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ABSTRACT: Multi-substituted allylic boronates are attractive and valuable precursors for the rapid and stereoselective construction 

of densely substituted carbon skeletons. Herein, we report the first synthetic approach for differentially 2,3,3-trialkylsubstituted allylic 

boronates that contain a stereodefined tetrasubstituted alkene structure. Copper(I)-catalyzed regio- and stereoselective three-compo-

nent coupling reactions between gem-dialkylallenes, alkyl halides, and a diboron reagent afforded sterically congested allylic boro-

nates. The allylboration of aldehydes diastereoselectively furnished the corresponding homoallylic alcohols that bear a quaternary 

carbon. A computational study revealed that the selectivity-determining mechanism was correlated to the coordination of a boryl 

copper(I) species to the allene substrate as well as the borylcupration step. 

INTRODUCTION 

Allylic boronates are recognized as important building 

blocks in organic synthesis on account of their synthetic utility, 

high thermal stability in terms of the C–B bond, and non-tox-

icity.1,2 Stereospecific transformations of the boryl group at the 

γ- or α-position represent a reliable strategy for the construction 

of carbon–carbon (C–C) and carbon–heteroatom (C–X) bonds 

in a stereo-controlled manner,3–18 and several applications of al-

lylic boronates toward total syntheses have been reported.19–22 

Among the many classes of allylic boronates, 2,3,3-all-carbon-

trisubstituted allylic boronates that have a stereodefined 

tetrasubstituted alkene structure are attractive precursors of 

complex skeletons that contain contiguous and densely substi-

tuted sp2- and sp3-hybridized carbon atoms: e.g., homoallylic 

alcohols that bear a quaternary carbon atom as the γ-coupling 

products with aldehydes, and allylic functionalized tetrasubsti-

tuted alkenes as the α-substitution products (Figure 1A). How-

ever, in the synthesis of trisubstituted allylic boronates, the ste-

reoselective construction of sterically congested tetrasubsti-

tuted alkene structures, especially those that possess four differ-

ent substituents, is challenging, and further work remains to be 

done in terms of reactivity and selectivity. 

In 2002, the Hall group first reported a highly regio- and 

stereoselective synthesis of differentially 2,3,3-all-carbon-tri-

substituted allylic boronates via a conjugate addition of organo-

copper reagents to alkynyl esters and a subsequent coupling 

reaction with an electrophilic boron source (Figure 1B).23 After 

this development, they reported on the synthesis and applica-

tions of a series of trisubstituted allylic boronates.19,24,25 Despite 

excellent selectivity and functional-group tolerance, the  

 

Figure 1. Potential utility and a reported synthesis of differentially 

2,3,3-all-carbon-trisubstituted allylic boronates. 

 

inclusion of an electron-withdrawing group (EWG) and the use 

of a stoichiometric amount of copper reagent are mandatory in 

these cases. Additionally, the authors reported that the reaction 

must be performed at a cryogenic temperature to achieve high 

stereoselectivity given that the stereochemistry of the alkenyl 

copper(I) intermediate is unstable above –30 °C.23 The Ra-

janBabu and Disier groups independently reported 



 

enantioselective syntheses of allylic boronates embedded in 

small rings such as cyclopropene and -butenes.26–29 In spite of 

these excellent pioneering studies, the variety of differentially 

2,3,3-all-carbon-trisubstituted allylic boronates remains lim-

ited.30,31 

The development of copper(I)-catalyzed three-component 

coupling reactions between allenes, carbon electrophiles, and a 

boron source, namely, a carboboration of allenes, is an attrac-

tive research target due to the great utility of the borylation 

products and the interest in the regio- and stereodivergence of 

the borylation and carbo-functionalization reactions, which can 

provide access to a variety of alkenyl and allylic boronates 

(Figure 2A).32–35 To date, most researchers have used the 2,1-

borylcupration of mono- and gem-disubstituted allenes and de-

veloped the subsequent α-C–C bond formation for the prepara-

tion of linear alkenyl boronates I and γ-C–C bond formation for 

branched alkenyl boronates II (left arrow in Figure 2A, and Fig-

ure 2B). In these reactions, an allylcopper(I) species generated 

in situ via the regioselective 2,1-borylcupration of allenes is the 

key intermediate toward the alkenyl boronates. The groups of 

Tsuji, Hoveyda, Brown, and Liu have reported α-carbo-func-

tionalization reactions from allylcopper(I) intermediates to syn-

thesize linear (Z)-alkenyl boronates I.36–39 On the other hand, 

reaction at the γ-position of the allylcopper(I) intermediates 

produces the branched alkenyl boronates II, which has been 

 

 

Figure 2. Carboboration reactions of allenes to access to alkenyl boronates and allylic boronates. 



 

reported independently by several research groups including 

our own.40–58 

During our previous study of the intramolecular alkylbora-

tion of allenes,49 we became interested in the regiodivergence 

of the borylcupration. We anticipated that the multi-substituted 

allylic boronates III could be synthesized by generating the 

alkenyl copper(I) intermediate through the 1,2-borylcupration 

of the allene substrates and applying the intermediate to the fol-

lowing C–C bond formation reaction (right arrow in Figure 2A). 

The Ma group has previously demonstrated the stereoselective 

1,2-borylcupration of gem-dialkylallenes to generate alkenyl-

copper(I) species and subsequent protonation in a mechanistic 

study on the hydroboration reaction of allenyl silanes.59 How-

ever, the carboboration reaction, i.e., a three-component cou-

pling reaction that could produce the differentially 2,3,3-all-car-

bon-trisubstituted allylic boronates III still has not yet been de-

veloped (Figure 2B). This reaction is expected to be very chal-

lenging on account of the difficulties associated with achieving 

both high reactivity for the carbo-functionalization to construct 

the sterically congested tetrasubstituted alkene structure and the 

high selectivities in terms of the chemoselectivity of the boryl 

copper(I) intermediate toward allenes rather than carbon elec-

trophiles as well as the regio- and stereoselectivity of the 

borylcupration of allenes. 

In order to address the issues of stereoselectivity and regi-

oselectivity, we envisioned optimizing the ligand of the cop-

per(I) catalyst in such a way that steric repulsion between the 

ligand and the small substituent RS would be as low as possible, 

while the large substituent RL would clash with the ligand and 

the B(pin) group (Figure 2C). As a result, 1,2-borylcupration 

from the top side of the allene would produce the desired stere-

oisomer of the allylic boronate III as the carboboration product. 

Based on this hypothesis, we developed the first synthetic ap-

proach for differentially 2,3,3-trialkylsubstituted allylic boro-

nates via the alkylboration reaction of gem-dialkylallenes. The 

ligands SIMes and Xantphos, which possess a pocket-like struc-

ture that is not found in the previously reported ligands for pro-

duction of alkenyl boronates I and II listed in the bottom of 

Figure 2C, realize not only regioselectivity but also stereoselec-

tivity by recognizing the bulk of the two alkyl groups in the 

substrate. The catalyst is able to differentiate methyl groups 

from tert-, sec- and prim-alkyl groups, as well as prim-alkyl 

groups from tert- and sec-alkyl groups. A directing group is not 

necessary in this reaction to construct the differentially tetrasub-

stituted alkene structure. Furthermore, a density functional the-

ory (DFT)-based mechanistic study indicated that the transition 

state involving the π-coordination of the allenes to 

borylcopper(I) species is comparable to the borylcupration in 

terms of activation energy, and that both steps are crucial for 

the regio- and stereoselectivity. 

RESULTS AND DISCUSSION 

We started the development of the carboboration reaction 

using cyclohexyl methyl allene 1a and alkyl halide 2a as model 

substrates under the standard conditions shown in Table 1. The 

rigid and large-bite-angle bisphosphine Xantphos gave allylic 

boronate 4aa with moderate E/Z selectivity and perfect regiose-

lectivity (entry 1: 88%, E/Z = 60:40, 4:5 = >99:1). The use of 

bisphosphines dppp or dppf, both of which have greater back-

bone flexibility, resulted in lower regioselectivity (entry 2: 30%, 

Table 1. Reaction Optimizationa 

 

entry 1x (R2) [Cu] (x mol %) 
temp. 

[°C] 

variation of 

other conditions 

yield of 4xa 

(4xa+5xa) [%]b 

E/Z of 4xa 

[%]c 

4xa/5xa 

[%]b 

1 1a (Cy) CuCl/Xantphos (5) 30 none 88 (88) 60:40 >99:1 

2 1a (Cy) CuCl/dppp (5) 30 none 30 (68) 70:30 44:56 

3 1a (Cy) CuCl/dppf (5) 30 none 5 (80) n.d. 6:94 

4 1a (Cy) CuCl/PCy3 (5) 30 none 2 (3) n.d. 81:19 

5 1a (Cy) SIMesCuCl (2) 0 none 73 (79) >95:5 92:8 

6 1a (Cy) IMesCuCl (2) 0 none 55 (58) >95:5 94:6 

7 1a (Cy) IAdCuCl (2) 0 none 71 (72) 32:68 98:2 

8 1a (Cy) SIMesCuCl (2) 0 solvent: THF 19 (22) n.d. 87:13 

9 1a (Cy) SIMesCuCl (2) 0 solvent: MeCN 13 (16) n.d. 84:16 

10 1a (Cy) SIMesCuCl (2) 0 solvent: DMA 48 (56) >95:5 85:15 

11 1a (Cy) SIMesCuCl (2) 0 solvent: toluene <1 (<1) n.d. n.d. 

12 1a (Cy) SIMesCuCl (2) 0 solvent: n-hexane 5 (8) n.d. 60:40 

13 1a (Cy) SIMesCuCl (2) 0 base: KOMe 5 (6) n.d. 79:21 

14 1a (Cy) SIMesCuCl (2) −5 none 77 (83) >95:5 93:7 

15 1a (Cy) SIMesCuCl (2) −10 none 51 (54) >95:5 94:6 

16 1a (Cy) SIMesCuCl (2) 0 concentration: 0.25 M 68 (72) >95:5 95:5 

17 1b (t-Bu) SIMesCuCl (2) −5 none 58d,e 77:23 mixture of isomersf 

18 1b (t-Bu) CuCl/Xantphos (5) 30 none 83d >95:5 >99:1 

aStandard conditions: Cu(I) catalyst (0.025 mmol), 1x (0.5 mmol), 2a (1.0 mmol), 3 (0.6 mmol), and K(O-t-Bu) (0.6 mmol) in DMF 

(1.0 mL).  bYield values and 4xa/5xa selectivities were determined by GC analysis of the reaction mixture using an internal standard. 
cDetermined by 13C NMR analysis of the roughly purified material. dIsolated yield. eContaining small amounts of protoboration prod-

ucts of 1b and a boryl substitution product of 2a. fDetermined by 1H NMR analysis of the purified material. The structure of minor 

isomer could not be identified. 

 



 

E/Z = 70:30, 4:5 = 44:56; entry 3: 5%, 4:5 = 6:94). Using the 

monodentate phosphine PCy3 resulted in a drastically decreased 

yield (entry 4: 2%, 4:5 = 81:19) with a significantly increased 

yield of the boryl substitution product of alkyl halide 2a.60–64 

Next, a series of N-heterocyclic carbene (NHC) ligands was in-

vestigated. The reactions were performed with lower catalyst 

loadings and at lower reaction temperatures than the reactions 

using the phosphine ligands. The saturated-backbone NHC 

SIMes furnished the product in high yield with high E/Z and 

regioselectivity (entry 5: 73%, E/Z = >95:5, 4:5 = 92:8), 

whereas the yield decreased when the unsaturated NHC IMes 

was used, even though the selectivities were still high (entry 6: 

55%, E/Z = >95:5, 4:5 = 94:6). In contrast, the bulky NHC lig-

and IAd showed inverted E/Z selectivity with high regioselec-

tivity (entry 7: 71%, E/Z = 32:68, 4:5 = 98:2). The solvent was 

then screened with SIMes as the optimal ligand for substrate 1a. 

In addition to N,N-dimethylformamide (DMF), the polar aprotic 

solvents tetrahydrofuran (THF) and acetonitrile (MeCN) were 

investigated, albeit that the product was obtained merely in low 

yield (entry 8: 19%; entry 9: 13%). Although N,N-dimethyla-

cetamide (DMA) gave the alkylboration product in moderate 

yield, a large amount of the protoboration product was produced 

(entry 10: 48%, E/Z = >95:5, 4:5 = 85:15). In this reaction, the 

acetyl group in DMA would be the proton source. Conversely, 

the non-polar solvents toluene and n-hexane afforded less than 

trace amounts of the product, which should most likely be at-

tributed to the disfavor of SN2-type reactions in non-polar sol-

vents, i.e., the alkylation of alkenyl copper(I) species with alkyl 

halides (entry 11: <1%; entry 12: 5%). Then, potassium meth-

oxide (KOMe) was used as the base instead of potassium tert-

butoxide [K(O-t-Bu)]. The solution turned jelly over the reac-

tion to furnish a trace amount of the product (entry 13: 5%). 

During the subsequent temperature screening, the yield and re-

gioselectivity were increased at −5 °C (entry 14: 77%, E/Z = 

>95:5, 4:5 = 93:7). However, the reactivity dropped below 

−10 °C, despite the higher regioselectivity (entry 15: 51%, E/Z 

= >95:5, 4:5 = 94:6). Low concentration also benefited the re-

gioselectivity, but decreased the yield (entry 16: 68%, E/Z = 

>95:5, 4:5 = 95:5). Therefore, we selected the conditions em-

ployed in entry 14 as the optimal conditions (Conditions A) for 

the following investigations of the substrate scope. The reaction 

was then applied to the bulkier substrate 1b, which bears a tert-

butyl group instead of a cyclohexyl group. However, Condi-

tions A did not provide adequate reactivity and selectivity (en-

try 17: 58%, 77:23 mixture of isomers). On the other hand, 

Xantphos gave the desired product in high yield with excellent 

E/Z and regioselectivity (entry 18: 83%, E/Z = >95:5, 4:5 = 

>99:1). These high selectivities are in good agreement with the 

mechanistic study reported by the Ma group.59 Thus, we se-

lected these conditions as the optimized conditions for bulky 

substrates (Conditions B). 

Using these optimized reaction conditions, the scope of al-

lenes and halides was investigated (Table 2). Some of the 

borylation products were isolated and characterized after oxida-

tion of the boryl group as the borylation products were insepa-

rable from the byproducts, i.e., the protoboration product of the 

allene and the boryl-substitution product of the alkyl halides. 

The borylation products of allene 1a with some halides were 

obtained with excellent E/Z and regioselectivity [(E)-4aa, (E)-

4ab, (E)-4ac, (E)-4ad: 49−66%, E/Z = >95:5, 4:5 = >95:5]. We 

confirmed the stereochemistry of (E)-4aa as a representative 

borylation product synthesized under Conditions A using a 

NOESY experiment (for details, see the Supporting 

Information). To investigate the effect of a sec-alkyl group as 

R2 in allene substrate 1, an acyclic sec-alkyl group was used in 

the reaction instead of a cyclohexyl group. The reaction of al-

lene 1c under Conditions A resulted in a somewhat complex 

mixture, while Conditions B gave the corresponding product in 

high yield with high E/Z and excellent regioselectivity regard-

less of the length of the alkyl halide {(E)-4cb, (E)-4cc: 88−89%, 

E/Z = 88:12, 4:5 = >95:5}. Subsequently, the substituent R1 was 

screened with n-propyl, n-octyl, and iso-butyl groups. The 

yields decreased slightly in the order n-propyl > n-octyl > iso-

butyl, while the selectivities remained high [(E)-4db, (E)-4dc, 

(E)-4eb, (E)-4ec, (E)-4fb, (E)-4fc: 50−87%, E/Z = 87:13−91:9, 

4:5 = >95:5]. The catalyst is able to recognize α- and β-

branched alkyl groups as R1 and R2 substituents, as shown in 

(E)-4fb and (E)-4fc. Subsequently, methyl tert-alkyl allenes 

and a prim-alkyl tert-alkyl allene were examined and these af-

forded the corresponding products with perfect selectivities 

[(E)-4ga, (E)-4ba, (E)-4ha, (E)-4hc: 64−92%, E/Z = >95:5, 4:5 

= >95:5]. We confirmed the stereochemistry of (E)-4ga as a 

representative borylation product synthesized under Conditions 

B using a single-crystal X-ray diffraction analysis. Moreover, 

an even more challenging group of substrates, methyl prim-al-

kyl allenes, was found to be suitable for this reaction. The prod-

ucts were obtained in moderate yield with high selectivities 

[(E)-4ia, (E)-4ic, (E)-4ja, (E)-4jc: 46−64%, E/Z = 89:11−94:6, 

4:5 = ≥95:5]. However, the catalyst was unable to distinguish 

between two prim-alkyl groups, such as an ethyl vs a benzyl 

group. Under Conditions B, the product was obtained with no 

stereoselectivity [(E)-4kc: 67%, E/Z = 50:50, 4:5 = >95:5], 

whereas Conditions A resulted in a low conversion and gave a 

mixture of isomers. It should be noted here that the optimized 

conditions for gem-dialkylallenes are not suitable for aryl-sub-

stituted allenes (for details, see the Supporting Information). 

Next, we investigated the scope and limitations of alkyl hal-

ides 2. In addition to ethyl and n-pentyl groups, a longer alkyl 

chain, the n-decyl group, could be introduced as the R3 substit-

uent in high yield [(E)-4bb, (E)-4bc, (E)-4be: 75−88%, E/Z = 

>95:5, 4:5 = >95:5]. iso-Butyl iodide also showed high reactiv-

ity to produce the corresponding borylation product in high 

yield with slightly decreased stereoselectivity [(E)-4bf: 81%, 

E/Z = 91:9, 4:5 = >95:5]. A benzyl group could be introduced 

by using benzyl bromide as the carbon electrophile instead of 

the iodide [(E)-4bg: 55%, E/Z = >95:5, 4:5 = >95:5]. Some 

functionalized alkyl halides were then examined. A methoxy 

group was tolerated in this reaction [(E)-4bh: 74%, E/Z = >95:5, 

4:5 = >95:5]. However, the reaction of compounds including 

halides with a silyl ether or chloride group produced a mixture 

of the alkylboration product and unidentified side products [(E)-

4bi, (E)-4bj: 44−51%, E/Z = >95:5, 4:5 = >95:5]. Additionally, 

methyl iodide 2k decomposed in the reaction, probably via a 

reaction with the base K(O-t-Bu) or direct boryl substitution of 

the alkyl iodide moiety. Phenethyl iodide 2l also decomposed, 

probably via β-elimination, to produce styrene as a side product. 

Finally, sec- and tert-alkyl halides 2m and 2n were found to be 

inapplicable to this reaction due to their lack of reactivity in the 

SN2-type alkylation step.  



 

  

Table 2. Screening the Substrate Scopea 

 

aIsolated yield of the borylation product unless otherwise noted. The E/Z values of 4 and the 4/5 selectivity were determined by 1H NMR 

analysis after column chromatography unless otherwise noted. bConditions A: SIMesCuCl (0.01 mmol), 1x (0.5 mmol), 2y (1.0 mmol), 

3 (0.6 mmol), and K(O-t-Bu) (0.6 mmol) in DMF (1.0 mL) at −5 °C for 24 h. cConditions B: CuCl (0.025 mmol), Xantphos (0.025 

mmol), 1x (0.5 mmol), 2y (1.0 mmol), 3 (0.6 mmol), and K(O-t-Bu) (0.6 mmol) in DMF (1.0 mL) at 30 °C for 24 h. dIsolated yield after 

oxidation of the boryl group. eThe reaction was performed at 30 °C. fThe regio- and stereoselectivity was determined by GC analysis 

after silica gel column chromatography. gA small amount of byproduct, possibly the borylation product of the alkyl iodide, was removed 

by selective oxidation. hThe reaction was performed for 48 h. iThe reaction was performed at 0 °C. jBenzylbromide was used instead of 

benzyliodide. kThe selectivity of C–C bond formation at iodide and chloride was 86:14. 



 

Next, we demonstrated the synthetic utility of the multi-sub-

stituted allylic boronates synthesized via the above method 

(Figure 3). First, a gram-scale synthesis of (E)-4hc was per-

formed. Similar to the small-scale reaction, the allylic boronate 

was obtained in high yield [(E)-4hc: 88% (1.86 g), E/Z = >95:5, 

4:5 = >95:5; Figure 3A]. The oxidative transformations af-

forded the corresponding allylic alcohol and allylic amine in 

moderate to high yield [(Z)-6hc 89%, E/Z = >95:5; (Z)-7hc: 

46%, E/Z = >95:5; Figure 3B]. The Matteson homologation also 

successfully furnished the homoallylic boronate in high yield 

[(E)-8hc: 73%, E/Z = >95:5; Figure 3B]. 

 

 

Figure 3. Synthetic applications of 2,3,3-trialkylsubstituted allylic 

boronates. (A) Gram-scale carboboration reaction of gem-dialkyl-

allenes. (B) α-Selective transformations of the boryl group: a) 

NaBO3·4H2O, THF/H2O, rt, 21 h. b) H2NOMe, n-BuLi, −78 °C to 

60 °C, 48 h; then (Boc)2O, rt, 2 h. c) CH2ClBr, n-BuLi, −78 °C to 

rt, 21 h. 

 

We then carried out allylboration reactions using the differ-

entially 2,3,3-trisubstituted allylic boronates (Figure 4). Heat-

ing a mixture of allylic boronate (E)-4hc and formaldehyde fur-

nished the corresponding homoallylic alcohol in high yield (9a: 

90%; Figure 4A).65 The product contains vicinal quaternary car-

bon atoms, which are difficult to construct via C–C bond for-

mation reactions such as aldol or Grignard reactions, due to ste-

ric congestion.66,67 Lewis-acid-mediated conditions allowed the 

allylboration of aryl aldehydes (Figure 4B).25,68,69 The allylation 

of benzaldehydes furnished the product in high yield with high 

diastereoselectivity (9b, 9c, 9d: 52−75%, dr = >95:5). The ste-

reochemistry of allylboration product 9d was confirmed by a 

single-crystal X-ray diffraction analysis (Figure 4C). Consider-

ing the structure of the vicinal stereo-defined sp3-hybridized 

carbon atoms in the allylboration product, the relative configu-

ration of the substituents in the transition state (TS) was esti-

mated as illustrated in Figure 4D. Substituent R4 of the aldehyde 

should be at an equatorial position in the TS, thus avoiding ste-

ric repulsion with R1 and R3 of the allylic boronate. 

 

 

Figure 4. Allylboration of 2,3,3-trialkylsubstituted allylic boro-

nates. 

We also applied this borylation reaction to exo-cyclic al-

lenes (Figure 5). For a model study, the simple exo-cyclic allene 

1l was chosen as the substrate. The alkylboration product was 

obtained in high yield with high regioselectivity under Condi-

tions B (4la: 69%, 4:5 = >95:5; Figure 5A). The reaction of a 

steroid-type substrate proceeded with stereo- and regioselec-

tively to afford the products in high yield [(E)-4ma, (E)-4mb: 

78−90%, E/Z = >95:5, 4:5 = >95:5; Figure 5B]. The stereo-

chemistry of (E)-4mb was confirmed by a single-crystal X-ray 

diffraction analysis. Furthermore, the allylboration of formalde-

hyde using (E)-4ma afforded the homoallylic alcohol 9e, which 

bears five contiguous stereocenters (including two vicinal qua-

ternary carbon atoms) in high yield with perfect diastereoselec-

tivity (9e: 84% dr = >95:5; Figure 5C). The stereochemistry of 

9e was determined by a single-crystal X-ray diffraction analysis. 

These results demonstrate that this synthesis of multi-substi-

tuted allylboron compounds is useful for the rapid construction 

of stereocongested structures in a stereoselective manner. 

 



 

 

Figure 5. Alkylborylation and allylboration of exo-allenes. 

 

We then moved on to analyze the regio- and stereoselectiv-

ity-determining mechanism of this reaction. The proposed cat-

alytic cycle based on the past studies of copper(I)- catalyzed al-

kylboration reactions is shown in Figure 6A.34,49,70,71 Prior to the 

on-cycle catalytic reaction, copper(I) alkoxide Int1 is formed in 

situ via the reaction between copper(I) chloride and K(O-t-Bu). 

The boryl copper(I) intermediate Int2 is then generated via a σ-

bond metathesis between Int1 and diboron reagent 3. The sub-

sequent coordination and borylcupration of allene 1x with Int2 

gives the alkenyl copper(I) species Int3. In general, the borylcu-

pration is highly exothermic and exergonic, i.e., this is the re-

gio- and stereo-determining step. The cuprate species Int4 is 

then generated by coordination of the alkoxide to the copper(I) 

center in intermediate Int3.72–83 The nucleophilic cuprate can 

undergo SN2-type oxidative addition to alkyl halide 2y to afford 

the organocopper(III) intermediate Int5. However, the high-va-

lent copper(III) species could be a transient species or a transi-

tion state of the concerted mechanism.49,71 Finally, reductive 

elimination forms the new C–C bond to produce the alkylbora-

tion product 4xy with concomitant restoration of copper(I) 

alkoxide Int1. 

To gain deeper insight into the regio- and stereoselectivity-

determining mechanism, we performed DFT calculations (Fig-

ure 6B). A simplified SIMes ligand in which the 4-methyl 

groups of the mesityl groups are replaced with hydrogen atoms 

and allene 1a were chosen as the model ligand and substrate, 

respectively (for the case of Xantphos and allene 1b, see the 

Supporting Information). The respective transition states of the 

borylcupration (TS2) for the four regio- and stereoisomers were 

successfully located 16–21 kcal/mol higher than the precursor 

state EQ1, which consists of boryl copper(I) species Int2 and 

the substrate 1a (EQ1: ΔG = 0.0 kcal/mol). It should be noted 

that, during the calculation of TS2, we found that the transition 

states for the coordination of allene 1a to Int2 (TS1s) are com-

parable to those of the TS2s. Although the activation barriers of 

the coordination steps prior to the borylcuprations are generally 

small, and even negligible in many cases, this relative energy 

profile suggests that the coordination step could be a regio- and 

stereo-determining step.84,85 We envisioned that the substituents 

R1 or R2, which are perpendicular to the double bond where the 

borylcupration proceeds, can cause steric repulsion toward the 

boryl copper(I) species in the case of gem-disubstituted allenes. 

For the path of the experimental major isomer, (E)-4, the inter-

mediate state EQ2allyl-E is energetically higher than the precur-

sor state EQ1, while the product state, alkenyl copper(I) Int3al-

lyl-E, is relatively stable (EQ2allyl-E: ΔG = 12.4 kcal/mol; Int3allyl-

E: ΔG = –25.3 kcal/mol). However, TS2allyl-E for the borylcupra-

tion step is smaller than TS1allyl-E for the coordination step of 

the boryl copper(I) species to the allene (TS1allyl-E: ΔG‡ = 17.0 

kcal/mol; TS2allyl-E: ΔG‡ = 16.4 kcal/mol). Therefore, once 

EQ2allyl-E is formed, the intermediate is more easily converted 

to Int3allyl-E rather than EQ1, i.e., the coordination step is as-

sumed to be irreversible. However, the energy difference be-

tween TS1allyl-E and TS2allyl-E is small, thus the reverse reaction 

from EQ2allyl-E to EQ1 could potentially proceed to some extent. 

Likewise, the path of the minor E/Z-isomer, (Z)-4, is also irre-

versible, and TS1allyl-Z is the selectivity-determining step of this 

path (TS1allyl-Z: ΔG‡ = 18.9 kcal/mol; EQ2allyl-Z: ΔG = 13.0 

kcal/mol; TS2allyl-Z: ΔG‡ = 16.5 kcal/mol; Int3allyl-Z: ΔG = –28.0 

kcal/mol). 

In contrast, the paths to regioisomers (Z)- and (E)-5 exhibit 

more unstable borylcupration transition states than those to al-

lylic boronates (E)- and (Z)-4. In these paths, TS2 is higher than 

TS1 [for (Z)-5; TS1alkenyl-Z: ΔG‡ = 16.0 kcal/mol, EQ2alkenyl-Z: 

ΔG = 9.4 kcal/mol, TS2alkenyl-Z: ΔG‡ = 20.1 kcal/mol, Int3alkenyl-

Z: ΔG = –26.7 kcal/mol; for (E)-5; TS1alkenyl-E: ΔG‡ = 14.7 

kcal/mol, EQ2alkenyl-E: ΔG = 9.6 kcal/mol, TS2alkenyl-E: ΔG‡ = 

19.4 kcal/mol, Int3alkenyl-E: ΔG = –27.6 kcal/mol]. Due to the 

relatively high TS2alkenyl and low TS1alkenyl, the formation of 

EQ2alkenyl-Z and EQ2alkenyl-E is reversible, and TS2alkenyl-Z and 

TS2alkenyl-E are the selectivity-determining steps of these paths. 

In summary, the transition states of coordination, TS1allyl-E and 

TS1allyl-Z, are the selectivity-determining steps for the formation 

of allylic boronates, whereas TS2alkenyl-Z and TS2alkenyl-E are the 

selectivity-determining steps for the formation of alkenyl boro-

nates. Among these TSs, TS1allyl-E is kinetically the most favor-

able to reach the major product (E)-4. 



 

 
  

 

 

Figure 6. Proposed catalytic cycle and DFT study of the regio- and stereoselectivity-determining mechanism; energy values are given in 

kcal/mol. 



 

Next, we analyzed the thermochemical properties of the se-

lectivity-determining TSs illustrated in Figure 6C. The relative 

energies, Gibbs free energy (ΔΔG‡), enthalpy (ΔΔH‡), and en-

tropy {Δ(−TΔS‡)} were calculated relative to those of the 

TS1allyl-E of the major product [ΔΔG‡ = 0.00 kcal/mol, ΔΔH‡ = 

0.00 kcal/mol, Δ(−TΔS‡) = 0.00 kcal/mol; Figure 6C-I]. The 

TS1allyl-E of the major path is enthalpically and entropically 

more favorable than those of the other paths. The TS1allyl-Z to 

give the minor stereoisomer (Z)-4 is disfavored compared to the 

major TS, which gives an estimated stereoselectivity of E/Z = 

97:3 [ΔΔG‡ = 1.91 kcal/mol, ΔΔH‡ = 1.08 kcal/mol, Δ(−TΔS‡) 

= 0.83 kcal/mol; Figure 6C-II]. The TSs for the regioisomer, 

TS2alkenyl-Z and TS2alkenyl-E, also exhibit higher relative en-

thalpies and entropies than that of the major TS [ΔΔG‡ = 3.10 

kcal/mol, ΔΔH‡ = 1.93 kcal/mol, Δ(−TΔS‡) = 1.17 kcal/mol; 

Figure 6C-III, ΔΔG‡ = 2.44 kcal/mol, ΔΔH‡ = 1.20 kcal/mol, 

Δ(−TΔS‡) = 1.24 kcal/mol; Figure 6C-IV]. Considering these 

relative Gibbs free energies, the estimated regioselectivity is 4:5 

= 99:1. The calculated selectivities are in good agreement with 

the experimental values (for 4aa: experimental E/Z = >95:5, 4:5 

= 93:7; theoretical E/Z = 97:3, 4:5 = 99:1). 

Finally, we investigated the structures of the selectivity-de-

termining TSs (Figure 6C). We speculated that the enthalpic ef-

fect for the destabilization of the minor TSs comes from steric 

repulsion, while the entropy effect is attributable to the differ-

ence in the degree of structural flexibility. In the case of the 

major TS, TS1allyl-E, the methyl (Me) group and B(pin) group 

can be located in the pocket of the ligand to avoid steric repul-

sion (Figure 6C-I). Conversely, in the structure of the minor TS 

for the stereoisomer, TS1allyl-Z, the steric repulsion between the 

mesityl group in the ligand and the cyclohexyl (Cy) group in the 

allene substrate contributes to the destabilization of this TS 

(Figure 6C-II). The steric repulsion between the substrate and 

the boryl group is also found to destabilize the minor TS2alkenyl-

Z and TS2alkenyl-E (Figure 6C-III and VI). Furthermore, the in-

creasing 1,3-allylic strain during the borylcupration via 

TS2alkenyl-Z causes extra destabilization of this minor TS. On the 

other hand, the entropic effect is assumed to result from the con-

formational flexibility of the Cy group. The rotational mode of 

the Cy group would be retained in TS1allyl-E because the Cy 

group is located far from the catalyst (Figure 6C-I). Conversely, 

the interaction between the Cy group and the catalyst or B(pin) 

group in TS1allyl-Z and TS2alkenyl-E locks the rotation of the Cy 

group, causing entropic destabilization of the structures (Figure 

6C-II and IV). For the minor TS2alkenyl-Z, the 1,3-allylic interac-

tion should induce the same locking effect, although the Cy 

group is oriented in opposite direction to the catalyst (Figure 

6C-III). 

To understand the differences in selectivity among the lig-

ands, the steric-hindrance environments of the ligands SIMes 

and Xantphos, which selectively produce allylic boronates, and 

those of previously reported ligands for the production of 

alkenyl boronates were illustrated using a steric map (Figure 

7).86 The pocket-like structure around the top side for the 

smaller substituent RS (R1) of allene substrate and bottom side 

for B(pin) group in SIMes and Xantphos affords the high level 

of regio- and stereoselectivity to produce allylic boronates by 

avoiding the significant steric repulsion (Figure 7-I and II). 

Conversely, several ligands that selectively produce alkenyl 

boronates through carboboration reactions of gem-disubstituted 

allenes via the 2,1-borylcupration has been reported to date. In 

2017, the groups of Gagosz and Riant,47 and Liu39 inde-

pendently reported that the dppf ligand shows high 

regioselectivity in the reaction producing alkenyl boronates, 

which is similar to our results (Figure 7-III and Table 1, entry 

3). The dppf ligand contains two sterically hindered regions that 

can cause steric repulsions toward the RS substituent and the 

B(pin) group, which would destabilize TS1allyl-E. In 2016, the 

Procter group reported racemic and enantioselective carbobora-

tion reactions of gem-dialkylallenes with aldimines as the car-

bon electrophile.41,42 One of the optimal ligands, IPr, exhibits 

steric hindrance around the top and bottom sides (Figure 7-IV). 

On the other hand, another optimal ligand, L1, contains deep 

pockets around the top and bottom sides, albeit that to protruded 

hindrance of the 1-naphthyl groups might induce steric repul-

sion (Figure 7-V). Alternatively, it can be assumed that the 

“twisted” (C2 symmetric) steric environment, such as those 

found in dppf, stabilizes TS2alkenyl-Z and TS2alkenyl-E, which 

would result in the production of alkenyl boronates. In 2017 and 

2018, the group of Fujihara and Tsuji reported the bora-

formylation, -acylation, and -alkoxyoxalylation of gem-dialkyl-

allenes.46,50 In their reports, bulky dppbz-type ligands, DTBM-

dppbz, showed excellent reactivity and regioselectivity to pro-

duce the corresponding alkenyl boronates. The ligand DTBM-

dppbz exhibits steric hindrance around the top side, which can 

be expected to destabilize TS1allyl-E (Figure 7-VI). In 2020, the 

Hoveyda group reported that the DTBM-SEGPHOS and Josi-

phos ligands give alkenyl boronates via the carboboration of 

gem-dialkylallenes.57 The ligand DTBM-SEGPHOS forms a 

steric environment similar to those of dppf and L1 (Figure 7-

VII). The Josiphos ligand contains a large sterically hindered 

region on the bottom (Figure 7-VIII). In conclusion, we as-

sumed that the two pockets for the B(pin) group and the small 

substituent RS around the top and bottom regions are crucial for 

the high regioselectivity of the 1,2-borylcupration and the re-

sulting allylic boronates. 

CONCLUSIONS 

In summary, we have developed a regio- and stereoselective 

alkylboration of gem-dialkylallenes, which is a highly challeng-

ing intermolecular three-component coupling reaction, to ac-

cess unprecedented multi-substituted allylic boronates that con-

tain a differentially tetrasubstituted alkene structure. This reac-

tion was applied to a wide variety of gem-dialkylallenes bearing 

prim-, sec-, and tert-alkyl groups. The optimal ligands SIMes 

and Xantphos can differentiate the bulk of the above alkyl sub-

stituents on the allene moiety to realize regio- and stereoselec-

tive borylcuprations. Furthermore, the allylboration of alde-

hydes allows the diastereoselective construction of quaternary 

carbon atoms. Further studies that aim at expanding the sub-

strate scope to include functionalized allenes and carbon elec-

trophiles other than prim-alkyl halides are currently in progress. 
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