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Phosphorus-catalyzed sp3-C—H amination of 2-alkylpyridines was developed as a notable advancement of a catalytic sp3-C—

H functionalization by an organophosphorus compound. Racemic 2,2’-bis(diphenylphosphino)-1,1’-binaphthyl (BINAP) acted

as a particularly efficient catalyst precursor for the reaction of 2-alkylpyridines with dibutyl azodicarboxylate (DBAD) as an

aminating agent in the presence of water and cesium carbonate as promoters in dichloromethane as a critical solvent,

allowing the sp*-C—H amination under mild reaction conditions at 0 °C. The reaction proceeded exclusively at the C(a)-

position even in the presence of more acidic C—H bonds. A quaternary azaphosphonium cation, generated by the reaction

between BINAP and DBAD followed by solvolytic N-chloromethylation, is proposed to be the active catalyst that reacts

directly with the alkylpyridine substrate.

Introduction

Organophosphorus compounds have established their
position as indispensable tools in synthetic organic chemistry,
represented by their applications to Wittig, Horner-Wadsworth-
Emmons, and Mitsunobu reactions.’> Beyond their use as
stoichiometric reagents, organophosphorus compounds have
gained significant attention as metallomimetic catalysts,58
offering the potential to replace or even surpass the reactivities
of precious metal catalysts. In contrast to the conventional use
of phosphines as Lewis base catalysts, cationic
organophosphorus species, especially electrophilic
phosphonium cations (EPCs), have exhibited potent activity as
nonmetallic Lewis acid catalysts by leveraging their low-lying o*
orbital.?12 The versatility of EPCs as Lewis acids has been mainly
demonstrated in a context of electrophile activation (Scheme
1a), promoting Diels-Alder reaction (dienophile activation),3.14
Mukaiyama aldol reaction (C=0 bond activation),>18 Mannich-
type reaction (C=N bond activation),!* and so on. One notable
example is the EPC catalyst [(CsFs)3sPF][B(CeFs)s], developed by
Stephan and co-workers, which enables functionalization of
alkenes and alkynes (C=C and C=C bond activation)1%20 and
challenging
alkylfluorides?-23 through sp3-C—-F bond cleavage generating
carbocation species under mild reaction conditions.2425 Despite
these advances, the use of EPCs in direct C—H bond
functionalization has been remarkably underexplored. While
Greb and co-workers have demonstrated that highly Lewis
acidic catecholato phosphonium ion can promote sp?-C—H bond
activation of thiophenes and pyrroles to form C—P bond, the
transformations  require  stoichiometric  amounts  of

even defluorinative  functionalization  of
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phosphonium reagents (Scheme 1b).26:27 Catalytic C—H bond
transformations have been limited to substrates that have
easily activatable sp3-C—H protons of low pK; values, such as
nitromethane,?2 where the EPC catalyst facilitates
deprotonation to generate nucleophilic species instead of
activating electrophilic partners. The restricted application
would be ascribed to the incompatibility of potent EPCs with
general bases, whose combination greatly enhances the
deprotonation of broad range of substrates. Thus, development
of a potent and robust EPC catalysis capable of direct
transformation of less activated sp3-C—H bonds holds a promise
for expanding their utility in synthetic organic chemistry,
especially for late stage functionalization, but remains a
significant challenge.?°-31

Catalytic sp3-C—H amination has been a subject of intense
research in organic chemistry as a strategy for streamlining the
synthesis of valuable nitrogen-containing molecules.3235
Among the various target substrates, 2-alkylpyridines are of
great interest due to the prevalence of the pyridine motif in
biologically relevant molecules, the most frequently used
heterocyclic ring system in FDA-approved small-molecule
drugs.3637 However, very few catalytic methods for C(a)-H
amination of 2-alkylpyridines have been reported.383°
Moreover, the reported methods require high temperatures
(>80 °C) and the use of transition metals (palladium or copper),
hampering their application to multifunctional molecules such
as pharmaceuticals. Herein, we report a phosphorus-catalyzed
sp3-C—H functionalization, enabling C(a)-selective amination of
2-alkylpyridines using di-t-butyl azodicarboxylate (DBAD) as an
aminating reagent (Scheme 1c). The reaction proceeded under
mild conditions at 0 °C, allowing site-selective sp3-C—H
amination of multi-substituted alkylpyridines including those
found in  pharmaceuticals. Furthermore, mechanistic
investigations indicated that the actual active species is an
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Scheme 1 Electrophilic Phosphonium Cations.

in situ generated electrophilic azaphosphonium cation that
exhibits robustness toward water and base. Preliminary
computational analyses suggest that a previously unrecognized
intramolecular hydrogen bond contributes to the stability of the
phosphonium cation.

Results and discussion

Discovery of phosphorus-catalyzed C(a)-H amination and
effects of reaction parameters. In our exploration of transition
metal-catalyzed sp3-C—H transformations,*® we found that sp3-
C-H amination of 2-methylpyridine (1a) with di-t-butyl
azodicarboxylate (DBAD) was enabled by a catalytic amount of
rac-BINAP (P1) in the presence of water and stoichiometric
basic promoter Cs,CO3 in CH,Cl, as a critical reaction solvent: no
reaction occurred in other solvents such as THF, toluene, and
acetonitrile (see Supporting Information for more details).
Surprisingly, even 1,2-dichloroethane as a solvent caused no
in CH,Cl, proceeded cleanly and
smoothly at room temperature in 3 h, affording 2a in 99% yield
(Table 1, entry 1). The temperature could be lowered to 0 °C
without a significant drop in the yield by prolonging the time to
24 h (95% vyield, entry 2). Characteristically, a catalyst aging
period was indispensable for the reaction to occur efficiently.
Thus, for the efficient production of 2a, P1 and DBAD were
stirred in CH,Cl, at O °C for 20 h prior to the addition of 1a,
Cs,C03, and H,0. Without this aging, the yield of 2a dropped
drastically to 10% (entry 3). The structure of the phosphine
catalyst significantly affected the catalytic activity. Simpler
bisphosphines, DPPE (P2) and DPPBz (P3), showed much lower
catalytic activities, giving 2a in only 10% and 22% yields,
respectively (entries 4 and 5). XANTPHOS (P4), having a rigid
tricyclic backbone, exhibited good activity but gave 2a with a
yield (70% yield) lower than P1 (entry 6). The importance of the

reaction. The reaction

P o
@ Boc- /N

v/ Direct sp3-C—H bond transformation
v/ Compatible with water and a base

o*-P*/o5-P cycle o]
H Boc. _N.
Boc\ N Boc it
|+ N
[:\/:J//l\ (in situ generanon)
base
base
Boc\
—P\ base—H"
base H | //’ R
=

binaphthyl backbone of BINAP (P1) with extended aromatic
systems was suggested by the low yield of 11% with biphenyl
analogue P5 (entry 7) and by the moderate yield of 64% with
the partially saturated analogue P6 (entry 8).

Simple monophosphines, Ph3P (P7) and CysP (P8), as well as
a phosphite P9 were poorly active, giving 2a in less than 10%
yields (Table 1, entries 9—11). As compared with these simple
monophosphines, (1,1’-biphenyl-2-yl)diphenylphosphine P10
showed a slightly better yield of 13% (entry 12). Introducing a
2’,6’-dimethoxy substituent to the biphenyl moiety (P11)
further increased the activity, affording 2a in 31% yield (entry
13). Along this line, a notable increase in yield to 79% was
observed with MOP (P12, entry 14), a monophosphine featuring
a methoxy-substituted binaphthyl backbone. This observation
clearly showed that having two phosphorus atoms is not
essential for the activity of the phosphine catalyst precursor and
that the MeO group may cause a favorable effect in the reaction
with this functionalized monophosphine catalyst precursor.

It should be noted that H,0 and Cs,CO3; were both essential
for achieving the high yield with the BINAP (P1) catalyst
precursor; yields of 2a were 6% without H,O and 10% without
Cs,COs3 (Table 1, entries 15 and 16). Even a catalytic amount of
Cs,C0O3 (20 mol%) exhibited significant impact on the vyield,
giving 2a in 89% yield (entry 17).

Substrate scope. Having the optimized conditions in hand, the
scope of 2-alkylpyridines was investigated at a 0.3 mmol-scale
either at room temperature or at 0 °C, depending on the
substrates (Scheme 2). The simplest product 2a was isolated in
excellent yield (96%) after purification by silica gel column
chromatography. Moreover, the reaction was successfully
conducted at a 2-mmol-scale, affording 2a in 92% yield. Next, a
series of lutidine-type substrates was examined to
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Table 1 Effects of reaction parameters for sp3-C—H amination of 2-methylpyridine®

phosphine (10 mol%) H
Cs,CO3 (2 equiv.) Boc\N,N\Boc
Ny -Me Boc H,0 (6 equiv.) N
| J "N Mgog CHyCly (0.5 M) s
. DBAD 0°C,24h _
(0.1 mmol) (2 equiv.) 2a
Standard procedure
phosphine (10 mol%) 1a (0.1 mmol)
DBAD (2 equiv.) Cs,CO3 (2 equiv.)
CH,ClI, (0.5 M) H,0 (6 equiv.)
¢ 20 h l h
C C work up
aging time
deviation f th
entry phosphine e.\/l.a 'on ror.n. € 2a (%)
original conditions
1 rac-BINAP room temperature for 599
(P1) 3h
2 P1 - 95
3 P1 without aging P1 and 10
DBAD in CH2C|2
4 DPPE (P2) - 10
5 DPPBz (P3) - 22
XANTPHOS -
6 70
(P4)
7 P5 - 11
-Hs-BINAP -
g s 64
(P6)
9 PhsP (P7) - 3
10 CysP (P8) - 5
11 (PhO)sP (P9) - 3
12 P10 - 13
13 P11 - 31
14 MOP (P12) - 79
15 rac-BINAP without H,0 6
(P1)
16 rac-BINAP without Cs,CO3 10
(P1)
17 rac-BINAP 20 mol% Cs,CO3 89
(P1)
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PPh2
PPh, O
PPh, PPh, PPh,
PPh, P2 Pth PPh,
Pth PPh2
P5

PPh2

O PPh, O PPh, OO PPh,
PPh; PCy; P(OPh); MeO OMe OMe
Props e (] 9 e®

P10 P11 P12

9Phosphine (0.01 mmol), DBAD (0.2 mmol), CH,Cl, (200 pL, 0.5 M), 0 °C, 20 h; 1a
(0.1 mmol), Cs,CO;3 (0.2 mmol), H,0 (0.6 mmol), 24 h. Yield was determined by H
NMR analysis using tetrachloroethane as the standard.

test the site selectivity of this reaction. The reaction of 2,3-
lutidine (1b) occurred with exclusive selectivity at the 2-Me
group, giving 2b in quantitative yield. The reaction of 2,4-
lutidine (1c) predominantly afforded 2c in 78% yield along with
a small amount of doubly aminated products: a diamine
derivative resulting from amination at both the C2 and C4
methyl groups and an aminal formed by diamination at the C2-
methyl group. 2,5-Lutidine (1d) showed good reactivity,
producing 2d as the sole product in 84% yield. In sharp contrast,
2,6-lutidine (1e) did not react at all, suggesting the sensitivity of
the catalysis toward the steric hindrance around the nitrogen
atom of the pyridine ring. 2,3,5-Collidine was also reactive,
yielding 2f in 97% yield.

Next, influences of various substituents on the pyridine ring
were assessed. An electron-donating methoxy substituent at C4
position significantly increased the reactivity, affording doubly
aminated aminal product 3g in 86% yield (Scheme 2). The
predominant formation of 3g from 1g indicates that increased
Lewis basicity of the pyridine moiety by the 4-MeO group
overrides the steric hindrance of the hydrazine group
introduced by the first C-H amination, causing the second C-H
amination. Halogen substituents at the C4 position were well-
tolerated and the corresponding monoamination products
were obtained in good yields (2h, 84%; 2i, 74%). Regarding
substitution at the C5 position, an ethyl group (1j) slightly
decreased the yield compared to 2,5-lutidine (2j, 56% vs. 2d,
84%), indicating significant sensitivity of this reaction to steric
demand around this position. A substrate (1k) bearing a
methoxycarbonyl group was compatible (2k, 72%), while the
highly electron-withdrawing nitro group of 1l inhibited the
reaction significantly (2I, 12%).

The catalysis was also applicable to the amination of
secondary C-H bonds (Scheme 2). The reaction of 2-
ethylpyridine 1m gave branched alkylamine derivative 2m in
moderate yield (45%). Longer alkyl chains such as propyl (1n)
and pentyl (10) groups were tolerated at the pyridine C2
position, providing C(a)-amination products selectively (2n,
63%; 20, 20%). The exclusive regioselectivity was retained even
when another benzylic position was present in the substrate (2p,
28%). In addition to simple alkyl chains, phenyl (1q) and
methoxycarbonyl (1r) groups were also acceptable at the C(a)-

J. Name., 2013, 00, 1-3 | 3
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Scheme 2 Phosphme catalyzed C(a)-amination of 2-alkylpyridines. 1 (0.3 mmol), DBAD (0.6 mmol), P1 (0.03 mmol) CH,Cl, (600 pL, 0.5 M), Cs,CO; (0.6 mmol), H,O (1.8
mmol). Stirring at 0 °C for 24 h or at room temperature for 3 h. Yields of the isolated products are reported a2 mmol-scale reaction.

position (2q, 63%; 2r, 89%). However, 1s with a sterically
demanding tertiary C(a)-H was intact under the conditions.
Bicyclic alkyl pyridines, fused with a six- or a five-membered ring,
exhibited high reactivity, giving 2t and 2u, respectively, in
quantitative yield. Notably, for substrate 1v with a keto group,
the amination occurred at the position a to the pyridine ring,
even in the presence of inherently more acidic sp3-C—H bonds
adjacent to the ketonic carbonyl group (2v, 39% vyield). In
addition to the 2-alkylpyridines, 1-methylisoquinoline (1w)
reacted to give 2w in 93% yield, but 2-methylquinoline (1x) was
unreactive, likely due to the steric hindrance around the
nitrogen atom. Although extension of the catalysis to an
enantioselective variant is conceivable, use of chiral (R)-BINAP
did not work for this purpose, giving racemic product 2t from 1t.

Since the pyridine ring is prevalent in biologically relevant
molecules, the applicability of the catalytic system toward
direct transformation of pharmaceuticals is of great interest. To
our delight, both papaverine (1y), an antispasmodic agent, and
etoricoxib (1z), a COX-2 inhibitor, successfully participated in
this C—H amination to give the corresponding aminated
products in good to high yields (Scheme 2, 2y, 65%; 2z, 90%).
Notably, the methanesulfonyl group in etoricoxib remained

Please do not

intact, despite the marked acidity of the a-C—H bond of the
sulfonyl group.

Transformations of the products. The utility of the C—H
amination products was demonstrated by the following
transformations (Scheme 3). First, the N—N bond in the product
2a was cleaved through a two-step protocol, N-alkylation using
a-bromo acetate followed by E1lcB eliminative N—N bond
cleavage, affording Boc-protected amine 5a in 63% yield.*! The
same protocol was applicable to 2t, affording a-branched amine
5t in 75% yield. The hydrazine moiety of 2a could be used for
the synthesis of an azaheterocyclic compound. Thus, after Boc-
deprotection for 2a with TFA, the resulting hydrazine 6
underwent a double condensation reaction with 2-chloro-3-
ethoxycarbonylpyridine in the presence of triethylamine to
produce 7 in 37% yield.
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% and 1a-D. The observed KIE value was 6.2, indicating that the C—

OMe H activation step critically influenced the overall reaction rate.*2

BOC\ Boc B BOC\ -N “Boc oc In addition, the reaction kinetics were first order in P1 and 1a,

r OMe while the concentration of DBAD did not affect the rate. These

£oa00s (i — It t that the C-N bond formation with DBAD

"MeCN. 50°C MeCN, 85 VeCN. 85°C results suggest tha t? : on or'maf ion wn' 'occurs

63% (2steps) g, after the rate-determining step. This is consistent with the

0 observation of the large KIE value indicating that the C-H

H OMe activation step is rate-determining.

Boc\N/N Boc Br Boc\ _N “Boc oc

N OMe Identification of catalytically active species. To obtain insights

| L0 CoaC0 into the catalytically acti hosph ies, th

P MeCN, 50 MeCN. 50°C MeCN, 100 MeCN. 1006 into the catalytically active organophosphorus species, the

2 75% (2 steps) 5t structural changes of the catalyst precursor rac-BINAP (P1)

upon addition of the reagents (DBAD, Cs,COs, H,0) and

substrate 1a were monitored by 3P NMR spectroscopy (Fig 1).

Boc\ \ / Upon adding DBAD to a solution of P1 in CH,Cl; at 0 °C, several

TEA NEt new representative signals appeared, including a broad signal

CH2C|2 "2 TFA E—>t07-| O) at 0 42.5 ppm and a signal at 6 —17.9 ppm attributable to

81% 6 37% Mitsunobu-type betaine P1*NN- (indicated by pink-filled boxes

Scheme 3 Transformation of the products.

Kinetic experiments. To gain mechanistic insights into the C—H
activation step, experiments using deuterated substrate 1a-D
were carried out (Scheme 4). When 1a-D was subjected to the
standard conditions, the yield of the aminated product dropped
to 36% with full retention of deuterium atoms at the C(a)-
position. The kinetic isotope effect (KIE) was evaluated by an
intermolecular competition method using a 1:1 mixture of 1a

a) Reaction of deuterated substrate

in Fig. 1a); the former is assigned to the quaternalized positively
charged P atom and the latter to the tertiary neutral P atom.43
The signals for P1*NN- (6 42.5 and —17.9 ppm) gradually
decreased (see the spectrum at 6 h) and disappeared at 20 h,
which corresponds to the catalyst aging period for the optimal
C—H amination protocol. Simultaneously, the signals at 6 53.5,
50.9, and —17.4 ppm, which appeared initially as minor signals
(indicated by red-filled circles and green-filled triangles),
increased in intensity during the aging period. While the

b) Determination of KIE by an intermolecular competition method

Boc.. N
P1 (10 mol%) Boc H °°N""Boc
mol7o ~ppo NS N CH
N oD Cs,CO;5 (2 equiv.) N Boc S s P1 (10 mol%) Na HH
B ® Boc. N HeO(6equiv) Ny D _ Cs,COs (2 equiv) (|
I N""Boc CH,Cl, (0.5 M) J° 1a . Boo. .N Ho0 (6 equiv.) 2a
0°C,24h N*"goc CHCl, (0.5 M) oy
1a-D 2a-D 0 °C, 20 min Boc. _N
36% (100% D) Ny -CDs3 N™ "Boc
| kufkp = 6.2 | Na DD
1a-D Z
. . . 2a-D
c) Kinetic dependencies
P1 1a DBAD
5 47 5
¥ = 1.0105x + 0.3765 4.5 4.5
- R® = 0.9967 y =1.2303x - 3.3727 y = -0.004x + 3.5792
R? = 0.9981 R*=0.0019
4 4.3 4
—
—_— = _E' ®
E- 35 = 4.1 5 35 ¥
3 3.9 3
25 kN 25
2 35 2
2 25 3 35 4 45 56 5.8 6 6.2 6.4 6.6 5.6 58 6 6.2 6.4 6.6
In[P1] In[1a] In[DBAD]

Scheme 4 Deuterium-labeling and kinetic experiments. a) P1 (0.01 mmol), DBAD (0.2 mmol), CH2Cl; (200 pL, 0.5 M), 0 °C, 20 h; 1a-D (0.1 mmol), Cs.COs
(0.2 mmol), H20 (0.6 mmol), 24 h. b) P1 (0.01 mmol), DBAD (0.2 mmol), CHCl2 (200 uL, 0.5 M), 0 °C, 20 h; 1a (0.05 mmol), 1a-D (0.05 mmol), Cs2CO3
(0.2 mmol), H20 (0.6 mmol), 24 h. c) The reactions were conducted with P1 (0.03 mmol), 1a (0.3 mmol), and DBAD (0.6 mmol) as the standard
reaction scale, and the amount of each reagent was varied to determine the kinetic dependencies.
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Fig. 1. a) 3'P NMR spectra using rac-BINAP (P1). b) ESI-HRMS analysis using rac-BINAP (P1). c) Experiments to identify catalytically active species. d) 3'P NMR spectra using PPhs (P7).

e) 3'P NMR spectra using MOP (P12).
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successive additions of 1a, Cs,CO3, and H,0 caused a gradual
increase of the signal at 6 28.2, which is assigned to the
catalytically inactive bisphosphine dioxide of P1 (BINAPO, P10),
the three major signals (d 53.5, 50.9, and —17.4 ppm) remained
unchanged. Finally, the C—H amination product 2a was
produced in the NMR sample in 74% vyield after 24 h. These
results suggested that the Mitsunobu-type betaine P1*NN- was
converted into two different monoquaternalized bisphosphine
species; one corresponds to the signals indicated by the green-
filled triangles and the other by the red-filled circles. To identify
the chemical structures of the assumed monoquaternalized
bisphosphine species, ESI-HRMS analysis was performed on a
sample prepared by stirring a solution of P1 and DBAD (1:20) in
CH,Cl; (0.05 M) at 0 °C for 20 h before diluting with MeOH (Fig.
1b). The mass spectrum showed two strong signals at m/z
901.3070 corresponding to P1*NNCH,CI (calcd. m/z 901.3085)
and m/z 853.3306 corresponding to P1*NNH (calcd. m/z
853.3319). Formation of these P1*NNCH,Cl and P1*NNH species
can be explained by the reactions of Mitsunobu-type betaine
P1*NN- with the solvent CH,Cl, and residual water, respectively.
In both cases, only one of the two P atoms of the bisphosphine
(P1) reacted to form a phosphonium cation, while the other
remained intact. Based on these ESI-HRMS observations, the
major 3P NMR signals at ¢ 53.5 (red-filled circles) and 50.9 ppm
(green-filled triangles) can be assigned to phosphonium P* of
P1*NNCHCl and P1*NNH, respectively.#* The signals for neutral
P of these species overlap at  —17.4 ppm.

To identify which is the catalytically active species,
P1*NNCH,Cl or P1*NNH, and to determine how the
chloromethylated species is produced, the sp3-C—H amination
reactions were conducted with modified procedures using 1a as
the substrate (Fig. 1c). When the solvent was changed from
CH,Cl, to THF for the standard procedure (Procedure A), no
reaction occurred. In sharp contrast, when the solvent was
replaced by THF after the aging time, during which P1 (10 mol%)
and DBAD (2 equiv.) were stirred for 20 h in CH,Cl, (Procedure
B), 2a was obtained in 67% yield. These results indicate that
CH,Cl; plays a critical role not only as a solvent but also as an N-
alkylating agent for the Mitsunobu-type betaine P1*NN- to
generate P1*NNCH,Cl as the catalytically active species. In
addition, when 10 mol% of BrCH,Cl (1 equiv to P1) was used as
an additive in THF, expecting the formation of P1*NNCH,CI
(Procedure C), 2a was obtained in a yield (73%) comparable to
that with Procedure B. On the other hand, the addition of a
catalytic amount of 1a-HCI salt to facilitate the formation of
protonated P1*NNH no product formation
(Procedure D). Based on these results on the effects of the N-
alkylating agents, we conclude that the N-chloromethylated P1-
DBAD adduct P1*NNCH,CI is the catalytically active species for
the sp3-C—H amination with P1 as a catalyst precursor.4>

For comparison, the 3P NMR experiment using the inefficient
catalyst precursor PPhs; (P7) was investigated (Fig. 1d, see
Supporting Information for details). In this case,
triphenylphosphine oxide P70 (28 ppm), betaine P7*NN- (44
ppm, pink-filled boxes), one phosphonium species (53 ppm, red-
filled circles), and an unassignable signal at 19 ppm were
observed at the initial stage. After 20 h, the peak for P7*NN-

resulted in

disappeared, and two new signals (blue-filled stars and green-
filled triangles) attributable to phosphonium cations appeared
at a lower magnetic field (6 50-55 ppm). In contrast to the case
with rac-BINAP (P1), these three phosphonium cation species
completely disappeared upon addition of 1a/Cs,COs/H,0,
leaving only P70. The disappearance of the phosphonium-
derived signals indicates their instability. This is in accord with
the poor performance of P7 for the C—H amination. In addition,
ESI-HRMS analysis of a sample prepared following the same
protocol as for the corresponding P1 sample exhibited only a
very weak signal attributable to P7*NNCH.CI. Instead, a strong
signal corresponding to a species with a 1,1-
di(hydrazyl)methane moiety (P7*NNCH;NNH, calcd. m/z
737.3674, obsvd. m/z 737.3652) was observed after 20 h of
aging along with P7*NNH as one of the prominent species (see
Supporting Information). The formation of P7Z*NNCH,NNH is
likely due to the reaction of P7*NNCH,Cl with P7*NN-, followed
by hydrolysis by the residual water, resulting in concomitant
formation of P70. This degradation of P7*NNCHCI, which may
potentially be a catalytically active species, leading to P70 is
likely a major reason for the inefficiency of the simple
monophosphine PhsP (P7) as a catalyst precursor.
Interestingly, the 3P NMR experiment and ESI-HRMS analysis
using the competent monophosphine catalyst precursor MOP
(P12) exhibited a trend similar to that observed with rac-BINAP
(P1) (Fig. 1e and Supporting Information). This suggests good
stability of the catalytically active N-alkylated species
P12*NNCH,CI (calcd. m/z 747.2749, obsvd. m/z 747.2739),
while unassignable 3P NMR signals in the region corresponding
to phosphonium cation species (0 50-55 ppm) were observed.
The sharp contrast between the two monophosphines, PhsP
(P7) and MOP (P12), suggests the contributions of the
binaphthyl scaffold and the pendant methoxy group in MOP
(P12) in enhancing the stability of the catalytically active species.

Proposed catalytic cycle. Based on the experimental results,
is proposed for the
phosphorus-catalyzed C(a)-selective sp3-C—H amination of 2-

the following catalytic mechanism

alkylpyridines (Scheme 5). Initially generated Mitsunobu-type
betaine intermediate P*NN- is alkylated by dichloromethane in
situ during the aging period, providing azaphosphonium salt
P*NNCH,CI-Y- (o*P*) as the species.  This
azaphosphonium salt forms an association complex A with 2-
alkylpyridine substrate 1 as suggested by DFT calculations
discussed later. The formation of a stable P-N coordination
intermediate is unlikely based on the 3P NMR observation that
the addition of the 2-alkylpyridine caused virtually no influence
on the chemical shift of the phosphonium species (Fig. 1a). Next,
deprotonation of a C(a)-proton of A by the counteranion (Y-) of
the azaphosphonium cation is associated with concomitant
interaction of the developing aza anion with the cationic
phosphorus center of the azaphosphonium species (TSa-s),
resulting in the formation of a pentavalent
diazatriorganophospholane (B, 0°-P) with an enamide
substituent.*® Based on the results of the kinetic studies
(Scheme 4), this concerted deprotonation step is most likely the

active
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rate determining step of the catalytic reaction. Subsequently,
the enamide B undergoes nucleophilic addition to the N—-N
double bond of DBAD to form the C(a)—N bond, generating an
ion pair between the anionic addition product C and
azaphosphonium ion P*NNCH_CI. Finally, protonation of C with
the HY species affords the C(a)-H amination product 2 with
regeneration of azaphosphonium salt P*NNCH,CI-Y- (c%-P*) to
close the catalytic cycle. Based on this catalytic cycle, water and
Cs,CO3 may play roles in facilitating the protonation (C to 2) and
deprotonation (A to B), respectively.

Computational studies. To gain three-dimensional molecular
insight into the proposed mechanism, density functional theory
(DFT) calculations were performed for exploring the natures of
the three catalytic intermediates, azaphosphonium cation
P1*NNCHCI, association complex A, and enamide B, for the sp3-
C-H amination of 2-methylpyridine (1a) with di-t-butyl
azodicarboxylate (DBAD) promoted by the most efficient
catalyst precursor rac-BINAP (P1) at the wb97X-D/6-31G+(d,p)
level of theory (Fig. 2).

The optimized P1*NNCH.Cl adopts a pseudo trigonal
pyramidal geometry around the P*center, providing substantial
room-for the pyridine substrate to approach the P* center from
the side opposite to the apical N atom (Fig. 2a). Noncovalent
interaction (NCI) analysis by the independent gradient model
based on the Hirshfeld partition (IGMH) method*¢ using the
Multiwfn program4’ indicates the existence of an sp3-C—H---P
nonclassical hydrogen bond between the P atom of the
appended phosphine moiety and the methylene C—H bond of
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the N-chloromethyl group, suggesting that this interaction may
contribute to the enhanced stability of this species relative to
the corresponding species produced from more simple
phosphine PPhs; (P7), which was shown in the 3P NMR
experiments [Fig. 1 a) vs. d)]. As is common with BINAP
derivatives, a m/m-stacking interaction between the appended
naphthalene ring and one of the P-phenyl groups of P1 is
observed.

All the attempts to locate a complex resulting from the
coordination of the pyridine N atom of 1a to the P* center of
P1*NNCHCI failed but instead led to identification of an
association complex (A-P1-1a) between P1*NNCH,Cl and 1a as
a precursor for deprotonation of the C(a)-H bond (Fig. 2b).
According to NCI analysis, a sp2-C—H-::N nonclassical hydrogen
bond between one of the P-Ph ortho-C—H bonds and the
pyridine N atom seems to be the primary attractive interaction
of the association complex, while mutual multiple C—H/mt
interactions between the pyridine ring of 1a and the
naphthalene rings of P1 may also contribute to stabilization of
the complex.

The exploration of a transition state for the subsequent
deprotonation to form an enamide intermediate was
challenging primarily due to uncertainty of the counteranion
(Y=: CI5, CsCO3~, HCO3~, HO-, or C), which serves as a Brgnsted
base. Instead, an N-to-P-coordinated enamide intermediate (B-
P1-1a) with a trigonal bipyramidal phosphorus geometry (o>-P)
was identified as a reasonable deprotonation product in accord

a) Azaphosphonium cation P1*NNCH,CI

b) Association complex A-P1-1a
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Fig. 2 Calculated structures of key intermediates.
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with the assumed association of the N---P* interaction in the
deprotonative transition state (TSa.s in Scheme 5) (Fig. 2c). The
sp3-C—H---P hydrogen bond donated by the N-chloromethyl
group is retained in this species. Additionally, a sp?-C—H---O
hydrogen bond is formed between one of the P-phenyl ortho-
C—H bonds of the appended diphenylphosphino group and one
of the Boc carbonyl oxygen atoms. This attractive interaction
caused by the appended phosphine moiety may also contribute
to the better performance of the bisphosphine-type catalyst
precursors such as P1 as compared to the monophosphine-
types.

Although the reason for the superior performances of the
functionalized phosphines as compared to those of more simple
phosphines as catalyst precursors is not clear, it may be related
to the noncovalent interactions caused by the appended
functional groups including the sp3-C—H:--P hydrogen bond
retained throughout the catalytic cycle and the sp2-C—H:--O
hydrogen bond observed in the enamide intermediate—c>-P
intermediate (B-P1-1a) as well as the m/m and C-H/n
interactions. Concerning the stereoselectivity of this C—H
amination, the C(a) reacting site of the enamide—oc>-P
intermediate (B-P1-1a) is located far beyond the area where the
steric effects of the intermediate can be influential, explaining
the lack of enantioselectivity when these particular catalyst
precursors were employed. Thus, more sophisticated
phosphorus molecules must be designed for applying this
reaction to enantioselective transformations.

Conclusions

We have developed a phosphorus-catalyzed C(a)-selective sp3-C—
H amination of 2-alkylpyridines as an unprecedented example of a
sp3-C-H functionalization catalyzed by an organophosphorus
compound. The reaction proceeded under exceptionally mild
conditions at 0 °C with H,0 and Cs,CO3 as promoters. Mechanistic
investigations suggested that the catalytically active species is an
azaphosphonium cation generated by the reaction of a phosphine
and DBAD and subsequent solvolytic N-chloromethylation in CH,Cl,.
It is proposed that the rate-determining sp3-C—H activation step is
facilitated by the coordination of the pyridine to the cationic
phosphorus center. The versatility of the method was demonstrated
by applying it to the direct and site-selective amination of
pharmaceuticals, retaining inherently more acidic sp3-C—H bonds.
Efforts to realize enantioselective phosphorus catalysis based on the
knowledge obtained in this work are underway in our laboratory.
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