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ABSTRACT: 1,2,3,4-Tetrahydroquinolines (THQs) are essential structural cores in many natural products and pharmaceutical drugs.
Especially relevant are those presenting substitutions at position 2, yet practical methods for their one step assembly from acyclic
precursors are very scarce. Herein, we present a straightforward approach to assembling these skeletons from ortho-methylanilines
using a palladium catalyzed C(sp*)-H activation/formal cycloaddition sequence. Key for the success of the approach is the use of
dienes as partners, since they lead to a stable n—allyl palladium intermediates that prevent B-hydride elimination processes, and allow
to install versatile alkenyl handles at position 2. Moreover, installing a perfluorobenzenesulfonyl substituent at the amine not only
facilitates the C-H activation but also allows an easy recovery of the free amine.

1,2,3,4-Tetrahydroquinolines are privileged heterocycles that
form the structural core of many types of natural products and
drugs.! For instance, they are an integral part of drugs like Ox-
amniquine (marketed under the name of Vansil),? used for
schistosomiasis, Nadifloxacin, that exhibits antibacterial prop-
erties and is employed in the treatment of acne,’ or Torcetropib,
a known therapy for hypercholesterolemia,* among others (see
Figure 1). Most of these compounds present a substitution in
position 2, and therefore the development of synthetic routes
that allow an expedient assembly of this type substituted tetra-
hydroquinoles represents a significant objective in organic syn-
thesis and medicinal chemistry.

Over the last few years, metal-promoted C-H functionalization
reactions have become powerful and versatile tools for trans-
forming readily available precursors into more complex and
functionally relevant products.> When the C-H activation is
combined with an annulation process, the reaction can be used
for the synthesis of carbo- or heterocyclic products in a very
straightforward manner.%’

antfhetifatic

EREL

y

Torcetropib MeN"" pual Bel %féc?% lnhlbltor
hipercholesterolemia
HOQ m
O,N

'V'e OOH
Oxammqume [VansnR
schistosomiasis

Nadifloxacin®
antibacterial

Figure 1. Pharmaceutical drugs and natural products with the 2-
substituted THQ cores.

Angustureine

We recently reported a Pd-promoted C-H activation/annulation
methodology that allows to build tetrahydroquinolines (THQs)
from triflyl ortho-methylanilides and allenes (Scheme 1A).2
Whereas the reaction allows the assembly of a THQ skeleton
from simple precursors, it is not valid for the preparation of 2-
monosubstituted products, which are the more relevant from a
biomedicinal perspective. Moreover, the annulation protocol
using allene partners presented some limitations, such as the



need to use excess of the amide because of partial degradation
under the reaction conditions, and the difficulties for removing
the amine triflyl substituent.

Preliminary assays using alkenes (styrene or methyl acrylate)
instead of allenes as reaction partners, failed to give the desired
THQs. Along these lines, the Ji’s group has recently reported
that triflyl ortho-methylanilides can react with acrylates but to
give addition rather that cycloaddition products.’ Specifically,
the reaction yields dienic products like A (scheme 1B), that are
proposed to arise from the formal addition product B, itself
formed through a B-hydride elimination in palladacyclic inter-
mediates like C. Cyclic tetrahydroquinolines of type D were not
observed.

Scheme 1. Previous and present work
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Considering these results, we questioned whether the use of
dienes as reaction partners could allow to obtain 2-substituted
THQs, because in this case the f-hydride elimination may be
difficult. Moreover, the “diene” effect might favor the migra-
tory insertion and reductive elimination steps.'%!!
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In this study, we demonstrate the viability of this “diene” ap-
proach to build 2-substituted THQs (Scheme 1C). We also show
that using a perfluorobenzenesulfonyl group as N-substituent
instead of the canonical triflyl, allows a much easier uncaging
of the amine precursor. The reaction mechanism likely involves
the formation of a relatively stable n—allyl palladium interme-
diate (IT) where the B-hydride elimination path is much less ac-
cessible (Scheme 1C).

Initial assays were carried out with the triflyl precursor 1a and
diene 2a. Heating a 1:2mixture of both compounds at 110 °C in
dichloroethane, in presence of 20 mol% of quinaldine as palla-
dium ligand,”'? we observed the desired tetrahydroquinoline

product, but only in 16% yield (entry 1, Table 1). Using other
solvents like toluene, methyl-THF or chlorotoluene we ob-
served similar results. However, in dioxane, we obtained the cy-
clic product in a 37% isolated yield (entry 5).

Table 1. Optimization of reaction conditions”

©\/ NN
NH

Pd(OAc) '

quinaldine (20 mol%) @\/j\/\

—»

Cu(OAc)2’ 20(1 equiv) NN ph
R

. Iy 2 Solvent, T, 24 s
F F
FsC g—i F;Q—g%
o 4
1d, R = -SO,Ar 1e, R = -SOLAM: X-Ray, 388 ¢
Entry R Solvent Temp  Yield (3)
1 Tf (1a) Dichloroethane 110°C  16%
2 Tf Chlorotoluene 140°C  20%
3 Tf Toluene 110°C  26%
4 Tf Me-THF 110°C  23%
5 Tf Dioxane 110°C  37%
6 Tf Dioxane 110°C  71%°
7 H (1b) Dioxane 1o°c  -*
8 Ns (1¢) dioxane 1oec -
9 SO2Ar (1d)  Dioxane 101°C  <5%"
10 SO2Arr (1e)  Dioxane 101°C  83%”
11 SO2Arr (1e)  Dioxane 101°C  93%2%<
12 SO2Arr (1e)  Dioxane 101°C  -bed
13 SO2Arr (1e)  Dioxane 101°C  <5%°¢
14 SO2Arr (1e)  Dioxane 101°C  78%b</

4 Conditions found in the Table: 0,1 mmol of 1, 0,2 mmol of
diene 2, 10 mol% Pd(OAc)2, 20 mol% of quinaldine, 0,1 mmol of
Cu(OAc):-H20, 0,1 M. ?0.2 mmol Cu(OAc)2-H20, 0,05 M 1
equiv AcOH “ Without quinaldine. © Without Cu(OAc)2-H20 /
Under Ar.

Further optimization of the reaction conditions, such as the use
of a higher dilution and 2 equivalents of the copper salt, allowed
to increase the yield up to 71% (entry 6). Not surprisingly, the
parent amine 1b gave a poor conversion, with no traces of the
cycloadduct (entry 7), whereas using a nosyl derivative (1¢) we
only observed products arising from the activation of the nosyl
ring (entry 8). Assuming that the reaction requires a strong elec-
tron-withdrawing group at the amine and considering the re-
quirement of a group which would facilitate its removal after
the reaction, we tested an anilide derivative with a p-CF3-0-Ns
group (1d), however we only observed traces of the product
(entry 9). To our delight, using the perfluorinated benzenesul-
fonamide 1e we obtained an excellent 83% yield of the desired
cycloadduct, a yield that was increased to 93% if 1 equivalent
of acetic acid is added to the reaction mixture (entries 9-10).
This reaction was repeated at 1 mmol scale obtained even better
95% yield. It is worth to note that the reaction is very efficient
even using the anilide as limiting reagent. This contrasts with
our previous reaction with allenes, which required an excess of
the triflyl-anilide partner and led to poorer yields due to its par-
tial degradation under the harsher reaction conditions.® The
structure of the product 3ea was definitively confirmed by X-



ray diffraction (Scheme 2). The quinaldine additive is key for
the success of the reaction because when the reaction was per-
formed in the absence of this ligand only traces of the cycload-
duct were isolated (entry 12). Other related pyridine ligands
also enable the reaction, but they are not as effective as qui-
naldine (see the Supporting Information)”

Mechanistically relevant, we were able to isolate and character-
ize by X-ray crystallography the palladacycle intermediate Pd-
I, formed after treatment of 1e with 1 equivalent of palladium
acetate and 2 equivalents of quinaldine (Scheme 2A). Although
this complex is dimeric, with a molecule of water as bridge be-
tween both palladium atoms, very likely it becomes monomeric
in solution. When Pd-I was treated with the diene 1a, we ob-
tained the tetrahydroquinoline 3ea in 97% yield, confirming
that this complex in an intermediate in the reaction.

We next explored the removal of the perfluorobenzenesulfonyl
substituent at the amine in the cycloadduct. We tested various
conditions previously described for the deprotection of sulfon-
amides, including treatments with Red-Al, with Ph,P(H) or with
KOH, TBAF, Nal, and TMSCI. While these assays proved un-
successful, we were glad to observe that using Mg turnings and
sonication in a methanol/dichloromethane mixture allows to ob-
tain the amine 4 in a 60% unoptimized yield (Scheme 2B)."2

Scheme 2. Isolation of palladacycle and deptrotection of
amine
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“For clarity only one of the two conformations found in the crys-
tal structure of Pd-I is depicted. Hydrogens are omitted.

Once confirmed the feasibility of the cycloaddition and the pos-
sibility of removing the nitrogen protecting group, we explored
the reaction scope. As depicted in Scheme 3, the annulation re-
action was also effective with substrates featuring chloride, ni-
trile or methoxy groups in para position to the aromatic sulfon-
amide, obtaining the corresponding products (3fba-3ha) in
yields between 55% to 99%. Sulfonamides featuring substitu-
ents at the meta position, either electron-donating or electron-
withdrawing, were also good substrates, and products 3ia-3ma
were obtained with yields varying from 50% for the para chlo-
ride (3ka) up to 83% for the fluoride derivative (3ja).

The presence of a methyl group ortho to the sulfonamide group
leads to a slower reaction, but still the product 3na was formed

in 53% yield. Surprisingly, no reaction was detected with a sub-
strate with a methoxy instead of a methyl group at this position,
probably because of a deactivating coordination to an amino-
palladium intermediate. The presence of groups ortho to the
methyl substituent were also tolerated, as demonstrated for the
trifluoromethyl derivative that gave the product 3pa in 54%
yield. We also tested an ortho-isopropylanilide, but the ex-
pected adduct 3qa was not observed.

Scheme 3. Scope of ortho-methyl sulfonamides”
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@ Standard contions: 0,1 mmol of 1, 0,2 mmol of 2, 10 mol%
Pd(OAc)2, 20 mol% of quinaldine, 0,2 mmol of Cu(OAc)2-Hz20,
0.1 mmol AcOH, 101 ° C, 0,05 M. ? Another 5 mol% of Pd(OAc)z,
10 mol% of quinaldine and 1 equiv of copper was added after 24h.

We then analyzed the scope with respect to the diene compo-
nent (Scheme 4). We found that the reaction is general for other
dienes bearing different aromatic substituents at the terminal
position. In general, better results were obtained with para-sub-
stituents such as nitro (3eb, 82% yield), fluoro (3ec, 40% yield),
trifluoromethyl (3ed, 76% yield) or methoxy (3ee, 70%) than
with the ortho-substituted methoxy tested (3ef, 53% yield). The
disubstituted diene 2g also worked leading to the product 3eg
in 52%, while diene while disubstituted dienes 2h did not work,
which indicates that a terminal diene is required for good reac-
tivity. Finally, other dienes with ester or alkyl chains also
worked in moderate yields (3ei and 3ek, 52-63% yield).

Not surprisingly, when the reaction was tested with styrene we
didn’t detect the tetrahydroquinoline product 5, but a mixture of
products, from which we could isolate the indoline 6, albeit in very
low yield. This is an interesting adduct that incorporates two units
of styrene (Scheme 5A). Very likely, this product is formed in a
cascade reaction involving the C-H activation to give the pal-
ladacyle, styrene migratory insertion and -elimination. Then a re-
insertion of the Pd-hydride occurs followed by a second styrene in-
sertion and a final f-elimination. The formation of this side product
highlights the need of the ‘diene effect’ for the desired reactivity
towards tetrahydroquinolines.



Scheme 4. Scope of dienes.

R Pd(OAc) ' R2
@\/ ﬂ quinaldine (20 mol%)
4} =
NH CuQAgk 20(26)qU'V) g R!
1 equiv OLAT,
éOZArF dioxane, 101 °C,24h 3 27F
L g L
Al
éOZArF NO, éOzAfF O . éOz e CFs
3eb, 82% 3ec, 40%"° 3ed, 76%

O OMe
NN
S0,
cals OMe

L
NZNF
éO2ArF

éOZArF
3ee, 70% 3ef, 53% 3eg,52%
% @\/j\/\COZEt G(j\/\M/
$0,Ar: $0,Ar $0,Ar
529
3eh, R=Ph or Me, 0% 3ei & 3ej, 63%>-c

 Standard conditions from table 1. # Another 5 mol%, 10 mol%
of quinaldine and 1 equivalent of copper was added after 24h. <5
equivalents of diene were used.

In view of this result, we revisited the reaction using acrylate as
reaction partner, but under the newly optimized conditions. In-
terestingly, treatment of the substrate 1e with benzyl acrylate (2
equiv), under the optimal conditions developed for dienes, pro-
vided the indole 7ea in an excellent 84% yield. A similar prod-
uct was obtained using methyl instead of benzylacrylate, alt-
hough in a slightly lower yield of 61%, likely due to the vola-
tility of the reactant. Notably, acrylamide and vinylsulfone also
proved effective, so that the product 7ec and 7ed were formed
in a 44% and 55% yield respectively while but-3-en-2-one gave
the indoline product 7ee in 66% yield (Scheme 5B). The for-
mation of these indoles likely involves a C-H activation/olefina-
tion sequence to give intermediate B, followed by a Wacker-
type addition and elimination, and a palladium hydride-medi-
ated isomerization to the aromatic compound.

These results again highlight the relevance of the diene partners
for the synthesis of the THQs skeletons, but also propose a
straightforward methodology to obtain interesting indole prod-
ucts. Indeed, removal of the sulfonamide group in compound
7eb resulted in the formation of a product 8 that can be trans-
formed in only two steps in Caulerpine (Scheme 5C),!* a natural
compound derived from algae known for its anti-inflammatory
properties and demonstrated protective effects against colon
cancer and liver tumors.

In conclusion we have implemented a straightforward method-
ology for the synthesis of 2-substituted tetrahydroquinoline
products through the activation of the sp* C-H bond of readily
available ortho-anilines, and a concomitant formal (4+2) cy-
cloaddition with dienes. The use of a perfluorobenzosulfonyl
substituent at the nitrogen not only enhances the reactivity but
also facilitates the recovery of the unprotected amine.

Scheme 5. Reactivity of alkenes.
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