5668

Organometallics2006, 25, 5668-5671

Dinitrogen Complexes of Pincer-Ligated Iridium

Rajshekhar Ghosh, Mira Kanzelberger, Thomas J. Emge, Gene S. Hall, and
Alan S. Goldman*

Department of Chemistry and Chemical Biology, Rutgers, the Stateetsity of New Jersey,
Piscataway, New Jersey 08854

Receied August 3, 2006

Summary: Precursors of the fragment (PCP)Ireabeen
previously reported to react with dinitrogen to:g the bridging
dinuclear complex [(PCP)IZ(N2) (2), which was crystallo-
graphically characterized. We report that undes &mosphere
the only obserable nitrogen complex in solution is actually
the terminal dinitrogen complex (PCP)IrgN The mono- and
dinuclear species are in equilibrium; the dinuclear complex
more readily crystallizes from solution.

Introduction

Since their discovery in 1965, transition metal dinitrogen
complexes have been of great intefeBinitrogen complexes

comprise one of the relatively few classes of compounds that
can be formed from molecular nitrogen under mild conditions.
They are clearly relevant both to nitrogen fixation by plants
and to efforts to develop improved catalysts for the reduction

of nitrogen?

solvents. This value is close to, but does not quite match, the
value previously reported for [([PCPY(N2) (0 72.9 ppm in
cyclohexaned;,). To identify this species, we added, KBOO
Torr) to a sample of (PCP)Ir@Els)(H) in p-xylene. Quantitative
conversion to a single product)(was observed in th&P{1H}
NMR (6 72.9 ppm). After the sample was subjected to a freeze
pump-thaw cycle, however, a small peak @t74.7 ppm 2)
appeared. To another sample of (PCP}3HE}(H) in p-xylene
we added approximately 0.25 equiv of, N32 Torr). The
31P{1H} NMR signal até 74.7 ppm B) grew in as the signal
attributable to (PCP)Ir(§Hs)(H) diminished. Adding an ad-
ditional 0.5 equiv of N led to the complete disappearance of
(PCP)Ir(GHs)(H); while the signal aty 74.7 ppm ) was still
dominant in theé’P spectrum, the peak at72.9 ppm 1) began

to appear. Addition of 800 Torr of Nto this solution resulted
in complete conversion to complex

These results strongly indicated that while compeis the

Dinitrogen complexes of almost every transition metal have Product of reaction with b complexi results from the presence

now been preparetl.Some have found utility as synthetic
precursors, largely due to the ease of displacingsdmetimes

of a higher ratio of N to (PCP)Ir. This could be readily
explained by the equilibrium of eq 1 and the hypothesis that

simply by applying a vacuum. Varied degrees of activation and cOmplexesl and2 are the mononuclear terminal and bridging
several different bonding modes, both mono- and dinuclear, havedinuclear dinitrogen complexes, respectively.
been observed. Interest remains strong, although the potential

for use of such complexes for catalytic fixation and function-
alization of dinitrogen remains unrealizéd.

The use of pincer ligands has seen dramatic growth in recent

years3* Precursors of (PCP)Ir (PGP «3-CgHz-2,6-(CHPBU,),)

and derivatives have been found to be the most effective

catalysts for alkane dehydrogenation reported to tiatéow-

P'Bu, Bu,P P'Bu,

\ / \
Ir=N=N-Ir +N=EN=—2 Ir=N=N

/ \ / 1

P'Bu, Bu,P 2 1 P'Bu, M

Addition of 800 Torr of N to a benzenel solution of (PCP)-

ever, a weakness of these systems is that, as reported by Jenseli{(NBE) (NBE = norbornene) results in quantitative appearance

catalytic activity is inhibited by nitrogen gas, even in trace
amount$ The formation of a bridging dinuclear dinitrogen

complex, [(PCP)IJ(N2), which was crystallographically char-

acterized?, was reported to be responsible for this inhibitory
effect.

Results and Discussion

In the course of our work with (PCP)Ir complexes, a small,
persistent peak was frequently observed in 3 H} NMR
spectrum with chemical shifé 74.9-73.5 ppm in various
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of the upfield  72.5 ppm) resonance in tHéP{'H} NMR
spectrum {). This solution was allowed to slowly concentrate
in hexane solvent in the glovebox. After-3 days amber-
colored blocks were formed, which were suitable for X-ray
diffraction. The structure of the complex (Figure 1) has hexane
in the lattice but is otherwise very similar to that obtained by
Jensehfor complex2. Selected bond lengths and angles are
given in Table 1. Thus a solution of predominantly the species
that we assigned as the mononuclear complex (PCR)I@)

can yield crystals of dinuclear [(PCP}{N>) (2), even under
800 Torr of Nb.

Slow evaporation of a solution of compleixalso yielded
crystals of comple®. However, complex could be crystallized
by preparing a saturated solution dfin hexane in an NMR
tube and cooling this solution to15 °C over 3-4 h under N
atmosphere (800 Torr). Large orange-red crystals were formed.
X-ray analysis revealed that the crystalline material was indeed
monomeric terminal dinitrogen complex (PCP)Is{NL) (Figure

(7) Jensen and co-workers did the crystallization from cyclohexane, which
likewise co-crystallized in the lattice (ref 6).
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Figure 1. Complex2 (similar to that reported by Jensen ef'al.
Table 1. Selected Bond Lengths and Bond Angles in

Complex 2
Bond Length (A)
Ir(1)—N(1) 2.0121(16) Ir(2FN(2) 2.0115(16)
Ir(1)—C(1) 2.0534(18) Ir(2}C(25) 2.0511(18)
Ir(1)—P(1) 2.2989(5) Ir(2)P(3) 2.2985(5)
Ir(1)—P(2) 2.3028(5) Ir(2rP(4) 2.3001(5)
N(1)-N(2) 1.134(2)
Bond Angles (deg)
N(1)—Ir(1)-C(1)  179.29(6) N(2HIr(2)—C(25) 179.57(7)
N(1)—Ir(1)—-P(1)  100.35(4) N(2)Ir(2)—P(3) 99.07(4)
N(1)-Ir(1)-P(2)  99.00(4) N(2FIr(2)—P(4)  100.28(4)
P()Ir(1)-P(2)  160.630(16) P(3)Ir(2)—P(4) 160.623(16)
N@2)-N(1)—Ir(1) 178.97(15)  N(¥N(@2)—Ir(2)  179.64(16)

2a). Very few terminal =N, complexes have been crystallo-
graphically characterized previougly.

The asymmetric unit of the crystal structure has four
inequivalent molecules df (Figure 2b). A list of bond lengths
and bond angles seen in the four different structures are given
in Table 2. The most notable difference among these inequiva-
lent molecules involves the NN—Ir bond angles, which are (b)
176.0(2) for N(2)—N(1)—Ir(1), as compared with the other
three, which are in the range 178.879.6.

It was reported that the solution IR spectrum of comgex
(crystallographically characterized) contains a strong baqg (
at 2078 cmit; however, such a band would not be expected of
a centrosymmetric complex. The propensity of (PCP)}y((4)

Figure 2. (a) Structure of (PCP)Ir(N (1). (b) Asymmetric unit
with four inequivalent molecules.

Table 2. Selected Bond Lengths and Angles in the Four
Inequivalent Molecules of 1

Bond Lengths (A)

solutions to yield crystals d, as noted above, easily explains Ir(1)—N(1) 1.9489(18) Ir(2yN(3) 1.9442(17)
this observation. In fact no bands were observed in the 2200 Ir(1)—C(1) 2.0398(19) Ir(2yC(25) 2.0483(18)
1800 cnt? range in the infrared spectra of a solid sample of ::EB:E% gggg;g; ::Egﬁgg g-gg%g
pure complexX2. The Raman spectrum of compléxhowever, N()-N(2) 1.'107(3) N(3)-N(4) 1.'107(2)
shows a strong, sharp band at 1979 éntonsistent with the Ir(3)—N(5) 1.9472(17) IF(4)-N(7) 1.9482(17)
presence of the bridging=&N ligand. Ir(3)—C(49) 2.0452(18) Ir(4yC(73) 2.0446(18)
Terminal dinitrogen complex is not centrosymmetric and ::gg:gg gggigg ::Eggg% g-ggg‘z‘rg
ggglcl;)_ltissggnals 1|n bqth the mfrared and Raman spectra in the N(5)-N(6) 1_'107(2) N(7)-N(8) 1_'109(2)
cmt region. An infrared spectrum (ATR/FTIR)
of_ crystals of complext shov_vs_a strong ban(_j at 2076 th N()=I1)~C(1) 175%‘i?g)Angles(%ﬁ?zz)_C(%) 179.79(6)
with a shoulder at _2084 p‘rﬁ. Slmll_arly,-ln _the so_llgl-state Raman N(1)—Ir(1)—P(1) 97.24(5) N3} Ir(2)—P(4) 97.20(5)
spectrum two distinct signals with 1:1 intensities are observed N(1)-ir(1)-P(2) 96.93(5) N(3}Ir(2)—P(3) 97.38(5)
at 2094 and 2077 cm. A benzene solution of complexshows P(1)-Ir(1)—P(2) 165.807(18) P(4)Ir(2)—P(3) 165.110(17)
only one signal in both the infrared and Raman spectra, at 2079 “gg*:\l((?}))fg((%) 117769-3(5()7) '}1\1((47)—;:\1((43))4(;((%)3) 1177%21%((17?)
1 i i ini —Ir(3)— . r(4)— .
and 2|083 cm?, respectively. A terminal molybdekr:um dinitrogen N(5)Ir(3)—P(6) 97.16(5) N7 Ir(4)—P(8) 97.32(5)
complex, [Mo(N)(dpepp)(dppm)] (dpepp= PhP(CHCH,- NGB)-I(3)-P()  97.47(5)  N(HIr&)-P(7)  97.07(5)
PPh),; dppm= PhPCHPPh), has previously been reported  p(6)-Ir(3)-P(5)  165.370(17) P(8)Ir(4)—P(7)  165.541(17)
to have two Raman bands at 2003 and 1984 cim the solid N(6)—-N(5)—Ir(3)  179.63(18)  N(8F-N(7)—Ir(4)  178.84(19)

state? The two different signals in the solid-state infrared and

Raman spectra may be due to coupling between different
molecules in the asymmetric unit, as observed in the crystal
structurelo-12
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20, 4819-4832. (c) Gutierrez-Puebla, E.; Monge, A.; Nicasio, M. C.; Perez,
P. J.; Poveda, M. L.; Carmona, Ehem=—Eur. J.1998 4, 2225-2236.
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The significantly lower frequency of the NN stretch of
complex2 (1979 cntl) as compared with (2094 and 2077
cm™1) can be attributed to the significantly greater combined
dr—por back-bonding from two (PCP)Ir centers (efiy = 2330
cm 1 for free Nb). Accordingly, the crystal structures reveal that
the N=N distance in2, 1.134(2) A, is about 0.03 A greater
than that inl.

Both complexed and?2 are pseudo-square planar (sums of
the iridium—ligand angles are 359.97and 359.99, respec-
tively). The coordinating phosphorus atoms are more “pulled
back” in the dimer; P-Ir—P angles are 16(26versus 165.%
165.8 in the monomer. This is likely due to repulsion between
PCP units of the two components of the dimer (in spite of the
arrangement in which the PCP units are mutually orthogonal).
The symmetrical nature of the complexes is evident from the
IH NMR and!3C spectra. For both complexes, the methylene
as well astert-butyl groups each give a single signal in both
the 'TH NMR and*C NMR spectra.

The monomer/dimerl{2) equilibrium was measured. Nitro-
gen gas (200 Torr) was added to a J. Young NMR tube
containing a benzengs solution of (PCP)Ir(Ph)H (34 mM); the
tube was then shaken. The solution was subsequently allowe
to equilibrate under 102 Torr of Nand the concentrations of
complexesl and2 were determined by inverse-gat&® NMR
(33 and 1.0 mM) to yield an equilibrium constant for ecKt,
= 7.9 M atnT®. Alternatively, if dinitrogen is quantified as a
solute rather than a gas, based on its solubility of 4.5 mM/
atm}314 we obtainK; = 1800. Dimer/monomer equilibrium

Notes
Experimental Section

General Experimental Methods. All reactions, recrystalliza-
tions, and routine manipulations were performed at ambient
temperature in an argon-filled glovebox. Benzgngylene, hexane,
and deuterated solvents for use in NMR experiments were distilled
from sodium/potassium alloy and vacuum-transferred under argon.
(PCP)IrHh was synthesized according to published metHddsl
and3P{'H} NMR spectra were obtained on a 400 MHz, Varian
Inova-400 spectrometetH chemical shifts are reported in ppm
downfield from tetramethylsilane and were referenced to residual
protiated {H) or deuterated solvert!P NMR chemical shifts were
referenced to 85% #P0O,. Room-temperature (2& 1 °C) Raman
spectra were obtained from a Renishaw (Renishaw Inc., Hoffman
Estates, IL) System 1000 dispersive micro-Raman spectrometer.
Room-temperature (2% 1 °C) attenuated total reflectance (ATR)
FTIR spectra were recorded on a Bruker (Billerica, MA) Equinox55
spectrometer equipped with a DTGS detector and KBr beamsplitter.
Additional spectroscopic details are in the Supporting Information.

(PCP)Ir(N»). (PCP)IrH; (28 mg, 0.048 mmol) was dissolved in
p-xylene (0.5 mL) containing 1.5 equiv of norbornene at room
temperature in a J-Young NMR tube. This solution was freeze

Opump—thawed, 950 Torr of Mwas added, and the tube was shaken.

‘After ca. 10 min the solvent was removed under vacuo to yield an
orange-yellow compound. This was redissolved in hexane, the tube
was freeze-pump-thawed, and 800 Torr of Nwas added to it.

On cooling this solution te-15 °C, orange-red crystals of (PCP)-
Ir(Ny) suitable for X-ray diffraction were formed. For spectroscopic
analysis a sample was prepared in a similar way in an NMR tube
in benzenads and sealed under Npressure; (PCP)Ir(j was

measurements of a dinitrogen complex have previously beenformed in 94% yield £P{*H} NMR). ¥ NMR (161.9 MHz,

reportedt>16Milstein et al. obtained a ratio of 8:3 forf(PCP)-
RhN;] and [(P"PCP)RM)N;] under 1 atm of nitrogenPCP=
k3-CeHz-2,6-(CHPPR),).18 The present system much more
strongly favors the monomer; under 1 atm of Me can
extrapolate a monomer/dimer ratio of 21:1 with 0.4 M total
iridium (the rhodium concentration in Milstein’s case; with a
more typical total iridium concentration of 40 mM, the ratio is
200:1). We suspect the difference between the equilibrium

benzeneds): 6 72.5 (s).3P NMR (161.9 MHz p-xylene€q): o
72.9 (s).'H NMR (400 MHz, benzenek): 6 7.03 (d,Jyy = 7.4
Hz, 2H, aromatidd), 6.91 (t,Jyy = 7.8 Hz, 1H, aromati¢d), 3.07
(t, Jon = 3.9 Hz, 4H, G4,), 1.17 (t,Jpy = 6.5 Hz, 36H, C(Ei3)s).
13C NMR (100 MHz, benzenel): ¢ 154.5 (t,Jcp = 11.1 Hz, Ar
C-Ir), 123.6 (s, Ar), 120.0 (br, m), 36.6 (Mcp = 14.1 Hz,CH,P),
35.9 (vt,Jcp = 10.3 Hz, FZ(CHg)3), 29.4 (s, PQCH3)3). IR (solid,
ATR/FTIR): vy = 2084, 2076 cmt. IR (CsDg): van = 2079
cm~1, Raman (solid): vny = 2094, 2077 cml. Raman (GDe):

constants of the two systems is largely due to the greater steric,,, = 2083 cnrl.

bulk of the ®UPCP ligand, compared with"PCP, disfavoring
dimer formation.

In conclusion, precursors of the (PCP)Ir fragment, including
(PCP)IrPhH and (PCP)Ir(NBE), readily react with dinitrogen
to give [(PCP)Irk(N2) (2). In the presence of excess dinitrogen,
mononuclear (PCP)Ir(y (1) is formed predominantly, in
equilibrium with small concentrations of dinuclear compx
(eq 1). Although monomet is the major species in solution
(ca. 99% under typical conditions at 1 atm o) Ndimer2 tends
to selectively crystallize out at ambient temperature.
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(PCP)Ir(N=N)Ir(PCP). (PCP)IrH, (28 mg, 0.048 mmol) was

dissolved inp-xylene (0.5 mL) containing 1.5 equiv of norbornene
at room temperature in a J-Young NMR tube. This solution was
freeze-pump—-thawed, 1 atm of Mwas added to it, and the tube
was shaken. After ca. 10 min the solvent was removed under vacuo
to yield an orange-yellow compound. This compound was redis-
solved in hexane and allowed to concentrate slowly in the glovebox.
After 2—3 days large amber-colored blocks were formed, in
85%yield.3’P NMR (161.9 MHz, benzenes): 6 73.5 (s)3P NMR
(161.9 MHz, p-xylened;p): 6 74.7 (s).'H NMR (400 MHz,
benzeneds): 6 7.05 (d,Jun = 7.4 Hz, 2H, aromatidd), 6.94 (t,
Jun = 7.3 Hz, 1H, aromatidd), 3.06 (t,Jpy = 2.7 Hz, 4H, GH;),
1.26 (t, Jpy = 6.2 Hz, 36H, C(El3)s3). 1°C NMR (100 MHz,
benzeneds): 6 153.1 (t,Jcp = 9.9 Hz, Ar C-Ir), 122.9 (s, Ar),
119.8 (br, m), 37.2 (vtJcp = 14.4 Hz,CH,P), 35.1 (vtJcp= 9.5
Hz, PC(CHy)s), 30.5 (s, POCH3)3). Raman (solid):vyy = 1979
cm L,

Monomer/Dimer Equilibrium (reaction 1). In a J-Young NMR
tube, (PCP)IrH (10 mg, 0.018 mmol) was dissolved in benzene-
ds (0.5 mL) containing 1.5 equiv of norbornene at room temperature,

(17) (a) Gupta, M.; Hagen, C.; Flesher, R. J.; Kaska, W. C.; Jensen, C.
M. Chem. CommurL996 2083-2084. (b) Zhu, K.; Achord, P. D.; Zhang,
X.; Krogh-Jespersen, K.; Goldman, A. $. Am. Chem. SoQ004 126,
13044-13053. (c) Goldman, A. S.; Ghosh, R. kHandbook of C-H
Transformations-Applications in Organic SynthesByker, G., Ed.; Wiley-
VCH: New York, 2005; pp 616621.
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to give a solution of (PCP)Ir(§Ds)(D). This solution was freeze Research, U.S. Department of Energy, for support of this
pump-thawed, 200 Torr of Blwas added to it, and the tube was research.

shaken. The tube was then equilibrated under 102 TornpbMer

2 days, and the concentrationslodnd2 were measure by inverse-
gated®’P NMR. The ratio of 1]:[ 2] was found to be 32:1, implying
respective concentrations of 0.0330 and 0.00103 M, to yield an
equilibrium constant of 7.9 M atni.

Supporting Information Available: Crystallographic data
for complexesl and 2 and Raman and IR spectroscopic details.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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