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Reactions of TpRUH(CH3CN)(PPh3) with free silanes HSiR3; (R; = Ets, (EtO)s, Phs, HEt,,
HPh,, and H,Ph) in THF yield the complexes TpRu(PPhs)(H)(2-HSIiR3), the formulation of
which is inferred from NMR spectroscopic data. The chemical equivalence of the two hydrogen
atoms of TpRu(PPhs)(H)(?-HSiR3) down to —100 °C is attributed to rapid fluxionality
between the two, i.e., TPRuU(PPh3)(Ha)(17>-H,SiR3) = TpRu(PPhz)(Hy)(7?-Ha.SiR3). Molecular
orbital calculations at the B3LYP level have been performed to investigate the stereochem-
istry and the interconversion processes of various structural isomers for TpRu(PPh3z)(H)-
(7>-HSIiR3). The results further support the existence of a #?-silane formulation for these
complexes. Two stable structures, with a nonclassical n?-silane ligand, have been found.
These two structural isomers are found to be in equilibrium with a low reaction barrier (7.5
kcal/mol). The interconversion between the enantiomeric pair of the most stable structure
has almost no reaction barrier (0.5 kcal/mol). Together with the experimental findings, a
mechanistic cycle is proposed. The complexes TpRu(PPhz)(H)(172-HSiR3) react reversibly with
pressurized H,, CH3CN, and PPh; to give TpRuH(H)(PPhs), TpRuH(CH3;CN)(PPhs), and

TpRuH(PPh3),, respectively.

Introduction

The recent work of Kubas on coordination of Si—H,
H—H, and agostic C—H o-bonds to the [Mo(R2PC,H4-
PR2)2(CO)] fragment is interesting, since it is the first
system in which comparison between the coordination
features of different o-bonds to the same metal fragment
can be made.! A complementary approach to this kind
of comparison is the study of systems which can tau-
tomerize between different forms of o-complexes. A
complex of the general formula L,M“H;SiR3”, where “H,-
SiR3” stands for (SiR3)(n?-Hy) or (H)(2-HSiR3), provides
a good example of these systems.

Crabtree reported the synthesis of the complex IrH;-
(n?-HSiEts)(PPhs),]SbFe by addition of excess Et3SiH
to [|I’Hz(CH3OH)2(PPh3)2]SbF6 in CD2C|2 at —80 °C. The
complex was stable only at low temperature and ex-
tremely sensitive to nucleophiles. Attempted isolation
under a variety of conditions led to decomposition to the
known [Ir2(u-H)3H2(PPh3)4]SbFs.2 It was also reported
that reaction of OsHCI(CO)(P'Prs), with EtsSiH gave the
silyl n2-dihydrogen complex OsCI(SiEtz)(H,)(CO)(P'Prs),,
which was considered as an intermediate in the hy-
drosilylation of phenylacetylene catalyzed by OsHCI-

(1) (a) Luo, X.-L.; Kubas, G. J.; Burns, C. J.; Bryan, J. C.; Unkefer,
C. J. J. Am. Chem. Soc. 1995, 117, 1159. (b) Luo, X.-L.; Kubas, G. J.;
Bryan, J. C.; Burns, C. J.; Unkefer, C. J. 3. Am. Chem. Soc. 1994, 116,
10312.

(2) Luo, X.-L.; Crabtree, R. H. 3. Am. Chem. Soc. 1989, 111, 2527.
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(CO)(P'Prs3),.2 More recently, Chaudret reported the
preparation of the highly reactive n2-silane complex
RuH.(7?-HSiPhs)(H2)(PCys), by a substitution reaction
of the bis(dihydrogen) complex RuH»(H2)2(PCys), with
HSiPhs. RuH2(»?-HSiPh3)(H2)(PCys), reacts instanta-
neously with H; or N, to give RuH,(H2)2(PCys), or RuH,-
(N2)2(PCys),, together with free Ph3SiH.* Theoretically,
ab initio MO calculations at the MP2 and MP4 levels
on the OsCI(CO)(PH3)“H,SiH3” model system predict the
existence of two stable octahedral species: the 72
dihydrogen complex OsCI(SiH3)(172-H,)(CO)(PH3) and
the n?-silane complex OsCIH(?-HSiH3)(CO)(PHs3).5
All the above experimental and theoretical studies
indicate a subtle balance of various factors influencing
the detailed structures containing the M“H,SiR3” unit.
We have recently reported the synthesis of TpRuH(H,)-
(PPhs) (1) by heating a THF solution of TpRuH(CHjs-
CN)(PPh3) (2) under 40 atm of H,. 'H NMR study
revealed rapid fluxionality between the hydride and #?-
H, ligands in 1 down to —110 °C.® In this paper, we
report the reactions of 2 with free silanes HSiRj3 to form
the complexes TpRu(PPh3)“H,SiR3” (3a—f; Tp = hydri-

(3) Esteruelas, M. A.; Oro, L. A.; Valero, C. Organometallics 1991,
10, 462.
(4) Sabo-Etienne, S.; Hernandez, M.; Chung, G.; Chaudret, B. New
J. Chem. 1994, 18, 175.

(5) Maseras, F.; Lledos, A. Organometallics 1996, 15, 1218.

(6) Chen, Y.-Z.; Chan, W. C.; Lau, C. P.; Chu, H. S.; Lee, H. L.; Jia,
G. Organometallics 1997, 16, 1241.
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Table 1. NMR and IR Spectroscopic Data for TpRu(PPh3)“H,SiR3” (3a—f)

v(Si—H) v(Ru—H) v»(B—H)

SGIP{IH}) O(PSi{'H})  (KBr, (KBr, (KB,
R3 O(*H) (ppm)? J(SiH) (Hz) ~ (ppm)? (ppm)? cm) cm) cmY)
Ets (3a) —11.62 (d, 2H, 2J(HP) = 22.8 Hz, Ru—H, T; = 23.3 67.9 (s) 24.7 2044 (w) 2461 (br)

593 ms); 0.79 (g, 6H, CH,CH3); 1.14 (t, 9H,
CH2CHs); 5.88 (t, 2H), 6.12 (t, 1H), 7.37 (d,
2H), 7.64 (d, 1H), 7.73 (d, 2H), 8.00 (d, 1H) (9H
of Tp);* 7.11—7.84 (m, 15H of PPhs)

(EtO)s(3b) —11.41(d, 2H, 2J(HP) = 22.4 Hz, Ru—H, Ty = 52.8

688 ms); 1.06 (t, 9H, OCH,CH3); 3.97 (q, 6H,
OCH,CHz3); 5.90 (t, 2H), 6.07 (t, 1H), 7.07 (d,
2H), 7.61 (d, 1H), 7.76 (d, 2H), 8.51 (d, 1H) (9H
of Tp);¢ 6.06—7.87 (m, 15H of PPh3)

Phs(3c)  —10.11(d, 2H, 2J(HP) = 23.2 Hz, Ru—H, T, = 28.4P

436 ms); 5.53 (t, 1H), 5.98 (t, 2H), 7.45 (d, 1H),
7.51 (d, 2H), 7.67 (d, 1H), 7.82 (d, 2H) (9H of
Tp):¢ 5.89—7.69 (m, 30H of Ph)

HEt,(3d) —10.93 (dd, 2H, 2J(HP) = 22.0 Hz, 2J(HH) = 2.8 23.5°187.8¢9  68.5 (s) 16.9

Hz, Ru—H, T1 = 690 ms); 1.08 (m, 6H,
CH2CHg); 1.21 (m, 4H, CH>CH3); 4.60 (m, 1H,
Si—H); 5.92 (t, 2H), 6.14 (t, 1H), 7.08 (d, 2H),
7.68 (d, 1H), 7.78 (d, 2H), 7.87 (d, 1H) (9H of
Tp);¢ 7.22—7.56 (m, 15H of PPh3)

HPh, (3e) —9.71 (dd, 2H, 2J(HP) = 20.8 Hz, 2J(HH) = 3.0
Hz, Ru—H, T1 = 545 ms); 5.72 (dt, 1H, 2J(HH)
= 3.0 Hz, J(HH) = 10.6 Hz Si—H); 5.80 (t, 1H),
5.97 (t, 2H), 7.13 (d, 2H), 7.35 (d, 1H, H), 7.60
(d, 1H), 7.84 (d, 2H) (9H of Tp);* 6.18—7.77 (m,
25H of Ph)

H.Ph (3f) —10.32(d, 2H,2J(HP) = 21.2 Hz, Ru—H, T; =
615 ms); 5.22 (d, 2H, J(HP) = 3.3 Hz, Si—H);
5.98 (t, 1H), 5.99 (t, 2H), 7.08 (d, 1H), 7.37 (d,
2H), 7.67 (d, 1H), 7.84 (d, 2H) (9H of Tp);°
6.32—7.83 (m, 20H of Ph)

235520150 656 (s) 9.0

274519569  67.2(s) —-17.2

66.4 () -0.72 2057 (W) 2472 (br)

65.0 () 26.9 2040 (W) 2468 (br)

2194 (W) 2062 (W) 2469 (br)

2136 (W) 2082 (w) 2470 (br)

2163 (w) 2029 (w) 2471 (br)

a|n THF-dg. ® Obtained from the 2°Si satellites of the upfield hydride signal in 'H NMR; the observed J(SiH) value is an average of the
J(SiH) value of the 52-SiH group and that of the coupling between the silicon and the hydrogen atom not involved in the three-center
bond. ¢ All coupling constants for pyrazolyl proton resonances were about 2 Hz. 9 Obtained from the 2°Si satellites of the terminal Si—H

signal.

dotris(pyrazolyl)borate) and show that both the spec-
troscopic data and theoretical calculations support the
hydrido »2-silane formulation TpRu(PPhz)(H)(#2-HSiR3)
for the complexes.

Results and Discussion

Synthesis of TpRu(PPh3)“H>SiR3”. Reactions of
TpRUH(CH3CN)(PPhs3) (2) with free silanes HSIiR3 in
THF produce the air-sensitive complexes TpRu(PPh3z)“H-
SiR3” (R3 = Et3 (3&), (EtO)3 (3b), Phs (3C), HEt, (3d),
HPh, (3e), H,Ph (3f)) (eq 1), for which NMR and IR data

H
> N
1 PPhy HSIR
>R<c CH—CaN> TPRUPPh,H,SIR," (1)
N H,CN 3
H 3a R,=Et,
2 3b R, = (EtO),
He ™~ o 3c Ry=Phy
B’\N N 3d R, = HEt,
O ﬁ@@ =Tp~ 3e Ry =HPh,
N
3f Ry =H,Ph

are collected in Table 1.

The complexes TpRu(PPhs)*H,SiR3” (3a—T) could be
the silyl #2-dihydrogen complexes TpRu(PPh3)(SiR3)(17%-
H,), the hydrido #?2-silane complexes TpRu(PPhg)(H)(12-
HSiR3), or even the seven-coordinate silyl dihydrides
TpRu(PPh3)(SiR3)(H).. Over the past few years, a large
number of transition-metal silyl polyhydride complexes

have been synthesized and characterized, for example,
Re(CO)(PMezPh)3(SiPhs)(H)2,” Ir(PMes)s(SiRR'2)(H)(X)
(R =H, D, Cl, Ph; R" = Ph, Bu; X = H, D),® Ir(CO),-
(PCy3)(SiR3)(H)2 (R3 = Phs, Ets, HPh,, (OMe)Ph,, (OEt)-
Phy, (O'Pr)Ph,, (OPh)Ph,, (OMe),Ph, (OEt),Ph, (Oi-
Pr)zPh),g OS(CO)(PiPr3)2(SiPth)(H)g (R2 = HPh, Phy,
(OMe),), 10 Fe(CO)(dppe)(SiRs)(H)s (SiR3 = Si(OMe)s, Si-
(OEt)s, SiMes, SiMe,Ph, SiPhs),'! and Fe(PR'Phy)s-
(SiR3)(H); (R' = Et, Bu; SiR3; = Si(OMe);, Si(OEt)s,
SiH,Ph, SiHPh,, SiMePhCIl).110 It is worth mentioning
that the two series of Fe complexes are highly fluxional
in solution; low-temperature NMR measurements
strongly indicate that the exchange mechanism involves
a n2-silane but not a 52-H, ligand. Although seven-
coordinate ruthenium silyl polyhydride complexes such
as Cp*Ru(PR3)(SiR'3)(H)2'?2 and Ru(CO)(P'Bu,Me),-
(SiHPhy)(H)s%are also known, we believe that a seven-
coordinate silyl dihydride structure, which is purely

(7) (@) Luo, X.-L.; Schulte, G. K.; Demou, P.; Crabtree, R. H. Inorg.
Chem. 1990, 29, 4268. (b) Luo, X.-L.; Baudry, D.; Boydell, P.; Nierlich,
M.; Ephritikhine, M.; Crabtree, R. H. Inorg. Chem. 1990, 29, 1511.

(8) Zarate, E. A.; Kennedy, V. O.; McCune, J. A.; Simons, R. S.;
Tessier, C. A. Organometallics 1995, 14, 1802.

(9) Esteruelas, M. A.; Lahoz, F. J.; Olivan, M.; Ofiate, E.; Oro, L. A.
Organometallics 1994, 13, 4246.

(10) Buil, M. L.; Espinet, P.; Esteruelas, M. A.; Lahoz, F. J.; Lledos,
A.; Martinez-llarduya, J. M.; Maseras, F.; Modrego, J.; Ofiate, E.; Oro,
L. A,; Sola, E.; Valero, C. Inorg. Chem. 1996, 35, 1250.

(11) (a) Knorr, M.; Gilbert, S.; Schubert, U. J. Organomet. Chem.
1988, 347, C17. (b) Knorr, M.; Mock, S.; Schubert, U. J. Organomet.
Chem. 1994, 480, 241.

(12) (a) Johnson, T. J.; Coan, P. S.; Caulton, K. G. Inorg. Chem. 1993,
32, 4594. (b) Campion, B. K.; Heyn, R. H.; Tilley, T. D. J. Chem. Soc.,
Chem. Commun. 1992, 1201.
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classical and does not have any kind of “interligand”
bonding interaction, is unlikely to be adopted by 3 since
the TpRu fragment strongly prefers to bind three
additional ligands to form octahedral complexes, and
genuine seven-coordinate ruthenium compounds con-
taining Tp are still unknown.'* Furthermore, our ex-
periences and those of others have shown that the
hydridotris(pyrazolyl)borate and the substituted hydri-
dotris(pyrazolyl)borate ligands have a high propensity
to support an r%-H; ligand.’® In view of the analogy
between n?-dihydrogen and 52-silane complexes, and the
delicate balance between the L,M(SiR3)(#?-H>) and L,M-
(H)(72-HSIR3) structures, we believe that the complexes
TpRu(PPh3)“H,SiR3” (3a—T) are excellent model com-
pounds for comparing the coordinating features of the
two forms.

Characterization and Structure of TpRu-
(PPh3)“H,SiR3”. The 'H NMR spectrum of each of the
complexes TpRu(PPh3)“H,SiR3” (3a—f) shows one hy-
dride signal, which integrates to two hydrogens, in the
upfield region. The signal shows coupling to the phos-
phorus of the triphenylphosphine ligand, with the
coupling constant falling in the range of 20.8—23.2 Hz,
which is typical for a cis-disposed phosphine ligand. For
the secondary silane complexes 3d and 3e, the hydride
signals show additional couplings to the terminal Si—H
hydrogens. It is important to note that all the hydride
signals of 3a—f are flanked by 2°Si satellites. The
observed J(SiH) values, which range from 23.3 to 52.8
Hz, indicate the presence of 2-silane ligands!® in these
complexes (vide infra). Therefore, it seems appropriate
to assign the hydrido n?-silane structure TpRu(PPhs)-
(H)(#%-HSIiR3), rather than the silyl #2-H, structure
TpRuU(PPh3)(SiR3)(17%-Hy), to TpRu(PPh3)“H,SiR3". The
absence of 72-H, coordination is further supported by
the relaxation time measurements. The room-temper-
ature T, values of the hydride signals of 3a—f (436—
690 ms) are well outside the range of T; values for
nonclassical 7?-dihydrogen complexes.” The nondecoa-
lescence of the hydride signals in 3a—f even down to
—100 °C can be explained in terms of a rapid fluxionality
between H, and Hy (eq 2). Since the complexes are

TPRU(PPhy)(H,)(7°-H,SiR,) =
TpRu(PPhy)(H,)(7°-H,SiR;) (2)

fluxional, the observed J(SiH) value for TpRu(PPh3)“H.-
SiR3” is an average of the J(SiH) value for the #2-SiH

(13) Gusev, D. G.; Nadasdi, T. T.; Caulton, K. G. Inorg. Chem. 1996,
35, 6772.

(14) Gemel, C.; Trimmel, G.; Slugovc, C.; Kremel, S.; Mereiter, K;
Schmid, R.; Kirchner, K. Organometallics 1996, 15, 3998.

(15) (a) Chan, W. C.; Lau, C. P.; Chen, Y.-Z.; Fang, Y.-Q.; Ng, S. M;
Jia, G. Organometallics 1997, 16, 34. (b) Ng, S. M.; Fang, Y. Q.; Lau,
C. P.; Wong, W. T.; Jia, G. Organometallics 1998, 17, 2052. (c) Halcrow,
M. A.; Chaudret, B.; Trofimenko, S. J. Chem. Soc., Chem. Commun.
1993, 465. (d) Moreno, B.; Sabo-Etienne, S.; Chaudret, B.; Rodriguez-
Fernandez, A.; Jalon, F.; Trofimenko, S. J. Am. Chem. Soc. 1994, 116,
2635. (e) Moreno, B.; Sabo-Etienne, S.; Chaudret, B.; Rodriguez, A.;
Jalon, F.; Trofimenko, S. 3. Am. Chem. Soc. 1995, 117, 7441. (f) Eckert,
J.; Albinati, A.; Bucher, U. E.; Venanzi, L. M. Inorg. Chem. 1996, 35,
1292. (g) Heinekey, D. M.; Oldham, W. J., Jr. J. Am. Chem. Soc. 1994,
116, 3137. (h) Bucher, U. E.; Lengweiler, T.; Nanz, D.; von Philipsborn,
W.; Venanzi, L. M. Angew. Chem., Int. Ed. Engl. 1990, 29, 548.

(16) Schubert, U. Adv. Organomet. Chem. 1990, 30, 151.

(17) (a) Crabtree, R. H. Angew. Chem., Int. Ed. Engl. 1993, 32, 789.
(b) Heinekey, D. M.; Oldham, W. J., Jr. Chem. Rev. 1993, 93, 913. (c)
Jessop, P. G.; Morris, R. H. Coord. Chem. Rev. 1992, 121, 155.
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group and that of the coupling between the silicon and
the hydrogen atom not involved in the three-center
bond. The latter is expected to be smaller than the
former; therefore, the J(SiH) value corresponding to 7?-
SiH should be higher than the observed values listed
in Table 1. By comparison to the J(SiH) values for
known 72-silane complexes,*® the J(SiH) values of 3a—f
leave no doubt about the presence of the n?-coordinated
silane ligands attached to ruthenium.

The existence of a rapid equilibrium between the
enantiomeric pair shown in eq 2 is also in accord with
the observation of two sets of resonances (three peaks
in each set) for the pyrazole protons of the Tp ligand in
the range 5.80—8.00 ppm in the 'H NMR spectrum. In
one set, each peak integrates to 2H, while in the other
set each peak corresponds to 1H. This six-peak pattern
for the Tp protons is consistent with two of the pyrazole
rings being trans to two identical ligands. Should all
three pyrazole rings of the Tp ligand in TpRu(PPh3z)“H-
SiR3” be trans to three different ligands, as in the
nonfluxional structure TpRu(PPhz)(H)(%?-HSiRz), a nine-
peak pattern would have been observed for the Tp
protons.

It is of interest to note that the n?-bound Si—H
hydrides H, and Hy, in 3d—f do not interchange with
the terminal Si—H on the NMR time scale, even at 50
°C. Brookhart also reported that no such interchange
was evidenced in the diastereomeric complexes CpFe-
(CO)(PEts)(#2-HSiHMePh) (the iron center is chiral),
although diastereomeric interconversion was observed.'8
For the complexes cis-Mo(CO)(R2PC,H4PR2)2(172-SiH )%
and cis-Mo(CO)(R2PC,H4PRy)2(72-HSiIHR'),1% Kubas et
al. did not mention dynamic interchange of the hydrides
in the »2-silane ligands.

Finally, it is worth commenting on the denticity of
the Tp ligand in 3a—f. It is well-known that hydridotris-
(pyrazolyl)borate has a strong tendency to adopt a facial
tridentate coordination mode, and reduced denticity is
usually only observed in cases where it is disfavored by
the electronic nature of the metal, e.g., d8-ML, square-
planar geometry.?° Recent studies,?! however, show that
bidentate coordination of the hydridotris(pyrazolyl)-
borate ligand to d® Ru(ll) and Os(ll) centers is also
possible. «2-Tp Ru(ll) and Os(l11) complexes were pre-
pared by displacement of a phosphine and a halide
ligand from the precursor complexes with hydridotris-
(pyrazolyl)borate at room temperature; thermolysis of
these «2-Tp complexes via loss of another phosphine
ligand gives the conventional tridentate Tp complexes.?!
The five-coordinate complexes MHCI(CO)(PiPr3), (M =
Os, Ru) have been reported to react with NaTp in
methanol at room temperature to give M(k2-Tp)H-
(CO)(P'Pr3)2, which in toluene under reflux evolves into
M(k3-Tp)H(CO)(PiPrs).22 A common spectroscopic feature

(18) Scharrer, E.; Chang, S.; Brookhart, M. Organometallics 1995,
14, 5686.

(19) (a) Luo, X.-L.; Kubas, G. J.; Burns, C. J.; Bryan, J. C.; Unkefer,
C. J. J. Am. Chem. Soc. 1995, 117, 1159. (b) Luo, X.-L.; Kubas, G. J.;
Bryan, J. C.; Burns, C. J.; Unkefer, C. J. 3. Am. Chem. Soc. 1994, 116,
10312.

(20) Akita, M.; Ohta, K.; Takahashi, Y.; Hikichi, S.; Moro-oka, Y.
Organometallics 1997, 16, 4121. (b) Connelly, N. G.; Emslie, D. J. H.;
Metz, B.; Orpen, A. G.; Quayle, M. J. Chem. Commun. 1996, 2289.

(21) Burns, 1. D.; Hill, A. F.; White, A. J. P.; Williams, D. J.; Wilton-
Ely, J. D. E. T. Organometallics 1998, 17, 1552.

(22) Bohanna, C.; Esteruelas, M. A.; Gomez, A. V.; Lopez, A. M.;
Martinez, M.-P. Organometallics 1997, 16, 4464.
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of the «2-Tp Ru(ll) and Os(Il) complexes is that their
v(B—H) bands shift to lower frequencies (~2440 cm™1)
compared to those of the «3-Tp complexes, which are
usually above 2460 cm™1. Perusal of Table 1 reveals that
v(B—H) values of 3a—f are all above 2460 cm™. Fur-
thermore, complexes 3a—f were prepared by thermal
displacement of CH3CN from TpRuH(CH3CN)(PPhs3) (2),
which already contained a tridentate hydridotris(pyraz-
olyl)borate ligand; therefore, it is very unlikely that the
denticity of hydridotris(pyrazolyl)borate would have
decreased from 3 to 2 during the reactions. With these
facts taken together, it is expected that the tridentate
coordination of Tp in 3a—f is maintained and the
possibility of having 3a—f to adopt the six-coordinate
silyl dihydride structure («>-Tp)Ru(PPhz)(SiR3)(H), can
be excluded.

Reactivity of TpRu(PPhj3)“H;SiR3”. The 52-silane
complexes 3a—f react reversibly with pressurized H,
acetonitrile, and triphenylphosphine to give TpRuH(H>)-
(PPhz) (1), TpRuH(CH3CN)(PPh3) (2), and TpRuH-
(PPhg)2 (4), respectively (eq 3). While the dihydrogen

TORUPPhy)'H,SiR," + L =~—= RU + HSIR;  (3)

3af PPhy

complex 1 can be used in place of 2 for the preparation
of 3, it was found that reactions of 4 with excess free
silanes only led to partial formation of 3a—f, probably
due to stronger coordination of the phosphine ligand.

Reaction of TpRuUCI(CH3CN)(PPh3) with Di-
phenylsilane. Reaction of TpRuCI(CH3CN)(PPh3) (5)
with diphenylsilane did not give the chloro 7?-silane
complex TpRUCI(PPh3)(7?-HSiHPh,), and 3e was formed
instead. The formation of 3e from 5 can be best
explained in terms of a Ru—CI/Si—H exchange to give
TpRuUH(CH3CN)(PPh3) (2), which then reacts with
diphenylsilane to form 3e. M-Cl/Si—H exchange is very
often observed when chloro complexes are reacted with
H-silanes.?3

Ab Initio Study on the TpRu(PPh3)“H;SiR3”
Complexes. Although the NMR experimental data
provide evidence for the formulation of 3a—f as hydrido
n?-silane complexes, the particular stereochemistry
around the metal center is still not clear. To provide an
insight into the actual structure and bonding situation
of 3, ab initio calculations at the B3LYP level have been
performed on the four possible isomeric structures
6A—D (see Computational Details in the Experimental

}FSUJ (Ral EBLﬂ\ RJ
W LN HO L C L N\gi b
Hysir ~§j-- Hogy SiHs WOl sikg
Hs
6A 6B 6C 6D

[Ru] = TpRu(PH,3)

(23) (a) Chalk, A. J. J. Chem. Soc., Chem. Commun. 1969, 1207. (b)
Chalk, A. J.; Harrod, J. F. 3. Am. Chem. Soc. 1965, 87, 16. (c) Kono,
H.; Wakao, N.; Ito, K. J. Organomet. Chem. 1977, 132, 53.
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Figure 1. Optimized structure for 6A showing the non-
classical n2-silane coordination.

Section for the models used). These structures represent
unsymmetric HSiH, symmetric HSiH, and unsymmetric
HHSI arrangements, respectively.

Our previous theoretical study?* at both B3LYP and
MP2 levels has demonstrated that the complex Cp,Ta-
(SiR3)H(SiR3) adopts a symmetric SiHSi structure. It
has been reported that the tantalum dihydride silyl
complexes Cp,Ta(H)2(SiRs3) exist in two isomeric forms.
The major isomer has a symmetrical structure, with the
silyl group occupying the central position between two
equivalent hydride positions. In the minor isomer, the
silyl group occupies a lateral position, giving rise to two
inequivalent hydrides.?> In the present case, however,
it turns out that the unsymmetric “trans-dihydride”
isomer 6A is the most stable one. Even starting the
geometry optimization with a symmetric initial geom-
etry brings the optimized structure back to 6A. The
symmetric structure 6B can only be obtained with a
symmetry constraint, although its energy is only 0.5
kcal/mol higher than that of 6A. The optimized struc-
ture for 6A is shown in Figure 1. The noticeably short
H(19)---Si distance of 1.823 A indicates the presence of
“nonclassical” n2-silane coordination,1626 whereas the
long H(18)---Si distance of 2.108 A shows the absence
of significant Si—H interaction. This is further sup-
ported by the weakening of the Ru—H(19) bond relative
to Ru—H(18) (1.629 vs 1.610 A). The possibility of a
“nonclassical” 72-H; coordination can be ruled out on the
basis of our calculation of 6C. Starting from a nonclas-
sical structure of 6C, the geometry optimization gives
6D with a H---H distance of 1.707 A and a Si---H
distance of 1.765 A. The resulting structure 6D with a
nonclassical 7?-silane coordination lies 1.9 kcal/mol

(24) Fan, M. F.; Lin, Z. Organometallics 1998, 17, 1092.

(25) Jiang, Q.; Carroll, P. J.; Berry, D. H. Organometallics 1991,
10, 3648.

(26) (a) Graham, W. A. G. J. Organomet. Chem. 1986, 300, 81. (b)
Rabad, H.; Saillard, J.-Y.; Schubert, U. J. Organomet. Chem. 1987,
330, 397. (c) Schubert, U. Transition Met. Chem. 1991, 16, 136. (d)
Crabtree, R. H. Angew. Chem., Int. Ed. Engl. 1993, 32, 789. (e)
Schneider, J. J. Angew. Chem., Int. Ed. Engl. 1996, 35, 1068.
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Figure 2. Proposed mechanistic cycle elucidating the interconversion processes among various species.

higher than 6A. The 72-(H—Si) coordination in both 6A
and 6D may point to the role of the Tp ligand in favoring
the formation of “nonclassical” H—Si interaction; the
analogous ruthenium cyclopentadienyl complexes Cp*Ru-
(PPr3)H2(SiR3)!2" have been found to have a symmetric
H-:-Si---H displacement with no significant H—Si in-
teraction.

On the basis of the energetics of the isomeric struc-
tures 6A and 6B, the proposed mechanism of the
equilibrium in eq 2 is justified and can be described as
a simple “unsymmetric stretch” of the H---Si---H moiety,
passing through the assumed transition state 6B. The
very small reaction barrier (0.5 kcal/mol) is consistent
with the rapid fluxionality observed in the variable-
temperature NMR experiment. The “unsymmetric
stretch” mechanism is similar to the one reported for
the exchange of a hydrogen atom between 5?-H, and H
ligands in [Fe(PR3)4(H)(17>-H2)]", whose exchange barrier
was also found to be quite low (~3.0 kcal/mol).’

(27) Maseras, F.; Duran, M.; Lledos, A.; Bertran, F. 3. Am. Chem.
Soc. 1992, 114, 2922.

NMR data suggest that 3a—f are nonclassical #?-
silane complexes and exclude the existence of nonclas-
sical n2-dihydrogen coordination. Both 6A and 6D are
consistent with the NMR data. The structure of 6A can
be related to that of 6D by an approximate 180° rotation
of the ?-silane ligand. The interconversion between 6A
and 6D passes through a sterically crowded structure,
corresponding to an approximate 90° rotation of the #7?-
silane ligand, in which N(6), Si, and H(19) are coplanar
(see Figure 1 for the numbering scheme). This assumed
transition state (6E) is calculated to be 7.5 kcal/mol
higher in energy than 6A.

On the basis of all the results of calculations, the
schematic mechanistic cycle shown in Figure 2 is
proposed to elucidate the interconversion processes of
different structural isomers for complexes 3a—f. Equi-
librium exists between the enantiomeric pair of 6A
passing through 6B with a very small energy barrier of
0.5 kcal/mol. The interconversion between 6A and 6D
requires a higher energy (7.5 kcal/mol). The small
barriers calculated for the interconversion processes
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discussed here are consistent with the variable-temper-
ature NMR experiments, showing that 6A and 6D are
indistinguishable even down to —100 °C. To further
comment on the relationship between reaction barrier
and variable-temperature NMR, the known process of
chair to twist-boat conformation change in cyclohexane
has a reaction barrier of ca. 11 kcal/mol, and the two
forms are only clearly distinguishable below —100 °C.28
It should be noted that while the enantiomeric pair of
6D exist simultaneously, they are not expected to be in
direct equilibrium. Rather, the interconversion between
the pair passes through 6A.

The results of calculations suggest that the #2-SiH
coordination is favored over the #?-H; coordination for
TpRu(PPh3)“H,SiR3”. Previous theoretical calculations
on the OsCI(CO)(PH3)“H,SiH3” system predict that
OsCI(CO)(PH3)(SiH3)(52-H2) and OsCI(CO)(PH3)(H)(;2-
H—SiH3) are very close in energy. On the basis of the
analysis from thermodynamical values (bond energies),
it has been suggested that the relative stability of the
two isomeric forms depends essentially on the differ-
ences in strength of three bonds, viz. (i) the »?-binding
of X—H (X = SiH3, H) ligand to the metal fragment, (ii)
the X—H bond in the isolated fragment, and (iii) the
Os—X bond.®> While a similar analysis based on thermo-
dynamical values may be relevant to TpRu(PPh3)“H,-
SiR3”, we believe that the coordination preference may
also be related to the readiness of the Si center to be
hypervalent, in which the #72-SiH coordination is
achieved.?® For the Os system, the stable ?-H; structure
has the 52-H; and silyl ligands trans to each other.5 For
the Ru system studied here, the “52-H,” structure would
have a cis disposition of the #2-H, and silyl ligands due
to the presence of the Tp ligand. Clearly, the coordina-
tion environment can have a significant impact on the
preference of coordination mode.

Reaction energy calculations for the process

TpRuU(PH,)(H)(#*-SiH,) + H, —
TpRuU(PH,)(H)(*-H,) + SiH, (4)

shows that it is only slightly endothermic by 0.5 kcal/
mol. This result is consistent with the experimental
observation that complexes 3 react reversibly with H,.
The particularly strong Si—H coupling constant ob-
served for 3b can be attributed to the more electrone-
gative substituents (R = OEt) in this complex. Indeed,
calculation of TpRu(PH3)(H){#>H-Si(OH)3} gives a
much shorter Si-++H distance (1.787 A). The distance
between Si and the other coordinated H is significantly
shortened (1.985 A) as well. A previous theoretical
study?* has also shown that Si—H interaction increases
with the electronegativity of the substituents on Si.

Conclusion

Reactions of TpRuH(CH3CN)(PPh3) (2) with free
silanes yielded the complexes TpRu(PPh3)“H,SiR3” (3a—
). The NMR spectroscopic data support the hydrido 72-

(28) Morrison, R. T.; Boyd, R. N. Organic Chemistry, 5th ed.; Allyn
and Bacon: Boston, 1987; pp 450, 607.

(29) (a) Nikonov, G. I.; Kuzmina, L. G.; Lemenovskii, D. A.; Kotov,
V. V.J. Am. Chem. Soc. 1995, 117, 10133. (b) Nikonov, G. I.; Kuzmina,
L. G.; Lemenovskii, D. A.; Kotov, V. V. J. Am. Chem. Soc. 1996, 118,
6333.
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silane formulation TpRu(PPh3)(H)(172-HSiRjz) for 3a—f.
The common feature of these complexes is that the
hydride ligand and hydrogen atom of the #2-(Si—H) bond
are chemically equivalent, due to the existence of a
rapidly equilibrating pair, i.e., TpRu(PPh3)(Ha)(1%-Hy-
SiR3) = TpRu(PPh3)(Hp)(17°-HaSiR3). This fast equilib-
rium is reminiscent of the rapid fluxionality between
the hydride and dihydrogen ligands in TpRu(PPh3)H-
(H2). Theoretical calculations further support the exist-
ence of a nonclassical n?-silane formulation for com-
plexes 3a—f. Two stable structures (6A and 6D)
representing complexes 3a—f have been found to contain
the n2-silane ligand. These two structural isomers are
found to be in equilibrium with a low reaction barrier
(7.5 kcal/mol). The interconversion between the enan-
tiomeric pair of 6A has a very small reaction barrier
(0.5 kcal/mol). Together with the experimental findings,
a mechanistic cycle is proposed in Figure 2 on the basis
of our energetic calculations.

Experimental Section

All reactions were carried out in grease-free glass apparatus
under a dry N, atmosphere using standard Schlenk tech-
niques. All solvents were distilled and degassed prior to use.
Dichloromethane and acetonitrile were distilled from calcium
hydride; tetrahydrofuran, diethyl ether, and hexane were
distilled from sodium benzophenone ketyl. Deuterated tetra-
hydrofuran was dried on calcium hydride and vacuum-
transferred to a flask fitted with a rubber septum for storage.
The complexes TpRUH(CH3CN)(PPhg),* TpRUH(PPhs),,8 TpRUuH-
(H2)(PPh3),8 and TpRuCI(CH3CN)(PPhg)® were synthesized
according to literature methods. Triethylsilane, triethoxy-
silane, triphenylsilane, diethylsilane, diphenylsilane, and
phenylsilane were purchased from Fluka and were used as
received.

Infrared spectra were obtained from a Nicolet Magna 750
FT IR spectrophotometer. *H NMR spectra were taken from a
Bruker DPX 400 spectrometer; chemical shifts were referenced
to the proton residues of the deuterated solvent (CsD7H 6 1.85,
3.70 ppm). 3'P{*H} NMR spectra were taken on a Bruker DPX-
400 spectrometer at 161.98 MHz. 3P chemical shifts were
externally referenced to 85% H3PO, in DO (6 0.00 ppm). 2°Si-
{*H} NMR spectra were taken on a Bruker DPX-400 spec-
trometer at 79.50 MHz. 2°Si chemical shifts were externally
referenced to TMS in CDClI; (6 0.00 ppm). Relaxation time T,
measurements were carried out in THF-dg at 400 MHz by the
inversion—recovery method using a standard 180°—7—90°
pulse sequence. High-pressure NMR studies were performed
using a Wilmad pressure-valved NMR tube; the maximum
pressure used was 15 atm (room temperature). FAB MS was
carried out with a Finnigan MAT 95S mass spectrometer using
3-nitrobenzyl alcohol as matrix. Elemental analyses were
performed by M-H-W Laboratories, Phoenix, AZ.

NMR and IR spectroscopic data of TpRu(PPh3)“H,SiR3” (3a—
f) are collected in Table 1.

TpRu(PPhs)(H)(72-HSiEts) (3a). A THF solution (10 mL)
of TPRUH(CH3CN)(PPhs) (2; 0.2 g, 0.32 mmol) and HSiEt; (0.3
mL, 4 mmol) was stirred under nitrogen at 80 °C for 4 h. The
solution was cooled, and the solvent was removed by vacuum.
Hexane (10 mL) was added to dissolve the residue, and the
solution was cooled to —30 °C to give an orange solid, which
was filtered out. The solid was further washed with precooled
hexane (5 mL) and then dried under vacuum. Yield: 0.09 g
(41%). Anal. Calcd for C33H4:BNgSiPRu: C, 57.14; H, 6.10; N,
12.12. Found: C,56.93; H, 6.15; N, 11.98. FAB MS (m/z): 576,
[M — HSIEt]".

TpRuU(PPh3)(H)(n?-HSi(EtO)3) (3b). This complex was
prepared by using the same procedure as for the preparation
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of 3a, except that HSi(EtO); was used. The yield of the orange
solid obtained was 0.11 g (46%). Anal. Calcd for C33H42BNgO3-
SiPRu: C, 53.44; H,5.71; N, 11.33. Found: C, 53.13; H, 5.80;
N, 11.10. FAB MS (m/z): 576, [M — HSIi(EtO);]".

TpRu(PPhs)(H)(n?>-HSiPhs) (3c). This complex was pre-
pared by using the same procedure as for the preparation of
3a, except that HSiPhs; was used. The yield of the orange solid
obtained was 0.13 g (49%). Anal. Calcd for CssH42BNsSiPRu:
C, 64.51; H, 5.05; N, 10.03. Found: C, 64.80; H, 5.13; N, 9.89.
FAB MS (m/z): 576, [M — PhsSiH]".

TpRu(PPh3)(H)(n>-HSiHEL,) (3d). This complex was pre-
pared by using the same procedure as for the preparation of
3a, except that H,SiEt, was used. The yield of the orange solid
obtained was 0.13 g (61%). Anal. Calcd for C31H3sBNgSiPRu:
C,55.94; H,5.75; N, 12.63. Found: C, 56.10; H, 5.88; N, 12.40.
FAB MS (m/z): 576, [M — H,SIEt]*.

TpRu(PPh3)(H)(n2-HSiHPh,) (3e). This complex was
prepared by using the same procedure as for the preparation
of 3a, except that H,SiPh, was used. The yield of the orange
solid obtained was 0.14 g (58%). Anal. Calcd for CsoH3sBNe-
SiPRu: C, 61.50; H, 5.03;, N, 11.03. Found: C, 61.24; H, 5.08;
N, 10.85. FAB MS (m/z): 576, [M — H,SiPha]".

TpRu(PPhg)(H)(72-HSiH.Ph) (3f). This complex was pre-
pared by using the same procedure as for the preparation of
3a, except that H3SiPh was used. The yield of the orange solid
obtained was 0.12 g (55%). Anal. Calcd for Cs3H3BNgSiPRu:
C, 57.81; H, 5.00; N, 12.26. Found: C, 57.35; H, 5.10; N, 12.50.
FAB MS (m/z): 576, [M — H3SiPh]*.

NMR Studies of Reactions of the Ruthenium Com-
plexes. TpRu(PPhz)(H)(7?-HSiR3) (3) with Hydrogen. A
sample of 10 mg of TpRuH(HSIR3)(PPhs) (3) was loaded into
a5 mm Wilmad pressure NMR tube. The tube was evacuated
and then filled with nitrogen for three cycles. Tetrahydrofuran-
d, (0.3 mL) was added to the tube to dissolve the sample. The
tube was then pressurized with 15 atm of H, and heated at
80 °C for 10 h, after which the sample was analyzed by NMR
spectroscopy. *H NMR indicated the presence of TpRuH(H,)-
(PPh3) (1) and a small amount of unreacted 3.

TpRu(PPhs)(H)(7?-HSiRs3) (3) with Acetonitrile. A sample
of 10 mg of TpRUH(HSIR3)(PPh3) (3) was loaded into a 5 mm
NMR tube, which was then capped with a rubber septum. The
tube was evacuated and then filled with nitrogen for three
cycles. Tetrahydrofuran-ds (0.4 mL) was added to the tube to
dissolve the sample, followed by the addition of 20 uL of
acetonitrile. The tube was heated at 60 °C for 10 h, after which
the sample was analyzed by NMR spectroscopy. *H NMR
indicated that 3 was converted to TpRuH(CH3;CN)(PPhs3) (2).

TpRUCI(CH3;CN)(PPh3) (5) with Diphenylsilane. A
sample of 10 mg of TpRuCI(CH3;CN)(PPhs) (5) was loaded into
a 5 mm NMR tube, which was then capped with a rubber
septum. The tube was evacuated and then filled with nitrogen
for three cycles. Tetrahydrofuran-dg (0.4 mL) was added to the
tube to dissolve the sample, followed by the addition of 20 uL
of diphenylsilane. The tube was heated at 60 °C for 10 h, after
which the sample was analyzed by NMR spectroscopy. ‘H
NMR indicated that TpRuH(H>SiPh,)(PPhs) (3e) was formed.

Ng et al.

Computational Details. Several model isomeric structures
representing the possible structures of 3 were considered,
namely an unsymmetric structure with one “nonclassical” #?-
(H—Si) coordination 6A, a similar one with symmetric H---Si-
--*H displacement 6B, and the other two with adjacent
hydrides 6C and 6D. The hydridotris(pyrazolyl)borate ligand
(Tp) was simplified, as shown in 7 for theoretical simplicity.

H - H B
: B
H o H
AW \N/LH”/N'
O RO fuert |
N '@N =N Nsony
N X
CHa
Tp ligand model ligand

5

The simplification has been proven to provide a satisfactory
result.®® It should also be noted that calculations using the
actual Tp ligand are also possible for simpler systems such as
TpRhH, and TpCo(CO).3! In the model complex 6B an overall
Cs symmetry was imposed by placing a symmetry plane
defined by Ru, P, and one of the three coordinated N’s.

The standard 6-31g basis sets were applied to the first-row
elements H, B, and N, with the two hydrides directly bonded
to the Ru center augmented by single-¢ polarization functions
(i.e. 6-31g**). The atoms Ru, P, and Si were described by the
ECPs of Wadt and Hay with double-¢ valence functions,®? and
the Si center was augmented by polarization (£q(Si) = 0.262)
functions of Huzinaga.® All structures were optimized at the
density-functional B3LYP level of theory with no structural
constraints (apart from the symmetry plane in 6B) with the
Gaussian94 package®* on a Silicon Graphics Indigo2 worksta-
tion.
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