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Novel Desymmetrization of Cyclobutenes: Enantioselective 
Synthesis of Cyclobutylboronates 

Manuel Guisán-Ceinos,‡ Alejandro Parra,‡ Víctor Martín-Heras and Mariola Tortosa*  

Abstract: In this report, the first catalytic enantioselective synthesis 

of cyclobutylboronates, using a chiral copper(I) complex, is disclosed. 

A broad variety of cyclobutanes have been prepared with 

consistently high levels of diastereo- and enantiocontrol. Moreover, 

this method constitutes the first report of an enantioselective 

desymmetrization of meso-cyclobutenes to prepare chiral 

cyclobutanes. 

Cyclobutanes are prevalent structures in a large number of 

natural products, and important synthetic intermediates due to 

their rich chemistry.[1] Additionally, they have attracted 

considerable attention in drug discovery mostly due to their 

structural rigidity.[2] Consequently, the development of 

asymmetric methods for the preparation of chiral cyclobutanes 

has become an important goal in chemical synthesis. A number 

of catalytic enantioselective approaches have been developed 

toward this aim (Scheme 1) including [2+2] cycloadditions 

(approach a),[3] acyclic ring closures (approach b),[4] catalytic 

Wagner-Meerwein shifts of cyclopropanols[5] (approach c) and 

direct functionalization of cyclobutanes or activated 

cyclobutenes (approach d).[6] In this context, the enantioselective 

functionalization of the double bond in prochiral meso-

cyclobutenes (approach e) could provide a direct way to prepare 

chiral cyclobutanes with up to four contiguous stereocenters. 

Surprisingly, this approach remains almost entirely unexplored.[7]  

 

Scheme 1. General Approaches for the Catalytic Enantioselective Formation 

of Cyclobutanes. 

As part of our interest in unconventional C-B bond 

formation,[8] we intended to accomplish this novel 

desymmetrization (approach e, Scheme 1) in the context of an 

unmet challenge in chemical synthesis: the preparation of non-

racemic cyclobutylboronates (Scheme 2). Despite their synthetic 

versatility, there are no examples of enantioselective catalytic 

methods for their preparation in the literature.[9] The only two 

examples reported for the synthesis of enantiomerically enriched 

cyclobutyl boronic esters require the use of stoichiometric 

amounts of a chiral inductor and are structurally limited.[10] 

Therefore, the development of a general catalytic 

enantioselective method is highly desirable. We envisioned 

using a cyclobutene, a chiral copper(I) complex and a diboron 

compound to accomplish this goal. [11] 

 

Scheme 2. Copper-catalyzed Enantioselective Synthesis of 

Cyclobutylboronates. 

At the outset of the project, we were encouraged by the 

excellent results previously observed in the desymmetrization of 

cyclopropenes (Scheme 3, eq. 1).[8c] However, the difference in 

ring strain and the presence of two prochiral stereocenters 

instead of one, made it non-obvious that we could achieve 

similar results in the case of cyclobutenes. Indeed, clear 

differences in reactivity and stereoselectivity were observed 

when cyclopropene I and cyclobutene 1a were treated under 

similar copper-catalyzed borylation conditions using a non-chiral 

ligand (Scheme 3). Although far from optimal, this preliminary 

result showed the feasibility of the borylation in cyclobutenes 

(not previously reported) and encouraged us to pursue an 

enantioselective version.  

 

Scheme 3. Preliminary results using a non-chiral ligand 

We next examined the copper-catalyzed borylation of 

cyclobutene 1a in the presence of a variety of chiral phosphines 

(Table 1). Cyclobutene 1a was treated in THF, at 0 ºC, with 

Cu(CH3CN)4PF6 (10 mol%), B2pin2 (2 equiv.), NaOt-Bu (0.5 

equiv.), MeOH (2 equiv.) and 10 mol% of a chiral ligand (Table 1, 

entries 1-6). Segphos derivatives L2-L4 were identified as the 

optimal ligands to obtain the best balance between diastereo- 

and enantiocontrol. For cyclobutane 1a, (R)-DM-Segphos was 

the ligand of choice, providing cyclobutylboronate 2a in 96% 

isolated yield and with almost perfect stereocontrol (Table 1, 

entry 3, dr ≥ 98:2, er = 99:1). With KOt-Bu or NaOMe the 

diastereoselectivities and yields were significantly reduced 

(Table 1, entries 7-8). CuCl provided comparable results 

although the diastereomeric ratio was slightly lower than using 

Cu(CH3CN)4PF6 (Table 1, entry 9). When the reaction was 

carried out in the presence of 5 mol% of copper salt, we 

observed the formation of 2a with inferior results (Table 1, entry 

10). Finally, using 1.1 equivalents of B2pin2, compound 2a was 
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obtained with excellent stereocontrol but in only 60% yield 

(Table 1, entry 11).      

Table 1. Reaction Optimization
[a] 

 

Entry L* 
Change in other 

parameters 
dr

[b]
 er

[c]
 yield (%)

[d]
 

1
[a]

 L1 – 93:7 96:4 76 

2
[a]

 L2 – >98:2 94:6 93 

3
[a]

 L3 – >98:2 99:1 96 

4
[a]

 L4 – >98:2 96:4 90 

5
[a]

 L5 – 95:5 15:85 84 

6
[a]

 L6 – 90:10 82:18 81 

7 L3 using KOt-Bu 80:20 99:1 81 

8 L3 using NaOMe 80:20 98:2 44 

9 L3 using CuCl 94:6 98:2 90 

10 L3 5 mol% Cu(I) 90:10 95:5 70 

11 L3 1.1 equiv  B2pin2 >98:2 99:1 60 

[a] 
Reaction conditions: 1 (0.1 mmol), B2pin2 (0.20 mmol), NaOt-Bu (50 mol%), 

Cu(CH3CN)4PF6 (10 mol%), L (11 mol%), MeOH (0.2 mmol), THF (0.2 M). 
[b]

dr 

determined by 
1
H-NMR analysis.

 [c]
er determined by chiral SFC. 

[d] 
Yield of 

isolated 2a. 

 

With the optimal conditions in hand, we next explored the 

scope of the method (Table 2). When we applied the optimal 

conditions (Table 1, entry 3) to cyclobutane 1b (R = SBn) we 

observed the formation of 2b with excellent stereocontrol (dr ≥ 

98:2, er = 99:1) but low yield (22%, not shown in Table 2). We 

reasoned that the low yield could be due to coordination of the 

copper catalyst to the sulfur atoms and that this coordination 

could be minimized with a bulkier ligand. In fact, when we used 

(R)-DTBM-Segphos (L4) instead of L3, compound 2b was 

obtained with an improved 52% yield (Table 2, entry 2), 

maintaining the diastero- and enantioselective ratios. Compound 

2c, with two aromatic susbtituents, was also prepared in high 

yield and excellent stereoselectivity (Table 2, entry 3, dr ≥ 98:2, 

er = 99:1). Cyclobutenes 1d (R = Bn) and 1e (R = n-Pr), bearing 

alkyl groups with different steric hindrance, afforded 

cyclobutanes 2d and 2e as single diastereomers with 96:4 (entry 

4) and 97:3 (entry 5) er values respectively. We were also 

pleased to find that alkyl substituents with coordinating alkoxy 

groups did not alter the yield or the stereoselectivity of the 

reaction (Table 2, entry 6, dr ≥ 98:2, er = 97:3). 

 

 

 

 

 

Table 2. Substrate scope  

 

 

Entry
[a]

 1 2 dr
[c]

 er 
yield 

(%)
[b]

 

1 

  

≥98:2 99:1
[d]

 96 

2
[g]

 

  

≥98:2 99:1
[d]

 52 

3 

  

≥98:2 97:3
[d]

 70 

4
[h]

 

  

≥98:2 96:4
[e]

 91 

5
[h]

 

  

≥98:2 97:3
[e]

 85 

6
[h]

 

  

≥98:2 97:3
[e]

 93 

7
[h]

 

  

≥98:2 97:3
[e]

 78 

8
[h]

 

  

≥98:2 96:4
[e]

 95 

9 

  

≥98:2 96:4
[e]

 91 

10
[h]

 

  

≥98:2 97:3
[f]
 73 

11
[h]

 

  

≥98:2 97:3
[f]
 76 

12 

  

≥98:2 98:2 91 

      

[a]  
Reaction conditions: 1 (0.2 mmol), B2pin2 (0.4 mmol), NaOt-Bu (50 mol%), 

Cu(CH3CN)4PF6 (10 mol%), L (11 mol%), MeOH (0.4 mmol), THF (0.2 M). 
[b] 

Yield of isolated 2. 
[c] 

dr determined by 
1
H NMR analysis. 

[d] 
er determined by 

chiral SFC or HPLC. 
[e] 

er determined by chiral SFC or HPLC previous 

oxidation of the C-B bond. 
[f] 

er determined by SFC or HPLC previous 

benzoylation of the alcohol. 
[g]  

L4 was used instead of L3. 
[h] 

The reaction was 

carried out at –20 ºC.  
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We were then interested in testing the copper-catalyzed 

desymmetrization in bicyclic cyclobutenes (Table 2, 1g-1l). The 

catalytic system was robust for the preparation of [5.2.0] 

(compound 2g), [4.2.0] (compound 2h) and [3.2.0] bicycles  

(compounds 2i-2l). For all cases we observed high yields and 

nearly perfect diastereo- and enantioselectivities. Remarkably, 

the conditions are compatible with the presence of an 

unprotected ketone (compound 2i) that could also react under 

copper-catalyzed borylation conditions.[13] Diastereomeric 

cyclobutenes 1j and 1k afforded the desired boronic esters 2j 

and 2k with similar levels of stereocontrol. Additionally, the 

presence of a tertiary stereocenter (compound 2l) affected 

neither the diastereo- nor enantioselectivity. In these last three 

examples (2j-2l), enantiomerically enriched compounds with four 

stereocenters were obtained in a single step starting from meso 

precursors (1j-1l). 

 
Figure 1. Determination of the Absolute Configuration. 

 

The absolute configuration of the products was established 

from single crystal X-ray crystallography of p-bromobenzoates 3 

and 4, prepared from 2c and 2l by C-B bond oxidation followed 

by benzoylation (Figure 1).[14] The X-ray structures indicate that 

the C-B bond formation always takes place anti to the 

substituents in the cyclobutene ring and selectively through the 

re-face.  

To demonstrate the synthetic versatility of the products, we 

have converted them into a variety useful intermediates 

(Scheme 4). First, we were interested in the transformation of 

the pinacol ester moiety into trifluoroborate salts, which have 

been successfully used as partners in cross-coupling 

reactions.[15] Gratifyingly, boronic ester 2g was smoothly 

transformed into trifluoroborate salt 5 in good yield. We have 

also prepared enantiomerically enriched cyclobutanone 7 in 

three steps (protection-double oxidation) from boronic ester 2j. 

As shown is Scheme 4, bicycle [3.2.0] ketones such as 7 are 

versatile intermediates for the preparation of valuable 

compounds. Deprotection of the hydroxyl group in 7, followed by 

diastereoselective reduction of the carbonyl group afforded diol 

8. Compound 8 is the precursor of chiral ligand FlexiphosO,[16] 

which has been reported as a useful ligand in rhodium-catalyzed 

asymmetric hydrogenations[17] and palladium 1,6-diene 

cycloisomerizations.[18] It should be pointed out that our 

approach represents the first catalytic enantioselective synthesis 

of diol 8. [17a,18a] Additionally, ketone 7 can be transformed into 

Corey’s lactone[19] derivative 9 through a regioselective Baeyer-

Villiger oxidation.[20] The sequence described in Scheme 3 

represents a novel approach for the enantioselective synthesis 

of compound 9, which is an intermediate in the preparation of 

the HIV-1 protease inhibitor GRL-06579A.[21] 

 

Scheme 4. C-B bond functionalization. 

In summary, we have developed the first catalytic 

enantioselective synthesis of cyclobutylboronates, catalyzed by 

a chiral phosphine-copper(I) complex. The method provides 

access to a wide range of cyclobutylboronates, with three 

stereogenic centers, in high yields and with excellent 

stereocontrol. Functionalization of the C-B bond provides 

valuable synthetic intermediates. Moreover, this method 

constitutes the first report of an enantioselective 

desymmetrization of meso-cyclobutenes to prepare chiral 

cyclobutanes.  
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Benitez, E. Tkatchouk, W. A., III, Goddard, F. D. Toste J. Am. Chem. 

Soc. 2011, 133, 5500. h) G. Talavera, E. Reyes, J. L. Vicario, L. Carrillo 

Angew. Chem., Int. Ed. 2012, 51, 4104. i) Ł. Albrecht, G. Dickmeiss, F. 

Cruz-Acosta, C. Rodríguez-Escrich, R. L. Davis, K. A. Jørgensen J. Am. 

Chem. Soc. 2012, 134, 2543. j) S. Suárez-Pantiga, C. Hernández-Díaz, 
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Parra, A. López, F. Cruz-Acosta, D. Collado-Sanz, D. J. Cárdenas, M. 

Tortosa ACS. Catal. 2015, 6, 442.  

[9]      For recent stereoselective syntheses of racemic cyclobutylboronates, 

see: a) H. Ito, T. Toyoda, M. Sawamura J. Am. Chem. Soc. 2010, 132, 

5990. b) R. Murakami, K. Tsunoda, T. Iwai, M. Sawamura Chem. Eur. J. 

2014, 20, 13127. 

[10]    a) H.-W. Man, W. C. Hiscox, D. S. Matteson Org. Lett. 1999, 1, 379. b) 

S. C. Coote, T. Bach J. Am. Chem. Soc. 2013, 135, 14948. 

[11]    For recent examples of enantioselective copper-catalyzed borylation of 

non-polarized alkenes, see: a) H. Ito, Y. Kosaka, K. Nonoyama, Y. 

Sasaki, M. Sawamura Angew. Chem. Int. Ed. 2008, 47, 7424. b) Y. Lee, 

A. H. Hoveyda J. Am. Chem. Soc. 2009, 131, 3160. c) D. Noh, H. Chea, 

J. Ju, J. Yun Angew. Chem. Int. Ed. 2009, 48, 6062. d) C. Zhong, S. 

Kunii, Y. Kosaka, M. Sawamura, H. Ito, J. Am. Chem. Soc. 2010, 132, 

11440. e) R. Corberán, N. W. Mszar, A. H. Hoveyda Angew. Chem. Int. 

Ed. 2011, 50, 7079. f) D. Noh, S. K. Yoon, J. Won, L. Y. Lee, J. Yun, 

Chem. As. J. 2011, 6, 1967. g) R. Sakae, K. Hirano, T. Satoh, M. Miura 

Angew. Chem. Int. Ed. 2015, 54, 613.  (h) H. Lee, B. Y. Lee, J. Yun Org. 

Lett. 2015, 17, 764. 

[12]   Cyclobutene 1a was prepared in one step from commercially available 

cis-3,4-dichlorocyclobutene. See Supporting Information for details. 

[13]     M. L. McIntosh, C. M. Moore, T. B. Clark Org. Lett. 2010, 12, 1996. 

[14]  CCDC 1442992 and CCDC 1441995 contain the supplementary 

crystallographic data for 3 and 4 respectively. These data can be 

obtained free of charge at www.ccdc.cam.ac.uk/conts/retrieving.html. 

See supporting information for the synthesis of 3 and 4.  

[15]    G. A. Molander, P. E. Gormisky J. Org. Chem. 2008, 73, 7481. 

[16]   I. J. S. Fairlamb, S. Tommasi, B. E. Moulton, W. Zheng, Z. Lin, A. C. 

Whitwood Eur. J. Inorg. Chem. 2007, 3173.  

[17]   a) B. Adger, U. Berens, M. J. Griffiths, M. J. Kelly, R. McCague, J. A. 

Miller, C. F. Palmer, S. M. Roberts, R. Selke, U. Vitinius, G. Ward 

Chem. Comm. 1997, 1713. b) N. Derrien, C. B. Dousson, S. M. Roberts, 

U. Berens, M. J. Burk, M. Ohff Tetrahedron: Asymmetry 1999, 10, 3341. 

[18]   a) I. J. S. Fairlamb, S. Grant, A. C. Whitwood, J. Whitthall, A. S. 

Batsanov, J. C. Collings J. Organomet. Chem. 2005, 690, 4462. b) I. J. 

S. Fairlamb, S. Grant, S. Tommasi, J. M. Lynam, M.; Bandini, H. Dong, 

Z: Lin, A. C. Whitwood Adv. Synth. Catal. 2006, 348, 2515. 

[19]    E. J. Corey, N. M. Weinshenker, T. K. Schaaf, W. Huber, J. Am. Chem. 

Soc. 1969, 91, 5675.   

[20]    Compound 9 was obtained as a 9:1 mixture of regioisomers. The use of 

different conditions for the Baeyer-Villiger oxidation (m-CPBA, NaHCO3, 

–78 ºC) resulted in a 3:1 mixture of regioisomers.  

[21]    a) A. K. Ghosh, J. Takayama Tetrahedron Lett. 2008, 49, 3409.  

 

 

 

http://www.ccdc.cam.ac.uk/conts/retrieving.html


COMMUNICATION          

 

 

 

 

 

COMMUNICATION 

Squared Away: In this report, the first catalytic enantioselective synthesis of 

cyclobutylboronates, using a chiral copper(I) complex, is disclosed. A broad variety 
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enantiocontrol. Moreover, this method constitutes the first report of an 

enantioselective desymmetrization of meso-cyclobutenes to prepare chiral 
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