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Abstract: A titanocene-catalyzed regiodivergent radical ary-
lation is described that allows access to either enantiomerically
pure tetrahydroquinolines or indolines from a common start-
ing material. The regioselectivity of epoxide opening that
results in the high selectivity of heterocycle formation is
controlled by two factors, the absolute configuration of the
enantiopure ligands of the (CsH,R),TiX, catalyst and the
inorganic ligand X (X=Cl, OTs). The overall reaction is
atom-economical and constitutes a radical Friedel-Crafts
alkylation.

The design of catalytic methods to efficiently and highly
chemo- and stereoselectively access small molecules with
potential biological activity is a topic central to chemistry. To
be attractive for potential applications, such processes have to
meet the key requirements of sustainable chemistry. Essential
points are that the reaction is atom-economical and, thus,
proceeds without the generation of waste, the use of readily
available substrates, and mild reaction conditions. The choice
of the catalyst is equally important. The use of earth-abundant
3d transition metals!!! that shuttle between neighboring
oxidation states is particularly appealing.”!

Herein, we show the validity of these points in a titano-
cene-catalyzed® regiodivergent radical arylation that allows
access to enantiomerically pure tetrahydroquinolines or
indolines from a common starting material through choice
of the appropriate titanocene catalyst. In regiodivergent
reactions, one constitutional isomer of a product is formed
from an enantiomerically pure substrate by the action of one
enantiomer of a catalyst and the other isomer by the action of
the other enantiomer of the catalyst. In our case, two points
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Scheme 1. Mechanistic concept of the titanocene-catalyzed regiodiver-
gent radical arylation of epoxides.

are critical: First, the highly regioselective generation of
either R-2 or R-3 from 1 by an electron transfer (ET) from
titanium to the epoxide needs to be controlled by the absolute
configuration of the titanocene catalyst (Scheme 1).

Such regiodivergent processes' that are the more general
cases of desymmetrization reactions are highly desirable as
branching points for the generation of molecular diversity
(diversity-oriented synthesis).’! Owing to their mild condi-
tions and high chemoselectivity, ET-promoted regiodivergent
ring openings to radical intermediates are at least as advanta-
geous as classical processes proceeding via an S\2 mecha-
nism.[*!

Second, the radical intermediate generated through
regiodivergent epoxide opening needs to add to the arene
with high diastereoselectivity for the reaction to be useful.l”

R-2" may be considered a radical o-complex after the
radical addition of R-2 to the arene (Scheme 2). Its rear-
omatization can occur via a proton coupled electron transfer
(PCET) or by a stepwise ET-proton-transfer sequence.® The
overall process is an atom-economical catalytic radical
reaction and proceeds under much milder conditions than
typical Friedel-Crafts alkylations!” that require strong elec-
trophilic activation.

In this manner, it is possible to obtain either the desired
tetrahydroquinolines 2 or indolines 3 as main products from
the enantiomerically pure substrates 1. Both classes of N-
heterocycles are common structural motifs in compounds
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Scheme 2. General catalytic cycle for the formation of tetrahydroquino-
lines 2.

with pertinent biological activity including natural prod-
ucts.*11]

With substrate 1a (R*=Ph, R'=Pr, er.=>99:<1) the
achiral Cp,TiCl, and Cp,Ti(OTs),!'"? display a preference for
the formation of tetrahydroquinoline (THQ) 2a (Table 1,
entry 1 and 2). Therefore, R-3a is disfavored by the inductive
effect of the CH,NPh, group.

This raises the question as to whether this intrinsic
selectivity can be overwhelmed by using enantiomerically
pure titanocene complexes in a regiodivergent epoxide
opening of 1a. We decided to start our investigations with
enantiomerically pure Kagan’s complex cat-X, and ent-cat-
X,." Both enantiomers of cat-Cl, have been successfully
used in the regiodivergent reduction of f-hydroxy epoxides to
1,3- or 1,4-diols with very high selectivity.*! However, in an
example relevant to this study, the regiodivergent reduction
of Sharpless epoxides to 1,2- or 1,3-diols was not satisfac-
tory.*

In the matched case, the formation of 2a from 1a (Table 1,
entry 7), cat-(OTs), (see Scheme 1 for structure) constitutes
an efficient catalyst (for the synthesis and characterization of
cat-(OTs), and structural assignments for the THQs 2: see the
Supporting Information). Regioselectivity of ring-opening of
1a is high (94:6) and diastereoselectivity of the radical
addition is noticeably superior to cat-Cl,. Gratifyingly, in the
mismatched case, the formation of 3a from 1a, the use of ent-
cat-Cl, results in a high regioselectivity (90:10) of ring-
opening and even better diastereoselectivity (trans: cis=
92:8) of radical arylation (Table 1, entry 4). However, ent-
cat-(OTs), leads to a decrease in regioselectivity as well as
diastereoselectivity (for structural assignments for the indo-
lines 3, see the Supporting Information). Thus, with enantio-
merically pure Kagan’s catalysts, regioselectivity is almost
completely reagent-controlled, with cat-(OTs), being most
suitable for THQ-formation and ent-cat-Cl, for indoline
formation. It should be noted that with ent-cat-Cl, lutidine
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Table 1: Catalyst control of regio- and diastereoselectivity in the
regiodivergent arylation.

B Ph
Ph o N N
LA, . Ol
Y OH H
n < nPr
er. >99:<1 nPr HO
1a 2a 3a
1 10 g;)ol% |%/pzzT iClz, 100% conv.[ 780! 22°)
mol% Zn, = 69-31Ib] = gp-10(b!
o mos L iiCH d.r. = 69:31 d.r.=90:10
o 10 mol% CEz(OTS)zr 93% conv.[?! 790! 210
30 molt/Zn d.r. = 75:250] d.r. = 90:10%!
5 5 m;é% erl7°t/-c;t—CI2, 100% conv.[2! 10fbl 9olbl
mol% Zn, _ = go-glbl
30 mol% Lut-HCI i 51929
” 10 n;gl% e|€,/£_§at_CI2’ 100% conv.[al glb 9100
mol n, - 5
30 mol% Lut-HCl . dr.=937
5 10 mol% en{-ocat-(OTs)z, 100% conv.[2] 16lb] 84lb]
50 Motz - dor. = 83170
. 103:;10!"/0I o;aé—Clz, 100% conv.[@l 930! 7
mol% £n, = .22[b] &
30 mol% Lut-HCI dr.=67:33
7 10 rgcz)l% c?]/t;(ZOTS)z, 100% conv.[@l 94[b] 6l
Moien dr. = 76:24/1 -
73%
d.r. = 90:10°]

isolated 2a

[a] Determined by "H and *C NMR spectroscopy. [b] Product ratio of
tetrahydroquinoline to indoline and d.r. =diastereoselectivity of crude
and isolated products as determined by >*C NMR spectroscopy.'!

hydrochloride (Lut-HCI) is crucial to reach full conversion
(with the less acidic Coll-'HCl: 54 % ). NEt,-HCl leads to even
slower reactions.

Employing cat-(OTs), does not require an additive for
increasing conversion or improving catalyst stability." This is
beneficial because decreasing the number of additives
increases the atom economy of the reaction and prevents
ligand scrambling. We note that strong counterion effects
have been observed in titanocene catalysis with a metal-free
reducing agent."” While the absolute configuration of the
cyclopentadienyl ligands is the dominant factor in the control
of the reaction, the effect of X should not be neglected.

The influence of X on the regioselectivity of epoxide
opening can be explained by electronic effects. In the
formation of R-3a, the electron deficiency at the radical
center will be further increased by the more electron-with-
drawing —OTs. For the formation R-2a this inductive effect
will be reduced because of the additional carbon between N
and the radical center. Thus, the counterion effect on
regioselectivity is noticeable for indoline formation.

The effect of X on the diastereoselectivity is more subtle
(Scheme 3). The intramolecular addition of alkyl radicals to
anilines is a highly exothermic reaction and will, therefore,
proceed through early transition states.'® It has slightly
lower rate constants than titanocene catalyzed 5-exo cycliza-
tions.'®®! The angle of attack of alkyl radicals to anilines has
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Scheme 3. Analysis of diastereoselectivity in the radical arylation.

been calculated to be about 120° and the distance of the
radical center to the arene has been determined to be about
2.15 A"l Replacing —Cl with the more electron-deficient
and larger —OTs will increase the steric demand of the [Ti"]
fragment.

For THQ formation, transition state TS2 is disfavored by
an interaction of the Pr group with the O[Ti"] group. In
transition state TS1, such an interaction is absent. The larger —
OTs counterion disfavors TS2 further, yet does not affect TS1
(Table 1).

For indoline formation the main interaction disfavoring
TS4 is the interaction of the Pr group with the CH,NPh,
group. Replacing X=Cl by X=0OTs should have no sub-
stantial influence on the steric interactions in TS4.

In the favored TS3, the larger X =0OTs will result in
a stronger contact of X with the CH,NPh, group. This results
in a less favorable TS3 for X =OTs, and a lower diastereo-
selectivity as observed for 3a with ent-cat-(OTs), (Table 1,
entry 4 and 5).

A key aspect of sustainability of any reaction is the
substrate availability. Our synthesis of enantiopure epoxide
1is short and modular (Scheme 4) and allows the preparation
of a wide variety of substrates for the regiodivergent epoxide
opening (REO) combined with radical arylation.

o

1) Bry, o R’ HKR \}\rR‘

2) KoCOs,
CH4OH

AN 1
HO R Br Br
rac-A A

1) HNArR? SiO, RZ o
2) K,CO3 CH30H
or LINArR?

Scheme 4. Modular synthesis of the enantiomerically pure substrates
1.
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The approach to 1 starts from readily available (E)-allylic
alcohols that are reacted with Br, to give the corresponding
dibromides that are transformed into the racemic a-bromoep-
oxides rac-A by stirring with K,CO; in CH;OH.'"! These
compounds are resolved with Jacobsen’s HKR!"! to yield A.
From A, 1 can either be obtained in one step by reaction with
LiNATrR? or in two steps by the reaction of A with HNArR?
followed by treatment with K,CO, in CH;OH."*” Substrates
with potential protecting groups on N or with N—H bonds
could not be easily accessed via the sequence and were
therefore not investigated in the arylations.

The scope of the THQ formation is summarized in
Table 2. The regiodivergent epoxide opening is efficient
with R! being a primary alkyl substituent.”) When stabilized
radicals can be formed, only one product of epoxide opening
is accessible. This will be the case for R! = Ar. Moreover, with
respect to R?, only p-substituted anilines were investigated.
The reaction works well with aryl and alkyl substituents on N.
For substrates with two aryl substituents on N, identical
arenes were chosen to avoid issues of regioselectivity.

The regioselectivity of epoxide openings (r.r.) is generally
high (91:9-96:4) and essentially complete for R?=CH;
(>98:<2).

Table 2: Scope of tetrahydroquinoline synthesis via REO arylation.”!

2
R o cat-OTs; (10 mol%) E
U
N\AR* Zn (30 mol%) m
J:j R® =~ “OH
Re ] THF, rt, 48h 2 5
L B Cy
" OH " YoH " oH

2a5W 255\( w

r.r. =946, rr. =964, r.r. =955,
d.r. crude = 76:24 d.r. crude = 83:17 d.r. crude = 97:3
73%, d.r. = 90:10 74%, d.r. = 81:19 83%, d.r.=97:3

iR Y |

2 2f £ 2g

h h h

r.r.=92:8, r.r.=937, r.r.=>98:<2,
d.r. crude = 96:4 d.r. crude = 88:12 d.r. crude = 91:9
70%, d.r. = 95:5 81%, d.r. = 98:2 89%, d.r. = 96:4

Cy iPr

| Y
cl mOH cl mOH FmOH
2 H

2h i 29 ¢

N N\

rr.=91:9, rr.=91:9,
d.r. crude = >98:<2 d.r. crude = 97:3
77%, d.r. = >98:<2 84%, d.r. = 98:2

L,
Cl Y~ YOH
ZmH o) w

r.r.=>98:<2 rr.=>98:<2,
d.r. crude = 94:6 d.r. crude = 95:5
81%, d.r. = 97:3 61%, d.r. = 98:2°

rr.=91:9,
d.r. crude = 89:11
79%, d.r. = 97:3

I/Ejz/\ij\OH
N

rr.=>98:<2,
d.r. crude = 95:5
62%, d.r. = >98:<2

[a] r.r. = Ratio of tetrahydroquinoline to indoline, d.r. crude =diastereo-
selectivity of THQ formation as determined by *C NMR spectroscopy.
[b] 64 % conversion."?!
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The diastereoselectivity of radical addition is strongly
dependent on the nature of R% Indeed, our initial reaction
leading to 2a has the lowest diastereoselectivity of all
examples. With R?=alkyl much better diastereoselectivities
ranging from 88:12-97:3 (mostly 95:5 or higher) are observed.

The syntheses of 2f, 21, 2n, and 20 deserve special
comment. In many biologically active N-heterocycles, N-
cyclopropyl substituents are important for the activity?®! and
are unaffected by the radical arylation (2 f and 21). THQs with
iodine substituents that are important intermediates for
further functionalization can also be prepared with our
method (20).

Thus, for N-alkyl substituted substrates, the combination
of regiodivergent epoxide opening, catalyst-controlled dia-
steroselectivity of radical addition to the arene, and rear-
omatization of the radical o-complex via ET provides a highly
selective entry to enantiomerically pure THQs.

The second class of N-heterocycles that can be prepared
from 1 by our method are indolines. The indoline scaffold is
the key structure of numerous biologically active alkaloids.""

Table 3: Scope of indoline synthesis via REO arylation.

Communications

R2 ent-cat-Cl (7 mol%) R?
O, Zn (30 mol%) N
U 0
©/N\/L\R1 Lut-HCI (30 mol%) 3©;<
R
H
R® SR
1 THF, rt, 48h 3 HO
Ph Ph Ph
N N N
H H H
Sl > o Pent <~ iBu
% 0 3 o 3¢ Ho
r.r. =90:10, rr.=92:8 r.r. = 80:20

d.r. crude = 92:8
72%, d.r. = >98:<2

(5 mol% ent-cat-Cly)

d.r. crude = 94:6
75%, d.r. = >98:<2

d.r. crude = 93:7
63%, d.r. = >98:<2

Cy jpPr Cy
N N /©;N<
C% i/\ ;< cl
H H H
3d " ~pr 3e o 3ho TP
HO oo o HO
rr.=91:9 rr.=91:9 rr.=92:8

d.r. crude = 86:14
56%, d.r. = >98:<2

d.r.crude = 87:13
54%, d.r. = >98:<2

d.r. crude = 84:16
57%, d.r. = >98:<2

r.r.=89:11
d.r. crude = 85:15
58%, d.r. = >98:<2

rr.=91:9
d.r. crude = 85:15
68%, d.r. = >98:<2

(iPr ,Cy
/CQNC BQNC
F |

H H
3k P 3 <P
HO P ho T
rr.=87:13 rr.=94:6

d.r. crude = 85:15
46%, d.r. = >98:<2

d.r. crude = 84:16
59%, d.r. = >98:<2

[a] r.r. = Ratio of indoline to tetrahydroquinoline, d.r. crude =diastereo-
selectivity of indoline formation as determined by *C NMR spectrosco-

py[] 3]
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Its high relevance as pharmacophore is highlighted by its
presence in about 4% of all commercially available drugs.”"
To investigate the practicability of the REO-arylation for
these heterocycles, we applied the catalytic system developed
above (ent-cat-Cl, + Lut-HCI, Table 1) to a number of sub-
strates 1 (Table 3).

The regiodivergent epoxide opening is efficient with R!
being a primary alkyl substituent.’l The regioselectivity of
epoxide opening leading to indoline formation is generally
high (87:13-96:4, Table 3) and is only slightly influenced by
the N-substituent (R = aryl, alkyl). The reactions of 1¢ to 2¢
and 3¢ display an interesting aspect of the regiodivergent
epoxide opening. Increasing the steric bulk of one of the
epoxide’s substituents (R'=iBu in 1¢) results in a highly
selective formation of 2¢, r.r.=96:4 and a decreasing selec-
tivity in the slightly less favorable formation of 3¢, r.r.=
80:20.1°

The diastereoselectivity is moderate to high (84:16-94:6).
In contrast, for THQ formation the diastereoselectivity is
highest for indolines with R*=aryl (90:10-94:6) and in the
range of 85:15 for R?=alkyl. All indolines can be isolated as
single diastereomers (d.r. => 98: < 2).

Recently, the synthesis of indolines in racemic and
enantiomerically pure form™! has been achieved by Co-
catalyzed metalloradical catalysis (MRC).”! However, in
these complementary reactions, no radical addition to arenes
is involved.

In summary, we have combined regiodivergent catalysis
with titanocene(III) catalyzed radical arylation to an atom-
economical reaction that enables the synthesis of either
enantiomerically pure indolines or tetrahydroquinolines from
common epoxide precursors. We established that in addition
to the dominating influence of the substituted cyclopenta-
dienyl ligands, the ligand —OTs of the titanocene complexes
improves both regioselectivity and diastereoselectivity of the
reaction. Thus, the easy to carry out modification of the X
ligand expands the scope of a given titanocene scaffold. This
approach should also be of significant interest for other ET
catalysts.*!
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