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corresponding N-aryl-substituted azacycles is conducted in moderate to good yields under mild

reaction conditions. Computational studies suggested a mechanism involving a Lewis acid-assisted ring-
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www.rsc.org/advances participation of the metal center.

Transition metals have been making great contributions to the
development of organic chemistry over the past decades. While
the precious and exiguous metals such as Pd, Rh, Ir, etc. assert
their superiority in high activity, earth-abundant metals have
proven their value in both capability and availability. Compared
with substantial studies on the chemistry of Fe, Ni, and Cu,
investigations on titanium, the second most abundant transi-
tion metal in the Earth's crust, seem insufficient and “this
relative lack of diversity is largely due to the need for further
development rather than an inherent lack of utility”.* Consid-
ering the existing proof of the application value of this abun-
dant metal,>® the chemistry of titanium deserves more
attention, both in reactivity and mechanistic studies. Seen from
a mechanistic aspect, reaction pathways involving titanium-
containing metallacyclic intermediates are of special interest
since in those cases the metal center are usually particular, or
even unsubstitutable. The formation of those intermediates
concerned is in most cases from unsaturated molecules while
saturated substrates are rarely used,*® which inspired us to
explore the possibility that titanium assists the reaction of
saturated molecules via the participation of metallacyclic
intermediates. Herein we report the titanium-mediated trans-
formation of five- and six-membered cyclic ethers to corre-
sponding N-aryl-substituted azacycles.

N-substituted azacycles are important structural motifs as well
as useful building blocks in organic molecules and a substantial
amount of work has been done on their synthesis. Besides
commonly-used methods employing dihalides or diols with
primary amines,” or using halides with N-unsubstituted aza-
cycles,' synthesis of N-substituted azacycles from primary
amines and cyclic ethers is valuable due to the formation of water
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opening, a seven-membered metallacycle intermediate and a ring-closing process facilitated by direct

as the only waste product as well as wide availability of starting
materials."»*> The main shortcoming of this method is the
requirement of drastic reaction temperature in traditional cases,
while new mediators and catalysts have been exploited to facili-
tate the reaction, such as the introduction of dimethylaluminum-
amide reagents™ and the approach via B(C¢Fs);-mediated frus-
trated Lewis pair pathway.**

As part of our ongoing studies on titanium-mediated C-N
bond formation reactions," we anticipated based on the exist-
ing results that the interaction between titanium reagent and
primary aryl amines, when cooperated with the capability of
titanium to serve as Lewis acid and promote the ring-opening of
cyclic ethers,'® would be able to incorporate primary amine and
cyclic ether in a metallacyclic intermediate and facilitate the
C-N bond formation to provide N-substituted azacycles.

Table 1 Optimization of reaction conditions®

@NT o) -

LeW|s acid

O-C

toluene, 110 °C, 24 h

1a 2a
Entry la:2a Lewis acid Isolated yield” (%)
1 1:2 TiCly, 1 eq. 36
2 1:10 TiCly, 1 eq. 64
3 1:10 TiCly, 1.2 eq. 68
4 1:10 None NR
5 1:10 Ti(O'Pr),, 1.2 eq. NR
6 1:10 AlCl;, 1.2 eq. NR
7 1:10 FeCl;, 1.2 eq. NR
8 1:10 InCl,, 1.2 eq. NR
9 1:10 ZnCl,, 1.2 eq. NR
10 1:10 SnCly, 1.2 eq. NR

“ All reactions were carried out on a 1 mmol scale. ” Isolated yield based
on aniline.
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To test our anticipation, initial reaction condition screening
was carried out using aniline 1a and THF 2a in a 1: 2 molar
ratio, giving product 3a in a yield of 36% after refluxing in
toluene for 24 h (Table 1, entry 1). When ten-fold excess of THF
was used to make up for the loss caused by the volatility of THF,
the yield was augmented to 64% (Table 1, entry 2) while a mild
increase in the amount of titanium tetrachloride used also
slightly improved the yield (Table 1, entry 3). However, further
increase in the amount of TiCl, or THF used did not have
noticeable effect on the yield. Either pure TiCl, liquid or its
solution in dichloromethane would efficiently facilitate the
reaction. The existence of titanium tetrachloride as Lewis acid
turned out to be crucial while the reaction did not occur in the
absence of TiCl, (Table 1, entry 4) or when some other common
Lewis acids were employed (Table 1, entry 5-10), including
strongly Lewis acidic AICl; (Table 1, entry 6).

The scope of the reaction was then examined using the
optimized reaction conditions, giving products in moderate to
high yields (Scheme 1). Similar to the trend in the conversion by

R? .
TiCly, solvent R
iCly, solven 7\ NC/;[ 2
110-140°C, 24 h A__ e
R [\
1 2 3
3a (68%) 3b (83%) 3¢ (72%)
3d (76%) 3e (57% 3f (50%
3g (59%) 3h (60%) 3i (67%)
3j (60%) 3k (76%) 31(63%)
3m (67%) 3n (80%) 30 (42%)
3p (32%) 3q (80%) 3r (49%)

Scheme 1 Scope of the reaction.® [a] All reactions were carried out
on a 1 mmol scale at 110 °C in toluene for 5-membered cyclic ethers
and at 140 °C in xylenes for 6-membered cyclic ethers. [b] Isolated
yield based on amines.
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dimethylaluminum-amide reagents,”® electron-withdrawing
halogen substituents on the aryl ring of the amines are
conducive to the reaction (3b-3d), but substitution on the ortho-
position is disadvantageous due to steric hindrance (3e, 3f),
while electron-withdrawing substituent like nitro group (3g)
and electron-donating substituent like methyl (3h) are also
tolerable. Being different from the marked adverse effect of
steric hindrance of 2-methyltetrahydrofuran in the B(CgFs)s-
mediated synthesis,'* herein substituent on the cyclic ether did
not affect the reaction substantially (3i-3k), providing N-aryl-2-
methylpyrrolidines in satisfactory yields. Compared to the
formation of substituted pyrrolidines, the conversion of tetra-
hydropyran to the corresponding 6-membered azacycles was
reported to be much more challenging or even inaccessible.™ To
our great delight, the titanium tetrachloride-mediated reaction
herein works pretty well in this conversion when the reaction
temperature was raised to the refluxing temperature of xylenes,
giving N-arylpiperidines in yields up to 80% (31-30). Nitrogen-
containing fused heterocyclic rings such as isoindolines and
tetrahydroisoquinolines are also attainable by this synthetic
method (3p-3r), but sometimes being accompanied by some
side reactions which may be caused by the decomposition of the
oxacyclic substrates under the reaction conditions.

An intriguing fact that made us curious was the invalidity of
strongly Lewis acidic AICl; in promoting the conversion while
both Lewis acidic TiCl, we used here and the dimethylaluminum-
amide reagents generated in situ from AlMe; could facilitate the
reaction.”® To gain clues about the mechanistic details in the
reaction and understand which step prevented the AlCl;-medi-
ated conversion from happening, computational investigations
were carried out while kinetic studies were done to examine the
reliability of calculations.

Four possible pathways were considered in the calculational
studies to gain understanding of the effect of the involvement of
titanium-amide reagent (pathway A, Fig. 1), or titanium imido
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Fig. 1 Calculations on plausible mechanism for TiCly-mediated
conversion of THF to pyrrolidine. Gibbs free energies are given in kcal
mol™ and the relative electronic energies (with ZPE) are shown in
square brackets.
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intermediate (pathway B), the participation of coordinated THF
(pathway C), and the direct Lewis acid-promoted ring opening
of oxacyclic substrate (pathway D). Comparison among the
energetic requirements of the crucial transition states in each
pathway suggested an energetically-favored mechanism starting
with Lewis acid-base complex D. The nucleophilic attack at the
a-position of the activated oxacycle and the following loss of
a molecule of HCIl afforded a seven-membered metallacyclic
intermediate 1A. This Lewis acid-promoted ring opening of
oxacyclic substrate served as the rate-determining step, with
a requirement of Gibbs free energy of 26.9 kcal mol '. The
transition state for the nucleophilic attack with stereochemical
inversion (TS 1D) had similar energetic requirement to that for
the attack with stereochemical retention (TS 1X, see ESIf),
barely suggesting stereochemical preference in this step. 1A
could be in an equilibrium with an open-chain structure while
1A was slightly favored in energy by 0.8 kcal mol *. The sub-
sequential ring closing in the intermediate occurred via a four-
membered transition state, in which the second nucleophilic
attack at the a-carbon of the oxygen rendered the formation of
another C-N bond. This step was assisted by the participation of
titanium metal center which drew the reaction moieties closer
as well as activated the oxacycle. The energy of the ring-closing
transition state was about 10 kcal mol " lower than that of the
rate-determining ring-opening step. The ring closing was fol-
lowed by leaving of another molecule of HCIl to give the
pyrrolidine-coordinated titanium complex which would release
the final product in aqueous work-up.

A preliminary kinetic study was conducted for the compar-
ison of the proposed mechanism with experimental results
(Fig. 2). The reaction of 4-fluoroaniline was selected in the study
owing to high yield of this substrate as well as simplification of
NMR. The change in concentration exhibited pseudo-first order
reaction behavior, suggesting a rate constant of 5 x 107> s "
which implied an activation energy of 30 kcal mol™" according
to Eyring-Polanyi equation, which qualitatively matched with
the energy requirement in the proposed mechanism.

Based on the above calculational studies, comparisons were
made among the energy profiles of some related reactions,
trying to understand the mechanistic difference between the
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Fig. 2 Concentration change of 4-fluoroaniline over time and the
fitted value of pseudo-first order rate constant in the preliminary
kinetic study.
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Fig. 3 Energy profiles of TiCls-mediated (black), Ti(O'Pr)4-mediated
(blue), AlCls-mediated (red) and AlMes-mediated (green) conversion of
THF to pyrrolidine. Gibbs free energies are given in kcal mol™.

titanium-mediated and aluminium-mediated conversion of
THF to pyrrolidine (Fig. 3). Reaction mediated by another
commonly-used titanium Lewis acid Ti(O'Pr), had similar
energy profile to the TiCl,-mediated reaction, but with a much
higher transition state energy mainly due to weaker Lewis
acidity. As expected, stronger Lewis acid lowered the energy
requirement for the ring-opening of oxacycle, while activation
by AICI; made the process barrierless. But the aluminium center
lacked the capability to draw the reaction moieties closer in
a four-membered transition state in the ring-closing step,
probably due to smaller size and lower degree of participation of
d orbitals, thus the energy of the transition state was raised and
rate-determining step switched to the ring-closing process. In
the AICl;-mediated case this energy requirement was as high as
42 keal mol ', which prevented the reaction from happening as
experimentally observed.

Conclusions

In summary, a titanium tetrachloride-mediated reaction was
developed, employing non-expensive conveniently-handled
titanium tetrachloride as metallic reagent, effectively convert-
ing five- and six-membered cyclic ethers to corresponding N-
aryl-substituted azacycles. Calculational investigations and
preliminary kinetic studies supported a mechanism consisting
of a rate-determining Lewis acid-promoted ring opening of
activated oxacyclic substrate, the formation of a seven-
membered metallacyclic intermediate, and the ring-closing of
this intermediate with the assistance of titanium metal center.
The aluminium-amide-mediated reaction in literature was
suggested to occur in similar processes, with ring-closing as the
rate-determining step. Further investigations are ongoing in our
lab to explore the addition of multiple bonds to the interme-
diate, which may render the ring expansion of the metallacycles.

Experimental section
Synthesis of N-phenylpyrrolidine (3a)

A solution of 0.13 mL (1.2 mmol) of TiCl, and 0.10 mL (1 mmol)
of aniline in 4 mL of dry toluene was stirred at room

RSC Adv., 2017, 7, 4363-4367 | 4365
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temperature for 30 minutes. To the mixture was added 1.0 mL
(10 mmol) of THF and the temperature was slowly elevated to
110 °C. After refluxing for 24 h, 10 mL of saturated NaHCO;
solution and 10 mL of dichloromethane were added and stirred
for 1 h. The mixture was extracted with 3 x 10 mL of
dichloromethane and dried over Na,SO,. The solvent was
removed under reduced pressure, and the residue was isolated
by column chromatography on silica using CH,Cl,/hexanes
(1: 4 v/v) as eluent to give yellow liquid (100 mg, yield 68%).

Kinetic experiments

The reaction of 4-fluoroaniline with THF was selected in the
kinetic study for the simplification of NMR. Diphenylmethane
was added into the reaction mixture as an internal standard for
integral. To a solution of 0.13 mL (1.2 mmol) of TiCl, in 8 mL of
dry toluene was added 0.10 mL (1.0 mmol) of 4-fluoroaniline.
The mixture was stirred at room temperature for 0.5 h and 2.0
mL (20 mmol) of THF was added to gain a condition of pseudo-
first order reaction. The well-mixed solution was then divided
into four portions for parallel experiments that were terminated
after 1 h, 2 h, 3 h and 4 h respectively. After refluxing for
a certain period of time, the solution was quenched with satu-
rated NaHCO; solution, extracted with dichloromethane and
dried over Na,SO,, and the solvent was removed under reduced
pressure. Proton spectra were obtained under consistent
conditions and the integral of the signals at 6.95 and 6.48 ppm
were adopted to measure the amount of unreacted 4-fluo-
roaniline, using diphenylmethane as the internal standard for
integral. The concentration of 4-fluoroaniline at different reac-
tion time were used to gain the first order rate constant.
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