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ABSTRACT: Five dinitrogen—molybdenum complexes bearing bis-
(diphenylphosphino)amine derivative ligands (L¥) that form a unique 4-
membered P—N—P chelate ring, trans-[Mo(N,),(L*),] (2%: R = Ph, Xy,
p-MeOPh, 3,5-iPr,Ph, iPr), were prepared for the purpose of binding a
dinitrogen molecule. The corresponding two dichloride-molybdenum
complexes, trans-[MoCL(L®),] (1®: R = Ph, Xy), were also prepared as
comparisons. FT-IR spectra of 2% were measured and compared the
V(N=N) values. Moreover, X-ray crystal structure determination of 1®
(R = Ph, Xy) and 2® (R = Xy, 3,5-iPr,Ph) is performed. These
experimental results indicated that the coordinated dinitrogen molecule

[Mo(N,),(PNP),]

‘A

Twisted Which is good for N, ?

Coplanar

gets easily influenced by the N-substitutent of diphosphinoamine ligand.

In addition, to investigate the effect of the properties of the diphosphinoamine ligand for the dinitrogen molybdenum complexes,
we performed DFT calculations that focused on the difference of N-substituent, the dihedral angle between P—N—P plane and
N-substituent aryl group, and the P—=N—P bite angle. This calculation revealed that the competition between the back-donation
from metal to dinitrogen and that from metal to ligand was affected by P—N—P bite angle and the dihedral angle of N-substituent
of ligand. In order to examine the reactivity with respect to conversion of dinitrogen to ammonia, protonation and
trimethylsilylation reactions of the coordinated dinitrogens were carried out for 2~.

B INTRODUCTION

It is well-known that nitrogen (N) is an essential atom in
biology. This atom also has important applications in
production of fertilizers, and energy sources, as well as
commercial chemical products and pharmaceuticals. Today,
we depend on the Haber—Bosch process as a source of
nitrogen. The Haber—Bosch process can reduce dinitrogen
(N,) to ammonia under high temperature and high pressure in
the presence of Fe/Ru catalysts. However, this process requires
a large amount of energy and dihydrogen generated from fossil
fuels.' Development of dinitrogen fixation systems which
function effectively under ambient reaction conditions is one
of the most important research areas in chemical research and
development.” Since the first example of a transition metal—
dinitrogen complex, [Ru(N,)(NH,);]**, was reported by Allen
and Senoff in 1965,® various transition metal—dinitrogen
complexes have been synthesized to study its reaction
mechanism in efforts to develop dinitrogen fixation systems.”
In 1969, Hidai and co-workers reported on a group 6 metal
dinitrogen complex, trans-[Mo(N,),(dppe),] (dppe = 1,1'-
bis(diphenylphosphino)ethane).” In 1975, Chatt and co-
workers succeeded in obtaining stoichiometric reduction of
dinitrogen to ammonia by protonation of molybdenum- and
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tungsten-dinitrogen complexes, [M(N,),(PR;),] (M = Mo, W,
R = alkyl, aryl), and further investigated various transition metal
phosphorus dinitrogen complexes.® In 1997, Fryzuk and co-
workers studied the reaction of a side-on bound dinitrogen
zirconium complex, {[PhP(CH,SiMe,NSiMe,CH,),PPh]-
Zr},(u-n*-N,), with dihydrogen to obtain the complex
{[PhP(CH,SiMe,NSiMe,CH, ),PPh]Zr},(u-n*-N,H) (u-H).”
For metal complexes without phosphine ligands, many
dinitrogen complexes with various metals and various ligands
have been synthesized and studied.® In 2003, Schrock and
Yandulov succeeded in direct catalytic conversion of dinitrogen
to ammonia using a molybdenum—dinitrogen complex bearing
triamidoamine as the supporting ligand.” In 2004, Chirik and
co-workers reported direct generation of ammonia from
dinitrogen and dihydrogen using a dinuclear zirconium
complex with a cyclopentadienyl derivative.'® Despite the
many studies of metal complexes with amido or cyclo-
pentadienyl ligands, there are few examples of catalytic
reduction of dinitrogen using molybdenum(0)—phosphine
complexes.'" Recently, Nishibayashi and co-workers reported
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high-performance catalytic reduction of dinitrogen to ammonia
using a molybdenum(0)—phosphine complex bearing PNP-
type pincer ligands.'> Extensive studies have been carried out
over the past 40 years. However, there have been few examples
of complexes for which the reduction mechanism has been
rationally demonstrated by isolating the fully characterized
intermediate stages. Therefore, molybdenum— and tungsten—
phosphine dinitrogen complexes remain the subject of
aggressive research with the objective of clarifying the reaction
mechanism and developing high-performance dinitrogen
reduction catalysts.">

For the Chatt type Mo/W—N, complexes, Tuczuk and co-
workers investigated these complexes using spectroscopic and
theoretical methods and evaluated the mechanism of dinitrogen
reduction."® On the basis of these studies, we noted the bite
angle of phosphine ligands. Because bite angle is a very
important factor to determine the properties of metal
complexes, correlation between bite angle of diphosphine
ligands and reactivity of complexes was investigated a lot.'®
Although there are many examples of trans-[M(N,),(P,)] (P, =
mono-, bi-, or tridentate phosphine ligand), these complexes
have five- or six-membered chelate ring and similar bite angle
(P—M—-P angle is around 90°). This means that these
complexes have relatively flexible phosphorus atoms which
can locate a vertex of the regular octahedron. However,
examples of Mo/W—N, complexes which have rigid
phosphorus atoms and small bite angles (structure completely
different from the regular octahedron) are very limited.'S We
decided to use a ligand system that has a small bite angle (P—
M-P angle) and 4-membered chelate ring for N, chemistry.
We therefore focused on molybdenum diphosphinoamine
dinitrogen complexes. It was previously reported that Cr(III)
complexes with diphosphinoamine ligands have the potential to
catalyze more highly selective ethylene polymerizations relative
to similar complexes with diphenylphosphinoethane and N,N'-
diphenylphosphinohydrazine ligands.'” The phosphinoamine
ligands have been used widely because they can be prepared
easily, can exchange N-substituent easily, and can provide small
bite angle structure.'®'® Therefore, systematic study can be
performed.”® The molybdenum atom is occasionally employed
for dinitrogen fixation chemistry and plays a key role in the
active site of nitrogenase enzymes.

Herein, we report the synthesis and characterization of
molybdenum(0)—dinitrogen complexes supported by bis-
(diphenylphosphino)amine ligands that form a unique 4-
membered chelate ring, and discuss the dinitrogen activation
factor by comparing the influences on the coordinated
dinitrogen by N-substituents of diphosphinoamine ligands on
the basis of structural and IR spectroscopic studies as well as
from the viewpoint of theoretical calculations and reactions
involving protonation and silylation.

B EXPERIMENTAL SECTION

General Methods. All manipulations were carried out under an
atmosphere of purified argon or dinitrogen gas in a mBRAUN MB
150B-G glovebox or by standard Schlenk techniques. "H NMR (300
MHz Varian, 600 MHz Bruker) and *'P{'"H} NMR (121 MHz Varian,
243 MHz Bruker) spectra were measured on a Varian Mercury 300
spectrometer or a Bruker Avance 600 spectrometer, and 'H chemical
shifts were estimated relative to TMS as an internal standard. *'P
chemical shifts are quoted relative to an external standard of 85%
H,PO,. “N{'H} NMR (61 MHz) spectra were measured on a Bruker
Avance 600 spectrometer, and '*N chemical shifts are quoted relative
to an external standard of nitromethane (CH;NO,). Fourier transform
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infrared (FT-IR) spectra of solid compounds were taken as KBr pellets
using a JASCO FT/IR-410 spectrophotometer. Elemental analyses
were obtained with a Perkin-Elmer CHN-900 elemental analyzer. Gas
chromatography/mass spectrometry (GC/MS) measurements were
carried out on a SHIMADZU GCMS-QP2010 system.

X-ray Crystallography. Single crystals of 1™, 1%7, 2%, and 235Ph
suitable for X-ray diffraction analyses were obtained from THF
solutions after standing for a few days under an N, atmosphere at 238
K. A crystal was mounted on a glass fiber, and diffraction data were
collected on a Rigaku/MSC Mercury CCD using graphite
monochromated Mo Ko radiation at 173 K. The structures were
solved by a combination of direct methods (SIR 92 or SIR2004) and
Fourier techniques. All non-hydrogen atoms except for some of the
solvated molecules were refined anisotropically. Hydrogen atoms were
refined using the riding model. The Sheldrick weighting scheme was
employed. Plots of > w(IF,| — IF|)? versus IF,], reflection order in data
collection, sin /4, and various classes of indices showed no unusual
trends. Neutral atomic scattering factors were obtained from
International Tables for X-ray Crystallography Vol. IV.>> Anomalous
dispersion terms were included in F.y,>> and the values for Af’ and
Af" were obtained from the International Tables for X-ray
Crystallography Vol. C** The values of the mass attenuation
coeflicients are those of the International Tables for X-ray
Crystallography Vol. C.** All calculations were performed using the
crystallographic software package, CrystalStructure.’® A summary of
crystallographic data is provided in the Supporting Information (Table
S1).

Materials. The molybdenum trichloride tris(tetrahydrofuran)
complex, [MoCL(THF);], was synthesized according to the literature
procedure.”” 3,5-Diisopropylaniline was synthesized from 2,6-
diisopropylaniline according to the literature procedures.”® Other
reagents were employed in the commercially available forms. All
anhydrous solvents were purchased from Sigma-Aldrich. For
degassing, these solvents were bubbled with N,.

Syntheses of Diphenylphosphinoamine Ligands (L%: R = Ph, Xy,

p-MeOPh, iPr, p-CNPh, H). The diphenylphosphinoamine ligands
except L¥P™h were prepared by a modification of literature
procedures.”®?*73! A flask equipped with an additional funnel was
charged with a THF solution of 1 equiv of primary amine and 2 equiv
of triethylamine. The solution was cooled to 0 °C. The additional
funnel was charged with a THF solution of 2 equiv of
chlorodiphenylphosphine, and the resulting solution was slowly
added to the amine solution. The mixture was stirred at room
temperature overnight. The triethylammonium salt was then separated
by filtration, and the solvent was removed under vacuum. The residue
was dissolved in a small amount of dichloromethane and precipitated
with n-hexane, to produce a white powder. In the case of LY,
1,1,1,3,3,3-hexamethyldisilazane was used instead of primary amine.*
All compounds were characterized by 'H NMR, 3P{'H} NMR, and
FT-IR spectroscopies.
S!nthesis of N,N-Bis(diphenylphosphino)-3,5-diisopropylaniline
(L3>PPh) " The novel ligand L SIPIPh - yoag prepared from 3,5-
diisopropylaniline instead of primary amine,”® according to the same
procedure described above (white powder, 1.52 g, yield 82.2%)

"H NMR (600 MHz, §/ppm from TMS in CDCl;): 6 0.87 [d, 12H,
CH(CH,),], 2.51 [sep, 2H, CH(CHj,),], 6.17 [s, 2H, o-H-PhN], 6.64
(s, 1H, p-H-PhN], 7.25—7.37 [m, 20H, H-Ph,P]. *P{'"H} NMR (243
MHz, §/ppm from H;PO, in CDCly): § 69.5. FT-IR (KBr, cm™): v
3050 (aromatic C—H), 2956 (aliphatic C—H), 1309 (aromatic C—N),
881 (P—N), 5 1435, 1430 (aliphatic C—H), 748, 697 (aromatic C—H).
Anal. Caled for C3H3NP,: C, 79.24; H, 6.83; N, 2.57. Found: C,
79.39; H, 6.94; N, 2.45.

Synthesis of trans-[MoCl,(LR),] (1%: R = Ph (1P"), Xy (19)). A
mixture of 2 equiv of L® (R = Ph, Xy) and 1 equiv of [MoCl;(THF),]
in toluene was added to 1 equiv of potassium graphite. The mixture
was stirred under an argon atmosphere at room temperature for 24 h.
After concentration in vacuo, the residue was extracted with THF.
Recrystallization at —35 °C gave red-orange crystals of 1}* (R = Ph
(12 yield 14.5%), Xy (1%: 39.2%)).
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Data for 1% follow. FT-IR (KBr, cm™!): v 1313 (aromatic C—N),
862 (P—N). Anal. Calcd for C4Hs,Cl,MoN,P,: C, 66.13; H, 4.62; N,
2.57. Found: C, 65.85; H, 4.59; N, 2.58. Data for 1% follow. FT-IR
(KBr, cm™): v 1313 (aromatic C—N), 862 (P—N). Anal. Calcd for
Ce,H,CLMoN,P,-1.STHF: C, 67.04; H, 5.63; N, 2.23. Found: C,
66.42; H, 5.73; N, 2.23.

Synthesis of trans-[Mo(N,),(LR),] (2%: R = Ph (2°%), Xy (2*), p-
MeOPh (2MeOPh) ipr (2% "3 5.ipr,ph (2*5PPh)) and trans-[Mo-
("*N,),(LR),] (3%: R =Ph (37%), Xy (3%), 3,5-iPr,Ph (3%*P™h)), An excess
amount of magnesium turnings was added to a mixture of 2 equiv of
L® and 1 equiv of [MoCl;(THF),] in toluene. The mixture was stirred
under dinitrogen (2%) or a "*N-enriched dinitrogen (3%) atmosphere
at room temperature for 24 h. Removal of unreacted magnesium and
filtration afforded a residue. Washing with methanol and n-hexane gave
a red-orange powder of 2% and 3® (yields: 2P 34.59; 2MeOPh 53 994
27" 13.6%; 3™ 34.5%; 3%, 25.1%; 335 47.69%). The solubility of
2% is extremely low except for 27 and 235"®, Therefore, it is difficult
to dissolve these compounds in a number of solvents. The complexes
2% and 235" were dissolved in THF and were recrystallized at —35
°C to give red-orange crystals (yields: 2%, 12.0%; 23’5iP'P}', 49.7%).

FT-IR (KBr, cm™): v 1990 (2™), 2011 (2%7), 1995 (2M<0P) 1975
(2™), 2014 (2**™*) 1923 (3™), 1934 (3V), 1947 (3**™™)
(asymmetric N,). Anal. Calcd for CgHsgMoN(P, THF: C, 67.88; H,
5.53; N, 6.99. Found: C, 66.88; H, 5.53; N, 6.82. (2%7). Anal. Calcd for
C,,H,,MoNP,-2THE: C, 69.25; H, 6.54; N, 6.06. Found: C, 69.45;
H, 5.23; N, 6.20. (2%5F*") 'H NMR (300 MHz, §/ppm from TMS in
THF-d,): 5 1.86 (s, 12H, CHj,), 6.43 (s, 4H, 0-H-PhN), 6.51 (s, 2H, p-
H-PhN), 7.10-7.27 (m, 40H, H-Ph,P) (2%), 0.84 (d, 24H,
CH(CH,),), 2.51 (sep, 4H, CH(CH,),), 6.57 (s, 2H, p-H-PhN),
6.62 (s, 4H, 0-H-PhN), 7.15—7.36 (m, 40H, H-Ph,P). "N{'H} NMR
(60.8 MHz, §/ppm from CH;NO, in THE-dg): § —46.34 (“N,),
—45.99 (®Nj) (39), —46.47 (°N,), —46.03 (°Nj) (35FPh),

Reaction with HOTf. The dinitrogen complex 23" (70.0 mg,
0.0563 mmol) was treated with HOTf (16.9 mg, 0.113 mmol) in THF
(10 mL). After 1 h, the solution was concentrated and measured by
FT-IR spectroscopy.

Reaction with H,SO,. To a THF (S mL) suspension of a complex
was added H,SO,. After 24 h of stirring at room temperature,
ammonia was base distilled and quantified by the indophenol method.

Silylation of 2%, The dinitrogen complex 2® (10.0 mg) was treated
with trimethylsilyl chloride (856 mg, 7.88 mmol) and sodium metal
(50.0 mg, 2.17 mmol) in THF (S mL). After 24 h, the solution was
quantified by GC/MS.

B COMPUTATIONAL DETAILS

Geometry optimizations of dinitrogen complexes, 2™ 2%, and
23SPrPh - ang dinitrogen methyl-substituted complex 2(PMe,)"™"
where all the phenyl groups in diphenylphosphino groups of 2™
were substituted by methyl groups were performed at the B3LYP
level.>*> We used Stuttgart/Dresden ECP and basis set on Mo>3?
together with 6-31+G(d) on P and N> 631G(d)®! on N-
substituted aryl carbon and ipso-carbons attached to phosphorus, and
6-31G on the remaining atoms.*** The results of frequency
calculations at the same level confirmed that each of the optimized
structures are at a minimum on the potential energy surface.

We calculated natural atomic charges and atom—atom overlap-
weighted natural atomic orbital (NAO) bond orders®*® of the
dinitrogen complexes and the methyl-substituted complex. We also
calculated differential density Ap(r) (eq 1) in order to investigate the
change in electron density accompanied by coordination of dinitrogen
molecules to the molybdenum complex.

Ap(r) = p(r, dinitrogen complex)
— {p(r, complex without dinitrogen)
+ p(r, dinitrogen)} (1)

Here p(r, X) represents electron density of species X at a point r. The
values of p(r, complex without dinitrogen) and p(r, bisdinitrogen)
were calculated using atomic coordinates fixed to the optimized
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structure of the bisdinitrogen complex. We employed p(r, complex
without dinitrogen) of S = 1 state which has lower energy than that of
the S = 0O state.

Ap condensed to atoms and bonds, Ap,.., (eq 2) and Apy, (eq 3),
respectively, were computed by carrying out natural population
analysis.

Ap

atom

(A) = +p

atom

(A, bisdinitrogen complex)

~ {D1om (A, complex without dinitrogen)

+ Diom (A, bisdinitrogen)} 2)
A/)BO (A-B) = —pBO( A— B, bisdinitrogen complex)
+ {/)BO( A— B, complex without dinitrogen)
+ pBo( A— B, bisdinitrogen)} (3)

Here —pyom(A, X) and ppo(A—B, X) represent the natural atomic
charge of atom A and the bond order between atoms A and B,
respectively, for species X. An increase of Ap,(A) or Apgo(A—B)
indicates a concentration of electron density in atom A or bond A—B,
respectively.

We evaluated the donor—acceptor interaction energy between a
lone-pair orbital and an antibonding orbital in the bisdinitrogen
complexes, ie., electron donations from a 4d orbital of Mo to a 7*
orbital of N, and a ¢* orbital of the P—C bond and those from a lone-
pair orbital of amine to a P—C o¢* orbital, by a second-order
perturbation theory analysis of the Fock matrix in the natural bond
orbital (NBO) basis.>*™ Electron donation to a 7 orbital of an N-
phenyl group was estimated as electron donation from a lone pair of
an amine to a double bond containing the ipso-carbon in the Kekulé
structure. In this theory, energy lowering of donor—acceptor
interaction is given by eq 4

<¢d(gx)10r|ﬁ|(/)a(c0c)eptor>2
(0) (0)

acceptor Edonor

(0)

~Mdonor

AE® =
)

where ¢©, . and ¢(°)accepmr represent NBOs of the donor and
acceptor, F represents the Fock operator, and e, . and 8(0)acceptor
represent NBO orbital energies of the donor and acceptor.

All electronic structure calculations were performed with the
Gaussian 09 package®® on the Fujitsu HX600 system at the Nagoya
University Information Technology Center.

B RESULTS AND DISCUSSION

Synthesis and Characterization of Some Diphosphi-
noamine Ligands. Bis(diphenylphosphino)amine ligands
(LR: R = Ph, Xy, p-MeOPh, 3,5-'Pr,Ph, p-CNPh, ‘Pr, and H)
were synthesized easily from chlorodiphenylphosphine and
corresponding amines**! (anilines and primary amines)
except for L™ which was synthesized from 1,1,1,3,3,3-
hexamethyldisilazane.’® Table 1 provides *'P{'H} NMR
spectral data of diphosphinoamine derivative ligands. *'P{'"H}
NMR chemical shift values of L™®, LXY, [MeOPh 1 CNPh 4
L¥SP™Ph yere detected in a lower magnetic field region
compared with that of LY, and that of L™ was higher than
L™.>! These results indicate that the electron withdrawing aryl
groups cause a decrease in the electron density of the
phosphorus atoms through the diphosphinoamine nitrogen
atom, and the electron donating alkyl groups cause an increase
in the electron density of the phosphorus atoms. On the other
hand, &§ values of L' 1%y, [MeOPh 1 CNPh o, g 1 3SiPePh o0 very
similar to each other. Therefore, we can conclude that no
correlation exists among these groups. This indicates that the
aryl substituent groups do not exert an electronic effect on the
phosphorus atoms. Similar behavior has been identified in the
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Table 1. *'P{'"H} NMR Data of L* in CDCl; (§/ppm from
85% H,PO,)

Fl’h Fl’h
N
R
R o/ppm ref
p-MeOPh 70.8 a
3,5-iPr,Ph 69.5 b
Ph 69.1 c
p-CNPh 68.5 d
Xy 67.2 e
iPr 48.8 f
H 43.6 g

“Reference 29a. “This work. Reference 3la. “Reference 31b. “This
work. Reference 20. SReference 30.

3P{'"H} NMR spectral data of trans-[RuCl,(L*)] (R = H, Me,
Et, nPr, iPr, nBu, and Ph) reported previously.29a

Synthesis and Characterization of trans-[MoCl,(L®),]
Complexes. Treatment of [MoCl;(THF),] with 2 equiv of
diphosphinoamine derivative ligand (L™, L*) and 1 equiv of
KCg in THF under an argon atmosphere at room temperature
for 12 h gave trans-[MoCL(L%),] (R = Ph: 1™, Xy: 1%)
(Scheme 1). The P—N stretching vibration frequencies v/(P—

Scheme 1
Ph, i Ph,
PhoP_ _PPh, KCs AN R
MoCly(THF +2 N ———————= R—N M N—R
e o hl é toluene/THF Mo A JO\ /

R = Ph (LP), Xy (L¥Y) R =Ph (1™), Xy (1%¥)

N) of 1™ and 1%, as measured by FT-IR spectroscopy, were
observed at 862 and 869 cm™', respectively. These values were

found to shift to a lower energy region relative to those of L®
(873 and 872 cm™ for R = Ph and Xy, respectively). These
small shift values indicate that L* ligands bind to the metal. The
molecular structures of 1™ and 1% were clarified by X-ray
crystallography. ORTEP views of 1™* and 1% are shown in
Figures 1 and 2. Selected interatomic distances and angles for
1" and 1% are listed in Table 2. For both 1™ and 1%, the
molybdenum centers are octahedrally coordinated, and two
chloride anions are coordinated in with trans geometry. Mo—
Cl(1) and Mo—Cl(2) bond lengths are 2.3922(8) and
2.4018(8) A for 1™ and 2.4285(5) and 2.4019(5) A for 1Y,
respectively. The Mo—P bond lengths of 1™ are 2.4832(8) A
for Mo—P(1), 2.5035(7) A for Mo—P(2), 2.4776(8) A for
Mo—P(3), and 2.4806(7) A for Mo—P(4), respectively. The
Mo—P bond distances of 1%V are 2.4888(6) A for Mo—P(1),
2.4724(6) for Mo—P(2) A, 2.4660(6) A for Mo—P(3), and
2.4849 A for Mo—P(4), respectively. The interatomic distances
of Mo--N bonds are 3.138(2) and 3.152(2) A for 1™ and
3.1485(18) and 3.1476(18) A for 1*, and the P-N—P angles
are 104.70(11)° and 103.10(11)° for 1”® and 103.22(10)° and
103.12(10)° for 1%, respectively. These findings indicate that
the phosphinoamine nitrogen atoms do not bind to the metal
ions. In addition, the average P(1)--P(4) and P(2)--P(3)
distances are 4.1733(13) A and 4.1487(12) A for 1™, and
4.1835(8) A and 4.1079(8) A for 1%,

The P—N bond lengths (~1.73 A) obtained for 1" and 1%
lie in a usual PN single bond (1.7—1.8 A).'5%*¢ Although the
nitrogen atom of the diphosphinoamine ligand is a tertiary
amine, the nitrogen atoms are located within the plane defined
by two phosphorus and ipso carbon atoms. The nitrogen atom
is sp>-hybridized. Such hybridization is occasionally found in
compounds with a P—N bond.*” Additionally, the aromatic ring
attached to the nitrogen atom is largely twisted against the P—
N—P plane (ca. 60—90°) as shown also in X-ray crystal
structures. The twisting motion that might be attributed to
steric interactions with the nitrogen atom has been identified in

Figure 1. ORTEP view of trans-[MoClL(L™),] (1™) with 50% thermal ellipsoids. Hydrogen atoms and THF molecules are omitted for clarity.
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Figure 2. ORTEP view of trans-[MoCL,(L¥),] (1) with 50% thermal ellipsoids. Hydrogen atoms and THF molecules are omitted for clarity.

Table 2. Interatomic Distances (A) and Angles (deg) of 1™
and 1%

complex 1™ 1%
Interatomic Distances (A)
Mo(1)-CI(1) 2.3922(8) 2.4285(5)
Mo(1)—Cl(2) 2.4018(8) 2.4019(5)
Mo(1)—P(1) 2.4832(8) 2.4888(6)
Mo(1)-P(2) 2.5035(7) 2.4724(6)
Mo(1)-P(3) 2.4776(8) 2.4660(6)
Mo(1)—P(4) 2.4806(7) 2.4849(6)
Mo(1)-~N(1) 3.138(2) 3.1485(18)
Mo(1)--N(2) 3.152(2) 3.1476(18)
P(1)--P(2) 2.7289(9) 2.7121(8)
P(3)--P(4) 2.7142(9) 2.7180(8)
P(1)-N(1) 1.722(2) 1.7294(17)
P(2)-N(1) 1.724(2) 1.7308(19)
P(3)-N(2) 1.735(2) 1.7365(18)
P(4)-N(2) 1.731(2) 1.7335(19)
Bond Angles (deg)
P(1)-N(1)-P(2) 104.70(11) 103.22(10)
P(3)-N(2)-P(4) 103.10(11) 103.12(10)
P(1)—Mo(1)-P(2) 66.35(2) 66.28(2)
P(3)—Mo(1)—P(4) 66.38(2) 66.59(2)
Dihedral Angles (deg)
plane[P(1)—N(1)—P(2)]—plane[aryl1] 67.90 64.88
plane[P(3)—N(2)—P(4)]—plane[aryl2] 89.15 77.27

diphosphinoamine ligands without a metal as well as in
intramolecular charge-transfer compounds such as p-dimethy-
laminobenzonitrile.>' >33

Synthesis and Characterization of Dinitrogen Molyb-
denum Complexes, trans—[Mo(Nz)z(LR)z] (R = Ph, Xy, iPr,
p-MeO-Ph, 3,5-iPr,Ph). Treatment of [MoCl;(THF),] with 2
equiv of diphosphinoamine ligand (L) in the presence of an
excess amount of magnesium in toluene under a dinitrogen
atmosphere at room temperature for 24 h produces trans-
[Mo(N,),(L¥),] (R = Ph, 2™; Xy, 2%; iPr, 2™*; p-MeOPh,
MeOPh, 3 < iPr,Ph, 235P™Ph) (Scheme 2). Additionally, the 'N-
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Scheme 2
N
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p-MeOPh (LM«OPh) p-MeOPh (2MeOPh)
iPr (L) iPr (277

3,5-iPryPh (L}SPePh) 3,5-iPr,Ph (235PrPh)

enriched dinitrogen molybdenum complexes, trans-[Mo-
(BN,),(LR),] (3™, 3%, and 3%5"™h) vere prepared by a
procedure similar to the procedure used to prepare 2%, In the
case of molybdenum complexes 2% with R = p-CNPh and H,
the corresponding dinitrogen molybdenum complexes were not
obtained by synthetic methods similar to the method used in
synthesis of 2%. The solubility of dinitrogen molybdenum
complexes 2% obtained here is very low, and it is therefore
difficult to characterize these complexes in the solution state.
Fortunately, single crystals of 2% and 235" were obtained
from THEF solution at 238 K. The crystal structures of 2*¥ and
235PPh ere explicitly clarified by X-ray crystallography.
ORTEP views of 2% and 23" are shown in Figures 3 and
4. The selected bond lengths and angles are listed in Table 3 for
2% and 235" 1n addition, a comparison of crystal parameters
of several MoN, complexes is listed in Table 4. The crystal of
2% contains four molybdenum complexes and four disordered
THF molecules in the unit cell. The crystal of 2> contains
two slightly different independent molecules of 2> and
four highly disordered THF molecules in the unit cell. In both
cases, the molybdenum center is octahedrally six-coordinated
with two diphosphinoamine ligands in the equatorial plane and
two dinitrogen molecules in trans mode in the axial positions.
The structures are similar to those of the dichloride
molybdenum complexes 1™ and 1¥. The aromatic rings of
3,5-dimethylbenzene and 3,5-diisopropylbenzene moieties
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Figure 4. ORTEP view of trans-[Mo(N,),(L¥5F™"),] (235PPh) with 30% thermal ellipsoids. Hydrogen atoms and THF molecules are omitted for
clarity.

attached at the diphosphinoamine nitrogen are only slightly
twisted (ca. 3—6°) against the P—N—P plane, unlike the
twisting observed for 1™ and 1% (ca. 60—90°).

The Mo—N, bond of 2¥ is 2.0378(18) A for Mo(1)—N(1),
and for 2552 the bond lengths are 2.064(4) and 2.074(4) A
for Mo(1)—N(1) and Mo(2)—N(3), respectively. The Mo—N
bond length of the former is shorter than the Mo—N bond
lengths of the latter, although these lengths are longer than the
Mo—N bond lengths of several previously reported neutral
dinitrogen molybdenum complexes with phosphorus ligands:
2.014(5) A for trans-[Mo(N,),(dppe),] (dppe =1,2-bis-
(diphenylphosphino)ethane),*® 2.000(5) and 1.989(5) A for
trans-[Mo(N,),(PMePh,),],*°¢ and 2.0097(16) and
2.0211(15) A for trans-[Mo(N,),(depf),] (depf = 1,1'-
bis(diethylphosphino)ferrocene.**! The N=N bond length of
the coordinated dinitrogen for 2¥ is 1.110(3) A, which is
slightly longer than that of the free dinitrogen molecule (1.095
A)2 In the case of 2™ the N(1)-N(2) (1.078(6) A) and
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N(3)—(4) (1.058(6) A) bond lengths are shorter than the
bond length of the free dinitrogen molecule. Such short N=N
bond lengths of coordinated dinitrogen have been reported
previously.*' These N=N bond lengths suggest that the
coordinated dinitrogen molecule has been hardly activated
compared with &)revious cases (1.118(8) A for trans-[Mo-
(N,),(dppe),],*®> 1.133(7) and 1.154(7) A for trans-[Mo-
(N,),(PMePh,),],**° and 1.122(2) and 1.124(2) A for trans-
[MO(NZ)Z(depf)2]4Od). The P—N—P angle for 27 is 99.32(9)°
for P(1)-N(3)-P(2), and for 2**"™" the angles are
99.16(18)° for P(1)—N(5)—P(2) and 98.58(17)° for P(3)—
N(6)—P(4), respectively. These values are 4—5° less than those
of 1™ and 1%. These smaller angles are attributed to the
twisting of the aryl groups which occurs because the dihedral
angles in dichloride molybdenum complexes with a larger P—
N-P angle, 1" (104.70(11) and 103.10(11)°) and 1%
(103.22(10) and 103.12(10)°), are larger than those of
dinitrogen molybdenum complexes with a smaller P—N—P
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Table 3. Interatomic Distances (A) and Angles (deg) of 27

and 23,5ﬂ’rPh
3/5iPxPh
complex 2% structure (1)  structure (2)
Interatomic Distances (A)
Mo—N, 2.0378(18)  2.064(4) 2.074(4)
Mo—P 2.4069(6) 2.4086(11) 2.4026(11)
24130(6)  2.3997(12)  2.4186(13)
P-N 1.7462(16)  1.747(4) 1.736(3)
1.7432(16)  1.758(4) 1.752(4)
N-N 1.110(3) 1.078(6) 1.058(6)
Mo-N 3.1391(17)  3.132(4) 3.151(4)
pP--P 2.6598(7)  2.6516(16)  2.6606(17)
p---P’ 40027(8)*  4.0110(19)®  4.0207(18)°
Bond Angles (deg)
P—N-P 99.32(9) 99.16(18) 98.58(17)
P—Mo—-P 66.985(17)  66.93(4) 66.99(4)
Dihedral Angles (deg)
plane[P—N—P]—plane[aryl]  4.667 3.448 6.289

“The primed and nonprimed atom are related to each other by the
operation —x + 2, y, —z + '/, + L. “The primed and nonprimed atom
are related to each other by the operation —x, —y + 2, —z + 1. “The
double primed and nonprimed atom are related to each other by the
operation —x + 1, =y + 2, —z + 2.

angle, such as 2% (99.32(9)°) and 2*5"™" (99.16(18) and
98.58(17)°). The aryl groups with a small twisting angle push
against the phenyl groups of diphenylphosphines. This results
in narrowing of the P—-N—P angles. A narrow P—N—P angle
causes smaller P-+P separations compared with those of 1** and
1%; the lengths for 2% are 4.0027(8) A for P(1)--P(1)’and
4.0585(8) A for P(2)-P(2)’, and the lengths for 2>5F™" are
4.0110(19) A for P(1)—P(2)’, and 4.0207(18) A for P(3)'—
P(4). In addition, the P—Mo—P an%le for 2% is 66.99(2)° for
P(1)—Mo(1)—P(2), and for 2**P™* the angles are 66.93(4)°
for P(1)—Mo(1)—P(2) and 66.99(4)° for P(3)—Mo(2)—P(4),
respectively. These values are quite small compared with the
previous case (79.40(15)° for trans-[Mo(N,),(dppe),],*"
90.5(2)° for trans-[Mo(N,),(PMePh,),],** and 95.56(2)°
and 84.88(2)° for tmns—[MO(NZ)Z(depf)2]40d).

The Mo—P bond lengths for 2% are 2.4069(6) A for
Mo(1)—P(1) and 2.4130(6) A for Mo(1)—P(2). The Mo—P
bond lengths for 235®** are 2.4086(11) A for Mo(1)—P(1),
2.3997(12) A for Mo(1)—P(2), 2.4026(11) A for Mo(2)—
P(3), and 2.4186(13) A for Mo(2)—P(4). These Mo—P bond
lengths are shorter than those of 1™ and 1%, although the
charges (0) on the central metal of 2% and of 25" are less
than the +2 charge on the central metal of 1™ and 1%, This
result indicates an increase in the covalency of Mo—P bond due
to changing in the oxidation states from Mo(+2) to Mo(0).
The Mo—P bond lengths observed for 2% and 235" lie in a
significantly shorter range than those of the trans-dinitrogen
tetraphosphine molybdenum complexes reported previously

(2.46—2.50 A).** This shorter Mo—P bond may have been
caused by unique property of diphosphinoamine ligand unlike
diphosphinomethane ligand.16

The dihedral angles between the P—N—P plane and N-
substituted phenyl ring, as also described above, are 4.7° for
2%, and 3.4° and 6.3° for 2> The substituent phenyl rings
in these complexes exhibit very little twisting against the P—N—
P plane, in contrast with those of 1X. Although the coplanarity
may also be affected by the crystal packing, such examples are
quite rare among the metal complexes with N-arylated
diphosphinoamine ligands reported previously,'*>!#82931b42
Careful observation of these two crystal structures has revealed
an interesting structural feature. As shown in Figure S, we

Figure S. ORTEP view of 23SPPh ith CH—7 interactions.

identified a CH—7 interaction between xylyl methyl groups and
the phenyl rings of diphenylphosphine of 2¥? and between the
isopropyl methyl groups and the phenyl rings of diphenyl-
phosphine of 2¥5P™h; the distances between methyl carbon
atoms (C(31) and C(32) for 2% and C(32), C(35), C(68), and
C(72) for 2%5®™h) from the mean plane of phenyl rings are
~4.63 A for 2% and 4.00—4.12 A for 235 respectively. This
CH—7 interaction was also identified from the shift of the ring
current in 'H NMR spectra of 2% and 2% the methyl
protons are shifted to a higher field region relative to those of
the diphenylphosphinoamine derivative ligands, and the 3- and
S-methyl protons and 4-protons of 2* and the 3- and $-
isopropylmethyl protons and 4-protons of 235*™* ligands are
shifted to an upper field region by 0.01—0.20 ppm relative to
those of metal free ligands. The narrow P—N—P angle (~99°)
described above may have been induced by the push effect of
the methyl groups against the phenyl rings of diphenylphos-
phine through the CH—x interactions.

In order to clarify the coordination of the dinitrogen
molecule to the metal in solution, we synthesized a series of
"“N-enriched dinitrogen molybdenum complexes, 3® (R = Ph,
Xy, 3,5-iPr,Ph). “N{'H} NMR spectra of 3¥ and 3> in

Table 4. Comparison of trans-[Mo(N,),(P4)] Complexes

complex v(N=N) (ecm™)
[Mo(N,),(L¥),] 2% 2011
[Mo (NZ)Z(L:»,S;'PrPh)ZJ 3,5iPrPh 2014
[Mo(N,),(dppe),] 1975
[Mo(N,),(PMePh,),] 1922
[Mo(N,),(depf),] 1907

N-N (A) av Mo—P (A) P—Mo—P (deg)
1.110(3) 2.410(4) 66.99(2)
1.078(6), 1.058(6) 2.407(8) 66.93(4), 66.99(4)
1.118(8) 2.454(10) 79.40(15)
1.133(7), 1.154(7) 2.496(3) 90.5(2)
1.122(2), 1.124(2) 2.493(9) 95.56(2), 84.88(2)
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THEF solution exhibit two peaks arising from the internal and
terminal nitrogens at —46.34 and —45.99 ppm for 3% and
—46.47 and —46.03 ppm for 3> respectively (with respect
to nitromethane nitrogen as a standard) (Figure S3). These
peaks are detected in the lower field region relative to the
metal-free dinitrogen molecule (—75.3 ppm) and are in the
usual range (—35 to —S0 ppm) of the dinitrogen molybdenum
complexes reported previously, showing that the dinitrogen
molecule binds to molybdenum atoms.” The chemical shift
values and the spin—spin coupling constants of 3¥ and 3%5P"
are similar to those of a “trans” isomer of dinitrogen
molybdenum complexes (e.g, trans-[Mo(N,),(dppe),] dppe
=1,2—bis(diphenylphosphino)ethane).4Ob Therefore, it is sug-
gested that the structures of dinitrogen—molybdenum
diphosphinoamine complexes 2" in solution are “trans” isomers
as shown in the crystal structures.

Solid state FT-IR spectra of 2" show a strong ¥(N=N) band
at 1990 cm™! for 2P, 2011 cm™! for 2%, 1995 cm™! for 2MeOPh,
2014 cm™! for 2>5™h and 1975 cm™ for 2. These values are
clearly shifted to a lower energy region relative to the
corresponding value of the metal-free dinitrogen molecule
(2231 cm™). Additionally, "*N-enriched dinitrogen complexes
3R exhibit an isotope shift of the v(N=N) band at 1923 cm™
for 3™ (A 67 cm™), 1934 cm™! for 3% (A 77 cm™!), and 1947
cm™ for 3¥5PPh (A 67 cm™'). These values appear to be
reasonable in considering the isotope effect of the coordinated
dinitrogen molecules. These spectral patterns of this observa-
tion region are characteristic of the trans isomer of dinitrogen
molybdenum complexes. The v(N=N) values are listed in
Table S1 together with those of previously reported dinitrogen
tetraphosphine molybdenum complexes. The (N=N) values
of 2% are also similar to that of the previously reported “trans”
isomer of tetraphosphine molybdenum complex trans-[Mo-
(N,),(Ph,PCH,PPh,),] which has a 4-membered chelate ring
(1995 cm™!).*o%

It is noteworthy that the v(N=N) values of 2® are
significantly affected by N-substituent groups of diphosphino-
amine ligands; the ¥(N=N) values decrease according to the
following order, 2%5"™* (2014 ecm™) > 2% (2011 em™) >
2MeOPh (1995 cm™!) > 2Ph (1990 cm™) > 2™ (1975 cm™).
These results indicate that the greatest z-back-donation from
molybdenum to the dinitrogen molecule is observed for 2™".
This indicates that 2™ has the highest electron density on the
metal ion. This is quite reasonable in light of the fact that the
N-isopropyl group has greater electron donating ability and the
N-aryl groups are electron-withdrawing groups. This result may
explain the dynamics of the *'P{'"H} NMR chemical shift values
for the supporting ligands L*™. The *P{'H} chemical shift
value of L™ is observed in the higher magnetic field region
relative to the 3'P chemical shift value of L™ (Table 1). This
indicates that the phosphinoamine phosphorus atom of L*" has
the greatest electron density. We can therefore rationalize that
the greater electron density on the phosphinoamine phospho-
rus atom may enhance the extent of electron donation to the
molybdenum atom and weaken the extent of 7-back-donation
from the metal atom to the phosphorus atoms, resulting in
enhancement of 7-back-donation from molybdenum to the
coordinated dinitrogen molecule.

Next, we examine the dynamics of v(N=N) values of 2%
with aryl groups. Previously, for the tetraphosphine molybde-
num complexes, trans-[Mo(N,)(p-XCcH,CN)(dppe),] (X =
CH4CO, Cl, H, CH;, NH,), and trans-[Mo(N,),{(p-
XC6H4)2PCH2CH2P(P'XC6H4)2}2] (M = Mo, X = CF;, C],
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H, CH,, CHg,O),45 Rankin and co-workers reported on a
relationship between v(N=N) values and Hammett parame-
ters (6%).*® They showed that the v(N=N) values (1931
cm™') of the metal complexes with an electron donating p-
methoxyphenyl group are smaller than those of metal
complexes with a phenyl group (1945 cm™). However, such
a relationship between the (N=N) values and the electron
donating characteristics of L® was not identified. As described
in the 3'P NMR section above, it is considered that the electron
densities on the phosphorus atoms of the phosphinoamine
ligands are not affected by the N-substituent aryl groups. For
example, the (N=N) value of 2M¢°™* (1995 cm™") which has
the electron donating p-methoxyphenyl group is higher than
that of 2P* (1990 cm™') which has a phenyl group. Similarly,
the v(N=N) values of 2% (2011 cm™) and 2>P (2014
cm™) are higher than that of 2™, To clarify these unusual and
interesting findings, we perform theoretical study described
below.

The v(N=N) value (2011 cm™") for 2% is smaller than that
of 23P®k (2014 cm™), although the difference is quite small.
Likewise, the average Mo—P bond length of 2% (2.410(4) A) is
quite similar to that of 2% (2.407(8) A). In previous
reports, it was established that the dinitrogen molybdenum
complexes with longer Mo—P bonds tend to tend to show
lower v(N=N) values. We identified a correlation between the
V(N=N) values and the Mo—P bond lengths, as shown in
Figure 6. It was previously found that certain trans isomers of
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Figure 6. Correlation between the average Mo—P bond lengths (A)
and the v(N,) values (cm™) in the trans-[Mo(N,),P,] (P = tertiary
phosphine ligand): (A) 2>5%*h (B) 2%, (C) trans-[Mo(N,),(dppe),],
(D) trans-[Mo(N,),(PMePh,),], (E) trans-[Mo(N,),(depf),].

tetraphosphine dinitrogen molybdenum complexes which can
activate dinitrogen have longer Mo—P bond lenO%)ths as follows:
trans-[Mo(N,),(dppe),] (2.454(10) A),*®® trans-[Mo-
(N,),(PMePh,),] (2.496(3) A),*°° and trans-[Mo-
(N,),(depf),] (2.493(9) A) 24 A similar relationship is also
seen in the substituent effect of diphosphinoamine derivative
ligands, which influences Mo—P bond lengths and v(N=N)
stretching vibration values of 2% and 25SPPh - This effect,
however, is very small. In previously reported tetracarbonyl
molybdenum complexes with phosphine derivative ligands,
such a substituent effect has not been identified in the
coordination behavior of the carbonyl molecule which is well-
known to exhibit coordination behavior similar to that of the
dinitrogen molecule. The ©(CO) values of the tetracarbonyl
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diphenylphosphinoamine complexes [Mo-
(CO){(PhO),PNRP(OPh),}] (R = Me, Ph) were essentially
the same for the respective substituents.”” In addition, the
v(CO) stretching vibrations of C-substituted diphenylphosphi-
nomethane complexes [Mo(CO),{Ph,PC(R'R*)PPh,}] (R =
H, alkyl, allyl) have essentially the same values.*” In these cases,
the £(CO) values of the coordinated carbonyl groups were not
affected by the substituent groups. However, in our case, the
characteristics of the coordinated dinitrogen molecules are
significantly reflected by the v(N=N) values which are
influenced by the N-substituent groups; the (N=N) value
ranges between 1975 to 2014 cm™'. This may indicate that
equatorial coordination of two diphosphinoamine derivative
ligands to the molybdenum ion is favorable for axial
coordination of dinitrogen molecules as a result of a through-
bond interaction of the P—-Mo—N, moiety. It is therefore quite
informative that the N-substituent groups of the diphenylphos-
phinoamine ligand can indirectly control the electronic
properties of metal centers. We have succeeded in controlling
the v(N=N) by using the dinitrogen molybdenum complexes
with N-substituted diphenylphosphinoamine ligands.

Reactivity of Dinitrogen Diphosphinoamine Molyb-
denum Complexes. Efforts To Protonate Dinitrogen
Molybdenum Complexes. To develop dinitrogen reduction
catalysts, we first attempted to prepare a hydrazide complex
according to a previously reported method using various
dinitrogen molybdenum complexes.®**** Complex 2¥5P™" was
treated with 2 equiv of trifluoromethanesulfonic acid (HOTY)
in THF at room temperature for 24 h. The resulting solution
was concentrated to dryness, and the precipitate was measured
by FT-IR spectroscopy. No peaks assignable to (N=N) of
dinitrogen complex and v(NH) of hydrazide complex were
observed. In addition, we attempted to generate ammonia by
treating complex 2¥5*™® with an excess amount of sulfuric acid
(H,S0,) in THF at room temperature for 24 h.**** However,
formation of ammonia was not detected as measured by using
the indophenol method.*® In 3'P{’H} NMR spectra of the
resulting residues in benzene-ds, there were no peaks
corresponding to the diphenylphosphinoamine ligand. This
suggests that the supporting ligand of 235" reacts with acid
and decomposes. Burg and Slota have previously reported that
the P—N bond of the dimethylaminodimethylphosphine is
cleaved by acids such as water and hydrogen chloride.”" For
235®rPh it i possible that the P—N bond of the
diphenylphosphinoamine ligand has been cleaved by HOTf
or H,SO,. Therefore, the coordinated dinitrogen was not
reduced to ammonia. Furthermore, this reaction was
unsuccessful for all of the other dinitrogen molybdenum
complexes with diphosphinoamine ligands. These results
indicate that it is difficult for 2® to reduce dinitrogen by
protonolysis.

Conversion of Dinitrogen to Silylamine Using
Dinitrogen Molybdenum Complexes. Next, we studied
the reactivity of the dinitrogen molybdenum complexes 2°
toward silylation, because Hidai and co-workers reported
catalytic dinitrogen reduction to silylamines using molybde-
num— and tungsten—dinitrogen complexes (TON = 24.3).*%
Treatment of 28 with excess trimethylsilyl chloride and sodium
metal in THF under a dinitrogen atmosphere at room
temperature for 24 h produced tris(trimethylsilyl)amine and
hexamethyldisilazane. Fortunately, the silylation of the
coordinated dinitrogen molecules proceeded, although the
yields of silylamines were very low. [The turnover numbers
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based on the complex detected by GC/MS, (Me;Si);N, are as
follows: 3.95 (2™), 0.28 (2%7), 1.06 (27"), 1.03 (2M<OPh) 2,95
(235 Ph); for (Me,Si),NH, 0.25 (2™), 0.09 (2%), 0.35 (2™),
0.35 (2MeOPh) 048 (23%5P™h). We could not distinguish
whether the obtained silylamines were made from dinitrogen
or diphosphinoamine ligand. However, any decomposed
products from phosphinoamine ligand were not detected in
GC/MS chromatogram.] While the silylation of 2® using
trimethylsilyl chloride proceeded, the protonation of 2% with
acids did not. This may indicate that the trimethylsilyl group
(as the species reacting with dinitrogen) is sterically too large to
successfully attack the sterically hindered nitrogen atom of the
diphosphinoamine ligand. Decomposition of ligands by the
reagents was prevented, and then the trimethylsilyl group
reacted with dinitrogen preferentially. Since the solubilities of
these complexes vary and tend to be quite low, we could not
identify a correlation between the reactivities and v(N=N)
values of the coordinated dinitrogen molybdenum complexes.
We have succeeded in reduction of dinitrogen using
molybdenum complexes with diphosphinoamine derivative
ligands.

Theoretical Study: Full Optimization of Dinitrogen
Molybdenum Complexes by DFT Calculations. The
experimental results described above have suggested that the
influence of the N-substituent groups of the supporting P—N—
P ligands is an important factor in the ¥(N=N) value. To
improve our understanding of the steric and electronic effects
of N-substituents, we performed a theoretical study of
dinitrogen molybdenum complexes with a particular focus on
the dihedral angle between the P—N—P plane and the N-
substituted phenyl ring because the values of ¥(N=N) have
been found to be affected by the steric bulk of N-substituted
aryl groups. We expect that variations in the dihedral angle may
be responsible for this effect. Interestingly, the crystal structures
of dichloride—molybdenum complexes indicate large dihedral
angles of 67.9° and 89.1° for 1™ and 64.9° and 77.3° for 1%.
The dihedral angles of dinitrogen—molybdenum complexes
have small dihedral angles of 4.7° for 2*” and of 3.45° and 6.29°
for 235P™Ph " respectively. Although this may simply be caused
by differences in crystal packing, we focused on these
meaningful dihedral angles in our theoretical approach to
understand the correlation between the dihedral angle and the
behavior of coordinated dinitrogen using geometry optimiza-
tion and natural population analysis, especially with respect to
the differences in electron densities.

The DFT calculations were performed for 2™, 2%, and
235PPh yith appropriate dihedral angles (0° and 90°) between
the P—=N—P plane and the N-substituted phenyl ring plane.
Calculations were also carried out for 2(PMe,)™ with dihedral
angles of 0° and 90°, where 2(PMe,)™ represents a complex
with the diphenylphosphine of 2 replaced by dimethylphos-
phine. For 2(PMe,)™, calculations were also performed for the
complex without dinitrogen. For the DFT calculations, the Mo
atom was positioned on the origin, the z-axis of d-orbital of Mo
atom is placed parallel to the Mo—N(N,) bonds, and the x-axis
is directed toward the diphosphinoamine N atoms. These
model complexes were fully optimized using the crystal
structures obtained from single crystals of 2% and 235P™® a5
their initial bond parameters. The bond parameters for the
metal atoms in the structures optimized for 2Ph Xy 3SiPrPh
and 2(PMe,)" with dihedral angles of 0° and 90° are shown in
Table S3 together with the estimated v(N=N) stretching
vibration values. The whole structures and bond parameters for

dx.doi.org/10.1021/ic301577a | Inorg. Chem. 2013, 52, 182—195



Inorganic Chemistry

the optimized dinitrogen molybdenum complexes are similar to
those obtained from the crystal structures within experimental
error. However, elongations were identified in the Mo—P bond
lengths of the optimized structures.

In the calculations, the substituent effects of N-aryl groups
were not observed, although there are significant differences in
the Mo—P bond lengths and P—N—P angles between
dinitrogen molybdenum complexes with dihedral angles of 0°
(coplanar form) and 90° (perpendicular form). The Mo—P
bond lengths for the complexes with the coplanar form are
shorter than those with the perpendicular form. This indicates
that for dinitrogen molybdenum complexes with the
perpendicular form, the 7-back-donation from the Mo ion to
the P atoms is smaller than the z-back-donation of the
complexes with the coplanar form. The P-N—P angles (~99°)
of the dinitrogen molybdenum complexes with the coplanar
form were found to be narrower than the P—-N—P angles of the
dinitrogen molybdenum complexes with the perpendicular
form (~103°). This may be explained by the steric repulsion
which occurs between the two phenyl groups of the
diphenylphosphine and the N-aryl substituents with the
coplanar form. The greater repulsion narrows the P—N-—P
angle, while the perpendicular form has less repulsion and does
not enforce an acute angle. Such behavior is also seen in the
crystal structures of 1™ (av 103.9°)/1% (av 103.2°) and 2%
(99.32°) /235 (3y 98.87°).

In the estimated v(N=N) stretching vibration values, the
dinitrogen molybdenum complexes with the perpendicular
form (2040 cm™') have lower frequencies than with the
coplanar form (2060 cm™), although such behavior was found
to not be affected by the substituent effect of the N-aryl groups.

To simplify the DFT calculations, we also analyzed
dinitrogen molybdenum complexes with diphenylphosphine
replaced by dimethylphosphine (2(PMe,)™). The entire
structure and parameters of the bonds to the metal atoms are
essentially identical to those calculated for complexes 2, 2%,
and 2¥5"™h described above (see also Table S3). The most
significant change is within 0.01 A for the Mo—P bonds. The
estimated “(N=N) bands also exhibit the same tendency.

Theoretical Study: Natural Population Analysis of the
Model Dinitrogen Molybdenum Complexes. In order to
examine the natural atomic charges and atom—atom overlap-
weighted NAO bond orders of the model dinitrogen
molybdenum complexes, we performed a natural population
analysis of 27", 2%, 23SPPh and 2(PMe,)™ (Table S4). The
orientations of the N-aryl groups (perpendicular and coplanar
forms) exert a significant effect on the natural atomic charges
and NAO bond order, but the substituents of the N-aryl groups
do not.

The electron density localized on the diphosphinoamine
nitrogen flows into the outer nitrogen of the coordinated
dinitrogen molecules through the N—P—Mo—N=N bond
when the phenyl groups twist around the N—C bond from the
coplanar form. The NAO bond orders of N—P—Mo—N=N
bonds alternate between an increase and a decrease relative to
the coplanar form. The bond order alternates by twisting of the
coplanar form to the perpendicular form. For example, in the
case of 2%, it decreases for N—C (0.845 — 0.813), increases
for N—P (0.630 — 0.634), decreases for Mo—P (0.830 —
0.821), increases for Mo—N (0.841 — 0.856), and decreases
for N=N (1.568 — 1.565). These findings suggest that the
dinitrogen molecule of the molybdenum dinitrogen complex
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with an N-aryl group in the perpendicular form is negatively
charged. This is favorable for attack of external protons.

Theoretical Study: Change in Electronic Structures of
the Molybdenum Complex by Coordination of the
Dinitrogen Molecule. The calculation of 2’ (PMe, )™ without
dinitrogen molecules was carried out using the four-coordinate
diphosphinoamine molybdenum model complex from which
dinitrogen molecules were removed 2(PMe,)™. The calcu-
lation of the metal-free dinitrogen molecule was carried out
using the structure that was removed from the four-coordinate
square-planar molybdenum complex from 2(PMe,)™ The
atomic charges and bond orders of these complexes are listed in
Table S5. As shown in Table S5, for both 2(PMe,)™ and
2'(PMe,)"™ complexes with and without dinitrogen molecules,
the total energy is lower with the perpendicular form than with
the coplanar form. The atomic charges on molybdenum and
dinitrogen were found to increase upon coordination of
dinitrogen. The atomic charge on the phosphorus atoms was
found to decrease. The order of the N=N bond was found to
decrease upon coordination to the metal from 1.804/1.805 to
1.609/1.612 for perpendicular and coplanar forms, respectively.
The electron density on the coordinated dinitrogen molecule
was found to increase with twisting of the aryl groups from the
coplanar form.

The energy levels of the d-orbitals of molybdenum atoms for
the complexes with coplanar and perpendicular forms are listed
in Table S6. It can be seen that the d-orbitals of the six-
coordinate dinitrogen molybdenum complex are doubly
occupied in all of the d,,, d,? d,, orbitals in this order. The
d-orbitals of the four-coordinate molybdenum complex were
found to be singly occupied in the d,».2, d,,, d.,, d.> orbitals for
a-orbitals and in the d,2.7, d., orbitals for the f-orbitals. The a-
and p-orbital energies of the four-coordinate molybdenum
complexes are higher for the perpendicular form than those for
the coplanar form. This indicates that the d-orbitals of the
molybdenum complex with the perpendicular form interact
more readily with the 7*-orbitals of dinitrogen molecules and
induce 7-back-donation more effectively than those with the
coplanar form. Indeed, the d,, and d,, orbitals for the
molybdenum complexes with vertical and coplanar forms are
largely stabilized by dinitrogen coordination compared with the
other d-orbitals. The d,, orbital energy is changed between
perpendicular and coplanar forms. This behavior has also been
identified in the occupation numbers of the d-orbitals of the
Mo atom and the p-orbital of the diphosphinoamine N atom.
The occupation numbers of both the a- and the f-orbitals are
larger in the perpendicular form in than the coplanar form, and
the occupation numbers of the a- and f-d, orbitals are
especially larger, as shown in Table S7.

As shown in Table S8, the extent of electron donation from
the Mo d orbitals to the N, 7* orbitals is competitive with the
extent of electron donation to the o* orbitals of the P—C
bonds. This electron donation to the ¢* orbitals of P—C bonds
is also competitive with the electron donation from the p-type
lone-pair of the diphosphinoamine nitrogen which is in so-
called hyperconjugation. The competitive electron donation
involving the o* orbitals of the P—C bonds is demonstrated in
Scheme 3, where the thickness of the arrows shows the
magnitude of donation. The significant electron donation
originating from the lone-pair of the diphosphinoamine
nitrogen inhibits electron donation from the Mo d orbitals to
the P—C o* orbitals. This inhibition of electron donation
(Table S8) is larger in the dinitrogen molybdenum complex
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Scheme 3. Comparison of Hyperconjugation Schemes of the
Dinitrogen Molybdenum Complex with the Perpendicular
Form (Top) and the Coplanar Form (Bottom)“

y

I'\_RJ
P—C{c*)

N(m)
Coplanar form
“The Mo atom was positioned on the origin, the z-axis of d-orbital of

Mo atom is placed parallel to the Mo—N(N,) bonds, and the x-axis is
directed toward the diphosphinoamine N atoms.

with the perpendicular form relative to that of the N,
molybdenum complex with the coplanar form. In the
dinitrogen molybdenum complex with perpendicular phenyl
groups, the occupation numbers of the lone-pair electrons on
the diphosphinoamine nitrogen are greater. The extent of
electron donation from the lone-pairs to the 6* orbitals of P—C
bonds is also greater, and the extent of electron donation from
the 4d,, orbital to the o™ orbitals of P—C bonds is less than that
of the coplanar form.

The electron densities of the lone-pairs of the diphosphino-
amine groups are delocalized to a phenyl group parallel to the
P—N-P plane, and the basicity of the diphosphinoamine
nitrogen decreases in a manner similar to that of the amino
group of aniline. In contrast, the electron density within the
dinitrogen molybdenum complex with vertical phenyl groups
remains high and is transferred to the o* orbitals of P—C
bonds. Electron donation from the Mo atom to ¢* orbitals of
P—C bonds is inhibited, and this increases the d-electron
donation from Mo to #* orbitals of the N, ligands. The
interaction between the d,, orbital of Mo and the 6* orbital of
P—C bond gives an unusual property due to the small bite
angle of the diphosphinoamine ligand. In the larger P—Mo—P
angle structure reported previously, however, the phosphorus
atoms are located near along the diagonal lines of the regular
octahedron. Therefore, it is difficult for the 6* orbital of P—C
bond to interact with d,, orbital of Mo ion.

These theoretical results indicate that the nitrogen lone-pair
of the diphosphinoamine ligand controls the electron density at
the metal center (including phosphorus and dinitrogen). This
effect is sometimes seen in molybdenum complexes with
diphosphinoamine ligands, and not in the case of metal
complexes with carbon-bridged bidentate phosphine ligands
such asbcli;)henylphosphinomethane and diphenylphosphinoe-

thane."”
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Interpretation of the Difference Between Experimen-
tal and Theoretical Results. In the present work we
synthesized new dinitrogen molybdenum complexes with
diphosphinoamine derivative ligands which form a 4-membered
chelate ring and investigated the ability of these complexes. As
considered from the (N=N) stretching vibration values of
the dinitrogen molybdenum complexes, the dinitrogen
molybdenum complexes with an alkyl group are more effective
at decreasing the bond strength of the coordinated dinitrogen
molecule than the complexes that have an aryl group. Among
the complexes with aryl groups, the v(N=N) values of
dinitrogen molybdenum complexes were different from each
other. Therefore, in order to explain the effect for the bond
strength of dinitrogen, we performed full geometry optimiza-
tion of the dinitrogen molybdeum complexes with the twisted
aryl group (~90°) (perpendicular form) and with the
nontwisted aryl group (~0°) (coplanar form) at the DFT
level. Interestingly, the DFT study has suggested that the
perpendicular form would be more effective at decreasing the
bond strength of dinitrogen molecule than the coplanar form.
This behavior has been elucidated as follows: The twisting of
aryl groups in the vertical form inhibits z-back-donation from
the metal to phosphinoamine. The electron density is pooled
on the metal and flows to the coordinated dinitrogen molecule
by 7m-back-donation. This theoretical result can explain the
experimental result of the v(N=N) value of dinitrogen
molybdenum complexes. 2" has smallest value of v(N=N),
because the alkyl substituent group of 2" that does not have z-
conjugation system inhibits 7-back-donation from the metal to
phosphinoamine ligand. Therefore, the order of v(N=N) is
2P0 5 2 On the other hand, 2% and 2*5P" have the largest
value of ¥(N=N). Interestingly the 3,5-dimethyl groups of the
xylyl substituent and the 3,5-diisopropyl groups of the 3,5-
diisopropylphenyl substituent interact with the phenyl groups
of the diphenylphosphine substituents via a CH— interaction,
as described above in the crystal structure section. Therefore,
these complexes have small dihedral angles and small bite
angles effect, and the substituent of 2! js sterically larger
than that of 2%7. However, there are no CH—7 interactions in
2P and 2MeOPh. thys, these complexes have large dihedral
angles. Also, 2M®°™ has p-methoxy group which has an
inductive withdrawing effect. Thus, the order of V(N=N) is
23SIPPh Xy 5 pMeOPh 5 9Ph Consequently, the v(N=N)
values decrease according to the following order: 235F*Ph > 2Xy
> MeOPh o oPh 5 H®r The y(N=N) values of 2%} are
significantly affected by N-substituent groups of diphosphino-
amine ligands from the viewpoint of both experimental and
theoretical study.

B CONCLUSION

We have prepared novel molybdenum dinitrogen complexes
with P—N—P type diphenylphosphinoamine ligands which
form a 4-membered chelate ring as an auxiliary ligand. The
U(N=N) values are not clearly reflected in N—N bond
distances but indicate that these ligands can control the
property of the coordinated dinitrogen through the changes in
the structure of metal center according to the properties of the
N-substituent groups on the P—N-—P ligand. The steric
bulkiness of the substituent groups on diphenylphosphino-
amine nitrogens contributes to the bond order of the
coordinated dinitrogen molecules. This behavior has been
elucidated theoretically by DFT calculations. The coplanarity of
the N-substituent aryl groups of the P—=N—P plane regulates
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the flow of electrons from the lone-pair on the nitrogen atom of
the P=N—P ligands to the coordinated dinitrogen through the
7*(N,)-d,,d,.,(Mo)—c*(P—C) interaction of the N,—Mo—P
bond. In order to examine the factors controlling the
conversion of the molybdenum complexes from dinitrogen to
ammonia, we investigated the reduction of dinitrogen by
sialylation. Reduction was observed, but the yields were quite
low. Unfortunately, a correlation between N-substituents and
yields of silylamines was not identified because of the low
solubility of the molybdenum complexes 2% Here we have
investigated the structural effect for dinitrogen coordination by
using novel molybdenum complexes with the P—=N—P type
diphenylphosphinoamine ligands which form a 4-membered
chelate ring, and found that the location of phosphorus atoms
relative to molybdenum atom (M—P bond lengths and P—M—
P bite angles) is very important for controlling the property of
coordinated dinitrogen.
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