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ABSTRACT: We report the development of two complementary
methods for the Cu-catalyzed anti-Markovnikov borylation of one
specific olefin in 2-substituted [n]dendralenes (n = 3−6). The first
protocol operates with a bisphosphine ligand and occurs with high
regio- and chemoselectivity for the terminal double bond,
independently of the number of cross-conjugated alkenes. We
show that the use of a chiral phosphanamine ligand enables the
highly chemo-, regio-, and enantioselective borylation of the alkene
cross-conjugated with the terminal olefin in [n]dendralenes.

Among the various classes of polyunsaturated hydro-
carbons containing exclusively sp2-hybridized carbon

atoms, dendralenes occupy a singular position. Dendralenes
are acyclic cross-conjugated polyenes which have been much
less investigated than linear polyenes or annulenes, for instance
(Figure 1A).1,2 For a long time, these structures were difficult
to prepare and were believed to be unstable entities. Owing to
20 years of remarkable synthetic efforts, the Sherburn
laboratory has streamlined access to a great variety of
dendralenes on a practical scale, with derivatives containing
up to 12 olefinic units.3,4 The same group has investigated the
specific physicochemical properties of dendralenes as well as
their ability to engage into diene-transmissive Diels−Alder
cycloadditions (DTDA) (Figure 1B).3,5−7 Selective function-
alization of dendralenes is challenging. Ru-catalyzed cross-
metathesis of [3]dendralenes was realized by resorting to a
protection/deprotection strategy.3h,8 Lipshutz showed that
only judiciously designed [3]dendralenic Michael acceptors
undergo selective Cu-catalyzed 1,4- or 1,6-conjugate addition
(Figure 1B).9 The development of general catalytic and
selective protocols for the functionalization of one specific
alkene in minimally biased [n]dendralenes remains elusive.
The metal-catalyzed selective intermolecular hydrofunction-

alization of conjugated 1,3-dienes has emerged as an
enthralling approach to elaborate complex multifunctional
small molecules from readily available starting materials. It
represents a formidable challenge for fundamental study in
selective catalysis because the number of theoretical isomers
depends on the substitution pattern of the diene.10 For acyclic
2-substituted dienes, up to 11 chemo-, regio-, and stereo-
isomers can be obtained. In recent years, several groups have
disclosed complementary selective processes for the hydro-

functionalization of branched dienes using C-, Si-, B-, N-, P-,
S-, or O-based reagents.11,12 In addition to excellent regio- and
chemoselectivity, in some cases high enantioselectivity has
been achieved. As a continuation of our interest in this area,13

we wondered whether 2-substituted [n]dendralenes could be
used as a platform for the development of chemo-, regio-, and
ultimately enantioselective hydrofunctionalizations. For the
simplest [3]dendralene derivatives, this would require the
identification of a catalytic system able to discriminate among
the 19 isomers that can be theoretically generated upon
monohydro-functionalization. This number follows the linear
equation displayed on Figure 1C and increases to 27, 35, and
43 for [4]-, [5]-, and [6]dendralenes, respectively. Realization
of this objective would undoubtedly expand knowledge in the
field of selective transition-metal catalysis whereby contrast
to enzymessite-specific modification of complex structures
remains a persistent challenge.10,14 Herein, we report our
progress in this endeavor with the identification of two
complementary Cu-catalyzed processes for the highly chemo-,
regio-, and enantioselective borylation of 2-subsituted [n]-
dendralenes (n = 3−6) (Figure 1D).
We began our investigations by evaluating several ligands

under prototypical reaction conditions for the Cu-catalyzed
borylation of dienes using the known 2-phenyl[3]dendralene
1a as the model substrate (Table 1).12e,13a,15 Whereas no
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reaction occurred in the absence of ligand, complete
conversion into a mixture of four distinguishable regioisomers
was obtained using triphenylphosphine (L1) (entries 1 and
2).16

Analysis of the crude reaction mixture revealed a
1:5.3:8.7:10 ratio between the products of formal 4,5-, 3,3′-,
3′,5-, and 1,3′-addition denoted as 2a, 3a, 4a, and 5a,
respectively. Although 4a and 5a appeared to be generated as
single stereoisomers, the geometry of the CC bond could
not be unequivocally determined. The use of tricyclohexyl
phosphine (L2) or of a (P,N) ligand (L3) led to complex
mixtures of inseparable isomers (entries 3 and 4). With the
imidazolium salt L4, 3a was obtained as major product, and
with bisphophine L5, 2a was the most abundant isomer
(entries 5 and 6). The substantial amount of remaining
substrate and of other chemo- and regioisomers present in
these experiments hampered efficient purification in both
cases. With L6, 2a, the product of formal 4,5-addition with anti-
Markovnikov selectivity, was obtained as major isomer
together with reduced amount of 3a. No traces of 4a and 5a
were detected (entry 7). This result was significantly improved
using L7, and 2a was obtained as a single chemo- and
regioisomer (rr > 20:1) in 81% yield. The catalyst loading
could be reduced to 5 mol % (entries 8 and 9). Of note, the
influence of the supporting ligand associated with copper on
selectivity appears clearly from the results disclosed in Table 1
(entries 1−9). Formation of 5a (entries 2−5) highlights the
fact that even the less exposed internal diene units in 1a is
reactive.
We next set out to develop a modular synthetic route to

readily access related 2-substituted [n]dendralenes; a task
which remains challenging despite the development of several
successful strategies. Our approach takes inspiration from
previous tactics developed by the Sherburn group and builds
upon our Ni-catalyzed Kumada cross-coupling protocol for the
synthesis of 2-substituted 1,3-dienes (Figure 2).3,17 Dienol
phosphate 7a was prepared in high yield by treatment of 3-
phenylbut-3-en-2-one 6a with LDA at −78 °C, followed by
addition of 1.5 equiv of diethyl chlorophosphate.
With [(dmpe)NiCl2] as catalyst, 7a was cross-coupled with

vinyl magnesium bromide Mg-1, affording 1a in 78% yield. 2-

Figure 1. (A) Prototypical classes of polyenes. (B) Functionalization
of [n]dendralenes and selective functionalizations. (C) Selectivity
challenges in the hydrofunctionalization of 2-substituted 1,3-dienes
and 2-substituted [n]dendralenes (n = 3−6).

Table 1. Reaction Optimizationa

entry ligand convb (%) 2a:3a:4a:5ab

1 none nrc

2 L1 >99 1:5.3:8.7:10
3 L2 >99 1:1.8:3.2:3.1
4 L3 96 2.2:1: 1.9:1.8
5d L4 63 7.8:17.5:1:3.2
6 L5 88 11:1.8:−:1
7 L6 76 5.3:1:−:−
8 L7 99 >20:1:−:−
9e L7 97 (81)f >20:1:−:−

aReaction conditions: 1a (0.15 mmol). bDetermined by 1H NMR
using an internal standard. cNo reaction. dUsing 50 mol % of KOtBu.
eUsing 5 mol % of CuCl, 5 mol % of L7, and 5 mol % of KOtBu. fThe
yield after purification is shown in parentheses.

Figure 2. Syntheses of 2-aryl- and 2-alkyl[n]dendralenes (n = 3−6).
aYield after purification.
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Phenyl[4]dendralene 8a and 2-phenyl[6]dendralene 10a were
prepared similarly usingMg-2 andMg-3. While 8a was isolated
in 77% yield on a 7 mmol scale, 10a was obtained in only 16%
yield. Variation of the starting α,β-unsaturated methyl ketone
provided expedient access to a collection of 2-substituted
[3]dendralenes (1b−g) in usually high yields (average: 72%).
The cyclohexyl derivative 1h was prepared in 37% yield from
diethylphosphate 7b and 1-cyclohexylvinylmagnesium bromide
Mg-4 using [(dppe)NiCl2] as catalyst. A similar protocol was
employed for the synthesis of 2-phenyl[5]dendralene 9a using
11 and Mg-5 as cross-coupling partners (40% yield).
The scope of the Cu-catalyzed 4,5-borylation of 2-

substituted [3]dendralenes was investigated next (Figure 3).

Preferential borylation of the terminal alkene with perfect anti-
Markovnikov selectivity occurred in all cases. The 3,3′-addition
products 3a−h were the only other detectable borylated
isomers. Consistently high yield and excellent chemo- and
regioselectivity were achieved with 2-aryl[3]dendralenes 2a−e.
Although a slightly diminished selectivity was noticed for
[3]dendralenes with a primary alkyl substituent (1f−g), the
cyclohexyl derivative 1h led to results comparable to those
obtained with the aryl-containing substrates. A methoxy (2b),
a chloro (2c), a fluoro (2d), a trifluoromethyl (2e), and an
isolated alkene (2g) were found to be compatible. No traces of
overborylated product were detected. Quite remarkably, the
anti-Markovnikov borylation could be extended to [4]-, [5]-,
and [6]dendralenes, leading to products of 5,6-, 6,7-, and 7,8-
addition with excellent chemo- and regioselectivity (58−83%
yield). To demonstrate the robustness of the protocol, the
borylation of [4]dendralene 8a was conducted on a gram scale
to afford 12a in 80% yield and 8.6:1 rr. Our current hypothesis
for the observed selectivity relies on the formation of a
sterically less demanding σ-allyl copper species resulting from
the addition of the putative [Cu-Bpin] intermediate to the
most reactive terminal alkene.11c,18

[3]Dendralene 12a was cross-coupled with 4-bromoanisole
using conditions for a Pd-catalyzed Suzuki reaction to afford

18a in 87% yield.19 The nonsymmetrically substituted
[3]dendralene 12a was treated with an excess of N-
methylmaleimide at 50 °C and yielded products of
monocycloaddition 19a and 20a exclusively. The reaction
occurred with a marked preference for the electron-rich alkyl
substituted diene unit over the aryl substituted diene fragment
(rr 7:1) (Figure 4). This results complements observations

made by the Sherburn group on cycloadditions with 2-
substituted [3]dendralenes, which typically generate mixtures
of diastereomeric bisadducts.3c

Encouraged by results obtained during our first optimization
campaign (Table 1), we questioned whether a complementary
catalytic system that would target isomer 3a could be
developed. Two chiral N-heterocyclic carbene ligands were
evaluated initially (Table 2, entries 1 and 2).20 With L8, the
reactivity was moderate, and only 2a, 4a, and 5a were formed.
With L9, 2a and 3a were generated as major isomers in nearly
equimolar amounts. A low but measurable er was obtained for
the latter. The three chiral (P,N) ligands surveyed produced
preferentially 3a in low enantiomeric ratio and together with
hardly tractable mixtures of isomers (entries 3−5). Phosphan-
amine L13 developed by Alexakis and which gave excellent
results in the Cu-catalyzed enantioselective anti-Markovnikov
1,2-borylation of 2-aryl-1,3-dienes, was tested next (entry
6).13a,21 The increased er prompted us to vary additional
reaction parameters and to evaluate other structures of the
same family. When the reaction was performed in pentane, 2a
and 3a were the only detectable borylation products, and we
found that the regioisomeric ratio and enantiomeric ratio were
improved by conducting the reaction at low temperature
(entries 7−9). Evaluation of other members of this ligand class
led to the identification of L16 as the best candidate (entries
10−12). Finally, when 2 equiv of B2pin2 was employed, 3a was
generated in a 10.7:1 ratio and could be isolated in 80% yield
and 93:7 er (entry 13).
The scope of this second Cu-catalyzed borylation reaction

was evaluated using the same set of 2-substituted [n]-
dendralenes (Figure 5). Electron-rich, electron-neutral, and
electron-deficient 2-aryl[3]dendralenes delivered the 3,3′-
addition products 3a−e in high yield, excellent regioselectivity,
and high enantiomeric ratio (average: 91:9). Lower levels of
enantiocontrol were obtained for 2-aliphatic[3]dendralenes,
but the chemo- and regioselectivity remained very high both
for primary and secondary alkyl derivatives (3f−h). This
borylation protocol could be applied to [4]-, [5]-, and even
[6]dendralenes affording the products of 4,4′-, 5,5′-, and 6,6′-
addition with anti-Markovnikov selectivity as major isomers

Figure 3. Cu-catalyzed borylation of the remote alkene unit in
[n]dendralenes (n = 3−6) (0.15−5.2 mmol). Selectivity determined
by 1H NMR of the crude reaction mixture. The regioisomeric ratio rr
is expressed as the major isomer over the sum of all other detectable
isomers. Yield after purification. a20 h. b42 h.

Figure 4. Postcatalytic functionalizations.
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(13a, 15a, 17a). In contrast to the first catalytic system,
inspection of the crude reaction mixture revealed the formation
of other borylated products, most of them being present in
negligible amounts. Therefore, the values expressed as rr in
Figure 5 reflect the ratio of the major isomer over the sum of
all other detectable isomers. To appreciate the effectiveness of
the catalytic system, these results must be analyzed in light of
the theoretical number of structures that can be generated
upon hydrofunctionalization. Indeed, the regioisomeric ratio
(rr) indicates that, for [3]−[6]dendralenes, the catalytic
system is able to generate predominantly 2 isomers out of
19, 27, 35, and 43 isomers, respectively, while the enantiomeric
ratio (er) underscores the ability of the chiral catalyst to
further impart appreciable levels of stereodifferentiation
between the two main isomers remaining (∼90:10).
To summarize, we developed two complementary methods

for the Cu-catalyzed selective borylation of 2-substituted
[n]dendralenes. Using a bisphosphine ligand, the first protocol
enables precise functionalization of the terminal olefin with
excellent anti-Markovnikov selectivity. The system is applicable
to various [n]dendralenes (n = 3−6). When n > 3, the
possibility to engage the new dendralenes generated into
postcatalytic cross-coupling and cycloaddition reactions has
been established. With the second protocol, the alkene cross-
conjugated with the terminal olefin is borylated preferentially
with excellent anti-Markovnikov selectivity. Selectivity was
modulated by changing the nature of the supporting ligand
from a bisphosphine to a monosphosphine. Identification of a

chiral phosphanamine afforded the borylated polyolefins with
high levels of enantiocontrol for various lengths of [n]-
dendralenes (n = 3−6). Our efforts are currently directed
toward understanding the origin of the high levels of chemo-,
regio-, and enantioselectivity obtained and at developing other
catalytic transformations for the site-specific functionalization
of [n]dendralenes.
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Table 2. Reaction Optimizationa

entry L
T

(°C) solvent
convb

(%) 2a:3a:4a:5ab er of 3a

1c L8 23 THF 53 2.1:−:1:1.4 ndd

2e L9 23 THF 89 6.4:7:1:1 64.5:35.5
3 L10 23 THF 30 1:2.9:1.3:2.6 58:42
4 L11 23 THF 80 2.1:4.5:−:1 60.5:39.5
5 L12 23 THF 75 1.1:3.2:−:1.1 54:46
6 L13 23 THF 51 2.8:4.4:1.4:1 73:27
7 L13 23 pentane 89 1:6.5:−:− 85.5:14.5
8 L13 0 pentane 98 1:5.3:−:− 88.5:11.5
9 L13 −40 pentane 93 1:7.7:−:− 92:8
10 L14 −40 pentane 85 6.6:2.4:1.4:1 78:22
11 L15 −40 pentane 88 1:9.9:−:− 85:15
12 L16 −40 pentane 90 1:10.2:−:− 91.5:8.5
13f L16 −40 pentane (80)g 1:10.7:−:− 93:7

aReaction conditions: 1a (0.1−0.3 mmol). bDetermined by 1H NMR
using an internal standard. cThe imidazolium iodide was employed
with 50 mol % of KOtBu. dNot determined. eThe CuCl complex was
used. f3 h. gIn parentheses, yield after purification.

Figure 5. Scope of the enantioselective borylation of [n]dendralenes
(n = 3−6) (0.14−0.3 mmol scale). rr determined by 1H NMR. er
determined by HPLC or SFC after oxidation to the alcohol. (i) H2O2
(30% aq), NaOH (4.0 M), THF, 23 °C, 30 min. (ii) 4-bromobenzoyl
chloride (1.2 equiv), DMAP (0.2 equiv), Et3N (1.5 equiv), CH2Cl2,
23 °C, 12 h. aThe minor isomer is 5g. b17 h. c6 h. The stereochemistry
of 3b−h, 13a, 15a, and 17a was assigned by analogy with 3a based on
the X-ray crystallographic analysis of its benzoyl derivative (S)-21a.22
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Stereodefined Borylated Dendralenes through Copper-Catalyzed
Allylboration of Alkynes. Angew. Chem. 2018, 130, 10093.
(5) Selected articles: (a) Bailey, W. J.; Economy, J.; Hermes, M. E.
Polymers. IV. Polymeric Diels-Alder Reactions. J. Org. Chem. 1962,
27, 3295. (b) Wada, E.; Kanemasa, S.; Tsuge, O. 3-benzylidene-2, 4-
bis(trimethylsilyloxy)-1, 4-pentadiene; Synthesis and its Diene-
Transmissive Diels-Alder Reaction. Chem. Lett. 1983, 12, 239.
(c) Kanemasa, S.; Sakoh, H.; Wada, E.; Tsuge, O. Diene-transmissive
Diels-Alder Reaction using 2-Ethoxy-3-methylene-1,4-pentadiene and
2-(2-Bromo-1-ethoxyethyl)-1,3-butadiene. Bull. Chem. Soc. Jpn. 1985,

Organic Letters pubs.acs.org/OrgLett Letter

https://dx.doi.org/10.1021/acs.orglett.0c01892
Org. Lett. XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cle%CC%81ment+Mazet"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-2385-280X
http://orcid.org/0000-0002-2385-280X
mailto:clement.mazet@unige.ch
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Camille+Desfeux"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ce%CC%81line+Besnard"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-5699-9675
http://orcid.org/0000-0001-5699-9675
https://pubs.acs.org/doi/10.1021/acs.orglett.0c01892?ref=pdf
https://dx.doi.org/10.1002/anie.198409481
https://dx.doi.org/10.1002/anie.198409481
https://dx.doi.org/10.1021/cr0505573
https://dx.doi.org/10.1021/cr0505573
https://dx.doi.org/10.1038/460183a
https://dx.doi.org/10.1002/anie.201102987
https://dx.doi.org/10.1002/anie.201102987
https://dx.doi.org/10.1351/PAC-CON-13-02-04
https://dx.doi.org/10.1021/acs.accounts.5b00242
https://dx.doi.org/10.1021/acs.accounts.5b00242
https://dx.doi.org/10.1021/ja01606a025
https://dx.doi.org/10.1021/ja01606a025
https://dx.doi.org/10.1021/ja01610a014
https://dx.doi.org/10.1002/1521-3773(20001201)39:23<4331::AID-ANIE4331>3.0.CO;2-3
https://dx.doi.org/10.1002/1521-3773(20001201)39:23<4331::AID-ANIE4331>3.0.CO;2-3
https://dx.doi.org/10.1021/ja053772+
https://dx.doi.org/10.1021/ja053772+
https://dx.doi.org/10.1021/ol7021998
https://dx.doi.org/10.1021/ol7021998
https://dx.doi.org/10.1021/ol7021998
https://dx.doi.org/10.1002/anie.200603335
https://dx.doi.org/10.1002/anie.200603335
https://dx.doi.org/10.1002/anie.200704470
https://dx.doi.org/10.1002/anie.200704470
https://dx.doi.org/10.1002/anie.200901733
https://dx.doi.org/10.1002/anie.200901733
https://dx.doi.org/10.1021/jo9024557
https://dx.doi.org/10.1021/jo9024557
https://dx.doi.org/10.1039/c2cc32520a
https://dx.doi.org/10.1039/c2cc32520a
https://dx.doi.org/10.1002/anie.201302185
https://dx.doi.org/10.1021/acs.joc.5b02583
https://dx.doi.org/10.1021/acs.joc.5b02583
https://dx.doi.org/10.1021/jacs.5b11889
https://dx.doi.org/10.1021/jacs.5b11889
https://dx.doi.org/10.1021/jacs.5b11889
https://dx.doi.org/10.1002/anie.201510925
https://dx.doi.org/10.1002/anie.201510925
https://dx.doi.org/10.1002/anie.201510925
https://dx.doi.org/10.1039/C9SC03976G
https://dx.doi.org/10.1021/acs.joc.9b02296
https://dx.doi.org/10.1021/acs.joc.9b02296
https://dx.doi.org/10.1021/acs.joc.9b02296
https://dx.doi.org/10.1039/a807527a
https://dx.doi.org/10.1039/a807527a
https://dx.doi.org/10.1021/ol990695c
https://dx.doi.org/10.1021/ol990695c
https://dx.doi.org/10.1021/ol990695c
https://dx.doi.org/10.1021/ja027588p
https://dx.doi.org/10.1021/ja027588p
https://dx.doi.org/10.1021/ja027588p
https://dx.doi.org/10.1021/om020410r
https://dx.doi.org/10.1021/om020410r
https://dx.doi.org/10.1021/ja054484g
https://dx.doi.org/10.1021/ja054484g
https://dx.doi.org/10.1021/ja054484g
https://dx.doi.org/10.1002/asia.200700120
https://dx.doi.org/10.1002/asia.200700120
https://dx.doi.org/10.1002/asia.200700120
https://dx.doi.org/10.3762/bjoc.7.67
https://dx.doi.org/10.3762/bjoc.7.67
https://dx.doi.org/10.3762/bjoc.7.67
https://dx.doi.org/10.1002/anie.201306754
https://dx.doi.org/10.1002/anie.201306754
https://dx.doi.org/10.1002/anie.201412207
https://dx.doi.org/10.1002/anie.201412207
https://dx.doi.org/10.1002/anie.201602155
https://dx.doi.org/10.1002/anie.201602155
https://dx.doi.org/10.1002/anie.201602155
https://dx.doi.org/10.1002/ange.201706211
https://dx.doi.org/10.1002/ange.201706211
https://dx.doi.org/10.1021/acscatal.6b02972
https://dx.doi.org/10.1021/acscatal.6b02972
https://dx.doi.org/10.1002/ange.201806334
https://dx.doi.org/10.1002/ange.201806334
https://dx.doi.org/10.1002/ange.201806334
https://dx.doi.org/10.1021/jo01056a074
https://dx.doi.org/10.1246/cl.1983.239
https://dx.doi.org/10.1246/cl.1983.239
https://dx.doi.org/10.1246/cl.1983.239
https://dx.doi.org/10.1246/bcsj.58.3312
https://dx.doi.org/10.1246/bcsj.58.3312
https://dx.doi.org/10.1246/bcsj.58.3312
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c01892?ref=pdf


58, 3312. (d) Souweha, M. S.; Arab, A.; ApSimon, M.; Fallis, A. G.
Diene-Transmissive Cycloadditions: Control of Monocycloaddition
by Self-Assembly on a Lewis Acid Template. Org. Lett. 2007, 9, 615.
(6) (a) Spino, C.; Liu, G.; Tu, N.; Girard, S. The Diene-
Transmissive [4 + 2]-Cycloaddition Strategy: Stereoselective Syn-
thesis of Advanced Intermediates to Quassinoids. J. Org. Chem. 1994,
59, 5596. (b) Kwon, O.; Park, S. B.; Schreiber, S. L. Skeletal Diversity
via a Branched Pathway: Efficient Synthesis of 29 400 Discrete,
Polycyclic Compounds and Their Arraying into Stock Solutions. J.
Am. Chem. Soc. 2002, 124, 13402. (c) Miller, N. A.; Willis, A. C.;
Sherburn, M. S. Formal total synthesis of triptolide. Chem. Commun.
2008, 1226. (d) Wang, R.; Bojase, G.; Willis, A. C.; Paddon-Row, M.
N.; Sherburn, M. S. Nitroso-Dienophile Additions to Dendralenes: A
Short Synthesis of Branched Aminosugars. Org. Lett. 2012, 14, 5652.
(e) Pronin, S. V.; Shenvi, R. A. Synthesis of a Potent Antimalarial
Amphilectene. J. Am. Chem. Soc. 2012, 134, 19604. (f) Newton, C. G.;
Drew, S. L.; Lawrence, A. L.; Willis, A. C.; Paddon-Row, M. N.;
Sherburn, M. S. Pseudopterosin synthesis from a chiral cross-
conjugated hydrocarbon through a series of cycloadditions. Nat.
Chem. 2015, 7, 82. (g) Lu, H.-H.; Pronin, S. V.; Antonova-Koch, Y.;
Meister, S.; Winzeler, E. A.; Shenvi, R. A. Synthesis of (+)-7,20-
Diisocyanoadociane and Liver-Stage Antiplasmodial Activity of the
Isocyanoterpene Class. J. Am. Chem. Soc. 2016, 138, 7268.
(7) (a) Bojase, G.; Nguyen, T. V.; Payne, A. D.; Willis, A. C.;
Sherburn, M. S. Synthesis and properties of the ivyanes: the parent
1,1-oligocyclopropanes. Chem. Sci. 2011, 2, 229. (b) Wang, R.;
Paddon-Row, M. N.; Sherburn, M. S. Short Synthesis of 3-
(Hydroxymethyl)xylitol and Structure Revision of the Anti-diabetic
Natural Product from Casearia esculenta. Org. Lett. 2013, 15, 5610.
(8) Toombs-Ruane, H.; Osinski, N.; Fallon, T.; Wills, C.; Willis, A.
C.; Paddon-Row, M. N.; Sherburn, M. S. Synthesis and Applications
of Tricarbonyliron Complexes of Dendralenes. Chem. - Asian J. 2011,
6, 3243.
(9) Lippincott, D. J.; Linstadt, R. T. H.; Maser, M. R.; Lipshutz, B.
H. Synthesis of Functionalized [3], [4], [5] and [6]Dendralenes
through Palladium-Catalyzed Cross-Couplings of Substituted Alle-
noates. Angew. Chem., Int. Ed. 2017, 56, 847.
(10) (a) Mahatthananchai, J.; Dumas, A. M.; Bode, J. W. Catalytic
Selective Synthesis. Angew. Chem., Int. Ed. 2012, 51, 10954.
(b) Huang, Z.; Dong, G. Site-Selectivity Control in Organic
Reactions: A Quest to Differentiate Reactivity among the Same
Kind of Functional Groups. Acc. Chem. Res. 2017, 50, 465.
(11) For selected reviews, see: (a) McNeill, E.; Ritter, T. 1,4-
Functionalization of 1,3-Dienes With Low-Valent Iron Catalysts. Acc.
Chem. Res. 2015, 48, 2330. (b) Holmes, M.; Schwartz, L. A.; Krische,
M. J. Intermolecular Metal-Catalyzed Reductive Coupling of Dienes,
Allenes, and Enynes with Carbonyl Compounds and Imines. Chem.
Rev. 2018, 118, 6026. (c) Perry, G. J. P.; Jia, T.; Procter, D. J. Copper-
Catalyzed Functionalization of 1,3-Dienes: Hydrofunctionalization,
Borofunctionalization, and Difunctionalization. ACS Catal. 2020, 10,
1485. (d) Adamson, N. J.; Malcolmson, S. J. Catalytic Enantio- and
Regioselective Addition of Nucleophiles in the Intermolecular
Hydrofunctionalization of 1,3-Dienes. ACS Catal. 2020, 10, 1060.
(12) For selected articles on the hydrofunctionalization of branched
dienes: (a) Suginome, M.; Nakamura, H.; Matsuda, T.; Ito, Y.
Platinum-Catalyzed Silaborative Coupling of 1,3-Dienes to Alde-
hydes: Regio- and Stereoselective Allylation with Dienes through
Allylic Platinum Intermediates. J. Am. Chem. Soc. 1998, 120, 4248.
(b) Suginome, M.; Matsuda, T.; Yoshimoto, T.; Ito, Y. Stereoselective
1,4-Silaboration of 1,3-Dienes Catalyzed by Nickel Complexes. Org.
Lett. 1999, 1, 1567. (c) Mirzai, F.; Han, L.-B.; Tanaka, M. Palladium-
Catalyzed Hydrophosphorylation of 1,3-Dienes Leading to Allyl-
phosphonates. Tetrahedron Lett. 2001, 42, 297. (d) Bravo-Altamirano,
K.; Abrunhosa-Thomas, I.; Montchamp, J.-L. Palladium-Catalyzed
Reactions of Hypophosphorous Compounds with Allenes, Dienes,
and Allylic Electrophiles: Methodology for the Synthesis of Allylic H-
Phosphinates. J. Org. Chem. 2008, 73, 2292. (e) Sasaki, Y.; Zhong, C.;
Sawamura, M.; Ito, H. Copper(I)-Catalyzed Asymmetric Monobor-
ylation of 1,3-Dienes: Synthesis of Enantioenriched Cyclic Homoallyl-

and Allylboronates. J. Am. Chem. Soc. 2010, 132, 1226. (f) Obligacion,
J. V.; Chirik, P. J. Bis(imino)pyridine Cobalt-Catalyzed Alkene
Isomerization-Hydroboration: A Strategy for Remote Hydrofunction-
alization with Terminal Selectivity. J. Am. Chem. Soc. 2013, 135,
19107. (g) Jiang, L.; Cao, P.; Wang, M.; Chen, B.; Wang, B.; Liao, J.
Highly Diastereo- and Enantioselective Cu-Catalyzed Borylative
Coupling of 1,3-Dienes and Aldimines. Angew. Chem., Int. Ed. 2016,
55, 13854. (h) Smith, K. B.; Brown, M. K. Regioselective Arylboration
of Isoprene and Its Derivatives by Pd/Cu Cooperative Catalysis. J.
Am. Chem. Soc. 2017, 139, 7721. (i) Yang, X.-H.; Lu, A.; Dong, V. M.
Intermolecular Hydroamination of 1,3-Dienes To Generate Homo-
allylic Amines. J. Am. Chem. Soc. 2017, 139, 14049. (j) Jia, T.; He, Q.;
Ruscoe, R. E.; Pulis, A. P.; Procter, D. J. Regiodivergent Copper
Catalyzed Borocyanation of 1,3-Dienes. Angew. Chem., Int. Ed. 2018,
57, 11305. (k) Yang, X.-H.; Davison, R. T.; Dong, V. M. Catalytic
Hydrothiolation: Regio- and Enantioselective Coupling of Thiols and
Dienes. J. Am. Chem. Soc. 2018, 140, 10443. (l) Nie, S.-Z.; Davison,
R.; Dong, V. M. Enantioselective Coupling of Dienes and Phosphine
Oxides. J. Am. Chem. Soc. 2018, 140, 16450. (m) Yang, X.-H.;
Davison, R. T.; Nie, S.-Z.; Cruz, F. A.; McGinnis, T. M.; Dong, V. M.
Catalytic Hydrothiolation: Counterion-Controlled Regioselectivity. J.
Am. Chem. Soc. 2019, 141, 3006. (n) Adamson, J.; Park, S.; Zhou, P.;
Nguyen, A. D.; Malcolmson, S. J. Enantioselective Construction of
Quaternary Stereogenic Centers by the Addition of an Acyl Anion
Equivalent to 1,3-Dienes. Org. Lett. 2020, 22, 2032.
(13) (a) Liu, Y.; Fiorito, D.; Mazet, C. Copper-Catalyzed
Enantioselective 1,2-Borylation of 1,3-Dienes. Chem. Sci. 2018, 9,
5284. (b) Fiorito, D.; Mazet, C. Ir-Catalyzed Hydroboration of 2-
Substituted 1,3-Dienes: A General Method to Access Homoallylic
Boronates. ACS Catal. 2018, 8, 9382. (c) Tran, G.; Shao, W.; Mazet,
C. Ni-Catalyzed Enantioselective Intermolecular Hydroamination of
Branched 1,3-Dienes Using Primary Aliphatic Amines. J. Am. Chem.
Soc. 2019, 141, 14814. (d) Tran, G.; Mazet, C. Ni-Catalyzed
Regioselective Hydroalkoxylation of Branched 1,3-Dienes. Org. Lett.
2019, 21, 9124.
(14) (a) Sharpless, K. B. Searching for New Reactivity (Nobel
Lecture). Angew. Chem., Int. Ed. 2002, 41, 2024. (b) Leveson-Gower,
R. B.; Mayer, C.; Roelfes, G. The importance of catalytic promiscuity
for enzyme design and evolution. Nat. Rev. Chem. 2019, 3, 687. See
also references cited therein.
(15) (a) Ito, H.; Ito, S.; Sasaki, Y.; Matsuura, K.; Sawamura, M.
Copper-Catalyzed Enantioselective Substitution of Allylic Carbonates
with Diboron: An Efficient Route to Optically Active α-Chiral
Allylboronates. J. Am. Chem. Soc. 2007, 129, 14856. (b) Lee, J.-E.;
Yun, J. Catalytic Asymmetric Boration of Acyclic α,β-Unsaturated
Esters and Nitriles. Angew. Chem., Int. Ed. 2008, 47, 145−147.
(16) Ratios between isomers were determined by 1H analyses of the
crude reaction mixtures. See the Supporting Information.
(17) Fiorito, D.; Folliet, S.; Liu, Y.; Mazet, C. A General Nickel-
Catalyzed Kumada Vinylation for the Preparation of 2-Substituted
1,3-Dienes. ACS Catal. 2018, 8, 1392.
(18) Li, X.; Wu, H.; Wu, Z.; Huang, G. Mechanism and Origins of
Regioselectivity of Copper-Catalyzed Borocyanation of 2-Aryl-
Substituted 1,3-Dienes: A Computational Study. J. Org. Chem.
2019, 84, 5514.
(19) Yang, C.-T.; Zhang, Z.-Q.; Tajuddin, H.; Wu, C.-C.; Liang, J.;
Liu, J.-H.; Fu, Y.; Czyzewska, M.; Steel, P. G.; Marder, T. B.; Liu, L.
Alkylboronic Esters from Copper-Catalyzed Borylation of Primary
and Secondary Alkyl Halides and Pseudohalides. Angew. Chem., Int.
Ed. 2012, 51, 528.
(20) (a) Kündig, E.-P.; Seidel, T. M.; Jia, Y. X.; Bernardinelli, G.
Bulky Chiral Carbene Ligands and Their Application in the
Palladium-Catalyzed Asymmetric Intramolecular α-Arylation of
Amides. Angew. Chem., Int. Ed. 2007, 46, 8484. (b) Nakanishi, M.;
Katayev, D.; Besnard, C.; Kündig, E.-P. Fused Indolines by Palladium-
Catalyzed Asymmetric C−C Coupling Involving an Unactivated
Methylene Group. Angew. Chem., Int. Ed. 2011, 50, 7438. (c) Jia, Y.-
X.; Katayev, D.; Bernardinelli, G.; Seidel, T. M.; Kündig, E. P. New
Chiral N-Heterocyclic Carbene Ligands in Palladium-Catalyzed α-

Organic Letters pubs.acs.org/OrgLett Letter

https://dx.doi.org/10.1021/acs.orglett.0c01892
Org. Lett. XXXX, XXX, XXX−XXX

F

https://dx.doi.org/10.1021/ol062869d
https://dx.doi.org/10.1021/ol062869d
https://dx.doi.org/10.1021/jo00098a017
https://dx.doi.org/10.1021/jo00098a017
https://dx.doi.org/10.1021/jo00098a017
https://dx.doi.org/10.1021/ja028086e
https://dx.doi.org/10.1021/ja028086e
https://dx.doi.org/10.1021/ja028086e
https://dx.doi.org/10.1039/b718754h
https://dx.doi.org/10.1021/ol302619r
https://dx.doi.org/10.1021/ol302619r
https://dx.doi.org/10.1021/ja310129b
https://dx.doi.org/10.1021/ja310129b
https://dx.doi.org/10.1038/nchem.2112
https://dx.doi.org/10.1038/nchem.2112
https://dx.doi.org/10.1021/jacs.6b03899
https://dx.doi.org/10.1021/jacs.6b03899
https://dx.doi.org/10.1021/jacs.6b03899
https://dx.doi.org/10.1039/C0SC00500B
https://dx.doi.org/10.1039/C0SC00500B
https://dx.doi.org/10.1021/ol402740m
https://dx.doi.org/10.1021/ol402740m
https://dx.doi.org/10.1021/ol402740m
https://dx.doi.org/10.1002/asia.201100455
https://dx.doi.org/10.1002/asia.201100455
https://dx.doi.org/10.1002/anie.201609636
https://dx.doi.org/10.1002/anie.201609636
https://dx.doi.org/10.1002/anie.201609636
https://dx.doi.org/10.1002/anie.201201787
https://dx.doi.org/10.1002/anie.201201787
https://dx.doi.org/10.1021/acs.accounts.6b00476
https://dx.doi.org/10.1021/acs.accounts.6b00476
https://dx.doi.org/10.1021/acs.accounts.6b00476
https://dx.doi.org/10.1021/acs.accounts.5b00050
https://dx.doi.org/10.1021/acs.accounts.5b00050
https://dx.doi.org/10.1021/acs.chemrev.8b00213
https://dx.doi.org/10.1021/acs.chemrev.8b00213
https://dx.doi.org/10.1021/acscatal.9b04767
https://dx.doi.org/10.1021/acscatal.9b04767
https://dx.doi.org/10.1021/acscatal.9b04767
https://dx.doi.org/10.1021/acscatal.9b04712
https://dx.doi.org/10.1021/acscatal.9b04712
https://dx.doi.org/10.1021/acscatal.9b04712
https://dx.doi.org/10.1021/ja980373o
https://dx.doi.org/10.1021/ja980373o
https://dx.doi.org/10.1021/ja980373o
https://dx.doi.org/10.1021/ol990908y
https://dx.doi.org/10.1021/ol990908y
https://dx.doi.org/10.1016/S0040-4039(00)01928-6
https://dx.doi.org/10.1016/S0040-4039(00)01928-6
https://dx.doi.org/10.1016/S0040-4039(00)01928-6
https://dx.doi.org/10.1021/jo702542a
https://dx.doi.org/10.1021/jo702542a
https://dx.doi.org/10.1021/jo702542a
https://dx.doi.org/10.1021/jo702542a
https://dx.doi.org/10.1021/ja909640b
https://dx.doi.org/10.1021/ja909640b
https://dx.doi.org/10.1021/ja909640b
https://dx.doi.org/10.1021/ja4108148
https://dx.doi.org/10.1021/ja4108148
https://dx.doi.org/10.1021/ja4108148
https://dx.doi.org/10.1002/anie.201607493
https://dx.doi.org/10.1002/anie.201607493
https://dx.doi.org/10.1021/jacs.7b04024
https://dx.doi.org/10.1021/jacs.7b04024
https://dx.doi.org/10.1021/jacs.7b09188
https://dx.doi.org/10.1021/jacs.7b09188
https://dx.doi.org/10.1002/anie.201806169
https://dx.doi.org/10.1002/anie.201806169
https://dx.doi.org/10.1021/jacs.8b06957
https://dx.doi.org/10.1021/jacs.8b06957
https://dx.doi.org/10.1021/jacs.8b06957
https://dx.doi.org/10.1021/jacs.8b11150
https://dx.doi.org/10.1021/jacs.8b11150
https://dx.doi.org/10.1021/jacs.8b11395
https://dx.doi.org/10.1021/acs.orglett.0c00412
https://dx.doi.org/10.1021/acs.orglett.0c00412
https://dx.doi.org/10.1021/acs.orglett.0c00412
https://dx.doi.org/10.1039/C8SC01538D
https://dx.doi.org/10.1039/C8SC01538D
https://dx.doi.org/10.1021/acscatal.8b02334
https://dx.doi.org/10.1021/acscatal.8b02334
https://dx.doi.org/10.1021/acscatal.8b02334
https://dx.doi.org/10.1021/jacs.9b07253
https://dx.doi.org/10.1021/jacs.9b07253
https://dx.doi.org/10.1021/acs.orglett.9b03511
https://dx.doi.org/10.1021/acs.orglett.9b03511
https://dx.doi.org/10.1002/1521-3773(20020617)41:12<2024::AID-ANIE2024>3.0.CO;2-O
https://dx.doi.org/10.1002/1521-3773(20020617)41:12<2024::AID-ANIE2024>3.0.CO;2-O
https://dx.doi.org/10.1038/s41570-019-0143-x
https://dx.doi.org/10.1038/s41570-019-0143-x
https://dx.doi.org/10.1021/ja076634o
https://dx.doi.org/10.1021/ja076634o
https://dx.doi.org/10.1021/ja076634o
https://dx.doi.org/10.1002/anie.200703699
https://dx.doi.org/10.1002/anie.200703699
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.0c01892/suppl_file/ol0c01892_si_001.pdf
https://dx.doi.org/10.1021/acscatal.7b04030
https://dx.doi.org/10.1021/acscatal.7b04030
https://dx.doi.org/10.1021/acscatal.7b04030
https://dx.doi.org/10.1021/acs.joc.9b00471
https://dx.doi.org/10.1021/acs.joc.9b00471
https://dx.doi.org/10.1021/acs.joc.9b00471
https://dx.doi.org/10.1002/anie.201106299
https://dx.doi.org/10.1002/anie.201106299
https://dx.doi.org/10.1002/anie.200703408
https://dx.doi.org/10.1002/anie.200703408
https://dx.doi.org/10.1002/anie.200703408
https://dx.doi.org/10.1002/anie.201102639
https://dx.doi.org/10.1002/anie.201102639
https://dx.doi.org/10.1002/anie.201102639
https://dx.doi.org/10.1002/chem.201000031
https://dx.doi.org/10.1002/chem.201000031
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c01892?ref=pdf


Arylations of Amides: Conformational Locking through Allylic Strain
as a Device for Stereocontrol. Chem. - Eur. J. 2010, 16, 6300. (d) Park,
J. K.; Lackey, H. H.; Rexford, M. D.; Kovnir, K.; Shatruk, M.;
McQuade, D. T. A Chiral 6-Membered N-Heterocyclic Carbene
Copper(I) Complex That Induces High Stereoselectivity. Org. Lett.
2010, 12, 5008.
(21) (a) Bournaud, C.; Falciola, C.; Lecourt, T.; Rosset, S.; Alexakis,
S.; Micouin, L. On the Use of Phosphoramidite Ligands in Copper-
Catalyzed Asymmetric Transformations with Trialkylaluminium
Reagents. Org. Lett. 2006, 8, 3581. (b) Palais, L.; Mikhel, I. S.;
Bournaud, C.; Micouin, L.; Falciola, C. A.; Vuagnous-d’Augustin, M.;
Rosset, S.; Bernardinelli, G.; Alexakis, A. SimplePhos Monodentate
Ligands: Synthesis and Application in Copper-Catalyzed Reactions.
Angew. Chem., Int. Ed. 2007, 46, 7462. (c) Palais, L.; Alexakis, A.
Copper-Catalyzed Asymmetric Conjugate Addition with Chiral
SimplePhos Ligands. Chem. - Eur. J. 2009, 15, 10473. (d) Palais, L.;
Bournaud, C.; Micouin, L.; Alexakis, A. Copper-Catalysed Ring
Opening of Polycylic meso-Hydrazines with Trialkylaluminium
Reagents and SimplePhos Ligands. Chem. - Eur. J. 2010, 16, 2567.
(22) The molecular structure of (S)-21a was generated using
CYLview: Legault, C. Y.: CYLview, version 1.0.561b; Universite ́ de
Sherbrooke:Sherbrooke, QC, 2009,http://www.cylview.org.

Organic Letters pubs.acs.org/OrgLett Letter

https://dx.doi.org/10.1021/acs.orglett.0c01892
Org. Lett. XXXX, XXX, XXX−XXX

G

https://dx.doi.org/10.1002/chem.201000031
https://dx.doi.org/10.1002/chem.201000031
https://dx.doi.org/10.1021/ol1021756
https://dx.doi.org/10.1021/ol1021756
https://dx.doi.org/10.1021/ol061471e
https://dx.doi.org/10.1021/ol061471e
https://dx.doi.org/10.1021/ol061471e
https://dx.doi.org/10.1002/anie.200702186
https://dx.doi.org/10.1002/anie.200702186
https://dx.doi.org/10.1002/chem.200901577
https://dx.doi.org/10.1002/chem.200901577
https://dx.doi.org/10.1002/chem.200902417
https://dx.doi.org/10.1002/chem.200902417
https://dx.doi.org/10.1002/chem.200902417
http://www.cylview.org
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c01892?ref=pdf

