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The reaction of [CyZr(us-Skf{ Ir(CO),} 2] (Cp* = #°1,3-ditert-butylcyclopentadienyl) with dppe (1,2-
bis-(diphenylphosphino)ethane) affords the ion-pair compound [Ir(CO)(ejppp}.Zr(u-S)ir(CO);] (2).
The related compound [Rh(dppgEp™Zr(«-S)Rh(CO}] (5) has been obtained in solution under a carbon
monoxide atmosphere by reaction of [&fr(us-S){Rh(CO}},] with dppe through the intermediate
heterotrinuclear compound [€&Zr(us-Sy{Rh(dppe){ Rh(CO}}] (4). Reaction of the heterodinuclear
anion [CpZr(u-S)Ir(CO);]~, generatedn situ, with [Rh(u-Cl)(cod)k, [RhCL(CO)]~ and [Pdg-Cl)-
(73-C3Hs)] affords the 8—d8—d® early—late compounds [CRZr(us-Sk{Ir(CO).}{ Rh(cod}] (6), [Cp“s-
Zr(uz-SH{ Ir(CO)}{ Rh(CO}}] (7), and [CHZr(us-Sk{Ir(CO)}{Pd@3-C3Hs)}] (8) each with a sym-
metrical trigonat-bipyramidal My(«s-S), heterotrimetallic metatsulfur core. In the same way, the reaction
of [CpZr(u-S)M(CO),]~ (M = Rh, Ir) with [AuCI(PPh)] leads to the preparation of thé-eld®—d°
early—late compounds [CRZr(u-S){Ir(CO)z} { Au(PPh)}] (9) and [C¥.Zr(u-S){ Rh(CO}}{ Au(PPh)}]
(10) with an open M(us-S)(u2-S) heterotrimetallic metalsulfur framework. On the other hand, treatment
of the bis(hydrosulfido)zirconium compound [Ggr(SH),] with triethylamine followed by addition of
[Pd(u-Cl)(173-CsHs)]2 or [AUCI(PPh)] affords the sulfido-bridged eariylate heterobimetallic compounds
[CpZr(uz-Sy{ Pd@3-CsHs)} 2] (11) and [CPLZr(u-Sk{Au(PPh)},] (12). The molecular structure of
complexes9 and 12 determined by X-ray diffraction methods are also described.

Introduction utilization of mononuclear tetrathiometalates, [S, as
precursors for clusters synthesis has resulted in the formation
of a large number of heterometallic sulfido clusters with
extraordinary structural varieti€dn the same way, the incor-
poration of heterometal fragments into dinucleag(dS),S,
templates (M= Mo, W, Re} or trinuclear clusters with an
incomplete cubane-type geométrare convenient strategies
for the synthesis of heterobimetallic and heterotrimetallic
cubane-type clusters. Alternative dinuclear precursors for
mixed-metal cluster synthesis are bishydrosulfido-bridge com-
plexes via bridged-assisted nuclearity expansion reaétimns
through condensation processes involving HCI and/or CpH
elimination?

Transition-metal sulfido clusters have been attracting signifi-
cant attention because of their possible relevance to biological
systems and industrial metal sulfide catafy3the controlled
construction of sulfido clusters has been a major objective in
this field and the development of rational synthetic methods
has led to the preparation of a wide range of multimetallic
sulfido clusters with the desired metal composition and
metal-sulfur framework? In general, the control of the metal
composition in mixed-metal sulfido clusters requires suitable
building-blocks for cluster growth reactions. For example, the
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The chemistry of metalsulfur polynuclear compounds
containing widely divergent transition metals, that is, early
late heterometallic compoun8@gind in particular those contain-
ing group 4 transition metals, has been less intensively
investigated probably as a consequence of the difficulties to
accommodate the different electronic and coordination environ-

ments required for both metals. However, it has been established

that sulfido ligands are able to stabilize eatlgte heterobi-
metallic compounds (ELHB) that contain dinuclear [TiM],
trinuclear [TiMp] (M = Rh, Ir) 1% and tetranuclear [Til]tad
and [TpMg]11ef(M = Rh, Ir, Ru) metal cores.

We have recently reported the application of the bis-
(hydrosulfido)zirconium complex [CpZr(SH)] (Cp® = 7°-1,3-
di-tert-butylcyclopentadienyl) for the controlled construction of
ELHB heterotrinuclear complexes with an unprecedented tri-
angular [ZrM] (M = Rh, Ir) core capped with twas-sulfido
ligands!? Interestingly, the zirconium-iridium complex [€p
Zr(us-Sh{Ir(CO)z} 7] is a precursor for the controlled synthesis
of Zr—Rh—Ir early—late heterotrimetallic (ELHT) complexes
by metal exchange reactions. Although the triangular core is

sustained in reactions with monodentate P-donor ligands, we
discovered that reaction with 1,2-bis-(diphenylphosphino)ethane

(dppe) results in the selective sequestering of one of the iridium
atoms of the [Zrls] metal core as the cation [Ir(CO)(dppE).

The ensuing heterodinuclear anion [gZr(u-Sklr(CO),]~
behaves as a metalloligand fot-[dRhL,] " electrophillic metal
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fragments affording sulfur-bridge heterotrimetallic complexes
of composition [ZrRhlr] with a triangular structuté Notewor-

thy, several ELHT [TiRuM] (M= Rh, Ir, Pd, Pt) sulfido clusters
have been recently synthesized from a bis(hydrosulfido)-bridge
heterobimetallic precursor having a [TiRu] metal céte.

We report herein on the synthesis of the heterodinuclear
anions [CH2Zr(u-SyM(CO),]~ from the trinuclear carbonyl
complexes [CipZr(us-Sy{M(CO),}2] (M = Rh, Ir) and their
scope and limitations as building-blocks for the preparation of
ELHT compounds. A preliminary account of part of this work
was previously communicatéd.

Results and Discussion

Synthesis and Characterization of the Early-Late Het-
erodinuclear Anions[Cp®,Zr( u-SpM(CO),]~ (M = Rh, Ir).
The reaction of [CipZr(us-Sk{Ir(CO)2}2] (1) with dppe (1:2
molar ratio) gave quantitatively the ion-pair compound [Ir(CO)-
(dppe}][CptZr(u-S)Ir(CO),] (2) which was isolated as an air
and moisture highly sensitive pale-orange solid in excellent
yield. The formation oR is a consequence of the sequestering
of an iridium metal center in the trinuclear sulfido-bridged
[ZrIr;] compound as the cation [Ir(CO)(dppE) (Scheme 1).
This species was observed in tH®{*H} NMR spectrum as a
single resonance at25.6 ppm (CDGJ) and in the FAB- mass
spectrum atn/z 989. The resulting heterodinuclear anion {&p
Zr(u-Sklr(CO),]~ was detected in the FAB- mass spectrum at
m/z 757. The'H and*3C{'H} NMR spectra were in agreement
with a Cy, structure with a planar arrangement of the 1Zr(
Sklr’ metal—sulfur core similar to that found in the related
heterobimetallic complex [CpZr(u-S»Rh(COY]~ (Cp* = 7°-
pentamethylcyclopenta-dienyfThe monitoring of the reaction
by IH NMR indicates that the formation of compougdk clean
and quantitative as no intermediate species were detected when
the reaction was carried out with substoichiometric dppetios.
In addition, it has been found that the heterodinuclear anion
does not react further with neither dppe nor other monodentate
P-donor ligands as PRh

The reaction of [C}Zr(us-S){ Rh(CO}} ;] (3) with dppe (1:2
molar ratio) in dichloromethane gave a dark orange-brown
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solution. Analysis of the crude of the reaction by NMR
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[Rh(dppe)]™ was observed both in tHéP{1H} NMR spectrum
and in the FAB- at m/z 899. In addition, the IR spectrum
showed two strong absorptions at 2031 and 197Tcin
agreement with the presence of cgs-Rh(CO) fragment.
Interestingly, the reaction a8 with 4 mol equiv of dppe in
CDCl; gave a yellow-brown solution after the complete replace-
ment of the carbonyl ligands (IR evidence) with the cation [Rh-
(dppe}] ™ as the only phosphorus containing species; however,
neither4 nor the anion ob were detected by NMR spectros-
copy. These observations are compatible with the sequestering
of both rhodium atoms a8 as the cation [Rh(dppg) and the
probable formation of the dianion [€&ZrS;]2~ that is not stable
at room temperature and decompose to unidentified Zr-contain-
ing species and free HEGNMR evidence).

The above-described results strongly suggest that the het-
erotrinuclear compound is an intermediate in the formation
of the heterodinuclear ion-pair compoubhdHowever, the anion
[CpZr(u-S)Rh(COY]~ reacts faster thad with dppe under
the experimental conditions to give further [Rh(dpie)
(Scheme 2). Nevertheless, it seems that the reaction d{Cp
Zr(u-SpRh(COY]~ with dppe is inhibited by carbon monoxide
as was evidenced by the clean formatiobeinder the standard
NMR experimental conditions. In agreement with this, solutions

spectroscopy revealed the formation of the heterotrinuclear containing the anion [CpZr(u-S),Rh(CO}Y]~ can be prepared

compound [CfuZr(us-Sy{ Rh(dppe){ Rh(CO}}] (4) and the
presence of the cation [Rh(dpp) (6 58.23 ppmJrn-p = 133

in situ, by reaction of3 with 2 mol equiv of dppe under a carbon
monoxide atmosphere, and successfully applied to the synthesis

Hz)! as the only P-containing species but not the expected of sulfido-bridged ELHT complexes (see later).

heterodinuclear anion [@gZr(u-S)Rh(CO}Y]". In fact, com-
pound4 was actually isolated from this solution as a dark-brown
solid in 40% yield after purification through a short pad of
neutral alumina. Compourtlshowed the molecular ion av'z
1167 in the FABF spectrum and the spectroscopic data were
in agreement with a triangular [ZriZrstructure ofCs symmetry

It is remarkable that the sequestering ofartktal center in
the heterotrinuclear complexésand 3 by dppe results in the
formation of the ion-pair compoundsand5. Both compounds
contain analogous heterodinuclear anions %Zpu-S),M-
(CO)]~ (M = Rh, Ir) but very different trigonatbipyramidal
and square-planar cations, [Ir(CO)(dpg¢)and [Rh(dppe) ™,

resulting from the replacement of two carbonyl ligands by dppe respectively. This fact is in agreement both with the outstanding
at the same rhodium center (Scheme 2). The equivalentgiapility of the five-coordinated complex [Ir(CO)(dpgE)

phosphorus atoms of thg?-dppe ligand were observed as a
doublet atd 66.4 ppm frr—p = 184 Hz) in the3P{H} NMR
spectrum and the equivalent carbonyl ligands as a doubdet at
184.3 ppm Jrn-c = 70.7 Hz) in the!3C{*H} NMR spectrum.
The presence of @éis-Rh(CO} fragment was further confirmed
in the IR spectrum that showed two strong absorptions- at
(CO) 2029 and 1965 cm. The 'H NMR showed four

against the loss of CO and the failure of the square-planar
complex [Rh(dppe]™ to react with COYY

Synthesis of Early-Late Zr—Ir—M (M = Rh, Pd, Au)
and Zr—Rh—Au Heterotrimetallic Compounds. We have
already demonstrated the ability of the anion §6v(u-S)lr-
(CO)]~ to behave as a metalloligand toward cationic [RHL
metal fragments affording the unprecedented iZr-Rh ELHT

resonances for the cyclopentadienyl protons and two singletscomplexes as a result of the restoration of the trigenal

for the t-Bu groups as expected for inequivalentCigands.

bipyramidal metatsulfur core with a new compositidd.The

The observed pattern of resonances for the protons of bdth Cp reaction of [Ir(CO)(dppe)[CptZr(u-ShIr(CO)] (2) with 5
rings (td qnd dt) is a diagnostic for a staggered disposition of ;¢ equiv of [Rh:-Cl)(cod)b gave [CP.Zr(us-S)f Ir(CO)} -
both Cf¥ ligands (Scheme 2), probably as a consequence of fRh(cod}] (6) along with [Ir(CO)(dppejCl. (Scheme 3)

the steric influence of the dppe ligad#.Thus, the resonances
at ¢ 6.50 (t) and 5.72 (d) ppm correspond to the'digand
with the t-Bu groups directed toward the “Rh(CO¥ragment

of the [ZrRhy] core, while the resonances@6.09 (d) and 5.44

(t) are those of the Cpligand with thet-Bu groups directed
toward the back of the metallocene “clam-shell” and far away
from the “Rh(dppe)” fragment.

Unexpectedly, the monitoring by NMR spectroscopy of the
reaction of [CH,Zr(us-Sk{Rh(CO}} ] (3) with 2 mol equiv of
dppe in CDC} by NMR spectroscopy~ 0.042 M) showed the
clean formation of the ion-pair compound [Rh(dp&pt.Zr-
(u-SpRh(CO}] (5) which has been characterized in solution.
The spectroscopic data for the anion fegr(u-S){ Rh(CO}} ]~
closely resemble those of the Zir analogue, and the cation

(16) (a) Dorta, R.; Siro, L.; Milstein, D.J. Organomet. Chen2004
689 751. (b) Pettinari, C.; Marchetti, F.; Pettinari, R.; Pizzabiocca, A.;
Drozdov, A.; Troyanov, S. |.; Vertlib, VJ. Organomet. Chen2003 688
216.

Compound6 was obtained as yellow-orange microcrystals in
good yield after the separation of the iridium byproduct that is
insoluble inn-pentane. Interestingly, the anion [Ggr(u-S)lr-
(CO)]~ can be generateith situ by the reaction of [C{yZr-
(us-S{Ir(CO)2}2] (1) with dppe (1:2 molar ratio) making
possible the one-pot synthesis 6fstarting from1 by the
successive addition of dppe and [RKCI)(cod)b. In the same
way, the reaction of with dppe and the anion [Rh&CO),]~
afforded the carbonyl compound [Ggr(us-S){Ir(CO)}{ Rh-
(CO)}] (7) that was obtained as a green microcrystalline solid
in good yield. As expected, compouficcan be also prepared
in excellent yield by carbonylation @& at atmospheric pressure
(Scheme 3).

The molecular structure d revealed a triangular [ZrIrRh]
core capped on both sides by symmetrigegbulfido ligands.
Unusual features of the structure are the short fRidistance

(17) Saco, A.; Rossi, M.; Nobile, C. Ehem. Commurl966 589.
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Scheme 3
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of 2.8205(10) A, that lies in the expected range for a metal
metal bond, and the fully staggered relative disposition of both
Cpt ligands®® Compounds exists in solution as the two limiting
rotamers which were unambiguously identified ¥y (Figure
1b), 13C{*H}, and two-dimensional NMR techniques. Both
rotamers differ in the spatial disposition of ttet-butyl groups

of both C rings in the metallocene moiety and correspond to
the limiting fully staggered@a) and eclipsed@b) conformations
both of Cs symmetry (Scheme 3). The aromatic protons of both
Cp! ligands in the eclipsed rotaméb display the pattern of
resonances) 6.69 (t), 6.03 (d) and 6.38 (t), 5.90 (d). However,
the rotameba display a pattern of resonanc@s6.60 (t), 5.94

(d) and 7.18 (d), 5.83 (t), similar to that found in compouhd
which is a diagnostic for a staggered rotaff@The intercon-
version of both rotamers, which was confirmed in the phase-
sensitive NOESY spectrum, produces an equilibrium mixture
in which the staggered rotaméa predominates (3:1).

The existence of rotamers in compouBids a consequence
of the restricted rotation induced in the Qjgand close to the
more sterically demanding “Rh(cod)” fragment. In fact, this
phenomenon was not observed’iwhich contains the fragment
“Rh(CO)" with smaller carbonyl ligands (Figure 1a). The
activation parameters for the rotation of the'@gand obtained
by the NMR spin-saturation transfer method in the range of
308276 K in CDCk were AH* = 19.2+ 1.5 kcal mot? and
AS = 6.7+ 2.6 eu, that resulted inAG*,9s = 17.2 kcal mot™.
This rotational barrier is larger than that observed for metal-
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Figure 1. 1H NMI§ speétra in CDcy(éromafic regi'on) of ‘(a)u[-cp-
Zr(us-S){ Ir(CO)H{ Rh(COY}] (7) and (b) [CP2Zr(us-S){ Ir(CO)} -
{Rh(cod}] (6): (*) staggered rotamel6§), (o) eclipsed rotamer
(6b).

a2 2D P
Z 2 -
%R S%Ir\._ QTR I I
R \‘Cgo R \cgo

Figure 2. Isomers of compound [CEZr(uz-Sh{ Ir(CO).}{ Pd @3-
CsHs)}] (8).

{Pd(*-CsHs)}] (8) and [CHaZr(u-S){ Ir(CO)}H{ Au(PPR)}] (9),
which were isolated as green and orange microcrystalline solids,
respectively, in good yield after the separation of [Ir(CO)(dglpe)

Cl. The compounds gave satisfactory elemental analysis and
showed the molecular ion in the FABspectra at/z 904 and
1216, respectively. In addition, the IR spectra in dichlo-
romethane featured two strong absorptions at 2031 and 1959
cm~1(8); and, 2029 and 1969 crh (9), in accordance with the
presence of a “cis-Ir(CQ@) fragment. The spectroscopic data
for compound8 showed the presence of two nonconvertible
isomers (84:16 ratio) that arise from the spatial disposition of
the#s-allyl ligand in the heterotrimetallic Mus-S), framework
(Figure 2)'° In agreement with this proposal, the aromatic region
of the™H NMR spectrum displayed for each isomer two sets of
resonances (triplet and doublet) for the unequivalefitigands

in accordance with th€s symmetry of both isomers. Similarly,

locene mononuclear complexes containing cyclopentadienyl the #%-allyl ligand of each isomer showed three resonances

ligands with bulky substitueriand reflects the steric hindrance
introduced by the bulky 1,5-cyclooctadiene ligand in the ELHT
complex.

The success in the preparation of-Zr—Rh heterotrimetallic

(meso, synand anti protons) in thtH NMR spectrum and two
in the 13C{*H} NMR spectrum (meso and terminal carbons)
indicating that the two halves of thg-allyl ligand are related
by the symmetry plane in both isomers.

compounds encourages us to apply the same synthetic protocol The structure of the compound [Gr(u-S){ I(CO)z}H{ Au-
to the preparation of other ELHT compounds containing groups (PPR)}] (9) has been determined by X-ray diffraction methods

10 and 11 metals. The reaction of [Gpr(u-S)Ir(CO);]™,
generated in situ, with [Pd¢CI)(173-C3Hs)]2 (Y2 mol equiv) and
[AuCI(PPhs)] gave the compounds [GgZr(us-S){Ir(CO).}-

(18) (a) Winter, C. H.; Zhou, X.-X.; Heeg, M. Jnorg. Chem.1992
31, 1808. (b) Winter, C. H.; Dobbs, D. A.; Zhou, X.-X.. Organomet.
Chem.1991, 403 145. (c) Okuda, J1. Organomet. Cheni99Q 397, C37.

and is depicted in Figure 3. The structure shows an unusual
Ms(us-S)(u2-S) framework that results from the coordination
of the [Au(PPRh)]™ fragment to only one of the sulfido-bridging
ligands of the anion [CpZr(u-S)Ir(CO),] . Although the3!P-

(19) Ciriano, M. A.; Peez-Torrente, J. J.; Casado, M. A,; Lahoz, F. J.;
Oro. L. A. Inorg. Chem.1996 35, 1782.
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! “ 5.45 ppm (that correspond to both unequivalent Ggands)
R R O coalesce at the same temperature=(5.60 ppm,T, = 223 K)
p'R . ﬁ* ",;co giving average resonances@ab.62 and 5.58 ppm (1:2 ratio)

\Zr{S;“:;c A \Z,is/ at 263 K. When the temperature was raised over 303 K both
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R ° R i the Gutowsky-Holm?2! and the Eyring equations is about 10.7
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Figure 4. Proposed mechanism for the dynamic behavior observed kcal mof™. This value lies in the lower limit of the range

in compound [CZr(u-S){ ICO)H Au(PPR)}] (9): (i) formation activation energies for the interconversion of conformers
of a Ma(us-S), metak-sulfur framework, (ii) inversion at thes- measured in planar dinuclear platinum complexes with thiolato-
sulfido ligand. ' bridging ligands (13-20 kcal mot?).2? Furthermore, such values

are in good agreement with the calculated value of 16 kcat ol

{*H} NMR spectrum displayed a sharp singlet #3.3 ppm,  for the compound [B{u-SMe)(PHg)4]**.23

theH and3C{'H} NMR spectra in CDGlat room temperature The usefulness of the ELHB compound [&fr(us-S){Rh-
were not in accordance with the structure found in the solid (CO)}2] (3) as a precursor of ELHT complexes by metal-
state as they suggest a higher symmetry structure that probablyexchange reactions have been demonstrated by the one-pot
results from a dynamic behavior involving the [Au(RRh synthesis of compound [CgZr(us-Sk{ Ir(CO)}{ Rh(CO}}] (7).
fragment. Thus, the aromatic region of thé NNR spectrum As in the iridium chemistry, the intermediate anionic species
showed only two resonanceséb.73 (d) and 5.38 (t), indicating  [CP"2Zr(u-S)Rh(CO}]~ can be formed in situ fror8 and dppe,
both the chemical equivalence of both'djgands and of the although a CO atmosphere is required to avoid their decomposi-
H4 and HS pro[ons of each O‘pThe Figure 4 disp]ays a p|ausib|e tion. ThUS, the sequential reaction ®fwith dppe (12 molar
mechanism that could give account of the spectroscopic data at'atio) under a carbon monoxide atmosphere, followet.afol
room temperature. As the chemical equivalence of thé Cp €quiv of [Ir(u-Cl)(cod)} afforded the ELHT compound in
ligands is not attained either through the reversible formation 40% yield (Scheme 4). In the same way, the reaction of{Cp

of a Ms(uz-S), framework (i) or the ring-flipping of a possible ~ Zr(u-SRh(CO}Y]~, generated in situ under the same conditions,
nonplanar [Zr¢-S)lr] core with a open-book structure, the ~With 1 mol equiv of [AuCI(PPH)] gave the compound [Cp-
inversion of the sulfido ligand bearing the Au(RPhfragment  Zr(u-Sk{Rh(COR}H{Au(PPh)}] (10) that was isolated as an
must be also invoked (||) Assuming a p|anar EZ.;$)2|['] core, orange microcrystalline solid in 67% y|9|d after the appropriate
the interconversion between both out-of-plane conformations Workup (Scheme 4). The spectroscopic data obtained for
should proceed by a nondissociative mechanism through a plana€ompoundLO are closely related with those of compouhend
transition state in which the sulfur donor atom i kgbridized. consequently, should be isostructural. In particular;gh&IMR
Although the sulfur lone-pair inversion could also occur through spectrum in CDG features only two resonancesdb.75 (d)

an alternative dissociative mechanism, the nondissociative and 5.43 (t) ppm suggesting that the mechanism shown in the
mechanism should be more favorable as it has been demonFigure 4 is also operative in solutions of compoulrt

strated in related bis-thiolate complexes of the type [Rh(dippe)-

) 1 o el ; (21) Gutowsky, S. H.; Holm, C. HJ. Chem. Phys1956 25, 1228.
(u-SR)L, (dippe = 1,2 bls(dl!sopropylphqphlno)ethan@). (22) (a) Rivera, G.; Berree S.; Rodriguez de Barbarin, C.; Torrens, H.
In the slow exchange limit thtH NMR in tolueneds at 193 Inorg. Chem.2001, 40, 5575 and references therein. (b) Mitchell, K. A.;

K displays four featureless resonances in a 1:2:1:2 ratio asJensen, C. Minorg. Chem1995 34, 4441. (c) Abel, E. W.; Evans, D. G.;

s Koe, J. R.; Hursthouse, M. B.; Mazid, M.; Mahon, M. F.; Molloy, K. L.
ex.peCted for a &Sk, (Z1lrAu) core of C; symmetry. The Chem. Soc., Dalton Tran£99Q1697. (d) Orrell, K. GCoord. Chem. Re
pairs of resonances &t 5.77 and 5.64 ppm and 5.60 and 1989 96, 1.

(23) Aullon, G.; Ujaque, G.; Llets, A.; Alvarez, SChem. Eur. J1999
(20) Oster, S. S.; Jones, W. horg. Chim. Acta2004 357, 1836. 5, 1391.
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Synthesis of Trinuclear Early—Late ZrPd, and ZrAu
Heterobimetallic Compounds.On the light of the very different
trimetallic metat-sulfur framework observed in the described
ELHT compounds, Mus-S), and Ms(us-S)(u2-S), the synthesis
of related trinuclear ELHB compounds containing groups 10
and 11 metals has been carried out for structural comparative
purposes. The reaction of [&Zr(SH)] with [Pd(u-Cl)(n3-
CsHs)]2 in the presence of triethylamine gave the compound
[CpZr(us-S){ Pd73-CsHs)} 2] (11) that was isolated as a yellow
powder. In the same way, the compound f&Z(u-S){ Au-
(PPh)};] (12) was obtained as orange microcrystals from the
reaction of [Cf,Zr(SH),] with [AuCI(PPhg)] (1:2 molar ratio)
and triethylamine (Scheme 5).

Compoundsl1 and12 were isolated in excellent yields and
characterized by elemental analysis, FABhass spectra, and
NMR spectroscopy. As could be expected, compolbhexists
as three isomerd(a 11b, and1lcin 61:34:5 ratio) originated
from the different relative orientation of botj-allyl ligands
in the triangular Zigs-SyPd metal-sulfur framework. The
information obtained from théH NMR and 3C{*H} NMR
spectra shows that the isomek$a and 11c have equivalent
Cp' and n3-allyl ligands in agreement with &,, symmetry
resulting from a symmetrical structural disposition of tife
allyl ligands, that is, with the meso carbons of bathallyl
ligands inside or outside of the pocket determined by the open-
book structural unit “Pglu-S),". The unsymmetrical disposition
of the meso carbons of thg*-allyl ligands in the pocket (in
and out, respectively) results in the isonfeb that display
unequivalent Cpandz?3-allyl ligands in accordance with Gs
symmetry.

The molecular structure of compouf@ has been determined
by X-ray crystallography (Figure 5) and displays an open M
(u3-S)u2-S) metat-sulfur framework with two different Au-
(PPh)* fragments having gold atoms with linear and planar-
triangular coordination environments. However, fi8{H}
NMR spectrum showed a single resonancedaB8.1 ppm
indicating the chemical equivalence of both Au(BPhfrag-
ments. Besides, thtH NMR and 13C{1H} NMR spectra also
displayed equivalent Cgigands in agreement with a higher
symmetry Cy,) than they exhibited in the solid state. These
observations suggest that compour&ds dynamic in solution,
probably as a consequence of the mobility of the Au@PPh
fragments on both sulfur atoms of the metallaligand$Zys,]2".

A fast equilibrium between structures having (ZFS)(u2-S)-
Auz and Zrfu3-ShAu, metal-sulfur frameworks, similar to the

Hernandez-Gruel et al.

Figure 5. Molecular structure of [ChZr(u-Sy{Au(PPh)},] (12).

Table 1. Selected Bond Distances (A) and Angles (deg) for
the Complex [Cp'aZr( u-S){Ir(CO) 2} { Au(PPhs)}] (9)

Zr—S(1) 2.523(3) Z£S(2) 2.454(3)
Zr—-C(11) 2.504(10)  ZrC(24) 2.630(10)
Zr—C(12) 2.623(9) Z+C(25) 2.638(10)
Zr—C(13) 2.637(10)  Z+C(26) 2.645(9)
Zr—C(14) 2.509(10)  z+C(27) 2.542(10)
Zr—C(15) 2.524(11)  Z+C(28) 2.494(10)
Zr—G(1y 2.282(5) Z-G(2p 2.290(5)
Ir—S(1) 2.434(3) I=S(2) 2.370(3)
Ir—C(1) 1.823(13) I-C(2) 1.838(14)
Au(2)-S(1) 2.345(3) Au2YP(2) 2.261(3)
Ir--Au(2) 2.9653(6)  ZrIr 3.3055(11)
S(1)-2r-S(2) 92.30(9) S(H)Ir-S(2) 96.66(9)
S(1-Zr-G(1lF  106.47(15)  S(EyIr—C(1) 173.3(5)
S(1-Zr-G(2F  109.69(14)  S(BIr—C(2) 85.6(4)
S(2-Zr-G(1f  106.46(15)  S(2Hr—C(1) 84.2(4)
S(2r-2r-G(2F  111.06(14)  S(2YIr—C(2) 174.8(4)
G(1)-Zr-G(RP  125.67(17) C(1}Ir—C(2) 94.1(6)
Zr-S(1-Au(2)  107.98(10)  S(BAu@)-P(2)  173.39(9)
Zr—S(1)-Ir 83.63(8) ZE-S(2)-Ir 86.49(9)
Ir-S()y-Au(2)  76.67(8)

aG(1) and G(2) represent the centroids of the cyclopentadienyl ligands.

proposed for compound@ (Figure 4i), could easily account for
the dynamic behavior observed in compourii

Molecular Structures of [Cp"Zr(u-Sk{Ir(CO) }{Au-
(PPhg)}] (9) and [Cp"oZr(u-Sy{Au(PPhs)},] (12). Good
quality single crystals suitable for X-ray diffraction experiments
were obtained by slow diffusion afhexane into concentrated
solutions of the compounds in dichlorometha8g dr toluene
(12). Molecular drawings of both complexes together with the
labeling schemes used are displayed in Figuré® arfd 5 (2);
selected bond distances and angles are collected in Tables 1and
2, respectively.

Both complexes are trinuclear having two differagtS and
us-S sulfido groups as the only supporting bridging ligands and
exhibit very similar structures with an identical central skeleton
Zr(u2-S)(us-S)MAu. The sole difference between the two
molecular structures concerns the metal fragment doubly bridged
to the Zr atom: an “Ir(CQJ moiety in 9 and a “Au(PPh)”
fragment in12.

In both complexes the Zr atoms show identical pseudotetra-
hedral environments, being bonded to the two bridging sulfur
atoms and to twg?®-Cp' rings. The major deviations from this
ideal tetrahedral coordination affect the GtBr—G(2) (G
represent the centroids of €pings) bond angles, 125.67(17)
(9) and 127.80(9) (12) and, on the other side, the S{1Jr—

S(2) angles, 92.30(9) and 101.85(5)vhich are significantly
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Table 2. Selected Bond Distances (A) and Angles (deg) for
the Complex [Cpt,Zr(u-S){ Au(PPhs)} 4] (12)

Zr—S(1) 2.4290(15)  ZrS(2) 2.5345(14)
Zr—C(11) 2.688(5) Z+C(24) 2.658(5)
Zr—C(12) 2.630(5) Z+C(25) 2.647(5)
Zr—C(13) 2.580(5) Z1-C(26) 2.665(5)
Zr—C(14) 2.539(5) Z+C(27) 2.552(5)
Zr—C(15) 2.572(5) Z+C(28) 2.517(5)
Zr—G(1)* 2.312(2) Zr-G(2)* 2.318(2)
Au(1)-S(1) 2.3746(14)  Au(2)S(2) 2.2984(13)
Au(1)-S(2) 2.5555(14)  Au(2)}P(2) 2.2502(14)
Au(1)—P(1) 2.2738(16)

Au(l)---Au(2) 3.0053(4) Zr--Au(1) 3.0985(6)
S(1)-Zr—S(2) 101.85(5) S(BAU(1)-S(2) 102.77(5)
S(1y-Zr—-G(1)*  105.75(7) S(LyrAu(1)—-P(1) 133.20(5)
S(1)-Zr-G(2)*  109.11(7) S(2yAu(1)—P(1) 120.50(5)
S@2y-zr—-G(1)*  102.73(7) S(2)Au(2)—-P(2) 170.41(5)
S(2-2r—-G(2)*  106.60(7) Z-S(2-Au(l) 75.00(4)
G(1)-Z—G(2)*  127.80(9) Zr-S(2)-Au(2) 116.92(5)
Zr—S(1)-Au(1) 80.33(4) Au(1yS(2)-Au(2)  76.30(4)

an representt e centroids of tl e cyc openta lenyl ligands.
*G(1) and G(2) h ids of the cycl dieny! ligand

larger and smaller, respectively, than the typical values for a
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out of the mean coordination plane calculated through the four
iridium-bonded atoms, moving away from the gold atom Au-
(2), suggesting the absence of any attractiveAu interaction,
despite the relatively short intermetallic separatior {fu(2),
2.9653(6) A). In the case df2, the {,-S)(us-S) doubly bridged
gold atom Au(1) shows a distorted trigonal-planar geometry with
three different coordination bond angles, but summing nearly
the ideal value of 360(356.5(5¥). The Au--Au separation,
3.0053(4) A, slightly over the intermetallic separation observed
in metallic gold (2.884 A) and shorter than the sub-van der
Waals distances in intermolecular A&u complexes (ca3.05
A),26 supports the presence of a classical aurophillic interaction,
as has been suggested for other structurally related heterometallic
sulfido complexes such as PRPR)a(u-S)(us-S)Au(PPh)]
(3.103(1) A) and [PAPPh)a(us-S)hAu(u-dppm)F* (2.916(1)
A)27 or in the homometallic thiolate [AGMNT){P(OPh}}]
(MNT = dicyanoethene-1,2-dithiolate) (2.991(1) &).

The coordination of the P and S atoms to the Au(2) centers
can be considered as quasi-linear&i1—P, 173.39(9) (9) and
170.41(5y (12)), and they exhibit very similar AuP and Au-S
bond lengths to those observed in related complexes (2.257(3)

tetrahedral geometry. The large values of the angles centeredhny 5 309(2) A in [P(CoFe)s(PPh)(us-SYAUPPh}s] for

on Zr with the centroids of Cpligands, G(1)}-Zr—G(2),
probably reflect the high steric hindrance of the bulky aromatic

rings, although these values are to some extent smaller than

those reported in related mononuclear complexes such s [Cp
Zrl;] (133.0)24 or [Cp%Zr(SH)(OTf)] (129.78(15)).12° The
relative disposition of the Cpsubstituents presents the bulky

instance)?®

Concluding Remarks

The heterodinuclear anions [Ggr(u-S)M(CO),]~ can be
obtained from the reaction of the trinuclear earlgtte hetero-

tert-butyl substituents toward the internal side of the trinuclear bimetallic compounds (ELHB) [CZr(is-S){ M(CO)2} 2] (M

core in both structures, although both conformations are slightly _

different (Figures 3 and 5). Compléxexhibits the twor®-Cs
rings slightly rotated one to each other (C2&(1):-G(2)—
C(12) —41.9(10y) with thetert-butyl substituents maintaining
a similar staggered situation along the G{3(2) directiont2>
In the case ofl2, the two 55-Cs rings are nearly eclipsed
(C(26)-G(1)--G(2)—C(12),—7.7(8Y) but thetert-butyl groups
are alternated on different carbon atoms (C{28)1)---G(2)—
C(12), —86.7(8Y), always toward the most open side of the
zirconium coordination sphere.

Both Zr-G (Cp centroids) distances are identical within each
complex, 2.286(4)9) and 2.315(2) A 12), and comparable to

Rh, Ir) with 1,2-bis-(diphenylphosphino)ethane (dppe). In
contrast with the outstanding inertness of the-Ercompound

in substitution reactions, the ZRh is labile and must be
generated under a carbon monoxide atmosphere. Interestingly,
both species behave as metallaligands for several electrophillic
metal fragments resulting in the controlled synthesis of unusual
sulfido-bridged early-late heterotrimetallic compounds (ELHT).
Interestingly, the anionic species can be generated in situ
allowing the one-pot synthesis of trinuclear ELHT from ELHB
and dppe, through a metal exchange methodology. In this way,
we have synthesized ELHT sulfido-bridged compounds that
contain d—d8—d8 (Zr—Ir—Rh, Zr—Ir—Pd) and 8—d®—d0 (Zr—

those reported in other related trinuclear complexes such as|,_,, Zr—Rh—Au) trimetallic cores

[CpZr(us-S) {Ir(CO)}{Rh(cod}] (7) (2.290(9) and 2.290-
(13) A)13 or [CptaZr(us-S) Rh(CO} 2(u-dppm)] (2.302(3) and
2.297(3) A)12a put longer than the observed distances in
mononuclear zirconium thiolate complexes (range 2.263(3)
2.220(1) A¥5 or in the related complex [CpZr(SH)(OTH)]
(2.237(4) and 2.239(5) Apb

The two Zr—S bond lengths are different in both complexes
with the Zr-(u2-S) distance significantly shorter that the Zs(
S) analogue-reflecting the asymmetry of both molecules. The
values observed for the;-S bridging ligand compare well with
those observed in the heterotrinuclear compl€.506(3) and
2.519(3) A)13 The central Zrg-Sy,M cores are roughly planar

in both molecules as evidenced by the dihedral angle between

planes defined by the two M(S), fragments (Zrgvs SM;
10.69(97 in 9, and 3.32(5) in 12).

Without considering potential intermetallic interactions, the
iridium atom in9 exhibits a slightly distorted square-planar geo-
metry with the metal bonded to the two bridging sulfido ligands
and to two terminal carbonyls. The metal atom 0.0135(5) A is

(24) King, W. A.; Di Bella, S.; Gulino, A.; Lanza, G.; Fradala L.;
Stern, C. L.; Marks, T. JJ. Am. Chem. S0d.999 121, 355.

(25) Ashby, M. T.; Alguindigue, S. S.; Masood, A. Korg. Chim. Acta
1998 270, 227.

The geometry of the metabulfur framework in the ELHT
compounds is largely determined by the electronic configuration
of the incoming metal. The®ML ;] " (M = Rh, Ir, Pd) metal
fragments produce heterotrinuclear structures with a symmetrical
trigonal-bipyramidal My(us-S), metal-sulfur core, although an
open My(us-S)(uz-S) metat-sulfur framework results from the
incorporation of the ¥-[Au(PPhy)]* fragment. The formation
of an open metatsulfur framework is driven for the preference
of the d metal for a linear coordination, wherea$ metal
fragments, that prefer a square-planar geometry, adopt the
compact trigonatbipyramidal framework. The Z2M—Au (M
= Rh, Ir) compounds are dynamic as a consequence of the
mobility of the [Au(PPR)]* fragment on the sulfur atoms of
the [Zr(u-SyM] precusor. This behavior has been observed in
the related trinuclear ELHB compound of core [ZrAthat also
adopts an open metasulfur framework in the solid state.

(26) Schmidbaur, HChem. Soc. Re 1995 391.

(27) Li, Z.; Loh, Z-H.; Mok, K. F.; Hor, T. S. Alnorg. Chem.200Q
39, 5299.

(28) Davila, R. M.; Staples, R. J.; Elduque, A.; Harlaas, M. M.; Kyle,
L.; Fackler, J. P., Jinorg. Chem.1994 33, 5940.

(29) Ruiz, J.; Rodguez, V.; Vicente, C.; Marti, J. M.; Ligez, G.; Peez,
J. Inorg. Chem.2001, 40, 5354.
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Experimental Section {1H} NMR (CDClz, 293 K): 6 66.4 ppm (d Jzp-p = 184 Hz). MS
| hods. Al ioulati f d und (FABT, CHClp, m/2: 1167 (M", 15%), 1112 (M — 2CO, 100%).
General Methods. All manipulations were performed under a |5 (CH,Cly, cmrl): »(CO) 2029 (s), 1965 (s).

dry argon atmosphere using Schlenk-tube techniques. Solvents were
dried by standard methods and distilled under argon immediately K -[Rg(gpgp:)ﬂ[cggﬁr(,;_gézsq(go)ﬂ éSO)HlH(;\IMR (%%§|3'd292H
prior to use. The complexes [GZr(us-Sh{M(CO),},] (M = Rh, ): 35 (m, ) 7. 15 (m, ) (dppe), 5.54 (d, 4H,
- - Jin = 2.4 Hz), 4.91 (t, 2HJy_n = 2.4 Hz) (CP¥), 2.10 (m, 8H,
Ir) and [CPLZr(SH),] were prepared as described previousIjRh- " N o
(,u-C|)(COd)]2,3O [Ph:sPBZ][Rhcb(co)z]lgl [Pd(u-C|)(773-CaH5)]2,32 >CH2, dppe), 1.26 (36H,Bu, CF’). P{ H} NMR (E:lDC|3, 293
and [AuCI(PPB)]33 were prepared by standard literature procedures. K): 058.23 ppm (dJrn-p = 133 Hz). IR (C.DCJ;, cm): ”(COB’
Physical Measurements.'H, 3'P{H}, and 3C{*H} NMR 2031 (vs), 1971 (vs). MS (FAB CDCl, m/2: 899 ([Rh(dppe™,
' ) 0
spectra were recorded on a Varian Gemini 300 spectrometerlOO/")' o
operating at 300.08, 121.47, and 75.46 MHz, respectively. Chemical [CP"2Zr(ps-Sk{Ir(CO) 2}{Rh(cod)}] (6). A solid mixture of
shifts are reported in parts per million and referenced to $iMe [CP"2Zr(us-Sh{Ir(CO);}2] (0.200 g, 0.199 mmol) and dppe (0.159
using the residual resonances of the deuterated solvihtand g, 0.398 mmol) was dissolved in dichlomethane (5 mL) at room
13C) and 85% HPO,('P) as external reference, respectively. IR temperature to give a brown solution with evolution of carbon
spectra were recorded on a Nicolet-IR 550 spectrometer. Elementamonoxide. Further reaction with solid [RiCI)(cod)} (0.049 g,
C, H, and N analysis were performed in a 2400 Perkin-Elmer 0.100 mmol) gave a lighter solution which was stirred for 5 min.
microana|yzer. Mass spectra were recorded in a VG Autospec The solvent was removed under vacuum, and the residue was

double-focusing mass spectrometer operating in the FABde. extracted withn-pentane (3x 20 mL). Filtration of the solution

lons were produced with the standard*Cgun at ca. 30 Kv; over celite gave a brown-orange solution that was concentrated

3-nitrobenzylic alcohol (NBA) was used as matrix. under vacuum to ca. 5 mL and cooled-at8 °C while stirring.
Synthesis of the Complexes. [Ir(CO)(dppe][Cp t2Zr( u-S)lr- The solid that quickly deposited was filtrated and washed with

(CO),] (2). A solid mixture of [CPLZr(us-S)f I(CO)3}2] (0.075 n-pentane (5 mL) at-78 °C to give an yellow-orange microcrys-
g, 0.075 mmol) and dppe (0.060 g, 0.150 mmol) was dissolved in talline powder. Yield: 71% (0.137 g). Anal. Calcd fogdBis.0.S,-
dichloromethane (3 mL) at room temperature to give a brown- I'RhZr: C, 44.61; H, 5.62; S, 6.62. Found: C, 44.70; H, 6.02; S,
yellow solution with evolution of carbon monoxide. The addition 6.55.*H NMR (CDCl;, 293 K). Rotame6a: 6 7.18 (d,Ju-n =
of n-hexane (20 mL) gave an orange suspension that was 2.4 Hz, 2H, H and H;), 6.60 (t,J4-n = 2.4 Hz, 1H, H), 5.94 (d,
concentrated under vacuum to ca. 15 mL. The suspension wasJi-n = 2.4 Hz, 2H, H and H;), 5.83 (t,Ju-n = 2.4 Hz, 1H, H)
filtered, washed witt-hexane (5 mL), and dried under vacuumto  (Cp"), 4.42 and 4.19 (m, 2H each=CH, cod), 2.7-2.4 (m, 2H),
give an orange powder. Yield: 0.131 g (98%H. NMR (CDCls, 2.2-1.9 (m, 4H), 1.8-1.6 (m, 2H) ¢CH;, cod), 1.32 and 1.26 (s,
293 K): 0 7.70-6.80 (m, 40H, dppe), 5.57 (dy-n = 2.4 Hz, 18H each, Cf). Rotamer6h: ¢ 6.69 and 6.38 (tJ4-n = 2.4 Hz,
4H, Hyand H;, CpY), 4.76 (t,dh—n = 2.4 Hz, 2H, B, Cp), 2.1 (m, 1H each, H), 6.03 and 5.90 (dJs-+ = 2.4 Hz, 2H each, Hand
8H, >CH;, dppe), 1.21 (s, 36H, Cp 3P{H} NMR (CDCl;, 293 Hs) (Cp"), 4.42 and 4.19 (m, 2H eackCH, cod), 2.7-2.4 (m,
K): 6 25.6 (s).C{*H} NMR (CDCl;, 293 K): ¢ 186.3 (m, CO,  2H),2.2-1.9 (m, 4H), 1.8-1.6 (m, 2H) ¢ CH cod), 1.31 and 1.30
[Ir(CO)(dppe)]*), 179.6 (CO, [CH.Zr(u-Sklr(CO),] "), 140.0 (G (s, 18H each) (Cp. 3C{*H} NMR (CDCl;, 293 K). Rotames6a:
and G, Cp), 132.6 (br m), 131.1 (s), 128.6 (br s) (dppe), 108.0 0 177.7 (CO), 150.0 and 142.2{@nd G), 127.6 (¢), 119.7 (G
(Cy), 99.8 (G and G), 33.3 CMes), 31.6 (CH) (CPY), 30.8 (m,  and G), 110.0 (G), 105.5 (G and G) (Cp), 84.0 and 80.6 (d,
CH,, dppe). MS (FAB, CDCkL, m/2: 989 (M" — CO, 100%). Jrn-c = 11.5 Hz) (=CH cod), 34.8 and 34.00Meg), 32.7 and
MS (FAB-, CDCl, m/2: 757 (M-, 100%). IR (CHCI,, cm): 31.8 (CH) (CpY, 31.7 and 30.6% CH, cod). RotameBb: o 178.3
¥(CO), 2004 (vs), 1947 (sh), 1931 (vs). (CO), 147.2 and 147.1 (CGand G), 123.8 and 120.7 (&, 109.5
[Cptt.Zr(us-S){ Rh(dppe){ Rh(CO)z}] (4). A solid mixture of and 108.8 (¢and G) (Cp"), 85.9 and 80.6 (dJrh-c = 11.5 Hz)
[CptZr(us-S){ Rh(COY} 5] (0.100 g, 0.121 mmol) and dppe (0.096 (=CH cod), 34.5 and 34.40Mes), 32.3 and 32.2 (Ch (CpY),
g, 0.242 mmol) was dissolved in dichloromethane (2 mL) at room 31.6 and 30.2%CH,, cod). MS (FAB', CH,Cl,, m/2: 968 (M*,
temperature to give an orange-brown solution with evolution of 100%), 791 (M — Cp", 92%). IR (CHCly, cm™t): »(CO) 2023
carbon monoxide. The solution was stirred for 15 min and the (s), 1954 (s).
filtered on neutral alumina (4 cm 2 cm). The dark orange-brown [Cp!toZr(us-Sk{Ir(CO) ;}{Rh(CO),}] (7). Method A. Carbon
solution was concentrated under vacuum to ca. 1 mL. Slow addition monoxide was slowly bubbled through a stirred brown-orange
of diethyl ether (3 mL) gave a red-brown microcrystalline solid. solution of [Cp.Zr(us-S)f{Ir(CO);}{Rh(cod}] (0.102 g, 0.105
Concentration of the suspension under vacuum and addition of mmol) in diethyl ether (10 mL) at room temperature for 15 min to
n-hexane (5 mL) gave the compound as a dark-brown solid that give a green suspension. Then, colgentane (10 mL) was added,
was washed witm-hexane and dried under vacuum. Yield: 0.057 and the suspension was quickly filtrated, washed wifpentane
g (40%). Anal. Calcd for @HesO:P.Rh.S,Zr: C, 55.42; H, 5.68; (2 x 10 mL), and dried under vacuum to give a green microcrys-
S, 5.48. Found: C, 55.38; H, 5.46; S, 5.38.NMR (CDCl;, 293 talline powder. Yield: 0.095 g (98%Method B. A brown solution
K): 67.96 (m, 4H), 7.71 (m, 4H), 7.477.30 (set of m, 12H) (Ph,  of [Ir(CO)(dppe}][Cp".Zr(u-S)Ir(CO);] was prepared from [Ci-
dppe), 6.50 (tJu-n = 2.5 Hz, 2H, H and H), 6.09 (d,J4-1 = 2.3 Zr(uz-S){Ir(CO)s} 2] (0.249 g, 0.247 mmol) and dppe (0.197 g,
Hz, 1H, H), 5.72 (d,Ju-n = 2.5 Hz, 2H, H and H), 5.44 (t,Ju-n 0.495 mmol) in dichloromethane (10 mL) at room temperature.
= 2.3 Hz, 1H, B) (Cp"), 2.53 and 1.88 (m, 2H each CH,, dppe), Further reaction with solid [RRBz][RhCL(CO),] (0.144 g, 0.247

1.36 and 0.89 (s, 18H eaclBu) (Cp"). *C{*H} NMR (CDCls, mmol) gave a green suspension which was stirred for 5 min. Then,
293 K): 6 184.3 (d,Jrn-c = 70.7 Hz, CO), 147.7 and 139.2{C  methanol (15 mL) was added, and the suspension was filtrated,
and G, Cp"), 133.1 (br, G or Cy), 131.2 (br d, §, 131.0 (G), washed with methanol (& 5 mL), and diethyl ether (% 5 mL),

128.6 (br, G or Gy) (dppe), 129.6 (§), 122.9 (G and G), 117.9 and dried under vacuum to give a green microcrystalline powder.
(C2), 103.2 (G and G) (Cp"), 34.7 and 33.0¢Me3), 32.9 and Yield: 70% (0.159 g). Anal. Calcd for4gH.,0:S,IrRhZr: C, 39.29;

31.9 (CH) (Cp"), 28.6 (br mJc-p = 12 Hz, >CHy, dppe).3'P- H, 4.62; S, 6.99. Found: C, 38.90; H, 4.57; S, 7.89.NMR
. (CDCls, 293 K): 0 6.72 and 6.62 (t)4-n = 2.5 Hz, 1H each, b,
(30) Giordano, G.; Crabtree, R. thorg. Synth.1979 19, 218. 6.16 and 6.11 (dJ y_n = 2.5 Hz, 2H each, Hand Hy), 1.31 and

On(flL)_ *,L?ﬁﬂ%‘r"g‘?zé%‘tﬁ'éo’\g;t%fiﬁ?mrreme' J.J; Ciriano, M- A 4 30 (5, 18H each) (Cp 1*C{*H} NMR (CDCls, 293 K): & 184.9

(32) Bonati, F.; Wilkinson, GJ. Chem. Socl964 3156. (d, Jrn-c = 74 Hz, CO), 175.4 (CO), 149.4 and 149.1, @hd G),
(33) Braunstein, P.; Lehner, H.; Matt, org. Synth.199Q 27, 218. 126.2 and 122.5 (£, 110.1 and 110.0 (£and G), 34.9 and 34.8



[CpZr(u-SpM(CO)] ~ as Versatile Precursors

(CMey), 32.2 (CH) (CpY). MS (FAB+, CH,Cl,, m/2: 916 (M,
46%), 860 (M — 2CO, 100%), 739 (M — Cp", 49%). IR (CH-
Cl, cm™1): »(CO) 2062 (s), 2031 (s), 1996 (m), 1971 (m).
[CptZr(pa-SH{Ir(CO) 2} {Pd@#3-CsHs)}] (8). To a brown-
yellow dichloromethane solution of [Ir(CO)(dppHLpt.Zr(u-S)-
{Ir(CO);}] (0.249 mmol, 5 mL), prepared in situ as described above,
was added solid [Pg¢Cl)(173-CsHs)]2 (0.027 g, 0.075 mmol) to
give immediately a dark red solution. The solution was stirred for

Organometallics, Vol. 26, No. 25, 206445

of solid [AuCI(PPh)] (0.060 g, 0.121 mmol) gave immediately a
bright orange solution which was stirred for 15 min and filtered
on neutral alumina (4« 2 cm). The orange filtrate was evaporated
to dryness under vacuum and dissolved in a 1:2 mixture of diethyl
ether/hexane (5 mL). Cooling of the solution to 258 K gave the
compound as an orange microcrystalline solid that was filtered,
washed with coldn-hexane (5 mL), and dried under vacuum.
Yield: 0.100 g (67%). Anal. Calcd for fgHs70,PAURhSZr: C,

5 min, and the solvent was removed under vacuum. The greenish48.97; H, 5.09; S, 5.68. Found: C, 49.19; H, 4.01; S, 5'8D.

residue was extracted with toluene 410 mL), and the resulting
suspension was filtrated on neutral aluminax4£ cm). The red

NMR (CD,Clp, 293 K): 6 7.60-7.49 (m, 15H, PP}, 5.75 (d.Ju_1
= 2.5 Hz, 4H, H and H), 5.43 (t,J4_p = 2.5 Hz, 2H, H), 1.23

filtrate was then evaporated to dryness under vacuum and dissolveds, 36H, CH) (Cp"). 3!P{*H} NMR (CD,Cl,, 293 K): 9 34.0 (s).

in dichloromethane (5 mL). Addition of-hexane (10 mL) and

13C{1H} NMR (CD,Cly, 293 K): 6 186.3 (d,Jrn_p = 71 Hz, CO),

concentration under vacuum to ca. 5 mL gave a pale green143.5 (s, Gand G, Cp"), 134.4 (d,Jp-c = 13.8 Hz, G or Gy),

microcrystalline solid that was washed with caldhexane (5 mL)
and dried under vacuum. Yield: 0.112 g (83%). Anal. Calcd for
CaiH470.S,IrPdZr: C, 41.11; H, 5.23; S, 7.08. Found: C, 41.53;
H, 5.90; S, 7.02'H NMR (CDCls, 293 K). Isomer8a (84%): o
6.48 and 6.05 (br tJy—4 = 2.4 Hz, 1H each, b, 6.01 and 5.89
(br d, J4-n = 2.4 Hz, 2H each, Hand H;) (CpY), 5.14 (m, 1H,
Hmesd, 4.01 (d,Jq-n = 6.9 Hz, 2H, Hyp), 2.71 (d,Ju-n = 12.6
Hz, 2H, Hyny) (CsHs), 1.32 and 1.22 (s, 18H each, €8pY). Isomer
8b (16%): 6 6.53 and 6.14 (br tJy—y = 2.4 Hz, 1H each, b,
6.08 and 5.92 (br d)4—4 = 2.4 Hz, 2H each, kand H,) (CpY),
5.08 (M, 1H, khesd, 4.23 (d,Jn-1 = 6.9 Hz, 2H, H,,), 2.81 (d,
Ju-n = 12.3 Hz, 2H, Hny) (CsHs), 1.31 and 1.29 (s, 18H each,
CH; CpY). 33C{*H} NMR (CDCl;, 293 K). Isomei8a: 6 175.7 (s,
CO), 147.5 and 146.6 (s,@nd G), 124.1 and 117.1 (s,£(Cp"),
111.5 (s, Greso CsHs), 108.3 and 108.0 (s,{and G Cpt), 65.8 (s,
Cierm C3Hs), 34.6 and 34.3 (£ Mey), 32.1 and 31.9 (s, CH (CpY).
Isomer8b 6: 175.9 (s, CO), 147.3 and 147.2 (s, &d G), 123.2
and 116.8 (s, § (CpY), 114.1 (S, Geso C3Hs), 108.2 (s, Gand G
CpY), 64.3 (s, Grm CsHs), 34.6 and 34.5 (CMe3), 32.3 and 32.1
(s, CHy) (CpY). MS (FAB+, CH,Cl,, m/2: 904 (M, 26%), 863
(M* — CgHs, 16%), 848 (M — 2CO, 12%), 807 (M — C3Hs —
2CO, 36%), 727 (M — Cpt, 100%). IR (CHCI,, cm™1): »(CO),
2031 (s), 1959 (s).

Synthesis of [CpZr(u-Sy{Ir(CO) }{Au(PPhg)}] (9). To a
brown-yellow dichloromethane solution of [Ir(CO)(dpgéFpt.-
Zr(u-Sk{Ir(CO);}] (0.148 mmol, 5 mL), prepared in situ as
described above, was added solid [AuCI(BPK0.073 g, 0.148

131.8 (d,Jp-c = 2.3 Hz, G), 130.1 (d Jp_c = 56.6 Hz, G), 129.3
(d, Jp-c = 11.3 Hz, G or Cy)) (PPh), 110.7 (s, @), 102.8 (s, G
and G), 34.0 (s,CMes), 31.6 (s, CH) (Cp"). MS (FAB+, CH,Cly,
m/2: 1070 (M" — 2CO, 65%), 949 (M — Cpt, 80%), 893 (M
— Cptt — 2CO, 45%). IR (CHCl,, cmr): »(CO), 2041 (s), 1977
(s)-

[CpZr(us-Sh{Pd(@m@3-CsHs)} 2] (11). To a yellow solution of
[Cp%Zr(SH)] (0.100 g, 0.195 mmol) in CkCl, (5 mL) was
successively added NEE55 uL, 0.396 mmol) and [Pd(-Cl)(»>-
C3Hs)]2 (0.072 g, 0.196 mmol) at room temperature to give an
orange solution that was stirred for 5 min. The solvent was removed
under vacuum, and the residue was extracted with diethyl ether
(25 mL) and then filtered over celite. The solution was evaporated
to dryness, and the residue was washed wiffentane (5 mL) at
—78 °C and then dried under vacuum to give a yellow powder.
Yield: 94% (0.147 g). Anal. Calcd for $Hs.S,PdbZr: C, 47.75;

H, 6.51; S, 7.97. Found: C, 47.33; H, 6.60; S, 7386NMR (C¢Ds,
293 K). Isomerlla (61%): 6 5.81 (t,Jy—n = 2.9 Hz, 2H, H),
5.52 (d,Jy_n = 2.9 Hz, 4H, H and H;) (Cp"), 4.80-4.66 (m, 2H,
Hmesd» 3.79 (d,Ju-n = 6.9 Hz, 4H, Hyy), 2.58 (d,Ju-n = 12.6
Hz, 4H, Hany) (CsHs), 1.41 (s, 36H, CHICpY). Isomerllb (34%):
05.91 and 5.83 (t)4—n = 2.4 Hz, 1H each, b), 5.57 and 5.55 (d,
Ju-n = 2.4 Hz, 2H each, Wand H) (Cp), 4.56-4.80 (m, 2H,
Hmeso, 4.15 and 3.72 (dJy-n = 6.9 Hz, 2H each, K, 2.65 and
2.51 (d,J4—n = 12.3 Hz, 2H each, k) (CsHs), 1.47 and 1.40 (s,
18H each, CHCp"). Isomerllc(5%): 6 5.94 (t,Jy—n = 2.4 Hz,
2H, Hy), 5.61 (d,Jy—n = 2.4 Hz, 4H, H and H) (CpY), 4.56-4.80

mmol) to give immediately a deep red solution that was stirred for (m, 2H, Hnesg, 4.04 (d,J4-n = 6.6 Hz, 4H, Hy,), 2.59 (d,Jy-n =
5 min. Evaporation of the solution to dryness under vacuum, 12.6 Hz, 4H, Hy) (C3Hs), 1.46 (s, 36H, CHCpY). 13C{H} NMR
extraction of the deep orange residue with diethyl ethex (50 (CeDs, 293 K). Isomerlla o 143.7 (s, Gand G), 114.5 (s, @)
mL), and filtration of the resulting suspension over neutral alumina (Cp"), 110.1 (br s, Geso CsHs), 105.6 (s, Gand G Cp"), 61.6 (s,
(4 x 2 cm) gave a clear deep red solution. The solution was con- Cierm, C3Hs), 34.1 (s,CMe3), 32.0 (s, CH) (Cp"). Isomerllb: o
centrated under vacuum to ca. 5 mL amtiexane (15 mL) was 144.4 and 143.7 (s,{and G), 114.1 and 113.9 (br s, L(Cp"Y),
added. Further concentration under vacuum to ca. 10 mL gave anl111.3 and 109.6 (S, fess CsHs), 105.9 and 105.6 (br s,,@nd G
orange microcrystalline solid that was filtrated, washed with Cp%), 61.5 and 61.2 (S, &m CsHs), 34.3 and 34.1 (zMe3), 32.4
n-hexane (5 mL) and dried under vacuum. Yield: 0.130 g (72%). and 32.1 (s, Ch) (Cp"). Isomerllc 6 144.5 (s, Gand G), 113.5

Anal. Calcd for GeHs/0.S,PAulrZr: C, 45.38; H, 4.72; S, 5.27.
Found: C, 45.56; H, 4.49; S, 5.554 NMR (CDCl;, 293 K): 6
7.38-7.58 (m, 15H, PP}, 5.73 (d,J4—4 = 2.5 Hz, 4H, H and
Hs), 5.38 (t,Ju-n = 2.5 Hz, 2H, H), 1.18 (s, 36H, Ch) (CpY).
31P{1H} NMR (CDCl;, 293 K): 6 33.3 (s).13C{*H} NMR (CDCl;,
293 K): 6 174.2 (s, CO), 144.1 (s,;&nd G, Cp"), 134.2 (dJp—c
=13.8Hz, Gor Gy), 131.6 (dJp-c = 2.8 Hz, G), 129.9 (dJp-c
=57.1Hz, §), 129.2 (dJp-c = 11.6 Hz, G or C;) (PPh), 111.3
(s, G), 102.7 (s, Gand G), 33.9 (s,CMe3), 31.5 (s, CH) (CpY.
MS (FAB+, CH.Cl,, m/2: 1216 (M", 12%), 1160 (M - 2CO,
8%), 1039 (M - Cpt, 100%). IR (CHCI,, cmY): »(CO), 2029
(s), 1960 (s).

[Cp,Zr(u-S){ Rh(CO).}{ Au(PPhs)}] (10). A solid mixture of
[CpZr(us-S)y{ Rh(CO}},] (0.100 g, 0.121 mmol) and dppe (0.096

(br s, G) (CpY, 110.9 (S, Geso CsHs), 105.9 (br s, Gand G
Cp"), 61.1 (s, Germ CsHs), 34.3 (s,CMej), 32.5 (s, CH) (Cp).
MS (FAB+, CH,Clp, m/2: 803 (M" — H, 9%), 763 (M — C3Hs,
34%), 627 (M — Cpt, 100%).

[CptZr(u-Sy{Au(PPhs)},] (12). To a yellow solution of [Cfy,-
Zr(SH)] (0.100 g, 0.195 mmol) in CECl, (5 mL) was successively
added NE$(60uL, 0.432 mmol) and [AuCI(PRJ)] (0.193 g, 0.391
mmol) at room temperature to give an orange solution that was
stirred for 5 min. The solution was concentrated under vacuum to
ca. 2 mL, and then methanol (20 mL) was added. The resulting
suspension was concentrated to ca. 10 mL, filtrated, washed with
methanol (2x 10 mL), and dried under vacuum to give a yellow
orange micocrystalline solid. Yield: 0.273 g (98%). Anal. Calcd
for CeoH7oP,SAuZr: C, 52.13; H, 5.08; S, 4.49. Found: C, 51.92;

g, 0.242 mmol) was dissolved in dichloromethane (3 mL) under a H, 4.96; S, 4.97'*H NMR (C¢Ds, 293 K): 6 7.68-7.54 (m, 12H,
carbon monoxide atmosphere at room temperature to give anH,), 6.98-6.88 (m, 18H, K and H,) (PPh), 5.99 (t,J4-n = 2.4
orange-brown solution which was stirred for 15 min. The addition Hz, 2H, H,), 5.75 (d,Jy-4 = 2.4 Hz, 4H, H and H;), 1.58 (s,
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Table 3. Crystal Data, Data Collection, and Refinement for
Complexes 9 and 12

9 12
empirical formula GeHs7AUlrOPSZr Co2H72AUP,SZr
fw 1217.39 1428.41
cryst size, mm 0.3& 0.15x 0.11 0.29x 0.23x 0.16
cryst syst orthorhombic monoclinic
space group P212,21 (No. 19) P21/n (No.14)
a, 14.805(2) 10.3440(7)
b, A 17.604(2) 38.998(3)
c, A 18.045(3) 13.9883(9)
B, deg 90 96.2520(10)
V, A3 4703.1(11) 5609.2(7)
z 4 4
Dealca g CNT3 1.719 1.691
u, mmt 6.308 5.570
no. of measd reflns 9336 40793

no. of unique reflns

(2.12< 0 =< 25.00)
8249

(1.8< 60 < 28.68)
13280

(Rine=0.0374) (Rn= 0.0620)
min, max 0.385, 0.298,
transm fact 0.500 0.408
no of data/ 8249/ 13280/
restraints/ 12/ o/
params 496 634
GOF (all data) 1.012 0.917
Ri(F) (F2 = 20(F?)° 0.0439 0.0439
WRy(F?) (all datay 0.0808 0.0594

aGOF = (3[W(F2 — F)3/(n — p))¥2 wheren andp are the number
of data and parametersRy(F) = Y ||Fo| — |F¢||/3|Fo| for 6610(9) and
9380(12) observed reflection$.wR(F?) = (3 [W(Fo2 — FA)/S [W(Fd)?) 12
wherew = 1/[c3(F?) + (aP)?] and P = [max(0, F?) + 2F4/3.

36H, CHy) (Cpb). 31P{H} NMR (Cg¢Ds, 293 K): 0 38.1 (s).13C-
{1H} NMR (Cg¢Dg, 293 K): 6 143.6 (s, Gand G, CpY), 134.7 (d,
Jp-c = 14.3 Hz, G or Cm), 132.6 (d,prc = 50.7 Hz, CD, 130.6
(d, Jp-c = 2.3 Hz, G), 128.8 (dJp—c = 11.0 Hz, G or Cy) (PPh),
110.0 (s, G), 102.5 (s, Gand G), 34.4 (s,CMe3), 31.7 (s, CH)
(CpY). MS (FAB+, CH,Cl,, m/2: 1425 (M~ — H, 16%), 1249
(MT — Cp, 100%), 1163 (M — PPh, 12%), 935 (M — SAUPPA,
92%).

Crystal Structure Determination of [Cp "2Zr(u-S){Ir(CO) 5} -
{Au(PPhg)}] (9) and [Cp“2Zr(u-S){Au(PPhs)};] (12). A sum-

mary of crystal data, data collection and refinement parameters are

Hernandez-Gruel et al.

low temperature (200(2) K fo® and 173(2) forl2) on a Siemens

P4 ) and a Bruker SMART APEX CCD1Q) diffractometers.
Data were collected using graphite-monochromated Ma&dia-

tion (1 = 0.71073 A). Absorption correction fak2 was applied

by using the SADABS routirfé and the psi-scan meth&dn the

case o@. Both structures were solved by direct methods, completed
by subsequent difference Fourier techniques, and refined by full-
matrix least-squares oR? (SHELXL-97)% with initial isotropic
thermal parameters. Anisotropic thermal parameters were used in
the last cycles of refinement for all non-hydrogen atoms except
for carbon atoms involved in a disordered tert-butyl substituent in
9. A model of rotational disorder based on two alternative positions
was assumed for the disordered group. Hydrogen atoms were
included in calculated positions in both structures and were refined
with positional and thermal parameters riding on carbon atoms.
No hydrogen atoms were included for the disordered group in

All the highest electronic residuals were smaller than 1.6 el
were observed in close proximity to the metal atom, lihe Flack
parameter was refined as a check of the correct absolute structure
determination X = 0.142(8))3"
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