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Copper-catalyzed remote double functionalization

Yulong Song, Chunling Fu, Jian Zheng @ * and Shengming Ma ©*

Addition reactions of molecules with conjugated or non-conjugated multiple unsaturated C-C bonds are

very attractive yet challenging due to the versatile issues of chemo-, regio-, and stereo-selectivities.
Especially for the readily available conjugated allenyne compounds, the reactivities have not been
explored. The first example of copper-catalyzed 2,5-hydrofunctionalization and 2,5-difunctionalization
of allenynes, which provides a facile access to versatile conjugated vinylic allenes with a C-B or C-Si
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bond, has been developed. This mild protocol has a broad substrate scope tolerating many synthetically

useful functional groups. Due to the highly functionalized nature of the products, they have been
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rsc.li/chemical-science

Unsaturated hydrocarbons are a class of very important
compounds due to their ubiquity in organic synthesis, natural
products, materials, and pharmaceutics.'* Of particular
interest, studies on versatile reactivities of C-C multiple bonds
have been drawing more and more attention from organic,
medicinal, and materials chemists.>”” The reactions of the C-C
double bond and C-C triple bond, including hydro-
functionalization and difunctionalization reactions, have been
extensively developed with attractive regio- and stereo-selec-
tivity (Schemes 1A and B).*** Recently, the addition reactions of
allenes, which deliver stereodefined olefins with decent regio-
selectivities, have also been established (Scheme 1C).***** Such
reactions of molecules with multiple unsaturated C-C bonds
are very attractive yet challenging due to the versatile issues of
chemo-, regio-, and stereo-selectivities (Scheme 1D).*"*
Although conjugated enynes and dienes have been studied,***
the reaction of allenynes merging an alkyne unit and an allene
unit in a conjugated manner has not been studied.®** It would
be challenging to control the related selectivities forming
different 1,2-, 2,3-, 2,5-, 4,5-addition products with different
unsaturated C-C bonds (Scheme 1E). Herein, we wish to
disclose our recent observation on copper-catalyzed highly
regioselective 2,5-boryl- and silyl-cupration of readily available
conjugated allene-ynes for efficient synthesis of conjugated
vinylic allenes with a versatile C-B or C-Si bond (Scheme 1F).
We initiated the study with the reaction of allenyne 1a7%
and B,(pin), 2a in the presence of MeOH with NaO‘Bu as the

Laboratory of Molecular Recognition and Synthesis, Department of Chemistry,
Zhejiang University, Hangzhou 310027, Zhejiang, People's Republic of China.
E-mail: zhengj88@zju.edu.cn; masm@sioc.ac.cn

T Electronic supplementary information (ESI) available. As well as CCDC 2085439
and 2119437 available. For ESI and crystallographic data in CIF or other electronic
format see DOI: https://doi.org/10.1039/d45c00034;j

© 2024 The Author(s). Published by the Royal Society of Chemistry

demonstrated as platform molecules for the efficient syntheses of monocyclic products including poly-
substituted benzenes, bicyclic compounds, and highly functionalized allene molecules.
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Scheme 1 Double functionalization of alkynes, alkenes, allenes, and
conjugated allene-ynes.

Chem. Sci., 2024,15, 7789-7794 | 7789


http://crossmark.crossref.org/dialog/?doi=10.1039/d4sc00034j&domain=pdf&date_stamp=2024-05-18
http://orcid.org/0000-0002-4698-3407
http://orcid.org/0000-0002-2866-2431
https://doi.org/10.1039/d4sc00034j
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc00034j
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC015020

Open Access Article. Published on 20 April 2024. Downloaded on 1/20/2026 4:32:05 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

base and CuCl (5 mol%) and Biphep (L;) (6 mol%) as the catalyst
at 30 °C in THF for 16 h. To our delight, the 2,5-addition product,
1,3,4-trienyl boronate 3aa, was formed in 33% yield with 3% yield
of the 2,3-addition product, 1,4-enyne 3aa’ (entry 1, Table 1). Upon
adjusting the ratio of 1a/2a to 1/1, a much higher yield of the
desired product 3aa was achieved (entries 2-5, Table 1). When the
reaction was conducted at 15 °C, the yield of 3aa was improved to
85% with 5% yield of 3aa’ (entry 6, Table 1). Interestingly, when
MeOH was replaced with ‘BuOH, the generation of 3aa’ was
completely suppressed with 43% yield of 2,5-double functionali-
zation product 3aa (entry 9, Table 1). Further screening of the
ligand and [Cu] with ‘BuOH led to the observation that the
combination of Binap (L,) and Cu(CH3;CN),PFs was better than
that with Biphep and CuCl as the catalyst with the yield of 86%
with 4% recovery of 1a (entries 10-11, Table 1). Upon adjusting
the ratio of 1a/2a to 1/1.05, the reaction delivered the best results
affording 3aa in 87% yield with no recovery of 1a and no forma-
tion of 3aa’ (entry 12, Table 1).

With the optimized reaction conditions in hand (entry 12,
Table 1), we next investigated the reactivity of various allenynes
(Table 2). A series of allenynes bearing different R" substituents
incorporating functional groups, such as ester (3aa), highly
strained cyclopropyl (3ca), benzyl (3da), halide (3ea), and nitrile
(3ga) were all tolerated with the yields of 77-97%. In addition,
the substrate with the OH group being protected as TBS ether
also could undergo the reaction smoothly with the yield of 80%
(3fa). Even the glucose-derived allenyne also afforded the boryl-
substituted 1,3,4-triene 3ha with the yield of 65%. R' may also
be aryl groups; a variety of different substituents on the aryl
units including electron-donating (3ja and 3ka) and electron-

Table 1 Optimization of the conditions®

Meo,C Bpin |

H
n-CaH Cul (5 mol%) \/\/\& : O OO
o L (6 mol%) 322 nCsHi i phgp PPh,
B — + :
MeO,C. Z M 22‘;'"2 NaO'Bu (20 mol%) o | PPh, Ph,P
1a xoniy ROH(2eauy)  Me0,C P
: -

THF, T, t
: L
3aa’ n-CsHyy |

Entry ROH X T(°C) t(h) a (%)  3aa/3aa’ (%)°
1 MeOH 2.0 30 16 0 33/3
2 MeOH 1.5 30 16 0 51/6
3 MeOH 1.2 30 155 0 62/7
4 MeOH 1.1 30 155 0 73/6
5 MeOH 1.0 30 155 0 80/6
6 MeOH 1.0 15 5.5 5 85/5
7 MeOH 1.0 40 5.5 4 80/4
8 MeOH 1.0 50 5 4 71/3
9 ‘BuOH 1.0 15 16 35 43/0
10° ‘BuOH 1.0 15 13 10 83/0
114 ‘BuOH 1.0 15 1 4 86/0
1254 ‘BUuOH  1.05 15 1 0 87/0

¢ Reaction conditions: 1a (0.2 mmol), 2a (X equiv.), CuCl (5 mol%),
Biphep & (6 mol%), NaO‘Bu (20 mol%), and ROH (2 equiv.) in THF
(1 mL). ” Determined by "H NMR ana1y51s of the crude product using
me51tylene as the internal standard.  Binap (L,) was applied instead
of Biphep (L,). ¥ Cu(CH;CN),PF; was applied instead of CuCl.
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Table 2 Scope of 2,5-hydrofunctionalization

Bpin—Bpin i
R? 2a Cu(CH3CN),4PF (5 mol%) H -
1.05 equiv L, (6 mol%) 1/\/gor [SI]:
R ! PPh.
S * or NaO'Bu (20 mol%) ! L phap 2
R 1 Me, ~ 1B4OH (2 equiv), THF, 15°C R L2
1 mmol Ph—Si-Bpin 3ors :
Me 42 '
__________________________ 15equv ... BB "
Me0,C Bpin Bpin Bpin Bpin
n-C4Hg’
n-CsHiy n-CsHiy n-CsHyy n-CsHi

3aa, 1.5 h, 81%°
4-mmol scale:
1.5h,1.1921 g, 82%*

3ba, 1.5 h, 77%2 3ca, 1.0 h, 78%° 3da, 1.0 h, 80%°

MeO.C co,Me

Bpin Bpin Bpin H
Bpin
N TBSO. AcO P
AcO

n-CsHyy n-CsHyy n-CgHyy n-CsHyy
3ea, 1.5 h, 75%° 3fa, 1.0 h, 80%° 3ga, 1.5h, 97%" 3ha, 4.0 h, 65%, dr = 1/12

H
NC n-CsHiy

3ra, 2.0 h, 72%"

R = para-Me, 3ja, 1.7 h, 87%°

R = para-OMe, 3ka, 1.0 h, 73%?
R = para-F, 3la, 1.5 h, 86%"

R = para-Cl, 3ma, 1.0 h, 76%?

R = meta-Cl, 3na, 2.0 h, 76%°
R = ortho-Cl, 30a, 2.0 h, 64%°

R = para-Br, 3pa, 2.0 h, 85%?

R = para-CF3, 3qa, 1.3 h, 75%?

Bpin pin B
W W Ve00 ' weos CV\/BQ
MeO,C n-CgHqy O2N n-CsHyq

3C|

Bpin

H
H
Bpin
Ph BN
R
n-CsHqq = P-CaHiy

3ia, 1.5 h, 71%°

3ua/3ua’ = 96/4, 3va/3va’ = 95/5
3sa, 3.5, 83%7 3ta, 3.0 h, 48%" '
: @ 0 20h, 76%2¢ 25h, 53%2°
————————————————————————————————————————————————— [Si-B] --- === === o= oo mmemo s
~, ‘ / ~, ‘ /
MeO,C S' Sl Si Si
n-C4Hg
n-CsHyy n-CsHyy n-CsHys n-CsHyq
5aa, 3.0 h, 74%° 5ba, 2.0 h, 75%° Sea, 2.5 h, 78%° 5ga, 2.5 h, 70%°
Ph
~ 5 / \SI/
A Si
G W
ol
W n-CsHyy n- C5H11
n-CsHys ’
5ka, 2.0 h, 75%° Sma, 25 h, 76%* 5pa, 3.5 h, 79%°
@ 20h, 5% CCDC: 2085439 \' pa, 4
Ph Ph
Ho N~ Hnge oo

MeO'

/\/1 MeO,C Si
’ A
N

5ra, 3.0 h, 66%° 5ua, 3.0h,61%%" Cl 5ya, 13.0 h, 71%° Ph

? Reaction conditions: 1, 2a (1.05 equiv.), ‘BuOH (2.0 equiv.),
Cu(CH;CN),PF¢ (5 mol%), Binap (Lz) (6 mol%) and NaO‘Bu in THF (5
mL) at 15 °C on a 1.0 mmol scale. ” 1.1 equiv. 2a was used. ° Reaction
conditions: 1 (1 equiv.), 4a (1.5 equiv.), ‘BuOH (2.0 equiv.),
Cu(CH3CN),PF, (5 mol%), Binap (6 mol%) and NaO‘Bu in THF (5 mL)
at 15 °C on a 1.0 mmol scale. ?3ua’ is 2-(3-(3-chloropropyl)-9-
methoxy-9-oxonon -1-en-4-yn-2-yl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane. ¢ 3va’ is 2-(3 benzyl -9-methoxy-9-oxonon-1-en-4-yn-2-yl)-
4,4,5,5-tetramethyl-1,3,2-dioxaborolane.’ On a 0.5 mmol scale.

withdrawing groups as well as biologically or synthetically
useful groups such as F, Cl, Br, CF;, CN, and COOMe at the para-
, ortho-, or meta-position (3la-3sa) were accommodated to afford
the 1,3,4-trien-2-yl boronates in moderate to good yields (64-
87%). p-NO, on the benzene ring also survived with 48% yield of
3ta. Different R* groups bearing halide (3ua, 76%) and benzyl
(3va, 53%) were tolerated.

Furthermore, B,(pin), 2a may be replaced with Me,PhSiBpin
4a. The corresponding 1,3,4-trien-2-yl silanes bearing different
R' functional groups, such as ester (5aa), halide (5ea), and
nitrile (5ga), were obtained in yields of 70-78%. In addition,
synthetically versatile p-OMe (5ka), -Cl (5ma), -Br (5pa), and -CN
(5ra) on the benzene ring also survived with the yields of 66—

© 2024 The Author(s). Published by the Royal Society of Chemistry
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79%. As for different substitutions at the R* position, 1u (R* =
CIC;H,-) and 1y (R* = PhC,H,-) were tested to afford the cor-
responding silane products 5ua in 61% yield and 5ya in 71%
yield, respectively.

In addition, trisubstituted allenyne (1w) and tetrasubstituted
allenyne (1x) are also suitable for affording the corresponding Z-
and E-isomers of 1,3,4-trienyl boronates 3wa in 68% yield and
3xa in 68% yield. Furthermore, the reaction of 1w also works
with Me,PhSiBpin 4a affording 1,3,4-trien-2-yl silanes E-5wa in
75% yield (Scheme 2). When we tried iodobenzene as the elec-
trophile under standard conditions, the target arylborylation
product 7aa was not produced. Interestingly, 7aa was formed
when an extra catalytic amount of Pd(dba), was introduced
(Table 3). Further screening of the temperature and ligand led
to the formation of 7aa in 53% yield. Aryl iodides with different
electron-donating or -withdrawing groups afforded 7ab, 7ac,
7ad, 7ae, and 7af in 42-51% yields. Allenynes with different
alkyl substituents (R*> = n-C¢H;3-, AcOC,Hg-) also afforded the
desired products 7ya and 7za (Table 3). 2,5-Hydro-
functionalization byproducts 3 were observed in all the cases,
indicating that the Cu-catalyzed borylation reaction occurred
before the Pd cross-coupling reaction with Arl.

To gain insight into the mechanism, a deuterium-labelling
experiment was conducted. When the reaction was performed
with a stoichiometric amount of ‘BuOD, 70% of [D]-3aa with
75% deuterium incorporation at the allenic position was
observed (Scheme 3A). When the R' group in 17’ is a highly
sterically hindered TMS group, the reaction failed to afford the
1,3,4-trienes. Instead, 1,4-enyne [D]-3za’ with 66% deuterium
incorporation was formed, indicating that the steric hindrance
of TMS plays a critical role in determining the regioselectivity
(Scheme 3B). On the basis of these experimental data, we
proposed a possible mechanism (Scheme 3C). Initially, the
copper-boryl complex I is generated in situ via the reaction of
B,(pin), with the Cu precursor. Then, the C=C bond in the
allene next to the C-C triple bond highly regioselectively
inserted into the copper-boryl bond in I with the boron con-
nected to the middle carbon atom to afford the propargylic
copper species II, which would rapidly isomerize to allenyl
copper species III and subsequently get trapped with ‘BuOD to

Bpin

MeO,C 2 cn,
n-C4Hg Cu(CHZCN)4PFg (5 mol%) n-C4Hg
Binap (6 mol%) E-3wa, 40% (46% by NMR)
P H + Bypin +
MeO,C. = zp 2 NaO'Bu (20 mol%)
CHy a (BUOH (2 equiv) H Bpi
w 1.05 equiv THF, 2.0 h, 15°C MeO.C o
,20h, I
n-C4Hg  CHs
Z-3wa, 28% (32% by NMR)
1-CyHo Cu(CH;CN),PFg (5 mol%) .
s B Binap (6 mol%) MeO,C Bpin
MeO,C Z s+ 22"‘"7 NaO'Bu (20 mol%) NCHs
a P N
CH, 'BUOH (2 equiv) n-C4Hg CH.
1x 1.05 equiv 479 3
q THF, 4.0 h, 15°C 3xa, 68%
1-CaHo CU(CH;CN),PFg (5 mol%)
Binap (6 mol%) MeO,C SiPhMe,
MeO,C Z CHs + Bpin=SiPhMe, - Bu (20 mol%) N
4a ‘BUOH (2 equiv) n-CqHy  CHj
1w 1.5 equiv THF, 3.0 h, 15°C

E-5wa, 75%

Scheme 2 Scope of trisubstituted and tetrasubstituted allenynes
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Table 3 Scope of 2,5-arylboration®

Cu(CH;CN)4PF¢ (7.5 mol%)

R2 Pd(dba), (5 mol%) Ar Boin
A dppf (12.5 mol%) ; Pl
+ —Bpin  + Al
. Z B"‘rz‘ Bpin . NaO'Bu (2 equiv) R
R a o Rz
1,0.1 mmol 14equv  1dequy  THHT0°C
P o
i B
MeO;CN MeOLC Bpin  MeO,C. PN Meo,C. Spin
n-CsHyq h-CeHis n-CsHyq n-CsHyq
7aa, 5 h, 53% (7%)° 7ab, 5 h, 51% (7%)° 7ac, 8 h, 47% (7%)° 7ad, 6.5 h, 42% (5%)°
OMe
N T eoin ™ spin
Pin CeHy:
MeO,C o ACO
1e0.C Bpin €0, W
n-CsHas n-CsHyy

n-CgH.
n-CaHyy e

Tae, 7h, 47% (8%)° 7af, 6 h, 49% (4%)° Tya, 5 h, 44% (6%)° 7za, 5 h, 46% (6%)°

¢ Reaction conditions: 1 (0.1 mmol), 2a (1.4 equiv.), 6 (1.4 equiv.),
Cu(CH3CN)4PF6 (7.5 mol%), Pd(dba), (5 mol%), dppf (12.5 mol%),
and NaO‘Bu (2 equiv.) in THF (1 mL) at 70 °C on a 0.1 mmol scale.

'H NMR yield of 2,5-hydroboration by-products 3aa, 3ya, and 3za in
parentheses.

produce the final product [D]-3, regenerating LCuO‘Bu to
complete this catalytic cycle. Meanwhile, protonation of
another isomeric form II at the vy position would also afford
product [D]-3. When the R group is the sterically bulky TMS
group, Il would directly undergo protonolysis to form 1,4-enyne
[D]-3za’. In the first step, the allene was inserted into the
copper-boryl bond in intermediate I since the allene unit is
more reactive than the alkyne unit. The regioselectivity for the
protonolysis depended on the steric hindrance of the R" group
in copper species II or III.

In order to showcase the synthetic utility of the products,
further transformations of the 1,3,4-trien-2-yl boronates/silanes
were demonstrated (Scheme 4): The one-pot sequential 2,5-

(A) Deuteration experiment
75% D
-CgHry CU(CH,CN),PFs (5 mol%) oty
Binap (6 mol% Bpin
+  Boping b { %) MeO,C P
2a
1a 1.05 equiv

NaO'Bu (20 mol%)
'BUOD (2 equiv)
THF, 25h, 15°C

MeO,C Z

1-CeHiy
[D}-3aa, 70%

(B) Reaction with allenyne bearing TMS group
66% D

n-CsHyy CU(CHICN)PFs (5MOI%)  1yue —  gpin
Binap (6 mol%) S D
P + Bpinp ——————— = N
S 3 NaO'Bu (20 mol%)
" a t ¥
12 1.05 equiv BuOD (2 equiv) n-CsHyy

THF, 1.0 h, 15°C [D}-3za", 50%

(C) The proposed mechanism.

BpinO'Bu

L[Cu] Bpin
Bopin;
2a
%

L[Cu]O'Bu

Bpin R! Bpin
R' = large group \A
L(Cul R7 D R?
¥

’BuOD ’EuOD

[} 3
[CulL Bpm

'BuOD
n R

Scheme 3 Deuteration experiment and the proposed mechanism.
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(A) One-pot synthesis of bicyclic compounds bearing an indole unit.

= w2 standard conditons 0~ 0~ O
N_Z + Bypin, O,
e 1h DCM, 1t, 12h
8 1.05 equiv
CCDC: 2119437
®) and Diels-Alder reaction of 3aa.
e CO:
Bpin. = 3CO,Me
MeO,C cozm [
nCaby — o ORI,
MeOgCog, ) : O DCM,25°C, Ny, 13h DCM, 60°C, 28 h Bpin' CO,Me
< T N I s
10, 98% ' H 12/13 = 96/4, 63%
| MeO,C
i 3 —
MeO,C.
CsHii  'BugPAUCI (4 mol%) MeO,C COM:
2 !
Hr>_\ AgSbFg (4 mol%) L sequy 5 equiv) n-CsHyy_~~._-CO.Me
MeO,C. T
s TTHE; 02GS0nin EtsN (1.2 equiv) Bpin” S CO,Me
11, 47% CHCl, 60°C, 17 h i5Hi%
MeO,C.
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1,10-phen (20 mol%) n-CsHiin _~_-COMe
MeOH/H,0 = 4/1, 80 °C
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n-CsHyy CO,Me dppf (10 mol%) H 15,49%

ppf ( H
methyl 4-iodobenzoate (1.1 equiv) |

COMe KsPOy (2 equiv), THF, 60°C | |
16h ! i
Me0,C MeO,C )
14,89%
8% CuBr, (3 equiv) n-CsHyy_~~._COMe
MeOH/H,0 = 1/1, 80 °C I\ |
Air, 141 Br COMe

16, 93%

H
o
Me
H,0, (20 equiv) 902CN
THF,RT,2h N-CeH.
-CoHyy
18, 79%

(C) Coupling and oxidation of the alkenyl boronate unit in 3aa

TIP: grmmmmem e ;
S gr—=—TiPs (1.5 equiv) |

IIl Pd(PPhy)s (10mol%) |
NaOH (3 equiv)
THF,60°C,2h

COMe
MeO,C.
A

n-CsHiy
17,54%

n-CsHyy

Cul (5 mol%), PA(OAC), (S mol%) g oo

methyl 4-iodobenzoate (1.1 equiv)

(D) Intramolecular Diels-Alder reaction of 5aa.

o (1.0 equlv)

Me;PhS\ )
[ cHel, 50°C, 20 "Cﬁhﬁ
MeO;C.
Me;Phsi i i S\PhMez 21,71%
‘ i eozc
mCsHﬂﬁj};\‘:@

MeO,C.

o
L (10equv)

20,72%

DCM, 40°C, 610 n.CgH, i

Me0,C ‘ "o

H
zz‘ 78%

Scheme 4 Synthetic applications.

borylcurpration of allenyne 8 and a Diels-Alder reaction with
maleic anhydride afforded stereodefined bicyclic lactonyl
borate 9 (Scheme 4A).”° Similarly, allenene 3aa could also be
readily converted to corresponding bicyclic lactone product 10,
1,4-cyclohexadiene with a stereodefined exo-cyclic C=C double
bond 12, and penta-substituted benzene 13 via a Diels-Alder
reaction with dimethyl but-2-ynedioate under different condi-
tions. Such differently polysubstituted benzenes are difficult to
prepare yet very useful.®* In order to show the reactivity of the C-
B bond, the Diels-Alder product 13 was employed for further
transformation. Firstly, 13 was successfully coupled with methyl
4-iodobenzoate to afford 14 in 89% yield.”” Secondly, the
iodination of 13 with KI afforded the iodination product 15 in
49% yield catalyzed by copper iodide under air.”* Thirdly,
bromination of the C-B bond in 13 has been realized to afford
16 in an excellent yield by its treatment with copper bromide.*
The intramolecular cycloisomerization of 3aa also proceeded
smoothly to give the corresponding cyclopentadienyl boronate
11 (Scheme 4B).** Moreover, 3aa could be readily converted into
2-alkynyl-1,3,4-triene 17 via alkynylation with alkynyl bromide™
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and allenyl ketone 18 via oxidation with H,0,.% In addition, the
C-B bond in 3aa was successfully coupled with methyl 4-iodo-
benzoate to afford 19 in 38% yield even in the presence of
a highly reactive allene unit (Scheme 4C). Meanwhile, other
dienophiles, such as 1,4-naphthoquinone, maleic anhydride,
and N-phenylmaleimide, could all undergo the Diels-Alder
reaction with silane 5aa to produce the corresponding products
20, 21, and 22 in decent yields (Scheme 4D).*

Conclusions

In summary, we have developed the first example of copper-
catalyzed 2,5-boryl- or silyl-cupration of allenynes, providing an
efficient protocol for substituted 1,3,4-trien-2-yl boronates or
silanes with excellent regioselectivity. This method has advan-
tages of a readily available catalyst and starting materials, high
catalytic activity, mild conditions, a broad substrate scope
tolerating many synthetically useful functional groups, and
synthetically useful functionalities. The synthetic utility of this
protocol has been demonstrated via the versatile trans-
formations of the resulting products to furnish valuable func-
tionalized molecules. Further studies are being actively pursued
in our laboratory.
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