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Summary: Synthesis and structural analysis of an unprece-
dented y*-Si—H complex of mononuclear Pd(0) was achieved
utilizing bis(o-phosphinophenyl)silane as a PSiP pincer-type
scaffold for the first time. This complex showed dynamic
behavior in its reaction with an allene, involving a rever-
sible oxidative addition/reductive elimination sequence of a
C(sp®)—Si bond at room temperature. This system will be
useful as a synthetic equivalent of highly reactive hydrido- and
(o-allyl)palladium species.

The studies of 77°-Si—H complexes have been attracting much
attention, since they can provide deeper mechanistic insight
into transition-metal-catalyzed silylation reactions involving
oxidative addition of the Si—H bond, in which such ¢ com-
plexes can be considered as “frozen intermediates”.' However,
the synthesis and structural characterization of such 7*-Si—H
metal complexes of the Ni triad remains mostly unexplored
because of their high reactivity toward oxidative addition to
give silyl metal hydride complexes (H—M—Si),> and no
structural analysis of zerovalent, mononuclear #*-Si—H
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Pd(0) complexes has been reported, even though these low-
valent metals are well recognized as practical catalysts for
various hydrosilylation reactions.*> Herein we report the
first synthesis and structural analysis of a #°-Si—H complex
of mononuclear Pd(0) and its dynamic behavior with an allene
through an oxidative addition/insertion/reductive elimination
sequence utilizing a PSiP pincer-type structure.

Our recent finding of the PSiP pincer-type palladium com-
plex catalyzed hydrocarboxylation of allenes under 1 atm of
CO, prompted us to synthesize a possible key intermediate, the
silyl pincer-type palladium hydride A, for detailed mechanistic
studies.® When bis(o-(diphenylphosphino)phenyl)methylsilane
(1)” was treated with an equimolar amount of Pd(PPhs), in
THF at room temperature, the complex obtained was not the
expected palladium hydride A but the (17°-Si—H)Pd" species 2
with a Si—H o-bond coordinated to Pd(0) along with one
PPh; and the two phosphorus atoms of 1 (Scheme 1, conditions
a). Complex 2 was also obtained in 86% yield by the reaction of
1 with CpPd(C5Hj5) in the presence of PPh; (conditions b).

The ORTEP diagram of 2 is shown in Figure 1. The structure
around Pd is distorted tetrahedral, and the Si—H, Pd—H, and
Pd—Si distances are 1.60(3), 1.67(3), and 2.4283(8) A, respec-
tively.® The Si—H distance is obviously longer than that of the
parent silane (~1.5 A) but relatively shorter compared to typical
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Scheme 1. Synthesis of (>-Si—H)Pd® Complex 2“
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“Conditions: (a) 1.0 equiv of Pd(PPhs)y, THF, room temperature,
30 min; (b) 1.0 equiv of PPh;, 1.0 equiv of CpPd(C5;Hs), Et;,O—THEF,
room temperature, 20 min.

Figure 1. ORTEP plot of 2 (disorder of one of the Ph rings on P2
was observed) at the 50% probability level (hydrogen atoms except
Si— H are omitted for clarity). Selected bond lengths (A) and angles
(deg): Si—H, 1.60(3); Pd—H, 1.67(3); Pd—Si, 2.4283(8); Pd—Pl,
2.4425(8); Pd—P2, 2.3776(8); Pd—P3, 2.4140(8); Si—H—Pd,
95.8(15); H—Pd—Si, 40.9(10); Pd—Si—H, 43.3(10); PI—Pd—P2,
109.63(3); P2—Pd—P3, 120.49(3); P3—Pd—PI, 104.59(3).

values of previously reported 7>-Si—H complexes (~1.6—
1.9 A),'*¢ suggesting weak back-donation from the metal center
to the o* orbital of the Si—H bond. The structure in solution was
confirmed to be the same (17-Si—H)Pd’ by measurement of
various NMR spectra of 2 between 300 and 193 K. The 'H
NMR spectrum in benzene-d, at 300 K exhibited an upfield shift of
the hydrogen atom on Si at 0.16 ppm, which is coupled with three
phosphorus atoms (td, Jyp = 34.9, 7.6 Hz) and with the methyl
protons (q, Juy = 2.3 Hz, of. Jyy = 3.8 Hz in 1). The Vg
coupling constant (Jys; = 110 Hzat 300 K, 97 Hz at 193 K) which
was observed by non 'H-decoupled ’Si NMR was larger than
typical values found for H—=M—Si complexes (<~20 Hz) but
significantly decreased from that of 1 itself (/us; = 204 Hz), clearly
supporting the #°-Si—H structure.” This relatively larger 'Jis;
coupling constant suggests a weak interaction between the Pd(0)
and Si—H bond in solution, as was observed in the crystalline state.
This observation is in sharp contrast to the (17>-Si—H)Ni" complex
reported by Shimada and Tanaka, which afforded a H—Ni'"V—Si
structure as the most stable form at 193 K in solution.*

This (>-Si—H)Pd® complex 2 was found to be an active
catalyst in the hydrocarboxylation of an allene under the reported
conditions as shown in Scheme 2.,° suggesting that 2 can function
as a synthetic equivalent of reactive palladium hydride intermedi-
ate A through dissociation of PPh; and oxidative addition (OA)
of the Si—H bond in solution. Moreover, reduction of the PSiP

(9) The 'Jys; coupling constants of (nz-Si—H)metal complexes are
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Scheme 2. Catalytic Hydrocarboxylation of an Allene using 2
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Scheme 3. Formation of 2 from PSiP Pincer-Type Pd(II)
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Scheme 4. Reaction of (7>-Si—H)Pd® 2 with an Allene
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pincer palladium chloride 3 with LiBHEt; in the presence of
1.0 equiv of PPh; afforded 2 in 90% yield (Scheme 3). Thus, 2 and
A appear to interconvert at room temperature, and the significant
point is that the reductive elimination (RE) of the Si—H bond to
give 7°-Si—H complex 2 is more favorable than its reverse
pathway, even with the weak and easily cleaved Si—H bond. It
is likely that the PSiP linkage of A constrained by benzene rings
makes the pincer-type square planar structure rather strained,
thus facilitating reductive elimination and relatively stabilizing the
(°-Si—H)Pd" structure.

(10) Synthesis of 4: to a stirred solution of the (nz—Si—H)PdO complex
2 (94 mg, 0.10 mmol) in THF (1.0 mL) was added 3-methyl-1,2-
butadiene (20 L, 0.20 mmol) at room temperature. The solution turned
red immediately and then yellow within 1 min. After 10 min, the solution
was layered with pentane and allowed to stand at —30 °C to give the
triphosphine Pd(0) complex 4 (72 mg, 0.072 mmol) in 72% yield, which
was suitable for X-ray analysis. The complex 4 exists as a mixture of two
conformational isomers in solution. IR (KBr): 3048, 1583, 1476, 1432,
847, 830 cm™'. "H NMR (THF-ds, 500 MHz, 253 K): 6 0.30 (2.1H, s),
1.00 (0.9H,s), 1.02 (2.1H, s), 1.33 (0.9H, s), 1.49 (0.9H, 5), 1.53 (2.1H, 5),
1.97(0.6H,d,J = 7.8 Hz),2.69 (1.4H,d, J = 8.0 Hz),4.74 (0.7H, t, J =
8.0 Hz), 4.87 (0.3H, t, J = 7.8 Hz), 6.52—6.56 (1.4H, m), 6.60—6.65
(0.6H, m), 6.82—7.22 (39H, m), 7.44 (1.4H, d, J = 7.4 Hz), 7.62 (0.6H, d,
J = 7.4 Hz). ">*C NMR (THF-ds, 125 MHz, 253 K): 6 0.45, 3.44 (t, J =
10.3 Hz), 18.0, 18.1,21.4,22.2 (t, J = 10.6 Hz), 26.1, 26.6, 121.2, 121.9,
127.6, 127.8, 128.2 (t, J = 4.0 Hz), 128.3 (t, J = 4.0 Hz), 128.5—129.0
(m), 129.6, 130.0, 133.9, 134.0, 136.3—134.8 (m), 136.9 (t, J = 7.8 Hz),
137.4(t,J = 7.8 Hz), 138.5(t,J = 11.3Hz), 138.9(t,J = 11.3Hz), 140.3
(t,J = 4.1Hz),140.5(t,J = 4.0Hz), 142.2(t,J = 13.1 Hz), 1429 (t,J =
12.8 Hz), 144.9 (t,J = 18.9 Hz), 145.1 (t,J = 18.9 Hz), 146.7—147.0 (m),
147.1—147.4 (m). *'P NMR (THF-ds, 102 MHz, 253 K): 6 17.0 (1.4P, d,
J = 82 Hz), 17.5(0.6P, d, J = 82 Hz), 23.9 (0.7P, t, J = 82 Hz), 24.3
(0.3P, t,J = 82 Hz). ’Si{'"H} NMR (THF-ds, 100 MHz, 253 K): d —8.51
(t,J = 7.5 Hz). Anal. Calcd for C4oHssP3PdSi: C, 71.81; H, 5.52. Found:
C, 71.80; H, 5.81. Crystal data for 4: CgoHssPsPdSi, fw = 1003.44,
triclinic, space group P1, a = 12.462(3) A, b = 12.602(3) A, ¢ =
16.283(3) éi o = 78.13909)°, B = 84.032(11)°, y = 79.523(9)°, V =
2455.009)A°, Z = 2, Deareq = 1.357 g/cm3, temperature —123 °C, u(Mo
Ka) = 5.40cm™ ', R1 = 0.0743, wR2 = 0.0712 for 2643 reflections with
1 > 20(1).
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We next carried out the detailed investigation of each step
of the hydrocarboxylation of an allene using the (77°-Si—H)Pd"
complex 2 and found a facile dynamic behavior involving the
C(sp*)—Si bond, which is more robust and less reactive toward
oxidative addition with Pd(0) than the H—Si bond. Thus,
reaction of 2 with a stoichiometric amount of 3-methyl-1,
2-butadiene in benzene at room temperature immediately
afforded the tris(phosphine) Pd(0) complex 4, bearing an allylsi-
lane moiety, in 72% yield (Scheme 4). The structure of 4 was
determined by X-ray analysis, as depicted in Figure 2.'° The
reaction was thought to proceed through hydropalladation of
the allene with palladium hydride A generated in situ from 2 to
afford the PSiP pincer-type prenylpalladium complex B, fol-
lowed by reductive elimination of the C(sp®)—Si bond and
coordination of PPh; to give 4. The prenylpalladium complex
B was prepared in situ by an independent route, including the
reaction of palladium chloride 3 with prenylmagnesium chloride.
Addition of PPh; to an equimolar amount of complex B resulted
in immediate reductive elimination to give complex 4.""'>

&Q S

Figure 2. ORTEP plot of 4 at the 50% probability level
(hydrogen atoms except allylic protons are omitted for clarity).
Selected bond lengths (A) and angles (deg): Pd—P1, 2.288(3);
Pd—P2, 2.303(2); Pd—P3, 2.325(3); P1—-Pd—P2, 123.02(10);
P2—Pd—P3, 115.68(10); P3—Pd—P1, 119.09(9).

More interestingly, when complex 4 was stirred under 1 atm
of CO, in THF at room temperature for 24 h, allylation of CO,
proceeded to give 2,2-dimethyl-3-butenoic acid (5) in 45% yield
after acidic hydrolysis (Scheme 5). Regeneration of B from 4
was actually observed in the ratio 4B = ca. 10:1 by 'H and *'P
NMR when 2 equiv of Ni(cod), was added to a THF-dg
solution of 4 as a phosphine scavenger (Scheme 6). Thus, facile,
reversible oxidative addition and reductive elimination of an
C(sp’)—Si bond with Pd(0) was obviously realized at room
temperature. As oxidative addition of a C(sp®)—Si bond has

(1 1) The preparation of B and its structural analysis by 'H, 3'P, and

29Si NMR are described in the Supporting Information.
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been recognized to be rather difficult and very few examples are
known,"¥ ' this system demonstrates the high utility of PSiP
pincer structures based on the bis(o-phosphinophenyl)silyl
ligand for efficient activation of the C—Si bond.

Scheme 5. Carboxylation of 4 via Oxidative Addition of a
C—Si Bond
1) 1 atm CO,, THF, 1t, 24 h

COOH
4 s , I,
2) Hz0* >v

545%
PPhg, O.A thp ; co T
S Pd Si-Me = &COOP"
+PPhy, R.E.
Ph2P [Pd = Pd(PSiP)]
B

Scheme 6. Equilibrium between 4 and B in the Presence
of Ni(cod),

2 equiv. Ni(cod),

THF-dg, rt
4:B=10:1

In conclusion, the synthesis of a (7°-Si—H)Pd° complex and its
dynamic behavior through the reaction with an allene was dis-
closed, utilizing a bis(o-phosphinophenyl)silyl ligand as a PSiP
pincer-type scaffold. Facile, reversible oxidative addition/reductive
elimination of H—Si and C(sp®)—Si bonds with Pd(0) was
achieved in this system, leading to useful synthetic equivalents of
highly reactive hydrido- and (o-allyl)palladium species. Studies on
the detailed mechanism of the dynamic behavior are in progress.
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