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Terminal vanadium alkylidenes!"! still constitute a rare class

of complexes, and this type of functional group, when
combined with this metal, has been far less explored than
its heavier congeners niobium®®! and tantalum.” Part of this
limitation revolves around the ability of vanadium to
populate low-valent oxidation states, especially the +3
state. As a result, alkylation reactions stemming from the
high-valent metal complex often lead to reduction as opposed
to the more prototypical transmetalation/a-hydrogen abstrac-
tion processes encountered in NbY and Ta" alkylidenes.” Out
of the few terminal vanadium alkylidene complexes known
(e.g. VLI VIVBl and VVE) only the high-valent system
appears to be highly reactive for ring-opening metathesis
polymerization (ROMP).! Therefore, an entry to the VV
alkylidene group directly from a V™ precursor would
represent an attractive synthetic strategy for this metal
given the vast quantity of low-valent vanadium halide
precursors available. In general, heat, photolysis, Lewis
bases, or Brgnsted bases can incite a-hydrogen abstraction
to form Schrock-like M—C multiple bonds.[*”) More recently,
a one-electron oxidation step has been also shown to promote
a-hydrogen abstraction.”! When the metal is in a high-
oxidation state, powerful Lewis acids such as Al(CH;); can
also instigate a-hydrogen abstraction as well as trap the M—C
multiple bond.*'! Although a handful of vanadium alkyli-
denes have been generated by treatment of a bis-alkyl
precursor with PR,,J the concept of using two-electron
oxidants to promote o-hydrogen abstraction, to the extent of
providing a facile entry to the V¥ alkylidene unit, has not been
realized.
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Herein we demonstrate that macids or two-electron
oxidants can ultimately lead to a-hydrogen abstraction
when the metal in question is a low-valent V™! bis-neopentyl
species. As a result, a transient, four-coordinate V™ neo-
pentylidene can be generated and trapped with a series of
two-electron oxidants to afford a family of V¥ alkylidenes. In
the case where the & acid promoting the a-hydrogen abstrac-
tion is sterically crowded, N, becomes the substrate of choice
to afford the first vanadium bridging end-on dinitrogen—
alkylidene species. The solid state packing diagram for this
complex displays a highly “porous” honeycomb-like frame-
work along the activated N, unit. During the course of our
investigation, we also discovered that the elusive V'™ alkyli-
dene generated in these set of reactions can be trapped with a
chelate m acid such as 2,2"-bipyridine (bpy).

When the bis-alkyl precursor [(PNP)V(CH,Bu),] (1)
(PNP =N[4-Me-2-(PiPr,)C4H;],”), readily prepared from a
one-pot reaction of Li(PNP) and [VCl,(thf);] followed by
alkylation with the appropriate stoichiometry of LiCH,¢Bu,!!!
was treated with N,CPh, in diethyl ether, a gradual reaction
ensued over a period of 12 h to afford the VV alkylidene-
diphenylmethylene  hydrazido!? complex [(PNP)V(=
CHrBu)(N,CPh,)] (2) in 62% yield after workup of the
reaction mixture (Scheme 1). Likewise, treatment of 1 with
O=PPh; in toluene over 24 h produces a color change from
green to brown concurrent with formation of the alkylidene—
oxo complex [(PNP)V(=CH/Bu)(O)] (3) and free PPh,
(Scheme 1).""1 Complex 3 can be prepared, quantitatively
and free of phosphine, by the reaction of 1 with N,O in
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Scheme 1. Synthesis of complexes 2-6 via intermediate A and from the
bis-neopentyl-V" precursor 1. The N[2-P(CHMe,),-4-methylphenyl],
framework has been simplified to the PNP cartoon.
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benzene at 90°C. Treating 1 with other chalcogenide sources
such as Sy also results in o-hydrogen abstraction and two-
electron oxidation at vanadium, to ultimately produce the
terminal alkylidene—sulfide complex [(PNP)V(=CHBu)(S)]
(4) in 32% yield (Scheme 1). Further, this complex can be
generated analogously to 3 by treatment of 1 with S=PR; in
48 % vyield. As a result, two-electron redox chemistry in 1
appears to be a general process to produce the [(PNP)VY(=
CHrBu)] scaffold. Characterization of 2—4 involves a combi-
nation of MS-CI, multinuclear NMR spectroscopy (‘H, *C,
3P, and *'V), and single crystal X-ray diffraction. Each system
reveals diagnostic alkylidene o-hydrogen and a-carbon
resonances in the 'H (6 =13.7-4.78 ppm) and *C (6 =335-
259 ppm, Jo; =102-63 Hz) NMR spectra, respectively.!!
Experimental Jq; coupling values were obtained by a "*C
undecoupled HMQC experiment. Likewise, the >V NMR
chemical shifts are consistent with hard ligands having high
electronegativities inducing an overall high shielding (e.g., 2,
0 =—24 ppm; 3, 6 = —58 ppm), while the less electronegative
and more polarizable sulfide derivative 4 confers a pro-
nounced deshielding effect (6 =570 ppm).[1314

The solid-state structures of 2-4 expose mononuclear V¥
complexes bearing terminal neopentylidene ligands (V=C:
1.83-1.89 A) as well as terminal diphenylmethylene hydra-
zido (2, V=N: 1.7091(14) A),™> oxo (3, V=0: 1.595(4) A),1%)
and sulfide groups (4, V=S: 2.0706(13) A),'”) all of which are
oriented in a cis configuration with the alkylidene motif given
the meridional constraint imposed by the PNP ligand
template (Figure 1). The distorted V=C-C angles imply an
o-hydrogen agostic interaction taking place with the high-
valent vanadium center, which correlates well with our
measured alkylidene Jy values.

Figure 1. Molecular structures of 2—4 displaying thermal ellipsoids at
the 50% probability level. H-atoms have been excluded for clarity.
Selected distances (in A) and angles (in °): 2: V1-C27 1.8246(18), V1-
N1 2.1098(14), VI-N2 1.7091(14), VI-P1 2.4711(5), V1-P2 2.4554(6),
N2-N3 1.3216(19); P1-V1-P2 149.127(19), V1-C27-C28 150.03(14). 3:
V1-C27 1.894(5), VI-N1 2.093(3), V1-O1 1.595(4), V1-P1 2.4811(10),
V1-P2 2.4752(9); P1-V1-P2 152.28(4), V1-C27-C28 140.5(7). 4: V1-C27
1.826(4), VI-N1 2.092(3), V1-S1 2.0706(13), V1-P1 2.4716(12), V1-P2
2.4768(12); P1-V1-P2 149.86(4), V1-C27-C28 155.2(3).
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Sterics seem to play a critical role in the outcome of the
reaction in that addition of the ylide Ph;P=X (X=CHPh,
NPh) to 1 provoked a very slow conversion over 48 h in
toluene, under an atmosphere of N,, to afford an alkylidene
complex having a bridging, end-on dinitrogen unit, namely
the compound [{(PNP)V(=CHBu)},(u-N,)] (5) shown in
Scheme 1. The reaction likely operates from a putative V™"
alkylidene intermediate [(PNP)V(=CH/Bu)(XY)] (A) (X=
CHPh or NPh, Y =Ph;P; A), which subsequently exchanges
the coordinated ylide for N, to ultimately produce 5. It is also
possible that N, binds first without the ylide playing a role
(see below). The initial steps en route to 2-4 are likely similar
to those which we propose for complex 5, but the substrates in
the former cases are ultimately reduced to form terminal
[(PNP)VY(=CHrBu)(=X)] complexes.

Complex 5 is a brown-colored diamagnetic material (°*'V
NMR: 6 = —26 ppm, Av,,, = 1084 Hz) that evinces a broad °N
resonance at 0 =104 ppm (Av,, =517 Hz) versus nitrome-
thane referenced at 6 =0 ppm. The enriched "N, isotopo-
logue of 1is readily prepared with the appropriate ylide under
an atmosphere of isotopically enriched '°N,, thus indicating
that the bridging N, unit originates from sequestration of
atmospheric nitrogen. Complex § also reveals an intense and
highly reduced symmetric vyy stretch in the Raman spectrum
at 1370 cm™', a band blue shifted when compared to its
isotopologue prepared with enriched N, (1325 cm™"). The
retention of the alkylidene unit from putative A is clearly
evident from “CNMR (6=2309.8 ppm, Jo; =77 Hz) and
'H NMR spectroscopic data (6 =10.2 ppm).

It is important to note that complex 5 can also be formed
under an N, atmosphere and without the ylide. Unfortunately,
we have been unable to isolate the product resulting from the
thermolysis of 1 in the absence of N,. Likewise, when the
resulting product(s) from the latter reaction are exposed to
N,, formation of § is not observed. Therefore, we propose that
by first coordinating to 1, the ylide or atmospheric nitrogen
accelerates the a-hydrogen abstraction step. When solutions
of 1 are heated to ca. 50°C under an atmosphere of nitrogen,
formation of 5 occurs over 3 days (80 % yield based on NMR).

Salient structural features for the vanadium alkylidene—
dinitrogen dimer 5 are depicted in Figure 2. The structural
data from a hexagonal single crystal reveals a terminal
neopentylidene ligand having a short V=C bond of 1.863(4) A
and, as anticipated from the symmetric vyy and "N NMR
data, a topologically linear p-n'm'-N, ligand bridging both
vanadium centers. The V-N2 distance in 5 (1.757(3) A)!" is
imide-like, suggesting that each metal center significantly
backbonds to both nitrogen atoms composing the N, unit, and
the VN,V metrical parameters are comparable to other
reduced dinitrogen complexes of vanadium.'**! In the
structure of 5, each {(PNP)V(=CH:Bu)(N)} fragment is
related by symmetry, and its alkylidene functionalities are
essentially orthogonal with respect to each other. The gross
structural features of 5 closely resemble a Ta" analogue
prepared previously by Schrock by the two-electron reduction
of a Ta¥ alkylidene—dichloride precursor under an atmosphere
of N,.?!l The packing diagram of 5 (space group R3c) also
merits highlighting. In the unit cell, three large voids or
channels along the N, vector are observed with dimensions
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Figure 2. Molecular structures of 5 and 6 displaying thermal ellipsoids
at the 50% probability level. H-atoms, isopropyl methyl groups on P (5
only), and solvent (5 only) have been excluded for clarity. Selected
distances (in A) and angles (in °): 5: V1-C27 1.863(4), V1-N1
2.109(3), V1-N2 1.757(3), V1-P1 2.4567(11), V1-P2 2.4876(10), N2—
N2’ 1.246(6); P1-V1-P2 149.94(4), V1-C27-C28 162.5(3). 6: V1-C27
1.843(3), VI-NT 2.124(3), V1-N2 2.166(3), V1-N3 2.064(2), V1-P1
2.4788(9), V1-P2 2.4739(10); P1-V1-P2 152.58(3), V1-C27-C28
175.9(3).

3811.7 A’ per void, and located at (0,0,0) and symmetry
related positions.”?! Such a feature translates into a remark-
able volume of 11762.0 A* (ca. 1/3) per unit cell in this
honeycomb-type arrangement (Figure 3)."*! Notably, this

Figure 3. Packing plot of 5, one channel (left) and 2x2 unit cells, view
along the c axis (right) are shown. The uneven channels have an
approximate solvent-accessible width of 12.4 A.

type of architecture remains intact without solvent around
thus behaving as a “porous” material. Further inspection of
the aggregation between molecules reveals no significant
interaction chemically intuitive for framework preassembly.
Therefore, simple stacking of these molecules appears to
dominate this unusual form of aggregation.

Attempts to trap the elusive V' alkylidene A were
unsuccessful when macids such as PR; were used with
precursor 1. Teuben and co-workers have reported a dia-
magnetic V™-alkylidene species from treatment of the bis-
alkyl precursor [CpV(CH,CMe;),(PMe;)] with the chelating
diphosphine dmpe.?! In our case, treatment of 1 with a bis-
chelate such as bpy in toluene promoted a color change from
green to blue, to ultimately afford a diamagnetic product as
implied by its >V NMR spectrum centered at 0 =996 ppm
(Av,, =581 Hz). The 'H and *C NMR spectra were consis-
tent with a terminal alkylidene complex having a coordinated
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bpy ligand, namely the complex [(PNP)V(=CHBu)(bpy)] (6)
depicted in Scheme 1. This result implies that formal oxida-
tion of the metal center is not a strict requirement for o-
hydrogen abstraction but coordination of a m acid to 1.

For the solid-state structure of 6, the vanadium center is
confined in a pseudo octahedral geometry where significant
7 backbonding between V™ and the bpy ligand has taken
place when judged by the short V—N distances of 2.064(2) and
2.166(3) A (Figure 2). The alkylidene unit (V=C, 1.843(3) A)
for 6 is virtually linear (175.9(3) A) and oriented along the
same plane defined by the bpy ligand. Linearity about the V=
C-C unit is further manifested by the exceedingly low Jy of
63 Hz for the alkylidene carbon. We strongly believe the
distortion of the alkylidene ligand to be governed by the
octahedral coordination environment of the vanadium ion.!"

The reactivity of 1 has shown it to be a powerful two-
electron reductant as well as convenient source of the VV
alkylidene fragment. Whether substrate binding precedes o.-
hydrogen abstraction along the two-electron process is
questionable at this point given our inability to isolate the
product from the thermolysis of 1 in the absence of a = base.
Studies which shall further demonstrate the reactivity of the
rare VV alkylidene unit, as well as the mechanism to its
formation, are currently underway and will be reported in due
course.

Received: December 24, 2007
Published online: April 8, 2008

Keywords: abstraction - alkylidene - dinitrogen activation -
oxidation - vanadium

[1] B. Hessen, A. Meetsma, J. H. Teuben, J. Am. Chem. Soc. 1989,
111,5977; B. Hessen, J.-K. F. Buijink, A. Meetsma, J. H. Teuben,
G. Helgesson, M. Hdkansson, S. Jagner, A. L. Spek, Organo-
metallics 1993, 12, 2268.

[2] J-K. F. Buijink, J. H. Teuben, H. Kooijman, A. L. Spek, Organo-
metallics 1994, 13, 2922.

[3] F. Basuli, U.J. Kilgore, X.L. Hu, K. Meyer, M. Pink, J. C.
Huffman, D. J. Mindiola, Angew. Chem. 2004, 116, 3218; Angew.
Chem. Int. Ed. 2004, 43,3156; F. Basuli, B. C. Bailey, D. Brown, J.
Tomaszewski, J. C. Huffman, M.-H. Baik, D. J. Mindiola, J. Am.
Chem. Soc. 2004, 126, 10506.

[4] J. Yamada, M. Fujiki, K. Nomura, Organometallics 2005, 24,
2248.

[5] For some examples see: K.F. Hirsekorn, A.S. Veige, M. P.
Marshak, Y. Koldobskaya, P. T. Wolczanski, T. R. Cundari, E. B.
Lobkovsky, J. Am. Chem. Soc. 2005, 127, 4809; K. F. Hirsekorn,
A.S. Veige, P. T. Wolczanski, J. Am. Chem. Soc. 2006, 128, 2192;
U.J. Kilgore, J. Tomaszewski, H. Fan, J. C. Huffman, D.J.
Mindiola, Organometallics 2007, 26, 6132.

[6] R.R. Schrock, Chem. Rev. 2002, 102, 145.

[7] D.J. Mindiola, Acc. Chem. Res. 2006, 39, 813; D. J. Mindiola,
B. C. Bailey, F. Basuli, Eur. J. Inorg. Chem. 2006, 3135.

[8] F.N. Tebbe, G. W. Parshall, G. S. Reddy, J. Am. Chem. Soc. 1978,
100, 3611.

[9] R.R. Schrock, P. R. Sharp, J. Am. Chem. Soc. 1978, 100, 2389.

[10] B.C. Bailey, A. R. Fout, H. Fan, J. Tomaszewski, J. C. Huffman,
D. J. Mindiola, Angew. Chem. 2007, 119, 8394; Angew. Chem. Int.
Ed. 2007, 46, 8246.

[11] See Supporting Information for complete experimental details.

[12] C.P. Gerlach, J. Arnold, Organometallics 1997, 16, 5148.

www.angewandte.org

Chemie

37N


http://dx.doi.org/10.1021/ja00197a089
http://dx.doi.org/10.1021/ja00197a089
http://dx.doi.org/10.1021/om00030a042
http://dx.doi.org/10.1021/om00030a042
http://dx.doi.org/10.1021/om00020a003
http://dx.doi.org/10.1021/om00020a003
http://dx.doi.org/10.1002/ange.200353210
http://dx.doi.org/10.1002/anie.200353210
http://dx.doi.org/10.1002/anie.200353210
http://dx.doi.org/10.1021/ja0472376
http://dx.doi.org/10.1021/ja0472376
http://dx.doi.org/10.1021/om0501834
http://dx.doi.org/10.1021/om0501834
http://dx.doi.org/10.1021/ja046180k
http://dx.doi.org/10.1021/ja057747f
http://dx.doi.org/10.1021/om7008233
http://dx.doi.org/10.1021/cr0103726
http://dx.doi.org/10.1021/ar0500113
http://dx.doi.org/10.1002/ejic.200600316
http://dx.doi.org/10.1021/ja00479a061
http://dx.doi.org/10.1021/ja00479a061
http://dx.doi.org/10.1021/ja00476a022
http://dx.doi.org/10.1002/ange.200703079
http://dx.doi.org/10.1002/anie.200703079
http://dx.doi.org/10.1002/anie.200703079
http://dx.doi.org/10.1021/om970458i
http://www.angewandte.org

Communications

3772

[13] C. C. Cummins, R. R. Schrock, W. M. Davis, Inorg. Chem. 1994,
33, 1448.

[14] C.P. Gerlach, J. Arnold, Inorg. Chem. 1996, 35, 5770.

[15] Crystal data for 2: C,,HgN;P,V, M, =743.83, monoclinic, space
group P2,/n, a=9.9043(12), b=33.619(4), c=13.2774(16) A,
B=108262(4), Z=4, u=0345mm !, Moy, =0.71073 A, V=
4198.4(9) A%, T=140(2), Pegca=1.177 mgmm >, GoF on F°=
0.930, R;=339% and wR,=8.86% (F’, all data). Data/
restraints/parameters: 6464/102/447. Out of a total of 57137
reflections collected 8637 were unique and 6416 were observed
(Ri=7.71%) with I>20l (red plate, 0.10x0.10x 0.08 mm,
26.43°> 6 >2.02°).%

[16] Crystal data for 3: C;;H5; NOP,V-0.5 CsH,y, M, = 601.67, triclinic,
space group PI, a=10.6282(13), b=11.5935(13), c=
14.7057(18) A, a =79.862(3), S =82.650(3), y =76.213(3)°, Z=
2, u=0405mm™", Moy, =0.71073 A, V=17253(4) A}, T=
150(2), Peatea=1.158 mgmm >, GoF on F*=1.033, R,=5.46%
and WR,=16.56% (F°, all data). Data/restraints/parameters:
7444/0/339. Out of a total of 25795 reflections collected 6464
were unique and 4685 were observed (R, =5.13%) with I > 20l
(light-brown plate, 0.18 x 0.10 x 0.03 mm, 1.41° > 6 >25.60°).*%]

[17] Crystal data for 4: C;;HsNP,SV, M,=581.66, orthorhombic,
space group Pbca, a=12.8505(5), b=14.1120(5), c=
35.0506(13) A, Z=8, ©=0.498 mm™', Moy, =0.71073 A, V=
6356.3(4) A%, T=150(2), Peca=1.216 mgmm >, GoF on F°=
1.061, R,=6.41% and wR,=17.93% (F%, all data). Data/
restraints/parameters 8637/0/464. Out of a total of 55151
reflections collected 8061 were unique and 6549 were observed
(R =6.66 %) with I>201 (brown plate, 0.20 x 0.20 x 0.02 mm,
25.17° > 6 >1.16°). Non-merohedrally twin with twin domain
ratio 60:40. 180° rotation about 001 in reciprocal space, twin law
by the rows: —100, 0—10, 00.154 1.2

[18] Crystal data for 5: Cg,H, NPV, M,=1127.22, hexagonal,
space group R3c, a=b=40.5424(13), ¢c=26.567(2) A, Z=18,
u=0328 mm', Moy, =0.71073 A, V=37818(4) A3, T=130(2),
Oeatca=0.891 mgmm >, GoF on F*=1.100, R;=6.03% and

wR,=18.82% (I, all data). Data/restraints/parameters: 8061/
0/339. Out of a total of 149303 reflections collected 7444 were
unique and 5094 were observed (R, =12.64%) with [> 20l
(brown block, 0.15 % 0.08 x 0.07 mm, 25.04° > 6 >1.92°). Three
large voids (channels) with 3811.7 A® each, at 000 and symmetry
related positions; that is 11762.0 A* (or about 1/3) per unit
cell.?!

[19] J. K. F. Buijink, A. Meetsma, J. H. Teuben, Organometallics
1993, 12, 2004. For other examples of V™ in dinitrogen
coordination see: J.-I. Song, P. Berno, S. Gambarotta, J. Am.
Chem. Soc. 1994, 116, 6927; N. Desmangles, H. Jenkins, K. B.
Ruppa, S. Gambarotta, Inorg. Chim. Acta 1996, 250, 1.

[20] W. A. Nugent, J. M. Mayer in Metal-Ligand Multiple Bonds,
Wiley, New York, 1988.

[21] S. M. Rocklage, H. W. Turner, J. D. Fellmann, R. R. Schrock,
Organometallics 1982, 1, 703.

[22] Single-crystal structure validation was applied with the program
Platon: A. Spek, J. Appl. Crystallogr. 2003, 36, 7.

[23] A. Immirzi, B. Perini, Acta Crystallogr. Sect. A 1977, 33, 216.

[24] B. Hessen, A. Meetsma, J. H. Teuben, J. Am. Chem. Soc. 1989,
111, 5977.

[25] Crystal data for 6: C,;HsgN;P,V, M,=705.78, monoclinic, space
group P2,/n, a=17.3797(10), b =11.5075(6), ¢ =20.6650(12) A,
B=111.962(1)°, Z=4, u=0.374 mm*, Moy, =0.71073 A, V=
3833.0(4) A%, T=150(2), Pegiea=1.223 mgmm >, GoF on F°=
1.062, R;=6.07% and wR,=17.79% (F°, all data). Data/
restraints/parameters 7304/0/441. Out of a total of 28455
reflections collected 7304 were unique and 5436 were observed
(R =6.97%) with I>20l (dark brown block, 0.15x0.12 x
0.11 mm, 25.84° > 6 >2.06°).1%

[26] CCDC-670631 (2), CCDC-670632 (3), CCDC-670633 (4),
CCDC-670634 (5), and CCDC-670635 (6) contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

www.angewandte.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2008, 47, 37693772


http://dx.doi.org/10.1021/ic00085a038
http://dx.doi.org/10.1021/ic00085a038
http://dx.doi.org/10.1021/ic960439l
http://dx.doi.org/10.1021/om00030a005
http://dx.doi.org/10.1021/om00030a005
http://dx.doi.org/10.1021/ja00094a054
http://dx.doi.org/10.1021/ja00094a054
http://dx.doi.org/10.1016/S0020-1693(96)05323-6
http://dx.doi.org/10.1021/om00065a006
http://dx.doi.org/10.1107/S0021889802022112
http://dx.doi.org/10.1107/S0567739477000448
http://dx.doi.org/10.1021/ja00197a089
http://dx.doi.org/10.1021/ja00197a089
http://www.angewandte.org

