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exist in different electronic spin states. Hoskins and 
Kelly studied Fe [ S Z C N ( C ~ H ~ ) Z ] ~ ' ~  and Fe [S,COCz- 
H6I3l4 which, while exhibiting spin-state equilibria to a 
small extent, represent very nearly the high-spin (S = 
5/z) and low-spin (S = 1/2) extremes, respectively. 
The Fe-S bond length inThe former complex was found 
to be approximately 0.1 A longer than that found in the 
latter, indicating significant Fe-S antibonding character 
for the S = 5/z electronic state. The fact that  good 
single crystals of the present complex are obtained 
with 50% S = 1 spin state populated a t  the tempera- 
ture of the X-ray measurements suggests that the S = 1 
state has minimal antibonding character. Further- 
more, the sulfur atom thermal ellipsoids are normal, 
except that the ellipsoid of the dtc sulfur atom, S ( 3 ) ,  
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trans to the tfd ligand is elongated along the Fe-S bond 
axis (see Figure 2). This may or may not be indicative 
of some spin-state influence on this Fe-S bond length. 
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The structure of hydridonitrosyltris(triphenylphosphine)iridium(I) perchlorate, [IrH(NO)(P(CBH5)3)3] [ClO,], has been 
determined from three-dimensional X-ray data collected by counter methods. The compound crystallizes in the space group 
P b ~ 2 ~  of theprthorhombic system with four molecules in a unit cell of dimensions a = 11.335 (9) ,  b = 21.992 (17), and c = 
19.170 (15) A. The observed and calculated densities are 1.53 (+O.OZ) and 1.54 g ~ m - ~ ,  respectively. Least-squares refine- 
ment has led to a final value of the conventional R factor (on F) of 0.047 for the 1342 reflections having F2 > 3u(F2).  The 
structure consists of well-separated monomeric ions and the geometry around the metal is described as distorted trigonal bi- 
pyramidal with the hydrido and nitrosyl ligands occupying the axial positions and the triphenylphosphine ligands the equa- 
torial positions. The hydrogen atom was 
not located in the structural determination. However its position has been inferred because the geometry of the other 
ligands around the metal is very similar to that found for the complexes RhH(CO)(P(C6H5)3)3 and C O H ( N Z ) ( P ( C ~ H S ) Z ) ~  for 
which the hydrogen atoms have been located. The iridium-nitrogen-oxygen bond angle of 175 (3)"  suggests that  this coop- 
plex is best formulated as an NO+ complex of iridium(1). Other important bond lengths in the molecule are as follows (A) :  
Ir-P, 2.346 (9), 2 341 (8) ,  2.334 (8 ) ,  Ir-N, 1.68 (3); N-0, 1.21 (3). The bonding of the nitrosyl group in this complex is 
compared with that  found in other iridium complexes, which have the nitrosyl ligand coordinated as NO-. Also t h e  geome- 
tries of the five-coordinate ~omplexesMH(X)(P(CeH5)3)~ (M = Co, X = Nz; M = Rh, X = CO; M = Ir, X = NO+) seem 
to be influenced by the degree of double bonding of the M-X bond, and it is proposed that electron-pair repulsions are re- 
sponsible for the distortions from the ideal trigonal-bipyramidal geometry. 

The iridium atom lies 0.51 A above the plane of the three phosphorus atoms. 

Introduction 
Interest has been shown recently in the ability of 

nitric oxide to bond to transition metals in two quite 
distinct ways. The complexes which have the nitrosyl 
ligand coordinated in a linear fashion have been for- 
mulated as complexes of NO+ because of their close 
similarity to carbonyl complexes. In contrast the 
complexes which have a metal-nitrogen-oxygen bond 
angle of approximately 120' have been formulated as 
complexes of NO-, which is isoelectronic with 0 2 .  

A possible reason that NO- and O2 coordinate in a 
different fashion in certain iridium and rhodium com- 
plexes has been discussed previously.' It also appears 
that coordination of nitric oxide as NO is possible in 
certain paramagnetic complexes. However no struc- 
tural evidence for this mode of coordination exists a t  

(1) D M P. h'lingos and J. A Ibers, Ilzovg Chem , 10, 1035 (1971) 

present. We have shown that the iridium complexes 
[IrX(NO)(CO)(P(C6H5)3)2] [ B S ]  (X = C1, 1)2-4 and 
IrXY(NO)(P(C6H&)2 (X = Y = c1;' X = I, Y = 
CHa5) have the nitrosyl ligand coordinated as KO-. 
The complex [IrH(NO) (P(C,&)3)~] [C104], which was 
prepared by Reed and Roper6 from perchloric acid 
and Ir(NO)(P(CBH5)8)3, is closely related to the iridium 
complexes mentioned above and it was of interest to 
examine the mode of coordination of the nitrosyl ligand 
in this complex. The low electronegativity and mini- 
mal steric requirements of the hydrido ligand could 
have an unusual effect on the metal-nitrosyl geometry. 

(2) D. J. Hodgsonand J. A. Ibers, ibid., 7 ,  2345 (1968). 
(3) D. J. Hodgson, N. C. Payne, J. A. McGinnety, R.  G .  Pearson, and 

(4) D. J.  Hodgsonand J. A. Ibers, Inovg. Chem.,  8, 1282 (1969). 
(5) D. M. P. Mingos, W. T. Robinson, and J. A.  Ibers, ibid. ,  10, 1043 

(1971). 
(6) C. A. Reedand W. R .  Roper, Chem. Commun., 155 (1969). 

J. A. Ibers, J. Amev.  Chem. Soc., 90, 4486 (1968). 
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Atom X 

Ir 0.18978 (12)* 
P1 0.0749 (9) 
P2 0.1304(8) 

C1 0.3384 (9) 
N 0.1677 (25 )  
01 0.1426 (27) 

P3  0.3944 (7) 

TABLE I 
POSITIONAL, THERMAL, AND GROUP PARAMETERS FOR [IrH( NO)(P(CeH5)3)3] [ClO,] 
Y z plla 822  P 3 3  812 Pi3 

0,15522 (5) '/a 0.00589 (IO) 0.00140 (2) 0.00197 (4) 0.00040 (8) 0,00037 (18) 
0.2275 (4) 0.1910 (5) 0.0086 (11) 0.0014 (3) 0.0018 (3) 0.0005 (4) 0.0006 (6) 
0.0533 (4) 0.2465 (10) 0.0068 (8) 0.0017 (2) 0 ,0021 (3) -0.0001 (3) -0,0017 (10) 
0.1624 (4) 0.2390 (8) 0.0043 (7) 0.0017 (2) 0,0020 (6) 0.0001 (4) -0.0009 ( 5 )  
0.3463 ( 6 )  0.4385 ( 5 )  0.0141 (15) 0.0038 (3) 0,0041 (4) -0,0007 (8) -0.0005 (6) 
0.1682 (14) 0.3353 (17) 0,0070 (35) 0.0038 (11) 0.0032 (12) 0.0012 (16) 0.0030 (17) 
0.1771 (14) 0.3958 (16) 0.0199 (48) 0.0047 (11) 0,0044 (12) -0.0003 (16) 0,0008 (20 )  

8 2 3  
-0.00009 (10) 
-0 ,0000 ( 2 )  

0.0004 ( 5 )  
0,0002 (3) 
0.0006 (4) 

-0.0007 (10) 
-0,0007 (10) 

Group To Yo 20 6 € 9 

R1 0.2041 (12) 0.3264 (7) 0.0974 (8) 0.568 (17) -2.620 (14) -0.793 (15) 
R2 -0,0764 (12) 0.3045 ( 5 )  0.3013 (8) -1,391 (15) -2.593 (13) 2.269 (14) 
R3 -0 .1221  (12) 0.1845 (6) 0.0818 (7) -0 .285 (15) 2.506 (13) -2 .259  (16) 
R4 -0,1251 (12) 0,0296 (6) 0.3148 (6) 0.079 (14) -2 .945 (13) 2.660 (12) 
R5 0,2901 (13) -0.0188 (6) 0.3687 (8) 1.188 (18) -2.348(13) 1.784 (19) 
R6 0.1331(10) -0.0235(8) 0 .1019(8)  0 .166(16)  2.611(16) -1 .663 (16 )  
R7 0.5216 (14) 0.1855 (8) 0.3906 (9) -0 .467 (16) 2.991 (17) -2 .061 (15) 
R8 0.5003 (12) 0,2862 (7)  0.1793 (7) 0.855 (17) -2 ,509 (13) 2.707 (16) 
R9 0.5103(14) 0.0536(6) 0.1519(8) 1.292(19) 2.336(14) 0 .865(19)  
ClOa 0.3388 (20) 0.3410(9) 0.4388(12) 2,024 (19) -3.049 (18) -0 .807  (18) 

a The form of the thermal ellipsoid is exp[ - (Pllh2 + &k2 + p& + Z&zhk + Bpl,hZ + 2p23kZ)], The numbers given here and in 
x o ,  ye, and zc are the fractional coordinates of the group other tables are estimated standard deviations in the least significant figures. 

center; 6, E, and TJ (in radians) have been defined p r e v i o u ~ l y . ~ ~ ~ ~ ~  

Collection and Reduction of Intensity Data 
Dark brown, pyramidal crystals of [IrH(NO) (P- 

( C C H , ) ~ ) ~ ] [ C ~ O ~ ]  were kindly supplied by Dr. W. R.  
Roper. On the basis of Weissenberg and precession 
photography of the h01, hl l ,  h21, Ok1, l k l ,  and 2kl nets 
we established that the crystals belong to the ortho- 
rhombic system. The systematic absences observed 
for the reflections Okl, k odd; h01, 1 odd are consistent 
with the space groups D 2 h 1 1 - P b c m  or Czu5-Pbc21. On 
the basis of optical goniometry the faces of the crystal 
which was chosen for data collection were identified as 
(001), (OOT), (342), (342), (%2), and (332). Lattice 
constants were determined a t  22.5' from a least-squares 
refinement of the setting angles of 11 strong reflections 
centered on a Picker four-circle automatic diffrac- 
tomete? using Mo Kal radiation ( A  0.70930 A). They 
are a 7 11.335 (9), b = 21.992 (17), and c = 19.170 
(15) A. The density calculated for four formula 
weights per unit cell is 1.54 g/cm3, which agrees well 
with that of 1.53 (+0.02) g/cm3 measured by the gra- 
dient tube method. With four formula weights in the 
unit cell either a mirror plane, a twofold axis, or a center 
of symmetry is imposed on the ions if the centrosym- 
metric space group Pbcm is correct, but no symmetry 
is imposed if the space group is the noncentrosyminetric 

The mosaicity of the crystal was examined by means 
of the narrow-source, open-counter, w-scan technique. 
The width at half-height for a typical strong reflection 
was found to be approximately 0.05", which is ac- 
ceptably low.8 The intensity data were collected as 
previously described7 using a crystal with approximate 
dimensions 0.1 X 0.07 X 0.07 mm. The crystal was 
mounted on the diffractometer with spindle axis roughly 
coincident with the c*  reciprocal lattice vector. 

For data collection MO K a  radiation was used and 
the diffracted beams were filtered through 1.0 mil of 
niobium foil. The intensities were measured by the 
8-28 technique a t  a takeoff angle of 1.5". At this 
angle the intensity of a reflection was about 80% of the 
maximum value as a function of takeoff angle. A 

Pbc21. 

( 7 )  P. W. R. Corfield, R .  J. Doedens, and J. A. Ibers, Inovg. Chem.,  6, 

(8) T. C. Furnas, "Single Crystal Orienter Instruction Manual," General 
197 (1967). 

Electric Co., Milwaukee, Wis., 1957. 

receiving aperture 4 mm X 4 mm was used and posi- 
tioned 30 cm from the crystal. A nonsymmetric 
scan range of -0.4 to +O.Cjo from the Kal peak for 
reflections with 0 < 1 5 O  and -0.45 to +0.75" for the 
reflections with 15" < 8 < 20' was used. Attenuators 
were inserted automatically if the intensity of the 
diffracted beam exceeded about 7000 counts/sec during 
the scan; the attenuators used were Cu foils whose 
thickness had been chosen to give attenuator factors of 
approximately 2.3. The pulse height analyzer was set 
for approximately a 90% window centered on the Mo 
K a  peak. 

The intensities of four standard reflections were mea- 
sured every 200 reflections. They showed deviations of 
only +l%. Intensity data were collected for the 
unique hkl planes up to 0(Mo Kal) <20°.  Past this 
point very few intensities were above background 
under the conditions of data collection just detailed. 
The data were processed as previously de~c r ibed .~  
The value of p was chosen as 0.04. Of the 2330 re- 
flections observed, 485 had intensities which were less 
than their standard deviations. The linear absorption 
coefficient for the compound for Mo K n  radiation is 
30.8 cm-I. The data were corrected for absorption; 
the transmission coefficients ranged from 0.77 to 0.83. 

Solution and Refinement of Structure 
If the correct space group is Pbcm, then a twofold 

axis, a center of symmetry, or mirror plane of symmetry 
is imposed on the ions of the compound [IrH(NO)(P- 
(C6H6)3)3 J [C104 J,  and probably there would result 
disorder of the triphenylphosphine groups. Disorder 
of triphenylphosphine groups has not been observed 
in the numerous studies of such complexes in these 
laboratories. Hence the noncentric space group Pbc21 
was assumed. 

The iridium atom was located from a three-dimen- 
sional Patterson f ~ n c t i o n . ~  The fractional z coordinate 
of the iridium atom was set a t  1/4 to fix the origin of 
the unit cell. Two cycles of least-squares refinement 
of scale factor and iridium x and y coordinates yielded 

(9) I n  addition to  various local programs, those used in this work include 
local modifications of Hamilton's C O N O ~  absorption program, Johnson's 
ORTEP thermal ellipsoid plotting program, and Zalkin's FORDAP Fourier pro- 
gram. Our local least-squares program NUCLS, in its nongroup form, closely 
resembles the Busing-Levy ORFLS program. 
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the discrepancy factors R1 = ZllFol - ~Fc~~/2~F,,~ 
and RZ = (Zw(lFoI - /F,~)2/ZwFoz)1'2 of 0.234 and 
0.299, respectively, where the weights w were taken 
as 4Fo2/aZ(Fo2). In this and succeeding refinements 
the function minimized was Zw(IFol - lFcl)2, and 
only the 1342 reflections having Fo2 > 3a(Fo2) were 
used. In all calculations of lFcl the usual tabulation 
of atomic scattering factors was used for P, C1, 0, 
N, and C;lo those for H were from Stewart, Davidson, 
and Sirnpson,l1 and those of Cromer and Waber were 
used for 1r.lz The effects of anomalous dispersion 
were included in the calculation of FC;l3 the values of 
Af' and Af" for Ir ,  C1, and P were those given by 
Cromer. l 4  Subsequent difference Fourier maps, inter- 
spersed with least-squares refinements, led to positions 
of all remaining nonhydrogen atoms. The phenyl 
ring carbon atoms and the perchlorate oxygen atoms 
were treated as rigid g r o u p ~ ~ ~ t ~ ~  of Dsh (d(C-C) = 
1.390 A) and T,  (d(C1-0) = 1.42 A) symmetry, re- 
spectively. The nongroup atoms were assigned iso- 
tropic thermal parameters and the least-squares re- 
finement converged to give the discrepancy factors R1 
= 0.089 and Rz = 0.124. The nongroup atoms were 
then assigned anisotropic temperature factors and the 
phenyl group atoms were assigned individual isotropic 
temperature factors. Three cycles of least-squares 
refinement lowered the discrepancy factors to  R1 = 
0.053 and R2 = 0.056. The positions of the hydrogen 
atoms were idealized (d(C-H) = 0.98 A) and each 
hydrogen a t o p  was assigned an isotropic temperature 
factor of 3.0 A2. In  subsequent structure factor calcu- 
lations the contributions of these hydrogen atoms were 
taken into account. After three more cycles the re- 
finement converged to give the discrepancy factors R1 
= 0.047 and Rz = 0.049. 

There were a t  this point two possible structures to 
consider: the enantiomorph A, the structure as 
hitherto assumed, and enantiomorph B, the mirror 
image of A reflected across a plane a t  z = l / 4 .  One 
cycle of least-squares refinement with ( L E I )  assumed in 
place of (hk l )  gave the discrepancy factors R1 = 0.052 
and Rz = 0.055. Hence our original arbitrary choice 
of enantiomorph A is correct. 

An inspection of the data suggests that no correction 
for secondary extinction is necessary. Moreover, a 
comparison of 2w(lFoI - /F,~)2 for various classes of 
reflections based on 1 Fo!, Miller indices, and the scatter- 
ing angle shows no unexpected trends. Thus the 
relative weighting scheme is a reasonable one. The 
error of an observation of unit weight is 1.23 e-. 

The rather high >emperatme factor of the perchlorate 
oxygen atoms, 15 A2, is a result of some disorder of these 
atoms. Difference Fourier maps indicated that this 
disorder might take the form of a rotation of the per- 
chlorate group about the C1-03 axis. However, trial 
calculations indicated that the degree of disorder must 
be less than 20%. Pehaps as a result of this disorder 
the origin of the oxygen-atom group is 0.12 A from the 

( I O )  J. A.  Ibers, "International Tables of X-Ray Crystallography," Vol. 3 ,  

(11) R. F. Stwart, E. I<. Davidson, and W. T. Simpson, J .  Chem. Phys. ,  42, 

(12) D. T .  Cromer and J. T. Waber, Acta Cryslallogv., 18, 104 (1965). 
(13) J. A. Ibers and W. Hamilton, ibid., 17, 781 (1964). 
(14) D. T. Cromer, ibid., 18, 17 (1965). 
(15) K .  Eisenberg and J .  A. Ibei-s, I i zovg .  Chefiz. ,  4, 773 (1965). 
(16) S. J .  La Placa and J. A. Ibers, J. A m e v .  Chem. Soc., 87, 2581 (1965); 

Kynoch Press, Birmingham, England, Table 3.3.1 A. 

3 1 i 5  (1965). 

S. J .  La Placa and J.  A.  Ibers, A d a  Cryslallogv., 18, 511 (1965). 

Atom 

Ring 1 
R l C l  
R1C2 
R1C3 
R1C4 
R1C5 
R1C6 

R2C1 
R2C2 
R2C3 
R2C4 
R2C5 
R2C6 

R3C1 
R3C2 
R3C3 
R3C4 
R3C5 
R3C6 

R4C1 
R4C2 
R4C3 
R4C4 
R4C5 
R4C6 

R5C1 
R5C2 
R5C3 
R5C4 
R5C5 
R5C6 

R6C1 
R6C2 
R6C3 
R6C4 
R6C5 
R6C6 

R7C1 
R7C2 
R7C3 
R7C4 
R7C5 
R7C6 

R8C1 
R8CB 
R8C3 
R8C4 
R8C5 
R8C6 

R9C1 
R9C2 
R9C3 
R9C4 
R9C5 
R9C6 

0 2  
0 3  
0 4  
0 5  

Ring 2 

Ring 3 

Ring 4 

Ring 5 

Ring 6 

King 7 

Ring 8 

Ring 9 
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TABLE I1 
DERIVED PARAMETERS 

(a) Phenyl-Ring Carbon Atomsa 
X Y 2 B, A2 

0.1550(17) 0.2836(9) 0.1422(11) 2 , 0 ( 7 )  
0.2291 (20) 0.2650 (7) 0.0885 (12) 4 . 0  (8) 
0.2783(19) 0.3077(11) 0.0437(10) 4 . 1  (9) 
0.2533 (22) 0.3691 (10) 0.0526 (12) 4 . 6  (10) 
0.1792(23) 0.3878(7) 0.1063(13) 5 . 1 ( 9 )  
0.1300(17) 0.3450(11) 0.1510(10) 4 . 8 ( 8 )  

-0.0141(16) 0.2690(7) 0.2539(11) 3 . 0 ( 6 )  
-0.1344 (17) 0.2784 (8) 0.2449 (10) 3.5 (6) 
-0.1967 (13) 0.3139 (10) 0.2922 (12) 5 . 3  (8) 
-0.1387(19) 0.3400(9) 0.3487(10) 4 . 6 ( 9 )  
-0,0184 (20) 0.3306 (9) 0.3578 (9) 4 . 4  (8) 

0.0439(13) 0.2951 (9) 0.3104(12) 3 . 8 ( 8 )  

-0.0315(15) 0.2010(9) 0.1269(10) 3 . 1  (7) 
-0.1008 (18) 0.1505 (9) 0.1416 (9) 2 . 8  (7) 
-0.1913(17) 0 .1339(8)  0.0965(11) 4 . 4 ( 8 )  
-0.2126(16) 0.1679(10) 0.0367(10) 4 . 6 ( 9 )  
-0.1433(20) 0.2185(10) 0.0219(9) 6 .1(11)  
-0.0528(18) 0.2350 (8) 0.0670 (12) 3 . 2  (8) 

-0.0177 (14) 0.0397 (10) 0.2819 (10) 3 .6  (8) 
-0.0632 (19) -0.0189(8) 0.2861 (11) 4 . 2  (9) 
-0.1707(20) -0.0290(7) 0.3190(12) 4 .2  (8) 
-0.2326 (15) 0.0195(11) 0.3478 (11) 4 . 8  (9) 
-0,1870 (19) 0.0781 (9) 0.3436 (11) 4 . 5  (8) 
-0.0796 (20) 0.0882 (7) 0.3106 (11) 3 . 7  (8) 

0.2205(17) O . O l O O ( 8 )  0.3090(9) 2 . 4 ( 7 )  
0.3244 (18) -0.0187 (9) 0.2891 (8) 3 . 6  (7) 
0.3940(14) -0.0476(9) 0.3388(13) 4 . 9 ( 9 )  
0.3596 (19) -0.0476 (10) 0.4084 (11) 5 . 3  (10) 
0.2557 (21) -0.0189(11) 0.4284 (8) 4 . 3  (9) 
0.1862 (15) 0,0100 (8) 0.3786 (11) 3 . 5  (7) 

0.1340(19) 0.0088(11) 0.1642(10) 4 . 2 ( 9 )  
0.1487(20) -0.0539(11) 0.1648(11) 4 . 6 ( 9 )  
0.1477 (20) -0.0863 (8) 0.1026 (15) 7 .0  (12) 
0.1321(21) -0.0559(12) 0.0396(11) 6 . 1 ( 1 1 )  
0.1175(20) 0.0069(12) 0.0390(10) 5 . 1 ( 9 )  
0.1184(19) 0.0392(8) 0.1013(13) 3 . 6 ( 8 )  

0.4636 (21) 0.1612 (13) 0.3271 (10) 4 . 1 ( 8 )  
0.5399(24) 0.2067(10) 0.3494(14) 6 .9(13)  
0.5978(20) 0.2011(10) 0.4130(16) 6 .3(11)  
0.5796 (22) 0.1499 (13) 0.4542 (11) 5 .6  (9) 
0.5033f24) 0.1044(10) 0.4319(13) 4 . 3 ( 8 )  
0.4454 (20) 0.1100 (11) 0.3683 (14) 5 .0  (10) 

0.4503(19) 0.2327(8) 0.2039(11) l . 6 ( 6 )  
0.4107 (15) 0.2888(10) 0.2287 (8) 2 .6  (8) 
0.4607 (20) 0.3420 (7) 0.2041 (11) 4 . 0  (7) 
0.5504(20) 0.3398(9) 0.1547(12) 5 . 4 ( 9 )  
0.5900(17) 0.2840(13) 0.1299(10) 4 . 9 ( 9 )  
0,5400 (20) 0.2305 (9) 0,1545 (11) 4 . 0  (10) 

0.4674(21) 0.1025(8) 0.1901(11) 3 . 3 ( 8 )  
0.4181 (17) 0.0885 (10) 0.1287 (12) 3 . 6  (9) 
0.4610(21) 0.0395(11) 0.0875(9) 4 . 2 ( 9 )  
0.5531(22) 0.0046(8) 0.1137(12) 5 .1(10)  
0.6024(18) 0.0187(9) 0.1781(13) 4 . 7 ( 9 )  
0.5596 (20) 0,0676 (10) 0,2163 (9) 3 . 1  (8) 

(b)  Perchlorate Group Oxygen Atoms 
0,367 (3) 0 389(1) 0.391 (2) 
0.441 ( 2 )  0.326(2)  0 .479(2)  
0 .300(3)  
0.247 (3)  0 .361 (2 )  0.485 (2) 

0.289 (1) 0.401 (2)  

a C1 is attached to P ;  other carbon atoms are numbered in 
succession so that C4 is para to C1. R1, R2, and R 3  are at- 
tached to P1; R4, R5, and R6 to P2; and R7, R8, and R9 to P3. 

chlorine atom. A difference map based on the final 
parameters contains no peaks higher than 0.89 (13) 
e-/A3 and is approximately 25% of the height of a 
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typical carbon atom peak in earlier difference Fourier 
maps. hl05t of the higher peaks are in the region of the 
perchlorate group. Inspection of the final difference 
map showed no peak which could unambiguously be 
assigned to the hydrogen atom attached to the metal. 
Since the correct space group is noncentrosymmetric, 
this is not surprising. 

The positional, thermal, and group parameters ob- 
tained from the last cycle of least-squares refinement are 
presented in Table I along with the associated standard 
deviations as estimated from the inverse matrix. The 
parameters of the ring carbon atoms and the perchlorate 
group oxygen atoms which may be derived from the 
data in Table I are presented in Table 11, together 
with their thermal parameters as obtained from the 
last cycle of least-squares refinement. Final values of 
10'Fol and 10lF,l in electrons are given in Table 111. 
Only the reflections used in the refinement are listed in 
this table. Of the 948 reflections omitted from the 
refinement for which Fo2 < 3 a ( F O Z ) ,  none had IFO2 - 
Fo21 > 3u(F2) .  

~ N S  FOR [IrH(XO)(P(C 
% L r D  I C  i L . 60 re 

Description and Discussion of Structure 
The crystal structure of [IrH(NO)(P(C,Hj)3)3]- 

[C104] consists of well-separated monomeric ions. 
The closest contact between the p$rchlorate oxygen 
atoms and the iridium atom is 4.31 A. In Figure 1 a 
stereoscopic view of the unit cell of the compound is 
given, and in Figure 2 only the inner coordination about 
the iridium is shown. The root-mean-square ampli- 
tudes of vibration along the principal axes of thermal 
motion for the atoms which were treated anisotropically 
are given in Table IV. The directions of the principal 

TABLE I V  
I<OOT-hfEAN-SQUARE AMPLITUDES OF 

Atom 

Ir 
P1 
P2 
P3 
c1 

Min  

0.170 ( 6 )  
0.18(2)  
0 .15 (3 )  
0 . 1 5 ( 2 )  
0 . 2 6 ( 2 )  

0 .28  (4) 
0 .11 (9) 

Intermed 

0.194 (5) 
0.19 ( 2 )  
0 .20  (1) 
0 . 2 0 ( 2 )  
0.29 ( 2 )  
0 .29(5 )  
0 .34 (4) 

VIBRATIOS ( A )  
M a x  

0.207 (4) 
0 .24  (2)  
0 25 (3)  
0 .21  ( 2 )  
0 .33  (2) 
0 32 (5) 
0 .37 (4) 
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1 I80 (2)' 
1.82 (2) 
1.82 (2) 
1 , 8 4  (2) 
1 .84  (2) 
1 .86  (3) 
1 . 8 6  (3) 
1 .80  (2) 
1.82 (2) 
1 . 3 5  (3)' 

Figure 1.-A stereoscopic view of the contents of the unit 
cell of [IrH(NO)(P(CeHs)s)a] [ClOa]. Hydrogen atoms on the 
phenyl groups are not shown. 

*1,83 (3) 

Figure 2.-The inner coordination sphere of the IrH(NO)(P- 
(C6H5)a)l+ ion. The 50y0 probability ellipsoids are shown. The 
H atom is not shown as i t  was not located in this study. 
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TABLE V 
SELECTED BOND DISTANCES AND ANGLES 

Distance, A--- ----- Angle, deg---- _-___ 
Ir-P 1 
Ir-P2 
Ir-P3 
Ir-N 
Ir-01 

N-01 
Pl-PZ 
Pl-P3 
P2-P3 
P1-N 
P2-N 
P3-N 
P1-R1C1 
P1-R2Cl 
P1-R3Cl 
P2-R4C1 
P2-R5C1 
P2-R6C1 
P3-R7C1 
P3-RSCl 
P3-RQC1 
c1-02 
C1-03 
C1-04 
'21-05 

I r . .  . 0 2  
I r . .  . 0 3  
I r . .  . 0 4  
I r . .  . 0 5  

Ir-N-01 
PI-Ir-P2 
PI-Ir-P3 
P2-Ir-P3 
P1-Ir-N 
P2-Ir-N 
P3-Ir-N 

Ir-P1-R1C1 
Ir-P1-R2C1 
Ir-Pl-R3Cl 
Ir-PZ-R4Cl 
Ir-P2-R5Cl 
Ir-P2-R6Cl 
Ir-P3-R7C1 
Ir-P3-R8Cl 
Ir-P3-RQCl 
RlC1-P1-R2C1 
RlC1-P1-R3Cl 
R2Cl-Pl-R3CI 
R4Cl-PZ-R5Cl 
R4Cl-PZ-R6Cl 
R5C1-PZ-RBCl 
R7Cl-P3-R8Cl 
R7C l-P3-RQC 1 
R8C 1-P3-R9C 1 

175.0 (3) 
118.4 (4) 
117.6 (4) 
110.4 (4) 
106 (1) 

103 (1) 
QQ (1) 

115.9 (8) 

118.6 ( 8 )  
114.1 (8 )  
108.5 ( 8 )  
121.5 (11) 
109.7 ( 9 )  
116.2 ( 8 )  
116.8 ( 9 )  
106 (1) 
102 (1) 
104 ( 1 )  
101 (1) 
104 (1) 104 (1) 
106 (1) 
102 (1) 
105 (1) 
106 (1)) 

1 0 Q , 1  ( 8 )  

1 
1 

and RhH (CO) (P (C~HE,) and [IrH (NO) (P( C6H5) 3 )  3 I- 
[C104] (see Table VI) strongly suggest that for the 
nitrosyl complex the hydride ligand occupies the axial 
position of a distorted trigonal bipyramid trans to the 
nitrosyl group and the three phosphorus atoms occupy 
the equatorial positions. The Ir-N-0 angle is 175 

TABLE VI 

TETRAHEDRAL TRIPHENYLPHOSPHINE COMPLEXES ( P ( C B H ~ ) ~  = L) 
SELECTED BOND DISTANCES AND ANGLES FOR SOME TRIGONAL-BIPYRAMIDAL AND 

I r ( N 0 )  Lse 

M-N(or C), b 1.83 (3) 1 I 68 (3) 1.84 (2) 1 .67 (2) 

2.316 (9) 2.322 (12) \:+.340 (6) 2 .36  (1) 2 .31  (1) 

116.8(5)  PZ-M-N(or C), deg 98.0 (1.3)' 104.0 (8)}98.9 (5) 99 (1)}103 (3) 113 (1) 

2.336 (8) 

2.315 (8) 

M-P1, b 
M-P2, 4 
M-P3, A 
P1-M-N(or C), deg 

P3-M-N($r C), deg 
AV P-P, A 
Av P-N(or C), A 
d,o b 

a Reference 18. 
e V. G. Albano, P. L. Bellon, and M.  Sansoni, personal communication. 
from the metal to the PlP2P3 plane. 

CoH (Nz) Lsa RhH(CO)Lsb IrH(NO)Ls+ Pt (CO)L@ 

2.334 (8) 
106 (1)) 

103 (1)) 

1 / :::::;:5)/ 

94.8 (8)) 

97.8 (8)) 
3.76 (7) 3 .98(5)  3.96 (10) 3.76 (1) 3.57 (1) 
3.03 (3) 3.17 3.16(8)  I 3.51 (2) 3.40 (2) 
0 .30 0.36 0.51 0.92 1 .04  

'r 
b Reference 16. Present work. d V. G. Albano, G. M. B. Ricci, and P .  L. Bellon, Inorg. Chem., 8, 2109 (1969). 

0 d is the distance / Average for two independent molecules. 

axes can be discerned a t  least approximately from 
Figure 2 .  Corrections of the bond lengths for the 
effects of thermal motion affect very little the differ- 
ences among them." The principal bond lengths and 
angles for the compound are given in Table V. 

No symmetry is imposed on the molecule and the 
nitrogen and the three phosphorus atoms adopt an 
approximately tetrahedral geometry around the irid- 
ium atom. The hydrogen atom, which is coordinated 
to the metal, was not located in the structural deter- 
mination ; therefore its position cannot be assigned 
unambiguously. However, the close similarities of 
the geometries of the complexes CoH(N2) (P(C6H5)3)318 
(17) W. K. Busing and H. A. Levy,Acta Crystallogu., 17, 142 (1964). 
(18) B. R .  Davis, N. C. Payne, and J ,  A. Ibers, Inovg. C h e n . ,  8 ,  2719 

(1969). 

(3)" and the Ir-N bond length is 1.68 ( 3 )  A. Metal- 
nitrogen bond lengths for nitrosyl complexes which 
have been formulated as NO+ complexes have Ir-N 
bond lengths in the range 1.57-1.77 A and metal-N-0 
bond angles in the range 160-180" (see Table VI1 and 
ref 3,  Table VI), whereas those that  have been for- 
mulated as NO- complexes generally have longer bond 
lengths of 1.89-1.97 A and metal-N-0 bond angles of 
approximately 120" (see Table VII). Therefore [IrH- 
(NO)(P(C&)&] [Clod] is best formulated as an NO+ 
complex of iridium(1). The trigonal-bipyramidal ge- 
ometry of the ligands around the metal is also con- 
sistent with this formulation because all five-coordinate 
iridium( I)  and rhodium(1) complexes whose structures 
have been determined have trigonal-bipyramidal ge- 
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NO 

C 
Figure 3.-Qualitative molecular orbital schemes for a complex of the type M(N0)Ld of CdV symmetry, with the metal in different 

(a) A molecular orbital scheme for the complex when t h e  
(b) The metal is in a lower oxidation state 

(c) The effect 

oxidation states and with different degrees of metal-nitrosyl a bonding. 
metal is in a high oxidation state and the degree of metal-nitrosyl a bonding is minimal. 
and therefore the energies of the metal d orbitals are higher, but the degree of metal-nitrosyl a bonding is still minimal. 
of extensive a bonding between the metal and the nitrosyl ligand. 

TABLE VI1 
SELECTED METAL-NITROGEN BOND LENGTHS, 

INFRARED NITROSYL STRETCHIXG FREQUENCIES 
(L = P(C~HI)B;  en = ETHYLENEDIAMINE) 

METAL-NITROGEN-OXYGEN BOSD ANGLES, AND 

M-N, >I-N-0, v(NO), Forrnu- 
Compd A deg cm-1 lation 

IrzO(N0)ZLz 1 .76  ( 2 ) b  177 ( 2 )  1758-1735* NO+ 
[IrH(PiO)L3] [ClOal 1 . 6 8  (3)c 175 (3) 1i80k NO + 

Ir(N0)La 1 .67  ( 2 I d  180 1600k N O  + 

[IrI(NO) (CO)Lz] [BFII 1 .89  (3)e 125 (3) 1i20e NO - 
[RuC1(NO)zLz] [PFs] 1 . 8 6  (ZI5 136 (1) 168ia N O -  
[ I ~ C ~ ( N O ) ( C O ) L ~ ] [ B F I I  1 . 9 7  (1)' 124 (1) 1680' NO- 
[CoCI(NO)(en)z][ClO~] 1 .81  (1)Q 121 (1) l o l l L  N O  - 

IrCh(N0)Lz 1 . 9 4  123 (2) 1560k NO - 

[RuCI(N0)2L2] [PFB] 1 . 7 4  (2)O 180 ( 2 )  1845a NO + 

[Co(NO) (PiHs)slCI~ 1.81 (l)h 119 ( 1 )  1610m NO - 

IrI(CH3) (N0)Lz 1 . 9 1  ( 2 ) i  120 ( 2 )  1525k NO - 
C. G. Pierpont, D. G. Van Derveer, W. Durland, and R .  

Eisenberg, J .  Amer. Chem. SOC., 92, 4760 (1970). * P. Carty,  
A. Walker, M. Mathew, and G. J .  Palenik, Chem. Commun., 
1374 (1969). Present work. V. G. Albano, P. L. Bellon, 
and M. Sansoni, personal communication. e Reference 4. 
f References 2 and 3. 0 D. A. Snyder and D. L. Weaver, Chem. 
Commun., 1425 (1969). h C. S. Prat t ,  B. Coyle, and J. A. Ibers, 
J .  Chem. SOC., in press. 2 Reference 1. j Reference 5. Refer- 
ence 6. R .  D. Feltham and R .  s. Nyholm, Inovg. Chem., 4, 1334 
(1965). E. E. Mercer, W. A. McAllister, and J. R. Durig, 
ibid., 6, 1816 (1967). 

ometries. The geometry and resulting formulation 
of the complex [ I ~ H ( N O ) ( P ( C G H ~ ) ~ ) ~ ]  [C104] as an NO+ 
complex of iridium(1) is surprising because the closely 
related complexes [IrX(NO)(CO) (P(C~HS)&] [BFd] (X 
= C1, I)  and IrXY(NO)(P(C6H6)3)2 (X = Y = C1; 
X = CH3, Y = I) have square-pyramidal geometries 
and Ir-N-0 bond angles of approximately 120' and 

consequently have been formulated as NO- complexes 
of iridium(III).1-5 

This marked difference in geometries is reminiscent 
of the large changes in bond angle associated with the 
reduction of NOz+, which is linear, to NO2-, which has a 
bond angle of approximately 120". The former may 
naively be considered as an NO+ complex of the oxygen 
atom and the latter as an NO- complex of oxygen. 
This difference in geometries may be rationalized by 
Walsh's rules.1g The two electrons which are added 
to NO2+ to form NO2- must be placed in a doubly de- 
generate orbital of r" symmetry, which results in a 
triplet ground state. Walsh has shown that  for such 
an electronic configuration an angular distortion which 
removes the degeneracy leads to a net gain in energy.lY 

The transformation from NOz+ to NO2- must be 
accompanied by the oxidation of an external reducing 
agent. However, if the NO+ moiety is attached to a 
transition metal (Mx), where N is the oxidation state), 
reduction to NO- may instead be accompanied by a 
change in oxidation state of the metal of +2, to give 
the species M"+2-NO-. The form MMN-NO+ will be 
more stable as long as the metal d orbitals are more 
stable than the r*(NO) orbitals (see Figure 3a). This 
will be the case when the metal is in a high oxidation 
state. For this class of complexes the &I-N-0 bond 
would be expected to  be linear because the r*(NO) 
orbitals remain degenerate. 

If the oxidation state of the metal is lower, the metal 
d orbitals and the r*(NO) orbitals are likely to  have 

(19) A. D. Walsh, J .  Chem. Soc., 2266 (1953). 
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comparable energies (see ref 1 for a more detailed dis- 
cussion of this point). For example, for a ds complex 
of Cqv symmetry with the metal in a low oxidation state 
one might have the situation shown in Figure 3b, 
where the doubly degenerate R*(NO) orbital is of lower 
energy than the metal dza orbital, and consequently i t  is 
preferentially occupied. Because of this electron 
transfer the species may now be formulated as M N + -  
NO-. The presence of two electrons in tHe doubly 
degenerate R*(NO) orbital is exactly analogous to the 
NOz- example discussed above, which suggests that a 
distortion from linearity will result to give a nonlinear 
MNf2-NO- species. This is in agreement with the 
results for the NO- complexes studied in this and other 
laboratories (see Table VII). This model also suggests 
that the electron transfer to give the NO- complex 
might also have a dramatic effect on the overall geom- 
etry around the metal if different geometries are pre- 
ferred for the M ( N )  and M(N + 2) oxidation states. 
As pointed out previously' five-coordinate complexes 
of the ds platinum metals generally adopt trigonal- 
bipyramidal geometries and the d6 complexes usually 
adopt square-pyramidal geometries. This is in accord 
with the result that the IrI-NO+ complex [IrH(NO)- 
(P(CsH6)3)3] [c104] has a trigonal-hipyramidal geom- 
etry and the IrIII-NO- complexes [IrX(NO) (C0)- 
(P(C6H6)3)z][BF4] (X = C1, 1)2-4 and IrXY(N0)- 
(P(C6H,)3)2 (X = Y = c1;' and X = CH3, Y = 15) 
have square-pyramidal geometries and nonlinear metal- 
nitrogen-oxygen bond angles. 

In contrast to the above effect, the oxidation state 
of the metal will also influence the energies of the R*- 

(NO) orbitals through .rr-bonding effects. Overlap 
between metal orbitals of R symmetry and the ?r*(NO) 
orbitals will have the effect of raising the energies of 
the latter orbitals (Figure 3c). The presence of two 
opposing effects makes it impossible to predict the 
exact situation which will favor formation of NO- 
complexes, yet one can say that NO- complexes are 
unlikely to be found for high oxidation states because 
bonding effects will be minimal and also the metal d 
orbitals will he lower in energy than the n*(NO) or- 
bitals. 

Attempts a t  correlation of metal oxidation states with 
formation of NO+ and NO- complexes are fraught with 
difficulty because the formal oxidation state of the 
metal in NO- complexes represents the oxidation state 
of the metal after electron transfer, ;.e., the oxidation 
state on the right-hand side of the equation 

MN-NO+ J_ MN-kZ-NO- 

However, if we are interested in the factors influencing 
the relative stabilities of the species on the right- and 
left-hand sides of the equation, all the compounds must 
be compared on an equal basis, that is, either all as 
NO+ or all as NO-. Alternatively, no assumptions 
need be made about the bonding and a comparison 
of the oxidation states could be made on the basis that  
nitric oxide is a neutral ligand NO..  

If such a consistent scheme is used for assigning 
oxidation states, i t  becomes apparent that coordination 
as NO+ is favored for high oxidation states, e.g., Naz- 
[Ru(OH)(NOz)4(NO)] ( R U I ~ I - N O . ) , ~ ~  and low oxida- 

(20) S H Simonsen and M. H Mueller, J Inovg.  Nucl .  Chem , 27, 307 
(1965) 
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tion states, e.g., I I - ( N O ) ( P ( C ~ H ~ ) ~ ) ~ , ~ ~  Mn(N0)  (CO)4,2Z 
and C O ( N O ) ( C O ) ~ ~ ~  (all MO-NO.). However co- 
ordination as NO- appears to be favored in intermedi- 
ate oxidation states, for example, IrClZ(N0) (P(C6He)3)2 
(IrII-NO .).* Presumably, in low oxidation states the 
degree of interaction between the metal R and the 
R*(NO)  orbitals is sufficiently large to raise the energy 
of the n*(NO) orbitals to a position above that  of the 
metal d orbitals. 

Similar arguments can be made to rationalize the 
observed geometries of the NO- complexes [IrX(NO)- 
(CO)(P(CsH6)&][BF4] (X = C1, I) and IrXY(N0)-  
(P(c&5)3)2 (X = Y = c1; X = CH3, Y = I)  and the 
trigonal-bipyramidal NO+ complex [IrH(NO) (P- 
(C6H6)3)3] [c104]. In the latter, the nonnitrosyl ligands 
attached to the metal all have low electronegativities 
and hence there is more electron density on the iridium 
atom than in the other compounds; thus there is in- 
creased interaction between the metal and the n*(NO) 
orbitals, and the energies of the R*(NO) orbitals will be 
increased as in Figure 3c. If these orbital energies are 
raised above those of the metal d orbitals by this effect, 
electron transfer will no longer be energetically favor- 
able and the complex will have the electronic configura- 
tion (dxz)z(dyz)2(dzu)z(dz~)2(dx~-v~)o(~*(NO))o, formally 
IrI-NO +. This contrasts with electron configura- 
tion proposed for the other iridium complexes men- 
tioned above, (d,z)2(d,z)2(dz,,)2(~*(N0))z(d,z)0(d2~-v~)0, 
formally IrIII-NO-. 

Table V I  compares some important bond lengths 
and angles for a series of closely related complexes of 
the type M X ( P ( C O H ~ ) ~ ) ~  and MHX(P(CGH6)3)3 (X = 
CO, NO+; M = Rh(I), Pt(O), Co(I), Ir(I), Ir(-I)) .  
A comparison of the data for R ~ H ( C O ) ( P ( C G H ~ ) ~ ) ~ ' ~  
and Pt(C0) (P ( C6Hs) 3)324 ZIS. [IrH (NO) (P (C6H5) 3) 3 I- 
[C104] and Ir(NO)(P(C&,)3)3z1 indicates that  the hy- 
dride ligand definitely plays a significant role in deter- 
mining the final geometries of the complexes. These 
comparisons are particularly pertinent because the 
M-X distances are equivalent and therefore the non- 
bonded repulsions between the axial and equatorial 
ligands are likely to be the same in the two sets of com- 
pounds. Although there are significant distortions 
from the ideal trigonal-bipyramidal geometry for the 
hydrido complexes, the P-M-X angles are still 14' 
smaller than the corresponding angles for the four- 
coordinate complexes. This behavior contrasts with 
the observation that in the complex RhH(P(C&)& 
the phosphorus atoms are arranged tetrahedrally around 
the metal atom and the stereochemical influence of the 
hydride ligand appears to be minimal. 2B 

The distance of the iridium atom from the plane 
made by the three phosphorus atoms may be taken as a 
measure of the distortion from the ideal trigonal-bi- 
pyramidal geometry. Of course this distance i s  zero 
for the ideal trigonal-bipyramidal geometry. The dis- 
tortions from the ideal do not appear to result from 
nonbonded repulsions between the axial ligand and 

(21) V G Albano, P L Bellon, and M Sansonl, personal commupica- 

(22) B A Frenz, J H Enemaik, and J A Ibers, Inovg C h e m ,  8, 1288 

(23) L 0 Brockway and J S Anderson, Traiz ravaday S O L ,  88, 1233 

(24) V G Albano, G M B Ricci, and P L Bellon, I n o v g  C h e m ,  8, 

(25) R W Biker and P Pauling, Chem Commwn 1495 (1969) 

tion 

(1969) 

(1967) 

2109 (1'369) 
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the three ligands in the equatorial plane, because the 
P-X distance is smallest for the complex which shows 
the smallest distortion, ;.e., CoH(N2) (P(CeH5)3)3. In  
cases where i t  has been postulated that  nonbonded 
repulsions are playing a significant role in determining 
the final geometry of tertiary phosphine complexes, 
the X-P distances for all compounds have remained 
almost constant.26 Also from considerations of non- 
bonded repulsions i t  is difficult to understand why the 
four-coordinate complexes have X-M-P angles greater 
than the ideal tetrahedral values although the P-X 
nonbonded contacts are relatively large (3.4-3.5 A).  
We think that  the geometries of these complexes may be 
rationalized by a consideration of the electron-pair 
repulsions between the M-X and M-P bonds.27 All 
the ligands X are capable of forming bonds to  the 
metal with some double-bond character. A considera- 
tion of the sum of the covalent radii28 for the three five- 
coordinate complexes in Table VI indicates that  the 
ability of X to form multiple bonds with the metal is 
in the order NO+ > CO > N2. The electron density 
in the M-X bond will also follow this order and will be 
greatest for the nitrosyl complex and least for the nitro- 
gen complex. If electron repulsions are important, 
the degree of distortion from the ideal will take the 
following order: IrH(NO)(P(CsH6)8)3+ > RhH(C0)- 
(P(C6H5)3)3 > C O H ( N ~ ) ( P ( C ~ H ~ ) ~ ) ~ ,  which is the ob- 

(26) D. Bright and J ,  A. Ibers, Inoig.  C h e m . ,  8 ,  709 (1969). 
(27) R. J. Gillespie and R.  S. Nyholm, Pyogi .  Sleveochem., 2, 261 (1958). 
(28) L. P u l i n g ,  “The Xature of the Chemical Bond,” 3rd ed, Cornell 

University Press, Ithaca, N. Y . ,  1960. 
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served order. For five-coordinate complexes the 
distortions will be limited by the steric requirements of 
the hydride ligand and would be expected to be less 
than the distortions in the corresponding four-coordi- 
nate complexes, which have approximately the same 
degree of multiple-bond character as evidenced by the 
very similar M-C and M-N distances for the carbonyl 
and nitrosyl complexes. For the four-coordinate com- 
plexes the distortions are limited only by the steric 
requirements of the phenyl rings and this results in 
X-M-P bond angles greater than the ideal tetrahedral 
values. Table VI also shows that  the degree of dis- 
tortion is greater for Ir(NO)(P(C6H5)3)3 than for Pt-  
(CO)(P(C6H6),), as one would expect from a considera- 
tion of electron-pair repulsions. 

We also wish to emphasize the inadequacies of using 
the v(N0) stretching frequency to diagnose the mode of 
coordination of the nitrosyl ligand Table VI1 shoT7 s 
v(N0) for some nitrosyl complexes whose structures 
have been determined recently. The NO+ complexes 
have v(N0)  in the range 1G00-1845 cm-’ and for the 
NO- complexes v(N0) is in the range 1525-1720 cm-I. 
The large area of overlap precludes any formulation 
based solely on v(N0) in the region 1600-1720 cm-I 
and frequencies close to these ought also to be treated 
with caution. Also no direct correlation between 
v(N0) and the metal-nitrogen bond length exists 
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The crystal and molecular structure of racemic tris( ethylenediamine)cobalt( 111) monohydrogen phosphate nonahydrate, 
[ C 0 ( e n ) ~ ] s [ H P 0 ~ ] ~  ,9Hs0, has been determined by three-dimensional X-ray methods. The salt crystallizes in the ortho- 
rhombic space group Pnma with four formula units in a cell of dimensions a = 15.616 (51, b = 27.514 ( 8 ) ,  and c = 8.719 
(3) A. The calculated density of 1.65 g/cm3 compares well with the observed density of 1.64 g/cm3. The structure has 
been refined by full-matrix least-squares methods for 2423 independent reflections to a final agreement factor of 5.0yo. 
The structure is composed of waters of hydration and C0(en)~3+ and HPOa2- ions linked by hydrogen bonds. One of the 
HP042- units is on a crystallographic mirror plane and relates an enantiomorphous pair of C ~ ( e n ) ~ ~ ’ -  cations. This bi- 
phosphate is positioned approximately on the molecular threefold axes of both cations, forms hydrogen bonds with both 
cations, and locks them in the A666 and AXXX conformations, respectively. 

Introduction 
The absolute configuration1 and conformational 

analysis2 of the Co(en)Z3+ cation have been the subjects 
of considerable interest and study, and these compounds 
have been used as a testing ground for models relating 
optical rotatory strength with ~ t r u c t u r e . ~ ’ ~  One of the 
most curious observations in this area is that  the circular 

(1) K. Nakatsu, 11. Shiro, Y. Saito, and H. Kuroya, Bull. Chein. SOC.  

( 2 )  E. J. Corey and J. C. Bailar, J. Amev.  Chein. Soc., 81, 2620 (1969), 
(3) A .  G. Karipides and T .  S .  Piper, J .  Cheiii. P h y s . ,  40, 674 (1564). 
(4) W. Moffitt, ibid., 25, 1189 (1956). 

l a p . ,  SO, 158 (1957) .  

dichroism spectrum of aqueous solutions of C0(en)3~+ 
changes dramatically when an excess of phosphate ion is 
added.j An explanation5-’ was offered for this phe- 
nomenon which hypothesized that an ion pair is formed 
which strongly affects the charge-transfer and circular 
dichroism spectra, Hydrogen-bonding effects have 
previously been found dramatically to alter the confor- 
mations of several tris-ethylenediamine complex cat- 

( 5 )  s. F. Mason and B. J ,  Xorman, PYOC.  Chem. SOC., L o n d o n ,  339 (1964). 
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