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Reaction of the earlylate heterobimetallic complexes [G@r(us-S){ M(CO)} 2(u-dppm)] (M = Rh,
Ir) with dppm (bis-(diphenylphosphino)methane) yields the compound$,Z@&@-S),M(u-CO)(u-
dppm)M@?-dppm)] (M= Rh (3), Ir (4)). The molecular structure & shows a bent trimetallic ZrRhRh
chain with tetrahedral, trigonal-bipyramidal, and square-pyramidal geometries, respectively. This trinuclear
compound exhibits a mixed-valence Rh{iRh(0) metat-metal bonded unit that results from the unusual
chelating coordination of the metalloligand [Ggr(S)]>~ and is further stabilized by the presence of
two unsymmetrical bridging carbonyl ligands, which interact with the unsaturated Rh(ll) metal. The
formation of 3 is reversible, and the equilibriuh+ dppm= 3 has been observed in solutiok & 16
at 22°C in GDg). The opening of the triangular core in the heterotrimetallic compountL,Refs-S),-
{Rh(CO}{Ir(CO)} (u-dppm)] 6) is not selective and gives the compounds'§Zp(u-S)Rh(u-CO)(u-
dppm)Ir@?-dppm)] 6) and [CpLZr(u-Shir(u-CO)(u-dppm)Rh§>-dppm)] (7) in a 3:1 molar ratio.

Introduction

The main interest on earylate heterobimetallic (ELHB)

heterogeneous catalysts based on late transition metals on a
Lewis acid suppon.
In this context, we have shown that deprotonation of the bis-

complexes is based on the reasonable expectations of ahydrosulfido)titanium complex [GFi(SH)z] with standard &

distinctive reactivity associated with the interplay of widely
electronically divergent transition metdl3he combination of
electron-poor early transition metals and electron-rich late
transition metals in a single compound allows the potential for
synergistic effects to promote unusual reactivity patterns with
applications both in synthediand in catalysi$.However, the
structural diversity of ELHB complexes and the new bonding

schemes, arising from the unique electronic structures originated

from the gradient of d orbital energy levels of the two metals,
are also aspects of special significafde.addition, the study
of the metat-metal interactions in ELHB complexes and their

rhodium and iridium compounds containing basic ligands is a
convenient entry to the synthesis of—di® sulfido-bridged
ELHB complexes with unusual structures as, for example, the
heterotetranuclear complexes [Cp&HS)s{ M(diolefin)} 5] with

an incomplete cubane structifrthe heterotrinuclear complexes
[Cp(acac)Ti(s-Sy{ M(diolefin)},] (M = Rh, Ir) with a triangular
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structure’, the oxo-sulfido clusters [(CpTijus-O)(u2-ShRhs-
(COX(PRs)7] with an incomplete double-fused cubane structure,
or the distorted tetrahedral clusters [CpEiS)lrs(u-CO)(CO)-
(PRy)3] that contain a tetrahedral iridium center and exhibit an
unusual dynamic behavior involving mobility of metahetal
bonds? In sharp contrast, deprotonation of the bis(hydrosulfido)-
zirconium complex [CfpZr(SH),] (Cptt = #°1,3-ditert-bu-
tylcyclopentadienyl) gave the expected ELHB heterotrinuclear
complexes [C{Zr(us-S){ ML 2} 5] with a triangular [ZrM] (M
= Rh, Ir) core capped with twas-sulfido ligands'®

Interestingly, the carbonyl iridium complex [€&Zr(us-S)-
{Ir(CO)2}7] is a precursor for the synthesis of earhate
heterotrimetallic (ELHT) complexes by metal exchange reac-
tions through the ion-pair compound [Ir(CO)(dpgEJpt.Zr-
(u-Shlr(CO),] that results from the reaction with 1,2-bis-
(diphenylphosphino)ethane (dppéNevertheless, the triangular
[ZrM ;] core is preserved in the reactions with other diphos-
phines, and, for example, the complexes¥Zs-S){ M(CO)} -
(u-dppm)] (M= Rh, Ir) were cleanly obtained from the reaction
of [CpZr(us-Sy{M(CO)z},] with bis(diphenylphosphino)-
methane (dppm). However, we have discovered that this reaction
is more complicated than could be anticipated. We report herein
a dppm-induced structural rearrangement that results in an
unusual equilibrium between trinuclear ELHB complexes.

Results

Reaction of the Complexes [CP,Zr( u3-S)y{M(CO)2},] (M
= Rh, Ir) with dppm. The carbonyl replacement reactions on
the complex [CiZr(us-Sk{Rh(CO}},] by P-donor ligands
usually take place quickly at room temperature. Although the
reaction with monodentate ligands, as, for example, P¢OR)  Figure 1. Molecular diagrams showing the molecular structure of
can be stopped at the disubstituted §6p(us-S),{ Rh(CO)- complex [CP2Zr(u-S)yRh(u-CO)(u-dppm)Rhg?-dppm)] B): (a)
(P(OR})}2] complexes, which were isolated as a cis/trans ellipsoid representation together with labeling scheme used; (b)
mixture of isomerg? these species were found to react further schematic view of the bent trimetallic skeleton (phenyl rings and
with P(OR) with evolution of carbon monoxide. We have tert-butyl substituents are represented by iheo carbon).
observed that the triangular [ZrRltore is also maintained after
the replacement of two carbonyl groups by the short-bite (Figure 1) and is discussed below. To gain further insight into
bidentate dppm ligand to give the complex [gZr(us-S){ Rh- the formation of compoun8, the reaction of [C{»Zr(us-S)-
(CO% 2(u-dppm)] (@), in which the dppm ligand bridges the {Rh(CO}}2] with dppm was monitored by*P{*H} and H

rhodium atoms with a cisoid arrangeméhtHowever, in NMR spectroscopy. Thus, the reaction with 1 mol equiv of dppm
contrast with monodentate P-donor ligands, compdurehcts in C¢Dg at room temperature gave a dark green solution of the
further with dppm without replacement of additional carbonyl complex [Cf.Zr(us-S){ Rh(CO} »(u-dppm)] (1), which features
ligands. a characteristic broad doublet@®24.9 ppm {grn-p = 169 Hz)

The reaction of the complex [G4Zr(us-S){ Rh(COY} 2] with at room temperature. The reaction of [&4r(uz-S){ Rh(CO}} 2]
an excess of dppm in toluene gave a red-brown solution from With 2 mol equiv of dppm under the same condition€(3 M)
which the complex [CRZr(u-S)Rh(u-CO)(u-dppm)Rhg2- resulted in the formation of [CaZr(u-S)Rh(u-CO)(u-dppm)-
dppm)] @) was isolated as dark-red crystals in moderate yield. Rh@*-dppm)] @), which coexists withl and dppm (Figure 2).
The structure has been determined by X-ray diffraction methods Compound3 exhibits three characteristic resonances in‘tie
{1H} NMR spectrum in a 1:1:2 ratio in full agreement with the

(6) (@) Casado, M. A.; Rez-Torrente, J. J.; Ciriano, M. A.; Oro, L. A.;  structure found in the solid state. The product distribution
Orejn, A.; Claver, C.Organometallics1999 18, 3035. (b) Atencio, R.; deduced from the integral of the Emsonances in thed NMR
Trpiechio, A Oro, L A2, Organomet Chemisos 514 103~ SPectrum was 45%1j and 55% . Obviously, the same

(7) (a) Casado, M. A.; frez-Torrente, J. J.; Ciriano, M. A.; Edwards, ~Product distribution was found whehwas reacted with just 1
Q' JA.; -LS‘QZZZ’ E{)F]r'e;: %0’3 L.J Apcr%?e{]n%m&taﬂ(%%%%iﬁgbﬁgggi ($)~(|:_2f1%goi: mol_(_equiv of dppm_. In addition, it was observed th_at further
3 Oro, L. A Inorg, Chem2003 42, 3956, AR T addition of dppm mcr_easgd .tha to 1 .complex ratio. F.or

(8) Casado, M. A.; Ciriano, M. A.; Edwards, A. J.; Lahoz, F. JieRe example, the product distribution resulting from the reaction of
Torrente, J. J.; Oro, L. AOrganometallics1998 17, 3414. [CpZr(us-Sy{ Rh(CO}Y} 5] with 3 mol equiv of dppm was 30%

(9) Casado, M. A.; Ciriano, M. A; Edwards, A. J.; Lahoz, F. J.; Oro, L. (1) and 70% 8). These observations strongly suggest that
A"(fge’(;')Tﬂgfn”;‘;ag'z_grrgglr"oﬁfef:f?ﬁj%gﬁei?ésj‘ 3 Ciriano, M. compounds and3 could be in a dynamic equilibrium mediated
A.; Rivas, A. B.; Lahoz, F. J.; Dobrinovitch, I. T.; Oro, L. rganome- by dppm. On the other hand, the dark red crystals of compound
tallics 2003 22, 1237. (b) Hernandez-Gruel, M. A. F./Re-Torrente, J. 3, which gave a red powder when crushed, afforded dark green

J.; Ciriano, M. A.; Lpez, J. A.; Lahoz, F. J.; Oro, L. Aur. J. Inorg. ; ; indicati
Chem.1999 2047, solutions in toluene that are indicative of the presence of

(11) Hernandez-Gruel, M. A. F.."Rez-Torrente, J. J.; Ciriano, M. A; ~ compoundL. In fact, the3'P{*H} NMR of the crystals in €Ds
Lahoz, F. J.; Oro, L. AAngew. Chem., Int. EA.999 38, 2769. showed the presence df 3, and dppm, which confirm the
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Figure 2. 31P{ IH} NMR spectrum of the eqU|I|br|un’.l + dppm—» 3 observed in the reaction of [€gZr(uz-Sk{ Rh(CO)g}z] with 2 moI

equiv of dppm in @De.

Table 1. 31P{1H} NMR Data (C¢D¢) for the Compounds [Cp'Zr(u-S)pM(u-CO)(u-dppm)M’(3-dppm)] (3—7)

6 (ppm) J (Hz)
M M’ Pa Ps Pc Rh—Pa Rh—Pg Rh—Pc Pa_Ps Pa_Pc Ps_Pc
3 Rh Rh 42.9 (ddt) 19.8 (ddtd)  —24.5 (ddd) 128 154/5 129 175 7 24
4 Ir Ir 30.6 (dt) 10.6 (dlt) —61.5 (dd) 135 8 45
6 Rh Ir 46.1(ddty  —1.4 (dtd) —59.9 (ddd) 132 5 4 159 7 40
7 Ir Rh 26.7 (dt) 314 (ddty  —25.8 (ddd) 160 133 149 8 26

existence of the equilibriurh + dppm= 3. The equilibrium

respectively. The diastereotopicCH, protons of the chelating

constant, determined by the integral of characteristic resonancesippm ligand were observed as two broad multiplet§ 8t71

(Cp* and >CHy) of the different species, was found to be
roughly 16 at 22°C in CsDe. As expected, the equilibrium is
solvent dependent and is shifted toward compolirid more
polar solvents as CiTl, or CDCB.

The reaction of [Cf»Zr(us-S){ Ir(CO),} 2] with 2 mol equiv
of dppm in toluene, or alternatively the reaction of the
intermediate complex [CpZr(us-S){Ir(CO)}2(u-dppm)] @)
with 1 mol equiv, gave an orange-red solution of compleXfcp
Zr(u-Shlr(u-COy(u-dppm)Ir@2-dppm)] @), which was isolated
as a brick red microcrystalline solid. However, both complexes
are not in equilibrium because the conversion2oito 4 is
complete as evidenced by the monitoring of the reactiofiBy
{H} NMR. Moreover, compound is not stable in solution

and 3.39 ppm foB and as a multiplet ad 4.25 ppm for4,
whereas the equivalert CH; protons of the bridging dppm
ligand displayed a broad triplet in both compounds. FHe

{1H} NMR spectra in GDg of both compounds (Table 1)
showed three strongly coupled resonances in a 1:1:2 ratio, in
full agreement with the symmetry of the molecules. The
observed high field resonance is consistent with the presence
of a chelating dppm ligand having equivalent P donor at&ms.
On the other hand, the measured coupling constants are in
accordance with the cisoid disposition of the bridging and
chelating dppm ligands coordinated to the same metallic center,
and are in agreement with those found in the complex [CpFe-
(u-CO)(u-dppm)Rh{2-dppm)] with a similar structural disposi-

and progressively decomposed to give a red-purple solution oftion of both dppm ligand%? In particular, the largest RhP

the dinuclear complex [u-S)u-dppm)(CO)],*? which ex-
hibited a characteristic singlet resonance at5.0 ppm in the
31P{1H} NMR spectrum @g-toluene). In fact, the degradation
of 4 was completed in 3 h, and compound{i-S)(u-dppm}-
(CO),] could be isolated directly as a purple solid when the

and P-P coupling constants correspond tg Rhich exhibit a
Jrn-p Of 154 Hz and a residual coupling (5 Hz) with the second
rhodium atom in3, and R—Pg couplings of 175 Hz ) and
135 Hz @). The equivalent bridging carbonyl ligandsd¥vere
observed as a complex symmetric multipletya230.4 in the

reaction was conducted in benzene. The fate of the remaining’3C{*H} NMR spectrum in GDe. In addition, they were

“Cp,ZrS” fragment was not investigated any further.
Complexes3 and4 were characterized by elemental analysis,

observed in the IR spectra as a strof{GO) absorption at 1776
(3) and 1727 cm?! (4), with a weak shoulder at a higher

FAB™ mass spectra, and NMR spectroscopy. The spectroscopicfrequency. These relatively low-frequency values are comparable

data suggest that both complexes are isostructuraltHiNMR
spectra (€Ds) evidenced the presence of a molecular symmetry
plane in both molecules in agreement with the approximately
Cs symmetry found in the solid-state structure &fFigure 1).

In fact, although both Cpligands are symmetry related, the
protons andBu groups of each cyclopentadienyl ligand are

unequivalent and were observed as three triplets between 6.0
and 5.5 ppm and two singlets between 1.85 and 1.33 ppm, 4 -

(12) (a) Kubiak, C. P.; Woodcock, C.; Eisenberg/iarg. Chem198Q
19, 2733. (b) McDonald, R.; Cowie, Mnorg. Chem.1993 32, 1671.

to those observed in structurally related carbonyl-bridged
dirhodium complexes and could be associated with a stronger
back-bonding from the metals.

The reaction of the ELHT complex [CgZr(us-S){Rh-
(CO)}HIr(CO)2}] with dppm was also investigated for com-
parative purposes. Thus, the reaction with 1 mol equiv of dppm

(13) Lahuerta, P.; Latorre, J.; Maraz-Mdrez, R.; Payal.; Tiripicchio,
; Tiripicchio-Camellini, M. Inorg. Chim. Actal993 209, 177.

(14) Antonelli, D. M.; Cowie, M.Organometallics199Q 9, 1818.
(15) (a) Freeman, M. A.; Young, D. .Anorg. Chem.1986 25, 1556.
(b) Cowie, M.; Dwight, S. K.Inorg. Chem.198Q 19, 2508.
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Table 2. Selected Bond Lengths (A) and Angles (deg) for 3

Zr—S(1) 2.4329(18) ZrS(2) 2.4245(18)
Zr—G(1y 2.314(3) Z-G(2p 2.319(3)
Zr—C(Cpt)p 2.529-2.674(6) Zr-C(Cpt2)° 2.542-2.678(7)
Rh(1)-S(1) 2.3099(17) Rh(BS(2) 2.4097(18)
Rh(1)-C(27) 2.040(7) Rh(1C(28) 2.062(7)
Rh(1)-P(1) 2.3075(18) Rh(2)P(2) 2.3532(19)
Rh(2)-P(3) 2.3313(18) Rh(2)P(4) 2.3354(19)
Rh(2)-C(27) 1.993(7) Rh (2)C(28) 1.989(7)
C(27)-0(2) 1.154(8) C(28y0(1) 1.157(8)
P(1)-C(29) 1.850(6) P(23C(29) 1.823(6)
P(3)-C(54) 1.834(7) P(4)C(54) 1.829(7)
S(1)-2r-S(2) 91.87(6) G(IyZr-G2p  124.93(11)
S(1)-Zr—G(1p 105.96(9) S(1y Zr—G(2p 108.43(9)
S(2-Zr—G(1p 112.18(9) S(2yZr—G(2p 108.28(9)
P(1)-Rh(1)-S(1)  80.16(6) P(yRN(1)-S(2)  174.07(6)
P(1)-Rh(1)-C(27) 88.33(19) P(DRh(1)-C(28) 90.31(18)
S(1)-Rh(1)-C(27) 131.09(19) S(BRh(1)-C(28) 134.98(19)
S(2-Rh(1)-C(27) 97.57(19) S(2)Rh(1)-C(28) 90.17(18)
S(1-Rh(1)-S(2)  95.35(6) C2PRh(1)-C(28) 92.0(3)
P(2-Rh(2)-P(3)  108.68(7) P(2)Rh(2)-P(4)  109.32(7)
P(2-Rh(2)-C(27) 92.87(19) P(2)-Rh(2)-C(28)  95.84(19)
P(3-Rh(2)-C(27) 156.2(2) P(3YRh(2-C(28) 92.2(2)
P(4)-Rh(2)-C(27) 93.4(2) P(4yRh(2)-C(28) 152.77(19)
P(3-Rh(2)-P(4)  70.41(7) C(2HRh(2)-C(28) 95.6(3)
Rh(1)-C(27)-0(2) 129.0(5) RN(1)C(28)-0(1) 129.4(5)
Rh(2)-C(27)-0(2) 144.5(5) Rh(2}C(28)-0O(1) 144.7(5)

Rh(1)-C(27)-Rh(2) 86.4(3) Rh(1}C(28)-Rh(2) 85.9(3)

aG(1) and G(2) represent the centroids of the twd' @pgs. P Range
values for the Z+C bond distances of the CEL(5) (Cp'l) and C(14)-
C(18) (Cp2) cyclopentadienyl rings.

in dichloromethane cleanly afforded the compound{Zp
(us-Sk{ Rh(CO}{Ir(CO)} (u-dppm)] 6), which was isolated as

a black-greenish microcrystalline solid in good vyield. The
compound displayed the molecular ion in the FABnass
spectrum atv/z 1244 and showed two strongCO) absorptions

in the IR at 1957 and 1940 crh The spectroscopic data are in
full agreement with a bridging coordination mode of the dppm
ligand. Thus, thé'P{'H} NMR spectra in CDGl showed the
expected two resonances®29.60 (ddJrp-p = 168 Hz,Jp—p

= 34 Hz) and 13.73 (dJp-p = 34 Hz) ppm for the P atoms
bonded to the rhodium and iridium atoms, respectively. In
addition, the!H NMR is in accordance with the lack of
symmetry of the molecule. Treatment of [Ggr(us-S)y{Rh-
(COX}H{Ir(CO),}] with 2 mol equiv of dppm or, alternatively,
the reaction of5 with only 1 mol equiv (GDe) gave the
complexes [CfpZr(u-SyRh(u-CO)(u-dppm)Iir@2-dppm)] 6)
and [CpLZr(u-Skir(u-CO)(u-dppm)Rhf2-dppm)] (7) in a 3:1
molar ratio. As can be deduced from tA®{!H} NMR data

Organometallics, Vol. 26, No. 10, 20719

the two Zr-S bond distances are very similar, 2.4329 and
2.4245(18) A, the bipyramidal geometry around Rh(1) and the
structural trans effect of the phosphine (P(1) atom) make the
two Rh(1)-S bond lengths significantly different (2.3099(17)
vs 2.4097(18) A). In contrast to the described Rh(1) environ-
ment, the geometry of the external rhodium atom is square-
pyramidal by coordination to a second quelgtedppm ligand,
with the apical position occupied by the P-donor atom of the
bridging dppm ligand (P(2)). The Zr atom exhibits a distorted
pseudo-tetrahedral geometry linked to tyoCp! ligands and
two bridging sulfur atoms. The wide angle centered on the Zr
with the two centroids of the Cgigands, 124.93(12) is largely
determined by the steric effects of the bulieyt-butyl substit-
uents. In accord with this, both €gigands adopt a nearly
staggered conformation (torsion angle between thé riygs:
C(2)-G(1)-G(2)—C(15) 25.5, or C(4)-G(1)—-G(2)—G(17)
25.2(5Y)), far from the eclipsed or straddle disposition found in
the mononuclear complexes [GpiCl;]® and [Cp.Zrl],1"
respectively. The angle between the idealized planes of both
Cp' ligands of 63.8(3) is comparable to that found in complex

1 (62.1(2))*° and is enough to allow the free rotation of the
Cp' ligands as was evidenced in thd NMR spectrum.

The ligand distribution in the dirhodium metal core results
in 15 e (trigonal-bipyramidal) and 17 e(square-pyramidal)
metal centers, and, in consequence, a covalent metetal
bond between both rhodium atoms is expected to be present.
In fact, the intermetallic separation between the rhodium atoms,
2.7611(7) A, lies in the expected range for-R&h single bonds
and is comparable to that found in structurally related metal
metal bonded dirhodium dimers [REO)(PPh)3(u-CO)] '8
(2.769 A) and {Rh(CO)(dppp)2(u-CO)]*° (2.725 and 2.709
(1) A). Surprisingly, the intermetallic separation is similar to
that found in compound (2.7404(6) A), although in this case
the structural and electronic parameters suggest the absence of
an attractive intermetallic interaction and point toward the
bridging diphosphine ligand as the cause for the short-Rh
separation observed. On the other hand, theRar intermetallic
separation of 3.2772(8) A is shorter than that found in compound
1(3.3378(11) A), but excludes any kind of interaction between
the metal centers. The short metatetal distance in the planar
“Rhy(u-CO),” unit results in small Re-C—Rh angles, 86.4and
85.9(3Y, typical values for carbonyl ligands bridging metal
metal bonded centef8.Both carbonyl bridges display some
degree of asymmetry as they slightly point out toward the central
trigonal-bipyramidal rhodium atom. The shorter -R& bond

(Table 1), the chemical shifts and coupling constants of both gistances (1.993 and 1.989(7) A) correspond to the external

compounds compare well with those observed for compl8xes

rhodium atom, Rh(2), and are associated with larger @R O

and 4, and, therefore, they should be isostructural. Thus, the |54 angles of 144°5and 144.7(5). The longer RR-C bond

opening of the triangular structure in the heterotrimetallic
complexes is unselective and suggests that othedal centers,

distances (2.040 and 2.062(7) A) are with the central rhodium
atom, Rh(1), and are associated with smaller-Rk-O angles

rhodium and iridium, are well accommodated in the two (129.0 and 129.4(5). This relationship between RIC
different pentacoordinated coordination sites of the structure. jistances and RRC—O angles is in agreement with the

Molecular Structure of [Cp %,Zr( u-S)Rh(u-CO).(u-dpp-
m)Rh(;2-dppm)] (3). The molecular structure of the trinuclear

complex3 is shown in Figure 1. Selected bond distances and

structural parameters observed for other unsymmetrical bridging
carbonyl ligandg?!

angles are collected in Table 2. The structure consists of a bent

trimetallic chain with a ZrRh—Rh angle of 141.65(2) The
structure exhibits a dirhodium unit “Rf-CO)(u-dppm)”
having two carbonyl and one dppm bridging ligand. If metal

metal bonding interactions are neglected, both rhodium atoms .
are five-coordinated, being bonded to two additional ligands.

(16) Urazowski, I. F.; Ponomaryov, V. I; Ellert, O. G.; Nifant’ev, I. E.;
Lemenovskii, D. A.J. Organomet. Cheni988 356, 181.

(17) King, W. A.; Di Bella, S.; Gulino, A.; Lanza, G.; Fragala L.;
Stern, C. L.; Marks, TJ. Am. Chem So0d.999 121, 355.
(18) Chan, A. S. C.; Shieh, H. S.; Hill, J. R. Chem. Soc., Chem.
ommun.1983 688.
(19) James, B. R.; Mahajan, D.; Rettig, S. J.; Williams, G. M.

The geometry around the central rhodium, Rh(1), is that of a Organometallics1983 2, 1452.

trigonal-bipyramid by additional coordination to both sulfur
atoms of the metalloligand [CgZr(S)]? the axial positions
are occupied by P(1) and S(2) donor atoms (174.0Y.(8Yhile

(20) (a) Werner, H.; Klingert, B.; Zolk, R.; Rhometzek,? Organomet.
Chem.1984 266, 97. (b) Faraone, F.; Bruno, G.; Lo Schiavo, S.; Piraino,
P. Bombieri, G.J. Chem. Soc., Dalton Tran983 1819.

(21) Cotton, F. AProg. Inorg. Chem1976 21, 1.
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Discussion The main structural features are well reproduced in both cases.
For compoundlm, the calculated geometrical parameters of
the trimetallic core are in agreement with those observed. The
Zr—Rh calculated distance is 3.31 A (3.3170(8) and 3.3428(7)
A), and the Rh-Rh separation is 2.79 A (2.7404(6) A7 The
internal parameters of the trimetallic core ®fare also well
reproduced iBm. The calculated ZrRh distance is 3.22 A
(8.2772(8) A), and the RhRh distance is 2.77 A (2.7611(7)
A), whereas the ZrRh—Rh angle of 138 compares well to
the observed 141.65(2)The asymmetry in the carbonyl ligand
bridges is also recovered in the theoretical calculations and
supports an electronic origin for this effect. The calculated
distances of the central rhodium atom to the carbon bridges are
' 2.00 and 2.03 A (2.040 and 2.062(7) A), and those of the
external rhodium atom are 2.01 and 2.02 A (1.993 and 1.989-
(7) A). The calculated RARC—O bond angles to the central
rhodium atom are 131%4and 131.7 (vs 129.0 and 129.4(5)),
and to the external rhodium atom they are 141a6d 140.7
(vs 144.8 and 144.7(5). It is worth emphasizing that the
calculated values properly compare well not only with the
absolute values determined in the X-ray experiment, but they
also reproduce their relative relationships and trends.

The proposed assignment of oxidation state changes during
the reaction is supported by the NBO atomic charges derived
from the calculations. NBO charges are 1.00 for Zr ar@@13

The dppm-induced equilibrium between compouhdsd3
involves a significant reorganization of ligands between the two
late metal centers that also concerns a number of important
bonding considerations. From a structural point of view, the
formation of complex3 results from the opening of the compact
triangular [ZrRh] core capped by twas-sulfido in 1 upon
coordination of an additional dppm ligand. Assuming that the
bridging dppm ligand inl is preserved, the introduction of a
chelating dppm ligand on one of the rhodium atoms formally
causes the shift of the metalloligand fgpr(S)]?" to the second
rhodium center, a change in the coordination mode of both
carbonyl ligands that move from terminal to bridging positions
and the formation of a RhRh bond. The [C{Zr(S)]?~
fragment in1 is coordinated as:-(1:2¢2S;1:4?S) to both
rhodium atoms actingssa 6 € donor. However, in comple3
the metalloligand acts as 2 elonor as a consequence of the
«?S,S coordination to only one of the rhodium centers. As the
entering dppm ligandsi a 4 € donor, the total number of
valence electrons in the dirhodium unit remains unchanged (32
€7) upon the formation 08. On the other hand, the dirhodium
unit in compoundl consists of two 16 electron Rh(l) centers
with the expected square-planar coordinations. However, the
metal-metal bonded dirhodium fragment&can be described

as a mixed-valence Rh(#Rh(0) with 16 and 18 electron .
configurations, respectively. Thus, the facile interconversion for both Rh atoms in compouritin. They change to 0.94 for

betweenl and 3 could be interpreted as an intramolecular Zr, +0.11 for central Rh atom, and0.16 for the external Rh

disproportionation of Rh(f)-Rh(l) to Rh(Il)~Rh(0) that is easily atom in compoun@m. The largest change is observed for the

accommodated by the interplay between the zirconium met- central Rh atom that loses a significant amount of electronic
alloligand and the dppm ligand density, whereas the external Rh experiences a slight increase.

The presence of unsymmetric bridging carbonyl ligand3 in Although a direct relatiqnship bgt\/\_/een formal oxidation_sta_te
further supports the existence of a mixed-valencé'Rbentral and calculated charges is unrealistic, the model of an oxidation

core. Although unsymmetrical bridging of RIRh bonds by of the central atom and a reduction of the external one in the
carbonyl ligands has been ascribed to steric effects, the electronicformat'oﬂ of 3 seems to be supported by this theoretical
effects also play an important role in the case of polar metal pproach. . . ) o
metal bond#€2 Thus, the structure & features the €0 vectors NBO analysis of the electronic environment of the bridging
bent toward the unsaturated central Rh(ll) atom that displays c&rPonyl in3mligands rule out a ketonic character. The Wiberg
an effective electronic deficit. The metanetal bonded M0 bond indices for the €O bo.nd.s change sllghtly.fror:tm (2.09)
mixed-valence complexes (M Rh, Ir) are unusual. Related to 3m (1.96 and 1.99). This is reflected also in the calculated
precedent in the iridium chemistry are the 32 valence electrons €O distances (1.16 A'itm and 1.17 A for both CO bridging
complexes [Cp*(PMgIr(1-S)Ir(NO)(PPR)],2% which possess ligands in3m). On the other hand, the overall NBO charges on
a I"0 dimetal core with 18 and 16 e configurations the carbonyl ligands are slightly positive in the terminal carbonyl
respectively, and [Glr(u-tfepmalr(i?-tiepma)p* [tiepma= ligands of1m, whereas the bridging carbonyl ligands 3m

MeN{ P(OCHCFs),} 5], containing a I'° dimetal core with 16 ~ Pecome slightly negative as a consequence of a lesser positive
and 18 e configuration respectively. It is noticeable that both C€harge on the carbon atoms because the negative charge on the

complexes contain an unsaturated metal center with a-16 e ©XYgen atoms remains aimost constant. This could reflect a
configuration as it has been found in compo@@®n the other ~ Pettera donor role of the terminal carbonyls and a simitar
hand, the R0 dimetal core of the 34 valence electron complex &cceptor capability of both terminalifi) and bridging 8m)
[Br.Rh(«-dfpma}Rh(PPR)] (dfpma= bis-(difluorophosphino)- carbonyls ligands. The cglculated Wlb(_arg bond indices for the
methylamine) is composed of two saturated rhodium atoms with R—C bonds of the terminal carbonyl ligandsim are close

18 & configuration? to 1 (0.94). However, the mean Wiberg indices for the bridging
This electronic interplay can be assessed by a series ofligands in3mare 0.55 and reflect a weaker REO interaction;

theoretical studies on model compounds fBius-S){ Rh- the sum of Wiberg indices for a given carbonyl with the two

(COW 2(u-(CHa(PHy))] (1m, model of compound) and [Cp- rhodium atoms it bridges is close to 1 (mean 1.1) as the bonding

Zr(u-S)Rh(u-CO)(u-(CH2(PHz)2))Rh(72-(CHo(PH)2))] (3m capability is distributed across the brid¢feThe increase in the
model of compoun@). Calculations have been carried out by Metai-metal bond character i8m as compared tdm is
full geometrical optimization at the DFT level using the b3pwg1 ©Pserved in the Wiberg index that changes from 0.05nmto

functional without symmetry restrictions. 0.13in3m.2’ _ _
As far as the mechanism of formation of the complexed'{Cp

(22) Haunpt, H. J.; Fike, U.; Beckers, H. Glnorg. Chem.1994 33, Zr(u-SpM(u-CO)(u-dppm)M@z3-dppm)] is concerned, it is
3481. worth mentioning that the key factor responsible for the opening

(23) Hattori, T.; Matsukawa, S.; Kuwata, S.; Ishii, Y.; Hidai, ®hem.
Commun 2003 510.
(24) Heyduk, A. F.; Nocera, D. GI. Am. Chem. So200Q 122 9415. (26) Baig, S.; Richard, B.; Serp, P.; Mijoule, C.; Hussein, K.; Guihery,
(25) Heyduk, A. F.; Macintosh, A. M.; Nocera, D. G.Am. Chem. Soc. N.; Barthelat, J. C.; Kalck, Anorg. Chem.2006 45, 1935.
1999 121, 5023. (27) Hong, F. E.; Chang, Y. Bull. Chem. Soc. Jpr2004 77, 115.
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of the heterotrinuclear structure in the complexes®Zp(us- Table 3. Crystal Data, Data Collection, and Refinement
S){ M(CO)}»(u-dppm)] is the breaking of two RhS bonds Parameters for the X-ray Analysis of Complex 3
instead of the possible further CO replacement after interaction  formula GreHgeO2PsRSZr+2.5(CsHsCHs)
with dppm. This process, which results in the disconnection of M: _ 1770.84
a rhodium center from the metalloligand, is further assisted by ~ C/ystal size, mm 0.18% 0.169x 0.135

. o - . . cryst syst triclinic
chelating coordination of the incoming dppm ligand and the ¢, ce group p.1
concerted motion both of the zirconium metalloligand to the a A 13.5217(13)
second rhodium center and of the terminal carbonyl ligandsto b, A 14.9233(14)
the bridging positions. Thus, the crucial factor for this process ¢ A 23.258(2)
seems to be the switch of the coordination mode of the g’ ggg g;:g%ggg
zirconium metalloligand [CpZrS;]?~, which in turn is able to ),: deg 101.853(2)
stabilize the resulting mixed-valence RA dimetal core. 2
Moreover, the overall process is largely facilitated by the short VA3 4464.5(7)
metal-metal distances in the precursor complexes (2.74 A in ~ Deao g,f”ﬁ 1.317

L : u, mm 0.644
1) and for the presence of a bridging dppm ligand that acts as  g'range, deg 1.5526.00
a template for the concerted movement of the carbonyl ligands  no. meads rfins 26189
and the zirconium metalloligand. nq-/uniqute rfins et %7819617}5%2:80.0534)
HH™ — min/max transm fac . .
The equmbn_uml + dppm= 3 represents an uncommon no rfins/restr/params 17 167/26/891

case of reversible metametal bond formation. Although the Ru(F) (F2 = 20(F?)) 0.0705
dynamic behavior associated with the presence of mobile  wR,(F?) (all data) 0.1882
meta-metal bonds has few precedents, it has been observed S(all data) 0.993

both in cluster® and in polynuclear complex@%Nevertheless,
in the present case, the metahetal bond formation is rather  Zr(us-Sk{Ir(CO)} 2] by dppe to give [Ir(CO)(dppe)Cp"Zr-
associated with the ligand dynamisthat is, the reversible  (u-Shir(CO)].1! This sequestering process is strongly dependent
dppm-induced change of the coordination mode of the zirconium on the diphosphine and seems to be restricted to dppe as no
metalloligand that is the responsible for the change of the similar process has been observed with dppm. Thus, the potential
electron count on the8dmetal centers. The formation of the dppm-induced sequestering process should result in the forma-
compound [CPpZr(u-Shlr(u-CO)(u-dppm)Ir@2-dppm)] @) is tion of the heterodinuclear anion [&Zr(u-S),Rh(CO}]~ and
irreversible and contrasts with the equilibrium observed in the the cation [Rh(CO)(dppra)* and should be facilitated by the
zirconium—-rhodium complexes. However, compourt is presence of an unsaturated Rh(ll) metal center. However,
unstable and quantitatively evolves to the dinuclear compound compound3 did not react further with carbon monoxide in 30
[Ir 2(u-S) (-dppm)(CO)], which results from the degradation —min, although extensive decomposition to unidentified species
of the metalloligand [C{ZrS;]2~ via the transfer of a sulfido ~ was observed when an equilibrium mixture containggas
ligand to the dinuclear iridium fragment. stirred under a carbon monoxide atmosphere for a longer time.

It is noticeable that a similar core transformation has been In any case, it is noticeable that neither the formation of the
observed in the reaction of [€Zr(u3-S){ Rh(CO} »(u-dppm)] cation [Rh(CO)(dppm]* 33 nor of [Rhy(u-S)(u-dppmp(CO)]
(1) with a different chelating diphosphine. The monitoring of Wwas observed.
the reaction ofl with 1,2-bis(diphenylphosphino)ethane (dppe)
by 31P{*H} NMR showed the formation of the compound [gp Concluding Remarks
Zr(u-SyRh(u-COY(u-dppm)Rh2-dppe)[ which contains bridg- _ i _
inéuﬂ-ﬁpp(lni anﬁ(“chgf;ﬂz,g?fdpgg )Iggands, and the cat?on The opening of thgag-sqlfldo capped triangular core [Zr
[Rh(dppe)]* (6 58.23 ppm,Jrnrp = 133 HzJ2 as the main of the early-late heterobimetallic complexes [er(m-.s)z-
species. However, the mixed-diphosphine complex quickly {M(CQ)}Z(,u-dppm)_] (M = Rh, I) by dppm results in the
evolves to [Rh(dppe)* as the major dppe-containing species. [ormation of t;ent trinuclear complexes [Gr(u-S)M(u-CO)-

The above-described result strongly suggests that heterotri-(“'dppm)M(" -dppm)]. These c_ompoun_ds contain a metal
nuclear complexes with a bent structure could serve as a modelme'[al bqnded M(I.I%M(.O) subunit, resyltlng from an Intramo-
for the key intermediate species involved in the selective lci‘ctl;::rliglgr?crizpt%;“topaféosnpﬁ)arlgge:fste(:ri\tgznint?r/ot(;]litrii(:\lséltlzu:gcv
sequestering of an iridium metal center in the compound4Cp dppm ligand. The stabilization of the mixed-valence dimetal

) o } Ve core is attained by the interplay both of the zirconium metallo-

R Angon, Chom., I £2003 42, 2161 (&) Kabashima, 5. Kuwata. & ligand (CP22rS2-) and of the unsymmetrical bridging carbonyl
Ueno, K.; Shiro, M.; Hidai, MAngew. Chem., Int. EQ00Q 39, 1128. (c) groups, which interact with the unsaturated central M(Il) metal

Venturelli, A.; Rauchfuss, T. BJ. Am. Chem. S0d.994 116, 4824. (d) i iynifi iz ati i
Houser, E. J.. Rauchfuss T. B.. Wilson, SIRorg. Chem1993 32. 4069, center. Despite the significant structural reorganization leading

(29) (a) Tanaka, S.; Bubs, C.; Inagaki, A.; Akita, Kdrganometallics to the new Comple).(es, t.he. for'mation Of.the bent [ZRh
2004 23, 317. (b) Akita, M.; Terada, M.; Moro-oka, YOrganometallics compound is reversible, indicating the existence of a small

1992 11, 1825. energy difference between both structures.
(30) (a) Carmona, D.; Ferrer, J.; Mendoza, A.; Lahoz, F. J.; Reyes, J.;

Oro, L. A. Angew. Chem., Int. Ed. Endl991, 30, 1171. (b) Bailey, D. A.;

Balch, A. L.; Fosset, A.; Olmstead, M. M.; Reedy, P. E.,Idorg. Chem. Experimental Section
1987, 26, 2413.
(31) [CP'Zr(u-S)Rh({u-COY(u-dppm)Rh§2-dppe)]. NMR data:31P{H} General Methods. All manipulations were performed under a

(CDoCly, 293 K): 6 47.55 (dd,Jrn-p = 144 Hz, R, dppe), 36.91 (ddt, rv argon atmosbhere usina Schlenk-tube techni lvents wer.
o 2130 He, B dppm). 8.26 (ddtcen o= 135 and 3 Hz. B dppm) dry argon atmosphere using Schlenk-tube techniques. Solvents were

(measuredp_p: Pa—Pg = 174 Hz, R—Pe = 36 Hz, R—Pc = 6 Hz). dried by standard methods and distilled under argon immediately
(32) (a) Dorta, R.; Sirmo, L.; Milstein, D.J. Organomet. Chen2004

689 751. (b) Pettinari, C.; Marchetti, F.; Pettinari, R.; Pizzabiocca, A.; (33) James, B. R.; Mahajan, @an. J. Chem1979 57, 180.

Drozdov, A.; Troyanov, S. |.; Vertlib, VJ. Organomet. Chen2003 688 (34) (a) Kubiak, C. P.; Eisenberg, forg. Chem.198Q 19, 2726. (b)

216. Kubiak, C. P.; Eisenberg, Rnorg. Chem.198Q 19, 2726.
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prior to use. The complexes [GZr(us-Sy{M(CO),},], [Cp%:Zr- 1.08, and 0.92 (s, 9H eachBu). 31P{*H} NMR (CDCls, 293 K):
(u3-S{M(CO)} 2(u-dppm)] (M= Rh, Ir), and [CHZr(us-S){Rh- 0 29.60 (ddJrn-p = 168 Hz,Jp_p = 34 Hz), 13.73 (dJp_p = 34
(COX}{Ir(CO),}] were prepared as described previouShi! Hz). IR (CHCl,, cm1): »(CO), 1957 (s), 1940 (s).

Physical Measurements.'H, 3P{1H}, and 13C{!H} NMR Crystal Structure Determination of [Cp "2Zr( u-S),Rh(u-CO).-

spectra were recorded on a Varian Gemini 300 spectrometer (#-dppm)Rh(z%-dppm)] (3). A summary of crystal data, data
operating at 300.08, 121.47, and 75.46 MHz, respectively. Chemical collection, and refinement parameters is given in Table 3. Intensity
shifts are reported in parts per million and referenced to $iMe data were collected f8 at low temperature (173(2) K) on a CCD
using the residual resonances of the deuterated solvémtar(d Bruker SMART APEX diffractometer with graphite-monochro-
13C) and 85% HPO, (31P) as external reference, respectively. IR mated Mo K, radiation ¢ = 0.71073 A) by using» rotations (0.3).
spectra were recorded on a Nicolet-IR 550 spectrometer. Elementallnstrument and crystal stability were evaluated by measuring
C, H, and N analysis was performed in a 240-C Perkin-Elmer equivalent reflections at different times; no significant decay was
microanalyzer. Mass spectra were recorded in a VG Autospec observed. Data were corrected for Lorentz and polarization effects,

double-focusing mass spectrometer operating in the FABde. and a semiempirical absorption correction was apgfedhe

lons were produced with the standard"@gin at ca. 30 kV, and structure was solved by Patterson and difference Fourier methods.

3-nitrobenzylic alcohol (NBA) was used as matrix. All non-hydrogen atoms of the metal complex were refined with
Synthesis of the Complexes. [ChZr(u-S)Rh(u-CO).(u- isgtropic and sqbsequent anisotro.pic displacement parameters. At

dppm)Rh(n-dppm)] (3). To a suspension of [CEZr(u-S){ Rh- this stage of refinement, four spatial regions showed the presence

(CO)},] (0.040 g, 0.048 mmol) in toluene (5 mL) was added solid of several disorden_ad toluene mc_)lecules. A model for solvent
dppm (0.074 g, 0.193 mmol) to give a red-brown solution. Slow disorder was establlsheq completing 2.5 tolueng molecules; oc-
diffusion of n-hexane into the solution at 258 K gave the complex cuPancy factors were fixed from the observation of thermal
as dark-red blocks, which were collected by filtration, washed with Parameters. In some cases, some geometrical restraints were
coldn-hexane, and then vacuum-dried. Yield: 0.034 g (40%). Anal. N€cessary to properly refine these solvent atoms. Because of the
Caled for GgHgsOoPsSRZr-2.5(GHg): C, 64.85; H, 6.04; S, 3.62. heavy dlsorder_ observe_d in one case, the corresponding methyl
Found: C, 64.56; H, 6.10; S, 3.38. MS (FABCsDs, M/2): 1482 group was not included in thls_moleculg. Hydrogen atoms for the
(M*+ — 2CO, 11%), 1305 (M — 2CO — Cpf, 100%).2H NMR trln.uclear. metallclomplex were included in qalculated positions gnd
(CeDe, 293 K): & 8.40-6.40 (set of m, 40H, dppm), 5.95, 5.72, refined with posn_tlonal and dlsplacgment riding parameters. Refine-
and 5.61 (tJu_n = 2.6 Hz, 2H each, b Hs, and H, Cp), 3.71 ments were _carrled ou'_[ by full-matrix Ieast-squarei;é(SH_ELXL-

and 3.39 (br m, 1H eacts; CH,, 72-dppm), 2.32 (br tJy-p = 9 97).3f3 The highest residuals (max. 1.07 &/Avere found in close

Hz, 2H, > CHj, u-dppm), 1.87 and 1.34 (s, 18H each, SHBU). proximity of the disordered atoms; they have no chemical sense.
13C{1H} NMR (CsDe, 293 K, selected resonances):230.4 (m, Theoretical Calculations. All computations were performed
CO), 141.7 and 140.5 (Cand G), 105.7, 102.1, and 101.9 §C using the Gaussian 03 packageThe structures of the model

Cs, and G), 34.0 and 33.6 (br CMes), 32.8 and 32.0 (s, Cii compoundslm and3m, were fully optimized without geometrical
(Cbt)_ IR (éH2C|2 cmY): ¥(CO) 1817’ (W), 1776 (s). ' constraint using the b3pw91 functional. The basis sets used were:

6-31G** for C, P, and S, 6-31G for H, and the LANL2DZ basis
peEqu?(;trizg(f” [ggzzg(r(,;(;C):{)f%lcc(j)%gn;])l(ré%zgpgmg)] (()Aé)o Trgn?oT;J Sl'n sets and its associated effective core potentials for the metal atoms.
toluene (2 mL) was added solid dppm (0.057 g, 0.150 mmol) to The electronic densities were calculated by the NBO roufifies.
give an orange solution in 5 min. The solution was concentrated ] ) ]
under vacuum (1 mL), and themhexane (10 mL) was added. _’Acknowledgment.~Generous financial support from Direc-
Concentration of the resulting suspension under vacuum to ca. 4¢ion General de EnSanza Superior e InvestigacidDGES)
mL gave the compound as a microcrystalline brick red solid, which (Project BQU2003-05412-C02-01) is gratefully acknowledged.
was isolated by filtration, washed with cofdhexane, and dried

under vacuum. Yield: 0.082 g (80%). Anal. Calcd fagldssO.PsSy- Supporting Information Available: X-ray crystallographic
Ir,Zr: C, 54.49; H, 5.04; S, 3.73. Found: C, 54.20; H, 4.75; S, file in CIF format for the structure determination of compouhd
3.53. MS (FAB", CDCk, m/2): 1718 (M", 3%), 1690 (M — CO, This material is available free of charge via the Internet at

8%), 1484 (M — 2CO — Cp", 73%), 1333 (M — dppm, 16%), http://pubs.acs.org.
1157 (M — Cptt — dppm, 47%)H NMR (CeDs, 293 K): 6 7.84—

6.53 (set of m, 40H, dppm), 5.97, 5.71, and 5.5%t = 2.7  OMO61092P

Hz, 2H each, B Ha, and K, Cp), 4.25 (br m, 2H,>CHy, (35) SAINT" software for CCD difractometers; Bruker AXS: Madison

dppm), 1.82 (br ty—p = 9 Hz, 2H, >CH12,.u-dppm), 1.83 and WI, 2000. Sheldrick, G. MSADABS Program for Correction of Area’

1.33 (s, 18H eachi-Bu). IR (CHClp, cm™): »(CO), 1774 (w), Detector Data University of Gdtingen: Gatingen, Germany, 1999.

1727 (s). (36) SHELXTL Packager. 6.1 Bruker AXS: Madison, WI, 2000
[CptZr( us-S){ RN(CO)}HI(CO) } (u-dppm)] (5). A solid mix- gf(lft:ﬁggr],, gellf\:lngryl?li)égfﬁ and SHELXL-9University of Gdtingen:

ture of [CPZr(us-S){ Rh(COR}{Ir(CO);}] (0.060 g, 0.065 mmol) (37) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

and dppm (0.025 g, 0.065 mmol) was dissolved in dichloromethane M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
(5 mL) to give a dark brown-orange solution after evolution of N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V;
carbon monoxide. The solution was stirred for 10 min and then '\Nﬂsgtgﬁjcil’HB-';Hggass;\’/l Méi];gakﬂn‘?’}'éygt'g igg&kmapst?ﬁasggéasvé '%';.
concentrated under vacuum (1 n_1L). The slow addition-bEéxane Ishida, M.: l\i'akajim'a, T Honda, Y.: Kitao, O.: Nakai, H.: Klene, M.: Li,
(10 mL) gave a dark suspension that was concentrated underx.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
vacuum (3 mL) and cooled at 258 K. The black-greenish micro- Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
crystalline solid was isolated by filtration, washed with cold Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;

. S Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
n-hexane, and dried under vacuum. Yield: 0.062 g (76%). Anal. S.- Daniels, A. D.: Strain, M. C.. Farkas. O.. Malick, D. K. Rabuck, A.

Caled for GgHesOP.SIrRhzr: C, 51.11; H, 5.18; S, 5.15. D Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.
Found: C,51.18; H, 5.10; S, 5.08. MS (FABCDCl;, m/2): 1244 G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A;
(M+, 25%), 1188 (M — CO, 100%), 1039 (M — CO — Cp, Piskorz, P.; Komaromi, |.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,

70%).%H NMR (CDCh, 293 K): 7.65-6.95 (set of m, 20H, dppm).  30or % Gt W Wong, M. W, Gonealer, C.. Pople, Saussian

5.93 (br, 1H), 5.72 (br, 3H), 5.58 (br, 1H), 5.12 (br, 1H)(H,, 03, revision C.02; Gaussian, Inc.: Wallingford, CT, 2004.
and H;, CpY), 3.66 and 3.49 (br m, 1H each,CH,), 1.40, 1.30, (38) Reed, A. E.; Curtis, L. A.; Weinhold, Ehem. Re. 1988 88, 899.



