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Further Studies on the Interaction of Nitric Oxide with Transition-metal 
Alkyls 
By A. Robert Middleton and Geoffrey Wilkinson,’ Chemistry Department, Imperial College of Science and 

Technology, London SW7 2AY 

The interaction of nitric oxide with peralkyl compounds of Zn, Cu, Re, Cr, Mo, W, arid Zr and with the phosphine com- 
plexes Ni(q-C,H6)Me(PPh3), CoMe,(PMe,),, and RhMe(PPh,), has been studied. In addition to N-alkyl-N- 
nitrosohydroxylaminate, ON (R) NO, complexes normally formed from diamagnetic alkyls, and q2 or bridged nitroso- 
alkane, ONR, compounds usually obtained from paramagnetic alkyls, complexes with M=O or M-O-M groups may 
be formed from the latter or from the interaction of NO with certain diamagnetic complexes that may give para- 
magnetic intermediates, e.g. by dissociation. Among new compounds characterised by i.r. and n.m.r. spectra are 
the tetrameric (Cu[ON(CH,SiMe,) NO]},, the nitric oxide adduct of hexamethylrhenium, ReMe,(NO), the complex 
Re,O,Me,(ONMe),, and the oxo-compounds of molybdenum and tungsten of stoicheiometry M,03(N0)2(ONR)z, 
R = CH,SiMeS or CH,CMe,. The interaction of molybdenum and tungsten hexacarbonyls with nitrobenzene and 
nitromethane gives oxo-species with ONR groups. 

THE nature of the reaction1 between nitric oxide and a 
transition-metal alkyl depends upon whether the latter 
is diamagnetic or paramagnetic. For diamagnetic do 
alkyls the product is a chelate complex with N-alkyl- 
N-nitrosohydroxylaminato-groups (1) , whereas para- 

D 

magnetic alkyls with one unpaired electron can give 
12,  or bridged, nitrosoalkane complexes (2a, 2b) which 
may readily decompose with loss of RN=NR (identified 
in certain cases) to produce compounds with M=O or 
M-O-M bonds2 

We have extended our previous studies to a further 
range of transition-metal alkyls. 

RESULTS AND DISCUSSION 

Zinc.-The reaction of NO with zinc alkyls was first 
studied by Frankland., Dimethyl- and dineopentyl- 
zinc give air-stable white solids whose i.r. and n.m.r. 
spectra confirm the presence of N-alkyl-N-nitroso- 
hydroxylaminato-groups. The complexes are poly- 
meric, the methyl compound being sparingly soluble in 
hydrocarbon solvents while the neopentyl is a tetramer 

in benzene. Both compounds give a mass spectrum in 
which the highest peaks correspond to dimers minus 
some methyl fragments. The most likely structures of 
the compounds involve bridging via the lone pair of the 
non-alkylated nitrogen as shown in (3) for a dimer. 
Bridging of this type is quite common for other ligands 
in five-co-ordinate zinc complexe~.~ 

The compounds are more soluble in solvents that may 
cleave the bridges, e.g. dimethyl sulphoxide, and they are 
soluble in hot water. We have been unable to obtain 
suitable crystals for X-ray study. 

Co@@er.-The tetrameric alkyl [Cu(CH,SiMe,)], and 
NO produce the diamagnetic pale yellow complex { Cu- 
[ON(CH,SiMe,)NO]},. The mass spectrum shows a 
peak with the correct isotopic pattern for the molecular 
ion Cl,H,Cu,N,0,Si4+ as well as stronger peaks where 
methyl groups have been lost. The i.r. spectrum has 
bands at 1270, 1 138, and 972 cm-l characteristic of 
ON(R)NO groups, while the 1H n.m.r. spectrum has the 
expected two peaks due to CH,, 6 0.11(9), and CH,, 
6 3.57(2), of the alkyl bound to nitrogen. Considering 
the types of structure known for copper(1) bridged 
complexes (ref. 4, p. 803) a structure of type (4) seems 
most likely. 

Prolonged interaction of [Cu(CH,SiMe,)], with NO 
gives a blue solution from which can be isolated the 
monomeric copper(I1) complex Cu[ON(CH,SiMe,)NO],. 
This is paramagnetic (pe~ .  2.0 B.M.) * and in frozen 
toluene has an e.s.r. spectrum with gll = 2.5956 and 
gl = 1.5854 which would give giso. = 2.2589. 

Similarly, the interaction of a slurry of (CuMe). pro- 
duces only the known CU[ON(M~)NO]~~  and copper 
metal; any intermediate copper(1) species evidently dis- 
proportionate rapidly in this case. The mass spectrum 
shows the molecular ion and the e.s.r. spectrum in frozen 
toluene solutions (gll = 2.6371, g, == 1.58) agrees with 
data for the solid (for powdered sample giso, = 2.384 5). 

The reaction of NO with silver alkyls (made in sit% 
at low temperature) led only to decomposition to metal. 

* Throughout this paper: 1 B .M.  = 9.274 x A mz; 
1 atm = 101 326 Pa; 1 mmHg % 13.6 x 9.8 Pa. 
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Nickel.-The diamagnetic Ni(q-C,H,)Me(PPh,) gives 
a non-crystalline blue complex of apparent stoi- 
cheiometry Ni,(C,H5),0(N0)2(PPh,). From the i.r. 
spectrum the complex contains terminal NO, q-C5H5, 
and PPh, groups. I t  seems that the reaction must 
initially lead to a neutral nitrosomethane ligand as in the 
cobalt system, noted later. 

Cobalt.-Interaction of the paramagnetic methyl 
complex CoMe,(PMe,), gives a product [CoMe(ONMe)- 

( 3 )  

ONMe groups; with a bent Co-NO and neutral ONMe 
the octahedral cobalt is in the 11 oxidation state. 

The second complex, CoMe(N0) (OYMe,),, crystallises 
from diethyl ether as red plates. The mass spectrum 
shows the molecular ion C,,,H,,CoNO,P,+ and a frag- 
mentation pattern due to loss of Me,PO groups. I t  is 
paramagnetic (pee. = 1.8 B.M.) but did not give an 
e.s.r. spectrum in frozen toluene. The i.r. spectrum has 
bands at  1660 [terminal Co(NO)], 1 145, and 960 cm-I 

'7 0 /p 
cu- - - --cu 0 

cu- I;\ -<cy I;? 
I I  
0 0 

(4) 0-0s 
ON(CH2SiMc3) NO 

Ma 

Me 0 

( 5 )  

(€'Me,),], for which a structure with T2-bridging MeNO 
groups as in (2b) was proposed.6 The similar CoMe,- 
(PMe,), complex reacts rapidly with NO at  room 
temperature to give a red solution from which two 
compounds may be isolated. The first, [CoMe(NO)- 
(ONMe) (OPMe,)],, is insoluble in light petroleum and 
diethyl ether but soluble in tetrahydrofuran (thf), from 
which it crystallises with 1 mol of solvent. The highest 
peak in the mass spectrum corresponds to the dimer 
minus one Me,PO group. The complex is paramagnetic 
in the solid state (peg. = 2.1 B.M.) but did not show an 
e.s.r. spectrum in frozen toluene. The i.r. spectrum has 
a band at 1 660 cm-I, which can be assigned to a terminal 
Co(N0) group1 (see also ref. 4, p. 92). The band at 
1020 cm-l can be assigned to the N-0 stretch of a q2- 
ONMe group. Strong bands at 1 145 and 950 cm-1 are 
due to P=O and P-Me bands of Me,PO, while bands at 
1050 and 870 cm-l indicate the presence of thf. A 
reasonable structure for the complex is (5) with p2- 

(Me,PO) . The complex could be trigonal bipyramidal 
(6) or square pyramidal and is probably fluxional. 

In order to account for the formation of these two 
complexes, we postulate initial dissociation from the 
diamagnetic CoMe,(PMe,), of PMe, leading to CoMe,- 
(PMe,), which could be paramagnetic with two unpaired 
electrons and react to form ONMe groups while the dis- 
sociated phosphine is rapidly coiiverted into the oxide by 
the well known reaction (1) .8 The sequence could be as in 
Scheme 1. 

PMe, + 2 N 0  PMe,O + N,O (1) 
Rhodiim. -The diamagnetic rhodium ( I) complex 

RhMe(PPh,), gives the expected Rh[ON(Me)NO](PPh,), 
which crystalhses with 2 mol of either thf or CH,CI,. 
The i.r. has bands at 1287, 1 180, and 985 cm-l [ON- 
(Me)NO] and the lH n.m.r. a resonance at 6 2.30 (N-Me) 
as well as resonances due to PPh, and solvent. The 
structure is doubtless planar as in (7). 
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1900 J.C.S. Dalton 
Rheutium.-(a) ReMe,. Interaction of NO with a 

green light petroleum solution of ReMe, a t  -78 " c  
produces orange-red needles of the adduct ReMe,(NO) ; 
any excess of NO must be removed at -78 O C ,  otherwise 
further reaction occurs on warming. This air-sensitive 

CoMc(NO)P3 

-P 2NO T ZNMe 
CoMe3P3 - CoMe3P2 - CoMe(ONMc)2P, 

- ONMe I+ NO 

[CoMa (NO) (0 NMe)P 12 

SCHEME 1 P can be PMe, and/or POMe, 

complex is stable at room temperature, diamagnetic 
and monomeric in solution. Although the parent ion 
was not detected in the mass spectrum, peaks from 
ReMe,(NO)+ t o  Re(NO)+ formed by successive loss of 
methyl groups and having the correct isotopic patterns 
were observed. 

The i.r. spectrum has CH, stretches and a band at 
1710 cm-l that can be assigned as a terminal Re-NO. 
The lH n.m.r. shows a single methyl resonance from 30 to 
- 78 "C suggesting a non-rigid seven-co-ordinate struc- 
ture (8) ; the peak is markedly solvent dependent, 6 1.21 

When the reaction is carried out in diethyl ether the 
ReMe,(NO) remains in solution at  -78 "C and on 
warming to room temperature under NO the orange 
solution pales and on work-up only the volatile cis- 

(CDCL,), 0.69 (C,D,). 

Methyl resonances occur in the l H  n.m.r. spectrum at 
6 1.21 (Re-Me) and 6 2.18 (N-Me) p.p.m. In the i.r. 
spectrum, a band at 970 cm-l can be assigned as the N-0 
stretch of q2-ONMe; bands at 935 and 712 cm-l are con- 

0 
N 

R e  -Me 

Me/ I 'Me 
Me 

Me ,\Me I \\\' 

( 8 )  ( 9 )  
0 thf 

R'I  N 

0 
'I" 

CH2SiMe3 
0' \ 

Me3Si CH2 I 'R 
N 
0 

(10) ( 1 1 )  

sistent with the presence of a linear O=Re-0-Re=O 
group.1° The complex thus appears to have the struc- 
ture (9). 

In solution at  -60 "C this 
complex does not react with NO but on warming the 
colour changes from purple to green and then brown: 
work-up leads to large orange crystals of ReO(CH,- 
SiMe,),(NO) (ONCH,SiMe,). 

(c) [Re(CH,SiMe,)4],N,. 

NO 
_L) 

- ONMe + ReMe5(0NMt) - RcMe5 

- 2NMt 
cis-Re02Mc3 f------ ReMe3(0NMe)2 

SCHE.ME 2 

ReO,Me,, originally made by interaction of ReOMe, and 
NO, is obtained. 

The reaction with &Me, presumably does not involve 
a co-ordinatively unsaturated diamagnetic intermediate 
otherwise a complex with an ON(Me)NO group would 
have been formed. A reaction sequence of the type 
shown in Scheme 2 is probably involved. 

(b)  Li,[ReMe,]. The lithium salt, Li,[ReMe,], also 
reacts with NO at -78 "C to give a diamagnetic yellow 
rhenium complex of stoicheiometry Re,O,Me,(ONMe), ; 
the lithium salt Li[ON(Me)NO] is probably also formed 
but was not isolated. 

The rhenium complex is only sparingly soluble in 
benzene, but in Me,SO the molecular weight corresponds 
to the dimeric formulation above. The mass spectrum 
showed the molecular ion C,H18N20,Re,+ with the cor- 
rect isotopic pattern together with peaks resulting from 
loss of CH, and CH,NO down to Re203+. 

'Ihe lH n.m.r. spectrum indicates that one alkyl group 
is bound to nitrogen [6 0.28(9), 2.42(2)] and two are 
bound to rhenium [6 0.22(18), 0.34(4)] while the i.r. 
spectrum shows a terminal nitrosyl (1 690 cm-l), a 
Re=O group (972 cm-l), and a q2-nitrosoalkane group 
(1 020 cm-l). The structure proposed is thus of the type 
(10) although the exact stereochernistry cannot be 
specified ; i t  contains rhenium(v), A possible formation 
sequence is shown in Scheme 3. 

The reaction of ReO(CH,SiMe,),(NO)(ONCH,SiMe,) 
with te t rahydrofuran {or reaction of [Re (CH,SiMe,),] ,- 
N, and NO in thf} leads to displacement of the nitroso- 
alkane (see below) and formation of a yellow powder, 
ReO(CH,SiMe,),(NO)*thf. This complex is quite soluble 
in tetrahydrofuran and CH2C1,, but only sparingly 
soluble in hydrocarbons. 

The l H  n.m.r. spectrum has bands showing thf [6 
1.85(4), 3.74(4)] and Re(CH,SiMe,), [6 0.21(18), 1.28(4)] 
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while the i.r. spectrum has bands confirming the presence 
.of thf (1 025, 850 cm-l), a Re=O group (975 cm-l), and a 
terminal Re-NO (1 730 cm-1). The molecular weight 
corresponds to that required for a trimer so that a struc- 

sistent with CrIII. The i.r. spectrum had a strong band 
at 1840 cm-l indicative of a linear nitrosyl group and 
bands at 1010 and 940 cm-l are assignable respectively 
as due to N-0 and Cr=O, while a broad band at 660 cm-1 
is assigned to 0x0-bridges. 

2NO 
(ReRL)ZNz--’ 2 R,Re-NO + N, 

SCHEME 3 R = CH,SrMe, 

ture of the type (11) is suggested; it is possible that there 
are bridging as well as terminal alkyl groups. 

The neutral nitrosoalkane formed in the reaction has 
been isolated as colourless crystals. The mass spectrum 
shows the parent ion of the dimer C,H,,N,O,Si,+ while 
the i.r. spectrum has bands at  1412, 1387, 1345, 
1 085, and 1 025 crn-l, that correspond to those observed 
in other cis-nitrosoalkane dimers (12) .I1 

When triphenylphosphine is present in the tetrahydro- 
furan reaction of ReO(CH,SiMe,),(NO) (ONCH,SiMe,) 
the neutral nitrosoalkane is again displaced, but a com- 
plex of stoicheiometry [ReO(CH,SiMe,),(NO)], (PPh,) is 
now isolated. The l H  n.m.r. spectrum (in CD,Cl,) 
showed resonances due to CH,SiMe, and PPh, in the 

\ /CH2SiMe3 
Me 3S i C H2 

N=N 

0 / I  
0 

ratio 6 :  1 confirming the ratio according to analytical 
figures. The NO stretch was again in the terminal 
Re(N0) region at  1 720 cm-l. The complex is probably 
triangular like the thf complex, but with only one 
rhenium having a phosphine ligand ; trinngulo-tri- 
rhenium species with bulky alkyls like trimethylsilyl- 
methyl have been found to form adducts with different 
numbers of phosphines.12 

Chorniu,m.-Although the first stable paramagnetic 
peralkyls were found to react with NO the products were 
not characterised.13 Interaction of NO with Cr(CH,- 
SiMe,), gives a green-brown powder of apparent stoi- 
cheiometry CrO,( NO) (ONCH,SiMe,) , the molecular 
weight for which, in CH,Cl,, corresponds to a hexamer. 
The complex is soluble in CH,Cl,, thf, and toluene, but 
all attempts to obtain crystals suitable for X-ray study 
have failed. The compound is paramagnetic in the 
solid state ( ! L ~ ~ .  = 2.9 B.M.) and the e.s.r. spectrum in 
frozen toluene gave a broad band with g = 1.996 and 
nitrogen-hyperfine splitting, 0.45 mT, which is con- 

With 0x0-bridges, Cr=O groups, and a neutral nitroso- 
alkane in a polymeric structure of the type (13) we have 
octahedral Cr**I. 

Interaction of NO with the neopentyl Cr(CH,CMe,), 
gave a green complex with similar spectroscopic pro- 
pert ies. 

Molybdenum a i d  Tutzgsteit.-(a) M,R,. The dia- 
magnetic triply metal-metal bonded alkyls l3 M,R, 
(R = CH,SiMe, or CH,CMe,; M f= Mo or W) react with 
NO at room temperature to give yellow diamagnetic 
complexes of stoicheiometry M,O,(NO),(ONR),. The 
neopentyl complexes crystallise from CH,CI, or thf with 
1 mol of solvent but from toluene without. 

The mass spectrum of the trimethylsilylmetliyl tung- 
sten complex had a peak with the correct isotopic 
pattern for the molecular ion, C,H,,N40,Si,W2+, 
together with peaks corresponding to loss of RNO and 
NO groups; the other complexes showed similar mass 
spectral behaviour. For these complexes, the i.r. 
spectra had a band ca. 1 760 cm-l due to terminal M-NO, 
while bands characteristic of O=M-0-M=O units were 
also present a t  ca. 940 (M=O) and 705 cm-l (M-0-M). 
The band at  ca. 970 cm-l is assignable to the N-0 
stretch of a nitrosoalkane group. In solution, the 
molecular weights correspond to twice that of the above 
stoicheiometry, i.e. to M, species, so that in solution and 
in the solid state the structure of the compounds is 
probably that in (14). The l H  n.m.r. spectra show 
somewhat broadened resonances for the alkyl groups 
which may result from some dissociation. 

The molybdenum complex [Mo,O,(NO),(ONCH,- 
SiMe,),], in toluene reacts very rapidly with PMe,Ph 
to give a very sparingly soluble diamagnetic product of 
stoicheiometry Mo,O,( NO) ,( ONCH,SiMe,) ,( PMe,Ph) , 
whose i.r. spectrum is virtually identical with that of the 
starting material except for the additional bands due to 
PMe,Ph. This suggests cleavage of the Mo, species to 
give a substituted complex (15). 

(b )  Mo,Me,(PMe,),. The reaction with NO gives a 
yellow complex of stoicheiometry Mo,O(NO)&ONMe),- 
(OPMe,), which is only sparingly soluble in tetrahydro- 
furan or CH C1 , but readily soluble in Me,SO in which i t  
is rnonome&.2 The l H  n.m.r. spectrum confirms the 
presence of Me,PO [S  1.40, 1.54 p.p.m., J(P-H) = 12.6 
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1902 J.C.S. Dalton 
Hz] and an N-Me group (6 2.11 p.p.m.). The i.r. 
spectrum confirms Me,PO [v(P-0) 1 145 cm-I; v(P-Me) 
948 cm-13 and Mo-NO (1 735 cm-l), while a band at  
1060 cm-1 is probably the N-0  stretch of the ONMe 

0 R O  

(14  1 (15) 

(16 1 

ligand. A strong band at  860 cm-l is lower than 
expected for Mo=O and we assign it to a Mo-0-Mo unit. 
The low solubility suggests a structure such as (16) where 
there are bridging ONMe groups and which could be 
readily cleaved by Me,SO. The Me,PO evidently 
results from oxidation of dissociated PMe, as in the case 
of CoMe,(PMe,),. 

The formation of ONR and 0x0-bridges from the 
miiltiply bonded metal-metal alkyls can be accounted 
for by initial cleavage of the M-M bond by NO. Cleav- 
ages by isocyanides under mild conditions are well 
established,l* while the alkoxides M,(OR), and M0,- 
Cl,(PMe,),l6 have been shown to be cleaved by NO to 
give nitric oxide complexes, such as W(OBut),(NO) and 
MoCl,( N 0) 2( PMe,) ,. 

The fact that N-alkyl-N-ni t rosohydr ox ylaminat 0- 
complexes are not formed suggests that the initially 
formed reactive intermediates are paramagnetic. 

(c) Interaction of Mo(CO), and nitroalkanes. Nitroso- 
alkane derivatives may be obtained in other ways,l e.g. 

by interaction of nitroalkanes with metal carbonyls, 
equation (2) .I7 

ML,,(CO), + RN0,- ML,(ONR) + CO, + CO 

The reaction of Mo(CO),, however, is clearly com- 
plicated. From nitrobenzene and nitromethane, blue 
and green products respectively, have stoicheiometry 
hloO,(ONR). They are sparingly soluble in most 
organic solvents and probably polymeric but they dis- 
solve in Me,SO in which they are monomeric. The i.r. 
spectra show no M-CO bands ; two bands in the 500-910 
cm-1 region suggest cis-dioxo-groups, while a band a t  
950 cm-1 can be assigned to RNO. Both compounds 
are paramagnetic with bff. = 2.0 B.M. in the solid 
state. 

The reaction of Mo(CO), with o-nitrotoluene also - 
produces CO,, but the red solid formed has stoicheio- 
metry Mo(ONR),. This paramagnetic (pea = 2.1 
13.M.) complex is also sparingly soluble except in Me,SO 
in which it is monomeric. The i.r. spectrum has a band 
at  952 cm-1 (RNO) but no Mo-0 bands. 

We have been unable to obtain crystals of these 
complexes. 

Zirconium.-We have previously isolated N-alkyl- 
N-nitrosohyctrosylaminrtto-compounds from reaction of 
NO with the tetra-alkyls. We now find that zirconium 
tetra-ally1 reacts similarly to  give Zr[ON(C,H,)NO], ; 
in some other cases l 8  complex allyls of Ni, Rh, I r ,  and 
Ru give the oxime. 

(2) 

)('YH 

\ I  
0 

M + N--CH-CH=CH2 
I 

The orange crystalline comples, Zr[ON(C,H,)NO],, is 
air stable. The i.r. spectrum has bands at 1280, 1 225, 
1 160, and 980 cm-l [ON(R)NO] and 1635 cm-l (C=C). 
The reaction with NO presumably involves initial 
conversion of a '13 into a G allyl, followed by the usual 
insertion reaction. 

EXPERIMENTAL 

Microanalyses were by Pascher (Bonn) and Imperial 
College Laboratories. The spectrometers used were the 
Perkin-Elmer R12B, R32 (lH), Bruker WM-250 (lH, 
W, 31P), Perkin-Elmer PE 457, 257 (i.r.), and the VG 
Micromass (mass). Molecular weights in solution were 
determined cryoscopically or osmometrically using a 
Perkin-Elmer-Hitachi osmometer. Magnetic moments 
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1903 
were measured in the solid state using an Evans' balance 
or in solution using Evans' n.m.r. technique. 

All operations were performed under oxygen-free nitrogen 
or argon or in 'uacuo and all solvents (except CH,Cl,) were 
dried over sodium and distilled under nitrogen before use. 
Dichloromethane w-as dried over calcium hydride and 
distilled under nitrogen. The light petroleum used had 
b.p. 40-60 "C. Nitric oxide (British Oxygen Co.) was 
purified by trap-to-trap distillation, in OLZG'L~O. Melting 
points \--ere determined in sealed capillaries under nitrogen 
and are uncorrected. 

Infrared spectra were taken in Nujol mulls unless other- 
wise stated. Hydrogen-1 n.m.r. spectral data are in p.p.ni. . -  

us. SiMe,. 
Analytical data are collected in the 

Compound 
[Zn(ONMeNO),], 
:Zn[ON( CH,CMe,)NO] 2:4 
(Cu[ON(CH,SiMe,)NOJ}, 
Cu[ON (CH2SiMe3) NO J , n o .  5( C,H 6 )  ,O 

CoMe(N0) (ONMe) (OPMe,)*C,H,O 

CoMe (NO) (OPMe,) , 
Rh(ONMeN0) (PPh,),.2CH2C1, 
ReMe,(NO) 
Re,O,Me,(ONMe), 
ReO(CH2SiMe3)2(NO)[ON(CH2SiR.Ze,)l 
[ReO(CH,SiMe,),(NO) (C,H,O)], 

[CrO,(NO) (ONCH,SiMe,)] 
Mo,O,(NO) 2[ON (CH,SiMe,)], 
Mo,O,(NO),[ON(CH~CM~~)]~*~CH,CI, 
w-203 (NO) 2[ON (CH2SiMe3) 1 2 

WzO3(NO) doN (CH&Me3)]2 
Mo,O,(NO),[ON(CH,SiMe,)],(PMe,Ph) 
~VO,O(NO),(ONM~)~(OPM~,) , 
MoO,(ONPh) 
MoO,(ONMe) 
Mo(ONC,H,Me), 
Zr[ON(C3H6)NO] 4 

Ni6(q-c6H6) 3°(N0) 2(PPh3) 

[Re0 (CH2SiMe3) 2 (NO) 1 3 (pph,) 

gave a pale yellow precipitate; excess of NO was removed 
by N,, the solid was collected and recrystallised from thf 
as pale yellow crystals. 

If the reaction mixture is allowed to stand overnight 
under NO the solution becomes dark. The solvent was 
removed and the solid first extracted with diethyl ether 
(3  x 20 cm3) to give a blue solution which, on cooling to 
- 30 OC, gave CU[ON(CH,S~M~,)NO]~*O.~(C,H,),O as blue 
microcrystals Yield 1.2 g (25%). The residual solid was 
extracted and recrystallised from thf (20 cm3) and gave ca. 
0.85 g of (Cu[OIL'(CH,SiMe,)XO]),. Recrystallisation of 
the blue complex irnm toluene gives solvent-free crystals. 
The mass spectrum of Cu[ON(CH,SiMe,)NO], shows the 
molecular ion C,H,,CuN,04Si2+ and a fragmentation 

Yield 1.68 g, 6OOj. 

Table. In  all cases, pattern involving loss of methyl groups. 1.r. spectra: 

Analytical data for new compounds 

M.?. 
Colour (O,/  C) 
White 155 
White 90 
Yellow 180 
Blue 115 
Blue 140 

Dark red 55 

Red 
Yellow 
Red 
Orange 
Orange 
Yellow 
White 
Green 
Yellow 
Yellow 
Yellow 
Yellow 
Yellow 
Yellow 

45 
180 
70 

110 
60 

130 
95 

180 
110 
200 
190 
210 
140 
160 

Blue >250 
Green ~ 2 5 0  
Red >250 
Yellow 130 

Found (%) 

C H N Othe; 
r 

10.1 2.6 26.5 
36.0 6.1 16.8 
24.1 5.5 13.2 
29.1 6.8 13.2 
45.0 3.5 2.7 5.6 (0) 

34.4 8.4 8.6 22.0 (0) 
11.4 (P) 

31.5 7.2 3.7 
52.0 3.9 3.5 15.5 (Cl) 
22.5 5.5 4.8 
12.4 3.0 6.0 14.0 (0) 
25.7 6.7 5.0 0.7 (0) 
30.8 6.4 1.7 
33.0 4.1 2.9 4.4 (P) 
21.1 4.9 11.7 26.4 (0) 
17.0 3.8 10.9 
20.8 3.5 7.6 18.5 (0) 
13.5 3.0 8.3 16.4 (0) 
24.3 5.3 5.9 
32.1 4.5 6.2 
18.7 4.6 8.9 23.2 (0) 

11.5 (P) 
29.8 1.9 5.9 22.2 (0) 
6.6 2.2 8.9 24.7 (0) 

55.2 3.7 9.1 10.4 (0) 
28.0 4.0 22.5 

3.5 (P) 

Required (yo) 
11I a \ 

found C H N Other 
11.1 2.8 26.0 

1220 36.6 6.7 17.1 
765 22.8 5.2 13.3 
365 30.4 6.8 14.2 

1030 44.7 3.4 3.2 6.4 
3.5 

34.5 6.7 8.9 20.4 
I). I) 

31.6 7.9 3.7 
900 53.7 4.3 3 .2  16.3 
2986 23.5 5.9 4.6 
ti10 c 12.6 3.3 4.9 1 3  9 
580 b 27.5 6.3 5.3 9.2 

1 590 30.1 6.3 2.9 
34.0 5.5 2.8 2.1 

1490 20.8 4.8 12.1 27.7 
1090  18.0 4.1 10.5 
1060 21.4 3.9 8.3 16.1 
1620 13.5 3.1 7.9 15.8 
1 390 26.3 4.6 6.8 

35.6 5.4 6.9 
265 17.7 4.4 10.3 20.7 

11.4 
219 30.6 2 .1  6.0 21.3 
160 6.9 1.7 8.1 27.7 
420 54.9 4.6 9.1 10.5 
560 29.1 4.0 22.6 

,?.I a 

calc. 

1308  
840 
358 
885 

844 
306 
570 
523 

1434 

1386 
1068  
1 004 
1420 
1356 

542 
542 

225 
173 
459 
495 

Osmometrically in dichloromethane unless otherwise stated. b Cryoscopically in benzene. Cryoscopicslly in dimethyl 
sulphoxide. Decomposition. 

except where specified, nitric oxide was passed through 
solutions of the reactant a t  I atm pressure. 

methylzinc (1  g) in light petroleum (30 cm3) a t  -30 "C 
instantaneously gave a white precipitate which was col- 
lected, washed with light petroleum and dietliyl ether, and 
dried i?t UUGUO.  The compound may be recrystallised froin 
CH,Cl,. Yield 2.2 g, 930/,. 1.r. bands a t  1280s, 1 140s, 
1060w, 953s, SOOs, 660m, 575m, 540m, and 260w cm-l. 
Proton n.m.r. : 3.70 p.p.m. (N-Me). 

Bis (N-neopentyl-N-nitrosohydroxylanzznato)zinc(ii) .-As 
for ZnMe,, but using Zn(CH,CMe,), 2o to give colourless 
microcrystals from CH,Cl,. Yield 1.5 g, ca. 95%. 1.r. 
bands a t  1 290s, 1 185m, 1 115m, 975s, 900m, 762m, 
556m, 482w, 345m, and 300w cm-l. Proton n.m.r. 0.95 
(9 ,  C-Me) and 3.82 p.p.m. (2, NCH,). 

aminatocopper ( I)] I. Bis[N-nitroso-N- (trimethylsiZylmefhy1)- 
hydroxylaminato] copper (r  I ) .  -At room temperature [Cu- 
(CH,SiMe,)], 21 (2  g) in light petroleum (50 cm3) rapidly 

BZs (N-?nethyt-N-izzlroso~~y~zroxyla.E1.tinato)zinG (11) .--Eli- 

Tetrakis[ N-nitroso-N- (trimethylsilylmethyl) hydroxyl- 

(Cu[ON(CH,SihIe,)n'O]),, 1270s, 1253s, 1230m, 12151~1, 
1 ZOOS, 1 138s, 1 065w, 1 030w, 972s, 86Os, 800w, 'i75w, 
75'im, 710w, 700w, 663w, 622~7, 538w, 432m, 392m, 340w, 
328w, and 250w; Cu[ON(CH,SiMe,)NO],, 1 258s, 1 250s, 
1228w,  1 192s, 1 138m, 1 118s, 950s, 855s, 574w, S48m, 
510m. 663m, 619m, 592s, 4!)2m, 4.68w, 39555, 352s, 3Blw, and 
25Ow cm-l. 

Interaction of NO with fMethylcoppev(r) .-A slurry of 
(CuMe),, 23 (1 g) in thf (50 an3)  a t  room temperature with 
vigorous stirring gave a blue solution and a dark precipitate 
(Cu). After ca. 15 min, the NO was replaced by N, and 
the solution filtered and evaporated. Crystallisation from 
CH,Cl, gave Cu[ON(Me)NO], as blue crystals. Yield 1.1 g, 
GU. 4076. 1.r. bands a t  1280s, 1 165s, 1060w,  948s, 
SOOW, 705s, 592m, 492m, 374m, and 345w cm-l. 

Interaction of NO with (q-Cyclopentudienyl)methyl(tri- 
~ l z e n y l ~ h o s ~ h i n e ) n i c k e l ( ~ r )  .-The green solution 'of Ni(q- 
C,H,)Me(PPh,) 23 (1 g)  in toluene (30 cm3) a t  room temper- 
ature rapidly turned blue and a yellow solid precipitated. 
The solution was filtered, reduced to ca. 5 cm3, and cooled 
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J.C.S. Dalton 
to  -30 "C to give a blue powder which was collected and 
recrystallised from 1 : 1 MeOH-CH,Cl, to give small blue 
needles. Yield 0.5 g, 42%. 1.r. bands at 1 745s, 1 305w, 
1260w, 1 180w, 1 158w, 1 090m, 1025w, 1 OOOw, 970w, 
920w, 842w, 800m, 738m, 685s, 570w, 520s, 505s, 495s, 
450w, and 305w cm-l. 

phosphine oxide)dicobalt ; Illethyl (nitrosyl) tris (trimethyl- 
phosphine 0xide)cobalt .-At room temperature, CoMe,- 
(PMe,), (2 g) in light petroleum (50 cm3) immediately 
gives a red solution and an orange-red solid. The solid 
was collected and extracted into diethyl ether (Ga. 50 cm3), 
which was reduced to ca. 10 cm3 and cooled to -30 "C to 
give red plates of CoMe(NO)(OPMe,),. Yield 0.65 g, 
28%. 

The solid remaining after ether extraction was dissolved 
in thf (leaving an intractable residue), the solution filtered, 
concentrated to 10 cm3, and slowly cooled to -30 "C to 
give red-brown crystals of [CoMe(NO) (p-ONMe) (OPMe,)] ,* 
thf. Yield 0.8 g, 55%. 1.r. spectra: [CoMe(NO)(ONMe)- 
(OPMe,)],*thf, ,1 660m, 1310w, 1300m, 1260m, 1 145s, 
1 120m, 1020w, 950s, 868m, 800, 750m, 700w, 365w, 250m, 
and 235m; CoMe(NO)(OPMe,),, 1660m, 1310w, 1300m, 
1262w, 1 145s, 953s, 867m, 835w, 752m, 368m, and 260m 
cm-1. 

phine)rhodium(I)-Tetra~~ydrof~~ran (1/2) .-At room temper- 
ature in 10 min, RhMe(PPh,), z4 (1 g) in thf (20 cm3) gave 
a red solution which was filtered, reduced to ca. 5 cnP, and 
cooled to -30 "C. The yellow precipitate was collected, 
washed with diethyl ether, and dried in v a c w .  Yield 0.85 g, 
91 %. Recrystallisation from CH,CI, gave the bis solvate. 
1.r. bands for CH,C1, solvate a t  1 290s, 1 180s, 1 116s, 
1025w, 985w, 925w, 842111, 810m, 742m, 720s, 690s, Glow, 
538s, 420w, and 365m cm-l. Proton n.m.r. (C,D,): 2.30 
(3, N-Me), 5.28 (4, CH,Cl,), and 7.35 p.p.m. (30, Ph). 

HexamethyZ(nitrosy1)rhenium.-The green solution of 
ReMe, 26 (GU. 1 g)  in light petroleum (20 cm3) at -78 "C 
immediately turns red and an orange solid precipitates. 
After removal of NO by N, the solution was warmed to room 
temperature, filtered, evaporated in vacuo, and the residual 
solid crystallised from light petroleum to give red needles. 
Yield 0.6 g, 54%. The losses occurred mainly on evapor- 
ation of solvent as the complex is volatile and due to 
further reaction to form the volatile ci~-ReO,Rle,.~ 

A similar reaction, but using ReMe, in diethyl ether, gave 
an  orange solution of ReMe,(NO) which on warming to 
room temperature in the presence of NO gradually became 
yellow. Removal of solvent in vacuo a t  - 30 "C and sublirn- 
ation of the residue to a probe a t  - 78 "C ( mmHg) gave 
cis-ReO,Me,. Yield 0.59 g, 620/. 1.r. bands at 1 715s, 
I 260m, 1 175w, 1090m, 1015m, Y55w, '315n1, 800s, 758w, 
505m, 562m, 380br, and 28Ow cni-l. 

y-0x0-bis[dimethyl (yz-nitrosomethane) oxorl~enizirn] .-The 
complex Li,[ReMe,] 2B (1 g)  in light petroleum (40 cm3) 
reacted exothermally a t  -70  "C with NO and the red solu- 
tion became colourless and a yellow solid precipitated. 
The latter was collected and extracted with thf, the solution 
filtered, reduced to ca. 10 cm3, and cooled to -30 "C to 
give a yellow powder. Yield 0.3 g, 3304,. 1.r. bands at 
1300m, 1262w, 1170w, 1155w, 1060w, 970m, 935m, 
840w, 800m, 712m, 630m, br, 470w, 302w, and 250w cm-l. 
Proton n.m.r.: 1.21 (6, Re-Me) and 2.18 p.p.m. (N-Me). 

( rj2-Nitrosotrimethylsilylrnethane)nitrosvloxobis (trirnethyl- 
silyEmethy1) rhenium .-The purple solution of [Re (CH ,- 

Dimethylbis (pnitrosomethane) -dinitrosyZbis (trimethyl- 

N-Methyl-N-nitrosohydroxylanzinatobis (trip Jzenylplzos- 

SiMe,),],N, 28 (2 g) in light petroleum (30 cm3) does not 
react with NO a t  -70 "C but on warming to room temper- 
ature the solution became green then orange-brown and an 
orange-brown precipitate formed. This was collected and 
recrystallised from toluene as large orange crystals. Yield 
1.58 g, 80%. 1.r. bands at 1 690s, 1 295w, 1 24&, 1 19Ow, 
1100br, 1020m, 972m, 930w, 855s, 750w, 698w, 678w, 
572w, 490w, 450w, 400w, and 280w cm-*. Proton n.m.r.: 
0.22 (18, ReCH,SiCH,), 0.34 (4, ReCH,SiMe), 0.38 (9, 
N-CH,SiCH,), and 2.42 (2, N-CH,) p.p.m. 

silylmethy1)-triangulo-trirhenium.-If the above reaction 
is carried out in thf or if ReO(CH,SiMe,),(NO) (ONCHa- 
SiMe,) was stirred overnight ( 16 h), the resultant solution 
was darker in colour. This solution was evaporated and the 
solid extracted first with toluene. The resulting brown 
solution gave ReO( CH,SiMe,),(NO) (ONCH,SiMe,) on cool- 
ing to -30 "C. The remaining crude solid was redissolved 
in thf and the solution cooled to -30 "C to  give [ReO- 
(CH,SiMe,),(NO)(thf)], as yellow crystals. Yield 1.1 g, 
600,/, based on Re,(CH,SiMe,),N,. I.r., bands a t  1742s, 
1292m, 1250s, 1 190m, 1115m, 1065w, 1028m, 980m, 
910m, 850s, 800w, 720m, 650br, 600s, 500m, 400w, 300w, and 
250w cm-l. Proton n.m.r.: 0.21(9) (Si-CH,), 1.28(2) 
(Re-CH,-Si), 1.85(4), and 3.74(4) p.p.m. (thf). 
Bis(nitrosotrimethylsily1methane) could be isolated if the 

initial solid in this reaction was extracted with diethyl 
ether. Chromatography on alumina using diethyl ether 
as eluant gave a solution from which (ONCH,SiMe,), was 
obtained as colourless crystais. 1.r. bands at 1 412m, 1 387m, 
1 345m, 1 Z G O s ,  1 200w, 1085, 1 065m, 1 025s, 9OOw, 850m, 
800s, 705x11, 600m, 400br, 320w, 290w, 270w, 235w, and 
220w c1n-l. Proton n.m.r.: 0.01 (9, SiCH,) and 1.20 (2, 
N-CH,-Si) p.p.m. 

Trinitrosyltrioxokexakis (triutzetl~ylsil~~l~nethyl) (IvipJzenyl- 
phosphine)-triangulo-trirhenium.-To a stirred solution of 
ReO(CH,SiMe,),(NO) (u)2-ONCH,SiMe,) (1 g) in thf (30 cma) 
was added an excess of triphenylphosphine (1 g) and the 
solution stirred for 16 h. The solution was then evaporated 
and the white solid washed with several portions (20 cm3) 
of diethyl ether to remove excess of PPh,. The residual 
solid was recrystallised from thf a t  -30 "C as a white 
powder. Yield 0.8 g, 85%. 1.r. bands a t  1 720m, 1 310w, 
1260ni, 1 190m, 1 122s, 1075w, 1030w, 1 OOOw, 970w, 
910m, 855m, 800w, 750111, 728s, 695s, 548s, 450br, 328w, 
305w, 280w, and 250w cni-1. Proton n.m.r.: 0.15 (54, 
Si-Me), 2.12 (12, He-CH,), and 7.4p.p.m. (br, 15, Ph). 

Interaction of NO witJb Tetmkis(trimethylsiZylmethy1)- 
chromium(~v) .-The purple solution in light petroleum (50 
cm3) of Cr(CH,SiMe,), l3 (2 g) at -70 "C is rapidly de- 
colourised by NO to give a green-brown precipitate which 
was collected a t  -70 "C and washed with light petroleum. 
The compound could only be precipitated from thf solution 
by light petroleum as a powder and attempts to obtain 
crystals failed. Yield ca. 92%. 1.r. bands a t  1 840s, 
1250m, 1188m, 1095m, 1 OlOm, 940m, 850s, 800br, 
750br, 700w, 658w, 562br, 420w, 400w, 350w, and 300w 
cm-l. 

Interaction of NO with Dirnolybdenum and Tungsten 
Hexa-nlky1s.-Nitric oxide was bubbled through light 
petroleum solutions (ca. 30 cm3) of ca.  1 g of the alkyls at 
-78 "C. The yellow precipitates were collected, washed 
with light petroleum, and recrystallised. 

Mo,( CH,SiMe,), l3 gave Mo,O,(NO),(ONCH,SiMe,), from 
toluene. Yield 0.7 g, 91%. 1.r. bands a t  1 790s, 1 2 5 2 ~ ~  

Trinitrosyl~rioxotris (tefrahydrofuran) hexakis (trimethyl- 
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1981 1905 
I 2OOw, 1090br, 960m, 940m, 850s, 760w, 705m, 685w, 
W O W ,  56c)w, 520w, 422w, 380w, 260w, and 240w cm-1. 
Proton n.m.r. : 0.22 (9, Si-CH,) and 3.80 p.p.m. (2, N-CH,). 

Mo,(CH,CMe,), 27 gave Mo,03(NO),(ONCH,CMe,),*2CH,- 
C1, from CH,Cl,. Yield 0.8 g, 87%. 1.r. bands a t  
1 770s, 1290s, 1200s, 1 138s, 1070m, 1032m, 978m, 
940w, 770s, 720m, 5 6 0 ~ )  485w, 420w, and 300m cm-1. 
Proton n.ni.r. 0.97 (s, 9, CMe), 3.86 (s, 2, N-CH,), and 
5.28 p.p.m. (2, CH,Cl,). 

W,(CH,SiMe,), l3 gave W,O,(NO),(ONCH,SiMe,), from 
toluene. 1.r. bands a t  1 740s, 126Os, 
1 ZOOw, 1 lOOs, 1020m, 965m, 945m, 850s, 800m, 760w, 
705m, 685w, 620w, 530w, 39011-1, 284w, and 250s cm-l. 
Proton n.m.r. : 0.39 p.p.m. (br, CH, + CH,). 

W,(CH,CMe,), 27 gave a yellow powder from toluene and 
W,0,(NO),(ONCH,CMe3),(thf), from thf. Yield 1 g, 93%. 
1.r. bands for thf solvate, 1730s, 1290m, 1210s, 1 130s, 
109Ow, 1035w, 1 OlOw, 975m, 940m, 9OOs, 768w, 715m, 
560w, 485w, and 420w cm-1. Proton n.m.r. for thf solvate: 
0.68 (s, 9, CMe), 1.85 (m, 16, thf), 3.74 (m, 16, thf), and 
4.18 p.p.m. (br, 4, N-CH,). 

Interaction of y-Oxo-bis[(nitrosotrimethylsilyl~nethune)7 
nitrosyloxoinolybdenunz] with Dirnethylpkeny1~hos~~aine.- 
To the yellow toluene solution (10 cm3) of Rlo,O,(NO),- 
(O,1ICH2Si&Ie,), (0.2 g)  was added PMe,Ph (2 cm3). The 
yellow precipitate was collected, washed with toluene, thf, 
and diethyl ether, and dried in vacuo. Yield 0.29 g ,  980;. 
1.r. bands a t  1 iCiOs, 1 ROOs, 1 2 5 0 ~ ~  1 200w, 1 liObr, 
1 :50m, 1 120111, 1 100br, 1 070w, 1 OOOw, 965in, !)40m, 
860s, 750s, 705m, Glow, 560w, 490m, 440m, 390w, 28Ow, 
and 250w cm-l. 

Interaction of NO w i t h  Tetrarnethyltetrakis(trirnethyl- 
~hosphine)ctimolybdenullt (11) .-The blue solution in light 
petroleum (30 cm3) of Mo,Me,(PMe,), (1 g) reacted with 
NO a t  room temperature to give a yellow-orange precipitate 
which was collected, washed with light petroleum, and 
crystallised from dichloromethane as Mo,O(NO),(ONMe) ,- 
(OPMe,),. Yield 0.8 g, 85%. 1.r. bands a t  1 735s, 
1305111, 1160m, 1 145s, 948s, 860s, 750m, 705w, 610m, 
495w, 4 5 0 ~ )  and 362m cm-l. Proton n.m.r.: 1.40 (3, 
P-CH,), 1.54 (3, P-CH,), and 2.11 p.p.m. (2, N-CH,). 

Reactions of Molybdenum Hexacarbonyl with Nitro- 
compounds.--Nitrobenzene. The compound Mo(CO), (1 g) 
was refluxed in nitrobenzene (50 cm3) under nitrogen for 
16 h. The resulting blue precipitate was collected, washed 
with acetone, methanol, thf, and diethyl ether, and dried 
in vacuo to give the product MoO,(ONPh) as a blue powder. 
1.r. bands a t  1610m, 1530m, 1310m, 1 2 5 0 ~ )  1178w, 
1 150w, 1 llOw, 1070w, 1023m, 960s, 855s, 800s, 710s, 
glow, 575m, 445w, and 395m cm-1. 

The compound Mo(CO), (1 g) was refluxed 
in nitromethane (50 cm3) under nitrogen for 16 h. The 
resulting green precipitate was collected, washed with 
acetone, methanol, thf, and diethyl ether, and dried in 
u a m o  to give the product MoO,(ONMe) as a green powder. 
1.r. bands a t  1550w, 1300w, 1262w, 1160w, 1 lOOw, 
95Os, 91Os, 845s, 800s, 720s, 660m, 570m, 530w, 410w, and 
370m cm-l. 

2-Nitrotoluene. The compound Mo(CO), (1 g )  was re- 
fluxed in 2-nitrotoluene for 16 h. The resulting red pre- 
cipitate was collected, washed with acetone, methanol, 
thf, and diethyl ether, and dried in vacuo t o  give the product 
Mo(ONC6H4Me), as a dark red powder. 1.r. bands at 
1550w, 1220m, 1 160m, 1035w, 95354 glow, 859m, 790s, 
760m, 730s, 665m, 565w, 478w, 440m, and 355w cm-l. 

Yield 0.8 g, 980/,. 

Nitromethane. 

Tetrakis (N-allyl-N-nitrosohydroxylaminato) zirconium ( IV) . 
-At room temperature, Zr(C,H,), 29 (1 g) in light 
petroleum (30 cm3) gave a pale yellow precipitate which 
was washed with light petroleum and recrystallised 
from toluene or acetone. Yield 1.66 g, 85%. 1.r. bands 
a t  1 635w, 1280s, 1225s, 1 160s, 1 128m, 98Os, 940s, 930s, 
840m, 762s, 720s, 520br, and 400m cm-l. Proton n.m.r.: 
4.52 (d, 2, N-CH,), 5.20(s), 5.35 (d, 1 ,  1, C=CH,), and 5.9 
p.p.m. (m, 1, C-H). 

We thank the S.R.C. for a studentship (to X.  12. M.),  
Johnson RLatthey 1,td. for a loa,n of rhodium, and Dr. J .  F. 
Gibson for e.s.r. measurements. 
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