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sidering the M-N bond strength in the M(HDMG), com- 
plexes; they are reportedz0 to decrease in the order Pt(I1) > 
Pd(I1) > Cu(I1) > Ni(I1). The higher Cu-N bond strength 
presumably more than compensates for the strain in the 
five-membered rings of the Cu(,B-HCQD)z.H20.1/2dioxane. 

In the complexes Pd(P-H,CQD)Cl,, Pt(P-H,CQD)Cl,, and 
Cu(P-H,CQD)Cl,, the neutral P-HzCQD ligand also chelates 
through both N atoms. This type of compound exhibits a 
strong infrared absorption for coordinated v(C=N) between 
1450 and 1400 cm-'. 

In the complexes Pd(y-H2CQD),C12, Pd(G-H2CQD)2C12, 
and Pd(cr-HzCQD)zClz, the H,CQD ligand coordinates 
through only one of its N atoms. Since our attempts to syn- 
thesize similar Pd complexes from H2DMG and H2CHD were 
unsuccessful, the Pd(H2CQD),C12 complexes are the first 
reported examples of a monodentate a-dioxime ligand. This 
type of complex is probably stabilized to some extent by the 
formation of inter- or intramolecular H bonds as in the case 
of bis(cyc1ohexanone 0xime)palladium d i ~ h l o r i d e . ~ ~  Finally, 

in [Pt(y-HCQD)(y-HzCQD)Cl], and Ni(G-HCQD),(G- 
H,CQD),, the ligands also appear to coordinate as mono- 
dentate ligands but in the unusual proposed structures shown 
in Figures 8 and 12. 
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The molecular structure of (HRh[P(OCH,),I2), has been determined by using neutron diffraction techniques [ T  = 110 
K]. The trimeric rhodium complex is monoclinic, space group P2, [CZ2, No. 41, with a = 10.792 (6) A, b = 13.438 (8) 
A, c = 13.438 (8) A, @ = 91.64 (4)O, V, = 1948.02 A3, and d,,, = 1.801 g cm-3 for 2 = 2. The neutral molecule consists 
of a triangular array of Rh atoms each bonded in an approximately square-planar fashion to two terminal P(OCH,), groups 
and two bridging hydride ligands. The Rh-Rh separations involving single hydrogen bridges are 2.803 (7), 2.780 (6 ) ,  and 
2.856 (8) A and the average Rh-Hb distance is 1.76 (3) A. The bridging Rh-Hb separations reported here are the first 
interactions to be characterized structurally with neutron crystallographic techniques ( T  = 110 K). A discussion of the 
origin of the structural distortion from planarity of the (HRhP21, cluster core is presented. 

Introduction 
The di- and trimeric rhodium clusters (HRh[P(O-i- 

C3H7)3J2]2 (1) and (HRh[P(OCH3)3],), (2) have recently been 
shown to be exceedingly active catalysts toward the hydro- 
genation of  olefin^.^,^ These two clusters, the smallest oli- 
gomers for a potentially large set of hydrides of the form 
(HRh[P(OR),JzJx, have been shown to reversibly and rapidly 
add 1 molecule of hydrogen/molecule of cluster without de- 
tectable fragmentation of the cluster. The fact that the clusters 
themselves, rather than mononuclear H3Rh[P(OR),] frag- 
ments, are the principal intermediates in the catalytic hy- 
drogenation of olefins suggests that these clusters, their hy- 
drogen adducts, and the hydrogen adduct-olefin complexes4 
may be viewed as tentative models of intermediates in olefin 
hydrogenation on metal surfaces."13 Accordingly, the precise 
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structural and stereochemical features of these polynuclear 
rhodium species are of considerable interest especially since 
the detailed structural characterization, at the molecular level, 
of hydrocarbon substrates chemisorbed on metal surfaces is 
an exceedingly difficult task." The isolation of large single 
crystals of complexes 1 and 2 has allowed structural charac- 
terization of these potential catalytic surface-substrate mod- 
e l ~ . ~ , ~ ~ , ~ ~  We report here the complete neutron diffraction 
structural characterization of 2. Although the nonhydrogen 
atom framework was previously determined by X-ray dif- 
f r a ~ t i o n , ~  the complete structural characterization of the 
{HRhP2I3 core required neutron diffraction analysis. A pre- 
liminary account of this work has been previously reported! 

Experimental Section 

The trimeric rhodium complex, 2, is monoclinic space group P2, 
[C22, No. 41 with a = 10.792 (6) A, b = 13.438 (8) A, c = 13.438 
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distance of 2.650 (2) A found for 1 which arises from two 
H 

I \  
R h R h  

\ I  
H 

two-electron four-center (2e-4c) bonding  interaction^.^ Al- 
though the rhodium-rhodium separation in the bulk metal14 
is 2.69 A, normal two-electron (2e-2c) Rh-Rh bonds are 
generally in the range of 2.62-2.80 %1.15,16,17 As expected, 
the (2e-3c) Rh-Rh separations in 2 are somewhat longer than 
the normal range of Rh-Rh separations found in clusters in 
which there is no bridging atom or group. The average Rh-Hb 
distance of 1.76 (3) A for 2 is slightly lon er than the ap- 

Although numerous transition-metal hydrides have been 
studied by using X-ray diffraction techniques, only a limited 
number has been investigated by using neutron diffraction. 
Because this is the first neutron crystallographic study of a 
rhodium hydride complex, there are no other reliable Rh-H 
distances with which to compare those of 2 except for values 
determined from X-ra diffraction data. The average Rh-Hb 

(6) A and 1.78 (6) A found by X-ray diffraction for the €?h-Hb 
separation in two Rh-H-B bonds.18 Also, the average 
bridging Rh-Hb separation found in 2 is similar to the average 
values of 1.793 (4) and 1.862 (8) A for the bridging M-Hb 
separations as determined by neutron diffraction studies of 
(P~-H)RU,(CO)~(C=CCM~~)~~ and M O ~ ( $ - C ~ H ~ ) ~ ( C O ) ~ -  
(p2-H)(p2-P(CH3)2),20 respectively. These data for second-row 
transition-metal bridging M-Hb distances show the expected 
slight increase in going from right to left in the periodic table. 

The salient structural issue is the configuration of the 
(HRhP2l3 core. It is important to fully understand the 
structural, stereochemical and electronic features of this co- 
ordinately unsaturated cluster which does have the reactivity, 
in fact an extraordinary r e a ~ t i v i t y , ~ ~  hoped for in unsaturated 
metal clusters. Each RhH2P2 coordination unit is approxi- 
mately "square" planar; thus there are three reactive metal 
sites in the cluster. Interestingly, the three square-planar 
RhH2P2 units are not coplanar with the Rh, triangle; the 
dihedral angles between the Rh3 triangle and the square planes 
centered at Rh( l) ,  Rh(2), and Rh(3) are not only nonzero but 
also vary substantially with angles of 35.1, 37.7, and 64.3', 
respectively. As a result of this canting of the RhH2P2 units 
relative to the Rh3 plane, H ( l )  and H(3) are displaced in 
opposite directions from the Rh3 plane by 1.13 (2) and 1.03 
(2) A, respectively. In addition H(2) is displaced in the same 
direction as H(1) but by only 0.20 (2) A. Although the 
relatively large estimated standard deviations associated with 
the Rh-H distances of 2 preclude any quantitative comparison 
of the nature of the Rh-H-Rh three-center bonds, it does 

proximate sum of the covalent radii, 1.72 x . 

distance in 2 is 1.76 x which is similar to the values of 1.76 
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Figure 1. The inner core (Rh3H3P6) of the (HRh[P(OCH3)3]z)3 
molecular structure. Note the pseudo(noncrystal1ographic)-two-fold 
axis about a vector through Rh(3) and H(2). The thermal ellipsoids 
of nuclear motion for all atoms are scaled to enclose 509/0 probability. 

(8) A, p = 91.64 (4)O, V, = 1948.02 A3, and dclld = 1.801 g cm-3 
at  110 K for 2 = 2. Full details of the single-crystal preparation are 
given e l~ewhere .~  A large single crystal of (HRh[P(OCH3)3]2)3, 
weighing 55  mg, was sealed under dry Nz in a Pb glass capillary for 
protection. A total of 3 186 independent three-dimensional data, of 
which 2698 had F2 > u(F?), were collected by using an Electronics 
and Alloys four-circle diffractometer a t  the Argonne CP-5 reactor. 
All data were collected at 110 K, using a device based on the Strouse 
d e ~ i g n , ~  out to ((sin 8)/A = 0.577 A-' ( h  1.142 (1) A)). The cell 
constants and crystal orientation were determined from a least-squares 
fit of 21 automatically centered reflections with 40' < 28 < 50'. All 
data were collected by using a 8-28 step scan and integrated intensities 
were corrected for absorption (w, = 2.38 cm-I), the range of trans- 
mission coefficients being 0.354-0.505. By use of initial nonhydrogen 
atom coordinates from the room-temperature X-ray investigation, all 
atoms were located by using Fourier techniques. Final anisotropic 
full-matrix least-squares refinement of all 102 atoms (9 19 parameters) 
on the Argonne IBM 370/195 computer gave R(F2) = 0.1 17 and 
R(Fo) = 0.101 with a "goodness of fit" of 1.42 for all data and R(F2) 
= 0.106 and R,(Fo) = 0.072 for data with F 2  > u(F2). The function 
minimized was Cw,(F,Z - F,2)2 with wyl = u2(F2) = u?(F:) + 
(0.05F2)2 where uc is determined by counting statistics. The constant 
0.05 used in the weighting scheme represents the 5% maximum 
variation observed in the integrated intensities of the two reference 
reflections used during data collection. Final Fourier difference density 
maps were essentially featureless. Final positional and thermal pa- 
rameters are presented in Table I. For the least-squares refinement 
the coherent neutron scattering amplitudes (in units of cm) used 
for Rh, C, 0, P, and H were 0.58, 0.665, 0.580, 0.51, and -0.374, 
respectively. 

Results and Discussion 
Interatomic distances and angles for 2 are presented in Table 

11. The numbering scheme used to identify the inner core 
of the cluster is shown in Figure 1 and a stereoscopic view'of 
the molecule is presented in Figure 2. The crystal structure 
consists of discrete and well-separated neutral trimeric mol- 
ecules with the crystal packing dominated primarily by the 
bulky trimethyl phosphite ligands. The nonbonded inter- and 
intramolecular contacts are of the order of van der Waals 
distances or greater. The intermolecular interactions with 
distances less than 2.50 A are listed in Table 111. 

Although the triangular rhodium cluster possesses no in- 
herent crystallographic symmetry, it does have approximate 
C2 symmetry with the pseudo-twofold axis passing through 
Rh(3) and H(2). Each rhodium atom is bonded in an ap- 
proximately square-planar fashion to two terminal P(OCH3)3 
groups and two bridging hydride ligands (Hb). The Rh-Rh 
separations of 2.803 (7) A, 2.780 (6) A, and 2.856 (8) A arise 
from three Rh-H-Rh two-electron three-center (2e-3c) bonds. 
These separations are significantly longer than the Rh-Rh 
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p 215. 
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Table I. Positional and Thermal Parameters (8') for {HRh[P(OCH,),], }," 

Brown et al. 

& T o n  

RH1 
R R 2  
RE3 

Hl 
R2 
R3 

P l  
0 1 1  
c 1 1  

H l l l  
A1 12 
R113 

0 1 2  
c 1 2  

R l Z l  
R122 
R123 

C13 
C13 

8 1 3 2  
8 1 3 3  

P2 
02  1 
c 2 1  

E211 
8 2 1 2  

0 2 2  
c 2 2  

8 2 2 1  
8 2 2 2  
8 2 2 3  

0 2 3  
C23 

8 2 3 1  
8 2 3 2  
A233 

P3 
0 3 1  
C31 

8 3 1 1  
8 3 1 2  
8 3 1 3  

0 3 2  
C32 

E321 
R322 
8 3 2 3  

c 3 3  
c 3 3  

8 3 3 1  
8 3 3 2  
R333 

PU 
0 4 1  
c 4 1  

R 4 l l  
R912 
H413 

c 4 2  
8 9 2 1  

A923 
0 4 3  
c 4 3  

RU32 
8 1 3 3  

P5 
0 5 1  
C51 

R511 
E512 
R513 

0 5 2  
C52 

E521 
A522 

0 5 3  
c 5 3  

R532 
A533 
P6 
061 
Cb1 

A612 

C62 
C62 

E622 
8 6 2 3  

0 6 3  
C63 

8 6 3 1  
R632 
E633 

n i 3 i  

a 2 1 3  

0 4 2  

nu22 

n e 3 1  

H523 

~ 5 3 1  

11611 

~ 6 1 3  

8 6 2 1  

I 

0 . 7 3 9 8  (5)  
0 . 7 9 4 5  ( 5 )  
0 . 6 3 3 0 ( 5 )  
0 .6012 ( 9 )  
0 . 8 0 6 3  ( 1 0 )  
0 . 7 9 2 0  ( 9 )  
0 . 9 0 4 3  ( 5 )  
1 . 0 3 1 4 ( 5 )  
1 . 0 1 2 6 ( 6 )  
1. 1 5 9 1  ( 1 4 )  

1 . 0 8 3 1 ( 2 2 )  
0 . 9 4 7 9  ( 6 )  
1 . 0 5 3 8  f 6 l  

1.0080 ( 1  4) 

Y z n 1 1  02 2 

O . O l l ( 3 )  
0 .011  ( 3 )  
0 . 0 0 7 ( 3 )  
0.026161 

0 3 3  

O.OlO(2)  
0.003(2) 
0.010 ( 3 )  
0.036161 

u12 

-0 .001  I 2 1  

013 0 2 3  

0.001 ( 2 )  
0.013 ( 2 )  
0.009 ( 2 )  
0 . 0 1 8 ( 4 )  
0 . 0 3 7  ( 5 )  
0.017 (51 
0.004 ( 3 )  
0.008 ( 3 )  
0.021 ( 3 )  
0 .033  ( 7 )  
0 . 0 4 3  ( 7 )  
0 . 1 3 8 ( 1 7 )  
0 . 0 1 7 ( 3 )  
0 .01  8 ( 3 )  
0.063 ( 9 )  
0 .035  ( 7 )  
0.057 ( 9 )  
0.015 ( 3 )  
0.0 1 3  (2)  
0.071 ( 9 )  

0 . 0 4 3 ( 7 )  
O . O O E ( 3 )  
0 . 0 2 2 0 )  
0.031 ( 3 )  
0 . 2 2 1  (28)  
0.072 ( 10)  
0 . 1 0 2 ( 1 6 )  
0.008 (2)  
0.012 ( 3 )  
0.071 ( 9 )  
0 . 0 3 5 ( 7 )  
0 .091  (12)  
0 .027  (31 
0 . 0 2 7  ( 3 )  
0 .113(15)  
0 . 0 7 6 ( 1 3 )  
0.070 ( 1 2 )  
0 .007  ( 3 )  
0.025 ( 3 1  

o . o 5 2 ( e )  

0 . 2 7 0 0  
0 . 3  1 4 3  (4) 
0.1535(4)  
0 .2607(8)  
0 . 3 5 7 8 ( 8 )  

0 . 3 1 2 6 ( 5 )  
0 . 3 2 7 0 (  5)  
0 . 2 6 3 8 ( 6 )  
0 .2904(161 

O. lE98(9)  

0 . 4 0 4 0 ( 4 )  
0 . 2 0 6 3 ( 3 )  
0 . 2 5 3 5  (4) 

0 . 3 2 7 S ( 7 )  
0 . 2 4 5 0 ( 1 0 )  
0 . 4 9 2 7 ( 5 )  

0 . 3 2 1 8 ( e j  

- 0 . 0 0 6 ( 2 )  
0 . 0 0 3  (21 

- 0 . 0 0 1  -0 .01  3 ( 2 )  (4 )  

-0.001(4) 

-0 .004  ( 2 )  
0 .000  ( 2 )  
0.005 (3) 
0 . 0 2 4  ( 7 )  
0 . 0 0 6  ( 7 )  
0 . 0 5 7 1 1 l l  

O . O l l ( 5 )  

0 . 0 0 4  ( 2 )  
- 0 . 0 0 3  ( 2 )  
- 0 . 0 0 5 ( 2 )  

0.004 ( 5 )  
0 . 0 0 1  ('0 
0.008 ( 6 )  

- 0 . 0 0 4 ( 3 )  

o . o o 1 i 2 ;  
- 0 . 0 0 0 ( 2 )  

0. o i n i u i  
0 . 0 2 5 i 5 i  
0 . 0  12 (6) 
0 . 0 2 4 ( 4 )  
0 . 0 3 2 ( 4 )  
0.0 33 ( 4 )  
0 .121(161 
0 .069  (101 
0 . 0 5 1  (121 
0.021 ( 3 )  
0 . 0 3 1 ( 4 )  

o . o i s i 5 i  
0.06¶(8) 
0.021 ( 3 )  
0.028 ( 3  ) 
0 . 0 3 1 ( 3 )  
0.066 ( 9 )  
0 . 0 5 8 ( 9 )  
0 . 0 6 5 (  1 1 )  
0 . 0 2 5 ( 3 )  
0 . 0 3 5 ( 4 )  

-0 .009  i 5 i  
0.004(4) 

- 0 . 0 0 3 ( 2 )  
-0 .006  ( 3 )  

0 . 0 0 7  ( 3 )  

0. 01 7 ( 7 )  
0 .029(111 

- 0 . 0 1  9 ( 9 )  

0 . 4 3 5 9 ( 5 )  
0 . 3 5 8 0 ( 5 )  
0 .3373112)  
0 . 2 9 1 8 ( 1 1 )  
0 .3845 ( 1 4 )  
0 . 5 6 9 8 ( 4 )  
0 . 6 3 3 5 ( 5 )  
0 . 6 9 0 3 (  13)  
0.599U( 12)  
0 .6603 ( 1  1) 
0 . 5 6 5 8 ( 5 )  
0 . 5 2 2 0  (4) 
0 . 5 1 9 9 ( 1 2 )  

0 . @ 5 @ 6 (  11) 
0 . 5 3 3 1 ( 4 )  
0 . 6 3 3 8 ( 4 )  
0 . 7 2 9 0 ( 4 )  

0.73 4 0 ( 1 0) 

0 . 5 3 5 3 ( 4 )  
0 .5003(5)  
0 . 5 5 7 5 (  1 2 )  

0 .4Y42(15)  
0 . 5 6 3 8 ( 5 )  
0 .531  l ( 6 )  
0. @.si I ( 1 9 )  
0 . 5 2 4 8 ( 2 9 )  
0 . 5 9 1 2 ( 2 2 )  
0 . 1 7 9 5 ( 5 )  
0. 0 1 e 5 ( 4 )  
0 . 0 5 9 1 ( 5 )  
0 . 0 9 8 0 ( 1 1 )  
o . o 7 3 o ( i a )  

- 0 . 0 1 8 7 ( 1 3 )  
0 . 2 5 9 3 0 )  
0 .2921(51  
0 . 3 3 0 8 ( 1 2 )  
0 . 2 2 8 3  ( 1 3 )  
0 . 3 4 5 3 ( 1 3 )  
0 . 1 7 0 8 ( 6 )  
O . l E O l ( 7 )  
0 . 1 6 0 2 ( 2 2 )  
? . 1 4 7 2 ( 2 9 )  
0 . 2 5 3 0 ( 2 4 )  
0.0 4 94 ( 5 )  

- ~ ~ 0 0 1 0 l ~ l  

0.5008 ( 1 3 )  

o . i i u e ( i a )  

0. ? e g g (  l e )  

o . e i e e ( i 6 )  

-0.001 ( 3 )  
0 .000  ( 3 )  

-0 .029  (10)  
0 . 0 0 9 ( 8 )  
O.OOU(9) 
0.004 (3) 
0.001 (41 

- 0 . 0  18 (10)  
0 . 0 4 3  (111  
0 . 0 1 6  ( 1 0 )  
-0.004 13) 
- 0 . 0 0 1  ( 3 )  
- 0 . 0 1 0 ( 7 )  

O . O O O ( 8 )  
- 0 . 0 0 5 ( 6 )  
-0 .004(3)  
- 0 . o n 7 o )  
- 0 . 0 0 5  ( 4 )  
- 0 . 0 5 3 ( 1 2 )  

0 .041  ( 1 0 )  
0 .052  ( 1  6) 
0 . 0 0 4  (3)  

- 0 . 0 0 7 ( 3 )  
0 . 0 0 2  ( 7 )  

- 0 . 0 0 9  (11)  
0 . 0 6 1  ( 1 2 )  
O.OOU(3) 
0 . 0 0 7 ( 4 )  
0 .021  ( 1 3 )  

-0 .020  ( 1  6 )  
0 . 0 0 3 ( 1 9 )  

- 0 . 0 0 4  (3)  
-0.001 (3)  

0 . 0 0 1  ( 3 )  
0 .006 (7)  
0 . 0 1 3 ( 8 )  0 . 0 1 9 ( 8 )  

- 0 . 0 0 3 ( 2 )  
0 . 0 0 5  ( 3 )  
0 . 0 2 3  (7)  
0.0 10  ( 1  0) 

- 0 . 0  10  (9)  
0 . 0 1 1  (4) 

- 0 . 0 5 2 ( 1 5 )  0 . 0 1 1 ( 5 )  

O.OY1 ( 2 3 )  
0 . 0 2 1  (221 

0 . 0 0 8 ( 3 )  
0. o o e  (3)  

-0.002 ( 6 )  
0 . 0 1 4 ( 8 )  
0 . 0 0 6 ( 6 )  
0 . 0 0 2  ( 2 )  
0 . 0 0 6 ( 3 )  

-0.010 ( 9 )  
-0.0 19  ( 7 )  

0 .01  9 ( 8 )  
- 0 . 0 0 5 ( 3 )  

- 0 , 0 0 2  ( 3 )  

-0 .001  ( 3 )  
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appear that the Rh(l)-H(l)-Rh(3) bond is significantly 
asymmetric whereas Rh( l)-H(2)-Rh(2), which lies nearly in 
the Rh3 plane, is symmetric. The asymmetry of the Rh-H-Rh 
bond centered at H(3) is intermediate between those at H( l )  
and H(2). It is interesting to note that the degree of asym- 

metry of the hydride environments as reflected by the H-P 
nonbonded separations (see Figure 1) follows the same pattern 
(H(l)-P(2) = 2.97 (1) 8, vs. H(l)-P(6) = 2.68 (1) A, H- 
2)-P(l) = H(2)-P(3) = 2.53 A, and H(3)-P(4) = 2.90 (1) A vs. H(3)-P(5) = 2.80 (1) 8). 
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Table 11. Bond Distances (A) and Angles (Deg) for {HRh[P(OCH,),] },' 
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Rh( 1)-Rh(2) 
Rh( 1)-Rh(3) 
Rh(2)-Rh( 3) 
Rh(1)-H( 1) 
Rh( 1)-H(2) 
Rh(2)-H( 2) 
Rh(2)-H(3) 
Rh( 3)-H( 1) 
Rh(3)-H(3) 
Rh( 1 )-P(l) 
Rh( 1)-P(2) 
Rh( 2)-P( 3) 
Rh(2)-P(4) 
Rh( 3)-P(5)- 
Rh(3)-P(6) 
P(1 >-0(11) 
P(l)-O( 12) 
P(1 )-0(13) 
P(2)-0(21) 
P(2)-0(22) 
P(2)-0(23) 
P(3)-0(3 1 ) 
P( 3)-O(32) 
P( 3)-O(33) 
P(4)-0(41) 
P(4)-O(42) 
P(4)-0(43) 

2.803 (7) 
2.780 (6) 
2.855 (7)  
1.838 (10) 
1.734 (1 1) 
1.732 (11) 
1.753 (13) 
1.750 (12) 
1.785 (12) 
2.155 (7) 
2.197 (8) 
2.164 (9) 
2.202 (8) 
2.178 (9) 
2.180 (8) 
1.623 (8) 
1.603 (9) 
1.611 (9) 
1.601 (8) 
1.619 (8) 
1.593 (9) 
1.626 (9) 
1.607 (8) 
1.601 (9) 
1.601 (8) 
1.636 (8) 
1.573 (9) 

P(5)-0(5 1) 
P(5)-0(5 2) 

P(6)-0(6 1 ) 
P(6)-0(62) 
P( 6)-O( 6 3) 
O( 1 1 )-C( 1 1) 
O( 12)-C( 12) 
0(13)-C(13) 
0(21)-C(21) 
0(22)-C( 22) 
0(23)-C(23) 
O(3 1)-C(3 1) 
0(32)-C( 32) 
0(33)-C(33) 
0(41)-C(41) 
O(4 2)-C(4 2) 
0(43)-C(43) 
0(51)-C(51) 
O(5 2)-C(5 2) 
0(53)-C(53) 
O(61 )-C(61) 
0(62)-C(62) 
O(6 3)-C(63) 
C( 1 1)-H( 11 1) 
C(ll)-H( 112) 

P(5)-0(53) 

Distances 
1.626 (8) C(l l)-H(113) 
1.597 (9) C( 12)-H( 121) 
1.623 (8) C(12)-H( 122) 
1.593 (8) C(12)-H( 123) 
1.604 (8) C(13)-H( 13 1) 
1.614 (9) C(13)-H(132) 
1.428 (9) C(13)-H(133) 
1.417 (8) C(21)-H(211) 
1.434 (9) C(21)-H(212) 
1.418 (9) C(21)-H(2 13) 
1.421 (9) C(22)-H(22 1) 
1.404 (9) C(22)-H(222) 
1.439 (9) C(22)-H(22 3) 
1.434 (9) C( 2 3)-H( 2 3 1 ) 
1.425 (10) C(2 3)-H( 232) 

1.415 (8) C(3 1)-H(311) 
1.426 (8) C( 3 1 )-H( 3 12) 
1.428 (8) C(3 1)-H(313) 
1.414 (9) C( 32)-H( 3 2 1) 
1.447 (9) C(32)-H( 322) 

1.435 (8) C( 33)-H( 33 1) 
1.400 (9) C( 3 3)-H( 33 2) 
1.04 (2) C( 3 3)-H( 3 3 3) 
1.12 (2) - C(4 1)-H(4 11) 

1.396 (8) C(23)-H(2 3 3) 

1.429 (9) C(32)-H(323) 

1.04 (2) 
1.04 (2) 
1.03 (2) 
1.06 (2) 
1.12 (2) 
1.08 (2) 
1.11 (1) 
1.04 (2) 
1.03 (2) 
0.98 (3) 
1.07 (2) 
1.06 (2) 
1.05 (2) 
1.03 (2) 
0.96 (3) 
1.18 (2) 
1.03 (2) 
1.07 (2) 
1.09 (2) 
1.111 (1) 
1.10 (2) 
1.09 (2) 
1.01 (3) 
1.00 (3) 
1.02 (3) 
1.06 (2) 

C(4 1 )-H( 4 1 2) 
C(4 l)-H(4 13) 
C(42)-H(42 1) 
C(42)-H(422) 
C(42)-H(423) 
C(43)-H(431) 
C(4 3)-H( 432) 
C(43)-H(433) 
C(5 1)-H(5 11) 
C(5 l)-H(5 12) 
C(5 l)-H(5 13) 
C(52)-H(5 2 1) 
C(5 2)-H(522) 
C(5 2)-H(5 2 3) 
C(5 3)-H(5 31) 
C(53)-H(532) 
C(5 3)-H(5 33) 
C(61)-H(611) 
C(61)-H(612) 
C(61)-H(6 13) 
C(62)-H(621) 
C(62)-H(622) 
C( 62)-H(623) 
C(6 3)-H(6 3 1) 
C(6 3)-H(632) 
C(6 3)-H(6 33) 

Angles 
Rh( l)-Rh(2)-Rh(3) 58.8 (2) H(l)-Rh(3)-P(5) 17 1.7 (5) Rh(3)-P(6)-0(6 3) 11 6.8 (4) p(1)-0(11 )-c(11) 
Rh(Z)-Rh(3)-Rh(l) 59.6 (2) H(l )-Rh(3)-P(6) 85.4 (4) O(l1)-P(1)-O(l2) 102.4 (5) p(1ko(12)-c(12) 
Rh(3)-Rh(l)-Rh(2) 61.5 (2) Rh(l)-P(l)-O(ll) 118.3 (4) O(ll)-P(l)-0(13) 96.9 (5) P(1)-0(13)-C(13) 
H(l)-Rh(l)-H(2) 91.9 (5) Rh(l)-P(l)-O(l2) 115.6 (4) 0(12)-P(1)-0(13) 99.7 (5) P(2)-0(21)-C(21) 
H(2)-Rh(2)-H(3) 92.5 (6) Rh(l)-P(l)-O(l3) 120.4 (4) 0(21)-P(21)-0(22) 102.5 (5) P(2)-0(22)-C(22) 
H(l)-Rh(3)-H(3) 90.8 (6) Rh(l)-P(2)-0(21) 111.7 (4) 0(21)-P(2)-0(23) 103.2 (5) P(2)-0(23)-C(23) 
P( 1)-Rh( 1)-P(2) 91.3 (3) Rh(l)-P(2)-0(22) 119.3 (4) 0(22)-P(2)-0(23) 93.6 (5) P(3)-0(31)-C(31) 
P(3)-Rh(2)-P(4) 93.9 (3) Rh(l)-P(2)-0(23) 123.2 (4) 0(31)-P(3)-0(32) 100.1 (4) P(3)-0(32)-C(32) 
P(5 )-Rh (3 )-P(6) 94.9 (3) Rh(2)-P(3)-0(31) 114.9 (4) 0(31)-P(3)-0(33) 99.9 (5) P(3)-0(33)-C(33) 
H(l )-Rh(1)-P( 1) 17 1.7 (4) Rh(2)-P(3)-0(32) 11 8.3 (4) 0(32)-P(3)-0(33) 95.3 (5) P(4)-0(41)-C(4 1) 
H(1)-Rh(1)-P(2) 94.2 (4) Rh(2)-P(3)-0(33) 123.9 (4) 0(41)-P(4)-0(42) 100.3 (4) P(4)-0(42)-C(42) 
H(2)-Rh(l)-P(l) 80.9 (4) Rh(2)-P(4)-0(41) 114.7 (4) 0(41)-P(4)-0(43) 102.8 (5) P(4)-0(43)-C(43) 
H(2)-Rh(l)-P(2) 160.1 (4) Rh(2)-P(4)-0(42) 116.7 (4) 0(42)-P(4)-0(43) 95.1 (5) P(5)-0(51)-C(51) 
H(2)-Rh(2)-P(3) 79.8 (4) Rh(2)-P(4)-0(43) 123.3 (4) 0(51)-P(5)-0(52) 96.5 (5) P(5)-0(52)-C(52) 
H(2)-Rh(2>-P(4) 166.3 (5) Rh(3)-P(5)-0(51) 115.8 (4) 0(51)-P(5)-0(53) 99.6 (5) P(5)-0(53)-C(53) 
H(3)-Rh(2)-P(3) 172.3 (6) Rh(3)-P(5)-0(52) 128.1 (4) 0(52)-P(5)-0(53) 99.8 (5) P(6)-0(61)-C(61) 
H(3)-Rh(2)-P(4) 93.6 (5) Rh(3)-P(5)-0(53) 112.4 (4) 0(61)-P(6)-0(62) 101.9 (5) P(6)-0(62)-C(62) 
H(3)-Rh(3)-P(5) 89.1 (5) Rh(3)-P(6)-0(61) 123.3 (4) 0(61)-P(6)-0(63) 93.6 (5) P(6)-0(63)-C(63) 
H(3)-Rh(3)-P(6) 175.5 (5) Rh(3)-P(6)-0(62) 114.9 (4) 0(62)-P(6)-0(63) 102.6 (5) 
a The estimated standard deviations in parentheses for this and the subsequent table refer to the least significant figure. 
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Figure 2. Stereoscopic drawing of (HRh[P(OCH,),],), as derived from neutron diffraction data ( T  = 110 K) with methoxy hydrogen atoms 
eliminated for clarity. Thermal ellipsoids are scaled to enclose 50% probability. 

As a result of the unusual arrangement of the {HRhP2)3 
cluster core, the average distance of a hydride ligand from the 
Rh-Rh vector which it spans is - 1.1 A. If the hydride ligands 
were located closer to the Rh-Rh vectors, they in fact would 
lie closer to the projections of the Rh-P vectors. Actual trans 

P-Rh-H angles range from 160.1 (4) to 175.5 ( 5 ) ' .  Since 
the projections of most of the Rh-P vectors pass closer to the 
Rh-Rh vectors than do the hydride ligands, the M-H-M 
interactions here closely resemble the "closed" and bent (3c-2e) 
M-H-M type of interaction. 
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Table 111. Intermolecular Nonbonded Interactions with Distances 
Less Than 2.5 A 

H(131)-rH(113)’= 2.20 (2) H(313)+H(621)e = 2.50 (2 )  
H(132)+H(23lja= 2.39 (3) H(322)+H(612)b = 2.43 (2) 
0(21)+H(613) - 2.473 (7) H(411)-rH(513)d= 2.48 (2)  
H(221)+H(611)b =2.35 (1) H(411)+0(51)d= 2.31 (1) 
H(221)+H(531)b = 2.40 (1) H(412)+H(621)e = 2.47 (2) 
H(311)+H(532)C = 2.30 (1) H(432)+H(532)e = 2.33 (2) 
H(312)-rH(423Id = 2.38 (2) H ( 4 3 3 ) + ~ ( 6 2 1 ) ~  = 2.48 (2) 
H(313)+H(633)e = 2.39 (1) 

‘2-X, ‘ I 2  + Y, 1-z. 1 - x ,  ‘ 1 2  + Y, 1 - 2 .  cx, Y +  1 , z .  
2 -x, 1 1 2  + Y, -2. e 1 -x, ‘ 1 2  + Y, -z. 

It is interesting to consider the structural and electronic 
effects of hypothetically constraining the three pseudo- 
square-planar H2RhP2 moieties to lie in the Rh, plane with 
the Rh-Rh and Rh-H distances fixed at the experimental 
values. As demonstrated elswhere the M-H-M linkage is 
flexible and easily deformed.2’ The result of this constraint 
would be to increase the M-H-M angle from an average value 
of about 106O to 150°. This would decrease the average 
hydrogen to Rh-Rh vector separation to about 0.38 A. Im- 
position of the D3h symmetry constraint would cause the 
Rh-Rh (predominantly) antibonding orbitals to acquire two 
electrons from the Rh-Rh bonds which is energetically un- 
favorable for the formation of a cyclic Rh3 system. (Professor 
J. Fackler pointed out to us some time ago that consideration 
of the second-order terms in the Jahn-Teller theorem predicts 
for (HRh[P(OCH3)3]2)3 a stabilization upon distortion from 
D3h symmetry.) Interestingly, while this constraint greatly 
increases the linearity of the M-H-M system, it only slightly 
increases the steric interactions of the phosphite ligands. The 
average nonbonded P.-P contacts on adjacent metal atoms 
decrease slightly from 4.36 (4) to ca. 4.0 A. If the experi- 
mental H-Rh-P angles are maintained, the decrease becomes 
negligible. This analysis leads to the conclusion that the basic 
geometry of the (HRhP2), cluster core is determined predom- 
inantly by electronic and not by steric factors. A critical test 
of this hypothesis would be the structural characterization of 
an analogous (HRhP2), cluster containing phosphite ligands 
less bulky than P(OCH3), groups, to determine if the present 
geometry is indeed retained. 

Efforts are also presently under way to synthesize larger 
oligomers of the (HRhP2Ix series. In view of the apparently 
preferred pseudo-square-planar geometry of the H2RhP2 unit, 
and the observed configuration of 2, it is likely that (HRhP2Jx 
oligomers with x > 3 will also possess cyclic structures. 
Possible structural models for a tetramer are displayed in 
Figure 3. Configurations 3-1 and 3-111 are limiting extremes 
of the same structure which can be infinitely varied between 
the tetrahedral form 3-1 and the planar form 3-111. Variation 
of the tetrameric structure is accomplished by elongation of 
the “butterfly” vectors (Rh(2) - Rh(4) and Rh(1) -+ Rh(3)). 
The tetrameric structure 3-1 comprises two coplanar HzRhP2 
units centered at Rh(2) and Rh(4) which are normal to those 
centered at Rh(1) and Rh(3). Elongation of the “butterfly” 
vectors and concomitant bending of the Rh-H-Rh angle, in 
addition to bending of the H2RhP2 dihedral angles, will 
eventually lead to the completely planar structure 3-111. The 
degree of distortion between 3-1 and 3-111 will depend on the 
electronic and steric requirements of the Rh4 tetramer and the 
size of the coordinated phosphite ligands. An analogous sit- 
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Figure 3. Probable structural models for a tetrameric H4Rh4P8 
oligomer. The cyclic nature and variability of configurations are readily 
apparent. 
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Figure 4. Structural model for a cyclic H6RhZl2  hexamer. Conversion 
from 4-1 to 4-11 is accomplished by folding the Rh-H(2) triangles 
along the H-H vector. 

uation can be envisioned for the hexameric complex as dis- 
played in Figure 4. Although the polygonal bases for these 
proposed structures are tetrahedral and octahedral arrays of 
Rh atoms, the cyclic nature is readily apparent. 
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