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Abstract 

The dianion [Os,(CO),,]‘~ h as b een prepared by stoichiometric reduction of Os,(CO),, with potassium-benzophenone ketyl. 

Infrared and ‘aC NMR spectra (- 120°C) of [OS,(CO),,]~- reveal the presence of a bridging carbonyl. Monoprotonation of 

[OS,(CO),,]~~ with HCI gives [HOs,(CO),,]~ in high yield. Reactions of [Os,(CO),,12- with Os,(CO),, in 3 : 1 and 1: 1 molar 

ratios followed by protonation steps give mixtures of clusters: H,Os,(COl,,, H,Os,(CO),,, HzOs,(CO),,,, H20ss(CO),,, and 

H,Os,(CO),,. The structure of [Et,N][HOs,(CO),,] was determined from a single crystal X-ray analysis. The anion structure 

consists of an OS, triangle. One OS atom is bound to four terminal carbonyls. while the other two osmiums are each bound to three 

terminal carbonyls andmare bridged by aOCO unit and apparently the H atom. Crystal data for [Et,N][HOs,(CO),,]: space group 
P2,/c, a = 12.439(2) A, h = 11.819(9) A, c = 17.629(4) A, p = 97.34(l)“, I’= 2570.4 A’,“, Z = 4, mol wt = 1009.6, Pcalcd = 2.61 g 

cm-s, F = 148.69 cm- ’ for Mo Ku radiation. R,= 0.041, R,, =0.063 for 3558 independent reflections with I >3cr(I). 
H,Os,(CO),, was prepared by the reaction of K,[Os,(CO),,] with OsfCO),, generated in situ by the reduction of a CO, with 

M,[Os(CO),] (M = Na or KJ, followed by protonation. The structure of HzOs,(CO),, was determined from a single crystal X-ray 

analysis. Its molecular structure is similar to that of H,Ru,(CO),a. It consists of a tetrahedral core of OS atoms. There are two 

semi-bridging carbonyls and two terminal carbonyls bound to the apical OS atom while the three basal OS atoms are each bound to 

two terminal carbonyls. These basal OS atoms are bridged by two single p-H atoms. Crystal data for IIzOs,(CO),,: space group 

Pi, a = 9.129(4) A, b = 26.551(6) A, c = 9.025(5), CY = 91.95(4)“, p = 112.27(4)“, y = X1.76(3)“, V= 2003.1 A’, Z = 4, mol wt = 1126.8, 

pcdlcd = 3.74 g cm-j, p = 53.9X cm-’ for MO Ku radiation. R, = 0.044, R,, = 0.062 based upon 7077 independent reflections with 

I r 3n(I). 

1. Introduction 

An earlier study from this laboratory showed that 
[Ru,(CO),,]~- will undergo redox reactions with 
Ru,(CO),, to give higher nuclearity anions with the 
products determined by the stoichiometric ratios of 
reactants [l]. The following reactions were observed. 
Potassium salts of the [Ru,(CO),,]*~ and [Ru,- 
(CO),,12~ ions were isolated in over 80% yields. 

3[Ru,(CO),,]‘~+ Ru,(CO),,+ 

~[Ru,(CO)~~]~-+ 6C0 (1) 

[Ru,(CO),,]*- + Ru,(C0),2 + 

[Ru,(CO),,]*-+ 5CO (2) 

Correspondence to: Professor S.G. Shore. 

0022-328X/93/$6.00 

It was of interest to determine if the related dianion 
[Os,(CO),,]*-, which was reported in a preliminary 
communication [2], would undergo parallel specific 
syntheses of higher nuclearity osmium clusters. Re- 
ported here are details of the synthesis of [OS,- 
(CO>,,]*-, its reactions with Os,(CO),,, and the struc- 
tures of [Et,N][HOs,(CO),,l and H,Os,(CO),,. 

2. Experimental details 

2.1. General 

All manipulations were carried out on a standard 
high vacuum line or in a glovebox. Solvents used were 
dried and degassed according to standard methods [3]. 
Benzophenone (J.T. Baker), OS&CO),, (Strem Chemi- 
cal Co.) and carbon monoxide, 99% 13C enriched 
(Monsanto Research Corp.) were used as received. 
HCI and CO, (Matheson Scientific Products) were 
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purified by fractionation through successive U-traps at 
- 111°C and - 126”C, and stored at - 78°C’. KJOs- 
(CO),] [ila] or NaZIOs(CO),] [4b] were prepared by 
previously reported methods. Os(COIi wa:, generated 
in site by the reduction of CO, with [Os(COJ,]’ in a 
reaction similar to that described by Maher and (looper 
[!?I. 

Infrared spectra were recorded on a Perkin-Elmer 
457 grating spectrometer. Proton KMR spectra 
(G(TMS) = 0.00 ppm) wcrc rccordcd on Hrukcr WM- 
200 and Bruker AM-500 spectromctcrs. Carbon-13 
NMR spectra (G(TMS) = 0.00 ppm) were recorded on 
a Bruker AM-500 spectrometer. Elcmcntal analyses 
were performed by SchLvarzkopf Microanal) t ical Labo- 
ratories, Woodside. NY. 

X-Ray diffraction data were collected with an En- 
raf-Nonius CAD4 diffractometer. Crystallographic 
computations wcrc carried out on a PDP 1 I /44 com- 
puter using the Structure Determination Package (sdp) 
[6*]. Table 1 gives crystallographic data for [Et,N]- 
[HOsJCO), ,] and H .Os,(CO),,. Data were corrected 
for Lorentz and polarization effects. The intensities 
were also corrected for absorption by applying an cm- 
pirical method based on the crystal orientation and 
measured psi scans. 

y Refclrnce number with asterisk indicates a note in the li\t of 

refrrrnccs. 

The structure was solved 11~ a combination of the 
direct method ~LIIII.I.-\N I I, SL and the difference Fourier 
technique, and was refined by full-matrix least squares. 
Analytical atomic scattering factors wcrc used through- 
out the structure ret’incmcnt with both the real and 
imaginary components of the anomalous dixpersion 
included. Final positicxlai and isotropic thermal param- 
eters for the atoms arc given in Table\ 2 and .3. 

In a controlled atmosphcrc box. K (35.X mg. 1.17 
mmol), benzophenone (2 I:! mg. 1, 16 mmol), and 
Os,(CO),, (506 mg, 0.558 mmol) wt‘rc placed in a 250 
ml flask which contained a Teflon-coated magnetic 
stirhar. The bulb was then attached to a vacuum line 
extractor and the apparatus placed on the vacuum line. 
ecacuated and i0 mi of dr\r THI; \\a~ condensed into 
ths flask ;rt 78’(‘. The cc>ntcnts of the vcsscl wcrc’ 
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TABLE 3. Positional parameters and e.s.d.s for H,Os,(CO),, TABLE 3 (continued) 

Atom x Y * B,” (‘G) a 

OS11 0.06447(7) 
OS12 0.31941(7) 
OS13 0.39229(6) 
OS14 0.2811(l) 
OS21 - 0.42912(6) 
OS22 - 0.18408(6) 
0~23 -0.10010(6) 
0~24 - 0.19280(9) 
0111 -0.171(2) 
0112 0.030(l) 
0113 - 0.167(2) 
0121 0.884(l) 
0122 0.231(2) 
0123 0.620(2) 
0131 0.48Of2) 
0132 0.334(2) 
0133 0.734(2) 
0141 0.107(2) 
0142 0.450(2) 
0143 0.036(2) 
0144 0.5920) 
0211 -0.669(l) 
0212 -0.547(l) 
0213 -0.658(l) 
0221 - 0.390(2) 
0222 - 0.277(2) 
0223 0.116(l) 
0231 - 0.044(2) 
0232 - 0.153(2) 
0233 0.249(l) 
0241 - 0.345(2) 
0242 - 0.060(2) 
0243 -0.410(l) 
0244 0.121(l) 
Cl11 - 0.084(2) 
Cl12 0.009(2) 
Cl13 - 0.082(2) 
Cl21 0.192(2) 
Cl22 0.261(2) 
Cl23 1.008(2) 
Cl31 0.447(2) 
Cl32 0.352(2) 
Cl33 0.608(2) 
Cl41 0.172(2) 
Cl42 0.388(2) 
Cl43 0.104(2) 
Cl44 0.471(2) 
c211 - 0.582(2) 
c212 - 0.497(2) 
C213 - 0.583(2) 
c221 - 0.315(2) 
c222 - 0.242(2) 
C223 O.OOO(2) 
C231 - 0.058(2) 
C232 - 0.127(2) 
C233 0.122(2) 
C241 - 0.295(2) 
C242 - 0.103(2) 

_ 

0.12622(3) 
0.04961(2) 
0.14310(2) 
0.14294(4) 
0.38136(2) 
0.31120(2) 
0.38043(2) 
0.41516(3) 
0.0937(6) 
0.4380(6) 
0.2159(7) 
0.991 l(5) 
0.0258(5) 
0.9772(6) 
0.1375(7) 
0.2588(6) 
0.1424(8) 
0.1251(7) 
0.2288(7) 
0.2355(6) 
0.0804(6) 
0.3810(5) 
0.2905(5) 
0.4548(5) 
0.3028(6) 
0.2181(5) 
0.2462(5) 
0.3303(5) 
0.4902(5) 
0.3809(6) 
0.4241(5) 
0.5154(5) 
0.5007(4) 
0.3645(5) 
0.1052(7) 
0.0810(7) 
0.1819(7) 
0.2336(6) 
0.003ot7) 
1.0047(7) 
0.1375(7) 
0.2156(6) 
0.1413(8) 
0.1311(8) 
0.1978(8) 
0.1955(7) 
0.0960(7) 
0.3810(6) 
0.3236(7) 
0.4304(7) 
0.3070(7) 
0.2524(6) 
0.2725(6) 
0.3468(6) 
0.4484(7) 
0.3806(7) 
0.4219(5) 
0.4779(6) 

0.2071(7) 
0.21965(7) 
0.40389(6) 
0.0694(l) 

- 0.32220(6) 
- 0.36289(6) 
- 0.09133(6) 
- 0.40850(9) 
-0.108(Z) 
- 0.405(l) 

0.247(2) 
0.099(l) 
0.406(l) 
0.254(2) 
0.765(l) 
0.393(2) 
0.437(2) 

-0.289(l) 
0.034(2) 
0.045(2) 
0.086(Z) 

-0.664(l) 
- 0.229(2) 
-0.222(Z) 
- 0.717(2) 
- 0.271(2) 
- 0.376(2) 

0.225(l) 
0.021(2) 

- 0.030(2) 
-0.778(l) 
- 0.3600) 
-0.321(l) 
-0.418(l) 

0.01 l(2) 
0.333(2) 
0.234(2) 
0.021(2) 
0.339(2) 
0.243(2) 
0.635(2) 
0.396(2) 
0.424(2) 

- 0.159(2) 
0.045(2) 
0.070(2) 
0.092(2) 

- 0.536(2) 
- 0.264(2) 
- 0.269(2) 
- 0.582(2) 
-0.310(3) 
- 0.372(2) 

0.109(2) 
- 0.023(2) 
- 0.052(2) 
- 0.636(2) 
- 0.369(2) 

2.34(l) 
2.03(l) 
2.01(l) 
2.27(2) 
3.10(l) 
2.91(l) 
2.77(l) 
2.89(2) 
4.6(4) 
5.0(3) 
6.9(5) 
3.6(3) 
4.2(3) 

5.0(4) 
5.0(4) 
6.2(5) 
5.9(4) 
5.2(4) 
9.0(4) 
5.1(4) 
4.6(3) 
5.3(3) 
6.2(3) 
7.1(3) 
7.2(4) 

7.5(5) 
6.9(4) 
5.2(3) 
6.3(4) 
6.4(4) 
5.8(4) 
8.7(5) 
4.3(2) 
5.2(3) 
3.0(4) 
3.4(4) 
3.3(4) 
2.6(3) 
2.7(3) 
3.2(4) 
3.2(4) 
3.2(4) 
3.6(4) 
3.4(4) 
4.3(4) 
2.9(4) 
2.8(3) 
3.4(3) 
4.3(4) 
5.2(4) 
4.3(4) 
6.5(6) 
4.8(4) 
3.6(3) 
4.7(4) 
4.3(4) 
3.7(3) 
5.5(5) 

Atom x Y * Beq ck, a 

C243 - 0.363(2) 0.4612(5) - 0.352(2) 3.7(3) 
C244 - 0.004(2) 0.3762(7) - 0.409(2) 4.0(3) 
Hll 0.18(3) 0.15(l) 0.42(3) 2.75 
H12 0.46(3) 0.070) 0.44(3) 2.75 
H21 - 0.32(3) 0.39(l) - 0.08(3) 2.75 
H22 - 0.05(3) 0.31(l) - 0.13(3) 2.75 

a Anisotropically refined atoms are given in the form of the isotropic 
thermal parameter defined as: (4/3)[a2B,,, + bZB2,, + c’B,,, + 

abBl.2 cos y + acB,,, cos /3 + bcB,,, CDS al. 

stirred at room temperature for 3 h. During this time 
the potassium was consumed, a clear orange solution 
formed and CO gas was produced. THF was pumped 
away at room temperature. Me,0 (approx. 2 ml) was 
distilled into the flask along with 10 ml of dry CH,Cl, 
at - 196°C. This mixture was warmed to room temper- 
ature and stirred for about 1 h. The Me,0 was pumped 
away at - 78°C causing the product to precipitate as a 
yellow-orange powder, which was filtered, washed with 
several portions of fresh CH,Cl,, and dried under 
vacuum. A yield of 467 mg (0.488 mmol, 87.5%) of 
K,[Os,(CO),,] was isolated. IR spectrum of K,[Os,- 
(CO),,] v(COl (THF): 2040m, 1970s 195Ovs, 1890m,sh, 
1665vw, 1625m cm-‘. Anal. Found: K, 8.02; C, 13.60; 
OS, 59.27. K,[Os,(CO),,] calcd.: K, 8.17; C, 13.80; OS, 
59.62%. 13C-enriched K,[Os,(COl,,] was obtained by 
equilibration with 13C0 (1 atm) over a period of 15 h. 
13C NMR spectrum (THF-d,/Me,O, - 120°C): 6 185.7, 
202.7, 282.0 ppm. The Na salt of [Os3(CO),,12- is 
synthesized in a similar manner. The PPN salt of 
[Os3(CO),,]*- as well as other complex cation salts are 
generated by a room temperature metathesis reaction 
of the alkali metal cluster with a suitable salt in 

THF/CH,Cl,. IR spectrum of [PPNl,[Os3(CO), , I 
v(C0) (THF): 2061w,sh, 2046w,sh, 2024s 2006m,sh, 
1994~s 198Ovs, 1958s 1953vs,sh, 1884w,sh, 1693m 
cm-‘. 

2.3. [HOs,(CO),,] - 

A flask containing K,[Os,(CO),,l (150 mg, 0.157 
mmol) and THF was attached to an extractor. The 
solution was frozen at - 196°C and HCl (0.173 mmol) 
was condensed onto it, With continuous stirring, the 
reaction mixture was slowly warmed to room tempera- 
ture and stirred for 1 h. The mixture was filtered 
leaving KC1 on the frit. THF was removed from the 
filtrate and CH,Cl, was distilled onto it. The brown 
precipitate of KCHOs,(CO),,l was stirred, filtered, 
washed with CH,Cl, and dried under vacuum. IR and 



‘H NMR spectra of the isolated K[HOs-<(C’(I),,] (129 
mg, 0.141 mmol, 899 yield) are in agrecmctlt with the 
previously reported spectra [7] for the anikln. IR spec- 
trum v(C0) (‘I‘HF): 2OXOw. 202Os, 1990s. 1W Is. 17Oh. 
1660~ cm ’ ‘H NMR spectrum ( I‘HF-tl,, 75X‘): C” 
- 13.x ppm. 

A 5(1-ml reaction flask was loaded with K[HOs.:- 
(CO),,] (II0 mg. 0.100 mmol) and [Et,N]Br (21.0 mg, 
0. I00 mmol) and a ‘l’cflon-coated stirbar and thsn 
connected to a vacuum lint extractor in ;I controlled 
atmosphere box. This unit was transferred to the vac- 
uum line and cvacuatcd. THt; and (‘H ,(‘I _ (5 ml each) 
were condensed into the flask at ~~ I%“<‘. The flask 
was warmed to room temperature and \t irred for I h 
during which time a white precipitate l’ormecl. The 
mixed solvent was pumped away at I-oom tcmperaturc 
and fresh CH ,c’l, (5 ml) was distilled into the reaction 
vessel at -- IGh’(‘. The system was then warmed to 
room tcmpcrature in order to di\sol\c the [Et ,N]- 
[HOs,(CO), ,] and the resulting solution was filtered 
and KCI rcmaincd on the filter frit. The flask contain- 
ing the filtrate was transferred under NT to another 
extractor. Addition of Et .O caused precipitation c~f 
[Et,N](~-lOs,(C‘O), ,]. The &turc wax filtcrcd. washed 
with fresh Et ,O and dried under \‘acuum at room 
temperature overnight. ~Et,N][HOs~(~‘O~, ,I was iso- 
lated in 00.9 mg, 0.1F)O mmol. OOc; (hascd on [Et,N]Rr) 
yield. IR spectrum r>(U)) (‘I‘HF): ~OHOU. 7030s. lYY&, 
lc)SOs, 1703w. 1680~ cm !, ‘H NMR spectrum 
(C’D,Cl,, 25°C): ri 3.30 (q. SH): 1.77 (t. 113fi): 1i.b (s. 
1H)ppm. ‘I‘he spectra of the anion ag~c‘i: \~cll with 
earlier data for the PPN salt [7]. (‘lystal\; were grown 
by slowly condensing Et >O into a C‘H -(‘11 solution of 
the salt at room tcmpcratun:. 

A 3 : I molar ratio mixture of K3[Osi((_‘O), ,] (05.4 
mg. O.OY97 mmol) and 0s3(CO),, (28.0 mg. 0.0319 
mmol) was allowed to react in THF at 55Y for ;! days. 
The system was cooled to -- lo6°c and HCI (0.0007 
mmol) was condensed into the reaction vcs~l which 
was then warmed to room temperature and \tirrcd for 
2 h. Products were extracted with CH .c’l _ ? followed 121 
separation using ‘I‘LX’ t 1 : 3 C’H .Cl Jhcxanc) and ide~ 
tification by comparison with the rcportcd [X-l l] IR 
and ‘H NMR spectra. H.Os,(CO),,, Ii.7 rttg, 0.0014 
mmol. 1% yield), H,Os,(60),, (1 .7 mg. (1.0015 mmol. 
35 yield), H 20s,(CO),j (14.6 mg. 0.0130 mmol. 13%). 

A 1 : I molar ratio mixture of K~[OS,(CO)~,] (214.2 
mg. 0.2138 mmoi) and Os,,(CO),, (103.‘I mg. O.Z% 
mmol) gave t_[ ,Os ,(C’O),,, ( 17. i mg. 0.01?11 mmol, 35 

ild II\ ,c’trctiorl\ ,,,,lI 0, :I( (Ii, 

yield). H,Os,((‘O),, (11.3 mg. 0.0194 mmol. 69 yield). 
H .OS ,(COj,.; (X.6 mg, O.(l?5l mmol, 7.5’:; yield). and 
;i rniuturc of H -OsG((‘Oi!,, and I-I ,os :CC’O),,, (73 mg). 
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Us-THF, -110°C): 6 165.6, 167.5, 168.5, 170.9, 172.7, 
184.2 ppm. 

2.7. Deprotonation of H20s4(CO),3 
Reaction of H,OS,(CO),~ (75 mg, 0.066 mmol) and 

PPNCI (38 mg, 0.066 mmol) in THF resulted in a color 
change from orange to pink-red. After stirring the 
reaction mixture at room temperature for 30 min, 
hexane was added to precipitate [PPN][HOs,(CO),,] 
which was filtered and washed with additional hexane 
(82 mg, 0.049 mmol, 75% yield). The IR spectrum 
v(CO) (THF): 2069w, 2029s, 2014vs, 2003s, 1972m, 
1937w, 1850w,br cm-‘. ‘H NMR spectrum (CDCI,, 
25°C): 6 - 19.1 ppm. These values are in good agree- 
ment with those in the literature [13]. 

3. Results and discussion 

3.1. [Os,(CO),,12 ~ and /HOs,(CO),,/ - 
From the following reduction reaction, (3), K,[Os,- 

(CO),,] was isolated as a bright yellow-orange powder: 

2K[C,H,COC,H,] + Os,(CO),, + 

K, [Os,(CO) I 11 + 2C,HsCOC,Hs (3) 

It is sensitive to air and moisture but can be stored 
indefinitely in an inert atmosphere or in a vacuum. It is 
soluble in ethers, such as THF or glyme, and insoluble 
in CH,Cl, and alkanes. K2[0s,(CO),,] can be con- 
verted to the [PPN]+, [Ph,P]+ and [Ph,As]+ salts by 
the reaction with [PPNIX, [Ph,PlX and [Ph,As]X (X 
= halide), respectively, in THF/CH,Cl,. 

Salts of the [HOs,(CO),,]- anion were obtained 
(ca. 90% yields) according to reactions (4) and (5). 

K,[Os,(CO),,] + HCl + K[HOs,(CO),,] + KC1 (4) 

K[HOs,(CO),,] + [ER,]X --+ 

[ER,l[HOs,(CO),,] + KX (5) 

[ER,]X = [NEt,]Br, [PPN]Cl 

The complex cation salts of [HOs,(CO),,]- appear to 
be significantly more air stable than the alkali metal 
salts. Procedures reported earlier for the preparation 
of this anion involve reaction of NaBH, with Os,(CO),, 
[14] in refluxing THF and reaction of alcoholic KOH 
with OS&CO),, [7], with yields between 55 and 70%. 

X-Ray crystal structure [HOs,(CO),,] ~ and the pro- 
posed structure of [Os,(CO~,, J2 ~ 

From a single crystal X-ray analysis, the molecular 
structure of [Et,N][HOs,(CO),,] was determined. The 
molecular configuration of the [HOs,(CO),,l- anion is 
shown in Fig. 1. Selected bond distances and bond 
angles are listed in Tables 4 and 5, respectively. 

Fig. I. Molecular structure of [Et,N][HOs&CO),,] showing 50% 

probability thermal ellipsoids. 

The structure consists of discrete [HOs,(CO),,]- 
anions and [Et,N]+ cations. The anion structure is 
consistent with that proposed 171 in solution based 
upon NMR data, and is also structurally close to 
[HFe,(CO),,l~ [151 and [HRu,(C0),,1~ [161. It con- 
sists of an OS, isosceles triangle with four terminal 
carbonyls bound to OS(~) while OS(~) and OS(~) are 
linked to three terminal carbonyls and one bridging 
carbonyl. The hydrogen atom was not located. Its NMR 
chemical shift (- 13.8 ppm) is consistent with that 

TABLE 4. Selected bond distances (A) and e.s.d.s for [Et,NI[HOs,- 

(CO),,] 

A. Metal-metal distances 

OS(l)-Os(2) 2.X13(2) 

OSQ-Os(3) 2.856(2) 

B. Metal -carbon distances 

OS(l)-cc1 I) 1.88(l) 

OS(l)-C(12) 1.8X(2) 

OS(l)-C(13) 1.92(2) 
OS(~)-C(23) 2.09(l) 

Os(3)-C(31) 1.910) 

Os(3)-C(33) 1.90(l) 

C. Carbon-oxygen distances 

C(ll)-O(11) 1.12(l) 

C(12)-O(12) 1.13(l) 

C(13)-O(13) 1.12(2) 

C(24)-O(24) 1.1X(2) 

(X32)-0(32) 1.16(2) 

C(34)-O(34) 1.10(l) 

D. Cationic bond distances 

N(l)-C(l) 1.537(6) 

N(l)-C(2) 1.496(7) 

N(l)-C(3) 1.5 16(8) 

N(l)-C(4) 1.542(8) 

OS(l)-Os(3) 

os(2)-c(21) 

osu-C(22) 

OS(~)-C(23) 

OS(~)-C(24) 

OS(~)-C(32) 

Os(3)-C(34) 

C(21)-O(21) 

C(22)-O(22) 

(X23)-0(23) 

C(31)-O(31) 

C(33)-O(33) 

C(l)-C(5) 

C(2)-C(6) 
C(3)-C(7) 

(.X4)-C(8) 

2X60(3) 

1.84(l) 

1.94(l) 

2.07(l) 

1.84(2) 

1.83(l) 

1.8X(l) 

1.13(2) 

1.11(2) 

1.18(2) 

1.08(l) 

1.16(l) 

1.49X7) 

1.532(6) 

I .600(5) 

1.503(4) 



of the bridging H atom (~ 12.8 pprn) [ 161 in 
[HRu,(CO),,] . This hydrogen is assigned a bridging 
position between Os( 1) and OS(?) based upon the close 
correspondence of C-metal-metal and C--metal-C an- 
gles involving OS(I) and OS(?) with the angles for the 
equivalent cluster fragments [16] in [HRu,(CO),,] 
(0s(1)-0s(‘)-C(?3) = 11X.5(5)“, 0s(3)-0s(1~--c(13) 7: 
119.1(S)” and Rut1 )-Ku(Z)-C = l17..‘;(1Y. Ku(Z)- 
Ru( 1 J-4’ = 1 19.X(3)“). The distance Os!l )-OS(~) 
(2.8133) A, is comparahlc to Ru(l)-Ku(Z) (7.X15(1) .A) 
for [HRuJCO),,] ‘The metal-metal distances for the 
unbridged osmiums are comparablc to thoxc found in 
Os3(CO),, (2.X66(3) A ax) [17). They al-c C'LI. o.o:! A 

longer than the unbridged Ku-Ku distances in 

[HRu 3(CO), ,] The ten termina! carbonyls of 

[HOs,(CO), , I show normal 
gles ranging from 1.08( 1 ) to 
1. X0( 1 Y. 

bond distances and an- 
l.lX(2) ,: ;rnd 170(1~ to 

The infrared spectrum of K[HC>s,(C‘O),,] in THF 
contains a band at 1659 cm ’ that can only be assigned 
to the cdgc-bridging carbon?;1 that is ohscrvcd in the 
X-ray structure of the anion. Due to contact ion-pair- 

ing of K ’ with the bridging carhonyl. this band occurs 
at a significantly lower freyucnc) than is obscrvcd, 
1705 cn- ’ (TMFJ. uhcn [PPti :I’ is ttic countcrion and 
solvent scparatcd icjrl-pairing predominates [IX]. Sim- 
lar diffcrencc~ in the frcqucncy of the edge-bridging 
carbonyl as ;I function of ion-pairing ;ibility of thr: 
countcrion ;irii obsc1ycd in salts cjt‘ [HRu,JCO),,) 
([PPN][HRu JC’O), ,]. 1713 cm ! i’l’l~il-1 / IV]: K[HRu :- 
(CO), ,]. 1680 (‘1~1 ! U-HI;) [701). 

(‘ontact ion-pairing al\o affects the infrared spcc- 
trutn of [OS :((‘O!, , 1’ t’i hnd that is assigned to an 
edge-bridging carbony is shifted from IN3 cm ’ 
(‘ITIF) for [PPN]l[OsJ03!, ] to ih2.S cm ’ (THF) for 

K,[Os JCO), ,I. 
The “C‘ NMR spectrum of K3[Os JC‘O),,] in THF- 

(lx/’ Me,0 cc,nsists of 2 single signal at 19h.i ppm from 
room temper:iturc down to about --- 30°C‘. At -- 100°C’ 

the xpcctrum consists of :t sharp signal at 1X5.7 ppm 
and satellite signals at 1~)i.O and 14X.0 ppm. At -- 120°C 
the “C NMR spectrum t>f K,[Os~(CO~,,] consists of 
three signals. Tht:rc i\ ;I tmati signal a~ 1X7.0 ppm (IC) 
which is assigned to 2 bridging carbonyl. ;I sharp signai 
:iL 303.7 ppm (ZC). and ;I broadcncd signal at 185.7 
ppm (XC). u hich arc assigned to tcrminai cxbonyls. 

The rcscni;ii-ice at 7S2.0 ppm i\ cc)nsistent with an 

edge-bridging c;rrhon\~i. 1s.g. 773 ppm for [PPN][HCk ?- 

(CO),,] [71 and 2-2 pp1~1 h K[HRu ,((‘O~,i] [I]. The 
possibility that [Os JCO_h ,I.’ hns ;I Cilppillg cat-l-ronyl 

1211 as in [FcJC‘O),,] has hecn considcrcd. In 
[Fc ,(c’O), ,I’ the carbony is asymnictrically situated. 
being significantI\ closer (1.85(Z) Al 10 cmc iron than 
the othc>r two (L!l(l) ;\). In \,icw c>f the decrcascd 
proclivity ot’ ;I carbony t<> bridge metals procccdinp 
down the iron !,ubgroup [?2]. we beiie\e that if capping 
occurs at all it is highIs asymmetric. Note that while 
[Fe,(C‘O)J 113L ;I fact capping carbonyl [??I. 
[Ku ,(CO),3]’ dots not [Z-t]. Figure 7 depicts the pro- 
posed struc‘turt: of [OS,(CO),~]‘ and the known struc- 
turc of jFe,(CO),i I’ 1211. 

Unlike the stoichiomctric reactions [l] of [Ru;- 
(CO),,]’ with Ru,(CC)),z which give [Ku&CO),,]‘ 
and [Ku,,(CW,,] . the ractions of [Os,(CO),,]’ uith 
OS JCO!,, give mixtures of osmium clusters. With ;I 
3 : 1 niolar ratio ot‘ [Os3((‘O), ;I’ to Os;(CO),,. 

l-im~,(co~,,i (1“; ). I-f ,chj(m~i~ Cd“;,), I-l,os,(co~,; 



J.A. Krause et al. / [Os,(CO),,]’ and its reactwns with Os,(CO),, 

Fig. 2. Proposed structure of [Os,(CO)t,12~ 

(25%) and H,Os,(CO),, (15%) are obtained. A 1: 1 
molar ratio of [Os,(CO),,l*- to Os,(CO),,, gives 
the mixture H,Os,(CO),, (3%), H,Os,(CO),, (6%), 

H ,Os,(CO),, (7.5%), H,Os&CO),, (1.5%) and 
H,Os,(CO),, (20%). 

3.4. H2 OS, (CO),, 

From the reaction of K,[Os,(CO),,l with Os(CO),, 
H,O,(CO),, was obtained in 62% yield. This is a 
significant improvement from earlier pyrolysis [7] or 
alcoholic base [8] reactions and is a good alternative to 
the most recently reported syntheses employing the 
reaction of Os,(CO),JCH,CN), with H,Os(CO), [ill 
or Na,Os(CO), [lo]. 

The molecular structure of H,Os,(CO),, is shown 
in Fig. 3. Selected bond distances and bond angles are 

Fig. 3. Molecular structure of H,Os,(CO),, showing 50% probability 
thermal ellipsoids. 
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TABLE 6. Selected bond distances (A) and e.s.d.s for H20s,(CO),, 

Molecule 1 Molecule 2 

A. Metal-metal distances 

OS(l)-Os(2) 2.836(l) 

Os( 1 I-Os(3) 2.936(l) 
OS(l)-Os(4) 2.796(l) 
OS(~)-OS(~) 2.954(l) 
OS(~)-OS(~) 2.780(l) 
OSU-Os(4) 2.795(l) 

B. Metal-carbon distances 

OS(l)-C(11) 1.91(l) 
OS(l)-C(12) 1.94(l) 
OS(l)-C(13) 1.920(9) 
OS(l)-C(43) 2.40(l) 
OSU-C(21) 1.90(l) 
OSQ-C(22) 1.920(9) 
OS(~)-C(23) 1.90(l) 
OS(~)-C(44) 2.56(l) 
OSG-C(31) 1.958(9) 
OS(~)-C(32) 1.906(9) 
OSG-C(33) 1.963(9) 
Os(4)-C(41) 1.95(l) 
OS(~)-C(42) 1.92(l) 
Os(4)-C(43) 1.98(l) 
Os(4)-C(44) 1.93(l) 

C. Carbon -oxygen distances 

C(ll)-O(11) 1.13(2) 
C(12)-O(12) 1.09(2) 
C(13)-O(13) 1.14(3) 
(x21)-O(21) 1.13(2) 
C(22)-O(22) 1.12(3) 
C(23)-O(23) 1.14(2) 
C(31)-O(31) 1.09(2) 
(X32)-O(32) 1.14(3) 
C(33)-O(33) 1.1 l(2) 
C(41)-O(41) 1.12(3) 
C(42)-O(42) 1.09(2) 
C(43)-O(43) 1.14(3) 
(x44)-O(44) 1.14(Z) 

D. Metal-hydride distances 

OS(~)-H(1) 1.9(l) 
OS(Z)-H(2) 2.0(l) 
0$3)-H(l) 2.0(l) 
Os(3)-H(2) 2.00) 

2.828(l) 
2.936(l) 
2.818(l) 
2.936(l) 
2.792(l) 
2.806(l) 

1.91(l) 
1.89(l) 
1.97(l) 
2.335(9) 
1.89(l) 
1.85(l) 
1.87(l) 
2.69(l) 
1.922(9) 
1.90(l) 
1.92(l) 
1.91(l) 
1.93(l) 
2.05(l) 
1.88(l) 

1.13(Z) 
1.15(3) 
1.06(2) 
1.16(3) 
1.12(2) 
1.19(2) 
1.10(3) 
1.19(2) 
1.10(3) 
1.18(2) 
1.11(3) 
1.14(2) 
1.16(2) 

2.1(l) 
2.0(l) 
2.0(l) 
1.9(l) 

collected in Tables 6 and 7. The cluster H,Os,(CO),, 
is found to be isostructural with H,Ru,(CO),, [251, 
H,FeRu,(CO),, [261, H,FeOs,(CO),, 1271, and H,Ru- 

Os,(CO),, [28-301. 
The unbridged OS(~)-OS(~) bond lengths of 2.836(l) 

and 2.828(l) A are comparable to those observed in 
H,FeOs,(CO),, [271 and H,RuOs,(CO),, [28-301 and 
other neutral OS, tetrahedral clusters 1311. The hydro- 
gen-bridged OS-OS distances ranging from 2.936(l) to 
2.954(l) A for OS(~)-OS(~) and OS(~)--OS(~) are longer 
than the distance for OS(~)-OS(~) ranging from 2.828(l) 
to 2.836(l) A. These distances are comparable to those 
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Fig. 4. t3C NMR spectra of H,Os,(COl,,. 

Deprotonation of H,Os,(CO),, with NaH in THF 
resulted in the formation of a mixture of anions. To 
overcome this problem, deprotonation reactions were 
carried out using [PPNICI, which has been shown [34] 
to be successful in deprotonating H,Ru,(CO),,. A 
75% yield of [PPN][HOs,(CO),,] was obtained within a 

few minutes. 
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