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The coordination chemistry of the two mixed donor macrocyclic ligands R[P2N;] (where
R[P2N_] = RP(CH,SiMe,;NSiMe,CH,),PR, R = cyclohexyl (Cy) or phenyl (Ph)) with niobium-
(111) is presented. The reaction of the dilithio precursors R[P,N;]Lix(S) (R = Cy, S = THF; R
= Ph, S = 1,4-dioxane) with NbCI3;(DME) (DME = 1,2-dimethoxyethane) generates the
complexes R[P,N,]JNbCI (R = Cy, 1; R = Ph, 2). For R = Cy, single-crystal X-ray diffraction
studies and variable-temperature magnetic susceptibility measurements indicate that 1 is
mononuclear in the solid state; however, analogous variable-temperature magnetic data
suggest that 2 is dinuclear in the solid state due to the observation of antiferromagnetic
exchange. In solution, 2 is apparently monomeric similar to 1. Adduct formation between
these mononuclear complexes is also evident; reaction of 2 with neutral donors and
coordinating solvents produces the mononuclear derivatives PP[P.N,]NbCI(L) (L = py, CO,
PMes;, THF, MeCN), of which the pyridine adduct, 3e, has been characterized crystallo-
graphically. Subsequent replacement of the chlorides can be achieved to generate the
paramagnetic alkyl complexes R[P,N>]NbR’ (R = Cy, Ph; R = CH,SiMe3, CH(SiMe3),). The
representative compounds ©[P.N,]JNbCH,SiMe; (4a) and P"[P,N,]JNbCH(SiMes), (5b) have
been characterized by X-ray crystallography.

Introduction

When complexed to different ancillary ligand sets,
niobium can span a wide range of formal oxidation
states, from —3 (e.g., [Nb(CO)s3]) to +5 (e.g., Cpz-
NbH3).! Depending on the oxidation state, niobium
complexes can be used in a variety of purposes; for
example, Nb(111) derivatives have been used in stoichio-
metric organic reactions?3 and Nb(V) complexes as
arene hydrogenation catalysts.*~® While the most com-
mon oxidation state of niobium by far is Nb(V),” the
study of lower oxidation states containing cyclopenta-
dienyl®-13 and non-cyclopentadienyl'~19 ancillary ligands
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is growing. Such low-valent derivatives of niobium have
found applications in N; activation?°-22 and C—N23-25
bond cleavage processes.

Our approach to developing the chemistry of the early
transition elements has been to design multidentate
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ligands that can support a variety of oxidation states.
For example, the combination of amido and phosphine
donors in varying ratios has allowed access to a var-
iety of metal complexes in unusual oxidation states,
for example, Zr(11l) and Hf(111).26 In this work we
examine the characteristic chemistry of Nb(l1l) com-
plexes that incorporate the R[P,N3] macrocyclic ligand,
where R[PzNz] = RP(CHzSIMEzNSIMGzCHz)ZpR (R = Cy
or Ph).

Results and Discussion

Macrocyclic Ligand Synthesis. We have previously
reported the preparation of the syn-isomer P"[P,N;]Lio-
(THF) by the reaction of PhPH, with HN(SiMe,CH,Cl),
in the presence of "BuL.i; this preparation is generally
carried out stepwise to first generate HN(SiMe,CH>-
PPhH), in virtually quantitative yield followed by a
lithium-templated ring closure using 4 equiv of "BuL.i
and an additional 1 equiv of HN(SiMe,CH,Cl),.27 In
diethyl ether, the isolation of P"[P,N;]Li, proceeds in
high yield without the need for high dilution techniques
as often found for the synthesis of macrocycles.?® When
we attempted to extend this two-step procedure to
cyclohexylphosphine (CyPHy), the initial diphosphine
intermediate HN(SiMe,CH,PCyH), could not be isolated
cleanly. Therefore, we examined an alternate procedure
based on earlier investigations on the preparation of
HN(SiMe,CH;NMe,),.2° As shown in Scheme 1, protec-
tion of the silicon center by the diethylamido moiety
allows formation of CyPHCH,SiMe,;NEt,, which can be
transaminated with NHj3 to generate the desired diphos-
phine HN(SiMe,CH,PCyH); in excellent yield. Subse-
guent ring closure in a manner analogous to Ph[P,N,]
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produces the macrocyclic dilithio derivative ©[P,N2]Li;
in acceptable yield as large colorless crystals by low-
temperature crystallization from a saturated hexanes
solution. The vyield can, however, be substantially
improved by isolating the less soluble THF adduct
CY[P,N,]Lix(THF) generated by adding a small excess
of THF to the hexanes solution and removal of solvents
in vacuo. No advantage was found to using the adduct-
free ligand; therefore, subsequent metalation reactions
employed the use of the THF adduct.

The 'H NMR spectrum of Y[P,N;]Lix(THF) is quite
similar to the previously reported P"[P2N,]Lix(THF)?’
ligand precursor albeit for the presence of cyclohexyl
methylene resonances in lieu of phenyl resonances. The
solution structure is consistent with C,, symmetry; only
two types of silyl methyl protons are observed in the
IH NMR spectrum at 0.30 and 0.53 ppm for 12H each.
The methylene protons of the macrocycle appear as AB
multiplets coupled to phosphorus centered at 0.69 ppm.
The resonances of the phosphine cyclohexyl protons
appear as broad multiplets at 1.13, 1.60, 1.67, and 1.84
ppm. The resolution of these resonances could not be
improved even upon cooling to —80 °C. Two sets of
triplet resonances appear for the coordinated THF
ligand at 1.27 and 3.57 ppm. In the 3P{1H} NMR
spectrum, the two equivalent phosphorus nuclei give
rise to an equal intensity quartet at —32.78 ppm due to
coupling to Li. In the 7Li{*H} NMR spectrum, two
resonances are observed—a broadened singlet at 1.22
ppm and a triplet at 2.99 ppm—as a result of coupling
to the two aforementioned equivalent 3P nuclei. This
lithium-7 spectrum confirms that this material has the
indicated syn stereochemistry similar to that found for
the phenyl analogue.?” The syn stereochemistry of the
THF-free dilithium salt ®[P2N;]Li, was confirmed un-
equivocally by single-crystal X-ray structure determi-
nation (see Supporting Information).

Syntheses and Characterization of R[P,N,]NbCI.
A convenient and versatile starting material for nio-
bium(Il1) chemistry is NbCIl3(DME) (DME = 1,2-
dimethoxyethane).?? Addition of 1 equiv of the ligand
precursor R[P,N]Li>(S) (R=Cy,S=THF; R=Ph,S=
1,4-dioxane) to a suspension of NbCl3;(DME) in toluene
results in the slow formation of a dark green solution
over 48 h. Upon workup, ©[P,N2]NbCI (1) is obtained
as green solid, while PP[P,N,]NbCI (2) is isolated as a
brick red precipitate, both in high yield (Scheme 2). As
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Table 1. Crystallographic Data?

1 3e 4a 5b
formula Cz4H54N2P2Nb2$i4C|'C5H14 ngH47N3NbP28i4C| C23H55N2NbPZSi5 C31H50N2Nbpzsi6
fw 759.53 740.36 725.12 784.20
color, habit green, prism red, irregular blue, platelet green, irregular
cryst size, mm 0.5x05x0.3 0.30 x 0.10 x 0.10 0.15 x 0.15 x 0.05 0.50 x 0.20 x 0.20
cryst syst orthorhombic triclinic monoclinic monoclinic
space group Pbcn (#60) P1 (#2) P21/n (#14) C2/c (#15)

a, A 15.5439(4) 10.281(3) 23.139(2) 20.414(1)
b, A 24.327(1) 11.435(2) 16.411(1) 11.964(1)
¢, A 10.8181(3) 17.230(2) 22.802(1) 19.783(2)
a, deg 90 84.181(3) 90 90

f, deg 90 88.241(3) 112.770(5) 119.149(7)
y, deg 90 67.291(3) 90 90

Vv, A3 4090.7(2) 1859.0(5) 7989.0(9) 4219.7(7)
z 4 2 8 4

T,°C —100 —100 —100 —100
peale, glems 1.233 1.323 1.206 1.234
F(000) 1624.00 772.00 3104.00 1660.00
radiation Mo Ka Mo Ka Mo Ka Mo Ka
u,cmt 5.76 6.33 551 5.54
transmn factors 0.7058—1.0000 0.7477—-1.0000 0.7290—-1.0000 0.7742—-1.0000
scan type w w w w

scan range, deg in @ 0.5 0.5 0.5 0.5

data collected full sphere full sphere full sphere full sphere
20max, deg 55.7 52.9 50.2 55.8

cryst decay, % negligible negligible negligible negligible
total no. of reflns 30918 15 166 53102 18 053

no. of unique reflns 4656 6715 14 340 7944
Rmerge 0.051 0.119 0.042

no. reflns with I = 3o(l) 3871 4803 6973 6381

no. of variables 182 361 679 213

R 0.050 0.071 0.087 0.06

Rw 0.090 0.118 0.155 0.092

gof 1.32 1.35 1.10 141

max Alo 1.41 1.16 1.76 1.39
residual density, e/A3 —-0.79 —-0.92 —1.96 —0.80

a Rigaku/ADSC CCD diffractometer,R = Y |[|Fs?| — |Fe2||/3|Fo2l; Rw = (JW(IFo?| — |Fe2|)2/3wW|Fo2|2)V2.

will be discussed below, while the solution structures
of 1 and 2 are likely mononuclear, the solid state
formulations appear to be different.

IH NMR studies for each of 1 and 2 show only
broadened resonances from which no structural infor-
mation could be determined. However, despite the
significant line broadening and paramagnetic shift of
the resonances, assignments based upon integration and
contact shifts could be made that were useful in sample
identification and estimation of purity.3%3! These species
are also EPR silent, as would be expected for triplet
spin-states.3 For each complex, mass spectrometry
indicates mass/charge fragments corresponding to their
respective mononuclear parent peaks, namely, 672 for
CY[P2N2]NbCIl and 660 for Ph[P,N,]NbCI. Elemental
analyses were also consistent for these formulations.
Room-temperature magnetic susceptibility measure-
ments were conducted in solution by Evans’ method?3334
and indicate a magnetic moment of 2.2 ug for 1 and 2.7
up for 2, corresponding to two unpaired electrons per
niobium and lowered by large spin—orbit couplings in
the Nb(111) metal centers.3®
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Si2*

St
Figure 1. Molecular structure (ORTEP) of ©Y[P,N,]NbCI
(1). Ellipsoids drawn at the 50% probability level, silyl

methyls omitted for clarity, and only ipso carbons of
cyclohexyl rings shown.

Attempts were made to obtain crystals suitable for
X-ray diffraction studies on 1 and 2. Slow evaporation
of a toluene solution of 2 yielded a large crop of dark
red prisms, but structure determination was consis-
tently thwarted by crystal twinning. However, green
crystals of 1 were obtained from evaporation of a
hexanes solution which were suitable for molecular
structure determination. The solid state molecular
structure of 1 is shown in Figure 1; crystallographic data
are shown Table 1, and selected bond lengths and angles
in Table 2.

Crystals of 1 contain 0.5 equiv of cocrystallized hexane
per ©Y[P,N2]NbCl molecule. The molecular structure
indicates unequivocally that 3 is monomeric in the solid
state; it resides on a crystallographic 2-fold axis of
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Table 2. Selected Bond Lengths (A) and Angles (deg) in ©[P,N,]NbCI, 1

Nb(1)—N(1) 2.089(1)
Nb(1)—CI(1) 2.4047(7)
N(L)—Nb(1)—N(1*) 112.33(9)
N(1)—Nb(1)—CI(1) 123.84(4)
P(1)—Nb(1)—N(1) 86.92(4)
Nb(1)—P(1)—C(7) 130.43(6)
P(1)—Nb(1)—P(1*)—C(7*) 166.58(8)

rotation coincident with the molecular C, symmetry axis
defined along the Nb—CI bond. The niobium center
displays a distorted trigonal bipyramidal geometry with
the phosphine donors occupying slightly pinched back
apical positions giving a P(1)—Nb—P(1*) angle of 167.60-
(2)°. This angle is larger than the P—M—P angles
previously observed in other monomeric early transition
metal complexes of the [P,N;] ligand.3%:37 The chloride
and two amide ligands lie in the trigonal plane, display-
ing a combined equatorial angle of 360.0°. The Nb—N
bond distance of 2.089(1) A is longer than that reported
in Nb[N(SiMe3),]2Br,%® where a Nb—N bond distance
of 1.957(4) A has been found. The Nb—N bonds in 1 are,
however, shorter than those found in zirconium and
tantalum complexes of PP[P,N,]. Both P'[P2N,]ZrCl,36
and Ph[P,N;]TaMes3” exhibit M—N lengths averaging
2.1755 A. It is likely the somewhat longer M—N bonds
in the Zr and Ta complexes are because of steric
crowding. The Nb—P bond distance of 2.5973(4) A is
similar to that observed in these related monomeric Zr
and Ta species, although these complexes contain six-
and seven-coordinate d® metal centers.?’ It is, however,
marginally shorter than the Nb—P length in most other
reported Nb(I11) and Nb(IV) phosphine complexes,
where bond lengths on the order of 2.65 A prevail.39-44

Magnetism Studies of 1 and 2. Although the
structure determination of ©[P,N2]NbCI (1) has shown
it to be monomeric in the solid state, the solid state
structure of PP[P,NL]NbCI (2) is still in question. Whereas
the color of ©Y[P,N,]NbCI (1) is green in both the solid
and solution states, P"[P,N2]NbCI (2) is dark red in the
solid state but gives dark green solutions in toluene or
benzene. One possible explanation is that in the solid
state 2 may exist as a chloride-bridged dimer. Similar
observations were made for NbCl4(PR3), complexes.434546
These dark red or brown solids were found to commonly
give green solutions and were strongly solvent depend-
ent. When relatively small phosphines were used (PMes,
PMe,Ph), these species were shown to be dimeric in the
solid state and exhibited surprisingly low magnetic
moments (0.50 uess for NbCla(PMes),), suggesting con-
siderable metal—metal interaction. Variable-tempera-
ture solid state magnetic susceptibility measurements
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Figure 2. Magnetic susceptibility (O) and moment (a)
versus temperature plot for ©[P,N,]NbCI (1). The zero-field
splitting model was employed to generate the lines with D
=2.03cm™%, g=1.74, and P = 0.0068 (F = 0.0151).

on complexes 1 and 2 were conducted to possibly
elucidate the nature of the coordination environment
around niobium in 2 and to compare the two systems.

The magnetic susceptibility, ym, of 1 versus temper-
ature indicates a steady rise in susceptibility at low
temperature consistent with a paramagnetic system
undergoing no antiferromagnetic exchange. Attempts to
model the system using the Curie or Curie—Weiss laws
did not provide good fits. Complexes with S = 1 spin-
states exhibit zero-field splittings that cause deviations
from Curie law behavior, particularly those complexes
containing second- or third-row transition metals. The
magnetic susceptibility data for 1 were therefore ana-
lyzed using the equation for the zero-field splitting of a
S = 1 state:®

Ay = 1/3 C[ 2¢* K] +2/3 C[ 20 -e'x[] Q)

1+2¢ 1+2e*

where x = D/KT and C = Nag?ug?KT. To account for the
presence of a small amount of paramagnetic impurity,
the expression was combined with the Curie law term

3kT

Kpara @

according to
X =01 -P1 e + PXpa.ra &)

where P represents the fraction of paramagnetic S = 1
impurity. Experimental susceptibility versus tempera-
ture data for 1 are compared with the best fits from
theory (Figure 2) with D = 2.03, g = 1.74, and P =
0.0068 (F = 0.0151). The small g value can be rational-
ized by the large degree of spin—orbit coupling exhibited
by second- and third-row metals. This effect is made
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further evident by the plot of magnetic moment versus
temperature. At 300 K a magnetic moment of 1.84 ug
is observed, significantly lower than the expected spin-
only moment of 2.83 ug for two unpaired electrons. As
the temperature is lowered, a maximum magnetic
moment of 2.34 ug is observed at 40 K. Below 40 K the
moment begins to drop more rapidly, since zero-field
splitting factors begin to take prominence. In the
geometrically distorted trigonal bipyramid the normally
degenerate dy, and dy, orbitals may experience varia-
tions in energy, resulting in the removal of this degen-
eracy. In this case, a d? complex will generate a
diamagnetic spin-paired configuration. If the energy
difference between the resulting nondegenerate dy, and
dy, orbitals is smaller than the spin-pairing energy, a
triplet spin-state will result. The low magnetic moment
of 1.83 ug at room temperature implies that there exists
a thermal equilibrium between the two possible spin
states, S =1 and S = 0. As the temperature is lowered,
the system approaches a pure S = 1 spin state with a
moment of 2.34 ug. This implies a spin-equilibrium
where the ground state is the high spin-state. The high—
low spin equilibrium case is well documented in the
literature,®>47 but to our knowledge there are no ex-
amples of spin equilibrium between S =1and S =0
Nb(I11). A related system displaying a high-spin ground
state to low-spin thermally populated state is FeCls-
(PCysz)2.%8 Variable-temperature magnetic data on this
Fe(lll) species show a steady increase in magnetic
moment with decreasing temperature, indicating a S
= 5/2 ground state to S = 3/2 spin-state transition.
Changing the phosphine from PCy; to PMej3 causes the
reverse equilibrium to be observed with a low-spin
ground state.

The plot of magnetic susceptibility of the phenyl
phosphine-substituted complex 2 versus temperature
reveals a broad maximum in susceptibility around 180
K, consistent with the presence of antiferromagnetic
coupling. A possible explanation is that species 2 is a
chloride-bridged dimer, as previously speculated.*® The
data can be modeled using the Heisenberg model for a
S = 1 dimer where C = Nag2ug?KT:3®

@

eZJ/kT +5 eGJ/kT
3 eZJ/kT +5 e6J/kT

A= 2C[

1+

Paramagnetic impurities in 2 were accounted for as in
the analysis of 1 above, albeit using the Curie—Weiss
law term, and the data were corrected for temperature-
independent paramagnetism (TIP). The best fit between
experiment and theory, employing a TIP of 1800 x 10~
cm? mol~! (per dimer unit), shown in Figure 3, yielded
J=-7574cm™%, g=211,P =0.0861, and 6 = —1.20
(F = 0.00918). Using smaller values of TIP yielded
smaller fractions of P, but unrealistic g values. It should
also be noted that contributions of zero-field splitting
and spin—orbit coupling have been omitted to simplify
analysis; complicated models employing these factors
for magnetically related Ni(ll) systems, however, have

(47) Kahn, O. Molecular Magnetism; VCH: New York, 1993.

(48) Walker, D.; Poli, R. Inorg. Chem. 1989, 28, 1793.

(49) Fryzuk, M. D.; Leznoff, D. B.; Rettig, S. J.; Thompson, R. C.
Inorg. Chem. 1994, 33, 5528.
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Figure 3. Magnetic susceptibility (O) and moment (a)
versus temperature plot for P"[P,N,]JNbCI (2). The S = 1
Heisenberg dimer model was employed to generate the
lines with J=-75.74cm™1,g=2.11, P =0.0861, 6 = —1.20
K, TIP = 1800 x 1078 cm3 mol~! (F = 0.00918).

been examined.®® Although many reports exist on the
magnetic behavior of vanadium-containing species,51—5
there is little data on low-valent niobium-containing
dimers other than those in which Nb—Nb bonds are
suggested.>® Our primary interest lies in the comparison
of the magnetic nature of 1 and 2 and the structural
differences these data imply. In the absence of a direct
crystallographic comparison of the two chloride com-
plexes, the magnetic behavior clearly indicates the
structural differences in the solid state.

Adduct Formation Reactions of P"[P,N,]NbCI.
Whereas “Y[P,N,]NbCI (1) is a green solid which dis-
solves in most hydrocarbon solvents (including hexanes
and sparingly in pentane) to give green solutions, red
PA[P,N,]NbCI (2) is not particularly soluble in hydro-
carbon solvents other than aromatics, such as toluene
and benzene, in which it gives deep green solutions.
Variable-temperature magnetic susceptibility data sug-
gest that complex 2 may be dimeric in the solid state
(see above). This color change in solution may imply
dissociation of a weakly bound chloride-bridged dimer.
In an effort to examine simple adduct formation of 2,
we examined its reactivity with donor ligands; similar
reactivity was observed for 1, but these adducts were
characterized only by their UV—visible spectra.

Upon dissolution in THF, 2 generates a yellow solu-
tion that corresponds to the formation of the THF
adduct PP[P,N,]NbCI(THF) (3a). Upon removal of the
THF, a brown solid could be obtained, but elemental
analysis consistent with the formula of 3a could not be
obtained; furthermore, dissolution of this isolated mate-
rial in aromatic solvents gave green solutions typical
of the starting, adduct-free chloride 2. A similar set of
observations are obtained for the acetonitrile adduct
Ph[P,N,]NbCI(NCMe) (3b). Addition of CO gas to a green
benzene-ds solution of PP[P,NL]NbCI (2) quickly yields

(50) Ginsberg, A. P.; Martin, R. L.; Brookes, R. W.; Sherwood, R. C.
Inorg. Chem. 1972, 11, 2884.

(51) Choukroun, R.; Lorber, C.; Donnadieu, B.; Henner, B.; Frantz,
R.; Guerin, C. J. Chem. Soc., Chem. Commun. 1999, 1099.

(52) Choukroun, R.; Donnadieu, B.; Malfant, I.; Haubrich, S.; Frantz,
R.; Guerin, C.; Henner, B. J. Chem. Soc., Chem. Commun. 1997, 2315.

(53) Dean, N. S.; Bond, M. R.; O'Conner, C. J.; Carrano, C. J. Inorg.
Chem. 1996, 35, 7643.

(54) Ferguson, R.; Solari, E.; Floriani, C.; Osella, D.; Ravera, M.;
Re, N.; Chiesi-Villa, A.; Rizzoli, C. 3. Am. Chem. Soc. 1997, 119, 10104.
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Table 3. UV—Vis Spectral Data and Solution
Magnetic Moments for R[P,N,]NbCI(L)

ligand color UV—vis (nm) € Ueff
R =Ph
none green 616 672 2.70
THF (3a)  yellow 439 997 2.69
MeCN (3b) amber 452 1210 2.72
CO (3¢) bright yellow 440 912 diamagnetic
PMe; (3d) orange 425 (shoulder) 801 2.02
py (3e) red 540 1179 2.34
R=Cy
none green 630 614
THF lime green 406 458
MeCN pale yellow 427 (shoulder) 599
CcO dark yellow 427 (shoulder) 601
PMes bright yellow 380 (shoulder) 1036
py purple 549 1489

a yellow solution, which reverts to its original green
color upon removal of CO under vacuum. The 'H and
31P{1H} NMR spectra show the adduct is diamagnetic
upon coordination of the strong field ligand CO, the
degenerate dy, and dy, orbitals of the trigonal bipyra-
midal (or square pyramidal) starting material become
inequivalent, and the electrons pair. A solution IR
measurement shows only one assignable CO stretch at
vco = 1920 cm™1, consistent with the formulation
PA[P,N,]NbCI(CO) (3c). This vibration lies within the
range observed for other Nb(Ill) carbonyl deriva-
tives.1256-58 Any attempts to isolate a solid product were
hindered by the lability of the CO. The addition of PMes
to a solution of PP[P,N,]NbCI in toluene or cyclohexane
also induces a color change from green to orange. The
resulting adduct PP[P,N,]NbCI(PMes) (3d) is paramag-
netic, showing only broadened and shifted resonances
in the 'H NMR spectrum.

In contrast to the above labile adducts, the addition
of pyridine results in the formation of a stable adduct
of formula Ph[P,N,]NbCI(py) (3e). This complex does not
dissociate pyridine even under vacuum. NMR spectro-
scopic measurements indicate that 3e is paramagnetic,
as evidenced by the broadened and shifted resonances
observed in the 'H NMR spectrum. Room-temperature
solution magnetic susceptibility measurements indicate
a magnetic moment of 2.34 ug, consistent with two
unpaired electrons. Formation of all of the adducts 3a—e
can be conveniently followed using UV—visisble spec-
troscopy (Table 3); all show single isosbestic points upon
titration of the starting chloride with the donor ligand.
Interestingly, only 1 equiv of pyridine is necessary to
complete the formation of 3e, whereas >10 equiv of
donor is necessary for all of the other adducts to form
completely. Red single crystals of pyridine adduct 3e
were obtained from a 1:1 toluene—hexanes solution. The
solid state X-ray molecular structure of PP[P,N>]NbCI-
(py) (3e) is shown in Figure 4; crystal data are given in
Table 1, and selected bond lengths and angles are
detailed in Table 4. Structural analysis shows that 3e
is monomeric, with the niobium occupying a distorted
octahedral geometry. The equatorial plane is defined by
N(1), N(2), N(3), and CI(1); P(1) and P(2) lie in elongated
axial positions. The P(1)—Nb(1)—P(1) bond angle of
164.98(4)° is comparable to that observed in other group
5 [P2N2] complexes,3”59 but slightly smaller than that
of 2. The chloride and pyridine ligands are asymmetri-
cally coordinated to niobium in that the P(1)—Nb(1)—

Organometallics, Vol. 20, No. 17, 2001 3757

Figure 4. Molecular structure (ORTEP) of PA[P,N,]NbCI-
(py), 3e. Ellipsoids drawn at the 50% probability level, silyl
methyls omitted for clarity, and only ipso carbons of phenyl
rings shown.
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N(3) and P(1)—Nb(1)—CI(1) angles (92.47° and 92.74°)
are smaller than the corresponding P(2)—NDb(1)—N(3)
and P(2)—Nb(1)—CI(1) angles (98.22° and 99.47°). The
pyridine ring also adopts a twisted coordination angle
with respect to the axis defined by P(1)—Nb(1)—P(2);
that is, the P(1)—Nb(1)—N(3)—C(29) torsion angle is
44.6°. This evidently minimizes steric interaction be-
tween the pyridine ligand and the chloride while also
avoiding close contact with the phenyl rings on [P2N3].
The phenyl rings themselves are each twisted to differ-
ent degrees in order to avoid steric congestion caused
by interaction with the pyridine. Whereas the phenyl
ring bound to P(2) adopts a nearly parallel plane with
the P(1)—Nb(1)—P(2) axis, the other phenyl ring ap-
proaches a perpendicular orientation. This is demon-
strated by the small Nb(1)—P(2)—C(19)—C(20) torsion
angle of 7.2° as compared to 70.9° for Nb(1)—P(1)—
C(13)—C(18). The Nb—N, —P, and CI bond lengths are
not unusual and compare to other Nb-amido and phos-
phine complexes including Y[P,N>]NbCI, above.3°~44
Reaction of R[P,N2]JNbCI with LiCHR'(SiMe3) (R’
= H, SiMej3). The niobium chloride complexes 1 and 2

(55) Tayebani, M.; Feghali, K.; Gambarotta, S.; Yap, G. P. A;
Thompson, L. K. Angew. Chem., Int. Ed. 1999, 38, 3659.

(56) Bunker, M. J.; Green, M. L. H. J. Organomet. Chem. 1980, 192,
C6.

(57) Antinolo, A.; de llarduya, J. M.; Otero, A.; Royo, P.; Manotti-
Lanfredi, A. M.; Tiripicchio, A. 3. Chem. Soc., Dalton Trans. 1988, 2685.

(58) Jalon, F. A.; Otero, A.; Royo, P.; Balcazar, J. L.; Florencio, F.
J. Chem. Soc., Dalton Trans. 1989, 79—84.

(59) Fryzuk, M. D.; Johnson, S. A.; Rettig, S. J. Organometallics
2000, 19, 3931—3941.
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Table 4. Selected Bond Lengths (A) and Angles (deg) in Ph[P.N,]JNbCI(py), 3e
Nb(1)—N(1) 2.125(3) Nb(1)—P(1) 2.568(1)
Nb(1)—N(2) 2.152(3) Nb(1)—P(2) 2.596(1)
Nb(1)—N(3) 2.398(3) Nb(1)—CI(1) 2.511(1)
N(2)—Nb(1)—N(1) 103.0(1) P(1)—Nb(1)—P(2) 164.98(4)
N(2)—Nb(1)—CI(1) 164.5(1) CI(1)—Nb(1)—N(3) 79.91(9)
N(1)—Nb(1)—CI(1) 92.2(1) P(1)—Nb(1)—N(3) 92.47(9)
N(2)—Nb(1)—P(1) 85.6(1) P(2)—Nb(1)—N(3) 98.22(9)
N(1)—Nb(1)—P(1) 85.1(1) N(1)—Nb(1)—N(3) 171.7(2)
CI(1)—Nb(1)—P(1) 92.74(4) N(2)—Nb(1)—N(3) 84.7(1)

CI(1)—Nb(1)—P(2) 99.47(4)
N(1)—Nb(1)—N(3)—C(29) —29(1) CI(1)—Nb(1)—P(1)—C(13) 49.9(2)
P(1)—Nb(1)—P(2)—C(19) —166.6(2) P(2)—Nb(1)—P(1)—C(13) —165.6(2)
Scheme 4
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react with bulky alkyllithium reagents to generate
stable monomeric niobium alkyl complexes (Scheme 4).
Complexes of smaller hydrocarbyl moieties such as
methyl can also be synthesized, and this work will be
the subject of a future report.®° The addition of LiCH,-
SiMej to toluene solutions of 1 and 2 gives dark blue
paramagnetic products in each case, whereas the more
sterically demanding LiCH(SiMes), gives green prod-
ucts.

As with the chloride precursors, these complexes show
only broadened and shifted resonances in the 'H NMR
and no 3'P{1H} resonances. They are also EPR silent.
X-ray crystallography and magnetic studies were, there-
fore, employed to characterize these R[P,N]NbR’ com-
plexes. Room-temperature magnetic susceptibility
measurements were conducted in solution by Evans’
method3334 and indicate magnetic moments of 2.6 and
2.5 ug for 4a and 5a, respectively, corresponding to two
unpaired electrons per niobium.

Single crystals of ©Y[P,N;]NbCH,SiMes, 4a, suitable
for X-ray diffraction studies were grown by slow cool-
ing of a saturated hexanes solution. The analogous
Ph[P,N2]NbCH,SiMes, 5a, exhibits significantly higher
solubility in even the most nonpolar solvents such as
pentane and hexamethyldisiloxane and could be isolated
only as an amorphous solid by drying under high
vacuum for several hours. The solid state X-ray molec-
ular structure of 4a is shown in Figure 5; crystal data
are given in Table 1, and selected bond lengths and
angles are detailed in Table 5.

(60) Fryzuk, M. D.; Kozak, C. M.; Patrick, B. O. Manuscript in
preparation.

Figure 5. Molecular structure (ORTEP) of ©Y[P,N,]JNbCH-
SiMes, 4a. Ellipsoids drawn at the 50% probability level,
silyl methyls omitted for clarity, and only ipso carbons of
cyclohexyl rings shown.

Table 5. Selected Bond Lengths (A) and Angles
(deg) in ®Y[P,N,]NbCH,SiMejs, 4a

Nb(1)—N(1) 2.112(7) Nb(1)—P(1) 2.571(3)
Nb(1)—N(2) 2.119(8) Nb(1)—P(2) 2.583(2)
Nb(1)—C(25) 2.21(1)

N(1)-Nb(1)-N(@)  115.7(3) P(1)-Nb(1)-P(2)  166.9(1)

N(1)-Nb(1)-C(25)  123.84(4) P(1)-Nb(1)—C(25)  96.20(1)
P(1)—Nb(1)—N(1) 85.7(3)  P(1)—-Nb(1)-N(2) 87.0(2)

P(2)-Nb(1)-N(1)  130.43(6) P(2)—Nb(1)—N(2) 85.4(2)

Nb(1)—C(25)-Si(5) 123.3(5)  P(1)-Nb(1)—C(25)  95.6(3)

N(1)—Nb(1)-C(25)  123.0(3)

N(1)—Nb(1)-C(25)—Si(5) 1.8(8) P(1)—Nb(1)—C(25)—Si(5) —86.7(6)

C&Y[P,N,]NbCH,SiMej; crystallizes with two molecules
in the asymmetric unit cell. As with the chloride
precursor, 1, the niobium atoms in each asymmetric
molecule occupy a distorted trigonal bipyramidal geom-
etry. The phosphine atoms are pinched back from the
axial position giving P(1)—Nb(1)—P(2) and P(3)—Nb(2)—
P(4) angles of 166.9(1)° and 163.94(9)°, respectively. The
alkyl and two amide ligands lie in the trigonal plane,
displaying a combined equatorial angle of 360.0° about
niobium. The N—Nb—N angles in each asymmetric
molecule are quite different, giving a N(1)—Nb(1)—N(2)
angle of 115.7(3)° and a N(3)—Nb(2)—N(4) angle of
121.2(3)°. The Nb—N and Nb—P bond lengths are only
slightly longer than those exhibited by 1, indicating that
the sterically larger alkyl group does not impose a
significant effect upon the macrocycle binding in this
case. The Nb—C bond length of 2.21(1) A and Nb—C—
Si bond angle of 123.3(5)° are typical of other niobium
(trimethylsilyl)methyl complexes.1561-64 The position of

(61) Fu, P.; Khan, M. A.; Nicholas, K. M. Organometallics 1992, 11,
2607.

(62) Fu, P.; Khan, M. A.; Nicholas, K. M. Organometallics 1991, 10,
382.



Downloaded by CARLI CONSORTIUM on June 29, 2009
Published on July 25, 2001 on http://pubs.acs.org | doi: 10.1021/0m010356z

Macrocyclic Complexes of Niobium(lIl)

Organometallics, Vol. 20, No. 17, 2001 3759

Table 6. Selected Bond Lengths (A) and Angles (deg) in Ph[P.N,;]NbCH(SiMes),, 5b

Nb(1)—N(1) 2.108(2)
Nb(1)—C(13) 2.270(3)
N(1)—Nb(1)—N(1*) 111.36(9)
N(1)—Nb(1)—C(13) 123.0(1)
P(1)—Nb(1)—N(1) 86.06(4)
Nb(1)—C(13)-Si(3) 114.1(2)
N(1)—Nb(1)—C(13) 123.0(1)
N(1*)—Nb(1)—C(13) 124.5(1)
N(1)—Nb(1)—C(13)—Si(3) -32.7(2)

Figure 6. Molecular structure (ORTEP) of Ph[P,N,]JNbCH-
(SiMe3),, 5b. Ellipsoids drawn at the 50% probability level,
silyl methyls omitted for clarity, and only ipso carbons of
phenyl rings shown.

the MesSi fragment of the substituent lies nearly
orthogonal to the P—Nb—P axis, as indicated by the
P(2)—Nb(1)—C(25)—Si(5) torsion angle of 94.3(6)°. Steric
hindrance by the cyclohexyl substituents on the phos-
phine atoms may force this preferred geometry, result-
ing in chemically equivalent phosphines. However, in
the absence of variable-temperature NMR data, barriers
to rotation of the alkyl group about niobium cannot be
determined.

The use of the bulkier CH(SiMe3z), substituent allows
both the cyclohexyl- and phenylphosphine-containing
macrocycle complexes to be obtained as crystalline
products in high yield. As found for compounds 4a and
5a above, R[P2N2]NbCH(SiMe3), (R = Cy, 4b; R = Ph,
5b) are paramagnetic. Bright green crystals of 4b and
5b were obtained by slow evaporation of hexanes
solutions. The solid state X-ray molecular structure of
5b is shown in Figure 6; crystal data are given in Table
1, and selected bond lengths and angles are detailed in
Table 6.

The molecule sits on a 2-fold axis of rotation, with
C(13) being disordered about this axis. As with 4a, the
niobium atom occupies a trigonal bipyramidal geometry.
The P(1)—Nb(1)—P(1*) angle of 167.63(2)° is only mar-
ginally larger than that of 4a, while the N(1)—Nb(1)—
N(1*) angle of 111.36(9)° is considerably smaller, pos-
sibly as a result of the increased steric bulk of the alkyl
group. This is also reflected in the longer Nb(1)—C(13)
bond length of 2.270(3) A. Interestingly, changing the
substituent from cyclohexyl to phenyl on the phosphine
donor atoms does not alter the niobium—phosphorus

(63) Arnold, J.; Tilley, T. D.; Rheingold, A. L.; Geib, S. J. Organo-
metallics 1987, 6, 473.

(64) Dorado, I.; Garces, A.; Lopez-Mardomingo, C.; Fajardo, M.;
Rodriguez, A.; Antinolo, A.; Otero, A. J. Chem. Soc., Dalton Trans.
2000, 2375.

Nb(1)—P(1) 2.5832(5)
P(1)~Nb(1)—P(1*) 167.63(2)
P(1)~Nb(1)-C(13) 106.13(8)
P(1)—Nb(1)~N(1*) 86.98(4)
P(1)—Nb(1)-C(13) 106.13(8)
P(1*)—Nb(1)—C(13) 86.24(8)

P(1)~Nb(1)—C(13)—Si(3) ~78.2(2)

bond length significantly. All Nb—P bonds in 4a and
5b are approximately 2.58 A. Also, the relatively similar
Nb—P—Cipso angles shown in each complex imply that
the coordination geometry is not sensitive to the sub-
stituents at phosphorus.

Conclusions

In this report the synthesis of a cyclohexylphosphine-
containing mixed donor macrocycle, ©Y[P,N,], and its
utility in stabilizing Nb(I11) complexes are described.
The chloride complex ©Y[P,N2]NbCI (1) is monomeric in
the solid state, as evidenced by X-ray diffraction and
variable-temperature magnetic susceptibility studies.
It is a useful precursor to the hydrocarbyl derivatives
Cy[PzNz]NbCHzSiMeg and Cy[PzNz]NbCH(SiMeg)z by
metathesis type procedures. The related complex having
phenyl-substituted phosphine donor atoms, P"[P2N,]-
NbCl (2), has also been prepared and studied by
variable-temperature magnetic susceptibility measure-
ments. The plot of yn versus temperature indicates
the presence of antiferromagnetic exchange between
two d? centers, which is consistent with a dinuclear
structure for 2 in the solid state, possibly (PP[P2N2]Nb),-
(u-Cl),. The Lewis acidic nature of Nb(I11) in 2 is evident
in its ability to readily form adducts with coordinating
solvents and small molecules generating monomeric
PA[P,N,]NbCI(L) complexes. As in the cyclohexylphos-
phine analogue, metathesis of the chloride with alkyl-
lithium reagents generates the monomeric paramag-
netic organometallic complexes P'[P.N,]NbCH,SiMes
and P'[P,N,]NbCH(SiMes),. Current work is being
directed at studying the reactivity patterns exhibited
by these Nb(Ill) alkyl complexes, especially hydro-
genolysis and insertion processes.

Experimental Section

Unless otherwise stated, all manipulations were performed
under an atmosphere of dry oxygen-free nitrogen or argon by
means of standard Schlenk or glovebox techniques (Vacuum
Atmospheres HE-553-2 glovebox equipped with a MO-40-2H
purification system and a —40 °C freezer). Hexanes and
toluene were purchased anhydrous from Aldrich and further
dried by passage through a tower of alumina and degassed by
passage through a tower of Q-5 catalyst under positive
pressure of nitrogen.%® Anhydrous diethyl ether and THF were
stored over sieves and distilled from sodium benzophenone
ketyl under argon. Dichloromethane was dried by refluxing
over calcium hydride. Nitrogen and argon were dried and
deoxygenated by passing the gases through a column contain-
ing molecular sieves and MnO. Deuterated benzene and
toluene were dried by refluxing over sodium and potassium
alloy, and THF-dg was dried over sodium, in a sealed vessel

(65) Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.;
Timmers, F. J. Organometallics 1996, 15, 1518.
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under partial pressure, and then trap-to-trap distilled. They
were degassed under three freeze—pump—thaw cycles. Unless
otherwise stated, all NMR spectra were recorded on either a
Bruker AC-200 or a Bruker Avance 400 instrument. *H NMR
spectra were referenced to residual protons in the deuterated
solvent. UV—vis spectra were recorded using a Hewlett-
Packard 8454 UV—visible spectrophotometer and quartz cu-
vettes with Teflon Kontes valves. FTIR spectra were recorded
on a BOMEM MB 100 spectrophotometer. Elemental analyses
were performed by Mr. P. Borda of this department. Mass
spectrometry was performed on a Kratos MS 50 by Mr. M.
Lapawa, also of this department. The variable-temperature
magnetic susceptibility of powdered samples of 2 and 3 was
measured over the range 2—300 K and at a field of 10 000 G
using a Quantum Design (MPMS) SQUID magnetometer.

The compounds syn-P"[P,N,]Li,+C4HgO,,2” NbCl3(DME),® and
LiCH(SiMes),%¢ were prepared according to literature proce-
dures. LiICH,SiMe; was purchased from Aldrich as a 1 M
solution in pentane and used as received. All other reagents
were obtained from a commercial source and purified by the
appropriate methods.®” CO gas was purchased from Matheson
and used without further purification.

CICH,SiMe;NEt,. HNEt; (25.0 g, 342 mmol) was added to
a cooled solution of CI(CICH,)SiMe; (20.0 g, 140 mmol) in ether
at 0 °C and stirred for 2 h before warming to room tempera-
ture. Filtration of the flocculent precipitate and removal of
solvent under vacuum allowed isolation of a colorless oil.
Yield: 21.5 g (85.8%). *H NMR (CsDs, 200 MHz, 300 K): 6
0.03 (s, 6H, SiCHg), 0.75 (t, 6H, CH,CHj3), 2.40 (s, 2H, PCH,-
Si), 2.50 (q, 4H, CH,CHj3)

CyPHCH,SiMe;NEt,. n-BuLi (75 mL, 1.6 M, 120 mmol)
was syringed into a solution of CyPH, (13.9 g, 120 mol) in Et,O
at —78 °C and allowed to warm to room temperature while
stirring. Upon stirring for 1 h at room temperature the yellow
solution was transferred to a cooled solution of CICH,SiMe,-
NEt; (21.5 g, 120 mmol) in Et,O at —78 °C. The mixture was
allowed to warm to room temperature while stirring. Filtration
and removal of solvent allowed isolation of a pale yellow oil.
Yield: 28.8 g (92%). *H NMR (C¢Dg, 200 MHz, 300 K): 6 0.03
(s, 6H, SiCHj3) 0.30 (m, 2H, PCHSi), 0.80 (t, 6H, CH,CHj3),
1.1,1.4,1.6, 1.8 (br, 11H total, C¢H11P), 2.60 (g, 4H, CH,CH3),
2.80 (ddt, lJHp = 180 HZ, BJHH =20 HZ, B\JHH =5Hz CHzp-
(H)CH). 3:P{*H} NMR (CgDs, 81 MHz, 300 K): & —60.9 (s).

(CyPHCH;SiMe;)NH. NH4CI (6.0 g, 112 mmol), CyPHCH,-
SiMe;NEt; (28.8 g, 110 mmol), and CH,Cl, (100 mL) were
cooled to —78 °C. NEt; (15 mL) was added via syringe, and
the mixture was allowed to warm to room temperature and
stirred for 18 h. All volatiles were removed in vacuo and the
solids extracted into hexanes. Filtration and removal of
hexanes allowed isolation of a pale yellow viscous oil. Yield:
17.9 g (83%). *H NMR (CsDs, 200 MHz, 300 K): 0.10 (s 12H,
SiCH3) 0.35 (m, 4H, PCH,Si), 1.1, 1.4, 1.6, 1.8 (br, 22H total,
C6H11P), 2.80 (ddt, 1JHP =180 HZ, 3JHH =20 HZ, 3JHH =5Hz
CHyP(H)CH). **P{*H} NMR (C¢Ds, 81 MHz, 300 K): ¢ —60.9
().

syn-Y[P,N2]Lix(THF). HN(SiMe,CH,CI), (10.49 g, 45.78
mmol) and (CyPHCH,SiMe;)NH (17.90 g, 45.78 mmol) were
dissolved in Et,O (200 mL) and cooled to —78 °C. MeL.i (130.8
mL, 1.4 M, 184 mmol) was added, and the solution was allowed
to warm to room temperature while stirring, causing a white
precipitate to form. After stirring for 12 h all solvents were
removed in vacuo and the residue was extracted into toluene
and filtered. Evaporation of toluene and washing the crude
solids with hexanes allows isolation of a white powder.
Crystals suitable for single-crystal X-ray diffraction were
grown by cooling a hexanes solution to —40 °C. Yield: 10.9 g
(40%)).

(66) Cowley, A. H.; Kemp, R. A. Synth. React. Inorg. Met.-Org. Chem.
1981, 11, 591.

(67) Perrin, D. D.; Armarego, W. L. F. Purification of Laboratory
Chemicals, 3 ed.; Butterworth-Heinemann Ltd.: Oxford, 1994.
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The yield can be improved by adding 1 equiv of THF to the
toluene solution before removal of solvents to generate the less
soluble ©[P,N;]Li(THF) species. Yield: 24.5 g (84%). *H NMR
(CsDs, 400 MHz, 400 K): 6 0.30 and 0.45 (s, 24H total, SiCH3),
0.57 and 0.85 (m, 8H total, ring CH,), 1.12, 1.60, 1.67, and
1.83 (br, 22H total, CsH1:P), 1.27 (m, 4H, THF-OCH,CH,), 3.57
(m, 4H, THF-OCH,CHy). **P{*H} NMR (C¢Ds¢, 162 MHz, 300
K): 6 —32.78 (g, *JpLi = 52.1 Hz). "Li{*H} (C¢Ds, 155.5 MHz,
300 K): 6 1.22 (s, 1Li), 2.99 (t, I ip = 52.1 Hz, 1Li). Anal.
Calcd for Co4Hs4N,SisPoLio: C, 52.58; H, 9.74; N, 5.01. Found:
C, 51.84; H, 9.79; N, 4.90.

CSY[P2N2INbCI (1). A mixture of ©[P,N,]Li(THF) (7.00 g,
10.4 mmol) and NbCI3(DME) (3.00 g, 10.4 mmol) was sus-
pended in 100 mL of toluene. After stirring the red suspension
for 2 days a dark green solution formed. The solution was
evaporated to dryness, extracted into toluene, and filtered
through Celite. The toluene was removed in vacuo to produce
a dark green powder, which was washed in minimal hexanes
and recrystallized from slow cooling of a saturated toluene
solution, giving 2 as large dark green prisms. Yield: 5.17 g
(75%). *H NMR (C¢Ds, 400 MHz, 300 K): ¢ 4.78 (wy, 84 Hz,
12H, SiCHsCHy'); 11.19 (208 Hz, 12H, SiCH3CH3'); 11.95 (140
Hz, 4H, o-Ph); 39.65 (856 Hz, 4H, PCHH') 56.16 (1244 Hz, 4H,
PCHH'). UV—vis (CsH12): 620 nm, ¢ = 712. Anal. Calcd for
C24Hs4CIN;NDP,SIs: C, 42.81; H, 8.08; N, 4.16. Found: C,
43.01; H, 8.23; N, 4.30. MS (El) m/z (%): 672, (60) [M*]. uesr
(Evans’ method) = 2.20 us.

PR[P,N,INDBCI (2). A mixture of PP[P,N;]Li,(dioxane) (6.65
g, 10.4 mmol) and NbCI3(DME) (3.00 g, 10.4 mmol) was
suspended in 100 mL of toluene. After stirring the red
suspension for 2 days a dark green solution formed. The
solution was evaporated to dryness, extracted into toluene, and
filtered through Celite. The toluene was removed in vacuo to
produce a brick red powder, which was washed in minimal
hexanes and recrystallized from slow cooling of a saturated
toluene solution, giving 3 as dark red cubes. Yield: 5.50 g
(80%). *H NMR (CgDs, 400 MHz, 300 K): ¢ 4.78 (wy, 84 Hz,
12H, SiCH3CHs), 8.70 (28 Hz, 2H, p-Ph), 10.22 (48 Hz, 4H,
m-Ph), 11.19 (208 Hz, 12H, SiCH3;CH3), 11.95 (140 Hz, 4H,
0-Ph), 39.65 (856 Hz, 4H, PCHH), 56.16 (1244 Hz, 4H, PCHH).
UV—vis (CsHi12): 616 nm, ¢ = 672. Anal. Calcd for C24H42CIN,-
NbP,Sis: C, 43.59; H, 6.04; N, 4.24; Cl, 5.36. Found: C, 43.34;
H, 6.32; N, 4.19; Cl, 5.49. MS (EI) m/z (%): 660, (70) [M]. et
(Evans’ method) = 2.70; (magnetic susceptibility balance) =
2.80 ue.

Reactions with Coordinating Ligands. Identical proce-
dures were used for the reaction of P"[P,N,]NbCI and “Y[P,N,]-
NbCI with coordinating ligands. Experimental details and
characterization of only the P"[P,N,]JNbCI(L) complexes are
described.

Ph[P,N2]NbCI(THF) (3a). P"[P2N2]NbCI (200 mg, 0.303
mmol) was dissolved in THF (15 mL), giving a deep yellow-
colored solution. The solution was stirred for 30 min before
all volatiles were removed in vacuo, allowing isolation of a dark
yellow solid. The THF molecule is considerably labile, and
attempts to dissolve the product in toluene and benzene caused
its displacement and regeneration of P"[P,N,]NbCI. Yield: 220
mg (99%). *H NMR only partially assignable (THF-dg, 400
MHz, 300 K): ¢ 4.20 (w1, 56 Hz, 12H, SiCHsCHj3), 5.96 (72
Hz, 12H, SiCH3CHj3), 8.85 (22 Hz, 2H, p-Ph), 10.80 (46 Hz,
4H, m-Ph). UV—vis (CsH12/THF): 439 nm, € = 997. uesr (Evans’
method) = 2.69 ue.

Ph[P,N2]NbCI(CH3CN) (3b). P"[P.N,]NbCI (200 mg, 0.303
mmol) was dissolved in acetonitrile (15 mL), giving a deep
yellow solution. The solution was stirred for 30 min before all
volatiles were removed in vacuo, allowing isolation of a dark
yellow-brown waxy solid. Dissolution in hexanes or toluene
caused slow product decomposition to ""[P,N2]NbCI. [P2N_]-
NbCI(NCMe) Yield: 210 mg (99%). UV—vis (C¢Hi/MeCN):
452 nm, € = 1210. uerr (Evans’ method) = 2.72 ug.
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PA[P,N,]NbCI(CO) (3c). A solution of P"[P,N2]NbCI (10 mg)
in CsDs was loaded into an NMR tube fitted with a Teflon tap
and degassed by three freeze—pump—thaw cycles. The sample
was then subjected to 1 atm of CO and sealed. The CO ligand
is highly labile and is readily removed under vacuum. *H NMR
(CsDs, 400 MHz, 300 K): 6 0.24 (br, 24H total SiCHs), 1.74
(br, 8H, PCHy), 7.23, 8.18 (br, PPh). 31P{H} NMR (CsDs, 162
MHz, 300 K): 6 10.70 (W1, 852.5 Hz). IR vco 1920 cm™t. UV—
vis (CeH1z): 440 nm, € = 912.

PA[P2N2]NbCI(PMej3) (3d). A solution of P"[P,N,]NbCI (10
mg) in C¢Ds was loaded into an NMR tube fitted with a Teflon
tap and degassed by three freeze—pump—thaw cycles. The
sample was then subjected to an excess of PMe; added by
vacuum transfer and sealed. Upon warming to room temper-
ature, the solution turned from an intense green color to dark
yellow-orange. The PMe;s ligand is labile and is easily removed
under vacuum. *H NMR (C¢Ds, 400 MHz, 300 K): 6 3.78 (W12
172 Hz, 12H, SiCH3CH3'"); 8.82 (22 Hz, 2H, p-Ph); 9.61 (36 Hz,
4H, m-Ph); 10.38 (132 Hz, 12H, SiCH3CH3'). UV—vis (C7Hs):
425 nm, € = 801. uerr (Evans’ method) = 2.02 ug.

PR[P,N,]NbCI(py) (3e). P'[P2N2]NbCI (200 mg, 0.303 mmol)
was dissolved in pyridine (15 mL), giving a deep red solution.
The solution was stirred for 30 min before all volatiles were
removed in vacuo, allowing isolation of a blood red solid. Slow
cooling to —35 °C of a saturated 50:50 toluene/hexanes solution
produced a crop of bright red prisms. Yield: 180 mg (80%).
IH NMR, only partially assignable (C¢Dg, 400 MHz, 300 K): ¢
—35.61 (wy, 828 Hz) —20.56 (1008 Hz) 4.03 (63 Hz, 12H,
SiCH3CHs) 6.13 (63 Hz,12H, SiCHsCHs3) 8.37 (18 Hz) 10.63
(48 Hz) 11.96 (288 Hz) 15.24 (57 Hz) 39.30 (1011 Hz). UV—vis
(CH12): 540 Nnm, € = 1179. uer (Evans’ method) = 2.34 ug. Anal.
Calcd for CogH47N3NbP,Sis: C, 47.05; H, 6.67; N, 4.97. Found:
C, 47.25; H, 6.76; N, 4.86. MS (El) m/z (%): 739, (10) [M]*,
660, (80) [M* — py].

Synthesis of Paramagnetic Niobium Alkyl Complexes.
SY[P,N,]NbCH,SiMes (4a). ©Y[P.N,]JNbCI (3.00 g, 4.46 mmol)
and LiCH;SiMe; (420 mg, 4.46 mmol) were dissolved in toluene
(50 mL) and stirred for 12 h to give a bright indigo solution.
Solvents were removed in vacuo, resulting in a dark blue
residue that was extracted into hexanes and filtered through
Celite. Removal of hexanes afforded an indigo-colored solid
that was washed with hexamethyldisiloxane to give an ana-
lytically pure product. X-ray quality crystals of the paramag-
netic product were obtained by extracting the solids into
minimal hexamethyldisiloxane and slowly evaporating the
solvent over a period of weeks. Yield: 3.00 g (95%). 'H NMR
only partially assignable (C¢Ds, 400 MHz, 300 K): 6 4.74 (W12
76 Hz, 12H, SiCHsCHs), 7.55 (120 Hz, 9H, Si(CHa)s), 10.49
(108 Hz, 12H, SiCH3CH3), 48.61 (748 Hz, 4H, PCHH), 85.02
Hz, 4H, PCHH). Anal. Calcd for CzsHesN2NbP,Sis: C, 46.38;
H, 9.04; N, 3.86. Found: C, 46.18; H, 9.12; N, 3.79. MS (EI)
m/z (%): 724, (20) [M*]. uerr (Evans’ method) = 2.6 ug.

PA[P2N2]NbCH,SiMe; (5a). To a solution of P"[P,N,]NbCI
(2.48 g, 3.76 mmol) in toluene (30 mL) was added LiCH,SiMes;
(350 mg, 3.76 mmol) at room temperature. A color change from
dark green to dark blue was observed within moments. After
stirring for 12 h the solution was filtered through Celite and
the solvent removed in vacuo to yield a waxy blue-green solid
that was washed with minimal pentane. Yield: 2.50 g (95%).
IH NMR (CgDs, 400 MHz, 300 K): 0 4.74 (wy, 76 Hz, 12H,
SiCH3CHs), 7.55 (120 Hz, 9H, Si(CHa)s), 8.91 (24 Hz, 2H, p-Ph),
10.49 (108 Hz, 12H, SiCH5CHs), 10.81 (52 Hz, 4H, m-Ph), 13.77
(288 Hz, 4H, 0-Ph), 48.61 (748 Hz, 4H, PCHH), 85.02 Hz, 4H,
PCHH). Anal. Calcd for CzsHssN2NbP,Sis: C, 47.17; H, 7.49;
N, 3.93. Found: C, 46.79; H, 7.29; N, 3.99. MS (EI) m/z, (%):
712, (60) [M™]. uert (Evans’ method) = 2.5 us.

SY[P,N2]NbCH(SiMes), (4b). To a solution of ©[P,N,]NbCI
(1.00 g, 1.49 mmol) in toluene (30 mL) was added LiCH(SiMes),
(250 mg, 1.50 mmol) at room temperature to give a dark green
solution. After stirring for 6 h the solution was filtered through
Celite and the solvent removed in vacuo to leave a green solid,
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which was washed with minimal pentane. Yield: 1.18 g (90%).
IH NMR only partially assignable (CsDs, 400 MHz, 300 K): &
4.50 (w12 90 Hz, 6H, SiCH3CH3), 5.20 (90 Hz, 6H, SiCH3CH3),
7.70 (500 Hz, 18H, Si(CHs)3), 8.60 (90 Hz, 6H, SiCH'sCH'3),
10.20 (90 Hz, 6H, SICH'3CH'3), 13.80 (500 Hz, 2H, PCHH)
21.00 (500 Hz, 2H PCHH). Anal. Calcd for C3i1H73N2NbP,Sis:
C, 46.70; H, 9.23; N, 3.51. Found: C, 46.74; H, 9.28; N, 3.32.
MS (El) m/z (%): 796, (30) [M™]. uert (Evans' method) = 2.6 ug.

Ph[P,N2]NbCH(SiMes), (5b). (a) To a solution of P'[P,N,]-
NbCI (1.00 g, 1.51 mmol) in toluene (30 mL) was added LiCH-
(SiMes), (250 mg, 1.51 mmol) at room temperature to give a
dark green solution. After stirring for 6 h the solution was
filtered through Celite and the solvent removed in vacuo to
yield green solids, which were washed with minimal pentane.
Yield: 1.18 g (90%). *H NMR (CsDs, 400 MHz, 300 K): 6 4.35
(w12 90 Hz, 6H, SiCH3CH3), 5.20 (90 Hz, 6H, SiCH3CH3), 7.70
(500 Hz, 18H, Si(CHs)3), 8.60 (90 Hz, 6H, SiCH';CH'3), 9.20
(28 Hz, 2H, p-Ph), 10.20 (90 Hz, 6H, SiCH';CH’3), 10.80, 11.20
(24 Hz, 36 Hz, 8H total, o, m-Ph), 13.80 (500 Hz, 2H, PCHH)
21.00 (500 Hz, 2H PCHH). Anal. Calcd for C3;Hg1N2NbP,Sis:
C, 47.42; H, 7.83; N, 3.57. Found: C, 47.29; H, 7.75; N, 3.43.
MS (El) m/z (%): 784, (80) [M*]. uers (Evans’ method) = 2.6 ue.

X-ray Crystallographic Analyses of 1, 3a, 4a, and 5b.
In all cases, suitable crystals were selected and mounted on a
glass fiber using Paratone-N crystal mounting oil and freezing
to —100 °C. All measurements were made on a Rigaku/ADSC
CCD area detector with graphite-monochromated Mo Ka
radiation. Crystallographic data appear in Table 1. In each
case the data were processed® and corrected for Lorentz and
polarization effects and absorption. Neutral atom scattering
factors for all non-hydrogen atoms were taken from the
International Tables for X-ray Crystallography.®®7° All struc-
tures were solved by direct methods’ and expanded using
Fourier techniques.”? All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were included but not refined.
Hydrogen atoms were fixed in calculated positions with C—H
=0.98 A.
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