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Dinitrogen and Related Compounds of Molybdenum with 
the Tripodal Phosphines N(CH2CH2PPh2), or P(CH2CH2PPh,), 
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The reduction of [MoCI,{N (CH,CH,PPh,),}] with a sodium dispersion in tetrahydrofuran (thf ) under a 
dinitrogen atmosphere yields the unstable complex cis- [ Mo( N,),{N (CH,CH,PPh,),}], which decomposes 
in a few days even in solution under dinitrogen. Studies of the chemical reactivity of this compound 
towards carbon monoxide, PMe,, Me1 and CF,CO,H have been carried out and the complexes 
[Mo(CO),L], [Mo(PMe,),L], [Mol,L] and [Mo(CF,CO,),L] [L = N(CH,CH,PPh,),] have been isolated 
and identified. The reduction of the analogous complex [MoCI,(P(CH,CH,PPh,),}] gives unstable 
trans-[Mo(N,),{P(CH,CH,PPh2),}]. The ligand-substitution reaction of cis- [Mo(N,),( PMe,),] with 
N(CH,CH,PPh,), yields the complex cis- [Mo(N,) (PMe,){N(CH,CH,PPh,),}]. 

In the last years several aspects of dinitrogen metal complexes 
have been studied, particularly those relevant to the bio- 
chemical action of nitrogenases. A great deal of work has been 
focused on complexes with transition metals in low oxidation 
states and mono- or bi-dentate' phosphine ligands. The 
increase in the thermodynamic stability of the complex by 
formation of additional chelate rings and probably also the 
lower ability for substitution of these phosphines have made 
interesting the preparation and study of dinitrogen metal 
complexes with polydentate ligands. The tripodal ligands 
N(CH,CH,PPh,), and P(CH,CH,PPh,), can potentially act 
in a tetradentate manner and form metal complexes with 
different co-ordination numbers and geometries., In addition 
they show a relatively high chemical versatility allowing the 
activation of small molecules and contributing to the stabili- 
zation of chemical groups which are usually very reactive. An 
additional striking feature exhibited by N(CH2CH,PPh,), is 
its sometimes unpredictable chemical behaviour due to the 
several possible combinations of nitrogen and phosphorus 
atoms as  donor^.^.^ 

In a recent paper we reported the synthesis and the crystal 
structure of [MoCI,{N(CH,CH,PP~~)~}]. Since it is well 
known that complexes with formula [MoCI,L,] (L = phos- 
phine) are used as precursors in the preparation of dinitrogen 
c~mplexes,~, '  it seems interesting to explore the behaviour of 
[MoCI,(N(CH2CH2PPh2),)1 as starting material to obtain 
dinitrogen and related complexes. In this paper, we report that 
reduction of this complex with a sodium dispersion yields cis- 
[Mo(N,),(N(CH,CH,PPh,),}]. On the other hand, the reduc- 
tion reaction of the analogous complex [MoCI, { P(CH,CH,P- 
Ph,),)] has also been investigated, leading to different results 
since it produces trans-[Mo(N,)2{P(CH,CH2PPh,),} ,I, which 
is also relatively unstable, losing N, on standing. 

A different route to the synthesis of dinitrogen complexes con- 
sists in the use of substitution reactions on well characterized 
dinitrogen complexes which lose one or more coligands more 
readily than dinitrogen '-' ' itself. In this sense we have studied 
the reaction of cis-[M~(N,),(PMe,)~l l 2  with N(CH,CH,- 
PPh ,) ,, obtaining cis-[ Mo(N,)(PMe,) { N(CH2CH, PPh,),}], 

t Non-S/ unit employed: atm = 101 325 Pa. 
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A 

in which one of the two initial dinitrogen ligands has been 
displaced. 

Results and Discussion 
The Reduction af[MoCI3{N(CH2CH,PPh2),)1 under N2.- 

The complex [MoCI3{N(CH2CH,PPh2),)1 has been reduced 
with a sodium dispersion in tetrahydrofuran (thf) under a 
nitrogen atmosphere to give a microcrystalline bright orange 
compound. This material is very unstable and decomposes 
in hours at room temperature, even under a dinitrogen 
atmosphere, giving a yellow product. In solution the de- 
composition is slower but occurs in a few days regardless of 
whether a dinitrogen atmosphere is used. For this reason it is 
necessary to keep the product even when in its microcrystalline 
form in a refrigerator and under a dinitrogen atmosphere. The 
dinitrogen complex is soluble in benzene and thf and shows low 
solubility in light petroleum and diethyl ether. The IR spectrum 
of the orange compound in Nujol displays two intense 
absorption bands at 1970 and 1898 cm-' [v(N=N)] indicative of 
the formation of a cis-bis(dinitrogen) complex. l 2  The 31P-{ 'H} 
NMR spectrum of a freshly prepared sample in thf shows a 
doublet at 6 55.15 (PA) and a triplet at 6 50.28 (P,) with 
J(P,-P,) = 12.8 Hz from a A,M spin system. These data also 
suggest the formation of a cis-bis(dinitrogen) complex with the 
N(CH,CH,PPh,), ligand acting in a tetradentate manner. 
Thus the proposed formula for this compound is cis-[Mo(N,),- 
(N(CH,CH,PPh,),}] and a feasible structure according to 
spectral data is shown in A. The complex was further 
characterized by studying its chemical reactivity. 

Reactivity of cis-[Mo(N,),(N(CH,CH,PPh,),}] 1 .-The 
chemical reactivity of complex 1 is summarized in Scheme 1. 
The reaction of 1 with CO (p = 1 atm) in thf gave a yellow 
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crystalline product with formula [Mo(CO),(N(CH,CH,- 
PPh,),}] 2 as inferred from analysis. It is soluble in thf and 
acetone, and shows low solubility in light petroleum and diethyl 
ether. The IR spectrum in Nujol mull shows two strong bands at 
1950 and 1840 cm-' which can be assigned to v(C0) (carbonyl 
complex"). The 31P-(1H} NMR spectrum in thf shows a 
singlet at 6 cu. 60. This suggests a fuc-tricarbonyl arrangement 
as in the case of related tricarbonyl c ~ m p o u n d s . ' ~ ~ ' ~  The 
N(CH,CH,PPh,), ligand acts in a tridentate manner through 
the three P atoms, B. The described behaviour shows that this 
ligand acts with unusual versatility owing to the easy 
dissociation of the central nitrogen donor atom. 15,16 The 
presence of two bands in the IR spectrum in the carbonyl 
region is also consistent with the formulation as a 
fuc-tricarbonyl complex. 

The reaction of complex 1 with an excess of trimethyl- 
phosphine gave a polycrystalline orange solid. Its elemental 
microanalysis corresponds to the formula [Mo(PMe,),- 
(N(CH,CH,PPh,),}] 3. The IR spectrum shows a strong band 
at 950 cm-' ascribed to a PMe, ligand, and other bands 
corresponding to the co-ordinated N(CH,CH,PPh,), ligand at 
1 180m, 1 1 10m and 750s cm-'. No bands which can be assigned 
to v(N=N) are observed. 

An attempt was made to alkylate the dinitrogen ligand in 
complex 1. Reaction with Me1 in benzene gave an orange solid, 

insoluble in most of the usual organic solvents, analysing for 
[MoI,(N(CH,CH,PPh,),}] 4. Thus, alkylation at the dinitro- 
gen to produce an alkyldiazenide complex has been avoided, 
and the reaction actually leads to oxidation of the metal. l4 

The reaction of complex 1 with an excess of CF,CO,H, in an 
attempt to protonate the co-ordinated dinitrogen,' resulted in 
gas evolution (probably dinitrogen). No ammonia or hydrazine 
was detected upon base distillation of the reaction mixture. 
A dark orange solid was also isolated of formula [Mo(CF,- 
CO,), (N(CH,CH,PPh,),}] 5. The IR spectrum shows bands 
that can be ascribed to the N(CH,CH,PPh,), ligand, a very 
strong band at 1680-1650 cm-' corresponding to v(C==O) and 
another band at 1 110-1200 cm-' assignable to v(CF). 

It has not been possible to obtain the NMR spectra of the 
products obtained by reaction of the cis-bis(dinitrogen) 
complex with PMe,, Me1 and CF,C02H either because of low 
solubility or decomposition in the usual organic solvents. 

The Reduction of [ MoCl , (P( CH,CH,PPh,), }] under N, .- 
The analogous reduction of [MoCl,( P(CH,CH,PPh,),}] 
with a sodium dispersion in thf under a dinitrogen atmosphere 
gives an orange solid similar to that of the complex with 
N(CH,CH,PPh,),. This compound shows an intense band in 
the IR spectrum at I950 cm-' suggesting it is a mono(dinitrogen) 
or a trans-bis(dinitrogen) ~ o m p l e x . ~  It is unstable and after a 
few days even under a nitrogen atmosphere the characteristic 
dinitrogen band disappears both in the solid state (Nujol) and 
in thf solution. It is soluble in thf and benzene and shows low 
solubility in light petroleum and diethyl ether. 

Microanalytical data are in reasonable agreement with the 
composition [Mo(N,),(P(CH2CH,PPh,),}] 6, except for the 
low amount of nitrogen found. However, owing to the unstable 
character of this complex, this result is not unexpected. The 
31P-(1H} NMR spectrum in thf shows a broad multiplet 
centred at 6 - 11.5, and two triplets at 6 88.24 and 85.36 re- 
spectively (J = 20 Hz). In addition to these, signals correspond- 
ing to the recently reported [Mo(P(CH,CH,PPh,),},] '' also 
appear, C. The stability of this complex may indicate that 
its formation is a feasible decomposition pathway for the 
dinitrogen complex, at least for one possible isomer. The two 
triplets in the ''P-(lH} NMR spectrum suggest an A,M, spin 
system, and if we consider that there is no coupling between the 
central phosphorus atom of the ligand and the non-co- 
ordinated ones the structures E and F would be in agreement 
with such a pattern, whereas D should generate an AA'MM' 
pattern which cannot be disregarded, although it would 
implicate the same value for (2Jpp),is and (2Jpg)rra?s, which seems 
unlikely. Substitution of dinitrogen in this isomer by the 
pendant phosphorus atoms would produce C. Both E and F 
would account for the observed A,M, pattern. However, F 
implicates a cis arrangement for the dinitrogen ligands, which is 
not in agreement with the presence of only one v(N=N) band in 
the IR spectrum, unless the two bands corresponding to a cis- 
bis(dinitrogen) are accidentally degenerate. This fact has not 
been reported for any known cis-bis(dinitrogen) complex, as far 
as we are aware. Therefore, structure E seems to be the most 
reasonable tentative assignment for 6. 
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Substitution Reaction ofcis-[Mo(N,),(PMe,),] with N(CH,- 
CH,PPh,),.-An attempt has been made to use a different way 
to prepare a dinitrogen complex of molybdenum(o) with 
N(CH,CH,PPh,), as coligand. We studied the substitution 
reaction of the complex cis-[Mo(N,),(PMe,),] with N(CH,- 
CH,PPh,), in thf at 40-50 "C during a period of 48 h. After this 
treatment dark red crystals were obtained. This product is 
soluble in thf and benzene and shows low solubility in light 
petroleum and diethyl ether. Its elemental microanalysis is in 
agreement with the formula [Mo(N,)(PMe,){N(CH,CH,- 
PPh,),}] 7. In the IR spectrum the compound shows a band 
at 1925 cm ' in the region of v(N=N) stretching, which is 
suggestive of a mono(dinitr0gen) compound. In addition, the 
characteristic frequencies corresponding to the N(CH,CH,- 
PPh,), ligand (1000-1200 cm-') and an intense band at 950 
cm-' corresponding to the PMe, ligand are observed. The 31P- 
('H) NMR spectrum in benzene in the region 6 50-60 is very 
similar to that of 1 except for the more complex coupling due 
to the presence of co-ordinated trimethylphosphine. A multiplet 
is observed at 6 57.35 corresponding to two equivalent 
phosphorus atoms in N(CH,CH,PPh,), (1 shows a doublet in 
approximately the same position) and another multiplet at 
6 5 1.5 (1 shows a triplet in the same region) for the remaining P 
coupled with the previous two phosphorus atoms and to the 
phosphorus in PMe,. A multiplet at 6 8.83 is observed 
corresponding to phosphorus in PMe, coupled with the P 
atoms of N(CH,CH,PPh,),. All these data allow us to propose 
a structure G for 7. 

This compound is obtained only by heating and after 48 h of 
reaction, possibly due to the relatively high stability of cis- 
(Mo(N,),(PMe,),], and therefore difficulty in phosphine- 
replacement reactions in this complex. 

Conclusion 
Three dinitrogen complexes of molybdenum with the tripodal 
ligands N(CH,CH,PPh,), or P(CH,CH,PPh,), have been 
isolated. Two are bis(dinitrogen) complexes, 1 and 6,  which 
have been prepared by reduction of the corresponding 
precursor [MoCl,L] [L = N(CH,CH,PPh,), or P(CH,- 
CH,PPh,),], and are relatively unstable, losing dinitrogen in a 
few days at room temperature. By substitution of trimethyl- 
phosphine and N, from cis-[Mo(N,),(PMe,),], complex 7 has 
also been obtained. The chemical reactivity of 1 towards CO, 
PMe, Me1 and CF,CO,H has been studied. The reactions with 
CO and PMe, yielded 2 and 3 respectively. The protonation of 
the dinitrogen complex with CF,CO,H failed, and 5 was 
obtained. In a similar fashion, reaction with Me1 only yielded 
the oxidized derivative 4. 

Experiment a1 
All reactions were performed using standard Schlenk tech- 
niques under an atmosphere of dry, oxygen-free dinitrogen.20 
All solvents were distilled from appropriate drying agents 
immediately prior to use. 

The ligand tris(2-dipheny1phosphinoethyl)amine was syn- 
thesised according to a literature procedure ,' by reaction 
between KPPh,-2C4H,02 2 2  and N(CH,CH2Cl),.23 The pre- 
cursor complexes [MoC~,{N(CH,CH,PP~,)~}] and [MoCI,- 
(P(CH,CH,PPh,),}] were prepared as we have recently re- 
ported. The complex cis-[Mo(N,),(PMe,),] was synthesised 

as described in ref. 24. All the other reagents were commercially 
available, and were used without further purification. 

Microanalytical data were obtained by Mr. Colin Mac- 
Donald, AFRC-IPSR NFL, University of Sussex, or by 
Butterworth Laboratories. Ammonia and hydrazine were 
determined spectrophotometrically using the indophenol 2 5  

and p-dimethylaminobenzaldehyde 26 methods respectively. 
Infrared spectra were recorded on a Philips Analytical SP3-300 
spectrophotometer using either Nujol mulls or KBr pellets, 
,'P-{ 'H} NMR spectra on a Varian XL-200 spectrometer using 
thf with a C6D6 capillary inside the NMR tube, to provide lock 
signal, unless otherwise stated, and 85% H,PO, as reference. 

cis-[Mo(N2),{N(CH2CH,PPh2),}] 1 .-A suspension in thf 
(50 cm3) of [MoC~,(N(CH,CH,PP~,)~}] (1.28 g, 1.5 mmol) 
was added to a sodium dispersion (1 g of a 40% dispersion in 
mineral oil) in a flask cooled in an ice-salt bath and stirred for 
1 h at 0°C. Then it was stirred for 4 h at room temperature, 
giving a dark orange suspension, which was centrifuged. The 
dark orange solution was kept for 15 h at - 20 "C, yielding a 
microcrystalline, bright orange solid. This was filtered off, 
washed with light petroleum (b.p. 60-70 "C) and dried under a 
dinitrogen stream. Yield 0.5 g, 45% (Found: C, 62.8; H, 5.20; N, 
8.1. C,,H,,MoN,P, requires C, 62.6; H, 5.20; N, 8.7%). IR 
(Nujol mull): 1970,1898,1590,1570,1180,1100,1070,750 and 
690 cm-'. 31P-{1H} NMR: 6 55.15 (d, 2P) and 50.28 (t, lP), 
J(P-P) = 12.8 Hz. 

fac-[ Mo(CO)~ { N(CH,CH,PPh,),}] 2.-A suspension of 
complex 1 (1 g, 1.19 mmol) in thf (50 cm3) was treated with CO 
at 1 atm. After 15 h a yellow solution was obtained. This was 
concentrated under vacuum and left undisturbed for several 
hours at - 20 "C, yielding a yellow solid which was filtered off, 
washed with light petroleum and dried in uacuo. The product 
was recrystallized from acetone as yellow needles. Yield 0.7 g, 
80% (Found: C, 64.9; H, 5.05; N, 1.55. C,,H,,MoNO,P, 
requires C, 64.8; H, 5.05; N, 1.70%). IR (Nujol mull): 1950,1840, 
1590, 1180, 1100, 1060, 750 and 690 cm-'. ,'P-{ 'H) NMR: 6 
60 (s). 

[Mo(PMe,),{N(CH2CH,PPh2),}] 3.-To a suspension of 
complex 1 ( 1  g, 1.19 mmol) in thf (50 cm3) was added an excess 
(ca. 7: 1 mol equivalents) of PMe,. The mixture was stirred 
overnight with formation of a microcrystalline dark orange 
solid. This product was washed with light petroleum and dried 
in uacuo. Yield 0.7 g, 60% (Found: C, 62.6; H, 7.05; N, 1.40. 

mull): 1590, 1570, 1 180, 1100,950, 750,740 and 690 cm-'. 
c5 lH6$fONP6 requires c ,  62.6; H, 7.05; N, 1.45%). IR (Nujol 

[MoI,(N(CH,CH,PP~,)~}] 4.-A suspension of 1 (1 g, 1.19 
mmol) in benzene (50 cm3) was cooled to the temperature of 
boiling dinitrogen and treated with an excess of Me1 (1 cm3). 
The reaction mixture was slowly warmed to room temperature 
and then stirred overnight. An orange suspension was obtained 
from which a yellow-orange solid was recovered. It was washed 
with light petroleum and dried in uacuo. Yield 0.48 g, 40% 
(Found: C, 49.9; H, 4.35; N, 1.40. C,,H,,I,MoNP, requires C, 
50.3; H, 4.20; N, 1.40%). IR (Nujol mull): 1590, 1570, 1100,750, 
740 and 690 cm-'. 

[Mo(CF,CO,), (N(CH,CH,PPh,),)] 5.-To a suspension of 
complex 1 (1 g, 1.19 mmol) in thf (50 cm3) was added CF3C0,H 
(1.1 cm3, 1.19 mmol). The reaction flask was immersed in an 
ethanol-liquid dinitrogen bath for 1 h. Then the reaction 
mixture was stirred for 3 h at room temperature. The orange 
solid which formed was filtered off, washed with light petroleum 
and dried in uacuo (from the solution cooled at -20°C 
overnight more product was recovered). Yield 1.3 g, 70% 
(Found: C, 57.4; H, 4.70; N, 1.55. C46H42F6MON04P3 requires 
C, 56.6; H, 4.30; N, 1.45%). IR (KBr pellets): 3010, 2960, 2800, 
1680-1650, 1200-1 110,1100,1080,750 and 690 cm-.'. 
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truns-[IMo(N,),{ P(CH,CH,PPh,),},] 6.-This compound 
was obtained as an orange solid following a method similar to 
that used in the preparation of 1, starting from [MoCl,- 
{P(CH,CH,PPh,),}] (1.3 g, 1.5 mmol). Yield 0.7 g, 30% 

67.55; H, 5.6; N, 3.75%). IR (Nujol mull): 1950,1590,1150,1125, 
1095,750,740 and 680 cm-'. 'P-('H) NMR: 6 - 1 1.5 (m, 4P), 
85.36 (t, 2P) and 88.24 (t, 2P); J(P-P) = 20 Hz. 

(Found: c, 66.85; H, 6.05; N, 1.90. C8,H8,M0N4P8 requires c ,  

C ~ ~ - [ M ~ ( N , ) ( P M ~ ~ ) { N ( C H , C H , P P ~ ~ ) ~ } ]  7.-To a solution 
of cis-[Mo(N,),(PMe,),] (1.32 g, 3.0 mmol) in thf (50 cm3) was 
added N(CH,CH,PPh,), (1.9 g, 3.0 mmol). The resulting dark 
orange solution was stirred for 15 h. The solvent was removed 
in vucuo and the residue treated with benzene (30 cm3). After 
centrifugation the solution was concentrated in uucuo and left 
undisturbed for several days at room temperature. A micro- 
crystalline red-brown solid was obtained. Yield 1.02 g, 40% 
(Found: C, 63.6; H, 6.35; N, 3.90; P, 14.1. C,,H,,MoN,P, 
requires C, 63.3; H, 6.00; N, 4.90; P, 14.5%). IR (Nujol mull): 
1925, 1580, 1570, 1180, 1100, 1095,950,750, 740,690 and 680 
cm-'. 31P-{1H} NMR (C,D,): 6 8.83 (m, lP), 51.5 (m, 1P) and 
57.35 (m, 2P). 
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