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Abstract

A method for the catalytic enantioselective arylboration of alkenylarenes is disclosed. The reaction 

leads to the formation of 1,1-diarylalkanes that also incorporate an additional pinacol boronic ester 

which can be easily transformed to a variety of groups. The products are formed with excellent 

diastereoselectivities and enantioselectivities.
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Metal-catalyzed cross-coupling reactions are a valuable method for the construction of 

Csp2–Csp2 bonds. The translation of such methods to the formation of Csp2–Csp3 bonds has 

met with significant challenges; however, in recent years notable progress has been made.[1] 

Particularly difficult cross-coupling reactions are those that involve secondary Csp3 

nucleophiles. Moreover, instances in which stereodefined secondary nucleophiles are 

employed to achieve stereospecific cross-coupling are even more rare (Scheme 1A). It 

should be noted that recent and significant progress has been made in this area with Pd-

catalyzed Suzuki–Miyaura,[2] Negishi,[3] and Stille[4] cross-coupling reactions.[1]

In recent years, our laboratory has taken an interest in developing a complementary 

approach towards Pd-catalyzed stereospecific cross-coupling of stereodefined Csp3 

nucleophiles. In particular, we envisioned a one-step process that would involve generation 

of a stereodefined Csp3 nucleophile (III) as a catalytic intermediate by addition of CuBpin 

complexes (Bpin: pinacol boronic ester) across a simple alkene, followed by Pd-catalyzed 
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stereospecific cross-coupling (III to IV to V) to formally constitute a carboboration reaction 

(Schemes 1B,C).[5] This method is an attractive approach for chemical synthesis because 

simple alkenes are used as the starting material and two new bonds and potentially two new 

stereocenters are generated in a single operation. Our laboratory, and that of Semba and 

Nakao,[6] independently developed arylboration reactions of styrene derivatives that function 

according to this model. While diastereoselective variants of these dual catalyst reactions has 

been achieved, enantioselective processes have been slow to emerge.[7] However, recent 

progress has been made by Liao et al. with Pd/Cu-catalyzed enantioselective allylboration of 

alkenes (Scheme 2A);[8] one example of arylboration was also presented. Buchwald and 

coworkers recently disclosed an enantioselective hydroarylation that operates by Pd/Cu dual 

catalysis.[9]

Herein, we describe an enantioselective arylboration of alkenylarenes that leads to the 

formation of 1,1-diarylalkanes (Scheme 2B). This method is significant and different from 

prior efforts in Pd/Cu-catalyzed carboboration because highly enantio- and 

diastereoselective difunctionalization can be achieved while establishing two stereocenters. 

It is also important to note that while other methods exist for the enantioselective synthesis 

of 1,1-diarylalkanes, such as hydrogenation,[10] conjugate addition,[11] and cross-

coupling,[1a,12] one main feature of the process described herein is that, in addition to 

generating the 1,1-diarylalkane motif, a stereogenic carbon bearing a synthetically versatile 

Bpin group is also incorporated. With respect to the latter point, the utility of this method is 

highlighted in the synthesis of biologically relevant small molecules.

Based on prior efforts from our laboratory, N-heterocyclic carbene(NHC) copper complexes 

(vs. the analogous phosphine complexes) were uniquely effective for the Pd/Cu-arylboration 

process.[6b,c] To achieve highly enantioselective arylboration, a chiral copper catalyst that is 

stereodiscriminating at (or near) room temperature was required (ambient temperature is 

necessary for operation of the palladium catalysis described here).[13] This initiative led to 

evaluation of chiral complexes (4–6) that project substituents towards the metal center so as 

to create a defined chiral environment.[14,15]

As illustrated in Table 1, entries 1–3, we evaluated the effectiveness of copper complexes 4–
6 for arylboration of trans-β-methyl styrene ((E)-1) and observed formation of 2 with 

modest enantioselectivity. It is important to note that Pd-RuPhos G3[16] was used because 

prior efforts from our laboratory demonstrated its effectiveness at facilitating a 

stereoretentive transmetalation of Csp3 copper complexes.[6c] Further evaluation of reaction 

conditions and substrates revealed that reaction with cis-β-methyl styrene ((Z)-1) was 

significantly more enantioselective with the copper complex 4, generating the product in 

91:9 e.r. (11:1 d.r.; Table 1, entry 4). Based on our prior reports, use of solvent mixtures can 

lead to improved results. As such, use of toluene:MeCN (10:1) allowed for product 

formation in 50:1 d.r. and 96:4 e.r. (Table 1, entry 11).

With an optimized set of conditions in hand, the scope of this process was explored (Table 

2). With respect to the alkene component, electron-poor (product 7; Table 2) and electron-

rich (product 18; Scheme 3) alkenylarenes could be used. Increased alkyl substitution was 

tolerated, provided that the β-substituent was not too sterically demanding (compare 
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products 8 and 10; Table 2). Reaction with styrene led to formation of 11 in good yield, 

albeit with slightly reduced enantioselectivity.

Cyclic alkenylarenes, such as indene, 1,2-dihydronaphthalene, and 2H-chromene, also work 

well in these reactions (products 12, 13, and 14, respectively; Table 2). In the case of 

reactions with styrene, 1,2-dihydronaphthalene, and 2H-chromene, use of KOTMS was 

slightly superior to that of NaOtBu. Finally, it should be noted that in all cases the products 

were generated as a single diastereomer (> 20:1 d.r.). Additionally, strained alkenes could 

also be used to provide 15 and 16.[5h,17]

6-Methyoxyindene (17) was also evaluated under the standard reaction conditions and gave 

rise to a mixture of regioisomeric products 18 and 19 in a 2:1 ratio (Scheme 3). It was 

reasoned that the formation of 19 likely arises from a base-mediated isomerization of 6-

methoxyindene (17) to 5-methoxyindene (20). To avoid the undesired isomerization 

reaction, the weaker base KOTMS (vs. NaOtBu) was used. Under the new reaction 

conditions, the formation of 19 was drastically suppressed such that 18 could be generated in 

59% yield as a 10:1 mixture of regioisomers in 97:3 e.r. and > 20:1 d.r.

As illustrated in Table 3, a range of arylbromides were evaluated. Under the standard 

reaction conditions, electron-rich (products 22 and 29), electron-deficient (products 21, 23, 

24, and 25) and various heterocyclic aryl bromides (products 27–29) all functioned well. 

The primary limitation with respect to aryl bromides is that sterically large groups were not 

tolerated (for example, 2-MeC6H4Br, product 26). The only ortho-substitution that was 

found to work was 2-ClC6H4Br (product 25). Finally, the absolute configuration of 30 was 

established by obtaining an X-ray crystal structure.

To demonstrate the utility of this method, glucocorticoid receptor partial agonist 34 was 

prepared by a short synthetic sequence (see Scheme 4).[18] The synthesis commenced with 

catalytic enantioselective arylboration of cis-β-methyl styrene ((Z)-1) and 5-bromoindazole 

derivative 31 to generate 32 with good selectivity. Homologation and oxidation of 32 led to 

formation of 33 in 46% yield. Finally, 34 could be prepared by the Mitsunobu reaction with 

BocNHMs followed by Boc deprotection in 50% yield over two steps.

As noted in prior efforts from our laboratory, formation of diastereomeric products could be 

achieved by simply changing the palladium complex (Pd-RuPhos to -XPhos; see Table 1 for 

structures) and solvent (toluene/MeCN or tetrahydrofuran to toluene).[6c] Therefore, the 

possibility for synthesis of the anti-diastereomers was also investigated with chiral NHC 

copper complex 4. This was found to work well with 1,2-dihydronaphthalene to generate 36 
in good yield, with diastereo- and enantioselectivity (Scheme 5).[19] Additionally, anti-
selective arylboration of 37 with bromo-benzene led to formation of 38 in > 20:1 d.r. and > 

99:1 e.r. in 83% yield. Borane 38 was converted to amine 39,[20] which is a known 

intermediate in the synthesis of dopamine receptor agonist, dihydrexidine (40).[21]

In conclusion, a method for the enantioselective arylboration of styrene derivatives has been 

developed. The reactions functioned well for a variety of alkenylarenes and provided rapid 
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access to molecules of biological interest. This method represents an attractive strategy for 

the synthesis of 1,1-diarylalkanes from simple precursors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Scheme 1. 
Approaches towards stereospecific cross-coupling.
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Scheme 2. 
Pd/Cu-catalyzed enantioselective carboboration.
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Scheme 3. 
Base effects for arylboration of 6-methoxyindene (15).
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Scheme 4. 
Synthesis of 34.
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Scheme 5. 
Anti-selective arylboration.
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Table 1

Reaction optimization.

Entry (E)/(Z) Copper
catalyst

Solvent Yield [%][a] d.r.[b] e.r.[c]

1 (E) 4 THF 45 15:1 70:30

2 (E) 5 THF 32 5:1 82:18

3 (E) 6 THF 32 9:1 43:57

4 (Z) 4 THF 46 11:1 91:9

5 (Z) 5 THF <5 – –

6 (Z) 6 THF <5 – –

7 (Z) 4 toluene 68 8:1 90:10

8 (Z) 4 toluene:THF
(10:1)

78 15:1 94:6

9 (Z) 4 toluene:Et20
(10:1)

26 6:1 86:14

10 (Z) 4 toluene:DMF
(10:1)

58 16:1 95:5

11 (Z) 4 toluene:MeCN
(10:1)

83 50:1 96:4

[a]
Yield was determined by gas chromatography (GC) analysis with a calibrated internal standard.

[b]
Diastereomeric ratio (d.r.) was determined by GC analysis of the unpurified reaction mixture.

[c]
Determined by HPLC (with a chiral column) of the purified products. Solvent key: tetrahydrofuran (THF); diethyl ether (Et2O); N,N,-

dimethylformamide (DMF); acetonitrile (MeCN).
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Table 2

Arylboration of various alkenes.

Yield reported as the average of at least two experiments. Diastereomeric ratio (d.r.) was determined by 1H NMR spectroscopic analysis of the 
unpurified reaction mixture. Enantiomeric ratio (e.r.) was determined by high performance liquid chromatography (HPLC) analysis (with a chiral 
column) of the purified products.

[a]
Yield determined by 1H NMR analysis with an internal standard.

[b]
5 mol% copper catalyst (4) was added in two portions (see the Supporting Information for details).

[c]
KOSiMe3 was used instead of NaOtBu.
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Table 3

Reactions with various aryl bromides.

Yield reported as the average of at least two experiments. Diastereomeric ratio (d.r.) was determined by 1H NMR spectroscopic analysis of the 
unpurified reaction mixture. Enantiomeric ratio (e.r.) was determined by HPLC analysis (with a chiral column) of the purified reaction mixture.

[a]
Yield determined by 1H NMR spectroscopic analysis of the unpurified reaction mixture with an internal standard.

[b]
5 mol% copper catalyst (4) was added in two portions, (see the Supporting Information for details).

[c]
Generated in 18:1 d.r.
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