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Phosphite mediated asymmetric N to C migration
for the synthesis of chiral heterocycles from
primary aminesfy

Soniya Rani,?® Soumya Ranjan Dash, & Asish Bera,®® Md Nirshad Alam,?®
Kumar Vanka @ ¢ and Pradip Maity & *@

A phosphite mediated stereoretentive C—H alkylation of N-alkylpyridinium salts derived from chiral primary
amines was achieved. The reaction proceeds through the activation of the N-alkylpyridinium salt substrate
with a nucleophilic phosphite catalyst, followed by a base mediated [1,2] aza-Wittig rearrangement and
subsequent catalyst dissociation for an overall N to C-2 alkyl migration. The scope and degree of
stereoretention were studied, and both experimental and theoretical investigations were performed to
support an unprecedented aza-Wittig A catalytic
enantioselective version starting with racemic starting material and chiral phosphite catalyst was also

rearrangement-rearomatization sequence.

established following our understanding of the stereoretentive process. This method provides efficient
access to tertiary and quaternary stereogenic centers in pyridine systems, which are prevalent in drugs,

rsc.li/chemical-science

Introduction

The recent focus on sustainable chemistry has encouraged
chemists to develop the direct and diverse functionalization of
abundant and renewable chemicals." In this context, primary
alkyl amines have emerged as an inexpensive, stable, and
abundant source for the generation of reactive intermediates. In
a recent application of its use as an alkylating agent,” the Wat-
son group in 2017 developed an elegant nickel catalysed
method to generate alkyl radicals from stable Katritzky pyr-
idinium salts of primary amines for their coupling with aryl-
boronic acids.? In the same year, the Glorius group reported an
iridium based photoredox catalysed protocol for alkyl radical
generation and its coupling with heteroaromatic compounds.*
Since then, this approach has become a focus of intensive study
via new and elegant deaminative protocols with diverse reaction
partners under photoredox and dual catalysis or with redox-
active coupling partners (Fig. 1a).>® These deaminative
processes to alkyl radicals lead to racemic products from both
achiral and enantioenriched amines. Additionally, the C-N
bond cleavage processes generate triphenylpyridine as a part of
the waste stream.
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bioactive natural products, chiral ligands, and catalysts.

We reasoned that the unique reactivity of pyridinium salts
could be exploited to generate enantioenriched products that
retain the pyridine ring system. The synthetic utility of our
approach lies in the various simple methods for generating

(a) Primary amines as alkylating agents via Katritzky pyridinium salts (Racermic)
Literature Precedent

Ph Ni-complex racemic alkyl
or Ph radicals
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waste

(b) Primary amines as waste-free chiral alkylating agents ( 7/7/s work)
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Fig. 1 Primary amines as alkylating reagent. (a) Literature precedents.
(b) Proposed N to C dissociative alkyl migration.
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alkylpyridinium salts other than Katritzky salts (1) from
amines.” Despite the prevalence of chiral alkyl pyridines (6) and
the corresponding saturated heterocycles in numerous phar-
maceutical drugs and biologically active compounds,® their
enantioselective synthesis via catalytic methods remains
a challenge.®" In this communication, we report an intra-
molecular alkylation process with chirality transfer to synthe-
size chiral pyridines from enantioenriched pyridinium salts
without the loss of pyridines as waste (Fig. 1b). We also report
a catalytic enantioselective version of this unprecedented N to C
alkyl migration from racemic N-alkylpyridinium salt.

The reaction development strategy is based on our experi-
ence in various selective molecular rearrangements and radical
reactions.’“'* We envisioned that a suitable catalyst adduct (2),
upon deprotonation could form a reactive carbanion (3) and
subsequent stable radical anion (4a) to reduce the activation
energy to effect an [1,2] aza-Wittig rearrangement (3 to 5,
Fig. 1b). To the best of our knowledge, the anionic [1,2] aza-
rearrangement is not known, presumably due to its high acti-
vation energy requirement.** The [1,2] alkyl migration (5)
intermediate would undergo a facile catalyst dissociation to
waste-free intramolecular C-H alkylation product (6). This
subsequent rearomatization exothermic step after the aza-Wit-
tig should favour the overall thermodynamics. Although the
C-N bond breaks during the rearrangement, the stereochemical
outcome of this intramolecular process would be intriguing.’” A

Table 1 Optimization study for phosphite mediated N to C migration®
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highly stereoretentive migration or a chiral catalyst controlled
stereoselective recombination of radical pair could provide us
with multiple pathways to control the stereoselectivity.

To explore the feasibility of alkyl migration, racemic (S)-1-
phenylethylamine salt of isoquinoline (1a) was selected as the
substrate. A variety of catalysts were screened based on their
nucleophilicity, and subsequent anion and radical stabilization
ability (Table 1).**'®* NHC catalysts, DBU, and thiophenol were
unsuccessful with different bases (entries 1-4). But, to our
delight, the addition of stoichiometric diethylphosphite anion
at room temperature, followed by treatment with 2.5 equiva-
lents of LIHMDS at 0 °C led to 58% of the migration product 6a
(Table 1, entry 5)."” With a suitable catalyst in hand, we per-
formed the reaction with enantioenriched 1a to explore the
stereochemical outcome. The chiral pyridinium salt ((S)-1a) was
synthesized from commercially available chiral (S)-1-phenyl-
ethylamine.” The migration in THF at 0 °C with (S)-1a led to an
encouraging 86% enantiospecificity (es) with retention of the
configuration (entry 6).¥ Next, we optimize our stereoretentive
method, starting with screening the role of solvent. MTBE
instead of THF led to 88% es, while toluene led to 91% es
(entries 7 and 8). Cyclohexane as solvent did not improve the
stereoretention (90% es, entry 9), but DCM as solvent led to 96%
es (entry 10). The counter cation of the HMDS base also plays
a significant role, with sodium being more effective than
lithium (entry 11).*® Other phosphites were tested next, which

i) Catalyst (C):base-1 (1:2) A

Me Me

A
(x mol%) | . Me I N R =Et, C5
@%th solvent, RT, 24h =N [N\>® IN\>® L PhSH RO, O R =e, C6
y : N ca v R='Pr,C7
12 BF, Me i) base-2 (2.5 equiv) Me" “Ph Noowme” S c3 B i
99:1 er Temp (T), 12h 6a C1 Me C2 '
Entry C (mol%) T (°C) Base-1 Base-2 Solvent 6a, yield (%) 6a, % ee (es)
1 C1 (50) 60 Cs,CO3 Cs,CO3 THF ND —
2 c2 (50) 60 Cs,CO; Cs,CO; THF ND —
3 C3 (50) 60 Cs,CO; Cs,CO; THF ND —
4 C4 (100) 25 K,CO3 LiHMDS THF ND —
5 C5 (100) 0 K,CO; LiHMDS THF 58 —
6 C5 (100) 0 K,CO; LiHMDS THF 63 69 (86)
7 C5 (100) 0 K,CO; LiHMDS MTBE 61 73 (88)
8 C5 (100) 0 K,CO; LiHMDS Toluene 64 80 (91)
9 C5 (100) 0 K,CO; LiHMDS Cyclohexane 47 78 (90)
10 C5 (100) 0 K,CO; LiHMDS DCM 67 90 (96)
11 C5 (100) 0 K,CO; NaHMDS DCM 70 90 (96)
12 C6 (100) 0 K,CO; NaHMDS DCM 66 88 (95)
13 C7 (100) 0 K,CO3 NaHMDS DCM 55 85 (93)
14 C8 (100) 0 K,CO; NaHMDS DCM 26 59 (80)
15 C5 (100) —20 K,CO3 NaHMDS DCM 72 91 (96)
16 C5 (100) —40 K,CO; NaHMDS DCM 69 91 (96)
17 C5 (100) —60 K,CO; NaHMDS DCM 70 91 (96)
18° C5 (20) —60 K,CO; NaHMDS DCM 67 91 (96)
19° C5 (100) —20 K,CO; NaHMDS DCM 72 92 (97)
207 C5 (100) —20 K,CO; NaHMDS DCM 70 92 (97)

“ Reactions were carried out with 0.3 mmol 1a, 4 ml solvent, and 1 M THF solution of MHMDS base. ” With catalytic (20 mol%) dimethylphosphite
diethylphosphite catalyst (see ESI for procedure). © With 2 M NaHMDS in THF. ¢ 1 mmol scale.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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reveals better results with smaller alkoxy groups (entries 12-14).
Finally, the optimal reaction temperature was determined to be
—20 °C (entries 15-17). Although the racemic diethylphosphite
can be used in catalytic amounts under strict deoxygenated
conditions at lower temperature (entry 18), we utilized stoi-
chiometric amounts of the phosphites to simplify the operation
to obtain the product at a shorter reaction time, since dieth-
ylphosphite is non-toxic and cheaper than the reaction solvents.
Since THF is detrimental to the stereoretention (entries 6 vs. 9),
we performed the reaction with 2 M THF solution of NaHMDS
instead of 1 M, which improved the es to 97% (entry 19), leading
to substituted isoquinoline (S)-6a in 72% yield and 92% ee from

View Article Online
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enantioenriched (98% ee) (S)-1-phenylethylamine salt (1a).*
The optimized reaction works well on 1 mmol scale, with no
change in stereoretention and comparable yield (entry 20).
With optimized reaction conditions in hand, we tested the
generality of our stereoretentive method for both chiral
amines® and pyridine derivatives. First, we explored the scope
and efficiencies of different chiral amines with isoquinoline
(Table 2). Gratifyingly, the enantiomer of 1a (ent-1a) led to an
efficient synthesis of ent-6a. Alkyl groups other than methyl at
the migrating carbon such as ethyl (6b), cyclopropyl (6¢), fused
cyclopentyl (6d), and cyclohexyl (6e) were all resulted in good
yields with almost quantitative chirality transfer. These

Table 2 Isoquinoline substrate scope for stereoretentive alkyl migration®
o EtO, 0
S R 2N al NaHMDS
N _N® _R3 _EO H X NYR3 (2.5 equiv)
RT 2 K2COj3 (2.5 equiv) eto-p, R w2 o e
1 B DCM, 24 h, rt e - 205
chiral 5

T

95% ee (99% es)
yield-75% (6b)

92% ee (97% es)
yield-72% (6a)

87% ee (96% es)
yield-71% (ent-6a)

88% ee (96% es)
yield-68% (6f)

88% ee (95% es)
yield-69% (69)

80% ee (90% es)
yield-72% (6h)

C
72% ee (91% es)
yield-68% (6m)

F
82% ee (95% es)
yield-70% (6l)

77% ee (93% es)
yield-65% (6n

X
N
Me N Me"™
o/ S /

92% ee (97% es)
yield-68% (6s)

62% ee (86% es)
yield-70% (6t)

94% ee (98% es)
yield-70% (6r)

e

Me"
84% ee (95% es)
yield-75% (6y)

MeO N
N
eO 7
Me" “Ph

82% ee (94% es)
yield-72% (6x)

83% ee (92% es)
yield-70% (6z)

% Conditions: 1

92% ee (97% es) 95% ee (98% es)
yield-70% (6d) yield-72% (6e)

88% ee (99% es)
yield-78% (6¢c)

X
N

OMe
86% ee (95% es)
yield-69% (6j)

N N
Br "

OMe
73% ee (87% es)
yield-71% (6i)

92% ee (97% es)
yield-71% (6k)

61% ee (87% es)
yleld -66% (60)

_N
Meu

89% ee (95% es)
yield-76% (6u)

82% ee (92% es)
yield-72% (6q)

75% ee ( 90% es)
yield-70% (6p)

S
_N
Me:.,

me? Me

y|e|d 0% GV yield-0% (6w)

RO

Me"™
R'=OMe, R2=H
R'=H, R2=OMe

OMe

OMe

R2
Methylberberines

(0.3 mmol) was dissolved in 3 ml DCM and added to diethylphosphite (0.3 mmol) and K,CO; (0.75 mmol) in 1 ml DCM at 25 °C and

stirred for 24 h. Then the reaction mixture was cooled to —20 °C and NaHMDS (2.5 equiv., 2 M in THF) was added and stirred for 12 h.
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examples showed that the alkyl group at migrating carbon has
very little influence on the reaction outcome. The a-cyclopropyl
group at migrating carbon is significant with no ring-opening
product was observed.”* Next, we varied the aryl groups at the
migrating carbon. Methyl at ortho- (6f) and para-position (6g) of
the phenyl ring led to similar results, indicating a minimal
steric effect on yield and enantiospecificity. Methoxy substitu-
tion at both C-3 (6h) and C-4 (6i) led to lower stereoretention (90
and 87%), whereas 3,4-dimethoxy substitution (6j) lead to 95%
es. The yields are comparable to that of parent substrate for all
methoxyaryl substrates. Halo substituents at C-3 and C-4 posi-
tions were well tolerated. Fluoro substituent at C-3 led to 97% es
(6k), while C-4 fluro resulted in 95% es (61). Both chloro and
bromo substitution resulted in slightly lower chirality transfer
(6m,n,0). a-Napthyl instead of phenyl formed product with 90%
es (6p), and B-naphthyl yielded the corresponding products with
92% es (6q). Heteroaryl groups at the migrating center such as
electron-rich 2-furan (6r) and 2-thiophene (6s) both migrated
with excellent enantiospecificity (98 & 97% es), while electron-
deficient 3-pyridine (6t) led to a moderate 86% es. Finally, we
synthesized an isoquinolinium salt of quaternary chiral amine
(1u). Under optimized reaction conditions, it rearranged
successfully to the corresponding all carbon quaternary alkyl
chiral products with better yield (76%) and very good 95% es
(6u). Isoquinolinium salts of isopropyl (6v) and tert-butyl (6w)
amine did not lead to the product which indicates (hetero) aryl
stabilization on migrating alkyl radical is necessary.

A diverse range of substituted pyridines was subjected to the
reaction condition to find the generality of our method with
azaarenes. Electron rich bis-alkoxy groups on isoquinolines
were tested first since the corresponding products could be
easily converted to the numerous natural products of biological
importance.? 4,5-Bis-alkoxyisoquinoline derivatives of (S)-1-
phenylethylamine (6x, 6y) resulted in 94 and 95% es with 72 and
75% yields respectively. With 4,5-dimethoxyisoquinoline and
3,4-dimethoxyphenylethylamine, the product 6z is obtained in
70% yield with 92% es. 6z and its reduced forms were utilized
for the synthesis of various methylberberine alkaloids.****

Finally, the alkyl migration protocol was tested on unsub-
stituted pyridine substrates, which are common pharmaco-
phores in many approved pharmaceutical drugs.”** Under
standard reaction condition, the C-2 alkyl migrated products
formed in moderate yields but with excellent enantiospecificity
(Table 3). The stereoretention trend in alkyl migration runs
parallel to that in isoquinoline substrates. For 4-unsubstituted
pyridines, a minor [1,4] migrated side products 7 also formed
with 4-7% lower enantiospecificities. Competitive [1,4] Wittig
rearrangements from common radical pair intermediates are
known in literature, with a single report by Maleczka Jr group
describes stereoretention pattern similar to our findings.** With
pyridinium substrates, either the same C-2 added catalyst or
a C-4 added catalyst intermediate can undergo the [1,4]
migration.

Quantum chemical calculations (DFT, details in ESIT) were
performed to gain insight into the crucial C-N bond breaking
(step 3, Fig. 1b) and C-C bond forming (step 4, Fig. 1b) steps of
our proposed phosphite catalysed aza-Wittig, and subsequent

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Pyridine substrate scope for stereoretentive alkyl migration

X 1
R-- i) DEHP:K,CO; (1:2.5) R, R3
[{e> o o N R2
N DCM, 25°C,24h R4 s
RYJL BT SR S
RZ "R® i) NaHMDS (2.5 equiv) R? 2 R( _

1 -20 °C, 12h

R e =
N/
B +
Me |\
Z
N

91% ee (96% es) 93% ee (97% es)
yield-40% (6aa) 81% ee (92% es)| | yield-45% (6ab) 84% ee ( 92% es)
yield-20% (7aa) yield-8% (7ab)

87% ee (094% es) . . 93% ee (98% es) N
yield-43% (6ac) 72 A7 ee (87% es) || yield-43% (6ad) 82% €€ (92% es)
yield-10% (7ac) yield-7% (7ad)

Ph PN X
X :| P
\ ONTY

pZ

N " X =H,Cl, B

NR, R=Me, Pr;
i (Halo)pheniramines
\(FDA approved drugs) .

H + no [1,4]-product
Ve [1.4]-p

80% ee (91% es)

yield-53% (6ae)

rearomatization protocol.*® First, the C-N bond dissociation
energy (BDE) was calculated at the PBE/def-TZVP level of theory.
The AG for the homolytic C-N bond cleavage was calculated to
be exothermic by 0.8 kcal mol *, supporting the stability of
radical 4a via the catalyst mediated captodative effect and
extended conjugation.”'® An alternative heterolytic bond
cleavage path with 2.4 kcal mol " higher energy via an E2 could
also be identified during the calculations. To avoid any bias
from the chosen DFT method, and since the difference between
homolytic and heterolytic BDE was close, we used different
levels of theory to compare the two possibilities.>® In all cases,
the homolytic dissociation was found to be favourable (Table 4).
We also calculated homolytic and heterolytic dissociation for
substrate 1u with a quaternary migrating group, in which the
homolytic cleavage is favoured by 5.7 keal mol " (at the PBE/def-
TZVP level of theory).

Experimental mechanistic studies were carried out to
support or discredit the alternative paths identified in the
computational studies (Scheme 1). We noticed that in the
presence of traces of oxygen, the corresponding pyridone side
product formed with the C-N bond intact under the N to C

Table 4 Computed homolytic vs. heterolytic C—N bond dissociation
energy (AG) in kcal mol™*

Substrate DFT methods Homo Hetero Homo-hetero

la PBE/def-TZVP —0.8 +1.6 —2.4
B3LYP/def2-TZVPP —5.0 —1.4 —3.6
B3LYP/6-31+G** —16.9 —10.5 —6.4
MO06-2X/6-31+G** +1.8 +7.2 —5.4
MO06-2X/6-311+G** +4.1 +8.0 —-3.9

1u PBE/def-TZVP —6.9 —1.2 —5.7
B3LYP/def2-TZVPP —11.1 -3.9 —7.2

Chem. Sci., 2021, 12, 8996-9003 | 8999
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N__Me
EtO u T
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NaHMDS E1¢p (detected computationally;

EtO || higher energy path)

) e ‘ S
a H,O = +
Direct E2 N i Me
(not detected ol o Me NHZPrh
computationally) Eto’6 Ph 7a' O
3a’ (none detected experimentally)
EtO_ 0
P
B N EtO" H
) _N_Me ——
o ®\r Standard reaction
BF, Ph condition
1a 5 equiv. TEMPO 50% 8a

<5°/ 6a

Scheme 1 Mechanistic studies. (A) Homolytic vs. heterolytic paths via
intermediate trapping. (B) Radical trap with TEMPO.

migration protocol (Scheme 1a). This result is suggestive of
a common carbanionic intermediate 3a for its competing Nef
oxidation versus alkyl migration.>'* An E1., pathway would lead
to C-N bond cleaved intermediate 3a’, or its hydrolyzed product
7a’, which were not detected. A direct base mediated E2 pathway
to 3a’ could also be a possibility, but was not detected compu-
tationally. To further distinguish between heterolytic E1.,/E2
and homolytic radical pair paths, a radical trapping experiment
was conducted with TEMPO. The addition of five equivalents of
TEMPO led to a complete shut down of the alkyl migration with
50% TEMPO trapped alkyl product formation (Scheme 1b). No
alkyl migration product under excess radical trap reagent along
with trapped alkyl product supports a radical pair mechanism.””

Next, we examined the source of high stereoretention for this
dissociative alkyl migration (Scheme 2). For [1,2] oxa-Wittig
rearrangements, the commonly accepted explanation for ster-
eoretention at the migrating centre is that the radical pair
formation and recombination occurs within the solvent cage.*
This solvent-caged radical pair recombination is faster than
racemization through solvent-cage escape and recapture. On
the other hand, out-of-plane rotation within the solvent cage
can also lead to racemization.” To gain insight, we conducted
a crossover experiment with 1a and 1z in DCM and THF. The
cross-products formations in DCM are ~2-3%, which supports
predominantly solvent-caged radical recombination. In THF,

=N.__Me _N =N
SeY ) DEHP:K,COj (1:2.5) MeO
1a BF, Ph DCM, 25 °C, 24h M ph 6x e “Ph
99:1 er N ~3% in DCM (racemic)
MeO iy NaHMDS (2.5 equiv) 6a (70%) ~6% in THF
X
j@@ 20°C,12h  MeO.
N._M
MeO’ 6/@ ©
1z BFy MeO
99:1 er
" Ole 62 (66%)
0.2 mmol each © normal products with cross-products

unchanged % ee from their
corresponding optimized reaction

Scheme 2 Crossover experiment & stereoretention.
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the cross-products are ~4-6%, which is consistent with less
stereoretention in that solvent. The chiral HPLC analysis of
cross-products showed that those were rendered almost
racemic, supporting solvent cage escape as one possible
pathway for racemization. The normal products, which now
have less ‘solvent-cage escape and recapture’ possibility in the
crossover experiment, did not result in significantly higher
stereoretention. Therefore an out-of-plane rotation within the
solvent cage cannot be ruled out.

We performed computational studies for radical pair
recombination in order to determine the exact juncture of
catalyst detachment (step 4, Fig. 1b; Scheme 3). The catalyst
detachment from radical 4a to 4a’, prior to its recombination
with alkyl radical, signifies no catalyst control on the subse-
quent C-C bond formation. Although we predict radical 4a
formation from anionic intermediate 3a would be stabilized by
captodative effect and extended delocalization, the formation of
4a’ might be feasible owing to the rearomatization of the
heterocycle. The calculations reveal that this is highly unlikely,
since the AG for the corresponding imine radical (4a’) forma-
tion is endothermic by 28.6 kcal mol . The loss of conjugation
and captodative stability seems to outweigh the rearomatization
in 4a’. The recombination of the catalyst attached 4a at C-2 with
the alkyl radical could, therefore, be influenced by the catalyst.
The subsequent catalyst release from 5a leading to the rear-
omatized final product (6a) is found to be highly exothermic
(23.1 kcal mol™ "), which makes the overall transformation
favourable.

The catalyst involvement in the C-C bond formation and the
possibility of racemization via dissociative path led us to spec-
ulate if a chiral phosphite catalyst could induce enantioselective
transformation starting with racemic pyridinium salts. During
reaction optimization, we observed variable degrees of racemi-
zation with different catalysts (Table 1). The significant drop in
stereoretention with a bulky tert-butyl phosphite (80 vs. 96% es,
Table 1, entries 12 & 14) could be due to its slower recombina-
tion, with racemization paths in play. Therefore, a bigger chiral
phosphite catalyst could also slow the recombination for the
racemic alkyl radical to allow its rotation to catalyst controlled

AG (kcal/mol)
X
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Scheme 3 Computed C-C bond formation and subsequent rear-
omatization energy profile.
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Scheme 4 Chiral phosphite catalyzed enantioselective N to C
migration.

enantioselection. Since the reaction medium influences the
stereoretention (Table 1, entries 7-10), solvents with high
racemization might also provide time for the alkyl radical to
rotate for the enantioselection. We chose racemic 1z as a test
substrate, since it can be converted to natural products, and its
stereoretentive migration generated the product in a modest
83% ee (92% es, Table 2). To our delight, 20 mol% TADDOL-
phosphite catalyst (C9) generates chiral 6z with 89% ee in
THF (Scheme 4, see ESIT for details). This result represents
a proof-of-concept for the chiral phosphite catalyzed enantio-
selective N to C migration of racemic pyridinium salts.

In conclusion, a phosphite mediated stereoretentive C-H
alkylation of N-alkylpyridinium salt was developed. Chiral
alkylpyridines were obtained from the corresponding chiral
amines with a broad range of functional groups. An all-carbon
quaternary alkyl group also migrated efficiently. The mecha-
nistic experiments suggest a phosphite catalyzed bis-radical
[1,2] aza-Wittig followed by rearomatization via -catalyst
release for product formation. Exploring the source of stereo-
retention and a variable degree of racemization led us to
establish a chiral phosphite catalyzed enantioselective version
with racemic alkylpyridinium salt. The dissociative reaction
path presents us with the possibility of [1,n] alkyl migrations
other than the present [1,2] in and around pyridines, which we
are exploring currently. Synthesis of natural and bioactive
compounds from the chiral alkylpyridines is also under
development.
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