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Abstract 

Starting from [MoOCl,(PPh&] (I) in reaction 
with NO we synthesized, via [MozOzC1,&NO)- 
(PPh&] (II), new binuclear complex [MO&-O),- 
@NO)Z(PPh3)4] (III). The product was identified 
and its spectroscopic characteristics were presented. 
On the basis of the electronic spectra the energy 
terms and the crystal field parameters of the central 
ion were determined 

Introduction 

We have recently examined [l] the absorption 
bands of [MoOC13(PPh3)2] in the UV-Vis region. 
In the same paper the rate constant of the MO(V) 
complex reaction with solvated electron was calcu- 
lated and the mechanism of its reduction was dis- 
cussed in detail. 

Since the reduction was connected with the 
elimination of the Cl ligands from the coordination 
sphere of MO(V) we found it interesting to carry 
out the process of MO(V) ion reduction using 
nitrogen oxide as the reducing agent. The possible 
replacement of Cl ligands by NO might easily lead 
to a nitrosyl complex of Mo(I1) with triphenylphos- 
phine in the coordination sphere. On the other 
hand, nitrosyl complexes with oxygen ligands have 
been relatively rarely described [2,3]. In addition, 
the explanation of the electronic configuration of 
the central ion as well as the calculation of the crystal 
field parameters in such a compound would be of 
interest. It is worth adding that the method of 
synthesis, although sometimes applied, see for ex- 
ample ref. 15, differs from those usually described 
in the literature [4], and could easily lead to an 
important group of compounds with the bridging 
nitrogen oxide. For example, [MoOCl(dppe)z]+ 
- the catalyst in a radiation-catalytic reduction of 
molecular nitrogen [5], forms the nitrosyl bridged 
dimer and free dppe is liberated simultaneously [6]. 

*Authors to whom correspondence should be addressed. 
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Some analogies between nitrosyl complexes of the 
transition metal ions and their molecular nitrogen 
complexes together with the catalytic activities of 
the nitrosyl complexes in many important processes 
[7] are the reasons for the great interest in this sub- 

ject. 

Experimental 

[MoOC13(PPh3)2] was synthesized according to 
the literature [S]. Gaseous NO, purified by passing 
through a concentrated solution of KOH and then 
over NaOH pellets, was bubbled through a solution 
of the MO(V) complex in CH,C&. When the reaction 
was completed, the tested solution was saturated for 
a moment with argon, after that the liberated Cl- 
ions were extracted to the water layer and deter- 
mined by titration with AgNO, solution. The organic, 
transparent yellow solution was evaporated under 
vacuum and the residue was dissolved in absolute 
ethanol. After a few hours bright yellow rod crystals 
appeared. Unfortunately, the crystals were not suit- 
able for X-ray diffraction. 

The standard methods of elemental analysis were 
applied; molybdenum was determined by the 
8-hydroxyquinoline method. The absorption bands 
were recorded with a Beckman 5240 spectro- 
photometer; the NMR (‘H, 13C, 31P) spectra were 
made using a Varian VXR300 spectrometer. IR 
measurements in KBr pellets were taken with the 
help of a Specord 75 IR spectrophotometer. For 
some additional measurements the following equip- 
ment was used: the IR spectra in the 400-200 
cm-’ region were recorded with a Specord M-80 
spectrophotometer, magnetic susceptibility was 
measured with a Gouy’s balance. The Raman spectra 
were recorded with a monochromator GDN-100 
(Ar laser, X = 688 nm); the ESR signals were recorded 
with a UNIPAM spectrometer. 

Results and Discussion 

Several attempts were made to catch the moment 
when only one Cl ligand was removed from the 
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Fig. 1. IR spectra of: A, [MoOCls(PPh& (I); B, [Mo202- 
Ck(NO)(PPh&] (II); C, Mo202(NO)2(PPh&] (III). 

coordination sphere of the central ion. Eventually 
we were successful using the above mentioned pro- 
cedure of the Cl- ions determination. Thus, one Cl 
ligand was liberated from one molecule of the MO(V) 
complex and, consequently, Ma(V) was reduced to 
MO(W). 

The isolated compound II was examined. Its IR 
spectrum shows (see Fig. 1 and Table 1) the stretch- 
ing vibrations of the Mo=O modes at 940 and 970 
cm-’ in comparison with v(Mo=O) at 960 cm-’ in 
I. It can be assumed that these two bands of identical 
intensities derive from the two, sterically non-equiv- 
alent, Mo=O groups [9, lo]. Another new band 
appears at 1380 cm-’ and it seems to derive from 
the bridged NO(V(N0,)) vibrations [ 111. The forma- 
tion of the Mo(IV) nitrosyl complex, II, was also 
supported by the absorption bands of this com- 
pound (see Fig. 2). Two bands at 730 and 450 nm, 
attributed to d-d transitions in I, disappear in II. 
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Fig. 2. Absorption spectra in (a) UV and (b) visible region 
of: A, [ MoOC13(PPh3)2] (1); B, [ Mo202C14(NO)(PPh3)4] 
(II); C, [Mo202(N0)2(PPh&] (HI); in CHzCl2 solution, 
cont. = 5 X lo4 M (a) and 5 X lop3 M (b). 

TABLE 1. The main vibrations in the IR spectra of the complexes I, II and III 

Band 
(cm-‘) 

Assignment 

[MoOCl3(PPh&] 
(0 

110 

940 v(Mo=O) 
970 

960 

1380 

v(Mo=O) 

v(NOb) v(NOb) 
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Instead, two new bands of low intensities at 320 
and 600 nm appear. This third new band at 270 nm, 
attributed to the charge transfer MO + NO (see Table 
3) can also be regarded as an evidence of the coordi- 
nation of NO. 

While the removal of one Cl ligand took about 
1 min, all the Cl ligands were liberated from the 
coordination sphere of the complex after about 30 
min of bubbling NO through the test solution. 

The obtained complex III in the form of bright 
yellow crystals was carefully examined. Anal. Found: 
MO, 14.30; C, 64.52; H, 4.40; P, 9.33; N, 2.15; Cl, 
not found. Calc. for [Mo20a(NO),(PPhs),]: MO, 
14.48; C, 64.83; H, 4.50; P, 9.30; N, 2.10; Cl, 0.00%. 

The nitrosyl complex of MO(H) thus obtained 
shows no ESR signal and is diamagnetic (/.L,~~. = 
0 BM). Its ‘H, “C and 31P NMR signals are presented 
in Table 2. 

The NMR results and the chromatographic tests 
confirm the homogeneity of the formed substance 
and show clearly that the coordinated triphenyl- 
phosphine is not oxidized [ 12- 161. 

The IR spectrum of the obtained complex III, 
[(PPh3)2Mo@-0)2@-NO)ZMo(PPh3)1], (see Fig. 1 
and Table 1) shows no bands in the 900-1000 cm-’ 
region (v(Mo=O)) or around 340 cm-’ (v(Mo-Cl)). 
The strong band at 1380 cm-’ which appeared in 
the intermediate complex II (v(NO,)) is still present 
and its intensity is increased. The new bands appear 
at 510 and 770 cm- ‘. These bands can be assigned 

/‘lMo group [17, 181. as L&,, and vasyrn of a Mo,~, 

Further support for this assignment comes from 
the fact that the possible existence of the MO--MO 
multiple (quadrupole) bond was excluded due to the 
lack of any vibrations in the 34.5-425 cm-’ region 
in the Raman spectra [ 191. Some examples of similar 
nitrosyl complexes with bridging oxygen have been 
described in the literature [20,21]. 

Taking into account the diamagnetism of the 
formed complex III and its electronic configuration 
d4 one can assume that the energy terms in compar- 
ison with those of I should be reversed to assure the 
low spin configuration. Thus, the (d,,)(d,,, dyz) 
sequence, as in I [l], turns into (d,,, d,,)(d,,) 
with four electrons occupying the d,, and d,, or- 
bitals. A similar situation was described in the case 
of the oxalate complex of MO [22]. 

The electronic spectrum of complex III (see Fig. 
2) shows three well-distinguished bands at 600, 320 
and 270 nm. This latter band, which appeared in 
complex II, is well-recognized in III. It is due to the 
fact that the more NO molecules are in the coordi- 
nation sphere of the complex the more likely is the 
electron transfer from (d,,, dyL)4 orbitals to n*NO. 
This band, however, is partially covered by the higher 
energy band at 260 nm. The band at 340 nm, at- 

TABLE 2. Chemical shifts and selected coupling constants 
of NMR signals of the complex III 

75 MHz 13C, TMS - internal reference 

Carbon atom 13C (mm) ‘J(P=C) (Hz) 

1 131.8 d 105.4 
2 133.1 d 10.2 
3 129.6 d 12.3 
4 133.4 d 2.9 

300 MHz ‘H, TMS - internal reference 

Proton signal ‘II (ppm) ‘J(P=H) (Hz) 

ortho 7.67 12.3 
meta 7.48 
para 7.55 

121 MHz 31P, 85% H3P04 - external reference 

Phosphorous signal 31P @pm) 

32.05 s 

tributed to the charge transfer rr(C1) + 4d(Mo) in 
I, completely disappeared in III. All the bands and 
their assignments are presented in Table 3. 

From the presented data the ligand field param- 
eters of the complex [Mo,02(NO),(PPh3)4] were 
determined to be as follows: Dq = 3125 cm-‘, Ds = 
3736 cm-’ and D, = -1060 cm-‘. Assuming a local 
symmetry of the obtained Mo(I1) complex as Cz, 
the energy terms were calculated and are presented 
in Fig. 3. Thus, we can assume the obtained Mo(I1) 
complex III to have the following dimeric structure. 

0 

Ph3P\Mo//O\M0 
N\ ,PPh3 

Ph P’ Fiy ‘pp”, 
3 

This complex is formed in the reaction 

2MoOC13(PPh3)2 + 8NO - 

Mo,02(N0)2(PPh3)4 + 6NOCl 

6NOCl+ 6Hz0 - 6HCl+ 6HN02 

The intermediate Mo(IV) complex II has the fol- 
lowing structure 

Similar complexes have been described in the lit- 
erature [23, 241. 

The relatively low frequency of the coordinated 
NO group vibrations is due to the effectiveness of 
the n-bond MO + NO. Since the effective electron 
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TABLE 3. Absorption bands positions and their assignments of the complexes I, II and III 

Band (run) Assignment 

[MoCMPPhdzl (I) [Mo202C14(NO)(PPh&] (II) [MozO,(NO),(PPh,),] (III) 

235 

260 

340 

450 

730 

235 

260 
270 
320 

340 

600 

235 

261) 
270 

320 

600 

“0 + d,,, dyz 
“0 + d*Y 

nphen -+ 34 

d,,, d + “*NO yz 
3E-*2A1 
‘Al-+ 3B1 

*cl + dxy 
acl+ d,t, dyz 
2B2 -+ 2B1 

3E -+ 3B2 
‘Al-* 3B2 
2B2 --* 2E 

x 103 em -1 

30 : 
I 
I ------------ 3A2 

I 
20 : 

; -- --------_ 3B, 
1 --_---_-_-_-- ?-y 
I /w 

10 i 
I 
I 
I O* 
I ___________ - 
I 

3B2 
I 

-10 : 
t 
I 

i 

-20 ; --I-~_--_--- ‘5 

i 

-30 i 
I I 

Fig. 3. The energy level diagram of the central atom orbitals 

for the complex [ Mo202(N0)2(PPh&]. 

density of the rr* orbital of NO is the same in the 
case of complexes II and III (i.e. 2 electrons from 
each MO atom per one molecule of NO in II, 4 
electrons from each MO atom per two molecules 
of NO in III) the frequencies of v(N0,) are equal 
in both cases. The delocahzation of the oxygen 
electrons to the d,, orbitals of MO makes the donor 
abilities of the central ions more effective. 

It is of interest that in the presented reaction 
between the oxochlorocomplex of MO and nitrogen 
oxide, bridged complexes are formed and there are 
no terminal nitrosyl groups therein. In the case of 
the reactions of MoClG3-, Mo2C1s4- and Mo2ClsH3- 
ions with gaseous NO (i.e. by continuous saturation) 
similar bridges are formed [25]. Thus, one can 

regard the procedure of the process, i.e. the NO 
bubbling through the solution or the permanent 
contact of NO with the solid reagents and, as a 
consequence, the sufficient concentration of NO, as 
the important factor in such a reaction. 

Moreover, the reaction of [MoOC13(0PPh3)2] 
(oxochloro bistriphenylphosphine oxide molyb- 
denum(V)) with gaseous NO, which was made in 
the atmosphere of NO, without excess, was not 
successful 1261; this supports our conclusion. Besides, 
the high reactivity of the MO(V) complex towards 
the redox reagents leads to the considerable concen- 
tration of the coordinatively unsaturated complex 
during the reaction. Therefore, the formation of 
the bridges, in the absence of other ligands (e.g. 
triphenylphosphine) as reagents, seems to be well- 
founded. 

The reaction of complex III with gaseous NO in 
CH2C12 solution saturated with oxygen was also 
carried out. The isolated product revealed new strong 
vibrations at 1020, 850 cm-’ and a medium one at 
1280 cm-‘, while the bands at 1380, 780 and 510 
cm-’ almost disappeared. Hence, it can be attributed 
to a complex with the NO2 group in the coordination 
sphere [27,28]. Similar transformations connected 
with the catalytic abilities of the nitrosyl complexes 
have been described for other complexes [29,30]. 
Our work in this area is in progress. 
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