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Abstract

Direct synthesis of organo-nitrogen compounds from molecular nitrogen is a challenging subject in the chemistry of nitrogen
fixation. Toward this direction, we have long been investigating novel chemical transformations of coordinated dinitrogen.
Described herein are our recent results on (1) synthesis of nitrogen-heterocycles from molecular nitrogen via condensation
reactions of hydrazido complexes with dialdehydes or their equivalents, (2) bimetallic arylation of molecular nitrogen by using
reactions of anionic dinitrogen complexes with n°-fluoroarene complexes, and (3) catalytic silylation of molecular nitrogen.
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1. Introduction

Molecular nitrogen is the most abundant but the
least reactive nitrogen compound, and direct syn-
thesis of organo-nitrogen compounds using
molecular nitrogen as a nitrogen source is a chal-
lenging goal in organic synthesis. Dinitrogen
complexes of transition metals have been attract-
ing broad interest because coordinated dinitrogen
shows a variety of reactivities forming nitrogen—
carbon and nitrogen—hydrogen bonds under mild
conditions [1,2]. Despite extensive studies on
reactivities of dinitrogen complexes, nitrogen-
containing compounds derived from dinitrogen
complexes have still been limited to ammonia,
hydrazine, simple alkylamines, and azines. Aim-
ing at developing direct synthetic methods for
more valuable organo-nitrogen compounds from
molecular nitrogen, we have continuously been

* Corresponding author.

1381-1169/96/$15.00 © 1996 Elsevier Science B.V. All rights reserved

SSDI1381-1169(95)00165-4

investigating reactivities of coordinated dinitro-
gen in complexes of the type M(N,),(L),
(M =Mo, W; L=phosphine). Here we wish to
summarize our recent results.

2. Synthesis of nitrogen heterocycles from
molecular nitrogen

Synthesis of nitrogen-heterocyclic compounds
from dinitrogen is quite an interesting subject
because of their widespread occurrence in biolog-
ical systems. We have found some novel reactions
which enable effective construction of nitrogen-
heterocycles from coordinated dinitrogen and
selective liberation of the heterocycles from the
resultant complexes.

We have previously reported that dinitrogen
complexes of the type M(N,),(L), (M =Mo, W,
L = phosphine) react with acids to give hydrazido
complexes with a NNH, ligand, which can readily
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be converted into diazoalkane complexes with a
N,CRR' ligand by treatment with carbonyl com-
pounds (RR'C=0) [3]. This reaction provides
one of the most potential and convenient methods
for nitrogen—carbon bond formation at the coor-
dinated dinitrogen. This condensation method has
now been applied to dialdehydes or their equiva-
lents to obtain nitrogen-heterocycles from molec-
ular nitrogen.

The reaction between phthalaldehyde and the
tungsten hydrazido complex [WCI,(NNH,)
(PMe,Ph);] (2), which is readily obtained from
the dinitrogen complex [W(N,),(PMe,Ph),]
(1), proceeded smoothly at room temperature in
the presence of catalytic amounts of HCl to afford
the N-phthalimidylimido complex

- 1
[WCIL,(NNCOCH,,CH5)(PMe,Ph)s]
(3) (Eq. 1, depicted in Scheme 1) [4]. The struc-
ture of complex 3 has been unequivocally deter-
mined by X-ray analysis.

Liberation of the heterocyclic moiety from
complex 3 has been achieved by reduction with
NaAlH,(OCH,CH,0Me), and acidolysis with
HBr to form phthalimidine and N-aminophthal-
imidine in 49 and 69% yields, respectively (Eq.
2, depicted in Scheme 2).

On the other hand, the condensation reaction of
2,5-dimethoxytetrahydrofuran and hydrazido
complexes [MF(NNH,)(dpe),][BF,] (5a,
M=W,; 5b, M=Mo), derived from dinitrogen
complexes [M(N,),(dpe),] (4a, M=W; 4b,
M=Mo) and HBF,, gave I-pyrrolylimido
complexes

—

IMF(NNCH=CHCH=CH)(dpe),][BF4]

(6a, M=W 6b, M=Mo) in good yields (Eq. 3,
depicted in Scheme 3) [5]. The structures have
been characterized by 'H and '*C NMR spectra.
Thus, the >C NMR spectrum of the tungsten com-
plex 6a showed signals at 106.6 and 119.4 ppm
due to the a- and B-carbons of the pyrrole ring,
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respectively. In the '"H NMR spectrum, two trip-
lets were observed at 6 4.88 and 5.41 ppm, which
were assigned to the - and B-protons of the pyr-
role ring, respectively. The higher field shift of the
resonance assigned to the a-protons is remarka-
ble, since the resonance due to the a-protons of
free pyrrole appears at 6.6 ppm. This may be
caused by the shielding effect of the phenyl groups
of the dpe ligands. By a similar reaction, the pyr-
rolylimido tungsten complex with PMe,Ph
ligands (7) was prepared in a high yield (Eq. 4,
depicted in Scheme 4).

The molecular structure of the tungsten pyrro-
lylimido complex 6a has further been confirmed
by the X-ray diffraction method. The terminal
nitrogen atom of the hydrazido ligand is incor-
porated in the pyrrole ring to form the pyrrolylim-
ido ligand. The W—N-N bond is nearly linear, and

the tungsten and nitrogen atoms lie almost on the
plane of the pyrrole ring. The N-N bond distance
of 1.41(1) A is longer than those of usual hydra-
zido complexes (1.25-1.38 A). This may be
accounted for by the participation of the lone pair
electrons on the pyrrole—nitrogen atom in forming
the 67r aromatic system instead of their delocal-
izing over the W—N—N moiety.

Liberation of pyrrole and N-aminopyrrole from
complexes 6 and 7 was also investigated. Reduc-
tion with LiAlH, was found to be effective for
liberating pyrrole from the cationic pyrrolylimido
complex 6a (Eq. 5, depicted in Scheme 5). The
reaction occurred at room temperature in THF and
pyrrole was obtained in over 80% yield after 20
h, concurrent with formation of ammonia (70~
74%), N-aminopyrrole (2-7%) and tungsten
tetrahydride [WH,(dpe).,] (8a, 15-22%). Inter-
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estingly this reaction proceeded smoothly under
much milder conditions than the known hydride
reductions of dialkylhydrazido or alkyldiazenido
complexes with dpe ligands, where temperatures
higher than 75°C and much longer reaction time
were required [6,7]. The facile cleavage of the
N-N bond observed here is considered to reflect
the relatively long N-N bond distance described
above. A similar reaction of the molybdenum ana-
logue 6b also gave pyrrole (66—67%), N-amino-
pyrrole (33-34%), and [MoH,(dpe),] (8b)
(42-48%). It is of particular interest to point out
that the tetrahydrides 8a and 8b can be converted
to dinitrogen complexes 4a and 4b, respectively,
by irradiation under a nitrogen atmosphere [8—
10]. Therefore, a reaction cycle can be accom-
plished to prepare pyrrole and N-aminopyrrole
from molecular nitrogen by using dinitrogen com-
plexes 4 (Scheme 6).

In contrast, treatment of the pyrrolylimido com-
plex 7 with potassium hydroxide in ethanol at
room temperature gave N-aminopyrrole as the
major product (Eq. 6, depicted in Scheme 7).
When one PMe,Ph ligand in 7 was replaced by a
CO ligand and 2-propanol was used instead of

ethanol, the selectivity of N-aminopyrrole was
improved up to nearly 100%.

The reactivity of the pyrrole ring newly formed
on the tungsten complex 6a is also worth men-
tioning. We have found that it undergoes highly
B-selective electrophilic substitution reactions
(Eq. 7, depicted in Scheme 8). For example,
when this complex was treated with NBS in THF
at —10°C, the B-bromo derivative 9a was
obtained in 74% yield and no a-brominated com-
plex was detected. Further, exclusive 8-cyanation
was achieved by a reaction with chlorosulfonyl
isocyanate and DMF, whereas [B-benzoylation
was performed by a reaction with benzoyl chloride
in the presence of AlCl;.

Because electrophilic substitutions of free pyr-
role are known to occur predominantly at the a-
position, it is of interest that the regioselectivity
was completely changed in the reaction of the
pyrrolylimido complex 6a. This fact may be
explained by the steric effect of dpe ligands sur-
rounding the pyrrole ring, which causes the pro-
tection of the a-position of the pyrrole ring and
leads to the exclusive attack of electrophiles at the
B-position. The B-selective substitution reactions
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coupled with the LiAlH, reduction shown above
can be applied to the synthesis of B-substituted
pyrroles, which can hardly be obtained from pyr-
role by conventional methods.

3. Bimetallic arylation of molecular nitrogen

Arylation of molecular nitrogen may be of par-
ticular interest from an industrial point of view.
However, arylation of coordinated dinitrogen has
rarely been achieved. Prior to our study, the only
example of the direct arylation of coordinated din-
itrogen was found in the reaction of a molybde-
num dinitrogen complex with a
tetrathia-macrocycle ligand [Mo(N,),
(Meg[16]aneS,) ] with iodo- or bromoarenes to
give aryldiazenido complexes [11]. In contrast,
it has been claimed that dinitrogen complexes of
the type M(N,),(L)y, (M=Mo, W;
L = phosphine) do not undergo direct arylation of
coordinated dinitrogen [12]. We have now
adopted bimetallic approach for arylation of

molecular nitrogen: a reaction between dinitrogen
complexes and haloarene complexes [13].

At first, we examined reactions of dinitrogen
complexes 1 and 4a with several haloarene com-
plexes such as [RuCp(7°~C¢HsF)1[PFs] (10)
and [Cr(n°-p-FCsH,COOMe) (CO);] (11), but
in all cases no distinct reaction was observed at
room temperature. In contrast, an anionic dinitro-
gen complex [NBu,][W(NCS)(N,)(dpe),]
(12), which is readily prepared by irradiation of
4a in the presence of NBu,SCN with a tungsten-
filament lamp [14], reacted with 10 in THF at
room temperature to give a dark red new complex
[W(NCS) {N=N[(7*-CsHs)RuCp]} (dpe),]
[PF¢] (13) in 55% yield (Eq. 8, depicted in
Scheme 9). Obviously the activation of the fluo-
roarene 1s essential for the reaction, since free
fluoroarenes did not react with 12,

Introduction of various aryl groups (Ph, Tol,
CcH,OMe, C;H,COOMe) onto the coordinated
dinitrogen was achieved by the use of RuCp™ as
the activating group for the fluoroarenes. Chro-
mium complex 11 also underwent similar N-aryl
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bond formation to give [W(NCS) {N=N[ ( n°-p- be used for the introduction of other aryl groups.
CsH,COOMe)Cr(CO)31}(dpe),] (14), but In this respect, RuCp™ is the more efficient acti-
other fluoroarene—chromium complexes could not vating group for fluoroarenes than Cr(CO)s,.
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Fig. 1. ORTEP drawing for the cationic part of complex 13.
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However, [RuCp(7°®-C¢HsCl)][PFg] failed to
undergo the arylation reaction with 12.

The detailed molecular structure of the bime-
tallic complex 13 has been unambiguously deter-
mined by X-ray diffraction study. The ORTEP
view is shown in Fig. 1. The bond angles for the
W-N-N (166(1)°) and N-N-C (122(1)°) link-
ages indicate that complex 13 belongs to a singly
bent diazenido complex. However, the N=N bond
distance (1.28 (1) A) is longer than those
reported for similar singly bent diazenido com-
plexes (1.16-1.29 A) and lie in the range of the
N-N bond distances observed in hydrazido and
diazoalkane complexes. This indicates that the
N=N bond multiplicity in complex 13 is consid-
erably reduced. In addition, notable change in the
n°-coordination mode of the aryl group was
observed. Thus, the Ru—C(1) bond (2.39(2) 10\)
is much longer than the other Ru—arene (av. 2.17
A) carbon bonds, indicating that the Ru atom is
displaced away from the N(2) atom. All the struc-
tural characteristics described above strongly sug-
gest that the u-aryldiazenido complex 13 receives
a large contribution of the unique zwitterionic res-
onance structure 15 (Eq. 9, depicted in
Scheme 10). Similar structural features were also
found in complex 14. Obviously the existence of
both the electron rich W(II) center and the elec-
tron withdrawing RuCp* or Cr(CO); group leads
to the significant contribution of the charge sepa-
rated resonance structure.

The mechanism for alkylation of coordinated
dinitrogen in 4 with alkyl halides (RX) has been
postulated to include an electron transfer process
from 4 to the alkyl halides and attack of the resul-

tant alkyl radical R on coordinated dinitrogen
[11,12,14]. In sharp contrast, the reaction of the
anionic dinitrogen complex 12 with fluoroarene
complexes 10 and 11 does not include electron
transfer process. This is strongly supported by
electrochemical measurements of 10, 11 and 12.
Further, when [FeCp(n°-C¢HsF)][PFs], which
undergoes electrochemical reduction at —1.22 V
vs. SCE to give a 19-electron species, was used
instead of 10, only the one electron oxidation of
12 occurred and no N-arylation product was
obtained. Therefore, the bimetallic arylation of
Eq. 8 (depicted in Scheme 9) is considered to
proceed via the direct nucleophilic substitution on
the n°®-fluoroarene by the terminal nitrogen atom
in 12, rather than the radical mechanism proposed
for the alkylation. The higher reactivity of the n°-
C¢HsF complex than the 7°-C¢HsCl analogue
agrees with the general reactivity order of haloar-
ene complexes in nucleophilic substitutions. It
should also be pointed out that the ligating dini-
trogen in 12 is endowed the higher nucleophilicity
than that in 1 and 4a since the stronger back-
donation to the ligating dinitrogen is expected
from the anionic tungsten center.

3.1. Catalytic silylation of molecular nitrogen

We have recently found that silylation of coor-
dinated dinitrogen occurs when dinitrogen com-
plexes of the type [M(N,),(L),] (M=Mo, W;
L =phosphine) are treated with Me,Sil [15],
R;SiCl/Nal, [16] or ClMe,SiCH,CH,SiMe,Cl/
Nal [17]. A series of silylhydrazido and silyldi-
azenido complexes were obtained by this method.
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Detailed investigation of the reactivity of trime-
thylsilyldiazenido complexes has eventually led
to discovery of the catalytic system in which
molecular nitrogen is converted into silylamines
in the presence of the molybdenum dinitrogen
complex [Mo(N,),(PMe,Ph),] (Eq. 10) [18].
The silylamines were obtained with the turnover
number up to 25 mol/Mo atom concurrent with
formation of Me;SiSiMe;. This provides quite a
rare example of the catalytic nitrogen fixation pro-
moted by transition metal complexes.

cis-[Mo(N2)2(PMezPh)4]

Me3SICl+Na+N2 -
N(SiMe;); + HN(SiMe;), + Me;SiSiMe;
(10)
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