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Selective Transformation of Strychnine
and 1,2-Disubstituted
Benzenes by C–H Borylation
Yutaro Saito,1,4 Kotono Yamanoue,2,3 Yasutomo Segawa,1,2,* and Kenichiro Itami1,2,3,5,*
The Bigger Picture

The derivatization of complex

natural organic compounds has

recently received much attention,

especially in the field of drug

discovery. Even though many

complex organic molecules are

readily available from natural

sources, their controlled synthesis

is difficult. Yet, the derivatization

of complex natural compounds

enables the rapid construction of

libraries of drug candidates with

structural complexity and diverse
SUMMARY

C–H functionalizations of complex molecules such as natural products, pharma-

ceuticals, and p-conjugated systems are at the heart of constructing and modi-

fying organic molecules, whereby the selectivity and predictability are of the

utmost importance. Herein, we report the highly C3-selective C–H borylation

of strychnine along with olefin isomerization, catalyzed by an iridium complex

with a diphosphine ligand. This method enabled us to rapidly produce 15 strych-

nine derivatives by using the corresponding C3-borylated and isomerized

analog as the common synthetic intermediate. The present catalyst system

was also generally effective for the C–H functionalization of unsymmetric 1,2-

disubstituted benzene derivatives, including fused p-systems (xanthenes, fluo-

renes, naphthalenes, and anthracenes) and pharmaceuticals (Nifedipine), in

which the C–H positions furthest away from the bulky groups were borylated

with high selectivity.
functionality. Herein, we report a

site-selective C–H borylation

reaction of an arene moiety in a

variety of 1,2-disubstituted

benzenes. We demonstrated that

a variety of strychnine derivatives

(15 examples) were readily

prepared by using a common

synthetic intermediate. This result

indicates that such mild and site-

selective C–H functionalizations

could find applications in

medicinal chemistry and materials

science.
INTRODUCTION

Methods for the functionalization of complex natural organic compounds have

received much attention in recent years, especially in the context of drug discov-

ery.1–5 Even though many complex organic molecules are readily available from nat-

ural sources, their artificial synthesis remains challenging. Accordingly, the derivati-

zation of complex natural compounds offers an effective strategy for the rapid

construction of libraries of drug candidates with high structural complexity and

diverse functionality. Meanwhile, the methods for the selective introduction of func-

tional groups into complex structures are still relatively limited, and therefore, sim-

ple and predictable functionalization methods are urgently required.6–12

Strychnine, the indole alkaloid isolated from the seeds of Strychnos nux-vomica,13,14

represents one of the most famous natural products, given its very complex structure

and long history in natural-product synthesis and medicinal science.15–18 Strychnine

(C21H22N2O2) contains tertiary amine, amide, alkene, ether, and indoline moieties

with six asymmetric carbon atoms, including a quaternary carbon center. Strychnine

is severely neurotoxic, as it inhibits the chloride channel of the glycine receptor.19

Even though various health benefits have been reported,20 strychnine has been

used predominantly as a poison in e.g., rodenticides. Considering the lower toxicity

of brucine, which is a natural analog of strychnine with dimethoxy groups at the ar-

omatic C–H positions (C2 and C3),21 and the X-ray crystal structure analysis of the

human glycine receptor bound to strychnine,22 it seems feasible to expect a signif-

icantly reduced toxicity from strychnine derivatives that contain substituents at C2

and/or C3.
Chem 6, 1–9, April 9, 2020 ª 2020 Elsevier Inc. 1
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Figure 1. Site-Selective C–H Functionalization of Strychnine along with Olefin Isomerization

(A) Structure of strychnine and its site-selective C–H functionalization.

(B) Derivatization of strychnine via an Ir-catalyzed C–H borylation along with olefin isomerization.
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However, despite their potential importance, methods for the selective C–H func-

tionalization at C2 and C3 of strychnine remain scarce.23–34 As shown in Figure 1A,

there are only three reported methods for the site-selective C–H functionalization of

strychnine.23–28 The nitrosation of the C11 position, the a-position relative to the

carbonyl group, has been used for the conversion into other natural products.23

The selective alkylation of an alkenyl C–H (C22) was achieved using a Ru-based cata-

lyst.24 Among the aromatic C–H positions of strychnine (C1–C4), only C2 can be

functionalized selectively and directly by SEAr-type reactions such as nitration,25

halogenation,26,27 amination,28 and thianthrenation.29 The photoinduced amination

using aminium radicals occurs at the most nucleophilic position (C2),30 which means

that the synthesis of C3-functionalized strychnine requires multistep transforma-

tions.27,31 Unselective C–H functionalizations of strychnine are represented by the

radical C–H activation and conjugate addition to a dehydroalanine derivative at

C16, C18, and C20;32 the sulfonylation at C14, C20, and C22;33 as well as the

acid-mediated C–H oxygenation at C2 and C4.34 Given the structural complexity

and potential utility of strychnine and related complex alkaloids, methods for their

site-selective C–H functionalization remain as challenging as they can be expected

to be rewarding.35

Herein, we report the highly C3-selective C–H borylation of strychnine, catalyzed by

an iridium complex with a diphosphine ligand along with an olefin isomerization (Fig-

ure 1B). This method enabled us to rapidly produce 15 strychnine derivatives from

the common synthetic intermediate. Surprisingly, this catalyst system was generally

effective for the C–H functionalization of unsymmetric 1,2-disubstituted benzene de-

rivatives, including fused p-systems and pharmaceuticals, in which the furthest C–H

positions of bulky groups (e.g., quaternary carbons) are borylated with high

selectivity.

RESULTS AND DISCUSSION

Initially, we carried out ligand screening for the C–H borylation of strychnine (1a)

catalyzed by iridium complexes. The conventional catalyst system [Ir(cod)OMe]2/

dtbpy (cod = 1,8-cyclooctadiene and dtbpy = 4,40-di-tert-butyl-2,20-bipyridyl)36

afforded a complex mixture of borylated products including mono-, di-, and
2 Chem 6, 1–9, April 9, 2020
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Figure 2. Site-Selective C–H Borylation along with Olefin Isomerization of Strychnine

ORTEP of 1b was shown with thermal ellipsoids at 50% probability; solvent molecules are omitted

for clarity.
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tri-borylated strychnines, probably due to the low selectivity of the C–H activation

that occurred not only at the aromatic positions (C1–C4) but also at the alkenyl

(C22) and possibly aminoalkyl (C16, C18, and C20) positions. When our previously

reported catalyst ([Ir(cod)OH]2/MeO-Xyl-BIPHEP)37 (Figure 1) was used under the

originally reported conditions (in hexane), the borylation did not proceed because

of the low solubility of 1a in hexane. In tetrahydrofuran (THF), the borylation

occurred in low yield (29%). After extensive ligand screening, we found that [Ir(-

cod)OH]2/L1 (THF, 85�C, 3 days) successfully borylates 1a in 65% yield with high

C3-selectivity (C3/C2 = 73:27). The C3- (1b) and C2-borylation products (1c) were

isolated and their structures were determined by single-crystal X-ray diffraction anal-

ysis (Figure 2). The X-ray crystallography revealed that the four chiral centers, the

carbonyl group, and the highly nucleophilic amine moiety of strychnine remained

unchanged under the applied borylation conditions, whereas the C21–C22 double

bond was isomerized to the C20–C21, where isomerization of strychnine was known

to occur by the treatment of transition metal catalysts.38,39 Thus, these catalysts

enable the one-pot two-step transformation of strychnine.

Subsequently, we used the thus-obtained strychnine derivative, 1b, in a further

transformation reaction. Using previously reported protocols, 1b was easily

converted into a variety of derivatives (1d–1r) (Figure 3).40–46 Each derivative

was obtained from 1b in a single step in e.g., oxidation, Cu-catalyzed iodination,

Cu-mediated trifluoromethylation, Cu-catalyzed azidation, Cu-catalyzed amination,

and Pd-catalyzed Suzuki-Miyaura cross-coupling reactions. Given that the

synthesis of 1d–1r requires numerous steps when using conventional total synthesis

routes, the present regioselective C–H borylation is of outstanding synthetic utility.

Subsequently, we examined the binding ability of 1d–1r toward the glycine recep-

tor, as this determines the toxicity of the strychnine derivatives (see Supplemental
Chem 6, 1–9, April 9, 2020 3
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Reaction conditions: (A) 1 M NaOH (1.0 equiv), 35% H2O2 (2.3 equiv), THF, rt, 5.5 h; (B) CuI (10 mol

%), phen (20 mol %), KI (1.5 equiv), MeOH/H2O, 80�C, 4 h; (C) Cu(phen)CF3 (1.2 equiv), KF (1.0 equiv),

DMF, 50�C, 3 h; (D) NaN3 (1.8 equiv), Cu(OAc)2 (9.3 mol %), MeOH, 55�C, 1.5 h; (E) CyNH2 (1.9 equiv),

Cu(OAc)2$H2O (23 mol %), KF (3.9 equiv), MeCN, MS 4A, O2, 80
�C, 12.5 h; (F) ArBr or ArI (1.5–5.3

equiv), Pd(dppf)Cl2$CH2Cl2 (4.9–11 mol %), K2CO3 (20–22 equiv), toluene/H2O, 80�C, 12–22 h; and

(G) 1-bromo-3,5-dimethylbenzene (1.2 equiv), Pd(PPh3)4 (1.8 mol %), K2CO3 (2.3 equiv), toluene/
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Information for detail). All derivatives with substituents at the C3 position showed a

clearly decreased binding affinity to the glycine receptor.39

With these C–H borylation conditions in hand, we investigated the substrate scope

(Figure 4). The borylation proceeds selectively at the least hindered position (C5,

i.e., the para-position relative to the tert-butyl group) of 2a and 3a, even in the pres-

ence of coordinative directing groups, such as methoxy and methoxymethyl (MOM)

groups.47 The hydroxy group of 4a is well tolerated under these reaction conditions.

The reaction also proceeds smoothly in the presence of a para-substituted benzene

ring (5a). Not only quaternary carbon atoms but also the trimethylsilyl group of 6a

can be used as a bulky substituent. The small increase in steric bulk by employing

a tert-amyl group in 7a does not affect the reactivity and regioselectivity of this bor-

ylation. Fortunately, the selectivity is preserved even when using slightly smaller sub-

stituents. Substrates with tertiary carbon atoms, i.e., 8a (cyclohexyl group) and 9a

(isopropyl group), are borylated with high regioselectivity. Excellent selectivity

(97:3) is also obtained for benzene rings with sterically demanding substituents,

albeit the yield is low (10a). Ketal moieties, obtained from the protection of carbonyl

groups, can also be used as bulky substituents. The effect of the presence of other

groups was investigated through the borylation of 11a–20a. The methoxy group in

11a can be replaced with a methyl (12a) or a trifluoromethyl group (13a). Given that

both electron-donating (OMe) and -withdrawing (CF3) groups afford the same regio-

selectivity (87:13), the selectivity of the current reaction should be virtually indepen-

dent of the electronic effects of the relatively small substituents. Carbon-halogen

bonds, such as C–Br, C–Cl, and C–F, remain intact under the borylation conditions

applied in this study and furnish the corresponding borylated products (14b–16b).

Arenes fused with saturated rings (17a–19a), which are frequently encountered in
4 Chem 6, 1–9, April 9, 2020
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(B) Hypothetical schematic illustrations of the mechanism of the C–H borylation with the conventional ligand dtbpy (left) or L1 (right).
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synthetic intermediates of bioactive compounds, are borylated in good yield with

high selectivity. Furthermore, pyridine derivative 20a can also be borylated with

moderate selectivity. The hypothetical schematic illustrations of the mechanism of

C–H borylation are shown in Figure 4B. The Ir/dtbpy moiety can be considered as

an iridium center surrounded by a small ligand (gray), which repulses only ortho-sub-

stituents. On the other hand, as we have previously revealed using theoretical calcu-

lations, the Ir/MeO-Xyl-BIPHEP catalyst contains a relatively large reaction pocket48

and Ir/L1 has similar steric factor (see Supplemental Information for the DFT calcula-

tion of Ir/MeO-Xyl-BIPHEP and Ir/L1). Thus, the steric repulsion between the ligand

and the bulky substituent contributes to the selectivity in addition to the effect of the

adjacent groups.

Subsequently, we discovered a distinct regioselectivity difference between con-

ventional iridium catalysts and the present [Ir(cod)2OH]2/L1 catalyst system in

the C–H borylation of 1,3-disubstituted benzene 21a. Using the [Ir(cod)2OMe]2/

dtbpy catalyst, 21a is borylated predominantly at the C5 position (21b/21c =

39:61), which is not entirely surprising, given that the borylation of the ortho-

position of the fluoro group is not completely suppressed on account of the rela-

tively small size of the fluoro group (see Table S2). In contrast, when using the
Chem 6, 1–9, April 9, 2020 5
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[Ir(cod)2OH]2/L1 catalyst, the C6-borylated product 21b is the major product (21b/

21c = 65:35). This difference was attributed to the different three-dimensional

shape of the catalysts.

The current C–H borylation catalyst also allows the regioselective functionalization

of a range of aromatic C–H bonds that are otherwise difficult to cleave selectively

(Figures 5A–5C). Xanthene and fluorene moieties are fundamentally important

structural motifs in organic materials.49,50 Although the C2- and C3-positions of

xanthenes are functionalized selectively by SEAr reactions and ortho-metalations,51
6 Chem 6, 1–9, April 9, 2020
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efficient methods to selectively functionalize only the C3-position remain elusive.

In addition, conventional C–H borylations randomly occur at the 2-, 3-, and 4-po-

sitions to afford complex mixtures (Figure 5B). Similar problems are encountered

for fluorenes,52 which has been attributed to a lack of C–H functionalization

controlled by remote steric effects (Figure 5B). As shown in Figure 5A, 9,9-

dimethyl-9H-xanthene (22a) is selectively borylated under the current reaction con-

ditions at the C3 and C6 positions, i.e., at the positions farthest from its quaternary

sp3 carbon, to yield 22b. The p-anisyl derivative of xanthene 23a is also borylated

with excellent regioselectivity, and surplus borylation at the p-anisyl group does

not occur. Diborylated fluorene derivative 24b is obtained from the regioselective

borylation of 24a, which again underlines the synthetic utility of the present reac-

tion, given that multiple steps are necessary to synthesize 24b using a previously

reported method.53 The borylation of p-tolylfluorene 25a also proceeds with

high regioselectivity. This transformation is also applicable to naphthalene and

anthracene derivatives. The borylation occurs at the positions farthest from the

methyl groups when dimethylnaphthalenes 26a and 27a are subjected to the

optimal conditions. 1-(Trimethylsilyl)naphthalene 28a is borylated with high selec-

tivity at the C3 and C6 positions to yield diborylated 28b. 9-Silylanthracene 29a is

also converted selectively into 3,7-diborylated 29b. Nifedipine (30a), a widely used

calcium channel antagonists,54 could also be borylated at the para-position of the

bulky substituent with excellent selectivity (>99:1, Figure 5C), while a complex

mixture was afforded when dtbpy was used instead (see the Supplemental Infor-

mation). Overall, the developed regioselective C–H borylation can be used to

functionalize aromatic C–H bonds with a site selectivity that is difficult to attain us-

ing conventional methods.

Conclusions

In summary, we have developed a regioselective C–H borylation method for strych-

nine and unsymmetrically 1,2-disubstituted benzenes catalyzed by an Ir-based com-

plex with a diphosphine ligand that exerts a remote steric effect, in addition to adja-

cent sterics. The protocol was applied to the rapid derivatization of a strychnine

analog, which delivered 15 derivatives in only one step from a common borylated

intermediate. The developed protocol offers complementary regioselectivity to

conventional methods for the functionalization of arenes that can otherwise not be

accomplished without difficulty. Moreover, a variety of p-systems that represent

important structural motifs in functional materials and a pharmaceutical compound,

Nifedipine, were borylated regioselectively. The remote steric effect, which affects

the regioselectivity in this system, should open new research avenues in the area

of C–H functionalization chemistry.

EXPERIMENTAL PROCEDURES

Full experimental procedures are provided in the Supplemental Information.
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