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A combined roomtemperature X-ray and neutron diffraction study of the bis(tripheny1phosphine)iminium salt of the 
[Cr2(CO) 10(p-H)]- monoanion has been performed to investigate the effects of crystal packing on the anion and Cr-H-Cr 
geometry. A comparison with the earlier work on the [Et,N]+ salt has shown that the p~eudo-D,~  geometry of the anion's 
nonhydrogen framework is maintained. This result indicates that the [Cr2(CO),,(p-H)]- anion is considerably less susceptible 
than the tungsten analogue to a twisting deformation from a linear, eclipsed to a bent, staggered configuration. 
[(Ph3P)2N]'[Cr,(CO),o(fi-H)]- crystallizes with four molecules in a monoclinic unit cell of symmetry C2/c with X- 
ray-determined lattice parameters of a = 21.377 (6) A, b = 16.285 (4) A, c = 16.186 (5) A, and /3 = 128.68 (2)". The 
[(Ph,P),N]+ cation lies along the twofold rotation axis which bisects the P-N-P bond angle of 154.8 (4)'; the [Crz- 
(CO)&-H)]- anion resides on the crystallographic center of symmetry Only one position for the bridging hydrogen atom 
was resolved from the neutron diffraction data with the corresponding maximum negative nuclear density at the center 
of symmetry. However, the highly anisotropic character of its thermal ellipsoid strongly favors our interpretation that 
the observed anion structure is consistent with the slightly bent [Cr2(CO),o(p-H)]- anion of CZL-2mm geometry (previously 
observed for the [Et,N]+ salt) being disordered among four equivalent sites and with the off-axis placement of the bridging 
hydrogen atom. 

Introduction 
Our recent neutron diffraction analysis3 of the tetra- 

ethylammonium salt of the [Cr2(C0),,(p-H)]- monoanion 
revealed that the Cr-H-Cr bond is slightly bent (viz. 158.9 
(6) ')  rather than linear as presumed from earlier single-crystal 
X-ray diffraction studies4 This raised the immediate question 
regarding the degree to which crystal packing forces influence 
the Cr-H-Cr geometry. For the tungsten analogue of the 
monoanion, Bau and co-workers5 found that the cation can 
have an appreciable effect on the geometry of the W-H-W 
bond. For the tetraethylammonium salt a linear, eclipsed 
metal carbonyl structure exists, whereas for the bis(tri- 
pheny1phosphine)iminium salt a bent, staggered carbonyl 
configuration is observed with the W-W separation being 0.1 1 
8, less in the bent form. To investigate the combined influence 
of packing forces and the cation on the solid-state structure 
of the Cr-H-Cr bond, we have performed an X-ray and 
neutron diffraction study at  room temperature of the bis- 
(tripheny1phosphine)iminium salt of the [Cr,(CO) lo(pH)]- 
monoanion. Substitution of the much larger [ (Ph3P)2N]+ 
cation for the [Et4N]' one is expected to produce an ap- 

preciable change in the molecular packing. 
Experimental Section 

Crystal Preparation. Suitable crystals of [(Ph3P)2N]+[Cr2- 
(CO)lO(p-H)]- were grown from saturated and degassed ethanol 
solutions by slow evaporation in a N2-filled desiccator which contained 
magnesium perchlorate. The bis(tripheny1phosphine)iminium salt 
was prepared by published  method^.^,^ Samples of [(Ph3P)2N]+ 
[Cr2(CO)lo(p-H)]- were kindly supplied by T. Hall of Dr. J. K. Ruffs 
research group (University of Georgia, Athens, Ga.). 

The lattice parameters for 
[(Ph3P)2N]+[Cr2(CO),o(w-H)]- were determined with a Syntex P1 
diffractometer. A triclinic cell with measured lattice constants of a 
= 13.429 (6) A, b = 15.040 (6) A, c = 13.445 ( 5 )  A, a = 107.34 
(6)", p = 105.40 (6)", y = 110.97 ( 5 ) " ,  and V = 2199 A' was 
originally used to collect the X-ray data. However, using the program 
TRACER 11,' we later found that the conventional reduced cell is 
monoclinic. This result was verified via axial X-ray photographs and 
by a preliminary survey of neutron diffraction reflection intensities. 
The systematic absences for (hk l )  of h + k = 2n + 1 and for [bo[) 
of 1 = 2n + 1 suggest two possible space groups, Cc(C$, No. 9) and 
C2/c (czh6, No. 15). The centrosymmetric space group c 2 / c  was 
confirmed from the structure determined. Least-squares fits of the 
orientation angles 28, w ,  x, and C#J for 15 automatically centered 

Unit Cell and Space Group. 
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Table I. Crystal Data for [(Ph,P),N]+ [Cr2(CO)l,,(p-H)] - 
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Table 11, Intensity Statistics for [(Ph,P),N]+ [Cr,(CO),,(p-H)] - 

neutron 

a ,  A 21.527 (54) 
b ,  A 16.313 (41) 
c, A 16.336 (41) 
p, deg 128.95 (10) 
V , A 3  4461.4 
p ,  cm-I 

space group 
density, g/cm3 

z 
formula weight, g/mol 

1.31 (for h 1.142 A) 

X-ray 

21.377 (6) 
16.285 (4) 
16.186 (5) 
128.68 (2) 
4398.8 
6.498 (for Mo Ka radiation) 

C ~ / C  ( C 2 h 6 ,  NO. 15) 
1.39 (calcd) 
1.39 (measd) 
4 
923.7 

reflections measured with Mo Ka radiation (A 0.71069 A) or 17 
automatically centered reflections ranging in 20 from 45 to 55’ with 
a neutron wavelength of 1.142 (1) 8, produced the lattice constants 
for [(Ph3P)2N]t[Cr2(CO)lo(pH)]- at  22 k 2 ‘C, which are given 
in Table I in addition to other pertinent crystar data. 

X-ray Data Collection and Structure Analysis. A yellow crystal 
of dimensions 0.6 X 0.17 X 0.3 mm was mounted under an Ar 
atmosphere in a thin-walled Lindemann glass capillary. The crystal 
was transferred to the Syntex diffractometer equipped with a 
scintillation counter, a pulse-height analyzer adjusted to admit 90% 
of the Mo KCY peak (Aa, 0.70930 A; A,, 0.713 59 A), and a crystal 
graphite monochromator set a t  a Bragg 28 angle of 12.16’. As 
indicated previously, the intensity data were measured with dif- 
fractometer angles calculated on the basis of a triclinic cell. The 0-20 
scan technique was employed with stationary crystal, stationary counter 
background counting at  each end of a scan. Variable 20 scan speeds 
between 2.00 and 24.0O0/min and variable scan widths based on the 
overall intensity and width of the peak were used. Two standard 
reflections were measured every 48 reflections, and the ratio of total 
background counting time to scan time was 0.67. No significant 
changes in the intensities of these monitored reflections were observed 
during the entire data collection. The triclinic data were sampled 
once in octants hkl, hkl, hgl ,  hkl for 3.0’ < 20 < 45.0’. After 
correction of the intensities for background and polarization of the 
incident beam due to the crystal monochromator,8-10 the 6016 data 
were merged to yield 3266 reflections with I 2  2.Ou(I).li A standard 
deviation, u(4 ,  was estimated for each reflection from the expression 

cr(I) = [(S + B(t , / tb)2)(SR) + 0.0512]’/2 

where S designates the integrated scan count obtained in time t,, B 
is the total background count obtained in time t b ,  SR is the selected 
scan rate, and I is the integrated intensity equal to (S - B(t, / tb))(SR).  
An absorption correction was applied’2J3 with resulting transmission 
coefficients ranging between 0.827 and 0.904.14 

The reflection data were transformed from the triclinic indexing 
(hkl )  to the monoclinic cell (h’k’l’) via the transformation 

to yield 1594 independent reflections with I 2  2.04I). The application 
of heavy-atom methods15 to a computed three-dimensional Patterson 
mapi6 revealed the initial position for the one independent chromium 
atom. Successive Fourier syntheses established the coordinates of 
all remaining nonhydrogen atoms. The initial refinements were 
performed by block-diagonal least-squares meth0ds.l’ Idealized 
positions for all of the hydrogen atoms were calculated with  MIRAGE,'^ 
and the refinement was continued with anomalous dispersion cor- 
rections included for the Cr  and P  atom^.'^-^^ A full-matrix 
least-squares refinement23 with anisotropic temperature factors for 
all nonhydrogen atoms and with fixed atom contributions from the 
hydrogen atoms was then carried out. Upon convergence, the final 
discrepancy values24 for the 1594 independent reflections were R(F,,) 
= 0.055 and Rw(Fo) = 0.060. A three-dimensional difference Fourier 
map revealed no abnormal features with all residual peaks less than 

Neutron Data Collection and Structure Analysis. A crystal of 
approximate dimensions 4.15 mm X 2.05 mm X 2.05 mm and of 
weight 22.2 mg was sealed in a lead-glass capillary to protect it from 

0.6 e / ~ 3 .  

theoretical value experi- 
mental centro- noncentro- 
value symmetric symmetric 

E 2  0.9998 1.0000 1.0000 

MOD (E)  0.7764 0.7980 0.8860 
MOD (E2  - 1) 0.9888 0.9680 0.7360 

moisture and air during data collection. The crystal was mounted 
in a general orientation on an Electronics and Alloy four-circle 
diffractometer a t  the CP-5 research reactor a t  Argonne National 
Laboratory. This fully automated diffractometer is operated under 
the remote control of the Chemistry Division Sigma V computer.25 
A monochromatic neutron beam produced by reflection from the (1 10) 
plane of a Be crystal at a monochromator angle of 0, = 30’ was used 
with a flux of -2.9 X lo6 N cm-2 s-’. Calibration of the neutron 
wavelen th was made with two standard cubic crystals: NaCl (a = 
5.6397 1) and Si (a = 5.4308 A) at 22 f 2 OC. 

A 8-28 step-scan procedure was utilized to collect the neutron 
intensities of reflections out to (sin O/A) = 0.502 with 0 . lo  step 
intervals. At each extremity of a scan, a background intensity 
measurement was made with the crystal and counter being stationary. 
A total of 2688 reflections were collected. Of the 2464 independent 
reflections, 107 hOl reflections with l = 2n + 1 were systematically 
absent due to the presence of a c-glide plane in the b direction. Of 
the remaining 2357 reflections in the data set, 1665 have intensities 
with F: 1 l.Ou(F2). Data collection beyond 20 = 70’ was terminated 
due to the broad and weak nature of the measured diffraction peaks; 
this was attributed at  least in part to large nuclear thermal motion, 
a relatively high percentage of hydrogen in the crystal, and the mosaic 
spread of the sample. The combined intensity of two standard re- 
flections, measured after every 80 regular reflections, showed no 
variations greater than 4%. 

The intensities were corrected for Lorentz and absorption (pc = 
1.3 1 cm-l, with an incoherent scattering cross-section for hydrogen 
of 38 barns at h 1.142 A) effects. The transmission coefficients ranged 
from 0.60 to 0.78. The magnitudes of F: were obtained from the 
corrected intensities by application of the following equation? F: 
= ( w l  sin 20)/10X3NZv), where Io is the incident intensity, X the 
wavelength, w the angular velocity of the crystal, N the number of 
unit cells per unit volume, Vthe specimen volume, and 0 the Bragg 
angle. A cylindrical NaCl crystal, for which precise absorption and 
secondary extinction corrections had been made, was used to obtain 
Io and thereby place the F 2  on an approximate “absolute” scale. The 
variances of F: were calculated from u2(F2) = u:(F, )  i- (0.05F,2)2, 
where u?(F:) is determined from the counting statistics and 0.05 
is an empirical factor utilized to account for systematic error. 

At the time the neutron diffraction structural analysis was begun, 
the positions of the nonhydrogen atoms in the salt had not been 
established by the X-ray diffraction analysis for the monoclinic cell. 
Based upon the statistical data given in Table 11, the neutron diffraction 
data were shown to be consistent with the centrosymmetric space 
group, C2/c. The positions of all of the nonhydrogen atoms in the 
[(Ph3P)2N]t monocation were determined from the neutron data with 
the program MULTAN. Idealized positions of the phenyl hydrogen 
atoms Rere calculatedI8 from the coordinates of the ring carbon atoms. 
A full-matrix least-squares refinement of the positional and isotropic 
temperature parameters for all of the atoms in the cation led to 
discrepancy i n d i ~ e s ~ ~ a ~ ~ , ~ ~  of R(Fo) = 0.51, R(F:) = 0.66, and RW(F:) 
= 0.71 for the 2357 reflections. The nonhydrogen atoms in the 
monoanion were identified from a difference Fourier map, and their 
approximate positions (with isotropic temperature factors) were then 
included in a further refinement. From a subsequent difference Fourier 
synthesis, the largest negative trough (corresponding to the bridging 
hydrogen atom in the Cr-H-Cr bond) was found near the center of 
symmetry at  x = 0.0093, y = 0.0, and z = 0.0. After unsuccessful 
attempts to refine the bridging H atom off the center of symmetry, 
its position was fixed at the T site. Due to the large number of 
parameters (viz., 41 7) present after anisotropic temperature factors 
for all of the atoms were included in the refinement, six cycles were 
computed in which half of the parameters associated with the cation 
were varied during each cycle along with all the positional and 
temperature parameters of the anion. To eliminate any possible 
systematic errors introduced by this procedure, all of the positional 
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L '8 Table 111. Final Discrepancy Indices for Structural Analysis of 
Neutron Diffraction Data 

E X P E C T E D  Aj/@j 

Figure 1. Half-normal probability plot comparing positional (circles) 
and thermal parameters (crosses) derived from the room-temperature 
X-ray and neutron diffraction study of [(Ph,P),N] f[Cr2(CO)10(p-H)]-. 
A, is equal to llPx(j)l - IPn(j)ll, where P,(j) and P,(j) are the'final 
values for parameter j obtained from the X-ray and neutron diffraction 
data, respectively; u, is equal to (u2(P,( j ) )  + U * ( P , , ( ~ ) ) ) ' / ~ ,  where 
u(PX(j))  and a(P,(j)) are the corresponding variances in the pa- 
rameters. 

and anisotropic temperature factors for the atoms of the cation were 
varied simultaneously during two refinement cycles, while the pa- 
rameters of the monoanion were held constant. Finally, two cycles 
of full-matrix least-squares refinement on all of the nearly converged 
parameters led to the discrepancy indices given in Table 111. The 
final scale factor (S) was 0.897 (3); the standard deviation of an 
observation of unit weight was 0.93 for all 2357 independent reflections. 
A comparison of the final Fourier and difference Fourier maps based 
upon the refined structure showed that the largest positive and negative 
areas on the difference map were only 4 and 11%, respectively, of 
the corresponding features on the Fourier map. It is noteworthy that 
a difference map without inclusion of the bridging H atom revealed 
the largest trough of negative nuclear density to be located exactly 
on the center of symmetry. No secondary extinction correction 
appeared to be necessary due to the close agreements between the 
F, and F, for the strong reflections. 
Results and Discussion 

Comparison of X-ray and Neutron Parameters. The final 
positional and thermal parameters for the X-ray and neutron 
diffraction analyses are compared in Table IV. The inter- 
atomic distances and bond angles with esd's calculated from 
the errors in the fractional atomic coordinates are compared 
wherever possible in Table V. Structure factor tables for both 
data sets are a~a i l ab le . ,~  Least-squares planes of interest, 
calculated from the neutron-determined coordinates, are 
provided in Table VI.30331 

no. of 
reflec- 

data selection tions R(F,) R (FOz)  R , ( F O Z )  ula 

all data 2357 0.132 0.098 0.106 0.93 
reflections with 1665 0.075 0.082 0.098 1.07 

a ul, the standard deviation of an observation of unit weight, is 

F,Z > l .OU(F ,Z)  

de f i ed  by [TwiIFo2 - FCz l/(n - p ) ] ' "  with wi-' = o z ( F o z )  = 
ucz(Fcz) i- (0.0SFo2)z,  where uc is determined by counting 
statistics, n is the number of observations, and p is the number 
of parameters varied (viz., 417) during the least-squares refine- 
ment. For appropriately weighted data and normally distributed 
errors the expected value of u1 is unity. 

The agreement between the derived parameters from the 
X-ray and neutron diffraction data was examined by means 
of a half-normal probability plot32-34 shown in Figure 1. For 
the positional parameters of the nonhydrogen atoms (circles 
in Figure 1) the slope of the half-normal probability plot is 
essentially linear but slightly larger in magnitude than the ideal 
value of 1 .O for a normal distribution of errors. This observed 
deviation indicates that their standard deviations from the 
least-squares matrix are underestimated by an average factor 
of 1.2. The plot for the corresponding thermal parameters 
(crosses in Figure 1) is also linear but with a slightly steeper 
slope of 1.5. This result is reasonable since one generally 
expects the thermal parameters to be in poorer agreement than 
the positional parameters for structural studies of this type. 
The zero intercept in both plots indicates the absence of any 
systematic errors associated with the values determined for 
these parameters. 

General Description of the Crystal and Molecular Structure. 
The crystal structure of [(Ph,P),N]+[Cr,(CO)lo(p-H)]-, as 
determined from the neutron diffraction data, is depicted 
stereographically in Figure 2, which shows the arrangement 
of the four cations and four anions in the centrosymmetric 
C-centered monoclinic cell. The bis(tripheny1phosphine)- 
iminium cation lies along the twofold rotation axis which 
bisects the P-N-P bond angle of 154.8 ( 4 ) O ,  whereas the 
[Cr,(CO),,(p-H)]- anion lies on a crystallographic center of 
symmetry. Thus, the crystallographic asymmetric unit 
contains one independent half-anion and one half-cation with 
respective site symmetries of C,-i and C2-2. The closest 
intermolecular contacts (viz., H(9)-H(9), 2.24 A; O( 1).-H(7), 

H(16), 2.75 A) do not reflect any unusual interactions among 
the ions. Figure 2 further shows that the anions occupy 
channels, which are parallel to the c direction, between the 
much larger cations in the lattice. 

Two different views of the neutron-determined configuration 
of the [Cr,(CO) lo(p-H)]- monoanion are illustrated in Figure 
3. Since the nonhydrogen backbone of the [CrZ(CO)lO(pH)]- 

2.43 A; 0(1)-H(3), 2.48 A; 0(4)*-H(6), 2.64 A; 0(2)*-  

Figure 2. Stereographic view of the arrangement of four [Cr2(CO),o(~-H)]- anions and four [(Ph3P)2N]t cations in the monoclinic unit cell 
of symmetry C2/c. The thermal ellipsoids of nuclear motion for this and subsequent molecular drawings were scaled to enclose 50% probability. 
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Figure 3. Configuration of the [Cr2(CO),,(~-H)]- monoanion for 
the bis(tripheny1phosphine)iminium salt showing (a) a view normal 
to the Cr-Cr axis and (b) a view approximately along the Cr-Cr axis. 

anion in the [(Ph3P)2N]+ salt is similar to that observed at  
room temperature for the [Et4N]+ salt, one must conclude that 
the pseudo-D4,, geometry of the anion's nonhydrogen 
framework is much less susceptible to deformation by crystal 
packing effects than that for the tungsten analogue. For the 
[W2(CO)&-H)]- monoanion in the [ N E 4 ] +  salt, a linear, 
eclipsed metal carbonyl configuration is observed, whereas in 
the [(Ph,P),N]+ salt an appreciably bent, staggered carbonyl 
structure for the anion is found. In addition, the metal-metal 
separations in the two tungsten salts differ significantly with 
the W-W distance being 0.1 1 A smaller in the bent config- 
 ration.^,^ 

In contrast to the twofold disordered structure previously 
resolved for the bridging hydrogen atom in [Et4N]+[Cr2- 
(CO)lO(p-H)]-, only one bridging hydrogen atom position was 

bl 
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located in the [(Ph3P)2N]+ salt with the maximum negative 
nuclear density being at the center of symmetry. As illustrated 
in these two orientations of the anion, the highly anisotropic 
thermal ellipsoid associated with the bridging hydrogen atom 
indicates that its equilibrium position is not clearly resolved 
at  room temperature. Although the Cr-H-Cr bond in Figure 
3 is depicted as linear, the large amplitudes of the two 
root-mean-square components of thermal displacement normal 
to the Cr-Cr vector (Le., 4 2 )  = 0.422 (38) A and p(3) = 
0.532 (25) A) strongly suggest the presence of a disordered 
hydrogen atom (vide infra). 

The essential structural features obtained from our X-ray 
and neutron diffraction studies of the [Et4N]+ and 
[(Ph3P)2N]+ salts of the [Cr,(CO),,(p-H)]- monoanion are 
compared in Table VI. The observed differences between the 
neutron-determined values for the Cr-C( 1) and C( 1)-0(1) 
distances in the two salts, in light of the X-ray results for the 
[ (Ph3P)2N]+ salt, are not significant and to some degree reflect 
the uncertainty in these parameters. Although the basic 
nonhydrogen framework of the monoanion in the two salts is 
similar, the shorter Cr.-Cr' separation in the [(Ph3P)2N]+ salt 
reflects a larger metal-metal bonding component for the 
Cr-H-Cr bond in this salt. 

The structure of the bis(tripheny1phosphine)iminium 
monocation with atom labeling is illustrated stereographically 
in Figure 4. This cation corresponds to the usual bent P-N-P 
c ~ n f i g u r a t i o n ~ ~ - ~ l  in contrast to the linear structure found by 
Wilson and Bau42 for the [V(CO),]- salt. The three inde- 
pendent phenyl rings are each coplanar (see Table VII) within 
experimental error; a nearly tetrahedral geometry is observed 
about the independent phosphorus atom. 

The Bridging Hydrogen Atom in the [Cr2(CO) & . L - H ) ] -  
Monoanion. Our room-temperature neutron diffraction studies 
involving two different crystalline environments of the 
[Cr2(CO)10(p-H)]- monoanion have established that the 
bridging hydrogen atom is disposed symmetrically between 
the two chromium atoms in both cases. In the [Et4N]+ salt 
a disordered, slightly bent structure for the Cr-H-Cr bond 
has been resolved with experimentally equivalent Cr-H in- 

Figure 4. Stereographic drawings of the molecular configuration of the bis(tripheny1phosphine)iminium cation showing (a) thermal ellipsoids 
of nuclear motion and (b) the atom labeling. The anion lies on a crystallographic twofold rotation axis which bisects the P-N-P bond angle 
of 154.8 (4)'. 
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Table V. Interatomic Distances (A) and Bond Angles (deg) for [ (Ph,P),N]+[Cr, (CO),, (w-H)l- 

neutron X-ray neutron X-ray 

(A) Distances for the [Cr,(CO),,(pH)]- Monoanion 
0-Cr 3.349 (13) 3.359 (2) 
Cr-H( 1) 1.675 1.679 
Cr-C(l) 1.862 (8) 1.817 (8) 
Cr-C(2) 1.901 (10) 1.870 (8) 
CI-C(3) 1.895 (9) 1.886 (8) 
CPC(4) 1.890 (10) 1.886 (8) 
CI-c(5) 1.899 (11) 1.880 (8) 
C(l)-O( 1) 1.140 (7) 1.159 (7) 
C(2)-0(2) 1.133 (11) 1.136 (8) 
C(3)-0(3) 1.144 (9) 1.138 (8) 
C(4)-0(4) 1.141 (9) 1.138 (8) 
C(5)-0(5) 1.139 (10) 1.134 (7) 

(B) Distances for the Bis(tripheny1phosphine)iminium Cation, 
[ (Phs N I+ 

1.571 15) 1.553 (2) 
1.805 6 1.779 (7) 
1.781 (6) 1.791 (7) 
1.796 (5)  1.793 (7) 
1.794 (7) 1.788 (4) 

1.396 (9) 1.373 (9) 
1.402 (12) 1.395 (10) 
1.381 (10) 1.353 (11) 
1.401 (12) 1.366 (10) 
1.384 (10) 1.396 (9) 
1.392 (6) 1.377 (9) 
1.393 (4) 1.377 (7) 
1.077 (15) 
1.106 (26) 
1.105 (22) 
1.052 (14) 
1.051 (19) 

Around First Phenyl Ring 

Aro 
C(12)-C(13) 
C( 13)-C(14) 
C(14)-C(15) 
C(15)-C(16) 
C(16)-C( 17) 
C(17)-C(12) 
av 
C(13)-H(7 ) 
C(14)-H(8) 
C(lS)-H(9) 
C(16)-H(10) 
C(17)-H(11) 

1.078 (12) 

1.389 (5) 1.372 (9) 
1.394 (7) 1.393 (10) 
1.382 (8) 1.354 (10) 
1.395 (8) 1.356 (11) 
1.367 (8) 1.390 (11) 
1.399 (6) 1.379 (9) 
1.388 (5) 1.374 (7) 
1.082 (10) 
1.058 (13) 
1.110 (14) 
1.082 (15) 
1.108 (10) 

und Second Phenyl Ring 

av 1.088 (10) 
Around Third Phenyl Ring 

C( 18)-C( 19) 1.396 (9) 1.367 (9) 
C( 19)-C(20) 1.394 (6) 1.392 (10) 
C(2O)-C(2 1) 1.378 (11) 1.357 (10) 
C(2 1 )-C( 22) 1.391 (13) 1.351 (10) 
C(22)-C(23) 1.401 (7) 1.389 (9) 
C(23)-C( 18) 1.404 (7) 1.368 (8) 
av 1.394 (4) 1.371 (7) 
C( 19)-H(12) 1.076 (15) 
C(20)-H(13) 1.064 (21) 
C(2 1)-H(14) 1.073 (12) 
C(22)-H( 15) 1.082 (17) 
C(23)-H(16) 1.044 (19) 
av 1.068 (7) 
(C) Bond Angles for the [Cr2(CO)lo(w-H)]- MonoanionC 
Cr-H( 1 )-Cr' 180 180 
H( l)-Cr-C( 1) 177.3 (5) 177.1 
H(l )-Cr-C(2) 91.6 (4) 91.7 
H( l)-Cr-C( 3) 90.8 (3) 89.6 
H(l)-Cr-C(4) 86.4 (3) 85.7 
H( 1)-Cr-C(5) 88.5 (4) 87.9 
C(1 )-Cr-C(2) 90.7 (3) 91.1 (3) 
C(l)-Cr-C(3) 90.6 (4) 91.1 (3) 

(C) Bond Angles for the [ Cr,(CO),,&-H)] - MonoanionC 
(Continued) 

C( 1)-Cr-C(4) 91.2 (4) 91.4 (3) 
C(1 )-Cr-C(S) 90.2 (3) 91.5 (3) 
C(2)-Cr-C(3) 88.6 (3) 88.4 (3) 
Cr-C(l)-O(l) 178.7 (8) 178.3 (7) 
Cr-C(2)-0(2) 178.2 (5) 177.8 (7) 
Cr-C( 3)-0(3) 176.9 (5)  176.5 (7) 
Cr-C(4)-0(4) 177.7 (7) 178.2 (7) 
cr-C( 5 )-0(5) 179.0 (5) 177.2 (7) 

C(2)-Cr-C(5) 88.1 (5) 88.5 (3) 
C(3)-Cr-C(4) 89.5 (3) 92.3 (3) 
C( 3)-Cr-C(5) 176.5 (6) 176.0 (3) 
C(4)-Cr-C(5) 88.1 (4) 90.7 (3) 

D. Bond Angles for the Bis( tripheny1phosphine)iminium Cation, 

P-N-P' 154.8 (4) 154.6 (3) 
N-P-C(6) 109.7 (3) 109.5 (3) 
N-P-C( 12) 114.3 (3) 114.8 (4) 
N-P-C( 1 8) 109.1 (4) 109.8 (3) 
C(6)-P-C(12) 107.4 (4) 107.0 (3) 
C(6)-P-C(18) 108.0 (3) 107.4 (3) 
C(12)-P-C(18) 108.1 (3) 107.8 (3) 

Around First Phenyl Ring 
C(1 l)-C(6)-C(7) 120.0 ( 5 )  119.5 (7) 
C(6)-C(7)-C(8) 119.5 (5) 119.9 (8) 

120.1 (8) C(7)-C(8)-C(9) 120.2 (8) 
C(8)-C(9)-C(lO) 120.1 (8) 120.7 (8) 
C(9)-C(lO)-C(ll) 119.8 (5) 119.6 (8) 
C(lO)-C(ll)-C(6) 120.4 (6) 120.0 (7) 
H(2)-C(7)-C(6) 121.1 (13) 
H(2)-C(7)-C(8) 119.4 (13) 
H( 3)-C( 8)-C(7 ) 119.1 (12) 
H( 3)-C( 8)-C(9) 120.7 (13) 
H(4)-C( 9)-C(8) 119.5 (12) 
H(4)-C(9)-C(lO) 120.3 (10) 
H( S)-C( 1 O)-C(9) 119.1 (14) 
H(S)-C( lO)-C(ll) 121.1 (14) 
H(6)-C(ll)-C(lO) 119.5 (8) 
H(6)-C(ll)-C(6) 120.1 (9) 

C(17)-C( 12)-C(13) 118.6 (4) 119.1 (7) 
C(12)-C(13)-C(14) 120.7 (4) 120.0 (7) 

120.5 (8) 
C(14)-C(15)-C(16) 120.6 ( 5 )  119.9 (9) 
C(lS)-C(l6)-C(17) 119.5 (5) 120.8 (8) 
C(16)-C(17)-C(12) 121.2 (4) 119.9 (8) 

C(2)-Cr-C(4) 177.9 (6) 177.3 (3) 

[(Ph,P)zNI+ 

Around Second Phenyl Ring 

C(13)-C(14)-C(lS) 119.3 (5) 

H(7)-C(13)-C(12) 121.1 (7) 
H(7)-C(13)-C(14) 118.2 (7) 
H(8)-C(14)-C(13) 118.2 (8) 
H(8)-C(14)-C(15) 122.6 (9) 
H(9)-C(lS)-C(14) 119.9 (8) 
H(9)-C(15)-C(16) 119.4 (8) 
H(l O)-C(16)-C(lS) 120.7 (8) 
H( 10)-C( 16)-C( 17) 11 9.8 (8) 
H(l l)-C(l7)-C(16) 120.0 (7) 
H(ll)-C(l7)-C(l2) 118.8 (7) 

Around Third Phenyl Ring 
C(23)-C(18)-C(19) 120.1 (4) 120.6 (6) 
C(18)-C(19)-C(20) 120.4 (6) 119.3 (7) 
C(19)-C(2O)-C(21) 119.6 (7) 120.0 (7) 
C(2O)-C(21)-C(22) 120.7 (5) 120.4 (7) 
C(21)-C(22)-C(23) 120.5 (6) 120.6 (8) 
C(22)-C(23)-C(18) 118.7 (7) 11 8.9 (7) 
H( 12)-C(19)-C(18) 118.9 (8) 
H( 12)-C( 19)-C(20) 120.6 (1 0) 
H( 1 3)-C(2 0)-C( 19) 1 20.7 (9) 
H(13)-C(20)-C(21) 119.8 (8) 
H(14)-C(21)-C(20) 120.7 (13) 
H( 14)-C(21)-C(22) 11 8.5 (1 2) 
H(lS)-C(22)-C(21) 122.2 (9) 
H(lS)-C(22)-C(23) 117.3 (1 1) 
H(16)-C(23)-C(22) 120.7 (7) 
H(16)-C(23)-C( 18) 120.6 (6) 
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Footnotes to Table V 

coordinates for the czrresponding atomic positions. The esd’s which are shown in parentheses for the average values are calculated from 
the formula UT= [ x ( l -  l d z / ( m 2  - m)]”z, where m is the number of equivalent bonds, 1, is the length of the mth bond, and 1 is the mean 
length. 
neutron and X-ray diffraction studies are based on the H atom located on the center of symmetry at  x = 0, y = 0, and z = 0. The HCr-C 
bond angles are given to show the degree to which they vary from 90”. 

Table VI. Structural Parameters (Bond Distances (A) and Bond 
Angles (deg)) of the [Cr,(CO),,&-H)] - Monoanion 

The esd‘s given in parentheses for the internuclear separations and bond angles were calculated from the standard errors of the fractional 

Although the precise location of the bridging H atom has not been resolved, the calculated bond angles which are given for the 

Table VII. Equations of “Best” Least-Squares Planes, 
Perpendicular Distances (A) from These Planes, and Dihedral 
Angles between the Planesapb 

[(Ph,P),N]+ salta 
(A) Plane I through Cr, C(1), C(2), and C(4) [Et,N]+ salt 

-17.55942 t 9 .2638~  t 6.97592 - 0.0153= 0 neutron neutron X-ray 
Cr 0.013 (9) H -0.016 

Cr-H 1.737 (19) 1.675 1.679 1.907 (6) O(3) 3.047 (10) (73) 

H-CrC(1) 171.4 (4) 177.3 (5) 177.1 

I. Cr-HCr Fragment C(1) -0.001 (6) O(1) -0.021 (9) 
Cr-Cr‘ 3.386 (6) 3.349 (13) 3.359 (2) C(2) -0.003 (6) O(2) -0.019 (11) 

1.707 (21) C(4) -0.003 (6) O(4) -0.058 (9) 
Cr-HCr’ 158.9 (6) 180 180 C(5) -1.887 (7) O(5) -3.025 (9) 

(B) Plane I1 through Cr, C(1), C(3), and C(5) 
12.5107x t 13 .1238~  - 7.52602 - 0.1546 = O  

Cr(l)-C(1) 1.827 (3) 1.862 (8) 1.817 (8) Cr -0.046 (8) H -0.155 
C(1)-0(1) 1.156 (3) 1.140 (7) 1.159 (7) C(1) -0.001 (6) 0(1) 

11. Axial Carbonyl Group 

0.051 (8) 
Cr-C(l)-O(l) 179.0 (2) 178.7 (7) 178.3 (7) C(2) 1.855 (6) O(2) 2.987 (9) 

C(3) 0.010 (6) O(3) 0.103 (8) 
111. Equatorial Carbonyl Groups 

CrC(2)  1.904 (3) 1.901 (10) 1.870 (8) C(5) 0.011 (6) O(5)  0.054 (8) 
Cr-C(3) 1.890 (3) 1.895 (9) 1.886 (8) 

(C) Plane 111 through Cr, C(2), C(3), C(4), and C(5) CI-C(4) 1.899 (3) 1.890 (10) 1.886 (8) 
Cr-C(5) 1.897 (3) 1.899 (11) 1.880 (8) 

C(4) -1.936 (6) O(4) -3.075 (8) 

0 . 1 0 3 5 ~  - 2.89725~ - 12.55172 t 1.6518 = 0 
Cr -0.021 (7) H 1.652 

av 1.898 (3) 1.896 (3) 1.881 (4) C(1) -1.883 (5) 0(1)  -3.022 (7) 
C(2) 0.012 (5) O(2) -0.003 (8) 

C(2)-0(2) 1.139 (3) 1.133 (11) 1.136 (8) C(3) -0.007 (5) O(3) -0.014 (7) 
C(3)-0(3) 1.136 (3) 1.144 (9) 1.138 (8) C(4) 0.011 (5) O(4) 0.033 (7) 
C(4)-0(4) 1.137 (3) 1.141 (9) 1.138 (8) C(5) -0.007 (5) O(5) -0.015 (7) 
C(5 )-0(5 1 
av 1.137 (1) 1.139 (2) 1.137 (1) -8.9146: - 6 . 7 1 7 8 ~ ~  - 6.06002 + 7.3008 = 0 
Cr-C(2)-0(2) 177.6 (2) 178.2 (5) 177.8 (7) 
Cr-C(3)-0(3) 177.0 (2) 176.9 (5) 176.5 (7) 
Cr-C(4)-0(4) 177.7 (2) 177.7 (7) 178.2 (7) 
Cr-C(5)-0(5) 177.2 (2) 179.0 (5) 177.2 (7) 

1.136 (3) 1.139 (10) 1.134 (7) 
(D) Plane IV through C(6), C(7), C(8), C(9), C(lO), and C(11) 

-0.001 (4) H(2) -0.010 (15) 
C(7) -0.002 (6) H(3) -0.018 (18) 
C(8) 0.005 (7) H(4) -0.007 (16) 

(36) 

C(9) -0.004 (7) H(5) 0.029 (15) 
C(10) 0.002 (6) H(6) 0.028 (1 3) 

(E) Plane V through C(12), C(13), C(14), C(15), C(16), and C(17) 
a Structural parameters for the [(Ph,P),NJ, salt in this table are C(11) 0.001 (5) P -0.074 (5) 

based upon a linear structure for the Cr-H-Cr bond. 
20 .2400~ + 3 .0207~  - 13.28712 - 8,2240 = 0 

0.024 (15) 
s t r u c t u r e  s t r u c t u r e  ~ ( 1 3 )  0.003 (8) H(8) 0.038 (23) 

C(15) -0.012 (11) H(10) 0.006 (22) 
C(16) -0.007 (10) H(11) 0.023 (18) 

(F) Plane VI through C(18), C(19), C(20), C(21), C(22), and C(23) 
- 2 . 7 0 5 7 ~  t 1 5 . 2 0 7 1 ~ -  3.02112 t 1.5007=0 

W 8 )  0.002 (4) H(12) 0.017 (12) 
C(19) -0.005 (5) H(13) 0.010 (15) 

C(21) 0.002 (5) H(15) 0.008 (14) 
C(22) -0.006 (5) H(16) 0.030 (13) 

Dihedral Angles (deg) between Planes 

(a1 instantoneous fbl t w o f o l d  d i so rde red  C(12) -0.007 (6) H(7) 

C(14) 0.014 (10) N(9) 0.011 (22) 

~ ( 1 7 )  0.013 (8) P -0.013 (6) 

C(20) 0.004 (6) H(14) -0.006 (12) 

(323) 0.004 (5) P -0.032 (5) 

Figure 5. Molecular drawings of the [Cr2(CO)&-H)]- monoanion I and11 89.8 IV and V 76.5 
for the [Et4N]+ salt depicting (a) the instantaneous Ck-2mm structure I and 111 89.8 IV and VI 86.8 
and (b) the twofold disordered structure. I1 and I11 88.9 V and VI 81.3 

ternuclear distances of 1.707 (21) and 1.739 (19) A. To 
minimize steric effects introduced by the nonlinearity (1 59O) 
of the Cr-H-Cr bond, the two centrosymmetrically related 
disordered sites for the hydrogen atom are situated such that 
the two coplanar Cr-H-Cr moieties are staggered with respect 
to the eclipsed array of equatorial carbonyl ligands. The 
resulting instantaneous C2, configuration (Figure 5a), which 
is disordered to give the superimposed structure observed for 
the monoanion (Figure 5b), is favored sterically over an ec- 
lipsed arrangement since the latter would be susceptible to 

The equations of the least-squares planes are expressed in 
terms of monoclinic fractional coordinatesx, y ,  2. 
positions used in the calculation of a given plane were weighted 
according to the errors in the fractional coordinates. 

a twisting distortion of the two Cr(CO), groups to an in- 
termediate staggered structure for the equatorial carbonyls. 
In the [(Ph,P)2N]+ salt the overall linear, eclipsed carbonyl 
configuration of approximate D4h symmetry is maintained for 
the monoanion. Although bridging H atom’s nuclear density 
maximum is centered between the two Cr atoms at  a T site, 

The atomic 
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its highly anisotropic thermal ellipsoid (which is nearly cyl- 
indrical in shape with respect to the Cr-Cr line) is consistent 
with the instantaneous C2, structure being disordered in equal 
populations among four possible equivalent sites rather than 
among the two sites as found in the [Et4N]+ salt. 

Despite our inability in this case to distinguish a truly linear 
Cr-H-Cr geometry from such a composite of slightly bent 
structures, the outcome of recent low-temperature spectro- 
scopic and structural studies on related systems strongly 
supports the latter representation. In an investigation of the 
general applicability of laser Raman spectroscopy for structural 
studies of metal-hydrogen-metal bonds in transition-metal 
hydrides, Shriver and c o - w ~ r k e r s ~ ~ , ~ ~  have performed low- 
temperature studies a t  10 K on deuterated salts of the 
[M2(CO)10(p-H)]- monoanion. Low temperatures are re- 
quired since the stretching and bending modes associated with 
the central M-H-M unit are too weak to be observed at  room 
temperature. From their work, a correlation between the 
frequency of the asymmetric stretching mode for the M-D-M 
group and the M-D-M bond angle was found. For an ap- 
preciably bent M-D-M bond, such as found in the [W2- 
(CO),,(p-D>]- monoanion of the [(Ph3P)2N]+ salt, a sig- 
nificant decrease in the asymmetric stretching frequency is 
observed. However, for more nearly linear structures, such 
as found for the [Cr2(CO)10(pD)]- monoanion, a force field 
analysis shows that the vibrational frequency is rather in- 
sensitive to small bond angle deformations. Within the 
limitations of the solid-state Raman analysis, the analogous 
vibrational frequencies at  10 K of 1274 and 1270 cm-' for the 
[Et4N]+ and [(Ph3P),N]' salts, respectively, provide con- 
vincing evidence that the two salts possess a similar Cr-D-Cr 
structure at  this temperature. This result, when extrapolated 
to room temperature, lends support to our conclusion that the 
observed thermal ellipsoid of the bridging hydrogen atom in 
the [(Ph3P)2N]t salt is due to a composite of disordered 
structures. 

Additional structural evidence for the disordered, off-axis 
placement of the bridging hydrogen atom in the carbonyl- 
eclipsed configuration of the [M2(CO)&-H)]- anion has been 
provided by Bau, Koetzle, and co-w~rkers,"~ who have recently 
completed a neutron diffraction analysis of [Et4N]+[ W2- 
(CO)lO(p-H)]- at  14 K. In agreement with our neutron 
diffraction study3 of [Et4N]+[Cr2(C0),,(p-H)]-, the bridging 
hydrogen atom is clearly displaced46 from the metal-metal 
axis. The carbonyl-eclipsed structure, which is observed a t  
room temperature, turns out a t  14 K to be a disordered su- 
perposition of two bent, approximately eclipsed anions. A 
surprising aspect of their low-temperature study is the 
asymmetric disposition of the hydrogen atom which produces 
two widely different W-H distances of 1.7 18 (1 2 )  and 2.070 
(12) A. This result led Bau, Koetzle, and c o - w o r k e r ~ ~ ~  to 
suggest that the [W2(CO)10(p-H)]- anion may be described 
as a type of donor-acceptor complex, in which the electrons 
of the W-H bond in the 18-electron [W(CO),H]- species are 
donated to an empty orbital on the electron-deficient W(CO)5 
group. 

On the basis of these spectroscopic and structural studies, 
the  thermal ellipsoid of the bridging H atom in the 
[(Ph,P),N]' salt represents a composite of equivalent, slightly 
bent Cr-H-Cr structures. The nature of this disorder can be 
better understood by a comparison of the relative sizes,47 
shapes, and orientations of the nuclear thermal ellipsoids of 
the bridging H atom and the axial carbonyl atoms in the 
[Et.,N]' and [(Ph3P)2N]' salts. In the former system the 
largest root-mean-square components of the thermal ellipsoids 
for the bridging hydrogen atom and each of the axial carbonyl 
atoms are directed approximately normal to the Cr-Cr axis. 
For the H atom the largest component of thermal displacement 
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is perpendicular to the Cr-H-Cr plane, whereas for each of 
the axial carbonyl atoms it is nearly along the Cr-H-Cr plane. 
Although a corresponding twofold disorder of the one inde- 
pendent axial carbonyl group was not resolved a t  room 
temperature, the  observed thermal anisotropy was 
r a t i ~ n a l i z e d ~ , ~ ~  in terms of a composite of two half-carbon and 
two half-oxygen atoms each displaced ca. 0.08 A and ca. 0.15 
A from their respective neutron-determined positions. These 
estimated displacements are considerably smaller than the 
observed ca. 0.3 8, displacements of the two disordered hy- 
drogen sites from the midpoint of the Cr-Cr line and have led 
us to conclude that the overlap region of the Cr-H-Cr bond 
is located nearer to the centrosymmetric midpoint of the Cr-Cr 
line than to the half-weighted hydrogen atom positions. 
Consequently, the observed thermal anisotropy for the mo- 
noanion in the [Et4N]+ salt is consistent with the nonhydrogen 
structure representing the superposition of two slightly bent 
anions of C2,-mm2 geometry. In comparison, the magnitudes 
of the corresponding thermal displacements (normal to the 
Cr-Cr line)47 for the bridging H atom are significantly larger 
in the [(Ph3P)2N]+ salt, whereas they are comparable in size 
for the corresponding axial carbonyl atoms. The thermal 
ellipsoid for the bridging H atom in the [(Ph3P)2N]'salt is 
sufficiently large to accommodate a composite of disordered 
sites with each displaced by ca. 0.2 8, from the "averaged" 
neutron determined position at  the Cl-T site. For an unresolved 
twofold disorder of the bridging H atom, one would expect 
to observe an elongated ellipsoid with the maximum thermal 
displacement directed parallel to the plane which bisects 
opposite CO(eq)-Cr-CO(eq) bond angles. However, the 
pancake shape of the ellipsoid strongly favors a fourfold 
disorder. This hypothesis is in harmony with the distinctly 
different thermal anisotropy observed for the axial carbonyl 
atoms in the two salts. Rather than being directed along the 
Cr-H-Cr plane which bisects opposite OC(eq)-Cr-CO(eq) 
bond angles as was the case in the [Et4N]+ salt, the maximum 
and median thermal displacements for the axial carbonyl atoms 
in the [(Ph3P)2N]+ salt are directed more nearly along the 
Cr-CO(eq) directions. Therefore, we suggest that  the 
structural parameters associated with the bridging hydrogen 
atom represent a composite of a fourfold disorder of the 
off-axis hydrogen position. 

The outcome of this neutron diffraction study of the bis- 
(tripheny1phosphine)iminium salt has shown the solid-state 
structure of the [Cr,(CO),,(p-H)]- monoanion is affected to 
a much lesser degree than the tungsten analogue by its 
crystalline environment. A possible explanation for this 
difference is related to the degree of metal-metal overlap 
present in the M-H-M fragment of the two [M2(CO)lo(p- 
H)]- monoanions. Low-temperature neutron diffraction 
studies of [(Ph3P)2N]+[Cr,(CO)lo(p-H)]- are underway in the 
hope of being able to resolve the level of disorder and to clarify 
our interpretation. 
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