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The reaction of 1,1-diphenylhydrazine with Ti(NMe,),Cl, produced the monomeric terminal titanium hydrazido(2-)
species Ti(NNPh,)Cl,(HNMe,), (1) in near-quantitative yield. The reaction of Ti(NMe,),Cl, with the less sterically
demanding ligand precursors 1,1-dimethylhydrazine or N-aminopiperidine gave the dimeric u-12,7*bridged compounds
Tio(u-n%,17*-NNMe,),Cly(HNMe,), (2) and Tio{ u-72,17*-NN(CHy)s} 2Cla(HNMe,)s (3). The X-ray structures of 2 and 3
showed the formation of N—H---Cl hydrogen bonded dimers or chains, respectively. The reaction of 1 with an
excess of pyridine formed [Ti(NNPh,)Cly(py)2]» (4, n = 1 or 2). The reaction of the tert-butyl imido complex Ti-
(N'Bu)Cly(py)s with either 1,1-dimethylhydrazine or N-aminopiperidine again resulted in the formation of hydrazido-
bridged dimeric complexes, namely Tiy(t-72,17*-NNMe,),Cla(py)2 (5, structurally characterized) and Tio{ u-121*
NN(CH,)s} 2Cla(py)2 (6). Compounds 1 and 4 are potential new entry points into terminal hydrazido(2—) chemistry
of titanium. Compound 1 reacted with neutral fac-Ns donor ligands to form Ti(NNPh,)Cl(Mes[9]aneNs) (7), Ti-
(NNPh,)Clx(Meg[6]aneNs) (8), Ti(NNPh,)ClL{HC(Mezpz)s} (9, structurally characterized), and Ti(NNPhy)Cl,-
{HC("Bupz)s} (10) in good yields (Mes[9]aneN; = trimethyl-1,4,7-triazacyclononane, Me;[6]aneN; = trimethyl-
1,3,5-triazacyclohexane, HC(Me,pz); = tris(3,5-dimethylpyrazolyl)methane, and HC("Bupz); = tris(4-"butylpyrazolyl)-
methane). DFT calculations were performed on both the model terminal hydrazido compound Ti(NNPh)Cl,{ HC(pz)s}
(I) and the corresponding imido compounds Ti(NMe)Cl,{ HC(pz)s} (Il) and Ti(NPh)Cl,{HC(pz)s} (IIl). The NNPh,
ligand binds to the metal center in an analogous manner to that of terminal imido ligands (metal=ligand triple
bond), but with one of the Ti=N,, - components significantly destabilized by a sz* interaction with the lone pair of
the Ng atom. The NR ligand o donor ability was found to be NMe > NPh > NNPh,, whereas the overall (o + )
donor ability is NMe > NNPh, > NPh, as judged by fragment orbital populations, Ti—N atom—atom overlap populations,
and fragment-charge analysis. DFT calculations on the hydrazido ligand in a u-1?%n'-bridging mode showed
involvement of the N=N s electrons in donation to one of the Ti centers. This TiN, interaction is best represented
as a metallocycle.

Introduction Group 4 metd) terminal hydrazido(2) complexes of the
type (L)Ti=NNR; where (L) represents a supporting ligand
or ligand set and R is an alkyl or aryl group (note that reports
of titanium hydrazido(%) compounds [(L) TiIINFNRy)]» are

For over four decades the chemistry of transition metal
complexes containing hydrazido ligands has generated

considerable interesg particularly with regard to developing . e
models for the biological fixation of molecular nitrogén. comparatively abundant)This situation contrasts strongly
However, despite the many advances in the field, there fco the rather well-developed area of titanium imido chem-

6
remain few reports of terminal titanium (or indeed other |str¥. o o o
Binuclear titanium compounds containing bridging hy-
*To whom correspondence should be addressed. Email: drazido(2-) ligands are fairly well establishéd’ The earliest
philip.mountford@chem.ox.ac. uk. . _ report of aterminaltitanium hydrazido(2) compound was
(1) For reviews of transition metal hydrazido chemistry, see: (a) Sutton, . .
D. Chem. Re. 1993 93, 995. (b) Johnson, B. F. G.; Haymore, B. L. by Wiberg and co-workers in 1978or the pseudo-three-
Dilworth, J. D. InComprehensie Coordination ChemistryVilkinson, coordinate titanocene complex, I NN(SiMes),} . In 1999,
G., Gillard, R. D., McCleverty, J. A., Eds.; Pergamon Press: Oxford, . : .
1087: Vol. 2, pp 100. () Nugent, W. A.: Mayer, J. MetalLigand we described the synthesis andz[2- 27] cycloaddition

Multiple Bonds Wiley-Interscience: New York, 1988. reactions of the macrocycle-supported Ti(NNPkle.taa)
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New Titanium Hydrazido(2-) Complexes

(n =4 or 8, HMetaa= tetra- or octa-methyldibenzotetraaza-
[14]annulene) complexes with G These were the first
reported reactions of aFHNNR; bond. Subsequently, Woo
and Thorman described the synthesis of Ti(NNIRTP) (R
= Me or Ph, HTTP = mesetetrap-tolylporphyrin) and its
reactions withp-chlorobenzaldehyd Very recently, Odom
et al. reported the first crystallographically characterized
terminal titanium hydrazide(2), namely Ti(NNMe)(dpma)-
(‘Bu-bipy) (dpma= N,N-di(pyrrolyl-o-methyl)N-methyl-
amine,'Bu-bipy = 4,4 -di-tert-butyl-2,2-bipyridine) which
was used as a hydroammination cataf§st.

These terminal titanium hydrazidof2 complexes were

referred to as “hydrazido”), together with a range of
macrocycle-supported and related derivatives and a density
functional theory (DFT) analysis of the bonding in terminal
diphenylhydrazido compounds and their alkyl- and phenyl-
imido analogue$.

Results and Discussion

New Entry Points to Titanium Hydrazido Chemistry.
NHMe, Adducts. We previously showed that reactions of
primary amines RNE (R = alkyl or aryl) with the readily
available Ti(NMeg).Cl,!° gave facile and high-yielding access
to a family of monomeric titanium imido synthons of the

each prepared using different synthetic strategies. In thistype Ti(NR)CL(HNMe,)..1t Such compounds have recently

contribution, we report new and potentially general entry
points to titanium hydrazido(2) compounds (hereafter

(2) For selected recent references on early transition metal terminal
hydrazido(2-) chemistry, see: (a) Li, Y.; Shi, Y.; Odom, A. 1.
Am. Chem. SoQ004 126, 1794. (b) Yandulov, D. V.; Schrock, R.
R. Science2003 301, 76. (c) Davies, S. C.; Hughes, D. L.; Konkol,
M.; Richards R. L.; Sanders, J. R.; Sobota,JPChem. Soc., Dalton
Trans. 2002 2811. (d) Greco, G. E.; Schrock, R. Rworg. Chem.
2001, 40, 3861. (e) Thorman, J. L.; Woo, L. Knorg. Chem.200Q

39, 1301. (f) Redshaw, C.; Elsegood, M. Rldorg. Chem200Q 39,

5164. (g) Blake, A. J.; Mclnnes, J. M.; Mountford, P.; Nikonov, G.

I.; Swallow, D.; Watkin, D. JJ. Chem. Soc., Dalton Tran§999

379. (h) Dilworth, J. R.; Gibson, V. C.; Davies, N.; Redshaw, C.;

White, A. P.; Williams, D. JJ. Chem. Soc., Dalton Trank999 2695.

(i) O’Donoghue, M. B.; Davis, W. M.; Schrock, R. Riorg. Chem.

1998 37, 5149. (j) Davies, S. C.; Hughes, D. L.; Janas, Z;

Jerzykiewicz, L.; Richards, R. L.; Sanders, J. R.; SobotaCtem.

Commun.1997 1261. (k) Green, M. L. H.; James, T. J.; Chernega,

A. N. J. Chem. Soc., Dalton Tran&997, 1719. (I) Green, M. L. H.;

James, T. J.; Saunders: J. F.; Souted, Chem. Soc., Dalton Trans

1997 1281.

For reviews of dintrogen activation, see: (a) Gambarotta, S.; Scott, J.

Angew. Chem., Int. E@004 43, 5298. (b) Kozak, C. M.; Mountford,

P.Angew. Chem., Int. EQ004 43, 1186. (c) Hidai, M.; Mizobe, Y.

Met. lons Biol. Sys002 39, 121. (d) Fryzuk, M. D.; Johnson, S. A.

Coord. Chem. Re 200Q 200—-202, 379. (e) Sellmann, D.; Sutter, J.

Acc. Chem. Re4997, 30, 460. (f) Hidai, M.Coord. Chem. Re 1999

185-186, 99. (g) Gambarotta, Sl. Organomet. Chenll995 500,

117. (h) Hidai, M.; Mizobe, Y Chem. Re. 1995 95, 1115.

Walsh, P. J.; Carney, M. J.; Bergman, R.JGAm. Chem. S0d991

113 6343.

For selected examples of titanium hydrazide\tompounds, see: (a)

Kim, S.-J.; Jung, I. N.; Yoo, B. R.; Cho, S.; Ko, J.; Kim, S. H.; Kang,

S. O.0Organometallics2001, 20, 1501. (b) Park, J. T.; Yoon, S. C,;

Bae, B.-J.; Seo, W. S.; Suh, I.-H.; Han, T. K.; Park, J.QRgano-

metallics200Q 19, 1269. (c) Yoon, S. C.; Bae, B.-J.; Suh, |.-H.; Park,

J. T.Organometallicsl999 18, 2049. (d) Zippel, T.; Arndt, P.; Ohff,

A.; Spannenberg, A.; Kempe, R.; RosenthalQdganometallics1998

17, 4429. (e) Ohff, A.; Zippel, T.; Arndt, P.; Spannenberg, A.; Kempe,

R.; Rosenthal, UOrganometallics1998 17, 1649. (f) Hill, J. E.;

Fanwick, P. E.; Rothwell, I. Plnorg. Chem.1991, 30, 1143. (g)

Hughes, D. L.; Jimenez-Tenorio, M.; Leigh, G. J.; Walker, D.JG.

Chem. Soc., Dalton Tran4989 2389. (h) Hughes, D. L.; Leigh, G.

J.; Walker, D. GJ. Chem. Soc., Dalton Tran989 1413. (i) Latham,

I. A,; Leigh, G. J.; Huttner, G.; Jibril, J. Chem. Soc., Dalton Trans.

1986 385. (j) Dilworth, J. R.; Latham, I. A.; Leigh, G. J.; Huttner,

G.; Jibril, I. 3. Chem. Soc., Chem. Commad983 1368.

For, reviews featuring titanium imido chemistry, see: (a) Hazari, N.;

Mountford, P.Acc. Chem. Resin press (ar030244z). (b) Odom, A.

L. Dalton Trans.2005 225. (c) Bolton, P. D.; Mountford, PAdv.

Synth. Catal2005 347, 355. (d) Mountford, P. IrPerspecties in

Organometallic ChemistryScrettas, C. G., Steele, B. R., Eds.; Royal

Society of Chemistry: Cambridge, 2003. (e) Gade, L. H.; Mountford,

P. Coord. Chem. Re 2001, 216-217, 65. (f) Mountford, P.Chem.

Commun.1997 2127. (g) Wigley, D. EProg. Inorg. Chem1994

42, 239.

(7) (a) Hughes, D. L.; Latham, I. A.; Leigh, G. J. Chem. Soc., Dalton
Trans.1986 393. (b) Latham, I. A.; Leigh, G. J. Chem. Soc., Dalton
Trans1986 399.

(8) Wiberg, N.; Haering, H. W.; Huttner, G.; Friedrich, Ehem. Ber.
1978 111, 2708.
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been useful in the MOCVD synthesis of TiN thin filrks,

the synthesis of calix[4]arene-supported terminal imido
complexes? and the preparation of a library of highly active
polymerization catalysts’. We also showed® that certain
complexes Ti(NR)GIHNMe,), could be converted to the
bis- or tris-(pyridine) homologues [Ti(NR)&pY)m]n (M =
3,n=1; m= n=2), themselves very useful precursors to
new titanium imido chemistr{®">We anticipated that 1,1-
disubstituted hydrazines would react with Ti(NNKEI, in

a fashion similar to primary amines and that it would be
possible to use the resulting hydrazido complexes as new
starting materials in titanium hydrazido chemistry. For initial
studies in this area, three different commercially available
1,1-disubstituted hydrazines were chosen, namely, diphen-
ylhydrazine, dimethylhydrazine, adttaminopiperidine. The
products of their reactions with Ti(NMpCl, are sum-
marized in Scheme 1.

H.NNPh, reacted smoothly at room temperature with Ti-
(NMe,),Cl, to produce Ti(NNPECIl,(HNMe,), (1) in a 91%
isolated yield. Compountl was characterized by elemental
analysis and NMR and IR spectroscopy. TH¢ NMR
spectrum featured resonances corresponding to a BINPh
moiety and two coordinated HNMé&gands by integration.
The solid-state IR spectrum (Nujol mull) showed an absorp-
tion at 3254 cm* corresponding to &(N—H) stretch. This
value lies within the range of frequencies (338273 cm't)
observed for the corresponding imido complexes Ti(NR)-
Clx(NHMey), which exist as N-H---Cl hydrogen-bonded
chains in the solid stafé. Attempts to grow diffraction-
quality crystals ofl were unsuccessful. However, a cryo-
scopic molecular weight determination in benzene gave a

(9) Although for the sake of convenience the titanium-imido and -hy-
drazido linkages herein are drawn as=NR”, it is most appropriate
to consider them as metaligand triple bonds.

(10) Froneman, M.; Cheney, D. L.; Modro, T. Rhosphorus, Sulfur Silicon
Relat. Elem199Q 47.

(11) (a) Adams, N.; Cowley, A. R.; Dubberley, S. R.; Sealey, A. J.; Skinner,
M. E. G.; Mountford, PChem. Commur2001, 2738. (b) Adams, N.;
Bigmore, H. R.; Blundell, T. L.; Boyd, C. L.; Dubberley, S. R.; Sealey,
A. J.; Cowley, A. R.; Skinner, M. E. G.; Mountford, Fhorg. Chem.
2005 44, 2882.

(12) Carmalt, C. J.; Newport, A.; Parkin, I. P.; Mountford, P.; Sealey, A.
J.; Dubberley, S. RJ. Mater. Chem2003 13, 84.

(13) Dubberley, S. R.; Friedrich, A.; Willman, D. A.; Mountford, P.; Radius,
U. Chem—Eur. J.2003 9, 3634.

(14) Adams, N.; Arts, H. J.; Bolton, P. D.; Cowell, D.; Dubberley, S. R.;
Friederichs, N.; Grant, C. M.; Kranenburg, M.; Sealey, A. J.; Wang,
B.; Wilson, P. J.; Cowley, A. R.; Mountford, P.; Sclder, M.Chem.
Commun2004 434.
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Scheme 1. Reactions of Ti(NMg).Cl, with 1,1-Disubstituted
Hydrazines
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value of 417 g mol* which is close to the expected value
(391.1 g mot?) for the monomeric species depicted in
Scheme 1. The approximately trigonal-pyramidal geometry
proposed is based on that found crystallographically for
monomeric imido Ti(NR)G(NHMe,). (R = 'Pr, Ph, GFs,
CeClsH, 2-CH4CRs, and 2-GH4Bu) compounds$! All
structurally characterized compounds of the type “M(NR)-
Cl;(NHMey),” (M = Ti't or V19 reported to date have
possessed monomeric structures.

The reaction of 1 equiv of either dimethylhydrazine or
N-aminopiperidine with Ti(NMg).Cl, in benzene resulted
in the formation of dinuclear hydrazido-bridged(ti-7?7*-
NNMeZ)2C|4(HNM62)2 (2) or Tiz{/A-?]z,f]l-NN(CHz)s}2C|4—
(HNMey)s (3) (Scheme 1). The solubility of both complexes
is substantially lower than that df Their dimeric nature
was confirmed by X-ray diffraction (vide infraand the'H
NMR spectrum o showed resonances for a NNMgand
and one NHMe ligand (per hydrazido moiety), consistent
with the proposed structures. Both compounds shiM~—

H) bands in the expected region for-W---Cl hydrogen
bonding! in their IR spectra, and this is consistent with the

Parsons et al.

(b)

Cl3A)

TicA) &%

Cl(4A)

CI2A)

Figure 1. (a) Displacement ellipsoid plot (30% probablility) of J{i-

721 -NNMey),Cla(HNMey)2 (2). Carbon-bound H atoms are omitted for
clarity, and the other H atoms are shown as spheres of arbitrary radius. (b)
Ball and stick view of the N-H---Cl hydrogen bonded pairs @& Atoms
carrying the suffix A are related their counterparts by the operater K.

1-vy, —2.

note the presence of the third NHMeoordinated to one of
the titanium centers 3. This “extra” coordinated amine
(in contrast to the bis(dimethylamine) homolog2)ecould
not be removed under vacuum. Odom has recently reported
the bis(hydrazido-bridged) dititanium compoune(iin?2,,*-
NNMe,),(dpma) containing one seven-coordinate titanium
center and one six-coordinate ofi€verall, the reactions
of Ti(NMe,),Cl, with 1,1-disubstituted hydrazines suggest
that terminal hydrazido compounds (e.fj),are accessible
provided that sufficient steric bulk is available to prevent
the formation of hydrazido-bridged dimers.

The molecular and supramolecular structure® aind 3
are shown in Figures 1 and 2, respectively, and selected
distances and angles are given in Tables 1 and 2. Both
compounds feature Fu-7%7-NNRy), units with the tita-
nium coordination spheres being completed by Cl and
NHMe; ligands. In2, the Ti—Cl bonds lie approximately

solid-state structures as discussed later. It is interesting toperpendicular to the plane containing the(fiNN), moiety,

(15) (a) Nielson, A. J.; Glenny, M. W.; Rickard, C. E. F.Chem. Soc.,
Dalton Trans.2001, 232. (b) Li, Y.; Banerjee, S.; Odom, A. L.
Organometallic2005 24, 3272. (c) Male, N. A. H.; Skinner, M. E.
G. Bylikin, S. Y.; Wilson, P. J.; Mountford, P.; Schder, M. Inorg.
Chem.200Q 39, 5483.

(16) Lorber, C.; Choukroun, R.; Donnadieu, Biorg. Chem.2002 41,
4217.
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whereas in3, two of the CI ligands lie within this plane.
Atom Ti(1) in each case has an approximately octahedral
geometry, being coordinated to two Cl ligands, two NHMe
ligands, and one nitrogen of each of the two bridging
hydrazido ligands. Ti(2) i has a highly distorted octahedral
geometry, whereas i, Ti(2) has a distorted pentagonal



New Titanium Hydrazido(2) Complexes

Figure 2. (a) Displacement ellipsoid plot (30% probablility) ofFit-172,171-NN(CH,)s} 2Cla(HNMey)s (3). Benzene molecules of crystallization and carbon-
bound H atoms are omitted for clarity, and all other H atoms are shown as spheres of arbitrary radius. (b) Ball and stick view of a portiontbfté N
hydrogen-bonded chain & Atoms carrying the suffixes A, B, and C are related their counterparts by the operaters, jL— Y2, ¥> — 2, [x, y + 1, 2,

and [1— X, y + Yo, Y2 — Z], respectively.

Table 1. Selected Bond Lengths (A) and Angles (deg) for
Tio(u-n2-NNMey).Cla(HNMe), (2)2

Table 2. Selected Bond Lengths (A) and Angles (deg) for
Ti2{/4-7]2,7]1-NN(CH2)5}2C|4(HNM€2)3 (3)a

Ti(1)—CI(1) 2.4068(7) Ti(2¥-CI(3) 2.2972(7)
Ti(1)-CI(2) 2.3875(7) Ti(2)-Cl(4) 2.2935(7)
Ti(1)—-N(1) 1.8582(19) Ti(2)-N(L) 1.922(2)
Ti(1)—N(3) 1.858(2) Ti(2-N(3) 1.918(2)
Ti(1)—N(5) 2.296(2) Ti(2)-N(2) 2.198(2)
Ti(1)—N(6) 2.300(2) Ti(2)-N(4) 2.185(2)
N(1)-N(2) 1.391(3) N(3)-N(4) 1.386(3)
H(1)---CI(1A) 2.67

CIL)-Ti(1)—-Cl(2)  164.54(3) CI(3)yTi(2)—CI(4) 116.37(3)

N(1)—Ti(1)—N(3) 88.06(8)  N(I)Ti(2-N(3)  84.55(8)

N(5)—Ti(1)—N(6) 85.56(8)  N(2¥Ti(2)—-N(4)  161.16(8)

Ti(1)—-N(1)-Ti(2) 93.63(9)  Ti(LFN@3)-Ti(2)  93.75(9)

Ti(1)-N(1)-N(@2)  166.20(17) Ti(1}N(3)-N(4)  169.78(17)

N(G)—H(1)---Cl(1A) 152

aAtoms carrying the suffix A are related their counterparts by the
operator [1— x, 1 — vy, —2.

bipyramidal geometry. The small N@Ji(2)—N(3) or
N(2)—Ti(1)—N(4) angles are responsible for the major
deviations from the ideal geometries. Molecule2a#xist

as N-H---Cl hydrogen-bonded dimers in the solid state with
one NHMe and one CI ligand of each Ti(l) center
participating in these interactions. The other NHMad CI
ligands are not involved in intermolecular contacts. Mol-
ecules of3 form N—H---Cl hydrogen-bonded chains because
of the participation of the Ti(2)-bound NHMé&gand. These
chains propagate along the crystallographiaxis. Again,
only one NHMe and one Cl ligand of Ti(1) are involved in

Ti(1)—CI(1) 2.4907(7) Ti(2-CI(3) 2.3543(7)
Ti(1)—CI(2) 2.4956(7) Ti(2)-ClI(4) 2.3984(7)
Ti(1)—N(1) 1.8574(19) Ti(2)N(1) 1.947(2)
Ti(1)—N(3) 1.848(2) Ti(2}-N(3) 1.966(2)
Ti(1)—N(5) 2.220(2) Ti(2N(2) 2.210(2)
Ti(1)—N(6) 2.262(2) Ti(2)-N(4) 2.244(2)
N(1)—-N(2) 1.398(3) Ti(2}-N(7) 2.311(2)
N(3)—N(4) 1.397(3) H(3)--CI(2A) 2.85
H(1A)---Cl(4) 2.56
Cl(1)-Ti()-Cl(2)  85.68(3) CI(3)Ti(2)-Cl4)  159.19(3)
N(1)—Ti(1)—N(3) 88.73(9)  N(L¥Ti(2)—N(3) 82.92(8)
N(G)-Ti(1)-N(®B)  153.67(9)  N(2-Ti(2)-N(4) 159.60(8)
Ti(1)—N(1)-Ti(2) 94.32(9)  CI(3)-Ti(2)~N(7) 82.48(6)
Ti(1)-N(1)-N(2)  175.15(16) CI(4)}Ti(2)—N(7) 77.03(6)
Ti(1)—-N(3)-Ti(2) 93.96(9)  Ti(1N(3)—-N(4) 175.64(17)
N(7)—H(3)--CI(2A) 143 N(GA)-H(1AY--Cl(4) 147

a Atoms carrying the suffixes A, B, and C are related their counterparts
by the operators [t x,y — Y2, Yo — 2, [x, y+ 1,2, and [1— X, y + >,
Y, — 7, respectively.

N—H---ClI hydrogen bonds are comparable to those found
in the supramolecular structures of T(NR)DIHMe,), (R

= Pr, Ph, GCIH, 2-CGH,CF;, and 2-GH,Bu)!** and
transition metal chloride compounds in genéfal.

The point of main interest i@ and3 are the Ti(u-7?7n*-
NNR), moieties. The Ti(1)}N distances are equivalent
within error for the two compounds while the Ti2N
distances differ slightly betweehand3, presumably because

hydrogen bondmg and only one of the Cl Ilgands bound (17) Aullon, G.; Bellamy, D.; Brammer, L.; Bruton, E. A.; Orpen, A. G.

to Ti(2). The distances and angles associated with the

Chem. Commuril998 653.
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of the different hydrazide R-substituents and Ti(2) coordina-
tion numbers. In each compound, the Ti{N—NR; linkages
are approximately linear (av Ti(AN—NR, = 168.C° and
175.4 for 2 and 3, respectively) with an average-"\N
distance of 1.393 A which is approaching that of a single
N—N bond distance (1.45% 0.005 A) for compounds of
the type RN—NR2.!® The Ti(1}-N(1) and Ti(1)-N(3)

Parsons et al.

Scheme 2. Selected Reactions of Ti{Biu)Cl(py)s with
1,1-Disubstituted Hydrazines

distances (av 1.855 A) are somewhat shorter than those to

Ti(2) for these atoms (av 1.938 A). The Ti2N(2) and
Ti(2)—N(4) distances are longest of all (av 2.209 A) in the
Tix(u-n27-NNRy), moieties, reflecting the neutral, Sp
hybridized nature of the N(2) and N(4) atoms.
Compounds containing a structurally characterizegM(
7%2n-NNR)M unit are not common, and only five have been
reported to date (av NN distance 1.400 A, range 1.383
1.424 A)1° Only one has twai-2n*-bridging ligands, this
being Odom’s Ti(u-7?n*-NNMe,)(dpma).?22 The only other
examples from Group 4 contain onen?n*-coordinated
ligand and one that ig-*,p*-coordinated; these are CpTiCl-
(u-n2n-NNPh) (u-n1,n-NNPh)TiCpCl'@ and CpZr(u-
7t p-NNPh)(u-n%1n-NNPh)ZrCp,.* The different coordi-
nation modes in the latter two compounds may reflect the

increased steric demands of bridging 1,1-diphenylhydrazido

Bu

| Cl .~ NMe,

N H,NNMe N
- “ al 2 2 Py, ]l Tl/Cl
Cl py N\

py c NMe,

5
H,N

Tl o8
SN
py)Ti\ "T'i<
| Sy / al

Cl \N
7

ligands as opposed to the less sterically demanding onesH,NNPh, (1 equiv) produced a complex mixture of products

present in Ti(u-n%n*-NNMe,)x(dpma), 2 and 3 (and also
5, vide infra).

Pyridine Adducts. As mentioned, the pyridine-supported
compound Ti(NBu)Cly(py)s?° allows general access to new
titanium tert-butyl imido compounds through chloride or

(including the expecte@BuNH, side product). Similarly,
reaction of T(NNPR)CI,(NHMe,), (1) with several equiva-
lents of pyridine in benzene gave a mixture of products which
appeared to contain coordinated pyridine and NEHMe
However, heating (70C) a solution ofl in neat pyridine

pyridine ligand metathesis. In certain cases, the use of thisfor 16 h gave clean conversion to [Ti(NNP&Ix(py)2]. (4,

pyridine adduct instead of the bis(dimethylamino) homologue
Ti(N'Bu)Ch(NHMe,),  is preferred (for example when other
reagents present could react with the amineHNbond or

if a good Lewis base such as pyridine is required for
stabilizing the target product). Furthermore, TBN)CL(py)s
undergoesert-butyl imide/amine exchange reactiofBuNH;
elimination) with aniline¥22°or other amine’$*<to give
new monomeric imido compounds or their halide-bridged
terminal imido analogues JINR).Cl,(u-Cl)2(py)s, both also
useful reagents in titanium imido chemistry. In a previous

eqg 1). An analogous method was used previddsfpr the
conversion of the imido compounds Ti(NRYINNHMe,), (R
‘Bu, GiFs, or 4-GH.CI) to the corresponding pyridine
adducts Ti(NBu),Cla(u-Cl)2(py)s or Ti(NR)ClL(py)s (R =
CeFs or 4-GH4CI). The loss of pyridine (that nominally
coordinated trans to the FFNR bond) from compounds of
the type Ti(NR)C)(py)s under vacuum is well-knowpa20
and has been attributed to the strong trans influence of the
imido ligand.

Compound4 was characterized by spectroscopic methods

paper?? we showed that the macrocycle-supported compound and elemental analysis, but unfortunately, it was too insoluble

Ti(N'‘Bu)(Mejtaa) reacted with EINNPh, to give the corre-
sponding terminal hydrazido derivatives Ti(NNRMeqtaa).

It was of interest, therefore, to explore the reactions of Ti-
(N'Bu)Clx(py)s with 1,1-disubstituted hydrazines.

Ph Ph Ph Ph
\T/ \IT/
N . N
” pyridine ” (1
Me,HN—T{——NHMe, py— i py
16 h, 70 °C SN\
Cl Cl L cC Cl d,
1 4

Although HHNNMe, and N-aminopiperidine undergo clean
tert-butyl imide exchange reactions with Ti@®u)Ch(py)s
(vide infra and Scheme 2), the corresponding reaction with
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to allow an accurate solution molecular weight determination.
However, we consider it to be very likely (at least in the
solid state) that4 exists as a chloride-bridgettrminal
hydrazido dimer TA(NNP).Clx(u-Cl)x(py)s of the type
found to date in the solid state for all the related structurally
characterizet®152.21 his(pyridine) titanium imido com-
pounds “Ti(NR)Ch(py).” (note that Odom has found that
“Ti(NSiPhg)Cly(py).” is a chloride-bridged dimer in the solid
state but monomeric in solutiét). The following indirect
evidence points to a terminal hydrazido structurefdfirst,

(18) Gordon, A. J.; Ford, R. AThe Chemist's Companiorwiley-
Interscience: New York, 1972; p 107.

(19) For the Cambridge Structural Database, see: (a) Allen, F. H.; Kennard,
O. Chem. Des. Autom. Newl®93 8, 1 & 31. (b) Fletcher, D. A;;
McMeeking, R. F.; Parkin, D. XChem. Inf. Comput. Sci1996 36,

746.

(20) Blake, A. J.; Collier, P. E.; Dunn, S. C.; Li, W.-S.; Mountford, P.;

Shishkin, O. V.J. Chem. Soc., Dalton Tran$997, 1549.
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error. Unlike2 and 3, molecules ofs5 show no significant
intermolecular interactions.

Titanium #*-Hydrazido Complexes withfac-N3 Donor
Ligands. We have recently been developing the stoichio-
metric and catalytic chemistry of titanium imido compounds
supported by tridentatéac-N3 donor ligands#15¢22 The
compounds of the type Ti(NRXfac-N3) (R = alkyl or aryl,

X = Cl or alkyl) are isolobal analogues of metallocenes-Cp
MX (for X = Cl) and are accessible via the reaction of the
imido synthons Ti(NR)Glpy)s or Ti(NR)Cl(NHMe,), with

the appropriatefac-N3 donor ligand. It was therefore of
interest to explore the parallel reactions of representédive
N3 donor ligands with compounds Ti(NNBI,(NHMe,),
Figure 3. Displacement ellipsoid plot (30% probablility) of i-n2n*- (1) and Tl(NNP_h)CIZ(NHMez)Z (4) to establish a framework
NNMe,)Cla(py)2 (5). H atoms are omitted for clarity. Atoms carrying the for future studies.

suffix A are related their counterparts by the operator{k, y, ¥> — 7. The reactions ol with the fac-Nz donor ligands Mg9]-

Table 3. Selected Bond Lengths (A) and Angles (deg) for anely (trimethyl_-1,4,7-triazacyc|on0nane), Mé]a_neN‘ (tri_'

Tiz(u-7%11-NNMe,)2Cla(py)2 (5) methyl-1,3,5-triazacyclohexane), HC(M&); (tris(3,5-di-
Ti(1)—N(1) 1.867(2) Ti(2rN(1) 1.920(2) pyrazolyl)methane) are summarized in Scheme 3. The
L'((ll))_*NN(%) ig%g; Ti(2y-N(@2) 2.206(2) reaction with 1 equiv of the appropriatac-N; donor

proceeded smoothly in a 681% vyield in benzene to give
(r\il(ll)_TT'i(ll)_r\?I&A) 13;1-33(;1)3 ’C\IZI(12%TT_i(22)—,\(I3I&A) 1;1-52(513)3 Ti(NNPh)Clx(Me3[9]aneN) (7), Ti(NNPH,)Cl(Mes[6]aneN;)
Ngsg—nglg—NgsAg 86:59212; Ngzingzg—Nngg 159297%12)) (8), TINNPH,)Cl{ HC(Me;pz)s} (9), and Ti(NNPR)CIA{ HC-
Ti(1)—~N(1)~-Ti(2) 93.58(10) Ti(1)-N(1)—-N(2) 165.12(18) ("Bupz)} (10) as analytically and spectroscopically pure
solids. They are proposed to be six-coordinate monomeric
the El mass spectra of the structurally characterized dimersy*-hydrazido compounds on the basis of the available data
2 and 3 (Scheme 1) and of the corresponding dimeric and the X-ray crystal structure 8f(vide infra). Reaction of
pyridine compounds Fiu-17257-~NNR2).Cls(py). (R = Me 4 on the NMR-tube scale with MP]aneN;, Mes[6]aneN;,
(5), R, = (CHy)s (6), vide infra and Scheme 2) feature well- HC(Mezpz), and HC{Bupz) also resulted in the quantitative
defined dimeric fragment ions [XNNR,)]* with the correct ~ formation of complexeg—10, demonstrating that can also
m/z ratio and isotope patterns, whereashows a well- be used as a titanium hydrazido synthon. In contrast, neither
defined envelope only for the monomeric [TINNPHtag- 2 nor 3 react with theséac-N; donor ligands, implying that
ment. Furthermore, whilé (monomeric) and react readily ~ the u-n?n*-hydrazido bridges ir2 and 3 are not readily
with a range ofac-Ns donor ligands to form six-coordinate ~ cleaved.
terminal hydrazido Ti(NNPHCl,(fac-N3) compounds (vide The *H NMR spectra of compoundg-10 all feature
infra), the dimeric compound® and3 and5 and6 do not ~ characteristic resonances in the region of-&& ppm
react at all (consistent with them possessing unreactive Ti corresponding to the diphenylhydrazido ligand. The reso-
(u-72-NNR), cores). nances for the coo_rdmate‘aq-Ng donqr ligands were as
. . ) expected on the basis of previous studies and were consistent
As mentioned, Ti(RBu)Cly(py)s reacts smoothly with K

. L ) i . o ) with the Cs symmetry proposed in Scheme 3 (see Experi-
NNMe or N-aminopiperidine to yield dimeric pyridine i 1,031 Section for further details). As was found in the

(=12 1"-NNR2):Cla(py)z (R = Me (5), R = (CHy)s (6)) corresponding imido compounds Ti(NR)(8glaneN;) X (X
compounds. Compoung features resonances for NNMe  _ Cl, R = 'Bu or 2,6-GH4Pr;: X = CH,Ph, R= 'Bu) 2

and coordinated pyridine ligands (1:1 ratio) and has been e Mej[6]aneN; ligand in 8 undergoes a slow fluxional
crystallographically characterized. Compouidwas t00  process at room temperature interpreted as a trigonal twist
insoluble to obtain NMR data (cf) but on the basis of  rearrangement that exchanges the macrocyclichimgethyl
elemental analysis appears to contain two pyridine ligands groups and each of the “up” and each of the “down” (with
as indicated in Scheme 2. The molecular structuré o respect to the titanium center) methylene H atoms (no
shown in Figure 3, and selected bond distances and anglesxchange is seen between any of the “up” with any of the
are given in Table 3. Molecules &flie on crystallographic

2-fold rotation axes which pass through the Ti{I0i(2) (21) Higﬂ, N.; Cowley, A. R.; Mountford, Rcta Crystallogr2004 E6Q,
vector. The molecular structure Bfis very similar to that 22) r(r;) Bolton, P. D.; Clot, E.; Cowley, A. R.; Mountford, Rhem.
of Tix(u-721n-NNMe,),Cls(NHMe,), (2) with the NHMe ?ogm'\ljDZO?S 33%)30- r(]b) Laévrence, rgsd OCl.; 7Solgnr(le)r,GM.(IjE. G.;JGBeen,
. P . . C.; Mountford, em. Commu . (C araner, J. D.;
"Qa”ds f‘?rma”}’ rEpIaced. by pyrldlngs_ (th? TicIN(3) Robson, D. A.; Rees, L. H.; Mountford, fhorg. Chem 2001, 40,
distance is typical for a Ti-bound pyridine ligafd The 820. (d) Wilson, P. J.; Blake, A. J.; Mountford, P.; Satieo, M. J.

; ; : : Organomet. Chem200Q 600, 71. (e) Wilson, P. J.; Blake, A. J.;
distances and angles associated with th@t:ﬁyz,nl-NNMez)z Moguntford, P.; Schirder, M. Chem. (Cémmun].998 1007. (f) Dunn,

cores in the two compounds are equivalent with experimental S. C.; Mountford, P.; Shishkin, O. Inorg. Chem.1996 35, 1006.
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Scheme 3. Reactions of Ti(NNPHCIl(NHMey), (1) with fac-N3 Donor Ligands
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“down” methylene hydrogens showing (just as for the imido in the range of 283307 K, and an Eyring analysisgave
analogues) that this is an in-place rather than dissociativethe activation parametersH* = 54.9 + 1.7 kJ mot* and
process). The fluxional process #mwas readily confirmed ~ AS = —42+ 6 Jmol* K™ (AG*0s = 67.3+ 2.4 kJ mot?).

by spin saturation transfer (SST) experiments between theThese values are comparable with those found previously
cis and trans (with respect to=FNNPh,) macrocycleN-Me for the imido systems Ti(NR)(Mg5]laneN)X, (AH* = 46.7
groups at 298 K, and the process is frozen out by 260 K (in £ 3-3 10 66.2& 1.3 kJ mot*, AS' = 11+ 5 to —40 + 13
CD.Cly). The rate constants for exchange between the ringJ mol* K™).22

methyl groups were measured by SST at seven temperatures 1he molecular structure of Ti(NNBYCl{ HC(Me;pz);}
(9) is shown in Figure 4, and selected bond lengths and

angles are given in Table 4. Molecules &fcontain an
approximately octahedral Ti center ligated by fac-
coordinated HC(Mgz); group, twocis-chloride ligands, and
a terminal linear diphenylhydrazido ligand (Ti(AN(1)—
N(2) = 176.03(169). Compound is the second structurally
characterized terminal hydrazido complex of titanium (the
first being Odom’s recent dimethylhydrazide Ti(NNhe
(dpma){Bu-bipy))?® Only one other terminal hydrazido
compound of Group 4 is known, namely, Zp(NNPh,)(4-
NCsHsNMe;).* However, terminal diphenylhydrazido com-
pounds of the 2nd and 3rd row Groups 6 (especially) and 7
metals have been extensively structurally characterized (ca.
40 such compounds are recorded in the Cambridge Structural
Database}?

The Ti(1)-N(1) bond length of 1.718(2) A im0 is
equivalent, within experimental error, to the corresponding

Figure 4. Displacement ellipsoid plot (25% probablility) of Ti-
(NNPh)CI{ HC(Mezxpz)s} (9). Benzene molecules of crystallization and  (23) Sandstim, J.Dynamic NMR Spectroscopfcademic Press: London,
H atoms are omitted for clarity. 1992.
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Figure 5. The model compounds Ti(NNRICI{HC(pz)} (I) and Ti(NR)CK

Table 4. Selected Bond Lengths (A) and Angles (deg) for
Ti(NNPh)Cl{ HC(MePz)} (9)2

Ti(1)—CI(1) 2.4013(7) Ti(1)-CI(2) 2.3962(7)
Ti(1)—N() 1.718(2) Ti(1}N(3) 2.364(2)
Ti(1)—N(5) 2.242(2) Ti(1}-N(7) 2.208(2)
N(1)—-N(2) 1.369(3)
Cl(1)-Ti(1)-Cl(2) 101.38(3)  CI(I}Ti(1)-N(1)  99.06(7)
CI2)-Ti(l)-N(1)  97.01(7)  CIQA¥Ti(1)-N(3)  82.73(5)
CI2)-Ti(1)-N(3)  86.80(5)  N(I}Ti(1)-N(3)  175.35(8)
CI(D)-Ti(1)-N(5)  157.32(5)  CI(2 Ti(1)-N(5)  88.18(5)
N(L)-Ti(1)-N(5)  100.12(8)  N(3¥Ti(1)-N(5)  77.27(7)
CIL)-Ti(L)-N(7)  89.59(6)  CI@2¥Ti(1)-N(7) 162.55(5)
CI@)-Ti(1)-N(7)  162.55(5)  N@)}Ti(1)-N(7)  94.58(8)
N(3)—Ti(1)—N(7) 81.11(7)  NGYTi(1)-N(7)  76.94(7)
Ti(1)-N(1)-N(2)  176.03(16) Ti(1}N(1)-N(2)  176.03(16)

aAtoms carrying the suffix A are related their counterparts by the
operator [1— X, Y, Y, — 2.

Table 5. Electron Occupancies of Selected NR Fragment Orbitals in
Ti(NR)Cl{ HC(pz)} (NR = NNPh, (1), NMe (II), or NPh (Il ))2

NR = NNPh (1)
orbital (type) occupancy
35A (n) 1.24
34A (7) 1.48
33A () 1.97
23A (0) 1.80

NR = NMe (II')
orbital (type) occupancy
9A () 131
8A () 1.35
7A (0) 1.59

NR = NPh (Il')
orbital (type) occupancy
18A (7) 141
17A () 1.40
15A () 1.96
14A (o) 1.74

aThe fragment orbital numbers correspond to those given in Figures 6
(1), 8 (I1), and 9 (Il ), and the “type” given in parentheses refers to the
generic symmetry of the interaction formed between the NR fragment orbital
and the Ti center in TiG{HC(pz)}.

distance of 1.708(3) A in Ti(NNMg(dpma){Bu-bipy) and

is also comparable to that typically found for titanium imido
compounds (the usual FNR range is 1.691.74 AL9).
Several imido analogues 8fhave been reported??*and

in particular, we mention Ti(Mu)CL{ HC(Mepz)} (10) and
Ti(NPh)CL{ HC(Meypz)s} (11) which have T+=NR distances
of 1.703(2) and 1.719(2) A The N(1)-N(2) distance of
1.369(3) A in9 is marginally shorter than the corresponding
N—NMe; bond in Ti(NNMe)(dpma)Bu-bipy) (1.388(4) A),

1 11
HC(pz}} (R = Me (II) or Ph (Il )) used in the DFT calculatiorfs.

possibly indicating more NN multiple-bond character i1
(note that the NIMe; nitrogen in Ti(NNMe)(dpma){Bu-
bipy) is rather strongly pyramidalized (formally3spybrid-
ized), whereas N(2) i is trigonal planar (sum of the angles
subtended at N(2) is 359.9(6). The average NNPh
distance in CEZr(NNPh)(4-NGHsNMey) is 1.363 A (two
independent molecules in the asymmetric unit withiWPh
values of 1.350(3) and 1.376(3) A), which is experimentally
identical to that in9. However, for diphenylhydrazido
compounds in general the average NPh, distance is 1.317
A (range 1.2751.376 A).

Density Functional Theory Analysis of Ti(NNPh,)ClI -
{HC(pz)3} (1) and a Comparison with Imido Compounds
Ti(NMe)CI {HC(pz)s} (I1) and Ti(NPh)CI {HC(pz)3} (Ill).
Computational studies of the bonding in transition metal
hydrazido complexes are rare in comparison to those of the
related imido systen?®:?® Previous computational studiés
of metal-hydrazido(2-) bonding were based on extended
Huckel calculations for hypothetical mono- and bis-hydrazido
complexes, along with some ab initio calculations exploring
the structure of [Li(NNH)]9 (g = +1, 0, or—1). In particular,
these studies examined the bonding of the terminal hydrazido
ligand in the model compound [MafNNH,)]3~ and com-
pared the bonding between NNR end-on complexes alith
bound NNR species. No reports of DFT-based studies of
terminal hydrazido complexes have appeared, and neither
have direct comparisons been made between the electronic
structures of hydrazido complexes and those of the corre-
sponding imido complexes. Therefore, we describe in this
contributiona DFT study ofthe bonding in TiINNJ&I{ HC(Me-
pz)s} (9), together with a comparison of that in the related
imido complexes Ti(NBu)CL,{HC(Meypz)} (10) and Ti-

(24) (a) Sealey, A. J. PhD Thesis, University of Oxford, 2004. (b) Lawrence,
S. C. PhD Thesis, University of Oxford, 2003.

(25) For a recent review of computational studies of transition metal
main group multiple bonding, see: Cundari, T.Ghem. Re. 2000
100, 807.

(26) For examples of recent calculations of titanium terminal imido systems,
see, in addition to refs 22a and b: (a) Boyd, C. L.; Clot, E.; Guiducci,
A. E. Mountford, P.Organometallics2005 24, 2347. (b) Blake, A.
J.; Cowley, A. R.; Dunn, S. C.; Green, J. C.; Hazari, N.; Jones, N.
M.; Moody, A. G.; Mountford, PChem—Eur. J. 2005 11, 2111. (c)
Kaltsoyannis, N.; Mountford, Rl. Chem. Soc., Dalton Tran$999
781. (d) Mountford, P.; Swallow, DOl. Chem. Soc., Chem. Commun.
1995 2357. () Zambrano, C. H.; Profilet, R. D.; Hill, J. E.; Fanwick,
P. E.; Rothwell, I. PPolyhedron1993 12, 689. (f) Cundari, T. R.
Organometallics1993 12, 4971.

(27) (a) Kahlal, S.; Saillard, J.; Hamon, J.; Manzur, C.; CarrilloJBChem.
Soc., Dalton Trans1998 1229. (b) Kahlal, S.; Saillard, J.; Hamon,
J.; Manzur, C.; Carrillo, DNew J. Chem2001, 25, 231.
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Figure 6. Fragment orbital-interaction diagram for Ti(NNJ@I{ HC(pz)}. The double arrows indicate the HOMO in the fragments and resultant cofiplex.

(NPh)CL{HC(Mexpz)s} (11).2* Finally, we also describe a  symmetry restraints were imposed on this calculation).
DFT analysis of Ti(u-1%1*-NNMe,),Cly(HNMe,), (2). Compound was divided into a neutral?dTiCl{ HC(pz)}

The complex Ti(NNPRCI{HC(pz)} (I, Figure 5) was fragment and a neutral NNRHragment, and a fragment
used as model for Ti(NNBH{ HC(Mepz)} Cl, (9). Ti(NMe)- analysis performed. An orbital interaction diagram for
Cl{HC(pz)} (') and Ti(NPh)CK HC(pz)} (Il ) were used constructed from these fragments is shown in Figufé 6.
as models for the real compounds TBN)ClL{ HC(Me;pz)s} Table 5 presents Mulliken populations (electron occupancies)
(10) and Ti(NPh)C{ HC(Mexpz)s} (11), in a similar fashion. of selected hydrazido fragment orbitals in complex
Except for hydrogen atoms, the experimental coordinates

(28) Note than when NNRhNMe, or NPh bond to {iHC(pz)} Cl, there

determined from the solid-state stryptureQafvere used to is a net electron transfer from Ti£HC(pz)s} to NR which becomes
describe the geometry of The positions of the hydrogen Farne(lel_y ?ekgatlvely charfgt%d-fln the frtag(metnt aRaIySI(Sj, a neutr)al NdR

: . S igand is taken as one of the fragments (not a charged species) and as
atoms were determined using a geometry optimization a result the energies of the NR orbitals increase upon bonding to the

calculation in which all non-hydrogen atoms were fixed (no Ti{ HC(pz)} Cl, fragment.
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Figure 7. Representations of selected orbitals of Ti(NMRH{HC(pz)} (I).

The bonding in the neutralPdriCl{HC(pz)k} fragment
is typical for a pseudo G, MLs fragment?® The tris-
(pyrazolyl)methane ligand forms three low-lyingbonds
with the titanium center through one in-phase and two out-

antibonding). Interestingly, however, the gap between the
resultingz-bonding MOs, 87A and 86A, is rather large (1.38
eV). This is the result of of the unfavorable antibonding
interaction between Nand N; in 87A which is not present

of-phase combinations of the lone pairs of the nitrogen atomsin 86A.

of the pyrazolyl rings (orbitals 38A, 39A, and 40A). The
two chlorine atoms also forro bonds with the titanium
center (46A and 48A). This leaves four titanium-based
orbitals which are available for bonding to another ligand
(58A—56A). As a neutral 8iTi fragment is being considered,
the lowest-energy orbital (53 A) of these four orbitals is
occupied.

As noted previously? the NNPh ligand has four frontier
orbitals. Two of these (23Ao(type) and 34A £ type)) are
associated with formal lone pairs on Kthe N bound to Ti)
and the other two represent thgy ands* w orbitals (33A
and 35A). Orbital 33A contains an antibonding interaction
between the 2pAO of Ny and az-bonding orbital of the
phenyl rings. In the neutral fragment analysis, tiaw
orbital (35A) is unoccupied and represents the LUMO of
the hydrazido fragment.

The principal interactions on formation offrom these
fragments concern orbitals 38A, 39A, 40A, 53A, 54A, and
55A of TiCl,{HC(pz)} and orbitals 23A, 34A, and 35A of
NNPh, (Figure 6). Representations of the 59A, 86A, and
87A MOs ofl are shown in Figure 7. Orbital 59A represents
the principalo interaction between Ti and the symmetry
lone pair (orbital 23A) of the NNPh However, in the low
symmetry ofl, orbital 23A competes with the in-phase
combination of the lone pairs of the HC(pZigand for the
same titanium 3d orbitals. The resultant MO (59A) is
therefore a combination of titanium-hydraziddonding and
titanium-tris(pyrazolyl)methane bonding. MOs 86A and
87A (Figure 7) represent the principainteractions between
NNPh, and Ti and are formed between two titanium-based
orbitals (53A and 54A) of TiIGFHC(pz)} and the NNPh
fragment orbitals 34A (2plone pair on N) and 35A @*nn

(29) Albright, T. A.; Burdett, J. K.; Whangbo, M.-HDrbital Interactions
in Chemistry Wiley-Interscience: New York, 1985.

The NNPh fragment orbital (33Azny bonding), which
is lower in energy than 34A and 35A, does not interact
significantly with the metal and is FN nonbonding inl
(forming MO 78A). This is clearly seen from the 33A
fragment orbital occupancy of 1.97 (Table 5) indicating
negligible electron donation to titanium. Orbital 78A is thus
responsible for the residual multiple-bond character of the
N—N bond in|. However, the partial population of the
NNPh, fragment N-N s*-antibonding orbital 35A inl
(occupancy 1.24, Table 5), reduces theMNlbond order and
explains why the experimental-AN bond distance in the
real complex9 lies between typical NN and N=N bond
distances. The LUMO (orbital 88A) in the 16 valence
electron compound is based mainly on titanium and is
nonbonding.

The T=NNPh, bonding description fot is in general
agreement with the previous studies of metal-hydrazido
bonding?” Overall, the hydrazido ligand formally donates 4
electrons to the metal (in a neutral electron-counting formal-
ism) and forms oner and twoxr bonds in an analogous
fashion to that found for metal-imido bondiftg?éHowever,
it is clear that the presence of the NRhoiety inl has a
dramatic effect on the relative energies of the twe=Nj,
sm-bonding orbitals (86A and 87A) because of unfavorable
N—N z* interactions in one of them (87A).

We turn now to a comparison of the bondinglirwith
that in the model alkyl- and aryl-imido compounds Ti(NMe)-
Cl{HC(pz)} (Il') and Ti(NPh)CKHC(pz)} (lll ). Electronic-
structure calculations for transition metal imido compounds
in general® and for titanium specificalkf have been
described in detail previously. We note, especially, a recent
DFT analysis (focusing in particular on trans influence
trends) of the six-coordinate imido complexes Ti(NR)CI
(NH3)3 (R = Bu, Ph, or 4-GH4NO,) as models of the real
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Figure 8. Fragment orbital-interaction diagram for Ti(NMeYHC(pz)} (Il). The double arrows indicate the HOMO in the fragments and resultant
complex?®

complexes Ti(NR)Glpy)s.2%¢ In our present contribution, mental value in9 and that used in the calculations for
therefore, we focus specifically on the similarities and The Nmiso—C bond lengths inl and Il were, however,
differences in the HNR bonding and NR ligand donor taken from the experimental structures of the real compounds
ability in titanium-hydrazido I) and -imido (I and Ill) Ti(NR)CI,{HC(Mepz)} (R = 'Bu (N—CMe; = 1.448(3)

systems. A) or Ph (N-Cipso = 1.378(3) A)). The positions of all other
To ensure that the analysis would be based only on atoms in compoundsl and Ill were obtained through
electronic factors, we used the same supporting liganetal geometry optimization calculations (no symmetry restraints

distances in all three systems. The coordinates obtained forwere imposed). Fragment analyses were performed on
the TICL{HC(pz)} fragment inl were used to define the compounddl andlll which were divided into neutral®d
position of these atoms in calculations Bnandlll . The TiCl{HC(pz)y} and NR (R = Me or Ph) fragments.
Ti=Nimise bond distance was fixed at 1.716 A (the experi- Fragment orbital-interaction diagrams ftr and lll are
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Figure 9. Fragment orbital-interaction diagram for Ti(NPh{C(pz)} (lll ). The double arrows indicate the HOMO in the fragments and resultant
complex?®

shown in Figures 8 and 9, respectivélyTable 5 lists bond (generiaw?, 7* configuration) with the metal center.
selected NR fragment orbital occupancies (based on Mulliken The main difference between the orbital interaction diagrams
analyses) fotl andlll . for compounddl andlll relates to the relative energies of
The interactions between the TCHC(pz)} and NR the two TE=NR z-bonding orbitals. These are essentially
fragment orbitals il (Figure 8) andll (Figure 9) are totally ~ isoenergetic inll (orbitals 58A and 59A, separation 0.06
analogous to those in hydrazido compoundi.e., metal eV) but are separated by 0.32 eVlih (orbitals 69A and
fragment orbitals 38A40A mix with the NR o-donor 70A). This difference in energy ifil is the result of an
fragment orbital while the 3dacceptor orbitals 53A and 54A  unfavorabler*-antibonding interaction in 70A between the
interact well with the 2p-donor orbitals). Therefore, in both  2p, orbital of the nitrogen and one of thebonding orbitals
Il andlll , the imido ligand forms the expect&d® triple of the phenyl ring. Orbital 69A lies in the plane of the phenyl
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Figure 10. Representations of the N s-bonding orbitals 69A and 70A
in TiI(NPh)CL{HC(pz)} (Il ). Note the N-Ph antibonding interaction in
70A.

Parsons et al.

Table 6. Net Extent of NR Ligandr andzz Donation (electrons),
Ti—N Mulliken Overlap Populations (OPs) and Hirshf@ItNR
Fragment Charges in Ti(NR)&HC(pz)} (NR = NNPh (1), NMe (I1),
or NPh (l1))

o donation 7 donation total OoP charge NR
| 0.20 1.28 1.58 0.34 —0.49
Il 0.41 1.34 1.75 0.39 —0.48
1 0.26 1.19 1.45 0.27 —0.55

Table 7. Electron Occupancies of Selected NNM&agment Orbitals
in Tia(u-172171-NNMey).Cla(HNMey), (2) for Both NNMe, Fragments

occupancy occupancy

orbital type fragment 1 fragment 2
13A N—N antibonding fr) 1.22 1.23
12A Ny lone pair () 1.46 1.46
11A N—N bonding fr) 1.83 1.84
10A Ny lone pair ¢) 1.80 1.80

above, the occupancy of 1.97 electrons for orbital 334N
Ng 7 bonding) ofl and 1.96 electrons for orbital 15A (N
phenylsz bonding) oflll show that the contribution of these

ring and experiences no such destabilization. Representationéagment orbitals to FrNR z bonding is negligible. An

of orbitals 69A and 70A of compoundl are shown in
Figure 10

analysis of ther-orbital occupancies shows that thxalonor
ability of the three fragments decreases in the order NMe

. We have recently noted the same destabilizing feature NPh> NNPh.. For the corresponding-donor abilities, one

of titanium—arylimido bonding in Tig8-CgHg)(N-2,6-GH53'-
Pr,).2%5 As expected, the fragment 2ponor orbitals of NPh

should consider all of the fragment orbitals and Table 6
summarizes these data in terms of total electrons formally

(17A and 18A in Figure 9) are also separated in energy donated (i.e.y (2 — orbital occupancy)). In terms af-donor

because of this unfavorable-yphenyl antibonding interac-

tion. The NPh fragment orbital 15A represents the corre-

sponding N-phenylz-bonding combination. In compléi
this latter orbital (which lies low in energy compared to 17A

ability, the order is NMe> NNPh, > NPh, and for overall

o andsr donation combined, NMe is best donor, followed
by NNPh, with NPh being the poorest electron donor for
the systems under consideration. The donor ability inferred

and 18A) has an occupancy of 1.96 electrons (Table 5) from the orbital occupancy analysis is supported by theNTi

showing that it contributes little to the FINPh bonding.
The destabilizing effect of the Nphenyl z* interaction
present in the 70A molecular orbital (HOMO) dil is
analogous to the )\-Ng *-antibonding contribution to 87A
molecular orbital (HOMO) in the hydrazido compléxIn
I, the destabilizing effect is much more significati{fti{OMO)
— (HOMO-1) = 1.38 eV inl vs 0.32 eV inlll ). Therefore
of the three Ti(NR)CG{HC(pz)} compounds studied, only
the alkyl imidell has a Ti-NR bond that is free ofr*-
antibonding contributions from the R substituenttRNPh,
or Ph).

To evaluate the relative donor abilities of the hydrazido
and imido ligands in the three compounds;Ill , we
considered the Mulliken populations (occupancies) ofthe
andz-donor orbitals of the NR fragments, as well as the net
(atom—atom) Ti—N overlap populations and NR fragment
Hirshfeld chargeg?

The NR fragment- andzr-donor orbital occupancies in
I—=1ll are summarized in Table 5. For these particular

fragment orbitals, an occupancy of 2 electrons in the resultant

complex indicates that the orbital is not involved in electron

donation to titanium. Correspondingly, an electron occupancy
of less than 2 represents donation of electron density to

titanium relative to the formally dianionic NR hydrazide
or imide and dicationic [TiGfHC(pz)x}]?". As mentioned

(30) (a) Hirshfeld, F. LTheor. Chim. Actd 977, 44, 129. (b) Wiberg, K.
B.; Rablen, P. RJ. Comput. Cheml993 14, 1504.
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atom—atom overlap populations listed in Table 6 {N(R)

for R = Me > NPh, > Ph) and the NR fragment charges
(least negative for NR= NMe followed by NNPh and then
NPh). This order of NR-group donor ability is consistent
with the bond lengths found in the real complexes Ti(NR)-
Cl{HC(Meypz)} (R ='Bu < Ph~ NNPh), and with the
general observati@ff that, for homologous pairs of com-
pounds, M= N'Bu bond lengths are typically significantly
shorter than the corresponding # NPh bond lengths.

DFT Analysis of Tix(u-1%17-NNMe,).Cly(HNMe>), (2).

The electronic structure of the crystallographically character-
ized Ti(u-n%n-NNMe,).Cls(HNMe,), (2) was compared
with that of compound®. Except for hydrogen atoms, the
experimental coordinates determined from the solid-state
structure of2 were used to describe its geometry. The
positions of the hydrogen atoms were determined using a
geometry optimization calculation in which all non-hydrogen
atoms were fixed (no symmetry restraints were imposed).
A fragment analysis was performed whetevas divided

into two equivalent NNMg fragments (each fragment
representing one of the bridging hydrazides) and into a,TiCl
and a TiC}(HNMe,), fragment. Table 7 lists selected NNMe
fragment orbital occupancies (based on Mulliken analyses)
for 2.

In a fashion analogous to that of both the hydrazido
fragments of2 have four orbitals each that are suitable for
bonding to the two titanium centers. Overall, this results in
eight hydrazido orbitals that are combinations of the two
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Figure 11. In-phase and out-of-phase combinations of the t#Q orbitals of Ti(u-727-NNMe2)Cla(HNMey)2 (2).

hydrazido fragments which can be used for bonding to the (@) N ) N
metal centers. These eight orbitals consist of an in-phase and N//\ N \
out-of-phase combination for each of the two lone pairs on Ti/ \jTi Ti/ \Ti
the two N, atoms (two of these orbitals aveand two arer \N \N//
in symmetry) and an in-phase and out-of-phase combination Ny SN

for the twomrnn-bonding and twor* yw-antibonding orbitals. Figure 12. Potential bonding modes of the bridging hydrazido ligand.
The o lone pairs on the two Natoms (both the in-phase  shown in Table 7, indicates a reduction in the-N bond
and out-of-phase combinations) only interact with one order and provides further support for bonding mode b.
titanium center (that with the two-coordinated amines). Both
of these orbitals mix with the amine ligands and the titanium
3d orbitals to form metatligando bonds in a fashion similar We have established a new class of titanium hydrazido-
tol. In contrast, the in-phase and out-of-phase combinations(2—) complexes through synthetic, structural, and DFT
of ther lone pairs on the two Natoms formz bonds with studies. The titanium terminal hydrazido compound Ti-
both metal centers. Theyn hydrazido-bonding orbitals mix ~ (NNPh)CL(HNMey), (1) has been developed and shown to
with the s lone pairs on the two Natoms and the twa™* - undergo facile metathesis reactions with a numbefaof
bonding orbitals to interact with the metal centers. This is N3 donor ligands to produce further new hydrazido com-
clearly indicated in Table 7 which shows that the occupancies plexes. One of these, Ti(NNRECI,{HC(Mepz)} (9),
of theszyy hydrazido-bonding orbitals iRare 1.83 and 1.84,  represents only the second crystallographically characterized
and this is the major difference between the bondin@ in  terminal hydrazido complex of titanium. A second potential
and the bonding in (occupancyzny in | is 1.96). The synthon [Ti(NNPR)Clx(py):]» (4) has also been developed,
occupancies of the other hydrazido-bonding orbital ane and it also undergoes methathesis reactions. Reduction of
very similar to their corresponding orbitalslininterestingly, the steric bulk on the hydrazido ligand leads to unsym-
the in-phase and out-of-phase combinations of thestty@- metrical dimeric species with bridging-r%,*-bound hy-
bonding orbitals bond differently to the titanium centers. The drazido ligands, and three of these have been crystallograph-
in-phase combination bonds to both of the titanium centers, ically characterized. These dimeric species do not undergo
whereas the out-of-phase combination only bonds to one of metathesis reactions with neutfal-N3; donor ligands.
the titanium centers. Representations of these orbitals are The DFT analysis of the electronic structures of the
shown in Figure 11. terminal hydrazido and imido complexes Ti(NR}HC-
Overall, the electronic structure @ clearly shows the  (pz)} (R = NPh, Me, or Ph) showed that the NNPligand
asymmetric nature of the two bridging hydrazido ligands. binds to the metal center in a manner analogous to that of
One of the titanium centers only bonds tq Kthe center the terminal imido ligands but with one of the=FN =«
with the coordinated amines), while the other center bonds components significantly destabilized by the formal lone pair
to both N, and N;. It is possible to describe the interaction of the5S—N atom. The NRo—donor ability was found to be
between the hydrazido fragment and the titanium center NMe > NPh > NNPh, whereas the overalt(+ ) donor
which binds both N and N; in two different ways as shown  ability is NMe > NNPh, > NPh as determined from
in Figure 12. In mode a, the hydrazido ligands bond to the fragment orbital population, overlap population, and fragment
metal center through a interaction, whereas in mode b, a charge analysis. The principal difference in orbital occupancy
three-membered metallocycle is formed. In comiexhe when the hydrazido ligand is bonding in a bridging mode is
bonding is probably better described by mode b than by a. donation of the NN s-bonding electrons to one of the Ti
There are cleas-interactions between both,Nind N; and centers. The Til interaction is best represented as a
the Ti center as shown in Figure 11, suggesting a metallo- metallocycle because back donation into treNNz* orbital
cyclic structure. Also, the partial population of th&w, as is extensive.

Conclusions
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The chemistry of the HNR (imido) bond has been
developed in some detail over the past decade in parti€ular,
while that of the T&=NNR; (hydrazido) bond is virtually
unexplorec?® Much of the chemistry of the FNR bond
involves [2+ 2] cycloaddition reactions with electrophilic
substrates. Our DFT analysis suggests that tFeNNR;

bond should, for otherwise analogous systems, be more

reactive in this regard because of the destabilizing effect of
the N,—Njg r*-antibonding contribution to the HOMO. Our
future efforts in this area will be aimed at developing the
reaction chemistry of the HNNR, multiple bond.

Experimental Section

General Methods and Instrumentation. All manipulations were

Parsons et al.

145.3 {pso-Q, 129.6 meta-q, 123.9 para-C), 118.2 prtho-0),
41.4 (NHMey). IR (NaCl plates, Nujol mull, cmt): v 3254 (br,
w), 1588 (w), 1492 (w), 1092 (br, m), 1018 (br, m), 800 (w). El-
MS: m/z 168 [NPh]* (73%), 105 [NNPh} (2%). Anal. Found
(calcd) for Q6H24C|2N4Ti1 C, 49.0 (491), H, 6.1 (62), N, 14.3
(14.3).

Ti2(//{-172,771-NNMez)2C|4(HNMez)2 (2) H,NNMe, (025 g, 411
mmol) was added to a stirred brown solution solution of FHCI
(NMey), (0.85 g, 4.11 mmol) in benzene (25 mL). The resultant
deep red mixture was left to stir for 2 h, after which a precipitate
had formed. The supernatant was decanted and the residues dried
in vacuo give2 as a red powder. Yield: 0.60 g (66%8H NMR
(CD.Cl,, 500.0 MHz): 6 3.68 (2H, m, brHNMey), 3.45 (12H, s,
NNMe,), 2.47 (12H, d3J = 5.9 Hz HNMe,). 33C{'H} NMR (CD,-

Cl,, 125.8 MHz): 6 52.7 (NNMgy), 42.6 (HNVley). IR (NaCl plates,
Nujol mull, cm™): v 3268 (w), 1632 (br, w), 1306 (w), 1260 (sh,

carried out using standard Schlenk line or drybox techniques underm)' 1096 (br, m), 1019 (M), 987 (W), 896 (w), 803 (M), 722 (W).

an atmosphere of argon or dinitrogen. Solvents were predried over

activatel 4 A molecular sieves and were refluxed over appropriate

drying agents under a dinitrogen atmosphere and collected by

distillation. Deuterated solvents were dried over appropriate drying

agents, distilled under reduced pressure, and stored under dinitrogen

in Teflon valve ampules. NMR samples were prepared under
dinitrogen in 5 mm Wilmad 507-PP tubes fitted with J. Young
Teflon valves!H and3C NMR spectra were recorded on a Varian
Mercury 500 spectrometer with a probe temperature of 298-K.

and!3C assignments were confirmed when necessary with the use

of nOe and two-dimension&H-H and3C-!H NMR experiments.
All spectra were referenced internally to residual protio-solvih (
or solvent {3C) resonances and are reported relative to tetrameth-
ylsilane ¢ = 0 ppm). Chemical shifts are quoted dn(ppm) and

coupling constants in hertz. Infrared spectra were prepared as Nujol
mulls between NacCl plates and were recorded on Perkin-Elmer 1600
and 1700 series spectrometers. Infrared data are quoted in wave

numbers (cm?). Mass spectra were recorded by the mass spec-
trometry service of the University of Oxford’'s Department of

Chemistry. Combustion analyses were recorded by the elemental(l) (1.01 g,

analysis service at the London Metropolitan University.

Starting Materials. The compounds Ti(NMg.Cl,,1° Me3[9]-
aneN,3! Meg[6]aneN;,32 HC(Meypz)s,32 HC("Bupz),®* and Ti(N-
Bu)Clx(py):?° were prepared by literature methods. Diphenylhy-
drazine was purified as described previoui&lpimethylhydrazine,
N-aminopiperidine, and pyridine were dried over freshly ground
CaH, and distilled before use. Other reagents were obtained from
Sigma-Aldrich and used as received.

Ti(NNPh2)Cl(HNMey), (1). A solution of HHNNPh, (1.55 g,
8.43 mmol) in benzene (40 mL) was added to a stirred solution of
TiClx(NMey), (1.74 g, 8.43 mmol) in benzene (40 mL) over 30
min. The reaction mixture immediately turned a dark orange-brown
color and was left to stir for a further period during which time
there was no additional color change. The solution was filtered,
and the volatiles were removed under reduced pressure talgive
as a brown-green powder. Yield: 3.00 g (91%). NMR (C¢Ds,
500.0 MHz): 6 7.68 (4H, mortho-H), 7.22 (4H, mmeta-H, 6.86
(2H, m, para-H), 2.79 (2H, sep3] = 6.3 Hz, \HMe,), 2.19 (12H,

d, 3J = 6.3 Hz, NHMe,). 13C{*H} NMR (CgsDs, 125.8 MHz): 6

(31) Madison, S. A.; Batal, D. J.; Unilever PLC, U.K.; Unilever N. V.
U.S. Patent 5,284,944, 1994.

(32) Hoerr, C. W.; Rapkin, E.; Brake, A. E.; Warner, K. N.; Harwood, H.
J.J. Am. Chem. Sod.956 78, 4667.

(33) Reger, D. L,; Grattan, T. C.; Brown, K. J,; Little, C. A.; Lamba, J. J.
S.; Rheingold, A. L.; Sommer, R. [J. Organomet. Chen200Q 607,
120.

(34) Selby, J. D.; Mountford, P. Manuscript in preparation.
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EI-MS: m/z 354 [Ti(NNMe2)Cls] ™ (17%), 216 [TH(NNMey),] ™
(5%), 58 [NNMe)]* (100%). Anal. Found (calcd) fordEl,¢ClsNe-
Tiz: C, 23.5(23.5); H, 6.1 (6.0); N, 18.4 (18.4).
Tiz{ﬂ-ﬂz,ﬂl-NN(CH2)5}2C|4(HNM€2)3 (3) A solution of N-
aminopiperidine (0.24 g, 2.40 mmol) in benzene (15 mL) was added
to a stirred brown solution of TiGINMe,), (0.49 g, 2.39 mmol)
in benzene (25 mL) over 10 min. The resultant crimson mixture
was left to stir for 16 h. The supernatant was decanted, and the
crimson solid washed with benzene (20 mL). Drying in vacuo
produceds as an orange powder. Yield: 0.42 g (62%).and3C
NMR data could not be obtained @svas insoluble in nonreactive
NMR solvents. IR (NaCl plates, Nujol mull, cm): v 3241 (w),
1613 (br, w), 1307 (w), 1260 (m), 1093 (br, m), 1022 (br, m), 898
(w), 851 (w), 801 (m), 722 (w), 683 (w). EI-MSm/z 434 [Ti,-
{NN(CH,)s}2Cl4]* (64%), 84 [N(CH)s]* (100%). Anal. Found
(calcd) for GgH1ClsN7Tiz: C, 33.9 (33.8); H, 7.2 (7.3); N, 17.2
17.2).

[TI(NNPh ) Clx(py)2]n (4). A solution of Ti(NNPR)Cl,(HNMe;),
2.58 mmol) in pyridine (40 mL) was heated for 16 h
at 70 °C. The dark yellow-brown solution was filtered, and the
volatiles were removed under reduced pressure to yield ctuade
a yellow-green solid. This was washed with benzene (20 mL), and
the volatiles were removed under reduced pressure tofaga
yellow-green powder. Yield: 1.01 g (87%)H NMR (CD,Cl,,
500.0 MHz): 6 9.01 (4H, app dpy ortho-H, 7.82 (2H, m,py
para-H), 7.43 (4H, m,ortho-H), 7.37 (4H, m,py meta-H, 7.26
(4H, m, meta-H, 6.99 (2H, m,para-H).13C-{*H} NMR (CD.Cl,,
125.8 MHz): ¢ 152.0 oy ortho-Q, 149.7 py para-Q, 144.4 (pso-
C), 129.1 (neta-Q, 124.6 py meta-Q, 123.5 para-C), 118.8
(ortho-O). IR (NaCl plates, Nujol mull, cmt): v 1601 (br, w),
1260 (m), 1092 (br, w), 1021 (br, m), 803 (m), 722 (m). EI-MS:
m/z 168 [NPh]" (100%), 153 [TINNPh} (28%). Anal. Found
(calcd) for GoH2oClN4Ti: C, 57.5 (57.5); H, 4.3 (4.4); N, 12.3
(12.2).
Ti2(u-772771-NNMe2)2CI4(py)2 (5) HoNNMe, (703 mg, 1.17
mmol) was added to a stirred orange solution of TR Clx(py)s
(0.50 g, 1.17 mmol) in benzene (40 mL). The dark reaction mixture
was stirred for 90 min, after which a precipitate had formed. The
solution was concentrated to approximately 20 mL and left to stir
for a further 30 min. Filtration yielde# as an orange powder, which
was dried in vacuo. Yield: 0.14 g (45%H NMR (CD.Cl,, 500.0
MHz): 6 8.95 (4H, m, brortho-H), 7.87 (2H, m,para-H), 7.40
(4H, m,meta-H, 3.48 (12H, s, NWley). 3C{*H} NMR (CDCly,
125.8 MHz): ¢ 154.4 prtho-O), 139.3 para-O), 124.7 (meta-Q,
51.4 (NNVie). IR (NaCl plates, Nujol mull, cmb): v 1624 (br,
w), 1260 (sh, m), 1091 (br, m), 1019 (br, m), 800 (m), 722 (w).
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EI-MS: mVz 354 [Tio(NNMe,).Cls] ™ (17%), 216 [TH(NNMey),]*
(5%), 58 [NNMe] ™ (100%). Anal. Found (calcd) for GH2,Cl4Ne-
Tiz C, 32.7 (32.9); H, 4.4 (4.3); N, 16.4 (16.4).

Tio{ u-1727-NN(CH3)s} 2.Cl4(py)2 (6). A solution of N-aminopi-
peridine (0.12 g, 1.15 mmol) in benzene (10 mL) was added to a
stirred orange solution of Ti(Bu)Cl(py)s (0.49 g, 1.15 mmol) in
benzene (50 mL) over 10 min. The resultant bright red solution
was left to stir for 16 h, after which an orange solid had formed.

solution of Ti(NNPR)CIl,(HNMe,), (1) (0.50 g, 1.28 mmol) in
benzene (20 mL) over 15 min. The mixture was left to stir for a
further 3 h, after which the solution was a blue-green color and
some precipitate was present. The volume of solvent was reduced
to approximately 20 mL under reduced pressure, and the mixture
was left to stand for a further 2 h. The supernatant was decanted to
yield 9 as a yellow-green powder which was dried in vacuo.
Yield: 0.61 g (80%)*H NMR (CD,Cl,, 500.0 MHz): 6 7.93 (1H,

The supernatant was decanted, and the solid was washed withs apjcal H), 7.28 (4H, m,ortho-H), 7.13 (4H, m,meta-H, 6.88

benzene (20 mL) and dried in vacuo gi§es an orange powder.
Yield: 0.24 g (68%)H and*C NMR data could not be obtained
as6 was insoluble in nonreactive NMR solvents. IR (NaCl plates,
Nujol mull, cm™1): » 1652 (br, w), 1601 (w), 1260 (m), 1091 (br,
m), 1026 (br, m), 802 (br, w), 722 (w), 697 (w). EI-M3$w/z 434
[Ti{ NN(CHy)s} 2Cls]* (100%), 84 [N(CH)s] ™ (90%). Anal. Found
(calcd) for GoH3oCluNgTiz: C, 40.6 (40.6); H, 5.0 (5.1); N, 14.4
(14.2).

Ti(NNPhy)Cly(Me3[9]aneNs) (7). A solution of Mg[9]aneN;
(0.25 g, 1.46 mmol) in benzene (5 mL) was added to a stirred
solution of Ti(NNPh)CIl,(HNMey), (1) (0.57 g, 1.46 mmol) in
benzene (20 mL) over 15 min. On addition of the ligand, the
reaction mixture changed from an orange-brown solution to a yellow
suspension. The mixture was stirred for a further 90 min and then
filtered. Volatiles were removed under reduced pressure, giving
as a light yellow-green powder. Yield: 0.56 g (81%j NMR
(CD,Cl,, 500.0 MHz): 6 7.41 (4H, mortho-H), 7.32 (4H, mmeta-

H), 7.02 (2H, m,para-H), 3.15 (2H, m, NMgsCH,CH;NMeans
down), 3.05 (2H, m, NMg<CH,CH,NMes dowr), 3.01 (2H, m,
NMei<CH,CH;NMeyansdown), 2.84 (6H, s, Meg), 2.75 (2H, m,
NMeisCH2CH:NMegis up), 2.64 (2H, m, NMgsCH,CH;NMeans
up), 2.56 (3H, s, WMeyang, 2.48 (2H, m, NMgsCH,CHoNMeyans
up). 3C{*H} NMR (CDCl,, 125.8 MHz): 6 146.7 {pso-Q, 129.7
(ortho-0), 124.1 para-C), 121.2 (meta-Q, 57.4 (NMgj<CH,CH,-
NMeyand, 57.1 (NMeiCH,CH:NMegis), 55.8 (NMeisCH,CH>-
NMeyand, 53.7 (NMerans partially obscured by solvent), 49.8
(NMegis). IR (NaCl plates, Nujol mull, cmt): » 1585 (w), 1260
(m), 1092 (br, w), 1020 (br, w), 802 (m), 722 (w). EI-MSn/z
471 M]* (17%), 289 M-NNPhy] ™ (14%), 168 [NPH " (39%). HR
EI-MS found (calcd) for GH3;ClLNsTi: mVz471.1423 (471.1436).
Anal. Found (calcd) for gH31CIoNsTi: C, 53.3 (53.4); H, 6.5 (6.6);
N, 14.7 (14.8).

Ti(NNPh2)Cly(Mes[6]aneNs) (8). A solution of Mg[6laneN;
(99.0 mg, 0.77 mmol) in benzene (5 mL) was added to a stirred
solution of Ti(NNPR)CI,(HNMe;) (1) (0.30 g, 0.77 mmol) in
benzene (20 mL) over 5 min to form a green precipitate. After 16
h, the supernatant was decanted to le&as a green powder which
was dried in vacuo. Yield: 0.25 g (76%8H NMR (CD.Cl,, 500.0
MHz): 6 7.47 (4H, m,ortho-H), 7.32 (4H, mmeta-H, 6.99 (2H,

m, para-H), 4.24 (2H, d,2J = 8.0 Hz, NMe;s<CH,NMeyans Up),
4.03 (1H, d2J = 7.7 Hz, NMgi<CH,NMegs up), 3.40 (1H, d2J =
7.7 Hz, NMeiCH:NMes down), 3.25 (2H, d,2J = 8.0 Hz,
NMei<CHNMeyans dowr), 2.51 (6H, s, Wegs), 2.13 (3H, s,
NMeyang. 1B¥C{H} NMR (CD.Cl,, 125.8 MHz): ¢ 145.3 {pso-
C), 129.6 prtho-C), 123.6 para-C), 119.2 (neta-Q, 78.9
(NMecisCHZNMetranga 76.8 (NM%isCHZNMecis): 41.9 (’\Mecrans)1
37.5 (\Mego). IR (NaCl plates, Nujol mull, cmt): v 1594 (w),
1260 (m), 932 (sw), 802 (m). EI-MSm/z 429 M]* (2%), 168
[NPhy]™ (100%), 129 [Mg[6]aneN;]™ (5%). HR EI-MS found
(calcd) for GgHosCIoNsTi: m/z429.0974 (429.0966). Anal. Found
(calcd) for GgH2sCloNsTi: C, 50.4 (50.3); H, 6.0 (5.9); N, 16.2
(16.3).

Ti(NNPh,)Cl{HC(Me2pz)s} (9). A solution of HC(Mepz)
(0.37 g, 1.28 mmol) in benzene (20 mL) was added to a stirred

(2H, m, para-H), 6.04 (2H, s4-pz Hys), 5.89 (1H, s4-pZ Hrand,
2.63 (3H, s,3-pz M@ang, 2.62 (6H, s,5-pz Me;s), 2.48 (3H, s,
5-pz M&ang, 2.21 (6H, s,3-pz Mgis). *C{H} NMR (CD,Cl,,
125.8 MHz): 6 157.1 @-PZany, 156.7 B-pzis), 145.0 (pso-O,
140.3 6-pzis), 138.7 6-PZrand, 129.7 prtho-C), 123.0 para-0),
120.1 (meta-Q, 109.3 @-pzany, 108.9 @-pz;s), 68.5 @pical-0),
15.6 B-pz Mgjs), 15.4 B-pz Mgang, 11.8 6-pz Me;s), 11.4 6-pz
Meérand- IR (NaCl plates, Nujol mull, cmt): v 1594 (br, w), 1305
(w), 1260 (m), 1092 (br, w), 1020 (br, w), 803 (m), 722 (m). EI-
MS: m/z503 M — Meypz]t (7%), 203 [HC(Megpz)]* (3%), 96
[Mezpz]™ (23%). Anal. Found (calcd) for 8H3,CINgTi: C, 56.0
(56.1); H, 5.3 (5.4); N, 18.8 (18.7).

Ti(NNPhy)CI,{HC("Bupz)s} (10). A solution of HC(Bupz)
(0.19 g, 0.50 mmol) in benzene (15 mL) was added to a stirred
solution of Ti(NNPR)CI,(HNMe,), (1) (0.20 g, 0.50 mmol) in
benzene (20 mL) over 10 min. The solution was left to stir for 16
h, and the volatiles were then removed under reduced pressure to
give 10 as a bright green powder. Yield: 0.28 g (81%). NMR
(CD.Cl,, 500.0 MHz, 298 K):6 10.13 (1H, sapical H), 8.52 (2H,
s,5-pz His), 8.32 (1H, $5-pz Hyand, 7.71 (2H, s.3-pz Hyg), 7.60
(1H, s,3-pZ Hrand, 7.40 (4H, m,ortho-H), 7.24 (4H, mmeta-H,
6.98 (2H, mpara-H), 2.28 (6H, app t#4-pz-CHCH,CH,CH,), 1.38
(6H, m, 4-pzCH,CH,CH,CHj), 1.23 (6H, m,4-pz-CH,CH,CH,-
CHg), 0.82 (9H, m4-pz-CH,CH,CH,CHg). 13C{H} NMR (CD,-

Cly, 125.8 MHz): 6 146.3 B-PZang, 144.8 B-pzis), 143.6 {pso-
C), 129.3 6rtho-0O), 123.5 para-C), 123.4 6-pzis), 123.1 6-pZand,
119.5 meta-Q, 118.0 @-pzis), 117.8 @-pz.and, 75.3 @pical-0),
32.9 @-'pZ'cHzCHchchgtrang, 32.7 @'pz-cHchzCHzCH&;is),
23.7 @-pZCHgCH2CH2CH3“anQ 23.7 @-pZCHZCH2CH2CchiS),
22.7 @4-pzCH,CH,CH,CHspangd, 22.7 @-pz-CHCH,CH,CHagig),
13.9 @4-pzCH,CH,CH,CHgzgig), 13.9 @-pzCH,CH,CH,CH3yrang- IR
(NaCl plates, Nujol mull, cmt): v 1595 (br, w), 1260 (w), 1091
(br, w), 1021 (br, w), 805 (w), 722 (w). Anal. Found (calcd) for
Cs4H44ClNgTi: C, 59.7 (59.8); H, 6.4 (6.5); N, 16.2 (16.4).

Alternative Syntheses offac-N3; Donor-Supported Hydrazido
Complexes.Complexes?, 8, 9, and 10 were synthesized on the
NMR tube scale from [Ti(NNPHClx(py)2]n (4) using the following
general method. A solution of tHac-Nz donor ligand (12.@«mol)
in CgDg (0.2 mL) was added to a solution 8f(5 mg, 10.8«mol)
in CeDe (0.2 mL). A solid immediately precipitated out of the
reaction mixture. The volatiles were removed under reduced
pressure and the sample redissolved in,CR Analysis by!H
NMR indicated that in all cases the reaction had occurred cleanly
to give the desired product.

Attempted Reaction of Tix(u-n?1-NNMe;),Cl(py). (2) and
Ti 2(/!'772771'NNMez)2C|4(HNMez)2 (3) with Meg[9]aneN3, Meg[G]-
aneNs;, HC(Me,pz)s, and HC("Bupz)s. A solution of thefac-N3
donor ligand (25:mol) in CD,Cl, (0.2 mL) was added to a solution
of 2 or 3 (25umol) in CD,Cl, (0.2 mL). After 5 days of heating at
70°C, analysis byH NMR showed that in all cases only a mixture
of the starting materials were present.
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Table 8. Crystal Data Collection and Processing Parameters fg¥i2,7°-NNMe;).Cla(HNMey), (2), Ti{ u-1257-NN(CHy)s} 2Cla(HNMey)s-CsHe

(3-CeHo), Tia(u-121-NNMe2):Cla(py)z (5), and Ti(NNPR)Cl{ HC(MePz)s} -2CeHs (9-2CeHs)

2 3CsHe 5 9-2CsHe
empirical formula GH260|4N6Ti2 C27H47C|4N7Ti C14H22C|4N5Ti2 C40H44C|2N3Ti
fw 443.95 647.27 511.98 755.65
temp (K) 150 150 150 150
wavelength (A) 0.71073 0.71073 0.71073 0.71073
space group P 2i/n P2i/c C2lc P1
a(A) 8.9547(2) 10.5306(2) 15.2735(4) 9.6913(2)

b (A) 14.4471(3) 17.0858(3) 9.9708(3) 13.9790(3)
c(A) 15.0142(4) 17.9110(3) 14.6349(4) 14.1852(3)
o (deg) 90 90 90 80.3636(9)

B (deg) 94.5104(9) 103.6204(7) 90.6119(13) 88.1593(9)
v (deg) 90 90 90 86.2151(11)
V (A3 1936.36(8) 3131.98(10) 2228.61(11) 1890.05(7)
z 4 4 4 2

eaica (Mg m~3) 1.523 1.373 1.526 1.328

abs coeff (mm?) 1.375 0.875 1.207 0.408

R indices 0.0310, 0.0357 0.0329, 0.0369 0.0581, 0.0484 0.0390, 0.0452
Ry, Ry [I>30(D)]#

2Ry = JIFol = IFell/ZIFol- Rw = {3 (IFol — IFel)?/% (WIFol)}*2

Crystal-Structure Determination of Ti y(u-172,7-NNMey),Cl 4 and nonlocal correlation corrections by PerdéWZP basis sets
(HNMey), (2), [Tiofu-121m-NN(CHy)s} ,Cla(HNMe )3 CeHg (3¢ were used with triplé: accuracy sets of Slater-type orbitals and a
CeHe), and Tix(u-n?n -NNMe2).Cla(py)2 (5) and Ti(NNPh,)Cl,- polarization function added to the main group atoms. The cores of

{HC(Meypz)3}-2CeHe (9:2C¢Hg). Crystal data collection and  the atoms were frozen up to 1s for C and N and 2p for Ti and Cl.
processing parameters are given in Table 8. Crystals were mounted-ragment analyses use the MOs of the chosen fragments as the
on a glass fiber using perfluoropolyether oil and cooled rapidly to basis set for the molecular calculation. Initial spin-restricted
150 K in a stream of cold Nusing an Oxford Cryosystems calculations are carried out on the fragments with the geometry
CRYOSTREAM unit. Diffraction data were measured using an that they have in the molecule; thus, the fragments are in a prepared
Enraf-Nonius KappaCCD diffractometer, and intensity data were singlet state. Neutral fragments were chosen as this assisted in
processed using the DENZEBMN packagé® The structures were  drawing up the MO diagrams.

solved using SIR9Z which located all non-hydrogen atoms. . .
Subsequent full-matrix least-squares refinement was carried out Acknowledgment. This work was support_ed by fundlng.
using the CRYSTALS program suitéCoordinates and anisotropic from the EPSRC and Rhodes Trust. Calculations were carried

thermal parameters of all non-hydrogen atoms were refined. Carbon-0ut using the facilities of the Oxford Supercomputing Centre.
bound hydrogen atoms were positioned geometrically. Nitrogen-
bound hydrogens ir2 and 3-C¢H¢ were located from Fourier
difference maps and isotropically refined (for the purposes of
estimating N-H---Cl hydrogen bonding parameters in Tables 1 and
2 geometrically positioned (NH = 0.87 A) atoms were used).
Weighting schemes were applied as appropriate. Full listings of
atomic coordinates, bond lengths and angles, and displacementC051271J
parameters have been deposited at the Cambridge Crystallographic
Data Centre. (38) Baerends, E. J.; Autschbach, J. A.; Berces, A.; Bo, C.; Boeringter, P.
Density Functional Theory Calculations. DFT calculations ll\:/lé'n ?Exallligéhér(,:??ﬂ% Eér?s'écD:ggdeLr'ré ?Ehs\?ghgis%égleﬁ, % E A
were carried out using the Amsterdam Density Functional program Groeneveld, J. A.; Gritsenko, O. V.; Gring, M.; Harris, F. E.; van
suite ADF 2002.028 The generalized gradient approximation was den Hoek, P.; Jacobsen, H.; van Kessel, G.; Kootstra, F.; Vanlenthe,
employed, using the local density approximation of Vosko, Wilk, E.; Osinga, V. P.; Patchkovskii, S.; Phillipsen, P. H. T.; Post, D.; Pye,

and Nusai#? together with nonlocal exchange correction by Bééke (S:r']ij%érza\fng(f gvdl;aRﬁ_’. F;;viﬁh'm?r‘s@émozg Slghrfgk\%%?hé?;

Vernooijis, P.; Versluis, L.; Visser, O.; van Wezenbeek, E.; Wie-
(35) Otwinowski, Z.; Minor, W.Methods Enzymoll997 276, 307. senekker, G.; Wolff, S. K.; Woo, T. K.; Ziegler, TScientific
(36) Altomare, A.; Cascarano, G.; Giacovazzo, G.; Guagliardi, A.; Burla, Computing and Modelling NWrije Universiteit: Amsterdam, 2002.
M. C.; Polidori, G.; Camalli, MJ. Appl. Crystallogr.1994 27, 435. (39) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200.
(37) Watkin, D. J.; Prout, C. K.; Carruthers, J. R.; Betteridge, P. W.; Cooper, (40) (a) Becke, A. DPhys. Re. A: At., Mol., Opt. Phys1988 38, 3098.
R. . CRYSTALSversion 11; Chemical Crystallography Laboratory: (b) Becke, A. D.J. Chem. Phys1988 88, 1053.
Oxford, UK, 2001. (41) Perdew, J. PPhys. Re. B 1986 33, 8800.

Supporting Information Available: X-ray crystallographic files
in CIF format for the structure determination of compou2ds,
5, and 9 and optimized geometries in Cartesiaty4 form for
compounds, II, Ill, and2. This material is available free of charge
via the Internet at http://pubs.acs.org.
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