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Herein, copper-catalyzed 1,4-protosilylation and 1,4-protoborylation of enynic orthoesters have been de-
veloped. The enynic orthoesters as precursors of unstable enynic esters were applied to produce the func-
tionalized 2,3-allenoate products. Meanwhile, the asymmetric 1,4-protosilylation of enynic orthoesters
with PhMe,Si-Bpin was also studied. The chiral monopyridine imidazoline ligand was efficient to pro-
vide the asymmetric 1,4-protosilylation products with high enantioselectivity.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Allenyl fragments are often observed in natural products and
medically active compounds, which are increasingly used as build-
ing blocks for construction of complex organic molecules [1-
6]. Therefore, the synthesis of allenes has attracted continu-
ous attention [7-12]. Among the available methods, the catalytic
1,4-addition of nucleophiles to the electron-deficient conjugated
enynes has been recognized as an ideal pathway to access the al-
lenes due to their high reactivity [13,14]. However, the precise con-
trol of regioselective 1,4-addition [15-17,20-28] to avoid the com-
petitive 1,2-addition [15-19] and produce the valuable allene prod-
ucts is usually challenging (Scheme 1A). So far, the electron-biased
1,3-enynes including enynic ketones, 2-trifluoromethyl-1,3-enynes,
enynic amides, enynic esters, etc., have been applied to synthesize
the corresponding functionalized allene derivatives via nucleophilic
1,4-additions (Scheme 1A) [15-17,20-28]. Despite the distinguished
advances have been made in this area, the limited substrate scopes
of conjugated enynes and nucleophiles in reactions still remain a
large space to be expanded for synthesis of multi-functionalized
compounds.

It is worth noting that the 2,3-allenoates as building blocks
have been widely applied in a broad array of organic reactions in-
cluding Morita-Baylis-Hillman reactions [29-31], nucleophilic ad-
dition reactions [32-34], rearrangements [35], electrophilic addi-
tion reactions [3,36] and cycloadditions [37-39]. Therefore, so far,
some efficient catalytic methodologies have been reported to pre-
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pare this kind of compounds [40-45]. Among them, regioselec-
tive 1,4-addition to enynic esters is undoubtedly the most direct
way for synthesis of allenoates. Notably, in 2008, a base-catalyzed
racemic preparation of allenoates from enynic esters was reported
by Zhang, but the asymmetric catalytic version has not been ex-
plored [20]. Subsequently, in 2013, Sun and Zhang et al. developed
an elegant work on cinchona based thiourea-catalyzed asymmetric
nitroethylation of enynic esters. There only three aryl-substituted
enynic esters were investigated due to their poor stability [23]. The
relatively limited substrate scopes and poor stability of enynic es-
ters motivated us to develop a new protocol to address these is-
sues. It is well known that orthoester group can act as a good ester
group precursor because it is easily hydrolyzed under acidic con-
ditions. Combined our previous studies [46], we envisioned that
protosilylation-hydrolyzation reaction of enynic orthoesters in one-
pot would tackle this problem efficiently. Herein, we described
the results of copper-catalyzed 1,4-protosilylation-hydrolyzation
[47-50] and 1,4-protoborylation-hydrolyzation [51-54] of enynic
orthoesters in one-pot to synthesize the ester-substituted homoal-
lenylsilane and homoallenylboronate derivatives. Besides, the op-
tically pure ester-substituted homoallenylsilanes were obtained in
high yields with good enantioselectivity by using newly designed
chiral monopyridine imidazoline ligand.

Initially, the 1,4-protosilylation reaction was tested with using
enynic orthoester 1a and PhMe,Si-Bpin 2a as model substrates
(Table 1). The choice of base had a significant impact on yield. The
organic base such as Et3N or DMAP, only afforded trace amount of
product 3a with using 5 mol% CuBr as catalyst (entries 1 and 2).
It is worth noting that the yield of 3a could be enhanced to 40%
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Scheme 1. Regioselective addition of electron-deficient 1,3-enynes.

Copper catalyzed 1,4-protosilylation-hydrolyzation and 1,4-protoborylation-hydrolyzation of enynic orthoesters.?
1) [Cu] (5 mol%)
base (10 mol%)

O,

Meo A +  PhMe,Si—Bpin L* (6 mol%) _ H%.%OMe
MeQ' OMe A Ph (1.5 equiv.) solvent2(()).:3?;/2;;:6?«, 12h pH SiMe,Ph
1a 2a 3a
E F.C Ly: R =Ph; Pr FiC Pr
© S : | ~ ,R Ly R=4-OMe-CeHs: || \/ ’ =
N \ O, NZ q N L4: R = 4-CF3-CgHg; N
N\? N Ls: R = 2,4,6-(Me)3-CgHo;
% Le: R = 2,6-(Et),-CgHg;
/S Ly: R = 2,6-(Pr)y-CeHs
L
Entry [Cu] Base L* Solvent T ( °C) Yield (%) ee (%)°
1 CuBr EtsN / MeOH 25 trace /
2 CuBr DMAP / MeOH 25 10 /
3 CuBr Cs,C05 / MeOH 25 40 /
4 Cul Cs,CO5 / MeOH 25 63 /
5 CuCN Cs,C0; / MeOH 25 98/97¢ /
6° CuCN Cs,C05 / MeOH 25 92/95d /
7 Cul Cs,CO3 L, MeOH 25 98 55
8 cul Cs,C03 L, MeOH 25 98 66
9 cul Cs,C05 Ly MeOH 25 93 66
10 Cul Cs,CO3 Ly MeOH 25 91 60
11 Cul Cs,CO3 Ls MeOH 25 93 74
12 cul Cs,C03 Lg MeOH 25 94 74
13 Cul Cs,CO3 Ly MeOH 25 98 81
14 Cul Cs,CO5 Lg MeOH 25 79 74
15 cul Cs,C05 Lo MeOH 25 39 53
16 Cul Cs,CO3 L; MeOH -10 98 84
17 Cul EtsN Ly MeOH -10 76 83
18 Cul MeOK Ly MeOH -10 83 85
19 cul Na,CO3 Ly MeOH -10 99 86
20 CuBr Na,COs3 Ly MeOH -10 99 85
21 Cu,0 Na,CO3 L MeOH -10 929 87
22f Cu,0 Na,CO3 Ly CH3CN/MeOH (9:1) ~10 99 89
23f Cu,0 Na,CO3 L, CH3CN/MeOH (9:1) -15 98/954 90
24f Cu,0 Na,CO5 L, CH5CN/MeOH (9:1) -20 98 89
25f Cu,0 Na,COs L, CH3CN/MeOH (9:1) -30 92 85

2 Unless otherwise noted, the reaction was run under the following conditions: 1a (0.2 mmol), 2a (0.3 mmol), [Cu] (5 mol%), base (10 mol%), ligand (6 mol%) in 1.0mL
anhydrous solvent were stirred for 12 h at indicated temperature under argon atmosphere.

b Yield was determined by 'H NMR.

¢ The ee was determined by HPLC.
4 Isolated yield.

¢ 2b (0.22 mmol).

f

25mg 4 A molecular sieves was added to the reaction.
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when the reaction was performed in the presence of Cs,CO3 (entry
3). After screening different copper catalysts, it was found that the
yield of 3a could be increased to 97% when the 1,4-protosilylation
reaction was catalyzed by CuCN (entries 3-5). These results indi-
cates that good acid-base ion pair matching of CuCN may be the
reason for its high catalytic activity in this reaction [55]. To our
delight, under above-mentioned optimal conditions (entry 5), the
corresponding homoallenylboronate 4a was obtained in 95% iso-
lated yield (entry 6).

Subsequently, we investigated the synthesis of chiral ester-
substituted homoallenylsilanes. Inspired by our previous studies
on asymmetric protosilylation reaction [56,57], we embarked on
screening different chiral oxazoline ligands such as Box ligands, Py-
box ligands, etc. Fortunately, when L; was used, the desired prod-
uct 5a was obtained in 98% yield with 55% ee value (entry 7). To
avoid the strong background reaction, we attempted to improve
the coordination capacity of the ligand. Because the nitrogen atom
is a better 7w electron donor than oxygen atom, we replaced the
oxazoline moiety with imidazole fragment [58-59]. As expected,
when L, was applied as ligand, the ee value of 5a was enhanced
to 66% (entry 8). Next, we adjusted the electronic and steric ef-
fect by modifying the substituent (R) on the nitrogen atom of im-
idazole fragment. It was found that Lz with an electron-donating
group (4-OMe) on the phenyl ring had little effect on the reaction
(entry 9), but the introduction of -CF; group on the phenyl ring
lowered the ee value to 60% (entry 10). We also found that increas-
ing the steric hindrance of R group could improve the product’s
enantioselectivity significantly (entries 11-13). The ligand L; with
larger steric hindrance could increase the ee value of product to
81%. However, removing the trifluoromethyl group from the pyri-
dine ring resulted in decreased yield and enantioselectivity (entry
14). More bulky tert-butyl substituted monopyridine imidazoline
ligand (Lg) also afforded lower enantioselectivity possibly due to
its inhibition for the coordination between ligand and copper atom
(entry 15).

After screening different bases and copper catalysts, the results
showed that Na,CO3 and Cu,0 were the optimal choice for this re-
action (entries 16-21). Gratifyingly, the desired chiral allene com-
pound 5a was obtained in 95% yield with 90% ee when the reac-
tion was performed in CH3CN/MeOH (9:1) at —15 °C (entry 23).
Further elevating or lowering the reaction temperature resulted in
a lower ee value (entries 22-25). Unfortunately, when the reaction
was performed with bis(pinacolato)diboron 2b under the optimal
conditions, the corresponding chiral product was obtained only in
49% yield and with poor enantioselectivity (26% ee).

Having established the conditions for the racemic 1,4-
protosilylation of enynic orthoesters, the substrate scope of enynic
orthoesters was investigated (Scheme 2). Generally, different aryl-
substituted substrates were compatible in this reaction. The results
indicated that the substrates with electron-donating or electron-
withdrawing group on phenyl ring all could provide the desired
products in good yields. Additionally, other enynic orthoesters
bearing naphthyl (1j), thienyl (1k) or halogen-substituted phenyl
ring (1b, 1c) also could be well tolerated in this reaction. When the
quinolone-substituted substrate 11 was applied to the reaction, the
product 31 was formed only in moderate yield. Furthermore, we
tried the racemic 1,4-protoborylation and hydrolyzation of differ-
ent enynic orthoesters with bis(pinacolato)diboron 2b (Scheme 3).
Similarly, the enynic orthoesters above could afford the corre-
sponding 1,4-protoborylation products in moderate to high yields
under the optimized reaction conditions.

Subsequently, we examined the substrate compatibility of the
asymmetric 1,4-protosilylation-hydrolyzation of enynic orthoesters
(Scheme 4). In general, the enynic orthoesters with electron-
donating goups (Me, OMe, ‘Bu, 3,4-Me;) on the phenyl ring were
suitable substrates and gave the corresponding products in high

MeO. + . .
PhMe,Si—Bpin
Meok =
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Scheme 2. Substrate scope of 1,4-protosilylation-hydrolyzation of enynic or-
thoesters. Unless otherwise noted, reaction was run under the following reaction
condition: 1a (0.2 mmol), 2a (0.3 mmol), CuCN (5 mol%), Cs,CO3 (10 mol%) in 1.0 mL

anhydrous MeOH at 25 °C for 12 h under argon atmosphere, isolated yield.
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Scheme 3. Substrate scope of 1,4-protoborylation-hydrolyzation of enynic or-
thoesters. Unless otherwise noted, reaction was run under the following reaction
condition: 1a (0.2mmol), 2b (0.22 mmol), CuCN (5 mol%), Cs,CO3 (10 mol%) in
1.0mL anhydrous MeOH at 25°C for 12h under argon atmosphere. Isolated yield.
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Scheme 4. Substrate scope of asymmetric 1,4-protosilylation-hydrolyzation of
enynic orthoesters. Unless otherwise noted, the reaction was run under the fol-
lowing condition: 1a (0.2 mmol), 2a (0.3 mmol), Cu,0 (5 mol%), Na,CO3; (10 mol%),
L, (6 mol%) and 4A molecular sieves (0.0250g) were stirred in 1.0mL anhydrous
CH3CN/MeOH (9:1) at —15°C for 12h under argon atmosphere. Isolated yield and
the ee was determined by HPLC.

yields and with good enantioselectivities. Similarly, the products
containing halogen atoms on the phenyl ring were also obtained
in good yields and with slightly lower ee values (5b, 5c). More-
over, 1-naphthyl and 3-thienyl substituted enynic orthoester sub-
strates could react smoothly under the optimal conditions and fur-
nished the corresponding chiral homoallenylsilanes in high yields
and with good ee values (5h, 5i).

The gram-scaled synthesis of the racemic homoallenylsilane
3a, homoallenylboronate 4a and enantioenriched homoallenylsi-
lane 5a were carried out smoothly without diminishing efficiency
(Scheme 5A). To show the synthetic utility of this method, di-
verse transformations of the products were tested (Scheme 5B).
Interestingly, the allenyl fragments of products 3a and 4a could
further react with PhMe,Si-Bpin under the above-established
optimized reaction conditions to produce the corresponding prod-
ucts 6a and 7a in high yields. Remarkably, as a kind of use-
ful intermediates in organic synthesis, the 2,3-allenoates can pro-
ceed a variety of transformations. For example, in the presence
of CuBr,, the allenoate 3a underwent a five-membered cycliza-
tion reaction to afford the multi-substituted lactone 8a. Treatment
of product 3a with sodium hydroxide could generate the trisub-
stituted allenyl acid 9a in a high yield. Furthermore, the trans-
formation of axial chiral 5a to central chiral product 10a was
achieved without erosion of the enantioselectivity. The reduction
of 5a with DIBAL-H could also provide the enantioenriched al-
lenol 11a with retention of the enantioselectivity. Additionally, a
Pd-catalyzed coupling reaction of homoallenylboronate 4a with
iodobenzene was performed. The corresponding coupling product
12a was obtained in a high yield with excellent stereoselectivity.
The homoallenyl alcohol 13a was formed in good yield via an ox-
idation of 4a with using H,0,. Subsequently, 13a was converted
to the cyclic product 2,5-dihydrofuran 14a in 93% yield catalyzed
by Ph3PAuN(Tf),. Finally, the absolute configuration of the 2,3-
allenoate 5j was assigned as R [60], on the basis of the absolute
configuration of (S)—10b determined by an X-ray diffraction analy-
sis (CCDC: 2225813) (Scheme 6).
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Scheme 5. Gram-scaled synthesis of allene compounds and their derivatization.
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Scheme 6. lodolactonization of the 2,3-allenoate (R)-5j.

In conclusion, we have developed a practical strategy for
the preparation of allenoate derivatives via copper-catalyzed
1,4-protosilylaiton-hydrolyzation and 1,4-protoborylation-
hydrolyzation reaction of enynic orthoesters in one-pot. The
derivatizations of allenoate products were conducted, which
demonstrated their potential utility in organic synthesis. Moreover,
this work disclosed an efficient method to produce the func-
tionalized enantioenriched homoallenylsilanes. The monopyridine
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imidazoline ligand was suitable for this asymmetric reaction to
offer high reactivity and enantioselectivity.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgments

We gratefully acknowledge the funding support of the National
Natural Science Foundation of China (No. 21871240), the Strate-
gic Priority Research Program of the CAS (No. XDPB14) and the
Fundamental Research Funds for the Central Universities (No.
WK2060190082).

References

[1] A. Hoffmann-Réder, N. Krause, Angew. Chem. Int. Ed. 43 (2004) 1196-1216.
[2] S. Ma, Chem. Rev. 105 (2005) 2829-2872.
[3] S. Ma, Acc. Chem. Res. 42 (2009) 1679-1688.
[4] S. Yu, S. Ma, Angew. Chem. Int. Ed. 51 (2012) 3074-3112.
[5] R. Zimmer, H.U. Reissig, Chem. Soc. Rev. 43 (2014) 2888-2903.
[6] J.M. Alonso, P. Almendros, Chem. Rev. 121 (2021) 4193-4252.
[7] KM. Brummond, J.E. DeForrest, Synthesis 6 (2007) 795-818.
[8] S. Yu, S. Ma, Chem. Commun. 47 (2011) 5384-5418.
[9] RK. Neff, D.E. Frantz, ACS Catal. 4 (2014) 519-528.
[10] J. Ye, S. Ma, Org. Chem. Front. 1 (2014) 1210-1224.
[11] W.D. Chu, Y. Zhang, ]J. Wang, Catal. Sci. Technol. 7 (2017) 4570-4579.
[12] X. Huang, S. Ma, Acc. Chem. Res. 52 (2019) 1301-1312.
[13] X. Bao, ]. Ren, Y. Yang, et al., Org. Biomol. Chem. 18 (2020) 7977-7986.
[14] A. Sharma, K. Nagaraju, G.A. Rao, R. Gurubrahamam, K. Chen, Asian ]. Org.
Chem. 10 (2021) 1567-1579.
[15] H. Cheng, X. Zhou, A. Hu, et al., RSC Adv. 8 (2018) 34088-34093.
[16] Z. Kuang, H. Chen, J. Qiu, et al., Chem 6 (2020) 2347-2363.
[17] J.L. Li, C. Liu, J.J. He, et al., Org. Chem. Front. 7 (2020) 1495-1501.
[18] S. Xu, Y. Deng, J. He, et al., Org. Lett. 23 (2021) 5853-5858.
[19] SJ. Chen, G.S. Chen, T. Deng, et al., Org. Lett. 24 (2022) 702-707.
[20] X. Yu, H. Ren, Y. Xiao, ]. Zhang, Chem. Eur. ]. 14 (2008) 8481-8485.
[21] Y. Xiao, ]. Zhang, Chem. Commun. 46 (2010) 752-754.

Chinese Chemical Letters 34 (2023) 108150

[22] X. Yu, . Zhang, Adv. Synth. Catal. 353 (2011) 1265-1268.

[23] H. Qian, X. Yu, ]J. Zhang, J. Sun, J. Am. Chem. Soc. 135 (2013) 18020-18023.

[24] Q. Yao, Y. Liao, L. Lin, et al., Angew. Chem. Int. Ed. 55 (2016) 1859-1863.

[25] PH. Poulsen, Y. Li, V.H. Lauridsen, et al., Angew. Chem. Int. Ed. 57 (2018)
10661-10665.

[26] Z.G. Ma, J.L. Wei, ].B. Lin, et al,, Org. Lett. 21 (2019) 2468-2472.

[27] J. Wang, S. Zheng, S. Rajkumar, et al., Nat. Commun. 11 (2020) 5527.

[28] C. Yang, Z.L. Liu, D.T. Daj, et al., Org. Lett. 22 (2020) 1360-1367.

[29] BJ. Cowen, L.B. Saunders, S.J. Miller, J. Am. Chem. Soc. 131 (2009) 6105-6107.

[30] X.Y. Guan, Y. Wei, M. Shi, ]J. Org. Chem. 74 (2009) 6343-6346.

[31] B.S. Santos, A.L. Cardoso, A.M. Beja, et al., Eur. ]. Org. Chem. (2010) 3249-3256.

[32] Y. Li, H. Zou, J. Gong, et al., Org. Lett. 9 (2007) 4057-4060.

[33] G. Chai, S. Wu, C. Fu, S. Ma, J. Am. Chem. Soc. 133 (2011) 3740-3743.

[34] TJ. Martin, V.G. Vakhshori, Y.S. Tran, O. Kwon, Org. Lett. 13 (2011) 2586-
2589.

[35] T.H. Lambert, D.W.C. MacMillan, J. Am. Chem. Soc. 124 (2002) 13646-13647.

[36] P. de March, ]. Font, A. Gracia, Q. Zheng, ]. Org. Chem. 60 (1995) 1814-1822.

[37] H. Guo, Q. Xu, O. Kwon, J. Am. Chem. Soc. 131 (2009) 6318-6319.

[38] Q. Zhang, L. Yang, X. Tong, J. Am. Chem. Soc. 132 (2010) 2550-2551.

[39] Y. Fujiwara, G.C. Fu, J. Am. Chem. Soc. 133 (2011) 12293-12297.

[40] J. Yamazaki, T. Watanabe, K. Tanaka, Tetrahedron Asymmetry 12 (2001)
669-675.

[41] CY. Li, X.B. Wang, X.L. Sun, et al., ]. Am. Chem. Soc. 129 (2007) 1494-1495.

[42] H. Liu, D. Leow, KW. Huang, C.H. Tan, J. Am. Chem. Soc. 131 (2009) 7212-7213.

[43] M. Hassink, X. Liu, ].M. Fox, Org. Lett. 13 (2011) 2388-2391.

[44] LT. Crouch, R.K. Neff, D.E. Frantz, J. Am. Chem. Soc. 135 (2013) 4970-4973.

[45] Y. Wang, W. Zhang, S. Ma, J. Am. Chem. Soc. 135 (2013) 11517-11520.

[46] D.T. Dai, J.L. Xu, Z.Y. Chen, Z.L. Wang, Y.H. Xu, Org. Lett. 23 (2021) 1898-1903.

[47] T. Ohmura, M. Suginome, Bull. Chem. Soc. Jpn. 82 (2009) 29-49.

[48] M. Oestreich, E. Hartmann, M. Mewald, Chem. Rev. 113 (2013) 402-441.

[49] A.H. Hoveyda, H. Wu, S. Radomkit, E. Vedejs, S.E. Denmark, Activation of B-B
and B-Si bonds and synthesis of organoboron and organosilicon compounds
through lewis base-catalyzed transformations (n—n*), Lewis Base Catalysis in
Organic Chemistry, Vol. 3, Wiley-VCH, Weinheim, Germany, 2016.

[50] ]JJ. Feng, W. Mao, L. Zhang, M. Oestreich, Chem. Soc. Rev. 50 (2021) 2010-2073.

[51] S.K. Bose, L. Mao, L. Kuehn, et al., Chem. Rev. 121 (2021) 13238-13341.

[52] J. Hu, M. Ferger, Z. Shi, T.B. Marder, Chem. Soc. Rev. 50 (2021) 13129-13188.

[53] H. Ito, S. Kunii, M. Sawamura, Nat. Chem. 2 (2010) 972-976.

[54] K.B. Smith, KM. Logan, W. You, M.K. Brown, Chem. Eur. ]J. 20 (2014)
12032-12036.

[55] J.Z. Zhou, At. Energy Sci. Technol. 6 (1980) 670-678.

[56] M. Wang, Z.L. Liu, X. Zhang, et al., ]. Am. Chem. Soc. 137 (2015) 14830-14833.

[57] Z.L. Liy, C. Yang, Q.Y. Xue, et al., Angew. Chem. Int. Ed. 58 (2019) 16538-16542.

[58] B. Su, T. Lee, J.F. Hartwig, J. Am. Chem. Soc. 140 (2018) 18032-18038.

[59] X. Wu, J. Qu, Y. Chen, J. Am. Chem. Soc. 142 (2020) 15654-15660.

[60] Y. Wang, S. Ma, Adv. Synth. Catal. 355 (2013) 741-750.





