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ABSTRACT 

The electronic absorption spectra of ttans-[M(N) (dpe} ], 
. 2 2 2 

trans-[Mo(N
2

)(RCN}{dpe}
2
J, and cis-[M(N

2
}
2

(PMe
2

Ph}
4
J (M = Mo, W; 

dpe = (C
6
H
5
}
2

PCH 2CH 2P(C6H5}2; PMe2Ph = P(CH
3
}
2
c
6
H
5
} were measured 

and assigned. All of the charge transfer (CT} transitions were 

metal-to-ligand CT transitions. The lowest energy CT transition 

in each spectrum was assigned as a M + PdTI CT transition, and 

the low energy shoulders on this transition were assigned as 

ligand field transitions. The highest energy CT transition was 

assigned as a M + N2TI* CT transition in each case. 

The kinetics and mechanisms for the substitution of nitriles 

for dinitrogen in trans-[M(N
2
}2{dpe}

2
J and cis-[M(N2}2(PMe2Ph} 4] 

were studied. In the reaction of trans-[Mo(N
2
)
2
(dpe}

2
J with 

nitriles, one dinitrogen was replaced by a nitrile. All of 

the kinetic data support an SNl dissociative mechanism. The 

analogous reaction with trans-[W(N2}2(dpe} 2J was found to proceed 

only photochemically, with the loss of one dinitrogen induced 

by population of the l, 3E state. In the reactions of cis-
g 

[M{N
2
}
2

(PMe
2

Ph}
4
J with nitriles, both dinitrogen ligands were 

replaced by nitriles. The reaction mechanism for both compounds 

consists of two consecutive SNl dissociative steps. 
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The reactions of · cis-[W(N
2
) 
2
(c

6
H
5

CN) (PMe/h) 
4
], ci s­

[W(C
6
H5CN) 2(PMe2Ph) 4], and trans-[Mo(N 2)(C

6
H
5
CN)(dpe) 2J with 

anhydrous HCl were also studied. The reaction of the latter 

compound with HCl to yield [Mo(Cl}(N
2
H

2
)(dpe)

2
] was particularly 

noteworthy. 
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INTRODUCTION 

The field of transition metal di nitrogen chemistry began in 1965 

with the discovery of [Ru(N2)(NH3)5J+2 by Allen and Senoff (1). 

A few years later, in 1967, it was found that this complex could 

be prepared from nitrogen gas under physiological conditions (2). 

Since the only other known reaction of dinitrogen (N
2
) under 

physiological conditions was the enzymatic production of ammonia 

during N2 assimilation by certain plants, it appeared that 

transition metal dinitrogen complexes could be considered as models 

for the assimilation and reduction of N2 in nature. Thus, great 

effort was put forward to reduce the coordinated dinitrogen by 

both thermal (1) and photochemical means (3), but these attempts met 

with no success (4,5), as the dinitrogen ligand was always labilized. 

Still, many fundamental studies, crystal structures (6), substitution 

kinetics (7); and electronic absorption spectra (8) were carried 

out on this complex and similar complexes, to understand in more 

detail why this system would not activate coordinated dinitrogen 

towards reduction. With the help of these studies, many new 

compounds were synthesized and studied. It was not until several 

years later, however, that the goal of reducing coordinated 

dinitrogen was achieved (9,10,11). 

In one of these successful systems, those of the VIB metals, 

M(N 2)2(P) 4, much has been reported on both the thermal and photo-
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chemical reduction of the coordinated dinitrogen (11,12}, but 

almost none of the fundamental studies have been performed. 

Thus, we initiated our studies into the electronic structure and 

substitution kinetics of these complexes, in the hopes of under­

standing why these compounds activate dinitrogen towards reduction, 

where others have failed. 

To keep this thesis as short as possible, the absolute 

minimum of experimental data will be presented. Thus, the reader 

will not have to stumble through a forest of data to understand 

the arguments. The disadvantage of this is that most of the 

experimental failures, which were often more enlightening than the 

successes, will not be reported. The exception to this style of 

brevity will beAppendix I, which is where the initial experiments 

on the reactions of some relatively new Group VIB complexes, 

M(N 2}(RCN}(P)4, with HCl are discussed. Here, most of the 

reproducible results will be presented as an aid to future researchers. 
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CHAPTER 1 

Interpretation of the Electronic Spectra of 

Low-Spin d6 M(N 2)2(P) 4 Complexes 
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INTRODUCTION 

One has only to look at an inorganic chemistry text, such as 

that by Cotton and Wilkinson (1), to realize that the chemistry 

of transition metal carbonyl complexes is well understood, 

particularly when compared to the chemistry of isoelectronic 

transition metal dinitrogen complexes. Nowhere is this more 

evident than in electronic absorption spectroscopy and photo­

chemistry. Although a good deal of photochemistry has been done 

on both Group VIB metal carbonyl {2,3) and dinitrogen complexes (4, 

5,6), only in the carbonyl complexes has enough spectroscopy been 

reported to really understand the photochemistry. Thus, we 

initiated our studies on the electronic structure of trans-

[Re(Cl)(N2)(dpe)
2
J (dpe = 1,2-bis{diphenylphosphino)ethane), 

trans-[M{N2)2{dpe) 2J {M = Mo,W), trans-[Mo(N2)c6H5CN)(dpe) 2]; 

and cis-[M(N2HP(CH3)2)c6H5)4J ~M = Mo, W), in the hopes 

of being able to better understand these d6 dinitrogen complexes 

and their photochemistry. It should be noted that one report of 

the spectrum off. had already been reported in the literature (7), 

but little in the way of assignments had been proposed. 
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EXPERIMENTAL 

Materials and Synthesis (8) 

All solvents used were reagent grade, obtained from MCB. All 

solvents were freshly distilled in vacuo i1T1Tiediately before use. 

The liquid organonitriles were distilled from phosphorous (V) oxide, 

methanol was distilled from magnesium turnings, dichloromethane 

was distilled from Linde 4 j molecular sieves, and THF was distilled 

from sodium/benzophenone. All other solvents were distilled from 

titanocene (9). Molybdenum (V) chloride and tungsten (VI) chloride 

were obtained from Roe/Ric and purified by refluxing in CC1 4, 

under a nitrogen atmosphere, for two days with visible irradiation (10, 

11). 1,2-Bis(diphenylphosphino)ethane and dimethylphenylphosphine 

were obtained from Roe/Ric, triphenylphosphine was obtained from 

MCB, and all were used without further purification. 

All reactions were carried out under an inert atmosphere, using 

vacuum line and dry box handling techniques which are standard 

for our group (9). Trans-[M(N2)2(dpe)
2
] and cis-[M(N2)2(PMe2Ph) 4] 

(M = Mo, W) were prepared by published methods (12,13), with the 

following minor modifications. We used magnesium amalgum (14) 

for all reductions, and then the fonnation of trans-[M(N2)2(dpe) 2] 

was over in 1 hr at room temperature, instead of 6 hrs, and the 
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Also, it is much easier to isolate the compounds if only 80% 

of the stoichiometric amount of phosphine is used. Trans­

[Mo{N
2

){PhCN){dpe)
2
] {15) and trans-[ReCl{N2){dpe) 2] {16) were 

also prepared by reported methods. 

Analyses 

The microanalyses were performed by the micro-analytical lab 

in our department. The results will be presented in the order: 

%C, %H, %N. The theoretical percentage of the element will be 

in parenthesis, following the experimental percentage. 

trans-[Mo{N2)2{dpe) 2J: 65.31 {65.83), 5.15 {5.10), 5.93 

{5.91). trans-[W{N2)2{dpe)
2
J: 59.72 {60.24), 4.85 {4.67), 5.25 

{5.40). cis-[Mo{N2)
2

{PMe2Ph)
4
]: 54.37 {54.55), 6.25 {6.29), 

7.97 {7.95). cis-[W(N2)2{PMe2Ph) 4J: 49.14 {48.50), 5.64 {5.59), 

6.85 {7.07). trans-[Mo{N 2){PhCN){dpe) 2] 69.74 {69.21), 5.25 {5.22), 

4.10 {4.11). trans-[Re{Cl){N2){dpe) 2]: 58.79 {59.68), 4.89 

(4.62), 2.62 {2.68). 

Absorption Spectra 

All ir spectra used to identify the products were measured on 

a Perkin-Elmer 457 or Beckman IR 12 using Nujol mulls. All 

electronic absorption spectra were measured using a Carry 17 uv­

vis-nir absorption spectrophotometer. The room temperature spectra 

were obtained in a variety of solvents, using l nm quartz cells 
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designed for handling air-sensitive solutions (17). Using 

2-methyltetrahydrofuran as a solvent, low temperature glasses were 

obtained in the 1 mm quartz cell, which was sealed off with a 

torch from the rest of the apparatus. 20 K spectra were obtained 

by attaching the cell to the cooling head of a Model 20 Cryocooler 

by Cryogenic Technology, Inc. 

Calculations 

The non-linear least-squares fit of gaussians to the observed 

spectra was accomplished on an IBM 370 computer, using a slightly 

modified CURFIT program, described by Bevington (18). The 

plotting program was modified from one written by Duane Smith and 

Roy Mead, both from CIT (19). 

RESULTS AND DISCUSSION 

Absorption Spectra 

The absorption spectra of trans-[Re(Cl)(N2)(dpe) 2], l, trans­

[M(N2)2(dpe) 2] (M = Mo, _g_; W, ~_), trans-[Mo(N2)(PhCN)(dpe) 2J, i, 

and cis-[M(N2)2(PMelh) 4] (M = Mo, ~; W, ~) were measured. The 

absorption spectra of~, Figure 1, ~, Figure 2, and i, 

Figure 3, are representative of the spectra of the 

compounds which were studied. The data obtained 
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Figure 1 

UV-VIS absorption spectrum of trans-[W(N 2}2(dpe} 2], 20 K. 
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Figure 2 
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Figure 3 

UV-VIS absorption spectrum of trans-[Mo(N2)(PhCN){dpe) 2J, 300 K. 
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from the least-squares fit of gaussians to the absorption spectra 

are summarized in Table I. There was some difficulty in fitting 

gaussians to bands I and II in£, and thus, although the energies 

of these bands are well determined, the oscillator strengths are 

good to only ±30%. There was little difficulty in fitting 

gaussians to the spectra of the other complexes, and their 

oscillator strengths are good to approximately ±15%. It should 

be noted at this point that the improved resolution of the spectra 

in low temperature glasses is critical to the understanding of 

the electronic structure of the complexes under study. 

Pseudo o4h Complexes 

For simplicity, we will treat.!_,£, and 1 as if they were 

of o4h symmetry, although.?_ and 1 are actually of o2h (20) symmetry 

and 1 is at most c4v· As can be seen from Figures 1 and 2 and 

Table I. There are two major absorptions below the onset of the 

ligand-to-ligand (LL) absorptions (ca. 300 nm), and there is at 

least one low energy shoulder on the lowest major band in each of 

the spectra. Because£ and 1 have metals in the zero formal 

oxidation state, one would expect the fully allowed transitions, 

bands III and V (21), to be metal-to-ligand charge transfer (MLCT) 

transitions. Indeed, in the absorption spectrum of.!_, band III 

has moved to considerably higher energy (ca. 3,000 cm-1) and 

band Vis not observed (22), which is the behavior one would 
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expect for MLCT bands. It is noted that band IV also shows this 

MLCT behavior, and thus, although its oscillator strength is 

considerably lower, we assign it as a MLCT band as well. Since 

band II does not greatly increase in energy from 1 to l, we 

assign it as a LF band. Because band I is not observed in the 

room temperature spectrum of I, but is in 1, and its oscillator 

strength is larger in 1 than I, we assign it as a spin forbidden 

LF band. Band I is probably observed in I and 1 because of 

'intensity stealing' from the lowest CT band (21), and thus it is 

not observed in l because it is too far from the CT band to 

effectively 'steal I intensity. 

Using the dTT orbitals of P, the TT* orbitals of N2, and o4h 

syrrmetry, one can construct the 'ligand' molecular orbitals, three 

of which yield possible fully allowed MLCT transitions. These 

molecular orbitals are shown in Figure 4, and the transitions are: 

Tl 

T2 

T3 

Thus, any M + PdTT CT will have 1 1 to be Alg + Eu, and M + N2TT* 
l l CT will have to be Alg + A2u. By replacing one N2 with PhCN, we 
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Figure 4 

Ligand molecular orbitals for pseudo o4h complexes and 

trans-[Mo(N 2}(PhCN}(dpe} 2J, C2v. 
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reduce the synmetry of the molecule to c2v. Thus, in the spectrum 

of .i, transition Tl will be split by the amount eg is split, 

transition T2 will be split by the amount le is split, and u 
transition T3 will be split by the amount e and 2e are split. 

g - u 
The 2eu orbital should be split the most, since with PhCN, one of 

the CN n* orbitals can effectively interact with the phenyl ring 

orbitals, greatly lowering its energy with respect to the other 

CN n* orbital. The le orbital should be split the least, since u 
it has little overlap with the 2eu n* system, and the eg orbital 

should be split by a small extent because of its interaction with 

the 'eg' n* orbitals of [N 2,PhCN] (Figure 4). Based on these 

simple arguments, we predict that transition T3 should be split 

into two components in the spectrum of i, each of approximately 

one-half the intensity of transition T3 in the spectrum of£· 

One component should be at approximately the same energy as 

transition T3 of£, and one should be of considerably lower energy 

(ca. 18 kK lower) (23). Transition Tl should be broadened considerably 

by the splitting of eg in i, and transition T2 should remain 

largely unchanged. 

Examining the spectrum of i, we find that band Vis less than 

half as intense as in the spectrum of£, and there is a new band at 

16.28 kK which is of almost equal intensity (24). Band III is 

considerably wider in .i as compared to£, 8.20 kK as compared to 

6.32 kK, and Band IV has hardly changed at all. Thus, we assign 
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the spectrum of _i as follows 

New Band (16.28 kK) 

Band II I 

Band IV 

Band V 

Band III might contain 1A1 +
1B2(a2

12b1
1) as one of its components, 

but from a simple look at the orbitals, we conclade that its 

intensity should be low. It is possible to assign band IV as the 

triplet of band V, but we prefer to assign this band as a fully 

allowed transition, somewhat more in line with i ts oscillator 

strength. Returning to the spectra of compounds l, _g_, and I, we 

must assign their spectra as follows : 

Band I II 

Band IV 

Band V 

to be consistent with the assignments proposed for the spectrum of _i. 
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These assignments are also in good agreement with the spectra 

of other transition metal dinitrogen complexes. The spectrum of 

trans-[Mo(N 2)2(depe)
2
J (depe = (C2H5)

2
PcH2cH2P(C2H5)2) was provided 

by Dr. T. A. George (25). In this spectrum there is one major 

absorption, a band at 322 nm (31.06 kK) with E = 28,800. Since 

depe should not be as good a TT-acceptor as dpe, and depe should be 

a better o-donor (26), it would be reasonable to expect a M + N2TT* 

CT band to move to lower energy in this complex as compared to£, 

and for any M + PdTT CT band to move to higher energy. Thus, we 

assign this band (31 .06 kK) as MLCT, M + N2TT*, and feel it is in 

good agreement with our ideas on the electronic structure of these 

Mo dinitrogen complexes. Also, there has been some work done on 

the electronic absorption spectrum of Cr(N 2)6 (27), and in the 

spectrum, CT bands were observed at approximately 300 nm. Thus, 

we feel confident in the assignment of band Vas the M + N2TT* 

CT band. 

There is ample precedent in the literature to support the 

claim that N
2 

is a weaker field ligand than dpe. From Lever's work 

on Cr(N 2)6 (27), we have Dq(N 2) equal to 2,250 cm-1 (28), and 

from Sacconi 1s work on some Fe(II) phosphine compounds one obtains 

a Dq(P) of approximately 2470 cm-l (29). From work on the spectra 

of the Group VIB hexacarbonyls (30), one would expect the value 

of Dq(N 2) to be approximately the same in Cr(N 2)6, £, and 1· Also, 

one would suspect that Dq(P) in 2 and 3 will be larger than 2,470 cm-1, 
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since in _g_ and 1, the phosphine ligands can better act as TT­

acceptors, than in the Fe(II) complexes. And finally, assuming 

phosphines are better a-donors than N2, we can arrange the d 

orbitals in increasing energy: dxy < dxz,dyz << d22 << dx2-y2 (31 ,32). 

With this ordering, we assign the LF bands of l, _g_, and 3 as follows: 

Band I 

Band II 

These assignments are in agreement with the literature of low­

syrrmetry low-spin d6 metals (2,33), where the E component is 
g 

lower in energy than the A2g component of the split T1g(0h) 

[Dq(axial)<Dq(equitorial)], and in our system the 1A2g band is 

either of low oscillator strength and thus not observed, hidden by 

an intense CT band, or the splitting of the 1T1g(0h) transition is 

not large enough to be observed. 

In the spectrum of trans-Mo(N 2)2(depe) 2, we assign the low 

energy doublet as follows: 

20.61 kK l A -+ 3E 
lg g 

21.80 kK 
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where 3Eg and 3A2g are components of the split 3r1g{Oh). Since 

we expect depe to be a stronger field ligand than dpe {26), 

it seems most reasonable to assign these bands as triplet LF bands, 

after comparing its spectrum with that of _g_ and 1· But because 

trans-Mo{N2)2{depe) 2 is probably of o2h rather than o4h symmetry {20), 

one might argue that these bands are just the components of the 

split 
3

Eg{D4h) band. A splitting of 1 .2 kK seems very large for 

such a splitting, and one would have expected the oscillator strengths 

of the two components to be almost equal in this case. Since the 

high energy component is approximately one-half the intensity of 

the other component, we feel our assignments are more reasonable. 

If we are correct in these assignments, then one calculates a 

value of Dt of 136 cm-1 in this system {34,35). With this value 

of Dt, one can return to the spectra of _g_ and 1 and calculate Dq 

for each complex, along with an approximate Dq{P) and Dq{N 2) {35). 

The necessary equations and the values obtained are found in 

Table II. Great significance cannot be placed on these calculated 

numbers, but as a guide to what should be expected in complexes 

like _g_ and l, they are very interesting. Dq{N 2) is considerably 

larger than anticipated based on the work on Cr{N 2)6 {27), but 

the values are in better agreement with the 2,490 cm-1 obtained 

with my corrected assignments for the spectra of Cr{N
2
)6 {28). 

The values of Dq{P) are also larger than the 2,470 cm-1 reported 
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Table II. Calculations of Dq(P) and Dq(N2) in pseudo o4h bis­

dinitrogen complexes 

Compound Ota Dq(complex)b cb Dq(P)b Dq(N2)b 

2 136 cm - l 2,510 1750 2,590 2,350 

3 136 cm-1 2,680 1580 2,760 2,520 

asee text. 

bValues are reported in cm-l 

Dq(complex) = ~rDq(P) + 2Dq(N 2)J 
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in Fe(II) complexes, but this was expected because Mo(O) and W(O) 

should be better TI-bases than Fe(II). 

c2v Complexes 

Not as much can be said about the spectra of complexes.§._ and 

§_, since there were not as many factors which could be varied to 

elucidate the electronic structure of these complexes. By analogy 

witb the spectra of the pseudo o4h complexes, in particular the 

osci 11 a tor strengths of the bands, we expe·ct bands XI and XII to 

be the result of two fully allowed MLCT transitions, and band X to 

be the result of a spin allowed LF transition. 

It is a common practice, in the spectroscopy of cis, trans 

isomers of inorganic complexes, to treat each as if they were of 

o4h syrmietry. To do this for this cis isomer, which is of 

c2v symmetry, one applies the 'rule of average environment.' 

Then there is one unique axis with a ligand field strength equal 

to the in-plane ligand field strength ~f the trans isomer, and 

there are two axes orthogonal to this unique axis, with ligand 

field strengths equal to average of the in-plane and out-of-plane 

ligand field strengths of the trans isomer. It is with this simple 

idea that we will attempt to explain the spectra of_§_ and§_. 

With the simple idea proposed above, it is easy to show, in 

a crystal field, that the splitting of the T19(0h) state in the 

lower symmetry of the cis isomer, will be half the splitting in the 
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trans isomer, and in the opposite order (36). Thus, the A2g state 

should be lower in energy than the E state in 5 and 6, and the 
g - -

two states may not be separated in energy enough to be observed 

as more than one band. Based on the information at hand, it is 

impossible to assign a symnetry designation to band X, and thus, we 

leave it assigned as a component of the LF transition, 1A1g + 
1T19 

in octahedral symmetry. It should be noted, however, that this 

transition is lower in energy than the singlet LF band in _g_ and 

1, and the transition is lower in energy in§_ than in.§_. This is 

indeed strange behavior for a LF transition, one would have 

expected it to be higher in energy in§_ than in.§_, and higher in 

energy than the LF transition in _g_ or 1, because PMe 2Ph is a 

stronger field ligand than dpe. 

To better understand the CT bands in the spectra of.§_ and 

§_, we again used benzonitrile as a probe. In the case of 5 this 

proved to be exceedingly difficult, but in the case of 6 we had 

more success. With these c2v complexes, addition of benzonitrile 

yields a mono-benzonitrile and bis-benzonitrile complex, both of 

cis configuration (37), and they are both more susceptible to 

thennal decomposition than the bis-dinitrogen complexes. Thus, 

an absolutely pure spectrum of the bis-benzonitrile complex was 

never obtained, but a spectrum of sufficient quality to understand 

the CT bands of 5 and 6 was obtained. 



28 

After addition of benzonitrile to a solution of.§_, a new band 

grows in at 595 nm due to the mono-nitrile complex (37). This band 

then fades and a new band at 545 nm grows in, which is due to the 

bis-nitrile complex. During these changes, the intensity of band 

XII co~stantly decreases, to legs than one-half its initial intensity. 

For band XI, it is difficult to report any accurate change without 

a good gaussian fit, but it appears to have changed very little (38). 

Thus, we assign band XII as primarily M + N2TT* CT, and band XI 

as primarily M + PdTT CT, by analogy with our work on the spectra 

of£, 1, and 4. 

CONCLUSIONS 

Our assignments of the lowest energy bands of l, £, and 1 as 

l, 3Eg(eg3b2g2a1g1) are in good agreement with the photochemistry 

which has been observed in 3. In most of the work which has been 

done, broad band visible irradiation has been used (4,5), and loss 

of one dinitrogen has been observed, as in the reaction Rl (4) 

and in flash experiments, both dinitrogens are reported loss (39). 

This is consistent with the photochemistry expected from a 

transition to an Eg(eg3b2g2a1g1) state (40), where an electron has 
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been excited from an orbital which is TI-bonding with respect to 

the z-axis ligands, and placed in an orbital which is cr-antibonding 

with respect to the z-axis ligands; thus, the observed loss of 

dinitrogen in the photochemistry of 1· We feel this explanation 

of the observed photochemistry is better than the reported 

explanation in which it is assumed that the lowest energy CT band 

is M + N2TI* CT, and excitation into this band increases the electron 

density on the dinitrogen ligands, yielding the observed photo­

chemistry (41). 

Since labilization of one dinitrogen ligand is the fundamental 

photochemical reaction of 1, as with other transition metal dinitrogen 

complexes, one wonders why 3 is effective in photochemically 

activating dinitrogen towards reduction, where others have failed (42, 

43). We propose that the reason is that 1 is a bis-dinitrogen 

complex, where the others, e.g. [Ru(N2)(NH3)5J2+, are mono-dinitrogen 

complexes. Thus when dinitrogen is lost from [Ru(N 2)(NH3)5J2+, 

there is no dinitrogen left to be activated. However in 3, there 

is still one dinitrogen bound to the metal, which can be activated 

by the coordinatively ~nsaturated complex. 

Our assignments of the CT bands are in very poor agreement 

with the extended HUckel calculations of Hoffmann (41), in which 

the lowest CT transition of the model compound, trans-[Mo(N 2)2(PH3)4], 

was calculated to be a M + N2TI* CT transition, at 3,200 cm-1. It 
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seems the reason for this large error is the fact that PH3 was 

assumed to have no rr-acidic character, and thus the d orbitals on 

P were not included in the calculations. This omission led to 

very serious errors in many of the calculations in the paper. 

In su0111ary, for the transition metal dinitrogen complexes£, 

1, .§_,and§_, the highest energy CT band is assigned as a M + N2n* 

CT band, and the lowest energy CT band is assigned as a M + Pdrr CT 

band. The shoulders on the lowest energy CT band are assigned as 

LF bands, and in the case of compound 3, they are probably responsible 

for the observed photochemistry. 
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INTRODUCTION 

There has been considerable interest in the study of transition 

metal dinitrogen complexes, in the hopes of understanding a system 

in which dinitrogen is reduced. Two such systems have been 

found. One system uses titanium or zirconium metals (1), and the 

other system uses molybdenum or tungsten metals (2). 

In the molybdenum and tungsten system, the following reduction 

reactions have been observed (2). 

PMePh = P(CH) (CH) 
3 2 6 5 

In each of the reduction reactions, one dinitrogen is lost as molecular 

nitrogen, and the other dinitrogen is reduced. Therefore, a study 

of the kinetics and mechanism of the loss of dinitrogen from these 

complexes should be of fundamental importance in understanding the 
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mechansim by which coordinated dinitrogen is reduced. Thus, we 

initiated our study into the displacement of dinitrogen from 

trans-[M(N2)2{dpe)
2
] and cis-[M(N

2
)
2

(PMe
2
Ph)

4
J (M = Mo, W). 

EXPERIMENTAL 

Materials and Syntheses 

All solvents used were reagent grade, obtained from MCB. All 

solvents were freshly distilled in vacuo immediately before use. 

The liquid organonitriles were distilled from phosphorous (V) oxide, 

methanol was distilled from magnesium turnings, dichloromethane 

was distilled from Linde 4 A molecular sieves, and THF was 

distilled from sodium/benzophenone. All other solvents werP distilled 

from titanocene (3). Molybdenum (V) chloride and tungsten (VI) 

chloride were obtained from Roe/Ric and purified by refluxing in 

cc1 4, under a nitrogen atmosphere, for two days with visible 

irradiation (4,5). 1,2-bis(diphenylphosphino)ethane {dpe) and 

dimethylphenylphosphine were obtained from Roe/Ric, triphenyl­

phosphine was obtained from MCB, and all were used without 

further purification. 

All reactions were carried out under an inert atmosphere, 

using vacuum line and dry box handling techniques which are 

standard for our group (3). The syntheses and analyses of trans­

[M(N2)2(dpe) 2] and cis-[M(N2)2(PMe2Ph) 4J (M = Mo, W) were described 
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in Chapter l of this thesis. Trans-[Mo(N2)(L)(depe) 2J (L = 

c6H5CN, p - C.,H7CN, CH 3CN) were prepared by published procedures (6). 

All compounds gave ir and elemental analyses in agreement with 

that expected. 

~is-[W(N
2

)(PhCN)(PMe
2
Ph)

4
]: 13.5 µl (0.13 nmole) of PhCN was 

added to 100 mgs (0.13 rrmole) of cis-[W(N2)2(PMe/h) 4J in 10 ml of 

toluene. After 3.5 hrs at room temperature, the solution was 

reduced to 2 ml of volume, and l ml of pet ether was added. This 

solution was stirred at -78° C for 1/2 hr, and then it was filtered 

cold. The green solid was washed twice with cold pet ether, and 

then quickly dried in vacuo. Anal. Calcd. C, 53.99; H, 5.69; 

N, 4.84. Found: C, 55.75; H, 5.19; N, 5.19. 

Cis-[W(PhCN) (PMe Ph)
4
J: 35 µl (0.34 rrmole) of PhCN was 

- 2 2 
added to 100 mgs (0.13 mmole) of cis-[W(N

2
)
2

(PMe
2
Ph) 4J in 10 ml of 

toluene. After 10 hrs at 30° C, the solution was reduced in volume 

to l ml and l ml of pet ether was added. This solution was stirred 

at -78° C for 1/2 hr and then it was filtered cold. The purple 

solid was washed twice with cold pet ether and quickly dried 

in vacuo. Anal. Calcd. C, 58.61; H, 5.77; N, 2.97. Found: 

C, 59.83; H, 5.96; N, 3.23. 

Toepler Pump Reactions 

Cis-[W(N )(PhCN)(dpe} ]: 200 µl (1 .89 mmole) of PhCN was 
- 2 2 

added to 75 mgs (9.5 x 10-2 mmole) of cis-[W(Ni)
2

(PMe
2
Ph) 4J in 



39 

200 ml of toluene. The reaction was allowed to run at 30° C for 

l hr 40 min, at which point the solution was cooled to -78° C. The 

solution was toepler pumped through an LN 2 trap, and 8.1 x 10-2 mmole 

of N2 was collected. The solution was then warmed to 30° C, and the 

reaction was allowed to continue another 6 1/2 hrs. The solution 

was then toepler pumped through an LN 2 trap and 1 .04 x 10-l mmole 

of N2 was collected. 

Cis-[W(N2)(PhCN)(PMe2Ph) 4J: 15.5 µl (0.15 mmole) of PhCN was 

added to 120 mgs (0.15 mmole) of cis-[W(N2)2(PMe2Ph) 4J in 10 ml 

of toluene. After reacting for 4 hrs at 30° C, the solution was 

toepler pumped and 0.15 mmole of N2 was collected. 

Cis-[W(N2)(PhCN)(PMe2Ph) 4J: 35 µl (0.34 mmole) of PhCN was 

added to 120 mgs (0.15 nmole) of cis-[W(N2)2(PMe2Ph) 4J in 10 ml of 

toluene. After reacting for 8 hrs at 30° C, the solution was 

toepler pumped and 0.29 mmole of N2 was collected. 

Physical Measurements 

All ir spectra used to identify the products were measured on 

a Perkin-Elmer 457 or Beckman IR 12 using Nujol mulls. The proton 

nmr were run on a Varian EM-390, using c6o6 and nmr tubes which 

had been sealed with a torch. All elemental analyses were performed 

by the micro-analytical lab in our department. 
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Kinetic Measurements 

The reactions of nitriles with trans-[Mo(N
2
)
2
(dpe)

2
J were 

monitored by following the change in the visible spectrum of the 

reaction solutions, from 800 nm to 330 nm, for two reaction half­

lives, and in most cases for over three half-lives. The spectral 

measurements were made using a Cary 15 spectrophotometer equipped 

with a Cary 1116100 Program Timer and the Cary 1115 Repetitive 

Scan accessories. The solutions were contained in anaerobic 1 mm 

pyrex cells similar to that described by Shriver (7). The cells 

were held in a thermostatable cell adapter, Cary #1444300, equipped 

with pyrex windows. The volume was filled with distilled water to 

improve thermal contact between the cell and the cell adapter. 

A Masterline 2095 bath and circulator by Forma Scientific was 

used to maintain the desired temperatures. 

The reactions were initiated by injection of the nitrile using 

a calibrated Hamilton gas tight syringe; the data collections were 

begun after allowing 5 min for temperature equilibration. 

Reaction rates were determined under pseudo-first-order 

conditions. Plots of -ln(A
00

-A) vs. time were linear over the 

reaction times monitored, and the observed rate constants were 

obtained from the slopes of the weighted least-squares fit to 

these lines (8,9). The activation parameters were calculated 

using a simple least-squares program. In all cases, the calculated 

numbers are reported with their 95% confidence limits (8). 
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The reactions of nitriles with cis-[W{N) {PMe Ph) ] were 
- 22 2 4 

monitored by following the change in the visible spectrum of the 

reaction solutions, from 800 nm to 380 nm, for over two reaction 

half-lives of the slow reaction, and in most cases, for over three 

half-lives. All other experimental details are the same as before. 

Because the reaction was found to consist of two consecutive first­

order reactions (8), the rate constants were obtained by a non­

linear least-squares fit (9) of the spectrum to an expression of 

the form (10) 

The activation parameters were calculated as before, and the 

calculated numbers are reported with their 95% confidence limits. 

The reactions of nitriles with cis-[Mo(N
2
)
2

(PMe
2
Ph)

4
J were 

monitored by following the change in the visible spectrum of the 

reaction solution at 680 nm for over two reaction half-lives of the 

slow reaction. The spectral measurements were made using a 

Cary 14 spectrophotometer equipped with the thermostatable cell 

adapter described above. The solutions were contained in anaerobic 

l ll111 pyrex cells similar to those described above, except that 

they were modified so they could contain two separate solutions 

which could be quickly mixed. Then to initiate the reaction, the 
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cell assembly was removed from the constant temperature bath, 

tipped, and then shaken vigorously. The cell was placed in the 

thermostated cell adapter and data collections were started. 

This entire procedure took less than 20 sec. All other experimental 

details and calculations are the same as for the reactions of 

cis-[W(N
2
)
2

(PMe Ph) ]. 
- 2 4 

RESULTS AND DISCUSSION 

The displacement of dinitrogen from trans-[M(N) (dpe) ] 
2 2 . 2 

(M = Mo, l; W, 2) and cis-[M(N) (PMe Ph) ] (M = Mo, 3, W, 4) by 
- - - 22 2 4 - -

nitriles was followed by the change in the visible spectrum of 

each solution with time. All reactions were run under pseudo-first­

order conditions in toluene. For the slow reactions, the reactions 

of l_, £,and! with nitriles, it was necessary to use a spectrophotometer 

with a repetitive scan accessory, in order to obtain reproducible 

results, since both the reactants and the products react photochemically . 

Representative spectra from the reactions of l with benzonitrile 

and acetonitrile are shown in Figures 1 and 2, respectively, and 

the plots of -ln(A -A) vs. time for these kinetic runs are shown 
00 -

in Figures 3 and 4, respectively. The observed rate constants 

are collected in Table I, and the average of the rate constants 

at high nitrile concentrations, k1, along with the activation 

parameters can be found in Table II. A representative spectrum of 
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Figure 1 

A visible spectrum of the reaction of trans-[Mo(N
2
)
2
(dpe)

2
J 

with benzonitrile. 
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Figure 2 

A visible spectrum of the reaction of trans-[Mo(N
2
)
2
(dpe) 2] 

with acetonitrile. 
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Figure 3 

The plot of -ln(A
00

-A) vs. time for the reaction of Figure 1. 
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Figure 4 

The plot of -ln(A
00

-A) vs. time for the reaction of Figure 2. 
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the reaction of i with benzonitrile is shown in Figure 5. The 

observed rate constants are collected in Table III, and Table IV 

contains the calculated rate constants and the activation parameters. 

Finally, the rate constants and activation parameters for the 

reaction of 3 with benzonitrile are collected in Table V. 

The reaction of 1 with nitriles has the following stoichiometry (11) 

trans-[Mo(N
2
) (dpe) ] + RCN--} trans-[Mo(N )(RCN)(dpe) ] + N . 
2 2 2 2 2 

Under pseudo-first-order conditions, the plots of -ln(A -A) vs. time 
00 -

were linear for over three half-lives of the reaction, and when 

the "metal" concentration was reduced by half, the reaction rate was 

reduced by one-half. Thu~ the reaction is first-order in the 

concentration of 1. However, the reaction is not a simple order 

in nitrile concentration (Table I). At low nitrile concentrations, 

the reaction rate increases with increasing nitrile concentration, 

but at higher nitrile concentrations, the rate is constant with 

change in nitrile concentration. Also, at low nitrile concentrations, 

the reaction rate increases when the reaction is run under an 

atmosphere of argon rather than nitrogen. 

These data are consistent with the SNl dissociative 

mechanism proposed in Scheme 1. The loss of di nitrogen from l is 

the rate determining step, and k1 is the rate constant (Table II). 

The large positive entropies and enthalpies of activation, along 
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Figure 5 

A visible spectrum of the reaction of cis-[W(N
2
)
2

(PMe 2Ph) 4] 

with benzonitrile. 
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Mechanism: 

d[Mo(N 2)(RCN)(dpe) 2J 
Rate = -

dt 

where 

k1k2[RCN] 
k = ---=-..!::----

obs k_
1

[N
2
] + k

2
[RCN] 

SCHEME 1 
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with the fact that k1 does not depend on the incoming group, are 

strong evidence in support of the proposed rate determining step. 

In addition, this mechanism explains the dependence of the rate 

of the reaction on the nitrile concentration. At low nitrile 

concentrations, dinitrogen can compete for the coordinately 

unsaturated intermediate, and thus lower kobs' but at high nitrile 

concentrations, every intermediate formed is quickly converted to 

product, and thus the observed leveling off of kb at high nitrile 
0 S 

concentrations. It is clear, then, that this simple dissociative 

mechanism is capable of explaining all the experimental data. 

Compound 2 reacts with nitriles to yield products analogous 

to those obtained from the reactions of l with nitriles, but the 

reactions only occurred in the presence of light. There was no 

detectable reaction of 2 with benzonitrile after 36 hrs at 70° C 

in the dark, but the reaction was found to proceed smoothly at 

30° C in the visible spectrophotometer. However, the rate of 

reaction was slower if the reaction was constantly monitored at 

605 nm rather than 380 nm. Therefore, with the aid of the spectral 

assignments of Chapter 1 of this thesis, it is proposed that the 

labilization of dinitrogen was accomplished by population of the 

l,3fg excited states of£· 

In monitoring the visible spectrum of the reaction solution of 

i with benzonitrile (Figure 5),it was found that a band at 590 nm 

grew into the spectrum,at first, similar to the reJction of 1 
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with benzonitrile (Figure 1), but as the reaction proceeded, this 

band decreased in intensity and a new band at 540 nm grew into 

the spectrum. The reaction was scaled up, using the same 

concentrations, and the gases given off by the reaction were 

toepler pumped at times corresponding to the maximum absorption 

at 590 nm and 540 nm. Approximately l (0.85) equivalent of 

dinitrogen was evolved at the time of maximum absorption at 590 nm, 

and 2 (1 .95) equivalents of di nitrogen were evolved at the time 

of maximum absorption at 540 nm. The two compounds were isolated, 

and elemental analyses and ir spectra confirmed the compounds to 

be W(N 2)(PhCN)(PMe2Ph) 4 and W(PhCN)
2

(PMe
2

Ph)
4

, respectively. It 

should be noted that the analysis for the intermediate was not a 

perfect match for the expected analysis of W(N )(PhCN)(PMe Ph) , 
2 2 4 

but it was difficult to isolate the intermediate without some 

W(PhCN)
2

(PMe
2
Ph) 4 and i present, as exhibited by their spectra. 

However, it seems most reasonable to assign the intermediate as 

W(N 2)(PhCN)(PMe2Ph). Their spectrum of W(N
2

)(PhCN)(PMe2Ph) 

exhibited two bands at 1995 cm-1 and 1925 cm-1, and their spectrum 
I 

of W(PhCN)
2

(PMe
2
Ph)

4 
contained two bands at 2030 cm-1 and 1990 cm-1. 

The 1H nmr in the methyl region of each compound consisted of a 

doublet and a triplet, at slightly higher field, each of equal 

integrated intensity (12). This same pattern was observed in the 

nmr spectrum of i (13), and the pattern is a fingerprint for a 

compound with two equivalent trans phosphines, and two equivalent 
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phosphines tis to one another (14). Thus, it is reasonable to 

propose that both the mono-nitrile intermediate and bis-nitrile 

product are of cis geometry, and that the phosphines trans to the 

dinitrogen and the nitrile are almost equivalent in the nmr. 

Therefore, it is concluded that the reaction of 4 with nitriles is 

cis-[W(N }(PhCN}(PMe Ph} ] + N + RCN----} 
- 2 2 4 2 

Under pseudo-first-order conditions initial rate .experiments 

on the fonnation of the mono-nitrile intermediate showed that the 

reaction was first-order in!, and initial rate experiments on the 

loss of the intermediate showed that this reaction was first-order 

in the intennediate's concentration. Finally, with the aid of 

computer fitting of the experimental data, it was confirmed that 

the reaction of 4 with nitriles consisted of two consecutive first­

order reactions (8,10). Table III contains the observed rate 

constants for the formation of ci s-[W(N
2
}(PhCN}(PMe/h} 4], kl obs, 

and cis-[W(PhCN} (PMe Ph) ], k2 b , under pseudo-first-order 
- 2 2 4 o s 

conditions. Neither klobs nor k2obs changed with change in nitrile 

concentration, which is consistent with the proposed rate law, 
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and the rate did not depend on which nitrile was used (15). This 

data strongly suggests a mechanism which consists of two consecutive 

SNl dissociative steps (Scheme 2). 

The averaged rate constants and activation parameters (Table IV) 

support this mechanism. The enthalpies of activation are reasonably 

large and positive, consistent with bond breaking in the rate 

determining step, but the entropies of activation are negative, 

implying an associative mechanism. Since the rate constants do 

not depend on the nitrile used, the possible dependence of the rate 

on free PMe 2Ph was investigated. The addition of PMe 2Ph had no 

effect on kl b or k2 b (Table III) and thus it was concluded 
0 S O S 

that both steps of the reaction proceed via a dissociative mechanism. 

The visible absorption spectra of the reactions of 1 with 

nitriles were analogous to the spectra observed in the reactions 

of! with nitriles. When the gases given off by the reaction were 

toepler pumped, it was found that 1 (0.91) equivalent of dinitrogen 

was evolved at the time of maximum absorption of the intermediate 

(600 nm) and 2 (l .95) equivalents of dinitrogen were evolved at 

the time of maximum absorption of the final product (545 nm). The 

intermediate and final product were never obtained pure, and the 

characterization of the compounds remains inconclusive. The 

experimental data fit the same mechanism that was proposed for the 

reaction of! with nitriles, and thus it is proposed that the 

reactions of 3 and 4 with nitriles are analogous. The rate 
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constants for the formation of the intermediate, kl, and for loss 

of the intermediate, k2, are collected in Table V, along with the 

activation parameters. The enthalpy of activation for loss of 

the first dinitrogen is positive, but it is much smaller than the 

enthalpy of activation obtained in the other reactions under study. 

Also, the entropy of activation for loss of the first dinitrogen 

is large and negative. The enthalpy and entropy of activation for 

loss of the second di nitrogen from 1 are large and positive, and 

these parameters are similar to those obtained for the other 

reactions under study. Since neither kl nor k2 were changed by 

adding free PMe2Ph or using acetonitrile rather than benzonitrile (16), 

it is concluded that both steps of the reaction proceed via a 

dissociative mechanism. Thus, the negative entropy of activation 

for the loss of the first dinitrogen may be due to solvent 

reorganization, which should be greater in the cis rather than 

the trans complexes. 

In all of the substitution reactions investigated in this 

chapter, the reactions of the molybdenum compounds were faster 

than the reactions of the analogous tungsten complexes. Based upon 

the proposed mechanisms, it can be concluded that the M-N 2 bond 

is stronger in the tungsten complexes. This is probably because 

tungsten is a better TT-donor than molybdenum, and thus tungsten 

forms a stronger TT-bond with a TT-accepting ligand like dinitrogen (17). 

The energy of activation for the substitution reactions of l 
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should be ·a. good estimate for the Mo-N 2 bond strength, si nee the 

entropies of activation for the reactions are so large and positive, 

and thus the W-N 2 bond strength can be estimated to be significantly 

larger than 28 kcal/mole. Because of the variation in the entropies 

of activation for the reactions of 1 and!, an estimate of their 

M-N 2 bond strengths is difficult, but these compounds do provide an 

interesting comparison of the trans effect of dinitrogen, nitriles, 

and phosphines in d6 octahedral complexes. 

Only one dinitrogen is lost in the reactions of l with nitriles, 

and the product has a nitrile trans to the remaining dinitrogen. 

Thus,dinitrogen seems to have a greater trans labilizing effect 

than nitriles in this complex. Both dinitrogens are lost in the 

reaction of 1 and! with nitriles, and the intermediate, the 

mono-nitrile complex, is of cis geometry; there is a phosphine trans 

to the labilized dinitrogen in each step of the reaction. Thus it 

seems that phosphines also have a greater trans effect than nitriles 

in these octahedral complexes. Regrettably, a comparison of the 

trans effect of dinitrogen and phosphines is not possible. 

In all of the reactions, except for the loss of the first 

dinitrogen in 1, the enthalpies and energies of activation are 

all in the twenties of kcal/mole, and they are remarkably close 

in energy. It is also remarkable that these parameters are so 

similar to those obtained in the kinetic studies of other transition 

metal dinitrogen complexes. In the decomposition of trans-
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[Mo(N
2
)
2
(dpe)

2
]+ in methanol-tetrahydrofuran, the dissociation of 

dinitrogen is proposed as the rate determining step (18). The energy 

of activation was 24 kcal/mole and the entropy of activation was 

19 eu. It is remarkable that this entropy of activation is so close 

to the value obtained in the reactions of l with nitriles, particularly 

because of the differences in the solvent systems. The energy of 

activation is smaller than that observed in the reactions of l, 

which is consistent with Mo(I) being a weaker n-donor than Mo(0), and 

with dinitrogen being bonded like carbon monoxide (19). In the 

substitution reactions of Os(N )(Br) [P(CH) CH] [P(OCH) CH] 
2 2 3 2 6 5 2 3 2 6 5 

with free phosphines in toluene, the loss of dinitrogen is reported 

as the rate determining step, with an enthalpy and entropy of 

activation of 26.9 kcal/mole and 8.7 eu, respectively (21). The 

enthalpy of activation is remarkably similar to that found in our 

reactions, considering that v(N=N) for this complex is 2126 cm-1 

and v(N=N) for the complexes under study range from 1930 cm-1 to 

2000 cm-1 (22). From theseir data, one would expect the 0s-N2 
bond to be stronger than the analogous bonds in l, £, 1, or.!, and 

thus the enthalpy of activation for loss of di nitrogen in the 0s(II) 

complex was expected to be larger. But the experimental facts are 

not unreasonable, since the low entropy of activation (8.7 eu) 

implies there is less dissociation in the transition state of 

the 0s(II) complex, and therefore there could be less bond breaking 

in the transition state. And finally, the enthalpy of activation 

for loss of dinitrogen from [Ru(NH
3
)
5

(N
2
)]2+ ion is 28 kcal/mole, 
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which is similar to the enthalpies of activation previously 

discussed (23). 

Many reactions of l, _g_, 1, and i are known in which coordinated 

dinitrogen is reduced, and one dinitrogen ligand is lost (2). For 

the reaction 

[Mo(N
2
) (dpe) ] + RBr ~ [Mo(N R)(Br)(dpe) ] + N2 , 
2 2 2 2 

preliminary kinetic data have been reported, in which the reaction 

was found to be first-order in the concentration of l, with a 

rate constant of ca. 10-4 sec-1 at 20° C (24). This rate constant 

is in good agreement with that obtained in the reaction of l with 

nitriles, and thus it is proposed that the rate determining step 

in the reaction of l with alkyl halides is loss of dinitrogen. 

Thus, the coordinately unsaturated intermediate probably abstracts 

halide from the alkyl halide, and then the alkyl group adds to the 

coordinated dinitrogen, yielding the observed product. The loss 

of one dinitrogen is also observed in the reactions of 3 and 4 

with H SO to yield ammonia (2). In this reaction, 1.9 equivalents 
2 4 

of ammonia are produced from!, but only 0.7 equivalents of 

ammonia are produced from~- Since the bulk of the remaining 

nitrogen is not accounted for in reduced nitrogen products, it 

could be lost as di nitrogen. Based on the values of k2 for 1 and 

4, it is likely that the reduced yield of ammonia in the reaction 
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of I is a result of the more rapid loss of the second dinitrogen 

in l• Finally, the use of the rate constants reported in this 

chapter to explain the reactions in acidic solutions should be 

valid, since the rate constants for the reaction of l with nitriles 

did not change upon running the reaction in the presence of 0.1 

equivalents of anhydrous HCl (25). 

CONCLUSIONS 

Dissociation of dinitrogen is a fundamental reaction of 

transition metal dinitrogen complexes, and thus the mechanism 

and kinetics of this process must be known to understand the 

mechanisms of the reactions of these complexes. The details for 

the displacement of dinitrogen from trans-[M(N
2
)
2
(dpe)

2
J and 

cis-[M(N) (PMe Ph)
4
J (M = Mo, W) by nitriles have been presented. 

- 22 2 
I 

In each of the thermal reactions, an SNl dissociative mechanism 

was proposed to explain the kinetic data. With the aid of the 

kinetic data on the reaction of trans-[Mo(N ) {dpe) ] with nitriles, 
2 2 2 

it was possible to conclude that the rate determining step in the 

reaction of trans-[Mo(N
2
)
2
(dpe)

2
J with alkyl halides is the loss 

of dinitrogen, and thus it is the coordinately unsaturated inter­

mediate which activates dinitrogen towards reduction. 

Therefore, it is proposed that these molybdenum and tungsten 

bis-dinitrogen complexes activate dinitrogen towards reduction, 
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where others have failed, primarily because there are two dinitrogens 

bonded to the metal. One can dissociate, leaving a coordinately 

unsaturated intermediate which activates the remaining dinitrogen 

towards reduction. 

It is hoped that, with the aid of work presented in this 

chapter, future research will be able to explain in detail how 

coordinated dinitrogen is reduced in these complexes. 
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APPENDIX I 

Reactions of cis-[W(N )(PhCN)(PMe Ph) J and 
- 2 2 4 

trans-[Mo(N )(PhCN)(Ph PCH CH PPh) ] 
2 2 2 2 2 2 

With Acids 
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INTRODUCTION 

There has been considerable interest in the reactions of 

trans-[M~N2)2{dpe)
2
J and cis-[M(N2)

2
(PMe

2
Ph)

4
J {M = Mo, W; 

dpe = (C
6
H
5
)
2

PCH
2

CH
2

P(C
6
H
5

)
2

; PMe2Ph = P(CH
3
)
2
(c

6
H
5
)) with acids, 

since ammonia and other reduced nitrogen products are produced 

in these reactions (1,2). 

However, little has been done along similar lines with trans­

[Mo(N
2

)(RCN){dpe)
2
J, l, or cis-[W(N

2
)(RCN)(PMe

2
Ph)

4
J, _g_, even 

though the reactions of these compounds with acids would be 

particularly interesting, since either the dinitrogen could be 

reduced, or the nitrile could be reduced, possibly to amines. 

Some reactions of 1 have been studied. The reaction of 1 

with PhCOCl yielded trans-[Mo(Cl)(N
2
COPh)(dpe)

2
J, for which a 

crystal structure has been done (3), and this was the same 

product obtained by the reaction of trans-[Mo(N 2)2{dpe) 2J with 

PhCOCl (4). The electrochemistry of l has also been investigated (5), 

but the reactions of l_ or _g_ with acids have not been reported. 

Thus, we initiated our study of these reactions. 
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EXPERIMENTAL 

Materials and Syntheses 

All solvents used were reagent grade, obtained from MCB. 

All solvents were freshly distilled in vacuo immediately before 

use. The liquid nitriles were distilled from phosphorous (V) 

oxide, methanol was distilled from magnesium turnings, dichloro­

methane was distilled from Linde 4 ~ molecular sieves, and THF 

was distilled from sodium/benzophenone. All other solvents 

were distilled from titanocene (6). Molybdenum (V) chloride and 

tungsten (VI) chloride were obtained from Roe/Ric and purified 

by refluxing in CC1 4, under a nitrogen atmosphere, for two days 

with visible irradiation (7,8). 1,2-Bis(diphenylphosphino)ethane 

and dimethylphenylphosphine were obtained from Roe/Ric, triphenyl­

phosphine was obtained from MCB, and all were used without 

further purification. HCl(g) was obtained from Matheson, and it 

was purified by freeze-pump-thawing. 

All reactions were carried out using vacuum line and dry 

box handling techniques which are standard for our group (6). 

Trans-[Mo(N
2
)(PhCN)(dpe)

2
J was prepared by published procedures (9), 

and the elemental analysis and ir spectrum were in agreement 

with the literature. The syntheses and analyses of cis­

[W(PhCN)(L)(PMe2Ph) 4J (L = N2, PhCN) were described in Chapter 2 

of this thesis. 
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Toepler Pump Reactions 

l .29 mmole of anhydrous HCl(g) was added to 65 mg (6.35 x 

10-2 mmole) of trans-[Mo(N
2
)(PhCN)(dpe)

2
J in 10.5 ml of toluene. 

At -78° C, the solution changed from green to yellow in ca. 5 min, 

and no dinitrogen or hydrogen was evolved. The same reaction 

was also observed at room temperature. The product was formulated 

as [Mo(Cl)(N
2
H

2
){dpe)

2
J[Cl]. Anal. Calcd. C, 62.58; H, 5.07; N, 

2.82. Found: C, 63.31; H, 5.19; N, 2.42. 

0.132 mmole of cis-[W(N
2

)(PhCN)(PMe
2

Ph)
4

J was prepared 

in situ, in 11 .0 ml of toluene. 2.64 mmole of anhydrous HCl(g) 

was added to this solution at -200° C. A rapid reaction occurred, 

in which no gases were evolved. The tar which remained was 

intractable. 

0.149 mmole of cis-[W(N
2

)(PhCN)(PMe
2

Ph)
4

J was prepared~ 

situ, in 11 .0 ml of toluene. 2.98 mmole of anhydrous HCl(g) 

was added to the solution at room temperature. A rapid reaction 

took place, in which 0.151 mmole of dinitrogen was evolved. 

Again, the tar which remained was intractable. 

Physical Measurements 

All ir spectra used to identify the products were measured 

on a Beckman IR 12 using Nujol mulls. All elemental analyses 

were performed by the micro-analytical lab in our department. 



79 

RESULTS AND DISCUSSION 

In the reaction of l with anhydrous HCl, no dinitrogen is 

evolved, but in the reaction of trans-[Mo(N 2)2{dpe) 2J with HCl, 

both dinitrogen ligands are lost and the metal hydride complex 

is formed (1). However, the reaction of trans-[W(N) {dpe) J 
2 2 2 

with HCl yields trans-[W(NNH 2)(Cl)(dpe)
2
J[Cl] (1,10). Thus, by 

analogy with this latter reaction, it is proposed that the 

product of 1 with HCl is trans-[Mo(NNH )(Cl)(dpe) ][Cl], 3. The 
- 2 2 -

elemental analysis for the product is in good agreement with 

that expected for 1, but their spectrum does not confirm this 

structure. No N-H stretching band is observed in the 3300 cm- 1 

region (11), but then this band should be broad and weak. There 

is a band at 1415 cm-1 which may be due to an NN stretch (4), 

but without the 15N analogue it would be foolish to assign this 

band as the NN stretch. Finally, there are three bands at 740, 

700, and 650 cm- 1

, along with two bands at 530 and 480 cm- 1
, 

which are observed in all the Group VIB metal complexes with two 

dpe ligands in a plane. Thus, their spectrum neither confirms 

nor disproves the proposal that the product is trans-[Mo(NNH 2)(Cl){dpe) 2] 

[Cl]. 

The reaction of£ with anhydrous HCl yields different products 

at different temperatures. If the reaction is run at -200° C, 

then no gases are evolved. However, if the reaction is run at room 



80 

temperature, then l molar equivalent of dinitrogen is evolved . The 

tar which remained after the solvent was removed from each reaction 

solution was intractable . These reactions were also observed 

when methanol was used as the solvent, and no HCl was added. 

Again, the 'products' were intractable. 

It should be noted that the reactions of l and 2 with HCl 

are far faster than the reactions of the parent bis-dinitrogen 

complexes with HCl. For example, the reaction of l with HCl is 

complete after ca. 5 min at -78° C, but the reaction of trans­

[Mo(N2)2(dpe) 2J with HCl is only 16% complete after two days at 

40° C. Furthermore, _g__ reacts rapidly with methanol at -78° C, 

but the reaction of cis-[W(N2)2(PMe2Ph) 4J with methanol at 

-78° C is negligible. Thus, it seems that the mono-nitrile 

complexes are much more reactive than their parent bis-dinitrogen 

complexes. 

Iri the future, it would be useful to scale up the reactions 

of l and 2 so that ~ny amines o~ reduced dinitrogen products 

could be more easily detected and analyzed (12). Also, it would 

be interesting to extend this study to the reaction of cis­

[W(PhCN) 2{PMe2Ph) 4J with HCl, with particular attention paid to 

the possibility of 1° amine production. 
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CONCLUSIONS 

It was found by Leigh and Pickett (5) that .l_ could be 

attached to a tin oxide electrode, with the nitrile as the 

bridging ligand. It was proposed that this system may allow for 

the pseudo-catalytic electrochemical reduction of dinitrogen in 

the presence of acids. Based on the reaction of .l_ with anhydrous 

HCl, it can be concluded that the proposed research of Leigh and 

Pickett should fail, since the metal-nitrile bond should be broken, 

and thus the complex should be lost from the electrode. 

Finally, future research into the possible reduction of the 

nitriles of cis-[W(RCN)(L)(PMe
2
Ph)

4
J (L = N2, RCN) by simple 

acids under mild conditions could be fruitful. 



82 

REFERENCES 

(1) J. Chatt, J~ 0rganometal ~ Chem. 100, 17 (1975), and references 

therein. 

(2) J. Chatt, A. J. Pearman, and R. L. Richards, J. Chem. Soc., 

Dalton 1852 (1977). 

(3) M. Sato, T. Kodama, M. Hidai, and Y. Uchida, J. 0rganometal. 

Chem. 152, 239 (1978). 

(4) J. Chatt, A. A. Diamantis, G. A. Heath, N. E. Hooper, and 

G. J. Leigh, J. Chem. Soc., Dalton 688 (1977). 

(5) G. J. Leigh and C. J. Pickett, J. Chem. Soc., Dalton 1797 

(1977). 

(6) J. E. Bercaw, J. Am. Chem. Soc. 96, 5087 (1974). 

(7) E. L. Mccann III, and T. M. Brown, "Inorganic Syntheses, 11 

Vol. 12, R. W. Parry, ed., McGraw-Hill Co., New York, N.Y. 

(1970) pp. 181-186. 

(8) E. R. Epperson, S. M. Horner, K. Knox, and S. Y. Tyree, Jr., 

"Inorganic Syntheses," Vol. 7, J. Kleinberg, ed., McGraw-Hill, 

Co., New York, N.Y. (1963) pp. 163-169. 

(9) T. Tatsumi, M. Hidai, and Y. Uchida, Inorg. Chem. !i, 2530 

(1975). 

(10) ~-A.Heath, R. Mason, and K. M. Thomas, J. Am. Chem. Soc. 

96, 259 (1974). 



83 

(11) J. Chatt, G. A. Heath, and R. L. Richards, J. Chem. Soc., 

Dalton, 2074 (1974). 

(12) D. C. Busby and T. A. George, Inorg. ·chim. Acta 29, L273 

(1978). 



84 

APPENDIX II 

Programs 
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