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Three products Re,[Pt(PBut3)](-SbPhy)(CO)g(e-H), 2, Res[Pt{CO)(PBU')]Ph(CO)g(ua-SbPh)(e-H), 3, and Res[Pt(PButs)]-
(CO)g(tt4-SoPhy)(u-H)o, 4, were obtained from the reaction of Rex(CO)g(u-SbPhy)(ue-H), 1, with Pt(PBu';),. Compound
3 was also obtained from 2 by further reaction with Pt(PBu's),. Compound 2 is a Pt(PBu';) adduct of 1 formed by
the insertion of the platinum atom into one of the Re—Sb bonds of 1 with formation of two Pt—Re bonds. Compound
3 contains an open Re,Pt cluster and was also obtained in a low yield by the addition of CO to 2. The addition
of SbPh; to 2 yielded the compound Re,Pt(PBu's)(Ph)(CO)s(SbPha)(xs-SbPh)(u-H), 5, a SbPh; derivative of 3.
Compound 4 can be viewed as a dimer of the fragment Re[Pt(PBu';)](CO)4(SbPh)(u-H). The two halves of the
molecule are held together by Pt—Sb bonds and a significant interaction directly between the Sb atoms, Sb—Sb
distance, 2.9834(7) A. The Sb—Sb bonding in 4 was explained by density functional calculations. Compound 4
adds 2 equiv of CO at 1 atm/25 °C, one to each platinum atom, to yield the compound [Re(CO),Pt(H)(CO)(PBuls)(¢s-
SbPh)], which exists as a mixture of two noninterconverting isomers, cis-6 and trans-6. Both isomers of 6 were
isolated and structurally characterized. Each isomer of 6 consists of a central planar Re,Sh, core composed of two
Re(CO), groups with two bridging SbPh ligands. There is a Pt(H)(CO)(PBu's) group coordinated to each antimony
atom of 6. In the cis-isomer both Pt(H)(CO)(PBu's) groups lie on the same side of the Re,Sb, plane. In the trans-

isomer the Pt(H)(CO)(PBu';) groups lie on opposite sides of the Re,Sh, plane.

Introduction

Studies have shown that the introduction of bulky phos-
phine ligands into polynuclear metal cluster complexes often
produces electronic unsaturation at the metal atoms by
forcing out ligands that would ordinarily occupy sites on
those metal atoms. It has been found that this electronic
unsaturation can lead to enhanced reactivity toward the very
small molecule hydrogen.' We have recently shown that the
compounds M(PBu';),, M = Pd or Pt are excellent reagents
for the addition of M(PBu';) groups to the metal—metal
bonds of transition metal carbonyl cluster complexes.? ® For
example, the reactions of Ru3(CO);, with Pd(PBu';), and
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Pt(PBu';), yielded the tris-M(PBu‘;) adducts, Rus(CO)»-
[M(PBu3)];5, M = Pd and Pt. Both compounds contain a
M(PBu';) group bridging each of the three Ru—Ru bonds of
the original molecule of Ru3(CO);,, eq 123
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We have found that some of these new unsaturated mixed
metal complexes containing Pt(PBu';) groupings readily
activate hydrogen under mild conditions.® For example,
Re,Pt3(CO)g(PBu';3); sequentially adds 3 equiv of H, at room
temperature, eq 2.
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We have found that it is also possible to add Pd(PBu'%)
and Pt(PBu'3) groups to transition metal—tin bonds. The
reaction of Pt(PBu'), with Ru3(CO)y(u-SnPhy); yielded the
product Ruz(CO)o(u-SnPh,);[Pt(PBu';)]s, eq 3.7 The reaction
of the Re,(CO)g(u-SnPh,), with Pd(PBu';), and Pt(PBu';),
yielded the compounds Re,(CO)s(u-SnPhy),[M(PBu';)],, M
= Pd and Pt, eq 438
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In the reaction of Ruy(CO)g(u-SnPh,) with Pt(PBu'),, the
Ru—Ru bond was metalated first by Pt(PBu';) to yield
Ru,(CO)g(u-SnPhy)[Pt(PBu';)]; however, a second Pt(PBu')
addition yielded the bis-Pt(PBu';) adduct, Ru,(CO)g(u-
SnPh,)[Pt(PBu')],, by platinum addition to one of the Ru—Sn
bonds eq 5.°
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When the metal—metal bond contains a bridging hydrido
ligand, the Pt(PBu'3) group may be inserted into the
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metal—metal bond. For example, the reaction of Pt(PBu';),
with Re3;(CO)j(u-H); with Pt(PBu'Y), yielded the mono-
Pt(PBu';) adduct, Re3(CO)y(u-H)s[Pt(PBuY)], eq 6.
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It has also been found that the M—H bond of the
tin-containing mononuclear metal carbonyl hydride com-
plexes HM(CO),SnPh;, M = Ru, Os, is activated toward
insertion of HC,Ph when Pd(PBu'‘3) and Pt(PBu';) groups
are added to them, for example, eq 7.'°
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To expand our studies of the versatile reactivity and
bonding capabilities of the Pt(PBu';) group, we have now
investigated the reaction of the compound Re(CO)g(u-
SbPhy)(u-H), 1 with Pt(PBu';),. Compound 1 is structurally
very similar to Ru,(CO)g(u-SnPhy), eq 5, except that it
contains a bridging hydrido ligand across its metal—metal
bond."" The results of our study of this reaction and the
characterization of the products are described in this report.

I/ \I
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1
Experimental Section

General Data. Reagent grade solvents were dried by the standard
procedures and were freshly distilled prior to use. Infrared spectra
were recorded on a Thermo Nicolet Avatar 360 FT-IR spectro-
photometer. 'H NMR and 3'P{'H} NMR were recorded on a Varian
Mercury 400 spectrometer operating at 400.1 and 161.9 MHz,

(8) Adams, R. D.; Captain, B.; Herber, R. H.; Johansson, M.; Nowik, I.,
Jr.; Smith, M. D. Inorg. Chem 2005, 44, 6346-6358.
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(10) (a) Adams, R. D.; Captain, B.; Trufan, E.; Zhu, L. J. Am. Chem. Soc.
2007, 129, 7545-7556. (b) Adams, R. D.; Captain, B.; Zhu, L. J. Am.
Chem. Soc. 2006, 128, 13672-13673.
(11) Adams, R. D.; Captain, B.; Pearl, W. C., Ir. J. Organomet. Chem.
2008, 693, 1636-1644.
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respectively. 3'P{'H} NMR spectra were externally referenced
against 85% ortho-H;PO,4. Mass spectrometric measurements were
performed on a VG 70S instrument by using a direct exposure probe
and electron impact ionization (EI). Pt(PBu'%),, SbPh;, and
Re,(CO),y were obtained from STREM and were used without
further purification. Re,(CO)s(u-SbPhy)(u-H), 1, was prepared as
previously described."! Product separations were performed by TLC
in air on Analtech 0.25 and 0.50 mm silica gel 60 A Fysy glass
plates. Elemental analyses were performed by Desert Analytics
(Tucson, AZ).

Reaction of Re;(CO)s(u-SbPh,)(u-H), 1 and Pt(PBu's),. Pt-
(PBu'3), (98.6 mg, 0.165 mmol) was added to a suspension of 1
(76.1 mg, 0.0871 mmol) in 20 mL of freshly distilled hexane and
heated to hexane reflux for 1.5 h after which the solvent was
removed in vacuo. The residue was extracted in methylene chloride
and separated by TLC by using 4:1 hexane/methylene chloride (v/
v) solvent mixture to give the following products in order of elution:
a colorless band of unreacted 1 (28.3 mg, 37%), a violet band of
Re,[Pt(PBu';)],(CO)g(u4-SboPhy)(u-H),, 4 (2.1 mg, 1%), an orange
band of Re,Pt(PBu'5)(CO)s(u-SbPhy)(u-H), 2 (7.1 mg, 39%), and
a yellow band of Re,[Pt(CO)(PBu';)]Ph(CO)g(us-SbPh)(u-H), 3 (6.0
mg, 4%). Spectral data for 2: IR (vco cm™! in hexane): 2071(w),
2037(w), 1988(s), 1963(w), 1959(w), 1929(w) cm~'. '"H NMR
[CD,Cly] & = 7.83—7.08 (m, Ph, 10H), 1.36 (d, CH3, 27H, %Jp_g
=13 HZ), —8.00 (d, hydride, lH, 1]195p[_H =990 HZ, 2Jp_H =10
Hz); 3'P NMR [CD,Cl,] 6 = 124.21 (s, P, 'Jy9sp—p = 3735 Hz)
ppm. Elemental analysis (%) calcd: 30.24, C; 3.01, H. Found 30.39,
C; 3.17, H. Spectral data for 3: IR (vco cm ™! in hexane): 2090(w),
2073(m), 2054(w), 2009(w), 1999(s), 1982(m), 1974(w), 1960(s),
1942(w), 1930(w) cm™!. NMR [CD,Cl,] 6 = 7.97—6.90 (m, Ph,
10H), 1.57 (d, CHs, 27H, *Jp_ = 13 Hz), —8.02 (d, hydride, 1H,
2][)71-1 =13 HZ, ]]195])[71-[ =552 HZ), 3IP NMR [CD2C12] 0 =282.98
(s, P, Uigsp—p = 2749 Hz). Mass Spec. EI/MS m/z. 1298. The
isotope pattern is consistent with the presence of two rhenium atoms,
one antimony atom and one platinum atom. Spectral data for 4: IR
(vco cm ™! in hexane): 2080(w), 2067(m), 1993(w), 1976(s), 1943(s)
cm™!. 'TH NMR [CD,Cl,] 6 = 7.15—6.71 (m, Ph, 10H), —8.27 (s,
hydride, 2H, 'Jp—y = 708 Hz, 2Jp_y = 10 Hz), 1.66 (d, CH3, 54H,
ijfH =12 HZ); 3p NMR [CDzC]z] 0 = 91.80 (d, P, 1]195}:(7]-] =
3654, 3Jy9spi—n = 25.762, “Jp_p = 32 Hz). Mass Spec. EI/MS m/z
= 1790, parent ion. The isotope pattern is consistent with the
presence of two rhenium, two antimony, and two platinum atoms.

Thermal Decomposition of 2. 18.4 mg of 2 was dissolved in
20 mL of freshly distilled octane and heated to reflux for 30 min.
The solvent was then removed in vacuo, and the residue was
extracted in methylene chloride and separated by TLC by using
3:1 hexane/methylene chloride (v/v) solvent mixture to give the
following products in order of elution: a colorless band of 1 (6.6
mg, 52%), a trace of recovered 2 (0.2 mg, 1%), and a yellow band
of 3 (1.8 mg, 10%).

Reaction of 2 and Pt(PBu'y),. Pt(PBu%), (27.5 mg, 0.0459
mmol) was added to a suspension of 2 (27.3 mg, 0.0215 mmol) in
20 mL of freshly distilled hexane and heated to hexane reflux for
2 h. The solvent was removed in vacuo, and the residue was
extracted in methylene chloride and separated by TLC by using a
4:1 hexane/methylene chloride (v/v) solvent mixture to give the
following products in order of elution: a colorless band of 1 (1.7
mg, 9%), purple 4 (1.0 mg, yield 5%), orange 2 (8.4 mg, 31%),
and yellow 3 (6.6 mg, 24%).

Addition of CO to 2. Compound 2 (14.6 mg, 0.0115 mmol)
was dissolved in 20 mL of methylene chloride and heated to reflux
under a CO atmosphere for 1.5 h. The solvent was then removed
in vacuo, and the residue was extracted in methylene chloride and
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separated by TLC by using 4:1 hexane/methylene chloride (v/v)
solvent mixture to give the following products in order of elution:
colorless 1 (2.8 mg, 21%), a yellow band of the known compound
PtRe,(CO)o(PBu's)(u-H),® (1.7 mg, 11%), unreacted orange 2 (3.1
mg, 16%), and brown 3 (1.6 mg, 8%).

Synthesis of Re,Pt(PBu';)(Ph)(CO)s(SbPh;)(#3-SbPh)(u-H),
5. SbPh; (15.2 mg, 0.0431 mmol) was added to a solution of 2
(48.3 mg, 0.0380 mmol) in 40 mL of freshly distilled hexane. The
reaction was heated to reflux for 2 h. The solvent was then removed
in vacuo, and the residue was extracted in methylene chloride and
separated by TLC by using 3:1 hexane/methylene chloride (v/v)
solvent mixture to give products in order of elution: 1 (4.5 mg,
14%), unreacted 2 (16.7 mg, 35%), and yellow 5 (5.6 mg, 9%).
Spectral data for 5. IR (vco in hexane): 2090(w), 2058(w), 2054(w),
2007(vs), 2002(s), 1982(m), 1954(vs), 1921(m), 1907(w), 1896(w)
cm~ . 'TH NMR [CD,Cl,] 6 = 7.82—6.78 (m, Ph, 25 h), 1.53 (d,
Bu!, 3Jp_y = 13.2 Hz, 27 h), —7.85 (d, hydride, 1H, 'Jp_y = 548.8
HZ, 2JP*H =13.6 HZ), 31P NMR [Cchlz] 0 =827 (S, P, 1.]1951)17].[
= 2712.9 Hz). Mass Spec. TOF/ES: 1663 (M + K*), 1647 (M +
Na™), 1588 (M — Ph + NCMe), 1547 (M — Ph).

Addition of CO to 4. Compound 4 (11.2 mg, 0.00625 mmol)
was dissolved in 5 mL of methylene chloride. The solution was
purged with CO at 25 °C for 20 min. The solvent was then removed
in vacuo. The residue was extracted in methylene chloride and
separated by TLC by using 3:1 hexane/methylene chloride (v/v)
solvent mixture to yield two products, in order of elution: a light
yellow band of trans-[Re(CO),Pt(H)(CO)(PBu';)(u3-SbPh)],, trans-6
(2.8 mg, 24%), and a light brown band of cis-[Re(CO),Pt(H)(CO)-
(PBu')(u3-SbPh)],, cis-6 (3.3 mg, 29%). Spectral data for cis-6:
IR(vco cm™! in hexane): 2045(m), 2025(m), 1976(vs), 1964(m),
1932(s) cm™!. '"H NMR [CD,Cl,] 6 = 7.63—7.11 (m, Ph, 10H),
1.35 (d, Bu‘, 54H, 2JP—H =13 HZ), —3.73 (d, hydride, 2H,11195pt_]—1
= 786 Hz, Jp_y = 18 Hz); *'P NMR [CD,Cl,] 6 = 88.8 (s, P,
igsp—n = 2366 Hz). Mass spectrum: EI/MS m/z 1846, 1791(—2CO).
The isotope distribution pattern is consistent with the presence of
two rhenium, two antimony, and two platinum atoms. Spectral data
for trans-6. IR(vco cm ™' in hexane): 2066(vw), 2048(m), 2027(m),
1981(vs), 1970(s), 1963(m), 1950(w), 1932(vs) cm™~!. '"H NMR
[CD,Cly] 6 = 7.68—7.18 (m, Ph, 10H), 1.52 (d, Bu', 54H, 2Jp_y =
13 Hz), —3.62 (d, hydride, 2H,J 9sp.—y = 788 Hz, 2Jp_y = 20 Hz);
31P NMR [Cchlz] 0 =884 (S, P, 1]1951)[7]-] = 2355 HZ, SprH =
16 Hz). Mass Spec. TOF/ES/MS 1885(M + K*), 1864(M + NH,"),
1846(M™). The isotope pattern is consistent with the presence of
two rhenium, two antimony, and two platinum atoms.

Crystallographic Analyses. Single crystals of orange 2, brown
cis-6, and colorless trans-6 suitable for X-ray diffraction were
obtained by slow evaporation of solvent from solutions in benzene/
octane solvent at 5 °C. Single crystals of yellow 3, purple 4, and
brown 5 suitable for X-ray diffraction were obtained by slow
evaporation of solvent from solutions in methylene chloride/hexane
solvent at room temperature. Each data crystal was glued onto the
end of a thin glass fiber. X-ray intensity data were measured by
using a Bruker SMART APEX CCD-based diffractometer by using
Mo Ko radiation (A = 0.71073 A). The raw data frames were
integrated with the SAINT+ program by using a narrow-frame
integration algorithm.'? Correction for Lorentz and polarization
effects were also applied with SAINT+. An empirical absorption
correction based on the multiple measurement of equivalent
reflections was applied using the program SADABS. All structures
were solved by a combination of direct methods and difference
Fourier syntheses, and refined by full-matrix least-squares on F?2,

(12) SAINTH, Version 6.2a; Bruker Analytical X-ray System, Inc., Madison,
WI, 2001.
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using the SHELXTL software package.'® All non-hydrogen atoms
were refined with anisotropic thermal parameters. Unless indicated me
otherwise, the hydrogen atoms were placed in geometrically < -
idealized positions and included as standard riding atoms during - e} S
. I =3
the least-squares refinements. Crystal data, data collection param- 2|2 ~S
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atoms,'” and the ECP28MDF_VTZ basis set for the Sb atom.'8
Then, to simplify the bonding analysis of this cluster, the fragment
analysis of the ADF program'® was used for a single point
calculation with the Perdew-Burke-Ernzerhof (PBE) functional®
in Slater-type triple-¢ all-electron one polarization function (TZP)
basis set with the zeroth-order regular approximation (ZORA) for
relativistic effect on a smaller C, symmetry model, where H
replaced the phenyl rings and 7-butyl groups.

Fenske—Hall calculations were performed utilizing a graphical
user interface developed to build inputs and view outputs from
stand-alone Fenske—Hall and MOPLOT? binary executables.>'-*?
Contracted double-¢ basis sets were used for the Re 5d, Pt 5d, Sb
5p, P 3p, and C and O 2p atomic orbitals. The Fenske—Hall scheme
is a nonempirical approximate method that is capable of calculating
molecular orbitals for very large transition metal systems. For these
calculations, the input structures were obtained from the positional
parameters from the crystal structure analyses. The structures are
not optimized by these calculations. The #-butyl groups on the
phosphine ligands and the phenyl groups on the SbPh, ligand were
replaced with hydrogen atoms, for example, PH3;, SbH,, and SbH,
for these calculations.

Results and Discussion

The major product obtained from the reaction of 1 with
Pt(PBu'%), is the compound Re,[Pt(PBu'3)](¢-SbPh,)(CO)s(u-
H), 2 (39% yield). Two minor products, Re,[Pt(CO)(PBu';3)]-
Ph(CO)s(us-SbPh)(u-H), 3 (4% yield) and Re,[Pt(PBu'3)],-
(CO)s(pt4-SbyPhy)(u-H),, 4 (1% yield) were also obtained.
Compound 3 was subsequently obtained from 2 by further
reaction with Pt(PBu';),, see below. Compound 2 was
characterized by IR and 'H NMR spectroscopy and by
elemental and single crystal X-ray diffraction analyses.

An Oak Ridge Thermal Ellipsoid Plot (ORTEP) diagram
of the molecular structure of 2 is shown in Figure 1. The
molecule contains a triangular cluster of three metal atoms,
two of rhenium and one of platinum, with a bridging SbPh,
ligand across one of the rhenium—platinum bonds and a
bridging hydrido ligand across the other rhenium—platinum
bond. Compound 2 is similar to the compound PtRe,(CO)o-

SV M
gAYl e
TSbPh /
t-BusP t-BugP

2 7

(17) (a) Andrae, D.; Haeussermann, U.; Dolg, M.; Stoll, H.; Preuss, H.
Theor. Chim. Acta 1990, 77, 123-141. (b) Martin, J. M. L.;
Sundermann, A. J. Chem. Phys. 2001, 114, 3408-3420.

(18) Peterson, K. A. J. Chem. Phys. 2003, 119, 11099-11112.

(19) Baerends, E. J. et al. ADF, revision 2007.01, SCM; Theoretical
Chemistry, Vrije Universiteit: Amsterdam, The Netherlands, 2007;
http://www.scm.com.

(20) (a) Perdew, J. P.; Burke, K.; Ernzerhof, M. Phys. Rev. Lett. 1996, 77,
3865-3868. (b) Perdew, J. P.; Burke, K.; Ernzerhof, M. Phys. Rev.
Lett. 1997, 78, 1396-1396.
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version 0.091Hall, M. B.; Fenske, R. F. Inorg. Chem. 1972, 11, 768—
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Figure 1. ORTEP diagram of the molecular structure of 2 showing 40%
probability thermal ellipsoids. The hydrogen atoms on the ligands are
omitted for clarity. Selected bond distances (A) and angles (deg) are as
follows: Pt(1)—Re(1) = 2.7839(3), Pt(1)—Re(2) = 2.9265(3), Re(1)—Re(2)
= 3.0866(3), Pt(1)—Sb(1) = 2.5160(4), Re(2)—Sb(1) = 2.6863(5), Pt(1)—P(1)
= 2.3060(15), Pt(1)—H(1) = 1.76(8), Re(1)—H(1) = 1.90(8).

(PBu%)(u-H),, 7, which contains an additional CO ligand
and a hydrido ligand instead of the SbPh, ligand.® A
comparison of the structures of 2 and 7 shows the following:
the Re—Re bond in 2, Re(1)—Re(2) = 3.0866(3) A, is
considerably shorter than the hydride bridged Re—Re bond
in 7, Re(1)—Re(2) = 3.1726(4) A; the hydride-bridged
Re—Pt bond in 2, Pt(1)—Re(1) = 2.7839(3) A, is consider-
ably shorter than the hydride-bridged Re—Pt bond in 7,
Pt—Re = 2.9667(4) A. The reason for this is not clear, but
this may be related to the remaining ligand structure,
particularly, the presence of the additional terminal CO ligand
on the platinum atom in 7 versus the bridging SbPh, ligand
in 2. Interestingly, the SbPh, bridged Pt—Re bond in 2,
Pt(1)—Re(2) = 2.9265(3) A, is considerably longer than the
unbridged Pt—Re bond in 7, 2.8133(4) A. The Re—Sb bond
distance in 2, Re(2)—Sb(1) = 2.6863(5) A, is very similar
to the Re—Sb distances found in 1, Re—Sb = 2.6934(7)—2.
6983(7) A.'' The Pt—Sb distance is considerably shorter,
2.5160(4) A, than the Re—Sb bond distance. The hydrido
ligand was located and refined structurally, Pt(1)—H(1) =
1.76(8), Re(1)—H(1) = 1.90(8), and it exhibits the expected
high-field resonance shift, 6 = —8.00 with appropriate
couplings to platinum and phosphorus, 'Jp—y = 990 Hz,
2Jp-u = 10 Hz in the 'H NMR spectrum. The phosphine
ligand displays the expected *'P NMR shift, & = 124.21 with
suitable coupling to 'Pt, 'Jp—p = 3735 Hz. When heated
to reflux in an octane solution (125 °C), compound 2 was
converted back to 1 in 52% yield together with the formation
of a small amount of 3 (10% yield).

An ORTEP diagram of the molecular structure of 3 is shown
in Figure 2. The molecule contains an open cluster of three
metal atoms, two of rthenium and one of platinum, with a triply
bridging SbPh ligand. The platinum atom is bonded to one of
the rhenium atoms, Pt(1)—Re(1) = 3.0082(5) A. This bond is
only slightly longer, 0.042 A, than the hydride bridged Pt—Re
bond distance in 7, and this bond contains both a bridging
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Figure 2. ORTEP diagram of the molecular structure of 3 showing 30%
probability thermal ellipsoids. The hydrogen atoms on the ligands are
omitted for clarity. Selected interatomic bond distances (A) and angles (deg)
are as follows: Pt(1)—Re(1) = 3.0082(5), Re(1)—Sb(1) = 2.6885(7),
Re(2)—Sb(l) = 2.7404(6), Pt(1)—Sb(l) = 2.6499(6), Re(2)—C(25) =
2.228(9), Pt(1)—P(1) = 2.399(2), Pt(1)—C(1) = 1.865(11), Pt(1)—H(1) =
1.75(2), Re(1)—H(1) = 1.75(2); Pt(1)—Sb(l)—Re(l) = 68.592(17),
Pt(1)—Sb(1)—Re(2) = 126.71(2), Re(1)—Sb(1)—Re(2) = 130.33(2).

hydrido ligand and a terminal CO ligand on the platinum atoms,
as in 7. Atom Re(2) is linked to the cluster solely via the
bridging SbPh ligand. The Re—Sb distance, Re(2)—Sb(1) =
2.7404(6) A, is slightly longer than the Re—Sb distance in 2
and the other Re—Sb distance in 3, Re(1)—Sb(1) = 2.6885(7)
A. There is a o-phenyl ligand on Re(2) that was evidently
cleaved from the SbPh, ligand in 2, Re(2)—C(25) = 2.228(9)
A. The hydrido ligand in 3 exhibits the expected high field
resonance shift, & = —8.02, with couplings to *'P and P,
2Jp-u = 13 Hz, 'Jp—g = 552 Hz. Compound 3 contains one
more CO ligand than 2, and 3 was also obtained from 2 in a
low yield (8%) from the reaction of 2 when CO was added to
solutions of 2.

The structure of compound 4 is unusual. An ORTEP
diagram of its molecular structure is shown in Figure 3. The
molecule contains four metal atoms, two of rhenium and two
of platinum, with two bridging SbPh groups. The molecule
can be viewed as a dimer of the fragment
Re[Pt(PBu')](CO),4(SbPh)(u-H) that could be formed by the
elimination of the Re(CO),Ph group and a CO ligand from
3, but efforts to obtain 4 directly from 3 were unsuccessful.
The two halves of the molecule are held together by Pt—Sb
bonds and a significant direct interaction between the Sb
atoms. Each rhenium atom is bonded to one platinum atom,
and each Re—Pt bond contains one bridging hydrido ligand.
The Re—Ptdistances, Pt(1)—Re(1)=3.0116(5) A, Pt(2)—Re(2)
= 2.9865(5) A, are similar to the hydride bridged Re—Pt
bond distance observed in 7. The hydrido ligands were
located and refined in the structural analysis, Re(1)—H(1)
= 1.75(1) A, Re(2)—H(2) = 1.91(6) A, Pt(1)—H(l) =
1.75(1) A, and Pt(2)—H(2) = 1.65(7) A. The two hydrido
ligands are chemically equivalent and exhibit a single sharp
high-field resonance in the '"H NMR spectrum at d = —8.27
with appropriate couplings to Pt and 3'P, 'Jp—y = 708
Hz, 2Jp_y = 10 Hz. The Re—Sb bond distances Re(1)—Sb(1)
= 2.6945(6) A and Re(2)—Sb(2) = 2.6905(6) A are very

Figure 3. ORTEP diagram of the molecular structure of 4 showing 30%
probability thermal ellipsoids. The hydrogen atoms on the ligands are
omitted for clarity. Selected interatomic bond distances (in A) are as follows:
Pt(1)—Re(1) = 3.0116(5), Pt(2)—Re(2) = 2.9865(5), Pt(1)—Sb(l) =
2.6474(6), Pt(1)—Sb(2) = 2.6003(6), Pt(2)—Sb(1) = 2.5927(6), Pt(2)—Sb(2)
= 2.6549(6), Re(1)—Sb(l) = 2.6945(6), Re(2)—Sb(2) = 2.6905(6),
Sb(1)—Sb(2) = 2.9834(7), Re(1)—H(1) = 1.75(1). Re(2)—H(2) = 1.91(6),
Pt(1)—H(1) = 1.75(1), Pt(2)—H(2) = 1.65(7), Pt(1)—P(1) = 2.367(2),
Pt(2)—P(2) = 2.370(2).

similar to those in 1 and 2. The Pt—Sb distances, Pt(1)—Sb(1)
= 2.6474(6) A, Pt(1)—Sb(2) = 2.6003(6) A, Pt(2)—Sb(1)
=2.5927(6) A, and Pt(2)—Sb(2) = 2.6549(6) A, are slightly
longer than that in 2 but are similar to that in 3. The Sb—Sb
distance, 2.9834(7) A, is sufficiently short to conclude that
there is significant bonding directly between these atoms.
The Sb—Sb distance in 4 lies in between the two Sb—Sb
distances, 2.926(2) A and 3.155(1) A, observed for Sb—Sb
bonds in the two bridging tetraphenyldistibine ligands found
in the compound Rhy(COD),(Sb,Phy),.** It is difficult to draw
a rational model for the bonding in 4 containing Sb—Sb bond
based on a simple arrangement of two-center two electron
bonds. The two structures 4a and 4b shown below do not
explain the apparent Sb—Sb interaction and its diamagnetic
properties. In the structure 4a the rhenium atoms have 18
electrons and the platinum atoms have 16 electrons but there
is no Sb—Sb bond. Although there is a Sb—Sb bond in the
structure 4b and the rhenium atoms would have 18 electron
configurations, the platinum atoms would have only 15
electron configurations which should result in paramagnetism
that was not indicated because of the sharp 'H NMR
resonances. Also, structure 4b would have no bond between
the antimony atom and the second platinum atom.

0z
~, P |/
_“Ré— ~ Ph
\ /Sb\Pt/Pt-Bu3 ~Re~Sb ___prau
Ho e H \ Pt 3
Pt\ \ \pt- H
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(23) Sharma, P.; Rosas, N.; Hernandez, S.; Cabrera, A. J. Chem. Soc.,Chem.
Commun. 1995, 1325-1326.
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Figure 4. JIMP2 representation of the optimized structure of 4 and its
simplified model. Bond lengths shown in this figure are angstrom. (a) With
full ligands. The hydrogen atoms on the phenyl rings and z-butyl groups
were removed for clarity. (b) Simplified model (H replaced the phenyl rings
and r-butyl groups) with C, symmetry.

Accordingly, the electronic structure of 4 was investigated
computationally by using DFT. The fully optimized structure
of 4 and a few key computed geometric parameters are shown
in Figure 4. The optimized Sb—Sb distance of 3.00 A is only
slightly longer than the distance 2.9834(7) A observed in the
crystal structure analysis. As shown in Scheme 1, our analysis
of the cluster bonding was based on breaking the cluster into
two identical symmetric fragments (A and B) by cutting the
molecule in two through a plane that passes between the Sb
and the Pt atoms, nearly perpendicular to the Sb—Re bond. The
bonding within each fragment can be represented as a HRe-
[(CO), (d®, pseudo octahedral fragment) bonded to the Pt(PR5)
through the HRe by a 3-center, 2-electron bond. The [SbR']*~
unit bonds to the Re and Pt through donation of lone pairs to
Re and Pt. This resulting fragment has an unused Sb lone pair
and an unused empty Pt orbital. These orbitals are the highest
occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO), respectively, of the half-molecule
fragments and are displayed at the bottom of Scheme 1. On
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Scheme 1. Orbital Interaction Diagram of 4¢

HOMO = 2

LUMO of fragment A

HOMO of fragment B
“ Occupation number: Sb HOMO 2.0 — 1.34; Pt LUMO 0.0 — 0.76.

the basis of the fragment analysis, there is a strong interaction
between the two Sb lone pairs resulting in a large splitting
between the in-phase and out-of-phase combinations, as shown
on the right side of Scheme 1. The interaction between the two
Pt orbitals is smaller as shown on the left side of Scheme 1.
Finally, there is a small interaction between the in-phase Sb—Sb
combination and the in-phase Pt—Pt combination, which
produces the lowest lying orbital, and a larger interaction
between the more closely spaced out-of-phase combinations,
which results in the higher lying occupied orbital as shown in
the MO diagram (Scheme 1). These four electrons constitute
the main interactions holding the two fragments together. There
is a significant net Sb—Sb bonding as the in-phase Sb—Sb
combination makes a larger overall contribution in the two
occupied molecular orbitals, while both occupied orbitals
contribute to Sb—Pt bonding. The final population analysis in
the fragment basis set supports these conclusions as these are
the only fractionally occupied orbitals. The previously unused
empty Pt orbitals, shown as the LUMO on fragment A (Scheme
1), gain ~0.7 electrons each in this interaction, while the Sb
lone pairs, shown as the HOMO of fragment B (Scheme 1),
lose ~0.7 electrons each. The MOs of the whole cluster do not
have orbitals corresponding exactly to these two fragments’
interactions as shown in Scheme 1 because those interactions
become strongly mixed with numerous other MOs when the
fragments are combined. However, the fragment population
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Figure 5. (a) Contour diagram of the HOMO-1 orbital of the modeled
structure of 4 calculated by ADF showing significant Sb—Sb bonding. (b)
Contour diagram of the HOMO-4 orbital of the modeled structure of 4
calculated by ADF showing significant Sb—Pt bonding.

analysis described above suggests that this mixing does not
change the net bonding description as no other occupied
fragment orbitals lose more than ~0.03 electrons and no other
unoccupied fragment orbitals gain more than ~0.03 electrons.
A significant fraction of the net Sb—Sb and Sb—Pt bonding
can be seen in the HOMO-1 and HOMO-4, respectively, as
shown in Figure 5. To verify the validity of the fragment
analysis using this simplified model, the molecular orbitals of
4 with the complete ligands optimized by Gaussian 03 were
calculated. Two similar orbitals, HOMO-1 and HOMO-2, with
significant fractions of the net Sb—Sb and Sb—Pt bonding,
respectively, were found. These are shown in Figure 6. In
summary, by creating two delocalized MOs that are filled by
four electrons, the molecule is able to form a Sb—Sb bond that
is accompanied by sufficient Pt—Sb bonding to produce the
observed pairing of all electrons in the compound.

J

Figure 6. (a) Contour diagram of the HOMO-1 orbital of 4 optimized by
Gaussian 03 showing significant Sb—Sb bonding. (b) Contour diagram of
HOMO-2 orbital of 4 optimized by Gaussian 03 showing significant Sb—Pt
bonding.

The reaction of 2 with SbPh; was also investigated. This
reaction proceeds similarly to that of the addition of CO to
2. This reaction yields the open cluster 5 which is structurally
similar to 3 except that it contains a SbPh; ligand instead of
CO on the pendant rhenium group. The structure of § was
determined crystallographically, and an ORTEP diagram of
its molecular structure is shown in Figure 7. Compound 5
contains two rhenium atoms and one platinum atom. The
platinum atom is bonded to one of the rhenium atoms,
Pt(1)—Re(1) = 3.0033(4) A, and the three metal atoms are
held together by a triply bridging SbPh ligand, Re(1)—Sb(1)
=2.7001(5) A, Re(2)—Sb(1) = 2.7477(5) A, and Pt(1)—Sb(1)
= 2.6683(5) A. Atom Re(2) contains a o-phenyl group,
Re(2)—C(30) = 2.219(7) A, a SbPh; ligand, Re(2)—Sb(2)
= 2.7074(5) A, and three linear terminal carbonyl ligands.
The phenyl group and the SbPh; ligand lie cis to the bridging
antimony atom Sb(1). There is one hydrido ligand that
bridges the Pt(1)—Re(l) bond. The ligand was located
crystallographically but could be refined only with the
restraint M—H = 1.75 A. The ligand exhibits the expected
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Figure 7. ORTEP diagram of the molecular structure of 5 showing 30%
probability thermal ellipsoids. The hydrogen atoms on the ligands are
omitted for clarity. Selected interatomic bond distances (A) and angles (deg)
are as follows: Pt(1)—Re(1) = 3.0033(4), Re(1)—Sb(1) = 2.7001(5),
Re(2)—Sb(1) = 2.7477(5), Pt(1)—Sb(1) = 2.6683(5), Re(2)—C(30) =
2.219(7), Pt(1)—P(1) = 2.390(2), Pt(1)—C(1) = 1.841(9), Pt(1)—H(1) =
1.75(2), Re(1)—H(1) = 1.75(2); Pt(1)—Sb(1)—Re(1) = 68.03(1), Pt(1)—
Sb(1)—Re(2) = 119.69(2), Re(1)—Sb(1)—Re(2) = 131.40(2).

Figure 8. ORTEP diagram of the molecular structure of cis-6 showing
30% probability thermal ellipsoids. The hydrogen atoms on the ligands are
omitted for clarity. Selected interatomic bond distances (A) and angles (deg)
are as follows: Pt(1)—Sb(l) = 2.6062(6), Pt(2)—Sb(2) = 2.5957(6),
Re(1)—Sb(1) = 2.7660(6), Re(1)—Sb(2) = 2.7794(7), Re(2)—Sb(1) =
2.7685(7), Re(2)—Sb(2) = 2.7804(7), Pt(1)—P(1) = 2.334(2), Pt(2)—P(2)
=2.351(3), Pt(1)—C(1) = 1.866(10), Pt(2)—C(2) = 1.917(12), Re(1)***Re(2)
= 4.319(1), Sb(1)++-Sb(2) = 3.481(1); P(1)—Pt(1)—Sb(1) = 160.64(7),
P(2)—Pt(2)—Sb(2) = 162.43(9), Re(1)—Sb(1)—Re(2) = 102.59(2), Re(1)—
Sb(2)—Re(2) = 101.94(2).

high field shift in the '"H NMR spectrum, 6 = —7.85 with
the expected couplings to '*Pt, 548.8 Hz and’'P, 13.6 Hz.

Two isomers of [Re(CO),Pt(H)(CO)(PBu';)(us-SbPh)ly,
cis-6 (29% yield) and trans-6 (24% yield), were obtained
from the reaction of 4 with CO at 1 atm/25 °C in a CH,Cl,
solution. Compounds cis-6 and trans-6 were formed by the
addition of 2 equiv of CO to 4, one to each platinum atom.
Both compounds were characterized by a combination of
IR, '"H NMR, mass spectra, and single-crystal X-ray diffrac-
tion analyses.

An ORTEP diagram of the molecular structure of cis-6 is
shown in Figure 8. Compound cis-6 contains two Re(CO),
groups that are held together by two bridging SbPh ligands.
The rhenium—rhenium distance, Re(1)+<*Re(2) = 4.319(1) A
is clearly nonbonding. The Re—Sb bond distances Re(1)—Sb(1)
= 2.7660(6), Re(1)—Sb(2) = 2.7794(7), Re(2)—Sb(1) =
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Figure 9. ORTEP diagram of the molecular structure of trans-6 showing 30%
probability thermal ellipsoids. The hydrogen atoms on the ligands are omitted
for clarity. Selected interatomic bond distances (A) and angles (deg) are as
follows: Pt(1)—Sb(1) = 2.6113(5), Re(1)—Sb(1) = 2.7858(6), Re(1*)—Sb(1)
= 2.7900(6), Pt(1)—C(1) = 1.890(7), Pt(1)—H(1) = 1.42(7), Pt(1)—P(1) =
2.3531(14),Re(1)++*Re(2)=4.339(1),Sb(1)++Sb(2)=3.501(1); Re(1)—Sb(1)—Re(1*)
= 102.20(2), P(1)—Pt(1)—Sb(1) = 163.13(4).

HOMO, -8.3 eV

Figure 10. Contour diagrams for some selected Fenske—Hall bonding
molecular orbitals of 1 with their calculated energies: (a) HOMO, (b)
HOMO-6, (c) HOMO-7, and the (d) HOMO-8.
2.7685(7) Re(2)—Sb(2) = 2.7804(7)A are slightly longer than
those in 1, 2, and 4 but are similar to the long Re—Sb bond in
3 and 5. The Sb—Sb distance in cis-6, 3.481(1) A, is 0.5 A
longer than that in 4 and is now outside the range of the normal
bonding distances. A square planar Pt(H)(CO)(PBu';) group is
coordinated to each bridging SbPh ligand. Both platinum groups
lie on the same side of the Re,Sb, plane, hence the description
as a cis-structure. The two independent Pt—Sb distances,
Pt(1)—Sb(1) = 2.6062(6) A and Pt(2)—Sb(2) = 2.5957(6) A,
are similar to those in 1—4. The bulky PBu'; ligand lies trans
to the antimony atom on each platinum atom, P(1)—Pt(1)—Sb(1)
= 160.64(7)°, P(2)—Pt(2)—Sb(2) = 162.43(9)°, Pt(1)—P(1) =
2.334(2) A and Pt(2)—P(2) = 2.351(3) A. A carbonyl ligand
and one terminally coordinated hydrido ligand lie cis to the
antimony atom on each platinum atom. The two hydrido ligands
are equivalent and exhibit a single high-field resonance in the
'H NMR spectrum ¢ = —3.73 with suitable one bond coupling
to '%5Pt, 'Jp—x = 786 Hz and two bond coupling to 3'P, 2Jp_y
= 18 Hz.

An ORTEP diagram of the molecular structure of trans-6 is
shown in Figure 9. Compound trans-6 is structurally similar to
cis-6 in that it contains a central [PhSbRe(CO)4], core that is
held together by the two bridging SbPh ligands, and there is a
square planar Pt(H)(CO)(PBu'3) group coordinated to each
bridging SbPh ligand. The most significant difference between
the structures of cis-6 and trans-6 is that the two Pt(H)(CO)(P-
Bu';) groups lie on the same side of the Re,Sb, plane in cis-6

HOMO-6, -10.37 eV HOMO-7, -12.74 eV
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and on opposite sides of the Re,Sb, plane in trans-6. In the
solid state, trans-6 is crystallographically centrosymmetrical. The
rhenium—rhenium nonbonding distance, Re(1):**Re(1*) =
4.339(1) A, and the two independent Re—Sb bonding distances,
Re(1)—Sb(1) = 2.7858(6) A, Re(1*)—Sb(1) = 2.7900(6) A,
are virtually the same as those in cis-6. The nonbonding Sb+**Sb
distance in trans-6 is 3.501(1) A, only 0.02 A longer than that

in cis-6. The square planar Pt(H)(CO)(PBu') group is coordi-
nated to each bridging SbPh ligand. The one independent Pt—Sb
distance is 2.6113(5) A in length. The one crystallographically
independent hydrido ligand was located and refined structurally,
Pt(1)—H(1) = 1.42(7) A. The two hydrido ligands are symmetry
equivalent and exhibit a single high-field resonance in the 'H
NMR spectrum, 6 = —3.62, with appropriate one bond coupling
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LUMO of 4
Figure 11. Contour diagrams of the LUMO (left) and LUMO+1 (right) of 4 optimized by Gaussian 03.

to '%Pt, 788 Hz, and two bond coupling to 3'P, 20 Hz. As in
cis-6, the bulky PBu'; ligand lies trans to the antimony atom,
P(1)—Pt(1)—Sb(1) = 163.13(4)°, Pt(1)—P(1) = 2.3531(14) A.

A summary of the reactions described in this paper is
shown collectively in Scheme 2.

Compound 2 was formed by the insertion of the platinum
atom of a Pt(PBu'3) group into one of the Re—Sb bonds of 1.
This step resembles the insertion of the Pt(PBu') group into
one of the hydride bridged Re—Re bonds of Re;(CO);,(u-H)s,
eq 6, but unlike that reaction it was not the hydride-bridged
Re—Re bond in 1 where this insertion occurred. To try to obtain
an explanation for this, we calculated the molecular orbitals of
1 by the Fenske—Hall method.”' Contour diagrams of the
HOMO of 1 and two other key cluster bonding orbitals, the
HOMO-6 and HOMO-7, are shown in Figure 8. The HOMO
at E = —8.3 eV is dominated by bonding interactions between
the rhenium atoms and the bridging SbPh; ligand and 77-bonding
to the CO ligands. This could explain the preference for addition
of the Pt(PBu%) group at the Re—Sb bonds. The HOMO-6 at
—10.37 eV contains substantial Re—Sb overlaps. The orbital
that shows the bonding of the hydrido ligand to the rhenium
atoms does not appear in the HOMO-7 at —12.74 eV. Because
of its low energy, it is less likely that the Pt(PBu'3) group will
find favorable bonding interactions to HOMO-7 and thus it is
less likely that there will be a reaction in the vicinity of the
H-bridged Re—Re bond. Reaction 6 is partially reversible. The
addition of the Pt(PBu%) to 1 is also partially reversible. When
heated to 125 °C, compound 2 was converted back to 1 in 52%
yield with a simultaneous formation of a small amount of 3.
The formation of 3 requires the addition of 1 equiv of CO to 2.
Indeed compound 3 can be obtained from 2 by reaction with
CO, but the yield is not high, only 8%, and the major product
formed from the reaction of 2 with CO is still 1. The best yield
of 3 (24%) was obtained from the reaction of 2 with additional
quantities of Pt(PBu'),. This may be simply because the
additional Pt(PBu%), inhibits the conversion of 2 back to 1
which simply improves chances for the formation of 3. The
cluster of 2 was also opened by reaction with SbPh; to give §
which is simply a SbPh; derivative of 3.

A mechanism to explain the formation the compounds cis-6
and trans-6 by the addition of CO to 4 is shown in Scheme 3.
The addition of CO probably occurs at the 16-electron platinum
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atoms. The two CO additions may occur sequentially or
simultaneously. These additions induce cleavage of one of
Pt—Sb bonds to each platinum atom and perhaps the Sb—Sb
bond too, step a. Examination of the LUMO of 4 shown in
Figure 11 is consistent with such a transformation. The LUMO
of 4 contains significant Sb—Sb and Pt—Sb overlaps. Adding
electrons to this orbital would weaken these bonds, the first
step in the transformation of 4 into 6. The platinum atoms then
swing away from those antimony atoms but remain attached
to the second antimony atom. A lone pair of electrons should
form on each Sb atom, and this will be donated to the second
rhenium atom, step b. The formation of this Re—Sb bond
establishes the Re,Sb, core of the structure. Finally, the hydrido
ligands shift to terminal positions on the platinum atom, and
the Re—Pt bonds are cleaved to complete the formation of cis-6.

The formation of trans-6 is only slightly more complicated
in that it requires one additional step, an inversion of config-
uration at one of the SbPh ligands, see step d in Scheme 3.
Inversions of the configuration of pyramidal triorganoantimony
compounds are known to have energetically high barriers,** but
this barrier might be lowered if one of the atoms is a 16-electron
platinum atom. Finally, the remaining Pt—Re bonds break to
complete the formation of trans-6, step e. Interestingly, we found
no evidence for isomerization of cis-6 to trans-6 and vice versa
when samples of the pure compounds were heated to 100 °C
for 5 h. Also, there was no evidence of loss of CO and
conversion back to 4 under these conditions. This observation
is consistent with the proposed Scheme 3 which shows that
trans-6 is not formed from cis-6 and  vice
versa.
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