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Catalytic C�H bond activation reactions at sp3 centers in the
a position to nitrogen atoms[1,2] have recently attracted much
attention because they offer new and promising synthetic
approaches for the functionalization of simple amines.
Particularly important in this context are studies dealing
with the development of methods for the hydroaminoalkyla-
tion of alkenes.[3–9] This highly atom efficient reaction, which
does not lead to the formation of any side products, allows the
addition of a-C�H bonds of primary or secondary amines to
C�C double bonds in a single step (Scheme 1). The signifi-

cance of this new reaction is clearly underlined by the fact that
a hypothetical use of methylamine, which unfortunately could
not be realized yet, would establish a waste-free one-step
alternative for the industrial production of primary amines
from alkenes, which nowadays requires two steps.

Although hydroaminoalkylation of alkenes has already
been achieved with Ta,[4–7] Ti,[8] and Zr catalysts,[6b, 9] the
mechanism of the reaction remains unclear. So far only a few
mechanistic suggestions have been published,[4b, 5, 6, 8,9] but no

detailed mechanistic data are available in the literature. For
that reason and because we think that for any further
optimization of the process it is vital to understand the
reaction mechanism in detail we decided to perform an
extensive kinetic investigation of the intramolecular hydro-
aminoalkylation of aminoalkenes 1-H and 1-D (Scheme 2) to
reveal, for the first time, important mechanistic details of the
new reaction. At the moment it is assumed that metal-
laaziridines are the key intermediates of the catalytic cycle. A
corresponding monomeric tantallaaziridine complex[6a] and a
bridging titanaaziridine[9] have already been isolated, and
both derivatives turned out to be catalytically active.

At the beginning of our study we performed a number of
intramolecular hydroaminoalkylation reactions of 1-H in
mesitylene at (130� 1) 8C in the presence of various concen-
trations (2.5–17.5 mol%) of [Ti(NMe2)4].[10] To monitor the
concentration of 1-H by 1H NMR spectroscopy ferrocene was
used as an internal standard and samples were taken from the
reaction mixture at regular time intervals. After dilution of
these samples with a 1m solution of benzyl alcohol in C6D6 it
was easily possible to determine the concentration of 1-H by
integration of the 1H NMR signal of the terminal CH2 group
of 1-H. However, it must be noted that the addition of
alcohol, which was expected to result in cleavage of all the Ti�
N bonds formed under the reaction conditions, was essential
for a clean and reliable integration of the 1H NMR signal.
Otherwise, the corresponding signal showed a significant line
broadening especially in cases of higher catalyst loadings.[11]

This observation suggests that under the reaction conditions
the aminoalkene 1-H does not only exist in the free form but
also bound to a large number and variety of Ti species.
Selected plots of c(1-H) versus time, which clearly indicate
that the reaction has a zero-order rate dependence on
substrate concentration, are shown in Figure 1.[12, 13]

After having established the resulting overall rate law
�dc(1-H)/dt = kobs(1-H), a plot of the rate constants kobs(1-H)

versus the catalyst concentration revealed that the reaction

Scheme 1. Comparison of the hydroaminoalkylation of alkenes with the
industrially established two-step process for the synthesis of amines
from alkenes.

Scheme 2. Kinetically investigated hydroaminoalkylation of amino-
alkenes 1-H and 1-D. Preparative result with 1-H and 5 mol% [Ti-
(NMe2)4] after 24 h: 83 % yield of 2 (cis/trans = 17:83). Cp = C5H5.
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is not first order in the concentration of [Ti(NMe2)4] over the
entire range of catalyst concentration (Figure 2).

While an expected and almost linear acceleration of the
reaction with increasing catalyst concentration is observed
over the range 2.5–10 mol% [Ti(NMe2)4] which corresponds
to a first-order rate law {kobs(1-H) = k1-Hc([Ti(NMe2)4])}, the
reaction order becomes zero {kobs(1-H) = k1-H} above a catalyst
concentration of 12.5 mol%. A plausible explanation for this
fairly sharp decrease in reaction order could be that the
formation of multidimensionally linked titanium amido
oligomers containing Ti-N-Ti bridges[14] is possible at higher
catalyst loadings because of the primary amino group of 1-H.
This aggregation process should be clearly favored as the
concentration of Ti species in solution increases, and an
important indication of such an aggregation is provided by the
1H NMR spectra of mixtures of 1-H and [Ti(NMe2)4]. With
increasing Ti content in solution and especially at a [Ti-
(NMe2)4] concentration above 10 mol %, many and broad-
ened 1H NMR signals are observed at d = 3–4 ppm which can
be assigned to the a-CH2 group of many different titanium
amido species formed under the reaction conditions.[15,16]

Ultimately, the formation of titanium oligomers could lead
to a situation in which the addition of additional amounts of
[Ti(NMe2)4] does not lead to a further increase in the number
of catalytically active molecules, which then results in a
constant reaction rate.[17] The possibility that dimethylamine,
which is formed from [Ti(NMe2)4] and the aminoalkene

substrate under the reaction conditions, is responsible for the
constant rate at high catalyst concentrations[18] can be ruled
out because an analogous rate-dependence on the catalyst
concentration was found for the catalyst [TiBn4] (Bn =

benzyl).[10]

Additional kinetic studies were conducted at 120 8C and
140 8C in the presence of 5 mol% and 10 mol % [Ti(NMe2)4]
to determine the activation parameter of the hydroaminoal-
kylation of 1-H. With the presumption that the reaction is
first-order in respect of [Ti(NMe2)4] for these catalyst load-
ings, an Eyring-type analysis[10] of the obtained data revealed
that the enthalpy of activation is high (DH� = (110.2�
3.0) kJ mol�1) and that the reaction passes through a moder-
ately ordered transition state (DS� =�(39.7�6.4)
J mol�1 K�1). This results in a substantial Gibbs free activation
energy of DG�(403.15 K) = (128.3� 2.6) kJ mol�1.

Taken together, the obtained kinetic data are in agree-
ment with the catalytic cycle shown in Scheme 3. A similar
mechanism with a metallaaziridine[6a, 9] as the key intermedi-
ate was proposed for analogous tantalum-catalyzed reac-
tions.[4b, 5,6] This mechanistic scenario suggests that the tita-
nium-bisamide complex 3 is initially formed from the
precatalyst [Ti(NMe2)4] by substitution of dimethylamine

Figure 1. Representative plots of c(1-H) versus t for [Ti(NMe2)4]
concentrations of 2.5 (^), 5 (*), 7.5 (&), and 10 mol% (~).

Figure 2. Plot of kobs(1-H) (average of two kinetic runs) versus the
[Ti(NMe2)4] concentration.

Scheme 3. Simplified mechanism of the titanium-catalyzed intramolec-
ular hydroaminoalkylation of alkenes.
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with the reactive amine. This amine exchange reaction is fast
at room temperature and it is detectable by 1H NMR
spectroscopy.[15] The titanaaziridine 4 is subsequently pro-
duced from complex 3 by a C�H activation reaction. The
intramolecular alkene insertion into the Ti�C bond then
results in the formation of 2-titanapyrrolidine 5, which
subsequently undergoes aminolysis to the tetraamido species
6 and product-forming C�H activation with regeneration of
the catalytically active complex 4. The observed independ-
ence of the reaction rate on the aminoalkene concentration
indicates that either the alkene insertion or the C�H
activation, but not the aminolysis of 2-titanapyrrolidine 5, is
the rate-determining step of the catalytic cycle. In the case of
a rate-determining C�H activation of the a-C�H bond, a
significant primary kinetic isotope effect would be expected
when the deuterated aminoalkene 1-D is used. For this
reason, this substrate was also included in the kinetic study.
The determined isotope effect of kobs(1-H)/kobs(1-D) = 7.3 at
130 8C observed with 5 mol% and 10 mol% [Ti(NMe2)4]
shows impressively that the C�H activation step 6!4 and not
the alkene insertion is rate-determining. In a complementary
hydroaminoalkylation reaction of 1-D on a preparative scale,
significant deuterium loss in the a position to the nitrogen
atom from > 98% in 1-D to 69% in the tosylated product 7
(Scheme 4) was established. This clearly indicates that besides

the productive alkene insertion, the intermediate titanaazir-
idine 4 also undergoes a noticeable amount of aminolysis by
N�H proton transfer from the starting or product amine, and
it confirms unequivocally the reversibility of the C�H/C�D
activation steps. The additionally observed incorporation of
deuterium atoms into the methyl group of the product 7 is
explained by the aminolysis of titanapyrrolidine 5 to give
tetraamido complex 6 by N-deuterated aminoalkene. The
latter is formed by C�D activation of 1-D.

In addition to the experimental investigations, DFT
studies for the titanium-catalyzed cyclization of the model
aminoalkene 8 to give trans-1-amino-2-methylcyclohexane
(9) were conducted (Figure 3).[19] The computations reveal
that the isomerization reaction to give amine 9 is exothermic
by DH298

R ¼76 kJ mol�1 [B3LYP/6-311 + G(d,p)(C,H);SDD-
(Ti)]. Starting from the simplified mechanism for the hydro-

aminoalkylation reaction shown in Scheme 3 and from
previous mechanistic suggestions,[4b,5, 6, 8, 9] the theoretical
investigations resulted in a more detailed proposal for the
catalytic cycle, which is depicted in Scheme 5. The corre-
sponding calculated reaction coordinates are shown in
Figure 4.

The suggested reaction sequence (Scheme 5) starts with
coordination of the starting amine 8 to the 2-titanapyrrolidine
A, which corresponds to the key intermediate 5 in Scheme 3.
The so-formed pentacoordinated species B is stabilized by
23 kJ mol�1, while the negative entropy of the bimolecular
reaction results in a 29 kJ mol�1 increase in the Gibbs free
energy (Figure 4). The subsequent intramolecular aminolysis

Scheme 4. Preparative reaction of the deuterated aminoalkene 1-D.
Ts = toluene-4-sulfonyl.

Figure 3. Model compound 8 and product amine 9 used in DFT
calculations.

Scheme 5. Detailed mechanistic proposal for the titanium-catalyzed
intramolecular hydroaminoalkylation based on DFT calculations (L:
NMe2).

Figure 4. Calculated reaction coordinates of the titanium-catalyzed
intramolecular hydroaminoalkylation (Scheme 5). The course of the
calculated Gibbs free energy G298 is given by a solid line, that of the
enthalpy H298 by a dashed line (relative to A + 8). Differences in the
enthalpies and Gibbs free energies between isomers are given in italics
and in parentheses. Differences in the enthalpies and Gibbs free
energies between ground and transition states are shown in boldface
[B3LYP/6-311 + G(d,p)(C,H);SDD(Ti)].
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of the Ti�C bond in B yields the extremely stable tetraamido
complex C. The consecutive rate-determining step transforms
the titanium complex C to the titanaaziridine D by hydrogen
atom transfer from the a carbon atom of the coordinated
starting amine to the nitrogen atom of the product amine. The
formed product amine 9 stays coordinatively bonded at the
titanium center (binding energy DH298

R ¼71 kJmol�1). The
significant calculated activation barrier for this step is in
qualitative agreement[20] with the high reaction temperatures
applied in the experiment. The fact that the rate-determining
step of the catalytic cycle corresponds to an isomerization
reaction of the tetraamido complex C to give the titanaazir-
idine D is consistent with the experimentally observed zero-
order kinetics with respect to the starting amine 8. The
calculated structure of the transition state TS(C/D) for the C�
H activation step indicates a considerably advanced C�H
bond cleavage, while the new N�H bond is developed only to
a small extent (bond elongation C�H: 140 %; N�H 129 %;
Figure 5).[21] For this step, the calculations for the model

system predict a deuterium isotope effect of 4.3, which is
slightly lower than the experimental result of kobs(1-H)/kobs(1-

D) = 7.3. The subsequent insertion of the alkene group into the
Ti�C bond of the titanaaziridine D displaces the product
amine 9 from the coordination sphere of the titanium atom. It
remains, however, bound to the 2-titanapyrrolidine through a
NH…N bridge (adduct E). Substitution of product amine 9 by
starting amine 8 and extension of the coordination sphere of
complex F regenerates the pentacoordinate complex B and
closes the catalytic cycle.

In summary, we have presented the first detailed study on
the reaction mechanism of the hydroaminoalkylation of
alkenes that takes place by C�H bond activation in the
a position to a nitrogen atom. We believe that the kinetic
data, which are consistent with the theoretical studies, will
guide the further optimization of this new and economically
promising process.
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