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ABSTRACT: Functionalized alicyclic amines are important building Laleu
blocks for the synthesis of bioactive natural compounds and drugs. R&,\+ B,pin, + Q M
Existing methods of functionalization are typically limited to the synthesis OBz
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of protected amines or the use of highly basic organometallic reagents that
can compromise functional group tolerance. Here, we report a novel
approach that enables the transformation of O-benzoyl hydroxylamines
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into a-functionalized cyclic secondary amines by means of a copper- ewis base inhibits
catalyzed regio-, stereo-, and chemoselective coupling with allenes and
bis(pinacolato)diboron. A key feature of the present transformation is the R/\[Bpi"

use of a catalytic Lewis base additive which inhibits the competing C—N O
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bond forming reaction between the catalytically generated boron-
substituted allylcopper intermediate with the O-benzoyl hydroxylamine,
thus enabling in situ transformation of the latter into an alicyclic imine which undergoes selective C—C bond formation with the

allylcopper species.

B INTRODUCTION

Saturated N-heterocycles represent one of the most important
classes of compounds in drug discovery.! As such, synthetic
procedures to diversely functionalize the alicyclic amine
framework are in high demand. Among the different
methodologies that have been developed for this purpose, a
particularly attractive strategy to access substituted saturated
azaheterocycles is the a-C—H bond functionalization of cyclic
Despite great advances in the field, current
procedures typically rely on the use of a directing group on
the nitrogen atom, limiting their utility to the synthesis of
tertiary or protected secondary alicyclic amines. A commonly
used approach includes the a-lithiation of N-Boc-protected
azaheterocycles, followed by transmetalation to an organozinc
and subsequent palladium-catalyzed Negishi coupling,’ Other
strategies based on protecting groups have relied on transition
metal-catalyzed direct C—H arylation reactions,* photoredox
catalysis,” intramolecular hydride transfer,’ and C—H
insertions via metal carbenoids’ (Figure 1A).

An alternative strategy to generate a-substituted saturated
nitrogen heterocycles is the generation of a cyclic imine and its
engagement with a nucleophile. However, alicyclic imines are
unstable, and they tend to undergo trimerization, resulting in
nonreactive compounds.” Recently, Seidel and co-workers
reported a method for the in situ generation of alicyclic imines
based on the reduction of a sacrificial ketone hydride acceptor
by the corresponding N-lithiated amine.” The cyclic imine can
then be trapped by an organolithium compound™ or a

. 2
amines.
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Grignard reagent using Lewis acid activation,” thus resulting
in a net a-C—H functionalization (Figure 1B). Although this
method represents an interesting entry to a-functionalized
secondary alicyclic amines, cryogenic temperatures are
required, and the stoichiometric use of organometallic reagents
can impose extra steps associated with the preparation and
purification of these sensitive compounds. Moreover, in some
cases, their high basicity can compromise its compatibility with
certain functional groups.

An attractive way to produce a-functionalized alicyclic
amines would be the catalytic transformation of an unsaturated
hydrocarbon into an organometallic intermediate, which can
then react with an alicyclic imine. Following this idea, we
focused on the development of a catalytic transformation based
on the in situ generation of boron-substituted allyl-copper
species by addition of Cu-Bpin to an allene.'”'" Given the
inherent instability of saturated cyclic imines, a catalytic
carboboration process involving in situ formation of this
electrophilic coupling partner would be highly desirable.
Inspired by the work of You and co-workers, where they
showed that O-benzoyl cyclic hydroxylamines can evolve into
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Figure 1. Methods for a-C—H functionalization of alicyclic amines.

the corresponding cyclic imines under basic conditions,"” we
envisioned a borylative coupling of allenes with B,pin, and
cyclic O-benzoyl hydroxylamines where the catalytic allylcop-
per intermediate should selectively react with the cyclic imine
generated from the O-benzoyl hydroxylamine (Figure 1C).
Three-component carboboration of allenes typically involve
several challenges associated with the regio- and stereoselective
generation of the catalytic Bpin-substituted allyl copper
intermediate and the control over the stereo- and site
selectivity of its electrophilic trapping. Furthermore, the
proposed transformation imposes an important additional
selectivity issue since it requires a catalytic system capable of
generating an allyl copper intermediate reactive enough to
promote an efficient C—C bond formation with the imine
while precluding the direct C—N coupling with the O-benzoyl
hydroxylamine precursor. Transient organocopper reagents
have indeed been reported to react with O-benzoyl hydroxyl-
amines,"” and that reactivity must be shut down. Several
requirements must be met to achieve this successfully. The rate
of the reaction between the allylcopper intermediate and the
cyclic O-benzoyl hydroxylamine must be slower than the rate
of imine formation. Moreover, the imine trapping by the
allylcopper intermediate, ie., the C—C bond forming step,
must be fast enough to avoid imine trimerization. We here
report the successful implementation of this idea and thus the
development of a catalytic process that allows for the selective
synthesis of boron-substituted a-allylated cyclic secondary
amines. We have found that the use of a catalytic Lewis base
additive in combination with a Cu/bisphosphine catalyst is
crucial to inhibit the C—N coupling and thus to enable an
efficient imine trapping.

B RESULTS AND DISCUSSION

Preliminary Studies and Optimization of the Reac-
tion Conditions. We began our studies by surveying the
reaction between phenylallene 1, B,pin, and morpholino
benzoate 2 (Table 1).'* Initial experiments using several

Table 1. Optimization Studies

(0)
B _
N Bpin
CuCl (5 mol%) H7T oBpin Ph/k[
Ligand (6 mol%) Ph”-
) H N

o

S - [Nj R Additive (6 mol% . . !
1 OBz (15equiv) LTia’:z'Oﬁ T\?)L,ji:t)

(15 :quiv) Ph/WBpin Ph/\eri"
5 6

entry” ligand additive 3 (%)” 4 (%)” 5 (%)° 6 (%)"
1 PPh, <s 30 30 25
2 PCy, 15 42 23 14
3 IMes 24 36 19 <S
4 IPr 22 <S S <S
S Xantphos 30 <$ 30 <S
6 DPEphos NY 24 25 <5
7 dppf 35 14 12 <S
8 dppe 11 <S <S <S
9 dppp 40 18 20 <5
10 dcpe 25 16 12 <$
11 dcpe*© 60 <5 <5 15
12 depe P(0)Ph, 72 <s <5 8
13 depe? 35 <5 <s <s
14 ) 30 22 <5
15 P(O)Ph, <5 8 6 <5
16° dcpe P(O)Ph, 60 <S <5 10
17 dcpe P(O)Ph, 23 28 30 15

“Reactions run on a 0.3 mmol scale. Diastereomeric ratio of 3 >95:5
in all cases. “Determined by 'H NMR analysis using 1,3,5-
trimethoxybenzene as the mternal standard. “dcpe* = dcpe:dcpe-
(0):dcpe(0), in a 3:1:3 ratio. 912 mol %. °NaO'Bu used instead of
LiO'Bu. /NaOMe used instead of LiO'Bu.

copper catalysts already showed the challenging nature of this
multicomponent reaction. The use of monodentate phosphine
ligands provided almost exclusively the C—N coupling product
4 in low y1e1ds together with regioisomeric mixtures of allene
protoboration' products § and 6 (entries 1—2). With NHC—
Cu complexes derived from sterically bulky aryl-substituted
heterocyclic ligands, chemoselectivity improved, favoring the
C—C bond formation, although a-functionalized morpholine 3
was obtained in very low yields (entries 3 and 4). We then
turned to evaluate bidentate phosphines and found that large
bite-angle phosphines favored the formation of product 3
(entries 5—9), although with yields and selectivity still far from
satisfactory.

An intriguing observation was that the use of different
batches of bis(dicyclohexylphosphino)ethane (dcpe) resulted
in drastically different results (entries 10 and 11). Analysis of
these two batches revealed that the use of pure dcpe led to a
mixture of C—C coupling product 3 and C—N coupling
product 4 in a 1.5:1 ratio (entry 10). However, the use of a
partially oxidized sample consisting of a 3:1:3 mixture of dcpe,
dcpe monoxide (dcpe(O)), and dcpe bis(oxide) (dcpe(O),)
provided 3 with total chemoselectivity as a single diastereomer
in 60% yield (entry 11). Motivated by this finding, we surveyed
the cooperative effect of several Lewis bases with the Cu/dcpe

https://doi.org/10.1021/jacs.2c07969
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A. Scope of the reaction

CuCl (5 mol%)

dcpe (6 mol%) NaBO3-4H,0

Ph3PO (6 mol%) (3.5 equiv)

t O
+ ).
A ‘,
AN N
OBz
(1.5 equiv)

B,pin, (1.5 equiv)
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THF (0.1 M)

THF/H,0 (1:1)
rt,3h
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Atrt; 5h
72% (63%)
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At50°C;1h
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At70°C;1h
85% (74%)
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Me @\Bpin
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12 13 14
At50°C;1h At50°C; 1h Atrt;5h
98% (75%)P 91% (82%)P 55% (47%)
r.r. >95:5; d.r. 80:20 r.r. >95:5; d.r. 60:40 r.r. 76:24

20°
Atrt; 5h
75% (50%)
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Atrt; 1 h
65% (55%)
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Atrt; 1 h
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B. "B NMR and X-ray structures of 7 and 16
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At50°C;1h
61% (50%)
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Atrt; 1 h
85% (73%)
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Atrt; 1 h
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X ray structure of 169

Figure 2. (A) Scope of the copper-catalyzed borylative a-allylation of O-benzoyl cyclic hydroxylamines. “Reactions run on a 0.3 mmol scale.
Regioisomeric ratios (r.r; C—C vs C—N coupling) and diastereomeric ratios (d.r.) were determined by '"H NMR analysis. Yields of isolated
products are shown in brackets. “Those values refer to the oxidized product. “Synthesized from 4-(acryloyloxy)piperidin-1-yl benzoate. (B)

9Ellipsoids shown at 50% probability.

catalyst (see the Supporting Information, Tables S2 and $3)."
Among the Lewis bases tested, the use of catalytic amounts of
P(O)Ph, provided the best results. The optimized CuCl/dcpe/
P(O)Ph; catalyst allowed for almost full control with respect to
side reactions and provided the a-functionalized product 3 as a
single isomer in 72% yield with total diastereocontrol (entry
12). Excess of dcpe ligand also led to the selective formation of
3, although in a diminished yield (entry 13). Importantly, in
the absence of a phosphorous ligand, selectivity was switched
toward C—N coupling product 4, which was obtained in 30%
yield (entry 14). The same selectivity was observed when a

catalytic amount of P(O)Ph; was used, although 4 was
obtained in an almost negligible yield (entry 15). The choice of
base was also important to achieve high levels of selectivity.
Indeed, while the use of NaO'Bu led to a similar result, the use
of NaOMe instead or LiO‘Bu caused a significant drop in the
chemoselectivity, providing a mixture of C—C and C-N
coupling products (entries 16—17).

Substrate Scope and Structural Modification of
Products. Having established optimized conditions, we set
out to explore the scope of this three-component borylative a-
C—H allylation (Figure 2A). In general, the reaction proved to
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be remarkably effective for a wide range of allenes and cyclic
amines, providing the corresponding a-functionalized alicyclic
amines with excellent levels of regio- and stereocontrol.
Common functional groups such as esters, silyl ethers, alkenes,
halides, and carbamates were well tolerated under the reaction
conditions. In some cases, alkenyl boronates were unstable to
silica gel and an additional oxidation step was carried out for a
more facile purification of the resulting ketone. Allenes bearing
aryl (3, 7-9), alkenyl (10), and aliphatic (11—14) groups
proved to be efficient substrates for this three-component
coupling. Remarkably, full diastereoselectivity was achieved in
nearly all cases, and it was only eroded when allenes bearing
linear alkyl substituents (12, 13) were used. Notably, an allene
bearing a conjugated alkenyl group, which adds extra points of
reactivity, could be used without formation of side products
arising from competitive Cu-Bpin olefin insertion or vinyl-
ogous Sg2” trapping of the organocopper intermediate.
Although this allene showed diminished reactivity, the reaction
still afforded product 10 with complete regio- and diaster-
eoselectivity. 1,1-Disubstitution in the allene caused a slight
decrease on the regioselectivity (r.r. = 76:24), although it
allowed to obtain pure a-allylated amine 14 bearing contiguous
quaternary and tertiary stereocentres. Gratifyingly, this method
could be extended to other alicyclic amine frameworks such as
piperidine (15—20), piperazine (21), pyrrolidine (22), and
azepane (23), obtaining in all cases the product in good yield
with perfect regio- and diastereoselectivity. Of note is the
reaction with 4-substituted piperidine derivatives, which
afforded a-functionalized products 16—19 with total stereo-
control over the three newly created stereocenters. Interest-
ingly, the use of an acrylate-substituted piperidine benzoate
allowed for the synthesis of endocyclic olefin 20 through an in
situ elimination process (see the Supporting Information for
details). Relative configuration of products was assigned based
on the X-ray crystallographic analysis of products 7 and 16
(Figure 2B). Interestingly, it was also observed that these
products exist as azaboraspiro compounds where the boron
center features a sp>-hybridization resulting from a dative
nitrogen—boron coordination. ''B NMR analysis of products 3
and 7—23 ("'B: § = 10—16 ppm) also suggests the presence of
this interaction in solution.

An important feature of the present methodology is that it
allows the introduction of a functionalized allyl group at the
amine ring, which can be diversely modified to access more
complex structures in a straightforward manner. Remarkably,
the nitrogen—boron coordination present in the a-allylated
alicyclic amines served as the basis for a chemoselective
structural modification. Reaction of 16 with different aryl
iodides catalyzed by a Pd/SPhos complex afforded Heck
coupling products 24—26 in good yields with total E-selectivity
(Figure 3a). Importantly, the alkenylboronate ester group
remained intact and no traces of Suzuki cross-coupling
products were detected.'” This excellent chemoselectivity
may be explained by the effect of the B—N coordination,
which likely hampers transmetalation, a key step in the Suzuki
cross-coupling, thus favoring the double bond insertion into
the Pd(II)—Ar intermediate, which guides the reaction through
the Heck coupling pathway. Interestingly, the B—N coordina-
tion could be broken by protonation of the nitrogen atom with
hydrochloric acid, which afforded salt 27 (Figure 3b). Despite
the strong B—N coordination, the boronic ester moiety could
be readily transformed into the corresponding alkenyl
trifluoroborate 28 and alkenyl iodide 29 by treatment with

a) Chemo- and stereoselective Heck coupling

Pd(OAC), (10 mol%) M€

SPhos (12 mol%)

wmazean T ] G NI,
K,CO3 (3.0 equiv) Cy”: 26’ ": NO2-CeHa: <:7
THF, 70°C, 16 h , Ar = 4-OMe-CgHy; 50%
b) Breaking of B-N coordination by protonation (L ‘%‘4
Me o
\ @ “ w \ §
Cy=s AL Ay
- T Llr
pin - T'. ¥
27,75%

X ray structure of 272

Me
NH L
H BF;K
Cy
28, 99%
EtO,C
ii)
NH I —
H
|
Cy
29, 75% 16, R = Me
17, R = CO,Et
EtO,C ,
R -
ii), iii)
NH -
H
Cy R' Xray structure
of 339

30,R'=H; 76%
31,R'=F; 65%

Figure 3. (A—C) Structural modification of products. (i) KHF, (4.5
equiv), MeOH/H,0 2:1, rt, 3 h. (ii) NIS (1.5 equiv), THF, rt, 2 h.
(iii) ArB(OH), (1.5 equiv), Pd(PPh,), (5 mol %), K,CO; (3 equiv),
1,4-dioxane/H,0 6:1, 100 °C, 2 h. (iv) Cu(OAc), (1 equiv), Et;N (2
equiv), 4 A MS, MeCN, 80 °C, 20 h. (v) ICyCuCl (10 mol %),
NaO'Bu (1.2 equiv), B,(pin), (1.5 equiv), THF, rt, 16 h. * Ellipsoids
shown at 30% probability.

KHF, and NIS, respectively (Figure 3c). C—C bond formation
was also possible through an iodination/Suzuki coupling
sequence as illustrated with the synthesis of products 30 and
31. Curiously, treatment of compound 17 with Cu(OAc),
under Chan—Lam conditions'® did not result in the azetidine
formation but produced N-acetylated ketone 32, which may
result from a copper-promoted C—B acetoxylation followed by
an intramolecular acetyl transfer (see the Supporting
Information for details). The alkenyl boronate moiety was
also used as a handle to install another boron functionality in
the carbon chain by means of a site-selective copper-catalyzed
protoboration.'” Thus, by using ICyCuCl as the catalyst,
reaction of compound 17 with B,pin, and NaO‘Bu in
tetrahydrofuran (THF) resulted in the diastereoselective
formation of vicinal diboronate 33.

Mechanistic Investigations. The most intriguing obser-
vation done during our optimization studies was the high level
of chemoselectivity (C—C vs C—N coupling) achieved in this
transformation when a catalytic amount of a Lewis base (i.e.,
P(O)Ph,) was used. It is important to note that this effect was
only observed for the dcpe and dppe ligands (see the

https://doi.org/10.1021/jacs.2c07969
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Supporting Information, Table S4), thus pointing at a special
behavior of the resulting copper catalysts. To gather insight

about the origin of these high levels of chemoselectivity,
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density functional theory (DFT) calculations were performed
using the coupling of allene 1, morpholino benzoate 2, and
for details).

B,pin, as the model reaction (see the Supporting Information
Based on literature precedents,'”'" formation of allylcopper

intermediate C would proceed through regio- and stereo-

selective insertion of 1 into Cu(dcpe)Bpin complex A. Indeed,
calculations showed that this step features a low activation
energy barrier of 9.5 kcal/mol (Figure 4). We then investigated
the evolution of C either to C—N coupling product 4 or C—C
coupling product 3 (Figure 4). For the formation of C—N

coupling product 4, we initially considered the oxidative

addition of the N—O bond of 2 into copper complex C
followed by reductive elimination (Figure 4, gray pathway).
Note that the dcpe ligand readily dissociates one phosphine
unit upon Cu—N coordination to generate intermediate D.
Benzoate-assisted Sy2-type oxidative addition®” into D features

a high energy barrier (AG* = 28.0 kcal/mol) and results in
intermediate E, which would undergo facile reductive
elimination (AG* = 3.9 kcal/mol). An alternative pathway
for the formation of C—N coupling product 4 involving the

formation of the branched isomeric allylcopper species by
metallotropic rearrangementle of C and subsequent Sg2’

substitution with morpholino benzoate 2 (see the Supporting
Information, Figure S18) was found to be an even more

kinetically demanding process (AG* = 29.4 kcal/mol). We
then explored the reaction between allylcopper intermediate C

https://doi.org/10.1021/jacs.2c07969
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/jacs.2c07969/suppl_file/ja2c07969_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c07969/suppl_file/ja2c07969_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c07969/suppl_file/ja2c07969_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.2c07969?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c07969?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c07969?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c07969?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c07969?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

AGg, (kcal/mol)

pubs.acs.org/JACS
46.4
’ 1
J ,/'/ "‘
20 - S 381" Cu/LiO'Bu system Cu/LiO'Bu/OPPh; system
1 ,’I S ‘.l'. = Cu-Bpin insertion into allene = Cu-Bpin insertion into allene
\_4' l‘. \ = |mine addition (C-C bond formation)
| I,’ Jrpo ‘-‘ I‘. = Oxidative addition/reductive elimination === Oxidative addition/reductive elimination
— 7323 N (C-N bond formation) (C-N bond formation)
30 312 /°F X 0
J; 7 i
/ BUO-Li—THF 1\
/ Cu—Bpin i\
po / £:\ Y
— [
20 + 218 Ph v
J, X'=THF 1 BuO—Li=N——
o 7
Jrpo, X=0PPhy 1} ¢y Y YO sy
[ r—
BUO—Li-X N — PP
ugH l‘. \ Bpin H /’ \\
10 - QU THF ' I.I . 6.9 ! /QtBu
Bpin iy 0. X=THF P o= X~ cu
| X = THF \! Ogpo, X=OPPhy / // \} AN
) v / - 74 ‘”Pho
ltpo, X = OPPhy Vy (300 -7 Ny
! I'. ’,/ ; o le)
Ve ;o oA
0 X YUK A AU P, X = THF
‘ .S A o -
‘BuO—Li—THF |12 A oA Prpo. X = OPPh,
| \ 2 — [ \
Cu Ph ' 4.0 [ o
= | Imine I:Eo L / iy ; Prpo
. ' PG/ Vo
-10 — Bpin .KTpou_mf/ \\\\ 9.6\,
K, X = THF 13 Y o '
Krpo, X = OPPhy L I \
2 THE TPO \ \\ \ s
o A \ ‘BUOH + Bypin, + THF
20 + = i Q,, .
N\O L \ 230 BuOBpin + |Tp0 OBz
'BuO-Li~~p=_ 0 \ A ¢ I
d | Ph V X BuO-Li—X
X pn | e Cu
F A , IR _"N
L , \ o~
H \ \— \
.30 - Bpin | 296 318\ \ —— Ph
L, X = THF X ! S /
I \ , N i
Lrpo. X = OPPhg BuO—Li—OBz | / Ao Bpin
N—Gu \ y o N, X = THF
H 3 Ph “ VN Ntpo, X = OPPhy
| o = Mpo N
-40 o -38.5 \ —64.9;\)\“
Bpin g
M, X = THF

M1po, X = OPPhy

-82.9
Figure 5. Free energy profile for the pathways leading to the formation of C—C coupling product 3 and C—N coupling product 4 involving dcpe-

free copper systems. Computational studies were performed at the B3LYP-D3/6-311++G(d,p)-SDD ryyg(smp)/ /B3LYP-D3/6-31G(d)-SDD level of
theory. Energies are relative to complex C combined with those of the relevant substrates.

and the cyclic imine generated from 2 (Figure 4, red pathway).

. 'BUOLI(THF), + B,pin,
N1po e
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\—
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The most favorable route for this transformation involves a six-
membered transition state (TSg.y) in which copper
coordinates the imine nitrogen and which features an energy
of only 16.3 kcal/mol.”" Other possible pathways such as half-
chair-like transition structure involving coordination of the
imine nitrogen atom to boron were found to be much higher in
energy (see the Supporting Information, Figure $22). The fact
that the pathway for imine trapping is much more favorable
than the oxidative addition/reductive elimination pathway
raises the question of why a mixture of C—C coupling product
3 and C—N coupling product 4 is obtained in the absence of a
Lewis base (Table 1, entry 10). By spectroscopic studies, we
observed that the alicyclic imine is formed gradually during the

reaction (see the Supporting Information for details).
Furthermore, DFT calculations showed that this trans-
formation features an energy barrier of 16.6 kcal/mol (see
the Supporting Information, Figure S$23). Thus, the initial
concentration of imine might be low to produce product 3 at
the beginning of the reaction, thus allowing competing
reactions to take place. However, the energetic barrier for
the N—O bond oxidative addition in the Cu/dcpe system is
too high to make this pathway competitive at the working
temperature.22

At this point, we envisaged that the formation of other Cu
species may be responsible for the formation of the C—N

coupling product. Since the absence of a phosphine ligand led
to the selective formation of C—N coupling product 4 (Table

https://doi.org/10.1021/jacs.2c07969
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/jacs.2c07969/suppl_file/ja2c07969_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c07969/suppl_file/ja2c07969_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c07969/suppl_file/ja2c07969_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.2c07969?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c07969?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c07969?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c07969?fig=fig5&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c07969?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society pubs.acs.org/JACS
A) | depercuciiiony 11 depesCucistiotbusBzoin2 11 depesCucieLiowsusB2pin2ephenyialiens
i 533 2 3t I
E . .
.
L . |
' Baping Ph&»\\\

| Fowi g N\ /A
i i b O o LY LR

5 3 2 2 15 40 6

|
!
i
?
{

\ A

PR —— e Vst v

10 5 -5 5 30 25 20 5 10 5 5 -10 <15 5 30 25 20 15 1 5 -5 -10 -15
1 {pom) 11{ppm) 1 (ppm)
B) IdcwtOPDn:loCuC\'UOIB\A ” dcpe+OPPh3+CuCl+LiOtBu+B2pin2 III depe+OPPh3+CuCl+ LiOtBu+B2pin2 +phenylallene
& E " ° J & - L -
.
\ L
. Bapina Ph/\\‘\\‘
2 1 o - = .
4 Al / a
/ [\ / \ A W /o P
! S el N Nl Mt o . SR S . = w N o Y R (e
- o s
C) 1 n
OPPh3+CuCl+LiOtBu OPPh3+CuCl+LiOBu+B2pin2 DWM’CUCPLD'B‘HE?BW\?‘M"*MM
i
Baping Ph/\\\‘\\\
A s
5 30 25 20 5 10 5 o -5 -10 -15 5 30 25 20 5 10 5 o -5 -10 -15 5 30 25 20 15 10 5 -5 -10 -15
1 ipom) 1 {pom) 11 (ppm)
i0Of
b LCuCl + Li0'Bu LiOBu
) L = dcpe nolL
o o\ Bu By o o)
3 RP PP o o e P P [ j LiOBu o
/ N N N _ >
ci . GP,CU/\O,CU*P\\./P*CU/\OQU/\PD . ('BUO),CuLi-(THF), N Gt [N/j
A |
OBu o A LioBu S OBz 16.6 kcal/mol
Bu Bu
Q R Bopin,
b B,pin, ‘BuOBpin
) o THF.,
N ) i Of I Li-O'Bu
P ‘840Bpin (THF),Li c(:iBu Bph, any
. I |
H Bpin AG* Lo PhsP  Bpin
Bpin 3
16.3 keal/mol P/\P e THF [
N/
e Cu
o p/'\p AG | AG? 15.2 keal/mol | 1 1| 4G?* 16.3 keal/mol
N s 9.5 kcal/mol  Bpin
[ j cd Ph R
N H/ ._/{ THF BUO—LI(THF). THF | 0Bz
¢ Bpin ’BuQ*Li*OBz & en 29 'BuO—Li—~O=PPh, BUO—Li~O=PPh,
N u i
Ph N 4 N-Cu Ph P PPhs | cu N-Cu Ph .,
j Z 4G6* TH;F = 4G* =z
[¢] . Bpi
Bpin 12.9 kcal/mol pin Bpin 15.1 kcal/mol O Bpin
M K Krpo M7po

Figure 6. Spectroscopic *'P NMR study of (A) CuCl/dcpe/LiO'Bu system, (B) CuCl/dcpe/P(O)Ph;/LiO'Bu system, and (C) CuCl/P(O)Ph,/

LiO'Bu system. (D) Proposed mechanism.

1, entry 14), we carried out calculations on the reaction
involving phosphine-free copper species (Figure S). Assuming
the formation of Cu(Bpin)(O'Bu)Li complex I,>> generated
from reaction of CuO'Bu and B,Pin, in the presence of excess
of LiO'Bu, and subsequent allene insertion, we calculated the
possible pathways for the resulting allylcopper complex K.
Inclusion of explicit solvent molecules was done given their
importance for calculation of Li complexes.”* The pathway
involving a disolvated complex was found to be the most
favored one (see the Supporting Information, Figure S19) and
thus was used for comparison with the Cu(dcpe) system. In

this case, after coordination of 2 to K to form complex L, a
lower activation energy barrier of 12.9 kcal/mol was found for
the N—O bond oxidative addition, thus representing a feasible
pathway for the formation of 4 at the reaction temperature
(Figure S, green pathway). In sharp contrast, the activation
energy barrier for the formation of C—C coupling product 3
from imine complex O (Figure S, orange pathway) was
significantly higher for this system (AG* = 24.6 kcal/mol).
In line with these DFT calculations, *'P NMR spectroscopic
studies revealed that the dcpe ligand dissociates from the metal
center during the formation of the copper tert-butoxide
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complex. When CuCl (1.0 equiv), dcpe (1.1 equiv), and
LiO'Bu (2.0 equiv) were mixed (Figure 6A, spectrum I), we
observed the formation of Cu(dcpe)-OBu (Q), derived
aggregates R,”* and a free dcpe ligand that most probably
involves formation of (CuO'Bu),,”> which in the presence of
excess LiO'Bu would form phosphine-free copper bis(tert-
butoxide) species S. Addition of B,pin, led to the
disappearance of the LCu-O'Bu signals, and a new peak
assigned to Cu(dcpe)-Bpin (A) was formed (Figure 6A,
spectrum II). Subsequent addition of phenylallene afforded the
allyl-Cu(dcpe) complex C with ~50% conv. (Figure 6A,
spectrum III). In both cases, the presence of a free dcpe ligand
suggests that there is no ligand reassociation and points at the
presence of nonligated Cu-Bpin complex I and allyl-Cu
complex K, respectively.

In Cu(I) complexes, alkoxide ligands mainly act as 6-donors,
thus providing the oxygen atom enough Lewis basicity to
facilitate aggregation by alkoxo bridging in a process that can
lead to ligand dissociation.””*> Accordingly, the large size of
the dcpe ligand and its hemilability may favor the formation of
oligomeric species and ligand dissociation at the Cu-O'Bu
stage. Taken together, these experiments suggest that dcpe
ligand dissociation is problematic and leads to phosphine-free
Cu species, which may be responsible for the formation of
side-product 4 especially at the beginning of the reaction when
the imine concentration is low. In this sense, the lower
chemoselectivity observed when sodium methoxide is used as
the base (Table 1, entry 17) may be due to the higher
propensity of the resulting copper alkoxide complexes to
undergo aggregation.™

So, what is the role of the catalytic Lewis base additive and
why does it increase chemoselectivity? *'P NMR of a mixture
of CuCl (1.0 equiv), dcpe (1.1 equiv) P(O)Ph, (1.0 equiv),
and LiO'Bu (2.0 equiv) also revealed the formation of Cu
aggregates R and ligand dissociation, although in a minor
extent (Figure 6B, spectrum 1).”° Under these conditions,
formation of Cu(dcpe)-O'Bu Q was mainly observed, while
broadening of the P(O)Ph; may suggest coordination to other
Cu species (Figure 6B, spectrum I). Addition of B,pin, yielded
Cu(dcpe)-Bpin A, a free dcpe ligand, and new coordinated
P(O)Ph; species Ipo (Figure 6B, spectrum II). Interestingly,
this same species Ipg (27.7 ppm) was formed when CuCl (1.0
equiv), P(O)Ph; (1.1 equiv), LiO'Bu (2.0 equiv), and B,pin,
(1.2 equiv) were mixed in the absence of dcpe (Figure 6C,
spectrum II). This, together with the fact that the same dcpe
intermediates are observed in both experiments (Figure 6A,B),
may suggest that no heteroleptic Cu-Bpin complex is formed in
the presence of P(O)Ph;. A similar behavior was observed
upon allene addition that yielded allyl-Cu(dcpe) complex C
and bound P(O)Ph; species, which appear together with a free
dcpe ligand (Figure 6B, spectrum III). These experiments
suggest that P(O)Ph; has a dual role by reducing aggregation
(and thus ligand dissociation) and, in a higher extent, by
interacting with the Cu intermediates generated from the
phosphine-free CuO'Bu to produce a likely less active system
Kipo for C—N bond formation. Indeed, DFT calculations
systematically showed higher activation energy barriers for all
the pathways related to the Cu/LiOBu/POPh; system (Figure
S, pink and brown pathways) when compared to those of the
phosphine-free Cu system (Figure S, green and orange
pathways). The fact that only a trace amount of product 4
was obtained when P(O)Ph; was used as the sole ligand

(Table 1, entry 15) also supports such a deactivating
interaction.

Further demonstration of the effect of the catalytic Lewis
base additive on the reaction outcome was obtained by
microkinetic analysis’’ of the relative final distribution of
products at 298 K according to the calculated Gibbs energy
profiles (Figures 4 and $), using the conditions shown in Table
1, entries 10 and 12. In the absence of P(O)Ph,, and assuming
a 1:1 ratio between Cu(dcpe)Bpin (A) and Cu(O'Bu)(Bpin)Li
(I) complexes,”® microkinetic simulation shows that formation
of C—N coupling product 4 is competitive at initial times when
the imine concentration is still low. As a result, products 3:4
are formed in a 1.5:1 ratio (Figure 7a). In the presence of
P(O)Ph, (Figure 7b), the lower efficiency of complex Ippg
results in almost the exclusive formation of C—C coupling
product 3 (3:4, 7.5:1 ratio).
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Figure 7. Microkinetic simulations according to the calculated Gibbs
energy profiles under (a) P(O)Ph;-free conditions (Table 1, entry 10)
and (b) in the presence of P(O)Phy (Table 1, entry 12).

The above findings show that the homoleptic Cu/dcpe
system is responsible for the C—C bond formation (Figure
6D). Ligand dissociation leads to the generation of new
phosphine-free copper species with different reactivities, which
results in a decrease of chemoselectivity. The presence of
P(O)Ph; does not interfere in the Cu/dcpe catalytic cycle but
coordinates to the phosphine-free Cu species likely by metal
ion chelation® leading to less-active intermediates.”® Thus, the
Lewis base additive inhibits the catalytic activity toward C—N
coupling but does not participate in the C—C bond forming
event.
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B CONCLUSIONS

In summary, we have developed a copper-catalyzed borylative
a-C—H allylation of cyclic O-benzoyl hydroxylamines. The
method provides functionalized cyclic secondary amines with
very high levels of chemo-, regio-, and stereoselectivity.
Interesting structural features of these products are the
presence of a synthetically versatile boron-containing allyl
group and an azaboraspiro structure established by a dative
nitrogen—boron coordination. This novel transformation
occurs via the trapping of a catalytic allylcopper intermediate
with a cyclic imine, which is in situ generated from the O-
benzoyl hydroxylamine. Key to selectively achieve this
transformation is the use of a catalytic Lewis base additive in
combination with a Cu/dcpe catalyst. A combined spectro-
scopic and computational study reveals that the involved bis-
phosphine Cu-alkoxide species are prone to ligand loss,
resulting in phosphine-free Cu intermediates that lead to a
lower chemoselectivity. The Lewis base additive deactivates
these species by metal ion chelation, thus precluding C—N
bond formation and allowing the C—C bond forming product
to be obtained with excellent selectivity. We expect that these
new findings will serve as the basis for the design of new
transformations, especially those that involve the use of
hemilabile ligands.
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