: Electrophilic
SC/,,,,,,F‘I /C attack at the ruthenium center by the
u carbon atom of CS, and subsequent ring
S\ | s closure provide the metallacyclic ruthe-
PPhg 2a nium(in) carbene complex 3. Loss of CO
from 3 is then presumably followed by
C-S8 bond cleavage to generate the thio-
Ph carbonyl and thiobenzoyl ligands of the
PPhy product.”®! The facile formation of 2a
/C\ raises the question of cycloaddition re-
CI—Ru< S actions with other heterocumulenes. We
G note that the reaction of 1 with
PPhs \\ MeN=C=S provides low yields of 2b,

whilst 1 reacts with carbon dioxide to
give the stable oxoruthenacyclobutenone
4. This latter metallacycle is noteworthy
for two reasons. First, it supports the
intermediacy of the related sulfur-based analogue 3 in the
formation of 2a, and second, the orientation of CO, in
the cycloaddition is opposite to that found in Et,N[Et,—
C=W(CO),(u-PPh,),Mo(CO),], the product of the carboxy-

)

lation of Et,N[WOC(O)C(NEt,)}(CO),(u-PPh,),Mo(CO),].124
We therefore suggest that for low-valent (formally d®) Group 8
alkylidyne complexes, it is the metal center which is attacked by
electrophiles rather than the alkylidyne carbon atom. Indeed, to
date all reports of electrophilic attack at such complexes!*- ¢!
may actually be reinterpreted as proceeding in this way, even
when the electrophile ultimately resides on the alkylidyne car-
bon atom.

Whilst much previous work has focussed on the addition of
multiple bonds to alkylidyne complexes of metals of Groups
5~7, clearly the reactivity profile of later transition metal alkyli-
dyne complexes is, as illustrated here, distinct from those of
earlier metals and merits further study.
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Experimental Procedure

2a: A solution of 1 (0.100 g, 1.30 mmol) in dichloromethane (10 mL) was treated
with carbon disulfide (0.5 mL. excess) and stirred for 2 h and then freed of volatiles.
The residue was chromatographed (silica gel, dichloromethane eluant, 25°C) to
provide 2a. Yield 0.061 g (61 %).

2b: A solution of [RuHCI(CS)(PPh;),] {10} (0.50 g, 0.50 mmol) and [HgPh,] (0.20 g.
0.56 mmol) in toluene (45 mL) was heated under reflux for 30 min, cooled, and
filtered through Kieselguhr. Addition of ethanol to the filtrate and concentration
under reduced pressure provided [Ru(Ph)CHCS)(PPh;),]. Yield 0.31 g (80%). Car-
bon monoxide was passed through a solution of [Ru(Ph)CI{CS)PPh;),] (0.20 g,
0.27 mmol) in dichloromethane (20 mL) for 5 min and then freed of volatiles. The
residue was chromatographed (silica gel, dichloromethane etuant, 25 °C) to provide
2b. Yield 0.14 g (67 %).

Received: August 17, 1995 [Z83191E]
German version: Angew. Chem. 1996, 108, 94-96

Keywords: cycloadditions - metathesis - ruthenium compounds -
sulfur compounds

[1] K. L lvin, Olefin Metathesis, Academic Press, New York, 1986.

[2] Cycloadditions of heteroallenes and heteroalkenes to Group 6 alkylidyne com-
plexes include a) carbodiimides, isocyanates, and isothiocyanates: R. Goller,
U. Schubert. K. Weiss, J. Organomet. Chem. 1993, 459, 229; K. Weiss, R.
Goller, M. Denzner, G. Lossel, J. Kodel, NATO AS! Ser. Ser. C 1992, 392, 55;
K. Weiss, U. Schubert, R. R. Schrock, Organometallics 1986, 5, 397; b) azides:
C. M. Stegmair, W. Ullrich, W. Schutt, P. Kiprof, F. R. Kreissl. Chem. Ber.
1992, 125, 1571 C. M. Stegmair, W. Schutt, W, Ullrich, P. Kiprof, J. Oster-
meier, F.R. Kreissl, J Organomet. Chem. 1993, 447, 251; W. Schutt, E.
Herdtweck, F. R. Kreissl, ibid. 1993, 456, C15;]J. Ostermeier, C. Ogric, W.
Hiller. F. R. Kreissl, ibid. 1994, 472, C8; ¢) phosphaalkynes: A. F. Hill, . A. K.
Howard, T. P. Spaniol, F. G. A. Stone, J. Szameitat, Angew. Chem. 1989, 101,
213 Angew. Chem. Int. Ed. Engl. 1989, 28, 210; d) CO,: E. O. Fischer, A. C.
Fillipou. H. G. Alt, U. Thewalt. ibid. 1985, 97, 215 and 1985, 24, 203.

[3] A.Mayr. T. Y. Lee, Angew. Chem. 1993, 105,1835,; Angew. Chem. Int. Ed. Engl.
1993, 32, 1726; J. Am. Chem. Soc. 1994, {16, 10300.

[4] For recent reviews of the chemistry of alkylidyne and thiocarbonyl complexes
of Group 8 metals see A. F. Hill, in Comprehensive Organometallic Chemistry
11, Vol 7 (Eds.: E. W. Abel, F. G. A. Stone, G. Wilkinson), Pergamon, Oxford,
1995.

[5] A. F. Hill, /. Mol. Cat. 1991, 65, 85.

[6] W.R. Roper. NATO ASI Ser. Ser. C 1993, 392, 155; W.R. Roper, J
Organomet. Chem. 1986, 300, 167, M. A. Gallop, W.R. Roper, Adv.
Organomet. Chem. 1986, 25, 121.

G. R.Clark. T. I Collins, K. Marsden, W. R. Roper, J. Organomet. Chemn. 1978,
157.C23; G. R. Clark. T. J. Collins, K. Marsden, W. R. Roper, ibid. 1983, 259,
215; C. E. F. Rickard, W. R. Roper, D. M. Salter, L. J. Wright, Organometallics
1992, 77, 3931.

Crystal data for 2a-2CH,Cl,: monoclinic, space group P2; a = 11.811(2},
b =16.481(4) , ¢ = 12.5192) A, B = 101.16(1)°, ¥ = 2391(1) A%, Z = 2, poes
=1.384 gcm ™ (Moy,) = 7.92 cm ™', 4311 independent reflections measured,
3243 observed reflections [|Fy| >4a(| Fyl), 20 <50°]. Siemens P4/PC diffrac-
tometer. Moy, radiation (graphite monochromator, w scans). The structure
was solved by the heavy atom method and all the major occupancy non-hydro-
gen atoms of the complex and the major occupancy chlorine atoms of the
solvent molecules were refined anisotropicaily using full-matrix least-squares
to give R, = 0.066 and wR, = 0.159. Computations were carried out by using
the SHELXTL (PC) 5.0 program system. Further details of the crystal struc-
ture investigation may be obtained from the Director of the Cambridge Crys-
tallographic Data Centre, 12 Union Road, GB-Cambridge CB2 1EZ (UK), on
quoting the full journal citation.

[9] The geometry at the ruthenium center in 2a established crystallographically
represents the thermodynamic product with the (o + ) dative thione sulfur
coordinated zrans to the superlatively n-acidic thiocarbonyl ligand. although
an isomer with cis-coordinated thione and thiocarbonyl ligands is presumably
an intermediate.

[10] P. ). Brothers. W. R. Roper J. Organomet. Chem. 1983, 258, 73.

[7

=

Angew. Chem. Int. Ed. Engl. 1996, 35, No. {

© VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1996

The Heaviest Alkali Metallocene: Structure of
an Anionic Cesocene Triple-Decker**

Sjoerd Harder* and Marc Heinrich Prosenc

We recently reported the synthesis and structure of the sim-
plest metallocene sandwich complex, the lithocene anion, which
was obtained by reacting two equivalents of CpLi with PPh,Cl
in THF [Eq. (a)].I"! The approximate D, staggered lithocene
sandwich is remarkably similar to the isovalent, diagonally re-
lated, alkaline earth analogue Cp,Mg.l*! At the same time Pa-
quette et al. published the structure of a substituted lithocene
anion in which the noncoordinating cation is a bis([12jcrown-4)
solvated Li cation [Eq. (b)].1*! Since this new class of anionic
alkali metallocenes is particularly interesting from a theoretical
point of view, we have now focused our attention on the heavier
alkali metal analogues.

(=]
2CpLi + PPh,CI L:CFI—» Li PPRS @
@IDD

e
. .@j 2- -4
Li 12-crown-4 | ! \CKO/W/D
2 C&CID: T p Ui + Lie @
D AN

12-crown-4

Treatment of cyclopentadienylcesium, prepared from cy-
clopentadiene and cesium metal, with 0.5 equivalents of PPh,Cl
in THF ™! resulted in the immediate formation of a red solution
and rapid precipitation of very small orange-red needles. Re-
crystallization from warm pyridine yielded larger good quality
single crystals of the same color
and needlelike habitus which
were suitable for X-ray diffrac-
tion.

X-ray structure analysis reveals
the product formula {Cp;Cs,]™ -
[PPh,]*.57 The [Cp,Cs,]” ion
(Fig. 1) is a strongly bent triple-
decker (CPeentroia"C8-CPeentroia

Fig. 1. A space-filling model of
115.6(2)°), which closely resem-  the strongly bent [Cp,Cs,}™

triple-decker. The bridging Cp
ring is positioned on a crystallo-
graphic center of inversion and
therefore disordered over two po-
sitions (50% occupation).

bles a recent structure of the first
triple-decker structure of a main
group metal, the [Cp,;TL,}™ ion,
in which the Cp.pioia=TI-CPleniroia
angle is 134.2°.18] The bridging
Cp ring is positioned on a crystallographic center of inversion
and is consequently disordered in a 50/50 ratio. The centers of
both disordered Cp rings are only 0.01(1) A removed from the
crystallographic center of inversion and this results in a perfect
ring of electron density between the Cs cations. The Cs—C bond
lengths for the terminal Cp ligands lie in the range 3.313(6)—
3.385(5) A (av 3.350(5) A; Cs—Cppreia = 3-134(5) A) and
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