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Preparation and Characterization of a Diamagnetic and Dinuclear Titanium(lIl)
Formamidinate Complex. Evidence for the Existence of a F+Ti Bond?
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The new diamagnetic Ti(lll) complex (CyNC(H)NC#)i.Cl,»2THF (1) containing a short HTi distance was
prepared and crystallographically characterizédh initio unrestricted HartreeFock calculations suggested the
presence of a FTi bonding interaction. Crystal data fdrare as follows: GHi0dNsTi2Cl,02, FW 1140.27,
monoclinicPn, a = 10.4688(9) Ab = 14.4579(9) Ac = 21.421(1) A, = 100.227(9), V = 3190.6(7) B, Z

= 2, Dcaic = 1.187 g/cm, Fogo= 1236, = 3.75 cnm?, T= —158°C, R= 0.074,R, = 0.075, GOF= 3.64 for
540 parameters and 4630 reflections out of 5771 unique reflections observed.

Introduction bonds. As a result, superexchange was invariably invoked to

In this article we describe the preparation and characterization account for the diamagnetism of some of these species, such as

: : P the case of the [(§H4)TIHAIEt,]2(C10Hs) complex, which
of a rare example of a dinuclear and diamagnetic Ti(lll) n S
nonorganometallic speciésThe rationale for this work was ~ JiSPlays the shortest FTi distance (2.910 A} between

provided by the observation that dinuclear complexes of Ti- trivalent Fitanium :_gxtoms. .

(11 are usually paramagnefiand antiferromagnetically coupléd, .The aim Of, this work was to prepare a dlnucleqr and
with intermetallic distances well above 3 A. However, there diamagnetic Ti(lll) complex, possibly with a very short inter-
are some exceptions. For example, the bridging fulvaleyfe [ Metallic contact, and which might work as a model compound
7°-C1oHg)(TiCp)2(u-Cl);] complex is diamagnetic, in sharp to study the nature of the FiTi interaction. For this purpose,
contrast to its considerably long intermetallic distance (3.638 W€ seIeEted .the dlcyclohexylfom}am|d|pate anions [CyNC-
A). Conversely, the almost isostructural complexSg>- (H)NCy]~ as ligand system. Amidinate ligands are extremely
C1oHg)(TICP)(u-OH),],5 which has a significantly shorter sensitive to steric factors and form either monomers or dimers
intermetallic distance (3.195 A), displays a residual paramagnet- With extremely short intermetallic contacts, depending on the
ism. Similar behavior can also be observed in the chemistry ligand’s skeletal defqrmatlons produced by the steric interactions
of mono- and bis(cyclopentadienyl)titanium(lll) systems. While Petween the substituents. Furthermore, these anions are
the dimeric derivatives of bridging thiolatésmides phos- ~ Nnotoriously able to form dimers Vé:th several metals and
phidesé and carboxylatésare usually diamagnetic, with inter- metallplds across the periodic tax eand often promote
metallic distances up to 3.72 A, the bridging alkoxf#&and formgtlon Qf short M-M bonds or mult|plq bond® In addition
hydride analoguds are paramagnetic in spite of much shorter (© Using Ti(lll) salts as a starting materials, we have also used
Ti—Ti distances. Obviously, this contradictory behavior is for this work a Ti(ll) compound in an attempt to extend this

difficult to rationalize with the existence of significant¥Ti investigation to a Ti(ll) @ system. Herein we report our

findings.
® Abstract published idvance ACS Abstract#pril 1, 1997. .
(1) A blue diamagnetic complex formulated as [(MgTi(x-NMey)], of Experimental Part
unknown structure has been reported: Alyea, E. C.; Bradley, D. C.; . .
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published procedures with either MeLi in etherreBuLi.*3 TiCl,-
(TMEDA),'7 TiCl3(THF);,'® and TiCle(THF)4!° were prepared ac-

Table 1. Crystal Data and Structure Analysis Results

: : formula CeoH108Ti2NgCl02
cording to published procedures. Infrared spectra were recorded on a formula weight 1140.27
Michelson BOMEM FTIR instrument from Nujol mulls prepared in a space group Pn
drybox. Elemental analyses were carried out with a Perkin EImer 2000 a(h) 10.4688(9)
CHN analyzer. The ratio between Ti and Cl atoms was determined b (A) 14.4579(9)
by X-ray fluorescence on a Philips XRF 2400 instrument. Data for c(A) 121.421(1)
X-ray crystal structures were obtained with a Rigaku AFC6S diffrac- p (deg) 100.227(9)
tometer. Variable-temperature NMR spectra were recorded with a V(A3 3190.6(7)
Bruker AMX 500 MHz spectrometer. Cyclic voltammetry experiments z A 2
were performed in a specially designed air-tightened cell equipped with fl_a‘i'ét'on (A) Mlossm
the cross section of a 0.1 mm diameter Pt wire as both working and ) 4 n

L Dcaica(g € 3) 1.187
counter electrode. The cell was loaded inside a drybox and connected (cm) 375
to a PAR-273 potentiostaigalvanostat driven by a computer and pécagva 0:074 0.075

Headstart software. The reference electrode was a silver wire in contact

with a 0.29 M solution of (TBA)BEin THF and a 0.01 M solution of AR = 3||Fol — IFdll/ZIFol. Ry = [(X(IFol — IFc)¥ZWFA)]Y2

AgNOs. The measured potentials were referred to the ferrocene/ pasis. The fractional atomic coordinates of the crystal structure were
ferrocenium potential obtained under identical conditions. A standard converted to the corresponding Cartesian coordinates by using a special

scan rate of 200 mV 3 was used for all the experiments.

Preparation of (CyNC(H)NCy),Ti.Cl»2THF. Method A. A
solution of [CyNCHNCYy]Lrhexane (3.5 g, 11.6 mmol) in THF (100
mL) was stirred at room temperature in the presence ofs{TEIF)s
(2.1 g, 5.7 mmol). Upon mixing, the color of the solution suddenly
changed to dark greenish-brown. After further stirring2Zd atroom
temperature, the solution was filtered and concentiatedcuoto small
volume. The solution was diluted with toluene and allowed to stand
at —30 °C for 2 days, upon which dark red crystals of (CyNC(H)-
NCy)4Ti.Cl*2THF separated (1.5 g, 1.3 mmol, 46%). IR (Nujol, KBr,
cm1) v: 1666(w), 1576(s), 1541(s), 1457(s), 1420(w), 1376(s), 1366-

(s), 1351(s), 1335(s), 1317(s), 1257(s), 1232(s), 1192(m), 1164(s), 1145-

(w), 1129(m), 1082(s), 1054(w), 1023(w), 989(w), 958(w), 917(w),
886(m), 842(m), 808(w), 786(w), 723(m), 677(m), 555(w), 539(w),
511(s), 452(w), 430(s)*H-NMR (CsDe, 500 MHz, 25°C): 6 8.74 (s,
1H, C-Homamiding, 6.45 (S, 1H, C-Hmamidind, 3.82 (tt, 2H, ipso
Heyclohexy), 3.67 (tt, 2H,ipso Heyclonexy), 3.58 (m, 4H, THF), 2.60.7
(series of multiplets, 40H, cyclohexyl), 1.73 (m, 4H, THF). Anal. Calcd
(Found) for GoH10dNsTi2Cl.O,: C, 63.20 (63.09); H, 9.55 (9.43); N,
9.83 (9.77).

Method B. A solution of [CyNCHNCYy]Lrhexane (2.8 g, 9.3 mmol)
in toluene (30 mL) was treated with 0ls(THF), (1.4 g, 2.3 mmol) at

room temperature. The mixture was stirred at room temperature, and

a rapid color change to dark greenish-brown was observed. After
further stirring fo 2 h atroom temperature, the suspension was filtered
to eliminate some light-colored solid, and the residue was allowed to
stand at-30°C for 2 days. Red microcrystals of (CyNC(H)NGY).-
Cl, were obtained in moderate yield (1.1 g, 1.1 mmol, 48%)-NMR
(CsDs, 500 MHz, 25°C): 6 8.74 (s, 1H, C-Kmamiding, 6.45 (s, 1H,
C'Hformamidingx 381 (tt1 2H,ip50 Hcyclohexyb; 363 (tt, 2H|ip50 Hcyclohexyby
2.6—0.7 (series of multiplets, 40H, cyclohexyl). Anal. Calcd (Found)
for Cs,HooNgTioCly: C, 62.70 (62.55); H, 9.31 (9.17); N, 11.25 (11.17).
Method C. A solution of [CyNCHNCYy]Lihexane (3.3 g, 11 mmol)
in THF (100 mL) was cooled te-78 °C and subsequently treated with
solid TiCL(TMEDA); (1.9 g, 5.4 mmol). As the temperature was
allowed to rise slowly to room temperature, the initially violet color of
the solution changed to dark green. After further stirring Zoh at
room temperature, a small amount of white solid was removed by
filtration from the resulting dark green suspension, and the filtrate was
concentrated to small volume-(5 mL) in vacua The solution was
layered with hexane (20 mL) and allowed to stand undisturbed at room
temperature for several days, upon which red crystals of (CyNC(H)-
NCy)4TioCl>2THF separated in low yield (0.3 g, 0.3 mmol, 11%).
Molecular Orbital Calculations. All molecular orbital calculations
were performed on a Silicon Graphics computer by using the software
package SPARTAN 4.0 (Wavefunction, Inc., 18401 Von Karman Ave.,
#370, Irvine, CA 92715; 1995 The program’s default parameters were
used in the unrestricted HartreEBock ab initio calculations on the
model compound [(MeNC(H)NMgJi(u-Cl)]. by using the STO-3G

(17) Edema, J. J. H.; Duchateau, R.; Gambarotta, Hynes, R.; Gaber.
Chem 1991, 30, 154.
(18) Manzer, L. Elnorg. Synth 1982 21, 135.

device of the NRCVAX program. The cyclohexyl ring carbon atoms
were deleted from the list with the exception of tipso carbons of
each ring, which were transformed into the corresponding methyl groups
by introducing three hydrogen atoms at their idealized positions. The
resulting symmetry of the molecule w&s, thus reflecting the triclinic
crystallographic symmetry of complek. Calculations were also
performed by imposing higher symmetries, without significantly
modifying the final results.

X-ray Crystallography. The preparation of the crystals was
hampered by difficulties arising mainly from spontaneous loss of
solvent, and, in addition, the crystals scattered poorly. Nevertheless,
it was possible to obtain a data set of sufficient quality to solve the
crystal structure. Data were collected-a158 °C using thew—260
scan technique to a maximun® Zalue of 50.0 for a suitable air-
sensitive crystal mounted on glass fibers. Cell constants and orientation
matrices were obtained from the least-squares refinement of 25 carefully
centered high-angle reflections. Redundant reflections were averaged.
The intensities of three representative reflections were measured after
every 150 reflections to monitor crystal and instrument stability. Data
were corrected for Lorentz and polarization effects but not for
absorption. The structures were solved by direct methods. The
positions of the major part of the non-hydrogen atoms were refined
anisotropically. Complete anisotropic refinement was not possible for
the two interstitial molecules of THF and for some of the cyclohexyl
carbon atoms, due to the unsufficient number of observations.
Hydrogen atom positions were introduced at their idealized positions.
The final cycle of full-matrix least-squares refinement was based on
the number of observed reflections with® 2.50(1)]. Neutral atomic
scattering factors were taken from Cromer and Wabetnomalous
dispersion effects were included iRcace All calculations were
performed using a TEXSAN package on a Digital VAX station. Details
on crystal data and structure solution are given in Table 1. Selected
bond distances and bond angles are given in Table 2. Listings of atomic
coordinates and thermal parameters are given as Supporting Information.

Results and Discussion

According to Scheme 1, the reaction of [CyNC(H)NCy]-
Li-hexane with either TiG{THF)z in THF or the dinuclear Tt
Cle(THF)4 in toluene afforded the red dinuclear and diamagnetic
(CyNC(H)NCy)Ti,Cl*2THF (1) in moderate yield. Although
the products obtained from both reactions were the same, in
the second case we found no evidence of retention of THF in
the lattice. While qualitative tests for the presence of chloride
were positive, the correct ratio Ti/Cl was determined by X-ray
fluorescence. Combustion analysis data were in good agreement
with the proposed formulation.

The diamagnetism of the compound was indicated by solid
state measurements and confirmed by solution NMR experi-

(19) Sobota, P.; Effler, J.; Szafert, S.; Szczegot, K.; Sawka-Dobrowolska,
W. J. Chem. Soc., Dalton Tran$993 2353.

(20) Cromer, D. T.; Waber, J. Tnternational Tables for X-ray Crystal-
lography, The Kynoch Press: Birmingham, England, 1974.



Ti—Ti Interaction in a Diamagnetic Ti(lll) Complex

Table 2. Selected Bond Distances (&) and Angles (deg)

Ti1—ClI1 = 2.433(3)
Ti1—Cl2 = 2.457(3)
Ti1—N2 = 2.086(9)
Ti1—N3 = 2.141(8)
Ti1—N7 = 2.125(8)
Ti1—N8 = 2.122(8)
Ti2—Cl1 = 2.422(3)
Ti2—Cl2 = 2.444(3)
Ti2—N1=2.142(9)
Ti2—N4 = 2.118(8)
Ti2—N5 = 2.142(8)
Ti2—N6 = 2.126(9)
Ti1—Ti2 = 2.942(2)

CIE-Ti1—CI2 = 105.5(1)
CIE-Ti1—N2 = 85.2(2)
CIE-Ti1—N3 = 85.0(2)
CIE-Ti1—N7 = 95.7(2)
CIE-Til—N8 = 158.9(2)
CI2-Ti1—N2 = 85.8(2)
CI2-Ti1—N3 = 85.7(2)
CI2-Ti1—N7 = 158.8(2)
CI2-Ti1—N8 = 95.7(2)
N2-Ti1—N3 = 164.9(3)
N2-Til—N7 = 97.8(3)
N2-Ti1—N8 = 96.8(3)
N3-Til—N7 = 94.6(3)

N3—Til—N8 = 96.5(3)
N7—-Ti1—N8 = 63.2(3)
N7—C21-N8 =115.9(9)
N1—-C1-N2 = 125.7(9)
C1-N2-C8= 114.5(8)
C1-N1-C2=115.3(8)
C21-N7-C22=119.6(9)
C21-N8—C28= 119.0(8)

Scheme 1
H
TiCk(THF
I b( )3 Cy\ C)’\NAY\\’/CY /Cy
. [CyNC(H)NCy]Li N O ) N
TiClg(THF)4 - H-<(N /r\.\a /T\»? H
J o N N \Cy
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H
@
1 pyridine
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Figure 1. Thermal ellipsoid plot ofl. Thermal ellipsoids are drawn
at the 50% probability level.

octahedral titanium atoms (Figure 1). Two bridging chlorides
and two bridging formamidinates (adopting the well-known
three-center chelating geometry) link together the two titanium
atoms. Two other formamidinate anions, which adopt a regular
chelating geometry, complete the octahedral coordination sphere
around each Ti atom. Therefore, the coordination geometry of
each titanium atom is defined by two bridging chloride [€11
Til—CI2 = 105.5(1}, CI1-Ti2—CI2 = 106.2(1)] and two
nitrogen atoms of one chelating formamidinate fNE2—N6

= 64.1(3y, N7-Til—N8 = 63.2(3f] which delimit the
equatorial plane. Two nitrogen atoms of the two bridging

ments. The NMR spectra were sharp and well resolved and formamidinates occupy the two axial positions. The central Ti

did not show any significant shift as a function of temperature,

Cl; core is almost planar [torsion angle HCI1-Ti2—ClI2 =

thus excluding the presence of a small underlying paramagnet-0.1(1¥] and is coplanar with the four nitrogen atoms of the

ism. The NMR spectrum showed two different sets of ligands
in the ratio 1:1, arising from two different bonding modes of
the formamidinate anion (bridging three-center chelat@gus
regular chelating). However, no fluxional behavior was ob-
served in the range from90 to —90 °C, thus suggesting a
fairly rigid structure in solution. The presence of two molecules
of THF, indicated by combustion analysis, was also confirmed
by the NMR spectrum.

The dinuclear frame ol is remarkably robust and, unlike
the multiply bonded systems of Cr and V with the same ligénd,
was not cleaved by treatment with pyridine. In addition, the
crystals ofl were chemically inert and, apart from loss of THF,

terminal chelating formamidinate ligands. The distortion of the
octahedral coordination geometry of each Ti atom is rather
considerable and is probably due to the strong steric compression
[N2—Ti1—N3 = 164.9(3}, N1-Ti2—N4 = 163.4(3ke7, Cl1-
Til—N2 = 85.2(2f, CI1-Ti1l—N3 = 85.0(2f, N7—Ti1—N2

= 97.8(3f, N7—Til—N3 = 94.6(3f]. It is interesting to
observe that the cyclohexyl rings of the two bridging forma-
midinate rings point thépso hydrogens away with respect to
the bridgehead H atom and inward with respect to the two
titanium atoms. This is quite the opposite of the multiply
bonded systems of the same ligand with botA®Cand V132
where theipso hydrogen atoms of the cyclohexyl ring form

showed no sign of decomposition upon relatively long exposure short, nonbonding contacts with the bridgehead H atom. The
to air. In reasonable agreement with these observations, theTi—Cl [Ti1—Cl1 = 2.433(3) A, Tit-CI2 = 2.457(3) A, T2

cyclic voltammogram of a solution dfin THF by using (TBA)-

Cl1 = 2.422(3) A, Ti2-CI2 = 2.444(3) A] and T+N [Til—

BF4 as an electrolyte (see Supporting Information) and under N2 = 2.086(9) A, Tit-N3 = 2.141(8) A, Til-N7 = 2.125(8)

inert atmosphere showed two reduction waves 292 Epa —
Eoc = 84 mV) and—2.52 V. The peak separation indicated
that the first reduction wave, arising from the formation of a

A, Ti1l—N8 = 2.122(8) A] bond distances are as expected in
spite of the distortion of the bonding angles.
Reaction of the Ti(ll) derivative TiG{TMEDA), with

Ti(lN)/Ti(ll) mixed-valence species, may be considered as quasi- [CYNC(H)NCy]Li-hexane also yielded the trivalent (CyNC(H)-
reversible. The second reduction wave was irreversible as aNCy)Ti,Cl-2THF, albeit in much lower yield. Given the

probable result of the formation of a Ti(ll) species that is
unstable under these particular conditions. Similarly, two
oxidation waves were observed-80.65 Eya — Epc = 74 mV)
and +0.80 V, respectively arising from the quaswversible
formation of a mixed-valence Ti(lll)/Ti(IV) species and the
irreversible formation of a tetravalent complex.

The dinuclear structure, suggested by the diamagnetism in

ability of the Ti(ll) starting salt to disproportionate toward higher
oxidation states!??this result was not completely unexpected.

(21) (a) Duchateau, R.; Gambarotta, S.; Beydhoiun, N.; Bensimod, C
Am. Chem. Sod 991, 113 8986. (b) Beydhoun, N.; Duchateau, R.;
Gambarotta, SJ. Chem. Soc., Chem. CommutR92 244. (c)
Duchateau, R.; Minhas, R. K.; Gambarotta, S.; Bensimorin@rg.
Chem 1992 31, 4933.

both solid state and solution, was confirmed by an X-ray crystal (22) Dick, D. G.; Duchateau, R.; Edema, J. J. H.; Gambarottin@g.

structure. The dinuclear frame is composed by two edge-sharing

Chem 1993 32, 1959.
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The fact that the yield ol was considerably lower indicates
that other products might be present in the reaction mixture,

even though attempts to isolate other species were so far

unsuccessful. This behavior is closely reminiscent of that of
the amidinate Ti(lll) complex [(MgSi)NC(Ph)N(SiMe)].Ti-
(u-Cl)2Li(TMEDA), 22 which was also obtaineda reaction of
the amidinate anion with TIGITMEDA),. However, in sharp
contrast with the dinuclear structure hfthe amidinate complex
is monomeric. The large steric hindrance of the amidinate anion
prevents this ligand from accommodating dinuclear structures,
thus resulting in the formation of a mononuclear species. This
striking difference of behavior between these two ligands
follows the trend observed in the chemistry of Cr and V and is
purely the result of the ligand skeletal deformation caused by
the steric interaction between the ligand organic substitiénts.
The short Ti-Ti distance [Tit-Ti2 = 2.942(2) A] and the
diamagnetism of might indicate the presence of aTTi single
bond. Since M-M bonds between Ti(lll) atoms are unprec-
edented, in an attempt to clarify the magnetic properties and
the nature of the FTi interaction, we have performeab initio
HF/STO-3G calculations using [(MeNC(H)NM&)j(u-Cl)]. as
a model, with the atomic coordinates of the non-hydrogen atoms
obtained from the X-ray crystal structure. Given the diamag-

netism, the singlet state was considered to be the most reasonabl

basis for the calculation. The program correctly predicted that
the singlet state is more stable than the triplet by yielding a
lower value of the total energy. The result showed a HOMO
LUMO gap (0.282 eV) which, although rather small, still
accounts for the observed diamagnetism. The next MO was
0.21 eV lower in energy. To our surprise, the results of the
calculation showed that the HOMO originates from the direct
overlap of two lobes of the two,d 2 orbitals, thus providing

a significant accumulation of electronic density on the inter-
metallic vector (Supporting Information). In addition, the
formation of this molecular orbital also involved the participation
of two py orbitals of the two bridging chlorides which connect
the other two lobes of the twaa,z orbitals, thus forming two
small yet significant lobes on the two sides of the-Ti vector.

The contour density map (see Supporting Information) clearly
indicates that the major contribution to the bonding is realized
via the direct overlap of the two,d 2 orbitals (Figure 2).
Accordingly, a remarkably high bond order was obtained for
the Ti—Ti single bond (T+Ti bond order= 0.96).

A word of caution should probably be issued while consider-
ing the implications of these theoretical calculations. In the
case ofl, the unique shape of the HOMO clearly suggests that
the overall bonding interaction responsible for the diamagnetism
is, in fact, a combination of direct FTi bond and ligand-
mediated superexchange. However-M bonds between first
row early transition metals are well known for their elusiveness
and for being dominated by ligand features. The paradoxical
weakness of the supershort -G2r quadruple bond is a
particularly striking example in this respeét.Therefore, given
that the calculation is a single-configuration interaction, we are

Hao et al.

Figure 2. Pictorial view of the HOMO.

hesitant to draw definite conclusions from our calculations about
the existence of FTi bonds. In addition, it should not be
forgotten that the formamidinate ligand employed for this work
always forms dimeric complexes with short intermetallic

istance¥ 15 and promotes efficient magnetic couplings be-

ween metal atoms. It is, therefore, well possible that both the
short intermetallic distance and the diamagnetism result from
the particular nature of the bridging ligand. On the other hand,
we observe that the dinuclear framelofs, indeed, unusually
robust and that the complex is chemically inert, thus giving some
credibility to the result of our calculations.
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