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Titanium imido complexes [Ti(NR)(X"'Np,)(L)] (N2A"Npy = MeC(2-GH4N)(CHoNATr) 2, Ar = 4-CoHu-
Me or 3,5-GHsMe;) have been prepared from the corresponding bis(amide) complexes/TNgN-
(NMey),]. The reaction chemistry of the imido ligand has been investigated with aryl acetylenes, affording
the{2 + 2} cycloaddition products [Ti(B"Nyy){«>-N(‘Bu)CH=CAr'}] (Ar' = Ph and 4-GHs;Me) which
represent a catalytic intermediate in the anti-Markovnikov hydroamination of terminal alkynes. Reaction
of these azatitanacyclobutene complexes w&tlit-butylamine completes the catalytic cycle, affording
trans-cinnamylfert-butyl)amine; conversely, reaction with a second equivalent of alkyne afforded a second
insertion product, an azatitanacyclohexadiene [Fi{Np,){ x>-N('Bu)CH=C(Ar')C(Ar') = CH}], two
examples of which have been characterized by X-ray crystallography. Studies into the catalytic
hydroamination of phenyl acetylene withrt-butylamine have been performed and indicate that the
formation of an azatitanacyclohexadiene complex represents a deactivation pathway in this catalytic

reaction.
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to act as hydroamination catalysts, and subsequent work
naturally turned to titanium-based systems which has led to the
development of a number of promising systems in recent
years?36

However there remain unanswered questions regarding the

mechanism of hydroamination catalysis as well as the catalyst
degradation pathway®:43 Such understanding is necessary for
the development of catalytic systems with greater scope and
substrate tolerance. It is in this context that we turned our
attention to the preparation and characterization of catalytic
intermediates for the hydroamination of aryl alkynes wétt-
butylamine. We recently reported the preparation and crystal-
lographic characterization of an azatitanacyclobutene com-
plex** supported by the diamido-pyridine ligand MeC(2-
CsH4N)(CH2NSiMe3)2~ (N2™SN,y).45 This complex represents

a proposed intermediate in the catalytic anti-Markovnikov
hydroamination of terminal alkynes. In addition, the titanacy-
clobutene was shown to undergo several catalytic cycles when
reacted with 5 molar equiv dért-butylamine and phenylacety-
lene. However, the complex was observed to undergo significan
degradation, mainly via desilylation of the diamido-pyridine
ligand. In general, the structural platform based on the diami-
dopyridyl ligand has been found to be particularly apt for the
stabilization (and isolation) of reaction intermediates in a range
of complex Ti-based transformatioffs.We have therefore

t

embarked on studies using the more robust arylated ligands

MeC(2-GH4N)(CHzNATN) 2~ (Ar = 4-CgHsMe, NN,y or 3,5-
CeHsMez, N2Y'Npy) with the aim of improving the stability of
the system under catalytic conditions while retaining its features
in regard to the isolation of intermediates or catalyst degradation
products.

Results and Discussion

Synthesis and Structural Characterization of the [Ti-
(NA"Npy) (NMey),] Precursors. Arylated diamido-pyridine
protio ligand precursors #N,A'Np,, were prepared from the
diamine MeC(2-GH4N)(CH:NH>), and the appropriate aryl
bromide in a palladium-catalyzed Buchwaldartwig coupling
reaction. Thep-tolyl*6 and mesityl” derivatives have been
previously reported by us and by Schrock et al., respectively.

Since these two aryl groups represent two extremes in terms of

steric demand, and since we found that the mesityl ligand was
too bulky for titanium (vide infra), we prepared the 3,5-
dimethylphenyl derivative MeC(2-4E14N){ CH,NH(3,5-GH3-
Mey)} 2 (H2N2Y'Npy, 1), the methyl groups in the meta position
generating a substituent “bulkiness” which is intermediate
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Scheme 1. Synthesis of [Ti(M"Ng,)(NMey),] 2a and 2b

100 °C
+

Ti(NMe,), HoN,AN,y

Ar = Tol (2a) or Xyl (2b)

between the steric demand of tolyl and mesityl groups. The
synthesis was achieved using an analogous method to that
reported for the aforementioned derivatives anaas employed
in parallel to the tolyl ligand in the subsequent titanium
chemistry.

Titanium imido complexes of the form [Ti(NR)@MSN,,)-
(py)] (as well as related N-silylated derivatives) are readily
synthesized by the reaction of the easily prepared imido
precursor [Ti(NR)GI(py)s] with the lithium amide LiN,"™SN .48
However, in the case of the arylated ligand congeners, we were
unable to prepare the corresponding lithium amides. Indeed, in
reports involving arylated polyamide ligands, the lithium amides
are conspicuous by their absence, the chemistry normally being
accessedvia the protonolysis of a metal-alkyl or -amide
precursort847.49Studies carried out in one of our laboratories
have indicated that this is due to complex undesired side
reactions involving metalation of the aryl groups and rearrange-
ment of the ligand backbone, thus rendering the lithium amides
inaccessibl&®

In light of the inaccessibility of the lithium amidesNA"Np,,
we chose an alternative route into the coordination chemistry
with titanium via the protonolysis of Ti(NM#4 with the protio
ligands HN*"Npy. Forcing conditions were required to effect
a successful conversion, the reaction occurring only when carried
out in a melt, rather than in solution. This method afforded the
corresponding titanium complexes [T{NNp,)(NMey),] (Ar =
Tol 2a or Xyl 2b) in good yield (Scheme 1). No reaction was
observed between Ti(NMp and the mesityl ligand $N,VeNp,,
presumably owing to the excessive steric demands imposed by
the ortho methyl groups on the aromatic rings.

The NMR data for complexe®a and2b indicate molecular
Cs symmetry, consistent with the structure provided in
Scheme 1. The presence of two independent Nidsonances
is likewise fully in accordance with this coordination geometry.
Moreover, the details of the molecular structures were confirmed
by means of X-ray diffraction studies. The molecular structure
of 2b is depicted in Figure 1, and a comparative listing of
selected bond lengths and angles 2arand2b is provided in
Table 1.

The molecular structures of bo#ta and2b exhibit distorted
trigonal bipyramidal geometries at titanium. The sum of angles
subtended at the metal in the equatorial plane is 356.2(&)
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Figure 1. Molecular structure of [Ti(MYNy)(NMey);] 2b. Figure 2. Molecular structure of [Ti(RBu)(NZ*'Ny)(py)] 3c.
Ellipsoids are drawn at 25% probability, and H atoms are omitted Ellipsoids are drawn at the 25% probability level and H atoms are
for clarity. omitted for clarity. Selected bond lengths (A) and angles (deg):
Ti(1)—N(1) 2.202(2), Ti(1)N(2) 1.985(2), Ti(1}N(3) 2.018(2),
Table 1. Selected Bond Lengths (A) and Angles (deg) for Ti(1)—N(4) 1.706(3), Ti(1}N(5) 2.241(2), N(1)Ti(1)—N(2)
[Ti(N 22"Npy)(NMey),] (Ar = Tol 2a and Xyl 2b) 80.37(9), N(1)-Ti(1)—N(3) 81.83(10), N(2} Ti(1)—N(3) 116.64-
2a b oa 2b (10), N(1)-Ti(1)—N(4) 102.82(10), N(2) Ti(1)—N(4) 119.85(11),
Ti—N(1) 1.9916(6) 1.932(2) N(4)-FN() 102.1(2) 103.63(7) N(~TI(D)-N(@) 123.31(L1), N(E Ti(L) N(S) 163.22(9), N(2y
Ti-N(2) 1019(6) 1928(2) N(1)-FiNQ2) 94.8(3) 94.20(8) L'((é)) 92_(85;(81%')?4%%,5'&3)}_2((12)6)hi(?c))_%((){)‘?ao)’ N Ti(1)

Ti—-N(3) 2.296(5) 2.301(2) N(2)-FiN(4) 96.9(2) 99.89(8)
Ti—N(4) 1.975(5) 1.989(2) N(2)-FN(5) 95.9(3) 95.42(8)
Ti—N(5) 1.982(6) 1.968(2) N(1)-FiN(3) 86.4(2) 88.25(8) of pyridine, the tert-butylamine-stabilized complexes were

N(1)-Ti-N(4) 127.9(3) 122.80(7) N(3)-FiN(4) 82.4(2) 81.81(7 ; ; —
N&;.ﬂ-Nésg 126.9%3; 129.91272 Nﬁgg.mgsg 83.452; 80.1827; g(tj))tamed, [Ti(NBu)(N2*"Npy)(NH2'Bu)] (Ar = Tol 3b or Xyl

Scheme 2. Synthesis of the Imido Complexes 3a 3e The identity of3b and3d as imido-amine complexes, rather
than the isomeric bis(amide) complexes [TANNpy)(NH!Bu),]
was confirmed by analysis of thert-butyl quarternary carbon
resonances in theC{H} NMR spectra. The imido resonances
were observed ai 68.9 and 69.1 foBb and3d, respectively,
whereas the coordinated amine quarternary resonances were
observed at 50.4 ppm for both. The significant downfield shift
of thetert-butyl quarternary resonance is characteristic of imido
complexes®¢ The synthesis of the aryl imido complex [Ti-
(N-4-CsHaMe)(NA'Npy)(py)] (Ar = Tol 3¢) was found to
proceed only in a concentrated pyridine solution, when heated
to 80 °C for 1 h. Prolonged reaction times gave rise to an
356.3(2) for 2a and 2b, respectively, indicating a modest jncreased amount of protio ligand in the reaction mixture.
deviation from an ideal planar arrangement. ThgiN atoms Equally, reaction of theert-butyl imido complexes3a or 3c
all show an approximate trigonal planar arrangement, showing with p-toluidine, with the aim of an imide exchantf@afforded
that they can, in principle, act asdonors to the metal center.  only decomposition into the protio-ligand, presumably owing
The Ti—Namide bond lengths are in the expected range for to a competition between proton transfer to the imido nitrogen
titanium-amide bond lengths, although it is noteworthy that the and the amido nitrogen atoms, which have a greater propensity
Ti—Namige distances of the PN, ligand (1.966-1.987 A) are to act as a proton acceptor site because ofittheaded nature
significantly longer than those of the NMégands (1.916— of the system (vide infra)?
1.930 A). The structure of the imido comple3c was confirmed by
X-ray diffraction. The molecular structure &t is shown in
Figure 2 along with principal bond lengths and angles. Complex
2 .. . 3c exhibits a distorted trigonal bipyramidal coordination ge-
were subsequently converted to the corresponding imido : L . . »

. - . - ometry, with the imido group occupying an equatorial position.

complexes by reaction wittert-butylamine ompara-toluidine, This geometry persists in solution, as inferred frofdNOESY

with thg concomitant elimination of di.methylamine as repre- \vr spectrum. The bond lengths are almost identical to within
sented in Scheme 2. Incomplete reactions were observed Whe'?experimental error to those of the silylated congener [Ti-

carried out in hydrocarbon or haloge_nated solve_nts. However (N'Bu)(N2™™SN ) (py)].42° Interestingly, the plane of the amido
when the reaction was carried out usieg-butylamine as the  nitrogen atoms of the M'N,, moiety was found to have
solvent in the presence of pyridine, complete conversion was somewhat different orientation in the case3ufcompared to
observed after heating to 5& for 2 days, affording the imido  2a and2b. In 3c, the plane spanned by the substituents of the
complexes [Ti(NBu)(N2*"Npy)(py)] (Ar = Tol 3a or Xyl 3c). Namide is rotated by 11.7with respect to the equatorial plane
Interestingly, when the reaction was carried out in the absence(the plane spanned by the titanium atomm®, and Nymide,

RNH,

L = py, R ="'Bu, Ar = Tol (3a) or Xyl (3¢); R = Tol, Ar = Tol (3e);
L ='BuNH,, R = ‘Bu, Ar = Tol (3b) or Xyl (3d)

Synthesis and Structural Characterization of the [Ti(NR)-
(N2"Npy) (py)] Complexes.The diamide complexe2a and



Imido-Alkyne Coupling in Titanium Complexes

(b)

Figure 3. ONIOM calculated structure for [Ti(lBu)(NZY'Np,)-
(py)] 3c, showing the two orthogonat-bonding orbitals of the
linear imido ligands (a) and the highest occupied molecular orbitals
(in a NBO analysis) which are dominated by the contributions of
the nonbonding p-orbitals at the amido-N atom (b).

while the equivalent planes iba and2b are rotated by 4473
and 36.8, respectively.

Organometallics, Vol. 26, No. 23, 28825

0.0 4
0.5
-1.0 4

154

IN(K o’ T)

2.0+
25

-3.0 1

35—
355 360 365

T T
3.70 3.75 3.80 3.85 3.90

1T (10° K"

Figure 4. Eyring plot for the exchange of [Ti(Bu)(N¥'Np,)-
(py)] 3c with one molar equivalent of pyridine.

undergoing imido ligand metathesis to afford the aryl imido
complexes [Ti(NAR)(NA"Npy)(py)].48de

In all reactions of the imido complexes with organic
substrates, a pre-equilibrium involving the dissociation of the
axially bonded pyridine ligand is assumed. To investigate this
pre-dissociation of the pyridine in [TiBu)(N2*Y'Nyy)(py)] 3c,
a molar equivalent of pyridine was added to a solutioBoin
tolueneds, and the exchange was monitored by variable
temperaturédH NMR spectroscopy. At ambient temperature only
a single pyridine resonance was observed, indicating a fast
exchange on the NMR time scale between the coordinated and

The near linear angle subtended at the imido nitrogen atom free pyridine. On cooling te-25 °C however, decoalescence

of 170.5(2} indicates that the imido ligand acts as a four-

was observed, giving rise to two sets of resonances for the

electron donor to the metal center. The sum of the angles coordinated and free pyridine. The activation barrier to this

subtended at the JMige atoms is 360 to within experimental

exchange process was determined by line shape analysis and

error, showing that the amido nitrogens can, in principle, donate exchange modeling of the ortho pyridine resonance between
three electrons to the titanium. It is usually assumed that the —15 and 5°C, at intervals of 5C. For each temperature, the

presence of fourr donors affords ar-loaded system, in which
only three of the fourr donor orbitals can donate into an
appropriate metal-basedacceptor orbitat®

To further elucidate the electronic structure of the imido
complexes, the structure of compl8¢ was computed using
ONIOM (B3PW91:UFF) calculations. The metric parameters

rate of exchange was determined, and was used to construct an
Eyring plot, from which the enthalpy and entropy of activation
were obtained as 21.2 kcal méland 81 cal moi! K71,
respectively (Figure 4).

The large positive entropy of activation suggests expectect
a strongly dissociative mechanism, and the extrapolated rate

of the calculated structure were comparable to those obtainedconstant ofk(293 K) = 90 s! indicates that pre-dissociation

in the X-ray structure analysis, thus allowing further calculations
to be regarded with greater certainty (vide infra). An analysis
of the molecular frontier orbitals indicates that the imido ligand
binds to the metal with two orthogonal bonds, as suggested

by the X-ray structure (Figure 3a). However, the amido-
nitrogens show only partial bonding character. A natural bond
order (NBO) analysis of the optimized structure shows that the

occurs rapidly in relation to subsequent transformations (vide
infra).

Coupling Reactions of the Ti imido Complexes with Aryl
Acetylenes: The Formation of Four-Membered Titana-
cycles.The imido complexes [Ti(MBu)(N"Ngy)(py)] (Ar =
Tol 3a and Xyl 3¢) react with phenyl or tolyl acetylene,
affording the azatitanacyclobutene complexes [F{Npy){«*

two highest occupied molecular orbitals are dominated by the N('‘Bu)CH=CAr'}] (Ar = Tol, Ar' = Ph4aor Tol 4b; Ar =

contributions of nonbonding p orbitals based solely on thad

atoms. Figure 3b shows the two NBO orbitals superimposed,

Xyl, Ar' = Ph4cor Tol 4d), where the imido ligands undergo
a formal{2 + 2} cycloaddition (Scheme 3). The formation of

in which it can be seen that there are two possible combina- such a metallacyclic species has been suggested as being a key
tions: the in-phase and the out-of-phase. In principle the out- reaction step in the catalytic hydroamination of alkyffe4?

of-phase combination can interact with the, domic orbitals,
whereas the in-phase combination cannot. It is inferred from
this that the NmigeCentered lone pairs can only partially donate
into a metabr-acceptor orbital, as described above. Headed

Examples of imido-alkyne coupling products have been isolated
and crystallographically characterized for both internal and
terminal alkyneg244As in our earlier report, the azatitanacy-

clobutene complexes form exclusively as the anti-Markovnikov

nature of these imido complexes explains the residual basicity isomers which has been attributed to the steric bulk oféne
of the metal-bonded amido-N atoms and thus the observationbutyl N-subsituen#:** While the reaction with aryl acetylenes

that the reaction of [Ti(MBu)(NA"Npy)(py)] with anilines
resulted in protonation of the amido groups, rather than

gave the respective cycloaddition products in good yield, the
corresponding reaction with either terminal or internal alkyl
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Figure 6. Plot of the initial rate versus concentration of alkyne
for the reaction of 1Qumol of [Ti(N'Bu)(NzY'Npy)(py)] 3c with
varying amounts of phenyl acetylene.

counterbalanced by the release of pyridine. The entropic
contribution to the transition state is however not expected to

-6.5 -1.7 be negligible, although in this study no transition state structures
Figure 5. ONIOM calculated structures for the isomeric forms of were located. The remaining isomers exhibit energies between
[Ti(N 2Y'Npy){ «2-N(Bu)CHC(Ph} 4c. Energies are provided inkcal ~—1.7 and—6.5 kcal mof?, and are thus less stable than the
mol~*. experimentally observed isomer, although the computed values
Scheme 3. Synthesis of thé2 + 2} Cycloaddition Products _shoul_d o_nly _be treated as s_er_n_iquantitative estimates. S_i_nce there

4a — 4d is no indication of a reversibility of thez + 2} cycloaddition, .

the four-membered metallacycles being stable even at high
temperatures (100110°C) and not showing any cycloreversion,
their formation is assumed to be kinetically controlled. As the
computational study shows, the kinetically preferred product
also happens to be also thermodynamically most stable. A
further analysis of the structures suggests that the anti-
Markovnikov isomer is preferred since this alleviates steric strain
between the phenyl ring and thert-butyl group.

The four-membered titanacycle may adopt two orientations
in relation to the diamidopyridyl spectator ligand, and previous
studies on such five-coordinate complexes have shown them
to undergo exchange between the two remaining coordination

) ] ) sites. The observation of thert-butyl group trans to the pyridyl
acetylenes were either incomplete or did not occur at all under ring in the pentacoordinate producta—d is likely to avoid

these conditions. Subsequent tests with these substrates undajieric interaction with the pyridyl moiety, since there is more
catalytic conditions (vide infra) proved to be equally unsuc- open space between the aryl substituents of the diamido-pyridine
cessful. ligand.

The NMR data of4a—d were found to be consistent with Given the py-dissociation pre-equilibrium, the overall reaction

NMR data of the crystallographically characterized silyl deriva- of the imido complexes with phenyl acetylene is expected to
tive reported previously, with the metallacycle CH proton pe as follows:

resonance being observed as a singlet at around 10 ppm.

Moreover,'H NOESY NMR spectra offa—d allowed us to Ar . ki Ar .

place thetert-butyl group trans to the pyridyl moiety, as drawn [(N; pr)Tl(NR)(py)] . [(N, NPV)TI(NR)] tpy
in Scheme 3. )

The relative stability of the four possible isomeric forms of  rni AN VTiI(NR)T + R'CCH— [(NAN)Ti(NRHCCR
[Ti(N2Y'Npy){ k-N(Bu)CH=CPH] (4c) was computed using [(Ni Ny, TI(NR)] [(N2" Ny, TiC )
ONIOM calculations. The relative electronic energies of the four Ar . ,
isomers are displayed in Figure 5, and are computed in relation rate= Kiko[(N, pr)T'(NR)(pY)][R CCH]
to the parent imido complex, the unreacted phenyl acetylene, k_i[py] + k,[R'CCH]
and the released pyridine. Although all four isomers represent
local energy minima, it can be clearly seen that the experimen- Sincek, < k-, the rate law simplifies t@ka[(N2*"Npy) Ti(NR)-
tally observed isomer is the most stable, with a cycloaddition (py)][R'CCH]/k-1[py] in the absence of a large excess of the
enthalpy of 14.1 kcal mol. The entropic contribution to the  alkyne. To determine the reaction order with respect to the
energies can be approximately ignored in this case, since thealkyne under these conditions, Athol of [Ti(N'Bu)(N2Y'Np,)-
entropy change due to the association of the alkyne is (py)] 3cwas reacted with varying amounts of phenyl acetylene,

Trans Markovnikov Cis Markovnikov

Ar =Tol, Ar' = Ph (4a) or Tol (4b);
Ar = Xyl, Ar' = Ph (4¢) or Tol (4d)
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Scheme 4. Synthesis of the Azatitanacyclohexadiene Complexes-5&d

2 H—=————Ar Ar'

Ar = Tol, Ar' = Ph (5a) or Tol (5b);
Ar = Xyl, Ar' = Ph (5¢) or Tol (5d)

from 0.5 to 4 molar equiv. The reaction was then monitored by to the two orientations of the second alkyne molecule (Scheme
IH NMR spectroscopy. The initial rate (i.e., at tirre0) was 5). Although only a single isomer is observed experimentally,
determined from the conversion curves; a plot of the initial rate an ONIOM study indicated that there iso significant
versus concentration of alkyne is displayed in Figure 6, and thermodynamic preference for one of the two isomers, the
the linear nature of the plot clearly denotes a first-order reaction difference in energy being only 1.9 kcal mé| which is
in alkyne concentration. considered to be less than (or about equal to) the precision

Furthermore, the linear dependence of the initial reaction ratesassociated with the method. It is therefore evident that the
on 1/[py] upon varying the concentration of pyridine (at constant preference for the observed isomer is due to kinetic control as
concentrations of the complex and a tenfold excess of the was discussed above for the formation of the four-membered
alkyne) is also consistent with the rate law proposed above. titanacycles irda—d.

The rate coefficientkons = kiko/k—1[py] was determined by
carrying out the reaction with varying concentrations3ofin

each case with a 20-fold excess of alkyne, that is, under pseudo-
first-order conditions. The initial rates were plotted against the
concentration o3¢, which showed a linear relationship, thus
allowing kopsto be determined from the slope of the plot as 1.9
x 103 mol™ts™.

The Insertion of a Second Alkyne Molecule into the
Azatitanacyclobutenes Giving Six-Membered Azatitanacy-
clohexadienes.The preparation of the azatitanacyclobutene
complexes was carried out with a slight excess of alkynes to
obtain optimal yields of th¢2 + 2} coupling product. It was
noticed, however, that the crude material often contained a minor
as yet unknown component. This component was successfully
identified by reacting the imido complex&s and 3c with 2
equiv of aryl acetylene. After heating to 100 for 1 h, complete
conversion was observed to this second component, identified
as the azatitanacyclohexadiene complex [FNNpy){«*
N('Bu)CH=C(Ar')C(Ar') = CH}] (Ar = Tol, Ar' = Ph5aor

Figure 7. Molecular structure of [Ti(N'Npy){«?-N(Bu)CH=

Tol 5b; Ar = Xyl, Ar" = Ph5c or Tol 5d), the product of & ¢ (To)c(Tol) = CH}] 5b. Ellipsoids are drawn at the 25%
probability level, and H atoms are omitted for clarity.

second alkyne insertion into the¥C bond (Scheme 4).

The structural details of complex&b and 5d were estab-
lished by X-ray diffraction. Their molecular structures are
displayed in Figures 7 and 8, respectively, with a comparison
of selected bond lengths and angles being provided in Table 2.
The C-C bond lengths of the metallacyclic moiety clearly
indicate that the two double bonds are placed between the CH
and the CTol carbons; the longer TolC-CTol bond lengths are
typical of sg—sp? carbon-carbon single bonds. The bonds
to titanium are unremarkable compared with previously reported
examples. To the best of our knowledge, there has been only
one crystallographically characterized structural motif of this
kind, in which Odomet al. reported the reaction of group 6
imido complexes with the sterically highly strained cyclooc-
tyne>2

There are two possible isomers for the second insertion of
alkyne into the azatitanacyclobutene complexes, corresponding

(51) Allen, F. H.; Kennard, OChem. Des. Autom. New$993 8, 1, 31.

Egegghgé: 7D46A McMeeking, R. F.; Parkin, D. Chem. Inf. Comput. Sci. Figure 8. Molecular structure of [Ti(N‘Y'pr){KZ-N(‘Bu)CH=

(52) Lokare, K. S.; Ciszewski, J. T.; Odom, A. Qrganometallic2004 C(Tol)C(Tol) = CH}] 5d. Ellipsoids are drawn at the 25%
23, 5386. probability level, and H atoms are omitted for clarity.
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Table 2. Selected Bond Lengths (&) and Angles (deg) for
[Ti(N 2A"Npy){ £2-N('Bu)CH=C(Tol)C(Tol) = CH}] (Ar = Tol
5b and Xyl 5d)

5b 5d 5b 5d
Ti-N(1) 2.036(3) 2.031(2) C(4Ti—-N(2) 132.1(2) 133.37(8)
Ti-N(2) 1.944(3) 1.958(2) C(4Ti—N(3) 116.0(2) 113.60(8)
Ti-N(3)  1.934(3) 1.922(2) N(JTi—N(3) 109.04(14) 109.77(7)
Ti-N(4) 2.257(3) 2.260(2) N(BTi—-C(4) 85.8(2)  86.24(8)
Ti—C(4) 2.046(4) 2.056(2) N(BTi—N(2) 93.89(14) 95.29(7)
N(1)-C(1) 1.363(5) 1.371(3) N(BHTi—N(3) 109.65(14) 109.15(8)
C(1)-C(2) 1.374(5) 1.370(3) N(4)Ti—C(4) 87.8(2)  87.67(7)
C(2)-C(3) 1.443(5) 1.449(3) N(4Ti—N(2) 81.03(13) 81.55(7)
C(3)-C(4) 1.365(6) 1.356(3) N(4)Ti—N(3) 84.66(14) 82.64(7)

Unfortunately, a transition-state structure for the reaction
could not be found using ONIOM and DFT studies. The
modeling of transition states of bimolecular reactions between
molecules of the complexity as those involved in the process
at hand is generally associated with difficulties arising from
the multitude of orientational intra- and intermolecular degrees
of freedom. However, a visual inspection of the in-plane

approach of the second alkyne may give some insight into the

observed structural preference. If it is assumed that the
experimentally observed isomers & and 4b are the only
isomers present, as inferred from the results discussed abov

the second alkyne must presumably approach from the upper

side, nearest to the pyridyl group. For insertion into the Ci
bond, the alkyne triple bond must lie parallel to the-T bond

in the transition state. As illustrated in Scheme 5, the two
possible transition states differ only in a E8@tation of the
alkyne. Transition stateA (leading to the experimentally
observed isomer) possesses an alkyany| group directed away
from the diamido-pyridine ligand; conversely transition stéte

possesses the same group pointing toward it, causing significan

steric repulsion. Should the pyridyl group dissociate from the
metal center, there would still be significant steric repulsion
for transition stateB, although it should be noted that dissocia-

tion of the pyridyl moiety is likely to raise the transition-state

energy significantly.

Reaction of complexed4a and4b with the appropriate aryl
acetylene likewise gave quantitative conversion to the corre-
sponding azatitanacyclohexadiene complex, suggesting that th
conversion from3a or 3c to 5a—d proceeds in a stepwise

Vujko et al.

The Imidotitanium Complexes 3a and 3c as Model
Catalysts for the Hydroamination of Aryl Acetylenes. Given
their reactivity toward alkynes, the imido complexes [THN
Bu)(NA"Npy)(py)] (Ar = Tol 3a or Xyl 3c) were investigated
as potential catalysts for the hydroamination of phenyl acetylene
with tert-butylamine, producingtrans-cinnamyltert-butyl)-
amine. The reaction proceeded significantly faster than for the
corresponding silylated derivative [Ti{BU)(N2"™SNp,)(py)],*
but was still slower at ambient temperature than the most active
Ti-based catalysts reported in the literatlré The conversion
curves for this reaction are presented in Figure 9.

Using 10 mol % catalyst (imido complex) loading, the
reaction proceeded to c&0—80% conversion after 24 h at 293
K (80—90% after 48 h), after which no further reaction was
observed. Under these conditions there was no significant
difference betweeBa and3c. Since the reaction did not go to
completion, the evolution of the catalyst was monitored by NMR
spectroscopy during the catalytic reaction.

A mixture of compounds derived from the catalyst precursor
was observed, including the respective imido complexes [Ti-
(NBU)(NA"Npy)(L)] (L = py or 'BuNH,, which are indistin-
guishable under the catalytic conditions, presumably owing to

the fluxional nature of the system) used as catalyst (precursor)

and the azatitanacyclobutene complexes [PA(Npy){ x>N(*-
Bu)CH=C(Ph}] (which were found to be catalytically active
species themselves in a separate such experiment with com-
pounds4a and 4b). Futhermore, the azatitanacyclohexadiene
complexes [Ti(NA"Npy){ N(‘Bu)CH=C(Ph)C(Ph)= CH}] and

the protio ligand HNA"Ny, were observed. Both of the latter

components are the result of catalyst deactivation (the azati-

tanacyclohexadiene beimgert to aminolysis and the concomi-
tant re-formation of the imido complex) and decomposition,

respectively, and were observed to increase in intensity over

time.

The protio ligand was formed under the conditions of catalysis
by reaction of the imido intermediates with the primary amine
as a competitive reaction with the cycloaddition with alkyne
and ultimately the formation of the desired hydroamination
product. This observation was independently verified in the

@bsence of alkyne by reaction of witbrt-butylamine with the

imido complex3c (which afforded free protio ligand) angc

manner. Interestingly, although the second alkyne insertion (Which afforded no protio ligand).

proceeds only slowly at ambient temperature, the reaction is

To further investigate the amount of catalyst present, the

deemed to be a deactivation pathway in the hydroamination of quantity of the two catalytically active species (the respective

alkynes. The second insertion (as the first)rie versibleand

the azatitanacyclohexadiene complexessaable toward ami-
nolysisthat is,5a—d do not react withert-butylamine to reform
the imido complexes3a—d, the final step in the catalytic

imido complex and the four-membered metallacyclic intermedi-

ates) was measured by integration of th¢ NMR signals
corresponding to the Hproton of the coordinated RNy,

ligand, as a proportion of the total number of Ny, ligand

hydroamination cycle. Consequently, the six-membered speciesenvironments (as well an internal standard, 1,4-dimethoxyben-
represents a mechanistic “cul de sac” and, as will be shown zene).

below, compounds of typga—d do indeed represent dead ends

A steady decrease in the catalyst concentrations over time

in the catalytic hydroamination with the Ti complexes reported was observed, with almost total catalyst deactivation after ca

in this work.

24 h (Figure 10), corresponding to the cessation of the catalytic

Scheme 5. Transition States for the Formation of 5¢ from 4c
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100 clobutene. Overall, a rate law which is first order with respect
to the complex and both substrates was deduced under the
conditions of the catalytic reaction, which is consistent with

80 the established mechanism.
Conclusion
60 —
B Precatalyst 3a (Tol) We have demonstrated that the arylated diamido-pyridine
A Precatalyst 3c (Xyl) ligands NA'N,, are remarkably efficient at stabilizing catalytic

intermediates in the hydroamination of aryl acetylenes. In

addition, greater insight has been obtained into the catalyst
decomposition pathways, in particular the previously unobserved
double insertion of the alkyne which leads to an extremely stable
six-membered azatitanacycle. The latter aspect will have to be
considered in further research aimed at developing more efficient
catalytic systems for this class of reactions.

40 4

conversion %

20

o+—TT—TrTr—T—TTrT T
0 10 20 30 40 50 .
time / h Experimental

Figure 9. Conversion for the reaction of phenyl acetylene with
tert-butylamine by3a and 3c at 293 K using 10 mol % catalyst
loading (internal reference for the NMR integration, 1,4-dimethoxy-
benzene).

General Experimental. All manipulations of air- and moisture-
sensitive materials were performed under an inert atmosphere of
dry argon using standard Schlenk techniques or by working in a
glovebox. Solvents were dried over sodium (toluene), potassium
(hexanes), or sodium/potassium alloy (pentane, diethyl ether),
distilled, and degassed prior to use. Deuterated solvents were dried
over potassium (§Ds, toluenedsg), vacuum distilled, and stored in
| " 3a+4a(Tol) Teflon valve ampoules under argon. Samples for NMR spgctroscqpy
80 A 3c+4c(Xyl) were prepared under argon in 5 mm Wilmad tubes equipped with
J. Young Teflon valves'H, 13C{'H} and'>N{'H} NMR spectra
were recorded on Bruker Avance 200, 400, and 600 NMR
spectrometers and were referenced internally using the residual
protio solvent {H) of solvent {3C) resonances or externally vs.
NHs. Where necessary, NMR assignments were confirmed by the
use of two-dimensiondH-H or 'H-13C NMR correlation experi-
ments or by'3C DEPT experiments. Elemental analyses were
recorded by the analytical service of the Heidelberg Chemistry
Department. Mass spectra were recorded on a Jeol JMS 700 mass
| spectrometer by the mass spectrometry service of the Heidelberg
20 Chemistry Department. The diamido-pyridine protio-ligant\FiNp,

e T was prepared according to published procedtfradi.other reagents
0 10 20 30 40 50 were obtained from commercial sources and used as received unless
time / h explicitly stated.

Figure 10. Catalyst decomposition for the reaction of phenyl ~ Preparation of the Compounds. HN2Y'Npy (1). A Schlenk
acetylene withtert-butylamine, catalyzed bga and3c (+4a and flask was charged with MeC(2s8N)(CHNHy), (2.15 g, 13.0
4c, respectively) at 293 K using 10 mol % catalyst loading (internal mmol);*> 5-bromontxylene (4.81 g, 26.0 mmol), [Rtiba)] (0.18
reference for the NMR integration, 1,4-dimethoxybenzene). g, 0.33 mmol, dba= dibenzylideneacetonejac-BINAP (0.31 g,
0.50 mmol), and NaBu (5.00 g, 52.0 mmol) which were
reaction. Since the formation of the azatitanacyclohexadiene suspended in toluene (100 mL). After the reaction mixture was
complexesa—d is significantly faster at elevated temperatures, stirred at 110°C for 3 days, the volatiles were removed under
the catalysis was repeated at 8D and monitored as above. reduced pressure and the brown residue was redissolved@n Et
Under these conditions the conversion was indeed much more(75 ML). The resulting solution was washed withQ4(3 x 30

rapid, with 60% conversiomi5 h but so was the deactivation ML) and then with a saturated aqueous solution of NaCk (30
which took place concomitantly. mL). The combined organic phases were dried over Mg&al

The aminolvsis reaction which completes th talvti | ev_aporateq. The residue was purified by column chromatography
was :tﬁ die dog:irfgetzg gzatitaiag)?clo%stzair? dctzr?-t))/ufy?yc © (SiO,, gradient pentane/ether started from 90/10 to 70/30; detection

lamine. This step was likewise found to be first order in amine was made by TLC pentane/ether 70RiG= 0.4) to give the desired

. . I Il il (3.47 g, 72%H NMR (CDCls, 199.
concentration, and the second-order rate constant for this stepﬂﬂ(:uczt;g ?(;ga(;a {eSR)V\ES? '|_E3 s I\%Ie ofllsz ) 2(c2:1 C(:fz 392
’ . . 1 O py/s . 1 Oy

Kamino, Was found to be 1.%x 103 s mol~1. The relative CeHsMey), 3.46 (2 H, d, ®IH, 3] = 12.2 Hz), 3.58 (2 H, d, CH

values ofkops for the{2 + 2} cycloaddition of the alkyne and 3715 > Hz), 4.15 '(2 H, s,’NH), 6.25 (4 H, e—,CGH3Mé2): 6.34
the imido complex (taking the predissociation of the donor in (5 i s p-CiHsMe,), 7.17 (1 H, m, H), 7.38 (L H, d, B, 31 = 8.0
the imido complex into account) as well as the second-order z), 7.66 (1 H, app td, H 3J(H3H*H5) = 7.3 Hz,4(H*H®) = 1.9
rate constant for the subsequent aminolysis st@ping) of Hz), 8.62 (1 H, dd, B, 3J(H°H®) = 4.8 Hz, 4)(H*H®) = 1.2 Hz)
approximatelykondkaminol & 2 correspond well to the empirical  ppm.3C{*H} NMR (CDCl, 75.5 MHz, 296 K): 6 21.4 (GHaMey),
observations made in NMR tube scale experiments, in which 23.0 (Me of NN,,), 45.4 [C(CHNXyl) 7], 52.3 [CHNXyl) 5], 111.0
{2+ 2} cycloaddition of alkyne with the imido complexes was (o-CsHsMey), 119.3 p-CsHsMey), 121.3 (G), 121.6 (C), 136.7
observed to be faster than the aminolysis of the azatitanacy-(C?), 138.8 (overlapping+CsHsMe, andipso-CsHzMe,) 148.8 (C©),

100

90 +

70
60
50

40+

% catalyst remaining

30
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164.2 (C) ppm. MS (El): m/z (%) = 373.2 [M]" (8), 239.1 [M
(CHy—NH-xyl)] ™ (25), 134.1 [M— ((CH—NH-Xyl) — (Xyl))]*
(31), 121.0 [M~ {MeC(2-GHsN)(CH.NXyl)(CH2)}] " (100). HRMS
(FAB) : m/z (%) = 374.264 (100) [M+ H]*. Anal. Found (calcd
for CasHaiN3): C, 80.3 (80.4); H, 8.3 (8.4); N, 10.8 (11.3).

[Ti(N 2™'Ngy)(NMey);] (2a). A Schlenk tube was charged with
H2N2"™N,y (2.77 mg, 8.02 mmol) and 1.2 equiv of Ti(NMe(2.27
mL, 9.62 mmol), and placed under partial vacuum. The reaction
mixture was stirred overnight at 10@C, affording a red-orange

Vujko et al.

121.2 (G), 123.3 M-CsHsN), 124.5 p-CgHaMe), 129.4 (+-CgHa-
Me), 129.7 and 137.7 ¢Candp-CsHsN), 149.8 -CsHsN), 150.4
(C%), 152.3 p-CsHsMe) 159.8 (C) ppm. Anal. Found (calcd for
CasHsoNsTi): C, 70.4 (71.0); H, 7.6 (7.3); N, 12.7 (12.9).

[Ti(N Bu)(N2"'Np,)(NH2Bu)] (3b). A Schlenk tube was charged
with [Ti(N2"Np,)(NMey);] (209 mg, 0.43 mmol) and a large excess
of tert-butylamine (20 mL) and placed under partial vacuum. The
reaction mixture was stirred for 5 days at 5. The volatiles were
removed under reduced pressure, and the residue was washed with

solid, which was washed with pentane. After the residue was dried hexane. After the residue was dried in vacuo an orange-yellow

in vacuo, an orange powder was obtained. Yield 3.34 g (87%).
Single crystals for X-ray diffraction study were grown from a
saturated pentane solution af6 (200 mg in 4 mL of pentane).
IH NMR (CgDs, 399.9 MHz, 296 K): 1.28 (3 H, s, Me of MNp,),
2.31 (6 H, s, GH4Me), 3.26 (6 H, s, Mey), 3.32 (2 H, d, GH, 3J
= 12.2 Hz), 3.37 (6 H, s, Nley), 3.68 (2 H, d, CHH, 3J = 12.2
Hz), 6.48 (1 H, app t, 3] = 6.4 Hz), 6.90 (4 H, dp-CgH,Me,
3J=8.6 Hz),6.95 (1 H, d, B{3J=8.3 Hz), 7.01 (1 H, app td, H
3J(H3H*HS®) = 7.8 Hz,4)(H*H®) = 1.7 Hz), 7.14 (4 H, dm-CeH4-
Me, 3J = 8.7 Hz), 7.77 (1 H, dd, F 3J(HH®) = 5.3 Hz,4J(H*H®)
= 1.5 Hz) ppm23C{1H} NMR (CgDs, 100.5 MHz, 296 K):6 20.7
(CeHaMe), 24.8 (Me of NN,y), 42.0 (N\Ve,), 48.1 (N\Mey), 52.9
[C(CHNTOI),], 63.7 [[CH:NTOl);], 114.4 -CsHsMe), 119.4 [pso
CsHsMe), 121.9 (©), 126.1 p-C¢HsMe), 128.9 (n-CsHMe), 129.9
(C?), 138.2 (@), 147.4 (©), 163.2 (C) ppm. Anal. Found (calcd
for Co7H37NsTi): C, 68.1 (67.6); H, 7.7 (7.8); N, 14.0 (14.6).
[Ti(N 2Y'Npy)(NMey),] (2b). A Schlenk tube was charged with
HoN2Y'Npy (3.28 g, 8.78 mmol) and 1.2 equiv of Ti(NMe (2.27
mL, 10.54 mmol) and placed under partial vacuum. The reaction
mixture was stirred overnight at 10C, affording an orange solid,
which was washed with pentane. After the residue was dried in
vacuo an orange powder was obtained. Yield 3.52 g (79%).
Diffraction-quality single crystals were grown from a saturated
pentane solution at 3C (200 mg in 4 mL of pentane}H NMR
(CeDs, 600.1 MHz, 296 K): 6 1.27 (3 H, s, Me of MN,,), 2.37
(12 H, s, GH3Mey), 3.11 (6 H, s, Mey o), 3.37 (2 H, d, GIH, 3J
=12.3Hz),3.40 (6 H, s, Nlgz e, 3.73 (2 H, d, CHH, 30 = 12.2
Hz), 6.51 (1 H, app td, } 3J(H*HH®) = 5.8 Hz,4)(H3H%) = 1.1
Hz), 6.90 (2 H, sp-CsH3Mey), 6.67 (4 H, sp-CsHsMey), 6.83 (1
H, d, H, 3 = 7.9 Hz), 7.01 (1 H, app td, §3J(H3H*H®) = 7.7
Hz, 4J(H*H®) = 1.7 Hz), 7.79 (1 H, dd, B 3J(H°H6) = 5.3 Hz,
4J(H4HS) = 1.0 Hz) ppm.33C{2H} NMR (CsDe, 100.5 MHz, 296
K): 0 21.8 (GHsMey), 24.6 (Me of NN,,), 41.7 (\Vey), 44.1
[C(CH NXyI) 7], 47.9 (NMey), 63.2 [CHoNXyI) 2], 110.0 {pso-CeHs-
Mey), 112.5 6-CsH3Mey), 119.1 (C), 119.2 p-CeHszMey), 121.6
(Cd), 136.7 (-CeHzMey), 137.9 (C), 147.1 (C), 154.4 (C) ppm.
15N{*H} NMR (CsDs, 60.8 MHz, 296 K): 6 215.8 (\oNp,), 228.4
(NMezay), 256.1 NMezeg), 290.1 (NN,y) ppm. Anal. Found (calcd
for CogH4iNsTi): C, 68.5 (68.6); H, 8.1 (8.1); N, 13.5 (13.8).
[Ti(NBu)(N2"'Ngy)(py)] (3). A Schlenk tube was charged with
[Ti(N2"'Npy)(NMey),] (203 mg, 0.40 mmol), a large excessteft-
butylamine (10 mL), and pyridine (0.10 mL) and placed under
partial vacuum. The reaction mixture was stirred for 2 days at

powder was obtained. Yield 171 mg (73%) NMR (C¢De, 399.9
MHz, 296 K): 6 0.75 (9 H, s, NHCMe;), 1.20 (3 H, s, Me of
N2Ngy), 1.59 (9 H, s, CMg), 2.26 (6 H, s, @HsMe), 3.06 (2 H, d,
CHH, 3] = 12.4 Hz), 3.33-3.43 (2 H, br. s, M,CMes), 3.38 (2
H, d, CHH, 3] = 12.3 Hz), 6.51 (1 H, ddd, #3J(H*H%) = 7.6 Hz,
8J(H5HS®) = 5.3 Hz,*J(H3H%) = 1.2 Hz), 6.71 (1 H, dt, B 3J(H3H%)
= 8.0 Hz,4J(H3H*H®) = 1.0 Hz), 6.90 (1 H, td, ¥ 3J(H3H*H®) =
7.8 Hz,4J(H*H®) = 1.8 Hz), 7.13 (4 H, dm-CeHsMe, 3J = 8.6
Hz), 7.30 (4 H, d,0-CsH4Me, 3] = 8.4 Hz), 9.60 (1 H, dd, H
3J(H5H®) = 5.3 Hz,*J(H*H®) = 1.8 Hz,%J(H®H®) = 0.8 Hz) ppm.
13C{1H} NMR (CsDs, 100.5 MHz, 296 K):6 20.7 (GH.Me), 25.4
(Me of NoNpy), 31.2 (NHCMes), 33.6 (QVles), 42.4 [C(CH,NTol),],
50.4 (NHCMej3), 62.6 [CH.NTOol),], 68.9 CMej3), 114.7 (pso-
CsH4qMe), 119.5 (G), 121.5 (C), 125.0 6-CgH4Me), 129.9 (m+
CsHqMe), 137.8 (©), 151.4 (@), 152.8 p-CsH4Me), 160.0 (C)
ppm. Anal. Found (calcd for £H4sNsTi): C, 69.1 (69.5); H, 8.4
(8.5); N, 12.7 (13.2).

[Ti(N Bu)(N2Y'Npy)(py)] (3¢). A Schlenk tube was charged with
[Ti(N2Y'Npy)(NMey),] (618 mg, 1.22 mmol), a large excessteft-
butylamine (20 mL), and pyridine (0.20 mL) and placed under
partial vacuum. The reaction mixture was stirred for 2 days at
55°C. The volatiles were removed under reduced pressure and the
residue was washed with diethyl ether. After the residue was dried
in vacuo a yellow powder was obtained. Yield 487 mg (70%).
Single crystals for X-ray diffraction were grown from a saturated
diethyl ether solution at 8C (300 mg in 4 mL of diethyl ether).
IH NMR (CgDs, 600.1 MHz, 296 K):0 1.17 (3 H, s, Me of MNp,),
1.65(9H, s, CMg), 2.35 (12 H, s, gH3Me), 3.25 (2 H, d, EiH,
8J=12.2 Hz), 3.33 (2 H, d, CH, 3 = 12.2 Hz), 6.37 (2 H, app
t, mCsHsN, 3 = 7.7 Hz), 6.46 (2 H, br. §9-CsH3Me,), 6.55 (1 H,
ddd, H, 3J(H*H5) = 7.6 Hz,3J(H®HS) = 5.3 Hz,4J(H3H%) = 1.2
Hz), 6.58 (1 H, t,p-CsHsN, 3J = 7.7 Hz), 6.73 (L H, d, R 3 =
8.3 Hz), 6.93 (1 H, app td, H3J(H3H*H5) = 7.8 Hz,*J(H*HE) =
1.8 Hz), 7.22 (4 H, br. %-CsH3Me,), 8.96 (2 H, d,0-CsHsN, 3] =
4.7 Hz), 9.68 (1 H, dd, f 3J(H°HS) = 5.2 Hz,4J(H*H®) = 1.0
Hz) ppm. 33C{*H} NMR (CsDs, 150.9 MHz, 296 K): 6 21.9
(CeHsMey), 25.7 (Me of NNp,), 33.7 (QVles), 42.1 [C(CHNXyI) 4],
62.8 [(CH2NXyl),], 69.6 CMe3), 113.4 p-CsHsMey), 118.9 p-
CsHsMey), 119.8 (C), 121.5 (©), 123.7 (-CsHsN), 137.2 -
CsHsN), 137.7 (G), 137.9 {pso-C¢HsMe,), 150.0 6-CsHsN), 150.8
(CG), 154.8 (T]-CGH:),MEZ), 160.2 (G) ppm15N{1H} NMR (CGDG,
60.8 MHz, 296 K): 6 193.4 (\oNpy), 284.4 (NCsHs), 292.1 (NN,y),
442.9 (\'‘Bu) ppm. Anal. Found (calcd for £4H3NsTi): C, 71.8

55°C. The volatiles were removed under reduced pressure and the(71.7); H, 7.6 (7.6); N, 12.3 (12.3).

residue was washed with hexane. After the residue was dried in

vacuo an orange-yellow powder was obtained. Yield 131 mg (57%).
IH NMR (CeDg, 399.9 MHz, 296 K):6 1.22 (3 H, s, Me of BN,,),
1.63 (9 H, s, CMg), 2.28 (6 H, s, GHsMe), 3.18 (2 H, d, GIH, 3J
= 12.3 Hz), 3.28 (2 H, d, CH, 3] = 12.3 Hz), 6.43 (2 H, br. s,
m-CsHsN), 6.51 (2 H, app t, F| 3J = 7.0 Hz), 6.67 (1 H, br. s,
p-CsHsN), 6.72 (1 H, d, H, 3] = 7.9 Hz), 6.91 (1 H, app td, H
3J(H3H4HS) = 7.7 Hz,4)(H*H®) = 1.2 Hz), 7.11 (4 H, dm-CeH,-
Me, 3] = 8.2 Hz), 7.39 (4 H, dp-CsH4Me, 3J = 8.4 Hz), 8.78 (2
H, br. s,0-CsHsN), 9.62 (1 H, dd, K, 3J(H5HS) = 5.3 Hz,4J(H*HS)
= 1.0 Hz) ppm3C{*H} NMR (C¢Ds, 100.5 MHz, 296 K):6 20.4
(CsHaMe), 25.3 (Me of NN,,), 33.5 (QVles), 41.8 [C(CH NTOoI),],
62.5 [(CH2NTol);], 69.1 (CMes), 114.8 (pso-CeHsMe), 119.5 (G),

[Ti(N Bu)(N2Y'Npy)(NHZBu)] (3d). A Schlenk tube was charged
with [Ti(N2Y'Npy)(NMey);] (565 mg, 1.11 mmol) and a large excess
of tert-butylamine (40 mL) and placed under partial vacuum. The
reaction mixture was stirred for 5 days at 85. The volatiles were
removed under reduced pressure, and the residue was washed with
ether. After the residue was dried in vacuo an orange-yellow powder
was obtained. Yield 454 mg (83% NMR (CgDe, 399.9 MHz,

296 K): 6 0.84 (9 H, s, NHCMe3), 1.28 (3 H, s, Me of BN,,),
1.69 (9 H, s, CMg), 2.43 (12 H, s, GH3Me), 3.18 (2 H, d, EiH,
3J=12.4Hz),3.48 (2 H, d, CH, 3= 12.3 Hz), 3.53-3.63 (2 H,
br. s, NH,CMe3), 6.53 (2 H, br. sp-CsHsMe,), 6.62 (1 H, ddd,
HS, 3J(H*H®) = 7.6 Hz,3J(H°HS) = 5.3 Hz,4)(H3H%) = 1.2 Hz),
6.80 (1 H, d, H, 3 = 8.3 Hz), 7.01 (1 H, app td, 13J(H3H*H5)
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= 7.8 Hz,4J(H*H®) = 1.8 Hz), 7.22 (4 H, br. -CsHsMe,), 9.69
(1 H, dd, H, 3J(H5HS) = 5.2 Hz,4)(H*H®) = 1.0 Hz) ppm.13C-
{*H} NMR (C¢Ds, 100.5 MHz, 296 K): 6 22.0 (GHsMe,), 25.5
(Me of NoN,,), 31.3 (NHCMe3), 33.7 ((Mey), 42.5 [C(CHNXYyI) 4],
50.4 (NH,CMes), 62.5 [CHaNXyI) 5], 69.1 (CMes), 112.9 0-CeHa-
Me,), 119.0 p-CsHsMey), 119.6 (G), 121.6 (C), 138.0 (C), 138.2
(ipso-CsHaMe,), 151.6 (C), 155.0 -CsHzMey), 160.2 (C) ppm.
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2.31 (3 H, s, 4-GH,Me), 3.22 (2 H, d, ®&IH, 3 = 11.9 Hz), 4.02
(2 H, d, CHH, 3J = 11.9 Hz), 6.34 (1 H, ddd, H3J(H*H5) = 7.1
Hz, 3J(HPH®) = 5.4 Hz,%J(H3H5) = 1.3 Hz), 6.70 (4 H, do-CoH.-
Me, 3J = 8.4 Hz), 6.82 (1 H, d, B 3J = 7.9 Hz), 6.88 (1 H, td,
H*, 3J(H3H4HS) = 7.9 Hz, 4J(HHS) = 1.7 Hz), 7.00 (4 H, d,
m-CeHsMe, 3 = 8.3 Hz), 7.20 (2 H, dm-4-CsHaMe, 3] = 7.8
Hz), 7.40 (2 H, d,0-4-CsH,Me, 3J = 8.2 Hz), 9.22 (1 H, d, H

Anal. Found (calcd for HoNsTi): C, 69.2 (70.6); H, 8.3 (8.4); 3J(HH) = 5.3 Hz), 10.03 (1 H, s, €CH) ppm.13C{*H} NMR
N, 11.6 (12.5). Despite repeated attempts, we were unable to obtain(CyDg, 150.9 MHz, 296 K): 6 20.8 (GHsMe), 21.2 (4-GH.Me),
a more accurate elemental analysis. We attribute this inter alia to24.3 (Me of NN,), 30.8 (QVles), 44.1 [C(CH.NXyl),], 59.8
the relatively weak coordination @uNH, which leads to a slight (CMey), 64.0 [CH2NXyl) 5], 115.1 p-CeHaMe), 120.4 (@), 121.9
variation of the composition of the product. (CP), 123.5 p-CgHs), 126.3 p-4-CsHaMe), 129.0 (-4-CsHaMe),
[Ti(N-4-C 6HsMe)(N2"'Np)(py)] (3e). To a solution of [Ti- 129.4 -CsH4Me), 135.4 p-CeHy Me), 138.4 (@), 147.8 (C), 150.7
(N2™'Npy)(NMe,),] (384 mg, 0.80 mmol) in pyridine (10 mL) was  (ipso-4-CgHsMe), 150.9 (G=CH), 152.3 {pso-C¢HsMe), 160.9 (C),
added 1 equiv op-toluidine (86 mg, 0.80 mmol), and the mixture  197.4 C=CH) ppm.
was placed under partial vacuum. The reaction mixture was stirred  [Tj(N 2YNp,){ k-N(Bu)CH=CPh}] (4c). To a solution of [Ti-

for 1 h at 80°C. The volatiles were removed under reduced (NBU)(NY'N,)(py)] (954 mg, 0.17 mmol) in toluene (50 mL)
pressure, gnd the residue was washed with hexane. After thfe residug\,as added an equimolar amount of phenylacetyleneu(221.67

was dried in vacuo an orange-red powder was obtained. Yield 370 mmol) via syringe. The resulting brown solution was stirred over
mg (81%)."H NMR (C¢Ds, 399.9 MHz, 296 K):6 1.30 (3 H, s, night. Removing the volatiles under reduced pressure produced a
Me of NoNpy), 2.13 §6 H, s, @HsMe), 2,31 (3 H, s, N-43—(<;H4Me)’ brown waxy solid, which was redissolved into pentane (20 mL).
3.30 (2 H,d, GiH, %) = 12.4 Hz), 3.59 (2 H, d, CH,3) = 12.4 After 2 days at—4 °C, the title compound was formed as a black

Hz), 6.30 (2 H, br. smCsHsN), 6.35 (1 H, ddd, B 3J(H*H3) =
7.6 Hz,3)(H5H®) = 5.3 Hz,4)(H3HS) = 1.2 Hz), 6.66 (1 H, br. s,
p-CsHsN), 6.75 (1 H, d, H, 3J = 8.0 Hz), 6.91 (1 H, app td, H
3J(H3H4HS) = 7.8 Hz,4J(H*H®) = 1.8 Hz), 6.99 (4 H, dm-CeHa-
Me, 3J = 8.2 Hz), 7.20 (2 H, dm-N-4-CeHsMe, 3] = 8.2 Hz),
7.32 (4 H, d,0-CgHsMe, 33 = 8.4 Hz), 7.47 (2 H, dp-N-4-CeH,-
Me, 3] = 8.4 Hz), 8.53 (2 H, br. sp-CsHsN), 9.46 (1 H, dd, #,
3J(H5HS®) = 5.3 Hz,4J(H*HS) = 1.0 Hz) ppm2C{1H} NMR (C¢Ds,
100.5 MHz, 296 K): 6 20.7 (GHJ4Me), 21.2 (N-4-GH;Me), 25.3
(Me of NoNpy), 42.9 [C(CH:NTol);], 63.3 [(CH.NTOol);], 114.5
(ipso-CeHaMe), 119.6 (G), 122.2 (G), 123.5 p-CsHsN), 124.0 6-
N-4-CsHsMe), 126.0 {pso-N-4-CsHsMe), 128.3 (n-CsHsN), 129.6
(Mm-CgHsMe), 129.9 (n-N-4-CsHsMe), 135.2 0-CsHsMe), 138.4
(C%, 150.4 6-CsHsN), 151.0 (G), 151.8 p-CsHsMe), 160.1 p-
N-4-C¢HzMe), 160.2 (€) ppm. Anal. Found (calcd for §H43Ns-
Ti): C, 72.0 (71.7); H, 6.5 (7.6); N, 12.3 (12.3).

[Ti(N 2™'Ngy){ «>-N('Bu)CH=CPh}] (4a). To a solution of [Ti-
(N'Bu)(N2™'Np)(py)] 3a (12 mg, 22.2 mmol) in €Dg (0.5 mL)
was added phenyl acetylene (2uL, 24.4 mmol, 1.1 equiv).
Analysis by NMR spectroscopy indicated that the formatiodaf
along with a small quantity of [Ti(B?'Ngy){ «>-N(‘Bu)CH=C(Ph)C-

(Ph) = CH}] (5a) which could not be completely removed by

repeated recrystallizatiod NMR (CgDg, 399.9 MHz, 296 K): 6
1.20 (9 H, s, CMg), 1.23 (3 H, s, Me of MN,), 2.15 (6 H, s,

crystalline solid. Yield 553 mg (56%)H NMR (CsDe, 600.1 MHz,
296 K): 0 1.19 (9 H, s, CMg), 1.22 (3 H, s, Me of MN,,), 2.25
(12 H, s, GHsMey), 3.26 (2 H, d, ®&iH, 3J = 12.0 Hz), 4.06 (2 H,
d, CHH, 3J = 12.0 Hz), 6.31 (1 H, ddd, & 3J(H*H5) = 7.2 Hz,
3J(H8HS) = 5.4 Hz,4)(H3HS) = 1.4 Hz), 6.45 (2 H, sp-CHzMey),
6.46 (4 H, s0-CsHsMey), 6.81 (1 H, d, H, 3J = 7.6 Hz), 6.86 (1
H, td, H, 3J(H3H*H5) = 7.9 Hz,4J(H*H®) = 1.7 Hz), 7.13 (1 H, m
obscured by solvenp-CgHs), 7.38 (2 H, app. tmCgHs, J = 7.5
Hz), 7.46 (2 H, ddp-CgHs, 3J = 8.2 Hz,4) = 1.3 Hz), 9.19 (1 H,
ddd, H, 3J(H5H8) = 5.4 Hz,4J(H*H®) = 1.7 Hz,5)(H3H®) = 0.8
Hz), 9.99 (1 H, s, &CH) ppm.13C{*H} NMR (Cg¢Ds, 150.9 MHz,
296 K): 6 21.8 (GHaMey), 24.3 (Me of NN,,), 30.6 (QMes), 44.1
[C(CHzNXyI) 7], 59.8 (CMe3), 63.8 [(CHoNXyI) ], 112.9 -CsH3z-
Mey), 120.4 (G), 121.4 p-CeHsMey), 121.9 (G), 123.8 p-CeHs),
126.4 0-C¢Hs), 128.8 (-CeHs), 137.7 -CeHsMey), 138.4 (G),
147.7 (C), 150.0 (pso-CeHs), 150.8 (G=CH), 152.8 (pso-CeHz-
Me,), 160.9 (G), 196.6 C=CH) ppm.25N{*H} NMR (C¢Ds, 60.8
MHz, 296 K): 6 240.9 (\2Nyy), 274.6 (N'Bu), 286.6 (NNyy) ppm.
Anal. Found (calcd for gH4sN4Ti): C, 74.9 (75.0); H, 7.4 (7.5);
N, 8.9 (9.5).

[Ti(N 2Y'Npy){ «2-N('Bu)CH=CTol}] (4d). To a solution of [Ti-
(NBu)(N2Y'Ngy)(py)] (611 mg, 1.07 mmol) in toluene (50 mL)
was added an equimolar amount of tolylacetylene (2601.18

mmol) via syringe. The resulting brown solution was stirred over
night. Removing the volatiles under reduced pressure produced a
brown, waxy solid, which was redissolved into pentane (20 mL).
After 2 days at—4 °C, the title compound was formed as a black

CeHaMe), 3.22 (2 H, d, GiH, 3J = 11.9 Hz), 4.02 (2 H, d, CH,
3) = 11.9 Hz), 6.31 (1 H, ddd, }3J(H*HS) = 7.2 Hz,3J(HH5) =
5.3 Hz, 4J(H3H5) = 1.4 Hz), 6.69 (4 H, dp-CsHsMe, 3J = 8.4
Hz), 6.81 (1 H, d, H, 3 = 7.9 Hz), 6.85-6.92 (1 H, m, H), 6.46

(4 H, d,mCgHsMe, 3] = 8.2 Hz), 7.16-7.16 (1 H, m obscured by
solvent,p-CgHs), 7.35-7.44 (4 H, m,m-CgHs and 0-C¢Hs), 9.17
(1 H, d, K, 3J(H5HS) = 5.3 Hz), 10.00 (1 H, s, €CH) ppm.13C-
{1H} NMR (CgDs, 150.9 MHz, 296 K): & 20.7 (GHiMe), 24.3
(Me of NyN,y), 30.7 (QMes), 44.1 [C(CHoNXyl);], 59.7 CMey),
64.0 [(CH2NXyI) 5], 115.1 -CeHaMe), 120.3 (G), 121.8 (G), 123.5
(p-CeHs), 126.3 p-CgHs), 128.8 -CeHs), 129.4 -CsHiMe),
135.2 p-CgHaMe), 138.4 (@), 147.7 (C), 150.2 {pso-CeHs), 150.8
(C=CH), 152.2 {pso-C¢HsMe), 160.7 (C), 196.3 C=CH) ppm.
[Ti(N 2™'Npy)X{ «>-N(‘Bu)CH=CTol}] (4b). To a solution of [Ti-
(N'Bu)(N2"™'Np)(py)] 3a (12 mg, 22.2 mmol) in €Dg (0.5 mL)
was added tolyl acetylene (3L, 24.4 mmol, 1.1 equiv). Analysis
by NMR spectroscopy indicated the formationdat along with a
small quantity of [Ti(NTONp,){«?-N('Bu)CH=C(Tol)C(Tol) =

CH}] (5b) which could not be completely removed by repeated

recrystallizationH NMR (CgDe, 399.9 MHz, 296 K): 6 1.20 (9
H, s, CMe), 1.23 (3 H, s, Me of BNpy), 2.25 (6 H, s, GHsMe),

crystalline solid. Yield 337 mg (52%)H NMR (CsDe, 600.1 MHz,
296 K): 0 1.21 (9 H, s, CMg), 1.24 (3 H, s, Me of MN,,), 2.26
(12 H, s, GHsMey), 2.31 (3 H, s, 4-GH:Me), 3.28 (2 H, d, GiH,
3] = 12.0 Hz), 4.06 (2 H, d, CH, 3J = 12.0 Hz), 6.36 (1 H, ddd,
HS, 3J(H*HS) = 7.2 Hz,3J(HEHS) = 5.4 Hz,4J(H3HS) = 1.2 Hz),
6.46 (2 H, sp-CsHsMey), 6.48 (4 H, sp-CsHsMey), 6.83 (1 H, d,
H3,3) = 7.9 Hz), 6.88 (1 H, td, K 3J(H3H*HS) = 7.9 Hz,4J(H*H")
= 1.7 Hz), 7.21 (2 H, dm-4-CgH;Me, 3J = 8.0 Hz), 7.40 (2 H, d,
0-4-CgH4Me, 3] = 7.7 Hz), 9.26 (1 H, dd, H 3J(H5HS) = 5.4 Hz,
4J(H*H®) = 1.7 Hz), 10.03 (1 H, s, €CH) ppm.13C{*H} NMR
(CeDs, 150.9 MHz, 296 K): 6 21.2 (4-GH4Me), 21.9 (GHsMey),
24.4 (Me of NNy, 30.6 (QMes), 44.1 [C(CHoNXyl);], 59.8
(CMes), 63.8 [CHoNXy) 5], 112.9 0-CeHsMey), 120.4 (G), 121.3
(p-CeHsMey), 121.9 (G), 126.4 p-4-CsHsMe), 128.3 (n-4-CoHy-
Me), 129.5 (+-CeHaMe,), 132.8 p-4-CsHsMe), 137.7 {pso-4-CoHa-
Me) 138.4 (&), 147.8 (©), 150.5 (G=CH), 152.9 {pso-CsHsMey),
161.0 (G), 197.7 €=CH) ppm.5N{‘H} NMR (C¢Ds, 60.8 MHz,
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296 K): 6 265.8 (\2Nyy), 302.4 \'Bu), 314.5 (NN,y) ppm. Anal.
Found (calcd for @gH4eN4Ti): C, 75.2 (75.2); H, 7.7 (7.6); N, 8.9
(9.2).

[Ti(N 2™'Npy){ «>-N(‘Bu)CH=C(Ph)C(Phy=CH}] (5a). To a
solution of [Ti(NBU)(N2"Nyy)(py)] (758 mg, 1.40 mmol) in toluene
(50 mL) was added 3 equiv of phenylacetylene (4601.40 mmol)

Vujko et al.

3.71 (2 H, d, CHHN, 3J = 12.5 Hz), 6.48-6.52 (3 H, overlapping
m, H° andp-3,5-GHsMe,), 6.85 (1 H, d, H,3J = 7.9 Hz), 6.89 (4
H, s, 0-3,5-GH3Mey), 6.99-7.12 (3 H, overlapping m, fand
p-CeHs), 7.26 (4 H, m obscured by the solventCgHs), 7.70 (4
H, t, mC¢Hs, 3J = 8.2 Hz), 8.07 (1 H, s, §,9.29 (1 H, d, H, 3]
(H5H®) = 5.9 Hz), 10.16 (1 H, s, §J ppm.13C{*H} NMR (C¢Ds,

via syringe. The resulting brown solution was stirred for 60 min at 100.5 MHz, 296 K): 6 21.8 (3,5-GHsMey), 25.3 (Me of NN,,),
100 °C. Removing the volatiles under reduced pressure produced31.5 (QMes), 42.0 [C(CHNXyl) 7], 62.4 CMej3), 63.1 [CHNXyI) 2],
a brown waxy solid, which was redissolved into diethyl ether (20 113.8 0-3,5-GHsMey), 119.9 (C), 122.3 C=CH,), 122.5 (C),

mL). After 2 days at-4 °C, the title compound was formed as a

black crystalline solid. Yield 345 mg (37%3H NMR (CgDs, 399.9
MHz, 296 K): 6 1.14 (9 H, s, CMg), 1.18 (3 H, s, Me of MNy,),
2.03 (6 H, s, GH3Me), 3.27 (2 H, d, ®IHN, 3J = 12.5 Hz), 3.69
(2H,d, CHHN, 3= 12.5 Hz), 6.39 (1 H, ddd, #3J(H*H®% = 7.3
Hz, 38J(HH®) = 5.4 Hz,*J(H®H%) = 1.1 Hz), 6.74 (1 H, d, B 3J
= 7.9 Hz), 6.877.03 (11 H, overlapping m, Hp-CsHs, 0-CeHy4-

Me andm-CgH Me), 7.12-7.21 (4 H, m obscured by the solvent,

0-CgHs), 7.60 (4 H, t,m-CgHs, 3J = 8.2 Hz), 8.08 (1 H, s, K,
9.29 (1 H, d, H, 3J (H°H®) = 5.9 Hz), 10.38 (1 H, s, kJ ppm.
13C{*H} NMR (CgDs, 100.5 MHz, 296 K):6 20.7 (GHsMe), 25.3
(Me of NxNpy), 31.7 (QMe3), 42.9 [C(CH:NTol),], 62.5 (CMey),
63.5 [(CH2NTOol);], 115.9 p-CsHsMe), 120.0 (C), 121.8 C=CHy),
122.6 (@), 124.4 p-C¢Hs), 126.2 p-CgHs), 128.0 0-CoHs), 128.4
(0-CgHs), 129.4 p-CgHsMe), 129.5 (-CgHsMe), 130.1 (n-CeHs),
130.4 (n-CeHs), 138.4 (C), 145.7 (pso-CeHs), 145.9 {pso-CgHs),
147.5 (C), 149.9 (G=CH,), 151.6 C=CHp), 152.2 (pso-CeHy-
Me), 160.3 (G), 228.9 (G=CHp) ppm. Anal. Found (calcd for
CugHagN4Ti): C, 77.2 (77.5); H, 7.2 (6.9); N, 8.1 (8.4).

[Ti(N 2™'Npy){ «>-N('Bu)CH=C(Tol)C(Tol)=CH}] (5b). To a
solution of [Ti(N'Bu)(N2"'Np,)(py)] (1,00 g, 1.85 mmol) in toluene
(50 mL) was added 3 equiv of tolylacetylene (0uQ 1.81 mmol)

122.6 0-3,5-GHsMey), 124.2 -CgHs), 126.1 p-CgHs), 127.9 b-
CeHs), 128.1 0-CgHs), 129.7 (n-CgHs), 130.2 (n-CgHs), 137.8 (-
3,5-GHsMey), 138.4 (C), 145.5 {pso-CsHs), 145.9 (pso-CeHs),
147.6 (©), 149.2 (G=CH,), 151.4 C=CHy), 154.2 {ps0-3,5-GH3z-
Me,), 160.3 (G), 228.2 (G=CHy) ppm. Anal. Found (calcd for
CusHsoN4Ti): C, 77.2 (77.8); H, 7.3 (7.3); N, 7.9 (8.1).

[Ti(N 2Y'Npy){ €?-N(Bu)CH=C(Tol)C(Tol)=CH}] (5d). To a
solution of [Ti(NBu)(NzY'Npy)(py)] (1.18 g, 2.1 mmol) in toluene
(50 mL) was added 3 equiv of tolylacetylene (0.79 mL, 6.2 mmol)
via syringe. The resulting brown solution was stirred for 60 min at
100°C. Removing the volatiles under reduced pressure produced
a brown, waxy solid, which was redissolved into diethyl ether (20
mL). After 2 days at-4 °C, the title compound was formed as a
black crystalline solid. Yield 275 mg (18%). Diffraction-quality
single crystals were grown from a saturated diethyl ether solution
at 5°C (600 mg in 4 mL of diethyl etherfH NMR (CsDg, 600.1
MHz, 296 K): 6 1.17 (9 H, s, CMg), 1.19 (3 H, s, Me of BNp,),
2.07 (3 H, s, 4-@Hs;Me), 2.11 (3 H, s, 4-GHs;Me), 2.17 (12 H, s,
3,5-GHsMey), 3.32 (2 H, d, GIHN, 3 = 12.4 Hz), 3.72 (2 H, d,
CHHN, 8] = 12.4 Hz), 6.44 (3 H, overlapping m,%nd p-3,5-
CeH3Mey), 6.78 (1 H, d, H, 3J = 7.6 Hz), 6.83 (4 H, sp-3,5-
CeH3Mey), 6.94 (1 H, td, M3 = 7.8 A = 1.8), 7.01 (4 H, t,

via syringe. The resulting brown solution was stirred for 60 min at M4-CeHasMe, 3J = 8.4 Hz), 7.58 (4 H, ddp-4-CsH,Me, 3] = 8.1
100°C. Removing the volatiles under reduced pressure producedHz, *J = 6.4 Hz), 8.08 (1L H, s, §, 9.36 (1 H, dd, H, 3J (H*H°)
a brown, waxy solid, which was redissolved into diethyl ether (20 = 5.4 Hz,*J (H*H) = 1.6 Hz), 10.25 (1 H, s, §} ppm.*3C{'H}
mL). After 2 days at-4 °C, the title compound was formed as a NMR (CeDg, 150.9 MHz, 296 K): 6 21.1 (4-GHsMe), 21.2 (4-
black crystalline solid. Diffraction-quality single crystals were CeHiMe), 21.8 (3,5-GHsMe,), 25.3 (Me of NNp), 31.5 ((Mes),

grown from a saturated diethyl ether solution &®& (400 mg in
4 mL of diethyl ether). Yield 379 mg (30%)H NMR (CgsDe, 399.9
MHz, 296 K): 6 1.16 (9 H, s, CMg), 1.19 (3 H, s, Me of BNp,),
2.04 (12 H, s, @H3Me), 2.06 (3 H, s, 4-gHsMe), 2.12 (3 H, s,
4-CeHsMe), 3.27 (2 H, d, BHN, 3 = 12.5 Hz), 3.69 (2 H, d,
CHHN, 3J = 12.5 Hz), 6.42 (1 H, ddd, ¥ 3J(H*H5) = 7.4 Hz,
8J(H®H®) = 5.4 Hz,*)(H3H%) = 1.1 Hz), 6.76 (1 H, d, B33 =7.9
Hz), 6.88-7.04 (13 H, overlapping m, HiCsHsMe andm-4-CeHy-
Me), 7.56 (4 H, ddp-4-CsH,Me, 3 = 8.1 Hz,4J = 5.3 Hz), 8.09
(1 H,s, H), 9.35 (1 H,d, H, 3] (HH® = 5.2 Hz), 10.46 (1 H, s,
Hp) ppm. B¥C{*H} NMR (CsDg, 100.5 MHz, 296 K): 6 20.7
(CeHaMe), 21.1 (4-GH.Me), 21.2 (4-GHsMe), 25.3 (Me of NNpy),
31.7 (QMey), 42.0 [C(CHzNTOl)7], 62.4 (CMe3), 63.5 [CH.NTOI)],
115.9 0-CsHsMe), 119.9 (C), 1218 C=CH,), 122.5 (C), 128.6
(m-4-CsHaMe), 129,1 (n-4-CsHaMe), 129.3 p-CsHyMe) 129.5 (-
C¢HsMe), 130.1 6-4-CsHsMe), 130,3 6-4-CsHy Me), 133.3 p-4-
CsHsMe), 135.3 p-4-CsH4 Me), 138.3 (C), 142.7 {pso-4-CsHsMe),
143.2 {pso-4-CeHsMe), 147.6 (C), 149.5 (G=CH,), 151.5 C=
CHp), 152.3 {pso-CsHsMe), 160.3 (C), 229.6 (G=CHg) ppm. Anal.
Found (calcd for GsHsoN4Ti): C, 77.3 (77.8); H, 7.4 (7.3); N, 7.9
(8.1).

[Ti(N 2Y'Npy){ €?>-N(Bu)CH=C(Ph)C(Ph)=CH}] (5c). To a
solution of [Ti(NBu)(N2*'Np,)(py)] (1.03 mg, 1.8 mmol) in toluene

42.0 [C(CHNXy) 5], 62.3 CMe3), 63.1 [CHoNXyl) 2], 113.8 -
3,5-GHsMey), 119.9 (C), 122.4 C=CH,), 122.5 (C and p-3,5-
CsHsMe; overlapping), 128.7n¢-4-CsH Me), 128.9 (n4-CsHsMe),
129.7 ¢-4-CsHsMe), 130.2 ¢-4-CsHsMe), 133.1 p-4-CsHyMe),
135.3 p-4-CeHsMe), 137.8 (n-3,5-GHsMey), 138.4 (C), 142.9
(ipso-4-CsHsMe), 143.1 {pso-4-CeHsMe), 147.6 (C), 148.7 (C=
CH,), 151.3 C=CHp), 154.3 (xyl-ipso-C), 160.4 (§, 227.5 (C=
CHg) ppm. 3N{'H} NMR (CsDs, 60.8 MHz, 296 K): 6 246.2
(N2Npy), 287.0 (\'Bu), 288.3 (NNg,) ppm. Anal. Found (calcd for
CuHsaNgTi): C, 78.5 (78.1); H, 7.7 (7.5); N, 7.8 (7.8).

Kinetic Studies of the{2 + 2} Addition of Phenylacetylene
to the Ti Imido Complex 3c and of the Reaction of the
Azatitanacycle 4a withtert-Butylamine. A solution of [Ti(N'Bu)-
(N2Y'Npy)(py)] (30) (5.7 mg, 1Qumol) and 1,4-dimethoxybenzene
(3.0 mg, internal standard) in toluedg{0.5 mL) was transferred
to a J. Young NMR tube. After cooling the samplet@0 °C, 0.5
to 4 equiv of phenylacetylene (5 to 40nol) was added. The tube
was transferred to an NMR spectrometer probe that had been
precooled to OC. *H NMR spectra were recorded every 3 min for
a period of up to 30 min. The concentration of the reaction product
was plotted against time, and the conversion curve was line-fitted
to a first-order exponential decage . The initial rate was
estimated from-A/b, derived from differentiation of the fitted line

(50 mL) was added 3 equiv of phenylacetylene (060 mL' 54 mmol) fOr x=0.A plot Of the |n|t|a| rate versus alkyne Concentration
via syringe. The resulting brown solution was stirred for 60 min at indicated a linear relationship.

100 °C. Removing the volatiles under reduced pressure produced A solution of [Ti(N'Bu)(N2Y'Np,)(py)] (3¢) (5 to 25umol) and

a brown, waxy solid, which was redissolved into diethyl ether (20 1,4-dimethoxybenzene (3.0 mg, internal standard) in tolugri@:5

mL). After 2 days at-4 °C, the title compound was formed as a

black crystalline solid. Yield 492 mg (39%3H NMR (C¢Ds, 399.9
MHz, 296 K): 6 1.14 (9 H, s, CMg), 1.18 (3 H, s, Me of BNp,),
2.15 (12 H, s, 3,5-H3Mey), 3.30 (2 H, d, GIHN, 3] = 12.5 Hz),

mL) was transferred to a J. Young NMR tube. After the sample
was cooled to-20°C, 20 equiv of phenylacetylene (8-0.5 mmol)

was added. The tube was transferred to an NMR spectrometer probe
that had been precooled to°C. 'H NMR spectra were recorded



Imido-Alkyne Coupling in Titanium Complexes

Organometallics, Vol. 26, No. 23, 28833

Table 3. X-ray Data for 2a, 2b, 3c, 5b, and 5d

2a 2b 3c 5b 5d
empirical formula Q7H37N5Ti‘C7H8 C29H41N5Ti C34H43N5Ti C45H50N4Ti C47H54N4Ti
formula weight 571.67 507.58 569.65 694.82 722.84
crystal size /mm 0.16¢ 0.08 x 0.03 0.10x 0.15x 0.25 0.15x 0.15x 0.15 0.25x 0.25x 0.25 0.10x 0.20x 0.20
crystal system monoclinic monoclinic monoclinic monoclinic monoclinic
space group P2;/c P2;/c P23/n C2lc C2lc
alA 10.7877(2) 10.637(2) 8.650(6) 30.081(6) 31.3967(18)
b /A 11.6261(3) 22.176(4) 20.362(13) 13.029(3) 12.6357(8)
c/A 25.8717(7) 11.572(2) 17.777(11) 21.530(4) 22.2022(13)
o /deg 90 90 90 90 90
pldeg 98.831(5) 91.32(3) 93.924(14) 102.73(3) 114.867(1)
y ldeg 90 90 90 90 90
V /A3 3206.3(1) 2729.1(9) 3124(3) 8231(3) 7991.4(8)
z 4 4 4 8 8
D¢ /Mg m™3 1.180 1.235 1.211 1.121 1.202
wimmt 0.297 0.340 0.304 0.242 0.252
max, min trans. 0.995, 0.968 0.97,0.95 0.959, 0.952 0.942,0.929 0.7464,0.6786
index ranges, 0to 14, —15to 15, —10to 10, —411t0 40, —40 to 36,
h,k,l 0to 15, 0to 31, 0to 25, 0to 18, 0to 16,
—331t033 0to 16 0to 22 0to 29 0to 28
0 /deg 1.8t027.5 1.8t030.5 1.5t026.7 1.7t029.6 1.7t027.5
TIK 173(2) 100(2) 100(2) 100(2) 100(2)
F(000) 1224 1088 1216 2960 3088
reflns collected 7708 26059 77092 203516 80120
reflns independent 7708 [0.04] 8335 [0.051] 6633 [0.094] 11545 [0.0749] 9162 [0.0840]
[Rind]
data/rest./par. 7708/0/343 8335/0/316 6606/0/361 11514/0/451 9162/0/479
GOF onF? 1.009 0.9674 0.8625 1.035 1.087
final Rindices R; = 0.087 R; = 0.056 R; = 0.056 R = 0.099 R=0.050
[I' > 20(1)] wR, = 0.101 wR, = 0.141 wR, = 0.127 wR, = 0.230 wR2 = 0.133
Rindices (all data) R, =0.087 R; = 0.082 R; =0.083 R =0.123 R=0.079
wR, =0.101 wR, =0.161 wR, = 0.155 wR, = 0.237 wR2 = 0.148
Larg. res. peak /e. 1.071 and-0.876 0.83 and-0.87 0.60 and-0.76 0.79 and-1.21 0.457 and-0.536

every 3 min for a period of up to 30 min. The concentration of the tert-butylamine (0.1 to 5 mmol). The mixture was transferred to a

reaction product was plotted against time, and the conversion curveJ. Young NMR tube and then to an NMR spectrometdrNMR

was line-fitted to a first-order exponential decdg>®. The initial spectra were recorded & h intervals for up to 48 h.

rate was estimated fromA/b, derived from differentiation of the To a solution of [Ti(NBu)(N2A"Npy)(py)] (3aand3c) (10 umol,

fitted line for x = 0. A plot of the initial rate versus titanium 10 mol %) and 1,4-dimethoxybenzene (3.0 mg, internal standard)

concentration indicated a linear relationship, from which the in C¢Ds (0.5 mL) was added 10 equiv dért-butylamine (0.1

rate coefficient was obtained from the slope of the graph a<x1.9 mmol). The mixture was transferred to a J. Young NMR tube and

103%sL, then to an NMR spectrometer probe that had been preheated to
To a solution of [TiI(NY'Ngy){«x>N(Bu)CH=CPH] (4a) (5.9 50 °C. 'H NMR spectra were recorded & h intervals for up

mg, 10umol) and 1,4-dimethoxybenzene (3.0 mg, internal standard) to 24 h.

in toluened8 (0.5 mL) was added 0-54 equiv oftert-butylamine Crystal Structure Determinations Suitable crystals o2a, 2b,

(5 to 40umol). The mixture was transferred to a J. Young NMR 3¢, 5b, and 5d were obtained from saturated solutions at@

tube and then to an NMR spectrometé. NMR spectra were Intensity data were collected at low temperature on a Bruker AXS

recorded every 3 min for a period of up to 30 min. The Smart 1000 CCD2b, 3d, 5b, 5d) or a Enraf-Nonius Kappa-CCD

concentration of the reaction product was plotted against time, and (2a) diffractometer. The structures were solved using direct methods

the conversion curve was line-fitted to a first-order exponential with absorption corrections being applied as part of the data scaling

decayAe . The initial rate was estimated fromA/b, derived procedure?? After refinement of the heavy atoms, difference Fourier

from differentiation of the fitted line fox = 0. A plot of the initial maps revealed the maxima of residual electron density close to the

rate versus amine concentration indicated a linear relationship.  positions expected for the hydrogen atoms. They were introduced
A solution of [Ti(N2Y'Npy){«>-N(‘Bu)CH=CPH] (4a) (5—25 as fixed contributors in the structure factor calculations and treated

umol) and 1,4-dimethoxybenzene (3.0 mg, internal standard) in with a riding model, with isotropic temperature factors but not

tolueneds (0.5 mL) was transferred to a J. Young NMR tube. After  refined. A final difference map revealed no significant maxima of

the sample was cooled to°C, 20 equiv oftert-butylamine (0.1 residual electron density. Structure solution and refinement were

0.5 mmol) was added. The tube was transferred to an NMR performed by using the programs SIRSHELXS-8655 SHELXL-

spectrometer probe that had been precooled f€0H NMR 9756 or CRYSTALS?’ The crystal ofsb was found to possess a

spectra were recorded every 3 min for a period of up to 30 min. disordered molecule of diethyl ether. Various models were em-

The concentration of the reaction product was plotted against time,

and the conversion curve was line-fitted to a first-order exponential

decayAe b, The initial rate was estimated fromA/b, derived

(53) (@) Sheldrick, G. M.SADABS-2004/1Bruker AXS, 2004 (b)
Otwinowski, Z.; Minor, W. InMethods in EnzymologgZarter, C. W., Sweet,

from differentiation of the fitted line fok = 0. A plot of the initial R. M., Eds.; Academic Press: San Diego, CA, 1997; Vol. 276, p 307.
P (54) (a) Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, G. L.;

rate versus titanium concentration indicated a linear relationship, Giacovazzo, C.; Guagliardi, A.; Moliterni, A. G. G.; Polidori, G.; Spagna,
from which the rate coefficient was obtained from the slope of the R.J. Appl. Cryst1999 32, 115. (b) Burla, M. C.; Caliandro, R.; Camalli,
graph as 1.1x 108 s™. M.; Carrozzini, B.; Cascarano, G. L.; De Caro, L.; Giacovazzo, C.; Polidori,

Catalytic Hydroamination of Phenylacetylene with tert- G.; Spagna, RJ. Appl. Cryst2005 38, 381. .
Butylamine. To a solution of [Ti(NBu)(NzA’pr)(py)] (3aand39) Ge(rSrr?;nSyhellggcek, G. MSHELXS-86University of Gdtingen: Gitingen,
(10 umol, 0.5-10 mol %) and 1,4-dimethoxybenzene (3.0 mg, " )

\ ' > (56) Sheldrick, G. MSHELXL-97 University of Gdtingen: Gitingen,
internal standard) in §Ds (0.5 mL) was added 10500 equiv of Germany, 1997.
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ployed to model this molecule, of which none adequately fitted

Vujko et al.

Computational Details

the electron density. Therefore it was removed and the correspond-

ing electron density was modeled with SQUEEZia the advanced

All calculations were performed using the Gaussian 03 pro§fam.

mode, with the A and B parts of the structure factors being passedA” calculated structures were optimized without geometry con-

back to CRYSTALS for inclusion ifr., rather than being removed
from F,. Crystal data and experimental details are provided in Table
3.

(57) Watkin, D. J.; Prout, C. K.; Carruthers, J. R.; Betteridge, P. W.;
Cooper, R. ICRYSTALSChemical Crystallography Laboratory: Oxford,
U.K. 2001 (11).

(58) Sluis, P. van der; Spek, A. LActa Cryst. 1990 A46,
194.

(59) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J,;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.
D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.
G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.;
Piskorz, P.; Komaromi, |.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, Hdussian
03, revision B.03; Gaussian, Inc.: Wallingford, CT, 2004.

straints, with each optimization being followed by a frequency
calculation (for quantum mechanical calculations) to confirm the
nature of the located extrema (minimum or transition state). Where
possible, molecular parameters of optimized structures were
compared to available X-ray data and exhibited no significant
differences. For ONIOM calculations involving the?MN,, ligand,

the apical methyl group and the aryl methyl groups were calculated
at the UFF level, with the remainder of the molecule calculated
with the B3APW91 method, in which the metal, the coordinated
atoms, and the alkyne =6C fragment were modeled with the
6-311G(d,p) basis set, with the remainder of the atoms modeled
with the 6-31G basis set.
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