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ABSTRACT: The heavy-atom heterocycle Pd[Re,(CO)g4(u- (OC);Re——Re(CO)4 +P£‘y3 (OC)4Re ——Re(CO),
SbPh,)(u-H)], (5) has been synthesized by the palladium- \'I" / \ 250C H
catalyzed ring-opening cyclodimerization of the three-membered Ph,Sb——Pd——SbPh, — <—=  Ph,Sh SbPh,
heterocycle Re,(CO)4(u-SbPh,)(u-H) (3). The Pd atom \ ,.{\\ +Pd(dba), \ Ho,
occupies the center of the ring. The Pd atom in § can be (OC)REZ—Re(CO), -20°C (OC)4Re/ Re(CO),

removed reversibly to yield the palladium-free heterocycle

5 6
[Re,(CO)s((p-SbPhy) (u-H)1, (6).
B INTRODUCTION Scheme 1
In recent studies, our group' and others™ have synthesized 125°C
several unusual new metalloheterocycles by linking heavy '/\
transition-metal groupings with heavy-atom bridging ligands, | H P(tBu)
such as diphenylantimony and diphenylbismuth, derived from \RI /H\R' _ +P:£'(Dt(_téi;23]2 \\Re/ o ’
the main group elements. Among these are the five- and six- ~ Ie\ P ,e\ —_— \
membered rhena-heterocycles HPtRe,(CO)s[P(tBus),](u- s 68°C ~—RE—SbPh,
SbPh,),(u-H) (see ref la) (1) and [Re(CO);(u-BiPh,)], : 7N
(see ref 1b) (2). 3 4
H_ P(-Bu) \F\{é,
/Pt\ PhoBi” \Biphz again by treatment with Pd(dba), to regenerate 5. Host—guest
Ph,Sb $oPh2 | | phenomena have been an effective method for gaining control
SReZ—ReZ \,/R\e\ /RI“{: over the reactivity of ions, molecules, metal complexes, and
1 \ Eihz 2 nanomaterials in recent years.6_10 Herein, we report on the

reactions of 3 with the palladium sources Pd(dba), and Pd(P-t-

Bu,), and our studies of the transformations of palladium-free

The 3-membered heterocycle Re,(CO)y(u 'SbP},lZ) (u ,—H) heterocycle Re,(CO);4(u-SbPh,),(u-H), (6). A preliminary
(see ref 4) (3) has been shown to undergo a reversible ring- report of this work has been published 11
opening insertion of a Pt[P(+-Bu;)] group into one of its Re— '

Sb bonds to yield the Re,Pt complex Re,Pt[P(t-Bu);](CO)q(u- B EXPERIMENTAL DETAILS
SbPhy) ( 'I_? (4) upon reaction with Pt[P(t-Bu)s], (see General Data. Reagent-grade solvents were dried by the standard
Scheme 1). procedures and were freshly distilled prior to use. Infrared spectra were
We have now found that, when solutions of 3 are heated to recorded on a Thermo Nicolet Avatar 360 FT-IR spectrophotometer.
45 °C in the presence of Pd(dba), (where dba = 'H NMR spectra were recorded on a Varian Mercury 300
dibenzylideneacetone), 3 undergoes a remarkable ring-opening spectrometer operating at 300.1 MHz. Mass spectrometric (MS)
dimerization to form the new six-membered heterocyclic measurements performed by a direct-inlet probe by using electron
complex PdRe 4(CO)1 ¢(u-SbPh,),(u-H), (5) that contains a impact ionization (EI) were made on a VG 70S instrument. Pd(P-t-
single Pd atom in the center of the ring. In a process Buy),, Pd(dba),, dba = O=C(CH=CHCHs),, SbPh; and

reminiscent of host—guest behavior, it has been found that the Re,(CO)y were purchased from STREM and were used without

Pd atom in §, that is formally uncharged, can be removed by
treatment with phosphine ligands to yield the palladium-free Received: January 15, 2015
heterocycle Re,(CO)4(u-SbPh,),(u-H), (6), and then added Published: March 10, 2015
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further purification. Re,(CO)g(u-SbPh,)(u-H), 3 was prepared
according to a previously reported procedure.” Product separations
were performed by TLC in air on Analtech 0.25 and 0.5 mm silica gel
60 A F,g, on glass plates.

Reaction of Re,(CO)g(u-H)(u-SbPh,) with Pd(dba),. 30.0 mg
(0.0343 mmol) of Re,(CO)g(u-H)(u-SbPh,) was added to 11.8 mg
(0.0206 mmol) of Pd(dba), in 0.4 mL of benzene and sealed under
vacuum in a test tube. The reaction solution was heated to 50 °C for 3
h. Upon cooling orange-red crystals consisting of a co-crystallized
mixture of PdRe,(CO);s(u-SbPh,),(u-H), (5) and Re,(CO)4(u-
SbPh,),(1-H), (6) formed. The reaction solution was decanted and
the crystals were washed three times with benzene. These crystals of §
always contain some 6. The mixture of § and 6 was 11.1 mg (33%
yield). 1.2 mg of Pd,Re,(CO),4(u-Ph)(pt,-SbPh)(p45-SbPh,) (u-H),, 7
(6% yield) was also obtained from the remaining reaction solution by
workup by TLC by using a 3:1 hexane/methylene chloride solvent
mixture for elution. Colorless 6 can be separated from orange § in a
pure form with considerable loss of material by dissolving the mixed
crystals of § and 6 in CH,Cl, and separating by TLC in air by using a
3:1 hexane/methylene chloride solvent mixture for elution. With pure
6 in hand, the spectral features of § in the samples that contain both §
and 6 could be unambiguously assigned. Spectral data for S: IR v¢o
(cm™ in methylene chloride): 2082(s), 2016(vs), 1994(m), 1981(s),
1952(m). '"H NMR (CD;CDs, in ppm) & = 7.10 (m, 20H, Ph),
—17.89 (s, 2H, hydride). Spectral data for 6: IR vco (cm™ in
methylene chloride): 2093(s), 2021(vs), 1999(m), 1983(s), 1956(m).
'"H NMR (CD,Cl, in ppm) & = 7.39—7.61 (m, 20H, Ph), —14.94 (s,
2H, hydride). Mass spectroscopy (EI/MS) m/z 1746. The isotope
distribution pattern is consistent with the presence of four Re atoms
and two Sb atoms. The ratio of 6/5 in samples containing enough
material for a "H NMR spectroscopic analysis is easily determined by
the intensity ratio of their hydride resonances, § = —14.94 for 6 and
—17.89 for 5. Spectral data for 7. IR vco (cm™ in hexane): 2098(m),
2076(s), 2015(vs), 2008(s), 2002(s), 1996(s), 1984(s), 1966(m),
1959(m), 1936(w). "H NMR (CD,Cl,, in ppm) § = 7.05—7.71 (m,
20H, Ph), —11.97 (d, 1H, ] = 4.3 Hz, Re—H—Pd), —15.11 (d, 1H, ] =
4.3 Hz, PdA-H-Pd). Mass spectroscopy (EI/MS) m/z 1960. The
isotope distribution pattern is consistent with the presence of four Re
atoms, two Sb atoms, and two Pd atoms.

Reaction of 3 with Pd[P(t-Bu);],. 40.0 mg (0.0457 mmol) of 3
was added to 5.8 mg (0.0114 mmol) of Pd(P-t-Bu;), and dissolved in
0.2 mL of benzene and sealed under vacuum in a test tube. The
reaction was heated for 3 h at 50 °C. Yellow crystals formed. The
solvent was decanted, washed with 2 mL of benzene followed by a 2
mL of 1:1 benzene/hexane solvent mixture. 11.9 mg (29% yield) of
pure colorless 6 was obtained by crystallization in air. The mother
liquor and washes were combined and then worked up by thin-layer
chromatography (TLC), using a 3:1 hexane/methylene chloride
solvent mixture to yield 1.7 mg (4% yield) of red 7.

Heating Re,(CO)g(u-H)(u-SbPh,) in the Absence of Pd. 10.0
mg (0.0114 mmol) of 3 was dissolved in 1.0 mL of C,D;CDj; in a S-
mm NMR tube. The NMR tube was evacuated and filled with nitrogen
five times. It was then heated to 110 °C for 4 h. After this period, there
was no NMR spectroscopic evidence for the formation of any 6.

Removal of Pd from 5 To Yield 6. 2.0 mg (0.0011 mmol) of §
and 1.5 mg (0.0053 mmol) of P(c-C4H,,); were dissolved in CD,Cl,.
At t = 0 h, the solution contained 88% of S and 12% of 6. At t = 3 h,
the solution contained 5% $ and 95% 6.

Addition of Pd to 6 To Yield 5. 2.0 mg (0.0011 mmol) of 6, 3.3
mg (0.0057 mmol) of Pd(dba), and 3.8 mg (0.0051 mmol) of
H,Ru,(CO),, (added for use as an internal standard) were dissolved
in CD,Cl, and placed in a NMR tube. The NMR tube then was cooled
to —21 °C and maintained at this temperature. At the start, the
solution contained 96% 6 and 4% S. After 24 h, the solution contained
57% 6 and 43% S.

Pyrolysis of 6 at 85 °C. Under nitrogen, a 35.0 mg portion of 6
was dissolved in S mL of freshly distilled toluene in a small three-neck
flask and was heated to 85 °C in a constant-temperature oil bath for 24
h. After cooling, the solvent was removed in vacuo, and the residue was
then extracted in methylene chloride and separated by TLC by using a
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4:1 hexane/methylene chloride (v/v) solvent mixture. The isolated
products listed in order of elution include: a colorless band of 3, 1.4
mg (4% yield), a colorless band of Re;(CO),,(u-SbPh,)(u-H), (8),
0.9 mg (3% yield), a colorless band of Re,(CO)q(u-SbPh,),,'2 0.8 mg
(2% vyield), a colorless band of Re;(CO);,(u-SbPh,),(u-H) (see ref
13) (9), 9.7 mg (25% yield), a yellow band of Re;(CO),;(u-SbPh)(u-
H) (see ref 13) (10), 44 mg (15% yield). Small amounts of
H;Re;(CO),, were detected spectroscopically in reaction solutions
that were monitored by 'H NMR spectroscopy. Spectral data for 8: IR
(vco em™ in hexane): 2114(w), 2084(s), 2022(vs), 2006(m),
1987(m), 1973(m). '"H NMR (CD,Cl,, in ppm) § = 7.5-7.3 (m,
10H, Ph), —19.2 (s, 2H, hydride). Mass Spectroscopy (EI/MS):
1172(M*), 1144(M*—CO), 1116(M*—2CO), 1088(M*—3CO) m/z.
The isotope distribution pattern is consistent with the presence of
three Re atoms and one Sb atom. Spectral data for 9: IR (v¢o, cm™ in
hexane): 2101(w), 2076(s), 2013(vs), 1995(s), 1984(m), 1979(m),
1970(m), 1964(w). '"H NMR (CD,Cl,, in ppm) § = 7.5—7.2 (m, 10H,
Ph), —12.7 (s, 1H, hydride). Mass Spectroscopy (EI/MS): 1448(M*)
m/z. The isotope distribution pattern is consistent with the presence
of three Re and two Sb atoms. Spectral data for 10: IR (vco, cm™ in
hexane): 2132(w), 2093(m), 2073(m), 2038(vs), 2032(s), 2011(m),
2005(s), 1990(vs), 1960(s). 'H NMR (300 MHz, CDCl,, 25 °C,
TMS, in ppm) & = 7.9—7.2 (m, SH, Ph), —15.8 (s, LH, hydride). Mass
spectroscopy (EI/MS): 1122(M*), 1066 (M*—2CO), 1038(M*—
3CO), 1010(M*—4CO) m/z. The isotope distribution pattern is
consistent with the presence of three Re atoms and one Sb atom.
Crystallographic Analyses. Orange-red single crystals of a 5/6
combination suitable for X-ray diffraction (XRD) analyses were
obtained from the reaction solution when it was cooled to room
temperature. Colorless single crystals of 6 suitable for XRD analyses
were obtained from purified samples by recrystallization from
methylene chloride/hexane solvent mixtures by slow evaporation of
solvent. Red single crystals of 7 suitable for XRD analyses were
obtained by slow evaporation of solvent from hexane at room
temperature. Colorless single crystals of 8, 9, and 10 suitable for XRD
analyses were obtained from solutions of the pure compounds in
hexane/methylene chloride solvent mixture by slow evaporation of
solvent at —25 °C. Each data crystal was glued onto the end of a thin
glass fiber. X-ray intensity data were obtained by using a Bruker
SMART APEX CCD-based diffractometer using Mo Ka radiation (1 =
0.71073 A). The raw data frames were integrated with the SAINT+
program by using a narrow-frame integration algorithm.'* Corrections
for Lorentz and polarization effects were also applied with SAINT+.
For each analysis, an empirical absorption correction based on the
multiple measurement of equivalent reflections was applied by 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* by using the SHELXTL software package.'®
All non-hydrogen atoms were refined with anisotropic displacement
parameters. Hydrogen atoms on the phenyl groups were placed in
geometrically idealized positions and included as standard riding atoms
during the final least-squares refinements. The crystals containing
mixtures of § and 6 crystallized in the orthorhombic crystal system.
The space group Fdd2 was uniquely identified by the pattern of
systematic absences observed in the data. The hydride ligands in the
5/6 crystal were located and independently refined in the analysis with
an isotropic thermal parameter. This crystal was found to be a co-
crystallized mixture of § and 6. In the final stages of refinement, the
occupancy factor of the Pd atom was refined and it converged to a
value of 0.51. The pure form of compound 6 crystallized in the
monoclinic crystal system. The systematic absences in the data were
consistent with the space groups Cc and C2/c. The latter was initially
selected and was confirmed by the successful solution and refinement
of the structure. The hydride ligands in 6 were refined on their
positional parameters with a fixed thermal parameter. Compound 7
crystallized in the triclinic crystal system. The centrosymmetric space
group PT was selected and was confirmed by the successful solution
and refinement of the structure. The hydride ligands in 7 were refined
as follows: H1 was refined with the Re—H and Pd—H distances fixed
at 175 A. H2 was refined without any restraints. Compound 8
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Table 1. Crystallographic Data for Compounds 5—10“

S
empirical formula Re,Sb,Pd; 50,4Cy0H,,
formula weight 1839.13
crystal system orthorhombic
lattice parameters

a (A) 35.2421(15)
b (A) 52.7954(19)
¢ (A) 10.2274(4)
a (deg) 90.00
B (deg) 90.00
7 (deg) 90.00
Vv (A% 19029.3(13)
space group Fdd2
Z 16
Peac (g/cm?) 2.568
# (Mo Ka) (mm™) 11.506
temperature (K) 100(2)
20, (deg) 50.06
No. obs (I > 26(I)) 7447
No. of parameters 566
goodness of fit, GOF 1.037
max. shift in cycle 0.001

residuals*: R1; wR2

absorption correction, max/min

0.0356; 0.0692
multiscan 1.000/0.853

largest peak in final diff. map (e”/ A%) 1.028
‘R
8
empirical formula Re;SbO,,C, H)
formula weight 1172.69
crystal system triclinic
lattice parameters
a (A) 13.6204(8)
b (A) 19.0089(12)
c (b) 20.2437(13)
a (deg) 99.870(1)
B (deg) 106.934(1)
7 (deg) 109.933(1)
vV (A% 4495.0(5)
space group PT
Z 6
Pec (g/em®) 2.599
u (Mo Ka) (mm™) 13.027
temperature (K) 294(2)
20,,,.,(deg) 52.74
No. Obs (I > 206(1)) 12944
No. of parameters 1105
goodness of fit, GOF 1.047
max. shift in cycle 0.001

residuals*: R1; wR2
absorption correction, max/min

largest peak in final diff. map (e7/ A%)

0.0407; 0.0952
multiscan 1.000/0.468
2.321

6 7
Re,Sb,0,6Cy0Hn, Re,Sb,Pd,0,,CyoHy,
1746.88 1959.6
monoclinic triclinic
19.9667(18) 10.8973(15)
13.5280(12) 11.0822(15)
19.2161(17) 22.043(3)
90.00 94.339(2)
118.476(2) 91.570(3)
90.00 114.493(2)
4562.5(7) 2410.5(6)
C2/c PT
4 2
2.543 2.700
11.804 11.894
294(2) 294(2)
56.12 50.70
4030 4771
284 584
1.044 0.965
0.001 0.001

0.0247; 0.0465
multiscan 1.000/0.741

0.0667;0.1372
multiscan 1.000/0.097

0.898 2.874
9 10
Re38b,0,,C36Ha, Re;Sb0O,3C 5H,
1447.63 1122.59
triclinic monoclinic
16.0769(7) 10.3134(5)
17.2298(7) 14.3792(7)
18.7642(8) 18.3407(9)
100.110(1) 90
107.714(1) 90.571(1)
117.632(1) 90
4066.1(3) 2719.8(2)
PT P2,/m
4 4
2.635 2.742
10.266 14.349
294(2) 294(2)
52.04 56.60
10944 7010
963 38§
1.015 1213
0.002 0.001

0.0483; 0.0795
multiscan 1.000/0.657
1.864

0.0400; 0.0933
multiscan 1.000/0.223
1.489

“R= thl(”Fobsl - |Fcalc||)/zhkllFobs|; Rw = [thlw(IFobsl - |Fcalc|)2/2thWonbs]1/2; w= 1/02(F0bs); GOF = [thlw(IFobsl - |Fcalc|)2/(ndata - nvari)]l/z'

crystallized in the triclinic space group. The hydrides were refined as
follows: H1 was refined with the Rel—HI1 and Re2—HI1 bond
distances fixed at 1.75 A. Compound 9 also crystallized in the triclinic
system. The hydride ligand was located along the Re—Re bond and
refined on its positional parameter with a fixed isotropic thermal
parameter. Compound 10 crystallized in the monoclinic crystal
system. The systematic absences in the intensity data for 10 were
consistent with the space groups P2, and P2,/m. P2,/m was selected
and confirmed by the successful solution and refinement of the

3538

structure. Crystal data, data collection parameters, and results of the
analyses are listed in Table 1.

Computational Analyses. Density functional theory (DFT)
calculations were performed with the Amsterdam Density Functional
(ADF) suite of programs,16 using the PBEsol functional with Zero
Order Relativistic Approximation (ZORA). Valence quadruple-{ + 4
polarization, relativistically optimized (QZ4P) basis sets were used for
Pd, Re, Sb, O, C, and H atoms with no frozen cores. The molecular
orbitals for § and 6 and their energies were obtained by geometry-

DOI: 10.1021/acs.inorgchem.5b00080
Inorg. Chem. 2015, 54, 3536—3544


http://dx.doi.org/10.1021/acs.inorgchem.5b00080

Inorganic Chemistry

optimized calculations that were initiated on their respective structures
based on their structures obtained from single-crystal XRD analyses.
The fragment analysis for compound § was also performed with the
ADF programs by using the meta-Generalized Gradient Approx-
imation (meta-GGA) level nonempirical Tao—Perdew—Staroverov—
Scuseria (TPSS) functional.'” The above-mentioned basis sets were
used.

B RESULTS AND DISCUSSION

The reaction of 3 with Pd(dba), in benzene for 3 h at 50 °C
yielded orange-red crystals consisting of a mixture yielded the
two products S and 6 in a combined yield of 33% which co-
crystallized from the reaction solution in the same crystal.
Compound 6 can be isolated in a pure form by TLC on silica
gel albeit with considerable loss. Small amounts of the
dipalladium compound 7 were also isolated in low yields
(6%) by TLC after work up of the material in the remaining
reaction solutions. Compound 6 was also obtained and isolated
in 29% yield from the reaction of 3 with Pd[P(t-Bu),], in
benzene solvent. In this reaction, no § was obtained but a 4%
yield of 7 was obtained.

A crystal containing a mixture of $ and 6 was analyzed by a
single-crystal XRD analysis. Compounds S and 6 occupy the
same sites in this structure. An ORTEP diagram of the
superimposed 5/6 combination is shown in Figure 1. The

Figure 1. An ORTEP diagram of the molecular structure of 5/6,
showing 30% thermal ellipsoid probabilities. Selected interatomic
distances (A) are as follow: Re(1)—Re(2) = 3.4235(7), Re(3)—Re(4)
= 3.3592(6), Pd(1)—Re(1) = 2.9348(18), Pd(1)—Re(2)
2.9455(19), Pd(1)—Re(3) 2.9820(18), Pd(1)—Re(4)
2.9823(19), Re(1)—Sb(1) 2.7825(10), Re(2)-Sb(2)
2.8007(10), Pd(1)-Sb(1) 2.6306(18), Pd(1)-Sb(2)
2.6351(18), Pd(1)—-H(1) = 1.90(10), Pd(1)-H(2) = 1.76(10),
Re(1)—H(1) = 1.92(10), Re(2)—H(1) = 1.67(10), Re(3)—H(2) =
2.05(9), Re(4)—H(2) = 1.75(10)."

palladium atom appears in the form of a partial occupancy in
the center of a six-membered heterocyclic Re,Sb, ring. This
particular crystal contained 51% Pd in the center of the Re,Sb,
ring, as determined by occupancy refinement. Each Re atom
contains four linear terminal carbonyl ligands. Each Sb atom
contains two phenyl groups. The SbPh, groups lie on opposite
sides of the ring
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The Pd atom is bonded to all four Re atoms, Pd(1) — Re(1)
= 2.9348(18) A, Pd(1)—Re(2) = 2.9455(19) A, Pd(1)—Re(3)
= 2.9820(18) A, Pd(1)—Re(4) = 2.9823(19) A, the two Sb
atoms, and the two bridging hydrido ligands.'® The Re—Re
bond distances, Re(1)—Re(2) = 3.4235(7) A, Re(3)—Re(4) =
3.3592(6), A, are longer than the Re—Re bond in 3, Re(1)—
Re(2) = 3.2244(6) A* and considerably longer than the Re—Re
single-bond distance observed in Re,(CO);, (3.041(1) A)."
The Re—Sb distances, Re(1)—Sb(1) = 2.7439(17) A, Re(2)—
Sb(1) = 2.7434(18) A, Re(3)—Sb(2) = 2.8004(10) A, Re(4)—
Sb(1) = 2.8115(10) A are significantly longer than those in 3,
2.6934(7)—2.6983(7) A.* The Pd—Sb distances, Pd(1)—Sb(1)
= 2.6306(18) A, Pd(1)-Sb(2) = 2.6351(18) A, are short
enough to imply significant bonding interactions between these
atoms. The Pd—Sb bond distances in the compounds
Pd(SbPh;),(Ph)X, X = Cl and Br, are 2.5568(5) A and
2.5421(5) A, respectively.’® The two equivalent hydride
ligands, 6 = —17.89, were located and refined in this low-
temperature structural analysis, and they serve as triply bridging
ligands across the two oppositely positioned Re,Pd triangles,
Pd(1)—H(1) = 1.90(10) A, Pd(1)—H(2) = 1.76(10) A. The
nature of the bonding of the Pd atom to the heterocycle was
investigated by geometry-optimized DFT molecular orbital
calculations and is described below.

Compound 6 can be obtained in a pure crystalline from by
TLC of the §/6 mixtures. Interestingly, compound 6
crystallizes in a different space group than the $/6 mixed
crystals. An ORTEP diagram of the molecular structure of 6 in
the solid state is shown in Figure 2.

The structure of compound 6 consists of a puckered six-
membered Re,SbRe,Sb ring similar to that of . The molecule
contains 2-fold rotational symmetry in the solid state. The
hydride-bridged Re—Re bond distances, Re(1)—Re(2) =

022 2

023

Figure 2. ORTEP diagram of the molecular structure of compound 6
showing 30% thermal ellipsoid probabilities. Selected interatomic bond
distances (A) are as follow: Rel—Re2 = 3.2607(4), Rel—Sb2
2.8002(4), Re2—Sb1 = 2.7959(3), Rel—H1 = 2.02(5), Re2—H1
1.65(5)."
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3.2607(4) A, and the Re—Sb bond distances, Rel—Sb2 =
2.8002(4) A, Re2—Sb1 = 2.7959(3) A, are significantly shorter
than the corresponding distances in $. Like $, the heterocycle
of pure 6 exhibits a chairlike conformation, but in pure 6 it is
more puckered than that in §/6 mixed crystal. The two hydrido
ligands are equivalent, 5 = —14.94 in the '"H NMR spectrum,
and they bridge the Re—Re bonds on the interior of the ring.
Significantly, we could not obtain any evidence for the
formation of 6 from 3 in the absence of a source of palladium,
even by heating to 100 °C for 2 h.

Compound 7 was also characterized crystallographically. An
ORTEP diagram of the molecular structure of 7 is shown in
Figure 3. Compound 7 contains two mutually bonded Pd

042

012

Figure 3. An ORTEP diagram of the molecular structure of 7, showing
30% thermal ellipsoid probabilities. Selected interatomic bond
distances (A) are as follow: Re(1)—Sb(1) = 2.7439(17), Re(1)—
Pd(1) = 2.9317(18), Re(2)—Sb(1) = 2.7434(18), Pd(1)-Pd(2) =
2.848(2), Re(2)—-Pd(2) = 2.839(2), Re(3)—Pd(2) = 2.961(2),
Re(3)—Pd(1) = 3.0949(19), Re(4)—Pd(1) = 2.7895(19), Re(4)—
Sb(2) = 2.8527(17), Pd(1)-Sb(2) = 2.736(2), Pd(2)-Sb(1) =
2.574(2), Pd(1)—Sb(1) = 2.666(2), Re(2)—C(51) = 2.31(3), Pd(2)—
C(51) = 2.16(3), Pd(1)—H(1) = 1.75(1), Re(1)—H(1) = 1.75(1),
Re(3)—H(2) = 2.11(14), Pd(1)-H(2) = 1.37(14), Pd(2)-H(2) =
1.83(14)."

atoms. Formally, 7 contains two ring-opened equivalents of 3,
but they are separated by the two added Pd atoms and one of
the phenyl rings was cleaved from one of the original SbPh,
ligands to become a bridging ligand across the Re(2)—Pd(2)
bond. The SbPh remnant serves as quadruply bridging ligand
by bonding to two of the Re atoms and both of the Pd atoms.
The Pd atoms are mutually bonded, Pd(1)—Pd(2) = 2.848(2)
A. The cleaved phenyl ring has adopted a semibridging position
across the Re(2)—Pd(2) bond, Re(2)—C(51) = 2.31(3) A,
Pd(2)—C(S1) = 2.16(3) A. Many complexes containing
semibridging phenyl ligands have appeared recently.”' The
SbPh, ligand in 7 is a triply bridging ligand bonded to Re(3),
Pd(1), and Re(4). It resembles the two triply bridging SbPh,
ligands found in S except that the Pd—Sb distance, Pd(1)—
Sb(2) = 2.736(2) A, in 7 is significantly longer than that in S.

Compound 7 contains two hydrido ligands: one bridges the
Pd(1)—Re(1) bond, Pd(1)—H(1) = 1.75(1) A, Re(1)-H(1) =
1.75(1) A; the other one H(2) is a semitriple bridge on the
Re(3), Pd(1), Pd(2) triangle, Pd(1)-H(2) = 1.37(14) A,
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Pd(2)—H(2) = 1.83(14) A. Re(3)—H(2) = 2.11(14) A. On the
basis of its formula, it appears that 7 was formed from § by the
addition of one Pd atom accompanied by the cleavage of one
phenyl group from one of the SbPh, ligands, but since we have
been unable to obtain § in a pure form, we have been unable to
confirm this hypothesis.

In order to gain a better understanding of the nature of the
bonding of the Pd atom to the ring in compound §, geometry-
optimized DFT calculations were performed on both § and 6.
The molecular orbitals (MOs) of 6 will be described first, and
these are shown in Figure 4. The HOMO of 6 shows bonding

HOMO
-5.79 eV

HOMO-30

-9.09 e\

HOMO-
31

HOMO-39
-9.80 eV

‘z—Y7J

X

Figure 4. Selected molecular orbitals for 6 and their respective
calculated energies (in eV).

interactions between what are formally the p, orbitals on the
two Sb atoms and the d,>_,> orbitals on the Re atoms. HOMO-
30 and HOMO-31 show the bonding of the hydrido ligands to
the Re atoms. This bonding is a combination of the 1s orbitals
of the H atoms with the d,, orbitals of the Re atoms. This
molecular orbital can be viewed as a combination of two three-
center two-electron Re—H—Re bonds. HOMO-39 is an
interesting molecular orbital that shows the nature of the
Re—Sb bonding across the entire six-membered ring. This
molecular orbital, shaped like a doughnut, includes the 1s
orbital from each H ligand, the p, orbitals on the two Sb atoms
and the d,, orbitals from the four Re atoms. This highly
delocalized orbital lies a low energy (—9.80 eV) and greatly
stabilizes the structure of the ring.

The molecular orbitals of S are shown in Figure S. The
interaction between the Pd atom and the heterocycle 6 is nicely
illustrated by HOMO-29, which shows strong interactions
between the Pd d,, orbital and the HOMO of the ring.

Interactions between the Pd atom and the two hydrido
ligands are shown in HOMO-40 and HOMO-52, which are
formed principally by interactions of the d,, and p, orbitals on
Pd with the HOMO-30 of 6 and the d and s orbitals on Pd
and HOMO-31 of 6, respectively. The HOMO-30 and
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HOMO-29 HOMO-30

-8.26 eV -8.43 eV
HOMO-40 HOMO-41
-9.67 eV -9.77 eV

Y
z
X

Figure S. Selected molecular orbitals for § with the corresponding
calculated energies that show important bonding between the central
Pd atom and the Re atoms, Sb atoms, and the hydrido ligands of the
heterocyclic ring.

HOMO-52
-10.67 eV

HOMO-41 of § also show important interactions between the
do_,» orbital on Pd and the LUMO of 6. The net bonding
interactions, donation from the electron-rich hydrides into the
Pd Ss and Sp and donation from the Pd 4d orbitals into the
LUMO of 6, stabilize the molecule to a surprisingly large
degree as the neutral Pd atom’s binding energy is 40 kcal/mol.
A DFT fragment analysis that shows additional Pd/ring
interactions in 5 were performed and are provided in the
accompanying Supporting Information.

When a solution of a 6/5 mixture (12/88) was treated with
PCy;, Cy = C¢H;; (cyclohexyl), the Pd atom was removed
from § with conversion to 6 in 3 h at 25 °C; no S remained as
determined by "H NMR spectroscopy. Insertion of the Pd atom
back into the ring of 6 was not as facile and most certainly
depends on the source of the zerovalent Pd atom and the
binding ability of its ligands. As one example, a solution of 5/6
(4/96) in CD,Cl, solvent in an NMR tube was treated with
Pd(dba), at —20 °C. After a period of 24 h, the 5/6 ratio
increased to 43/57, as determined by the increase in the
hydride resonance of § at 6 = —17.89, relative to that of 6 at 6 =
—14.94.

The mechanism of the palladium-catalyzed dimerization of 3
to 6 has not yet been fully established, but it seems most likely
that it involves a series of insertions of a Pd-containing
grouping into one of the Re—Sb bonds in 3, as was observed in
the reaction of 3 with Pt[P(t-Bu),],.” This proceeds through a
Re—Sb ring-opening addition of a second equivalent of 3 and
ring closing cyclization to yield the Pd-stabilized product S.
More interesting, however, is the observation that the Pd atom
can be reversibly removed from 5 (see Scheme 2).

We were unable to obtain 6 by heating 3 in the absence of a
source of zerovalent Pd. Thus, the Pd appears to be essential
for the formation of the six-membered ring in 5. Since we were
able to isolate 6 in the pure form, we were able to investigate its
thermal stability. When a solution of 6 in toluene solvent was
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Scheme 2
+PC
(OCNRe—=Re(CO): e (00)Re—Re(CO
25°C
Ph,St——Pd——SbPh, = Ph,SH SbPh,
H +Pd(dba), H
N
(OC),REE—>Re(CO), -20°C (0C)ReZ—Re(CO),
5 6

heated to 85 °C for 24 h, the compounds 3 (4% vyield),
Re,(CO)4(u-SbPh,),"* (2% yield), and three new compounds:
Re;(CO),(u-SbPhy) (u-H), (8) (3% yield), Re;(CO)yp(u-
SbPh,),(u-H) (9) (25% vyield), and Re;(CO)5(u-SbPh)(u-
H) (10) (15% yield) were formed. Compounds 8—10 were
each characterized by single-crystal X-ray diffraction analyses,
and ORTEP diagrams of their molecular structures are shown
in Figures 6—8. There are three independent molecules in the

034 0833
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Figure 6. An ORTEP diagram of the molecular structure of
Re;(CO),(u-SbPh,) (u-H), (8), showing 30% thermal ellipsoid
probabilities. Selected interatomic bond distances (A) for the three
independent molecules in the crystal are as follow: Rel—Re2 =
3.4545(6), Re2—Re3 = 3.4387(6), Rel—Sb1 = 2.7525(8), Re3—Sbl =
2.7527(8), Rel-H1 = 1.74(9), Re2—HI1 = 1.75(9), Re2—HI1
1.75(9), Re2—H2 = 2.05(12), Re3—H2 = 1.49(12); Re4—ReS
3.4657(7), Re5—Re6 = 3.4955(7), Re4—Sb3 = 2.7508(8), Re6—Sb3
2.7539(9), Re4—H3 = 1.76(2), Re5—H3 = 1.76(2), Re5—H4
1.767(18), Re6—H4 = 1.763(18); Re7—Re8 = 3.4314(7), Re8—Re9 =
3.4973(6), Re7—Sb2 = 2.7408(8), Re9—Sb2 = 2.7600(8), Re7—HS =
1.45(12), Re8—HS5 = 2.11(12), Re8—H5 = 2.11(12), Re8—H6 =
1.766(18), Re9—H6 = 1.763(18).

crystal of 8. All of the molecules are structurally similar and
consist of a four-membered Re;Sb ring containing three
Re(CO), groups with one bridging SbPh, group. The hydrido
ligands bridge the Re—Re bonds and the Re—Re bonds are
long, ranging from 3.4314(7) A to 3.4973(6) A. The long
length is certainly due in part to the presence of the bridging
hydrido ligands.”* Compound 8 is structurally similar to its
known Bi homologue Re;(CO);,(u-BiPh,)(u-H),, which also
has very long hydride-bridged Re—Re bonds, 3.4299(3) A and
3.5055(3) A>®* The Re—Sb distances in 8 (2.7408(8)—
2.7600(8) A) are similar to those found in 3 and are
significantly shorter than those found in § and 6. This may
be a ring size effect, i.e,, the smaller rings have shorter Re—Sb
bonds.

Compound 9 contains two independent molecules in the
crystal. Both are structurally similar and consist of a five-
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Figure 7. An ORTEP diagram of the molecular structure of
Re;(CO)1,(u-SbPh,),(u-H) (9), showing 30% thermal ellipsoid
probabilities. Selected interatomic bond distances (A) for the two
independent molecules in the crystal are as follow: Re2—Re3 =
3.2665(7), ReS—Re6 = 3.3000(7), Re1—Sb1 = 2.7820(8), Rel—Sb2 =
2.7718(8), Re2—Sb1 = 2.7780(8), Re3—Sb2 = 2.7639(8), Re4—Sb3 =
2.7885(8), Re4—Sb4 = 2.7745(8) Re5—Sb3 = 2.7972(9), Re6—Sb4 =
2.7727(8), Re2—H1 = 1.747(10), Re3—H1 = 1.748(10), Re5—H2 =

1.745(10), Re6—H2 = 1.747(10).
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Figure 8. An ORTEP diagram of the molecular structure of
Re;(CO) 5(p5-SbPh)(u-H) (10), showing 30% thermal ellipsoid
probabilities. Selected interatomic bond distances (A) are as follow:
Molecule 1, Rel—Rel* = 3.2284(7), Re1—Sbl = 2.7337(6), Re2—Sb1
=2.7854(8), Rel—HI = 1.81(4); Molecule 2, Re3—Re3* = 3.2050(7),
Re3—Sb2 = 2.7208(7), Re4—Sb2 = 2.7768(10), Re3—H2 = 1.82(5).

membered Re;Sb, ring composed of three Re(CO), groups
linked by two bridging SbPh, groups. There is one hydride-
bridged Re—Re bond in each molecule, Re—Re = Re2—Re3 =
3.2665(7) A; Re5—Re6 = 3.3000(7) A, which is shorter than
those in 8. Interestingly, the hydrido ligand lies on the inside of
the ring. The Re—Sb bonds are all slightly longer—2.7820(8)
A, 2.7718(8) A, 2.7780(8) A, 2.7639(8) A, 2.7885(8) A,
2.7972(9) A, 2.7727(8) A—than those in the 3- and 4-
membered ring compounds 3 and 8. Compound 9 is
structurally similar to the triosmium five-membered com-
pounds Os;(CO);,(u-SbR,),Cl,, R = Ph, p-tolyl that contain
two terminally coordinated chloride ligands.”*
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The crystal of compound 10 contains two independent
molecules. Both molecules are structurally similar and both
contain crystallographically imposed reflection symmetry.
Compound 10 is structurally similar to the three-membered
ring compound 3, but has a Re(CO); group in the place of one
of the phenyl rings on the Sb atom. The SbPh group can be
viewed as a bridge across an open cluster of three rhenium
carbonyl groups. There are two Re(CO), groups that are
mutually bonded, Re—Re = 3.2284(7) A [3.2050(7) A] and
contain a bridging hydrido ligand. The Re—Sb bond distances
to these Re atoms are similar to those in 3, 2.7337(6) A
[2.7208(7) A]. The Re—Sb bond to the Re(CO)s group is
significantly longer, 2.7854(8) A [2.7768(10) A].

Compound 9 is the principal product obtained from the
degradation of 6. Compound 9 could be formed by the
elimination of a “HRe(CO),” group from 6 (see Scheme 3); in

Scheme 3. Loss of a HRe(CO), Group from 6 To Form 9

H H—|
A N e
Ph. sn/ "}\rngh Ph, Sb/ % thsb/ \prh
2 2 —— 2 SbPhy ———»= \ /
~"HRe(CO)," \
—Re TR 4 _Re: Ré— —ReC —Re
AN ZATA ZANA
6 9

all of the following schemes, the CO ligands on the Re atoms
are represented simply as lines. Consistent with this, was the
observation of the formation of small amounts of H;Re;(CO);,
in the reaction solutions when the thermal degradation of 6 was
monitored by "H NMR spectroscopy.

Compound 8 could be formed by the expulsion of a
“Re(CO),(SbPh,)” group from 6. This is consistent with the
formation of small amounts (2% yield) of [Re(CO),(SbPh,)],,
a dimer of “Re(CO),(SbPh,)”, also observed in the degradation
of 6 (see Scheme 4).

Scheme 4. Fragmentation of 6 To Form 8 and Re,(CO)4(u-
SbPh,),

\\ 152 \\/ e Ph
"Ph,SbRe(CO),"

NV AN >\/ \RZ<
s e EANZ AN
ASAS i B

6 8 [Re(CO)4(n-SbPhy]>

A series of trans-annular Re—Sb bond cleavages in 6 could
generate two equivalents of the original compound 3 used for
the formation of § (Scheme §). Small amounts of 3 (4% yield)
were also observed in the degradation of 6.

Scheme S. Two Trans-annular Re—Sb Bond Cleavages in 6
Lead to Two Molecules of 3

H
>\R/e/ \Rj;-; o
2
Ph,SH, 'SbPh, Sb
AWV D A
7 W \ /\ >H
6 3
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Compound 10 could be formed by the insertion of an
HRe(CO), group into an Re—Sb bond of 3, followed by the
reductive elimination of benzene and the addition of one
equivalent of CO (Scheme 6).

Scheme 6. A Plausible Route to 10

N N Ph N |
—R - - Ph
s /e\SbPh2 +HRe(CO)' | RR~gf R Pl et 7e\sé |
H / D — H\ / \Re—\— —_— H\ \Re\
K ke /A *co ke /
7N IN N
10

It has been shown that the unsaturated fragment Pt[P(t
Bu),] inserts into the SbPh bond of HRe(CO),(SbPh,) to
yield the SbPh,-bridged compound PtRe(CO),(Ph)[P(+

Bu);](4-SbPh,) (u-H).™

B SUMMARY AND CONCLUSIONS

The palladium-containing heterocycle (5) was synthesized by a
ring-opening cyclization of 2 equiv of compound 3.
Presumably, this proceeds by a series of ring-opening insertions
of a Pd atom released from the Pd(dba), precursor into one of
the Re—Sb bonds of 3. The palladium clearly stabilizes the
heterocyclic Re,Sb, ring through bonds to the Sb and Re atoms
and also to the bridging hydrido ligands. Interestingly, the Pd
atom can be both removed from the ring when treated with
PCy, and reinserted into it by treatment with Pd(dba),. The
Pd-free compound 6 is sufficiently stable for isolation and
characterization, but it cannot be formed by thermal treatments
of 3 in the absence of palladium. Indeed, when 6 is heated it is
degraded by the expulsion of molecular fragments and 3 is one
of the degradation products. Compound 3 may indeed be more
stable than 6, although it probably contains some ring strain.
Two larger and less-strained ReSb ring systems, 8 and 9, were
also formed in the degradation of 6.

Perhaps, the most important feature of this study is that
compound 6 can be viewed as a host for the complexation of a
single, uncharged Pd atom as found in S. It is possible that
heavy atom metalloheterocycles such as 6, could serve as a new
family of hosts for low-valent including zerovalent metal atom
guests that could be delivered to the heterocycles and reversibly
retrieved.
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