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Abstract: New rhodium and iridium complexes containing the bidentate ligand 3,5-diphenyl-2-(2-pyridyl)pyr-
rolide (PyPyr) were prepared. The bis(ethylene) complex (PyPyr)Rh(C.H,). (3) reacted with HSiEt;, HSiPhg,
and HSi'BuPh, to produce the 16-electron Rh(V) bis(silyl)dihydrides (PyPyr)Rh(H).(SiEts), (8), (PyPyr)Rh-
(H)2(SiPhs)2 (9), and (PyPyr)Rh(H),(SiBuPh,), (10), respectively. The analogous Ir(V) bis(silyl)dihyride
(PyPyn)Ir(H)2(SiPhg)o (11) has also been synthesized. X-ray crystallography reveals that 9—11 adopt a
coordination geometry best described as a bicapped tetrahedron. Silane elimination from 9 and 10 occurred
in the presence of either HSiEt; or PPh;. Mechanistic studies of the silane exchange process involving 10
and free HSIiEt; (to give 8) indicate that this process occurs by rate-limiting reductive elimination of HSi'BuPh,
from 10 to generate a 14-electron Rh(lll) intermediate of the type (PyPyr)Rh(H)(Si'BuPh,).

Introduction

The activation of Si—H bonds by late transition metal
complexes represents an important step in numerous catalytic
reactions,' '? including silane redistribution,'' ™ '* reductions of
haloarenes by silanes,'® '® and the dehydrogenative Si—C
coupling of silanes with arenes.>'?~?* Complexes of Rh and Ir
feature prominently in known Si—H bond activation chemistry,
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and this may be at least partly due to the ability of metals to
support silyl complexes in high oxidation states.”> ¢ In addition,
these metals may activate Si—H bonds by way of formation of
n*-silane complexes.>’ *!' Thus, it is of interest to explore new
Si—H bond activations and related catalytic transformations for
group 9 metal complexes, and in this context it is worth noting
that most of the previous investigations have featured soft
ancillary donor ligands (e.g., cyclopentadienyl and phosphine
derivatives). Fewer investigations have involved silane conver-
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LiN(SiMes), ;;LJS' the complete consumption of starting material. In subsequent
) procedures, this solid was used without further purification.
| I Addition of (PyPyrH to 0.5 equiv of [RhCI(C,H,),],*" in
N ll\Rh/C'\Rh/ll N | toluene proceeded partially (in 52% yield) to (PyPyrH)-
ph Nl T e Y| e Ph— N /Rh\” RhCI(C,H,), (2), characterized by '"H NMR spectroscopy as part
_ 97% _ of an equilibrium mixture with (PyPyr)H and [RhCI(C,Hy),]»
Ph Ph (Scheme 1). Subsequent treatment of this mixture with LiN-
1 3 (SiMes), in benzene generated (PyPyr)Rh(C,Hy); (3), which was

sions at group 9 metal centers supported by hard ancillary
ligands with oxygen or nitrogen donos.*

Recent investigations in these laboratories have explored use
of the monoanionic, chelating 2-(2-pyridyl)indolide (PyInd)
ligand with late transition metals.**** Interestingly, this ligand
stabilizes coordinatively unsaturated Ir(V) and Rh(V) bis(si-
lyl)dihydride complexes. The solid-state structure of the Ir(V)
complex, (PyInd)Ir(H),(SiPh,Me),, revealed a highly distorted
octahedral geometry. Furthermore, the Rh(V) bis(silyl)dihydride
(PyInd)Rh(H),(SiEt;), mediates the catalytic dehydrochlorinative
coupling of chlorobenzene with triethylsilane.

Given the results observed for (PyInd)Rh and (PyInd)Ir
complexes, it was of interest to examine related systems with
nitrogen-donor ligands that possess different steric and/or
electronic properties. In this regard, the ligand 3,5-diphenyl-2-
(2-pyridyl)pyrrolide (PyPyr), reported by McNeill and co-
workers,** seemed of interest as it is more sterically demanding
than PyInd. The PyPyr ligand has been found to support late-
metal complexes in relatively high oxidation states, such as
(PyPyr)AuMe,* and (PyPyr)PtMe;.*¢

This report describes the synthesis, structure and reactivity
of Rh and Ir complexes containing the PyPyr ligand. This ligand,
like PyInd, supports Rh(V) and Ir(V) bis(silyl)dihydrides which
also exhibit geometries that are highly distorted from an ideal
octahedron. Interestingly, the rhodium complexes have been
found to exchange silyl hydride ligands with added tertiary
silanes, and these reactions appear to proceed via 14 electron
(PyPyr)Rh(H)(SiR3) intermediates.

Results and Discussion

Synthesis of (PyPyr)M(alkene), Complexes. The Rh(I) com-
plexes were prepared using both (PyPyr)H and Li(PyPyr) (1)
as reagents (Scheme 1). Treatment of (PyPyr)H with LiN-
(SiMes), or "BuLi in benzene afforded Li(PyPyr) (1) as a yellow
powder in good yields (75—91%) after removal of solvent in
vacuo. Excess LiN(SiMe3), or "BuLi was removed by washing
the isolated solid with hexane. The '"H NMR spectrum of 1 in
benzene-ds contains only broad aromatic peaks and confirms
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isolated in 64% yield. A more direct route to 3 was ac-
complished via addition of 1 to [RhCI(C,H,),], in benzene. After
filtration and removal of the solvent in vacuo, complex 3 was
isolated in 97% yield as an analytically pure solid.

At 25 °C, the 'H NMR spectrum of 3 in benzene-d; exhibits
three broad vinylic resonances at 2.06 (2H), 2.86 (2H), and 3.07
(4H) ppm associated with the two ethylene ligands. Investigation
of the '"H NMR spectrum of 3 by low temperature '"H NMR
spectroscopy revealed that the ethylene resonance at 3.07 ppm
decoalesces into two resonances at 4.08 (2H) and 2.09 (2H)
ppm at —60 °C. The assignments of the 'H NMR resonances
of the ethylene ligands in 3 are based on 1D NOESY at —60
°C. The 'H NMR resonance at 3.07 ppm corresponds to the
four protons of the ethylene ligand cis to the pyrrolide donor
and trans to the pyridyl ligand donor. The free energy of
activation for the rotation of this ethylene ligand was determined
to be 9.1 £ 2 kcal/mol at —60 °C.

The Rh(I) and Ir(I) complexes with 1,5-cyclooctadiene (COD)
as the ancillary ligand were obtained by a method similar to
that used for 3, via a salt metathesis reaction (Scheme 2).
Addition of a slurry of 1 in benzene to a solution of [(COD)-
RhCI],*® in benzene gave the brown solid (PyPyr)Rh(COD) (4)
in 51% yield after recrystallization by vapor diffusion of pentane
into a benzene solution of 4 at 25 °C. The Ir analogue was
synthesized in a similar manner, from 1 and [(COD)IrCl]2,49
give analytically pure orange platelets of (PyPyr)Ir(COD) (5)
in 34%. The '"H NMR spectrum of 4 in benzene-dy is similar to
that of 3 in that the COD ligand occupies two inequivalent
coordination sites, as indicated by two vinylic resonances (3.63
and 4.63 ppm) in the 'H NMR spectrum. Similarly for 5, two
vinylic proton resonances for the COD ligand are observed at
3.39 and 4.60 ppm.

Compounds 4 and 5 crystallized with isostructural solid-state
structures in the space group C2/c (Figures 1 and 2). The pyridyl
and pyrrolide ligand fragments are coplanar, while the phenyl
substituents twist out of the pyrrolide plane. This aspect of the
molecular structure may be described by the torsion angles
between the phenyl planes and the pyridyl plane, which are 74°
and 46° for 4 and 74° and 47° for 5. These structures are similar
to that previously observed for [(bipy)Rh(COD)]PFg,>° as
indicated by comparison of N—M—N angles (ca. 79°) and N—M
bond distances (~2.09 A, Table 1).
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Figure 1. ORTEP diagram of the X-ray crystal structure of 4. Hydrogen
atoms are omitted for clarity. Bond lengths (A) and angles (deg): Rh1—N1
= 2.079(7), Rh1—N2 = 2.094(7), ZN1—Rh1—N2 = 79.1(3).

Figure 2. ORTEP diagram of the X-ray crystal structure of 5. Hydrogen
atoms are omitted for clarity. Bond lengths (A) and angles (deg): Irl —N1
= 2.087(5), Irl =N2 = 2.055(5), ZN1—Ir1—N2 = 79.2(2).

Table 1. Selected Distances (A) and Angles (deg) for Related
Complexes

complex d(N—M), A ZN—M—N, deg
[(bipy)Rh(COD)]PF¢ 2.091(4), 2.098(4) 78.6(2)
4 2.080(7), 2.087(7) 78.8(3)
5 2.058(7), 2.082(7) 79.2(3)

Synthesis of (PyPyr)M(CO), Complexes. Carbonyl complexes
of (PyPyr)Rh and (PyPyr)Ir were of interest as molecules that
should help to characterize the electronic properties of the PyPyr
ligand. The reaction of 1 with [RhCI(CO),],>" in benzene
provided a modest yield (17%) of (PyPyr)Rh(CO), (6) after
workup and crystallization from a benzene/hexane solvent
mixture (Scheme 2). Thus, an alternative route to 6 was sought,
and bubbling 1 atm of CO through a solution of 3 in benzene
for 1 h quantitatively gave 6 after removal of the volatile
components under vacuum (eq 1). Similarly, 4 was treated with
1 atm of CO to quantitatively generate 6 by '"H NMR spectro-

scopy.

| h 1 co |
atm
N h/“ CaHe, 1 h AN €O
]
P~ N" N 2cH, P~ N co M
Ph Ph
3 6

The analogous Ir carbonyl complex (PyPyr)Ir(CO), (7) was
obtained in low yield (10%) by reaction of 1 with IrC1(CO);>*
in benzene (eq 2). Complex 7 was isolated from toluene as
analytically pure red crystals. An alternative route to 7 is based
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P PN NG
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9 R=R'=Ph

10R=Ph,R'= Bu

on treatment of 5 with 1 atm of CO, to quantitatively generate
7 (by '"H NMR spectroscopy).

B S
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The IR spectrum of 6 displays two carbonyl stretching
frequencies at 2004 and 2067 cm™! and these values are lower
than those associated with the related complex [(bipy)Rh-
(CO),]CIO, (2050, 2108 cm™1).5? Similarly, the carbonyl
stretching frequencies for 7 (1986 and 2050 cm™!) are at lower
frequencies than those for [(bipy)Ir(CO),]C1O4 (2024, 2089
cm™").5* The lower frequency carbonyl stretches of 6 and 7
might reflect more electron-donating properties for PyPyr (vs
bipy), but this difference may also be primarily attributed to
the difference in charge on the complexes.>

Synthesis of (PyPyr)M(H),(SiR3), Complexes. To compare the
behaviors of (PyInd)M*>** and (PyPyr)M fragments in Si—H
activations, reactions of the PyPyr complexes (M = Rh, Ir) with
hydrosilanes were explored. Treatment of 3 with three equivs
of HSiEt;, HSiPh;, or HSiPh,’Bu in benzene resulted in
formation of the 16-electron Rh(V) bis(silyl)dihydrides (PyPyr)-
Rh(H),(SiEts), (8), (PyPyr)Rh(H),(SiPhs), (9), and (PyPyr)Rh-
(H)»(SiPhy'Bu), (10), respectively, in good yields (Scheme 3).
Under these conditions, the C,H, ligands are lost as the free
molecule and as the hydrosilylation product (R3SiEt). It is worth
nothing that 8 —10 can be generated with only 2 equiv of HSiR3;
however, under these reaction conditions, the reaction times
exceed 2 d.

The 'H NMR spectra of 8—10 in benzene-ds exhibit two
doublets of doublets in the hydride regions, with observed
coupling between the inequivalent hydride ligands and rhodium.
For 8, the hydride resonances appear at —15.43 (Jrpy = 25.5
Hz, Jygu = 9.5 Hz) and —14.64 ppm (Jrag = 25.0 Hz) and the
coupling constants are consistent with classical rhodium hydrides
resulting from complete Si—H oxidative addition (Table 2).%>’
A 2D NOESY experiment revealed that the hydride resonance
at —15.43 ppm corresponds to a site cis to the pyrrolide group.
Although the T, value of 0.64 s for both hydrides is not
particularly long, it is within the range expected for a classical
hydride complex.’® ®° Only one silyl resonance was found in
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Table 2. NMR Parameters for Complexes 8—11@
'H (ppm) #Si (ppm) i (H2) Jani (H2) Joiw (H2)  Jansi (H2) Ty (min) (s)
8 —1543 78.8 9.5 25.5 4.8 18.8 0.64
~14.64 250 116 0.64 o
9 —1320  49.1 8.0 22.0 7.4 224 0.54 G
—11.90 23.0 194 0.63 :
10 —14.64 56.6 9.6 19.2 <0.2 21.8 0.40
—13.02 244 <0.2 0.55 P
11 —15.80 8.3 2.7 1.9 0.54 B N
—13.98 1.9 0.67 < P
=
(@ All spectra were acquired in benzene-ds. T, was determined using
the null method at 500 MHz. e -\

the Si NMR spectrum, at 78.8 ppm. The Si—H coupling
constants associated with the hydride ligands in 8, determined
by J-resolved 'H,*Si-gradient heteronuclear multiple bond
correlation (gHMBC) NMR and *Si-filtered 'H NMR spec-
troscopies, were found to have magnitudes of 11.6 Hz for the
hydride resonance of —14.64 ppm and 4.8 Hz for the hydride
resonance of —15.43 ppm. Generally, Jgy values less than 20
Hz are considered to be 2-bond 2Jsj couplings in complexes
with little or no Si—H interaction; however, this correlation is
dependent on the sign of the Jg coupling constant." Thus, 8
can be viewed as a Rh(V) bis(silyl)dihydride. Similar results
were observed for 9 and 10 (Table 2). For 9, the hydride
resonances are observed at —11.90 (Jrpg = 23.0 Hz, Jsig =
19.4 HZ) and —13.20 pPpm (JRhH =220 HZ, JHH =38.0 HZ, JSiH
= 7.4 Hz). For 10, the hydride resonances appear at —13.02
(JRhH =244 Hz, JHH =9.6 HZ) and —14.64 ppm (JRhH =19.2
Hz), and the Jg;y values were too small to be determined (<0.2
Hz).

Attempts to synthesize (PyPyr)Rh(D),(SiR3), complexes gave
some insight into the mechanism of these silane activations.
Addition of 4 equivs of DSiEt;, DSiPh;, or DSiPh,'Bu to 3 in
benzene at 25 °C resulted in partial deuteration of the hydride
positions in the bis(silyl)dihydride complexes (by 'H and *H
NMR spectroscopy). For example, addition of 4 equivs of
DSiPh; to 3 in benzene-ds gave 9 with 12% H incorporation
after 1 h. The incorporation of hydrogen into the hydride
positions may occur by the reversible insertion of displaced
ethylene into a Rh-D bond. This process would scramble
hydrogen between the rhodium complex and free ethylene.

An Ir(V) bis(silyl)dihydride complex, (PyPyr)Ir(H),(SiPhs),
(11), was obtained by reaction of HSiPh; with (PyPyr)Ir(COE),
(COE = cyclooctene), generated in situ by the reaction of
[(COE),IrCl1],®" with 1 in benzene. The crude product (11) was
precipitated by the addition of pentane, and pure 11 was isolated
in 66% (eq 3). The NMR data for 11 is similar to that of the
analogous Rh complexes, with upfield hydride resonances at
—13.98 (Jun = 2.7 Hz, T, = 0.67 s) and —15.80 ppm (T; =
0.54 s) and a small Jgy coupling constant of 1.9 Hz for both
hydrides (Table 2). The more upfield-shifted hydride ligand was
also found to be cis to the pyrrolide, by 2D NOESY NMR
spectroscopy.

[ 1. CgHe, 0.5 h [N PP
N 2. 3 equiv HSiPhg, 0.5 h PANS [_H
. Ir.
Li + 0.5 [(COE)IrCll 0N, )
Ph— "N~ -2 COE, LiCl Ph—7"N H
Ph pn SiPhs

1 11

The solid-state structures of 9 (Figure 3), 10 (Figure 4), and
11 (Figure 5) were determined by single crystal X-ray crystal-
lography. These formally 16 electron complexes exhibit similar

12706 J. AM. CHEM. SOC. = VOL. 131, NO. 35, 2009

Figure 3. ORTEP diagram of the X-ray crystal structure of 9; the metal
hydrides were not located from the difference Fourier map. Hydrogen atoms
are omitted for clarity. Bond lengths (A) and angles (deg): Rh1—N1 =
2.039(4), Rh1—N2 = 2.154(5), Rh1—Sil = 2.318(2), Rh1—Si2 = 2.339(2),
ZN1—Rh1—N2 =78.0(1), £Sil—Rh1—Si2 = 115.00(6), ZN1—Rh1—Sil
= 106.6(1), ZN1—Rh1-Si2 = 136.0(1), ZN2—Rh1-Sil = 100.3(1), and
ZN2—Rh1-Si2 = 107.2(1).

Iy RS Y
e~ P
.- }#} Sil) \j
\ 7 N\
Ne 4

Figure 4. ORTEP diagram of the X-ray crystal structure of 10; the metal
hydrides were not located from the difference Fourier map. Hydrogen atoms
are omitted for clarity. Bond lengths (A) and angles (deg): Rh1—N1 =
2.039(2), Rhl1—N2 = 2.168(2), Rh1—Sil = 2.3420(9), Rh1-Si2 =
2.3664(9), £N1—Rh1—N2 = 78.96(9), £Sil—Rh1—-Si2 = 116.62(3),
ZN1—Rh1-Sil = 103.99(7), ZN1—Rh1—Si2 = 136.62(7), ZN2—Rh1-Sil
= 101.67(7), and ZN2—Rh1—Si2 = 105.68(7).

geometries that are unusual for six-coordinate, group 9 metal
compounds. The observed coordination geometry for these
complexes is greatly distorted from an octahedron, such that
the Si-M-Si angles are 115.00(6)°, 116.62(3)°, and 116.10(4)°,
for 9—11, respectively. A similar Si—Rh—Si distortion angle
of 107.9° was observed for Cp*RhH,(SiEt3),.2® Also, the Rh—Si
bond distance of 2.379(2) A for Cp*RhH,(SiEts); is similar to
the corresponding distances in 9 (2.318(2), 2.339(2) A) and 10
(2.3149(9), 2.366(1) A).

These structures are also similar to that of (PyInd)Ir-
(H),(SiPh,Me),.** For (PyInd)Ir(H),(SiPh,Me),, the Ir—Si bond
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Figure 5. ORTEP diagram of the X-ray crystal structure of 11. Hydrogen
atoms, excluding metal hydrides, are omitted for clarity. Bond lengths (A)
and angles (deg): Ir1—N1 = 2.130(4), Ir1—=N2 = 2.039(4), Ir1-Sil =
2.337(1), Ir1—=Si2 = 2.329(1), Irl1—H1 = 1.57(3), Irl—H2 = 1.74(1),
ZNI1—=Ir1—=N2 = 78.1(1), £Sil—Ir1—Si2 = 116.10(4), ZN1—Ir1—=Sil =
106.3(1), £ZN1—Ir1—Si2 = 99.7(1), £Sil—Ir1—HI1 = 75(1), £Sil—Ir1—H2
=176(1), £Si2—Ir1—HI1 = 78(1), £Si2—Ir1—H2 = 58(1), ZN2—Ir1—Sil
= 131.5(1), and ZN2—Ir1—Si2 = 110.4(1).

distances of 2.326(1) A and 2.338(1) A are very close to the
values for 11 (2.329(1), 2.337(1) A). Furthermore, (PyInd)Ir-
(H),(SiPh,Me), exhibits a small Si—Ir—Si bond angle of 105.7°
which may be compared to that observed for 11 (116.10(4)°).
As previously noted,®* six-coordinate d* complexes may exhibit
strong distortions from octahedral geometry. In these cases, the
distortion toward an appropriate bicapped tetrahedron geometry
appears to be driven by the strong frans-influencing nature of
the silyl groups, which prefer to avoid a trans arrangement that
would force them to directly compete for overlap with a metal-
based orbital. The N-M-Si angles associated with the pyrrolide
nitrogen, of 106.6(1)° and 136.0(1)° for 9, 103.99(7)° and
136.62(7)° for 10, and 110.4(1)° and 131.5(1)° for 11, indicate
an additional type of distortion from octahedral geometry. As
observed for (PyInd)Ir(H)»(SiPh,Me),,** the silyl groups of
9—11 lean toward the pyridyl side of the PyPyr ligand.
Unfortunately, the hydride ligands in these complexes could
only be located from the difference Fourier maps for 11. The
hydride ligands in complex 11 complete the square plane with
Ir—H distances of 1.57(3) and 1.74(1) A. Furthermore, the
smallest Si—H distance (between Si2 and H2) is 2.04 A,
indicating very little interaction between the two atoms.
However, weak residual Si:++H interactions®® or secondary
interactions between the silicon and hydrogen atoms (SISHA),
as described by Sabo-Etienne,** cannot be ruled out based on
these Si—H distances without a full computational analysis. For
9 and 10, the hydride ligands are presumed to complete an
approximate square planar geometry with the (PyPyr)M frag-
ments similar to 11. The absence of intramolecular Si—H
interactions is indicated by the regular bond angles about silicon
(for 9, Rh—Sil—C: 107.4(2), 105.6(2), 118.9(2) and Rh—Si2—C:
114.2(2), 120.1(2), 91.7(2)).

Reaction of H,Si'Bu, with (PyPyr)Rh(C,H,),. Addition of 1
or 2 equiv of H,Si'Bu, to 3 in benzene resulted in formation of

(62) Kubacek, P.; Hoffmann, R. J. Am. Chem. Soc. 1981, 103, 4320-4332.

(63) Vyboishchikov, S. F.; Nikonov, G. I. Organometallics 2007, 26, 4160—
4169.

(64) Lachaize, S.; Sabo-Etienne, S. Eur. J. Inorg. Chem. 2006, 2115-2117.
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Figure 6. ORTEP diagram of the X-ray crystal structure of 12. Hydrogen
atoms, excluding metal hydrides, are omitted for clarity. Bond lengths (A)
and angles (deg): Rh1—N1 = 2.037(3), Rh1—N2 = 2.048(3), Rh1-Sil =
2.279(1), Rh1—HI = 1.67(3), ZN1—Rh1—N2 = 78.0(1), £Sil—Rh1—HI
= 74(1), £N1—Rh1-Sil = 108.16(9), £ZN1—Rh1—H1 = 105(1),
ZN2—Rh1-Sil = 107.08(9), and ZN2—Rh1—H1 = 176(1).

the dimeric Rh complex (PyPyr)Rh(u-H),(u-Si'Buy)Rh(PyPyr)
(12) in 32% yield (eq 5). The 'H NMR spectrum confirms the
presence of a bridging hydride by the upfield triplet observed
at —24.25 ppm (Jgpu = 32.4 Hz). The °Si NMR spectrum also
indicates a bridging silylene ligand with the presence of a
downfield resonance at 252.8 ppm. The solid-state structure of
12 was determined by X-ray crystallography (Figure 6).
Complex 12 exhibits Rh—H (1.67 A) and Rh—Si (2.279 A) bond
distances that are typical for bridging hydride and silylene
ligands in rhodium complexes.®® The coordination geometry
about the equivalent rhodium atoms (related by a 2-fold axis)
is approximately a square-based pyramid, with the silicon atom
in the apical position.

| X

N

7NN CeHg 2 h
Ph Rh\ 1 or 2 equiv 6"'e

N F t O HsiBu, T
=

Ph

3

Silane Exhange of (PyPyr)Rh(H),(SiR;),. As a further probe
of reactivity patterns in high valent silyl hydride complexes such
as 8—11, the exchange of free silane into these complexes was
examined. In principle, such reactions should reveal insights
into bond activation processes that involve (PyPyr)M (M = Rh,
Ir) fragments. A fundamental question concerns the mechanism
of Si—H activation by complexes such as (PyPyr)Rh(H),(SiR3),,
and the intriguing possibilities of (1) an associative process for
a six-coordinate species, or (2) a dissociative mechanism
involving a 14-electron four-coordinate Rh(III) intermediate.

Addition of free tertiary silanes to 8 —10 revealed that silane
exchange reactions are favored when less sterically demanding
silyl groups are introduced at the metal center. When 2 equiv
of HSiEt; was added to 9 or 10, 8 was quantitatively generated
(by '"H NMR spectroscopy). Interestingly, addition of 1 equiv
of HSiEt; to 10 gave two new doublet of doublet resonances in

(65) Fryzuk, M. D.; Rosenberg, L.; Rettig, S. J. Organometallics 1996,
15, 2871-2880.
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the hydride region of the 'H NMR spectrum. These resonances,
at —13.6 (Jrny = 26.0 Hz, Jyy = 9.8 Hz) and —15.3 ppm (Jrun
= 22.2 Hz, Jyy = 9.8 Hz), are consistent with formation of the
mixed silyl species (PyPyr)Rh(H),(Si'‘BuPh,)(SiEt;) (eq 5).
Addition of a second equiv of HSiEt; to (PyPyr)Rh-
(H)»(Si'BuPh,)(SiEt;) quantitatively gave 8 after 1 d at 25 °C
(by '"H NMR spectroscopy). Similarly, addition of 1 equiv of
HSiEt; to a solution of 9 in benzene quantitatively generated
(PyPyr)Rh(H),(SiPh;3)(SiEt;) and 1 equiv of HSiPh;. Conversion
to 8 was observed after addition of a second equiv of HSiEt; to
the reaction mixture for 1 d at 25 °C.

X, SiPhBu

_N_ |~ HSiEt,
Phe” N7\ H - HSi'BuPh,
Ph SiPh,Bu
10
B SiEt,
N P HSiEt, N[ _H
2 H - HSi'BuPh, 5
SRR 2 pp N \\H ®)
Ph—Z N~ \ H - -
SiPh,'Bu Ph =0
Ph 2 8

In a similar manner, silane exchange with HSiPh; was also
investigated. Addition of 2 equiv of HSiPh; to a benzene
solution of 10 quantitatively gave 9 after 1 d at 25 °C (by 'H
NMR spectroscopy). In contrast, addition of 2 equiv of HSiPh;
to a benzene solution of 8 did not produce the silane exchange
product 9 after 1 d at 25 °C, and 8 remained unchanged by
these reaction conditions. This trend implies that for the silane
exchange to occur, a silane smaller in size must be incorporated
into the metal-containing product (that is HSiEt; will displace
both HSi‘BuPh, and HSiPh;, and the latter will displace
HSi'‘BuPh,).

To investigate the mechanism of silane exchange in the
reaction of 10 with HSiEt;, a kinetic study was initiated. At
323 K in benzene-ds, the concentration dependence for each
substrate was determined by monitoring the reaction rate under
pseudo first order conditions. To determine the reaction order
in 10, the silane exchange was followed under 10—100 equiv
of excess HSiEt;. Under these conditions, a first order depen-
dence on [10] was observed. In a similar manner, the reaction
order in HSiEt; was determined by following the silane
exchange of 10 with HSiEt; in the presence of 10—100 equiv
of excess [10]. No dependence on [HSiEt;] was observed, and
the overall rate expression takes the form: rate = kg,s[10] (for
the first silane exchange). The change in ko as a function of
temperature was also monitored by 'H NMR spectroscopy over
the temperature range of 236.2 to 275.8 K in toluene-ds. A linear
fit of an Eyring plot (Figure 7) was used to determine the entropy
(AS*) and enthalpy (AH¥) of activation for the first silane
exchange of eq 5. The AH* and AS* values were determined to
be 21.3(5) kcal/mol and 10.8(3) e.u., respectively. Thus, the
rate law and Eyring analysis are consistent with a rate determin-
ing step in the silane exchange mechanism consisting of the
reductive elimination of HSi'BuPh, to generate a 14-electron
Rh(III) silylhydride. This Rh(III) intermediate would then
undergo rapid oxidative addition of silane to reform a 16-
electron Rh(V) bis(silyl)dihydride (eq 6).

This kinetic behavior is consistent with that observed for the
activation of benzene by the 18 electron complex
Cp*(PMejs)Ir(cyclohexyl)(H), in that it involves the rate-limiting
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reductive elimination of cyclohexane.®® The rate of formation
of the benzene activation complex is independent of benzene
concentration. In this system, the 16 electron intermediate
Cp*(PMe3)Ir appears to react directly with benzene to give the
final product, Cp*(PMes)Ir(Ph)(H). Interestingly, the related
bond activation of eq 6 appears to proceed through a formally
14 electron intermediate. An analogous species, (PyInd)Rh(H)-
(SiEts), has been proposed as a key intermediate that oxidatively
adds chlorobenzene in the catalytic dehydrochlorinative silyla-
tion of haloarenes.*?

Addition of 2 equiv of DSiEt; to 10 in benzene-ds gave 8
with the same amount of partial deuteration at both hydride
positions, as determined by 'H and ’H NMR spectroscopy. It is
also worth noting that no solvent (benzene) activation was
observed during the course of silane exchange.

Thermolysis of (PyPyr)Rh(H)(Si‘BuPh,),. Given the dis-
sociative nature of silane exchange into complex 10, attempts
were made to observe loss of HSi'BuPh, under conditions that
might allow observation of a Rh(IIl) intermediate. Heating a
solution of 10 in benzene to 50 °C for 1 h resulted in loss of
HSi‘BuPh, and formation of [(PyPyr)Rh(u-H)(Si'‘BuPh,)], (13)
(Scheme 4). An upfield triplet at —21.99 ppm (Jryy = 33.6 Hz)
in the '"H NMR spectrum confirms that the hydride is bridging
two Rh centers while the *Si resonance at 33.1 ppm supports
the presence of a nonbridging silyl group.! Complex 13 can be
viewed as a dimer of the 14-electron Rh(IIl) intermediate in
the silane exchange path (eq 6). Interestingly, the formation of
13 occurs on the same time scale as the first silane exchange of
10 with HSiEt; at 50 °C; however, small impurities that form
during the thermolysis of 10 did not allow for a kinetic analysis.
A direct synthesis of 13 from 3 was achieved by addition of 1

-6

-8 1

-10

-12

In(kobs/T)

-14

-16

-18 T T T T

0.0034 0.0036 0.0038 0.004 0.0042
1/T

0.0044

Figure 7. Eyring plot for the conversion of 10 to (PyPyr)Rh(H),(Si'Bu-
Ph,)(SiEt;).
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equiv of HSi'BuPh, to 3 in benzene, followed by heating for
9 h at 75 °C to give the product in good yield (66%).

The solid-state structure of 13 was determined by X-ray
crystallographic analysis (Figure 8). As predicted by NMR
spectroscopy, the silyl group lies in the apical position relative
to the (PyPyr)RhH plane, with N—Rh—Si bond angles of
99.2(1)° and 97.3(1)° and a Si—Rh—H bond angle of 88(1)°.
The tetrahedral geometry about the silicon center and the long
Si—H distances (>2.71 A) indicate that there is no Si—H
interaction. Interestingly, the phenyl substituents of the silyl
groups are oriented such that they appear to be coordinated to
the rhodium centers. The resulting Cip,—Rh distance of 2.82 A
is consistent with a weak bonding interaction. This interaction is
similar to that observed for another rhodium complex, [Rh(1,3-
dimesityl-3,4,5,6-tetrahydropyrimidin-2-yli-dene)(COD)][PF], which
possesses an electron-donating interaction between an ipso carbon
and the rhodium center, with Ci,,,—Rh distances of 2.353 A and
2346 A7 For comparison, the iridium analogue (11) remained
unchanged after it was heated in mesitylene to 160 °C for 2 d (by
'"H NMR spectroscopy).

Addition of Lewis Bases to (PyPyr)Rh(H),(SiPh;),. Reactions
with Lewis bases were examined to further explore the lability
of the bis(silyl)dihydrides. Addition of 1 equiv PPh; to 9 in
benzene resulted in displacement of 1 equiv of HSiPh; within
1 h to generate (PyPyr)Rh(H)(SiPh;)(PPh;) (14) in 73% yield
(eq 7). The 'H NMR spectrum of 14 reveals one hydride
resonance at —12.94 ppm as a doublet of doublets (Jrpy = 28.8
Hz, Jpy = 20.4 Hz) while the *'P{'"H} NMR spectrum exhibits
a doublet at 42.27 ppm (Jrpp = 138 Hz). Furthermore, a 'H,?’Si
gHMBC experiment gave one >°Si resonance at 32.2 ppm. The
coordination geometry about the Rh center was determined by
2D NOESY to be a square-based pyramid that was confirmed
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Figure 8. ORTEP diagram of the X-ray crystal structure of 13. Hydrogen
atoms, excluding metal hydrides, and disordered THF molecule are omitted
for clarity. Bond lengths (A) and angles (deg): Rh1—N1 = 2.036(4),
Rh1—N2 = 2.040(3), Rh1—Sil = 2.340(1), Rhl1—HI1 = 1.70(4),
ZN1—Rh1—-N2 = 78.6(1), £Sil—Rh1—HI1 = 88(1), ZN1—Rh1-Sil =
97.3(1), «N1—Rhl1—H1 = 174(1), ZN2—Rhl1-Sil = 99.2(1), and
ZN2—Rh1—HI = 101(1).

by single crystal X-ray crystallography (Figure 9). The silyl
group occupies the apical position, and the Rh—Si bond distance
is 2.294(1) A. Relative to 9 — 11, only a small distortion is
observed in the silyl ligand (N—Rh—Si angles of 98.5(1)° and
106.4(1)°, versus 135.9(1)°, 107.2(1)°, 106.6(1)° and 100.2(1)°
for 9). The phosphine substituent occupies the position trans
to the pyrrolide group, due to its weaker trans influence relative
to a hydride or a silyl ligand. Other Lewis bases that are stronger
sigma donors than aryl phosphines, such as CO and xylyliso-
cyanide, displace both silanes to give intractable mixtures of
products.

SiPhg

X N
=N, WH CeHg, 1 h =N H

Pha ”"Rh “““ C 4 PPh—— /"’Rh""‘\\ @
=N H - HSiPhy NN
PPhgy
h , Ph
SiPhg
9 14

An attempt was made to examine the kinetics of the silane
displacement reaction of eq 7, and this showed that this reaction
proceeds very rapidly at 25 °C (within 5 min by 'H NMR
spectroscopy) upon addition of PPh; to a C¢Dg solution 9. Thus,
a full mechanistic analysis was not completed. It is noteworthy
that this reaction proceeds much more rapidly than the silane
exchange reaction of 10 with HSiEt;, which occurs via a rate
determining elimination of HSi'BuPh,. These results, in com-
bination with the observation that 10 does not undergo rapid
reductive elimination of HSiPh; in the absence of PPh; at 25

|
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Figure 9. ORTEP diagram of the X-ray crystal structure of 14. Hydrogen
atoms, excluding metal hydrides, and benzene molecule are omitted for
clarity. Bond lengths (A) and angles (deg): Rh1—N1 = 2.072(4), Rh1—N2
= 2.168(4), Rh1—Sil = 2.294(1), Rh1—P1 = 2.239(1), ZN1—Rhl1—N2
= 77.6(1), £Sil—Rh1—P1 = 100.10(6), ZN1—Rh1—=Sil = 98.5(1),
ZN1—Rh1—P1 = 160.2(1), ZN2—Rh1—Sil = 97.7(1), and ZN2—Rh1—P1
= 106.4(1).
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Table 3. Hydrosilylation Catalysis®

Entry Olefin/Alkyne  Silane Yield(%) Yield(%)

cat. 3 cat. 6

HSiEt,  Et;s5i7 "7 0 0

Products

1

2

N
NN
3 \)< HSiPh, /\/]< 0 0
PhsSi
z

HSiPh;  phesi” ™"~  >95 0

4 HSiEt, EtsSix o~~~ 50 50
= 41 41
SiEtg
5 HSiPh, PhgSix A~ 8 5
(\/\ 87 89
SiPhg
6 /Ph HSiEt, Ph >95 >95
Ph Phj/\SiEt3
H
7 /Ph HSiPh, Ph >95 >95
Z
Ph Ph\%\sn:h3
H
8 /\)CL HSiPh, o SPhs 79 62
N
H ~F 21 38
AP~oSPha
9 o HSiEt, o SEts >95° >95°
©)LH
10 0] HSiPh, ©/\O,Siph3 > 950 > 050
©)LH

“ Reactions were conducted with 0.1 mmol of substrate and silane
and 5 mol % of catalyst in 1 mL of C¢Dg at 60 °C for 16 h. Yield and
stereochemistry were determined by 'H NMR relative to an internal
standard and confirmed by GCMS. ” Reactions was conducted at 25 °C
for 4 h.

°C in Cg¢Dg, suggest that the mechanisms for silane exchange
and silane displacement by PPh; may not proceed through a
common intermediate.

Catalytic Hydrosilylation. The ease of Si—H activations in
reactions of silanes with 3 prompted an investigation of
hydrosilylation catalysis by these complexes. Compounds 3 and
6 were found to be good hydrosilylation catalysts for an array
of simple olefins and alkynes, with tertiary silanes. Catalytic
runs involved addition of 5 mol % of the catalyst to a solution
of the silane and either olefin or alkyne in 1 mL of C¢Ds. The
solution was sealed and heated for 16 h at 60 °C and
the reactions were monitored by '"H NMR spectroscopy. The
products were isolated, and their identities were confirmed and
quantified by "H NMR spectroscopy and GCMS analysis. The
hydrosilylation of 1-hexene was found to proceed with 3 as the
catalyst and HSiPh; as the silane (Table 3, Entries 1,2). A more
sterically encumbered olefin, #-butylethylene, gave no hydrosi-
lylation products with either catalyst (Table 3, Entry 3). For
alkynes, the hydrosilylation of 1-pentyne was facilitated by both
3 and 6, and either HSiEt; or HSiPh; as the silane, in good
yields (Table 3, Entries 4,5). However, modest selectivity (cis/
trans ratios: 41:50 for HSiEt; with 3 or 6; 87:8 for HSiPh; with

12710 J. AM. CHEM. SOC. = VOL. 131, NO. 35, 2009

3, and 89:5 for HSiPh; with 6) was observed for both catalysts.
For the disubstituted alkyne diphenylacetylene, hydrosilylation
with either 3 or 6 as the catalyst and HSiEt; or HSiPh; as the
silane gave only the cis addition product (Table 3, Entries 6,7).
Hydrosilylation of the a,S-unsaturated aldehyde, crotonaldehyde,
gave 1,4 addition products in good yield with moderate
selectivity under mild reaction conditions (4 h at 25 °C, Table
3, Entry 8). The hydrosilylation of benzaldehyde, with either 3
or 6 as a catalyst and HSiEt; or HSiPh; as the silane, also
proceeded under these less harsh conditions to give the silyl
ether product in >95% yield (Table 3, Entries 9,10). These
catalytic hydrosilylation results are comparable to those obtained
with the known catalyst (PR3);RhC].%%-

As mentioned above, the complex (PyInd)Rh(C,Hy), catalyzes
the dehydrochlorinative silylation of chlorobenzene under mild
conditions.** Treatment of chlorobenzene, LiN(‘Pr),, and HSiEt;
with 5 mol % of 3 or 6 at 60 °C for 16 h did not give
dehydrochlorinative silylation products. Instead, arene dechlo-
rination was observed to give benzene and CISiEt; (eq 8), by
"H NMR spectroscopy and GCMS. Other bases (LiN(SiMe3),
and KO'Bu) gave only dechlorinative products as did changing
the silane (to HSiPhs) and the haloarene (to PhlI).

5mol % 3 or6

X 1 equiv base
©/ + HSiRy —lequivbase _ @ + XSiRg ®)
CeDg, 16 h, 60 °C
R=Et, Ph
X=Cl,I

base = LiN(Pr),, KO'Bu, LiN(SiMes),

Concluding Remarks

This work demonstrates that rhodium and iridium complexes
supported by the chelating, pyridyl-pyrollide ligand PyPyr
participate in a number of Si—H bond activation processes, both
stoichiometrically and catalytically. This system is therefore
much like that based on related pyridyl-indolide ligands,
(PyInd)M (M = Rh, Ir).** For both types of complexes, double
silane activations are observed to give unusual six-coordinate,
16-electron, pentavalent complexes of the type (L,)MH,(SiR3),
that are severely distorted from an octahedral geometry. This
distortion, and the low formal electron count, undoubtedly result
from the tendency for ligands with a strong trans influence (e.g.,
hydride and silyl) to avoid mutually trans arrangements.*?
Interestingly, whereas the (PyInd)M complexes have been found
to catalyze Si—C coupling reactions between hydrosilanes and
arylchlorides, this reactivity is not observed for the analogous
(PyPyr)M species under comparable conditions. On the basis
of experiments reported here, it seems that bond activations by
these (L,)MH,(SiR3), complexes may proceed via interesting
14-electron intermediates of the type (L,)MH(SiR3). An analo-
gous 14 electron complex “(PCP)Ir” has been proposed as an
intermediate in catalytic alkane-transfer dehydrogenations.’® In
the latter system, the 14 electron intermediate (PCP)Ir is thought
to be generated by loss of CH3;CH,'Bu from the proposed
intermediate (PCP)Ir(H)(CH,CH,Bu).
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In summary, rhodium and iridium complexes of the types
described above appear to be potentially useful as catalysts that
employ bond activations in the conversion of substrates. Since
this reactivity depends, at least to some extent, on the nature of
the chelating, ancillary ligand, future efforts will focus on
optimizations of bond activation processes via modifications of
such ligands.

Experimental Section

General Procedures. All experiments were conducted under
nitrogen using standard Schlenk techniques or in a Vacuum
Atmospheres drybox. Nondeuterated solvents were distilled under
N, from appropriate drying agents and stored in PTFE-valved flasks.
Deuterated solvents (Cambridge Isotopes) were vacuum-transferred
from appropriate drying agents.

All olefins, alkynes, haloarenes, PPh; and aldehydes were
purchased from Aldrich and dried over appropriate drying agents.
Ethylene and carbon monoxide were obtained from Praxair and
were used as received. The compounds 3,5-diphenyl-2-(2-py-
ridyl)pyrrole (PyPyrH),** IrCl(CO);,°* and LiN(SiMes),”" were
synthesized according to literature procedures. Rhodium and iridium
precursors were prepared according to literature procedures.*”—4%->1-52-61
Silanes were purchased from Gelest or Aldrich and used without
further purification.

Analytical Methods. 'H, ?H, *Si {'H}, *'P, and 3*C{'H} NMR
spectra were recorded using Bruker AVB 400, AV-500 or DRX
500 spectrometers equipped with a 5 mm BB probe. Spectra were
recorded at room temperature and referenced to the residual
protonated solvent for 'H NMR spectrum or to an internal
tetramethylsilane for the 2?Si NMR spectrum. *'P{"H} NMR spectra
were referenced relative to 85% H3;PO, external standard (6 = 0).
3C{'H} NMR spectra were calibrated internally with the resonance
for the solvent relative to tetramethylsilane. FT-IR spectra were
recorded for samples as Nujol mulls on KBr plates using a Mattson
FTIR 3000 spectrometer at a resolution of 4 cm™!. Elemental
analyses were performed by the College of Chemistry Microana-
lytical Laboratory at the University of California, Berkeley.
Identities of organic products were confirmed by 'H NMR spec-
troscopy and by GCMS, using an Agilent Technologies 6890N GC
system with an HP-5MS column.

Li(PyPyr) (1). Solid LiN(SiMes), (0.294 g, 1.76 mmol) was
added to a stirred, room-temperature solution of 3,5-diphenyl-2-
(2-pyridyl)pyrrole, (PyPyr)H, (0.521 g, 1.76 mmol) in ca. 8 mL of
benzene. The reaction mixture was allowed to stir at ambient
temperature for 10 h. After removing the volatile materials under
reduced pressure, hexane (ca. 3 mL) was added to the reaction
mixture before filtering it through a glass frit. The solids were
washed with hexanes (5 x 3 mL), and dried under vacuum (0.402
g, 75.6%). 'H NMR (C¢Ds, 500 MHz): 0 6.2—7.8 (br, m, overlaps
with C¢Dg). 'H NMR (CD;CN, 500 MHz): § 6.49 (br, 1H), 6.80
(br, 1H), 7.02 (br, 1H), 7.16—7.69 (overlapping multiplets, 9H),
7.71 (d, 3Jgy = 7.6 Hz, 2H), 8.21 (br, 1H). Anal. Calcd for
C,HsNyLi: C, 83.44; H, 5.00; N, 9.27. Found: C, 83.43; H, 5.17;
N, 8.89.

Alternative Synthesis of Li(PyPyr) (1). A 2.2 mL hexane
solution of butyllithium (1.6 M, 3.5 mmol) was added to a stirred,
room-temperature solution of 3,5-diphenyl-2-(2-pyridyl)pyrrole
(1.01 g, 3.42 mmol) in ca. 10 mL of benzene. The reaction mixture
was allowed to stir at ambient temperature for 40 h. The reaction
mixture was dried under vacuum before it was washed with hexanes
(10 mL), and dried under vacuum to afford a yellow solid (0.944
g, 91.3%). The 'H NMR spectrum of this product is identical to
that of the synthesis given above.

Generation of a Mixture of (PyPyr)H, [(C,H,),RhCl],, and
(PyPyrH)RhCI(C,Hy) (2). To a suspension of [(C,H4),RhCl],
(0.053 g, 0.14 mmol) in 5 mL of toluene, (PyPyr)H (0.081 g, 0.27

(71) Connolly, J. W.; Urry, G. Inorg. Chem. 1963, 2, 645-646.

mmol) was added and the resulting mixture was stirred to give an
orange solution which precipitated a yellow solid. After 3 h of
stirring at room temperature, 1 mL of pentane was added to facilitate
complete precipitation. The filtrate was decanted, and the solids
were dissolved in 1.5 mL of toluene and then precipitated with
pentane three times to give a yellow powder (0.050 g, 52% crude
yield). '"H NMR (C¢Dg, 500 MHz): 6 2.10—2.39 (m, 4H), 3.30—3.55
(m, 4H), 6.07 (t, *Juu = 6.2 Hz, 1H), 6.31 (t, *Juy = 7.3 Hz, 1H),
6.77 (m, 1H), 6.88—7.40 (m, overlapping with benzene-ds), 8.19
(d, 3Jun = 8.0 Hz, 2H), 8.47 (d, *Juu = 4.9 Hz, 1H), 12.44 (br,
1H). Anal. Calcd for C,sH,4N,CIRh: C, 61.18; H, 4.93; N, 5.71.
Found: C, 61.26; H, 4.95; N, 5.85.

(PyPyr)Rh(C,Hy), (3). Solid 1 (1.25 g, 4.13 mmol) was added
to a stirred, room-temperature solution of [(C,H,),RhCl], (0.805
g, 2.08 mmol) in 50 mL of benzene. The reaction mixture was
allowed to stir at ambient temperature for 12 h, and then it was
filtered. Volatile materials were removed under reduced pressure,
and 3 was isolated as an analytically pure brown powder (1.82 g,
97.1%). '"H NMR (C¢Dg, 500 MHz): 6 2.06 (d, Jrpn = 11.0 Hz,
2H, CH>), 2.86 (d, Jreu = 11.0 Hz, 2H, CH>), 3.07 (br, 4H, CH>),
591 (t, Jun = 6.4 Hz, 1H), 6.46 (t, Juy = 8.4 Hz, 1H), 6.47 (s,
1H), 6.78 (d, Juy = 5.6 Hz, 1H), 6.97—7.28 (m, overlapping with
benzene-ds), 7.55 (d, Jyyw = 7.6 Hz, 2H), 7.70 (d, Jun = 7.6 Hz,
2H). 'H NMR (toluene-ds, 500 MHz): 2.05 (d, Jrpy = 11.0 Hz,
overlapping with toluene- ds, CH;), 2.83 (d, Jray = 11.0 Hz, 2H,
CH>), 5.98 (t, Jun = 6.3 Hz, 1H, CH>), 6.35 (s, 1H), 6.45 (t, Jun
= 7.8 Hz, 1H), 6.78 (d, Jus = 5.0 Hz, 1H), 6.95—7.25 (m,
overlapping with toluene-dg), 7.46 (d, Juy = 10.0 Hz, 2H), 7.62
(d, Jug = 11.0 Hz, 2H). '"H NMR (=60 °C, toluene-ds, 500 MHz):
0 2.05 (d, Juyy = 11.5 Hz, 2H), 2.09 (overlaps with toluene-ds),
2.75 (d, Jun = 11.5 Hz, 2H), 4.08 (Juy = 14.0 Hz, 2H), 5.88 (t,
Jun = 6.3 Hz, 1H), 6.36 (t, Jun = 7.75 Hz, 1H), 6.48 (s, 1H), 6.63
(d, Juy = 5.0 Hz, 1H), 7.05—7.45 (m, overlapping with toluene-
dg), 7.54 (d, Jun = 10.0 Hz, 2H), 7.72 (d, Juy = 10.0 Hz, 2H).
BC{'H} NMR (C¢Ds, 125.7 MHz): 6 60.8 (d, Jgpe = 12.1 Hz,),
64.8 (d, Jrnc = 12.1 Hz), 116.94, 117.55, 118.92, 126.63, 127.09,
127.91, 128.56, 128.76, 129.75, 129.94, 130.51, 137.13, 138.11,
139.0, 142.58, 147.92, 159.31. Anal. Caled for CysH,3N,Rh: C,
66.08; H, 5.10; N, 6.17. Found: C, 65.87; H, 5.02; N, 5.89.

Alternative Synthesis of (PyPyr)Rh(C;H,), (3). Solid LiN-
(SiMes), (0.080 mg, 0.48 mmol) was added to a stirred, room-
temperature solution of 2 (0.020 g, 4.1 mmol) in 5 mL of benzene.
The reaction mixture was allowed to stir at ambient temperature
for 12 h, after which it was filtered. Volatile materials were removed
under vacuum, and the resulting solids were washed with pentane
(2 x 1.5 mL). The precipitate was evacuated to dryness to afford
3 as an analytically pure brown solid (0.120 g, 64%). The acquired
'"H NMR (benzene-ds) spectrum was identical to that of samples
obtained by the synthesis given above. Anal. Caled for C,sHy3NoRh:
C, 66.08; H, 5.10; N, 6.17. Found: C, 65.81; H, 5.23; N, 6.08.

(PyPyr)Rh(COD) (4). A 3 mL benzene slurry of 1 (0.054 g,
0.888 mmol) was added to a stirred, room-temperature solution of
[RhCI(COD)], (0.805 g, 2.08 mmol) in 0.5 mL of benzene. The
reaction mixture was allowed to stir at ambient temperature for
4 h, and was then filtered. The solution was concentrated to 0.5
mL under vacuum, and product was then precipitated with hexane.
The supernatant was removed and the solid was dried in vacuo to
afford 4 as an analytically pure brown solid (0.0462 g, 50.7%). 'H
NMR (C¢Dg, 500 MHz): 6 1.49 (m, 4 H, CH,), 2.10 (m, 4 H, CH,),
3.63 (brs, 2 H, CH), 4.73 (br s, 2 H, CH,), 5.90 (t, 3Juyy = 5.8 Hz,
1H), 6.49 (overlapping multiplet, 2 H), 6.88 (d, 1 H, 3Juy = 4.8
Hz), 7.06—7.28 (m, overlapping with benzene-ds), 7.56 (d, 2 H,
3Juu = 7.56 Hz), 7.72 (d, 2 H, 3Jug = 6.8 Hz). *C{'H} NMR
(CsDg, 121.7 MHz): 6 30.26. 30.91, 77.65 (d, Jrnc = 13.1 Hz),
80.39 (d, Jrnc = 12.07 Hz), 116.82, 117.26, 119.08, 127.14, 127.96,
128.72, 129.63, 129.88, 129.96, 130.52, 136.95, 137.28, 139.08,
139.30, 145.09, 148.69 (d, Jrnc = 2.0 Hz), 159.53. Anal. Calcd
for C,0H»NoRh: C, 68.78; H, 5.37; N, 5.53. Found: C, 68.83; H,
5.27; N, 5.70.
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(PyPyr)Ir(COD) (5). A 3 mL benzene slurry of 1 (0.060 g, 0.198
mmol) was added to a stirred, room-temperature solution of
[IrCI(COD)], (0.067 g, 2.08 mmol) in 0.5 mL of benzene. The
reaction mixture was allowed to stir at ambient temperature for
16 h, and then it was filtered. The solution was concentrated under
vacuum, and product was then crystallized by vapor diffusion of
pentane into the benzene solution at 25 °C. Three crops of crystals
were collected and dried under vacuum to afford 5 as an analytically
pure orange solid (0.040 g, 34%). '"H NMR (C¢Dg, 500 MHz):
1.49 (m, 4 H, CH;), 2.10 (m, 4 H, CH>), 3.39 (m, 2 H, CH), 4.60
(m, 2 H, CH), 5.87 (t, 1 H, 3Juy = 6.2 Hz), 6.39 (s, 1 H), 6.45 (t,
1 H, 3Jug = 7.6 Hz), 7.08—7.25 (m, overlapping with benzene-dg),
7.29 (d, 1 H, *Jyy = 8.4 Hz), 7.51 (d, 2 H, 3Juy = 5.1 Hz), 7.92 (d,
2 H, *Jyg = 7.2 Hz). BC{'H} NMR (C¢Ds, 121.7 MHz): 6 30.95,
32.22,60.75, 65.13, 117.83, 118.05, 118.66, 126.81, 127.56, 128.32,
128.77, 129.92, 130.22, 131.24, 137.58, 138.36, 138.42, 139.18,
144.99, 149.16, 160.00. Anal. Calcd for CooHpyN,Ir: C, 58.47; H,
4.57; N, 4.70. Found: C, 58.28; H, 4.79; N, 4.58.

(PyPyr)Rh(CO), (6). A 2 mL benzene slurry of 1 (0.0385 g,
0.127 mmol) was added to a stirred solution of [RhCI(CO),],
(0.0247 g, 0.0635 mmol) in 2 mL of benzene. The reaction mixture
was allowed to stir at ambient temperature for 18 h, and then it
was filtered. The solution was concentrated under vacuum, and the
product was crystallized by vapor diffusion of hexane into the
benzene solution at 25 °C. Red crystals were collected and dried
under vacuum to afford 6 as red solid (0.0096 mg, 17%). '"H NMR
(C¢Dg, 500 MHz): 0 5.78 (t, *Jyn = 6.4 Hz, 1H), 6.42 (t, 3Jyy =
7.8 Hz, 1H), 6.54 (s, 1H), 7.10—7.35 (m, overlapping with
benezene-ds), 7.51 (d, 3Juu = 7.6 Hz, 2H), 7.63 (d, *Jyu = 5.6 Hz,
1H), 7.72 (d, *Jug = 7.6 Hz, 2H). IR (cm™!): 2004 (CO), 2067
(CO).

Alternative Synthesis of (PyPyr)Rh(CO); (6). Carbon mon-
oxide (1 atm) was bubbled through a stirred solution of 3 (0.261 g,
0.479 mmol) in 30 mL of benzene for 1 h. The volatile material
was removed to afford 6 as an analytically pure orange solid (0.261
g, 99%). The '"H NMR spectrum is identical to that of the prior
synthesis. *C{'H} NMR (C¢Dg, 121.7 MHz): 6 114.65, 117.88,
118.94, 127.02, 127.62, 128.85, 129.82, 129.68, 130.33, 132.34,
136.43, 137.89, 138.28, 138.83, 149.15 (d, Jrac = 3.0 Hz), 151.49,
158.95, 184.94 (d, Jrnc = 70.3 Hz), 187.88 (d, Jrnc = 64.4 Hz).
Anal. Calcd for C,3H5N,O,Rh: C, 60.81; H, 3.33; N, 6.17. Found:
C, 60.93; H, 3.58; N, 5.82.

(PyPyr)Ir(CO); (7). A 3 mL benzene slurry of 1 (0.0490 g, 0.162
mmol) was added to a stirred solution of IrC1(CO); (0.0670 g, 2.08
mmol) in 0.5 mL of benzene. The reaction mixture was allowed to
stir at 25 °C for 26 h. The mixture was then filtered and concentrated
under vacuum. Vapor diffusion of hexane into the solution of the
product at 25 °C yielded red crystals of 7 (0.0085 g, 9.7%). 'H
NMR (C¢Dg, 500 MHz): 8 5.68 (t, 3Juy = 6.2 Hz, 1H), 6.35 (t,
3Juu = 7.4 Hz, 1H), 6.46 (s, 1H), 7.12—7.26 (m, overlapping with
benzene—dﬁ), 7.45 (d, 3]]—11{ =172 HZ, 2H), 7.71 (d, 3]1-[]—1 =172 HZ,
2H), 7.83 (d, *Jyn = 5.6 Hz, 1H). 3C{'H} NMR (C¢Ds, 121.7
MHz): 6 115.39, 118.68, 118.79, 127.34, 128.31, 128.79, 128.89,
129.75, 130.75, 133.23, 137.40, 137.51, 137.74, 138.40, 149.95,
151.37, 158.66, 172.61, 178.87. Anal. Calcd for C,3H;5sN,IrO,: C,
50.82; H, 2.78; N, 5.15. Found: C, 50.61; H, 2.83; N, 5.24. IR
(cm™"): 1986 (CO), 2050 (CO).

(PyPyr)Rh(H),(SiEt3), (8). Neat HSiEt; (0.0215 g, 0.185 mmol)
was added to a solution of 3 (0.0180 g, 0.0396 mmol) in 0.5 mL
of benzene. The reaction mixture was allowed to stir at ambient
temperature for 0.5 h, and the volatile materials were then removed
under vacuum. The resulting solid was washed with hexane (5 x
3 mL) and dried in vacuo to afford 8 as an analytically pure red-
brown solid (0.0126 g, 50.4%). 'H NMR (C¢D¢, 500 MHz): ¢
—15.43 (dd, 1 H, Jray = 25.5 Hz, Juu = 9.5 Hz, RhH), —14.64
(dd, 1 H, Jrpu = 25.0 Hz, Jyg = 9.5 Hz, RhH), 0.54 (t, 18 H,
CH3), 0.97 (q, 12 H, CH,), 6.12 (t, 1 H, 3Jyy = 5.2 Hz), 6.56 (t, 1
H, 3Jug = 7.2 Hz), 6.63 (s, 1 H), 7.12—7.26 (m, overlapping with
benzene-ds), 7.36 (m, 4 H), 7.63 (d, 2 H, 3Juy = 5.2 Hz), 8.00 (d,
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2 H,3Juy = 3.6 Hz), 8.18 (d, 1 H, *Juy = 4.4 Hz). *C{'H} NMR
(C¢Dg, 121.7 MHz): 6 8.41, 12.26, 115.29, 118.03, 119.10, 126.43,
126.75, 127.94, 128.72, 129.65, 130.02, 132.21, 137.48, 137.97,
139.15, 139.46, 147.67 (d, Jryc = 4.6 Hz), 151.8, 158.46. 2Si NMR
(via lH,QQSi gHMBC, C6D6, 99.3 MHZ)I 0 78.8 (JRhSi = 253, JSiH
= 11.6 Hz, Jsiy'" = 4.8 Hz). Anal. Calcd for C33H47N,.RhSiy: C,
62.83; H, 7.51; N, 4.44. Found: C, 63.17; H, 7.22; N, 4.48.

(PyPyr)Rh(H),(SiPh;), (9). A 2 mL solution of HSiPh; (0.0916
g, 0.352 mmol) was added to a solution of 3 (0.0400 g, 0.0880
mmol) in 3 mL of benzene. The reaction mixture was stirred at 25
°C for 0.5 h, and then the volatile materials were removed under
vacuum. The resulting solid was dissolved into a minimum volume
of diethyl ether, then precipitated with 3 mL of pentane at —30
°C. Precipitation was repeated three times, and the resulting solid
was dried under vacuum to afford 9 as an analytically pure red
solid (0.0621 g, 76.8%). 'H NMR (CgDs, 500 MHz): 6 —13.20
(dd, 1 H, Jran = 22.0 Hz, Juy = 8.0 Hz, RhH), —11.90 (dd, 1 H,
JRhH =23.0 HZ, JHH =8.0 HZ, RhH), 5.77 (t, 1 H, 3JHH =64 HZ),
6.31 (s, 1 H), 6.45 (t, 1 H, *Jyy = 8.4 Hz), 7.06 (m, 18 H),
7.12—7.26 (m, overlapping with benzene-dg), 7.43 (d, 2 H, *Jyy =
7.2 Hz), 7.58 (m, 14 H). BC{'H} NMR (C¢Ds, 121.7 MHz): 6
115.33, 117.68, 118.81, 126.56, 127.07, 128.54, 129.60, 129.64,
129.70, 129.81, 129.89, 130.66, 136.77, 137.14, 137.81, 138.05,
139.08, 139.64, 147.67 (d, Jrnc = 2.6 Hz), 151.80, 158.46. *Si
NMR (via 'H,%Si gHMBC, C¢Ds, 99.3 MHz): 6 49.1 (Jrpsi = 22.4
Hz, Jsiu= 19.4 Hz, JSiH, =74 HZ) Anal. Calcd for C57H47N2RhSi2:
C, 74.49; H, 5.15; N, 3.05. Found: C, 74.40; H, 5.18; N, 2.95.

(PyPyr)Rh(H),(SiPh,'Bu), (10). Neat HSi'BuPh, (0.0850 g,
0.354 mmol) in benzene was added to a stirred, room-temperature
solution of 3 (0.0400 g, 0.088 mmol) in 3 mL of benzene. The
reaction mixture was stirred at 25 °C for 0.5 h, and the volatile
materials were removed under vacuum. The resulting solid was
dissolved into a minimum volume of diethyl ether, and then
precipitated with 3 mL pentane at —30 °C. Precipitation was
repeated as above three times, and the resulting solid was dried
under vacuum to afford 10 as an analytically pure red solid (0.0516
mg, 66.7%). 'H NMR (C¢Dg, 500 MHz): 6 —14.64 (dd, 1 H, Jrpy
= 19.2 Hz, Jyy = 9.6 Hz, RhH), —13.02 (dd, 1 H, Jray = 24.4
Hz, Juy = 9.6 Hz, RhH), 1.00 (s, 18 H, CCH;), 5.85 (t, 1 H, 3Juu
= 6.0 Hz), 6.38 (s, 1 H), 6.54 (t, 1 H, 3Jyy = 7.6 Hz), 7.05—7.46
(m, overlapping with benzene-dg), 7.53 (d, 2 H, 3Juy = 8.0 Hz),
7.61 (m, 1H), 7.68 (m, 4 H), 7.75 (d, 2 H, 3Juy = 3.2 Hz). BC{'H}
NMR (C¢Ds, 121.7 MHz): 6 24.4, 29.01, 115.88, 117.64, 118.79,
126.57, 127.27, 127.64, 127.86, 128.67, 129.78, 129.98, 130.51,
136.09, 136.32, 136.77, 137.79, 138.09, 139.38, 139.77, 146.89 (d,
Jroc = 2.6 Hz), 151.24, 157.97. °Si NMR (via 'H,*Si gHMBC,
C6D6, 99.3 MHZ)Z 0 56.6 (JRhSi =21.8 HZ, JSiH <0.2 HZ) Anal.
Calcd for Cs3HssN,RhSi,: C, 72.41; H, 6.31; N, 3.19. Found: C,
72.21; H, 6.55; N, 3.20.

(PyPyr)Ir(H),(SiPh;), (11). A 2 mL benzene solution of 1
(0.0661 g, 0.223 mmol) was added to a stirred, room-temperature
suspension of [ClIr(COE),], (0.1000 g, 0.112 mmol) in 2 mL of
benzene. After stirring for 15 min, solid HSiPh; (0.179 g, 0.687
mmol) was added in portions. After stirring for 0.5 h the reaction
mixture was filtered, and the resulting solution was concentrated
under vacuum. A solid was precipitated upon addition of 2 mL of
pentane. The supernatant was removed, and the solid was dissolved
in 2 mL of benzene, and precipitation with pentane was repeated
three times. The resulting solid was dried under vacuum to afford
11 as an analytically pure red powder (0.149 g, 66.3%). 'H NMR
(C¢Dg, 500 MHz): 6 —15.80 (d, 1 H, 2Juy = 2.7 Hz, IrH), —13.98
(d, 1 H, 2Jyy = 2.7 Hz, IrH), 5.65 (t, | H, *Juuy = 6.5 Hz), 6.24 (s,
1 H), 6.40 (t, 1 H, *Jyy = 7.8 Hz), 7.05 (m,18 H,), 7.19—7.30 (m,
8 H), 7.39 (d, 1 H, 3Juy = 7.5 Hz), 7.54 (d, 12 H, 3Juy = 7.0 Hz),
7.72 (d, *Jyu = 5.0 Hz, 2 H). BC{'H} NMR (C4Ds, 121.7 MHz):
0 116.22, 118.64, 118.91, 126.81, 127.04, 128.35, 128.59, 128.70,
129.37, 129.72, 130.59, 135.85, 136.59, 137.35, 138.04, 138.84,
139.11, 140.21, 149.35, 152.87, 158.57.°Si NMR (via 'H,*Si
gHMBC, C¢Dg, 99.3 MHz): 0 8.3 (Jsiy = 1.9 Hz, Jsiy” = 1.9 Hz).
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Anal. Calcd for Cs;HyNoIrSi,: C, 67.89; H, 4.70; N, 2.78. Found:
C, 68.07; H, 4.90; N, 3.11.

(PyPyr)Rh(u-H),(u-Si'Bu,)Rh(PyPyr) (12). A 2 mL solution
of H,Si'Bu, (0.0126 g, 0.088 mmol) was added to a solution of 3
(0.0400 g, 0.088 mmol) in 3 mL of benzene. The reaction mixture
was stirred at 25 °C for 2 h, and then the volatile materials were
removed under vacuum. The resulting solid was washed with 3
mL of diethyl ether, and then dissolved into a minimum amount of
benzene. Addition of diethyl ether at 25 °C precipitated red-orange
analytically pure crystals of 12 (0.0267 g, 32.2%). '"H NMR
(benezene-dy): 0 —24.25 (t, 2 H, Jrppu = 32.4, T1 = 0.583 s, RhH),
0.76 (s, 18 H, CCH3), 5.81 (d, 2 H, *Jyy = 5.6 Hz), 6.63 (s, 2 H),
7.12—17.26 (m, overlapping with benzene-dy), 7.30—7.45 (overlap-
ping m), 7.16 (d, 4 H, *Jyy = 7.2 Hz), 7.98 (d, 2 H, *Jyy = 6.0
Hz). BC{'H} NMR (benzene-d): 6 22.52, 105.48, 108.29, 109.29,
117.76, 118.74(d, Jrac = 7.5 Hz), 120.59, 120.81, 121.91, 122.12,
124.43, 128.65, 129.10, 129.94, 130.31, 130.68, 140.36, 147.09,
150.79. Si NMR (via 'H,*Si gHMBC): ¢ 252.84. Anal. Calcd
for CsoHsoN4Rh,Si: C, 63.83; H, 5.36; N, 5.95. Found: C, 63.49;
H, 5.58; N, 5.71.

[(PyPyr)Rh(u-H)(Si'BuPh,)], (13). Neat HSi'BuPh, (0.1120 g,
0.465 mmol) was added to a stirred, room-temperature solution of
3 (0.0500 g, 0.111 mmol) in 3 mL of benzene. The temperature of
the reaction mixture was elevated to 75 °C for 9 h. The volatile
material was then removed under vacuum. The resulting solid was
dissolved into a minimum volume of methylene chloride, and vapor
diffusion of 3 mL ether into the methylene chloride solution at —30
°C gave 13 as brown plates (0.0304 g, 66.7%). '"H NMR (C¢Ds,
500 MHz): 6 —21.99 (t, 2 H, "Jran = 33.6 Hz, RhH), 0.56 (s, 18
H, CCH3), 5.90 (t, 2 H, 3Juy = Hz), 6.49 (t, 2 H, 3Jyy = Hz), 6.54
(s, 2 H), 6.82 (m, 2H), 6.95 (br m, 2H), 7.05 (m, 4H), 7.10—7.30
(m, overlapping with benzene-d), 7.37 (m, 4H), 7.59 (d, 4 H, *Jug
= 7.6 Hz), 7.77 (br m, 4 H), 8.10 (d, 4 H,Jyy = 6.4 Hz). »Si
NMR (via 'H,*Si gHMBC, C¢Ds, 99.3 MHz): 6 33.1. *C{'H}
NMR (C¢Dg, 121.7 MHz): 6 27.7, 115.6, 116.2, 117.2, 125.4, 126.5,
127.2, 128.1, 128.6, 129.4, 130.8, 132.5, 134.7, 135.2, 135.7, 136.5,
137.0, 137.7, 138.4, 138.7, 148.2, 155.5, 156.6.

(PyPyr)RhH(SiPh;)(PPh3) (14). A 2 mL solution of HSiPh;
(0.110 g, 0.440 mmol) was added to a stirred, room-temperature
solution of 3 (0.0400 g, 0.0880 mmol) in 3 mL of benzene. To the
mixture, PPh; (0.115 g, 0.440 mmol) of was added. The reaction
mixture was stirred at ambient temperature for 2 h, and then the
volatile material was removed under vacuum. The resulting solid
was dissolved into a minimum volume of benzene, then precipitated
with 3 mL hexane at 25 °C. Red crystals of 14 were isolated (0.0811
g, 72.5%). '"H NMR (C¢Dg, 500 MHz): 6 —12.94 (dd, 1 H, Jppu =
28.8 Hz, Jpy = 20.4 Hz, RhH), 6.15 (t, 1 H, *Juy = 6.8 Hz), 6.54
(s, 1 H), 6.74 (t, 1 H, 3Jyy = 7.2 Hz), 7.12—7.26 (m, overlapping
with benzene-d), 7.42 (m, 6 H), 7.50—7.61 (m, 10 H). *'P NMR
(CsDg, 161.9 MHz): 0 42.27 (q, Jrwp = 138.0 Hz, Jpy = 20.4 Hz).
BC{'H} NMR (Cg¢Ds, 121.7 MHz): 6 116.49, 118.60, 125.8 (d,
Jec = 36.4 Hz), 126.68, 126.98, 127.27, 127.53, 127.73, 128.05,
128.15, 128.32 (d, Jrnc = 8.8 Hz), 129.62, 129.94, 130.72, 132.35
(d, Jpc = 44.0 Hz), 132.53, 133.48 (d, Jrnc = 10.1 Hz), 136.21,
136.67, 141.42, 150.13. 2Si NMR (via 'H,Si gHMBC, C¢D, 99.3
MHz): 6 32.2 (Jsign = 37.7 Hz, Jsip = 9.9 Hz). Anal. Calcd for
Cs7;H4eN,RWPSi: C, 74.34; H, 5.03; N, 3.04. Found: C, 74.67; H,
5.39; N, 2.66.

General Procedure for Catalytic Runs. Reactions were con-
ducted in 5 mm Wilmad NMR tubes equipped with a J. Young
Teflon-valve seal, which were heated in temperature-controlled oil
baths. Samples were prepared in the drybox by dissolving 5 mol
% catalyst, silane (1 equiv), and olefin or alkyne (1 equiv) in 1 mL

of C¢Dg. Reaction progress was monitored by 'H NMR spectros-
copy. Product compositions were confirmed by GCMS.

Kinetic Measurements. Reactions were monitored by 'H NMR
spectroscopy, on a Bruker DRX-500 spectrometer, using 5 mm
Wilmad NMR tubes fitted with septa. The samples were prepared
by dissolution of 10 in 1 mL of C¢Dg that was then cooled to —78
°C followed by addition of the HSiEt; via a syringe. The NMR
tube was quickly placed in the probe, which was precooled or
preheated to the required temperature. The probe temperature was
calibrated using a neat methanol sample prior to the experiment
and was monitored throughout the experiment with a thermocouple.
Single-scan spectra were obtained using an automated acquisition
program that was started immediately after placing the sample in
the probe, and the peaks were integrated relative to the intensity of
a known concentration of ferrocene standard. Rate constants were
obtained by nonweighted linear least-squares fit of the integrated
first-order rate law. The rate law determination was performed at
323 K in CgDg. For the Eyring analysis, measurements were
performed in toluene-ds between 236.2 and 275.8 K.

X-ray Structure Determinations. The X-ray analyses of
compounds 4, 5, 9, 10, 11, 12, 13, and 14 were carried out at UC
Berkeley CHEXRAY crystallographic facility. Measurements were
made on Bruker SMART CCD area detector with graphite-
monochromated Mo Ka radiation (A = 0.71073 A). Data were
integrated by the program SAINT and analyzed for agreement using
XPREP. Empirical absorption corrections were made using SAD-
ABS. Structures were solved by direct methods and expanded using
Fourier techniques. All calculations were performed using the
SHELXTL crystallographic package. All non-hydrogen atoms were
refined anisotropically unless otherwise stated and hydrogen atoms
were placed in their calculated positions.

For 4: Crystals were grown from vapor diffusion of pentane into
benzene at 25 °C.

For 5: Crystals were grown from vapor diffusion of pentane into
benzene at 25 °C.

For 9: Crystals were grown from vapor diffusion of pentane into
THF at —30 °C.

For 10: Crystals were grown from vapor diffusion of pentane
into THF at —30 °C.

For 11: Crystals were grown from vapor diffusion of pentane
into THF at —30 °C.

For 12: Crystals were grown from vapor diffusion of diethyl
ether into benzene at 25 °C.

For 13: Crystals were grown from vapor diffusion of diethyl
ether into methylene chloride at —30 °C.

For 14: Crystals were grown from vapor diffusion of diethyl
ether into benzene at 25 °C.
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