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Summary

The reaction of molecular hydrogen with HOs,(CO),,(NO) leading to the reduc-
tion of the nitrosyl ligand has been studied. Four products have been isolated and a
reasonable mass balance of osmium has been obtained. Two of the products,
H,O0s;(NH)(CO)y and the unusual hydrogen-rich cluster H,Os;(NH)(CO), are
new, and spectroscopic data for their formulations and proposed structures are
presented. The other two products, HOs,(NH,)(CO),, and H,Os,(CO),,, have
been previously characterized. A new route to HOs,(NH, }(CO),, starting from the
triazenido cluster, HOs,(HN;H)(CO),y, has also been studied. Interconversions
between the imido and amido clusters were investigated.

Introduction

There is much interest in using metal clusters to effect the stoichiometric and
catalytic reduction of molecules that contain multiple bonds. In particular, the
reduction of species containing triple bonds such as carbon monoxide [1], alkynes
[2], isocyanides [3], and recently, nitric oxide [4], has been the focus of attention.
Two recent reports have discussed the use of molecular hydrogen to reduce the
bridging nitrosyl ligand in HRu ;(CO),,(NO) producing new clusters containing NH
and NH, ligands [5,6].

We report here the reaction of HOs;(CO),o(NO) with H, which leads to the
reduction of the nitrosyl ligand and to the formation of an unusual hydrogen-rich
species.

Experimental

HOs,(C0O),,(NO), [7] H,0s,(CO)4, [8] and HN, [9] were prepared according to
published procedures. Benzene, heptane, octane, and hexane were dried by distilla-
tion from sodium metal under nitrogen. The hydrogen and carbon monoxide used in
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this study were of chemically pure grade. Infrared spectra were recorded on a
Mattson Cygnus 25 FTIR spectrometer equipped with a HgCdTe detector or a
Beckman 4250 spectrophotometer. NMR spectra were obtained using a Nicolet NFT
300 MHz spectrometer. Table 1 contains a list of the clusters characterized in this
study along with the spectral data of closely related compounds that have been
characterized by single-crystal X-ray crystallography. The fast atom bombardment
mass spectrum was obtained at the Midwest Center for Mass Spectrometry at the
University of Nebraska.

Reduction of HOs;(CO),,(NO)

A solution of HOs;(CO),3(NO) (101.7 mg, 0.115 mmol) in 20 ml of heptane was
placed in a glass liner which was then sealed inside a rocking autoclave. The entire
system was pressurized with N, and vented. This process was repeated several times
with N, and then repeated four times with H,. At this point the H, pressure was
increased to 2000 p.s.i. while rocking and heating of the autoclave was initiated. The
temperature, 140°C, was monitored with a thermocouple inserted in the autoclave
and controlled with a proportional temperature controller. The reaction temperature
of 140°C was maintained for 2 h, after which time the autoclave was cooled and,
finally, depressurized. The cloudy, yellow reaction solution was filtered to remove
the pale yellow solid identified as H,Os,(CO),, [10] (24.3 mg, 0.022 mmol, 26%
yield). The clear yellow filtrate was chromatographed on silica gel using hexane as
the eluent. Four yellow bands eluted from the column. The first band contained
unreacted HOs;(CO),,(NO) (3.1 mg, 0.0035 mmol).

The second band to elute contained the new imido cluster, H,Os;(NH)(CO),.
The solvent was removed to yield pale yellow crystals in 10% yield (9.7 mg, 0.012
mmol). The electron impact mass spectrum exhibited a parent ion at 839 dalton
(**20s) which was followed by the loss of 8 carbonyls. Anal. Found: C, 12.89; H,
0.40; N, 1.61. H,0s5(NH)(CO)q calcd.: C, 12.87; H, 0.36; N, 1.67%.

The third yellow band was found to be HOs,(NH, X CO),, [11] (25.9 mg, 0.030
mmol, 26% yield). Anal. Found: C, 13.99; H, 0.40; N, 1.59. HOs,(NH,)(CO),,
caled.: C, 13.82; H, 0.35; N, 1.61%.

The last band to elute contained another new imido cluster, H,Os;(NH)(CO)s.
This imido cluster was isolated in 30% yield (28.2 mg, 0.035 mmol) as a yellow-orange
powder after the removal of the hexane. Routine electron impact mass spectrometry
was of no value in the characterization of this cluster. However, fast atom bombard-
ment mass spectrometry (FABS/MS) revealed an intense parent ion at 813 dalton
(" 0s). Anal. Found: C, 12.61; H, 0.72; N, 1.69. H,Os,(NH)(CO); calcd.: C, 11.80;
H, 0.61; N, 1.72%.

General procedure for monitoring high pressure reactions by HPLC and / or infrared
spectroscopy

The apparatus used in this study to monitor high pressure reactions has been
described elsewhere [12]. Briefly, the desired reaction solution and a stir bar were
placed in a glass liner which was then inserted into a 71 ml Parr autoclave equipped
with a specially designed 0.01 inch 1.D. diptube for removing small volumes (- 0.2
ml) of liquid. The autoclave was maintained at constant pressure, agitated with a
magnetic stirrer, and heated to the desired reaction temperature with an aluminum
block containing heating rods controlled by a proportional temperature controller.
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Reduction of HOs ,(CO);,(NO) monitored by HPLC

HOs,(CO),,(NO) (60.0 mg. 0.068 mmol) dissolved in heptane (20 ml) was placed
in a glass liner equipped with a stir bar. The liner was inserted into the autoclave
described above. which was then filled with 400 p.s.i. N. and vented. This procedure
was repeated four times with N5, followed by four times with H.. At this point. the
autoclave was pressurized to 2000 p.s.i. H..

Strring and heating of the small reaction autoclave was initiated. When the
temperature reached 1227C. a small aliquot of reaction solution was removed.
injected onto a HPLC equipped with a p-Porasil colummn. and also examined by
infrared spectroscopy. The temperature was increased to 140°C and the reaction was
monitored in the above fashion for a further 245 min. Typical chromatograms are
shown in Fig. 1. The peaks with retention times of (.88 and 1.00 min are due to
impurities in the solvent. Inttrally, there is a small peak at 1.20 min which disappears
with time and which we have not been able to identify.

Reaction of HOs (NH(CO), with H,

H,O0s;(NH}CO), (9.1 mg. 0.011 mmol) dissolved in heptane (5 mi) was placed in
a glass liner equipped with a stir bar. The glass liner was inserted into the Parr
autoclave and the system was filled with N, and vented. This procedure was
repeated several times with N,. and then several times with H,. At this point. the
autoclave was pressurized to 2000 p.s.t. H, and mixing and heating was initiated.
The reaction was allowed to run at 140°C for 2 h and then heating was terminated.
When the bomb had cooled. it was depressurized and the clear yellow solution was
chromatographed vielding two bands. The first band contained unreacted
H,0s;(NH)CO), (5.9 me. 0.007 mmol) in 65% yield. The second band contained
H,Os:(NH)YCO), (1.8 mg. 0.002 mmol) in 18% vield.

Reaction of HOs (NH, jiCOy,;, with H,

HOs(NH, }CO),, (7.4 mg, 0.009 mmol), dissolved in heptane (5 ml). was
subjected to the same reaction conditions as described above for H,Os(NH)(CO),
with H,. After the autoclave was cooled and depressurized, the cloudy vellow
reaction solution was filtered to vield a verv small amount (<= 1.0 mg) of
H,0s,(C0O);,, identified by infrared spectroscopy. and a clear vellow filtrate. The
filtrate was chromatographed and only one band eluted from the column. It
contained unreacted HOs ((NH,}CO),, (5.1 mg. 0.006 mmol) in 61% vield.

Reaction of H,Os ;(NH)(CO}, with CO

H,0s,(NHY}CO), (10.0 mg, 0.012 mmol) was placed in a glass liner with a stir
bar and heptane (15 ml). The liner was placed inside the 71 ml Parr autoclave. The
system was flushed with CO and pressurized to 300 p.s.i. The autoclave was agitated
with a magnetic stirrer and heated to 140°C. Over a 23 h period small aliquots of
reaction solution were removed and examined by infrared spectroscopy. The in-
frared absorptions due to H,0s;(NH)CO), completely disappeared as the new
absorptions due to HOs (NH.)}CO),, appeared. Absorptions at 2030 and 2000
cm” ' possibly indicated the presence of a small amount of Os(CO).. The reaction
was continued for an additional 7 h, but no further changes were observed. After
cooling and depressurizing, the clear vellow solution was chromutographed vielding
one band which contained HOs,(NH, ¥ CO),,.
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Fig. 1. HPLC chromatograms of the reaction of HOs4(CQ},4(NO) with molecular hydrogen in heptane.
The HPLC eluent is hexane/CH,Cl,, 9/1. Retention times are given in minutes: H,05,(CO),,, 1.1;
HOs4(C0O),(NO), 1.4; H,0s3;(NHYCO)y, 2.2; HOs;(NH, Y CO)q, 3.5; H,O0s3;(NH)(CO)g, 10.5 min.

Reaction of H,Os;(NH)(CO); with CO

H,Os;(NH)(CO); (13.3 mg, 0.016 mmol), dissolved in heptane (5 ml), was placed
in a glass liner equipped with a stir bar. The glass liner was inserted into the Parr
autoclave, flushed four times with N, and then four times with CO, and finally
pressurized to 800 p.s.i. CO. The system was agitated by a magnetic stirrer and
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heated to 140°C for 0.5 h. After the autoclave had cooled. it was depressurized and
the pale yellow solution was chromatographed yielding three bands. The first band
contained H,O0s;(NHYCO), (5.5 mg, 0.007 mmol) in 40% vield. The second band to
elute contained a trace amount (< 0.5 mg) of HOs,(NH,¥CO),,. The last band
contained unreacted H,Os,(NH)CO), (4.0 mg, 0.005 mmaol).

Preparation of HOs (HN,H){CO),,

H,0s,(CO); (63.1 mg. 0.074 mmol) was dissolved in 10 ml of deoxvgenated
benzene. A 10 ml deoxygenated benzene solution containing excess HN, was added.
and the mixture was rapidly stirred. The purple solution turned yellow. indicating
that immediate reaction had occurred. The benzene solution was extracted live times
with 20 mi 5% HC1 solution to remove excess HN;. The solution was dried with
MgSQO,. after which the benzene was removed using a rotary evaporator. The
resulting yellow oil was dissolved in hexane and chromatographed giving two veliow
bands. The first band formed an unidentified vellow oil after removal of the solvent.
The second band contained HOs;(HN,H)XCO),, (36.1 mg. 0.040 mmol} correspond-
ing to a 55% yield. The electron impact mass spectrum indicated a parent ion at 893
dalton, which was followed by a loss of 9 carbonyl ligands. Anal. Found: C, 13.93:
H. 0.58: N, 4.15. HOs(HNH}XCO),, caled.: C, 1341; H, (.34: N, 4.69%.

Conversion of HOs ;(HN, H)(CO),, to HOs (NH,){COJ,,

HOs;(HN;HYCO)y, (34.2 mg, 0.038 mmol) was dissolved in 30 ml hexane and
was refluxed for 24 h under N.. The cloudy vellow-orange solution was filtered and
chromatographed yielding two vellow bands. The [irst to elute was HOs (NH,)-
(CO),, (10.7 mg, 0.012 mmol) obtained in 33% yield and the second band contained
unreacted HOs ,(HN;HYCO),,, (10.8 mg, 0.012 mmol).

Attempred thermal conversion of HOs (NH,)(CO),, to H,Os {NH)(CO),

HOs;(NH, }CO),, (17.5 mg. 0.020 mmol) was degassed in a Schlenk tube
equipped with a condenser. Octane (8 ml) was added and the bright vellow solution
was heated to reflux for 24 h. During this time the infrared absorptions for the
carbonyls in HOs(NH, }CO),, slowly decreased. but no new carbonyl absorptions
appeared. The bright yellow solution gradually turned brown and became cloudy.
After 24 h at reflux, the solution was filtered to vield a hexane. Et.0. and THF
insoluble brown precipitate and a trace amount of starting material. The nitrogen
containing product was not identified.

Results and discussion

The reduction of HOs,(CO),,(NO) with molecular hydrogen produces two new
species and two previously characterized compounds. During the course of this
study, an alternate method of preparing one of these characterized compounds,
HOs;(NH, )} CO),,. from a new triazenido cluster, HOs,(HN,H)}CO),,. was also
investigated. The first section of this discussion will focus on the characterization of
the three new species while the last section will concentrate on the reduction itself
and on some of the reactivity of the compounds synthesized during this investiga-
tion.
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H,Os;(NH)(CO)g
This unusual cluster is produced in the highest yield (30%) in the reduction of
HOs;(NO)CO),,. The formulation was based on the FABS/MS, which exhibited
an intense parent ion at 8§13 dalton, elemental analysis, and spectroscopic compari-
son to the structurally characterized cluster H,Os;(NCH,CFE; )} CO); [13], (I). We
were unable to obtain X-ray quality crystals and, in fact, the cluster was always
1solated as a powder.
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The proposed structure of H,Os;(NH)(CO); is based on I, and is shown in 1I
with each of the hydrogen atoms labelled. Figure 2 shows the '"H NMR spectrum in

the hydride region of H,Os,(NH)CO); along with the assignments corresponding
to II. Carbonyl metal clusters containing both terminal and bridging hydrides are
uncommon. In the known examples, such as H,0s,(CO),;, the terminal hydride
resonance appears at —10.24 ppm, which is several ppm down field from the
bridging hydride at —19.97 ppm [14]. The 'H NMR spectrum of II exhibits a low
field hydride resonance at —12.74 ppm which is separated from the group of three
other resonances. This signal is assigned to the terminal hydride H(a). The assign-
ment of the remaining resonances in the spectrum to the various hydrogens was
possible using selective decoupling experiments. Since the resonance at —16.46 ppm

H(c) H(d)

H(a) ., H{b}

“"""\ry by NI 1‘

T T T
-130 -14 0 -15.0 -16.0 -17 0 -18.0 -18.0 -200 &(ppm)

Fig. 2. "TH NMR of the hydride region of H,Os;(NH)CO)s.
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exhibits an 11.04 Hz coupling constant, this peak is assigned to H(b) which is rrans
to H(a). H(a) is also coupled to H{c) (—18.47 ppm) with a characteristic {13] ¢y
coupling constant of 3.18 Hz. While H(b} is coupled to H{(d) { - 20.40 ppm. 2.82 Hz).
the analogous J(H{(b)-H(c)) 15 very small (<1 Hz). probably because Hia} is
exerting a trans labilizing influence on H(b) and weakening the H(b)-Os interac-
tion. The coupling between H(c) and H(d) is 2.85 Hz which s similar to
J(H(b)~-H(d)).

The infrared spectrum of this unusual hydrogen-rich species is also interesting. In
the carbonyl region. there is an intense absorption at high energy (2101 ¢ ') an
intense absorption at low energy (1962 ¢m ). and a number of intense peaks
centered around 2030 ¢m ' The high energy peak may be attributed to the
relatively high formal oxidation states (+2) of the metals in this trinuclear cluster
containing more hydrides than metals. Without isotopic labelling it is not possible o
determine whether anv of the absorptions are due 1o a »(M- H) vibration,

H.Os _(NH}TO),

This species was obtained in low vield (10%) from the reaction of
HOs;(CO),,(NO) with molecular H,. Higher yields (up to 14%) were obtained if the
reaction time was decreased to 1.25 h. The formulation of this species was based on
electron impact mass spectrometry. elemental analysis. and spectroscopic compari-
son to structurally characterized H,Os.(NCH;XCO), [16] and H-Os.(NPh)CO),
[17]. The similarities of the infrared spectrum exhibited by this new imido species
and the previously characterized imido species leads to the proposed structure, HI
for H,Os(NH}CQO),.

(I
HOs (HN,H)(CO),,

This cluster containing the p,-1,3-triazenido ligand was praduced immediately
upon addition of excess HN; to H,0s,(C0O),,. Electron impact mass spectrometry,
elemental analysis, and spectroscopic comparison to the closely related structurally
characterized analog HOs ,(HN,Ph)(CO),,. [17] is the basis for the formulation and
proposed structure, IV, for HOs,(HN,H)XCO),,,.

H
SN
\l H\N ! \ /
*“—Os\]_«wmms/
! / \\
e H
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HOs;(CO),,(NO) + H,

The reduction of HOs,(CO),,(NO) with molecular hydrogen proceeded similarly
to the reported reduction of HRu,(CO),,(NO) with H,. However, a few notable
differences between these two reactions are worth mentioning. First, the temperature
of the reaction for HOs,(CQ),,(NO) had to be raised to 140°C (compared to 75°C)
to obtain rates similar to HRu;(CO),,(NO). Second, the only precipitate that forms
in the osmium reactions is H,Os,(CO),,, while in the ruthenium reaction a
carbonyl-containing species insoluble in hexane and soluble in THF forms along
with H,Ru 4(CO),,. And finally, only in the reduction of HOs;(CO),,(NO) does an
unusual hydrogen-rich species form. Equation 1 shows the products formed in this
reaction. Within the limitations normally found working with small samples, a
reasonable mass balance of osmium is obtained.

140°C
HOs,(CO),o(NO) + H, — HOs,(NH, )(CO),, + H,0s;(NH)(CO), +

H,0s,(NH)(CO)s + H,05,(CO),, (1)

When this reaction was monitored by HPLC and infrared spectroscopy, some
knowledge on the sequence of product formation and the disappearance of starting
material was gained. The concentration of HOs;(CO),,(NO) decreased steadily and
only trace amounts remained after 245 min at 149°C. H,Os;(NH)(CO), was the first
product to be detected and its concentration increased during the first 80 min of
reaction, remained approximately the same for the next 75 min, and then, slowly
began to decrease. HOs,(NH, }(CO),, was detected shortly after H,Os;(NH)CO)s,,
and the concentration of this species, as well as H,Os,(CO),,, increased steadily
throughout the reaction. The HPLC peaks for H,Os,(CO),, were not reflective of
the true concentration due to the low solubility of this species in heptane. However,
the aliquots removed initially were clear and grew progressively more cloudy as the
reaction proceeded. The precipitate was H,Os,(CO),,. A very broad peak corre-
sponding to H,Os,;(NH)(CO), was observed 10 min after the HOs,(NH,)(CO),,
was first detected. The tetrahydrido cluster continued to form as long as some
HOs,(C0O),,(NO) or H,0s;(NH)(CO), remained.

Interconversion of the products under CO or H,

Three products, H,0s;(NH}XCO),, H,Os,(NH)(CO);s, and HOs;(NH, )}(CO),,,
have empirical formulae which differ only by 1 molecule of H, and 1 or 2 molecules
of CO. Interconversions between these products during the reduction are the most
likely means for forming HOs,(NH,)(CO),, and H,Os;(NH)(CO);. When a pure
sample of H,Os,(NH)(CO), was reacted with 2000 p.s.i. H, at 140°C for 2 h, partial
conversion to H,Os;(NH)(CO), occurred, eq. 2.

H,0s,(NH)(CO), + H, = H,0s,(NH)(CO); + CO (2)

The reverse reaction in eq. 2 was partially attained when the tetrahydrido imido
species was subjected to 800 p.s.i. CO at 140°C for 0.5 h. Since H,Os;(NH)(CO),
reacts with CO (300 p.s.i.) in 23 h to completely convert to HOs;(NH, }(CO),,, trace
amounts of the amido species were also isolated in the reverse of eq. 2. Attempted
conversion of HOs;(NH,)(CO),, to either of the imido species by reaction with
2000 p.s.i. H, at 140°C for 2 h, led only to partial conversion to H,0s5,(CO),. A
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summary of the observed interconversions is shown in eq. 3.

O cO
H,Os,(NH)(CO); = H,0s (NH)(CO), = HOs.(NH,){CO), (3)
H.

The amido species, HOs (NH, }(CO),,,. can also be synthesized by refluxing the
new 1.3-triazenido cluster. HOs,(HN;H)CO)y,. 1n hexane. eq. 4,

A
HOs,(HN,H)(CO),,> HOs,(NH, )(CO},, (4)

Presumably. loss of 1 mol of N, accompanies the reaction, although we have not
determined this experimentally. In their work on closely related triazine clusters.
Burgess et al. found that HOs (HN;R)(CO),, (R = Ph, Me. cyclo-C H,,. CH.Ph)
converted to the corresponding imido species H.Os (NRYCO), in refluxing DME.
None of the amido species HOs (HNRYCOy,, was formed [17]. One possible
pathway for this conversion is initial formation of an amido cluster followed by
further reaction to give the umido cluster. This conversion has heen observed for the
osmium analogues by Kuaesz and coworkers who reported that the pyrolvsis of
HOs,(HNCH, }CO),, produces H,O0s;(NCH}CO), {18]. An attempt to convert
HOs,(NH, XCO),, to H,Os (NHY}CO), by heating in refluxing octane for 24 h led
only to the production of a hexane, Et,0, and THF msoluble precipitate with no
formation of the imido cluster being observed. 1t appears that the chemistry for
pua-NR and p,-HNR containing clusters differs if R is a hvdrogen or an organic
moiety. This feature has also been observed in the analogous ruthenium clusters.

The cleavage of organoimido and organoamido ligands from carbonyl clusters has
been reported to give the corresponding amine [19]. While the refease of ammonia
would appear to be reasonable, we currently have not positivelyv identified it as an
eventual reaction product in the reduction of HOs,.(COy,((NOY with H.
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