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Easily prepared and highly modular organic amide proligands have been used to synthesize a series of new
bis(amidate)-bis(amido) Ti and Zr complexes via protonolysis. These complexes have been structurally characterized
by NMR spectroscopy and X-ray crystallography. The solid-state molecular structures of these complexes indicate
that the amidate ligands bind to the metal centers in an exclusively bidentate fashion, resulting in discrete monomeric
species. Geometric isomerism in these species is highly dependent upon the steric characteristics of the proligands
utilized in the synthesis. In solution, these complexes are observed to isomerize on the NMR time scale, with one
isomer being predominant. Bonding in the bis(amidate)-his(amido) complexes was investigated by DFT calculations.
The geometric isomers predicted by theory matched the experimentally observed results, within experimental error.
The orbitals associated with amidate—metal bonding are energetically well below the frontier orbitals. The HOMO
in these complexes is a st orbital associated with amido ligand-to-metal bonding character, while the LUMO in all

cases is a vacant d orbital on the metal center.

Introduction

Group 4 Cp (GHs") complexes have been investigated
extensively and have been found to promote various impor-

tant catalytic and stoichiometric transformatidnsLabori-
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ous synthetic elaboration of the Cp ligand framework has
initiated a search for novel reactivity using group 4 metal
complexes bearing non-Cp ancillary ligarfdslany of the
non-Cp ligands investigated utilize hard donors, namely N
and/or O, and have been the subject of recent reviéhese
new systems include amidosulfonamido’ guanidinaté?
amidinatet* aminotropinimatd? j3-diketimine’® and phe-
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noxyketiminé“ ligands. Recent results from our laboratory

typically chelate through the amidate N and O to form a

have demonstrated that the easily prepared and highlyfour-membered metallacyclé Thus, structurally character-

variable amidate ligand set, with its N,O chelating motif,
provides facile access to a library of catalytically active
complexes with tunable reactivity.

ized examples of transition metal complexes in which the
amidate has adopted a monomeric N,O chelating binding
mode are raré®?! Notably, Arnold and co-workers have

Although amidinate and guanidinate systems are venerablecharacterized a phenylene linked bis(amidate) ligand that
ligands for Ti and Zr, the related amidate ligand set has beenpromotes the formation of a dimeric Ti specf@syhich was

rarely reported. Neutral amide ligands either bridge between
late transition metal centers or bind through the O to form
monomeric complexe¥.Examples of monoanionic amidate
ligands include bridging dimeric and oligomeric complexes
of late transition metat$ or monoanionic species where the
amidate ligands are boungt to the metal center through
the N or O donot8 Although chelating amidate complexes
incorporating other donors are known, these species do no
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modestly active toward olefin polymerization. In addition,
main group complexes bearing amidate ligands tend to form
cage complexes and other complex oligomeric structtfres.
Our research group has focused on the ancillary amidate
ligand for the preparation of highly reactive group 4 metal
complexes® The hard donor atoms of these modular ligands

are well suited to bind high valent Ti and Zr. In addition,

the K, of the amide proligands, at approximately 17, is close
to that for cyclopentadiene Kg = 16)23 This similarity in
ligand acidity, yet significantly different metaligand bond-
ing properties permits the exploration of complementary
reactivity.

We have recently reported the effectiveness of bis-
(amidate)-bis(amido) complexes of Ti and Zr as hydroami-
nation precatalysts. In particular, we have shown that the
steric and electronic properties of the ligand are important,
such that incorporation of a strongly electron withdrawing
substituent on the carbonyl moiety of the amidate ligand
results in enhanced reactivit§awhile sterically encumbering
N-substituents yield the most catalytically active compléXes.
Interestingly, the X-ray crystal structures of the reported
pseudo-octahedral complexes exhibit different geometric
isomerism. We sought to investigate the structure and
bonding trends present in a series of related bis(amidate)-
bis(amido) species. Herein, we demonstrate that judicious
selection of substituents on the amidate ligand leads to a
degree of control over geometric isomerism in the resultant
metal complexes. We have undertaken DFT calculations on
the bis(amidate)-bis(amido) complexes reported here, and the
computational data are in good agreement with experimental
results, allowing the examination of structure, bonding, and
reactivity trends in these species. This report focuses on the
relationship between ligand structure and the coordination
isomers observed and the bonding present in these bis-
(amidate)-bis(amido) speciés.
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gands are synthesized by reaction of an acid chloride with a \_o NR s NEt, NEt,R
primary amine and are isolated as white to pale yellow ¢ N-trans C, O-trans C, Ca Con

microcrystalline solids or powders in excellent yield {74  Figure 1. Possible isomers of bis(amidate)-bis(amido) group 4 metal
87% yield). This reaction will tolerate many different alkyl ~complexes.

and aryl groups at the N and carbonyl positions. In this report, = )
the amide proliganddH, 2H, and 3H all have phenyl  tionisomers that can be formed upon chelation to the metal

substituents at the carbony! position, whét¢ has anN-t- center (F.igure 1). Dueto thg fact that bulky ;ubstituents were
butyl substituent52 2H has anN-2,6-dimethylphenyl sub- used to_mduce the formation of monomeric complexe_s, it
stituent, andH has arN-2,6-diisopropylphenyl substituel was anticipated thaF the N-donor substituents on the amldgte
Metal Complexes: Synthesis and StructureProtonoly- Ilgarjds Woyld be orlepted trans to each other to relieve steric
sis reactions of 2 equiv of amide proligand with commercially Strain, as is shown in the N-trans, @nd Cx structures.
available tetrakisamido metal starting materials leads to the Préliminary investigations focused on te-butyl(phenyl)-
formation of bis(amidate)-bis(amido) Ti and Zr complexes amidate ligand, in which thebutyl group enhanced solubil-

in high vield (eq 1). These reactions are facile and can be ity, while providing a diagnostic peak for NMR spectroscopic
investigations.

0 N NEY, Complexest (Zr complex of1) and5 (Ti complex of1)
2 Ph)kN/R + M(NEtp), _ ~27 << >M< were isolated in 80% and 82% yield, respectively. THe
H -2 HNEt, o7, NEt NMR spectra of the crude products and 5 show the
R ) presence of multiple isomers in solution at room temperature

R = tertbutyl, M = Zr N " due to the appearance of multiple singlets corresponding to
R = tert-butyl, M = Ti ( - << o the t-butyl protons and multiple quartets corresponding to
o o}

N Os

R = 2,6-dimethylphenyl, M = Ti . . . L
R = 2,6-diisopropylphenyl, M = Ti the amido methylene protons. The relative intensities of these
peaks indicate that one isomer is predominant over the others
performed in either toluene or ethereal solvents. Product (~45% of total for4, and~90% of total for5). X-ray-quality
formation can be observed by the appearance of a dark redcrystals of4 were recrystallized from a 1:1 toluene/hexanes
solution for Ti or a pale yellow solution for Zr. These mMmixture upon cooling te-37 °C over the course of a week.
solutions are then taken to dryness in vacuo, and the resultani he isostructural solid-state molecular structured ahd5
microcrystalline product is analyzed B4 NMR spectros- are shown in Figure 2, selected bond lengths and angles for
copy. When the ligand carbonyl and N substituents are boththese complexes are given in Table 1, and crystallographic
alkyl groups, the resultant complexes are typically oily and data are given in Table 3.Both 4 and 5 are pseud®,
difficult to purify;15however, when the carbonyl substituent Symmetric and are distorted octahedra in the solid state. We
is a phenyl group, and the N substituent is an alkyl or aryl were surprised to note that thebutyl substituents are
group, the products are microcrystalline solids. The use of arranged in a cisoid fashion in the crystal structuregt of
either tetrakis(dimethylamido) or tetrakis(diethylamido) Ti and5, as shown in the O-trar, structure in Figure 1. Also
and Zr starting materials results in the formation of pentane- important is the cis arrangement of the diethylamido ligands,
soluble products with very little variation in yield (786%). the reactive sites of these complexes, which gives these
However, the tetrakis(dimethylamido) starting materials result complexes the desired coordination geometry for catalytic
in more-crystalline products. Furthermore, the resulting Ti processes, including hydroaminatibh.is important to note
complexes are more crystalline than the corresponding zrthat the previously published related complex Kig{utyl-
complexes. (pentafluorophenyl)amidate-bis(diethylamido) Ti is also iso-
Given that late transition metals and aluminum typically Structural with complexe4 and5,**?indicating that changes
have amidate ligands that bridge between metal cefers, to the electronic properties of the amide proligand do not
the possibility of similar interactions occurring for Ti and affect the coordination geometry of the resultant metal
Zr could not be ruled out. We have observed that, by complexes. The metalN (amido) bond lengths id (2.043-
choosing ligand substituents of sufficient steric bulk, it is (3) A) and5 (1.907(6) A) are within the range expected for
possible to inhibit the formation of oligomeric species and M=N double bond3? Furthermore, the sum of the angles
favor the formation of monomeric complexes with chelating subtending the amido N atoms is 359i@ both 4 and 5,
amidate ligands. Given the extremely hard nature of the consistent with trigonal planar $pybridization at the amido
ligands and metals involved, a large ionic contribution to N centers. As expected, the- TN and Ti~O bond lengths
the bonding should be expected. It should also be noted thatjn 5 are slightly shorter than the analogous-&t and Zr-O
upon chelation to the metal center, the tight bite angle bond lengths it due to the larger size of Zr. For complexes
imposed by the four-membered metallacycle limits the
effective overlap with d orbitals. Due to the bidentate nature (25) Full crystallographic data are available as Supporting Information.

- . . . (26) A search of the Cambridge Crystallographic Database shows that Ti
of these asymmetric ligands, there are five possible coordina- N bond lengths as long as 1.928 A have been reported for double-

bond character and bond lengths as long as 2.043 A have been reported
(24) Full computational details are available as Supporting Information. for Zr=N double-bond character.

8682 Inorganic Chemistry, Vol. 44, No. 24, 2005



Structure, Bonding, and Reactity of Ti and Zr Complexes

‘:)

A
.'h Wy

.J\ I L,N ~

5% e :
Cﬂ\" o3 f’i{ \ ,—?—,

,~

ce™

Figure 2. ORTEP representation of the molecular structuresB(NO)"",Zr(NEt), (4) and [BYNO)P,Ti(NEty), (5) with thermal ellipsoids at the 30%
probability level.

Table 1. Selected Bond Lengths and Angles for Compou#dsd5 Table 2. Selected Bond Lengths and Angles for Compou@dsd 7
bond length(A)/ bond length(A)/ bond length(A)/ bond length(A)/

angle (deg) 4 exptl angle (deg) S5exptl  5theor angle (deg)  6exptl 6theor angle (deg)  7exptl 7theor

Pseudo O-tran€; Pseudo O-tran€, ] N-transC,

Zr1—N1 2.318(3) TiE-N1 2.234(5) 2.201 Til—N1 2.211(1) 2.147 TiEN1 2.156(1) 2.120
Zri-01 2.187(3) Tit01 2.035(4)  1.983 Til—N2 1.894(1) 1.944 Ti+O1 2.146(1) 2.050
Zr1—N3 2.043(3) TiE-N2 1.907(6) 1.945 Til—N3 2.375(1) 2.204 TitN2 1.899(2) 1.948
C1-01 1.310(5) C+01 1.329(8) 1.384 Til—N4 1.901(1) 1.943 cC101 1.283(2) 1.360
C1-N1 1.286(5) CEN1 1.283(8)  1.371 Til—01 2.076(1) 2.054 GiN1 1.320(2) 1.403
01-C1-N1 114.8(3) O+C1-N1 113.9(6)  110.9 Til—-02 2.004(1) 1.978 O2C1-N1 114.5(2) 1104
C23—N3—-C25 104.9(7) C12N2—-C14 113.5(6) 111.6 Cl1-01 1.293(2) 1.368 C20N2—-C22 112.9(2) 1105
01-7Zr1—02 155.19(11) O%Ti1—-02 157.59(19) 158.12 C1-N1 1.310(2) 1.392 O%Ti1—0O1* 81.92(7) 83.24
N1-Zr1—N2 87.48(11) NZTi1—-N3 85.5(2) 83.2 C20-02 1.318(2) 1.383 NzZTi1—N1* 140.42(8) 141.48
N1-2Zr1—N3 98.09(13) NZZTi1l—N2 95.4(2) 92.2 C20—-N3 1.296(2) 1.379 NzZTil—N2 99.21(6) 102.30
N1-Zr1—N4 142.98(13) N Til—N4 149.92) 157.4 01-C1-N1 113.9(1) 110.8 NzTil—N2*  105.68(6) 104.45
N3—Zr1—N4 100.93(15) N2Ti1l—N4 98.6(3) 100.0 C18-N2—-C16 113.9(1) 111.1 N2Ti1—N2* 101.1(1) 100.9
01-2Zr1—-N2 102.61(11) O%Til—N3 100.52(19) 98.2 01-Til-02  9537(5) 95.63 OTil—-N1* 88.30(5) 84.70
01-Zr1—N3 110.44(15) O%Ti1—N2 105.9(2) 102.1 N1-Til—N3 94.94(5) 93.56 OZTi1l—N2 159.30(5) 166.09
01-Zr1—N1 58.01(12) O%Til—-N1 61.50(19) 65.48 N1-Til—N2 105.06(6) 102.30 OiTi1—N1 61.21(5) 65.91
C7-C6-C1-01 -109.6(7) C#C2-C1-0O1 -—93.6(8) —84.8 N1-Til—N4 97.15(6) 97.96 C7C2-C1-01 157.2(2) 166.6

N2-Til-N4  99.79(6) 102.11
4 and5, the sum of the metallocyclic bond angles is 389.5 “g Ei “‘2‘ 22-28%%) Sl’gfgl
and 359.6, respectively, indicating that the ligand is bound 7 17 N3 81.63(5) 79.91
in anx? fashion and is planar. However, the binding to the 01-Ti1-N2  91.86(5) 88.40
metal center is asymmetric and indicates that the resulting©1-Ti1-N1  61.09(5) 65.41
bonding motif is best described as an imine/alkoxide mode “T17Na - 157.95(5) 162.15
02-Til-N1  148.94 15461
of bonding. This suggests limited delocalization within the ©02-Ti1-N3  59.62(4) 65.40
amidate backbone, which is further supported by the longer 82_?1 “‘2‘ ;gzdg?é?) gg-gg
C—0 bond length (1.310(5) A) when compared with the ¢7_cs c1-01 170.7(1) 165.5
C—N bond length (1.286(5) A) im. Given these general C9-C8-N1-C1 89.1(2) 78.7
observations, we have described this family of bis(amidate)-
bis(amido) complexes as l6epecies, with each of the
amidate and amido ligands acting as denors. Ther-donor
character of the amido ligands imparts a strong trans:
influence on the amidate ligand, as witnessed by the
elongated M-N(amidate) bond lengths of 2.318(3) A fér
and 2.234(5) A fo.27
H NMR spectroscopic data indicate that recrystallized
samples of complexesand5 have aC, symmetric structure
in solution, as evidenced f& by one singlet for thé-butyl
protons av 1.28 ppm, a single quartet for the diethylamido
methylene protons at 4.04 ppm, and a single triplet
resonance ai 0.86 ppm corresponding to the diethylamido
methyl protons. These peaks match those seen for the majo

isomer in the crude reaction mixture. The lack of other

observable isomers that had been observed in the crude
product mixture suggests that no solution equilibrium of
isomers is present at room temperature. To observe potential
fluxional processes, variable-temperature NMR spectroscopy
experiments were performed. At higher temperatures, signals
for other isomers are observed to grow into the NMR
spectrum, indicating interconversion of the isomers on the
NMR time scale. As the temperature is increased, the
intensities of the peaks for the other isomers become more
substantial. At—25 °C, the quartet for the ethyl amido
methylene protons is observed to broaden and eventually
splits into two broad multiplets of equal intensity at even
Tower temperatures, indicating hindered rotation about the
amido M—N bond that results in inequivalent ethyl groups.
(27) A search of the Cambridge Crystallographic Database shows that AcCOmpanying this observation, the corresponding methyl
anionic TN amido bond lengths are typically +2.0 A and dative protons on the diethylamido ligands are seen to separate into
interactions are generally 2.1 A or greater. Anionie-Er amido bond two multiplets of equal intensity that inconveniently overlap

lengths are typically 2:62.3 A, and dative interactions are generally . .
2.3 A or greater. with the t-butyl signal.
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4 5 6 7
empirical formula 60H43N4022I’ C30H43N402Ti 'C4H80 C38H48N402Ti C46H64N402Ti 'CGHG
fw 587.95 616.73 640.72 831.05
cryst color, habit clear platelet red chip red platelet red chip
cryst size (mm) 0.3 0.25x 0.06 0.15x 0.10x 0.10 0.50x 0.50x 0.13 0.40x 0.20x 0.20
cryst syst triclinic triclinic monoclinic monoclinic
space group P1 (no. 2) P1 (no. 2) P21/c (No.14) C2/c (No. 15)
a(A) 10.785(1) 9.561(2) 18.407(1) 25.730(2)

b (A) 11.012(1) 10.519(2) 9.8394(5) 10.4622(7)
c(A) 13.861(2) 19.121(3) 21.126(1) 18.785(2)
o (deg) 101.987(6) 102.30(1) 90.0 90.0

p (deg) 92.387(5) 90.63(1) 114.821(2) 103.683(4)
y (deg) 96.418(5) 110.60(1) 90.0 90.0

V (A3) 1596.7(3) 1751.0(6) 3472.9(3) 4913.3(6)
no. orientn refins (2 (deg)) 12245 (5.655.7) 3050 (4.347.4) 22790 (4.155.7) 5847 (4.455.7)
z 2 2 4 4

Dealcd (g/cT¥) 1.223 1.17 1.225 1.123
F(000) 624.00 668.00 1368.00 1792.00

u (Mo Ka)) (cm™?) 3.74 2.81 2.85 2.15
diffractometer Rigaku/ADSC CCD

radiation Mo Ka (A = 0.71069 A), graphite monochromated

temp ¢C) —100 —100 —100 —100

scan type (deg/frame) w (0.5)

scan rate (s/frame) 51.0 70.0 35.0 51.0

20max (deg) 55.7 50.0 55.7 55.7

no. of reflns measured

total 14 292 24329 31182 21358
unique 6491 5687 7739 5616

Rint 0.048 0.103 0.040 0.068
structure solution direct methods (SIR97)

no. of observnsl(> 0.0Q(1)) 6491 5687 7355 5349

no. of variables 395 378 406 267
rfin/param ratio 16.43 15.02 18.12 20.03
residuals:R; Ry 0.080; 0.1554 0.142; 0.270 0.062; 0.123 0.079; 0.126
GOF 0.95 1.10 1.10 0.97

max shift/error in final cycle 0.00 0.00 0.00 0.00

max, min peaks final diff map (e/A3) 0.720.76 0.51;-0.43 0.52;-0.46 0.31;-0.45

Using DFT calculations, the energy-minimized structures complexes o and3 were investigated further. Furthermore,
for the different geometric isomers &f were determined  DFT calculations on bonding in all the resultant metal
and are shown in Figure 3 in order of their relative enerffies. complexes were performed to help interpret observed trans
Encouragingly, the lowest-energy geometric isomer identified influences and understand isomerization processes occuring
by computational methods is the same as that observed inin solution.

the X-ray crysta! _structure ob. Furthermore, metri'cal Synthesis of the Ti complexes of ligandg6) and3 (7)
parameters pertaining to the structures are cl.osely mirroredy 55 accomplished via the standard protonolysis route
by the X-ray crystal structure &, as shown in Table 1. jined in eq 1. Complexe6 and 7 were isolated from
With this computatlonfal tool accurately predlctlng_ the hexanes as crystalline materials in 84% and 82% yield,
grour_1d-s_tate st_ructure, it would _also suggest that the 'Somerrespectively. Single-crystal X-ray analysis @¥ielded the
growing in at .h'gh temperature Is @ symmetry (the next o lecular structure shown in Figure 4. Selected bond lengths
most energetically accessible isomer according to theory),and angles are given in Table 2, and crystallographic data
resulting in a complex series of peaks for this minor isomer. are located in Table 3. As with complexésnds, the sum

The cis orientation of thebutyl amidato groups led USt0 ¢ the hond angles about the amido N atoms indicates an
guestion whether steric or electronic properties were dictating sp-hybridized N center donating 4¢o the Ti atom sum of
this arrangement. Recognizing from the previous work that angles about N2= 359.5 and sum of angles about N4

electrpniq modificatioq has little or no impact on the 360.0. Interestingly, the structure & differs from that of
coordination geometry in the resultant complexes, we sought4 and5 in the mode of amidate coordination to the Ti center.

\t/f/) dle(jtei:nmlne'{ thhow St?gﬁ, Tioﬂ'f'catr'r?nt of t::g sr?]'ddiiteirlﬁﬁnd The inclusion of the 2,6-dimethylphenyl substituent results
ou pact the coordination geometry a 0 g ©5€in the reversal of the coordination mode of one of the ligands

species. We used the two proligangkl and3H with bulky o .
. . . about the metal center, resulting itCasymmetric complex.
N-aryl groups, for comparison. Given that the bonding and . . . .

2 . . . The substantial role of trans influence in these amidate
coordination geometry are identical férand5 and that Ti complexes is most apparent in this comolex. as witnessed
compexes are generally more easily purified by recrystalli- b tﬁ d tic ch ppar bondi b ,t ated
zation than their analogous Zr complexes, only the Ti y the dramatic change In bonding asymmetry associate

with the change in coordination mode of the ligands to the
metal center. In complexe$and5, the M—O and M—N
bond lengths are clearly dissimilar and the difference in bond

(28) A complete list of isomer energies for compléxis available as
Supporting Information.
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A ) 1.032) A TEt‘N shorter C(1»-0(1) bond (1.293(2) A) than the CEN(1)
:“! 0 :‘1.: »,(1.032) ( P ) Cy bond (1.310(2) A). The presence of a trans-oriented diethyl-
Jo a0 ° ,|mz° amido group increases the-TN (amidate) bond length while
» the strong T+O bond is less perturbed by thieans
diethylamido substituent.
NEtz Unlike 4 and5, the energy-minimized structures calculated
2a N, | 0 for 6 do not indicate that the X-ray crystallographically
*a:'ﬁf ‘i" & (0 521) ( ’T""R> Cen characterized isomer is the energetic minimirHowever,
s, NEtz the energy gap between the predicted ground state N-trans
C,isomer and th€;-symmetric isomer observed in the solid-
oo state structure is extrem_ely small (0.036 eV) an_d lies on the
R
B | B, 0219) Gl nrans e ey Close in snergy (o these
(eV) s by - 7| ne C i 2 y ay
2° °3 QJR 2 two isomers (0.142 eV from calculated ground state), and
analogous t®, the C,, and C,, isomers are found at much
“"’, a: (0.112) OC:TT.\\NEQ higher energy (0.625 a_nd 0.912 e\_/, respectively). _
» . - M C The solution behavior of6 indicates that fluxional
p " RN” | NEt, 1 : ]
8 w32 processes are occurring on the NMR time scale at room
= ? temperature. The room-temperatdéifeNMR spectrum o6
J.90 indicates that the major product 80%) is aC,-symmetric
v (m) ? ', ':::NE" O-trans complex in solution, as only a single resonance for the aryl
398,533 ""\_5', New Gy methyl groups is observed. This result suggests that the
v 0 structure in solution, on the NMR time scale, is consistent

Figure 3. Relative energies of optimized structures of geometric isomers with the calculated ground state N-trabgsisomer. The low
of [BYNO)PT,Ti(NEL,)2 (5). Energies given in eV relative to ground-state
red, C= gray, Ti=

energy barrier between tl@ andC; isomers allows for their
rapid interconversion at room temperature and higher. Minor
isomeric forms €20%) are also present in solution, as
evidenced by multiple quartets and triplets corresponding to
the ethylamido groups. At lower temperatures, multiple
isomeric forms can clearly be seen by the appearance of
multiple peaks in the region of each expected resonance. As
the temperature is raised, line broadening is observed,
accompanied by the coalescence of the peaks. For example,
the diethylamido quartets for all the different isomers
coalesce into one broad hump at temperatures abov€ 60
However, there are no well-resolved peaks for any of the
possible isomers present, even at temperatures up t&C.00
This indicates that interconversion of the higher-energy
isomers is occurring slowly on the NMR time scale at all
temperatures up to 10@. The exact mechanism of isomer
interconversion is not clear, and the possibility of mono-
lengths is approximately 0.130 A it and 0.200 A in5. dentate ligands being involved as intermediates must be
The fact that the Ti compleX displays a greater bond length  considered. The presence of such intermediates would further
discrepancy than its Zr analogue is rationalized by the higher complicate NMR spectroscopic characterization of this
degree of steric congestion in compl&xlue to its smaller  complex.

ionic radius. In comple however, only one of the amidate By increasing the steric bulk of the N substituent on the

Iigand.’s nitrogen d_ono_rs iS trans to a diethylamido group. amidate ligand fromt-butyl to 2,6-dimethylphenyl, the
The different coordination environments of the two amidate coordination geometry of the resulting solid-state structure

ligands lead to different degrees of-TO and Ti~N bond
asymmetry. The HO bond length is always shorter than
the Ti—N bond length with the difference between the Ti-
(1)-0(2) and Ti(1}-N(3) bonds being 0.37 A and the
difference between the Ti(£)O(1) and Ti(1)-N(1) bonds
being only 0.14 A. Furthermore, the bonding in the amidate
backbone shows an interesting variation with the asymmetri- (29) Graphical representations and a complete list of isomer energies for
cally bound ligand, having the expected shorter C{20)3) complex6 are available as Supporting Information. Metrical parameters
bond (1.296(2) A) than the C(20D(2) bond (1.318(2) A), can be found in Table 2.

. . . : (30) Cramer, C. JEssentials of Computational Chemistry: Theories and
while the more symmetrically bound amidate ligand has a Models Wiley: New York, 2002.

isomer. N= blue, O= green.

Figure 4. ORTEP representation of the molecular structur@df(NO)™",-
Ti(NEty), (6) with thermal ellipsoids at the 30% probability level.

was altered. In solution, a much higher degree of fluxionality

was observed with this complex due to the lower barrier to

isomer interconversion. This prompted us to again increase
the steric bulk by changing the N substituent of the amidate
ligand to 2,6-diisopropylphenyl in the resulting Ti complex

Inorganic Chemistry, Vol. 44, No. 24, 2005 8685



Thomson et al.

Although this complex is rigorousl€, symmetric in the
solid state, théH NMR spectrum is very complicated. The
IH NMR spectrum of compleX in d®-toluene is difficult to
interpret, and appears to contain a complex mixture of
isomers. This is observed when either the crude product or
recrystallized samples are used in the NMR experiment. The
substantial bulk of the isopropyl groups becomes apparent
at lower temperatures—40 to —80 °C), where hindered
rotation results in a highly complex spectrum, with a series
of resolved signals of varying intensity for the isopropyl
methine protons and a number of corresponding overlapping
doublet signals for the isopropyl methyl protons. As the
temperature is increased to 0 and then t6@0the numerous
peaks corresponding to the isopropyl methine protons are
Figure 5. ORTEP representation of the molecular structuré@BFINO)P - observed to broaden and coalesce into several peaks.
Ti(NEty)2 (7) with thermal ellipsoids at the 30% probability level. Assignment of these resonances is complicated by the
7 to see if even bulkier substituents would favor the overlapping amido methylene resonances. When the tem-
formation of alternative geometric isomers. perature was further increased to 80 and finally to 100

X-ray-quality crystals of7 were isolated from benzene, the peaks were observed to sharpen to distinct multiplets,
and the solid-state structure is shown in Figure 5. Selectedwith one major signal at 3.58 ppm. The Zr congener
bond lengths and angles are given in Table 2, and crystal-[PPR(NO)""Zr(NMey), exhibits very similar behavior in
lographic data are located in Table 3. There are severalsolution, which further supports the rationalization that the
striking features that distinguish from 4, 5, and 6. First, bulky nature of the ligand is having a major impact on the
the rigorouslyC,-symmetric coordination geometry @fcan isomerization dynamics and monodentate ligand binding
be described by the N-trai® structure in Figure 1. In this  modes may be contributing to the solution-phase spectrum.
case, the very bulky N substituents are as far removed fromUltimately, the only information available frorH NMR
each other as possible. As with compleXe$, and6, the spectroscopy fo7 is that there is a high degree of fluxional
sum of the bond angles about the amido N atom& in  behavior that exists in the solution phase for this very bulky
indicates sp hybridization and formal donation of 4eto system.
the metal center. The second notable featuré isfthat the Metal Complexes: Reactivity and Bonding.The series
binding of the nitrogen and oxygen donors of the amidate of complexes discussed here have shown varying degrees
ligand to the Ti center is nearly symmetric, with once again of utility in the catalytic hydroamination of alkynes. This
the Ti—O bond being the shorter (Ti(AN(1) = 2.156(1) reaction, when catalyzed by group 4 cyclopentadienyl
A vs Ti(1)-O(1) = 2.146(1) A). The amidate ligand-€O complexes, has been proposed by Bergthand Doyé® to
and C-N bond lengths in7 (1.283(2) and 1.320(2) A, proceed through an imido intermediate. In addition, Odom
respectively) are consistent with the shortened bond beinghas similar results for a noncyclopentadienyl systém.
trans to the diethylamido substituent. It should be noted that Results in our laboratory are in agreement with this
the steric bulk incorporated into this amidate ligand will mechanistic interpretation, and our analogous proposed
preclude substantial shortening of the-® bond. Thus, the mechanism is shown in Figure 6. The incubation period
bulky amidate ligand impacts both the geometric isomer associated with the conversion of our bis(amidate)-bis(amido)
observed and the bonding within the amidate ligand itself. precatalyst to the active bis(amidate)-imido complex is very
Finally, it can be seen that the diisopropylphenyl substituents short. This is supported by the very similar relative reactivity
on the amidate N atoms effectively define a pocket containing associated with the bis(amidate)-bis(amido) complex and the
the reactive diethylamido ligands. This suggests that thereisolated bis(amidate)-imido speci®sThis contrasts strongly
is significant steric control at the reactive metal center with with results from Bergman, where they have shown that there
this ligand motif. is a substantial difference in the rate of reactivity of the

The calculated optimized structures for the geometric precatalyst toward hydroamination vs the active imido
isomers of7 again verify that the lowest-energy isomer is complex?®We thus postulate that the formation of the imido
the crystallographically observed isoniéiThe energy gap  species is very rapid for these new bis(amidate) complexes.
between the ground-state N-trabsstructure and the higher- We propose that polarization of the-MN bonds affects
energyC, isomer at 0.096 eV is substantially larger than both the rate of conversion from the precatalyst to the imido
the analogous gap fd® but smaller than that fob. The complex and the subsequent reactivity of this imido species.
O-trans G, Cz, and C,, isomers are calculated to be The ancillary amidate ligands are better able to polarize the
substantially higher in energy>-(0.43 eV from the ground  amido M—N bonds due to the ionic character of the bonding
state) than these two lower-energy forms. present in this series of complexes. Furthermore, the elec-

(31) Graphical representations and a complete list of isomer energies for (32) Li, Y.; Shi, Y.; Odom, A. L.J. Am. Chem. So@004 126, 1794.
complex7 are available as Supporting Information. Metrical parameters (33) Li, C. M.S. Thesis, University of British Columbia, Vancouver, BC,
can be found in Table 2. 2003.
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C a vacant d orbital at the Ti center and the amido N-atom
NEt, lone pairs.
M=Ti,Zr The LUMO of 5 was found to be a vacant d orbital, as is
, . shown in Figure 7c. This orbital assessment shows that a
H,N-R R R o . S
CI: ) vacant metal-based orbital is available for coordination of a
2

R NEL that a strong @—psr bonding interaction is occurring between
2
2

suitable electron donor, as may be invoked in an associative
2 mechanism for the formation of the requisite catalytically
active imido complex.
Below the frontier orbitals, there are a series of ligand-
based nonbonding orbitals, and at very low eneoglgpnd-
ing interactions can be seen between the metal center and
the amidate and amido liganéisFor example, Figure 7d
(HOMO-9) shows weak €p o bonding between the amido
N atoms and the Ti center, and Figure 7e (HOMO-10) clearly
, illustrates &p o bonding between the amidate O atoms and
N R the Ti center, as well as-bonding with the amido N atoms.
M y The origin of trans influences can be seen in HOMO-13
2 (Figure 7f), where the amidate N donor and the trans-
disposed amido N donor asebonded to the same d orbifél.
The low relative energy of these orbitals with respect to the
frontier orbitals indicates that the amidate ligands are strongly
bound to the metal centers and should be resistant to forcing
conditions that are sometimes employed in catalytic systems.
This is consistent with experimental observations that show
Figure 6. Simplified proposed mechanism for catalytic hydroamination that these complexes are capable of withstanding elevated
of alkynes. temperatures (e.g., 11%C) for periods as long as a week
while maintaining comparable catalytic activity.
trophilic nature of the metal center can be further enhanced A 9eneral observation was that, for higher energy geo-
metric isomers and other bis(amidate)-bis(amido) systems

by incorporating electron-withdrawing substituents into the that disol it i dostat e | th
amidate ligand, as has been demonstrated in our earlier at dispiay afternative ground-state geometric Isomers, the

work.1%2 Also affecting the rate of formation of the catalyti- LUMO is always an unoccup|ed.d orbital and the HOMO
T . A and HOMO-1 orbitals always involve nd-psr bonding
cally active imido comple is the proposed equilibrium

ith the imido di lexB 202 | i f th between the metal and the amido N atoms.
w € Imido dimer complexb. ormation ot the The calculated frontier orbital gap for the lowest-energy

dimeric spec?es.is. a catalytically unfavorablg transf(?rmation isomer of5 (O-transC;) was found to be 3.681 eV, which
that can be inhibited by incorporating steric bulk into the s qverage in comparison to the other geometric isomers. The
amidate ligands or using bulky amine substrates. We havefrontier orbital gap for theC; isomer (3.755 eV) is very
observed that the amidate ligands with the largest substituentssimilar to that for the crystallographically characterized
have the highest catalytic activity; presumably due to  O-trans C, isomer. These values are comparable to the
inhibited formation of this dimeric species. Furthermore, the HOMO—LUMO gaps found for the other structurally
attempted hydroamination of phenylacetylene with aniline characterized complexés.

using our least-bulky precatalyst did not provide the desired The frontier orbital gap for the lowest energy isome6of
hydroamination product but rather resulted in the preparation was found to be 3.512 eV, while the corresponding gap for
of insoluble material that was characterized by mass spec-7 was found to be 3.543 eV; both smaller than thatSor
trometry as the corresponding imido dim@) £3

H,N—R'

(34) Throughout this paper, HOM®-will be used to denote thaeth

Since the calculations were useful for the prediction of occupied molecular orbital energetically lying below the HOMO.

. . . . Similarly, LUMO-+mis themth virtual molecular orbital energetically
which geometric isomer was lowest in energy, more-detailed lying above the LUMO.

calculations were performed to allow for elucidation of (35) Graphical representations of all orbitals and their associated relative

P - . . energies are available as Supporting Information.
bonding interactions with the metal centers. It was predICted (36) The nature of the d orbital involved in tlhebonding is hybrid in

that the HOMOs of these bis(amidate)-bis(amido) complexes nature, with the largest coefficients coming from the,3thd 3

. . . . . Ti-based atomic orbitals. Given the nonideal geometries of these
would be due to T+amido ligand bonding, given that these species, selected orbitals of the lowest-energy isomérhafve been

ligands are the reactive groups eliminated during catalytic deconstructed into their component orbitals, and the atomic orbital

P ; ; coefficients for these molecular orbitals are given in the Supporting
hydroamination to generate the proposed catalytically active Information section.

imido species:'® Indeed, the energetically similar HOMO  (37) Absolute energies of all orbitals for each isomeric forn506, and

B4 ; ; _ 7 are given in the Supporting Information, along with the tabulated
and HOMO-% representations of the eXpe“mema"y ob relative HOMGO-LUMO gaps for the structurally characterized isomers

served geometric isomer & in Figure 7a and b indicate of 5, 6, and7.
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Figure 7. (a) HOMO representation of the lowest-energy geometric isometB¢NO)",Ti(NEt2)2 (5). (b) HOMO-1 representation of the isomer of
[BYUNO)PH,TI(NEL,)2 (5). (c) LUMO representation of the isomer d{{NO)P,Ti(NEt,)2 (5). (d) HOMO-9 representation of the isomer &RM{NO)P1 -
Ti(NEt,), (5). () HOMO-10 representation of the isomer BE(NO)PT,Ti(NEL,), (5). (f) HOMO-13 representation of the isomer GH[NO)P,Ti(NEt,),
(5).

UV/vis measurements dd, 6, and 7 were performed for ~ Summary and Conclusions
comparison purposes. The information available from these
measurements was limited by solution isomerization, result-
ing in spectra that were likely the mixture of several
geometric isomers. Spectra 6fand 7 are very broad and
poorly resolved when compared to the spectrum5pf

We have shown that the amidate ligand set is modular
and highly variable and that it is capable of stabilizing group
4 metal centers for unprecedented reactivity. The bis-
(amidate)-bis(amido) complexes presented herein are active

blv indicati fh d  solution i precatalysts for the hydroamination of alkynes with primary
_pOS,SI y Indicative o ,t e greater degree of solution ISOMer- , inas “Control of steric bulk at the amidate N substituent
ization of these species th&n It should also be noted that dictates which geometric isomer will be most stable.

the calculated spectra are generated for gas-phase speciegpstantial trans influences can be observed in the crystal
which are unsolvated, while the UVIvis experiments were giryctures of the bis(amidate)-bis(amido) complexes, and the
performed in E£O, which could act as a weak donor to the {rans influence of the amido ligand appears to be much
LUMO in 5, 6, and7. The predictedimax values for5, 6, greater on the amidate N atom than on the amidate O atom.
and7 were obtained using computational methods and were |t has also been observed that catalytically poisoning
compared to the experimentally obtained vafff&Salculated  dimerization reactivity can be reduced by increasing steric
and experimental spectra have very similar line shapes andbulk at the N substituent of the amidate ligands. DFT analysis
features; however, the observed values Aigsx vary from verifies that, within experimental error, the lowest-energy
those predicted. These results support the application of thegeometric isomers are those seen in the crystal structures of
developed theoretical models for better understanding thethese species. Molecular orbital analysis verifies that the
electronic structure of these bis(amidate)-bis(amido) com- HOMO's and HOMO-1's of these complexes are associated
plexes. with amido M—N x bonding. Amidate-to-metal bonding
interactions are at very low energy and haveymmetry,

(38) Experimental and calculated UV/vis spectra are included in the conflrmlng that thesef Ilgqnds Interact very Strongly Wlt_h the
Supporting Information section. metal center, resulting in robust complexes that display
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significant thermal stability. Finally, the LUMO of these research grants to L.L.S. and Y.A.W. and a post-graduate
complexes are vacant d orbitals, supporting an associativescholarship to R.K.T. The authors also wish to acknowledge
mechanism for the in situ preparation of the catalytically the Westgrid cluster facility for computational time.

active imido complex. In conclusion, we have developed a

proposal for the observed high reactivity of our family of Supporting In_formation Available: Full experimental dgtails
easily prepared catalytically active complexes and established©" the preparation of all new compounds, as well as defails of the

the fundamental bonding interactions present between theSNdle-crystal X-ray analyses &f 5, 6, and7, and computational

) . . details are available (62 pages, PDF). This material is available
metal center and these ancillary amidate ligands. ) )
free of charge via the Internet at http://pubs.acs.org.
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