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ABSTRACT: Complex OsHa{x!-Pn?-GeH-['Pr,PCH(Me)CH2GeEt2H]}(P'Pr3) (1) breaks down
formic acid into H2 and COz. The decomposition is catalytic with complex 1 being the main
metallic species detected spectroscopically during the process. The kinetic analysis of the catalysis
reveals that the decomposition rate is first order in the catalyst and independent of the
concentration of formic acid, with the calculated activation parameters being: AH* = 23 + 2 kcal
mol!, AS* = -1 £ 5 cal mol! K!, and ?AG* = 23 = 3 kcal mol!. Complex 1 also shows
stoichiometric reactivity with benzoic and acetic acids. The reactions lead to OsH2{ix*-O,0-
[02CR]} {k*-P,Ge-[Pr2PCH(Me)CH2GeEt2]}(P'Pr3) (R = Ph (9), Me (10)). On the basis of these

findings and DFT calculations, the following mechanism for the decomposition is proposed:



complex 1 releases one molecule of Hz to produce an osmium(IV)-trihydride unsaturated
intermediate, which promotes heterolytic activation of the O—H bond of formic acid. The metal
fragment of the resulting osmium(IV)-(k!-O-formate) saturated derivative slides along the formate
group, following the O-C-H pathway. The displacement is assisted externally by a molecule of
formic acid and generates an osmium(IV)-(x'-H-formate) species, which releases CO2 to
regenerate 1 and close a cycle. The dissociation of Hz from the latter is the rate-determining step

of catalysis.

INTRODUCTION

The number of homogeneous catalysts based on transition metal polyhydride complexes is small
compared to the number of homogeneous transition metal catalysts from classical families.
However, the scarce members of this particular family are particularly promising' for several
reasons. The MHn unit that forms the polyhydride can give rise to three different types of H-
donating ligands: Kubas-type dihydrogen, elongated dihydrogen, and hydride.? They can coexist
in the same species, while each of them interacts with the metal center in a different way.’
Furthermore, H-donating ligands can exchange their positions in solution and transform into each
other.* Because each type of ligand has different chemical behavior,’ polyhydride complexes show
superior chemical versatility to other families of transition metal complexes, revealed in part by
their ability to activate a spectacular range of 6-bonds.® This capacity, the non-innocent character
of the hydride ligand,” and the ease of the metal center to transfer hydrides to unsaturated organic

molecules make polyhydride complexes one of the most versatile families of catalysts.!

Polyhydride catalysts are emerging as exceptionally useful tools for implementing hydrogen

technology. Molecular hydrogen has an energy content per mass approximately three times greater



than that of petroleum-derived fuels. However, its energy content per volume is low at standard
temperature and pressure, making it difficult to transport and handle. In this context, the concept
of chemical hydrogen storage makes sense, because several chemical compounds have a
reasonable hydrogen content that can be easily released on demand, in the presence of a catalyst.®
Because of their high hydrogen content, amine-boranes, particularly ammonia-borane, are among
the most promising chemical candidates for hydrogen storage. These materials are dehydrogenated
by some polyhydride complexes in an efficient and kinetically controlled manner,’ but their
disadvantage is that they are difficult to recycle.!’ A feasible alternative is some organic liquids or
low-melting solids, including alkanes, amines, alcohols, or formic acid.!! These chemical
hydrogen deposits are also catalytically dehydrogenated in the presence of some polyhydride
complexes'? and, in contrast to amine-boranes, can reversibly undergo metal-promoted
hydrogenation.! Furthermore, as a result of their easy handling, they are compatible with current

transportation and refueling infrastructures.

Formic acid is considered one of the most serious options for the future. Although it only
contains a 4.4% by weight, it provides a volumetric content of the vector equivalent to 1.77 kWh
L, in its decomposition into H2 and CO:z (eq 1 in Chart 1), as a consequence of its high density
(1.22 g mL™). Such value exceeds that of current industry standard storage tanks, around 1.4 kWh
L !. Furthermore, it is produced on a large scale and is easy to handle under ambient conditions,
due to its low flammability and toxicity.!* The recyclability of this carboxylic acid is also
constantly being improved, in which polyhydrides of iron,'* ruthenium,'® and iridium!'¢ play a
prominent role through the hydrogenation of COz. On the contrary, the catalytic performance of
polyhydride complexes in the decomposition of formic acid into H2 and COz is very poor. Catalysts

based on representative elements'” and 3d metals'® have been used; nevertheless, the state of the



art still focuses on the 4d and 5d elements,'® mainly ruthenium,?® rhodium,?' and iridium;** with
some recent palladium-based examples.”> However, none of them belong to the polyhydride
family. Known polyhydride catalysts are reduced to osmium derivatives I** and II*° (Chart 1),

consistent with the richness of osmium-polyhydride chemistry.®2®

Chart 1. Known Polyhydride Catalysts for Formic Acid Dehydrogenation

HCOOH —— H, + CO, (1)

Complex I is a bifunctional catalyst formed by a basic metal and an o-donor and n-acceptor Z-
type acidic ligand;*’ pioneer in inverting the electron density flow direction, as the Os(IV)-Ge(II)
bond enhances the basicity of the osmium basic center and the acidity of the acidic germylene
ligand. As a consequence, it works differently than traditional bifunctional catalysts (Scheme 1).
The rapid step involving Hz formation occurs exclusively in the basic osmium coordination sphere,
while both the metal center and the 6-donor Lewis acid cooperatively promote the rate-determining
release of CO2.2° Thus, the latter can be seen as an intramolecular acid-assisted process, as the
formate group rotates around the Ge-O bond to bring its hydrogen atom closer to the osmium

center.



Scheme 1. Catalytic Cycle for the Formic Acid Dehydrogenation Promoted by Complex I1
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We have recently observed that one of the phosphine ligands of the hexahydride OsHe(P'Pr3)2
undergoes germylation with EtsGeH, through metathesis between Ge—C(sp®) and H-C(sp?) bonds.
The hexahydride complex reacts with the germanium-hydride to initially produce a rare
pentahydride-osmium(VI)-germyl intermediate, OsHs(GeEt3)(P'Pr3)2, which evolves to the o-
germane  derivative  OsHa{k!-P,n>-GeH-['Pr.PCH(Me)CH2GeEt:H]}(P'Pr3)  (1).  The
transformation involves the displacement of one of the substituents of the germyl ligand by a
methyl group of an isopropyl substituent of the phosphine involved (Scheme 2).?® Unlike the
germanium atom of germylenephosphine of II, the germanium atom of this other bidentate (n*-
GeH)-phosphine ligand has the electrons necessary to achieve electronic saturation. In search for
the differences between both systems and trying to delve deeper into the role of acid-assistance
during the CO: release process, we decided to investigate the catalytic performance of the o-

complex 1 in the dehydrogenation of formic acid.



Scheme 2. Formation of Complex 1
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This paper presents a new polyhydride catalyst for the dehydrogenation of formic acid and its
working method, supported by the kinetic analysis of the catalysis, DFT calculations, and
stoichiometric reactions. Furthermore, it demonstrates the relevance of acid assistance; when
intramolecular aid is not possible, it is produced intermolecularly using the substrate itself as an

external source.
RESULTS AND DISCUSSION

Formic Acid Dehydrogenation: Kinetic Study. Complex 1 catalyzes the decomposition of
formic acid to quantitatively produce H> and CO:2 according to eq 1 (Chart 1). During the
dehydrogenation, the only metallic species detected by 3'P{'H} NMR spectroscopy is the catalyst
itself, which is recovered unchanged at the end of the decomposition. The catalytic reactions were
performed in toluene, in a closed reactor under constant volume conditions, between 333 and 373
K, with catalyst and acid concentrations in the ranges 0.53-2.60 x 102 M and 0.26—0.79 M,
respectively. To obtain information on the catalyst performance and regarding the decomposition
mechanism, the kinetics of the catalysis was investigated under pseudo-first-order conditions. The

partial pressure of the generated hydrogen (Py,; atm) was determined according to eq 2, where Py

and P, are respectively the total pressure and the partial pressure of COz.

PH2=PT_PC02 (2)



The initial rates of H2 formation were obtained from the gas evolution experiments using eq 3,
where V' is the reactor volume (L), R is the ideal gas constant, 7 is the temperature of reaction (K)
and Vol is the volume of the solution (L). Table 1 summarizes the values obtained under each
particular experimental condition of temperature and concentration of catalyst and formic acid,
whereas Figure 1a exemplifies the course of the reactions carried out at different concentrations of

catalyst, at 363 K, and an initial concentration of acid ((HCO2H]o) of 0.53 M.

d[Hz] _ (dPHZ) % 3)

dt dt J RTVgg

Table 1. Kinetic Data for the Dehydrogenation of Formic Acid Catalyzed by 1

T [1] [HCO-H]o  d[H2)/dr  k(min™)
K) (10°M) (M)  (10>Mmin?)

363 0.53 0.53 0.20 0.38
363 0.91 0.53 0.38 0.42
363 1.06 0.53 0.44 0.42
363 1.60 0.53 0.73 0.46
363 2.60 0.53 1.14 0.44
363 1.60 0.26 0.72 0.45
363 1.60 0.40 0.72 0.45
363 1.60 0.66 0.73 0.46
363 1.60 0.79 0.71 0.45
333 1.60 0.53 0.03 0.02
343 1.60 0.53 0.11 0.07
353 1.60 0.53 0.31 0.20
373 1.60 0.53 1.66 1.04



3 o6 (1] (10 M)

% 2.60
1.60
1.06
091

053

t (min)

b) c)
1.0 1
-4.5 €097
) =028 -
~ o
I — ) )
T -55 o7 & © ®
z 2
T 0.6 1
5
65 — 05 : . T
55 -5 45 -4 35 0.2 0.4 0.6 0.8
In [1] [HCO,H]o
d) e)
-5 -
€
g
= e 71
& 2
- c
5 S -9
ey
©
. . . -1 . : : :
0 1 2 3 26 27 28 29 30
[] (102 M) 1000/T

Figure 1. a) Plot of Py, vs time at different concentrations of 1 in toluene (T = 363 K, [HCO2H]o
=0.53 M). b) Plot of In(d[H2]/d¢) vs In [1] (T =363 K, [HCO2H]o = 0.53 M). c) Plot of d[Hz2]/d¢ vs
[HCO:2H]o (T =363 K, [1] =1.60x1072 M). d) Plot of d[H2]/dz vs [1] (T =363 K, [HCO2H]o = 0.53
M). e) Eyring plot for the catalytic dehydrogenation of formic acid in toluene ([1] =1.60x1072 M,

[HCO-H]o = 0.53 M).

The rate law for the formation of H2 from the decomposition of formic acid catalyzed by 1 can

be obtained by the general mathematical expression given in eq 4:



d[H
L2l = k[1]%[HCO,H],” @

Both reaction orders were determined at 363 K. The plot of In(d[H2]/d¢) vs In[1] produces a
straight line with a slope of 1.1+0.1 (Figure 1b), for reactions performed with [HCO2H]o = 0.53
M. This supports a first order in the catalyst concentration; @ = 1 in eq 4. Unlike catalyst
concentration, the rate of Hz formation is independent of [HCO2H]o, for a fixed [1]=1.6 x 102 M

(Figure 1c), which reveals that » = 0 in eq 4. Thus, the rate law is:

d[Hz] _
~a = k1] ()

Figure 1d shows the plot of d[H2]/d¢ vs [1], at 363 K, which yields a value for & at this
temperature of 0.44 = 0.04 min"!. The Eyring analysis in the temperature range studied (Figure 1¢)
allows the activation parameters to be calculated: AH* = 23 + 2 kcal mol™! and AS* = -1 + 5 cal

mol™!' K!, which leads to a AG* value of 23 + 3 kcal mol! at 298 K.

The efficiency of a catalyst in a given reaction has traditionally been evaluated on the basis of
the turnover frequency (TOF) value provided by this catalyst. However, it is now clearly
established that only the standard turnover frequency (TOF®) value allows a rigorous evaluation,
to be compared, of the catalytic performance of a particular species in a reaction.?” Unfortunately,
TOF? values are rarely reported. Thus, the experimental value of AG* at 298 K of the reaction in
the presence of the catalyst becomes a more reasonable measure of the efficiency of said catalyst.
The AG* values at 298 K reported for the dehydrogenation of formic acid catalyzed by
homogeneous transition metal systems is in the range of 17-26 kcal mol!.!22¢:242530 The value of
AG* at 298 K obtained for 1 lies in the central part of this range, which indicates that complex 1 is

a catalyst of medium efficiency, similar to that of complex II.



The metal-catalyzed dehydrogenation of formic acid has two stages: formation of H> and
formation of COz. The rate law given in eq 5 and the finding of 1 as the major metallic species
during decomposition suggest that the rate-determining step in this case is the formation of Ha.
Thus, the mechanism of catalysis can be summarized as follows: complex 1 slowly loses a Ha
molecule to produce an unsaturated intermediate, which rapidly extracts hydrogen atoms from the

acid to regenerate 1 releasing COsx.

DFT Calculations about the Mechanism. To gain insight into the intimate details of the
mechanism, we performed DFT (SMD-(toluene)-wB97XD//SDD/cc-pVDZ) calculations on both
stages of the decomposition. The AG values were calculated at 298.15 K and 1 atm. Figure 2 shows
the calculated reaction profile, whereas Scheme 3 compiles the optimized intermediates

contextualizing their roles in the catalysis.

AG
(kcal mol™)

Figure 2. DFT energy profile for the formic acid dehydrogenation catalyzed by 1.
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Scheme 3. Catalytic Cycle for the Formic Acid Dehydrogenation Catalyzed by 1
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The DFT calculations reveal that complex 1 is in equilibrium with the derivatives osmium(VI)-
pentahydride 2t and trihydride-osmium(IV)-(Kubas-type dihydrogen) 3t. These species are
respectively 1.9 kcal mol™ and 8.1 kcal mol™! less stable than 1. The first results from the homolytic
cleavage of the Ge—H coordinated bond. The oxidative addition gives rise to the dodecahedral
structure typical of the eight-coordinate osmium-polyhydride complexes.’! The dodecahedron is
defined by two intersecting orthogonal trapezoidal planes; one of them contains the phosphorus
atoms and two hydride ligands, while the other is formed by the remaining three hydrides and the
germanium atom. The transformation of the hydride ligands located in the P,H,H, P-plane into a
Kubas-type dihydrogen (H-H = 0.936 A) and the simultaneous reduction of the metal center
provides 3t. The release of the coordinated hydrogen molecule leads to the unsaturated
osmium(I'V)-trihydride 4t. Dissociation occurs through the transition state TS3e4¢, which is 25.7
kcal mol! above 1. This value is similar to that obtained for AG* at 298 K, from the Eyring analysis

shown in the Figure 1e. Furthermore, it consistently represents the highest barrier of the profile.
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Intermediate 4t promotes heterolytic activation of the O—H bond of the acid, using one of the
hydride ligands as an internal base. The activation is directed by the other oxygen atom. Thus,
initially the saturated species 5t is formed, which exhibits an electrostatic interaction between the
acidic hydrogen atom of the coordinated formic acid and a neighboring hydride. The interaction is
strongly supported by the separation between the involved atoms of 1.347 A, which is much shorter
than the sum of the Van der Waals radii (rvdw(H) = 1.20 A),?? and the Mulliken and NBO charges
of the hydride (-0.165 and -0.231) and the hydrogen atom of formic acid (+0.280 and +0.485). It
can be qualified as a dihydrogen bond.** The transfer of the proton from the acid to the hydride
generates a Kubas-type dihydrogen ligand (H-H = 0.916 A). The resulting intermediate 6t; has a
k!-O-formate group on its osmium coordination sphere. The hydrogen atom of this group is located
away from the metal center, in the opposite direction to it. Therefore, the formate group must pivot
on the oxygen atom attached to the metal to bring the hydrogen atom closer to the latter. The
process gives rise to 6ta, which is a rotamer of 6t1, 3.9 kcal mol™! less stable. The intermediate 6t»
is a saturated species and therefore a f-hydrogen elimination reaction is not possible to remove the
hydrogen atom from the formate group. Then, the formate-coordinating fragment is forced to slide
toward the hydrogen atom, following the O—C—H path. The sliding allows the release of CO2 and
the regeneration of 1, but the barrier to be overcome, 27.1 kcal mol™! with respect to 1, is higher
than the activation energy corresponding to the elimination of Hz from 1 and that of the catalytic
reaction. Consequently, this pathway is not experimentally consistent, although the barrier could

be in principle energetically accessible.

It has been observed that the rate of formic acid dehydrogenation catalyzed by some transition
metal complexes increases dramatically by adding Lewis acids to the catalytic solution.'®® Given

the participation of the acidic germylene center in the CO2 formation stage of the process catalyzed

12



by II (Scheme 1),>> we reasoned that the acidic OH hydrogen atom of formic acid could also
perform some positive function in this particular case. In fact, we find that an electrostatic
interaction between this atom of a second formic acid molecule and the osmium-bonded oxygen
atom of 6t stabilizes the system up to a value of 0.2 kcal mol! below 1. The formation of the
hydrogen bond in 7t adduct facilitates the sliding of the metal fragment through the O—C—H path,
reducing the barrier for CO2 release to 21.1 kcal mol™!.>* The second formic acid molecule does
not directly participate in the slippage; the binding of its OH hydrogen atom to the osmium-
attached oxygen atom seems to reduce the coordination power of such atom, which opens the door
for the movement of the metal. The new barrier is 4.6 kcal mol! lower than the DFT activation
energy calculated for the hydrogen dissociation from 1, which corresponds to the rate-determining
step of catalysis. Thus, this formic acid-assisted pathway for CO: release is experimentally
consistent. It occurs in two steps through the adduct intermediate 8t. This species is the direct
result from the slippage and, unlike 7t, coordinates the formate group through the hydrogen atom.
Intermediate 8t releases CO2 and the second molecule of formic acid, regenerating 1, in a barrier-

free process that also liberates 7.5 kcal mol! with respect to 1.

Stoichiometric Reactions with Benzoic and Acetic Acids. In the search for evidence on the
existence and nature of the intermediates that live between the steps involving the Hz dissociation
and the COz release, we also analyzed the reactivity of 1 towards carboxylic acids unable of
undergoing the reaction shown in eq 1. The treatment of solutions of 1, in toluene, with 1.1 equiv
of benzoic and acetic acids, at 60 °C, for 24 h produces the release of 2.0 equiv of H2 and the
formation of the osmium(IV)-dihydride derivatives OsH2{x*-O,0-[02CR]} {«*-P,Ge-
['Pr2PCH(Me)CH2GeEt2]} (P'Pr3) (R = Ph (9), Me (10); Scheme 4). These products are consistent

with the formation of the 6t; intermediate and therefore their generation can be rationalized
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through the 4t intermediate. The heterolytic activation of the O—H bond of acids promoted by 4t
would initially lead to derivatives analogous to 6ti; ®6t;. Subsequent displacement of the Kubas-
type dihydrogen ligand by the free oxygen atom of the respective k!-O-carboxylate group should

yield the isolated compounds.

Scheme 4. Preparation of complexes 9 and 10
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Complexes 9 and 10 were isolated as yellow solids in 68 % and 59 % yield, respectively. The
coordination geometry proposed for these species in Scheme 4 was corroborated by X-ray
diffraction analysis on a single crystal of the acetate derivative 10. The structure has two
chemically equivalent but crystallographically independent molecules in the asymmetric unit,
which correspond to the enantiomeric pair of one of the diastereoisomers resulting from the
chirality of both the C(1) atom of the k*-P,Ge-ligand and the metal center. Figure 3 offers a view
of one of these enantiomers. The coordination polyhedron around the osmium atom can ideally be
described as a pentagonal bipyramid with the phosphorus atoms of the phosphine ligands in apical
positions (P(1)—Os(1)-P(2) = 168.30(2)° and 171.44(2)°). The hydride ligands are located at the

base between the chelate carboxylate group and the germanium atom.
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Figure 3. X-ray structure of one of the two independent molecules of 10 in the asymmetric unit
with 50% probability ellipsoids. Hydrogen atoms (except hydrides) are omitted for clarity.
Selected bond lengths (A) and angles (deg) for the X-ray structure: Os(1)-P(1) = 2.3677(5),
2.3480(5), Os(1)—P(2) = 2.3818(5), 2.3709(5), Os(1)—Ge(1) = 2.4122(2), 2.4888(3), Os(1)—O(1)
=2.2910(15), 2.2251(15), Os(1)—-0(2) =2.1701(14), 2.2528(15); P(1)-0Os(1)—P(2) = 168.305(19),
171.439(18), Ge(1)—Os(1)—-P(1) = 82.040(14), 82.204(15), Ge—Os(1)-P(2) = 104.508(14),

102.402(15).

The diastereisomers of 9 and 10 participate in a rapid epimerization equilibrium, in solution, at
room temperature. Thus, the 3'P{'H} NMR spectra of both compounds, in toluene-ds, between
243 K and 298 K show an AB spin system centered around 43 ppm, which clearly becomes two
AB spin systems at 193 K and 183 K, respectively (Figures S8 and S13). The '"H NMR spectra
support such an equilibrium and reveal that the hydride ligands are furthermore involved in a
thermally activated position exchange process. At room temperature, they contain a broad double
doublet due to inequivalent hydride ligands (Timin) = 102—133 ms), at about -16.8 ppm, which

converts to four signals at temperatures below 193 K (Figures S9 and S14). The epimerization
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process probably occurs through five-coordinate unsaturated hydride-osmium(II)-carboxylate
intermediates (A in Scheme 5), which result from a Ge—H reductive elimination. The metal center
of said intermediates oxidatively re-adds the Ge—H bond on the O-Os-H side opposite to that of

the reductive elimination.

Scheme 5. Epimerization of Complexes 9 and 10
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CONCLUDING REMARKS

This study has revealed that complex 1 catalyzes the decomposition of formic acid into H2 and
COz. The kinetic study of catalysis, DFT calculations, and stoichiometric reactions involving 1
and benzoic and acetic acids allow us to make a solid proposal on the mechanism of the
dehydrogenation. Complex 1 releases one molecule of H2 to produce an osmium(I'V)-trihydride
unsaturated intermediate, which promotes a heterolytic activation of the O—H bond of formic acid.
The metal fragment of the resulting saturated osmium(IV)-(x!'-O-formate) derivative slides along
the formate group, following the O—C—H pathway. The displacement is assisted externally by a
formic acid molecule and generates an osmium(IV)-(x'-H-formate) species, which releases CO2
to regenerate 1 and close a cycle. The dissociation of Hz from the latter is the rate-determining step

of catalysis.

Three legs support mechanistic research in catalysis: kinetic analysis, DFT calculations, and

stoichiometric reactions. It should be noted that the comparison of the mechanism deduced on this

16



solid basis for the dehydrogenation of formic acid catalyzed by two related systems, previously II
(Scheme 1)* and now 1 (Scheme 3), shows as a similarity the need to assist the CO2 formation
stage with an acid center. This underlines the importance of acid assistance, which occurs even in
the absence of added Lewis acids. In such a case, it can be provided internally by some ligand of
the catalyst such as germylene of II or externally by a second molecule of formic acid itself, when

the catalyst does not have any acid center as in 1.

Experimental Section

General Information. The reactions were carried out under argon using dried solvents and
Schlenk-tube techniques. Instrumental methods, X-ray information, and DFT computational
details are provided in the Supporting Information. Complex 1 was prepared according to the
published method.?® Chemical shifts are expressed in ppm and coupling constants are given in

Hertz.

Formic Acid Dehydrogenation. The progress of the catalytic reactions was monitored using a
reactor fitted out with a pressured transducer (Man on the Moon series X103 Kkit;

https://manonthemoontech.com/x104-gas-evolution). The total volume of the reactor was 18.8

mL. Under an argon atmosphere, a solution of 1 in 1 mL of toluene was added into the reactor,
which was closed and placed in an oil bath at the desired temperature. Once the pressure was
stabilized, the reactor was tared. After that, the formic acid was added with a syringe through a
septum cap. This moment was taken as the initial time of the catalysis. The reaction was followed
by registering the total pressure as a function of time. Pressures were calculated according to the
ideal gas law. Since we deal with the evolution of two moles of gas (H2 and CO:) per mol of

HCOOH, the total pressure is divided by two and applied to calculate the rate of H> formation.
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Preparation of OsH,{x>-0,0-|0,CPh]}{x*-P,Ge-[Pr,PCH(Me)CH,GeEt]}(P'Pr3) (9). A
mixture of 1 (62.5 mg, 0.097 mmol) and benzoic acid (13.0 mg, 0.11 mmol) in toluene (4 mL) was
stirred in a screw cap Schlenk-tube at 60 °C for 24 h. After cooling the resulting suspension, the
solvent was evaporated until ca. 2 mL. A yellow solid was obtained by decantation, which was
washed with MeOH at -78 °C (3 x 2 mL), and dried in vacuo. Yield: 50 mg (68%). Anal. Calcd.
for C29HssGeO20sP2: C, 45.62; H, 7.66. Found: C, 45.58; H, 7.76. HRMS (electrospray, m/z):
caled. for C2oHssGeO20sP2 [M]*: 766.2733; found 766.2700. IR (cm™): v(Os-H) 2154 (w),
v(OCO) 1523 (s), 1498 (s). 'H NMR (300.13 MHz, CsDs, 298K): & 8.17-8.10 (m, 2H, Ph),
7.14-7.04 (m, 3H, Ph), 2.30—2.14 (4H, 3 PCH P'Pr3 + PCH P'Pr2), 2.10-1.96 (m, 1H, PCH P'Pr2),
1.83—1.66 (m, 1H, PCH P'Pr2), 1.49—-1.17 (38H, 10H GeEt2 + 18H PCCH; P'Pr3 + 9H PCCH; P'Pr»
+ 1H PCHCH:Ge), 1.08 (dd, *Jup = 12.8, *Jun = 6.9, 3H, PCCH3 P'Pr2), 1.00 (dd, *Jup = 11.1,
3Jun = 7.0, 3H, PCCH;3 P'Pr2), 0.88 (ddd, 2Juu = *Jun = 12.8, *Jup = 4.7, 1H, PCCH2Ge), -16.70
(br dd, 2Jup = 11.90, 2H, Os-H). *'P{'H} NMR (121.50 MHz, CeDs, 298 K): § 43.5 (AB spin
system, Av = 3289 Hz, Ja- = 266.5 Hz). *C{'H}-apt NMR (75 MHz, CsDs, 298 K): & 177.2 (s,
COOPh), 135.8 (s, Cq Ph), 131.7, 128.3, 128.2 (all s, Ph), 32.3 (d, Jcp = 26.3, PCH P'Pr2), 27.5
(dd, Jcp =22.5, 3.7, PCHCH:Ge), 27.2 (dd, Jcp = 20.3, 1.5, PCH P'Pr3), 24.5 (dd, Jcp = 21.0, 2.5,
PCH P'Pr2), 23.9 (dd, Jcp = 21.8, 1.0, PCH P'Pr2), 20.1 (PCCH3 P'Pr3 + 1 PCCH3 P'Pr2), 19.6 (d,
2Jcp =2.3, PCCHs P'Pr2), 19.3 (d, 2Jcp = 2.3, PCCH3 P'Pr2), 18.6 (d, 2Jcp = 3, PCCH3 P'Pr2), 18.5
(d, 2Jcp = 3, 2 PCCH3 P'Pr2), 11.5 (s, GeCH2CH3), 11.0, 10.9 (both s, GeCH2CH3), 10.2 (s,
GeCH2CH3). '"H NMR (400 MHz, toluene-ds, 243 K, high-field region): § -16.40 (br, 1H, OsH>),
-16.80 (br, 1H, OsH2). T (min) (ms, OsH2, 400 MHz, toluene-ds, 243 K): 126 + 12 (-16.40 ppm),

133 + 13 (-16.80 ppm).
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Preparation of OsH:{x*-0,0-[0,CMe|}{x*-P,Ge-[Pr,PCH(Me)CH,GeEt;]}(P'Pr3) (10). A
mixture of 1 (125 mg, 0.194 mmol) and acetic acid (12.2 puL, 0.21 mmol) in toluene (4 mL) was
stirred in a screw cap Schlenk-tube at 60 °C for 24 h. The solvent was evaporated under vacuum
and addition of MeOH at -78 °C to the resulting yellow oil caused the precipitation of a yellow
solid, which was washed with MeOH at -78 °C (3 x 2 mL), and dried in vacuo. Yellow single
crystals suitable for XRD analysis were grown by slow diffusion of pentane into a solution of 10
in toluene at -30 °C. Yield: 80 mg (59%). Anal. Calcd. for C24Hs6GeO20sP2: C, 41.09; H, 8.05.
Found: C, 40.89; H, 7.80. HRMS (electrospray, m/z): calcd. for C24HssGeO20sP2 [M]": 704.2579;
found 704.2557. IR (cm™): v(Os-H) 2187, 2148 (w), v(OCO) 1541, 1456 (s). 'H NMR (300.13
MHz, CsDs, 298 K): & 2.32-2.16 (4H, 3 PCH P'Pr3 + PCH P'Pr2), 2.12-2.00 (m, 1H, PCH P'Pr»),
1.79-1.67 (m, 1H, PCH P'Pr2), 1.65 (s, 3H, COOMe), 1.51-1.14 (38H, 10H GeEt> + 18H PCCH3
P'Pr3 + 9H PCCH;3 P'Pr2 + 1H PCHCH:Ge), 1.11 (dd, *Jup = 12.5, 3Jun = 7.0, 3H, PCCH3 P'Pry),
1.07 (dd, *Jup = 10.7, 3Juu = 7.0, 3H, PCCH3 P'Pr2), 0.80 (ddd, 2Jun = *Juu = 12.8, *Jup = 4.6,
1H, PCCH>Ge), -16.90 (br dd, 2Jup = 11.4, 2H, Os-H). *'P{'"H} NMR (121.50 MHz, CsDs, 298
K): § 43.4 (AB spin system, Av = 3263 Hz, Jas = 269.7 Hz). *C{'H}-apt NMR (75 MHz, CsDs,
298 K): & 182.4 (s, COOMe), 32.0 (d, 'Jcp = 27.3, PCH P'Pr2), 27.5 (dd, Jcp = 224, 3.6,
PCHCH:Ge), 27.4 (dd, Jcp = 20.4, 1.6, PCH P'Pr3), 26.2 (s, COOMe), 24.7, 23.8 (both d, 'Jcp =
21.4, PCH P'Pr2), 20.2 (s, PCCH3 P'Pr2), 20.0, 20.0 (both s, PCCH3 P'Pr3), 19.5 (d, 2Jcp = 2.8,
PCCH3 P'Pr2), 19.1 (d, ZJcp = 1.5, PCCH3 P'Pr2), 18.6 (m, 2 PCCH3 P'Pr2), 11.3 (s, GeCH2CH3),
10.9, 10.8 (both s, GeCH2CH3), 9.8 (s, GeCH2CH3). 'H NMR (400 MHz, toluene-ds, 253 K, high-

field region): 6 -16.60 (br, 1H, OsHz), -17.10 (br, 1H, OsHz2). T min) (ms, OsHz2, 400 MHz, toluene-

dg): 106 + 10 (233 K, -16.60 ppm), 102 + 10 (243 K, -17.10 ppm).
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