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Picolines and quinaldines are valuable building blocks and inter- Functionalization of alkyl pyridines and quinolines in the
mediates in the synthesis of natural products and pharmaceuticals. presence of Lewis base catalysts is hard to achieve and has not
Functionalization of the methyl group in picolines and quinaldines been demonstrated universally.8 A possible reason for this is
under mild conditions is challenging. We report that the concept

of latent pronucleophiles enables Lewis base catalysed allylation of

picolines and quinaldines with allylic fluorides starting from sily- a) Represenative quinoline alkaloids

lated picolines and quinaldines. Reactions afford enantioenriched OMe

allylation products when chiral Lewis base catalysts are used. The
allylation products can be rapidly transformed to quinolizine-4-
ones.

Introduction

Nitrogen containing mono-, bi-, and polycyclic ring systems
are omnipresent in biologically active compounds (Scheme 1a). _
Among them, quinolines and pyridines that feature alkyl sub- strychnine valbenazine
stituents in position 2, often referred to as picolines and qui-
naldines, are frequently found as key structural motifs in

NH,

b) Enantioselective alkylation and allylations of methyl pyridines and quinolines

natural products and pharmaceuticals.> C-H functionalization Lewis aci X
o F . . T ewis acid |R E
of pyridines and their higher homologues to access picoline T’ S
type structures is challenging due to their low intrinsic reactiv- ase o
ity and often requires two-step processes.’ Another strategy
toward these structures, functionalization of the methylene
Base, E + [Pd]

carbon in picolines, usually involves deprotonation followed

. . . . E - suitable electrophil
by reaction with an electrophile. However, the formation of Lewis acids - BF5, InCly Bases - n-Buli, KHMDS £ - suitable electrophile

picoline and quinaldine anions requires strong bases” or com- c) This work - enantioselective C-allylation using latent alkyl azine pronucleophiles
binations of a strong Lewis acid and a base which greatly TN N

reduces the reaction scope.” The reported enantioselective R+ | P

alkylations or allylations of methyl pyridines or quinolines YN

require equimolar chiral auxiliaries,* harsh Lewis acids® or an
intervention by a palladium catalyst” (Scheme 2b).
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Scheme 2 Reaction scope for (a) allylic fluorides and (b) latent pronu-
cleophiles. For evaluation of the allylic fluorides trimethyl silyl quinaldine
was used. Reaction scope for quinaldines and picolines was evaluated
using fluoride 1a and triethyl silyl quinaldines or picolines unless stated
otherwise. Conditions: latent pronucleophile (1.1 equiv., 0.11 mmol),
DABCO (1 mol%), allylic fluoride (1 equiv., 0.1 mmol), dioxane (0.5 M),
N,-atmosphere. ? 5 mol% of DABCO;  trimethylsilyl derivative was used;
€crude trimethylsilyl derivative was used; 910 mol% of DABCO;
€ trimethylsilyl derivative was used and 10 mol% of DABCO.

the nucleophilic character of the nitrogen atom in picolines
and quinaldines which may compete with the Lewis base cata-
lyst.® In enantioselective Lewis base catalysis this can lead to
insurmountable limitations as the reactions may proceed auto-
catalytically without the involvement of the chiral catalyst pre-
venting the catalyst control of the stereochemical outcome of
the reaction.

To address such problems in Lewis base catalysed reactions
using N-centered nucleophiles, we introduced the concept of
latent (pro)nucleophiles in Lewis base catalysis.'® Latent pro-
nucleophiles are species that are themselves not strongly
nucleophilic. However, at an opportune point in the catalytic
cycle, they can be activated to react as strong anionic nucleo-
philes. If this activation is dependent on and mediated by the
leaving group released during activation of the electrophile by
a chiral Lewis base, the reactions exhibit excellent chemo,-
regio- and enantioselectivity.">'" The combination of silylated
pronucleophile, where silyl group serves as a locator of the
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nucleophilic position and a readily available allylic fluoride?
serving as electrophilic coupling partner'® has also proven
effective in allylation of C-centered nucleophiles in previous
studies by Shibata,"* Company6'® and our group.'”'' We
hypothesized, and here we report, that the concept of latent
pronucleophiles can be a blueprint for the enantioselective
C-allylation of methyl pyridines and quinolines when such
compounds are used as silylated pronucleophiles in combi-
nation with fluorinated electrophiles (Scheme 1c).

Results and discussion

We initiated our investigations with optimization of the
DABCO-catalysed reactions between allylic fluorides 1, derived
from the corresponding Morita-Baylis-Hilmann (MBH) alco-
hols, and silyl azines 2 produced by direct silylation of quinal-
dines or pyridines (Scheme 2, for details of optimization
studies see ESIt). Trimethylsilyl (TMS), triethylsilyl (TES) and
tert-butyldimethylsilyl (TBS) derivatives of quinaldine were
investigated as suitable pronucleophiles. TMS quinaldine
reached full conversion faster compared to the TES analogue
while TBS quinaldine did not show notable reactivity under
comparable conditions. When TMS quinaldine 2a was used in
combination with 1a in the absence of Lewis base catalyst no
reaction occurred, yet only 0.5 mol% of DABCO was sufficient
to achieve full conversion in larger scale reactions using
5 mmol of 1a. More polar solvents enabled faster conversion
and high product yields with dioxane delivering the best
results. The optimized reaction conditions included a slight
excess of latent pronucleophile and 1 mol% of DABCO as cata-
lyst in dioxane at room temperature.

The reaction scope for allylic fluorides was evaluated first
with a set of electron rich allylic fluorides (3b-3¢) which gave
the corresponding products in excellent yields of 90% and
above (Scheme 2a). Allylic fluorides featuring ortho, meta, and
para substituted aryl halides were well tolerated and furnished
the allylated quinaldines (3d-3g) in good yields (70-95%)
though slightly lower yield of 64% was observed for 3h which
features a bromo substituent in ortho position adjacent to the
reactive centre. Reactions of allylic fluorides featuring electron
withdrawing groups (3i-3m) were qualitatively observed to
proceed with higher rates and the yields remained high as in
the previous cases (70-90%). Allylic fluoride carrying a cyclo-
hexyl group instead of an aryl substituent delivered the desired
product 3n with satisfying efficacy of 67%.

The reaction scope for the nucleophilic partner was exam-
ined with a structurally diverse set of silylated quinaldines,
picolines and related compounds (Scheme 2b). The TES
derivatives were preferred as they proved easier to handle than
the corresponding TMS derivatives. Halogenated quinaldines
with substituents in 6, 7, and 8 position, respectively, under-
went the reactions with 1a smoothly with yields for products
3p-3t between 70 and 87%. Quinaldines with electron-with-
drawing trifluoromethyl and oxazoline substituents also deli-
vered products in high yields up to 85% (3u and 3ad).
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Interestingly, the presence of a trimethylaryl silane within the
allylic fluoride was also well tolerated in these reactions with
6-TMS-substituted quinaldine 3w obtained in 50% yield
though increased catalyst loading was required to drive the
reaction to completion. Even more complex quinaldines with
additional aryl or alkoxy substituents at the methylene group
performed well despite the increased steric crowding at the
nucleophilic carbon. When 2-(ethoxy(trimethylsilyl)methyl)
quinoline was used as the pronucleophile, the corresponding
product 3ac was obtained in 40% yield as a single diastereo-
mer (the crude mixture contained two diastereomers but only
one could be isolated in pure form). The silylated pronucleo-
phile derived from papaverine gave the allylation product 3ae
in 61% yield as a statistical mixture of diastereomers. The use
of the related silylated 1-methylisoquinoline further confirmed
the generality of the process giving the product 3ab in 79%
yield. Picoline-based pronucleophiles also performed well
under the optimized conditions with silylated 5-cyano-,
3-bromo and 6-chloro-2-picolines giving the desired products
3x, 3y and 3z in 86%, 70% and 85% yield, respectively.
Strikingly, silylated 4-picoline, which is itself nucleophilic and
could compete with some Lewis base catalysts,” provided the
corresponding product 3aa in excellent yield of 93%. In this
example, silylation has negligible effect on the nucleophilicity
of the pyridine yet the desired reaction pathway appears to
kinetically outcompete other possible pathways, i.e. pyridine
acting as the nucleophile.

After extensively establishing the reactivity patterns in
DABCO catalysed reactions, we focused on the asymmetric
variant and examined the reactions in the presence of chiral
Lewis base catalysts (Scheme 3). The commercially available
cinchona alkaloids with a proven track record in transform-
ations of other MBH adducts have been in focus of this
study.'®'***® In our previous work, we observed dimeric cata-
lysts such as (DHQD),PHAL and its pseudoenantiomer
(DHQ),PHAL to catalyse similar reactions exceptionally well. In
the current study, (DHQD),PHAL furnished products with high
degrees of enantiocontrol with er up to 95 : 5 but showed poor
regioselectivity for substitution of allylic electrophile. After
extensive testing of reaction parameters, we arrived at the final
set of conditions which involve 10 mol% (DHQD),AQN in
o-xylene with 1.5 equivalents of latent pronucleophile (for
details of optimization studies see ESIt). In contrast to the
reactions with DABCO, good conversions were observed only
with TMS-quinaldines which was attributed to significantly
lower reaction rates in reactions with chiral Lewis base cata-
lysts. We employed a variety of allylic fluorides to test the reac-
tion scope (Scheme 3a). Among electron rich (3b’ and 3c’),
electron poor (3i'-3m’), and allylic fluorides featuring aryl
halides (3e’-3g’) the enantioselectivities ranged from 14 : 86 er
for 3Kk’ to 94 : 6 er for 3b’ while yields varied between 59% (3b’)
to 95% (3j). Yields were adversely influenced by electron
donating substituents in allylic fluoride (3¢/, 35%).
Surprisingly, ethyl ester 30’ was obtained in comparable yield
but with a lower degree of stereocontrol compared to methyl
ester 3a’. While testing the scope for quinaldine and 1-methyl-
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Scheme 3 Scope of enantioselective allylation for (a) allylic fluorides
and (b) latent pronucleophiles. Conditions: (DHQD),AQN (10 mol%),
latent pronucleophile (1.5 equiv., 0.15 mmol), allylic fluoride (1 equiv.,
0.1 mmol), xylene (0.3 M) N,-atmosphere. The er values represent the
order of elution and do not account for the stereochemical outcome
being either R or S.

chinoline based pronucleophiles (Scheme 3b), the degree of
enantiocontrol remained consistently around 15 : 85 (3q'-3af")
and yields ranged from 50% to 69%. The absolute configur-
ation of the preferred product enantiomer when (DHQD),AQN
was used as the catalyst is tentatively assigned as R based on
similar transformations using the same catalyst.'*%*

We observed the reactions to be a kinetic resolution. Both
(DHQD),PHAL and (DHQD),AQN consume the same enantio-
mer of the allylic fluoride faster, however, the products are
delivered as antipodes indicating that stereocontrol does not
solely depend on the chiral backbone of the cinchona alkaloid
but that it also depends on the linker in the dimeric catalyst
(for details see ESIf)."” Similar observations related to the
influence of the linker in dimeric cinchona alkaloid catalysts
have recently been reported in other transformations."®

Several mechanistic proposals have been put forward for
the Lewis base catalysed reactions of allylic fluorides with
different nucleophiles including concerted,"*“'* stepwise,'®
and silicon-assisted pathways (Scheme 4a)."> We first sought to
test if the stepwise mechanism which has been reported in
DABCO catalysed allylations of N-silylindoles with allylic fluor-
ides holds in the presence of the less nucleophilic
(DHQD),PHAL. In a crossover experiment, allylic fluoride 1a
was reacted with silylated indole 5 and deuterium labelled
indole 6 in the presence of (DHQD),PHAL as the catalyst

This journal is © The Royal Society of Chemistry 2024
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c) Crossover experiment for quinaldine
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1,4-dioxane: 75% yield, no '5N incorporation

Scheme 4 Mechanistic considerations. (a) Potential mechanistic scenarios for the allylic substitution. (b) Crossover experiment of latent nucleophile
5 and 2-D-indole 6 under enantioselective substitution conditions. (c) Crossover experiment of latent pronucleophile 2a and **N enriched quinaldine

8 under standard enantioselective substitution conditions.

(Scheme 4b). The isolated products showed incorporation of
deuterium slightly over 50% both in xylene and trifluoroto-
luene. We confirmed that deuterated indole does not react
with 1a in the presence of Lewis base catalyst and that there is
no silyl transfer between 5 and 6 under the reaction con-
ditions. These results indicate the transient formation of an
indole anion and a crossover via acid-base equilibrium of
indole anions derived from 5 and 6 and are consistent with a
stepwise mechanism. To test if similar crossover can be
observed in allylation of quinaldines, an equimolar mixture of
N enriched quinaldine 8 and trimethylsilyl quinaldine 2a
was subjected to allylation with 1a using (DHQD),AQN in
o-xylene or 1,4-dioxane as solvent (Scheme 4c). The HRMS ana-
lysis of the reaction product did not show incorporation of the
N concluding that there was no acid-base equilibrium which
would lead to crossover as in the case of N-allylation of indole.
While this could speak in favour of a concerted mechanism,
formation of a tight ion pair in a solvent cage'® would also be
consistent with this observation. The concerted mechanism
proposed in allylations of silylenolethers'® would either lead to
N-allylation of picolines and quinaldines via a six membered
transition state which was not observed or would proceed via a
highly ordered ternary four-membered transition state that
leads to C-allylation products observed in these reactions.
Finally, the fact that (DHQD),PHAL and (DHQD),AQN
consume the same enantiomer of the allylic fluoride faster but
deliver the opposite antipodes of the product also speaks
against the concerted mechanism.

To demonstrate the synthetic utility of the C-allylation pro-
ducts obtained in this study, a short synthetic sequence was
developed for synthesis of functionalized quinolizine-4-ones
(Scheme 5). To this end, a modified protocol for reductive
alkylation®® was employed to obtain reduced quinaldine. A
two-step process of saponification followed by PyBop mediated

This journal is © The Royal Society of Chemistry 2024

1)a;2)b,c

cis/trans 4

R =H, 4a-ds1 34%, 4a-ds2 23% R = tBu, 4b-ds1 26%, 4b-ds2 29%
R = Br, 4f-ds1 22%, 4f-ds2 25%

Scheme 5 Transformation of allylated quinaldines to functionalized
quinolizine-4-ones. (a) Hantzsch ester (2.5 equiv.), m-F3C-CgH4-B(OH),
(0.25 equiv.), CoH4Cly, 60 °C; (b) LIOH (4.0 equiv.), THF : EtOH, 40 °C; (c)
PyBOP (1.015 equiv.), DIPEA (1.1 equiv.), DCM : DMF.

lactam formation gave the desired quinolizine-4-ones.
Gratifyingly, both diastereomers of each product could be iso-
lated separately and the combined yields were 57% for 4a/4a’,
54% for 4b/4b’, and 47% for 4f/4f' over two steps.

Conclusions

We have developed a robust tool for regio- and enantioselective
allylation of quinaldines and picolines in the presence of
Lewis base catalysts. The reactions are enabled by the concept
of latent pronucleophiles in Lewis base catalysis and the use of
silyl derivatives of quinaldines and picolines in combination
with allylic fluorides. They feature broad scope and deliver the
products with degrees of enantiocontrol as high as 94:6. The
products land themselves to a rapid transformation to quinoli-
zine-4-one frameworks. Interestingly, the stereocontrol in
these reactions does not solely depend on the chiral backbone
of the cinchona alkaloid but it also depends on the linker in
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the dimeric catalyst. The mechanistic implications of this
observation are currently under investigation.
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