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Abstract

We herein report a simple ether-directed iridium-catalyzed site- and enantioselective C(sp2)-H borylation of benzhydryl ethers
for the first time. Various chiral benzhydryl ethers were obtained with high enantioselectivities in the presence of a tailor-made
chiral bi-dentate boryl ligand. We found that the kinetic resolution relay significantly amplified the enantioselectivity. The
synthetic utility of the current method was demonstrated by gram-scale C-H borylation and C-B bond transformations.
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Comprehensive Summary
We herein report a simple ether-directed iridium-catalyzed site- and enantioselective C(sp2)-H borylation of benzhydryl ethers for the first time. Various chiral benzhydryl ethers were obtained with high enantioselectivities in the presence of a tailor-made chiral bidentate boryl ligand. We found that the kinetic resolution relay significantly amplified the enantioselectivity. The synthetic utility of the current method was demonstrated by gram-scale C-H borylation and C-B bond transformations.

Background and Originality Content

Site- and enantioselective C-H functionalization has become a central challenge in modern organic chemistry.
In this vein, functional group-directed transition metal-catalyzed C-H activation has emerged as a viable tool
to access chiral benzhydryls.[1]Many functional groups can serve as the directing groups (DGs). For example,
L-type DGs such as pyridines,[2]imines,[3] and amines,[4]and X-type DGs as exemplified by carboxylic acids,[5]
sulfonamides,[6]and silyls[7] are often used (Scheme 1A). The common feature of these DGs is that they can
have relatively strong interactions with transition metals. In contrast, less attention has been paid to DGs
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that possess extremely weak affinity toward transition metals.[8] For instance, simple ether is one of the
most common structural units among bioactive compounds and synthetic intermediates. However, its use as
DG in site-selective C-H activation is notoriously difficult, not to mention enantioselective functionalization,
due to its extremely low affinity towards transition metals.[9, 10] So far, only a few examples of simple
ether-directed site-selective C(sp2)-H activation have been reported by Hou[10a] and Yu.[10c] Nevertheless,
the development of the simple ether-directed site- and enantioselective C(sp2)-H activation could no doubt
provide an attractive and straightforward alternative to valuable chiral benzhydryls.

Scheme 1 Examples of site- and stereoselective ortho -C-H borylation of prochiral benzhydryls (A ) and
challenges in simple ether-directed ortho -C-H borylation of benzhydryl ethers (B ).

Functional group-directed transition metal-catalyzed C-H borylation of arenes has been deemd a powerful
tool to the synthesis of arylboronates.[11] Accordingly, several catalyst-controlled asymmetric C-H borylation
of benzhydryls have been sucessfully developed.[2b, 4, 7, 12] Our laboratory have developed a class of chiral
bidentate boryl ligands (CBL s) that have shown effectiveness in iridium-catalyzed asymmetric C(sp2)-H
borylation.[4, 13] Recently, we found that simple ether could also serve as a competent DG in the C(sp3)-H
borylation of cyclopropanes.[10e] We envisioned thatCBL /Iridium catalysis should be suitable for the syn-
thesis of chiral benzhydryl ethers that can be found as important structural motifs among some biologically
active molecules.[14] However, two major challenges we must envisage. First, the rather weak affinity of
ether function towards transition metals makes the cyclometallation step a daunting challenge, which might
cause competitive non-directed C-H borylation (Scheme 1B, i). Second, due to highly reactive of arene C-H
bonds, the lack of O-B dative interaction might lead to further directed C-H borylation, which could incur
the complexity of the reaction (Scheme 1B, ii). It should be noted that the latter will probably provide us
with opportunities to amplify the enantioselectivity through the kinetic resolution (KR) relay if the minor
enantiomer undergoes over C-H borylation faster than the major one. Based on our previous study, we
surmised that a CBLwith proper substituents could probably circumvent the problematic issues. Herein,
we disclose a general example of simple ether-directed iridium-catalyzed site- and stereoselective C-H bory-
lation of benzhydryl ethers enabled by a tailor-made CBL . The KR relay was found crucial to boosting
enantioselectivity.

Results and Discussion

Our study commenced with optimizing reaction conditions of benzhydryl methyl ether 1aa . Preliminary
experiment of the reaction of1aa with 1.0 equivalent of B2pin2 (bis(pinacolato)diboron) in the presence of 5.0
mol% CBL1 and 2.5 mol% [IrCl(cod)]2 (cod: 1,5-cyclooctadiene) in cyclohexane at 60 °C for 12 h resulted
in a mixture of directed monoborylated and diborylated products (2aa and 4 ) as well as non-directed ones
(3 and 5 ) (Table 1, entry 1).[15] Although a poor product ratio was observed, we were pleased to see that
the desired 2aa was formed in 24% GC yield with 20% ee. We then focused on theCBL ’s substituent effect
on the reaction performance. WhenCBL s bearing an N -ortho -arylphenyl group were used, non-directed
byproducts 3 and 5 could be substantially inhibited (Table 1, entries 2-4). In particular, the ratio of 2aa
was lifted to 96.4% and 70% ee was observed when usingCBL4 bearing the Ar of 3,5-t -Bu2-C6H3(Table 1,
entry 4). However, the reactivity was low and only 18% yield was observed. Gratifyingly, introducing a bulky
2,6-Ph2C6H3 at pyridine’s C5 position (CBL5 ) not only led to 2aa in a high product ratio (97.0%) and
good yield but also resulted in good ee (Table 1, entry 5). The R group of CBL also showed an important
impact on the product ratio, reactivity, and enantioselectivity (Table 1, entries 6-8). Notably, when CBL7
bearing R of t -Bu was used, complete conversion was observed (Table 1, entry 7), affording2aa in 91%
yield (83% isolated yield) with 92% ee. Although the ratio of 2aa was 87.6%, the ratio of directed products
(2aa +4 ) was excellent (97.5%). Further tuning solvents (Table 1, entries 9 and 10) and temperature
(Table 1, entry 11) revealed that cyclohexane and 60 °C were optimal. Interestingly, the amount of B2pin2
significantly affected the product ratio and the enantioselectivity (Table 1, entries 12 and 13). Byproduct 4
was substantially inhibited when 0.50 equivalents and 0.75 equivalents of B2pin2 were applied. Notably, the
ee of2aa increased along with the decreasing ratio of 4 , indicating that the KR was involved in the directed
over C-H borylation process.[16] As expected, using 1.3 equivalents of B2pin2 furnished 2aa in diminished
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yield (53%) with superior enantioselectivity (96%) (Table 1, entry 14).

Table 1 Optimization of reaction conditions for 1aa .

entrya CBL 2aa: 3: 4: 5b Yield(%)b ee (%)c

1 CBL1 45.5: 27.0: 1.9: 25.6 24 20
2 CBL2 92.0: 3.2: 3.2: 1.6 32 57
3 CBL3 88.5: 5.1: 3.4: 2.7 25 59
4 CBL4 96.4: 2.2: 1.4: 0.0 18 70
5 CBL5 97.0: 0.0: 2.6: 0.4 85 88
6 CBL6 96.5: 0.0: 3.0: 0.5 88 88
7 CBL7 87.6: 0.0: 9.9: 2.5 91(83)d 92
8 CBL8 94.7: 0.0: 5.1: 0.2 94 87
9e CBL7 66.0: 0.0: 27.0: 7.0 62 88
10f CBL7 87.6: 1.2: 3.4: 5.8 74 84
11g CBL7 80.2: 0.0: 15.4: 4.4 74 88
12h CBL7 98.8: 0.0: 1.2: 0.0 65 87
13i CBL7 96.2: 0.0: 3.1: 0.7 88 88
14j CBL7 57.7: 0.0: 38.8: 3.5 53(52)d 96

a Unless otherwise noted, all the reactions were carried out with 1aa (0.20 mmol), B2pin2 (0.20 mmol),
CBL (0.01 mmol), and [IrCl(cod)]2 (0.005 mmol) in cyclohexane (2.0 mL) at 60 °C for 12 h. b The ratio
and yield were determined by gas chromatograph (GC) with n -octadecane as the internal standard. c The
enantiomeric excess (ee) was determined by HPLC on a chiral stationary IB column.d Yield in parentheses
refers to isolated product. en -hexane in lieu of cyclohexane.f tetrahydrofuran (THF) in lieu of cyclohexane.g
80 °C in lieu of 60 °C.h 0.50 equiv B2pin2. i 0.75 equiv B2pin2.j 1.30 equiv B2pin2.

To gain more insights into the KR relay, we monitored the reaction progress and 2aa ’s ee within 5 h.[15]
As illustrated in Scheme 2, the reaction has an approximate 40 min incubation period and 2aa ’s initial ee
was less than 80% when2aa ’s yield was below 10%. As the reaction moved forward, the enantioselectivity
gradually climbed. However, diborylated 4was not detectable at a low yield level of 2aa . Around 2.5 h,
90% ee was observed when 2aa reached its highest yield (95%) along with the formation of 4 (5% yield).
After that, both2aa ’s ee and 4 ’s yields kept on increasing, whereas2aa ’s yield dropped slowly. The yield
and ee of 2aareached 89% and 92% in 5 h, respectively. In addition, several control experiments, as shown
in Scheme 3, were conducted to further understand the role of the KR.[15] The reaction of1aa with HBpin
(pinacolborane) afforded 2aa in 11% yield with 85% ee (Scheme 3, eq 1), which showed much lower reactivity
compared with using B2pin2. Notably, byproducts 3 -5 were not observed. Moreover, we did not observe the
KR of enantio-enriched 2aa (91% ee) using HBpin (Scheme 3, eq 2). In contrast, the KR of enantio-enriched
2aa(91% ee) using B2pin2 afforded directed product 4 (28% yield) along with a tiny amount of non-directed
product 5 (4 : 5 = 91.7: 8.3) (Scheme 3, eq 3). Accordingly, the ee of residual 2aa was 99%. Meanwhile, the
KR of racemic 2aa using B2pin2 resulted in 2aa with 50% ee, with the concurrent formation of 4 and 5(4
: 5 = 97.1: 2.9) (Scheme 2, eq 4). Based on the above results, we could conclude that 1) both B2pin2 and
HBpin were reactive in the desymmetrization of 1aa , while the latter showed inferior reactivity but superior
enantioselectivity; 2) B2pin2 participated in the KR relay to amplify 2aa ’s ee, whereas HBpin was not likely
involved in this step; 3) the directed over C-H borylation contributed to the enantioselectivity amplification
rather than the non-directed one.

Scheme 2 The reaction progress of 1aa. Yields were determined by GC analysis.

Scheme 3. Control experiments (B = Bpin). Yields were determined by GC analysis.

Additional substrate scope was then examined, as summarized in Table 2. The dosage of B2pin2 depended
on the nature of the substituent (See the Supporting Information Table S1 for more details) and superior
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performance in terms of enantioselectivity was observed using 1.30 equivalents of B2pin2 in most cases. In
addition to methyl ether, ethyl and n -propyl ethers were also compatible, furnishing respective products 2ab
and 2ac in 87% and 85% yields with both 91% ee. Interestingly fluoropropyl, chloropropyl, and acetoxye-
thyl ethers were also compatible, affording corresponding2ad -af in 78-87% yields with constantly excellent
enantioselectivities (92-98% ee). We next surveyed the tolerance of aryl substituents, showing that most
benzhydryl methyl ethers underwent C-H borylation smoothly in the presence of 1.3 equivalents of B2pin2
whereas in some cases (1fa , 1ma , 1na , 1pa , and1sa ) the reaction proceeded better using 1.0 equivalent
of B2pin2. For example,para -substituent such as Me, Et, MeO, and Cl worked well, furnishing respective
products 2ba -ea in 49-63% yields with 87-95% ee. The reaction of substrates bearingmeta -alkyl, MeO,
OTBS, NMe2, Cl, and SiMe3 afforded corresponding 2fa -na in 47-91% yields with good to excellent enan-
tioselectivities (79-98% ee). In addition, disubstituted aryl groups and naphth-2-yl were also well-tolerated.
The corresponding 2oa -ua

Table 2 Substrate scope.a

a Unless otherwise noted, all the reactions were carried out with 1 (0.20 mmol), B2pin2 (0.26 mmol, 1.3
equiv), CBL7 (0.01 mmol), and [IrCl(cod)]2 (0.005 mmol) in cyclohexane (2.0 mL) at 60 °C for 12 h. TBS:
tert-butyldimethylsilyl. b 1.0 equiv of B2pin2. c24 h. dFor the sake of clarity, all the hydrogen atoms are
omitted.

were obtained in 44-90% yields with 79-96% ee. Unfortunately, branched alkyl ethers such as 1ag and 1ah
showed no reactivity presumably due to the congested nature around the donor oxygen atom. Only a tiny
amount of borylated product was observed for the reaction of bromoalkyl and methoxyalkyl ethers (1ai and
1aj ). The absolute configuration of 2la was unambiguously determined to be R by single-crystal X-ray
diffraction analysis.[17] The absolute configurations of the other borylated compounds 2 were tentatively
assigned the same by analog.

The weak affinity of ether toward transition metals provided us with an opportunity of realizing high turnover
numbers (TON). The C-H borylation of 1aa (1.0 g) in the presence of 0.2 mol% CBL7 /Ir under concentrated
conditions proceeded smoothly, affording 2aain 84% yield (TON = 420) with diminished but still acceptable
enantioselectivity (91% ee) (Scheme 4). And the turnover numbers (TON) reached 420. Several C-B bond
transformations to demonstrate the synthetic utility. As illustrated in Scheme 4, chlorination, bromination,
cyanation, and Suzuki-Miyaura coupling of 2aaunder various reaction conditions furnished 6 -9 in 68-84%
yields with 92% ee.[13a, 18]

Scheme 4. A gram-scale C-H borylation of 1aa and transformations of 2aa . Conditions: (a) CuCl2,
MeOH/H2O, 80 °C, 3 h; (b) CuBr2, MeOH/H2O, 80 °C, 3 h; (c) Cu(NO3)23H2O, Zn(CN)2, CsF, MeOH/H2O,
90 °C, 3 h; (d) .0 mol Pd(OAc)2, 2.5 mol% SPhos, ArBr, K3PO4, THF/H2O, 80 °C, 5 h.

Conclusions

In summary, we have developed an effective iridium-catalyzed enantioselective C-H borylation of benzhy-
dryl ethers. A variety of chiral benzhydryl ethers were obtained with high enantioselectivities. The initial
mechanistic studies showed that the KR relay during over C-H borylation process is important to amplify
enantioselectivity. The current reaction was also amenable to gram-scale C-H borylation in the presence of
low catalyst loading without compromising on enantioselectivity. We also demonstrated the synthetic utility
by the downstream transformation of the C-B bond.

Experimental

To an oven-dried 25-mL Schlenk tube in a nitrogen-filled glovebox charged with 1 (0.20 mmol), CBL7 (9.7
mg. 0.01 mmol), [IrCl(cod)]2 (3.4 mg, 0.005 mmol), and B2pin2 (50.8 mg or 66.0 mg, 0.20 mmol or 0.26
mmol, 1.0 equiv or 1.3 equiv) was added cyclohexane (2.0 mL). The resulting mixture was allowed to stir at
60 °C for 12 h. After removal of the solvent, the residue was purified by column chromatography on silica
gel using petroleum ether/EtOAc as the eluent to afford corresponding 2 .
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