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The heterobimetallic complexes [(OC)3(R'3Si)Fe(u-P-Z)Pd(3-allyl)] (1, P-Z = Ph,PNHPPh,
(dppa); 2, P-Z = PhyP(0-CsH4N) (PhzPpy); 3, P-Z = Ph,PCH,PPh; (dppm); R's = (OMe)s,
Me(OSiMes),) are very efficient catalysts for the dehydrogenative coupling of tin hydrides
R3sSnH (R = Ph, "Bu). Besides establishing that siloxy complexes are more active catalysts
than their alkoxysilyl counterparts, the present study shows that modifications in the nature
of the assembling functional phosphine ligand P-Z result in variations of catalyst efficiency,
expressed by the TON (overall turnover number) and TOF (maximum turnover frequency)
values and lifetime. The Ph,Ppy-bridged complexes are the most efficient catalysts, and in
the case of "BuszSnH, TON and TOF values higher than 1.2 x 10 and 2 x 108, respectively,
have been observed. A marked difference in reactivity is also observed between the
diphosphine ligands dppa and dppm, with the dppa-bridged complexes being more active

P ———
than their dppm analogues. The new complex [(OC)s{(Me3SiO),MeSi} Fe(u-Ph,Ppy)Pd(73-
allyl)] (2b) prepared in the course of this work has been structurally characterized by X-ray

diffraction.

Introduction
The development of the chemistry of compounds
containing a tin—tin bond mainly results from the
numerous industrial,>™* biological,2~7 and synthetic
applications of distannanes. In the last case they are
usually employed as radical sources,®~13 as precursors
to tin—metal complexes'*15 or in palladium-catalyzed
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cross-coupling reactions for fine chemical synthesis.16-1°
Although numerous procedures are known to allow tin—
tin bond formation,?32% new syntheses of distannanes
are still being sought. The dehydrogenative coupling of
tin hydrides appears as an efficient method. It is known
to be facilitated by reagents such as amines!® and
amides.?! Surprisingly, examples of this reaction being
catalyzed by transition-metal complexes remain
scarce.?2-27 This approach is, however, of current inter-
est owing to recent advances in the synthesis of high-
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molecular-weight polystannanes, a promising class of
new polymers, by dehydropolymerization of tin
dihydrides.27—30

We have recently reported that trialkoxysilyl and
siloxy heterobimetallic Fe—Pd complexes of the types
A and B were efficient catalysts for the dehydrogenative
coupling of stannanes.?627 Interestingly, this reaction

Pth/\TPhQ PhoP” > PPh,
(OC)3Fe—P2’ (OC)sFe—Pd—X
R'3éi R2Si—O
A R
R'= OMe, OSiMes
R" = Me, SiMe3
X = Cl, SnPhy

enabled us to evaluate the role of the heterobimetallic
structure of the catalysts and the influence of the ligand
environment on the active metal center.?”

Although elementary transformations appear to take
place at palladium, the silyl ligand bound to the iron
center plays a key role in the catalytic process.?” This
ligand is involved in the stabilization of reactive inter-
mediates via formation of O—Pd interactions, whereas
owing to its hemilabile behavior a vacant coordination
site at the Pd center may be released for an incoming
substrate molecule (equilibrium B = C, Scheme 1). We
have observed that substituent modifications at silicon
resulted in considerable variations of catalyst perfor-
mances and lifetime. We have also established that the
heterobimetallic Fe—Pd silyl derivatives were more
efficient catalysts than mononuclear Pd complexes and
retained their bimetallic structure throughout the pro-
cess.?’

Scheme 1

N
PhoP”” “PPhy PhoP”” > PPhy

(OC)sFe—Pd—X === (OC)sFe—Pd—X
| ! =

R'2Si—Q R'2(R"O)Si
RII

B C

Herein, we report our investigations aimed at evalu-
ating the influence of the nature of the assembling
ligand on the dehydrogenative coupling of PhzSnH and
"BuszSnH catalyzed by Fe—Pd—allyl heterobimetallic
complexes. For this purpose, the catalytic activity of
dppa (Pho,PNHPPh,), dppm (Ph,PCH,PPh,), and Ph,-
Ppy (PhaP{o-CsH4N}) bridged derivatives has been
determined. Important variations in catalyst efficiency
and lifetime have been observed.

Results

1. Catalysts. The Fe—Pd heterobimetallic complexes
pictured in Chart 1 have been used in the present study
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Chart 1
H
]
/N\
PhoP Tth
(OC)3FT—P%
(Me0)3Si
1a
=z 7z
9 ]
PhoP” °N thT T
(OC)3FT—Pd (OC)SFT—P%
(MeO)3Si (Me3Si0)oMeSi
2a 2b
thli'/\l;th PhoP” > PPh,
(OC)3FT—PJ (OC)3FT—P2
(MeO)3Si (Me3SiO),MeSi
3a 3b

as catalysts for the dehydrogenative coupling of Phs-
SnH and "BusSnH.

We have previously reported the synthesis of 1a,3!
2a,%2 and 3a,b.3233% The new complex [(OC)s{(Mes-

R —
Si0);MeSi} Fe(u-Ph,Ppy)Pd(;2-allyl)] (2b) was obtained
as an air-stable yellow-orange powder in 64% yield
(based on Pd) by reaction of the dinuclear complex [Pd-
(73-C3Hs)(u-Cl)]2 with 2 molar equiv of the iron metalate
K[Fe{SiMe(OSiMes),} (CO)3(Ph,Ppy-P)] (5)%* (obtained
by deprotonation of the hydrido complex 4; Scheme 2).
Its IR spectrum (KBr) shows three »(CO) vibrations, at
1955 m, 1895 s, and 1873 vs cm™1, indicative of the mer
arrangement of the three carbonyl ligands around the
Fe center. The 3P{1H} NMR spectrum contains a
singlet at 6 73.3 ppm. Other spectroscopic data are given
in the Experimental Section. The structure of 2b was
confirmed by an X-ray diffraction study (Figure 1). Se-
lected bond distances and angles are given in Table 1.

The coordination geometry around the Fe atom is
distorted octahedral; that of the Pd atom involves the
Fe atom, the N atom from the Ph,Ppy ligand, and the
C(9), C(10), and C(11) carbon atoms from the allylic
group interacting in a 52 fashion. When the allylic group
is considered as occupying two coordination sites, the
environment around the Pd atom is distorted square
planar. Whereas the N—Pd—Fe angle (92.8(4)°) is
regular, the P—Fe—Pd angle of 75.6(2)° is very acute,
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Scheme 2
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probably because of the narrow P—C(4)—N angle (109.7-
(13)°) and the rather long Fe—Pd bond (2.678(4) A). The
value of the Fe—Pd bond length falls in the range (2.544-
(4)—2.850(2) A) of those reported for similar structures
containing a P,P (dppm or dppa) bridging ligand.31-33.3536

2. Dehydrogenative Coupling of R3SnH. The data
reported below refer to average values determined for a
minimum of three catalytic runs. Note that in the
presence of a large excess of radical scavenger (TEMPO,
galvinoxyl) no significant variations of the catalysis
results were observed.

(i) PhsSnH. The catalytic activity may be monitored
by either the formation of PheSn, (3a) or the volume of
H, released (2a,b) (eq 1),%627 as described in the
Experimental Section. Note that, under the reaction

cat.
2 R3SHH

ReSno + Ho (1)

CHeCl  a_ph, Bu)

conditions used, the decrease in reaction rate and
eventually the end of the reaction are due to the fading
of the catalyst activity and not to a decrease in substrate
concentration.26

Figure 2 shows the plot of TON vs time for the
trimethoxysilyl complexes 1a, 2a, and 3a, and selected
data are given in Table 2. For the diphosphine-contain-
ing catalysts 1a and 3a long reaction times, or catalyst

(35) Braunstein, P.; Knorr, M.; Schubert, U.; Lanfranchi, M
Tiripicchio, A. J. Chem. Soc., Dalton Trans. 1991, 1507.

(36) Braunstein, P.; Knorr, M.; Tiripicchio, A.; Tiripicchio-Camellini,
M. Angew. Chem., Int. Ed. Engl. 1989, 28, 1361.
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Figure 1. View of the molecular structure of complex 2b.

Table 1. Selected Bond Lengths (A) and Angles
(deg) for 2b

Pd—Fe 2.678(4) Pd—N 2.114(16)
Pd—C9 2.20(3) Pd—C10 2.12(4)
Pd—C11 2.18(3) C10—C11 1.44(4)
Fe—P 2.210(6) Fe—Sil 2.331(6)
Fe—C1 1.71(2) Fe—C2 1.75(2)
Fe—C3 1.77(2) Si1-04 1.65(2)
Si1-05 1.66(2) Si1—C24 1.84(2)
Si2—04 1.55(2) Si3—05 1.58(2)
N-C4 1.32(2) N-C8 1.34(3)
o1-Cc1 1.20(2) 02-C2 1.17(3)
03-C3 1.18(2) C9-C10 1.35(4)
Fe—Pd—N 92.8(4) Pd—Fe—P 75.6(2)
C2—-Fe—Pd 82.7(7) C3—-Fe—Pd 67.4(6)
C2—Fe—C3 140.7(10)  Cl—Fe—C3 108.0(9)
Cl-Fe—C2 105.9(10)  Sil—Fe—C3 81.6(7)
Sil—-Fe—C2 82.8(7) Sil—Fe—C1 84.1(6)
P—Fe—C3 98.0(7) P—Fe—C2 98.7(8)
P—Fe—C1 94.2(6) P—Fe—Sil 178.0(2)
Si1-04-Si2 172.5(13)  Si1—05-Si3 152.0(10)
Fe—C1-01 178.0(17) Fe—C2-02 176.1(22)
Fe—C3-03 174.2(18) P—C4—N 109.7(13)
C9-C10-C11  129(3)

lifetimes, are observed, as evidenced by the plateau
being reached after ca. 48 h. The overall catalytic
activity of the dppa complex 1a (TON = 1550) is,
however, more than twice that of its dppm analogue 3a
(TON = 700). This may be related to the higher
maximum reaction rate (TOF; see Table 2) observed for
la. The situation for the Ph,Ppy-bridged complex 2a
is, however, somewhat different. The reaction is much
faster (the plateau is reached after only ca. 30 min) and
the TOF value is considerably higher (ca. 1.70 x 105,
Table 2). However, this rate is only maintained for a
few seconds after an induction period of ca. 5 s, resulting
in the total catalytic activity being in the same range
as that of 1a (TON = 1460; Table 2). For comparison,
we found it of interest to determine the catalytic activity
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Figure 2. Catalytic dehydrogenative coupling of Phs-
SnH: plot of TON vs time for the complexes 1a, 2a, and
3a.

Table 2. Selected Catalysis Data for the
Dehydrogenative Coupling of Ph;SnH Catalyzed
by 1a, 2a,b, or 3a,b

catalyst TON max? plateau, h° TOF¢
la 1550 48 ca. 260
2a 1460 0.5 ca. 1.70 x 10°
3a?’ 700 48 ca. 100
2b 1850 0.25 ca.2.10 x 10°
3b?7 1630 1 ca. 1.98 x 10°

a Total catalytic activity expressed in turnover numbers (aver-
age value of a minimum of three experiments). P Time after which
the plateau is reached. ¢ Maximum turnover frequency expressed
in TON h™1,
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Figure 3. Catalytic dehydrogenative coupling of Phs-
SnH: comparative plot of TON vs time for the pairs of
complexes 2a and 2b (same assembling ligand) and 2b and
3b (same siloxy ligand).

of the Ph,Ppy-bridged siloxy complex 2b. It is a more
efficient catalyst than its trimethoxysilyl counterpart
2a (higher TON and TOF values; Table 2). However, it
displays a shorter lifetime (plateau reached after ca. 15
min). Figure 3 illustrates the comparison between 2a
and 2b, which have the same assembling ligand, and
between 2b and 3b, which have the same siloxy ligand.
The last complex has been investigated previously.?”
(ii) "BusSnH. The reactivity of the trimethoxysilyl
complexes la and 2a has also been evaluated with
regard to the dehydrogenative coupling of "BusSnH. The
volume of H; released was monitored and converted into
turnover numbers. Selected catalysis data are given in
Table 3 and compared with those previously reported
for 3a.2” The plots of turnover numbers vs time obtained
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Table 3. Selected Catalysis Data for the
Dehydrogenative Coupling of BuzSnH Catalyzed
by 1a, 2a, or 3a

catalyst TON max2 plateau, min® TOF¢
la ca. 500 000 120 ca. 5 x 10%
2a >1 200 000 d d
3a?’ ca. 114 000 1 ca. 23 x 108

a Total catalytic activity expressed in turnover numbers (aver-
age value of a minimum of three experiments). ® Time after which
the plateau is reached. ¢ Maximum turnover frequency expressed
in TON h~1, 9 Not determined.
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Figure 4. Catalytic dehydrogenative coupling of "Bus-
SnH: plot of TON vs time for the complexes 1a and 3a.

for 1a and 3a are shown in Figure 4, which illustrates
the difference between the dppa and dppm complexes.
Very high reaction rates and TON values, accompanied
by a short catalyst lifetime (ca. 1 min), have been
reported for the dppm complex 3a (Table 3).27 For the
dppa complex 1a, the reaction proceeds more slowly, the
TOF value is ca. 5 x 10°, and the plateau is only reached
after 2 h (Figure 4, Table 3). This enhanced catalyst
lifetime combined with a slow decrease of the reaction
rate (after 8 min the turnover frequency is still >1 x
10%) account for 1a being a much more efficient catalyst
than 3a (TON values of 500 000 and 114 000, respec-
tively). In the case of the Ph,Ppy complex 2a no reliable
catalysis data could be obtained, the reaction being
extremely fast. We observed the consumption of more
than 2.5 x 10% molar equiv of "BusSnH within a few
seconds.

Discussion

Mechanistic aspects of the dehydrogenative coupling
of tin hydrides catalyzed by heterobimetallic Fe—Pd
alkoxysilyl and siloxy complexes have been discussed
in a previous paper.?” Despite the very high reaction
rates observed in the case of alkylstannanes, a o-bond
metathesis type mechanism or a succession of oxidative-
addition and reductive-elimination steps were preferred
to a radical chain mechanism. This is corroborated by
the fact that radical scavengers, such as TEMPO or
galvinoxyl, did not affect the catalysis measurements.
Although it is always difficult to be sure of the true
nature of a catalytic species, particularly in systems that
display activities as high as those encountered in this
work, we believe from in situ spectroscopic measure-
ments on the less active systems (which allowed a
higher catalyst concentration) that the bimetallic frame-
work of the catalyst is retained throughout the reaction
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and that elementary transformations take place at Pd.
The role of the iron fragment is therefore to provide the
Pd center with a suitable ligand environment through
the metal—metal bonding, the assembling phosphine,
and the silyl ligand. The last species is involved in the
stabilization of reactive intermediates by its ability to
develop bridging SiO—Pd interactions. As a result,
substituent modifications at silicon should lead to
important variations in catalyst performances and
lifetime. In the present study, we have indeed found
that siloxy complexes are much more active catalysts
(precursors) in the dehydrogenative coupling of Ph3SnH
than their trialkoxysilyl counterparts: higher TONs and
TOFs are obtained for 2b and 3b than for their tri-
alkoxysilyl analogues 2a and 3a, respectively. This
would be related to the oxygen donor capacity of siloxy
ligands (Fe—Si—O—SiR3) being lower than that of
alkoxysilyl ligands (Fe—Si—O—CR3), owing to the more
electropositive character of the Si atom. Consequently,
the SiO—Pd interactions are less stabilizing in the
former case, providing a more accessible coordination
site at Pd for an incoming substrate molecule (stan-
nane). This results in higher reaction rates and TONs.
However, a shorter catalyst lifetime is observed, owing
to this lower stabilization (see, for example, catalysis
data for 3a and 3b; Table 2).

We have verified the purity of the distannanes
isolated after catalysis by 1°Sn NMR spectroscopy (see
Experimental Section). Analysis of the reaction mixtures
did not indicate the presence of products resulting from
rearrangement of the substituents at tin. Only in the
case of "BusSnH were traces (<2%) of ("BusSn).O
detected, which originate from adventitious oxidation.

The nature of the assembling phosphine in these
bimetallic complexes plays a major role in providing
additional stability.3>36 It is certainly involved in the
retention of the bimetallic structure of the catalysts
during the reaction process, a factor which may largely
contribute to the higher efficiency of Fe—Pd complexes
in the catalytic dehydrogenative coupling of stannanes
compared to Pd mononuclear complexes. Furthermore,
the assembling ligand exerts a direct influence on the
catalyst performances through its functional group
coordinated to the active Pd center. This accounts for
the important variations observed in the TON and TOF
values as well as in catalyst lifetime for the dppa,
Ph,Ppy, and dppm complexes 1—3, respectively. In the
case of complexes 1a and 3a, replacement of the CH,
group in 3a by the amino function NH leads to improved
catalyst efficiency. Indeed, the TON and TOF values
obtained with la for the dehydrogenative coupling of
Ph3zSnH are more than twice those found for 3a, where-
as long lifetimes are noted for both catalysts (Table 2).
The situation is slightly different with "BusSnH. Sur-
prisingly, the TOF observed for 1a, although it is very
high (ca. 5 x 10°9), is now lower than that obtained with
3a (ca. 23 x 109). However, a much longer lifetime and
only a slow decrease in the reaction rate (a turnover
frequency >1 x 106 is still observed after 8 min) com-
pensate for this drawback and account for the former
being a more efficient catalyst than the latter (Table 3).

As expected, more important effects on catalytic
performances are observed when the nature of the donor
group of the assembling ligand coordinated to the Pd

Braunstein et al.

center is changed. Thus, complexes 2, in which a
pyridine ligand is bound to Pd, are much more active
than their dppa and dppm counterparts (Figures 2—4,
Tables 2 and 3). Not only are higher TONs obtained,
but improved TOFs are also observed. However, this
higher reactivity is accompanied by a shorter lifetime
of the catalysts. In the case of the dehydrogenative
coupling of "BusSnH, the reaction rate is too high to be
determined. We estimate that it is >2 x 108 TON h™1.,

Although various factors may be invoked, it seems
reasonable to assume that the variations of reactivity
of complexes 1—3 for the dehydrogenative coupling of
tin hydrides result from the assembling ligands having
different electronic and steric influences on the Pd
center. Thus, the higher reactivity and shorter lifetime
of 2, in comparison to 1 and 3, may probably be ascribed
to the lower electron donating property3” and/or the
lower steric hindrance of the pyridine ligand vs the Ph,P
groups of dppm and dppa. When 2b is compared with
its dppm analogue,®? the electronic effect of the pyridine
compared to the Ph,P group also manifests itself in the
downfield shift of the 'H NMR resonances of the protons
H! and H? of the CH, group trans to the nitrogen (see
Experimental Section). The relative effects of the diphos-
phine ligands in complexes 1 and 3 appear more subtle.
One factor might be the lower electron-donating prop-
erty of dppa compared to that of dppm. Indeed, the v-
(CO) vibrations of the iron carbonyls are observed at
higher wavenumbers for dppa-containing Fe mono-
nuclear or Fe—Pd heterobimetallic complexes compared
to their dppm analogues.3! Structural aspects at Pd may
also be considered. Indeed, we have observed slight

—
differences in the bond distances and angles of [(OC)sFe-

|

{u-Si(OMe),(OMe} (u-P,P)PdCI] (6, P,P = dppm;3¢ 7, P,P
= dppa).?! For example, Pd—0O and Pd—CI bond dis-
tances are longer in 7, whereas the P—N—P angle in 7
(121.8(12)°) is more obtuse than the P—C—P angle in 6
(112.0(2)°). It is noteworthy that these complexes are
stabilized by a SiO—Pd interaction and are thus analo-
gous to intermediates formed during the catalytic
process.?’

Besides the fact that we have developed highly active
catalysts for the formation of distannanes, the dehy-
drogenative coupling of tin hydrides represents a re-
markable tool for studying the reactivity of heterobi-
metallic Fe—Pd silyl systems. Comparisons between
catalysts have involved modification of one of the
variables while maintaining the others constant. After
having witnessed the effect of the metal—metal bonding
and substituent modifications at Si on the catalytic
activity and reaction kinetics, we have now observed
that the catalyst performances are also dependent on
the nature of the assembling difunctional ligand. We
have thus established that Ph,Ppy-bridged systems are
more active than their dppa analogues, themselves
being more active than dppm-bridged complexes. We
have now the possibility of tuning the reactivity of the
Pd center, in heterobimetallic Fe—Pd silyl complexes,
by modifying the nature of the ligands carried by the
Fe fragment. This work represents a further insight into

(37) Basolo, F.; Pearson, R. G. Mechanisms of Inorganic Reactions,
2nd ed.; Wiley: New York, 1967; pp 351—453.
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homogeneous bimetallic catalysis and contributes to a
better understanding of the influence of a metal center
(Fe) on the reactivity of the adjacent metal (Pd).38

Experimental Section

All the reactions and manipulations were carried out under
an inert atmosphere of purified nitrogen using standard
Schlenk-tube techniques. Solvents were dried and distilled
under nitrogen before use: hexane and toluene over sodium,
tetrahydrofuran and diethyl ether over sodium—benzophenone,
dichloromethane over phosphorus pentoxide. Nitrogen (Air
liquide, R-grade) was passed through BASF R3-11 catalyst and
molecular sieve columns to remove residual oxygen and water.
Elemental C, H, and N analyses were performed by the Service
de microanalyses du CNRS (ULP Strasbourg). Infrared spectra
were recorded on a IFS 66 Bruker FT-IR spectrometer. The
1H and 3*P{*H} spectra were recorded at 300.1 and 121.5 MHz,
respectively, on a Bruker AM300 instrument and the 1°Sn
NMR spectra at 149 MHz on a Bruker AC400 instrument. Fe-
(CO)s was obtained from Aldrich, and HSiMe(OSiMe3), was
provided by Rhone-Poulenc Spécialités Chimiques; both were
used as received. The complexes [Pd(53-allyl)(u-Cl)],*° 1a,3
2a,%? 3a,* and 3b% were prepared according to published
procedures. PhsSnH was obtained by reduction of PhsSnCl
with LiAlIH, in diethyl ether.*° "BusSnH was a commercial
sample (Lancaster) and was used as received. Experimental
errors on the TON and TOF values have been estimated to
5%; values given have been rounded off.

Synthesis of [(OC)sFe{SiMe(OSiMes)s} (u-Ph,Ppy)Pd-
(p3-allyl)] (2b). A magnetically stirred solution of [Fe(CO)s]
(2.57 mL, 12 mmol) and HSiMe(OSiMes), (5.00 g, 22.5 mmol)
in hexane (100 mL) was irradiated in a 2-propanol-cooled
photochemical reactor at 283 K for ca. 4 h. Irradiation with a
mercury lamp (180 W, TQ 150, Hereaus) was stopped when
the »(CO) absorptions of [Fe(CO)s] (2001 and 2023 cm™1) had
almost completely disappeared. The resulting complex, cis-
[HFe{ SiMe(0OSiMes),} (CO).] (v(CO) (hexane) 2096 m, 2032 sh,
2026 vs, 2013 vs cm™1), was not isolated, and the resulting
pale yellow mixture was added immediately to a toluene
solution (50 mL) of (2-diphenylphosphino)pyridine (2.89 g, 11
mmol) in two portions. After each addition the CO evolved was
removed under reduced pressure for 1 min. The solution was
stirred for 5 min at room temperature and then placed at —20
°C for 2—3 days, which afforded mer-[HFe(CO)s{SiMe(O-
SiMes)2} (Ph2Ppy-P)] (4) as a pale brown air- and moisture-
sensitive solid (4.40 g, yield 64%), which was rapidly engaged
in further reactions. IR (toluene): 2051 w, 1987 s, 1975 vs
cm~t IH NMR (CgDg, 298 K): 6 —8.87 (d, 2J(P—H) = 26 Hz,
1H, Fe—H), 0.31 (s, 18H, OSiMej3), 0.93 (s, 3H, Fe—SiMe), 6.3—
8.5 (m, 14H, aromatics). 3*P{*H} NMR (C¢Dsg, 298 K): 63.2.

Solid complex 4 (1.50 g, 2.4 mmol) was added to a suspen-
sion of excess KH in THF (20 mL). An immediate gas evolution
was noticed (Hz), whereupon the color darkened. The formation
of K[Fe{SiMe(OSiMes),}(CO)s(Ph.Ppy-P)] (5) was complete
after ca. 30 min. The solution was then filtered over a 1 cm
Celite pad and slowly added to a THF solution (10 mL) of [Pd-
(p3-allyl)(u-Cl)]2 (0.44 g, 1.2 mmol) at 233 K. The reaction
mixture was warmed to room temperature and stirred for 1 h
before it was filtered. The volatiles were removed under

(38) (a) Braunstein, P.; Rosé, J. In Comprehensive Organometallic
Chemistry Il; Abel, E. W., Stone, F. G. A., Wilkinson, G., Eds,;
Pergamon: Oxford, U.K., 1995; Vol. 10, pp 351—-385. (b) Braunstein,
P.; Rosé, J. In Metal Clusters in Chemistry; Braunstein, P., Oro, L. A.,
Raithby, P. R., Eds.; Wiley-VCH: Weinheim, Germany, 1999; Vol. 2,
pp 616—677. (c) Braunstein, P.; Knorr, M.; Stern, C. Coord. Chem. Rev.
1998, 178—180, 903.

(39) Sakakibara, M.; Takahashi, Y.; Sakai, S.; Ishii, Y. J. Chem. Soc.,
Chem. Commun. 1969, 396.

(40) Kuivila, H. G.; Sawyer, A. K.; Armour, A. G. J. Org. Chem. 1961,
26, 1426.
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reduced pressure, and the residue was dissolved in diethyl
ether and filtered over a 5 cm Celite pad placed in a pipet.
The solvent was then removed in vacuo, affording complex 2b
as a yellow-orange air-stable powder (1.33 g, yield 72%). IR
(KBr): 1955 m, 1895 s, 1873 vs cm™%. *H NMR (CgDs, 298 K;
for the labeling of the allyl protons, see below): 6 0.49 (s, 18H,
OSiMejs), 2.82 (d, 1H, 2J(H—H) = 11.25 Hz, allyl H3), 3.11 (d,
1H, 3J(H—H) = 12.85 Hz, allyl H?), 3.66 (d, 1H, 2J(H—H) =
6.26 Hz, allyl H%), 4.29 (br, 1H, allyl HY), 5.04 (m, 1H, allyl
H?®), 6.12—8.30 (m, 14H, aromatics). 3*P{*H} NMR (C¢Ds, 298
K): 73.3. Anal. Calcd for CzoH4oFeNOsPPdSis: C, 46.67; H,
5.22; N, 1.81. Found: C, 46.94; H, 5.25; N, 1.86.

0]

PhoP”” N
! H3 _H*
(OC)3Fe ——Pd
2 )
(Me3SiO)Mesi  H H®
H1
2b

Dehydrogenative Coupling of Ph;SnH Catalyzed by
la, 2a,b, and 3a,b. General Procedure. A Schlenk flask
equipped with a stirring bar and a serum cap was charged
with 4.00 g of PhsSnH (11.4 mmol) in 15 mL of CH,CI, and
was placed in a water bath at 293 K.

H; Monitoring (2a,b and 3b). When the volume of H;
released was monitored, the procedure was as follows: the
Schlenk flask was fitted onto a gas buret and 1.0 mL of a 0.1
mM solution of catalyst (10~* mmol) was rapidly added to the
reaction mixture via syringe through the serum cap. The
volume of H; released was directly read on the graduated
buret, taking into account the content of the syringe. The
turnover numbers were calculated by the following equation:
TON = moles of Hy/mol of catalyst, with moles of H; being
determined by applying the gas equation: PV = nRT. Each
experiment was repeated at least three times, and the mean
values were used for the plots. When the reaction was over,
the volatiles were removed in vacuo and the residue was
washed with Et,0, affording PhsSn; as a white solid (mp 225—
235 °C;*42 the 'H NMR spectrum only showed signals in the
aromatic region). The TON determined from the amount of
PheSn; recovered was in all cases in good accordance with that
determined from the volumes of Ha.

PheSn, Monitoring (la and 3a). When the formation of
PhsSn, was monitored, the procedure was as follows: a battery
of five Schlenk tubes was prepared as described above, except
that they were not connected to gas burets. The catalyst was
then added, and the reaction mixtures were successively
quenched att =1, 4, 8, 24, and 72 h by addition of water. The
volatiles were removed under reduced pressure, and the
residue was washed with Et,0, affording pure PhsSn; as a
white solid, which was weighed. The turnover numbers were
determined by the following equation: TON = (moles of Phs-
Sny)/(moles of catalyst). The purity of PhsSn, was controlled
by $°Sn NMR spectroscopy (149 MHz, CH,Cl,/CsDs): 6 —143.7
ppm with satellites, similar to the literature value of —144
ppm (CDCI3).*® A catalytic reaction was carried out in only 5
mL of CHCI; in order to obtain a concentrated supernatant
solution, which was examined by °Sn NMR spectroscopy
before quenching. It contained more than 88% PhsSn, and
small amounts of Ph3SnCl (6 —44.7 ppm) and Ph3SnH (6 —165

(41) Tamborski, C.; Ford, F. E.; Soloski, E. J. J. Org. Chem. 1963,
28, 237.

(42) Gilman, H.; Rosenberg, S. D. J. Org. Chem. 1953, 18, 1554.
(43) Adams, S.; Drager, M.; Mathiasch, B. J. Organomet. Chem.

1987, 326, 173.
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Table 4. Crystallographic Data for Complex 2b

mol formula C3oH41FeNOsPdSi3
mol wt 773.14

cryst syst orthorhombic
space group Pna2;

a, 17.888(2)

b, A 23.967(4)

c, A 8.652(2)

Vv, A3 3709(1)

z 4

Dealed, g CM~3 1.384

F(000) 1588

u(Cu Ka), cm™t 10.51

no. of measd rflns 6616

no. of obsd data measd (I = 20(l)) 1807

no. of unique data obsd 1024

no. of variables 200

GOF# 1.008

R(Fo)P 0.037

Rw(Fo)° 0.039

aGoOF = [ZW(‘FU‘ - |Fc|)2/(N0bservns - Nvariables)]llz- b R = ZHFU‘
— [Fell/3|Fol. © Rw = [ZW(IFo| — [Fel)FwW(Fo)2]*2.

ppm); no resonance for (Ph3Sn),0 (6 —82.7 ppm), which could
have formed by adventitious oxidation, was observed.
Dehydrogenative Coupling of "BusSnH. A procedure
similar to that described above for the H, monitoring in
dehydrogenative coupling of PhsSnH was used, with typically
5.00 g of "BusSnH (17.2 mmol) and 0.5 mL of 2 3.45 x 1075 M
solution of the catalyst ((moles of "BusSnH)/(moles of catalyst)
= ca. 1 000 000), except in the case of catalyst 3a, which was
used as a 6.9 x 10°¢ M solution. A vigorous H; evolution was
immediately observed in all cases. Analysis of the catalytic
mixture by 1°Sn NMR spectroscopy showed the very intense
signal of "BusSn, at 6 —83 ppm and a very weak signal (<2%)
at 6 83 ppm, which corresponds to the value for ("BusSn),0.
X-ray Structure Determination of 2b. X-ray data were
collected on a Philips PW 1100 diffractometer using graphite-
monochromated Mo Ko radiation (1 = 0.710 73 A). Crystal
data and experimental details are summarized in Table 4. The
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intensities were corrected for Lorentz and polarization. An
empirical absorption correction was applied (maximum and
minimum transmission factors 1.00—0.598).4* The structure
was solved by direct methods using SIR924° and refined by
blocked full-matrix least squares based on F using SHELX76.4¢
Only the Pd, Fe, P, and Si atoms were refined anisotropically.
All the hydrogen atoms, except those of the allyl group, were
placed at their at their geometrically calculated positions and
refined “riding” on their corresponding carbon atoms. All the
calculations were carried out on the GOULD ENCORE91
computer of the Centro di Studio per la Strutturistica Diffrat-
tometrica of the CNR, Parma, Italy.

Atomic coordinates of the non-hydrogen atoms (Table S1;
Supporting Information), thermal parameters for the non-
hydrogen atoms (Table S2), atomic coordinates of the hydrogen
atoms (Table S3), and all bond distances and angles (Table
S4) have been deposited at the Cambridge Crystallographic
Data Centre.
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