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ABSTRACT: The six-membered heavy atom heterocycles
[Re,(CO)s(u-SbPhy) (4-H) 1, 5, and Pd[Re;(CO)(14-SbPhy)-
(u-H)]1,, 7, have been prepared by the palladium-catalyzed
ring-opening cyclo-dimerization of the three-membered
heterocycle Re,(CO)g(u-SbPh,)(u-H), 3. The palladium
atom that lies in the center of the heterocycle 7 was removed
to yield S. The palladium removal was found to be partially
reversible leading to an unusual example of host—guest
behavior. A related dipalladium complex Pd,Re,(CO) -
(u4-SbPh) (145-SbPh,) (1-Ph) (1-H),, 6, was also formed in

these reactions of palladium with 3.

ost—guest phenomena have been one of the most exciting

methods for gaining control over the reactivity of ions,
molecules, metal complexes, and nanomaterials in recent years.l_5
Crown ethers, cryptands, metallacycles, cavitands, and capsules are
well-known for their ability to complex ions and molecules in
solutions." > We now wish to report on what may prove to be a
potential new family of hosts, heavy atom metallaheterocycles, that
could add a new direction to this important field, namely, the ability
to complex uncharged metal atoms reversibly.

In recent studies, our group has synthesized some unusual new
metallaheterocycles, e.g. HPtRe,(CO)g(P-t-Bus)(¢-SbPh,),-
(u-H),° 1, and [Re(CO)4(u-BiPh,)]s,” 2, by linking heavy
transition metal groupings with heavy atom bridging ligands,
such as diphenylantimony and diphenylbismuth, derived from
the main group elements (Figure 1).

The three-membered heterocycle Re,(CO)g(u-SbPh,)(u-H),*
3, has been shown to react with Pt(P-t-Bus), by a reversible ring-
opening insertion of a Pt(P-t-Bus) group into one of its Re—Sb
bonds to yield the comgound Re, [Pt(P-t-Bus) ] (u-SbPh,)-
(CO)s(u-H), 4, Scheme 1.

It has now been found that when 3 is heated to 45 °C in the
presence of Pd(P-t-Bus),, it undergoes a remarkable ring-open-
ing cyclo-dimerization to form the new six-membered tetrarhe-
na-heterocycle Re,(CO);¢(«-SbPh,),(¢-H),, S, in 29% yield.
Compound 5 was characterized by single-crystal X-ray diffraction
analysis, and an ORTEP diagram of its molecular structure is
shown in Figure 2.

The structure of compound § consists of a puckered six-
membered Re,SbRe,Sb ring in a chair-like conformation. The
SbPh, ligands lie at opposite sides of the molecule. The molecule
contains two-fold rotational symmetry in the solid state. Com-
pound § contains two equivalent hydrido ligands that bridge the
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Figure 1. Structural diagrams for 1 and 2.

Scheme 1. Schematic of the Reversible Addition of Pt(P-t-
BU3) to3
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Re—Re bonds, Rel—Re2 = 3.2607(4) A, in the two Re,(CO)g
groupings, 0 = —14.94. Interestingly, the hydrido ligands lie
inside the ring. There was no spectroscopic evidence for forma-
tion of § even by heating 3 to 100 °C for 2 h in the absence of a
source of palladium. There was a second product, Pd,Rey-
(CO)16(tt4-SbPh)(2e3-SbPh, ) (u-Ph) (u-H),, 6, obtained in only
4% yield that contains two mutually bonded palladium atoms;
see Figure 3. Formally, compound 6 contains two ring-opened
equivalents of 3, but they are separated by the Pd atoms and a
phenyl ring has been cleaved from one of the original SbPh,
ligands. This phenyl ring serves as a bridging ligand across the
Re(2)—Pd(2) bond in 6.
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Figure 2. ORTEP diagram of the molecular structure of compound §
showing 30% thermal ellipsoid probabilities. Selected interatomic bond
distances (A) and angles (deg) are as follow: Rel—Re2 = 3.2607(4),
Rel—Sb2 = 2.8002(4), Re2—Sb1 = 2.7959(3), Rel—HI1 = 2.02(5),
Re2—HI = 1.65(5).

When a concentrated solution of compound 3 was treated
with Pd(dba),, dba = dibenzylideneacetone at 45 °C, compound
S together with a second product, Pd[Re,(CO)g(u-SbPh,)-
(u-H)],, 7, was obtained. Because of their structural similarities,
the two compounds cocrystallize from the reaction mixture. The
ratio of the two compounds in the crystalline form varies from
reaction to reaction and crystal to crystal depending on the
original concentrations of 3 and Pd(dba), in the reaction
solution. It is possible to find samples that contain as much as
96% of 7.'° Compound 7 was characterized crystallographically,
and an ORTEP diagram of its molecular structure is shown in
Figure 4.

Compound 7 contains a slightly puckered six-membered
Re,Sb, ring similar to that of S, but it also contains a palladium
atom in the center of the ring. This particular crystal contained
only 51% Pd (determined by occupancy refinement) in the
center of the Re,Sb, ring. The palladium 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 Re—Re bond distances, Re(1)—Re(2) =
3.4235(7) A,Re(3)—Re(4) = 3.3592(6) A, have all increased as a
result of the insertion of the Pd atom into the ring."" Although
these Re—Re distances seem long, they are not unprecedented.
The hydride-bridged Re—Re interactions are 3.439(24) A'> in
Re,(CO),6(u-H), and 3.2742(4) in 1.° The observed Pd—Sb
distances, Pd(1)—Sb(1) = 2.6306(18) A, Pd(1)—Sb(2) =
2.6351(18) A, in 7 are short enough to expect 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)
and 2.5421(5) A respectively."”® The two equivalent hydrido
ligands H1 and H2, 0 = —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 palladium atom to
the heterocycle was further established by geometry-optimized
density functional theory (DFT) molecular orbital calcula-
tions."* The bonding between the palladium atom and the p- and

Figure 3. ORTEP diagram of the molecular structure of compound 6
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) = 2.547(2), Pd(1)—Sb(1) =
2.666(2), Pd(1)—H(1) = 1.75(1), Re(1)—H(1) = 1.75(1), Pd(1)—H-
(2) =1.37(14), Pd(2)—H(2) = 1.83(14).

Figure 4. ORTEP diagram of the molecular structure of compound 7
showing 30% thermal ellipsoid probabilities. Selected interatomic dis-
tances (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).

sp-orbitals on the Sb atoms are shown in the orbitals HOMO—
29 and HOMO-—30, Figure S. Interactions between the palla-
dium atom and the two hydride ligands are shown in the
HOMO —44. These bonding interactions stabilize the molecule
to a surprisingly large degree as the neutral Pd atom’s binding
energy is 40 kcal mol .

There is a remarkable relationship between $ and 7 that takes
the form of a host/guest behavior. For example, when a solution
of a 5/7 mixture (12%/88%) was treated with PCys, Cy = C¢Hy,
(cyclohexyl), the palladium atom was removed from 7 with
conversion to § in 3 h at 25 °C; no 7 remained as determined by
"H NMR spectroscopy. Interestingly, the palladium atom can be

12995 dx.doi.org/10.1021/ja205515u |J. Am. Chem. Soc. 2011, 133, 12994-12997



Journal of the American Chemical Society

COMMUNICATION

HOMO-44

Figure S. Selected molecular orbitals HOMO—29, HOMO—30, and
HOMO—44 for 7 that show important bonding between the central
palladium atom and atoms in the heterocycle.

reintroduced into the ring of § although as yet we have not been
able to drive this conversion back to 7 to completion. The Pd
readdition will, of course, depend on the nature of the Pd reagent
and the ligands that are bonded to it. When a solution of 7/5
(4%/96%) in CD,Cl, solvent in an NMR tube was treated with
Pd(dba), at —20 °C, the 7/5 ratio increased to 43%/57% over a
period of 24 h as determined by the increase in the hydride
resonance of 7 at & = —17.89 relative to that of § at & = —14.94."

The mechanisms of the palladium-catalyzed cyclo-dimeriza-
tion of 3 to §, the addition of Pd to §, and its removal from 7 have
not yet been fully established. However, it seems most likely that
the cyclo-dimerization begins with the insertion of a Pd-contain-
ing grouping into one of the Re—Sb bonds in 3 as was observed
in the reaction of 3 with Pt(P-t-Bus),, Scheme 1.” This process
may even involve 7 as an intermediate. More interestingly, how-
ever, is the observation that the palladium atom not only can be
removed from 7 but also can be reinserted back into the metalla-
cycle S. The heterocycle § can thus be viewed as a host for the
complexation of a single, uncharged palladium atom; see Scheme 2.

Scheme 2. Schematic of the Partially Reversible Removal of
Pd from 7

(OC)4Re\H—/Re(CO)4 +PCy; ~Pd" (OC)4Re?Re(CO)4
| 25°C
Ph,Sb——Pd——SbPh, —<=—>  PhsSt SbPh,
'L +Pd(dba), +"Pd" H
(OC)RE“=Re(CO), -20°C (OC),Re“—Re(CO),
7 5

Efforts to introduce other metal atoms into the heterocycle 5 are in
progress.
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