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Three new compounds, Rus(us-GePh)y(u-GePhy)(u-CO),(CO)s (11), Rua(us-GePh)a(u-GePhy)s(u-CO)(CO)s (12),
and Rus(us-GePh),(u-GePhy)4(CO)s (13), were obtained from the reaction of HsRu4(CO);, with excess PhsGeH in
octane (11 and 12) or decane (13) reflux. Compound 11 was converted to compound 13 by reaction with PhsGeH
by heating solutions in nonane solvent to reflux. Compounds 11-13 each contain a square-type arrangement of
four Ru atoms capped on each side by a quadruply bridging GePh ligand to form an octahedral geometry for the
Ru,Ge; group. Compound 11 also contains two edge-bridging GePh, groups on opposite sides of the cluster and
two bridging carbony! ligands. Compound 12 contains three edge-bridging GePh, groups and one bridging carbonyl
ligand. Compound 13 contains four bridging GePh, groups, one on each edge of the Ru, square. The reaction of
H,0s4(CO), with excess PhsGeH in decane at reflux yielded two new tetraosmium cluster complexes, Osa(u4-
GePh),(u-GePhy)s(u-CO)(CO)s (14) and Osu(u4-GePh),(u-GePhy)s(CO)s (15). These compounds are structurally
similar to compounds 12 and 13, respectively.

Introduction (SnPR)(COXs(ue-C), is an excellent catalyst for the selective
hydrogenation of dimethyl terephthalate to cyclohexanedimeth-
anol, a valuable linker in the polymer indusfry.

In recent studies, we have demonstrated that triphenyl-
stannane (P#$nH) is an excellent reagent for the multiple
addition of phenyltin ligands to polynuclear transition-metal
carbonyl cluster complexes. For exampleg®O),2(CsHe)-
(us-C) reacts with P¥BnH to yield two compounds: RBu
(CO)(CeHg)(u-SNPh)4(us-C) (1) and Ry(CO)(CeHe)(u-

Tin' and germaniufhare widely used as modifiers to
control the reactivity and selectivity of transition-metal
catalysts. Ruthenium catalysts derived from cluster com-
plexes combined with group 14 elements, germanium, tin,
and lead, have also been found to exhibit interesting catalytic
properties’ For example, we have recently shown that the
trimetallic catalyst PtRsSn (1-2-nm particles on a silica
mesopore), obtained from the molecular precursor RtRu

) C6H(, CsHe
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that contain very large numbers of phenyltin ligaf@ome
examples of these complexes includg(®O)(SnPh)s(u-
SnPh); [M = Rh @) and Ir @)] and Rh(CO)(SnPh)3(u-
SnPh)s(us-SnPh) (5). The latter compound contains the first
examples of triply bridging SnPh liganés.
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We have also shown that triphenylgermane;GdH,
engages in multiple addition reactions to ruthenium, iridium,
and rhodium cluster complexes to yield complexes with
bridging GePhand GePh ligands. Some examples of these
cluster complexes include RCO)1(u-GePh)4(us-C) (6),”
|f3(/A-Gepb)3(GePh)3(CO)5 (7),8 Ir4H4(,u-GePh)4(u4-GePh)-
(CO)s (8),°* Rhe(us-GePhy(CO)r2 (9),° and RR(GePhy)(u-
GePh)s(us-GePh)-H)(CO) (10).° The addition of these
bridging MPh groups (M= Ge, Sn) occurs by the initial
oxidative addition of the M-H bond to the cluster to yield
MPh; and hydrido ligand$? The formation of the MPh
group then occurs by cleavage of a Ph group from an
intermediate containing a MRtigand. The cleaved phenyl
group then combines with a hydride ligand and is eliminated
as GHe.%

There are very few examples of ruthenium or osmium
carbonyl cluster complexes containing germanium ligands
reported in the literatur®. The few that do exist contain
either terminal GeRgroups or bridging GeRgroups. We
have now investigated the reactions afM4(CO), (M =
Ru Os?) with PhhGeH, which have afforded new tetra-

nuclear metal carbonyl cluster complexes with the general

formula My(us-GePh)(u-GePh),n(COho-n (Where M= Ru,
n=0, 1, or 2, and where M= Os,n = 1 or 2) containing

unusually large numbers of phenylgermanium ligands. These
compounds also provide the first examples of ruthenium and

osmium cluster complexes that contain quadruply bridging

Adams et al.
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Results and Discussion

The reaction of HRw(CO), with an excess of RfseH
in octane at reflux (128C) yielded two new tetraruthenium
cluster complexes, R(us-GePh)(u-GePh)(u-CO)(CO)
(11) and Ru(us-GePh)(u-GePh);(u-CO)(CO} (12), in 53%
and 10% vyield, respectively (see Scheme 1). Both compounds
were characterized by a combination of IR,NMR, single-
crystal X-ray diffraction, and mass spectral analyses. A
summary of the crystal data analysis for all the compounds
is given in Tables 1 and 2.

An ORTEP diagram of the molecular structure Idf is
shown in Figure 1. Selected intramolecular bond distances

GePh ligands. The synthesis and structural characterizationand angles are listed in Tables 3 and 4, respectively. The
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molecule contains a crystallograhically imposed center of
symmetry. The molecule contains a rectangular cluster of
four Ru atoms bridged by two quadruply bridging GePh
ligands that cap each side of the JRectangle. There are
also two GePhgroups that bridge two opposite edges of
the Ry rectangle, and there are two trans-positioned edge-
bridging CO ligands that lie cis to the bridging Geftgands.
Each Ru atom contains two terminally coordinated CO
ligands. Because of the crystal symmetry, there are only two
independent RtRu bond distances. The Réru bonds
bridged by CO ligands [RuiRu2* = Ru2—Rul* = 2.8188-

(7) A] are significantly shorter than the RiRu bonds
bridged by GePhligands [Rut-Ru2 = Rul*—Ru2* =
2.9508(9) A]. The average value for the unbridged-fRu
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bond distances in R(CO)y is 2.854(1) A3 The Ru-Ru
distance in the triruthenium compoundfRuGeMe);(CO),
which has three edge-bridging GeMeaands, is 2.926(9)
A.14 Compound11 appears to be the first example of a
ruthenium complex to contain quadruply bridging GeR
ligands. The RuGe distances to the quadruply bridging
GePh ligands are slightly longer, 2.5857(9), 2.5497(10),
2.5565(10), and 2.5580(8) A, than the R@e distances to
the edge-bridging GeRMtigands, 2.4871(9) and 2.4910(9)
A. This can be attributed to the higher coordination (five)
of the quadruply bridging GePh ligands compared to the
lower coordination (four) of the edge-bridging Gekgands.
For comparison, the RuGe distances in R(u-GeMe)s-
(CO) are 2.482(112.500(12) A4 Other examples of metal
cluster complexes that contain quadruply bridging GeR
ligands include CECO)(us-GeMe},*® Nig(CO)y(us-GeEt),
and ly(u-GePh)4(us-GePh)H,(CO).” The bridging GePh
groups in11 are displaced slightly out of the Rueast-
squares plane, one above and one below-By167 A. The

Figure 1.
probability.

ORTEP diagram of11 showing 30% thermal ellipsoid

bridging CO ligands are also displaced slightly out of the
Ruw, plane @&0.092 A) on opposite sides.

An ORTEP diagram o012 is shown in Figure 2. Selected
intramolecular bond distances and angles are listed in Tables
3 and 4. The structure of compout@ is similar to that of
11 except in place of a bridging CO group there is a bridging
GePh group. The four Ru atoms ih2 have a trapezoidal-
like arrangement of four Ru atoms. There are two quadruply
bridging GePh ligands, three edge-bridging GeRjands,
and one bridging CO ligand. Each Ru atom has two terminal
CO ligands. The RuRu bond that is bridged by the CO
ligand, Ru3-Ru4= 2.8103(6) A, is significantly shorter than
the three Re-Ru bonds that are bridged by GeRigands,
Rul—-Ru2 = 2.9638(6) A, Rut+Ru4 = 2.9313(6) A, and
Ru2—Ru3= 2.9399(6) A. The RtrRu and Ru-Ge distances
in 12 are similar to the corresponding bond distance$ln
The bridging GePhligands are displaced out of the Ru
least-squares plane, two on one side, Ge3-By335 A and
Ge5 by—0.351 A, while the third bridging GeRlgroup,
Ge4, is displaced on the opposite side of thg $yuare plane
by 0.438 A. The bridging CO ligand is displaced out of the
Ru, plane by 0.143 A on the same side as Ge4.

At 175 °C, the reaction of FRw(CO),, with excess Ph
GeH yielded the new compound Ru,-GePh)(u-GePh),-
(CO) (13) in a 76% yield. Compoundl3 was also
characterized by a combination of ] NMR, single-crystal
X-ray diffraction, and mass spectral analyses. An ORTEP
diagram of the molecular structure B8 is shown in Figure
3. Selected intramolecular bond distances and angles are
given in Tables 3 and 4. The molecule contains an ap-
proximately square arrangement of four Ru atoms with two
quadruply bridging GePh ligands and a bridging Ge@t
each edge of the Rwsquare. Each Ru atom has two CO
ligands that are terminally coordinated. Compouh8
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Table 1. Crystallographic Data for Compound4—13
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11 12 13
empirical formula RIqGQ;O]_oC%Hgo RU4(38509C57H40 RWG%OQCGgHso'Z C4H100
fw 1437.34 1636.12 1983.14
cryst syst monoclinic orthorhombic orthorhombic
lattice parameters

a(A) 9.5604(6) 12.8681(5) 11.7557(7)
b (A) 23.3208(14) 21.9498(9) 25.4240(16)
c(A) 11.4639(7) 23.1450(10) 24.7493(16)
o (deg) 90 90 90
p (deg) 112.570(1) 90 90
y (deg) 90 90 90
V (A3) 2360.2(3) 6537.5(5) 7397.0(8)
space group P2;/c (No. 14) P2,2:2; (No. 19) C222, (No. 20)
Zvalue 2 4 4
pealc (9/cn®) 2.023 1.662 1.781
u(Mo Ka) (mm1) 3.809 3.208 3.249
T(K) 294 294 100
20max (deg) 50.06 56.70 56.62
no. obsd reflnsi[> 20(1)] 2892 13 862 8513
no. of param 289 676 438
GOF 1.031 1.106 1.025
max shift in cycle 0.000 0.001 0.002

residuals? R1; wR2

0.0367; 0.0808

0.0352; 0.1002 0.0258; 0.0579

abs corrn, max/min multiscan, 1.000/0.681 multiscan, 1.000/0.832 multiscan, 1.000/0.822
largest peak in the final diff map (eff 1.578 1.266 1.743

ARL = Y n(lIFol — IFcl)/TulFol; WR2 = [SniW(|Fo| — [Fe)¥3nawFo?]Y2, w = L/o¥(Fg); GOF = [ 3 naW(|Fo| — |Fcl)?(Ndata — Nvar)] Y2

Table 2. Crystallographic Data for Compoundd and 15 Ge3 and Ge3* lie-0.443 A out of the Ruplane, and Ge4

and Ge4* are displaced by 0.302 A to the opposite side of

14 15
empirical formula OgGe:06CsrHao: 0%:G&:0:CoaHeor the plane. This is probably due to increased sFerlc interactions
CiHg 44C4H100 between the four GeRtigands and the CO ligands.
fw vt 2t0_8‘|‘_-7_7 2209-9? _ The reaction of PiGeH with HOs(CO), was also
gtﬁ:esgzameters reinie monociinic investigated. Relatively high temperatures were required to
a(A) 14.1902(6) 15.7900(6) initiate a reaction, but at 178C, two new compounds, @s
b(A) 17.1633(7) 17.9143(7) (u4-GePh)(u-GePh)s(u-CO)(CO) (14) in 28% yield and
A o oiad o) Osi(us-GePh)(u-GePh),(CO) (15) in 2% yield, were
B (deg) 106.665(1) 91.869(1) obtained (see Scheme 2). Interestingly, we found no evidence
v (deg) 112.665(1) 90 for an O$Ge, compound analogous tdl under these
3
Sp;/CgAg)roup g%?zﬁlg(zz)) J;lf’cl(-,ﬁff?m) conditions, and at lower temperatures, there was no signifi-
Zvalue 2 4 cant reaction at all. Compoundld4 and15 were characterized
pc(ﬁ(()gécr;?gmmﬂ) é-ggg S-ggg by a combination of IR*H NMR, single-crystal X-ray
ﬁ(K) * 150 294 diffraction, and mass spectral analyses. Compouddsnd
20max (deg) 56.62 56.64 15 are similar to12 and 13 described above.
”Otlc’iogj(‘;');ef'”s 15301 13934 An ORTEP diagram ol4 is shown in Figure 4. Selected
no. of param 740 795 intramolecular bond distances and angles are listed in Tables
GOF 1.059 1.114 5 and 6, respectively. Compourd consists of a trapezoidal
max shift in cycle 0.002 0.002

residual® R1; wR2 0.0288; 0.0939 0.0309; 0.0855 arrangeme.nt Of four Os atoms with three brldglng C\erh
abs cormn, max/min  multiscan, 1.000/0.438  multiscan, 1.000/0.569 and one bridging CO. There are also two quadruply bridging

largest peak in the  2.870 2.457 GePh ligands. Also, as found in each of the ruthenium
EZ‘&\'%"“ map compounds, each Os atom contains two terminally coordi-

nated CO ligands. The G©s bond that is bridged by the
CO is significantly shorter, 0s30s4= 2.8269(3) A, than
the Os-Os bonds that are bridged by GeRigands, Ost

_ _ _ _ . Os2= 2.9540(3) A, Os+0s4= 2.9318(3) A, and Os2
contains a crystallographically imposed 2-fold rotational axis os3 = 2.9261(3) A. This finding is consistent with the

that passes through the two atoms Gel and Ge2. All four strycture of the ruthenium analoga@. The average value
Ru—Ru bond distances are very similar and similar to the ¢y, the unbridged OsOs bond distances in Q€O is
GePh bridged distances ihl and12. The two independent 2.877(3) A7 The Os-Os bond distance in the triosmium
Ru—fu distances are ReRu2 = 2.9428(3) A .and Rui. compound OfCO)(u-GeMe)s, which has three edge-
Ru2* = 2.9249(3) A. The RerRu and Ru-Ge distances in bridging GeMeg ligands, is 2.920(1) A% As was found for

13 are similar to the corresponding bond distancekliand the ruthenium analoguek? and 13, the GePh groups are
12. The GePhligands in13 are displaced out of the Ru

plane slightly farther than the GepPligands in11 and12.
536 Inorganic Chemistry, Vol. 46, No. 2, 2007

aR1 = Sna(lIFol — [Fell)/ZnulFol; WR2 = [Ynw(|Fo| — |Fcl)%
thIWFOZ]lIZ, W = 1/02([:0); GOF = [thIW(“:0| - |Fc|)2/(ndata* nva\ri)]llz-

(17) Churchill, M. R.; DeBoer, B. Glnorg. Chem.1977, 16, 878.
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Table 3. Selected Intramolecular Bond Distances for Compoutids13?

11 12 13

atom atom distance (A) atom atom distance (A) atom atom distance (A)
Rul Ru2 2.9508(9) Rul Ru2 2.9638(6) Rul Ru2 2.9428(3)
Rul Ru2* 2.8188(7) Rul Ru4 2.9313(6) Rul Ru2* 2.9249(3)
Rul Gel 2.5857(9) Ru2 Ru3 2.9399(6) Rul Ge3 2.4776(4)
Rul* Gel 2.5497(10) Ru3 Ru4 2.8103(6) Rul Ge4d 2.4817(4)
Ru2 Gel 2.5565(10) Rul Gel 2.5497(7) Ru2 Ge3s* 2.4866(4)
Ru2* Gel 2.5580(8) Ru2 Gel 2.5643(7) Ru2 Ged 2.4891(4)
Rul Ge2 2.4871(9) Ru3 Gel 2.5686(7) Rul Gel 2.5648(4)
Ru2 Ge2 2.4910(9) Ru4 Gel 2.5709(7) Ru2 Gel 2.5545(4)
Rul c1 2.087(8) Rul Ge2 2.5650(7) Rul Ge2 2.5815(4)
Ru2 c1 2.093(8) Ru2 Ge2 2.5323(7) Ru2 Ge2 2.5886(4)
C (0] 1.141(6) av Ru3 Ge2 2.6076(7) C (e} 1.139(6)

Ru4 Ge2 2.5524(7)

Rul Ge3 2.5013(7)

Rul Ge4 2.5045(7)

Ru2 Ged 2.4841(7)

Ru2 Ges 2.4897(7)

Ru3 Ges 2.4847(7)

Rud Ge3 2.4988(7)

Ru3 c1 2.118(7)

Ru4 c1 2.052(6)

c 0 1.135(6) av

aEstimated standard deviations in the least significant figure are given in parentheses. Asterisks indicate atoms generated by symmetry.

Table 4. Selected Intramolecular Bond Angles for Compoufds 13®

11 12 13

atom atom atom angle (deg) atom atom atom angle (deg) atom atom atom angle (deg)
Rul Ru2 Rul* 90.37(3) Rul Ru2 Ru3 89.01(6) Rul Ru2 Rul* 90.055(9)
Ru2 Rul* Ru2* 89.63(3) Rul Ru4 Ru3 92.21(7) Ru2 Rul* Ru2* 89.941(9)
Rul c1 Ru2* 84.80(4) Ru2 Ru3 Ru4 90.76(7) Rul Ge3 Ru2* 72.20(1)
Rul Ge2 Ru2 72.70(6) Ru2 Rul Ru4 87.97(6) Rul Ge4d Ru2 72.60(1)
Rul Gel Ru2* 66.46(6) Rul Ge3 Ru4 71.78(2) Rul Gel Ru2 70.18(1)
Rul Gel Ru2 70.03(4) Rul Ge4d Ru2 72.90(2) Rul Gel Ru2* 69.69(1)
Rul* Gel Ru2 67.01(7) Ru2 Ge5 Ru3 72.46(2) Rul Ge2 Ru2 69.39(1)
Rul* Gel Ru2* 70.58(5) Ru3 C1 Ru4 84.70(2) Rul Ge2 Ru2* 68.90(1)
Rul Gel Rul* 105.73(3) Rul Gel Ru2 70.84(9) Rul Gel Rul* 108.04(2)
Ru2* Gel* Ru2 105.37(5) Rul Gel Ru4 69.84(2) Ru2 Gel Ru2* 108.52(2)

Ru2 Gel Ru3 69.89(2) Rul Ge2 Rul* 107.03(2)

Ru3 Gel Ru4 66.30(2) Ru2 Ge2 Ru2* 106.45(2)

Rul Ge2 Ru2 71.10(2)

Rul Ge2 Ru4 69.89(2)

Ru2 Ge2 Ru3 69.76(9)

Ru3 Ge2 Ru4 65.99(9)

Rul Gel Ru3 107.91(2)

Ru2 Gel Ru4 105.73(2)

Rul Ge2 Ru3 106.27(2)

Ru2 Ge2 Ru4 107.25(2)

aEstimated standard deviations in the least significant figure are given in parentheses. Asterisks indicate atoms generated by symmetry.

displaced out of the plane of the four Os atoms. The Ge in approximately a square arrangement. A48 there are
atoms, Ge3 and Ge5, for the two bridging Gglbands two quadruply bridging GePh ligands and four bridging
positioned trans to each other are displaced to one side ofGePh. Each Os atom contains two terminal CO ligands. Al
the Os square plane by-0.450 and-0.398 A, respectively,  four Os-Os bond lengths iri5 are similar to each other
while the other bridging GeBlgroup, Ge4, is displaced t0 544 also similar to the GepRhbridged bonds in4: Osl-
bridging CO ligand, C1, is displaced out of the Qsgjuare 2.9609(3) A, and 0s30s4 = 2.9346(3) A. Like14, the
plane to the same side as Ge4 by 0.363 A. From a éePh li an(;s are displaced o.ut of the bleast-s ,uares
crystallographic viewpoint, it is worth noting that compounds 9 P . q :
plane. The atoms Ge3 and Ge5 are displaced to one side of

12 and14 are isostructural but are not isomorphous. This is A | )
because a toluene solvent molecule cocrystallized ¢dth (e plane by-0.414 and-0.499 A, respectively, while Ge4

while in 12, no solvent was cocrystallized with the com- and Ge6 are both displaced to the other side of thepasie
pound. by 0.350 and 0.421 A, respectively. Just like the analogous
An ORTEP diagram o15is shown in Figure 5. Selected compounds12 and 14, compoundsl3 and 15 are also
intramolecular bond distances and angles are listed in Tablegsostructural but are not isomorphous. This is because both
5 and 6, respectively. Compouid contains four Os atoms  compounds cocrystallized with the solvent of crystallization

Inorganic Chemistry, Vol. 46, No. 2, 2007 537



Figure 2.
probability.

ORTEP diagram of12 showing 30% thermal ellipsoid

Figure 3.
probability.

ORTEP diagram of13 showing 50% thermal ellipsoid

(diethyl ether); however, the number of solvent molecules
present in the crystal lattice for these two compounds was
different.

Each of the new compounds reported hetd;-15
contains four metal atoms and has a total of 62 cluster
valence electrons. This is in accord with the Polyhedral
Skeletal Electron Pair theory, which predictsnl4 6
electrons forarachnoeoctahedrd® n = 4, but differs from
the 18-electron rule, which predicts 64 electrons) 382m,

m = the number of metalmetal bonds. There are many
examples of square Mcluster complexes containing two
quadruply bridging ligands on each side of thg dluster®®

Many of these have 62 cluster valence electrons. There arg;y)

(18) Mingos, D. M. PAcc. Chem. Red984 17, 311.
(19) Thimmappa, B. H. SJ. Cluster Scil199§ 7, 1.
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some that have 64 cluster valence electrons, but the number
with 62 valence electrons is by far the greater of the two
types.

During the course of the formation of compountis—
15, the core of the tetrahedral Mlusters of the starting
compounds EM4(CO),, (M Ru, Os) is opened and
transformed into the square-type arrangement. Transforma-
tions such as this have been observed on previous occa-
sions!® The process involves cleavage of a minimum of two
metal-metal bonds and can proceed stepwise through the
formation of a butterfly tetrahedral intermediate. The trans-
formation is shown schematically in Scheme 3. These bond
cleavages are usually induced by the addition of electrons
to the complexes upon the addition of ligands to the metal
atoms. Indeed, the MN,(CO);, clusters have only 60 valence
electrons, and our final products have 62. Although there
are a number of examples of transformations such as those
shown in Scheme #;22 in this work, we did not observe
any products having butterfly tetrahedral, Mlusters. We
have already reported a similar transformation of the
tetrahedral cluster complex4(€QO),, into the I square
planar clusteB upon reaction with PiGeH at 151°C 28

The formation of the GeBland GePh ligands in the course
of these reactions is presumed to occur by cleavage of the
Ph groups from PieH and its combination with hydride
ligands to eliminate benzene. This is based on our previous
finding for reactions of P&nH with other metal carbonyl
cluster complexe®

Experimental Section

General Data. All reactions were performed under a,N
atmosphere using standard Schlenk techniques. Reagent-grade
solvents were dried by standard procedures and were freshly
distilled prior to their use. IR spectra were recorded on a Nicolet
Avatar 360 Fourier transform IR spectrophotomefét. NMR
spectra were recorded on a Varian Mercury 400 spectrometer
operating at 400 MHz. Mass spectrometric (MS) measurements
performed by a direct-exposure probe using electron impact
ionization (El) were made on a VG 70S instrument. Triphenylger-
manium hydride, PiGeH, was purchased from Aldrich and was
used without further purification. Nonane (99%) and decane
(99+%) were purchased from Alfa Aesar and were used without
further purification. HRw(CO) .t and HOs(CO),'2 were pre-
pared via literature methods. Product separations were performed
by thin-layer chromatography (TLC) in air by using Analtech 0.25-,
0.5-, and 1.0-mm silica gel 60-AF; glass plates. Silica gel was
obtained from McTony and used as received.

Reaction of HyRu4(CO)1» with PhsGeH at 125°C. A 61-mg
(0.200-mmol) amount of RBeH was added to a solution of 25
mg (0.033 mmol) of HRw(CO), in 20 mL of distilled octane.
The reaction mixture was heated to reflux for 2 h, after which the
solvent was then removed in vacuo. The residue was extracted with
methylene chloride and separated by TLC over silica gel using a
3:1 (v/v) hexane/methylene chloride solvent mixture to yield in

(20) Watson, W. H.; Poola, B.; Richmond, M. Grganometallics2005

24, 4687.

Wang, W.; Corrigan, J. F.; Enright, G.; Taylor, N. J.; Carty, A. J.

Organometallics1998 17, 427.

(22) (a) Adams, R. D.; Wang, 8rganometallics1985 4, 1902. (b) Adams,
R. D.; Wang, SOrganometallics1986 5, 1272.



Multiple Additions of Phenylgermanium Ligands

Scheme 2
thG
excess Ph;GeH
H054(CO);;  ——
175°C thGe

Table 5. Selected Intramolecular Bond Distances for Compoubtls
and 152

/\O\S//CO thGe/ \\//Gel’hz
+ Os
K PN
/\ / GePh, PhoGe—= (/)i ] //(éeth
Ph gh
14 15

Table 6. Selected Intramolecular Bond Angles for Compoutidsand
1%

14 15 14 15
atom atom distance (A) atom atom distance (A) atom atom atom angle (deg) atom atom atom angle (deg)
Osl Os2 2.9540(3) Os1 Os2 2.9280(3) Osl Os4 0Os3 91.164(8) Osl 0Os2 0Os3 90.304(9)
Osl Os4 2.9318(3) Osl Os4 2.9483(3) Osl 0Os2 0Os3 88.792(7) Osl Os4 0Os3  90.422(9)
0s2 0s3 2.9261(3) 0s2 0s3 2.9609(3) 0s2 0s3 Os4 91.316(7) Os2 0Os3 Os4  89.450(8)
Os3 Os4 2.8269(3) Os3 Os4 2.9346(3) Os2 0Osl Os4 88.718(7) 0Os2 Osl Os4 89.822(8)
Osl Gel 2.5560(5) Osl Gel 2.5844(6) Osl Ge4 Os2 72.233(8) Osl1 Ge3 O0s2 71.17(7)
0s2 Gel 2.5684(5) 0s2 Gel 2.5812(6) Osl Ge5 Os4 71.38(4) Osl Ge6 Os4  72.03(8)
Os3 Gel 2.5939(5) Os3 Gel 2.5996(6) Os2 Ge3 O0s3 71.12(4) Os2 Ge4 Os3 72.73(8)
Os4 Gel 2.6054(5) Os4 Gel 2.5703(6) Os3 C1 Os4 84.27(8) Os3 Ge5 Os4 71.68(7)
Osl Ge2 2.5807(5) Osl Ge2 2.5959(6) Osl Gel Os4 69.22(3) Osl Gel Os2  69.06(6)
0s2 Ge2 2.5636(5) 0s2 Ge2 2.5872(6) Osl Gel Os2 70.40(4) Osl Gel Os4  69.78(6)
Os3 Ge2 2.5878(5) Os3 Ge2 2.5968(6) Os2 Gel Os3 69.22(3) Os2 Gel Os3 69.71(6)
Os4 Ge2 2.5830(5) Os4 Ge2 2.5955(6) Os3 Gel Os4 65.87(3) Os3 Gel Os4 69.17(5)
Osl Ge4 2.5108(5) Osl Ge3 2.5230(7) Osl Ge2 Os4 69.19(3) Osl Ge2 O0s2  68.79(6)
Osl Ge5 2.4996(5) Os1 Geb 2.5049(7) Osl Ge2 O0s2 70.09(4) Osl Ge2 Os4 69.21(6)
0Os2 Ge3 2.5186(5) Os2 Ge3 2.5087(6) Os2 Ge2 O0s3 69.33(3) Os2 Ge2 Os3 69.66(6)
0s2 Ge4 2.5007(5) 0s2 Ge4 2.4946(6) Os3 Ge2 Os4 66.28(3) Os3 Ge2 Os4  68.83(6)
0s3 Ge3 2.5132(5) 0s3 Ge4 2.4990(7) Osl Gel Os3 106.03(8) Osl Gel 0Os3 107.30(2)
Os4 Ge5 2.5354(5) Os3 Ge5 2.5088(7) Os2 Gel Os4 105.38(8) Os2 Gel Os4 107.29(2)
Os3 C1 2.109(5) Os4 Ge5 2.5033(6) Osl Ge2 0Os3 105.49(8) Osl Ge2 0s3 107.04(2)
Os4 c1 2.105(5) Os4 Ge6 2.5091(6) 0Os2 Ge2 Os4 106.18(8) 0Os2 Ge2 Os4 106.35(2)
C o 1.140(6) av C (e} 1.137(6) av

a Estimated standard deviations in the least significant figure are given

aEstimated standard deviations in the least significant figure are given in parentheses.

in parentheses.

Figure 4. ORTEP diagram of14 showing 50% thermal ellipsoid
probability.

order of elution 25.9 mg (53%) of purplel and 5.5 mg (10%) of
purple 12. Spectral data foll: IR vco (cmtin CH,Cl,) 2065-
(m), 2036(vs), 2016(sh, m), 2001(s), 1858(m, sh), 1839(m Hr);
NMR (CD.Cl; in ppm) 6 6.88-6.92 (m, 5H, Ph), 7.187.35 (m,
20H, Ph), 7.56-7.54 (m, 5H, Ph); EI/MSn/z 1436. The isotope

Figure 5. ORTEP diagram of15 showing 30% thermal ellipsoid
probability.

pattern is consistent with the presence of four Ru and four Ge atoms.
Spectral data fol2: IR vco (cmt in CH,Cly) 2050(m), 2028(s,
sh), 2021(vs), 1995(s), 1977(m), 1838(W).NMR (CsDg in ppm)

0 6.82-6.86 (M, 8H, Ph), 6.987.04 (m, 20H, Ph), 7.627.65 (m,

8H, Ph), 7.76-7.73 (m, 4H, Ph); EI/MSWz 1637. The isotope
pattern is consistent with the presence of four Ru and five Ge atoms.
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Scheme 3 fiber. X-ray intensity data were measured by using a Bruker
SMART APEX CCD-based diffractometer using Makadiation
E (A = 0.710 73 A). The raw data frames were integrated with the
> SAINT- program by using a narrow-frame integration algorifm.
Correction for Lorentz and polarization effects was also applied
. . with SAINT. An empirical absorption correction based on the
Reaction of HiRu4(CO)1, with PhsGeH at 175°C. A total of multiple measurement of equivalent reflections was applied using
92 mg (0.302 mmol) of PfGeH was added to a suspension of 15 {he progranSADABSAI structures were solved by a combination

mg (0.020 mmol) of BRW(CO):2in 15 mL of decane. The mixture  of gjrect methods and difference Fourier syntheses and refined by
was heated to reflux overnight. The solvent was then removed in fy|.matrix least squares off2 using the SHELXTL software

vacuo, and the residue was extracted with methylene chloride andpackage# All non-H atoms were refined with anisotropic displace-

run through a short column of silica gel, eluting with methylene yent parameters. H atoms were placed in geometrically idealized

chloride to yield 28.2 mg (76%) of blug3. Spectral data fol.3: positions and included as standard riding atoms during the least-

IR vco (cm™* in CHyClp) 2016(vs), 1980(s)iH NMR (CeDs in squares refinements. Crystal data, data collection parameters, and
ppm) 0 6.79-6.84 (m, 8H, Ph), 6.987.04 (m, 24H, Ph), 7.76  resyits of the analyses are listed in Tables 1 and 2.

7.74 (m, 18H, Ph); E/MSm/z 1836. The isotope pattern is Compoundll crystallized in the monoclinic crystal system. The

consistent _W'th ;he presence of floufr Ru and six Ge atomsl. ¢ systematic absences in the intensity data were consistent with the
Conversion of 11 to 13.A total of 32.0 mg (0.105 mmol) o unique space groufP2;/c. The molecule lies on a center of

PhGeH and 15.0 mg (0.010 mmol) dfl were dissolved in 15 symmetry. Only half of a formula equivalent occupies the asym-

mL of nonane, and the solution was heated to reflux ovemight. i nit. Compound2 crystallized in the orthorhombic crystal

The solvent was then. removed in vacuo. The residue was eXtr,a_‘Ctedsystem. The systematic absences in the intensity data were consistent
with methylene chloride and run through a short column of silica with the unique space group2,2,2,. CompoundL3 crystallized

gel, eluting with methylene chloride to yield 11.2 mg (58%) of i, the orthorhombic crystal system. The systematic absences in the

blue 13 i . intensity data were consistent with the unique space gGag®.
Reaction of H0s,(CO)s. with PhsGeH. A 27.5-mg (0.090- The molecule crystallizes about a 2-fold rotation axis. Only half

mmol) amOL:nt ?f PiGeH was added tofa suspensir(])n of 20_ MY of a formula equivalent of the molecule is present in the asymmetric
(0.018 mmol) of HOs(CO).z in 15 mL of decane. The reaction unit. One molecule of diethyl ether cocrystallized witBand was

mixture was h_eated to reflux fqr 2 h. After cooling, _the solvent suitably refined with anisotropic parameters. This space group is
was Femo"ed in vacuo. The residue was extracted ‘,N'th memylenenoncentric. The Flack paramete0.002(6) indicates that the correct
chloride and separated b_y TLC over S'I_'Ca gel by using a 3:1 (viv) enantiomorph has been selected. Compalshdrystallized in the
hexgne/methylene chloride solvent mixture to yield in order of triclinic crystal system. The systematic absences in the intensity
elution 10.3 mg (28%) of red4ﬁnd 1.1 mg (2%) of purplds. data were consistent with either of the space grdpsr P1. The
Spectral data fol4: IR vco (cm™ in CH;Cl) 2085(m), 2066(m), latter space group was chosen and confirmed by the successful
2047(5)' 2018(vs), 2007(s, sh), 1989(s), 1971(m), 1810EMIMR refinement of the structure. One molecule of toluene cocrystallized
(CeDg in ppm) o 6.66-6.72 (m, 3H, Ph), 7.167.32 (m, 18H, Ph), with 14 and was satisfactorily refined with anisotropic parameters.

7'42_;'.51 (/m’ ?1'; Ph), 7.5h£7.‘57 (m, 6H, Ph){ 7'6'77',72 (m, ith Compound15 crystallized in the monoclinic crystal system. The
4H, Ph); EVMSm/z 1992. The isotope pattern is consistent wit systematic absences in the intensity data were consistent with the

the presence of four Os and five Ge atoms. Spectral datagor unique space group2;/c. A molecule of diethyl ether (refined at

gy N )
IR ch (em in CH,Cl) 2011(vs), 1973(s);H NMR (C_BDG n 25% occupancy) cocrystallized wifl, which was disordered and
ppm)0 6.70-7.04 (m, 40H, Ph), 7.637.68 (M, 10H, Ph); EIMS |0 4e1c 4" 1cing geometric restraints.

m/z 2192. The isotope pattern is consistent with the presence of
four Os and six Ge atoms. Acknowledgment. This research was supported by the
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for X-ray diffraction analyses were obtained by slow evaporation Energy under Grant DE-FG02-00ER14980.
of the solvent at room temperature from a solution in an octane/
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obtained by slow evaporation of the solvent-a25 °C from a structural analyses. This material is available free of charge via
solution in an octane/toluene solvent mixture. Dark crystal$f  the Internet at http://pubs.acs.org.

were grown from slow evaporation of the solvent from a solution
in diethyl ether at—25 °C. Red crystals ofL4 were obtained by
slow evaporation of the solvent from a solution in an octane/toluene

solvent mixture at-25 °C. Red crystals of5were grown by slow (23) a,/AIINZ'I('—)Blversion 6.2a; Bruker Analytical X-ray System, Inc.: Madison,
evaporation of the solvent from a solution in a diethyl ether solvent 24y sheldrick, G. M.SHELXTL version 6.1; Bruker Analytical X-ray
at—25°C. Each data crystal was glued onto the end of a thin glass Systems, Inc.: Madison, WI, 1997.
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