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Figure 2.-Packing of [SP( CH3)2NP( CH&SI2Ni molecules within 
the unit cell, viewed down "b." 
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atoms P(1), N(1), and P(2) lie -0.422, -I-0,527, and 
4-1.081 A (respectively) from plane A [defined by Ni, 
S(1), S(2); see Table VI], whereas atoms P(3), N(2), 
and P(4) are displaced by -1.414, -1.433, and -0.356 
A from plane B . 

The Crystal Structure 
Intermolecular contacts less than 3.5 A all involve 

hydrogen atoms (which were not located in this crys- 
tallographic analysis). However, i t  is clear that the 
crystal contains independent units of [SP(CH&NP- 
(CHa)zSIzNi, separated by normal van der Waa's dis- 
tances. Packing of molecules within the unit cell is 
shown in Figure 2.  
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The structure of dichloronitrosylbis(triphenylphosphine)iridium, IrC12(NO)(P(CeH6)&, has been determined from three- 
dimensional X-ray data collected by counter methods. The compound crystallizes in the space group C2ha-I2/a of the mono- 
clinic system with four molecules in a unit cell of dimensions a = 15.851 (4), b = 9.624 (3), c = 22.050 (6) A, p = 104.6 (3)'. 
The observed and calculated densities are 1.66 (& 0.02) and 1.67 g/cmS. Least-squares refinement of the structure has led to 
a final value of the conventianal R factor (on F )  of 0.032 for the 1338 reflections having F 2  > 3u(F2). The structure consists 
of well-separated discrete molecules. There is a crystallographically imposed twofold axis on the molecule and the geometry 
around the iridium atom is approximately square-pyramidal with the nitrogen atom of the nitrosyl group occupying the 
apical position. Despite the fact that the oxygen and nitrogen atoms are disordered about the twofold axis an iridium- 
nitrogen-oxygen bond angle of 123 (2)' may be derived from the data. Important bond lengths in the molecule are as 
follows: This complex provides another example of the 
nitrosyl ligand coordinated to iridium in a nonlinear fashion. The bonding in this complex is rationalized in terms of a 
qualitative molecular orbital scheme, and the complex is described formally as an NO- complex of iridium(II1). 

Ir-Cl, 2.348 (2); Ir-P, 2.367 ( a ) ;  Ir-N, 1.94 (2); N-0, 1.03 (2) k. 

Introduction 
X-Ray structural studies of [IrX(NO) (CO) (P- 

(Ce&,)&][BF4] (X = C1 or I)lp2 showed that in each 
compound the metal-nitrosyl geometry was very differ- 
ent from that previously observed in reliable structural 
determinations of transition metal-nitrosyl complexes. 
The metal-nitrogen-oxygen bond angles are approxi- 
mately 120' in the iridium complexes in contrast to the 
approximately 180' bond angle usually observed for 
nitrosyl complexes. The complexes with linear metal- 
nitrogen-oxygen bond angles have been formulated as 
complexes of NO+, because they show properties and 
geometries similar to  those of analogous carbonyl com- 
plexes. Hodgson, et d . , l  suggested that  in the com- 

(1) D. J. Hodgson, N. C. Payne, J. A. McOinnety, R. G. Pearson, and 
J. A. Ibers, J. Ameu. Chem. Soc., SO, 4486 (1968); D. J. Hodgson and J. A. 
Ibers, Inorg. Chem., 7 ,  2345 (1968). 

(2) D. J. Hodgson and J. A. Ibers, ibid., 8, 1282 (1969). 

plexes [IrX(NO) (CO)(P(CGHS)~)~] [BFd], which were 
prepared from the reaction of NO+BF,- with IrX(C0)- 
(P(CGH&)Z, the NO+ ion was acting as a Lewis acid ac- 
cepting two electrons from the metal dze orbital into an 
empty sp2 hybrid orbital on the nitrogen atom. How- 
ever, the complex [CoCl(NO) (en)2] [C104] (en = 
ethylenediamine), which was prepared from nitric 
oxide3 and which also has the nitrosyl ligand coordi- 
nated in a nonlinear fashion, has been formulatcd as a 
complex of NO-. These formulations (Figure 1) are 
equivalent and represent two of the canonical forms 
which may be used to describe the bonding in these ions. 

The structural determinations of the complexes 
[IrX(NO) (CO) (P(CeH6)&] [BR]  (X = c1  or Br)'P2 
prompted us to study other iridium complexes which 
might have the nitrosyl ligand coordinated in a bent 

(3) R. D. Feltham and R. S. Nyholm, ibid., 4, 334 (1965). 
(4) D. A. Snyder and D. L. Weaver, Chem. Commun., 1426 (1969). 
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Figure 1 .-Canonical forms representing the bonding in the 
IrCl(NO)(CO)(P(C~Hj)8)~Cion: left, NO+acting as aLewis acid, 
accepting electrons from an Ir(1) filled orbital; right, NO- acting 
as a Lewis base, donating electrons to an Ir(II1) empty orbital. 

fashion (hereafter referred to as NO-). Reed and 
Roper5 have recently reported the preparations of a 
wide variety of five-coordinate nitrosyl complexes from 
oxidative addition reactions of the complex Ir(N0)- 
(P(c~H5)3)3. We have determined the structures of 
three of these complexes : IrClz(N0) (P(C&&)3)2, 
which is discussed in this paper, and IrI(CHs)(NO)- 
(P(CSH&)Z and [IrH(NO) (P(CsH&)3] [C1041, which 
will be discussed in subsequent papers. The complex 
IrClz(N0) (P(C&)~)Z had also been prepared earlier by 
Angoletta and CaglioG by a different route. These com- 
plexes are isoelectronic with the previously studied com- 
plexes [IrX(NO)(CO)(P(C6HB)3)2][BF4] (X = C1 or I) 
and we were interested in examining the effects of such 
widely different ligands on the metal-nitrosyl geometry, 
the metal-nitrogen bond length, and the geonetry of 
the ligands around the metal. Thus it was of interest 
to see if the square-pyramidal geometry observed for 
the complexes [IrX(NO) (CO) (P(C&)&] [BR]  is re- 
tained for these complexes despite the wide differences 
in bonding characteristics of the nonnitrosyl ligands. 

Collection and Reduction of Intensity Data 
Small, yellow-brown crystals of IrCl2(NO) ( p ( c ~ H 5 ) ~ ) ~  

were prepared by the method of Angoletta and Caglio6 
and were characterized by their elemental analysis and 
infrared spectrum. On the basis of Weissenberg and 
precession photography of the OkZ, lkl, 2kZ, hkO, h k l ,  
hk2, and h01 nets we established that the crystals belong 
to the monoclinic system. The observed extinctions 
h + k + I = 2n f 1 for hkZ and h = 2% + 1 for h0Z are 
consistent with the space groups Czh6-12/a and CS4-Ia. 
On the basis of optical goniometry the six faces of that 
crystal chosen for data collection were identified as be- 
longing to the forms { 110 ] and { 001 ]. The lattice con- 
stants a t  21.5", which were determined from a least- 
squares refinement of the setting angles of 14 strong 
X-ray reflections that had been centered on a Picker 
four-circle automatic diffractometer' using CU Kal 
radiation (A 1.54056 A), are a = 15.851 (4), b = 9.624 
(B), c = 22.050 (6) A, /3 = 104.6 (3)". The density 
calculated for four molecules per unit cell is 1.67 g/cm3, 
which agrees well with that of 1.66 (kO.02) g/cm3 mea- 
sured by suspending crystals in a mixture of iodometh- 
ane and methylene chloride. With four molecules in 
the unit cell either a twofold axis or a center of sym- 
metry is imposed on the molecule in I2 /a ,  but no sym- 
metry is imposed on the molecule if the material crys- 
talizes in the noncentric space group l a .  

The mosaicity of the crystal was examined by means 
of the narrow-source, open-counter, w-scan technique. 
The width a t  half-height for a typical strong reflection 

( 5 )  C A. Reed and W. R. Roper, Chem. Commnn., 155 (1969). 
(6) M Angoletta and  G Caglio, G a m  Chzm. l t a l  , 93, 1591 (1963) 
(7) P. W. R. Carfield, K. J. Doedens, and J. A Ibers, Inoyg.  Chem., 6, 197 

(1 967). 

was found to be approximately 0.05", which is accept- 
ably low.8 The intensity data were collected as previ- 
ously described' using a crystal with approximate di- 
mensions 0.091 X 0.048 X 0.062 mm. The crystal was 
mounted on the diffractometer with the spindle axis 
approximately along the long dimension of the crystal, 
the a* reciprocal lattice vector. 

For data collection Cu K a  radiation was used and 
the diffracted beams were filtered through 0.5 mil of 
nickel foil. The intensities were measured by the 8-28 
scan technique at  a takeoff angle of 1.5". At this angle 
the intensity of a reflection was about 80% of the maxi- 
mum value as a function of takeoff angle. A receiving 
aperture 4 X 4 mm was used and was positioned 31 cm 
from the crystal. A nonsymmetric scan range in 28 
was used, from -0.4 to S0.6" from the Kal peak for 
reflections with 6 < 40" and -0.5 to +1.0" for the re- 
flections with 40" < 6 < 51'. Attenuators were in- 
serted 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 approxi- 
mately a 90% window, centered on the Cu K a  peak. 

Intensity data were collected for all reflections of 
this monoclinic crystal up to 8(Cu Kal) 6 35" and only 
independent reflections were collected in the region 
35" 6 8(Cu Kal)  6 51". Past this point very few in- 
tensities were above background under the conditions 
of data collection just detailed. The intensities of four 
standard reflections measured every 100 observations 
remained essentially constant throughout the run show- 
ing only the deviations f lyo, The data were pro- 
cessed as previously described.' The value of p was se- 
lected as 0.05. The values of I and u ( I )  were corrected 
for Lorentz and polarization effects. Of the 1963 re- 
flections examined, 1722 were independent. Of the in- 
dependent reflections, 180 had intensities which were 
less than their standard deviations. The linear ab- 
sorption coefficient for the compound for Cu K n  radia- 
tion is 104.3 cm-l. The data were corrected for ab- 
sorption; the transmission coefficients ranged from 0.560 
to 0.685. The resultant values of Fo2 were examined 
for systematic variations among reflections that would 
be nonequivalent in la. No systematic variations were 
detected, suggesting that I2 /a  is the correct space 
group. 

Solution and Refinement of the Structure 
The coordinates of the iridium atom were found 

from a three-dimensional Patterson function. The 
iridium atom occupies one of the fourfold positions of 
I2/a; (0, 0, 0;  '/2, '/z, '/2) * ('/4, Y, 0). The 
general eightfold positions for this space group are (0, 
0, 0 ;  l/z, I/*, I/z) i. (x, y ,  z; ' / z  - x, y, 3). After one 
cycle of refinement of scale factor and iridium coordi- 
nates the discrepancy factors RI = ZIlF,, - l F c & ' ~ ~ F ~ l  
and Rz = (2w(~Fol - IFc1)2/ZwF,z)'/2 were 0.33 
and 0.40, respectively, where the weights, w, are taken 
as 4 F 2 / u 2 ( F 2 ) ,  In this and subsequent calculations 

(8) T. C. Furnas, ''Single Crystal Orienter Instruction Manual," Generai 
Electric Co , Milwaukee, Wis , 1957. 

(9) I n  addition to  various local programs, those used in this work include 
local modifications of Hamilton's GO NO^ absorption program, Johnson's 
ORTEP thermal ellipsoid plotting program, and Zalkin's FORDAP Fourier 
program. Our local least-squares program NUCLS in its nongroup form 
closely resembles the Busing-Levy ORFLS program. 
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only the 1338 reflections for which Fo2 > 3u(FO2) were 
used. In  all calculations of 1 F,/ the usual tabulation of 
atomic scattering factors’O was used for P, C1,0, N, and 
C, those for hydrogen were from Stewart, Davidson, 
and Simpson,ll and those of Cromer and Waber12 were 
used for Ir. The effects of anomalous dispersion were 
included in the calculation of lFc1;l3 the values of Af’ 
and Aj” for Ir, C1, and P were those given by Cromer.14 

Based on a subsequent structure factor calctdation, 
a difference Fourier synthesis was computed which re- 
vealed the positions of the nitrogen atom (which occu- 
pies one of the special fourfold positions) and the phos- 
phorus, chlorine, and ring carbon atoms (which occupy 
general positions). In  the subsequent least-squares 
refinement the phenyl rings were treated as rigid groups 
of symmetry, d(c-c) = 1.390 f$16*16 and the non- 
group atoms were assigned isotropic thermal param- 
eters. Two cycles of least-squares refinement gave the 
discrepancy factors R1 = 0.066 and R2 = 0.094. A 
subsequent difference Fourier synthesis revealed that 
the oxygen atom was disordered and occupied the gen- 
eral eightfold position. A cycle of least-squares re- 
finement including trial coordinates of the oxygen atom 
gave discrepancy factors of R1 = 0.057 and R2 = 0.081. 
The nongroup atoms were then assigned anisotropic 
temperature factors and the group atoms were assigned 
individual isotropic temperature factors. Two cycles 
of least-squares refinement lowered the discrepancy 
factors to R1 = 0.037 and Rz = 0.051. Afurther differ- 
ence Fourier synthesis revealed the positions of all the 
phenyl hydrogen atoms. The positionspf the hydrogen 
atoms were idealized (d(C-H) = 1.08 A) and each hy- 
drogen atom was assigned an isotropic temperature 
factor of 3.0 Az.  In  subsequent structure factor calcu- 
lations the contributions of these hydrogen atoms were 
taken into account, The fact that the hydrogen atoms 
were lhcated and no systematic deviations were ob- 
served for the intensities of Friedel pairs led us to dis- 
card the possibility that the true space group is C,4-Ia. 

An examination of the values of IFo\ and IFc( showed 
that a correction for secondary extinction was necessary 
and during the last cycles of refinement an extinction 
parameter of the type suggested by Zachariasen” was 
varied. The final cycle yielded the discrepancy fac- 
tors R1 = 0.03180 and R2 = 0.04223. 

However, an examination of the bond lengths a t  this 
point showed that the nitrogen-oxygen bond length 
(0.90 (2) b) was unreasonably short for a nitrosyl com- 
plex (usually about 1.15 A), The Ir-N-0 bond angle 
was 138 (2)’. The plot of the thermal ellipsoids a t  
this stage of refinement (see Figure 2 )  indicated that 
the nitrogen atom was vibrating excessively in the plane 
perpendicular to  the twofold axis. This suggests that 
in addition to  the oxygen atom the nitrogen atom might 
also be disordered about the twofold axis as shown in 
Figure 3. Because of their proximity the two disor- 
dered deminitrogen atoms cannot be refined as atoms 
with half-occupancy by least-squares methods. There- 
(10) J. A. Ibers, “International Tables of X-Ray Crystallography,” 

(11) R. F. Stewart, E. R. Davidson, and W. T. Simpson, J. Chem. Phys., 

(12) D. T. Cromer and J. A. Waber, Acla Crysfallogr., 18, 104 (1965). 
(13) J. A. Ibers and W. Hamilton, zb id . ,  17, 781 (1964). 
(14) D. T. Cromer, %bid., 18, 17 (1965). 
(15) S. J. La Placa and J. A. Ibers, J .  Amer. Chem. Soc., 81, 2581 (1965). 
(le) S. J. La Placa and J. A. Ibers, Acta Cyystallogr., 18, 511 (1965). 
(17) W. H. Zachariasen, rbid. ,  Sect. A ,  24, 212 (1968). 

Vol. 3, Kynoch Press, Birmingham, England, Table 3.3.1 A. 

42,3175 (1965). 
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Figure 2.-Inner coordination around the iridium atom when 
the nitrogen atom is constrained to  the twofold axis. This 
constraint leads to an unsatisfactory geometry. Atoms related 
by the twofold axis are represented by X and X’. 

a 

Ir 
Figure 3.-Diagram showing the postulated disorder for the 

nitrosyl group about the twofold axis. 

fore in order to obtain a chemically more reasonable 
model for the nitrosyl group the nitrogen and oxygen 
atoms were refined as a diatomic group with a variable 
interatomic distance. To accommodate this model 
certain changes had to  be made in the least-squares re- 
finement program, which will be discussed in more de- 
tail elsewhere.l* Briefly, a diatomic group requires 
three positional coordinates and two orientation angles 
to define its position uniquely relative to  a crystal- 
based axial system. The origin of the group was chosen 
midway between the oxygen and nitrogen atoms and 
inspection showed that of the three rigid-group orienta- 
tion angles defined previously,16J6 8, e, and 7, the value 
of e could be assigned arbitrarily. The internal-coor- 
dinate axis was made coincident with the nitrogen- 
oxygen vector, and therefore the internal positional 
coordinates of the nitrogen and oxygen atoms (in iing- 
stroms) are, respectively, (-X, 0, 0) and (X, 0, 0). 
The positional parameter X was varied directly in the 
least-squares refinement and the appropriate con- 
straints on the parameters and their derivatives were 
made. The nitrogen and oxygen atoms were assigned 
isotropic temperature factors and three cycles of least- 
squares refinement yielded the discrepancy factors 
R1 = 0.03180 and Rz = 0.04229 and an N-0 bond 
length of 1.00 (2) 8. (These agreement factors are 
given to  more than the usual number of decimals to 
facilitate comparisons among the various refinement 
models.) The oxygen atom was then allowed to  vibrate 
anisotropically and two cycles of least-squares refine- 
ment gave the discrepancy factors R1 = 0.03183 and 
R2 = 0.04224 and increased the N-0 bond length to 
1.03 A. With these rigid-group models the nitrogen 
atom refined to a position 0.2 b from the twofold axis. 
Predictably, attempts to refine the nitrogen atom aniso- 
tropically resulted in nonpositive definite thermal ellip- 
soids for this atom and large oscillations in the nitrosyl 
group parameters. The N-0 bond length of 1.03 (2) b 
is still somewhat shorter than that usually found for 
nitrosyl ligands, presumably because the rigid-group 
model does not take into account the anisotropic ther- 
mal motion of the nitrogen atom. The positional and 

(18) J. A. Ibers, sbid., Sect. A,  in press 
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TABLE I 
POSITIONAL, THERMAL, AND GROUP PARAMETERS FOR I ~ C ~ Z ( N O ) ( P ( C ~ H ~ ) ~ ) ~  

Atom X Y a 811' 822 6'88 Pia Pis 828 
Ir '/a 0,20863 (6)* 0 0.00253 (3) 0.00618(10) 0.00138 (2) 0 0.00046 (2) 0 
C1 0,1433 ( 2 )  0.1608 (3) 0.0541 (1) 0.0037 (1) 0.0120 (4) 0.0019 (1) -0.0013 (2) 0.0009 (1) 0.0003 (1) 
P 0,3600 ( 2 )  0,1877 ( 2 )  0,0947 (1) 0.0025 (1) 0.0070 (3) 0.0014 (1) 0.0001 (2) 0.0004(1) -0.0004(1) 

Group xcc Y O  zc 8 f 1 

NO 0.2601 (18) 0.4428 (10) 0.0083 (12) 0.800 (29) 0 - 0,500 (35) 
R 1  0.3395 (3) 0.3577 (4) 0.2154(2) -1.933(4) -2.846(3) 2 .041 (4) 
R2 0.5502 (3) 0.2933(4) 0.0875 (1) 0.380 (4) -3.172 (4) -0.283 (4) 
R 3  0,3707 ( 2 )  -0.1361 (4) 0.1302 (2) 3.069 (5) -2.413(3) -1 .790(5)  

The form of the anisotropic thermal ellipsoid is exp[ - (PII!Z~ + P z z k 2  + P 3 3 1 2  + 2P1zhk 4- 2P13hl f 2P&)]. Standard deviations 
xo ,  yo, and zc are the fractional coordinates of the of the least significant figures are given in parentheses here and in subsequefit tables. 

rigid-group centers. The angles 6,  E, and 7 (in radians) have been defined previously.16n16 

thermal parameters of the oxygen atom for the rigid- 
group model agree with those calculated for the inde- 
pendent atom model to within less than one standard 
deviation. 

It is clear from the final values of R2 that the various 
models of NO attachment are indistinguishable. Thus 
from the experimental data available in this instance 
there is no direct basis for choosing among those Ir-N-0 
geometries which areo in the range Ir-N-0 = 138 
(2)", N-0 = 0.90 (2) A to Ir-N-0 = 123 (2)', N-0 = 
1.03 (2) 8. On the basis of other considerations, 
mainly commonly accepted values for the N-0 bond 
length, we favor the latter results of the rigid-group 
model with its off-axis disordered nitrogen atom, but, 
again, it should be emphasized that this is a subjective 
choice consistent with but not uniquely derived from 
the experimental observations. 

Two other compounds that have been studied re- 
cently in this laboratory also show anomalously short 
N-0 bond lengths and have been treated similarly. 
In each case the N-0 bond length increased by approx- 
imately 0.2 8 and the final lengths are 1.22 ( 2 )  A for 
IrI(CH3)(NO)(P(C6H6)3)2 and 1.15 (2) 8 for [Co(NO)- 
(NH3)b]C12.19 A possible reason why the nitrogen 
atom does not lie on the twofold axis in IrC12(NO)(P- 
(CeHb)& will be discussed below. Fortunately the 
Ir-N bond length is insensitive to the model chosen to 
describe the nitrosyl ligand. When the nitrogen atom 
is placed on the twofold axis, the Ir-N bond length is 
1.92 (2) 8; the two rigid-group models give bond lengths 
of 1.94 (2) 8. 

The estimated standard deviation of an observation 
of unit weight is 0.73 electron, which indicates that the 
standard deviations of the intensity data were slightly 
overestimated. Values of Zw(F,  - F J 2  obtained from 
the final cycle of least-squares refinement show no de- 
pendence on iF,I or on X - l  sin e ,  thus the choice of p of 
0.05 is essentially correct. A difference Fourier map 
based on the final parameters contains no peaks higher 
than 0.82 (9) e-/P13, approximately 12% of the height 
of a carbon atom peak in this study. 

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 positional parameters of the nitrosyl 
group atoms and the ring carbon atoms, which may be 
derived from the data in Table I, are presented in 
Tables I Ia  and I Ib  together with their thermal param- 

(19) D. M. P. Mingos, W. T. Robinson, and J. A. Ibers, Inorg. Chem., 10, 
1043 (19711, C. S. Prat t ,  B. A. Coyle, and J. A. Ibers, submitted for 
publication. 

TABLE IIa 
DERIVED PARAMETERS FOR GROUP CARBON ATOMS~ 

X 

R l C l  0.3471 (4) 
R1C2 0.2731 (3) 
R1C3 0.2655 (3) 
R1C4 0.3320 (4) 
R1C5 0.4060 (3) 
R1C6 0.4135 (3) 

R2C1 0.4691 (3) 
R2C2 0,5387 (4) 
R2C3 0.6198 (3) 
R2C4 0.6313 (3) 
R2C5 0.5616 ( 5 )  
R2C6 0.4805 (4) 

R3C1 0 I 3673 (4) 
R3C2 0.3827 (4) 
R3C3 0.3861 (4) 
R3C4 0.3742 (4) 
R3C5 0.3588 (4) 
R3C6 0.3554 (4) 

Y 

Ring 1 
0.2833 (6) 
0.3628 (6) 
0.4373 (6) 
0.4322 (6) 
0.3526 (6) 
0.2782 (6) 

Ring 2 
0.2430 (6) 
0.1520 (4) 
0.2023 (6) 
0.3436 (7) 
0.4346 (4) 
0.3843 (6) 

Ring 3 
0.0050 (5) 

-0.0910 (6) 
-0.2320 (6) 
-0.2771 (5) 
-0.1811 (6) 
-0.0401 (6) 

2 B ,  8 1 2  

0.1630(2) 3 . 0 ( 2 )  
0.1605 (2) 3 . 0  (2) 
0.2129 (3) 3 . 3  (2) 
0.2678(2) 3 . 7 ( 2 )  
0.2703 (2) 4 . 9  (3) 
0.2179 (3) 4 . 3  (2) 

0.0904(3) 2 .8(2)  
0.0959 (3) 3 . 3  (2) 
0.0931 (3) 4 .0  (2) 
0.0847 (3) 4 .2  (2) 
0.0791 (3) 5 .0  (3) 
0.0820 (3) 4 . 8  (2) 

0.1161 (3) 2 . 6  (2)  
0.0730 (2)  3 .9  (2) 
0.0871 (3) 4 .7  (2) 
0.1442(3) 4 . 8 ( 2 )  
0.1873 (2) 4 . 7 ( 3 )  
0.1733(2) 3 . 7 ( 2 )  

a C1 is attached to P; other carbon atoms are numbered in 
succession so that C4 is para to C1. 

TABLE IIb 
DERIVED PARAMETERS FOR NITROSYL GROUP ATOMS 

Atom X Y 11 B, A2 
N 0.2395 (24) 0.4090 (15) -0.0067 (17) 3 .3  (6) 
0 0.2807 (14) 0.4766 (11) 0,0232 (9) a 

a The oxygen anisotropic thermal parameters: Pll, 0 0045 (11); 
Bzz ,  0.0101 (24); p33, 0.0025 (5); Pin, 0.0018 (13); 013, 0.0011 (5),  
P 2 3 ,  0.0010 (9). 

eters as obtained from the last cycle of least-squares re- 
finement. The final values of 51F01 and 5lF,l in elec- 
trons are given in Table 111. Only the 1338 reflections 
which were used ih the refinement are listed in this 
table. Of the 384 reflections omitted from the refine- 
ment, for which /FO2/ < 3u(Fo2) ,  none had lFo2 - FO2) 
> 2r(F2). The final value of the extinction parameter 
is 0.218 X electron+. 

Description of Structure 
The crystal structure consists of well-separated mono- 

meric units of IrC12(NO)(P(C6Hj)3)2. In  Figure 4 a 
stereoscopic view of the overall geometry is given and 
in Figure 5 only the inner coordination about the 
iridium atom is shown. Principal intermolecular dis- 
tances and important angles are given in Table IV. 
The root-mean-square amplitudes along the principal 
axes of thermal motion for the atoms which were refined 
anisotropically are shown in Table V. The directions 
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TABLE I11 
OBSERVED AND CALCULATED STRUCTURE AMPLITUDES (X5) IN ELECTRONS FOR IrCI2(NO)(P( C,iH6)~)2 

.*... . 0 ..... : 

. , I).. . .  0 

, 10 ... 1. 5 

..... L 

R2* 

R2 

Figure 4.-A stereoscopic view of the molecule IrClz(NO)(P(CeHb)s)2. The nitrogen and oxygen atoms related by the twofold axis 
For all other atoms have been omitted for clarity. 

50Yo probability ellipsoids are shown. 
The isotropic thermal parameters of the carbon atoms have all been set to  3.0 A2. 
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Figure 5.-Inner coordination around the iridium atom when 
the nitrogen and oxygen atoms are refined as a group and the 
nitrogen atom is not constrained to the twofold axis. This is the 
preferred model. 

TABLE IV 
SELECTED DISTANCES AND ANGLES" 

Ir-C1 2.348 (2) N-Ir-P 100.5 (10) 
Ir-P 2.367 (2) N-Ir-P' 89.3 (10) 
Ir-N 1.94 (2) N-Ir-C1 100.1 (10) 
Ir-0 2.65 (1) N-Ir-Cl' 102.5 (10) 
N-0 1.03 (2) P-Ir-P' 170.2 (1) 
N-P 3.32 (3) P-Ir-C1 90.0 (1) 
N-P' 3.04 (3) P-Ir-Cl' 88.1 (1) 
N-Cl 3.30 (3) C1-Ir-Cl' 157.4 (1) 
N-C1' 3.35 (3) Ir-N-0 123.4 (20) 
P-P' 4.717 (5) Ir-P-R1C1 118.4 (2) 
P-c1 3.334 (4) Ir-P-R2C1 115.0 (2) 
P-C1' 3.278 (3) Ir-P-R3C1 107.2 (2) 

P-RC1 (av of 3)  1.824 (7) RlCl-P-R3Cl 106.7 (3) 

--Intramolecular distances, A-- I Angles, deg----- 

Cl-C1' 4.605 (5) RlC1-P-R2C1 101.6 (3) 

Ir-R1H2 3 .2b  R2Cl-P-R3Cl 107.2 (3) 

-Intermolecular distances, 8--. Ir-R3H2 3 .4  
0-R2H6 2.3b 
0-R1H2 2 . 7  0-R2H4 2.5b 

RlH3-R3H6 2.2b 
X and X' represent atoms related by the twofold axis of sym- 

metry. These distances represent the closest contacts. 

TABLE V 
ROOT-MEAN-SQUARE AMPLITUDES OF VIBRATION (Ap 

Atom Min Intermed Max 

Ir  0.170 (1) 0.173 (1) 0.178(1) 
c1 0.184 (4) 0.215 (4) 0.249 (4) 
P 0.167 (4) 0.171 (4) 0.195 (4) 
0 0.19 ( 4 )  0.23 (3) 0 .27 (3) 
a Measured along the principal axes of thp thermal ellipsoids. 

of the principal axes can be discerned a t  least approxi- 
mately from the figures. Corrections of the bond 
lengths for the approximate effects of thermal motion 
affect very little the differences among these bond 
lengths. zo 

The packing is largely dictated by the intermolecular 
contacts among the bulky triphenylphosphine ligands. 
This may be emphasized by comparing this structure 
with those of ReNC12(P(C&I5)3)zz1 and OsCl3(NHs)- 
(P(C&)&, 2 2  which crystallize in the same space group 
in cells of very similar dimensions (Table VI). In  these 
structures the orientations of the phenyl rings are only 
slightly different and the volumes occupied per tri- 
phenylphosphine group are very similar (and only about 
15% larger than that of triphenylphosphine itself23). 

The molecule lies on a twofold axis of symmetry 

(20) W. R .  Busing and H. A. Levy, Acta C ~ y ~ l ~ l l ~ g t ' . ,  17, 142 (1964). 
(21) R. J. Doedens and J. A. Ibers, Inovg. Chem., 8, 204 (1967). 
(22) D. Bright and J. A. Ibers, i b i d . ,  8, 1078 (1969). 
(23) J. J. Daly, J .  Chem. SOL, 3799 (1964). 
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TABLE VI 
CELL CONSTANTS AND VOLUMES PER 

TRIPHENYLPHOSPHINE GROUP 
VOl/ 

P(CeHd8, 
a, A b, A c, .& B An 

OsClr(NH3)- 15.85 9.52 22.43 102'51' 412 
(P(CeHh)a )2 

(P(CeHa)r)a 

(P(CaHh)a)2 

ReNC12- 15.71 9.53 22.17 103'26' 404 

IrCl2(NO)- 15.85 9.62 22.05 104'36' 407 

which results in the nitrosyl group being disordered, 
The immediate coordination around the iridium atom 
is perhaps best described as distorted square pyramidal, 
with symmetry-related chlorine and phosphorus atoms 
lying in the basal plane and the nitrogen atom occupy- 
ing the apical position. The metal-nitrogen-oxygen 
bond angle is 123 (2 ) ' .  (Refer to the discussion in the 
previous section.) Therefore the geometry is very simi- 
lar to that found for the related iridium complexes 
[IrX(NO)(CO)(P(CeH,)3)2][BF4]',2 (X = C1 or I). 
Perhaps the most striking difference between the two 
classes of compounds is the fact that in the carbonyl- 
nitrosyl complexes and in the ruthenium complex [Ru- 
C1(NO)2(P(C6Hj)3)2][PFs]24 the nitrosyl moiety lies 
approximately in the X-metal-carbonyl (or nitrosyl 
for the ruthenium complex) plane (X = C1 or I). How- 
ever, for IrC12(NO) (P(C6H5)3)2 the nitrosyl group lies 
approximately in the P-Ir-P plane. This difference 
does not appear to be steric in origin, because the orien- 
tations of the phenyl rings in all compounds are approx- 
imately the same. It is possible that in the nitrosyl- 
carbonyl and dinitrosyl complexes the observed orien- 
tation of the nitrosyl group results from a weak bonding 
interaction between the two oxygen atoms, as sug- 
gested by Pierpont, et aLZ4 It may also be significant 
that in these four complexes the NO- group lies in the 
plane containing the ligands of strongest a-bonding 
ability. In  I ~ C ~ - Z ( N O ) ( P ( C ~ H ~ ) ~ ) ~  the N atom lies 0.2 A 
from the twofold axis, which may be the result of non- 
bonded interactions between the oxygen atom and hy- 
drogen atoms of the triphenylphosphine groups. One 
such contact is only 2.3 A, considerably shorter than 
the sum of the van der Waals radii (2.7 Presum- 
ably nonbonded repulsions are decreased more eff ec- 
tively by displacing the nitrogen atom from the two- 
fold axis than by keeping the nitrogen atom on axis and 
increasing the iridium-nitrogen-oxygen bond angle. 

Table VI1 compares important bond lengths and 
angles for a closely related series of square-pyramidal 
triphenylphosphine complexes. As the metal-axial 
nitrogen bond length decreases the C1-M-B (B = C1, 
CO, or NO) bond angle shows larger distortions from the 
180" expected for an ideal square pyramid. We believe 
that this distortion minimizes the nonbonded repulsions 
between the axial nitrogen atom and the basal ligands 
C1 and B. Similar arguments have been presentedZ6 to 
rationalize the distortions observed for a series of rhen- 
ium- and osmium-nitrido, -ammine, -imino complexes. 
Table VI1 also indicates that the metal-chlorine bond 
length increases with increased distortion. The P- 

(24) C. G. Pierpont, D. G. van der Veer, W. Durland, and R.  Eisenberg, 

(25) L. Pauling, "The Nature of the Chemical Bond," Cornel1 University 

(26) D .  Bright and J. A. Ibers, Inore. Chem., 8, 709 (1969). 

J .  Amer. Chem. Soc., 92, 4760 (1970). 

Press, Ithacs, N .  Y., 1960. 
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TABLE VI1 
IMPORTANT BOND LENGTHS AND ANGLES FOR SOME SQUARE-PYRAMIDAL TRIPHENYLPHOSPHINE COMPLEXES 

MBC1A(P(CaHs)3)2 (M = Re, Ru, OR I r ;  B = BASAL LIGAND = co, c1, OR NO; A = AXIAL LIGAND = N O R  NO) 
B A P(CsHe)a \d/ 

ReNC12- [RuCl(NO)g- IrClr(N0)- (IrCl(N0) (C0)-  
(P(CeHs)a)zl [BFild (P (CsHs) a) za (P(CsHa)r)zl [PFsI* (P(CsHs)a)zc 

M Re Ru Ir  Ir  
A N NO NO NO 
B c1 NO c1 co 
M-N, 4 1.60 (1) 1.82 1.94 (2) 1.97 (1) 
M-C1, -A 2.377 (2) 2.366 (5) 2.348 (2) 2.343 (3) 
M-P, A 2.448 (2) 2.430 (5) 2.367 (2) 2.408 (3) 
P-M-P, deg 163.1 (1) 159.3 (2) 170.2 (1) 175.7 (1) 
B-M-Cl, deg 140.6 (1) 154.3 (6) 157.4 (1) 161.3 (3) 
M-N-0, deg 135 (2)f 123 (2) 124 (1) 
N-P, A 3.12(1) 3.35,3.23 3.32 (3),3.04 (3) 3.11 (1),3.15(1) 
N-Cl, A 3.28(1) 3.29 3.30(3),3.35(3) 3.35 (1) 

a R. J. Doedens and J. A. Ibers, Inorg. Chem., 6,204 (1967). Reference 24. Present work. Reference 1. e This is the Ru-N- 
(axial) distance. f This is the Ru-N(axia1)-0 angle. 

M-P bond angles, which are always closer to 180' than 
the corresponding C1-M-B angles, do not appear to be 
influenced by nonbonded repulsions to the same extent. 
The P-M-P bond angles do not follow exactly the same 
trend as the CI-M-B angles and the M-P bond lengths 
do not bear any relation to the P-M-P bond angles. 
We suggest that the M-P bond lengths depend mark- 
edly in this series of compounds on the a-accepting 
capabilities of the other ligands attached to the metal. 
For these ligands the following order of a-accepting 
ability seems reasonable: N >> NO+ > CO > NO- > 
C1. Because the phosphines are competing with these 
ligands for the filled metal orbitals of a symmetry, one 
would expect the following order of M-P bond lengths : 
ReNC12(P(Cd%)3)2 > [RuCl(NO+) (NO-) (P(CsH&)2]- 
[PFG] > [IrC1(NO-)(CO)(P(C6H5)3)2] [ B K ]  > IrC12- 
(NO-) (P(C6&)3)2, which is the observed order. 

The metal-nitrogen bond length in IrC12(NO) (P- 
(C6H5)3)2, 1.94 (2) A, lies between those found for [IrX- 
(NO)(CO)(P(C6H5)3)2][BF4] (X = C1, Ir-N = 1.97 
(2) A;l X = I, Ir-N = 1.89 (3) A).2 The iridium- 
nitrogen bond length is clearly in the range found for 
Ir-NO- complexes but is much longer than that found 
for the Ir-NO+ complexes [Ir(N0)2(P(C6H&)2] [C104] 
(Ir-N = 1.77 (1) A)27 and Ir(NO)(P(C&,)3)3 (Ir-N = 
1.67 (2) A)28 and for other second- and third-row transi- 
tion metal-NO+ complexes (see Table VI of ref 1). 

Discussion 
Most transition metal-nitrosyl complexes studied 

show properties similar to those of analogous carbonyl 
complexes. For example, Fe(C0)529 and Mn(N0)- 
(c0)d3O both have trigonal-bipyramidal geometries and 
the metal-carbon-oxygen and metal-nitrogen-oxygen 
bond angles are approximately 180'. These similari- 
ties have been rationalized by the suggestion that the 
nitrosyl ligand is coordinated as NO+, which is isoelec- 
tronic with carbon monoxide. 31 More precisely one 
could say that the isoelectronic series of ligands CO, 
NO+, N2, and CN- coordinate in a similar manner be- 
(27) D. M. P. Mingos and J. A. Ibers, Inovg. Chem., 9, 1105 (1970). 
(28) V. G. Albano, P. L. Bellon, and M. Sansoni, personal communication. 
(29) B. Beagley, D. W. J. Cruickshank, P. M. Pinder, A. G. Robiette, and 

G. M. Sheldrick, Acta Cvystallogr., Sect. B, 46, 737 (1969). 
(30) B. A. Frenz, J. H. Enemark, and J. A. Ihers, Inorg. Chem., 8 ,  1288 

(1969). 
(31) W. P. Griffith, Adwan. 0v.eanometaL Chem., 1, 211 (1968). 

cause they have the same electronic configuration, i . e . ,  
( a d  '( ala*) 2(a2a) 2(a28*) 2(a2pz,2p,)4(a2pp) 2.32--34 The bond- 
ing orbital of highest energy has a symmetry, and 
metal-ligand bond formation using this orbital is ener- 
getically preferred. 

This structural determination and others which have 
reported p r e v i ~ u s l y ' - ~ * ~ ~  show that nitric oxide may 
also coordinate as NO-, which is isoelectronic with 0 2 .  

However the mode of coordination of the NO- ligand 
is quite different from that of the oxygen molecule 
which, in iridium- and rhodium-tertiary phosphine 
complexes, has been shown to coordinate in a a- 
bonded manner.16,a5 

Griffith36 has argued that the oxygen molecule coor- 
dinates to  transition metals in a a-bonded manner be- 
cause the bonding a orbitals ( ~ 2 ~ , , 2 ~ , )  are of higher en- 
ergy than the aZp, bonding orbital; i . e . ,  the electronic 
configuration of the oxygen molecule is (a1J2(a1,*) 2- 

(a2.)2(a2pa*) 2(~~p~)2(a~p.,~py)4(a*~pz,~py) z. However, for 
the NO- ligand a a-bonding orbital is of higher energy 
than the a-bonding orbitals; i . e . ,  the electronic con- 
figuration is (als)2(u~s*)2(a2s) 2 ~ 2 . * ) 2 ( a ~ p , , 2 p u ) 4 ( ~ 2 p z )  2- 

(a*2p,,2p,)2 and therefore the NO- ligand is expected to 
utilize its u orbitals in coordinating to a metal. Grif- 
fithas has also shown that the a orbitals for the oxygen 
molecule in its valence state (and presumably also for 
NO-) have the same form as filled sp2 hybrid orbitals 
on the oxygen atom. Valence-bond theory (see Intro- 
duction) also predicts that the NO- ligand will coordi- 
nate through an sp2 hybrid orbital and give a metal- 
nitrogen-oxygen bond angle of 120", which of course 
is that found experimentally. 

Molecular orbital theory also helps us understand 
why nitric oxide and oxygen are able to form complexes 
with electrons localized mainly in ligand antibonding 
orbitals (e.g., NO-, 02,15 ,35  02-,87 and 022- whereas 
CO, N2, and CN- do not form coordinated reduced 
species with transition metals. The formation of 
(32) R. C. Sahni und E. J. Lorenzo, J .  Chem. Phys. ,  44, 3619 (1965). 
(33) H. Brion and M. Yamazaki, ibid., 80, 673 (1959). 
(34) B. J. Ransil, Res. Mod. Phys. ,  82,  245 (1960). 
(35) J. A. McGinnety, N. C. Payne, and J. A. Ihers, J. Amev. Chem. Soc., 

(36) J. S. Griffith, Proc. Roy.  SOC., Ser. A ,  486, 23 (1956). 
(37) B. M. Hoffman, D. L. Diemente, and F. Basolo, J .  Amer. Chem. Soc., 

(38) R. Stomberg, Ark. Kemi .  Pa, 49 (1964). 

91.6301 (1969), and references cited therein. 

94, 61 (1970). 
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NO-, 0 2 - ,  and 0z2- complexes results because the 
~*2,,,,2,,, orbital is of much luwer energy for NO and 0 2  

than for CO, CN-, and N2.32133r34 For CO, CN-, and 
Nz these orbitals are of higher energy than metal d or- 
bitals. (See ref 39-41 for molecular orbital calcula- 
tions which support this suggestion.) However for 
NO and 0 2  the r * 2 p r , ~ p v  orbitals are of approximately 
the same energies as metal d orbitals and in some cases 
are preferentially occupied with respect to the higher 
energy metal d orbitals. For example the molecular 
orbital energy level diagram for Fe(CN)5(NO) 2 -  shows 
the following energy level order: d,,,d,, < dz, < 

By analogy with the molecular orbital scheme for 
Fe(CN)s(N0)2- we suggest than in the complexes 
MX(NO)(CO)(P(C6H5)3)2+ (M = Ir, X = C1 or I ;  
M = Ru, X = Cl) and IrClz(NO)(P(C6H5)3)2 the elec- 
tronic configuration is (d,,)2(d,,)2(dxy)2(~*(N0))2. 
Therefore as two electrons are localized mainly in 
T*(NO) orbitals, the complex is formally one of NO- 
with iridium(II1). This formulation is identical with 
that given previously in terms of valence-bond theory. 

Both approaches to the bonding in these complexes 
lead to the suggestion that the geometries of the nitrosyl 
complexes ought to bear a closer relationship to other 
de complexes rather than to d8 complexes. The crystal 
structures of four other five-coordinate d6 triphenyl- 
phosphine complexes have been reported. Two of 
these, RuC1z(P (CeH~)3)3~~ and RhIz (CH3) ( P ( C & E , ) ~ ) Z , ~ ~  
have square-pyramidal geometries and the other two, 
R u H C ~ ( P ( C ~ H ~ ) ~ ) ~ ~ ~  and R~HCI(S~CI~)(P(C~H~)~)Z,~~ 

r*(NO) < dxP-,y? < dca < T*(CN-).~' 

(39) K. G. Caulton and R. F. Fenske,Inoug. Chem.,  7, 1273 (1968). 
(40) K. G. Caulton, R. L. DeKock, and R. F.  Fenske, J .  Amer.  Chem. 

(41) P. T .  Manoharan and H. B.  Gray, ihiii., 87, 3340 (1965). 
(42) S. J. La Placa and J. A. Ibers, Iizovg. Chem.,  4, 778 (1965). 
(43) A. C. Skapski and P.  G. H. Troughton, Chem. Commz~n.,  575 (1968). 
(44) A. C. Skapski and P. G. H. Troughton, ibid., 1230 (1968). 
(45) K. W. Muir and J. A. Ibers, Inovg. Chem.,  9 ,  440 (1970). 

Soc., 92, 515 (1970). 
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are so distorted, presumably because of the minimal 
steric requirements of the hydrido ligands, that i t  is 
impossible to characterize their geometries as either 
square pyramidal or trigonal bipyramidal. In  con- 
trast, five-coordinate d8 complexes of the second- and 
third-row transition elements have trigonal-bipyra- 
midal geometries, e.g., IrCl(C0)~(P(CsH6)3)2~~ (which 
is isoelectronic with IrCl(N0) (eo) (P (CgH5)3)2+), 
O S ( C ~ ) ~ ( P ( C ~ H E , ) ~ ) Z , ~ ~  IrCl(C0) ( 0 2 )  (P(CeH&)z, and 
IrBr(C0) (TCNE) (P(CBHE,)~)Z~~ (TCNE = tetracyano- 
ethylene), Therefore the square-pyramidal geome- 
tries of the nitrosyl complexes are consistent with their 
formulation as de complexes. It is of interest to note 
that P e a r ~ o n ~ ~  has predicted on the basis of second- 
order Jahn-Teller arguments that the square-pyramidal 
geometry ought to be more stable than the trigonal- 
bipyramidal geometry for low-spin de complexes of the 
type MLE,. Of course the d6 phosphine complexes 
discussed above have lower symmetry than those 
considered by Pearson and therefore the symmetry ar- 
guments are no longer strictly valid. 

Recent X-ray structural studies, including this one, 
have shown that the coordination of nitric oxide as 
NO- is more common than previously thought. Fur- 
ther structural studies of iridium-nitrosyl complexes 
are in progress with the view of gaining a clearer under- 
standing of the conditions which favor the coordination 
as NO- as opposed to  NO+. 
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