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ABSTRACT: Herein, we show the highly enantioselective
borylation of unactivated methylene C(sp3)fH bonds in 2-
alkylpyridines and 2-alkyl-1,3-azole derivatives using an iridi-
um-BINOL-based chiral monophosphite catalyst system.
Quantum chemical calculations using the artificial force in-
duced reaction (AFIR) method suggested that a monophos-
phite-Ir-tris(boryl) complex generates a narrow chiral reaction
pocket where the differentiation of the enantiotopic methylene
C-H bonds is accomplished through an assembly of multiple
noncovalent interactions.

Transformative synthetic strategies that circumvent
challenges in the activation of C(sp3)—H bonds remain
underdeveloped despite the significant advances in re-
cent years.1 A common theme in asymmetric C(sp3)—H
activation involves the inception of chirality by the
desymmetrization of symmetrical molecules through
differentiation of enantiotopic carbons that leads to an
array of stereochemistry-generating C—H functionaliza-
tion (Figure la).2 A more challenging stereocenter-
generating transformation involves the discrimination of
enantiotopic C(sp3)—H bonds situated on a single meth-
ylene carbon center (Figure 1b). While a greater number
of reports exist on transformations of considerably acti-
vated methylene C—H bonds located o-to-heteroatoms’
or at benzylic positions,4 asymmetric discrimination of
unactivated enantiotopic methylene C—H bonds is rela-
tively rare and has been a long-standing challenge in
organic synthesis. Successful strategies in this area in-
clude mechanistically outer sphere processes’ and inner-
sphere asymmetric C(sp3)—H cleavage through a con-
certed metalation-deprotonation pathway.

We previously described the heteroatom-directed
borylation of unactivated methylene C(spS)—H bonds by
employing a heterogeneous Ir-catalyst system based on
silica-supported monophosphine ligand, Silica-SMAP
(Figure lc).7 The 1:1 metal/P ratio and the proximity
effect due to the heteroatom-to-metal coordination are
both indispensable to allow the efficient site-selective
borylation of C—H bonds situated y to the heteroatom in

the directing group. Significantly, we found that some
soluble homogeneous monophosphines including chiral
phosphoramidite ligands can also promote these trans-
formations with moderate enantioselectivities.*’
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Figure 1. C(sp’)-H bond actlvatlon strategies featuring the
desymmetrization of enantiotopic carbons (a) or by the dif-
ferentiation of enantiotopic methylene C—H bonds (b). (c)
Site-selective borylation of methylene C(sp’)-H bonds by
the achiral or chiral Ir-catalyst systems. FG: Functional
group; DA: Donor atom.

Encouraged by the preliminary outcome, we investi-
gated the readily modifiable monophosphite family
(Figure 2). Simple atropisomeric BINOL-based mono-
phosphite bearing an unsubstituted phenolic moiety L1
for the borylation of 2-propylpyridine (1a) with
bis(pinacolato)diboron (2) under iridium catalysis [1a/2
2:1, Ir: 3 mol %, Ir/P 1:1, cyclopentyl methyl ether
(CPME) as a solvent, 80 °C, 15 h] followed by oxidation
of the corresponding secondary alkylboronate 3a
showed an inadequate performance. Modifications to the
phenolic moiety at the two ortho-positions with Me
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groups (L2) resulted in limited reactivity and low enan-
tioselectivity. In contrast, the enantioselectivity was sig-
nificantly improved when Ph groups were introduced
instead (L.3). Homologous P-substitution by a 1-
naphthol moiety (L4) further enhanced the enantioselec-
tivity up to 76% ee, pointing out an intuitive trend favor-
ing an extended aromatic environment. This prompted
us to introduce a second BINOL group. To our satisfac-
tion, the reported phosphite L5'’ delivered the product at
80% ee. Furthermore, the modification of the OH group
with a TIPS group produced even better performing lig-
and L6, leading to a jump up of enantioselectivity to
90% ee, despite the formation of undesired pyridyl
C(spz)—H borylation products (9%).

[Ir(OMe)(cod)], (3 mol% Ir) .
@\i(H Ligand (L, 3mol%) Z IN -Bpin
CPME (2 mL), 80°C, 151 (2mL), 80°C, 15h X Me
a(2.0equiv) 2 (Bypiny, 0.30 mmol) (~HBpin) (S)-3a

NaBOj * 4H,0 (3 equiv) IN H OH

_—_—— “,

THF/HO (1:1), rt, 3h X Me
Ligand, Isolated yield of 4a (based on 2) % ee (S)-4a

:@ ”b'

(R-L1 (R ), trace ("H NMR) (H) -L4, 49%, 76% ee
(R)-L2 (R Me 30%, 30% ee
(R-L3(R= Ph) 25%, 63% ee

i B0

55%, 90% ee?
(R)-L5, 52%, 80% ee 75%, 98% ee (2,6-lutidine 20 mol%)
83%, 99% ee [ 2,6-lutidine 20 mol%
(3 equiv 1a, 36 h
96%, 99% ee [ 2 mol% Ir, 2,6-lutidine 20 mol%
(2 equivi1a,36h?,1.10 g (S)-4a)

Figure 2. Ligand effects in the Ir-catalyzed asymmetric
borylation of 1a. Borylation conditions: 1a (0.60 mmol), 2
(0.30 mmol), [Ir(OMe)(cod)], (Ir: 3 mol%), L.1-6 (3 mol%),
CPME (2 mL), 80 °C, 15 h. Oxidation conditions:
NaBO;-4H,0 (0.90 mmol), THF (1 mL), H,O (1 mL), r.t., 3
h, open air. “ C(sp’)-H borylation product (9%) was ob-
served. © Gram-scale reaction: 1a (16.5 mmol), 2 (8.25
mmol), [Ir(OMe)(cod)], (Ir: 2 mol%), (R,R)-L6 (2 mol%),
2,6-lutidine (20 mol%), CPME (10 mL), 80 °C, 36 h.

Interestingly, the use of 2,6-lutidine (20 mol%) as an
additive was effective in not only suppressing the pyri-
dine ring borylation but also increasing the enantioselec-
tivity, giving 4a as the sole product in 75% yield at 98%
ee (see Figure 2). This result was further enhanced by
using 3 equiv of 1a in the presence of 20 mol% of 2,6-
lutidine, isolating the product in 83% yield at 99% ce."'

’ The protocol is also applicable at a larger scale (2
mol% Ir-L6 cat., 1a 2eq). The absolute configuration of
4a was determined to be S by comparing its optical rota-
tion with the literature value.

Next, we investigated the substrate scope (Table 1).
Thus, 2-pentylpyridine underwent the enantioselective
borylation-oxidation reaction to give the corresponding
product 4b (96% ee, entry 1). The presence of both elec-
tron-donating and electron-withdrawing groups at the
pyridyl moiety were tolerated to give products 4c and 4d
with excellent enantioselectivities of 94% ee and 97% ee,
respectively (entries 2 and 3). The borylation of 2-(3-
phenylpropyl)pyridine occurred with exclusive site se-
lectivity giving 4e (93% ee) in 75% yield (entry 4).

Table 1. Ir-catalyzed asymmetric borylation of methylene
C(sp3)fH bonds (Scope of the borylation-oxidation protocol).”

yield of ee of 4

entry oxidation product 4 4% );, (%)
1 s [T 87 96 (S)
Me
2 4c Y4 85 94.(S)
Me Me
FiCe
3he sa LY 65 97 (S)
Me
SN OH
4 4[] o 75 93 (5)
SN oH o
5 af AL Ko, 54 91 (R)
SN OH
6 4g Q\/'\/OSiMeztBu 52 95 (R)
SN OH
7 4h @k/'yovwe 78 94 (R)
g 4i @‘\j\“;@ 53 92 (R)
O
9 4 RS 93 (5)
Me
Ly ¢
10 4K A e 86 98 (S)
1

Me
. Ly ¢
11 41 AL 75 96 (R)
Mé
Q\N OH
12¢ 4m N 87 95 (R)
Mé

Q g 87 92
SJ\)\/\Me ©)

14 40 QU 71 92 (R)

13%¢ 4n

S Ph
15%¢ 4p QN ik 78 90 (R)
oJ\/'\ Ph

“ Borylation conditions: 1 (0.90 mmol, 3 equiv), 2 (0.30
mmol), [Ir(OMe)(cod)], (3 mol% Ir), (R,R)-L6 (3 mol%),
CPME (2 mL), 80 °C, 15 h. Oxidation conditions:
NaBO;-4H,0 (0.90 mmol), THF (1 mL), H,O (1 mL), r.t., 3
h. ? Isolated yield of 4 based on 2. © Enantiomeric excess
(ee) was determined by chiral HPLC analysis. 420 mol% of
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2,6-lutidine was used as an additive. ° The borylation was
conducted for 24 h.

An N-Boc-aminoalkyl substrate allowed the boryla-
tion of a C(sp3)—H at the position y to the pyridine N
atom and adjacent to the N atom of the secondary amino
group, giving the enantioenriched a-N-Boc-amino alco-
hol 4f (91% ee, Table 1, entry 5). Substrates with a silyl-
or MOM-protected hydroxyl group also gave the corre-
sponding enantioenriched products 4g (95% ee) or 4h
(94% ee), respectively (entries 6 and 7). The reaction of
a substrate possessing a cyclic acetal moiety occurred
cleanly to give 4i (92% ee) (entry 8).

Other 2-alkylheteroaryl derivatives were suitable
substrates. The C(sp3)—H borylation of benzimidazole
derivatives occurred efficiently with exclusive site selec-
tivity, giving 4j and 4k at excellent enantioselectivities
(Table 1, entries 9 and 10). The borylation of more con-
gested 2-(2-phenylethyl)benzimidazole or the corre-
sponding cyclohexyl-substituted substrate also proceed-
ed smoothly with excellent enantioselectivities (41, 96%
ee, 4m, 95% ee, entries 11 and 12), demonstrating a sig-
nificant tolerance of this protocol toward steric hin-
drance. Other benzo-fused substrates including benzo-
thiazole and benzoxazole derivatives also gave the enan-
tioenriched alcohols 4m—p with high enantioselectivities
(entries 13—15).

Kinetic analysis using 1la or 2-(2,2,3,3,3-
pentadeuterioprop-1-yl)pyridine (1a-ds) with 2 and the
Ir-L6 catalyst system gave a significant kinetic isotope
effect value, ky/kp = 3.6. This value implied that a turn-
over-limiting step of the Ir catalysis involved the cleav-
age of a C(sp3)—H bond (see Supporting Information for
details of the kinetic studies)."* Based on this result, we
conducted preliminary quantum chemical calculations,
focusing on C—H bond cleavage by the catalyst. Consid-
ering an ambiguity and difficulty in locating appropriate
transition states (TS) for a large-scale full reaction sys-
tem with standard DFT methods, we employed the arti-
ficial force induced reaction (AFIR) method implement-
ed in the GRRM program.ls’16 For an initial setup, we
explored the conformations of L6 using the single-
component mode of the AFIR method (SC-AFIR),
which generated a total of 93 conformers.

Among them, the 10 lowest energy conformers were
selected for the three-component complexation with
Ir(Bpin); and 2-propylpyridine (1a) under artificial forc-
es in the multi-component mode (MC-AFIR). This led to
the finding of a reasonable P,N-coordinated precursor Ir
complex that exhibited an agostic interaction between
the pro-S hydrogen atom y to the pyridine N atom and
the Ir(IlT) center. Then, 1a was relocated manually at the
Ir coordination sphere for interchanges of enantiotopic
C—H bonds and N/C-H coordination sites for following
SC-AFIR searches that explore four (2x2) approximate
transition states (apprTSs). Then, the same workflow
was applied for other two L6-Ir(Bpin); backbone struc-

tures produced manually through the rotation of the Ir—P
bond (ca. 120° and 240°). The resulting twelve (2x2x3)
apprTSs were fully optimized without artificial force
using MO06-L density functional including D3 empirical
dispersion correction (SDD for Ir, 6-31G*). The IRC
analysis was then conducted for all of the DFT-
optimized TSs."” Finally, single point energy calcula-
tions were done using MN15 density functional [SMD
(Et,0), SDD for Ir, 6-311G(2d,p)].

Chemical diagrams and relative free energies of the
optimized local minima (PC-S and PD-S) and transition
states (TS-S) for the C(sp3)—H bond cleavage reaction
pathway that goes through the most stable TS (PC-S-
TS-S—PD-S) with an energy barrier of 23.8 kcal mol " is
shown in Figure 3. The precursor complex (PC-S) has a
C-H:---Ir(Ill) agostic interaction and the product com-
plex (PD-S) has the Ir(V) center o-bonded to the C(sp>)
and H atoms, indicating that this step is a concerted
C(sp3)—H bond oxidative addition to the Ir(IIl) center.

B2pin 2

- '
e Rl LAl N
pinB! _‘,r/HN ~~ pinB! =z, —Ng pinB! <jr =[N3

Iy H H-j H H g Y
P=(RR)-L6 P Me H € H P H

State PC-S —>» TS-S —> PD-S
AG'™ (kcalmol-') 0O +23.8 +17.4

Figure 3. Chemical diagrams and relative free energies of
the DFT-optimized local minima (PC-S and PD-S) and
transition states (TS-S) for the most favorable C(sp’)-H
bond cleavage reaction pathway.

Three-dimensional representations with important
geometrical features of the most stable S-producing TS
(TS-S) are shown in Figure 4a in comparison with those
of the most relevant R-producing TS (TS-R) (Figure 4b).
The former is 2.8 kcal mol™' lower in energy than the
latter at 80 °C."* The L6-Ir(Bpin); backbones are virtual-
ly superimposable between the two TSs (Figure S8).
Thus, this comparison should be useful to discuss how
the catalyst in the specific conformation is able to differ-
entiate the enantiotopic C(sp’)-H bonds. The bulky
TIPS group fills a space on the backside of the P lone
pair, making the silyloxy-substituted naphthalene ring
stand upward approaching the Ir(Bpin); site. As a result,
two of the ligand naphthalene rings and the three Bpin
groups produce a narrow chiral reaction pocket with the
deeply embedded Ir center, in which the 2-alkylpyridine
substrate, in either TS-S or TS-R, is accommodated not
only through metal-centered coordination but also with
the assembly of weak attractive interactions such as 7/,
C-H/m, and C-H:--O interactions. 1921

Mapping of noncovalent interaction surfaces by
NCIPlot and VMD analysis visualizes stabilizing effects
within the reaction pocket (Figure 4).22’23 The pyridine
ring and the naphthalene ring are stacked to each other
in the more stable TS-S, while they are more angular in
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TS-R. Thus, the former has more gain of stabilization
energy in terms of s/ interactions. In addition, stabili-
zation of TS-§ by C—H/x interactions is significant be-
tween the pyridine moiety and a methyl group of the
szin moiety, while such interactions are present only in
a diminished magnitude in TS-R. Moreover, non-

TS-S (Major)
AGre! 0 kcalmol-!

, TS-R (Minor)
) - AG™ +2.8 kcalmol-!

reaction
pocket

classical hydrogen bonds that occur between C(sp’)-H
or C(spz)—H bonds in the substrate and O atoms present-
ed in the surface of the catalytic pocket may also con-
tribultg: 2%0 the difference in stability between the two
TSs. ™

"i{_’/..?
Vi o

C(sp3)—H-.-O\;é‘L? . $mc(sp2)_|.|,,,0
2 "\
N g

attractive

repulsive

2 »
=

Figure 4. 3-D representations with geometrical features of the transition states leading to the major enantiomer (TS-S) (a)
and the minor enantiomer (TS-R) (b). The binaphthyl moieties of L6 are shown in green, the TIPS group in pale blue (‘Pr)
and pale yellow (Si), and the substrate in yellow. All atomic distances are given in A,

In summary, the asymmetric borylation of unactivat-
ed methylene C(sp3)—H bonds was achieved with excel-
lent enantioselectivity resulting from the efficient dis-
crimination of enantiotopic C—H bonds by the catalyst.
Crucial to the reactivity and enantioselectivity is the
generation of a monophosphite-Ir-tris(boryl) complex
that provides a narrow chiral reaction pocket conceptual-
ly analogous to an enzyme active site with the multiple
secondary attractive interactions between the substrate
and the catalys‘[.14C Further experimental work to expand
the scope of asymmetric C—H borylation and more ad-
vanced computational studies to explore full catalytic
cycles are in progress.
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Experimental procedures, the characterization of all new com-
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