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ABSTRACT: A new protocol for amide-directed Cu-catalyzed amino-

O_A
alkylation of unactivated alkenes using cyclobutanone oxime esters as alkyl i@\ J\k’ )O_ s \n’ r m i/\CN
N

radical donors is developed. Both primary and secondary alkyl groups can be

selectively installed at the C4 position of terminal or cis-internal 3- Cu(MeCN)4PF¢ (cat) excellent
: : . . . unactivated dioxane, 80 °C diastereoselectivity
alkenamides in moderate to good yield. This reaction offers a useful method alkene 2t Cp and Cy

for the diastereoselective synthesis of f-lactams bearing 4-cyanoalkyl S-
substituents. The use of a weakly coordinating counteranion as the Cu catalyst is critical for the formation of f-lactam products.

he field of metal-catalyzed functionalization of alkenes Scheme 1. Synthesis of #-Lactam via Copper-Catalyzed
has greatly advanced over the past few decades, offering Directed Aminoalkylation of Unactivated Alkenes
streamlined access to various synthetically useful carbon
frameworks." In comparison to activated alkenes, functional- ) 0 Ar-Me (solvent) Q N
ization of unactivated alkenes remains challenging.2 Recently, | NJ\LR Cu(MeCN)4PFg (cat) 0=<\>_/_ !
substrate-directed approaches have emerged as an effective z X DTBP (ox), 130 °C i _
strategy for facilitating metal-catalyzed functionalization of unactivated alkene Zhao (2019) raceme
unactivated alkenes.”~” While the installation of aryl groups on B)
alkenes has been achieved under various metal catalyses, the H P _
installation of alkyl groups on alkenes is much less developed. M N benzyfg‘;yc';m dary
Notably, the Zhao group reported a novel radical-mediated EtO,C COEt UC‘I‘_ & tertiary
amino-benzylation reaction of alkenes with benzyl radicals Cay Carge” 1Q

1
generated from methylarene solvents under Cu catalysis using N S

@]
. . . 1. ) CIIPN
an aminoquinoline (AQ) auxiliary (Scheme 1A)." It was 2 Cu(MeCN)4PFs (cat) = R
e . N chiral bisphosphine oxide ligand excellent ee &
| H
7

proposed that the addition of benzyl radicals to the alkene AJO,COLBu (0x), DCM, 30°C  diastorcoasiastivity
forms an AQ-chelated Cum—metallacycle intermediate, which our previous work (2021)

then gives the f-lactam product following the intramolecular

C—N reductive elimination.'®*! Recently, we reported an o5 o g fortemina

.
enantioselective version of this reaction using 4-alkyl Hantzsch ‘~)<§=N7€ )\‘_\_Seis
i i i i i ’ Q-NH = CN

esters as the donor of alkyl radicals, a biaryl diphosphine oxide

C)

ligand as the chiral ligand, and peroxycarbonate as the oxidant Cu(OAC);H,0 (cat) PR
(Scheme 1B)."” The reaction worked well for benzyl and 0 2-butanol, 80 °C Heck-type coupling
. Q. _R' Fu (2020)
normal secondary and tertiary alkyl groups, whereas the N)i ] Cagt
primary alkyl groups gave a low yield. Herein, we report a new xR , CFs primary &
protocol for this auxiliary-directed Cu-catalyzed aminoalkyla- . ><l§=N%'oh/©/ jo  secondary
tion of unactivated alkenes using cyclobutanone oxime esters - 0 O 7“‘\'\/\
as the donor of alkyl radicals (Scheme 1C). Both primary and Cu(MeCN),PFs (cat) g PE NN
secondary alkyl groups can be installed. This reaction offers a dioxane, 80 °C excellent
useful method for diastereoselective synthesis of S-lactams this work dias:?gﬁz"g;"y

bearing various 4-cyanoalkyl f-substituents."’
While the 4-alkyl Hantzsch esters serve as an excellent alkyl —

radical precursor in our previous enantioselective reaction Received:  March 23, 2021 el

system, the need for an external oxidant and the poor Published: April 14, 2021 g

performance of primary alkyl groups prompted us to explore

other types of alkyl donors. Recently, cycloketone oxime esters

have emerged as very effective alkyl donors that can be readily

formed by the cleavage of the N—O bond by single-electron
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transfer and the subsequent # C—C scission.*~"® These alkyl
groups have been successfully utilized in the additions to
alkenes and arenes and in the other C—C and C—heteroatom
coupling reactions. In particular, the Fu group reported that
the 3-cyanoalkyl groups can be selectively added at the y
position of AQ-coupled 3-butenamides to give Heck-type
trans-substituted alkene products using a Cu(OAc)2 ‘H,0
catalyst in a 2-butanol solvent (Scheme 1C).” Unlike Zhao'’s
system, an unusual benzoate ligand-facilitated /3 elimination of
a Cu™ intermediate was proposed for the formation of the
alkylated alkene product.

Intrigued by Fu’s study, we wondered whether the
cycloketone oxime esters can be employed in our system to
form the f-lactam product under modified conditions. As
shown in Table I, the model reaction of cis-3-hexenamide 1

Table 1. Optimization of the Reaction of 1 with 27

Q cN Q. i
I:r/N—O»\Q\CFa o %—g ﬁN )i/a
2 (2.5 equiv) Cu(MeCN),PFsg -
(15 mol%) 3 N 5
j\ dloxi?e4 ?10 °C o CN . 1) CN
standard Q. ‘N
conditions H )Hl\; H )H%’ﬁ
1 (1.0 equiv) 4 Et 6 Et
entry deviation from standard conditions yield (%) (3/5/4+6/1)
1 none 67 (60°)/28/0/0
2 Cu(OAc), as the catalyst trace/22/46/25
3 CuOAc as the catalyst trace/19/56/19
4 Cul as the catalyst trace/7/37/43
S CuOTf as the catalyst 60/32/0/0
6 Cu(MeCN),BF, as the catalyst 60/24/0/10
7 dichloromethane as the solvent 47/31/0/20
8 THEF as the solvent 45/26/0/18
9 2-BuOH as the solvent 42/26/0/14
10  DCE as the solvent 40/25/0/1S
11 rt 20/10/0/57
12 50 °C 58/28/0/10
13 under air 54/30/0/0
14 with TEMPO 0/0/0/95
15 with the BINAPO ligand 32 (14% ee)/35/0/16
16  IQ replaced with AQ 52/43/0/0
17 1Q replaced with S-chloro-8- 66/29/0/0
aminoquinoline
18  4-CF;-C4H,CO replaced with Bz 49/15/0/15
19  with 10 mol % Cu 60/30/0/0
20  trans-alkene isomer of 1 trace/47/0/4S

“Yields were based on '"H NMR analysis of the crude reaction mixture
using 1 1,2,2-tetrachloroethane as an internal standard on a 0.1 mmol
scale. Isolated yield. Reaction on a 1 mmol scale gave 3 in 52%
isolated yield. See the Supporting Information for additional
optimization results.

bearing a S-iodoquinoline auxiliary with cyclobutanone oxime
ester 2 bearing a p-CF;-benzoyl group gave the desired f-
lactam product 3 in 60% isolated yield with exclusive anti-
diastereoselectivity along with 28% of N-alkylation product §
using the Cu(MeCN),PF; catalyst in dioxane at 80 °C (entry
1). Notably, little Heck-type product 6 was formed. The use of
Cu catalysts bearing other weakly coordinating counteranions
such as OTf and BF, gave similar results (entries S and 6,
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respectively). In contrast, the use of a Cu catalyst bearing
strongly coordinating anions such as OAc and iodide gave a
small amount of lactam product 3, instead, forming a mixture
of 5, 4, and 6 along with recovered 1. Other solvents such as
dichloroethane (DCE), THF, and 2-BuOH gave lower yields
of 3 (entries 7—10). The addition of the (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl oroxidanyl (TEMPO) reagent
abolished the formation of 3, primarily generating the O-
alkylation product of TEMPO (entry 14). Addition of chiral
BINAP oxide (BINAPO) gave 3 in lower yield with low
enantioselectivity (entry 15). As seen in our previous system,
the incorporation of an iodo group at position 5 of
aminoquinoline increases the f-lactam selectivity (entries 16
and 17)."” The ester group of cyclobutanone oximes also had a
significant impact on the reaction. The p-CF;-benzoyl group
showed the best yield and chemoselectivity (entry 18, and see
the results for other analogues in the Supporting Information).
The trans-alkene substrate gave little f-lactam product (entry
20).

With the optimized conditions in hand, we next examined
the scope of cyclobutanone oxime esters and alkenes (Scheme
2). Cyclobutanone oxime esters bearing equivalent substitu-
ents at C, worked well, giving the desired f-lactam products
(7-10) in moderate to good yields with exclusive anti-

Scheme 2. Scope of cis-Alkenes and Cyclobutanone Oxime
Esters”

4-CF3-CSH4YO

o O, Cu(MeCN)4PFg Ja R
i 0, N 1
Q B cis i (15 mol%) o) ¥ ‘5\2/3\
‘N N7+ 54 “RC CN
H R Ry-- dioxane (0.25 M) By R, Ry
2%, Ar,80°C, 4 h R
(1.0 equiv) R, Ry
(2.5 equiv)
CN
Qo @ I
& N S Bn
o \ o \ Bn
=0\ g
3, 607 0
& X-ray of 3 7,56%
CN CN CN
1Q (o} AC 1Q
\
N 3 N s NBoc N & NBoc
o} \ o \
o=, =0\ =0
8,78% 9, 45% 10, 64%
CN
Q CN ':.3 ) IQ CN
\ s N & {
N :_gPh o=<)—'\ 3
S [e) CO,Me
(0] Me
=‘<)—\Et Et =<)_\Et
11, 58%, dr ~ 1:1 12, 58%, dr~ 1:1 13, 39%, dr = 5:1

1Q nPr\MA//CN Q Ph\NICN ﬁ e
N R N B S
o=<)_~\Et o=<)—\Et 0=§>_\

Ph

14, 68%, dr ~ 1:1 15, 75%, dr ~ 1:1 16, 37%
CN CN
1Q CN 1Q Q
N ‘_/_ N R N .
o N o] o) N
%)_\Me ﬂ
17, 57% 18, 54% cl 19, 65%

“Isolated yields on a 0.1 mmol scale. cis-Alkene substrates were used
unless otherwise specified.
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diastereoselectivity. Reactions of cyclobutanone oxime esters
bearing non-equivalent substituents at C, gave products as a
mixture of diastereoisomers in moderate yields (11—13).
Reactions of oxime esters bearing one substituent at C, also
gave products as a roughly 1:1 diastereomeric mixture (14 and
15). As shown by 14—19, alkyl, phenyl, and cyclopropyl
substituents at the ¥ position of cis-3-alkenamides are tolerated.

As shown in Scheme 3, terminal alkenes also worked well
under the standard conditions. Reaction of plain 3-butenamide

Scheme 3. Reactions of Terminal Alkenes”

4-CF3-CgHy O
o o Cu(MeCN),PFg jQ
N oN, B
2, Aoy | (15 mol%)
H | + AN . o B <. CN
R R¢-= $ dioxane (0.25 M) =4 R, Ry
. 0
(1.0 equiv) 'R/z \R2 Ar,80°C,4h
(2.5 equiv)

CN CN
Q I|Q CN |9
N N N
o 0 o

20, 58% 21, 55% 22,70%, dr ~ 1:1
%)_/J 1Q
N

23, 52%, dr = 5:1 24, 41%, dr = 8:1 25, 70%, dr ~ 1:1

“Isolated yields on a 0.1 mmol scale.

with oxime esters bearing one substituent at C, gave products
as a roughly 1:1 diastereomeric mixture (22 and 25). Reaction
of a-substituted 3-butenamide with unsubstituted cyclo-
butanone oxime esters gave ,f-trans-substituted f-lactams in
moderated yields (23 and 24) with moderate diastereoselec-
tivity.

As shown in Scheme 4, treatment of compound 3 with
NaOMe in MeOH at 90 °C gave acyclic f-amino ester 26 in

Scheme 4. Representative Transformations of f-Lactam 3

NaOMe (1.5 equiv) NHIQ
CH30H, 90 °C MeOzc\/'Y\/\CN
=z Et
< 26, 65%
N CN ]
N, 1) fac-Ir(ppy)s, BugN, CN
o . HCO,H, MeCN, LED i
o ‘.
3 2) 03, DCM, -78 °C; SMe,, Et
(racemic)

NH4OH, THF, rt, 10 h 27, 61% over 3 steps

good yield. The IQ group of 3 can be removed via a three-step
sequence to give 27: photoredox-mediated dehalogenation
followed by AQ_cleavage by ozonolysis."”

This reaction likely follows a reaction pathway similar to that
of the previous Cu-catalyzed enantioselective aminoalkylation
of alkene with 4-alkyl Hantzsch esters, a Cu(MeCN),PF
catalyst, and a biaryl phosphine oxide ligand (Scheme 5)."*>"”
A Cu' catalyst might first be oxidized by oxime ester V via
single-electron transfer (SET) to form Cu" and iminyl radical
VI. VI then rearranges to generate alkyl radical VIII, which
attacks I1Q-chelated Cu" alkene complex II to form five-
membered Cu"-metallacycle III. Intramolecular reductive
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Scheme 5. Mechanistic Considerations
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Proposed mechanism

of Fu's system using

Cu(OAc),H,0 cat

in 2-BuOH Alkyl
Alkyl

elimination (RE) of III gives f-lactam product IV in anti-
diastereoselectivity and regenerates Cu'. As a competing
pathway, alkyl radical VIII can react with IQ-chelated Cu"
to form an alkyl-Cu intermediate IX, which gives the N-
alkylation side product X upon C—N RE. The ligand (L) on
Cu complexes II and III could strongly influence their
reactivity. Our control experiments showed that strong
coordinating ligands such as OAc and iodide suppress the
formation of the f-lactam product. Notably, it was proposed
that OBz-facilitated concerted f-elimination of Cu' complex
XI affords alkylated alkene product XII in Fu’s system.’
Interestingly, benzoate anion VII is also generated in our
system but does not cause f-elimination. We suspect that the
OAc or iodide ligand might play a more relevant role in the -
elimination of IIL

In summary, we have developed a Cu-catalyzed amino-
alkylation reaction of unactivated alkenes using cyclobutanone
oxime esters as the donor of alkyl radicals and S5-iodo-8-
aminoquinoline as the directing auxiliary. Both primary and
secondary alkyl groups can be selectively installed at the C,
position of terminal or cis-internal 3-alkenamides in moderate
to good yield. This reaction offers a useful method for the
diastereoselective synthesis of f-lactams bearing various 4-
cyanoalkyl f-substituents. Further studies are needed to better
understand and improve the chemoselectivity of this Cu-
catalyzed radical-mediated reaction.
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