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The structure of dinitrosylbis(triphenylphosphine)ruthenium-hemibenzene, Ru(NO), (P(C.H,),), /2C H, has been deter-
mined from three-dimensional X-ray data collected by counter techniques. The material crystallizes in the space group
C,n*-P2, /n of the monoclinic system with four molecules of the complex and two molecules of solvent (C,H,) in the unit
cell. Crystal dataaree=17.031 (2) 4, b=18.792 (2) A, ¢=10.800 (1) A,$=97.03 (1)°, V=3430.6 A®, pyneasa = 143
(2) g/fem?, and pea1eq = 1.401 g/om®,  The structure has been refined by a full-matrix least-squares procedure to a conven-
tional R index (on F) of 0.043 for 2985 observations having F,> > 30(F,*). The coordination geometry about the
ruthenium atom may be described as distorted tetrahedral. Bond distances of interest are Ru-P, 2.337 (2) and 2.353 (2)
A,and Ru-N, 1.762 (6) and 1.776 (6) A. The N-Ru-N angle, 139.2 (3)°, is significantly different from the tetrahedral
value and the Ru-N-O angles are 177.7 (6) and 170.6 (5)°. The structural results support the formulation of Ru(NO), (P-
(C4Hy),), asad'® complex of Ru(~II) with the nitrosyl groups coordinated as NO*. A novel nitrosyl-transfer reaction of
this complex with RuCl, (P(C,H;),), to yield the Ru(0) complex Ru(NO)CI(P(C,H;),), is described and some of its impli-

cations are discussed.

Introduction

The four-coordinate dinitrosyl complexes of the group VIII
metals and their isoelectronic analogs form an interesting
series of pseudo d'° complexes. These systems exhibit low
formal oxidation states of the metal and in theory are capable
of undergoing two successive oxidative addition reactions.
The molecular structures of a number of these complexes have
been determined and the results® show that the coordination
geometries are basically tetrahedral and that the nitrosyl
groups are approximately linear with M-N-O angles in the
range 170-180°. The structural data thus provide the basis
for the formalistic view of these complexes as d'® systems
having nitrosyl coordinated as NO™.

The first dinitrosyl complex in this series to be studied
structurally, [Ir(NO),(P(C¢Hs)3).]*,® was found to exhibit
large distortions from tetrahedral geometry. The N-Ir-N
bond angle was determined to be 154°, and the nitrosyl
ligands were found to coordinate in an intermediate manner
with an Ir-N-O bond angle of 163.5 (1)°. While these results
precluded an unequivocal assignment of the metal oxidation
state, the Ir-N distance and the coordination geometry were
most consistent with a d!° formulation of this complex. The
154° bond angle between the two nitrosyl groups in [Irf(NO),-
(P(CeHs)s),]" is significantly greater than the C-Pt-~C angle
of 1170 in Pt(CO)z(P(C2H5 )(C5H5)2)24 and the N-Ir-C bond
angle of 128.7° in I(NO)CO)P(C¢Hs)3), > The results
on these isoelectronic complexes have led to the suggestion®
that the angle between the two strong m-acceptor ligands is
determined in part by the repulsions between the bonding
electrons in the metal-m-acceptor bonds, assuming NO™ to be
a stronger 7 acid than CO. In order to test this hypothesis
and to determine the effect of varying the metal atom in
these systems, a study of the complex Ru(NO),(P(CsHs)s)2
was carried out. The results are reported here.
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Experimental Section

The complex Ru(NO), (P(C,H;),), was first reported by Grundy,
et al.,’ who observed that it reacts with O, to give Ru(0,)(NO,)(NO)-
(P(C4H;),), and with X, (X = halogen) to yield RuX,;(NO)}P(C,H;),),.
However, unlike its Os analog, it does not react with strong acids to
give hydride cations. In our investigations of low-valent ruthenium-
nitrosyl systems we have found that Ru(NO),(P(C,H,),), is readily
formed in a number of reactions and does not undergo oxidative addi-
tion reactions with as wide a variety of substrates as does Os(NO),-
(P(C¢Hjy)4), and the mononitrosyl systems M(NO)(P(C,H;);); M =
Rh, Ir).* However, Ru(NO),(P(C H;),), does undergo a novel
nitrosyl-transfer reaction with RuCl,(P(C,H;),); to yield the Ru(0)
complex Ru(NO)CI(P(C,H,),), originally reported by Stiddard and
Townsend.’

Ru(NO),(P(CH;);), + RuCl,(P(C¢H;);), Zn dust,
2RUNO)CIP(CeHs)s), + P(C,H,),

Ru(NO),(P(C,H;);), was prepared by a modification of the
Levison-Robinson® procedure in which the intermediate product,
RuH, (P(C,H;),),, is first isolated before reaction with Diazald (V-
methyl-NV-nitroso-p-toluenesulfonamide). In a typical preparation 0.5
g of RuH,(P(C,H;),), and 0.5 g of Diazald were introduced into a
Schlenk tube and the system was degassed. Thirty milliliters of
methanol (or ethanol) was added and the suspension brought to
reflux. After approximately 10 min, the suspension of deep red
crystals was cooled, filtered, and washed with ethanol and hexane.
Anal. Caled for C,4H4N,O,P,Ru: C, 63.06; H, 4.38; N, 4.08; P,
9.05. Found: C,62.74;H,4.29;N, 3.94; P, 8.89. The material
shows vy at 1605, 1655 cm™ (Nujol mull) and melts at 150°.
Ru(NO),(P(C,H;),), can be recrystallized from either methylene
chloride-ethanol or benzene-hexane.

The nitrosyl-transfer reaction was carried out as follows. A 0.5g
amount of Ru(NO), (P(C,H,),),, 0.7 g of RuCl,(P(C.H,),);, and 2.0
g of Zn dust were placed in a Schlenk tube and the system was de-~
gassed. Dried benzene (20 ml) was added and the system brought to
reflux. An emerald green solution developed after approximately 3
min. After 30 min the reaction mixture was filtered to remove
excess Zn dust, hexane was added, and the solution was cooled at 0°
overnight. The resulting green precipitate was shown to be Ru(NO)Cl-
(P(C,H;),), by its solid-state reaction with O, to yield the tan di-
oxygen adduct which exhibits characteristic ir bands at 1765 cm™*
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Ru(NO),(P(CsHs)3)2!/2CeHe

(vno) and 875 cm™! (0,)- ® This method of preparing Ru(NO)Cl-
®(C, H,) ), » which employs Ru(NQ),(P(C.H,),), as the nitrosyl
source, is supenor to the method first suggested by Stiddard and
Townsend’ because that preparation is very sensitive to the quality
of the Zn dust used.

Collection and Reduction of the X-Ray Data. Deep red crystals
of Ru(NO),(P(C4H;),), suitable for X-ray analysis were obtained by
slow recrystallization from cold benzene-hexane. Based on pre-
liminary precession photographs and optical goniometry, they were
assigned to the monoclinic system. The systematic absences, 10/, i +
I1=2n+ 1,and 0k0, k = 2n + 1, strongly suggest that the space group
is C,p%-P2, /n.'® The crystal chosen for data collection shows 14 of
the faces belongmg to the forms {010}, {210}, {101}, {101}, and
{T11}. It was carefully measured in anticipation of an absorption cor-
rection (p =49.5 cm™!, Cu Ka). Its dimensions were 0.42 X 0.20 X
0.20 mm along the principal crystallographic directjons and it had a
calculated volume of 0.0137 mm?. Cell constants at 22° were deter-
mined from a least-squares refinement'' of the setting angles of 12
reflections which had been centered on a Picker four-circle diffractom-
eter using nickel-filtered Cu K¢ radiation (A 1.54056 A) at a takeoff
angle of 1.5°. They area =17.031 (2) A, b =18.792 (2) &, ¢ = 10.800
(1yA,and $=97.03 (1)°. Comparison of the observed density (1.43
@) g/cm’) determined by flotation in a carbon tetrachloride~-hexane
mixture, with that calculated on the basis of four molecules of the
complex in the unit cell (Pcaled = 1.326 g/cm?®) suggests the presence
of two molecules of solvent (C H,) in the lattice (pga1cq = 1.401 g/
cm®). No crystallographic symmetry is imposed on the complex al-
though the solvent of crystallization (unless disordered) is constrained
to lie on symmetry centers. The presence of the solvent of crystal-
lization was ultimately confirmed by the structural results.

The mosaic spread of the crystal was examined by means of open-
counter, narrow-source w scans'? of several strong reflections. The
average width at half-height was 0.06°, which is acceptably low.
Intensity data were collected by the 6-26 scan technique'? on a com-
puter-controlled Picker FACS-1 automatic diffractometer with the a*
axis of the crystal approximately coincident with the diffractometer
spindle axis. Cu Ka radiation, prefiltered through a 1-mil nickel foil,
was employed with pulse height analysis set to accept approximately
90% of the Cu Ka line. The takeoff angle was 2.5° at which the
intensity is about 85% of the maximum available as a function of
takeoff angle. ‘A 6 mm X 6 mm counter aperture was positioned 31
cm from the crystal. An asymmetric scan range in 26 was employed
from 0.95° below the Ka, peak position to 0.75° above the Ka, peak
position. The scan rate was 2°/min with stationary-crystal, stationary-
counter background counts taken at the limits of the scan for each
reflection. Inorder to improve the signal to noise ratio, the duration
of the background counts varied from 10 sec (3° < 26 < 50°) to 20 sec
(50° < 26 < 75°) to 40 sec (75° < 26 < 100°). Cu foil attenuators
(ratio ~2.3) were inserted automatically if the intensity of the
diffracted beam exceeded about 7000 counts/sec.

A total of 3827 reflections (h > 0,k > 0, t/) were recorded in the
range 3° < 26 < 100°. The intensities of six reflections in diverse
regions of reciprocal space were monitored after every 100 reflections
and no significant trends were noted. The variations in individual
measurements of a given standard were less than expected from
counting statistics.

All data processing was carried out as previously described.*?
value of p was 0.04. The values of 7 and o(/) were corrected for
Lorentz, polarization, and absorption effects thereby yielding 3120
statistically significant (Fy* > 30(F,y?)) reflections. The transmission
coefficients varied from 0.33 to 0.47. Of the 3120 observations, 132
were symmetrically equivalent. Four reflections which are required
from space group considerations to be extinguished were judged to be .
observed. One of these (050) showed F,> > 240(F,*) which we
attribute to multiple reflection since the (210) and (240) reflections
are the strongest in the data set. None of these four space group
extinguished reflections was observed on precession photographs
using either Cu Ka or Mo Ko radiation. The space group extinct
reflections and the symmetry-related spectra were eliminated to yield
2984 reflections which were used as the basis for subsequent refine-
ment of the structure.

The
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Solution and Refinement of the Structure

The structure was solved with difficulty. Initially, trial positions
for the ruthenjum and the two phosphorus atoms were derived from
an analysis of a three-dimensional origin-removed Patterson function.'*

Expansion of the model to include the light atoms was compli-
cated by the considerable scrambling of their positions caused by a
pseudomirror operation present in the subsequent difference synthesis.
The pseudomirror operation results from the location of the ruthenium
atom on the glide plane (x, /4, z). An attempt was made to over-
come this difficulty by direct methods using Sayre’s equation!® as
implemented in a local version of the LSAM system of computer
programs.'* Normalized structure factors were computed and the
distribution of the 200 reflections having £ > 1.98 with respect to the
eight parity classes was examined. An abnormal distribution was
found, with only two reflections in the parity class (0oe) and none
in the classes (eeo), (€00), and (oee). 'Expansion of the set to include
300 reflections with £ > 1.82 did not materially alter the distribution
in the parity classes. As a result of this peculiarity,!® it was impossible
to select three linearly independent reflections that simultaneously
fixed the origin and entered into a significant number of interactions
for the phase determining process. The difference synthesis was
therefore reexamined and the remaining light atoms (excluding
hydrogen) were ultimately located on a succession of difference syn-
theses based on previously located atoms.

The trial structure was refined (on F) by a full-matrix least-squares
procedure.'* The function minimized is Ew(1F ! — |F¢1)* where the
weights, w, are taken as 4F,*/0” (F,*) and 1F,land |Fglare the ob-
served and calculated structure amplitudes. The discrepancy indices,
R, and R,, are defined as T11F,\~ |F I/Z1F,!and (Ew(1Fo1~
1Fe 1) /EwiFg %)% respectively. The scattering factors for neutral
Ru, P, O, N, and C were obtained from the tabulation of Cromer and
Waber!?® while those for H were taken from Stewart, ef 4.*® The
anomalous terms for Ru, P, O, and N were those reported by Cromer
and Liberman®® and were included in F,.'* During the refinement,
the phenyl rings and the benzene of crystallization were treated as
rigid groups possessing D, symmetry (C-C bond length 1.392 A).

A refinement of the complete trial structure with individual isotropic
thermal parameters for each atom resulted in values of 0.085 and
0.115 for R, and R,, respectively. Two additional cycles of refine-
ment based on 2984 observations and 143 variables including anistropic
thermal parameters for the nongroup atoms resulted in final values of
0.043 for R, and 0.063 for R,.*° Between the last two cycles, the
contnbutlons to the calculated structure factors from the hydrogen
atoms of the phenyl and benzene groups were computed?? and in-
cluded in the final cycle of refinement as fixed contributions. A
correction for isotropic extinction was made, but this resulted in no
improvement in the discrepancy indices. The value of the isotropic
extinction parameter is 5 (2) X 1077 e~%. The largest parameter
shifts in the last cycle were less than 0.1 of their estimated standard
deviations. The standard deviation of an-observation of unit weight.
is 2.24 e. A final difference Fourier map shows no peak higher than
0.7 ¢/A®, whereas the average electron density of a carbon atom in
this structure is 3.3 ¢/A%. Of the 707 reflections omitted from the

(14) In addition to various local programs for the CDC 6400
computer, modified versions of the following programs were em-
ployed: Zalkin’s FORDAP Fourier summation program, Busing and
Levy’s ORFFE error function program, Johnson’s ORTEP thermal
ellipsoid plotting program, Dewar’s FAME normalized structure fac-
tor program, and the Main, Woolfson, and Germain direct-methods
programs LSAM. Our full-matrix least-squares program NUCLS, in
its nongroup form, closely resembles the Busing-Levy ORFLS pro-
gram. The absorption program, AGNOST, incorporates the
Coppens~Leiserowitz~Rabinovich logic for gaussian integration.

(15) D. Sayre, Acta Crystailogr., 5, 60 (1952).

(16) Atoms whose y coordinates are !/4 ‘do not contribute to the
intensity of reflections with & + 7 odd. The reflections with & + 1
odd belong to the parity classes (eeo), (e00), (oee), and (ooe).
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X-Ray Crystallography,” Vol. IV, Kynoch Press, Birmingham,
England, 1974, Table 2.2A; (b) R. F. Stewart, E. R, Davidson, and
W. T. Simpson, J. Chem. Phys., 42, 3175 (1965).

(18) D. T. Cromer and D. Liberman, J. Chem. Phys., §3, 1891
(1970).

(19) J. A. Ibers and W. C. Hamllton Acta Crystallogr., 17,781
(1964).

(20) See paragraph at end of paper regarding supplemeéntary
material.

(21) The phenyl hydrogen atoms and those of the benzene solvate
were treated as rigid groups whose positional and orientational
parameters were those of the carbon skeleton and whose thermal
parameters were estimated as 1 A* greater than the carbon atom to
which they are bonded. The assumed C-H distance is 0.95 A.
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Table I, Positional, Thermal, and Group Parameters for Ru(NO),(P(C,H,),),-!/.C H,

Ibers, et al.

Atom x4 y z 5;1b B2z B33 B2 By Bas
Ru 0.19377(3) 0.24752 (2) 0.02793 4) 30.4 (3) 23.0(2) 75.8 (6) 2.1 (1) -1.6 (3) ~7.2(2)
P(1) 0.14191(9) 0.17448 (8) —0.13722(14) 28.4 (D 22.3(5) 73.0 (16) -1.0(5) 8.3(7) —4.0 (7)
P(2) 0.10910(9) 0.34690 (8) 0.01199 (14) 294 (D 23.1(5) 69.1 (15) ~0.5(5) 4.6 (8) -3.3(D
N(1) 0.2837(4) 0.2830 (3) ~0.0096 (6) 35(3) 41 (2) 167 (8) -8 (2) 17 4) ~35 @)
0O(1) 0.3438 4) 0.3061 (4) —0.0391 (7) 61 (3) 101 (4) 340 (14) —43 (3) 76 (6) -84 (6)
N(2) 0.1587(3) 0.1930 (3) 0.1438 (5) 55(3) 31 (2) 76 (6) 6(2) 4 (3) 2(3)
0(2) 0.1276 4) 0.1528 (3) 0.2082 (5) 89 4) 48 (2) 99 (6) 1(2) 19 (4) 19 (3)
Group xe° Ve z 5 € n
P(QHR(D) —-0.0423 (2) 0.1445 (1) —0.1158 (3) 0.358 (3) 2.482 (3) —0.318 (3)
P(1)R(2) 0.1700 (2) 0.2231 (1) ~0.4137 (3) 1.920 (3) 2.859 (2) 1.783 (3)
P(1)R(3) 0.2225 (2) 0.0188 (2) -0.1235 (3) ~1.141 (4) —2.144 (3) 3.1334)
P(2)R(1) ~0.0005 (1) 0.3785 (1) ~0.2455 (3) 1.436 (3) —-2.522(2) 1.665 (3)
P(2)R(2) 0.2094 (2) 04911 (D 0.0666 (3) 0.829 (4) 2.253 (3) ~2.947 4)
P(2)R(3) ~0.0151 (2) 0.3430 (2) 0.2140 (3) 2.947 (3) 2.919 (2) ~2.267 (3)
CéHsd 1, 1, 0 2.541 (%) 3,145 (5) 1.145 (6)

@ Estimated standard deviations of the least significant figure(s) are given in parentheses in this and all subsequent tables. & The form of the
anisotropic thermal ellipsoid is exp{~(8,4* + B,,k* + By3!* + 28,,hk + 28,4l + 28,,k1)]. The quantities given in the table are the thermal
coefficients X 10%. € x, y¢, and z, are the fractional coordinates of the rigid-group centers. The angles §, e, and 7 (radians) have been defined
previously: R. Eisenberg and J. A. Ibers, Inorg. Chem., 4,793 (1965). ¢ The rigid-group center of the benzene solvate is constrained to a
crystallographic center of symmetry.

Table II, Derived Parameters of Ring Carbon and Hydrogen Atoms for Ru(NO),(P(C H,);),-/.C.H,

Atom¢@ x ¥ z B, A* Atom¢ x ¥ z B, A
P(DR(DC(L)  0.0365(2) 0.1559(2) -0.1324(4) 3.2(1) P(DHR(1)H(2)° —0.0095 0.2335 -0.2518 5.04
P(OR(C(2) —0.0227(2) 0.1977(2) —0.1963(3) 4.0(1) P(R(1H(3) ~0.1425 0.2145 -0.2234 5.7
P(DR(C(3) —0.1014 (2)  0.1863(2) —0.1796 (4) 4.7(1) P(DR(1HE4) —0.1753 0.1253 -0.0879 6.2
P(OR(DCH) —0.1211(2) 0.1331(2) -0.0991(4) 5.2(2) P(DR(1H(S) —0.0761 0.0551 0.0194 6.0
P(DR(1C(S) —0.0619 (2)  0.0914 (2) —-0.0353(4) 5.0(2) P(OR(DH(6)  0.0569 0.0741 ~0.0090 54
PCOR(LCE)  0.0169(2)  0.1028(2) —0.0519(4) 4.4 (1) P(DR(DH(2)  0.0491 0.1692 ~0.3875 6.0
PAURR)C(L)  0.1549(2)  0.2015(2) -0.2957(3) 3.3(1). P(DR(2)H(3)  0.0744 0.2061 -0.5867 6.8
PCOR(2)C(2)  0.0981(2) 0.1913(2) —0.3983(4) 5.0(1) P(DR(2)H(4)  0.1950 0.2600 —-0.6125 6.4
P(DR(2)C(3)  0.1133(2) 0.2129(3) —-0.5163(3) 5.8(2) P(L)R(2H(S)  0.2905 0.2772 ~0.4405 6.4
P(R(2)C(4)  0.1852(3)  0.2448(2) —0.5318(3) 5.4(2) P(DR(DH(6)  0.2652 0.2403 —-0.2413 5.1
P(DR()C(S) 02420 (2) 0.2550(2) —04292(4) 542 P(DR(3)H(2)  0.2518 0.0996 0.0406 56
P(DR(2)C(6)  0.2268(2) 0.2334(2) —0.3111(3) 4.1(1) P(HR(3)H(3)  0.3105 ~0.0137 0.0514 6.7
P(OR(3)C(L)  0.1876 (2)  0.0859(2) —0.1296 (4) 3.2(1) P()R(3)H(4)  0.2810 ~0.0944 -0.1124 6.7
P(OR(3)C(2)  0.2402(3) 0.0669(2) —0.0261(3) 4.6(1) P(DR(3)H(5)  0.1932 ~0.0624 —0.2870 6.8
P(R(3)C(3) 02751 (3) —0.0002(2) —0.0199(4) 5.7(2). P()R(3)H(6)  0.1345 0.0509 -0.2978 5.9
P(DR(3)C(4)  0.2574 (3) —0.0483(2) —0.1174(4) 5.7(2) P()R(1)H(2) —0.0584 0.3792 —0.0601 5.3
P(R(G3)C(S)  0.2048 (3) —0.0293 (2) ~0.2210(4) 5.8(2) P(DOR(1)B(3) —0.1362 0.4006 ~0.2516 6.5
P(DR(B)C(6)  0.1699 (2)  0.0379(2) —0.2271(3) 4.9(1) P(DR(1)H(4) —0.0780 0.3997 -0.4367 6.8
P(ORC()  0.0456 (2)  0.3658(2) —0.1322(3) 3.3(1) P(QR(1)H(S)  0.0574 0.3776 —~0.4317 5.9
P(R(C(2) —0.0350 (2)  0.3792(2) —0.1352(3) 4.3(1) P()R(H(6)  0.1352 0.3562 ~0.2402 5.0
P(2)R(1)C(3) —0.0811(2) 0.3918(3) —-0.2486(4) 5.5(2) P()R(2)H(2)  0.1152 0.4857 -0.1103 54
P()R(L)C(4) —0.0467(2) 0.3911(3) —0.3589(3) 5.8(2) P(DR(H(3)  0.1919 0.5888 ~0.0689 6.2
P(ORCGS)  0.0339(2) 0.3778(2) -0.3559(3) 4.9(). PQR(H@A)  0.2857 0.5941 0.1080 6.3
PQQR(1)C(6)  0.0800(2) 0.3651(2) —0.2425(4) 4.0(1) P()R(2)H(5)  0.3032 0.4969 0.2437 6.4
PQR()C(1)  0.1639(2) 04300(2) 0.0421(4) 34(1)  PQR()H(E)  0.2265 0.3938 0.2023 5.6
P()ORRIC(2)  0.1535(2) 0.4879(2) —0.0386(3) 4.4(1).  PQR(HH(?2)  0.0087 0.2423 0.0968 5.1
P(R(2)C(3)  0.1989 (3)  0.5490 (2) —0.0141 (4) 5.2(2). P()R(3)H(3) —0.0831 0.2371 0.2423 6.2
PQ)R(2)C(4) 02548 (3) 0.5522(2) 0.0911(4) 5.3(2) PQ2)R(3)H4) —0.1065 0.3378 0.3594 6.6
P(DR(2)C(5) 02652 (2) 04944 (2) 0.1719(4) 5.4(2) P(2)R(3)H(5) —~0.0387 0.4437 0.3320 6.7
PQOR(Q)C(6)  0.2198 (3) 0.4333(2)  0.1474(3) 4.6(1) P()R(3)H(6) ~ 0.0531 0.4489 0.1865 5.7
POR(3)C(1)  0.0394(2) 0.3461(2) 0.1281(3) 3.3(1) H(l)e 0.4077 04257 0.0792 9.2
PQR(3)C(2) ~0.0013(2) 02832(2) 01439¢4) 41()  HQ? 04562 03970 -0.1092 9.3
P(Q)R(3)C(3) —0.0558(2) 0.2801(2) 0.2298(4) 5.2(2)° H(3) 0.5483 04714 -0.1877 9.5
P(R(3)C(A) ~0.0696 (2) 0.3399(2) 0.3000 (4) 5.6(2)

P(QR(3)C(5) —0.0289 (3)  0.4028(2)  0.2842(4) 5.7(2)
P(2)R()CG)  0.0257 (3) 04059 (2) 0.1982(4) 4.7(1)
c(n® 0.4457 (3)  0.4559(3)  0.0486(7) 8.2(2)
C(2)° 04737 (4) 04384 (2) —0.0634 (6) 8.3(2)
c@3)y? 0.5279 (4) 0.4825(4) -0.1120 (4) 8.5(2)

@ C(1) is attached to P and the atoms in the ring are numbered sequentially with C(4) para to P. ¥ These are the three independent carbon
atoms of the benzene solvate. ¢ The numbering system for the hydrogen atoms is analogous to that used for the carbon atoms with H(2)
attached to C(2). 9 The thermal parameters of the hydrogen atoms are taken as 1 A® higher than the carbon atom to which they are bonded.
¢ These are the independent hydrogen atoms of the benzene solvate.

refinement (Fy® < 30(Fp?)), 13 had 1F,* — F,2 1> 30(F,?) and five
had 1Fy? — F.2 1> 50(Fy?). The parameters obtained from the final
cycle of refinement are given in Table I along with their estimated
standard deviations as obtained from the inverse matrix. The derived
parameters for the group atoms are reported in Table II. The root-
mean-square amplitudes of vibration of the seven atoms refined aniso-
tropically are given in Table III.

Description of the Structure
The crystal structure consists of discrete molecules of
Ru(NO),(P(C¢Hs)s); occupying the four general positions
of the space group with molecules of benzene situated about
the symmetry centers at (!/2, 1/2, 0) and (0,0, }/2). The
shortest Ru-Ru distance is 9.509 A and the shortest inter-



RU(NO)z (P(C6H5)3)2 12 CeHg

Table IIl. Root-Mean-Square Amplitudes of Vibration along
Principal Ellipsoid Axes (&)

‘Max

Atom Min " Intermed

Ru 0.1870 (9) 10.1993 (9) 0.2373 (8)
P(1) 0.192 (2) 0,198 (2) 0.216 (2)
P(2) 0.193 (2) 0.207 (2) 0.210 (2)
N(1) 0.208 (9)- 0.228 (8) 0.352 (8)
o) 0.218 (9) 0.325:(8) 0.548 (10)
N(2) 0.208 (8) 0.230(8) - 0.289 (8)
0(2) 0.216 (8) 0.308 () 0.360 (1)

molecular contact is 2.44 A between several phenyl hydrogen
atoms. The molecular packing is dominated by the bulky
triphenylphosphine groups with the benzene of crystallization
filling voids in the structure. Although there are no specific
intermolecular interactions, note that a given nitrosyl group

is oriented in the direction of its nearest benzene of crystalliza-

tion. The resulting arrangement is depicted in Figure 1.

A stereoscopic view of an individual molecule is presented
in Figure 2 and a perspective view of the inner coordination
sphere is depicted in Figure 3. Interatomic distances and
angles together with their estimated standard deviations are
given in Table IV. As can be seen from the figures, the
ruthenium atom is in a four-coordinate environment sur-
rounded by two nitrogen and two phosphorus atoms. The
two Ru-P bond lengths of 2.337 (2) and 2.353 (2) A are
within the range found in other complexes of ruthenium con-
taining coordinated triphenylphosphine.?*"2* - The Ru-N
distances, 1.762 (6) and 1.776 (6) A, are equal within experi-
mental error and are in the upper limits of the range found
in other structures®*?® with formally NO* coordinated to
ruthenium. The Ru-N(1)-0(1) angle, 177.7 (6)°, is essen-
tially linear and therefore consistent with an NO* formula—
tion, while the Ru-N(2)-0(2) angle, 170.6 (5)°, shows a
small but significant deviation from linearity. The magni-
tude of the distortion is not, however, sufficient to preclude
an assignment as NO*.2” The P-Ru-N angles range from
94.1 (2) to 107.8 (2)° and the pattern of angles is similar to
that found in Ir(NO)(CO)(P(CsH;)3),.2 The coordination
geometry about the ruthenium atom is irregular. .The rele-
vant structural parameters needed to distinguish between the
alternative forms of four-coordination (tetrahedral, square
planar, or trigonal pyramidal) are given in Table V. From -
these we conclude that the geometry about the ruthenium
atom can best be described as distorted tetrahedral. =

The most striking feature of the complex is the large N-Ru-
N angle of 139.2 (3)°. This value is intermediate between
those observed in two isoelectronic complexes, 154.2 (7)° in
[Ir(NO)z(P(CeHs)s)z]+ * and 128.7 (2)° in I(NO)(CO)(P-
(CsHs)3);.2  This result is consistent with the suggestion®
that this angle is increased in order to alieviate nonbonded
repulsions between the two w-acceptor ligands. . The P~Ru-~
P angle of 103.85 (6)° is slightly less than the tetrahedral
value and agrees within experimental error with that observed
in Ir(NO)(CO)(P(C¢Hs)s3),.2  This value is significantly
different from the P-Ir-P angle of 116.3 (2)° found in [Ir-
(NO),;(P(C¢Hs)3)2]* ® and from those found in other tetra-

(22) S.J. La Placa and J. A. Ibers, Inorg. Chem., 4,778 (1965).

(23) C. G. Pierpont and R. Eisenberg, Inorg. Chem., 11, 1088
(1972).

(24)C. G. Plerpont and R. Eisenberg, Inorg. Chem., 11, 1094
(1972).

(25)C.G. Plerpont and R Elsenberg,lnorg Chem 12 199
(1973).

(26) R. Eisenberg, A. P. Gaughan Jr., C. G, Pierpont, J. Reed
and A. Schultz, J. Amer. Chem. Soc., 94, 6240 (1972).

(27) B. A. Frenz and'J. A, Ibers, MTP (Med. Tech Publ. Co ) Inz.
Rev. Sci.: Phys. Chem., Ser. One, 11, 33 (1972). .
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hedral bis(triphenylphosphine) complexes.?®:?° In those
complexes exhibiting large (relative to the tetrahedral value)
P-M-P angles, the increase apparently results from the mini-
mization of nonbonded repulsions between phenyl rings on
adjacent triphenylphosphine groups. In Ru(NO),(P(C¢Hs)s),
however, the P-Ru-P angle is less than the tetrahedral value
and this lowering may be related to the unusual conforma-
tion of the phenyl rings associated with P(1) (see Figure 2).
Generally, the phenyl rings of coordinated triphenylphosphine
adopt a propeller conformation when viewed down the
pseudo-threefold axis. In the triphenylphosphine group
assoeiated with P(1), however, the rings are oriented such
that the triphenylphosphine group possesses approximate
mirror symmetry relating the rings designated R(2) and R(3)
as well as the ortho and meta carbon atoms of R(1). A con-
sequence of the conformation of the phenyl groups about P(1)

_ is that the plane defined by the phenyl ring designated R(3)

is almost perpendicular to the plane defined by N(1), Ru,

" N(2) (dihedral angle 83.1°) and approximately bisects the

N(1)-Ru-N(2) angle. However, because of the relatively
small P-Ru-P angle and the large N-Ru-N angle, no abnor-
mally short:contacts involving the two nitrosyl groups and the
R(3) hydrogen atoms result. The shortest contact is 2.7 A
between N(2) and the hydrogen bound to P(1)R(3)C(2). In
the present structure, then, nonbonded repulsions between
phenyl rings on adjacent phosphorus atoms are minimized

via a change in the conformation of the phenyl rings about
P(1) rather than by an increase in the P-Ru-P angle. The tri-
phenylphosphine group associated with P(2) exhibits the
usual propeller conformation. The shortest intramolecular
hydrogen contact between phenyl rings on the two phosphorus
atoms is 2.23 A. Except for the peculiarities noted above, all
angles and distances associated with the phenyl rings are in
the range of those observed for other triphenylphosphine
complexes. A similar arrangement of the triphenylphosphine
ligands is found in the structure of Ir(NO)(CO)P(C¢Hs)s),.

Discussion

The complex Ru(NO),(P(C4H;);); is another member of :
the series of four-coordinate, isoelectronic complexes whose
structures have been determined by X-ray diffraction. Based
on the structural results presented above, we formulate the
title compound as a d'° system in which the nitrosyl groups
are coordinated as NO* and the Ru atom has a formal oxida-
tion state of —II. In all of these four-coordinate, formally
d'® complexes at least one strong 7-acceptor 11gand (CO or
NO) is present which helps to stabilize the low oxidation
state of the metal vig a m-backbonding interaction. This
stabilization is obviously of great importance in Ru(NO),(P-
(CsHs)s), and explains in part its relative lack of reactivity

. with oxidative addition substrates as compared with M(NO)-

(P(CeHs)3)s M =Rh,Ir).* Ru(NO),(P(C¢Hs)s), does,
however, undergo a nitrosyl-transfer reaction with RuClz(P-
(C6H5)3)3 in the presence of Zn to yield the highly reactive
complex Ru(NO)CI(P(C4Hs)3),. This reaction represents a
novel equilibration between a Ru(II) complex on one hand
and a Ru(~II) system on the other. Recently, Caulton® has
published a report on nitrosyl-transfer reactions in Co com-
plexes and has viewed reactions of the type reported here in

(28) R. F. Ziolo, A. P. Gaughan, Jr., Z. Dori, C. G. Pierpont, and
R. Eisenberg, Inorg. Chem:, 10, 1289 (1971)
( (2)9)S J. Lippard and K M. Melmed, Inorg. Chem., 6, 2223
1967

(30) K. G. Caulton, J. Amer. Chem. Soc., 95,4076 (1973);J. S.
Miller, Q. Sattelberger, and K. G. Caulton, Paper No. 135, Sixth
International Conferénce on Organometalllc Chemistry, Amherst,
Mass., Aug 1973.
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Figure 1. Stereoscopic view of the unit cell of Ru(NOj,(P(C;H;),),-Y/:C(H,. The x axis is horizontal, the y axis is vertical, and the z axis
points out from the paper. The shapes of the atoms in this and the following drawings represent 50% probability contours of thermal motion.
The atoms of the coordination sphere have been darkened and the H atoms omitted for the sake of clarity.

Figure 2. A stereoscopic view of the molecule Ru(NO),(P(C,H,);),.
Table IV, Interatomic Distances (A) and Angles (deg) in Ru(NO),(P(C H,);),*/>CH;

Distances
Ru-P(1) 2.337 ) P(2)-N(2) 3.288 (6)
Ru-P(2) 2,353 (2) P(1)~P(2) 3.692 (2)
Ru-N(1) 1.762 (6) P(1)-0(1) 4.262 (6)
Ru-N(2) 1.776 (6) P(1)-0(2) 3.791 (%)
Ru-0(1) 2.952 (6) P(2)~0(1) 4.172 (M),
Ru-0O(2) 2.961 (6) P(2)-0(Q2) 4,211 (6)
N(1)-0O(1) 1.190 (7) P(1)-P(1)R(1)C(1) 1.836 (3)
N(2)-0(2) 1.194 (7) P(1)-P(1)R(2)C(1) 1.824 (4)
N(1)-N(2) 3.316 (9) P(1)-P(1)R(3)C(1) 1.835 4)
P(1)-N(1) 3.328 (6) P(2)-P(2)R(1)C(1) 1.819 (3)
P(1)-N(2) 3.034 (6) P(2)-P(2)R(2)C(1) 1.828 4)
P(2)-N(1) 3.241 (6) P(2)~-P(2)R(3)C(1) 1.829 (4
Angles
0O(1)-Ru-0(2) 142.7 (2) P(1)R(3)C(1)~P(1)-Ru 112.3 (1)
P(1)~Ru-P(2) 103.85 (6) P(1)R()C(1)-P(1)-P(1)R(2)C(1) 108.1 (2)
N(1)-Ru-N(2) 139.2 (3) P(L)R(HC(H)-P(1)-P(LR(3)C(1) 103.7 (2)
N(1)-Ru-P(1) 107.8 (2) P(1)R(2)C(1)-P(1)-P(1)R(3)C(1) 101.3 (2)
N(1)-Ru-P(2) 103.0 (2) P(2)R(1)C(1)-P(2)~-Ru 120.9 (1)
N(2)-Ru-P(1) 94.1 (2) P(2)R(2)C(1)-P(2)-Ru 111.7 (1)
N(2)-Ru-P(2) 104.7 (2) P(2)R(3)C(1)-P(2)-Ru 112.7 (1)
Ru-N(1)-0(1) 177.7 (6) P(2)R(1C(D)-P(2)-P(2)RQ)C(L) 102.9 (2)
Ru-N(2)-0(2) 170.6 (5) P(2)R(1)C(1)-P(2)-P(D)R(3)C(1) 102.7 (2)
P(D)R(1)C(1)-P(1)-Ru 111.7 (1) P(2)R(2)C(1)-P(2)-P(2)R(3)C(1) 104.2 (2)
P(HR(2)C(1)-P(1)-Ru 118.3 (1) ) '
terms of an NO-Cl interchange. It is not clear at this time, geometry may be considerable, especially in the angle between
however, that a bimolecular interchange of ligands is indeed the two metal-m-acceptor bonds. The value of 139.2 (3)°
occurring in the present reaction. for the N(1)-Ru-N(2) angle in the present structure clearly
In four-coordinate, formally d'° complexes such as illustrates this fact. Since we believe NO* to be a stronger 7

Ru(NO),(P(C¢Hs)s), in which two strong m-acceptor ligénds acid than CO, the trend in this particular structure parameter
are present, the magnitude of the distortions from tetrahedral  in the series Pt(CO),(P(C,Hs )(CsHs),),,* 117 (1)°, Ir(NO)-
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Figure 3. The inner coordination sphere of Ru(NO),V(P(C,H,),),.

Table V
Dihedral Angle between Planes of Three Atoms about Ruthenium
Plane 1 Plane 2 Angle, deg
Ru, N(1), N(2) Ru, P(1), P(2) 84.5 (1)
Ru, N(1), P(1) Ru, N(2), P(2) 79.7 (1)
Ru,N(1),P(2) Ru, N(2),-P(1) 83.9(1)

Distance of Ruthenium Atom from Bounding Faces of
the Coordination Polyhedron

Plane Dist, A Plane Dist, A
P(1),P(2),N(1) 0.846(3) N(1), N(2),P(1) 0.444 (4)
P(1),P(2),N(2) 0.961 (3) N(1),N(2),P(2) 0.376 (3).

Distance of Ruthenium Atom from Bounding Faces of
an Idealized Coordination Polyhedron®

Plane Dist, A Plane Dist, A
P,P',N “0.706 N,N,P 0.645
@ Ru-N = 1.78 A; Ru~P = 2,35 A; all bond angles 109.5°.

(CO)(P(C6H5)3)2 2 128.7 (4)°, Ru(No)z(P(C5H5)3)2, 139.2
(3)°, and [Ir(NO)z(P(C6H5)3)2] ,2154.2 (7)°, is rationalized
by the degree of metal-ligand 7 back-bonding and the con-
sequent repulsion between electrons in the metal-m-acceptor
bonds.

Ru(NO),(P(CsHs)3), is only the third four-coordinate di-
nitrosyl complex to be studied structurally, and in it the
nitrosyl groups are found to coordinate linéarly as NO*
(average Ru-N-O angle of 174.1%). In the other systems, the
mode of nitrosyl coordination is either linear as in Fe(NO),-

LT 1

(Fefos)al (F&fOS = (C6H5)zpc=C(P(C6H5)2(CF2)2CF2) (aver-
age Fe-N-O bond angle of 177.3°) or slightly bent as in [Ir-
(NO),(P(C¢Hs)3).]" ® (Ir-N-O angle of 163.5 (10)°). The
difference between the nitrosyl bonding modes in these sys-
tems and the variation in the N-M-N bond angles are deserving
of further study in order to establish clear structural correla-
tions. The complexes Fe(NO),(P(C¢Hs)3),3* and Os(NO),-

(31) W. Harrison and J. Trotter, J. Chem. Soc. 4, 1542 (1971).

(32) The structure determmatxon of Fe(NO),(P(C, H,)é)2 reveals
an Fe-N-O angle of 178.2° and an N-Fe-N angle of 123.8 V. G.
Albano, A. Araneo, P. L. Bellon, G. Ciani, and M, Manassero sub-
mitted for publication. We wish to thank Professor Bellon for a pre-
print of his paper. :
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(P(C¢Hs)3),* are of particular interest in this regard because
of the change in orbital energies in going from Fe to Ru and
Os as well as to Ir in the cation [If(NO),(P(C¢Hs)3),]*.> The
structures of other four-coordinate d'° complexes in which
different strong m-acceptor ligands are present should also
help in developing the structural correlations.

Finally, one should consider any effects of crystal-packing
forces. " In compounds of the type under consideration
here the packing in the solid state is dominated by inter-
actions between the bulky triphenylphosphine groups. Thus
the crystal structures of Ru(NO),(P(C¢Hs)s), and Ir(NO)-
(CO)(P(C5H5)3)2 are remarkably similar. However, neither
bears any perceptible relatlon to the crystal structure of
[1Ir(NO),(P(C¢Hs)3)2] [C10,4],* probably because of the ionic
forces that are. also involved in the last structure. We have
noted above that the conformation of one of the triphenyl-
phosphine ligands in Ru(NO),(P(CsHs);), differs from that
normally found and that one of the phenyl rings of this tri-
phenylphosphine group bears an unusual relationship to the
N(1)-Ru-N(2) plane. In [If(NO),(P(C¢Hs)3).]",® however,
the triphenylphosphine groups exhibit the usual conformation
and bear no specific relationship to the N-Ir-N plane or to
the nitrosyl groups.” It is therefore difficult to rationalize the

.differences in the M~N-QO and N-M-N angles in these com-

plexes in terms of specific steric interactions since the largest
distortions (from the ideal values) are found in [Ir(NO),(P-
(CsHs)3)2]* * where no steric interactions are apparent.
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