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Abstract 

The complex (p-H),0s3Re(C0)i2 crystallizes in the centrosymrnetric hexagonal 
space group P6,/m (C,‘,; No. 176) with a 19.087(5), c 10.963(l) A, V 3459(3) A3, 
and Z = 6. Diffraction data were collected on a Syntex P2, automated four-circle 
diffractometer (MO-K, radiation, 28 = 4.5-45.0 o ) and the structure was refined to 
R, = 7.9% for all 1480 unique reflections (RF = 5.4% for those 1007 data with 
1 F. 1 > 6a( 1 F, I)). The molecule contains a tetrahedral core of metal atoms each 

associated with three terminal carbonyl ligands. It is bisected by a crystallographic 
mirror plane. Although the hydride ligands were not located, a consideration of 
metal-metal distances allows the distinction between osmium and rhenium atoms 
and suggests that the structure is subject to a subtle form of two-fold disorder. 

Introduction 

We have previously reported the results of single-crystal X-ray diffraction studies 
on the “spiked” osmium-rhenium clusters (p-H)zOs3Re,(CO),, [6,7] and (p- 
H)Os,Re(CO),,(NCMe) [8,9]. These have the planar core geometry shown in 1 and 
2, respectively. 

* For previous parts, see ref. 1-5. 
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It has been shown [8] that treatment of (y-H)C)s,Re(CO),i(NCMe) in acetonitrile 
with H, and trimethylamine ,Y-oxide dihydrate leads to (II-I-I)~OS,R~(CC)),, in 
good yield (> 70%). This complex has been characterized by mass sprctromctry. 
infra-red spectroscopy and ‘H NMR and a very brief report of the <rystal htructure 
(at an intermediate stage of refinement) has appeared [8]. WC now report the details 
of the crystal structure of (,rr-H),Os,Re(CO),, and of our treatment ;)!’ a rather 
subtle disorder problem. 

Metal carbonyl clusters show a penchant for disorder. particularly when the 
exterior polyhedron defined by the oxygen atoms of the oarhonyl group possesses 

higher symmetry (usually augmented by an inversion center) than the interior metal 
atom cluster. This occurs particularly for triangular and tetrahedral metal cluster 

derivatives, e.g. Fe,(C~O),,~(~-CO)z [l&72]. c‘o,((‘O),(il-CO); ]lO.l-? 141. 
Rh,(CO),(p-CO), [13.15], Ir,(CO),, [16] and OS~(CO),,,J~L-(.~‘O)(~~-(‘H,) ]I?]; the 
trigonal-bipyramidal cluster Ri, Fe,(CO), [1X] exhibits a relutcd form of disorder. 
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A more subtle and insidious form of disorder is possible when the isolated 
molecule has low symmetry but is only slightly (but necessarily) distorted from a 
point group of higher symmetry. All or most of the atoms of the molecule overlap 
upon performing an “approximately-allowed” symmetry operation, but the resulting 
composite molecular image exhibits unexpected (and inexplicable) features. An 
excellent example of this is (p-H),Os,(CO),(p.,-vi-CCO), a molecule with precise C, 
symmetry which is only slightly perturbed from an arrangement of C,, symmetry. 
An X-ray structural study of this cluster reveals two crystallographically unrelated 
environments (hereafter termed ‘A’ and ‘B’) for molecules in the unit cell; the 
apparent OS-OS bond lengths in the two independent molecules are not mutually 
consistent. Molecules on site A lie on a mirror plane coincident with the molecular 
mirror plane and have the expected OS-OS distances. Molecules on site B have a 
different pattern of apparent OS-OS distances which can be explained only if we 
assume that site B represents the composite of two molecular orientations related by 
a pseudo-C,’ and pseudo-C,2 operation relative to the crystallographic mirror plane 
(see Scheme 1). The present study reveals that the observed solid-state structure of 
(p-H),Os,Re(CO),, can best be explained by invoking a similar scrambling of 
M-M and M-(H)-M bonds. 

Species with a H,M, core (e.g. (p-H),Ru,(CO),, [20] and its derivatives [20-221, 
(p-H),Os,(CO),, [38] and its derivatives [23], and (pj-H),Re,(CO),, [24]) are well 
known. Metal clusters with five or more bridging hydride ligands are rather rare, 

examples being [(p-H),Re,(CO),,‘- I WW, W06Cu6PPW6 VI and (P- 
H),Cu,[P(p-tolyl),], [28]. The present (p-H),0s,Re(C0),2 molecule represents a 
further example of this structural type. 

Experimental 

Collection of X-ray diffraction data 

The crystal chosen for the diffraction study was a very small rectangular 

parallelepiped with approximate dimensions 0.05 x 0.08 x 0.14 mm3. It was sealed 
into a thin-walled glass capillary under an inert atmosphere (Ar), was mounted into 
a eucentric goniometer and was aligned and centered (with its extended direction 
parallel with the instrument’s G-axis) on a Syntex P2, automated four-circle 
diffractometer. All subsequent set-up operations (i.e., determination of the crystal’s 
unit cell dimensions and orientation matrix) and data collection (MO-K, radiation, 
coupled B(crystal)-28(counter) scan technique) were performed as described previ- 
ously [29]. Details appear in Table 1. 

The observed diffraction symmetry (C6,,, 6/m) indicated that the crystal be- 
longed to the hexagonal crystal system. The observed systematic absences (001 for 
I = 2n + 1) are consistent with either the non-centrosymmetric hexagonal space 
group P6, (C,“; No. 173) or the centrosymmetric space group P6,/m (Chh2; No. 

176) [30]. The crystallographic asymmetric unit would be one entire molecule in 
space group P6, or one-half of the molecule (i.e., crystallographically-required 
C,(m) symmetry) in space group P6,/m. We elected to collect two forms of data 
(hkl and hk7) because of the possibility that the crystal belonged to the polar space 
group P6,. All data were corrected for Lorentz and polarization factors and for the 
effects of absorption (via interpolation in + and 20 between a set of q-scans of 
close-to-axial reflections). Absorption was not a serious problem since a very small 



crystal was used (vide supra). The variations in transmission factors for the +~cans 
were as follows: Tm,,,/Tn,,lx == 0.867 for 034 (20 = 16.6” ), O.Y3Y for OOh (20 =: 22.4” ). 
0.911 for 117 (20 = 26.5 O) and 0.936 for 008 (28 = 30.0” ). 

Data were reduced to unscaled / F;, / values. any reflection with I(net) G 0 being 
expunged from the file. Inten,sity statistics now strongly suggested that the structure 
was centric (see Table 2). This was confirmed later by the ,successful solution of the 
structure in space group P~,/IR. The 3364 hhl and izkT data were merged to a 
unique set of 1619 reflections. Only those 1480 data with /(net) > i.1 L\W-c u~d in the 
refinement process. (Averaging statistics v+zre R( I ) == 3.ijhr; mkf R ,,, ( I) z-- 3.91cI,: for 
1443 pairs of reflections.) 
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Solution and refinement of the structure 

All calculations were performed on a Syntex XTL system using the SUNY-Buf- 
falo version of the XTL interrogative crystallographic program package. The ana- 

lytical form of the scattering factors for neutral atoms was corrected for both the 
real and imaginary components of anomalous dispersion [31]. The function mini- 
mized during least-squares refinement was Cw( ( F0 1 - 1 F, 1 )2 where w = 
[{ a( 1 F, 1)}2 + (0.015 1 F, I}“]-‘. Discrepancy indices used below are defined as 
follows: 

R,(%)=lOOCIlF,I-IF,II/CIF,I 

RwF(%) = lOO[Cw( 1 Fb I - IF, I)‘/Cw I F, I 2]1’2 

GOF=[LV(IF,I-IF~,)~/(NR-NV)]~‘~ 

In the last equation, NR is the number of reflections and NV is the number of 
variables. 

The structure was solved by use of a Patterson map. Subsequent difference-Four- 
ier syntheses revealed the locations of all non-hydrogen atoms. The hydride ligands 
were not located directly. Full-matrix least-squares refinement converged with 
R, = 1.9%, R,, = 7.0% and GOF = 1.79 for all 1480 reflections (RF = 5.4% and 

Table 3 

Final atomic parameters for (p-H)sOs,Re(CO),, 

(A) Positional and isotropic thermal parameters 

Atom x Y z B (R) 

OS(l) 
042) 
Re(4) 
C(11) 
W1) 
cw 
w-3 
C(l3) 
W3) 
C(21) 
(x21) 
C(22) 
O(22) 
C(41) 
O(41) 
Ct42) 
~42) 

0.27975(S) 
0.40423(11) 
0.24082(11) 
0.3488(20) 
0.3875(14) 
0.3213(21) 
0.3450(14) 
0.1898(29) 
0.1344(21) 
0.4705(24) 
0.5177(23) 
0.4606(18) 
0.4940(14) 
0.1267(31) 
0.0596(22) 
0.2526(19) 
0.259q14) 

0.32905(8) 
0.45785(11) 
0.44303(11) 
0.2851(20) 
0.2528(15) 
0.3957(22) 
0.4415(15) 
0.2455(29) 
0.1969(22) 
0.4107(25) 
0.3899(22) 
0.5324(18) 
0.5746(14) 
0.3965(29) 
0.3662(20) 
0.515q21) 
0.56Oq14) 

0.11480(12) 

l/4 
l/4 
0.0965(32) 
0.0906(23) 

- 0.0219(35) 
- 0.1048(25) 

0.0344(46) 
-0.0156(34) 

l/4 
l/4 
0.1293(30) 
0.0482(24) 

l/4 
l/4 
0.1263(32) 
0.0485(23) 

3.9(7) 
5.2(6) 
4.6(8) 
5.3(6) 
7.7(12) 

9.3(9) 
2.4(8) 
5.7(9‘) 
3.2(6) 
5.4(6) 
3.8(10) 
5.0(8) 
4.1(7) 
4.9(5) 

(B) Anisotropic thermal parameters LI 

Atom BII 

OS(l) 3.33(7) 

W2) 2.53(9) 

Re(4) 2.47(8) 

B22 

3.33(6) 
3.04(9) 
3.04(9) 

B33 B IZ 43 B23 

3.Oq6) 1.99(5) - 0.33(5) - 0.66(5) 
2.69(9) 1.74(S) 0 0 
2.43(8) 1.73(S) 0 0 

u These enter the expression for F, in the form: exp[ -0.25(h2a*2B,, + .2hka*b*B,, + .)]. 



R,,_. = 6.5% for those 1007 reflections with / E;, / > 6a( / r’i, 1)). A final difference- 
Fourier synthesis revealed residual peaks of height - 1.2 6 ,,‘A’ within 1 i\ of the 
positions of the metal atoms but was otherwise featureless. The structure is thus 
complete. Final atomic parameters are collected in Table 3. 

Discussion 

The crystal is composed of discrete molecular units of (p-H),Os IRe(,CO),, which 
are separated by normal Van der Waals’ distances; there are no abnormally short 
intermetallic contacts. The overall geometry of the Os,Re(C‘O),, portion of the 
structure is illustrated in Fig. I. Interatomic distances and angles arc L*i>llecred in 
Tables 4 and 5. 

While the tetrahedral geometry of the metal cluster core and the presence of three 
terminal carbonyl ligands on each metal atom are unambiguous. there remain the 
problems of identifying the metal atoms (which is nor possible 17~ S-IX!, diffraction 
techniques. since their scattering pou-er is very similar with i: =- 75 l’or Re and 
2 = 76 for OS) and of ascertaimn, 0 the locations of ihc fl\i: hydride ligands. A 
self-consistent argument xvhich vields an answc’r to these prchlemi LY:II he con- 

structed using the follouing steps. 
(1) The cluster as a whole contains an M,(CO),_ 9 core which has a grotnetrv only 

slightly distorted from Tr. ‘The M(CO), fragments are all regular with (I(‘ iI-- C-6 
angles of 91.7115)--~96.8(2)“. There arc no ohvioui ‘. holes“ in the ligand distribution 

012 
012’ 

Fig. 1. View of the OS,R~(CO)~~ core of the disordered (p-ll),Os,Re(CO) _ ,, molecule. 7 he crv~rall~~- 

graphic mirror plane is vertical. 
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Table 4 

Interatomic distances (A) for (p-H),Os,Re(CO),, 

(A) Metal- metal distances 

OS(l)-Os(1’) 

OS(l)-Os(2) 

Os(l’)-Os(2) 

(B) Metul- carbon distances 

OS(l)-C(11) 

OS(l)-C(12) 
OS(l)-C(13) 

Os(l’)-C(11’) 
Os(l’)-C(12’) 
Os(l’)-C(13’) 

2.964(2) 

2.836(2) 

2.836(2) 

1X9(4) 

1.87(4) 
1.88(5) 

1.89(4) 
1.87(4) 
1.88(5) 

(C) Carbon-oxygen distances 

C(ll)-O(11) 1.18(5) 
C(12)-O(12) 1.18(5) 
C(13)-O(13) 1.14(7) 

C(ll’)-O(11’) 1.1X(5) 
C(12’)-O(12’) 1.18(5) 
C(13’)-O(13’) 1.14(7) 

OS(~)-Re(4) 
Os(l’)-Re(4) 

Os(2)-Re(4) 

Os(2)-C(21) 

Os(2)-C(22) 

Os(2)-C(22’) 

Re(4)-C(41) 
Re(4)-C(42) 
Re(4)-C(42’) 

C(21)-O(21) 
C(22)-O(22) 
C(22’)-O(22’) 

C(41)-O(41) 
C(42)-0(42) 

C(42’)-0(42’) 

3.016(2) 

3.016(2) 

2.987(3) 

1.88(5) 

1.85(3) 
1.85(3) 
1.90(6) 

1.87(4) 
1.87(4) 

1.15(7) 
1.15(4) 
1.15(4) 

1.11(8) 
1.17(4) 

1.17(4) 

about the cluster, so terminal hydride ligands (as observed in (p-H)HOs,(CO),, [32] 

and (p-H)HOs~(CO)dPPhd 1331) are not present. Furthermore, terminal hydride 
ligands are very uncommon on clusters involving third row transition metal atoms. 
The hydride ligands could, in principle, be in some combination of p-, Pi- or 
pd,-locations. With five such ligands, by far the most probable structure involves five 
p-hydride ligands bridging five of the six edges of the M, tetrahedron. (The 

(~-H),Re,(CO)iZ2~ anion has six such p-hydride ligands about each of the edges of 
the Re, tetrahedron [25-261.) Note that the presence of two bridging hydride ligands 
on any one edge would give rise to a substantial shortening (rather than lengthen- 
ing) of the bond relative to a non-bridged metal-metal bond. 

(2) Metal-metal distances in the cluster show a substantial variation (from 
2.836(2) through 3.016(2) A). We can be assured that the metal atoms are not 
completely scrambled and that the relative lengths of the metal-metal bonds may be 
used in arguments concerning the identity of the individual metal atoms. 

(3) In the absence of any other bridging ligands, a I*-hydrido-bridged M-M 
bond is always longer than the corresponding non-bridged M-M bond [34-361. 
Thus, in the tetrahedral cluster (p-H)40s4(CO)11(CNMe) the OS-(H)-OS distances 
are 2.956(1)-2.971(l) A and are - 0.14 A longer than the non-bridged OS-OS 
bonds of 2.822(l) A [37]. Similar results are forthcoming from other molecules (see 
references in [36]). Although tetrahedral Re, clusters are substantially less common 
than tetrahedral OS, clusters, there have been two studies of (p-H),Re,(C0)iZ2- 
derivatives. In [AsPh,f]2[(~-H),Re,(CO),2 2-], the Re-(H)-Re distances average 
3.160(7) A [25], while in [NMe,Bz’]2[(~-H)sRe4(CO)i22-], they average 3.157(6) A 
[26]. In general, then, we can assume that intermetallic distances in the present 
structure will differ such that OS-(H)-OS > OS-OS and Os-(H)-Re > Os-Re. 

(4) From studies on the cluster complexes (p-H),Os,Re,(CO),, [6,7] and (p- 
H)Os,Re(CO),,(NCMe) [8,9] we find that Os-Re distances are longer than OS-OS 



(:I ,I ,MerU- metal-- tnrtaf angle.1 

Os( I’ )--O\( 1 )-OS(?) 5X.44(S) 

0.1(2)~0s( l)- Rq4) 6 I ?(Jl f! ) 

Os( I’).Os( l)-Re(4) fir! S’!( 5 ) 

os(l)-o~(2)-~os(l~) h?.Ol(h) 

OS(~)-&(2,kRr(4) 67.32(6) 

O\(l’)~Od2)k KC(~) 6?..?7ihi 

(B) Mrrd merd -- ccrrhor~ un,&r 

os(l’)-c)s(lJ-c(1l) %.l(l!! 

OS(l’)--O\(l)-C(12) 14?4(l’) 

oh(l’)--oS(1)-C(1i~ 118.0( Ihl 

oq 2).-09 1 ) -C( 11 ) X8.4( 1 I ) 

os(2)-os(l)-c(l?) 8hT(12) 

(h(2)-(I,( I )--<‘(13) 17X( 16) 

Re(4)-Os( l)pc’( 11) 148.111 I) 

KC(~)-OS(I)--C’(l2, ‘)4.4( 12, 

Rc(4)~ck(l)~c(l?) 117 !I161 

O\(l)-O\(2)-C(21i 9.1,?( I L‘i 

Osjl )-os(2)pc(22) lOl.O( II.!! 

04( 1 ) (h(2) X(22’ ) 163.01 Ii!1 

CJS(l’I-OS(‘) X(21) 91 .a 131 

os(1’)~-os(2)-c(2:) lbi.ii( 10) 

os(l’)-os(2)-c(22’) 101.9(lil) 

Re(4)--O.,(?)-C(21) 1 JO.% 13 I 

Re(4)-OS(~)-C‘(D) 104.5( 10) 

Re(4)-~Os12)~C(22’) lM5(10) 

(C’) C’urhon - nwtul- curbon urrglt? 
c(1l)~os~l)-~c(I2) Q3._[17j 

C(ll)-OS(l)-(‘(13) 96.8(10) 

c’(12)--0\(1)-c(13) 95.6(71) 

(‘(ll’)-O(l’)-c’(l2’) 93.1(17) 

(‘( 11’ )--O\(l’ )--c‘( 13’ ) ‘wq?.O) 

~‘(12’)-os(l’!~c(l?‘~ ‘).i.hCl, 

(I)) .MfVUl- c~crrhon - o.xygm ut7,!+\ 

(>\( l)- C‘I 11 )&CJ( 11) 174.X(??) 

~-~~(l)~~c(l?)--o(12) 1?4.6(34) 

0s(1)-c’(13)~0(13) 177.4(4X) 

Os(l’) -C(l!‘)--O(ll’) 174 X(32) 

Os(l’) -c(12’)m O(12’) 174.a 34) 

Os(l’r-C’(l0’)-0113’) 177 4(4X) 

01(1)~0~(l’)~-oh(Z) 

Os( l)- Os( l’)mRe(4) 

Os(?-)--0\(l’)~Re(41 

O\( I)--Re(4jm (Ml ! 

O,(l)-Re(4).-O(Zr 

O\(l’)- Re(4) -0\(71 

Os(l )-Os( 1’ I-- C(1 1’ ) 

OS(l)-Os(l’!-c‘il”i 

ch(l)-os(l’)-~c (Ii’\ 

O\(2)-OC(l’)-c‘(ll’l 

O\(2)-O>( l’)bC‘(l”) 

os(2)-oh(l’)-(y1 i’) 

R2(4)~0~(1’~~~‘(11’1 

Re(4)~~0(1’) c‘(l_“i 

Re(4)-0>( 1 p )--c‘( 13’ I 

O<(l)-Re(4).((411 

04(1)~Rc~4)~C‘(47j 

O\(l)-Re(4).-c (42’) 

0\(1’)-err-C(41 I 

oI(1’)mRr(4)m (‘(42) 

Or(l’)~lie(J)~CY4”) 

OS(~)-R<:(4)- (‘(41 I 

Ch(2)~Kz(4, (‘(4’1 

O\(2)-Re(4, A.‘f4_l’i 

O(2)- (‘(21 i O(1l ) 

os(2)k<‘12’)-0(2’l 

os(2)~(‘(72’~-0(?.2’) 

Re(4)-C‘(41,&0(41) 

Rr(4)- <~(42)-0(42, 

KC(~)-C-(41’ )- Of31 ) 

distances. A survey of M--M distances in the present structural study reveals that 
one atom (designated Re(4)) is associated with the three Ion&es{ bonds in the cluster 
[OS(l)-Re(4) = Os( 1’).-Re(4) -= 3.016(2). OS(~)- Rei4) 2.987(J) .A (average OS-Re 
3.006 A) as compared to OS(~)--&(I’) 2.964(2) and OS(~)--OS(~) =z Ck( 1’) ~Os(2) = 
2.X36(2) .A (average OS-C& 2.879 .A)]. The identitv of tlw rhenium arom is thus 
established. 

(5) There is no unique “sh~xtest” M--M bond. Therefore an ordered btructure is 
not present. (The two potential ordered structures are that \vlth the C&t1 )--Os(l’) 
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bond unbridged and that with the Os(2)-Re(4) bond unbridged; each of these i,s, 
however, associated with a relatively long M-M distance (2.964(2) and 2.987(3) A, 

respectively). 
(6) The shortest bonds are OS(~)-OS(~) and Os(l’)-OS(~) at 2.836(2) A. How- 

ever, only one edge of the M, tetrahedron can be unbridged. We therefore interpret 
this as indicating that the observed structure is composed of equal amounts of 
structures 3 and 4, disordered about the crystallographic mirror plane. 

(3) (4) 

This interpretation is supported by a survey of the thermal parameters of the 
metal atoms. Those for OS(~) and Re(4) are significantly lower than those for OS(~) 
and Os(1’) (see Table 3(B)) as would be expected for a slight displacement of OS(~) 
and Os(1’) from 3 to 4. We observe similarly that the thermal parameters for atoms 
of the carbonyl ligands are larger for C(13)-O(13) and C(13’)-0(13’) than for any 
other such group and that these are the groups whose vectors extend from the 
OS(~)-OS(~) and OS(~)-Os(1’) directions. 

We can further predict, based upon other p-hydrido structures [36] that the 
p-hydride ligands will be in positions above the M-M bonds such that the M-H-M 
plane bisects the exterior angle of the tetrahedron. 

All other distances and angles in the system are normal (albeit of limited 
precision) with OS-CO 1.85(3)-1.89(4), Re-CO 1.87(4)-1.90(6) and C%O 
1.11(8)-1.18(5) A. 

Acknowledgments 

We thank Professor John R. Shapley (University of Illinois) for providing the 
sample. 

Addendum 

One reviewer suggested that the complex studied might have been (p- 

H),Os,(CO),,. This suggestion can firmly discounted on the basis of the following 
facts. 
(1) The provenance of the sample is firmly established. It came from the batch on 
which spectroscopic studies had been performed (see Introduction and ref. 8). 
(2) The crystal structure of (p-H),0s,(C0)i2 has been reported [38]. It crystallizes 



in the triclinic system, space group Pi. with cell dimensions N 9.811, h 9.891. (’ 
10.240 A. a 85.56. fi 82.71. y 8X.71”. and is isomorphous with (~-H)JRuG(CO),, 

WI. 
(3) The pattern of OS--OS distances in (IL-H),C)s,(CO),, IS unambiguously that of 
two non-bridged “short” bonds (2.816(2) and 2.X17(2) A) and four hydride-bridged 
“long” bonds (2.962(2). 2.963(2), 2.965(2) and 2.967(2) A I. The present structural 
study of ( ~-H)iOs;Re(CO1l, presents a far less ~vell defined pntkrn. 
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