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Copper—catalyzed borylative multicomponent reactions (MCRs)
involving olefins and C—N electrophiles are a powerful tool to rapidly
build up molecular complexity. The products from these reactions
contain multiple functionalities, such as amino, cyano and boronate
groups, that are ubiquitous in medicinal and process chemistry
programs. Copper-catalyzed MCRs are particularly attractive because
they use a relatively abundant and non-toxic catalyst to selectively
deliver high-value products from simple feedstocks such as olefins. In
this Minireview, we explore this rapidly emerging field and survey the
borylative union of allenes, dienes, styrenes and other olefins, with

imines, nitriles and related C—N electrophiles.

1. Introduction

Building molecules that contain nitrogen is of great
importance: amines constitute 80% of the bioactive targets
used in drug discovery,! and the number of nitrile-containing
drugs has been steadily increasing in recent decades.”! In
addition, the versatile reactivity of nitrogen-containing func-
tional groups make them highly useful building blocks in
synthesis. Likewise, boron-containing compounds are in-
volved in 11% of C—C bond forming reactions in process
chemistry.”! Thus, the union of nitrogen and boron-containing
functional groups in defined molecular scaffolds is highly
sought after. Indeed, to venture into underexplored regions of
chemical space, novel disconnections of targets containing
these important functionalities are needed.l! Multicompo-
nent reactions (MCRs) figure amongst the most promising
strategies for addressing this challenge as they transform
readily available feedstocks into complex structures in a single
step.! In addition, due to their favorable atom and waste
economies,”’ MCRs are ideal for the synthesis of bioactive
targets.

The need to replace precious metals with more abundant
and less toxic elements, such as copper, is a pervading theme
in contemporary synthesis.” Since the first reports by Hosomi
and Miyaura at the turn of the century,® the copper-catalyzed
borylation of C—C multiple bonds, along with the powerful
extension of this methodology in MCRs, has been extensively
studied.”’) The aim of this Minireview is to highlight recent
advances in copper-catalyzed borylative MCRs involving C—
N electrophiles and olefins for the synthesis of highly
functionalized amines, nitriles and other nitrogen-containing
products (Scheme 1).

2. Mechanistic Aspects in Copper-Catalyzed
Borylative Couplings

Organocopper reagents can be generated in situ through
borocupration of olefins, and then intercepted by C-N
electrophiles (Scheme 2 A). A copper salt is first transformed
into a copper(I) alkoxide complex int-1 by treatment with
base.'” Transmetallation then occurs between int-1 and
a diboron reagent 1, typically via o-bond metathesis (step
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A)." NHCs and phosphines are pop-
ular ligands in these processes, in fact,
the first isolated copper-boryl com-
plexes int-2 featured NHCs as stabiliz-
ing ligands."” 1,2-Borocupration of an
activated olefin 2 (internal, non-con-
jugated olefins are unreactive)™® with
int-2 produces the borylated organo-
copper complex int-3 (step B and
Scheme 2B)."!" The regioselectivity
and stereoselectivity of the borocupra-
tion is not easy to predict as both
kinetic and thermodynamic factors
must be taken into account.!"” Further-
more, isomerization"” and rearrange-
ment™ can lead to epimerization® of
the organocopper. Finally, reaction with a suitable electro-
phile 3/4 delivers the product 5/6 (step C/D). The catalyst is
regenerated using an equivalent of base and diboron, or by
protonation of the product with an alcohol (step D). This
simplified mechanism encompasses many of the transforma-
tions in this Minireview. As steps B and C determine the
regio- and stereoselectivity of these reactions, they will be
highlighted in the text when mechanistic evidence is available.

( « important N-containing products
R * boron synthetic handle
> (“ « step-economical N 0.0 NH
[4 o olefin feedstocks _|/ NH B {¢]
R « abundant/non-toxic catalyst X 7 O
o stereodefined products B\O
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Scheme 1. Copper-catalyzed borylative multicomponent reactions in-
volving olefins and C—N electrophiles. LG = leaving group. TBS=t-
butyldimethylsilyl.
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3. Copper-Catalyzed Borylative Couplings with
Imines

and moisture sensitivity, safety risks and pre-functionalized
starting materials. Copper species are well known to modulate
the reactivity of organometallic reagents!'™ and can induce
stereocontrol in additions to ketimines!"”! and aldimines.”"
The use of copper catalysts to generate organocopper species
in situ in MCRs is an attractive solution to the problems

Classical syntheses of amines often involve the addition of
organometallic reagents to imines.'"” However, these reac-
tions suffer from the inherent limitations associated with pre-
formed organometallic reagents: cryogenic temperatures, air
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Scheme 2. General mechanism for multicomponent Cu-catalyzed bor-
ylative couplings.

associated with stoichiometric organometallic reagents in
amine synthesis.

3.1. Allenes

In an effort to circumvent the need for pre-formed
allylmetal reagents in additions to imines,”!! Procter and co-
workers™ reported the first multicomponent copper-cata-
lyzed borylative coupling of imines and allenes in 2016.
Homoallylic amines 9 were formed from the addition of
allylcopper complexes (e.g. int-6), formed in situ by borocup-
ration of 1-monosubstituted or 1,1-disubstituted allenes 8, to
aldimines 7 (Scheme 3A). A range of substituents on the
imine were well tolerated, including electron-rich and elec-
tron-deficient (hetero)aromatic groups (to give 9a—e, Sche-
me 3B). Interestingly, X-ray and ''B NMR analysis of the
products revealed a donor-acceptor interaction between the
amine and the Bpin moiety (as illustrated in 9e). A density
functional theory (DFT) study was performed to rationalize
the observed anti-diastereoselectivity. After considering var-
ious possibilities, a lowest energy pathway featuring a 6-
membered, Zimmerman-Traxler-type transition-state TS1
from (Z)-allylcopper species int-6 and aldimine 7 was
proposed.

Procter and co-workers™! also reported an enantioselec-
tive variant of the reaction. By using the enantiopure NHC
precursor L1 with Cul (5 mol %), excellent levels of stereo-
induction and good to excellent yields were obtained
(Scheme 3 C). Importantly, scalability was achieved using
a low catalytic loading (1 mol % ) on a 2 gram scale, affording
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Scheme 3. A) Procter’s Cu-catalyzed borylative coupling of aldimines
and allenes. B) Diastereoselective variant. C) Enantioselective variant.
[a] 2 gram scale reaction (1 mol% Cul/L1). D) Procter’s and Zhang’s
coupling of allenes with imine derivatives.

10a in almost quantitative yield, and with excellent diastereo-
and enantioselectivity.

These reports triggered the development of similar MCRs
involving imine derivatives. For example, the Procter
group® used the approach to prepare quaternary o-amino
acid derivatives 11 from ketiminoesters (Scheme 3D), for
which an enantioselective variant has been reported by Chen
et al.?® In addition, Zhang and co-workers®®! realized the
enantioselective coupling of arylallenes with cyclic imines to
access functionalized dibenzo-1,4-oxapines 12 (Scheme 3 D).

In 2017, Hoveyda and co-workers™®! developed an enan-
tioselective, copper-catalyzed borylative coupling of allenes
and N—H ketimines (Scheme 4 A). The instability of ketimine
electrophiles was cleverly managed by using the HCI salt of
N—H ketimines 13, which were prepared through addition of
an organolithium reagent to the corresponding nitrile and
subsequent acidification. Using an enantiopure NHC ligand
L2 with CuCl (5-10 mol % ), the ketimine salts were combined
with 1-substituted allenes 8 and B,pin, to give the desired
products in good to excellent yields and excellent diastereo-
and enantioselectivities (Scheme 4B). In agreement with the
studies of Procter and co-workers (Scheme 3B), DFT calcu-
lations supported a mechanism involving a six-membered
transition state TS2 (Scheme 4C). They postulated that
a combination of N—Na coordination and steric repulsion
between the ligand and the Bpin moiety accounts for the high
enantioselectivity of the transformation.
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Scheme 4. Hoveyda's Cu-catalyzed borylative couplings of N—H ket-
imines and allenes.

3.2. Vinylarenes

In 2018, Kanai, Shimizu and co-workers?” disclosed the
first enantioselective copper-catalyzed borylative coupling of
aldimines 15 and vinylarenes 16 using mesitylcopper (MesCu)
as a pre-catalyst (Scheme 5A).! Notably, they were able to
selectively access either anti- or syn-diastereomeric products
by varying the chiral ligand (L3a or L4). A wide range of
products was obtained in high yields and high enantiomeric
ratios (Scheme 5B). Provided that a large excess (10 equiv) of
vinylarene was used, aliphatic imines were also suitable

A
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Scheme 5. A,B) Kanai's enantioselective Cu-catalyzed borylative cou-
plings of aldimines and vinylarenes. C,D) Lam’s Cu-catalyzed borylative
coupling of vinylazaarenes with imines. MTBE = methyl-tert-butyl ether.
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candidates in spite of their potential to tautomerize to
enamines.

Prior to the report by the Kanai lab, Lam and co-
workers®” had disclosed a related borylative coupling of aryl-
substituted, N-Boc aldimines 19 with vinylazaarenes 20
(Scheme 5C). A combination of CuF(PPh;),2MeOH and
dppf L5 afforded, after in situ oxidation, 1,3-amino alcohols
21 with moderate to high diastereoselectivity (Scheme 5D).

Following these reports, three groups simultaneously
reported a related intramolecular coupling (Scheme 6);>"
N-(2-Vinylphenyl) aldimines 22 were reacted with B,pin, in
the presence of a copper catalyst to give 2,3-disubstituted
indolines 23. Both Xiong and co-workers®! and Yun and co-
workersP*® reported an enantioselective coupling using (S,S)-
Ph-BPE L3b (Scheme 6A). A range of (hetero)aryl sub-
stituents on the imines and aryl-substitutents on the alkene
was well tolerated (Scheme 6 B). Shen, Xu and co-workers*
reported a diastereoselective variant using dppf L5 (Sche-
me 6C). Interestingly, the products arising from the reaction
of 2-bromo-aryl imines were further transformed into the
corresponding tetrahydroindenoindoles 25 through a palladi-
um-catalyzed Suzuki-Miyaura coupling.
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Scheme 6. A,B) Xiong's and Yun's enantioselective Cu-catalyzed bory-
lative couplings of aldimines and tethered aryl alkenes. C) Shan and
Xu's diastereoselective variant.

3.3. Dienes

In 2016, Cao, Liao, and co-workers?!! reported the copper-
catalyzed diastereo- and enantioselective borylative coupling
of imines 26 and dienes 27. Following in situ oxidation, 1,3-
amino alcohols 28 were obtained (Scheme 7A). Very high
diastereoselectivities and excellent enantioselectivities were
obtained with the bulky phosphine ligand (R)-DM-BINAP
L6 (Scheme 7). This three-component coupling reaction was
effective with dienes ranging from the highly abundant 1,3-
butadiene (to give 28 f) and isoprene (to give 28a, 28b, 28d),
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98% %% i 98%ee. 96% e.e. 97%e.e. 96%e.e. Ko'Bu il Brownetal. ! No-R
""""""""""""""" B,pin, 7 enantioselective ! I CuCl &
i&tic i ¢ R ————=—=—— 4 examples ! NT R
C Mecharistic insights i Me /\(\ Et0,45°C oM ZR2 upto64% yield | taf Me |
» Me @ R up to 90% e.e.
5 Bopin, Bpin then DDQ 35 3 L7Cucl H
A7 IPrcu-0Bu Z Bpin o lupresdtivé €8l o o—Mm———
27a > CulPr IPrcu /(z, E NP e dienss D Selected examples N
int-8a int-8b ! L N~
7 35a 35b Bpin 35¢
. 20 ; ; B ; Bpin 64% Bpin 50% 58%
Scheme 7. Cao ETHC! Liao’s enajmtloselectlve Cu-catalyzed borylative p il p e Mew e
couplings of aldimines and dienes. Ve

to more functionalized 2-substituted dienes (to give 28c).
Unfortunately, the reactions with internal, cyclic, and 2,3-
substituted dienes were unsuccessful. The authors were able
to isolate the (Z)-allyl copper species int-8b, which they
suggested was formed from initial 1,2-borocupration of 1,3-
butadiene, followed by migration of copper to the least
hindered position (Scheme 7C). This (Z) geometry is often
thermodynamically favored in allylmetals.?*>]

In 2018, Yun and co-workers®™! reported an intramolec-
ular copper-catalyzed borylative coupling of 1-dienylarenes
29 with tethered imines to give 7-membered benzo[b]azepines
30 (Scheme 8 A). Aryl and alkyl aldimines, and aryl, alkyl
ketimines, were suitable substrates and gave products with
high diastereocontrol (Scheme 8B).

A P I SN .
IMesCuCl (5 mol%) :

. @\m\ sz:é'z RS =\ jBpin T

g LiO'Bu gl un et al. :

2NN Z N~ AH 17 examples : cucl
Py THF, 30 °C H A upto 81% yield IMesCuCl

HAl” e %  Ar=2,4,6-Me5(CeHy)

B Selected examples — all products >95:5 d.r.

MeO : /j\ Bpin
N

H Ph

30a
51% 2%

38%

Scheme 8. Yun’s Cu-catalyzed intramolecular borylative couplings of
aldimines and dienes.

In 2018 Brown and co-workers® serendipitously discov-
ered the borylative cine-substitution of 3-bromopyridines 31
with dienes 32 (Scheme 9 A). Labelling and crossover experi-
ments suggested a concerted deuterium migration from the 6-
to the 5-position in intermediate int-9 (Scheme 9B). Quino-
lines and isoquinolines did not undergo cine-substitution, but
direct addition after borocupration of 2-alkyl-1,3-dienes 32.
For example, direct addition occurred at the 1-position of
isoquinolines and afforded 1-hydroisoquinolines, which were
prone to re-aromatization upon treatment with DDQ. This
transformation was rendered enantioselective using L7CuCl
(Scheme 9C,D).
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Me

Scheme 9. A,B) Brown’s Cu-catalyzed borylative cine-substitution of 3-
bromopyridines. C,D) Brown’s enantioselective Cu-catalyzed borylative
couplings of isoquinolines and dienes.

3.4. Enynes

In 2020, Procter and co-workers®® used a copper-cata-
lyzed borylative coupling of enynes 36 and aldimines 26 to
prepare homopropargylic-1,3-aminoalcohols® 37, containing
up to three contiguous stereocenters, with high enantiocontrol

(Scheme 10A). Interestingly, (S,5)-Ph-BPE  L3b (c.f
A
[Cu] (10 mol%) Phy(O)R Procter et al.
_P(O)Ph, I‘Bi?)iszzl?gl:? ';\'H ?H erzle;nticsele::ﬁve !
Rl——————> (HepAr R i
Ip to 95% yield ; :
(HedA ')L /\/ solvent, temp o fl upto>o5aar. |
26 then NaBO3 upto>99%e.e. |
36 R?

Conditions A: CuOAc, THF, RT;  Conditions B: Cu(MeCN),BF,, toluene, 0 °C

B selected examples

Phy(O)P< Ph,(O)P~. Pha(O)P< Phy(O)Ps Phy(O)Ps

NH OH NH OH NH OH NH OH NH OH
"Hex
| oTBS
37a (A) 76% 37b (A) 82% 31c (B) es% 37d (B) 82% 37e (B)63% |,
dr. MTol gg:12 g 85:15 d.r.
>99% ee 98% ee >99% e.e. >99% ee >99% e.e.
C Mechanism #
cuL H » PROR HH  gpin
. /\,Bpln LCu -)\/Bp'" 26a N=<
s6a LCuBpn| 2 — Y LCimg/ Ph —» 37a
R Ph
int-10a int-10b TS3

Scheme 10. Procter’s enantioselective Cu-catalyzed borylative cou-
plings of aldimines and enynes.

Schemes 5 and 6) was again used to impart enantioselectivity.
A wide range of aromatic imines and electron-rich aromatic
enynes were well tolerated (Scheme 10B). Based on a related
DFT study involving carbonyl partners,'”! the authors sug-
gested a mechanism involving rearrangement of the prop-
argylic int-10a to the allenyl copper int-10b (Scheme 10C)
followed by coupling via 6-membered TS3 to give 37.
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3.5. Direct Borylation of Imines A - . o X .
)NL [Cu] cat. (1 mol%) RQJLN.R‘ 0_033‘6{‘ 4

The hydroboration of imines affords important a-amino- At ™ Ea s P AP 7$<o Ar(Het
boronic acids that are bio-isosteres of a-amino acids.”®! i " Solvent, Temperature sgn; zt m Zhang: Lu:?Houeta|_

In 2013, Tian, Lin and co-workers®™ used N-benzoyl RS & C% D e,
arylaldimines 38 to obtain a-amido boronic esters 39 in good B SotdedeosmpleszSongetsl From in it condensation of amines and aldehydes
yields and moderate enantioselectivities (Scheme 11 A,B). In o o [ MeSOe o
2015, Liao and co-workers*! reported an improved copper- PN~ e e e coome e N e
catalyzed enantioselective hydroboration of N-Boc aldimines ‘ Bpin Q)\ Bpin Bln @BP‘"
38 using a chiral sulfoxide-phosphine ligand L9 (Sche- O 422 MeO™ ™ 4ap me a2e M a2
me 11 A,C). Interestingly, the absolute configuration of the oo oo ; =
resulting a-amido boronic esters 39 could be controlled by the e 9 ESE:’S%W of AR

i S N/\Me MeMNAMe no ligand R el o
copper counter ion (Scheme 11 C). ) ) "" | Toluene, RT L

The direct borylation of imines has been used in related e ,@/k e e /(j/k e Wabomwp’;;:;:)fm_mm
multicomponent reactions. In 2019, Song and co-workers*!] 2 2. iminium saits
reported the copper-catalyzed boroacylation of aldimines 40 C Selected examples - Zhang, Luo, Hou et al. Conditions
(Scheme 12 A). The two-step protocol involves formation of 5 5 o o z;":‘(:zS“:o' S
the iminium salt int-11 then copper-catalyzed borylation to i qéJ\N—Ph iy O‘é,\,;rms i QéLN’s”wB —
yield the desired N-acylated a-amino boronic esters 42. The & . N, s O'ngz,/ o . @/NT“\Q\W
process was efficient across a wide range of aryl imines 7$< 4 7$< 7$< O I
bearing alkyl and aryl N-substituents, and various aromatic e 43 ¢ Az “
and heteroaromatic acyl chlorides (Scheme 12B). The direct g 28554t 9 +
conversion of aldehydes and amines through an in situ ?43 £ |- 2
condensation/boroacylation sequence (to give 42e and 42f) || mesoer, Moo e ¢
was also possible. Diglyme, RT  Ar(Het) P Bpin | | THF, 80 °C Ar(Het) i Bviné

Shortly after, Zhang, Luo, Hou and co-workers*? report- Lt Ty [ e v COs aton y

ed a highly efficient copper-catalyzed borylative functional-
ization of aldimines involving CO, fixation (Scheme 12 A).
Following borocupration of the aldimines, intramolecular N/
B Lewis pair formation was proposed to efficiently activate
CO, (TS4; supported by DFT calculations), yielding versatile
borocarbamate salts 43. The methodology was applied to an
extensive scope of aryl aldimines using only 1 mol% of
a readily available NHC-ligated copper catalyst (Sche-
me 12C). Finally, carbamate-containing c-amino boronic
esters 44 and 45 were generated upon treatment with
a methylating agent or an acyl chloride.

A CuClI (10 mol%)
Ligand (12 mol%) Hn-BZ e fih-Boc
Bpin, = = or
] Base R” > Bpin R Bpin  R”“Bpin
Ay Additive (R)39 (R)-39 (5)-39
38 Solvent, RT Tian, Lin et al. Liao et al.
9 examples with L8 26 examples with L9
up to 94% yield 86% e.e. up to 65% yield 96% e.e.
B Selected examples - Lin, Tian et al. Conditions
Bz Bz {Base:  NaOBu
HN R HN e HN’BZ i Additive: none
Bpi g ; T i Solvent: toluene 5]
Bpin B A H
/(jA ©/\ o Me”~epin Pn, pn BFe
R \
B A y N__N
iR= yield ee. | [R= yield ee. | 39 O/ ) O
| HE 29% yield, 84% e.e.
iH(39a) 82% 63% | F(39c) 94% 71%! : O
\Br(39b) 86% 74% | OMe (39d) 90% 64%! : L8
C Selected examples - Liao et al. ; Conditions A
iBase:  NaOBu
| Additive: NaBARF (12 mol%
an-Bo° n-BoC n-Bo° Hn-Bo° - ( ) Y
= )\ s T /'\ H Solvent: uOMe Se
4-Tol” >Bpin  4-Tol”” “Bpin ] Bpin  Cy” “Bpin ! ~o
\ | Conditions B e pPr)
H i i 2
39f (A) 399 (B) 39h (A) 30i(g) |Base: KOBu OMe
51% 54% 46% 44% Additive: none
94% e.e. 86% e.e. 86% e.e. 40% e.e. | Solvent: BuOMe L9

Scheme 11. A) Enantioselective Cu-catalyzed direct hydroboration of
aldimines. B) Examples from Lin, Tian et al. C) Examples from Liao,
etal.

20284 www.angewandte.org © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Scheme 12. Cu-catalyzed borylative couplings of aldimines and acyl
chlorides, reported by Song and co-workers, and aldimines and CO,,
reported by Zhang, Luo, Hou and co-workers.

4. Copper-Catalyzed Borylative Couplings with
Nitriles

The cyanation of olefins delivers versatile nitrile-contain-
ing products.”! Electrophilic cyanating agents, such as N-
cyano-N-phenyl-p-methylbenzenesulfonamide (NCTS 46a),
have emerged as a safer and more practical alternative to
traditional cyanating reagents, such as hydrogen cyanide and
cyanide salts.™ They can be used to intercept nucleophilic
organocopper species, and have recently featured as electro-
philic partners in copper-catalyzed borylative MCRs.

4.1. Allenes

In 2016, Montgomery and co-workers!*! reported the
copper-catalyzed borylative trifunctionalization of terminal
allenes 8 with the cyanating reagent NCTS 46a (Sche-
me 13 A). The process demonstrated high diastereoselectivity,
good functional group compatibility, and high yields (Sche-
me 13B). As discussed previously (Scheme 2), initial boro-
cupration forms an allyl copper intermediate int-12 (Sche-
me 13 C). Subsequent cyanation with NCTS affords inter-
mediate 48. A second borocupration, followed by protode-
metalation, delivers the trifunctionalized product 47 via int-
13.
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A tives 49 with NCTS 46a (Scheme 14 A). The same ortho-
Y T — selectivity was observed using the copper-NHC pre-catalyst
™ e @ —— UN;NQ IMesCuCl. For 2-vinylnaphthalene, cyanation at Cl1 was
. Nachn R o e cu observed (51a). However, in the case of substituted styrenes,
o o bege | ~ the nitrile group was directed to the least sterically hindered

i ortho-carbon (Scheme 14 C).

Biselcisd exanpiss o o The origin of regioselectivity was studied by Yang and
- : cn & T & Liu™ using DFT (Scheme 15). They proposed that benzylic
Bpin ; [j)\éfn Bin msp<n ~epin cyanation is disfavored as a high energy 4-membered
@ 7 P e P transition state TS6 is required, whereas the ortho-cyanation
o ol e e features a more favorable six-membered TS (TS5a and
P — TS5b). The selectivity for C1 over C3 cyanation in 2-
Icycuc ! N icycuct [ N N vinylnaphthalene derivatives comes from a lower disruption
Foblhe {R«\[Bpm } 6 R)WTBPM L EC)U>[EP‘“ }—’ R)\EK\BD"‘ of the arr)omaticity of the naphthalene system in TS5a thzn in
im_fzuL s i 47pn TS5b. Facile 1,2-elimination of the copper tosylamide from

Scheme 13. Montgomery's Cu-catalyzed borylative cyanation of allenes.
[a] MeOH was used as additive. [b] standard procedure used then
NaOH/H,0,, overall yield shown for cyanodiboration and oxidation to
the diol.

4.2. Vinylarenes

In 2014, Yang and Buchwald®! reported a copper-cata-
lyzed, regioselective borylative cyanation of 2-vinylnaphtha-
lene derivatives 49 using NCTS 46a (Scheme 14 A). The
reaction displayed a clear selectivity for ortho-cyanation over
benzylic cyanation (observed in less than 5%), and an
exclusive preference for the most hindered ortho position
(C1 vs. C3). Substitution at the C6 position of the 2-
vinylnaphthalene derivatives was well tolerated (Sche-
me 14B). Interestingly, deuterium labelling and crossover

int-14 then leads to a dearomatized intermediate. Next, as
previously demonstrated by Yang and Buchwald in a deute-
rium labeling experiment, rearomatization occurs by an
intramolecular 1,3-migration of the C1 hydrogen via a six-
membered transition state TS7, followed immediately by
benzylic protonation TS8.

Yang™ recognised the potential of the dearomatized
intermediates to undergo rearomatization-driven sigmatropic
rearrangement and disclosed a catalytic borylation/ortho-
cyanation/Cope rearrangement sequence (Scheme 16 A). Af-
ter the initial borocupration and ortho-cyanation (vide supra),
pre-installed allyl chains at the C1 position of 2-vinylnaph-
thalene derivatives 52 migrate to the benzylic position in
a [3,3]-sigmatropic Cope rearrangement to re-establish aro-
maticity without the need for an alkoxide-assisted [1,3]-H

A Mechanism and regioselectivity — Yang and Liu

experiments showed an intramolecular transfer of the C1 = - Bpin . +
. . .. I P P | N
deuterium of labelled 1-D-49 a to the benzylic position of 50d. ph’N\l'/’/N‘*CIuL;) \C/U P :::N_/g_:;c“i >
HS P i 1 N/
Shortly after, Montgomery and co-workers*®! reported the ~‘ N =
. . . . Bpil i
copper-catalyzed borylative cyanation of vinylarene deriva- = phNots opin
TS5a (-30.8 keal.mol ) TS5b (-20.8 keal.mol) TS6 (-21.3 keal.mol)
1,4-borocy atc1_| |14 atc3 1,2-borocyanation
A
Ts CN CN P/\p r 4
N-CN 1 h Ts & LCuOBuY Bu % By #
PH . Rf@@d o i r’:‘u " or O, o
462 Calbomd (10 20math); N o Bon R _Js Bpin ph oy H LioBu ne M ON iy
_zPrIgz E—— S¥~ > Product
. LiO'B 50 51 OO T O‘ ) OO _ (50)
oS solvent, temperature Buchwald et al. Montgomery et al. Bpin Ph’NCu—P Bpin Bpin
18 examples 21 examples int-14 N \J TS7 TS8
up to 81% yield up to 84% yield P =
I PO Scheme 15. Yang and Liu’s computational study of the Cu-catalyzed
CuClL10 (20 mol% regioselective borylation/ortho-cyanation of vinylarenes. M= Cu or Li.
CN CN CN 1,4-dioxane, 80 °C
Ph
Ao 50 50c Q O A
B: (95%) 75% L g?‘z;"g,,/f)s% B,ﬁ’i };g'y%% L - CuOTf (20 mol%)
) ’ Conditions B 110 (20 mol%)
CN DH cN CN CuCl/L11 (20 mol%) Bypiny
THF, 60 °C LioBu
“ ! “ i OO Bpin 1,4-dioxane, 120°C  [R'
OO Bpin N OO Bpin N d 2
50d C{ 50e Bocr\(\) A (5:;5) PPhy int-15 Yang
- A: (T7%) 55% : (659 v
é% g 'ln>;409r; é { (53)%) B: (68%) 51% PPh, 21 examples up to 86% yield
e e e B Selected examples o) s,
C  Selected examples — Montgomery et al. — all products are >95:5r.r. : Conditions Ph N
& & e 1 MesCuCi (10 mofk) oN N cN o cN
P ' o o &L 8
pin mpin i) . Bpin Bpin Bpin Bpin
. peth (51d), 79% 53 53b 53¢ 53d
51a 51 im-Br (51e) 78% | o b e 5
ain foMe (51 67%! 62% 73% 2% 55%

Scheme 14. Cu-catalyzed borylation/ortho-cyanation reported by Buch-
wald and by Montgomery. Yields in parentheses are crude yields.
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Scheme 16. Yang's Cu-catalyzed 1,3-allyl group transfer borylation/
ortho-cyanation cascade.
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shift (see int-15, Scheme 16 A). Neither benzylic cyanation or A N T P, pehg |
. . . . Ts, Bopi i H
functionalization at the allyl moiety were observed. N-CN  CuBresMe, (10 moi%) f\/ pin Proderstal. O o O
. Ar L13 or L14 (11 mol% 5 1.
In 2018, Xiao, Fu and co-workers™* reported a comple- " M R P R
t tal d b lati b li i f KaPO4 3 R 3 B e e
mentary copper-catalyzed borylative benzylic cyanation o o T ERTe0c - o R C O
vinylarenes 49 (Scheme 17 A). The unprecedented regiose- \{\ Bpin” <2 1.2 borocyanaton | P
P R \ up to 88% yiel ;
i 3 3 1 11 R | 46b Ar=p-OMeCoH, :
lectivity was achieved by using Fhmethylmalonomtrﬂe s (A aed | i, " j
(DMMN) 54, instead of NCTS derivatives 46, as the electro- T
. K . . . i B Selected (43vs1,2
philic cyanating agent. Benzylic nitriles were obtained in good . /@/\ m\©)\ ,@/\ /@/\ .|
yields from a wide range of vinylarenes, encompassing 2- T Z Bpin
1 1 1 56a 77% 56b 70% 56c 65% 56d 45% 56e 51%
vinylnaphthalene and styrene derlyatlves (Schem.e .17 B). us | searr Seb70% Secechs Sediow iy
Notably, the presence of an allyl chain at the C1 position of va | oTaE 57b84% 57¢ 72% 57d68% 56e 20%
. . 7:93rr. 5:95rr. 11:89rr. <5:95r.r. >95:5rr.
2-vinylnaphthalene did not lead to the Cope rearrangement
seen by Yang. C Mechanism — Huang et al. and Li et al. J%/‘\ iid o
ct .
31.2% L13 R72 Bpin j\ﬁ | &,
2o 650 [ cuL i Epin 56
% CuBreSMe, int-16a IRE16E
Bapin, Bpin
A NC_CN Sl j\ﬁ &
Ph Bpin
BS CulLigand (10 mol%) a UMOCRtHBRHS = [ }zé‘ RNl }—' 57
54 BoXy Xiao and Fu et al. int-1?Ia int-17b
* LiO'Bu/CsF 27 examples

up to 78% yield

o =
i @A\ 7BU;0, 60-130 °C

49

B Selected examples

Scheme 18. A,B) Procter's Cu-catalyzed regiodivergent borocyanation
of dienes. C) Huang’s mechanistic DFT studies.

Conditions A
CuCl (10 mol%)
cN cN cN L5 (12 mol%)
o 0N o, Fem
) ) = ~PPh. Ts.
Bpin OO Bpin OO o®o Fe : N-CN CuCl (10 mol%) Srmere— .
55a 55b ssc L= i Af L13 (11 mol%) R i PPh,  PPh, !
B: 50% A 73% A60% o, ) e 46a B,pin, R g el 5L : o :
50:50d.r. N2/ TTTTTimmmemmmmsmsmmoooeoen, OB R* oN 57 examples
| i + LiOBu
Conditions B _ - R X OH up to 98% yield
CN CN oN Cu(acac), (10 mol%) R2 R4 THF, RT 3 >98:2rr.
_ y L12 (12 mol%) LN R >98:2 E/Z ratio :
. OO . : 100°C Cy,P PCy, then NaBO3 59 H L13
\N Bpin Bpin 'S Bpin ° R3 L.
55d 55¢ 55f O O 58
A 78% B: 45% A 54%
N T S B Selected examples — all products >98:2 r.r. and >98:2 E/Z ratio
cN oN cN Me cN
Scheme 17. Xiao and Fu’s Cu-catalyzed borylation/benzylic cyanation of O S N OH A OH
vinylarenes. MeaN " I e Me
59a 86% 59b 56% 59c 84% 59d 85%
CN CcN Me_ CN o o
MeWOH Me\[ﬁ\/OH MeO N OH o~ _OH
.3. Dienes Ve
43 59¢ 85% 59f 74% 599 89% 59h 98%

In 2018, Procter and co-workers®” reported the ligand-
controlled, regiodivergent borocyanation of 1,3-dienes 27
(Scheme 18 A). The bidentate phosphine ligand XantPhos
L13 and 4-methoxy substituted NCTS derivative 46b gave
excellent regiocontrol and very good yields of the 4,3-
borocyanated product 56 (Scheme 18 B). Whereas, switching
to the monodentate phosphine ligand PCy; L14 and para-CF;
NCTS derivative 46¢ enabled 1,2-borocyanation to give
products 57 with good selectivity and excellent yields
(Scheme 18B).

Shortly after, both Huang and co-workers®'! and Li and
co-workers®? investigated the origin of the regiodivergency
through DFT calculations (Scheme 18C). They suggested
that, due to the steric bulk of ligand L13, borocupration
occurs across the less hindered C4—C3 double bond to give
the allyl copper species int-16 a followed by rearrangement to
int-16b. Subsequent cyanation gives the 4,3-borocyanated
product 56. Conversely, borocupration occurs across C1—C2
with the less bulky ligand PCy; L14 due to the greater
contribution of C1 to the LUMO, ultimately leading to the
1,2-borocyanated isomer 57.

Soon after, Meng and co-workers™! disclosed the copper-
catalyzed cyanation of substituted 1,3-diene derivatives 58
(Scheme 19 A). Excellent regioselectivity and E-stereoselec-
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Scheme 19. Meng's Cu-catalyzed regioselective borocyanation of di-
enes.

tivity was achieved using CuCl and ligand L13 across a wide
range of substrates (Scheme 19B). 4,3-Borocyanation domi-
nated with 1-substituted, 1,2-disubstituted, and 1,3-disubsti-
tuted dienes yielding products 59 exclusively (see 59a—-g). On
the other hand, 1,1-disubstituted dienes afforded products
such as 59h, arising from 4,1-borocyanation.

In the same year, Procter and co-workersP¥ disclosed an
enantioselective 1,2-borocyanation of 1,3-dienes 60 that
delivered enantiomerically enriched allylic nitriles 61 (Sche-
me 20A). Substrates bearing heterocycles and substituted
arenes were compatible, and gave the anticipated products
with excellent regio- and enantiocontrol (Scheme 20B).

4.4. Addition Across Nitriles

In 2019, Hoveyda and co-workers™! presented a boryla-
tive coupling of allenes and nitriles to access primary alkyl-
amines (Scheme 21 A). The process consists of two copper-
catalyzed cycles: first, borocupration of 8 gives an allylcopper
species that adds to nitriles 62, giving ketimine intermediates

Angew. Chem. Int. Ed. 2020, 59, 20278 —20289


http://www.angewandte.org

A
Ts,
N-CN CuTc (10 mol%)
AR L15 é1 1 moi%) & Procter et al.
46 2PIn2 26 examples
KOs (HeAr! ’\/'\ up to ‘;‘f"g‘gy‘e"’
o . up to e.e.
(HehAr' ™ ’\/\ E,0.0°C 61 Bpin uz to >96:4 1.

60
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Scheme 20. Procter’s Cu-catalyzed regio- and enantioselective borocya-
nation of dienes. CuTc=copper(l) thiophene-2-carboxylate.
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equivalent borylative process. To avoid this undesired process,
Hoveyda and co-workers used an excess of the polymeric
silane, polymethylhydrosiloxane (PMHS), and a finely tuned
mixture of alcohols to engage the copper hydride catalyst in
an unproductive cycle (Scheme 21 D).

Prior to this work, Liu and co-workers®™ had reported
a related intramolecular borylative cyclization of o-(cyano)-
phenyl propargyl ethers 64 (Scheme 22 A). Allenes were first
generated in situ by DBU isomerization (int-21). Borocupra-
tion by a copper/dppf complex followed by addition to nitriles
formed ketimine intermediates that spontaneously isomer-
ized to gain aromaticity and form naphthylamines 65 (Sche-
me 22 B).

CuCl (5 mol%)

Me H
L16 (5 mol%) | A L5 (5 mol%)
PMHS :'gv:z::l:tl:sl- @“‘Lpr&h H oTBS oTBS Bopiny qres i i
Z Bapin, NH, Bpin 5 : Fe PR3, + 1 . Bpin Liu et al.
Ill 7z NaOMe 2 Bpl upto 90% yield H N \ DBU S, KO'Bu OO 23 examples
R "R T R uplopdoicary | @ ‘ > = R' ‘ » 3 toluene, RT R! 45-99% yield
THF, MeOH, ‘BuOH 5 up to >99% e.e. : 3= cy 116 ' CN CN R’ J
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Scheme 21. Hoveyda's Cu-catalyzed borylative couplings of nitriles and
allenes. PMHS = polymethylhydrosiloxane.

(c.f int-18). In a second cycle, these intermediates are reduced
to the desired amine 63 by a copper hydride species.>
Alkylallenes were coupled to a range of aromatic and
aliphatic nitriles using L16 to afford syn-63 in good yields,
with very good diastereo- and enantiocontrol (Scheme 21 A).
Intramolecular N/B coordination was shown to be essential to
activate the ketimine int-18 towards Cu—H reduction and to
achieve excellent stereocontrol (TS9, Scheme 21 C). Through
a three-step process, anti-63 products were obtained utilizing
ligand L17 (Scheme 21 B). As spontaneous reduction does not
occur with this system, AI(OTf); was added to promote
decoordination of the N/B pair and allow LiBH, reduction
(TS10, Scheme 21 C).

Competition experiments (Scheme 21D) showed that
formation of the copper-hydride int-20, hydrocupration of
the allene 8 and addition of the resulting organocopper
species (e.g. int-19b) to the nitrile were all faster than the
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Scheme 23. Mazet's Cu-catalyzed borylative couplings of isocyanates
and olefins.
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substituted and heteroaromatic styrene derivatives were not
effective. In addition, an enantioselective functionalization of
styrenes was developed with the chiral phosphine ligand L18
(Scheme 23 A,C).

6. Summary and Outlook

The past decade has seen significant progress made in the
development of a suite of copper-catalyzed processes for the
borofunctionalization of olefins using C-N electrophiles.
Numerous olefins, ranging from complex polyenes to simple
styrene feedstocks, have been validated as coupling partners.
Similarly, various C—N inputs have been utilized. Early
transformations using achiral catalysts have rapidly evolved
into highly enantioselective processes and the approach now
allows efficient, catalytic access to important synthetic build-
ing blocks.

A number of challenges face this nascent area of research.
For example, copper-catalyzed MCRs are still limited to
activated alkenes and extension of this methodology to
unactivated, “simple” alkenes remains a goal for the future.
Furthermore, a full understanding of the factors affecting
regio- and stereoselectivity is needed and will aid our ability
to predict reaction outcomes and to systematically develop
new regio- and stereoselective borofunctionalizations.
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