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Novel di- and trinuclear heterometallic polyhydride complexes containing both ruthenium
and rhenium atoms have been synthesized. Treatment of (Cp’'RuH.), (1) with Cp'ReH;g affords
the heterobimetallic polyhydride complex Cp'Ru(u-H)sReH,Cp' (6) together with the corre-
sponding two heterotrimetallic polyhydride complexes (Cp'Ru)2(Cp'Re)(u-H)4 (7) and (Cp'Ru)-
(Cp'Re)z(H)s (8). These new polyhydride complexes have notably only CsMes groups as
auxiliary ligands. A new class of a dinuclear polyhydride complex, Cp'Ru(u-H)sReH(triphos)
(9), which has a different kind of auxiliary ligand on each of the metal centers, has been
prepared by the reaction of (triphos)ReHs (4; triphos = CH3;C(CH2PPh;)3) with (Cp’'RuOMe);
(5). The trinuclear polyhydride 7 is alternatively synthesized by way of an intermediary
cationic complex, [(Cp'Ru)2(Cp'Re)(u-H)s][BF.] (10a), obtained by treatment of 6 with HBF,.
Treatment of (Cp'ReHs), (3) with 5 results in the formation of the trimetallic complex 8
with a triangular Re;Ru framework. The X-ray diffraction studies have proved the bimetallic
structures of 6 and 9, which have both terminal and bridging hydrides. The hydride ligands
coordinated in both 6 and 9 exchange coordination sites, and the exchange process has been
analyzed by means of NMR spectroscopy. The molecular structures of trinuclear clusters 7'
and 10b’ have been determined by X-ray diffraction studies. The trinuclear complexes 7, 8,
and 10 undergo an H/D exchange reaction between the hydride ligands and atmospheric
D,. The H/D exchange reaction of hydride in complexes 7 and 8 with C¢Dg is a slow process,
because of the bulkiness of the C¢D¢ molecule relative to the size of the reaction field
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surrounded by the three Cp' groups.

Introduction

We have thus far reported the synthesis of a series
of a new class of polyhydride cluster complexes of
ruthenium, {(775-C5R5)RU} n(H)n+2 (C5R5 = C5H5, C5M€5,
CsMeH,, CsMezH3; n = 2-5), and demonstrated that
they activated various hydrocarbons, including alkanes,
in an unprecedented fashion due to cooperative action
of the metal centers.! We have also synthesized a highly
reactive iron analogue of a diruthenium tetrahydride
cluster.?

In contrast to a homonuclear metal cluster complex,
composed of the same kind of metals, a heterometallic
cluster has an electronically anisotropic reaction field
resulting from polarization of the metal—metal bond.
It is, therefore, anticipated that the metal centers play
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mutually different roles, namely, a binding site and an
activation site, in such heterometallic clusters.
Although several examples of heteronuclear polyhy-
dride clusters have been reported,®#* there is no prece-
dent of having only the CsMes group as an auxiliary
ligand. We have recently achieved the synthesis of the
heterobimetallic polyhydride complexes Cp'Ru(u-H)slrCp’
and Cp'Ru(u-H)sMH3Cp' (M = Mo, W).5 As anticipated,
remarkable site selectivity at the metal centers was
observed in the reaction of Cp'Ru(u-H)slrCp' with eth-
ylene. The ruthenium center takes the part of a binding
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site, and the iridium center, in turn, plays the role of
an activation site. In the reaction of the Ru—Mo or
Ru—W clusters with two-electron-donor ligands such as
amine and phosphine, the donor ligand exclusively
attacks the group VI metal site.

The reactivity of a heteronuclear cluster complex is
strongly affected by the combination of the metals that
compose the cluster, as well as the supporting ligands.
As an extension of the chemistry of the heteronuclear
cluster, we have synthesized a new class of clusters
containing ruthenium and group VII metals. The rhe-
nium atom often has a high oxidation state and coor-
dination number, in contrast to a late transition metal
such as iridium,® which has been combined with ruthe-
nium as a component of the heterobimetallic cluster.
Therefore, the combination of rhenium and ruthenium
in the heteronuclear cluster probably enhances the
anisotropy of the reaction field.

All of the Ru—Re heterobimetallic polyhydride com-
plexes reported thus far have CO as the auxiliary
ligand.* Although they are useful and important in the
catalytic reaction in which carbon monoxide is involved,
they are usually less active in oxidative addition because
of a decrease in electron density at the metal centers
due to coordination of strongly electron-withdrawing
carbon monoxide. In contrast, electron density at the
metal centers in the metal hydride cluster is most
certainly higher than in the metal—carbonyl cluster.
Therefore, we expected that the metal polyhydride
cluster was much more active than the metal—carbonyl
cluster in the oxidative addition of substrates.

Another interesting aspect of the polyhydride cluster
is the relation between the mobility of the hydride
ligands and the reactivity. Recently, we reported that
site exchange of hydride ligands in the silylene complex
(Cp'Ru)2(u-SiR2)2(u-H)2 proceeded via an intermediary
u-SiR;H complex, and as a result, a vacant site was
generated at one of the two ruthenium centers.” Site
exchange of the hydride ligands via an intermediary
n?-H, complex is also proposed for the polyhydride
complex.8 If site exchange of hydrides in the polyhydride
cluster also proceeds via an »?-H, complex, a vacant
coordination site should be formed during the reaction.
Thus, the mobility of hydride ligands, especially the
capability of hydrides to exchange the coordination site,
would be closely connected with the ease of forming the
vacant site. Analysis of the dynamic process of the
hydride is, therefore, helpful for a better understanding
of the reactivity of the polyhydride cluster.

We report herein the synthesis of novel di- and
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trinuclear heterometallic polyhydride clusters contain-
ing ruthenium and rhenium which have no auxiliary
ligands other than Cp’ and triphos (triphos = CH3C(CH>-
PPhy)3) ligands. Some reactions with regard to mobility
of the hydride ligands, such as site-exchange reactions
of the hydrides, are also reported.

Experimental Section

All air- and moisture-sensitive compounds were manipu-
lated using standard Schlenk and vacuum line techniques
under an argon atmosphere. Toluene, ether, and tetrahydro-
furan were distilled from sodium benzophenone ketyl prior to
use. Pentane was dried over P,Os and distilled prior to use.
Benzene-dg, toluene-ds, and tetrahydrofuran-dgs were distilled
from sodium benzophenone ketyl. Other reagents were used
as received. The known complexes (Cp'RuH), (1),* Cp'ReHs
(2),° (Cp'ReHs), (3),1° (triphos)ReHs (4),'* and (Cp’'RuOMe),
(5),*2 and (Cp'RuCl)4*® were prepared according to the litera-
ture.

1H, 13C, and %P NMR NMR spectra were recorded on a
Varian INOVA-400. *H NMR spectra were referenced to TMS
as an internal standard. 3C NMR spectra were referenced to
the natural-abundance carbon signal of the solvent employed.
31P NMR spectra were referenced to an 85% H3;PO, external
standard. IR spectra were recorded on a Nicolet Avatar 360
FT-IR. Elemental analyses were recorded on a Perkin-Elmer
2400lI1.

Cp'Ru(u-H)sReH,Cp’ (6). A solution of Cp'Ru(u-H)sRuCp’
(250.6 mg, 0.526 mmol) and Cp'ReHs (300.8 mg, 0.919 mmol)
in toluene (30 mL) was stirred at 80 °C for 36 h. The solution
turned from red to dark brown. Then, the mixture was
evaporated to dryness. The residue was extracted with toluene,
and the extract was chromatographed on alumina. A red
fraction that eluted with toluene/diethyl ether (5/1) was
evaporated to dryness to afford complex 6 (273.9 mg, 0.487
mmol, 53%). The CsEtMe, analogue of 6, (CsEtMes)Ru(u-H)s-
ReH,Cp' (6"), was prepared in a similar manner by using (Cs-
EtMe,)Ru(u-H)sRu(CsEtMe,) as the starting material. 6: *H
NMR (400 MHz, Cg¢Ds, room temperature, é/ppm) 2.14 (s, 15H,
Cp'Re), 1.84 (s, 15H, Cp'Ru), —10.36 (s, 5H, u-H and Re—H);
13C NMR (100 MHz, C¢Ds, room temperature, 6/ppm) 89.5 (s,
C5Me5Re), 82.2 (S, C5M€5RU), 13.2 (q, Jch = 127.1 HZ, C5M85-
Re), 12.5 (q, Jcn = 125.6 Hz, CsMesRu); IR (ATR, cm™) 2962,
2902, 2857, 2000 (vre-+), 1990 (vre-n), 1479, 1377, 1262, 1087,
1071, 1030, 819. Anal. Calcd for CxoHssRuRe: C, 42.64; H, 6.27.
Found: C, 42.56; H, 6.07. 6: *H NMR (400 MHz, CsDs, room
temperature, 6/ppm) 2.38 (g, Jun = 7.6 Hz, 2H, CH3CH,—),
2.14 (s, 15H, Cp'Re), 1.86 (s, 6H, CsMes;EtRu), 1.85 (s, 6H,
C5M84EIRU), 1.05 (t, JuH = 7.6 HZ, SH, CH3CH2_), —10.33 (br
s, 5H, u-H and Re-H); ¥C NMR (100 MHz, Cg¢Dg, room
temperature, 6/ppm) 89.6 (s, CsMesRe), 88.3 (s, CsMesEtRu),
82.5 (s, CsMesEtRu), 81.7 (s, CsMesEtRu), 20.5 (t, Jcn = 124.4
Hz, CH3;CH,—), 15.8 (q, Jcn = 125.1 Hz, CH3CH,—), 13.2 (q,
Jch = 126.6 HZ, C5Me5Re), 12.5 (C], Jch = 125.9 HZ, C5M64-
EtRu), 12.3 (q, Jcn = 125.6 Hz, CsMesEtRu).

Complex 6 was prepared by an alternative method. To a
solution of Cp'ReHs (51.4 mg, 0.157 mmol) in tetrahydrofuran
was added a hexane solution of n-BuLi (1.58 M, 0.11 mL). The
mixture was heated at 50 °C, and then a tetrahydrofuran
solution of (Cp'RuCl), (48.5 mg, 0.0446 mmol) was added. After
it was heated to 50 °C for 1 h, the mixture was evaporated to
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dryness. The residue was purified by column chromatography
on alumina with toluene/diethyl ether (5/1) to give 6 (36.7 mg,
0.0652 mmol, 42%).

Cp'Ru(u-H)sReH(triphos) (9). A solution of (triphos)ReHs
(384.9 mg, 0.477 mmol) and (Cp'RuOMe); (134.0 mg, 0.250
mmol) in toluene was stirred at room temperature for 12 h.
The solution turned from purple to brown. The solvent was
then removed under reduced pressure. The residue was
extracted with toluene, and the extract was purified by column
chromatography on alumina with toluene. The red fraction was
collected and evaporated to dryness to afford complex 9 as a
brown solid (455.3 mg, 0.433 mmol, 91%). *H NMR (400 MHz,
CsDs, room temperature, 6/ppm): 7.72 (m, 12H, Ph), 6.87 (t,
Jun = 7.4 Hz, 12H, Ph), 6.79 (t, Jun = 7.4 Hz, 6H, Ph), 2.22
(s, 15H, Cp'), 2.12 (br, 6H, CH,), 1.13 (d, Jpn = 2.4 Hz, 3H,
Me), —9.66 (q, Jpu = 8.3 Hz, 4H, u-H and Re-H). 3C NMR
(100 MHz, CsDs, room temperature, 6/ppm): 142.8 (dt, Jpc =
46.3, 18.7 Hz, Ph), 132.6 (d, Jcn = 163.5 Hz, Ph), 132.2 (d,
Jen = 159.3 Hz, Ph), 127.2 (d, Jcn = 164.8 Hz, Ph), 80.8 (s,
CsMes), 42.5 (s, CH3C(CHy)3), 37.8 (q, Jen = 124.5 Hz, CH4C-
(CH2)3), 35.0 (t, Jcn = 122.4 Hz, CH3C(CH2)3), 13.2 (q, Jcn =
125.1 Hz, CsMes). 3P{H} NMR (168 MHz, THF-ds, room
temperature, 6/ppm): 16.0 (PPhy). IR (ATR, cm™1): 3054, 2955,
1939, 2899, 2859, 1964 (vre-+), 1822, 1434, 1183, 1117, 1092,
1026, 999, 906. Anal. Calcd for Cs;HsgPsRuRe: C, 58.27; H,
5.56. Found: C, 58.63; H, 5.56.

[(Cp'Ru)2(Cp’'Re)(u-H)s][BF4] (10a). To a diethyl ether
solution of 6 (142.5 mg, 0.253 mmol) was added tetrafluorobo-
ric acid—dimethyl ether complex (15 uL). The black solid that
precipitated from the solution was collected on a glass frit and
washed with ether to give complex 10a (112.2 mg, 0.126 mmol,
99%). From the washings unreacted Cp'ReHs was recovered
by evaporation of the solvent and subsequent chromatographic
purification. The CsEtMe, analogue of 10a, [(CsEtMesRu),-
(Cp'Re)(u-H)s][BF.] (10a’), was prepared in a similar manner
by the use of 6a’ as the starting material. 10a: *H NMR (400
MHz, acetone-ds, room temperature, 6/ppm) 2.32 (s, 15H,
Cp'Re), 1.97 (s, 30H, Cp'Ru), —9.52 (br s, 1H, RuHRu), —11.31
(brs, 4H, RuHRe); ¥C NMR (100 MHz, acetone-ds, room
temperature, 6/ppm) 97.8 (s, CsMesRe), 92.4 (s, CsMesRu), 12.4
(q, Jch = 127.9 HZ, C5Me5Re), 12.3 (q, Jch = 127.2 HZ, C5ME5-
Ru); IR (ATR, cm™) 2987, 2964, 2942, 2935, 2926, 2918, 2911,
1557, 1455, 1428, 1382, 1261, 1094, 1052, 1024, 801. Anal.
Calcd for CsoHsoBF4RuUzRe: C, 40.67; H, 5.67. Found: C, 40.42;
H, 5.71. 10a’: *H NMR (400 MHz, acetone-ds, room tempera-
ture, 6/ppm) 2.45 (q, Jun = 7.5 Hz, 4H, CH3;CH;—), 2.32 (s,
15H, Cp'Re), 1.98 (s, 12H, CsEtMe4Ru), 1.97 (s, 12H, CsEtMes-
Ru), 1.11 (t, Jun = 7.5 Hz, 6H, CH3CH,—), —9.60 (brs, 1H,
RuHRu), —11.27 (brs, 4H, RuHRe); *C NMR (100 MHz,
acetone-dg, room temperature, d/ppm) 97.9 (s, CsMesRe), 97.4
(s, CsEtMe4Ru), 92.7 (s, CsEtMe4Ru), 92.1 (s, CsEtMesRu), 20.7
(t, Jcn = 128.2 Hz, CsEtMe4Ru), 14.6 (q, Jcn = 126.7 Hz,
C5EtMe4Ru), 12.4 (q, Jch = 127.9 HZ, C5M85Re), 12.3 (q, JcH
= 127.4 Hz, CsEtMe4Ru), 12.1 (q, Jcn = 127.4 Hz, CsEtMes-
Ru); IR (ATR, cm™1) 3053, 3031, 3013, 2999, 2983, 2907, 1578,
1477, 1425, 1376, 1256, 1148, 1067, 1021. Anal. Calcd for
CsoHssBFsRuzRe: C, 42.06; H, 5.96. Found: C, 42.24; H, 6.38.

[(Cp'Ru)2(Cp'Re)(u-H)s][BPh4] (10b). To a methanol solu-
tion of 10a (25.2 mg, 0.0284 mmol) was added sodium
tetraphenylborate. Immediately, a black solid was formed, and
the supernatant was then removed by decantation. The
resulting solid was washed with methanol and dried under
reduced pressure to afford 10b (26.5 mg, 0.0237 mmol, 83%)
as a purple solid. The CsEtMe, analogue [(CsEtMe4Ru),-
(Cp'Re)(u-H)s][BPh4] (10b") was prepared in a similar manner
by using 10a’ instead of 10a. 10b: *H NMR (400 MHz, acetone-
ds, room temperature, 6/ppm) 7.34 (m, 8H, Ph), 6.92 (t, Jun =
7.1 Hz, 8H, Ph), 6.78 (t, Jun = 7.1 Hz, 4H, Ph), 2.30 (s, 15H,
Cp'Re), 1.95 (s, 30H, Cp'Ru), —9.54 (br s, 1H, RuHRu), —11.32
(br s, 4H, RuHRe); ¥C NMR (100 MHz, acetone-ds, room
temperature, 6/ppm) 164.2 (Ph), 137.0 (d, Jcn = 151.7 Hz, Ph),
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125.9 (d, Jcn = 150.9 Hz, Ph), 122.2 (d, Jcn = 155.4 Hz, Ph),
97.8 (s, CsMesRe), 92.4 (s, CsMesRu), 12.4 (g, Jcn = 127.8 Hz,
CsMesRe), 12.3 (g, Jcn = 127.4 Hz, CsMesRu); IR (ATR, cm™)
3053, 3032, 3014, 3000, 2983, 2907, 1701, 1578, 1478, 1426,
1376, 1256, 1148, 1067, 1012, 732, 705. Anal. Calcd for CssH7o-
BRuzRe: C,58.00; H, 6.31. Found: C, 57.65; H, 7.00. 10b": *H
NMR (400 MHz, acetone-ds, room temperature, 6/ppm) 7.34
(m, 8H, Ph), 6.92 (t, Jun = 7.4 Hz, 8H, Ph), 6.78 (t, Jun = 7.4
Hz, 4H, Ph), 2.44 (g, Jun = 7.7 Hz, 4H, Et), 2.30 (s, 15H,
Cp'Re), 1.97 (s, 12H, CsEtMe4Ru), 1.96 (s, 12H, CsEtMesRu),
1.10 (g, Iun = 7.7 Hz, 6H, Et), —9.61 (br s, 1H, RuHRu), —11.27
(br s, 4H, RuHRe); ¥C NMR (100 MHz, acetone-de, room
temperature, 6/ppm) 164.9 (q, Jec = 49 Hz, Ph), 137.0 (d, Jcn
= 152.4 Hz, Ph), 125.9 (d, Jcn = 151.1 Hz, Ph), 122.2 (d, Jcn
= 155.6 Hz, Ph), 97.8 (s, CsMesRe), 97.4 (s, CsEtMe,sRu), 92.7
(s, CsEtMe4RuU), 92.1 (s, CsEtMe4Ru), 20.7 (t, oy = 128.3 Hz,
CsEtMe4RuU), 14.6 (g, Jcn = 126.5 Hz, CsEtMe4Ru), 12.4 (q,
Jen = 128.0 Hz, CsMesRe), 12.3 (g, Jen = 127.4 Hz, CsEtMesRu),
12.1 (g, Jen = 129.4 Hz, CsEtMesRu); IR (ATR, cm™1) 3054,
3033, 2982, 2913, 1580, 1471, 1455, 1423, 1377, 1263, 1083,
1024, 911, 845, 731, 703. Anal. Calcd for CssH7sBRuzRe: C,
58.67; H, 6.89. Found: C, 58.70; H, 6.98.
(Cp'Ru)2(Cp'Re)(u-H)a4 (7). Complex 10a (112.2 mg, 0.126
mmol) and sodium methoxide (80.7 mg, 1.49 mmol) were
dissolved in methanol, and the solution was stirred. After being
stirred for 15 min, the solvent was removed under reduced
pressure and the residue was extracted with toluene. The
extract was filtered through a Celite pad. Evaporation of the
solvent from the filtrate yielded 7 (90.6 mg, 0.114 mmol, 90%).
The CsEtMe, analogue {(CsEtMesRu)(Cp'Re)(u-H)s (7') was
similarly prepared by using 10a’ instead of 10a. 7: *H NMR
(400 MHz, Cg¢Ds, room temperature, o6/ppm) 2.14 (s, 15H,
Cp'Re), 1.91 (s, 30H, Cp'Ru), —13.71 (s, 4H, u-H); 3C NMR
(100 MHz, CgDg, room temperature, 6/ppm) 91.5 (s, CsMesRe),
79.9 (s, CsMesRu), 13.6 (q, Jcu = 125.4 Hz, CsMesRu), 13.1 (q,
Jen = 126.4 Hz, CsMesRe); IR (ATR, cm™) 2961, 2849, 1497,
1373, 1263, 1072, 1026, 909, 884, 805. Anal. Calcd for CzoHae-
RuzRe: C, 45.15; H, 6.19. Found: C, 44.96; H, 6.32. 7" H
NMR (400 MHz, C¢Ds, room temperature, 6/ppm) 2.51 (g, Inn
= 7.4 Hz, 4H, CH3CH,—), 2.15 (s, 15H, Cp'Re), 1.94 (s, 12H,
CsMe4EtRu), 1.92 (s, 12H, CsMe4EtRu), 1.09 (t, Jun = 7.4 Hz,
6H, CHsCH,—), —13.64 (s, 4H, u-H); 3C NMR (100 MHz, C¢Ds,
room temperature, 6/ppm) 91.6 (s, CsMesRe), 85.5 (s, CsMes-
EtRu), 80.4 (s, CsMe4sEtRu), 79.3 (s, CsMesEtRu), 21.9 (t, Jcn
= 128.9 Hz, CH3CH>—), 14.9 (q, Jcn = 125.9 Hz, CH3CH,—),
13.5(q, Jcn = 125.4 Hz, CsMe4EtRu), 13.4 (q, Jcn = 125.4 Hz,
CsMe,EtRuU), 13.1 (g, Jen = 126.1 Hz, CsMesRe); IR (ATR, cm™2)
2963, 2904, 1471, 1372, 1261, 1088, 1025, 909, 801. Anal. Calcd
for CaoHssRusRe: C, 46.52; H, 6.47. Found: C, 46.42; H, 6.77.
(Cp'Ru)(Cp'Re)2(H)s (8). A solution of (Cp'ReHs)2 (23.0 mg,
0.0354 mmol) and (Cp'RuOMe), (10.9 mg, 0.0204 mmol) in
toluene (3 mL) was stirred at room temperature. After the
mixture was stirred for 5 h, the solvent was removed under
reduced pressure. The residue was extracted with tetrahydro-
furan, and the extract was purified by column chromatography
on alumina with tetrahydrofuran. The purple fraction was
collected and evaporated to dryness to afford complex 8 as a
brown solid (24.8 mg, 0.0281 mmol, 79%). The CsEtMe,
analogue (CsEtMesRu)(Cp'Re)2(H)s (8') was prepared in a
similar manner in 70% yield by using (CsEtMe;RuOMe),. 8:
IH NMR (400 MHz, CgDs, room temperature, é/ppm) 2.29 (s,
30H, Cp'Re), 1.73 (s, 15H, Cp'Ru), —12.67 (s, 5H, hydride);
13C NMR (100 MHz, C¢Ds, room temperature, 6/ppm) 91.0 (s,
CsME‘sRe), 81.0 (S, CsMesRU), 13.5 (q, Jcn = 125.9 Hz, CsMes-
Ru), 13.1 (9, Jcn = 125.6 Hz, CsMesRe); IR (ATR, cm™) 2961,
2904, 2849, 1447, 1373, 1263, 1072, 1026, 909, 884. Anal. Calcd
for CaoHsoRURe,: C, 40.75; H, 5.70. Found: C, 40.28; H, 5.60.
8': 'H NMR (400 MHz, CsDg, room temperature, é/ppm) 2.35
(9, Iun = 7.9 Hz, 2H, CH3CH_-), 2.29 (s, 30H, Cp'Re), 1.76 (s,
6H, C5Me4EtRu), 1.73 (S, 6H, C5M€‘4EtRU), 0.99 (t, Iy =75
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abs transmissn, min/max

0.2163/0.3154

R1 (1 > 20(1)) 0.0483
wR2 (1 > 20(1)) 0.1230
R1 (all data) 0.0532
WR2 (all data) 0.1263
no. of restraints 2

no. of params 230
GOF 1.064

0.7319/1.0000
0.0294

0.4409/1.2830
0.0865

2450 Organometallics, Vol. 23, No. 10, 2004 Ito et al.
Table 1. Crystallographic Data for 6, 7', 9, and 10b’

6 7' 10b’ 9
formula C20H30RURe C32H53RU2R€ C5gHgoBOReRU2 C51H58P3ReRu
cryst descripn prism block prism prism
cryst color red red red red
cryst size 04x04x04 0.3x03x0.3 04 x02x0.1 0.3x0.2x0.2
crystallizing soln n-pentane n-pentane acetone n-heptane
cryst syst monoclinic monoclinic triclinic orthorhombic
space group P21/n (No. 14) P21/n (No. 14) P1 (No. 2) Pbca (No. 61)
a, 8.0931(2) 10.880(5) 10.528(4) 21.9663(5)

b, A 18.8274(5) 23.167(9) 14.646(6) 34.3599(17)
c, A 14.1609(4) 12.783(6) 17.551(8) 12.1515(6)
a, deg 84.17(3)

p, deg 100.9650(9) 100.03(4) 88.75(4)

y, deg 89.36(4)

Vv, A3 2118.33(10) 3173(2) 2692(2) 9171.5(7)
z 4 4 2 8

Dealed, g cm™—3 1.765 1.729 1.486 1.523
temp, °C =50 —100 —100 -50

u(Mo Ka), mm~1 6.419 4.763 2.835 3.105
diffractometer R-AXIS RAPID R-AXIS RAPID R-AXIS RAPID R-AXIS CS
radiation Mo Ko (4 = 0.710 69 A)

monochromator

20max, deg 60 55 55 55

no. of rflns collected 25 697 28 413 27 168 76 882

no. of indep rflns 6108 6351 11 470 7151

no. of rflns obsd (>20) 5479 6351 10535 5756

abs cor type numerical empirical empirical numerical

0.7543/0.8498
0.0296

0.0621 0.2256 0.0584
0.0294 0.0921 0.0455
0.0621 0.2316 0.0609
0 0 6

286 595 527
1.133 1.066 1.006

Hz, 3H, CH3CH,—), —12.66 (s, 5H, hydride); 3C NMR (100
MHz, CsDs, room temperature, 6/ppm) 91.0 (s, CsMesRe), 86.5
(s, CsMesEtRu), 81.4 (s, CsMesEtRu), 80.6 (s, CsMe4sEtRu), 22.0
(t, Jch = 125.2 HZ, CH3CH2—), 14.7 (q, Jch = 125.8 HZ,
CH3CH;—), 13.4 (q, Jcn = 124.6 Hz, CsMesEtRu), 13.3 (q, JcH
= 125.9 Hz, CsMe4EtRu), 13.1 (q, Jcn = 125.6 Hz, CsMesRe);
IR (ATR, cm™1) 2962, 2904, 1471, 1372, 1261, 1087, 1025, 909,
801. Anal. Calcd for Cs1Hs,RURe,: C, 41.45; H, 5.83. Found:
C, 41.59; H, 6.02.

Protonation of 6. An NMR sample tube was charged with
6 (6.4 mg, 0.011 mmol) and tetrahydrofuran-ds (0.5 mL) and
cooled to —196 °C. To the sample was added tetrafluoroboric
acid—dimethyl ether complex (15 uL, 0.12 mmol). The reaction
was monitored by means of *H NMR spectroscopy at —80 °C.
The spectrum reveals the formation of 10a, Cp'ReHs, and
[(Cp'Ru)2(Cp'Re)2H11]T (A) in the ratio 1:1:0.22. With an
increase in temperature, the signal of [(Cp'Ru)2(Cp’'Re),H11]"
disappeared and those of 10a and Cp'ReHg increased. Notably,
the ratio between 10a and Cp'ReHs was ca. 1:1, irrespective
of the elapsed time. A: *H NMR (400 MHz, THF-dg, —80 °C,
do/ppm) 2.48 (s, 30H, Cp'), 1.82 (s, 30H, Cp'), —8.61 (br s, 11H,
u-H); 3C{*H} NMR (100 MHz, THF-dg, —80 °C, é/ppm) 104.2
(C5Me5), 87.3 (CsMes), 11.9 (C5M€‘5), 11.7 (C5M65).

Reaction of 6 with HBF, in Toluene. Upon addition of 1
equiv of HBF4(OMe,) to a solution of 6 in toluene (8.5 x 103
M) at —78 °C followed by warming to room temperature, the
solution turned from brown to purple and a solid was precipi-
tated. The solution was removed under reduced pressure. The
residue was dissolved in chloroform-d, and the *H NMR
spectrum was recorded. The spectrum showed the formation
of 10a, Cp’'ReHs, and [Cp'Ru(55-C¢HsCH3)](BF,) in the ratio
of 1.0:0.74:0.05.

H/D Exchange of Hydride Ligands in 6, 7, 8, and 10a
with D,. Roto Tite NMR sample tubes were charged with 0.4
mL of THF-ds and complexes 7, 8, and 10a, separately. After
the headspace of the NMR tube was evacuated at —196 °C,
D, was admitted. The samples were then warmed to room

temperature and the reactions were monitored by *H NMR
spectroscopy. The time-exchange rates are given in the Sup-
porting Information. The H/D exchange reaction proceeded for
7, 8, and 10a even at room temperature. In contrast, no
reaction proceeded when 6 was heated to 80 °C in C¢Des.

H/D Exchange with CsDs. Roto Tite NMR sample tubes
were charged with 0.4 mL of CsDs and complexes 7-9,
separately. The H/D exchange reaction was monitored at 80
°C by means of *H NMR spectroscopy. The results are given
in the Supporting Information.

X-ray Diffraction Studies. Single crystals of 6, 7', and
10b' for an X-ray analysis were mounted on a Rigaku R-AXIS
RAPID imaging plate diffractometer equipped with a graphite-
monochromated Mo Ka source (A = 0.710 69 A). Data were
collected on 55 oscillation images with oscillation range of 4°
for 6 and on 44 oscillation images with an oscillation range of
5° for 7' and 10b'. A single crystal of 9 for an X-ray analysis
was mounted on a Rigaku R-AXIS CS imaging plate diffrac-
tometer equipped with a graphite-monochromated Mo Ka
source (4 = 0.710 69 A). Data were collected on 60 oscillation
images with an oscillation range of 4° and overlap range of
1°. In all samples, cell refinement and data reduction were
performed using the PROCESS-AUTO program.* Intensity
data were corrected for Lorentz—polarization effects and for
numerical or empirical absorption.

The structure of 6 was solved by the direct method using
the SHELXS-97 program package.'® The structures of 7' and
10b’ were solved by the Patterson method using the SHELXS-
97 program package. The structure of 9 was also solved by
the Patterson method (DIRDIF92-PATTY) using the teXsan
program package.'® Non-hydrogen atoms were found by Fou-
rier syntheses. The refinement was carried out by least-
squares methods based on F? with all measured reflections
(SHELXL-97).Y" For 7', disorder at the CsEtMe, ligand bonded

(14) PROCESS-AUTO: Automatic Data Acquisition and Processing
for Imaging Plate Diffractometer; Rigaku Corp., Tokyo, Japan, 1998.
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to the Ru2 atom was refined in the ratio of 52:48. The hydrogen
atoms, except those bonded to metals, were included in calcu-
lated positions and refined by using a riding mode. The metal-
bound hydrogen atoms of 6 and 9 were located in difference
Fourier maps and refined with restraint. The metal-bound
hydrogen atoms of 7' were located in a difference Fourier map
and refined isotropically. Refinement converged with allowance
for thermal anisotropy of all non-hydrogen atoms in both
complexes. Details of crystal data and data collection and
refinement parameters are summarized in Table 1.

Results and Discussion

Synthesis of Heterobimetallic Polyhydride Com-
plex. Previously, we reported that the diruthenium
tetrahydride complex Cp'Ru(u-H)4RuCp’ (1)2 was a
suitable precursor for the synthesis of a heterobimetallic
polyhydride complex containing ruthenium and iridium.52
The heterobimetallic polyhydride Cp'Ru(u-H)sIrCp' was
obtained in reasonable yield in the reaction of the
diruthenium tetrahydride 1 with the mononuclear iri-
dium polyhydride Cp'lrH4. This method, namely, cou-
pling of two metal fragments by way of intermolecular
dehydrogenation, is a useful and practical method for
the synthesis of the heterometallic polyhydride complex.
We applied this method to the synthesis of new hetero-
nuclear cluster complexes having a metal—metal bond
between ruthenium and rhenium. We adopted a mono-
nuclear polyhydride of rhenium, Cp'ReHs (2), as the
source of the rhenium fragment in the Ru—Re hetero-
bimetallic polyhydride cluster.

The reaction of 2 with ¥/, mol of 1 in toluene at 80 °C
resulted in the formation of a mixture of Cp'Ru-
(u-H)sReH:Cp' (6), (Cp'Ru)2(Cp'Re)(u-H)a (7), and (Cp'Ru)-
(Cp'Re)2(H)s (8) (eq 1). Only the binuclear complex 6 was

//\‘ A
\// \ H toluene, 32 h
80 °C

H=RegH
NS e, H . .
RE—Ru— ) + \ ; + (Cp'Ru)(Cp'Re),(H)s
\NOINT/ Ru—Ru,
H H N ¢ 8
6 7

(1)

isolated in 53% vyield by column chromatography on
alumina. The trinuclear complexes 7 and 8 were,
however, not separable, unfortunately. Therefore, they
were prepared by an alternative method (vide infra).
Complex 6 was alternatively synthesized by treat-
ment of a mixture of (Cp’RuCl), and 4 mol amounts of

(15) Sheldrick, G. M. SHELXS-97: Program for the Solution of
Crystal Structures; University of Gottingen, Goéttingen, Germany,
1997.

(16) teXsan: Single-Crystal Structure Analysis Software; Molecular
Structure Corp., The Woodlands, TX, and Rigaku Corp., Tokyo, Japan,
1992.

(17) Sheldrick, G. M. SHELXL-97. Program for the Refinement of
Crystal Structures; University of Gottingen, Gottingen, Germany,
1997.
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Cp'ReHg with n-BuLi in tetrahydrofuran at 50 °C (eq
2).

n-BuLi

2 + (Cp'RuCl), THES0°C 1h 6 (2)

Complex 6 has a CsMes ligand on both the ruthenium
and rhenium centers. The Ru—Re heterobimetallic
cluster (CsMesEt)Ru(u-H)sReHCp' (6'), which has a
different type of cyclopentadienyl ligand on each of the
metal centers, was synthesized in a similar manner by
the use of (CsMesEt)Ru(u-H)sRu(CsMe Et) instead of
Cp'Ru(u-H)4sRuCp' for the sake of assignment of the
CsMes signals in both the H and 13C NMR spectra of
complex 6 (vide infra) (eq 3).

H_H
2 A
—Ru Ru— + 2 —
\H\/H/ toluene, 32 h
80°C

(3)

The 'H NMR spectrum shows that 6 is fluxional and
the shape of the signals is significantly dependent on
the temperature. In the 'H NMR spectrum of 6 mea-
sured in CgDg at room temperature, two Cp' signals
were observed at 6 1.84 (15 H) and 2.14 (15 H). The
former is unambiguously assigned to the Cp' group on
the ruthenium atom, in comparison with the data for
the analogous bimetallic polyhydride clusters Cp'Ru-
(u-H);RuCp’ (6 1.86),12 CpRu(u-H)zIrCp' (6 1.90),5
Cp'Ru(u-H)sW(H)sCp' (6 1.88), and Cp'Ru(u-H)sMo-
(H)3Cp' (6 1.94).%° The latter is, therefore, assigned to
the Cp’ group bound to the rhenium atom. The assign-
ment of these signals was proved to be reasonable by
comparison with the data for the labeled compound
(CsMe4Et)Ru(u-H)sReHCp' (6'). In the 1H NMR spec-
trum of 6', three singlet peaks and a set of triplet and
quartet peaks appeared at 6 1.85 (6H), 1.86 (6H), 2.14
(15H), 1.05 (t,J = 7.6 Hz, 3H), and 2.38 (q, J = 7.6 Hz,
2H), respectively. The two singlet signals with intensity
of 6H and a set of the triplet and quartet signals are
due to the CsMe4Et group coordinated to the ruthenium
atom, and the singlet observed at 6 2.14 is ascribed to
the Cp' group bound to the rhenium atom. Thus, the
assignment of H signals for 6 is consistent with that
for 6'.

As mentioned above, the fluxional behavior of complex
6 was revealed in the IH NMR spectra measured at
various temperatures. The hydride regions of the spec-
tra, 6 —10.5 to —11.5 ppm, recorded in the temperature
range from +20 to —110 °C are shown in Figure 1.

At 20 °C, the five hydride ligands were observed to
be equivalent at 6 —10.90 ppm. With a decrease in the
temperature, a significant broadening of the signal was
observed. Then the signal decoalesced and split into two
peaks with an intensity ratio of 2:3. The broad singlet
peaks observed at 6 —10.94 (2H) and —10.99 (3H) were
assigned to the resonances for the terminal hydrides



Downloaded by NAT LIB UKRAINE on July 5, 2009
Published on April 10, 2004 on http://pubs.acs.org | doi: 10.1021/om030651e

2452 Organometallics, Vol. 23, No. 10, 2004

20°C JL Ak=5.5x10°s"

0°C M k=76x10%s"

i‘i’/\\ k=23x10%s"
Y, W

-20°C =75x10s"

i

-30°C

-

-40 °C

e

°
A
e

-60 °C

-80 °C

-110°C

-10.5 -11.0 1.5
ppm

Figure 1. Experimental (left) and simulated (right) vari-
able-temperature *H NMR spectra of 6 showing the region
of the hydride protons.

bound to the rhenium atom and the bridging hydrides,
respectively. Whereas the signal for the terminal hy-
drides gradually shifts upfield with a fall in the tem-
perature, the chemical shift for the bridging hydrides
remained almost unchanged, even though significant
broadening of the signal was observed. The chemical
shifts of these two peaks, namely, signals for the
terminal hydrides and the bridging hydrides, reversed
at about below —60 °C, and a slightly broad signal for
the terminal hydrides was observed upfield from that
for the bridging hydrides. The change in the chemical
shift of the terminal hydride depended on temperature,
with a linear correlation in the range from —20 to —110
°C (Figure S1 in the Supporting Information). The
significant broadening of the signal for the bridging
hydrides is most likely due to a slowdown in the rate of
site exchange between cis-H (H.) and trans-H (Hp) with
respect to the CsMes group on the rhenium atom.

The dynamic behavior of 6 includes two processes in
all, namely, site exchange of the hydrides between the
terminal and bridging positions (process 1) and site
exchange among the bridging hydrides (process 2)
(Scheme 1). In both process 1 and process 2, one of the
possible intermediates or transient species is an 72-H,
complex formed as a result of a bonding interaction
between the two hydride ligands which exchange coor-
dination sites.82

We could not estimate the activation parameters for
process 2, because the slow exchange limit spectrum was
not obtained even at —110 °C. The activation param-
eters for process 1 were, however, obtained as a result
of simulation of the line shape of the spectra in the
temperature range from +20 to —40 °C in consideration
of the temperature dependence of the hydride signals,

Ito et al.
Scheme 1
process-1
H H
H a H.-H H c
a \R‘ - H b\R a c G\R‘ - Hb\R
e——Ru—- 4_, e——Ru—-
N7 Q7
HC HC HC Ha
process-2
H, H, He -H H, H,
M — M
7 = X N\«7
He Hc He Hp

as mentioned above. As a result, the enthalpy, entropy,
and free energy of activation were estimated to be AH*
= 15.5 kcal mol~%, AS* = 11.5 cal mol~! K71, and
AG¥y98 k = 12.1 kcal mol~1, respectively.

A characteristic reaction of the polyhydride complex
is an intermolecular H/D exchange reaction between the
hydride ligands and deuterated substrates such as D,
and C¢Ds. The mechanistic studies of the intermolecular
H/D exchange reaction proved that the reaction pro-
ceeded via an oxidative addition of the deuterated
substrate.!8

Both the site exchange of the hydride ligands and the
intermolecular H/D exchange reactions of the polyhy-
dride complexes proceed by way of a common reaction
intermediate, namely, the 72-H; species. The activity of
the H/D exchange reaction, therefore, seems closely
related to the capability for intramolecular site exchange
of the hydride ligands.

As anticipated from the relatively large free energy
of activation for the site exchange reaction of the hydride
ligands, complex 6 was resistant to the H/D exchange
reaction between both D, and CsDs under mild condi-
tions. A solution of 6 in C¢Dg was heated to 80 °C under
1 atm of D5, and the change in the integral intensity of
the hydride signal was monitored by *H NMR spectros-
copy. The spectrum, however, remained unchanged after
heating for 25 h, and the H/D exchange reaction did not
proceed with either D, or CgDg. Such a positive correla-
tion between the kinetic parameters for the site ex-
change reaction of the hydride ligands and the feasibil-
ity of the intermolecular H/D exchange reaction was also
indicated for the heterobimetallic complex Cp'Ru-
(u-H)sReH(triphos) (9). Complex 9, which has a rela-
tively small free energy of activation for the site
exchange, readily undergoes an H/D exchange reaction
with both D, and Cg¢Ds at ambient temperature (vide
infra).

Synthesis of a Heterobimetallic Polyhydride
Complex Having a Tridentate Phosphine Ligand
on the Rhenium Atom. The cyclopentadienyl (CsRs)
ligand can be a full #5-CsRs five-electron donor or, in a
“slipped” structure, an 73-CsRs three-electron donor.
However, it is not so mobile as to change the coordina-
tion mode freely. In contrast, a tripod-type tridentate

(18) (a) Zeiher, E. H. K.; DeWit, D. G.; Caulton, K. G. 3. Am. Chem.
Soc. 1984, 106, 7006. (b) Jones, W. D.; Feher, F. J. 3. Am. Chem. Soc.
1984, 106, 1650. (c) Abugideiri, F.; Fettinger, J. C.; Pleune, B.; Poli,
R. Organometallics 1997, 16, 1179. (d) Jones, W. D.; Rosini, G. P;
Maguir, J. A. Organometallics 1999, 18, 1754. (e) Churchill, D. G;
Janak, K. E.; Wittenberg, J. S.; Parkin, G. J. Am. Chem. Soc. 2003,
123, 1403.
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ligand such as CH3C(CH,PPhy); (triphos) possibly has
enough flexibility to generate a vacant coordination site,
due to a change in its denticity from tridentate to biden-
tate. Substitution of the Cp' ligand with triphos probably
induces considerable change in the steric and electronic
environment around the rhenium center and, as a re-
sult, directly affects the fluxional behavior of the hydride
ligands and the generation of vacant coordination sites.

So far, there have been no precedents for the hetero-
bimetallic polyhydride cluster, which has both the Cp’
and the triphos groups in a molecule as the auxiliary
ligands. We successfully synthesized the new heterobi-
metallic cluster Cp'Ru(u-H)s;ReH(triphos) (9) and inves-
tigated the dynamic behavior of both the hydride and
triphos ligands. The reaction of (triphos)ReHs (4) with
(Cp'RuOMe), (5) in toluene at room temperature re-
sulted in the exclusive formation of the heterometallic
binuclear complex Cp'Ru(u-H)sReH(triphos) (9), which
was isolated in 91% vyield by column chromatography
on alumina (eq 4). Formation of methanol in this

o )é’
S | \ "' \\/

Me Me
5

P\RI/ ~
& “Ru—-
toluene, rt, 12h /EF: \/I

P=PPh,

reaction was confirmed upon monitoring the reaction
by IH NMR spectroscopy.

Complex 9 was alternatively synthesized by the use
of (Cp'RuCl)4 as a precursor. The reaction of (Cp'RuCl),4
with (triphos)ReHs in tetrahydrofuran at room temper-
ature in the presence of a base such as n-BuLi or
LiBEt;H afforded 9 in high yield (eq 5).

1 n-BuLi
4+ /,(Cp'RUCl),—— e 9 (5)

Complex 9 is a highly air- and moisture-sensitive red
solid and is soluble in a wide range of solvents from
nonpolar to polar, such as benzene, toluene, pentane,
ether, and acetonitrile.

Compound 9 was identified on the basis of its 1H NMR
spectral data. The spectrum exhibits fluxionality that
is significantly dependent on the temperature. At room
temperature, the methyl signal of the Cp’ group was
observed at 6 2.22 (15 H) and the signal of the hydrides
was observed to be equivalent at 6 —9.66 (4 H) as a
quartet with coupling with the three phosphorus nuclei
(Jpn = 8.3 Hz), due to the rapid exchange of the
coordination sites among the hydride ligands (Figure
2). With a decrease in the temperature, the signal was
broadened and split into two broad signals at —90 °C.
Then, the signals gradually narrowed as the tempera-
ture fell. At —110 °C, two signals with intensities of 1H
and 3H were observed at 6 —7.88 and —10.65, respec-
tively. The former is ascribed to the terminal hydride
bound to the rhenium center, and the latter is assigned
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Figure 2. Experimental (left) and simulated (right) vari-
able-temperature 'H NMR spectra of 9 showing the region
of the hydride protons.

to the bridging hydrides. At this temperature, the reson-
ance for the three bridging hydrides is not sufficiently
resolved. This shows that the three bridging hydrides still
exchange coordination sites with one another: namely,
cis and trans sites with respect to the terminal hydride.

The signals on the left-hand side of Figure 2 are the
experimental set, and the right-hand side shows the
signals simulated on the basis of the mechanism in
Scheme 2.

The activation parameters were estimated by a line-
shape analysis using the gNMR program. The derived
AH* and AS* values for this dynamic process were 7.4
4+ 0.4 kcal mol~! and —0.22 + 0.22 cal mol™1 K1,
respectively. The free energy of activation at 298 K
(AG*y95 k) is 7.5 kcal mol~1, and this value is signifi-
cantly smaller than those of 6 (AG¥s k = 12.1 kcal
mol*l) and (CO)(PPh3)2Re(/,£-H)3|I"H(Pphg)z (AG*zgg K=
13 kcal mol~1).32 Thus, the hydride ligands in 9 are very
mobile in comparison to those in 6 and such mobility of
the hydrides probably reflects the feasibility of forming
an intermediary #2-H, species.

The 31P{1H} NMR spectrum also exhibits fluxionality,
and the temperature dependence of the spectrum is
shown in Figure 3. Only a sharp singlet signal was ob-
served at 0 16.0 at room temperature. This is likely due
to equalization of circumstances of the three phosphorus
nuclei concomitant with the rapid site exchange of the
hydride ligands. As the temperature decreased, the sig-
nal gradually broadened. Below —110 °C, the signal de-
coalesced and split into two extremely broad peaks. Al-
though the spectrum had not yet reached the slow ex-
change limit spectrum at —125 °C, two separated broad
peaks with the intensity ratio 1:2 were observed at o
20.6 (W1, = 940 Hz) and 12.5 (w12, = 830 Hz). They could
be assigned to the phosphines trans and cis, respec-
tively, with respect to the terminal hydride bound to
the rhenium center. The activation parameters for the
fluxional behavior of the triphos ligand were obtained
as a result of simulation of the line shape of the spectra
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Figure 3. Experimental (left) and simulated (right) vari-
able-temperature 31P{'H} NMR spectra of 9 showing the
region of the triphos ligand.
in the temperature range from +25 to —120 °C. The en-
thalpy and entropy of activation were estimated to be
AH¥ = 6.7 £+ 0.3 kcal mol~! and AS* = 2.2 + 1.9 cal
mol~1 K1, respectively. These activation parameters are
very similar to those obtained for the site exchange of
the hydrides within experimental error. This strongly
indicates that the dynamic behavior of the triphos lig-
and is most likely linked to the hydride scrambling
process, as depicted in Scheme 2.

The H/D exchange reaction proceeds between complex
9 and CgDs. Not only hydride ligands but also hydrogen
atoms in the phenyl groups of the triphos ligand were
exchanged for deuterium atoms upon heating 9 to 80
°C in C¢Ds. The reaction was monitored by means of 'H
NMR spectroscopy, and the time—conversion rate curves
for the hydride, o-H, m-H, and p-H are shown in Figure
4. The conversion rates are normalized. With the pro-
gress of the reaction, signals of the isotopomers 9-d,, (n
= 0—3) were observed in the hydride region and the sum
of the integral intensity of these signals gradually de-
creased.

Time (h)

Figure 4. Time—conversion curve of the H/D reaction of
9 with CeDe6.

The H/D exchange of the hydride ligands most certain-
ly proceeded via coordination of CgDg in an 5?2 fashion
to the vacant site, oxidative addition of CgDg, and subse-
guent reductive elimination of CgDsH. The vacant site
would be generated as a result of a change in the coor-
dination site of the hydride from bridge to terminal sites.

The exchange rate of the hydrogen atoms in the
phenyl group is in the order of o-H > p-H > m-H. It is
reasonable to assume that exchange of o-H is an
intramolecular process and that of m- and p-H is an
intermolecular process. We examined the concentration
dependence of the exchange rate for o-, m-, and p-H in
the range from 0.035 to 0.0075 M. The rates for m- and
p-H noticeably decrease with a decrease in the concen-
tration, whereas that for o-H was independent. This fact
strongly indicates that H/D exchange for m- and p-H is
an intermolecular process.’® The relatively slow ex-
change for m-H in comparison to that for p-H probably
reflects the steric hindrance in the intermolecular
oxidative addition. o-H of the phosphinophenyl group
is exchanged via ortho metalation for the deuteride that
resulted from intermolecular exchange between the
hydride and CgDs. Such an intramolecular exchange
between the hydride and o-H of the phosphinophenyl
group has been reported by Caulton et al.3f

Molecular Structures of 6 and 9. The molecular
structures of 6 and 9 were determined by X-ray diffrac-
tion studies. Single crystals of 6 and 9 were obtained

(19) Jones, W. D.; Fan, M. Organometallics 1986, 5, 1057.
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Figure 5. ORTEP diagram of the solid-state molecular
structure of 6 with 30% probability ellipsoids. Selected bond
length (A): Ru(1)—Re(1) = 2.4798(5).

Figure 6. ORTEP diagram of the solid-state molecular
structure of 9 with 30% probability ellipsoids. Selected bond
lengths (A): Rul—Rel = 2.5261(3), Re1—P1 = 2.3622(10),
Rel—P2 = 2.2895(10), Re1—P3 = 2.3749(12).

from cold pentane and cold heptane, respectively. The
ORTEP diagrams are shown in Figures 5 and 6,
respectively. Complex 6 reveals a binuclear structure
having both Ru and Re. The Ru—Re bond is triply
bridged by hydrogen atoms, and two hydrogen atoms
are located at the terminal sites of the Re atom. The
coordination geometries at Ru and Re are described as
a three-legged piano stool and a pseudo pentagonal
bipyramidal, respectively, in which the centroid of the
Cp' group and H1 occupy the axial positions and the
H2, H3, H4, and H5 atoms are on the equatorial plane.
Complex 9 has a binuclear structure linked by three
hydrogen atoms. A hydrogen atom is bound to the Re
atom as a terminal hydride. Three phosphorus atoms
bound to the rhenium center occupy a cis position and
two trans positions with respect to the terminal hydride.
The geometries at Ru and Re are a three-legged piano
stool and a pseudo capped octahedron, respectively.
The Ru—Re distances of 6 and 9 are 2.4798(5) and
2.5261(3) A, respectively. These short Ru—Re distances
indicate a multiple metal—metal bond.° The 18-electron
rule dictates that there be a metal—metal triple bond.
The distances are slightly shorter than those of the
isoelectronic dinuclear complexes (CO)(PMePhy),-
Re(u-H)sRu(PPhs)s (Ru—Re =2.595(1) A)*and (CO)(PPhs),-
(H)Re(u-H)3Ru(H)(PPhs), (Ru—Re = 2.593(2) A)* and
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the 32-electron complex (CO)(PPhs).Re(u-H)2(u-NCH-
Ph)Ru(PhCN)(PPhs), (Ru—Re = 2.654(1) A).4d The Ru—
Re bond is shortened by substitution of the phosphine
ligand with the strongly electron-releasing Cp’ ligand,
and the coordination of the electron-withdrawing CO
ligand leads to elongation of the Ru—Re bond.

Synthesis of Heterotrimetallic Polyhydride Com-
plexes. An increase in the nuclearity of the cluster
complex possibly enhances its capability for multiple
coordination and multielectron transfer. In the synthesis
of a trinuclear complex consisting of an RuzRe frame-
work, our first attempt failed. The reaction of Cp'ReHg
(2) with an equimolar amount of (Cp'Ru)(u-H)s (1)
proceeded nonselectively to result in the formation of a
mixture of 6, (Cp'Ru)2(Cp'Re)(u-H)4 (7), and (Cp'Ru)-
(Cp'Re)2(H)s (8) in a ratio of 72:1:27, respectively.
Distribution of the products 6—8 is hardly affected by
the molar ratio of the starting materials. In the reaction
of Cp'ReHg with 2 mol of (Cp'Ru)2(u-H)s4, the product
ratio 6:7:8 changed to 72:2:25. In addition, although the
dinuclear complex 6 was isolated by column chroma-
tography, trinuclear complexes 7 and 8 were inseparable
in a pure form, unfortunately. Therefore, this method
is not appropriate for the synthesis of trinuclear com-
plexes with an RuzRe or RuRe; framework.

As reported previously, we had prepared the cationic
trinuclear complex of ruthenium [(Cp'Ru)s(u-H)3]X by
the reaction of (Cp'Ru),(u-H)4 with an acid HX such as
HBF,4 or CF3SOsH in diethyl ether.?! We applied this
method to the synthesis of a new heterotrimetallic
cluster having an RuzRe core.

Reaction of 6 with 1/, mol of HBF, in diethyl ether
smoothly proceeded at room temperature to lead to the
exclusive formation of the cationic trinuclear complex
[(Cp'Ru)2(Cp'Re)(u-H)s][BF4] (10a), together with the
mononuclear rhenium hexahydride 2 (Scheme 3). Com-
plex 10a is the first example of a mixed-metal polyhy-
dride complex with a triangular RuzRe core that has
no auxiliary ligands other than CsMes groups. Complex
10a readily undergoes an exchange of a counteranion
by treatment with excess NaBPh, to give [(Cp'Ru),-
(Cp'Re)(u-H)s][BPhs] (10Db).

Complexes 10a and 10b were unambiguously identi-
fied by NMR spectroscopy as well as X-ray diffraction
studies. The TH NMR spectrum of 10a measured at
room temperature in acetone-dg exhibited two singlet
signals of the Cp' group at 6 2.32 (15 H) and 1.97 (30
H). The former was ascribed to the Cp’ group coordi-
nated to the rhenium atom. The signals of the hydrides
were observed at 6 —9.52 and —11.31 in the intensity
ratio 1:4 at room temperature. The *H NMR spectrum
shows that complex 10a has a symmetry plane bisecting
the RuzRe isosceles triangle. Therefore, we tentatively
assigned the signals at 6 —9.52 and —11.31 as the
hydride bridging the two ruthenium atoms and that
bridging the ruthenium and the rhenium, respectively.
The fluxionality of the hydride ligands in the cationic
complex 10 was examined by means of VT 'H NMR
spectroscopy using 10b as a probe compound (Figure
7). Although the two sharp singlet signals of the

(20) Cotton, F. A.; Walton, R. A. In Multiple Bonds between Metal
Atoms, 2nd ed.; Oxford University Press: New York, 1993; Chapters
2 and 9.

(21) (a) Suzuki, H. Eur. J. Inorg. Chem. 2002, 1009. (b) Suzuki, H.;
Kakigano, T.; Tada, K.; Igarashi, M.; Matsubara, K.; Inagaki, A.;
Ohshima, M.; Tanaka, M. Unpublished results.
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Figure 7. Experimental (left) and simulated (right) variable-temperature 'H NMR spectra of 10b showing the region of

the hydride protons.

Scheme 3
7‘?" T (BFy)
W w .
\ HBF H=Rex<H
2 /Re\/\—>/r\’u— —>4 H‘|7 \\\|}H
. Et,0 \
H H 2 RU——RU
-Cp'ReHs 7€ \H/ X
6

hydrides gradually broadened with an increase in the
temperature, they did not coalesce into one peak, even
at 60 °C. As a result of the line-shape analysis, the
activation parameters for the site exchange among the
bridging hydrides were estimated to be AH¥ = 16.1(5)
kcal mol~! and AS* = 3.7(17) cal mol~1 K1,

For the formation of the trinuclear complex 10a, we
propose the following two reaction paths (Scheme 4).
One is a coupling pathway, which involves the coupling
of 6 with the highly unsaturated 12e species [Cp'Ru],
formed as a result of fragmentation of a protonated
product of 6, [Cp’'RuHgReCp']" (A1) (path a). The other
is a fragmentation pathway, which involves fragmenta-
tion of Cp'ReHg from the cationic tetranuclear complex
[(Cp'Ru)2(Cp'Re)2H11]T (A3), formed via a coupling of 6
with [Cp'RuHgReCp']" (A1) (path b).

To distinguish between these two reaction pathways,
the controlled reactions were examined by monitoring
the product formation or disappearance of the starting
material over time. To a tetrahydrofuran-ds solution of
6 with a concentration of 2.3 x 1072 M was added 11
equiv of HBF4, and the reaction was monitored by means

10b
Scheme 4
[Rutol) |
path a
H* + +
RuHsRe ——— [RuHgRe|"  —=  [Ru|" + ReH,
6 A1 A2

RuH5Re
path b 6 \

[ Ru2R82H11 I * [RqueHsl *
A3 10a
% ReHg
Ru=Cp'R
[RuzReHs| * Re = CS.R:

10a

of IH NMR spectroscopy at —80 °C (Figure 8). The re-
action proceeded even at —80 °C, and the 'H NMR spec-
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Figure 8. IH NMR spectra of the reaction of 6 with HBF, showing the region of the Cp' methyl protons.

trum (Figure 8a) showed that the starting complex 6
was consumed in the reaction and the Cp’ signals of 6
at 0 1.84 and 2.14 almost disappeared after 8 min. At
this stage, the formation of 10a, Cp'ReHs, and the
unidentified product A was observed. The molar ratio
of 10a and Cp'ReHg was 1:1, on the basis of the integral
intensity of the Cp'’ signals. The unidentified product A
revealed two singlet signals for Cp’ ligands at 6 1.82
and 2.48 ppm and a broad signal for the hydrides at ¢
—8.63 ppm in the intensity ratio 30:30:11, respectively.
The sum of the intensities of the Cp' signals of A was
less than 20% of that of the starting complex 6. With
the elapse of time (Figure 8b—d), A was converted to
10a and Cp'ReHs. The signals of A disappeared at —30
°C, and no signals other than those of 10a and Cp'ReHg
were observed in the 'H NMR spectrum (Figure 8e). The
molar ratio of the products, 10a and Cp'ReHg, was 1:1,
and it remained unchanged throughout the reaction.
These results show that A was the intermediary tetra-
nuclear complex [(Cp'Ru)2(Cp'Re),H11]*, which was
converted to a 1:1 mixture of cationic trinuclear cluster
10a and mononuclear rhenium hydride complex Cp'ReHe.
The presence of no intermediate other than [(Cp’'Ru),-
(Cp'Re)zH11]" and the constancy of the product distribu-
tion, 10a:Cp'ReHg = 1:1, throughout the reaction strongly
indicate that 10a and Cp'ReHg are formed by way of
fragmentation of the cationic tetranuclear undecahy-
dride [(Cp'Ru)2(Cp'Re)2H11]* (A), generated as a result
of coupling between 10a and [Cp’'ReHgRUCp']".

However, we cannot disregard the possibility of path
a, which involves coupling of 6 with the highly unsatur-
ated 12e species [Cp'Ru]*, formed as a result of frag-
mentation of a protonated product of 6, [Cp'RuHs-
ReCp']". We examined the reaction of 6 with HBF, in
the presence of a 6e donor ligand to capture the 12e
species [Cp'Ru]™. Previously, we reported that [Cp'Ru]™
formed in the reaction of Cp’'Ru(u-H);RuCp’ (1) with
protic acid in diethyl ether was readily captured by
CeéHsR (R = H, CHj3) to yield the saturated cationic
arene complex [Cp'Ru(Ce¢HsR)]™ selectively.’2 If the
unsaturated species [Cp'Ru]* is generated in the reac-
tion of 6 with HBF, according to path a in the presence
of a 6e donor ligand such as arene, it should be trapped
to form the saturated species.

The reaction of 6 with 1 equiv of HBF4(OMe,) in
toluene led to the formation of 10a, Cp'ReHs, and

[Cp'Ru(75-CsHsCH3)](BF4) together with two unidenti-
fied minor products. The amount of unidentified prod-
ucts was estimated to be less than 20%, on the basis of
the integral intensity of Cp' signals. The molar ratio
among 10a, Cp'ReHg, and [Cp'Ru(75-Ce¢HsCH3)](BF4)
was 1.0:0.74:0.05, respectively. It should be noted that
the reaction was conducted in a dilute solution (8.5 x
1072 M) of 6 in toluene. Although the molar ratio of
toluene to complex 6 in the reaction system is more than
1000, the product ratio between [Cp'Ru(CsHsCH3)](BF4)
and 10a was 1:20. Since coordinative addition of CgHs-
CHj3 to the highly unsaturated species [Cp'Ru]* is a very
rapid process, this result strongly implied that frag-
mentation of the bimetallic cation [Cp'ReHsRuUCp']* into
Cp'ReHg and [Cp'Ru] ™ is a relatively slow and minor
process for the formation of 10a. We therefore concluded
that 10a was produced mainly by way of path b.

Electron density at the metal centers of a neutral clus-
ter is likely higher than that of a cationic cluster. The
neutral cluster is, therefore, much more active than cati-
onic clusters in reactions in which an oxidative addition
process is involved. Thus, we performed deprotonation of
cationic complex 10a to obtain the neutral complex 7.

Treatment of 10a with NaOMe in MeOH afforded the
neutral trinuclear cluster (Cp'Ru)2(Cp'Re)(u-H)4 (7) in
90% yield (eq 6). We similarly synthesized (CsMe4,EtRuU),-
(Cp'Re)(u-H)4 (7") by starting from 6'.

ﬁ:— T1(BFy)

H.—Re-—
H.l / \T}H NaOMe
—>

\
MeOH, rt, 15 min
&/{U\H’Ru\
10a

The 1H and 13C NMR spectra clearly showed that
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these complexes had a core consisting of two ruthenium
atoms and a rhenium atom.

In the 'H NMR spectrum of 7 measured in CgDs, two
singlet peaks were observed at 6 2.14 (15 H) and 1.91
(30 H). As mentioned below, they were assigned as the
signals of Cp' groups bound to the rhenium and the
ruthenium centers, respectively, by comparison with the
IH NMR spectrum of (CsEtMe4Ru)(Cp'Re)(u-H)4 (7').

The *H NMR spectrum of 7' revealed a Cp’ signal
bound to rhenium at ¢ 2.15 (15H) and a set of signals
of the CsMe4Et group bound to ruthenium at 6 1.94 (s,
12H), 1.92 (s, 12H), 2.51 (g, 4H), and 1.09 (t, 6H). Thus,
the chemical shift of § 2.14 and 1.91 observed in the 1H
NMR spectrum of 7 could be assigned to the Cp’ groups
bound to rhenium and ruthenium, respectively. On the
basis of the integral intensities of these signals, we
conclude that both 7 and 7' had an RuzRe core.

In both the 'H and 3C NMR spectra of 7 and 7', the
signals of the CsMe4R ligand (7, R = Me; 7', R = Et) on
the ruthenium centers were observed to be equivalent,
and the resonance signal for the hydride appeared at ¢
—13.71 as a singlet with an intensity of 4H. These
results indicated the presence of a pseudo-symmetry
element passing through the rhenium center and the
midpoint of the two ruthenium atoms. Accordingly, we
tentatively concluded that each of the two Ru—Re edges
of the RuzRe core was doubly bridged by the hydride.
This assignment of the location of the hydride ligands
was supported by the fact that the line shape of the 'H
signal for the hydride ligands remained almost un-
changed, even at —80 °C.

As mentioned above, a heterotrimetallic cluster with
a different combination of the metals, (Cp'Ru)(Cp'Re),-
(H)s (8), was formed in the reaction of Cp'ReHg (2) with
Cp'Ru(u-H)4sRuCp'(1) as a minor product. However, we
could not obtain 8 in a pure form, unfortunately. We
attempted alternative methods by way of dehydroge-
native coupling, such as the reaction of 1 with dirhe-
nium hexahydride (Cp'ReHs), (3), to obtain 8 in high
yield. Although we could obtain 8 in some reactions, all
the results were unsatisfactory.

We have already reported that a dinuclear methoxo
complex of ruthenium, (Cp'Ru)2(u-OMe), (5), is a ver-
satile precursor for the synthesis of heterometallic
clusters such as Cp'Ru(u-H)z1rCp'.5 The methoxo com-
plex 5 is used as a synthetic equivalent of the “Cp'Ru”
fragment in the synthesis of the heterometallic cluster.
We followed the precedent and adopted 5 and dirhenium
hexahydride (Cp'ReHs); (3) as the precursors of the
“Cp'Ru” and “(Cp'Re);” fragments, respectively.

The reaction of 5 with 2 mol of 3 readily proceeded in
toluene, even at ambient temperature, to give 8 selec-
tively (eq 7). It is noteworthy that the rhenium—
rhenium bond is strong enough not to be cleaved and
neither 6 nor 7 is formed in this reaction.

(Cp'ReHy), +
3

0.5(Cp’'RuOMe),
5

toluene
-
room temp, 5 h

(Cp'RU)(CSp'Re)z(H)s
(7

In a similar manner, (CsMesEtRuU)(Cp'Re)2(H)s (8)
was prepared by the reaction of (CsMesEtRu),(u-OMe),

Ito et al.
Chart 1
Ru_ H=ZRuZH
AN AV,
LA~ 3 /
/Re\H/Re\ /Re\H/Re\
8-A 8-B

(5") with 3. Complex 8 is a highly air- and moisture-
sensitive black solid and is soluble in a wide range of
solvents, such as benzene, toluene, pentane, ether, and
methanol.

The 'H NMR spectrum of 8 revealed three singlet
signals at 6 2.29 (30 H), 1.73 (15 H), and —12.67 (5H).
On the basis of the intensity and chemical shift of the
signals, they were assigned to the Cp’ groups bound to
the rhenium, the ruthenium, and the hydride ligands,
respectively. The assignment of two Cp' signals was
fully consistent with that of 8', in which the Cp' group
on the ruthenium atom was substituted with CsMe4Et.
The signal of the Cp' group on the rhenium was
observed at 6 2.29 (30 H), and a set of signals of the
CsMe4Et ligand appeared at 6 1.76 (s), 1.73 (s), 2.35 (q),
and 0.99 (t) in an intensity ratio of 6H:6H:2H:3H.

The number of hydride ligands was confirmed to be
5, on the basis of the intermolecular H/D exchange
reaction between the hydrides and CgDg, which likely
proceeded via oxidative addition of C¢Dg to 8 followed
by reductive elimination of C¢DsH. The H/D exchange
reaction was monitored by means of 'H NMR spectros-
copy. Upon heating of 8 in CgDg to 80 °C, the signals of
the hydrides of isotopomers formed as a result of the
H/D exchange reaction were observed at 6 —12.67
(8-dp), —12.71 (8-d), —12.74 (8-dp), —12.77 (8-d3), and
—12.81 (8-d4). Although the intensities of the signals of
the isotopomers with higher molecular weight increased
with the elapse of time, no signal other than those of
the aforementioned five isotopomers appeared. This
evidently shows that 8 has five hydride ligands in the
molecule.

The 'H and 3C NMR spectra of 8, which reveal two
Cp' signals with an intensity ratio of 1:2 in the temper-
ature range from +25 to —80 °C imply that 8 has a
symmetry element, namely, a symmetry axis or plane,
through the ruthenium atom and the midpoint between
the two rhenium atoms. Chart 1 exhibits the plausible
location of the hydride ligands in 8-A and 8-B. 8-A has
triply bridged hydrides capped at the Ru,Re plane, and
8-B has only doubly bridged hydrides at the Ru—Ru and
Ru—Re edges. Both 8-A and 8-B have symmetrical
structures, which are consistent with the NMR spectral
data mentioned above. Despite the nonequivalency of
the magnetic environments of the hydride ligands, they
were observed to be equivalent at 6 —12.67 at room
temperature. This is most likely due to rapid exchange
of the coordination sites of the hydride. A decrease in
temperature causes a slowdown of the exchange process.
As a result, a significant broadening of the signal was
observed at low temperature (wy, = 66 Hz at —80 °C).
We could not, unfortunately, pinpoint the location of the
hydride ligands, because the resonance signal did not
split even at low temperature.
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Figure 9. ORTEP diagram of the solid-state molecular
structure of 7' with 50% probability ellipsoids. Selected
bond lengths (A): Rul—Rel = 2.5149(11), Ru2—Rel =
2.5103(8), Rul—Ru2 = 3.2334(11).

Figure 10. ORTEP diagram of the solid-state molecular
structure of 10b" with 50% probability ellipsoids. Selected
distances (A): Rel—Rul = 2.5304(14), Re1—Ru2 = 2.5506-
(14), Rul—Ru2 = 2.9297(16).

Structures of the Trimetallic Complexes. Com-
plex 7 has three CsMes ligands on each metal center.
In such cases, the molecular structure is often disor-
dered, despite the unsymmetrical metal core. To avoid
the disordered arrangement of the three metal atoms,
a structure determination of the trimetallic complex 7
was performed by using 7', which has a CsMes ligand
on the rhenium atom and a CsMe4Et ligand on the
ruthenium atoms. The molecular structure of 7' is
shown in Figure 9. There is rotational disorder at the
CsMey4Et ligand at the Ru2 center. The RuzRe core is
an approximate isosceles triangle. The Ru and Re atoms
are doubly bridged by hydrogen atoms, and the Ru—Re
distances are 2.5103(8) and 2.5149(11) A. These values
are comparable to those of 6 and 9. No hydrogen atoms
are located between the two ruthenium atoms. The Ru—
Ru distance of 3.2334(11) A is considerably longer than
that of the Ru—Ru single bond reported thus far. If each
ruthenium atom adopts a three-legged piano-stool ge-
ometry, there should be a bonding interaction between
the two ruthenium atoms.

To avoid the disordered arrangement of the three
metal centers, we performed a structure determination
using [(CsEtMesRu)2(Cp'Re)(u-H)s][BPh4] (10b"). The
molecular structure of 10b’ is shown in Figure 10. The
BPh, anion is omitted for clarity. As observed in the
neutral complex 7', there is an isosceles triangular
RuzRe core with one long Ru—Ru bond and two short
Ru—Re bonds. The Ru—Re bonds of 2.5304(14) and
2.5506(14) A are slightly longer than that of 7'. On the
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other hand, the Ru—Ru distance of 2.9297(16) A is
shorter than that observed in 7'. Although the hydrogen
atoms directly bound to the metal atoms were not
located in the Fourier maps, they could be positioned
on the basis of the metal—metal distances as well as
the 'H NMR spectral data of 10b. It is reasonable to
conclude that the Ru and the Re atoms are doubly
linked with a hydrogen atom and a hydrogen atom
bridges the two ruthenium atoms. The Ru—Re and Ru—
Ru distances of about 2.5 and 2.9 A, respectively, are
quite consistent with the proposed locations of the
hydrogen atoms.

H/D Exchange Reaction between the Heterotri-
metallic Complexes and D, or CsDg. We have proved
that the hydride ligands in the heterobimetallic complex
9 underwent H/D exchange with D, and C¢Dgs. The
capability of interaction between the two hydride ligands
to form an intermediary 52-H, complex is likely crucial
to the exchange reaction. Coordination of D, or C¢Dg to
the vacant site, generated as a result of a bonding
interaction between the two hydride ligands, would lead
to oxidative addition of a D—D or an aromatic C—D
bond, respectively. As mentioned above, the intermo-
lecular H/D exchange reaction is characteristic of the
polyhydride complex. Thus, we examined the reaction
of a heterometallic cluster with higher nuclearity with
D, or CgDg. While the dinuclear complex 6 undergoes
H/D exchange with neither D, nor CgDg, the trinuclear
complexes 7 and 8 are much more active in the exchange
reaction. The reaction of 7 with D, in THF-ds was
monitored by means of IH NMR spectroscopy at room
temperature. The reaction of 7 with D, proceeded along
two independent paths: namely, one path leading to a
paramagnetic species and the other to intermolecular
H/D exchange. With the passage of time, the intensity
of the resonance signal of the hydrides decreased due
to both H/D exchange with D, and conversion into the
paramagnetic species, for which broad signals were
observed at 6 17.77 (w1, = 1100 Hz) and 12.59 (w1, =
370 Hz) in the 'H NMR spectrum with an intensity ratio
of 2:1. As a result of the H/D exchange reaction, signals
of the isotopomers 7-d, 7-d,, 7-ds, and 7-d4 appeared in
the hydride region. After 45 h, conversion of 7 to the
paramagnetic species reached nearly 60%, and the rest
consisted of a 5:25:70 mixture of the isotopomers 7-d,,
7-ds, and 7-d4. At this point, 91% of the hydride ligands
in the remaining 7 were exchanged with deuterides.

Complex 8 also underwent H/D exchange under
atmospheric pressure of D, and the rate of the H/D
exchange for 8 was comparable to that for 7. Notably,
in the reaction of 8 under atmospheric pressure of D,
at room temperature, no products other than isoto-
pomers 8-d, (n = 0—5) were observed. Upon exposure
to D, for 45 h at room temperature, 92% of the hydride
ligands in 8 were substituted with deuterium and the
isotopomer ratio 8-do:8-d:8-d,:8-d3:8-d4:8-ds reached 0:0:
0:7:23:70. In contrast, the H/D exchange reaction of
cationic complex 10a with D, proceeded much more
slowly than those of 7 and 8, probably due to low
electron density at the metal centers of 10a. As a result,
oxidative addition of D, is likely retarded in 10a in
comparison with 7 and 8. As cluster 10a is a coordina-
tively unsaturated 42e complex, coordination of D,
would, therefore, proceed via an associative path to



Downloaded by NAT LIB UKRAINE on July 5, 2009
Published on April 10, 2004 on http://pubs.acs.org | doi: 10.1021/om030651e

2460 Organometallics, Vol. 23, No. 10, 2004

generate the intermediate [(Cp'Ru)2(Cp'Re)(u-H)s-
(7%-H2)(5?>-D2)]", which undergoes oxidative addition of
D, and subsequent reductive elimination of HD to form
the isotopomer [(Cp'Ru)z(Cp'Re)(u-H)a(u-D)]" (10a-d).
The D, molecule is small enough to enter freely into the
reaction field surrounded by the three Cp' ligands.
Therefore, it is reasonable to assume that the rate-
determining step of the H/D exchange with D, is
oxidative addition rather than the coordination of D,.

H/D exchange also occurs between the heterotrime-
tallic polyhydride complexes and CgDg. However, the
rate of exchange with CgDg is much slower than that
with D». In CgDg, it took about 210 h to substitute 30%
of the hydride in 7 for deuterium, while the conversion
of the H/D exchange reached 30% after 3 h in the
reaction with D,. Similarly, it took about 270 h to
substitute 40% of the hydride for deuterium in the
reaction of 8 with C¢De. This is probably due to the
difference in the rate-determining step for the H/D
exchange with CgDg and that with D,. The molecular
size of C¢De is much larger than that of D,. Therefore,
we propose that the rate-determining step of the H/D
exchange with CgDg is most probably the step of capture
of Cg¢Dg in the triangular space surrounded by the three
Cp’ groups. We previously showed on the basis of a
kinetic study that capture of the substrate in the
triangular reaction field was the rate-determining step
in the reaction of (Cp'Ru)s(u-H)s(us—H)2 with 1,3-cyclo-
hexadiene.?? This result is consistent with our proposal.

In summary, the synthesis and structure determina-
tion of several new bi- and trinuclear polyhydride
complexes containing ruthenium and rhenium were
performed. Those polyhydride complexes were unprec-
edented types of clusters containing Cp' and triphos
groups as ancillary ligands. The reaction of 6 with HBF4

(22) Inagaki, A.; Takaya, Y.; Takemori, T.; Suzuki, H. 3. Am. Chem.
Soc. 1997, 119, 625.
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led to the selective formation of cationic trinuclear
complex 10a and Cp'ReHg in a ratio of 1:1. Monitoring
the reaction by means of H NMR spectroscopy revealed
that 10a was formed via fragmentation of the tetra-
nuclear intermediate [(Cp'Ru)2(Cp’Re),H11]™, formed as
a result of coupling of 6 with the protonated binuclear
complex [Cp'RuHgReCp']". The hydride ligands of 6—9
and 10a underwent both an intramolecular exchange
of the coordination sites and an intermolecular H/D
exchange with D, or C¢Dg. The activation parameters
for the site exchange of the hydride ligands between the
terminal and bridging sites of 6 and 9 were estimated
by simulation of the variable-temperature 'H NMR
spectra. As expected for 9, introduction of a flexible
triphos ligand to the cluster framework enhanced the
mobility of the hydride ligands. The H/D exchange
reaction of trinuclear complexes 7 and 8 with D, was
faster than those of binuclear complexes 6 and 9. The
H/D exchange reaction of hydrides in 7 and 8 with C¢De
was a slow process in comparison to that with Do,
because of the bulkiness of the C¢Ds molecule relative
to the size of the reaction field.
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