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A direct amination on allylic alcohols under mild conditions was enlightened by computational
investigations and implemented in secondary allylamines synthesis.
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A computational design was inspired by previous mechanistic
studies and the DFT-guided reactions were implemented in the
synthesis of secondary allylamines. The participation of titanium
imido intermediates facilitated the reaction and the closed
transition states in the bond-forming steps rendered exclusive
Sn2’ substitution products.

Computational methods for understanding and promoting
chemical reactions have experienced an explosive growth in last
several decades. In addition to traditional performance in the
rationalization of existing results in chemical processes,
computational chemistry has been continually proving its capability
to make reliable predictions.® In the field of organic chemistry, by
delivering instructive information, calculations have played an
active part in the development of new catalysts,? ligand and
molecular design,? as well as prediction of reactivity and discovery
of new reactions.**> Though, compared with abundant mechanistic
studies on existing reactions, reactivity design in advance is still
relatively uncommon and only limited examples were timely
experimentally verified.# Attracted by this emerging subject, we
herein report a computationally designed titanium-mediated
amination of allylic alcohols for the synthesis of secondary
allylamines.

Allylamines, as key building blocks in the transformation to a
range of industrially and biologically important products, have been
the topic of considerable interest.® In comparison with conversions
from activated allylic derivatives such as allylic halides, carbonates
and carboxylates, direct amination on allylic alcohols possesses an
apparent advantage from an economical and environmental point
of view, though this scheme is meanwhile challenging due to the
poor leaving-group ability of hydroxyl group. The strategy is usually
achieved either with the help of precious metal catalysts”-8 with, in
most cases, cooperating activators or unique ligands, or by
employing specifically combined catalytic systems.®

However, along with the success of converting allylic alcohols
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directly into allylamines, these approaches also face some potent
problems. Although the regioselectivity can be in principle directed
by the choice of catalysts, where platinum and palladium catalyz
are inclined to give linear products’ while iridium and rhodium
catalysts favor branched products,® elimination of linear products
from branched products or vice versa is really difficult since a key
step in these catalytic processes is the formation of an n3-allyli-
metal complex which is subjected to nucleophilic attack at both
ends. In the cases where Sy2 pathway with no involvement of n3-
allylic complex guided the reaction, the regioselectivity is well fixed,
but usually at the cost of severe reaction conditions, typically very
high temperature.® % A third problem chemists may encounter is
the overalkylation which appears when secondary allylamines are
desirable.

In an illuminating piece of work, Odom and coworker proposed
an effective route to prevent overalkylation in a formal Sn2’
substitution reaction using Ti(NMe3)s as the mediator, selective,
producing secondary allylamines.’® Though the transfer required
strict experimental conditions, typically heating at 160 2C for hours
in a pressure tube. Our previous computational study assigned &
[242]/retro-[24+2] mechanism to the related reactions while in the
titanium-mediated case the high energy requirement of over 43
kcal/mol in the rate-determining [2+2] cycloaddition is supposed to
be responsible for the harsh reaction conditions.!? Grounding on
the  mechanistic  understandings and  benefiting  from
computationally aided reactivity design, we hope to improve this
titanium-mediated tactic into a synthetic method for secondary
allylamines under general conditions, and at this stage focus on
moderating the energy requirement by introducing suitable
titanium reaction intermediates into the system (Scheme 1).

Early transition-metal imido complexes are considered to !
active participators in the [2+2] cycloadditions!? and the reactivity is
affected by the coordination environment around the central metal,
while stronger Lewis acidity of the metal center would fav
interaction with electron-donating leaving group in the other
cycloaddition partner, namely the allylic alcohol in our desirable
reaction and stabilize a closed transition state.!3 In the meantim ,
the d° electron configuration in the Ti(IV) complex could enable »
partial charge transfer from the w-orbital of the allylic moiety to th~
empty dzZ-orbital of the central metal, while empty n*-orbital n
the ligands would help to disperse the charge in the transition state
as well as intermediate, lowering the energy requirement. Fromt' e
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above two aspects titanium imido halides are qualified candidates
for the intermediates in the designed reactions owing to their
adequate Lewis acidity, effective coordination to oxygen-containing
ligands, and versatile reactivity in cycloadditions.* With the help of
DFT calculations, we wanted to answer the following questions: to
what extent can the involvement of halide ligands reduce the
energy requirement; can this reduction realize our vision of
converting allylic alcohols and amines directly into allylamines; and
from a mechanistic aspect, how would the involvement affect the
reaction pathways?
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Scheme 1. Designed titanium-mediated amination of allylic alcohols via a formal
Sn2’ substitution.

As a starting point to this investigation, chloride was selected to
exemplify the influence of increased Lewis acidity. Full geometrical
optimizations were carried out using Gaussian 09 suite of
programs,’> employing the Minnesota density functional MO06.16
The solvent effect was dealt with using conductor-like polarizable
continuum model (CPCM)'7 in toluene. Frequency calculations were
performed at the same level to identify all of the stationary points
as minima (zero imaginary frequency) or transition states (one
imaginary frequency) and intrinsic reaction coordinates (IRC) were
calculated for each transition state to confirm that the structure
indeed connects the two relevant minima.
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Figure 1. Energy profile and key structures with selected structural parameters
(bond lengths in A) for the reaction of PAN=TiCl2(HNMez)2. The structures were
optimized with M06/6-31++G** method (SDD for Ti) and the solvent effect was
dealt with using CPCM (conductor-like polarizable continuum model). The
relative electronic energies (with zero-point energies ZPE) are given in kcal/mol
and the Gibbs free energy are shown in square brackets.
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Compared with the Sy2’ substitution using Ti(NMe;); as the
mediator which has an activation energy of 43.1 kcal/mol, th~
designed amination here incorporating more Lewis acidic
PhN=TiCl,(HNMe,), as intermediate is proposed to occur at an
energy requirement of 35.5 kcal/mol via a [2+2]/retro-[2+2]
mechanism with the [2+2] cycloaddition as the rate-determining
step (Figure 1).18 The other mechanistically plausible pathway,
namely the [3,3] sigmatropic rearrangement, benefits more from
the incorporation of halide ligands, having a remarkably reduced
energy (from 59.9 to 37.5 kcal/mol) but still being less energetically
favored than the [2+2]/retro-[2+2] mechanism. The dissociation of
the product complex is a barrierless process occuring via a
transition state which is located 21.4 kcal/mol below the product
complex and provides the final product secondary allylamine in an
entropy-driven way. Being most important to our design, the
energy profile delivered a delightful piece of information that with
these energy requirements, the reaction would be able to occur
under general conditions like refluxing in commonly-used solver. -
such as toluene since considering the above-mentioned reaction i+
literature occurs at 160 2C in reasonable reaction time, according to
Arrhenius equation, to gain a similar reaction rate at 110 9C, the
energy requirement for reaction should be less than 38 kcal/mo!
(see supporting information for details) while the computationally-
predicted barrier of the designed reaction satisfies this demand.

The halide ligands are supposed to facilitate the titanium
mediated amination mainly from two aspects, by increasing the
Lewis acidity of the metal center and by dispersing the charge in the
transition states. Though not as efficient as chloride in enhancing
Lewis acidity, iodide is more polarizable and should have better
performance in charge dispersion. Thus parallel calculations were
done on the reaction involving PhN=Til,(HNMe;); as intermediate to
examine how much can these factors play a role in this particular
case (Figure 2).
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Figure 2. Energy profile and key structures with selected structural parameters
(bond lengths in A) for the reaction of PhN=Til2(HNMe).. The structures we °
optimized with M06/6-31++G** method (SDD for Ti and 1) and the solvent effect
was dealt with using CPCM (conductor-like polarizable continuum model). The
relative electronic energies (with zero-point energies ZPE) are given in kcal/m~!
and the Gibbs free energy are shown in square brackets.

Differing from its chloride analog, in the reaction Hf
PhN=Til;(HNMe;),, the sigmatropic rearrangement process Is
slightly energetically favored and a retro-[2+2] ring-opening of t' ¢

This journal is © The Royal Society of Chemistry 20xx
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fused ring intermediate serves as the rate-determining step in the
stepwise pathway. The energy difference between the two
competing mechanisms is not striking, hence both processes might
play a part in the reaction. As a whole the energy requirement in
the reaction of PhN=Til;(HNMe;); is further lowered, indicating
milder reaction conditions or a faster rate of reaction. An analysis of
the computed natural atomic charges along the reaction profiles
gave a clue to how the halide ligands facilitated the reaction by
increasing the Lewis acidity of the metal center as well as by
dispersing charges (Table 1). The calculated charge on the titanium
atom in the starting material is markedly increased by the
incorporation of chloride as ligand and slightly raised by iodide,
supporting our expectation of enhancing the Lewis acidity of the
metal center to different degrees. Though not being as effective as
chloride in influencing the Lewis acidity, iodide ligand does perform
better in dispersing charges, lowering the charge build-up in the
transition states as well as the intermediate. As a control system,
reaction involving PhN=Ti(NMe2},(HNMe;), experiences greater
changes in charge, which might be one of the factors in the
obviously higher energy requirement.8

Table 1. Calculated NBO charges with M06/6-31++G** method (SDD for Ti
and 1) on the titanium atom.

PhN=Ti(NMe2).

PhN=TiCl2(HNMe), PhN=Til2(HNMe>).

(HNMey),

Starting

material +0.48e +0.70e +0.50e

TS 2+2 +0.85e +0.73e +0.45e
a2 +0.85¢ +0.72e +0.45¢
intermediate
TS retro-2+2 +0.82e +0.76e +0.49e

TS Cope +1.39% +0.81e +0.68e

According to the energy profiles from DFT calculations, the
introduction of halide ligands would bring obvious benefit to the
realization of synthesis of secondary allylamines from amines and
allylic alcohols under relatively mild conditions. To substantiate the
concept, we initiated our experimental study by testing the reaction
of 2-methylbut-3-en-2-ol with aniline (Table 2, entry 1). To make
the reaction further economically and operationally simple, the
titanium imido halide intermediates were introduced using
inexpensive TiCl, as metallic reagent and employing trimethylsilyl
halides to gain a variety of halide ligands conveniently. Delightfully,
the one-pot reaction involving PhN=TiCly(HNEt;), gave exclusively
the Sny2' product in an acceptable yield in 24 hours with no
observation of Sy2 product (entry 1), corroborating our original idea
to achieve high regioselectivity as the benefit of closed transition
states in the key steps. The Sy2’ selectivity was further confirmed by
the reactions of 1b and 1c (entries 2-3) which usually provided the
same product in the reaction involving n3-allylic complex and
yielded different results here, both giving the Sy2’ product.
Comparing with the strict requirements in literature in which
heating toluene to 160 2C in pressure tube and manipulation of
reagents in glovebox were indispensable,’?l the experimental
conditions here are much gentler. To identify whether the titanium
imido chloride intermediates virtually contribute to the reaction
and how essential the participation is, control experiments were

This journal is © The Royal Society of Chemistry 20xx

COMMUNICATION

carried out. Using commercially available Ti(NMe,)s (entry 4)
provided analogous results to that of entry 1, while the absence ~*
trimethylsilyl chloride entirely disabled the reaction (entry 5),
supporting the concept that the involvement of titanium imido
halide is active and vital.

Table 2. Titanium-mediated amination of allylic alcohols.

R! 2 i | ; 20 O 4
;T\XR . ArNH, 1. TiClg, HNEt,, n-BuLi, toluene, -20 °C rR? R'R2
. 7
R3 OH 3eq 2. TMSCI/ TMSI ArHN Rl
1 2 3. reflux, 12h for TMSCI/24 h for TMSI 3

Allylic Product 3 &
Entry Amine 2 TMS halide
alcohol 1 Isolated yield (%)

N
\K\/ ~Ph
3a

R

PhNH, TMSCI
1a
53 %
N
/\( ~Ph
2 Ph A~ oM PhNH, TMSCI Ph
1b 3b
38 %
Ph n
/YOH SN e
3 N PhNH, TMSCI 3¢
1c
24 %
H
OH 7 N\Ph
_ Y\/
E]
4 />1.-,< PhNH, T™SCI 2
50 %
OH
5 < PhNH,
1a
3a
6 la PhNH, ™SI
76 %
3a
7 la PhNH, ™SI
50 % (80 <T)
3c
8 1c PhNH, ™SI
76 %
N
7 OH N “Ph
9 /ﬁ/ PhNH; ™SI 3d
1d
1%

10 la T™SI
67 %
N
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2¢ Br
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N
NH, 7z
12 la ™SI s
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[a] Commercially available Ti(NMez)s was used instead of that generated in
situ.

A primary kinetic study was conducted for the comparison of the
proposed mechanism with experimental results. The reaction of 2-
methylbut-3-en-2-ol with 4-chloroaniline was selected in the study
for the simplification of NMR while corresponding calculation
indicated that the substitution led to a tiny change of only 0.1
kcal/mol in the energy requirement. The change in concentration
exhibited second-order behavior of bimolecular reactions with
identical initial concentration of two starting materials, suggesting a
rate constant of 5.5 x 10 7 m3mol?s! which implied an activation
energy of 33.6 kcal/mol according to Eyring-Polanyi equation
(Figure 3).

K gps = 5.5 x 107 m3mol-st
R*=0.9916

1/concentration

5000 10000 15000 20000 25000 0000

t(s)

Figure 3. Concentration change of 4-chloroaniline over time and the fitted value
of second-order rate constant in the primary kinetic study.

Another mechanistic examination was guided with the
consideration that adding substituent on the 2-position of allylic
alcohol would make the transition states in the [2+2]/retro-[2+2]
pathway more sterically crowded, increase the energy requirement
and virtually inhibit the reaction, while the [3,3]-sigmatropic
rearrangement or the direct Sy2 substitution is much less affected
by the steric hindrance on the 2-position, thus the reaction would
be appreciably impacted only if the [2+2]/retro-[2+2] pathway
serves as the dominant mechanism (Scheme 2). Calculation on the
reaction of 2-methylallyl alcohol with PhN=TiCl,(HNMe,), specified
the energy requirements to be 38.6 and 34.9 kcal/mol for the [2+2]
and retro-[2+2] transition states respectively and 38.1 kcal/mol for
the sigmatropic rearrangement, adding 3.1 kcal/mol to the barrier
of the [2+2]/retro-[2+2] pathway and 0.6 kcal/mol to the
sigmatropic rearrangement. The amination product was barely
observed in the experiment with high recovery of starting materials
and the lack of reactivity practically corroborated our prediction.
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cl, HNMe, | ¥
CI-'--TJ:I\#PF‘ [3,3] sigmatropic rearrangement

HO'

Sy2 substitution
not affected by

2-position substitution ’

+
cl, HNMe,
Clm=Ti=NPh

not blocked by 2-position substitution

ﬁ/\OH +  PhNH, PhHN/Y

[2+2)/retro-[2+2]
hindered by 2-position substitution

Scheme 2. Potential mechanism and corresponding expected outcomes in the
reaction of 2-methylallyl alcohol and aniline.

Encouraged by the results in the reactions mediated by titanium
imido chlorides, we turned our attention toward reactions of thi
iodide analogs that have even lower energy requirement, expectine
milder reaction conditions or a faster rate of reaction. To our grea.
delight, one-pot reaction involving PhN=Til;(HNEt;); at reflux in
toluene markedly enhanced the isolated yields (76% in entry 6 vs
53% in entry 1, 76% in entry 8 vs 24% in entry 3) while concurrently
halved the reaction time. The reaction remained working at further
reduced temperature, but at the lower rate (entry 7). Being
contrary to the inhibition of reaction by substitution on the .
position of allylic alcohol, substituents on the 1-position do not
impair the effectiveness of the reaction, exclusively providing the
Sn2’ product in satisfactory vyield (entries 8-9). While para-
substituted anilines provided satisfactory yields (entries 10-12), the
efficiency of the reaction was reduced in cases where ortho-
functionalized anilines were employed (entries13-14), most
probably as the result of steric hindrance at the ortho-position
which could be a destabilizing factor in a spatially crowded
transition state like the one here for the rate-determining [2+2]
cycloaddition step. The suspicion was partially backed up by the fac.
that in the reaction of 2,6-diisopropylaniline in which the
deleterious effect was amplified, only trace amount of product was
observed. Aryl amines other than substituted anilines, such as
pyridine-2-amine, was also compatible in the direct amination of
allylic alcohol, giving Sn2’ product in a medium yield (entry 15).

Conclusions

In summary, a direct amination on allylic alcohols was
enlightened by mechanistic investigations and computationally
designed. Titanium imido halides were introduced to facilitate the
reaction and realize the regioselective synthesis of seconda--
allylamines from allylic alcohols and aryl amines without
overalkylation. DFT calculations suggested an activation energy of
35.5 kcal/mol in the reaction with the mediation
PhN=TiCl,(HNEt;), and even lower energy requirement for the
reaction involving PhN=Til,(HNEt;),. The computationally predicted
reactivity was experimentally verified in the one-pot reaction =«
reflux in toluene, using inexpensive TiCls as metallic reagent, gainii ~
agreeable yields and Sy2’ selectivity under mild conditions. Primaryv
kinetic study suggested an activation energy of 33.6 kcal/m |,
basically matching with the computational prediction while the z-

This journal is © The Royal Society of Chemistry 20xx
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position substitution on allylic alcohol disabled the reaction,
supporting the [2+2]/retro-[2+2] pathway as prevailing mechanism.
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