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ABSTRACT: A molybdenum—dinitrogen complex bearing two
ancillary ferrocenyldiphosphine ligands, trans-[Mo(N,),(depf), ]
(depf = 1,1'-bis(diethylphosphino)ferrocene), catalyzes the con-
version of molecular dinitrogen (N,) into silylamine (N(SiMe;)3),
which can be readily converted into NH; by acid treatment. The
conversion has been achieved in the presence of Me;SiCl and Na at
room temperature with a turnover number (TON) of 226 for the
N(SiMe;); generation for 200 h. This TON is significantly improved
relative to those ever reported by Hidai's group for mononuclear

N, (1 atm) + Me,SiCl + Na

| 1 (cat.)

P P —— N(SiMe
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molybdenum complexes having monophosphine coligands [ J. Am. Chem. Soc. 1989, 111, 1939]. Density functional theory (DFT)
calculations have been performed to figure out the mechanism of the catalytic N, conversion. On the basis of some pieces of
experimental information, SiMej; radical is assumed to serve as an active species in the catalytic cycle. Calculated results also support that
SiMej; radical is capable of working as an active species. The formation of five-coordinate intermediates, in which one of the N ligands
or one of the Mo—P bonds is dissociated, is essential in an early stage of the N, conversion. The SiMe; addition to a “hydrazido(2—)”

intermediate having the NN(SiMe3), group will give a “hydrazido(1

—)” intermediate having the (Me;Si)NN(SiMe;), group rather

than a pair of a nitrido (=N) intermediate and N(SiMe;);. The N(SiMe;); generation would not occur at the Mo center but proceed
after the (Me;Si)NN(SiMe;), group is released from the Mo center. The flexibility of the Mo—P bond between Mo and depf would

play a vital role in the high catalysis of the Mo—Fe complex.

B INTRODUCTION

Nitrogen fixation under ambient reaction conditions is one of
the most important and challenging topics in chemistry." Mo-
lecular dinitrogen (N,) is chemically inert due to its extremely
strong, nonpolar triple bond (225 kcal/mol) as well as the large
HOMO—LUMO gap. Industrial nitrogen fixation typified by the
Haber—Bosch process requires drastic reaction conditions of
high pressures and high temperatures. Since the discovery of the
first transition metal—N, complex [Ru(N,)(NH;)s]*" by Allen
and Senoffin 1965,% a great deal of effort has been devoted to the
development of artificial nitrogen fixation systems that are
capable of working under mild reaction conditions. Nowadays,
a great number of well-defined N, complexes are known for almost
all d-block transition metals as well as some f-block metals, and a lot
of studies have been reported so far on stoichiometric transforma-
tion of their coordinated N, into ammonia (NH;) and hydrazine
(NHZNHZ).%14 In 1975, for example, Chatt and co-workers found
the formation of NH; by protonolysis of tungsten—N, and
molybdenum—N, complexes [M(N,),(PR3)4] (M = Mo, W)."
In sharp contrast to such stoichiometric reactivity of transition-
metal—N, complexes, there are only a few examples of the catalytic

transformation of N, into NHj; and/or its NH; equivalent usmg
transition metal complexes under mild reaction conditions.'® In
1972, Shiina discovered the metal-chloride-catalyzed reductive
transformation of N, into tris(trimethylsilyl)amine (N(SiMe)3),
which can be readily converted into NH; by acid treatment, in
the presence of Me;SiCl and lithium."” The turnover number
(TON) of N(SiMes); generation was up to 5.4 (CrCls). Hidai,
Mizobe, and co-workers reported in 1989 a more effective
method for N(SiMe;); generation using Me;SiCl and sodium
together with molybdenum N, complexes such as [Mo(N,),-
(PMe,Ph),] as a catalyst."® In their reaction system, the TON
reached 24 based on the Mo atom. The mechanism of this
catalytic reaction still remains to be elucidated although they
proposed a mechanism involving a silyldiazenido intermediate
formed by the attack of SiMe; radical on the N, ligand. Recently,
Yandulov and Schrock reported the direct conversion of N, into
NH; using a molybdenum N, complex bearing an ancillary tri-
amidoamine ligand."” They adopted a pair of proton and electron
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donors, lutidinium and decamethylchromocene, for the nitrogen
fixation and proposed a catalytic mechanism containing successive
hydrogenation of N, through alternating steps of protonation and
reduction. The hydrogenation of a Mo—NNH, intermediate gives a
nitrido (=N) intermediate and the first molecule of NH;, and then
the nitrido ligand on Mo is converted into the second molecule of
NH;. At present, the validity of this mechanism is strongly supported
by the isolation and observation of a large part of reactive inter-
mediates as well as intensive theoretical studies on the catalytic
cycle.*** Unfortunately, the TON for the NH; generation was not
very high (up to 8 based on the Mo atom).”®

Quite recently, some of us have reported the synthesis and the
stoichiometric reactivity of molybdenum—N, and tungsten—N,
complexes bearing ferrocenyldiphosphines as auxiliary ligands,
trans-[M(N,),(depf),] (M =Mo (1a), W (2a); depf = 1,1'-
bis(diethylphosphino)ferrocene), where the electron transfer
process from the ferrocene moiety to the tungsten or molybde-
num center may be expected to assist the reduction of the
coordinated N, into NH;.*® During the continuous study on
the development of novel nitrogen fixation system under mild
reaction conditions,”” a more efficient catalytic nitrogen fixation
system was found by using 1a as a catalyst. Dinitrogen under an
atmospheric pressure was catalytically converted into N(SiMe3);
in the presence of Me;SiCl and sodium in quite a high TON.

N
Et, m Et,

Fe Mo Fe
@R D e
Et, m Et,

N

trans-[M(Nz)z(depf),]
M = Mo (1a), W (2a)

An intriguing subject is to elucidate how the coordinated N, is
converted in this multimetallic system and how the depf ligands
enhanced the catalysis for the conversion of N, into N(SiMe;);. For
the present reaction system, unfortunately, we have not obtained

experimental information that can be directly associated with the
determination of the catalytic mechanism. Computational quantum
chemistry will provide a valuable insight into our understanding,
Actually, some of us have computationally revealed the mechanisms
on the activation and triple-bond cleavage of N, by a cubane-type
Rulr,S, cluster” as well as a hydride-bridged diniobium complex.”
In this Article, we describe typical results of the catalytic conversion of
N, into N(SiMe;); using 1a as a catalyst and propose a possible
reaction pathway by quantum chemical calculations.

B RESULTS AND DISCUSSION

Catalytic Conversion of N, into N(SiMe3)3 by 1a. Typical
experimental results are summarized in Table 1 for the conversion
of N, into N(SiMej); by using 1a as a catalyst. Details are described
in the Supporting Information. Treatment of Na (60 mmol) and
Me;SiCl (60 mmol) in the presence of a catalytic amount of 1a
(0.015 mmol) in THF (tetrahydrofuran; 40 mL) under an atmo-
spheric pressure of N, at room temperature for 20 h gave 1.35
mmol of N(SiMe;); together with some side products such as
Me;SiSiMe;, Me;Si(CH,),0SiMe;, and "BuOSiMe; (eq 1; Ta-
ble 1, run 1). The generated N(SiMe;); was isolated from the
reaction mixture and confirmed by 'H and ">C NMR and MS.

catalyst
(0.015 mmol)

N, + reductant + Me;SiCl
(1 atm) (60 mmol) (60 mmol) THE, rt

N(SiMe3), (1)
The amounts of N(SiMe;); and other side-products were deter-
mined by GLC analysis. The TON for the formation of N(SiMe;);
was 90 based on the Mo atom of 1a. A longer reaction time (100 h)
increased the amount of N(SiMe;); up to 1.77 mmol, corresponding
to a TON of 118 (Table 1, run 2). In the reaction with Li as a
reductant in place of Na (Table 1, run 3) for 100 h, a smaller amount
of N(SiMe;); (0.56 mmol, TON = 37) was formed together with a
larger amount of Me;SiSiMe; (16.53 mmol). The reaction in a more
dilute solution (60 mL of THF) yielded a larger amount of N-
(SiMes)5 (2.25 mmol, TON = 150; Table 1, run 4) than the result of
run 2 of Table 1. The TON reached 184 after 150 h, and Me;SiCl was
confirmed to be depleted in the reaction solution (Table 1, run ).
Here, we considered that the presence of more Na and Me;SiCl may
produce an extra amount of N(SiMe3); from the reaction mixture

Table 1. Reactions Using Reductant (60 mmol) and Me;SiCl (60 mmol) Were Carried Out in the Presence of a Catalyst (0.015
mmol) under Atmospheric Pressure of N, at Room Temperature in THF

run catalyst reductant THF (mL)
1 la Na 40
2 la Na 40
3 la Li 40
4 la Na 60
5 la Na 60
6 3 Na 40
7 1b Na 40
8 4 Na 40
9 2a Na 40
10 S Na 40
11 6 Na 40
12 7 Na 40
13 8 Na 40

time (h) amount of N(SiMes); (mmol)* TON’
20 1.3§ 90
100 1.77 118
100 0.55 37
100 225 150
200 3.39 226
20 0.48 32
20 0.81 54
20 0.01 <1
20 0.90 60
20 0.24 16
20 0.18 12
20 0.04 3
20 0.66 44

“ Determined by GLC. " TON = N(SiMe3)5/catalyst. “ Another THF solution (60 mL) of Me;SiCl (60 mmol) and Na (60 mmol) was added after 100 h.
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when the catalytic ability of 1a is still alive at this stage. In fact, addition
of Na (60 mmol) and Me;SiCl (60 mmol) to the reaction solution
after 100 h produced an extra amount of N(SiMes); from the
solution used in reaction mixture. The total amount of N(SiMes);
was finally measured to be 3.39 mmol with a TON of 226 (Table 1,
run S). Both N, gas and 1a were confirmed to be indispensable for
the formation of N(SiMe3); (see the Supporting Information).
Under the reaction conditions similar to run 1 in Table 1,
replacement of 1a with trans-[Mo(N,),(depf)(PMePh,)] (1b)
and cis-[Mo(N,),(PMe,Ph),] (3) decreased the TONs to 54
and 32, respectively (Table 1, runs 6 and 7). Previously, Hidai’s
group reported that cis-[W(N,),(PMe,Ph),] (4) did not work as
a catalyst for the formation of N(SiMes)s."* We also confirmed
that 4 did not catalyze this reaction under the same reaction
conditions (Table 1, run 8). Interestingly, the reaction in the
presence of a catalytic amount of trans-[W(N,),(depf),] (2a)
gave N(SiMes);, where the TON reached 60 (Table 1, run 9). In
sharp contrast to the efficient catalysis of 1a and 2a, low catalysis
was observed for molybdenum—N, and tungsten—N, com-
plexes having other diphosphines as ancillary ligands such as
trans-[Mo(N,)(dppe),] (dppe = 1,2-bis(diphenylphosphino)
ethane; §), trans-[Mo(N,),(depe),] (depe = 1,2-bis(diethylphos-
phino)ethane; 6), and trans-[W(N,),(depr),] (depr = 1,1'-bis-
(diethylphosphino)ruthenocene; 7). The TONS for the N(SiMe;);
formation were measured to be 16 for 5, 12 for 6, and 3 for 7 (Table 1,
runs 10—12). All the experimental results clearly show that the depf
ligands in la and 2a are responsible for their efficient catalysis.
Unfortunately, we were not able to detect any structurally defined
complexes by NMR after the catalytic reaction. As a piece of experi-
mental information leading to elucidation of the catalytic mechanism,
it should be noted that N(SiMe;); was not observed at all when dry
air was used in place of N,. This would imply that O, in the air
inhibited the generation of radical species such as SiMe; radical.
Previously, Hidai's group reported the synthesis of a series of silyl-
diazenido complexes by the reaction of Mo and W dinitrogen com-
plexes such as 3, 4, and 5 with Me;Sil, Me;SiCl/Nal, or Me;SiOTT. It
was further revealed that reduction of trans-[MI(NNSiMe;)(PMe,-
Ph),] (M = Mo, W) with Na in the presence of Me;SiCl under Ar
affords N(SiMes)5 as a principal nitrogenous product."*** We investi-
gated the stoichiometric reaction of 1a with 1 equiv of Me;SiOTf
(OTf = OSO,CF;) at room temperature for 1 h, which gave the
corresponding silyldiazenido complex (8) in 69% isolated yield (eq 2).
When 8 was used as a catalyst in place of 1a, the TON for N(SiMe;)
was 44 (Table 1, run 13). In addition, the stoichiometric reaction of 8
with Na (20 equiv) and Me;SiCl (20 equiv) under an atmospheric
pressure of argon afforded N(SiMe;); in 88% yield based on 8 (eq 3).
These results suggest that the diazenido complex 8 can be regarded as a
reactive intermediate in the catalytic formation of N(SiMes);.

SiMe;
/
N
Et, r“: Et,
P’”’o \\\P
1a + Me,SIOT <?';>7/ Ml‘\ \?7 @
a e,Si _—— e {s] e
toluene, rt, 1 h
S|\
Et; o1f Efz
8
8+ Na + Me;SiCl N(SiMe;),  (3)
(20 equiv) (20 equiv) Tﬂf{ rt,)ZO h 88% yield
atm

Theoretical Calculations. In this section, we describe a
theoretical study on a mechanism of the conversion of N, into

N(SiMe3); catalyzed 1a. We briefly discuss the active silyl species
in the reaction solution and then propose a plausible mechanism
of the catalytic N, conversion. All calculations were carried out by
using the Gaussian09 program package.’® All intermediates
proposed in this study were searched on potential energy surfaces
by using the hybrid density functional B3LYP method.”" For
optimization, the LANL2DZ and 6-31G(d) basis sets were chosen
for the metal atoms (Mo, Fe) and the other atoms, respectively
(BS1).*> Optimized structures were confirmed to have no ima-
ginary frequencies by vibrational analyses. Ancillary depf ligands
were included without any simplification. The total charge of 1a is
equal to 0, and thus, the formal charges of Mo and Fe in 1a are 0
and +2, respectively. To determine the energy profile of the
proposed catalytic cycle, we performed single-point calculations at
the optimized geometries using the 6-311+G(d) basis set instead
of the 6-31G(d) basis set (BS2). Solvation effects (THF) were
taken into account by using the polarizable continuum model
(PCM).* Zero-point energy corrections were applied for enthal-
py changes (AH,) and activation energies (E,) calculated for each
reaction step.

1. Active Silyl Species. As mentioned above, SiMe; radical is a
possible active silyl species in the present reaction system. Here
we would like to deduce the active silyl species based on
theoretical calculations. If the active silyl species is directly
generated by the Si—Cl bond cleavage of Me;SiCl, the hetero-
lysis of Me;SiCl gives SiMe;™ and Cl™ (eq 4), while the
homolysis gives a pair of SiMe; and Cl radicals (eq 5):

Me;SiCl — Me;Sit + Cl~ (4)
Me;3SiCl — Me;Sie + Cle ()

The Si—Cl bond energy in THF is calculated to be 70.2 kcal/mol
for the heterolysis and 107.3 kcal/mol for the homolysis at the
B3LYP/6-311+G(d) level of theory. The large Si—Cl bond
energies for both the homolysis and heterolysis indicate that a
neutral Me;SiCl molecule would give neither SiMe; cation nor
SiMe; radical at room temperature. We can therefore rule out a
reaction mechanism containing “alternative protonation/reduc-
tion steps” from consideration, which is commonly accepted for
nitrogen fixation catalyzed by Schrock’s Mo complex.'””**

Here we consider the role of sodium in the reaction mixture. If
sodium in the reaction solution reduces Me;SiCl in advance, the
generated Me3SiCl anion is readily cleaved into SiMe; radical
and Cl anion (eqs 6 and 7):

reduction _
Me;SiCl ——— Me;SiCl (6)
Me;SiCl~ — Me;Sie + Cl ™~ (7)

From the difference in energy between the optimized structures
of Me;3SiCl and Me;SiCl , the adiabatic electron affinity of
Me;SiCl is calculated to be —13.2 kcal/mol. The Si—Cl bond
cleavage of Me3SiCl  in THEF is exergonic by 7.3 kcal/mol. These
values are in good agreement with the experimental fact that
Me;SiCl molecules slowly generate disilane Me3SiSiMej; in the
presence of Na in THF. From both the experimental and
theoretical results, the following discussion focuses on a radical
mechanism in which SiMej; radical plays a role in the catalysis.
2. Catalytic Mechanism for the Dinitrogen-to-Silylamine
Conversion. We present in Figure 1 a plausible mechanism on
the conversion of N, into N(SiMe;)5 via successive addition of
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Figure 1. Possible mechanism of the catalytic conversion of N, into N(SiMe;); by a molybdenum complex bearing ferrocenyldiphosphines. (a) Three
pathways to yield the four-coordinate intermediate IVb. (b) The formation of (Me3Si),NN(SiMe;) anion and the start of the next catalytic cycle. SiMe;

represents trimethylsilyl radical.

SiMe; radicals, which is partially relevant to Hidai and Mizobe’s
proposal for cis-[Mo(N,),(PMe,Ph),] 3% In their catalytic
mechanism, a five-coordinate intermediate is first formed by
the dissociation of one N, ligand in 3. Figure 2 shows optimized
structures of 1a and intermediates II—VIII proposed in the present
calculation. Figure 3 shows the overall energy profile containing the
enthalpy change and activation energy (in parentheses) for each
reaction step. Detailed information on the reaction steps, such as
optimized structures of reactant complexes, transition states, and
product complexes, are described in the Supporting Information.
The conversion starts with the addition of SiMe; to one of the N,
ligands in 1a to yield [Mo(N,)(NNSiMe;)(depf),] ITa. There are
three possible pathways (paths A—C) leading to the doubly
silylated intermediate IVb having the NN(SiMes), group. In paths
A and B, Ila releases the N, ligand to form a five-coordinate
intermediate [Mo(NNSiMes)(depf),] IIa. In path C, on the
other hand, one of the four Mo—P bonds in IIa is cleaved to form
another five-coordinate intermediate IIb. In path A, the second
SiMe; radical attacks ITla to yield a five-coordinate intermediate
IVa having the NN(SiMes), group, and then one of the Mo—P
bonds in IVa is cleaved to give a four-coordinate intermediate IVb.
In path B, one of the Mo—P bonds in ITla is cleaved in advance, and
then the generated four-coordinate intermediate IIIb is attacked by
the second SiMej; radical for the formation of IVb. In path C, the
five-coordinate IIb accepts the second SiMe; radical to form
[Mo(N,)(NN(SiMe3),)(depf),] V. The N, ligand in V is then
dissociated to give IVb. The third SiMe; radical attacks the N
atom adjacent to the Mo atom of IVb, leading to VI having the
Me;SINN(SiMe3), group. One-electron reduction and the Mo—N

bond cleavage of VI result in the formation of [Mo(depf),] VII
and (Me;Si),NN(SiMe;) anion. This anion liberated into the
reaction solution would be readily converted into two mole-
cules of N(SiMe;); by Me;SiCl and SiMej radicals. The next
cycle of the conversion of N, starts with the binding of a
new N, molecule by VII. The addition of SiMe; radical to
[Mo(N,)(depf),] VIII gives IIla and the following reactions
proceed along path A or B.

3. Addition of first SiMes Radical and Formation of Five-
Coordinate Intermediates. As shown in Figures 1 and 3, the
catalytic cycle starts with the addition of SiMej; radical to the
initial complex 1a, which is exergonic by 2.6 kcal/mol in THF.
The calculated activation barrier (8.3 kcal/mol) is low enough to
overcome at room temperature. As mentioned above, there are
three possible reaction pathways for the formation of five-
coordinate intermediates from the generated intermediate Ila:
the Mo—N,, bond dissociation leading to IIIa (paths A and B)
and the Mo—P bond dissociation leading to IIb (path C). As
shown in Figure 3, the enthalpy change for the Mo—N, bond
dissociation of ITa (ITa — IIIa) is calculated to be +2.4 kcal/mol
(E, = 13.7 kcal/mol) in THF, which is much smaller than that for
the Mo—N, bond dissociation of la (+18.4 kcal/mol; E, =
20.0 kcal/mol). These values suggest that the silylation of one
N, ligand prompts the dissociation of the other N, ligand. In
the Mo—depf system, a five-coordinate intermediate will be
formed after the silylation of the initial complex, while the
catalytic mechanism proposed for cis-[Mo(N,),(PMe,Ph),] 3
supposed that one N2 ligand dissociates from 3 before the
addition of SiMe;.*°
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Figure 2. Optimized structures of 1a and possible intermediates II—VIIL Hydrogen atoms are omitted for clarity. Interatomic distances are presented in A.

Figure 4 presents computed energy changes of 1a and Ila
plotted as a function of one of the Mo—P bond distances r.
Optimization at each fixed r was carried out at the B3LYP/BS1
level of theory, and the total energy in THF was obtained with a
single-point calculation at the B3LYP/BS2 level of theory. For
comparison, we show in this figure energy changes calculated for
trans-[Mo(N,),(dppe),] S having bidentate phosphine coli-
gands and its silylated complex trans-[Mo(N,)(NNSiMes)-
(dppe),] 9. The Mo—P bond cleavage of 1a requires E, of 9.8
kcal/mol, and the corresponding five-coordinate structure
(Mo—P = 6.371 A) is 6.0 kcal/mol less stable than 1a. The
activation energy for the Mo—DP cleavage of § is calculated to be
much higher (18.7 kcal/mol), and the five-coordinate structure
(Mo—P = 5205 A) is 16.8 kcal/mol less stable than the six-
coordinate structure. On the other hand, the silylation of la
makes a five-coordinate structure energetically more favorable,
probably due to the steric repulsion between the SiMe; group
and the bulky depf ligand; the five-coordinate intermediate ITb
(Mo—P = 6.876 A) is 8.5 kcal/mol more stable than IIa, and E,
for the Mo—P bond cleavage is only 2.5 kcal/mol. Contrary to

3502

Ila, the five-coordinate structure of 9 (Mo—P = 5.885 A) is
1.8 kcal/mol less stable than the six-coordinate one and E, (8.4
keal/mol) is much higher than that of Ila. If the catalytic
formation of N(SiMe;); by S proceeds in a similar manner to
1a, high catalytic ability of 1a relative to 5 may be explained by
facile Mo—P bond cleavage in IIa as well as the higher thermo-
dynamic stability of the five-coordinate IIb than the six-coordi-
nate ITa. This is because one of the Mo—P bonds or the Mo—N,
bond must be dissociated before accepting the second SiMe;
radical, as mentioned later in subsections 4 and S.

For the following reaction steps leading to IVb having the
NN(SiMe;), group, we consider both pathways that start from
ITTa and IIb. The addition of SiMe; to Ila to optimize a “diazene”
intermediate having the Me;SiN=NSiMe; group gave the
corresponding intermediate having the NN(SiMe3), group.

4. Formation of Four-Coordinate IVb via Illa (Paths A
and B). An intermediate having the NN(SiMe;), group must
dissociate one of the Mo—P bonds to accept the third SiMe; radical,
and therefore, intermediate IVb has a four-coordinate structure.
As shown in Figure 1, two reaction pathways are possible to lead

dx.doi.org/10.1021/ja109181n |J. Am. Chem. Soc. 2011, 133, 3498-3506



Journal of the American Chemical Society

Path A SiMe,
[MO(NNSiMe,)] —~ [Mo(NN(SiMe,),)] Mo-P cleavage
+2.4 N lla -10.6 (15.5) Va —14.5(0.1)
(13.7) 2
SiMe, Path ’V|'°-P SiMe,
[Mo(N,),] —>» [Mo(N,)(NNSiMe,)] [MO(NNSiMe,)] ov9%, IMo(NNSiMe,)] —— [Mo(NN(SiMe,),)]
1a 26 lla 24 llla +3.0 (4.5) b —27.1(9.3) Vb
(8.3) (13n

il I SiMte, ¥ N,
a
(a8 [MO(N,)(NNSiMe;)] —>— [Mo(N,)(NN(SiMe;),)]

Mo-P cleavage b

SiMe, e

1.2
Vb —> [Mo((Me,Si)NN(SiMe,),)] AT’ [Mo]

(Me,Si),NN(SiMe,)- VI

-10.9(21.6) Vi

Me,SiCl, 2SiMe,

(Me,Si),NN(SiMe,)-

-25.8(9.0) v +16.4(21.5)
N, SiMe,
—~, [Mo(N)] —~—— llla
-39.3(0.6) yy —34.9(0.3)
2N(SiMey),

-1638 g

Figure 3. Energy profile of the catalytic conversion of N, into N(SiMe;); by 1a. [Mo] and SiMej; represent [Mo(depf),] and trimethylsilyl radical,
respectively. The enthalpy change AH, and activation energy (E,, in parentheses) for each reaction step were calculated at the B3LYP/BS2 level of
theory, and solvation effects (THF as a solvent) were taken into account. The energies are presented in kcal/mol.
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Figure 4. Energy changes for a Mo—P bond cleavage in (a) la and 5 and (b) their silylated complexes IIa and 9. Units are presented in kcal/mol.

to IVb from IIla: The addition of SiMe; to Illa is followed by
the Mo—P bond cleavage (path A; IIla — IVa — IVb). In the
other pathway, one of the Mo—P bonds in Illa is dissociated
in advance, and then SiMej; radical attacks to form IVb (path B;
IIla — IIIb — IVb). As shown in Figure 3, the addition
of SiMe; to IIla yielding IVa is calculated to be an exergonic
reaction (AHy = —10.6 kcal/mol) with a moderate E,
(15.5 keal/mol). The five-coordinate IVa having the bulky

NN(SiMe3), group readily dissociates one Mo—P bond to give
the four-coordinate IVb (AHy = —14.5 kcal /mol, E, = 0.1 kcal/mol).
In path B, the Mo—P bond cleavage of Illa proceeds in an
endergonic way by 3.0 kcal/mol and is hampered by a low
activation barrier (4.5 kcal/mol). Instead, the addition of the
second SiMe; radical to IIIb yielding IVb is a highly exergonic
reaction (AH, = —27.1 kcal/mol) with E, of 9.3 kcal/mol, which is
lower than that for IIla — IVa. The calculated AH, and E, values
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Figure 5. Energy diagrams for the addition of SiMe; radical to IVb and V. Interatomic distances and relative energies are presented in A and kcal/mol,

respectively.

suggest that the formation of IVb undergoes via both
the pathways.

The experimental result that trans-[Mo(NNSiMe;)(OTf)-
(depf),] 8 served as a catalyst for the formation of N(SiMes);
implies that a Mo—Cl species such as trans-[Mo(NNSiMe;)-
(Cl)(depf),] could be considered as an intermediate, although
such a silyldiazenido intermediate was not observed. If this
intermediate is reduced by Na, ITIa will be formed via the elimi-
nation of Cl anion. The enthalpy change for reaction [Mo(NN-
SiMe;)(Cl)(dppe),]~ — Ila + CI is calculated to be —16.6
kcal/mol in THF at the B3LYP/BS2//B3LYP/BS1 level of
theory. The calculated result also suggests a possibility that
trans-[Mo(NNSiMe;)(Cl)(depf),] was temporally formed in
the reaction solution.

5. Formation of Four-Coordinate Intermediate Vb via Ilb
(Path C). Another pathway leading to IVb starts from the five-
coordinate intermediate IIb, in which the Mo center has one
Mo—N bond with the N, ligand and three Mo—P bonds with
two depfligands (Figure 1). As shown in Figure 3, the addition of
the second SiMe; radical to IIb gives intermediate V having the
NN(SiMe3), group, which is exergonic by 25.8 kcal/mol (E, =
9.0 kcal/mol). All attempts to optimize a six-coordinate structure
of V having four Mo—P bonds resulted in failure. This is a reason
why we considered the formation of the five-coordinate inter-
mediates IITa and IIb. The dissociation of N, in V to give IVb
proceeds in an endergonic way (AH, = +16.4 kcal/mol) and has
a relatively high activation barrier (21.6 kcal/mol). Although this
reaction step seems undesirable from both thermodynamic and
kinetic points of view, addition of the third SiMe; radical to the
Mo—Fe system does not occur at room temperature without
considering this process, as described later in subsection 6.

6. Addition of Third SiMes Radical. As shown in Figure 1,
intermediates IVb and V have two N atoms that can be attacked
by SiMej radical. If SiMej; radical attacks the N atom adjacent to

the Mo center, a “hydrazido(1—)” intermediate having the
Me;SiNN(SiMes), group is formed. On the other hand, the
silylation of the doubly silylated N atom will give a “hydrazidium”
intermediate having the NN(SiMes); group or cause the N—N
bond dissociation to generate a N(SiMe;); molecule and a
nitrido (=N) intermediate. Figure 5 displays energy diagrams for
the SiMe; addition to IVb and V. The silyl addition to the N atom
adjacent to the Mo center in IVb yields VI via TSpg,—vr. It is
noteworthy that TSy, vy and VI adopt unique bent Mo—N—N
linkages whose angles are 127.0° and 106.2° respectively. The
Mo—N and N—N bond distances in VI are calculated to be 2.081
and 1.512 A, respectively, implying that the Me;SiNN(SiMe;),
group is still bound to the Mo center; the formation of VI is
exergonic by 10.9 kcal/mol with E, of 21.6 kcal/mol.

The silyl addition to the doubly silylated N atom in IVb causes
a spontaneous cleavage of the N—N bond due to the bulkiness of
the generated N(SiMe;); moiety and then gives the first mole-
cule of N(SiMe3); and the nitrido intermediate IX. Although this
reaction is highly exergonic (AH, = —89.6 kcal/mol) relative to
the formation of VI, the activation barrier of 28.7 kcal/mol seems
too high for a reaction occurring at room temperature. Inter-
mediate V also undergoes a spontaneous N—N bond dissociation
by the addition of SiMe;. The formation of X and N(SiMes); is
highly exergonic by 81.9 kcal/mol, but the activation barrier of
42.2 kcal/mol is too high to overcome at room temperature,
suggesting that a five-coordinate structure is not suitable for the
third SiMe; addition. We did not obtain any intermediate or
transition state having the Me;SiNN(SiMe;), group for the
addition of SiMe; to V.

Intermediate VI is not able to accept any more SiMej; radical,
and thus, the Mo—N bond is cleaved to release the Me;SiNN-
(SiMe;), group. Elongation of the Mo—N bond by partial
optimizations invoked heterolysis to form Me;SiNN(SiMe;), .
In fact, the enthalpy change for the homolysis of the Mo—N
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bond in VI (VI — VII + Me;SiNN(SiMes),) is +3.9 kcal/mol
(endergonic) in THF at the B3LYP/BS2 level of theory, while
that for the heterolysis of VI (VI — VII" + Me;SiNN-
(SiMe3), ) is —52.9 kecal/mol (highly exergonic). The cationic
VII would be readily neutralized by sodium in the reaction
solution because the neutral VII is 8.3 kcal/mol energetically
more favorable than the cation. There is another reaction path-
way that VI is reduced by sodium in advance and then the anionic
VI releases Me;SiNN(SiMes), . The anionic VI is 45.5 kcal/mol
lower in energy than the neutral VI, and the Mo—N bond cleavage
of the anionic VI is exergonic by 15.7 kcal/mol. In total, the one-
electron reduction and Mo—N bond cleavage of VI to yield VII
and Me;SiNN(SiMe;),  proceed in an exergonic way by 61.2
kcal/mol. Me;SiNN(SiMe;),  liberated into the reaction solution
will be converted into two molecules of N(SiMe;); by Me;SiCl
and SiMej; radicals; the enthalpy change for reaction Me;SiNN-
(SiMe;),  + Me;SiCl + 2SiMe; — 2N(SiMes)5 + Cl s calcu-
lated to be —163.8 kcal/mol in THF. The calculated results
suggest that 1a mediates the conversion of N, into N(SiMe;);
in a different manner from the Yandulov—Schrock mecha-
nism containing a stepwise generation of NH; via a nitrido
intermediate.'”

7. Starting the Next Cycle of N, Conversion. As shown in
Figures 1 and 3, Intermediate VII traps a new N, molecule at its
Mo center to initiate the next cycle of the N, conversion. The
binding of N, proceeds in an exergonic way (AH, = —39.3 kcal/
mol) as virtually a barrierless reaction (E, = 0.6 kcal/mol). The
generated intermediate VIII is silylated to form intermediate ITla
(AHy = —34.9 keal/mol, E, = 0.3 kcal/mol), and the following
reaction steps proceed along path A or B. In conclusion, the rate-
determining step in all the reaction steps examined here is the
addition of the third Si radical to IVb yielding intermediate VI
(E, = 21.6 kcal/mol).

Bl CONCLUSIONS

A molybdenum—N, complex bearing ancillary ferrocenyldi-
phosphine ligands, trans-[Mo(N,),(depf),] 1a, has catalyzed the
conversion of N, into N(SiMe;); in the presence of Me;SiCl
and Na at room temperature. The turnover number for the
N(SiMe;); generation finally reached 226 for 200 h, which is
greatly improved relative to the precedent molybdenum and
tungsten complexes having mono- and diphosphine ligands, such
as [M(N,),(PMe,Ph),] and [M(N,),(dppe),] (M = Mo, W)."®
This is so far the most efficient conversion of N, into NH;
equivalent under ambient conditions. With an assumption that
SiMe; radical works as an active silyl species in the catalytic cycle,
we have shown a plausible mechanism of the N, conversion
by DFT calculations and determined the energy profile of the
catalytic cycle from both thermodynamic and kinetic points of
view. Almost all of the reaction steps proceed in an exergonic way
with reasonably low activation barriers, even the first silylation of
N,. It is notable that the formation of five-coordinate intermedi-
ates is essential in an early stage of the conversion. The first
silylation of one N, ligand in la prompts bond dissociation
between Mo and N, as well as Mo and P, while these bonds in 1a
are strong enough to adopt a six-coordinate structure. For the
silylation of intermediate IVb having the NN(SiMes), group,
SiMej; radical will not attack the N atom having two SiMe; group
to form a pair of a nitrido intermediate and N(SiMej3); but attack
the N atom adjacent to the Mo center to give intermediate VI
having the Me;SINN(SiMes), group. The Me;SiNN(SiMe;),

group is released from the Mo complex as Me;SiNN(SiMe;),
anion and the anion in the reaction solution is readily converted
into two molecules of N(SiMe;), by Me;SiCl and SiMej radicals.
To afford the Me;SiNN(SiMe;), anion, the Mo—Fe system
should be reduced by sodium before or after the Mo—N bond
cleavage. Intermediate VII traps a single N, molecule for starting
the next cycle of the N(SiMe;); generation. The catalytic
mechanism proposed in this study is different from the Yandulov—
Schrock mechanism, in which ammonia is generated step-by-
step on their Mo complex. The catalysis of 1a would be sterically
controlled by the depf ligands through not only its bulkiness but
also the flexible Mo—DP bond that allows the Mo center to adopt
various coordination numbers. Although we expected that the depf
ligands contribute to the high catalysis electronically through an
electron transfer from the ferrocene moiety to the Mo center, such
theoretical suggestions have not been obtained in the framework
of the radical mechanism. For all the intermediates, the Fe atoms in
the depf ligands have the formal charge of 42 in their electronic
ground states, and the spin state of the ferrocene moieties is always
closed-shell singlet. Nevertheless, both the experimental and
theoretical results provide convincing evidence that SiMe; radical
plays a key role in the present reaction system. SiMe; cation would
not work as an active silyl species because of the presence of a
strong reductant (Na) as well as the highly endergonic nature of
the heterolysis of Me;SiCl. We therefore conclude that the radical
mechanism presented in this report is highly possible for the
catalytic N, conversion by 1a. This conclusion does not necessarily
exclude different reaction mechanisms. To reconsider the electro-
nic contribution of the depfligand to the catalytic ability of 1a, we
are currently investigating a mechanism in which Mo complexes
are reduced by Na in place of Me;SiCl and the anionic Mo species
react with the neutral Me;SiCl .
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