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Abstract

Reaction of Ru;(pu;-NPh)YCO),, with DPPM (diphenylphosphinomethane) has
given the substituted imido complex Ru ;(u,-NPh)(p-DPPM)(CO)4, the structure of
which has been determined by X-ray diffraction. The compound crystallizes in the
monoclinic space group P2,/n with a 14.027(7), b 14.887(7), ¢ 18.499(9) A B
93.52(4)° and Z=4; R=0.022 and R, = 0.028 for 5006 independent reflections
with I > 36(7). The interaction of the imido complex with CO has been investigated
under various conditions. It proved to be very robust, giving small amounts of
PhNCO (or PANHCO,Me in the presence of methanol) and Ru ;(u-DPPM)(CO),,
only at 170° C and 60 atm of carbon monoxide.

Introduction

Recently we reported that Ru,(CO),, in the presence of DPPM (diphenylphos-
phinomethane) or other chelating ligands, and also the preformed cluster Ru;(p-
DPPM)(CO),, are catalysts for the reductive carbonylation of nitrobenzene in
toluene / methanol at 170°C and 60 atm of carbon monoxide to give the corre-
sponding carbamate, PINHCO, Me [1].

We also reported that imido complexes of ruthenium, such as Ru ;(u;-NPh)(CO),
and Ru,(u;-NPh),(CQO),, which are formed by reaction of nitrobenzene with
Ru;(CO),, [2], are key intermediates in the reductive carbonylation of aromatic
nitro compounds catalysed by Ru;(CO),, in the presence of NEt,* Cl~ as co-cata-
lyst [3]. We thus decided to study the synthesis and reactions of the imidoruthenium
complex bearing the DPPM ligand, Ru ;(p;-NPh) p-DPPM)(CO)g. The structural
features of the related imido-cluster complexes, Ru,(ps-NPh)Y(CO),, [4], Ru (ps-
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NPh),(CO), [5] and Ru;(p;-NPh),(p-DPPM)(CO), [6] have been reported previ-
ously. In the mono-imido complexes the triangle of ruthenium atoms remains intact,
while in the bis-imido complexes the presence of another 4e donor imido ligand
induces opening of one Ru-Ru bond. In Ru;(p;-NPh),(p-DPPMYCO),, the
DPPM ligand spans the non-bonded Ru---Ru vector.

Results

(i) X-ray structure of Ru (g ;-NPh)(p-DPPM)(CO)g

The Ru,(p;-NPh)(p-DPPM)(CO)y structure consists of a triangular Ru; cluster
la-capped on opposite sides of the triangle by the NPh ligand and by one CO group
(Fig. 1). The remaining CO groups are terminally bound and the bidentate DPPM
ligand spans one edge of the metal triangle. The molecule can be regarded as
derived from the parent Ru,(p;-NPh)CO),, by replacement of two equatorial
carbonyls by the DPPM ligand, resulting in a lowering of the idealized symmetry
from C;, to C,. If the u,-NPh ligand is regarded as a four electron donor. the
compound is a 48 valence electron molecule, and therefore all the Ru~Ru distances
are bonding interactions; 50 valence electron complexes containing two py-arylimido
ligands capping a triangular cluster show an opening of one side of the triangle
owing to the need to accomodate two extra electrons in antibonding cluster orbitals.
The two stereochemically equivalent Ru(1)-Ru(3) and Ru(2)-Ru(3) distances are
identical (2.743(1) A) (Table 1), and are in keeping with the average Ru—Ru bond
length in Ru,(pn,-NPh)(CO),, {4]. The lengthening of the Ru(1)-Ru(2) distance to
2.787(1) A is related to the bite requirements and steric repulsions of the DPPM
ligand. Nevertheless the bond length is shorter than that of 2.854 A found for

Fig. 1. ORTEP drawing of Ru;( ps-NPh)(g-DPPM)(CO). Thermal ellipsoids are drawn at 30% probabil-
ity.
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Table 1

Selected bond distances (A) and angles (°) with their e.s.d.’s in parentheses

Ru(1)-Ru(2) 2.787(1) Ru(1)-Ru(2)-Ru(3) 59.48(1)

Ru(1)-Ru(3) 2.743(1) Ru(1)-Ru(3)-Ru(2) 61.07(1)

Ru(2)-Ru(3) 2.743(1) Ru(2)-Ru(1)-Ru(3) 59.45(1)

Ru(1)-P(1) 2.305(1) Ru(1)~N-Ru(2) 84.71(9)

Ru(2)-P(2) 2.383(1) Ru(2)~-N—Ru(3) 83.03(9)
Ru(3)-N-Ru(1) 83.13(9)

Ru(1)-N 2.067(3) Ru(1)-N-C(1) 133.6(2)

Ru(2)-N 2.070(3) Ru(2)-N-C(1) 130.1(2)

Ru(3)-N 2.068(2) Ru(3)~N-C(1) 124.8(2)

‘Ru-N(av) 2.068 P(1)-C-P(2) 111.2(2)
Ru(1)~P(1)-C 112.8(1)

Ru(1)-C(11) 2.165(3) Ru(2)-P(2)-C 109.9(1)

Ru(2)-C(11) 2.138(3) Ru(1)-P(1)-C(111) 117.8(1)

Ru(3)-C(11) 2.200(3) Ru(1)-P(1)-C(121) 113.1(1)

Ru-C(11)(av) 2.168 C-P(1)-C(111) 105.4(1)

Ca1)-0(11) 1.181(4) C-P(1)-C(121) 103.1(1)
C(111)-P(1)-C(121) 103.(1)

Ru(1)-C(12) 1.892(4) Ru(2)-P(2)-C(211) 122.41)

Ru(1)-C(13) 1.919(4) Ru(2)-P(2)-C(221) 114.2(1)

Ru(2)-C(21) 1.895(3) C(211)-P(2)-C(221) 101.0(2)

Ru(2)-C(22) 1.889(4) C-P(2)-C(211) 104.3(2)

Ru(3)-C(31) 1.937(4) C—P(2)-C(221) 102.8(1)

Ru(3)-C(32) 1.896(4)

Ru(3)-C(33) 1.915(4) P(1)-C-P(2)-C(221) 156.6

Ru-C(av) 1.906 P(2)-C—P(1)-C(121) 177.1

C(12)-0(12) 1.140(4)

C(13)-0(13) 1.134(4)

C(21)-0(21) 1.138(4)

C(22)-0(22) 1.146(4)

C(31)-0(31) 1.129(5)

C(32)-0(32) 1.130(4)

C(33)-0(33) 1.130(4)

C-O(av) 1135

N-C(1) 1.423(4)

P(1)-C 1.833(3)

P(2)-C 1.848(3)

Ru;(CO),, [7], where the elongation may be caused by steric repulsion between all
the axial carbonyls. The two Ru-P distances are significantly different (2.305(1) vs.
2.383(1) A); their average value, 2.344 A, is only slightly larger than 2.322 A in
Ru{(p;-NPh), (u-DPPM)(CO), [6]. Packing effects can account for this difference.
The three Ru-~N distances are equivalent within one esd and their mean value, 2.068
A, can be compared with the value of 2.055 A in Ru (1 ,-NPh)(CO),, [4]. A slight
asymmetry is found in the Ru-COy,q4,, distances. All the other molecular parame-
ters are normal.

(ii) Reactions of Ru;(p;-NPh)(u-DPPM)(CO),; with carbon monoxide
It has been recently reported that carbonylation of Ru;(p;-NPh), (CO),,_,
(x =1, 2) in acetonitrile at 140 ° C with ca. 20 atm of CO for 3 h gives quantitative
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yields of Ru;(CO),, and PhNCO [8]. We have found that the carbonylation of
Ru ;(p5-NPh)(u-DPPM)(CO), in dry acetonitrile at 140°C and 20 atm of carbon
monoxide for 3 h leaves the imido complex unchanged. Even at 60 atm of carbon
monoxide, no reaction was observed.

Reaction was observed only at 170 ° C under 60 atm of carbon monoxide for 5 h
in dry benzene, and gave small amounts of phenylisocyanate and Ru,(p-
DPPM)(CO),, [eq. (1)]:

Ru ;( #;-NPh)(u-DPPM)(CO), + 3CO — PANCO + Ru, (p-DPPM)(CO),, (1)

When the reaction was carried out in the presence of methanol, the corresponding
carbamate, PANHCO, Me, rather than the isocyanate was detected as the product
by gas-chromatographic analysis. However in both cases, the reactions leave most of
the starting material unchanged. In a reaction carried out in the absence of
methanol, a small amount of aniline was detected, possibly owing to the presence of
traces of moisture. It is evident that the presence of the DPPM ligand in the
complex inhibits the attack on the imido group by carbon monoxide. This could be
due to a strengthening of the metal-carbon bond to the remaining carbonyls when
two of them are replaced by the more basic DPPM ligand. On the other hand the
presence of this ligand in the cluster does not induce any significant change in the
bonding of the triply-bridging imido ligand to the three ruthenium atoms.

On the basis of these results we conclude that a species such as Ru ( pi;-NPh)(u-
DPPM)(CO); is not involved in the catalytic carbonylation of nitrobenzene cata-
lysed by Ru;(u-DPPM)(CO),, [1].

Experimental

The reactions at atmospheric pressure were carried out under dinitrogen with
magnetic stirring. The complex Ru;(u4,-NPh)(CO),, was prepared as described in
the literature [2]. All solvents were dried, purified, and stored under nitrogen.
Infrared spectra were recorded on a Beckman 4210 and on a FT Nicolet MX-1
spectrophotometers. '"H and *'P NMR spectra were recorded on a Bruker VP 80
spectrometer. Elemental analyses were carried out in the analytical laboratories of
Milan University.

Gas-chromatographic analyses were carried out with a PS 255, 15 m capillary
column using a Carlo Erba gas-chromatograph connected with a Perkin—FElmer data
system, with hexamethylbenzene as internal standard.

Synthests of Ru;(u;-NPhj(u-DPPM)(CO),

To Ru;(p3-NPh)(CO),, (133 mg, 0.197 mmol), DPPM (78 mg, 0.203 mmol) and
THF (65 ml) were added. After 30 min, a small amount of PPN AcO™ was added
to the yellow solution, which gradually became dark yellow and then red-orange.
After 8 h the solution was evaporated to dryness and was chromatographed on
silica. Three compounds were isolated; eluting with toluene/n-hexane (1/3) gave
Ru;(j£3-NPh)(CO),; that with toluene/n-hexane (1,/1) gave Ru,(p-DPPM)(CO),,
[9], and that with toluene gave Ru ,(p,-NPh)(p-DPPM)(CO),. The crude compound
Ru 3 {p;-NPh)(p-DPPM)(CQO); contains 0.5 mol of toluene of crystallisation: m.p.
148° C (dec.), 50% yield.
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Elemental analysis: Found: C, 48.6; H, 3.2; N, 1.6. C;3H,;O04NP,Ru,:0.5
toluene caled.: C, 48.6; H, 3.1; N, 1.4%. IR: »(CO) = 2067, 2014, 1999, 1963, 1682
ecm™! in CH,Cl,. The *'P NMR (CDCl,) showed a singlet at 23.6 ppm. The 'H
NMR (CD,Cl,) showed a triplet at 3.11 ppm due to the coupling of CH, with two
equivalent phosphorus atoms (J(P-H) 11.26 Hz).

Crystals suitable for the X-ray structure determination were obtained by slow
diffusion of n-hexane into a benzene solution of the complex under dinitrogen.

Reactions with CO

General procedure.  All reactions were carried out under high pressure in a
glass-liner inside a stainless steel autoclave, equipped with a thermocouple to
monitor the temperature of the solution during the reaction. The air in the autoclave
was replaced by dinitrogen by three freeze-pump-thaw cycles, before the introduc-
tion of CO at the desired pressure. The autoclave was heated in an oil bath with
magnetic stirring. At the end of the reaction the autoclave was cooled in an ice bath
and pressure then released and the solution analysed by gas-chromatography.

The reaction was carried out with and without methanol present.

With MeOH.  Ru,(p,-NPh)(p-DPPM)(CO); (80 mg) was placed into the
glass-liner and benzene (18 ml) and MeOH (2 ml) were added. The glass-liner was
put in the autoclave and CO was introduced up to 60 atm by the procedure

Table 2

Crystal data and intensity collection parameters

Compound Ru,(p;-NPh) p-DPPM)(CO)4
Formula Cy0H,;NOgP,Ru,
F.W. (amu) 1002.81

Crystal system monoclinic
Space group P2, /n

a (A) 14.027(7)

b (A) 14.887(7)

¢ (A) 18.499(9)

B (deg.) 93.52(4)

U (A 3856(6)

V4 4

D .4 (gcm™?) 1.727

2(Mo-K_) (cm™ 1) 12.706

Min. transmission factor 0.91

Crystal dimensions (mm) 0.18X0.18 X0.10
Scan mode w

w-scan width (deg.) 1.1+0.35tan 4
§-range (deg.) 3-25

Octants of reciprocal space explored +h, +k, +1
Measured reflections 6964

Unique observed reflections with I > 3a(I) 5006

Final R and R, indices ¢ 0.022, 0.028

No. of vanables 478

ESD *® 1.050

“ R=[%(F,— k|F,|)/ZF,], R, =I[Zw(F,—k|F.|)}/ZwF2]"/% * ESD = [Zw(F, — k| F, )*/(NO—
NV)'/2,
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Table 3

1 oms.
Fractional atomic coordinates for non-hydrogen at

),‘
Y A
o V 0.24627(1)
6(2 ) D
—0.09970(2) 0.05296(2) sl
Rat) 0.13339(2)
o0a50) 0.16738(1)
Ra) —0.01427(2)
o 003850, 0.0018(2) 0.2853(2)
B ' 0.32202)
) —0.0154(3)
: o9 0.1893(2)
s 0.0189(3) |
: To1sen 0.3420(2)
con 0.1316(2) 2
: 0o 0.2057(2)
co2) 0.1542(2)
: 012770 0.0896(2)
o 0.0045(3)
0055000 0.1152(2)
) —0.0788(3)
s, Tolt1o0 0.1229(2) 0.1905(2)
' 006200 . 0.3339(1)
o —0.0464(2) |
0178900 0.3665(2)
o) —0.0575(2)
oams) 0.1594(2)
o) —0.0033(2)
—0.2818(2) P
o) 0.1270(2) |
: 0264000 0.1790(2)
o) 0.1623(2)
; 0179500, 0.0431(2)
oo 0.0121(2)
0113002, 0.0852(2)
o) 2 —0.1180(2)
—0.11392) noksay
o) —0.1862(2)
0.1543(2) b
oy 0.18260(5)
—0.15881(6) 20
b 0.28312(5)
0.02338(6) ’ 0263861
& 0.2846(2) ’
o201 0.1683(1)
N 0.1110(2) !
o0a3s) 0.1056(2)
c 0.1638(2)
o700 0.0817(2)
o 0.1795(3} |
015090, 0.0209(2)
o j 0.2322(3)
o0m0a3) ~0.0175(2)
i j 0.2684(3)
00058 0.0059(2)
o) 0.2546(3)
: v 0.0668(2)
o ( 0.2029(2)
0.0273(3) Q06682)
i 0.1969(2)
1 —0.1448(2) sy
con) 0.1382(3)
; 00818 0.5103(2)
s, ] 0.1485(3)
C(113) ~0.0818(3) ) 051032
ctts) Coran(n 0'2774(3) 0.4998(2)
chite) o001(n 0.2676(3) 0.4257(2)
o) o2 0.1966(2) 0.2754(2)
“(121 —0.2871(2) . D73y
) 0.2461(3)
; 42090, 0.1974(3)
i) 0.2459(3) ‘
~0.4209(3) o157
o) 0.1977(3)
i) oaa7600 0.1489(3) 0.2944(3)
5 —0.4476(3) . 20
cize) 0.1488(3)
com) 0053502 0.3511(2) 0.3467(2)
con) 0070003, 031 19(3) 0.4137(2)
C(212) 0.0704(3) 0.}648(3) o41370)
Co1a) 009730 0.4552(3) 0.4688(2)
4 0.0973(3) . pass
Clons) 0.4950(3)
cote 0058504, 0.4436(3) 0.3424(2)
conn) 0% 0.35;)6('2) 0.1942(2)
o) oot 05712(3) 0.1848(2)
o) 0o 0.;1284(%) 0.1325(3)
Cioos) 011933 0-4733(5) 0.0880(2)
93(3 . 00
i) 8'2)332((3; 0.4632(3) 0.0964(2)
C(225) .

0.1489(2)
0.4062(2)
C(226) —0.0091(3)
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described above. The reaction was carried out at 170° C for 5 h from the start of the
heating. PANHCOOMe was obtained in low vyields, together with Ru,(p-
DPPM)(CO),y and Ru;(p-NPh)(p-DPPM)(CO),, which were separated by column
chromatography.

Without MeOH. The reaction was carried as described above, but without
added MeOH (20 ml benzene). PANCO and PhNH, were obtained in low yields,
together with Ru ;(u-DPPM)(CO),, and Ru;{p;-NPh)(u-DPPM)CO)j;.

X-ray data collection and structure determination

Crystal data and other experimental details are summarized in Table 2. The
diffraction experiment was carried out on an Enraf-Nonius CAD-4 diffractometer
at room temperature and using Mo-K, radiation (A 0.71073 A). The calculations
were performed on a PDP11 /34 computer using the SDP-plus Structure Determina-
tion Package [10]. The diffracted intensities were corrected for Lorenz, polarization
and absorption (empirical correction [11]). Anomalous dispersion corrections for
atomic scattering factors of non-hydrogen atoms were taken from ref. 12. The
structure was solved by conventional Patterson and Fourier methods and refined by
full-matrix least-squares, minimizing the function Yw(F, — k| F, |)*. Weights as-
signed to individual observations were: w=1/0 (F,)* where o(F,)=[0*(])+
(0.041)21'/2 /2 F, Lp. Anisotropic thermal factors were refined for all the non-hydro-
gen atoms. All the phenyl hydrogens were introduced in the model at calculated
position, but they were not refined. The final difference Fourier synthesis showed
maxima residuals of 0.4 e/A’. The atomic coordinates of the structure model are
listed in Table 3. Tables of thermal parameters and lists of calculated structure
factors are available from the authors.
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