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ABSTRACT: Herein we describe the first enantioselective Rh-
catalyzed carboacylation of oximes (imines) via C—C activation. In
this transformation, the benzocyclobutenone CI1—C2 bond is
selectively activated by a low valent rhodium catalyst and
subsequently the resulting two Rh—C bonds add across a C=N
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bond, which provides a unique approach to access chiral lactams. A A

range of polycyclic nitrogen-containing scaffolds were obtained in -A-B-: linker N-OMe isoquinolinone
good yields with excellent enantioselectivity. Further derivatization ﬁjrj}:o up to 95% ee
of the lactam products led to a rapid entry to various novel fused Xy

heterocycles.

1. INTRODUCTION

Transition-metal-catalyzed C—C o-bond cleavage of cyclic
compounds followed by 2z-insertion has recently emerged as
an attractive approach for preparing various ring systems.
These methods generally operate at near pH and redox neutral
conditions, and usually in a highly atom-economical fashion.
However, the scope of the unsaturated 2z-units that can
undergo such a “Cut and Sew” sequence” have been primarily
restricted to nonpolar carbon—carbon multiple bonds, such as
alkenes, alkynes, and 1,3-dienes.'® Pioneering work by Cramer
and co-workers demonstrated the first and asymmetric example
of Rh-catalyzed carboacylation of aldehydes and ketones via
enantiotopic C—C activation of cyclobutanones to access
bridged lactones (Scheme 1A).” Recently, the same group
showed the same transformation can also be catalyzed by Lewis
acids.*

Stimulated by the pivotal role of amide-bond formation in
organic synthesis and the pharmaceutical importance of
nitrogen-containing heterocycles, we have been fascinated by
the transition-metal-catalyzed carboacylation of C=N bonds.
Initiated by oxidative addition into ketone @ C—C bonds, the
resulting two M—C bonds, including one M—acyl bond, can
add across an imine C=N bond to form an amide (eq 1),
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which, to the best of our knowledge, has not been reported
previously. Elegant work by Chi and co-workers, involving an
organocatalyst-promoted ring-opening of cyclobutenones fol-
lowed by a formal enantioselective hetero-Diels—Alder reaction
with sulfonyl and isatin imines, represents the closest example.”
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Given the importance of optically enriched lactam moieties in
bioactive compounds,® herein a Rh-catalyzed enantioselective
intramolecular carboacylation of oximes (imines) is described
via C—C activation of benzocyclobutenones’™” to access chiral
fused lactams (Scheme 1B). Considering the prevalence of
hydroisoquinolines and isoquinolinones in natural products and
pharmaceuticals,'® this method also provides a unique entry to
these scaffolds (Scheme 1C).

Previously, we have demonstrated the C1—C2 bond of
benzocyclobutenones can be selectively cleaved to allow
subsequent intramolecular insertion of alkenes and alkynes.”
The challenges of developing enantioselective carboacylation of
C=N double bonds are 3-fold: (a) unlike ketones/aldehydes,
imines tend to undergo E/Z isomerization and exist as a
mixture of geometric isomers, which may complicate the
enantio-determining process; (b) due to the Lewis basicity of
the nitrogen, imines can coordinate with metals in either an 7"
or 7]2 mode, which is a distinct feature from the olefin/alkyne
insertion;'" (c) imine hydrolysis can be a competitive side
reaction.

2. RESULTS AND DISCUSSION

2.1. Condition Optimization. To explore the aforemen-
tioned challenges, we sought the use of oximes as an imine
equivalent due to their bench stability and the ease of cleavage
of N—O bond for introducing various substituents on the
nitrogen (vide infra, eq 2 and Scheme 2). Consequently,
benzocyclobutenone 1la containing a ketoxime group with
variable E/Z ratios (1:1 to 4:1) was employed as the initial
substrate, and various catalytic conditions were explored (Table
1). Due to the differing nature between C=C and C=N
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Scheme 1. Carboacylation of C=X Bonds via Transition-
Metal-Catalyzed C—C Activation
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bonds, the conditions with [Rh(cod)Cl], and dppb that
previously worked best™ for olefin insertion only yielded a
small amount of product (entry 1, Table 1). In contrast,
through examination of various rhodium precatalysts, the
corresponding cationic complex showed much higher reactivity
(entry 2, Table 1). Regarding the solvent effect, THF was
found to be optimal, and 1,4-dioxane also provided a reasonable
yield (entries 2—5, Table 1). It is likely that both solvents can
stabilize the active rhodium intermediates during the reaction
via weak coordination. In addition, the premade and in situ
generated rhodium complexes (with dppb ligand) exhibited
similar reactivity (entry 6, Table 1). Meanwhile, a survey of the
counterion effect indicated tetrafluoroborate is the best
counterion for this reaction (Table S1). Hence, [Rh(cod)-
(CH,4CN),]BF, was selected as the initial precatalyst for further
investigation of the enantioselective transformation.

A range of chiral bidentate phosphine ligands were examined.
DTBM-SEGPHOS and DIOP, which previously gave excellent
enantioselectivity®™ for the olefin insertion, only resulted in low
yields and poor enantioselectivity (entries 7 and 9, Table 1).
Surprisingly, xylyl-substituted SEGPHOS provided 86% ee
(entry 8, Table 1). Subsequently, ligands with different
backbones, such as SYNPHOS, BINAP, H8-BINAP, and
MeO-BIPHEP, were evaluated (entries 10—16, Table 1).
Again, the xylyl-based ligands showed significantly higher
enantioselectivity than their phenyl and tolyl analogues. In
particular, good yield (72%) and excellent ee (92%) can be
obtained with xyl-BINAP (entry 13, Table 1). While efforts to
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further improve the enantioselectivity using xyl-BINAP
remained unfruitful, the xyl-SDP ligand, first developed by
Zhou and co-workers,'"> was found to give almost perfect
enantioselectivity (99% ee) (entry 18, Table 1). Such a high
enantioselectivity of this transformation is remarkable, because
it suggested that, although involving C—N formation, both E
and Z isomers of the oxime substrate can be converted to the same
enantiomer of the product. The absolute configuration (the R
isomer) was confirmed by the microfocused X-ray crystallog-
raphy (Figure 1).

N._.Me
0 Me

Figure 1. Crystal structure of compound 2a at 50% probability level
with absolute stereochemistry. Hydrogen atoms are omitted for clarity.

The enantioselective version of the reaction was further
optimized with xyl-SDP as the ligand (Table 2). Changing the
solvent from THF to 1,4-dioxane slightly increased the yield
(entry 2, Table 2), and employing [Rh(cod),]BF, as the
precatalyst gave a cleaner reaction (entry 3, Table 2). In
addition, adding the catalyst in two portions also improved the
yield (entry 4, Table 2). However, the reaction yield remained
moderate despite intensive conditions screened using xyl-SDP
ligand alone (Table S2). The impressively high enantioselec-
tivity with the rigid SDP ligands suggested a well-controlled
transition state, but the moderate yields indicated the stability
of the catalyst could be an issue. Efforts of adding a
monodentate ligand, such as PPh; or P(C¢Fs)3,"” to stabilize
the catalyst intermediate remained unsuccessful due to side
reactions triggered by these rhodium—monodentate—phos-
phine complexes (Table S2).

However, instead of using xyl-SDP (12 mol %) alone, when 6
mol % xyl-BINAP and 6 mol % xyl-SDP were used together, a
significantly higher yield (72%) and excellent ee (95%) were
obtained (entry 9, Table 2). It is worth noting that the R
enantiomers of xyl-BINAP and xyl-SDP gave opposite
enantioselectivity (entry 7, Table 2), thus the (S)-xyl-BINAP
was coupled with (R)-xyl-SDP. We hypothesized that, while
giving lower enantioselectivity than xyl-SDP, xyl-BINAP has a
higher catalytic activity and lifetime. Indeed, when equimolar
(R)-xyl-SDP and (R)-xyl-BINAP were used together, the major
enantiomer of the product was dictated by the xyl-BINAP
ligand (entry 7, Table 2). It was also reasonable to observe that
only 32% ee (instead of ~50% ee if two ligands were equally
efficient) was provided when (R)-xyl-SDP was used in
combination with rac-xyl-BINAP (entry 8, Table 2). In
addition, [Rh(cod),]BF, was confirmed to be a better
precatalyst for the mixed ligand system (entry 10, Table 2).
Although increasing the xyl-SDP/BINAP ratio further
enhanced the ee (entries 11 and 12, Table 2), the yields
were nevertheless compromised.

Further control experiments suggested that both rhodium
and ligands were crucial for the success of the reaction (entries
13—1S, Table 2). Finally, to examine whether this trans-
formation could be catalyzed by Lewis acids alone, a number of
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Table 1. Selected Pre-evaluation of Reaction Conditions”

0 /g“OMe 10 mol% [Rh] O—\ Me
Me 12 mol% ligand ® N/OMG
110 °C, solvent o
1a 2a

Entry Catalyst/ Ligand Solvent Yield? er (R:S)°
1 [Rh(cod)Cl],/dppb THF <20% N/A
2d [Rh(cod)dppb]BF 4 THF 58% (66%) N/A

3d [Rh(cod)dppb]BF 4 1,4-dioxane 40% (60%) N/A
49 [Rh(cod)dppb]BF 4 PhCI 22% (47%) N/A

5d [Rh(cod)dppb]BF 4 Toluene 7% (s%)f N/A

6¢ [Rh(cod)(CH3CN),]BF 4/dppb THF 57% N/A
7 [Rh(cod)(CH3CN),]BF 4/(R)-DTBM-SEGPHOS THF 23% 38.5:61.5
8 [Rh(cod)(CH3CN),]BF 4/(R)-xyl-SEGPHOS THF 54% 7:93
9 [Rh(cod)(CH3CN),]BF 4/(S,S)-DIOP THF 54% 51.6:48.4
10 [Rh(cod)(CH3CN),]BF 4/(R)-SYNPHOS THF 39% 25:75
11 [Rh(cod)(CH3CN),]BF 4/(S)-BINAP THF 20% 78:22
12 [Rh(cod)(CH3CN),]BF 4/(R)-tol-BINAP THF 50% 16:84
13 [Rh(cod)(CH3CN),]BF 4/(R)-xyl-BINAP THF 72% 4:96
14 [Rh(cod)(CH3CN),]BF 4/(R)-H8-BINAP THF 71% 10:90
15 [Rh(cod)(CH3CN),]BF 4/(R)-xyl-H8-BINAP THF 52% 6:94
16 [Rh(cod)(CH3CN),]BF 4/(R)-xyl-MeO-BIPHEP THF 60% 8:02
17 [Rh(cod)(CH3CN),]BF 4/(R)-SDP THF 32% 97:3
18 [Rh(cod)(CH3CN),]BF 4/(R)-xyl-SDP THF 46% (63%) 99.5:0.5
g oy : o

5 tBu . Me ; Me_ Q¢ “PPh, [ O

; OMe : : : MeXOJCPPhZ O PPh, MeO P(xyl)2
. o | DX ve | (5.5)-DIOP EOPP"Z MeO O POyl
| oreM P xy! o

T P ' OO (R)-SYNPHOS (R)-xyl-MeO-BIPHEP
° O P(AN, ‘O

oy e oo™

Fou s S

S Ar= Ph, (R)-BINAP

Ar= xyl, (R)-xyl-SEGPHOS

Ar=DTBM, (R)-DTBM-SEGPHOS  Ar= tol, (R)-tol-BINAP
Ar= xyl, (R)-xyl-BINAP

Ar= Ph, (R)-H8-BINAP
Ar= xyl, (R)-xyl-H8-BINAP

Ar= Ph, (R)-SDP
Ar= xyl, (R)-xyl-SDP

“Unless otherwise mentioned, the reaction was run with 10 mol % rhodium complex (based on the metal) and 12 mol % ligand on a 0.1 mmol scale
at 110 °C for 48 h; numbers in parentheses are yields based on recovered starting material (brsm). bIsolated yield. “Determined by chiral HPLC.
9110 °C for 12 h and then 130 °C for 24 h. °130 °C.'NMR yield using mesitylene as the internal standard.

Lewis acids were surveyed (entries 16—18, Table 2 and Table
S2); however, none provided the desired product.

2.2. Substrate Scope. With the optimized conditions in
hand (entry 9, Table 2), we next investigated the substrate
scope. First, substituents on the ketoxime with various steric
properties all underwent the desired carboacylation giving
excellent enantioselectivity (>90% ee, entries 1—5, Table 3). It
is not surprising that when the steric bulk of the oxime
substituent increased from methyl to ethyl and to isopropyl, the
reactivity diminished and a higher temperature (130 °C) was
required (entries 2—4, Table 3). Although the aldoxime
substrate (le) suffered from a competing f-H elimination
issue and the lactam product (2e) was unstable at high
temperatures, a moderate yield (37%) with an excellent ee
(92%) can nevertheless be obtained by using xyl-SDP alone as
the ligand. It is encouraging to observe that six-membered rings
can also be formed generating an interesting 6—6—6 fused
lactam (entry 6, Table 3). Moreover, both electron-donating
and -withdrawing groups on the arene can be well tolerated
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(entries 7—12, Table 3). In particular, both CS- and Cé6-
substituted benzocyclobutenones are competent substrates.

Next, we aimed at replacing the ether linker with a carbon-
based one. Substrate 1m with a pre-existing stereocenter
underwent smooth transformation to give the fused lactam in
70% vield with 3:1 dr. (entry 13, Table 3). Finally, the
substrate containing a cyclic oxime was examined for this
transformation (entry 14, Table 3). We were concerned that
the relatively rigid conformation of the six-membered ring with
a fixed orientation would hinder the carboacylation process. To
our delight, with a higher catalyst loading the desired tetracyclic
scaffold containing two adjacent stereocenters can nonetheless
be provided in a good yield and excellent diastereoselectivity
(>20:1 d.r.). The structure of product 2n was confirmed by
both 2D-NMR and X-ray diffraction analysis.

2.3. Synthetic Applications. One advantage of using
oximes as the C=N coupling partner is that the O—N bond
can be easily cleaved using various reductants.'* For example,
treatment of lactam 2a with Mo(CO)g provided the free amide
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Table 2. Studies of the Mixed-Ligand Conditions and Control Experiments”

N..
0" 77 "OMe 10 mol% [Rh] O\ Me
o
Me 12 mol% ligand ) N,OMe
o]
110 °C, solvent o)
1a 2a

Entry Catalyst/ Ligand Additives Solvent Yield? er(R:S)°
1 [Rh(cod)(CH3;CN),]BF 4/(R)-xyl-SDP none THF 46% (63%) 99.5:0.5
2 [Rh(cod)(CH3CN),]BF 4/(R)-xyl-SDP none 1,4-dioxane 51% (85%) 99:1
3 [Rh(cod),]BF 4/(R)-xyl-SDP none 1,4-dioxane 53% (90%) 99:1
44 [Rh(cod),]BF 4/(R)-xyl-SDP none 1,4-dioxane 55% (85%) 99:1
5 [Rh(cod),]BF 4/(S)-xyl-BINAP none 1,4-dioxane 79% 96:4
6 [Rh(cod),]BF 4/(R)-xyl-SDP : (S)-xyl-BINAP = 1:1 none 1,4-dioxane 63% 97:3
7 [Rh(cod),]BF 4/(R)-xyl-SDP : (R)-xyl-BINAP = 1:1 none 1,4-dioxane 75% 45:55
8 [Rh(cod),]BF 4/(R)-xyl-SDP : (rac)-xyl-BINAP = 1:1 none 1,4-dioxane 74% 66:34
9d [Rh(cod),]BF 4/(R)-xyl-SDP : (S)-xyl-BINAP = 1:1 none 1,4-dioxane 2% 97.2:2.5
109 [Rh(cod)(CH3CN),]BF 4/(R)-xyl-SDP : (S)-xyl-BINAP = 1:1 none 1,4-dioxane 61% 97:3
119 [Rh(cod),]BF 4/(R)-xyl-SDP : (S)-xyl-BINAP = 2:1 none 1,4-dioxane 60% 98.5:1.5
124 [Rh(cod),]BF 4/(R)-xyl-SDP : (S)-xyl-BINAP = 5:1 none 1,4-dioxane 54% 99:1

variations from entry 9

13 w/o Rh catalysts none 1,4-dioxane 0% N/A
14 w/o ligand none 1,4-dioxane 0% N/A
15 w/o catalyst & ligand none 1,4-dioxane 0% N/A
16 w/o catalyst & ligand 20 mol% ZnCl, 1,4-dioxane 0% N/A
17 w/o catalyst & ligand 20 mol% AICI3 1,4-dioxane 0% N/A
18 w/o catalyst & ligand 20 mol% B(CgFs)3 1,4-dioxane 0% N/A

“Unless otherwise mentioned, the reaction was run with 10 mol % rhodium complex (based on the metal) and 12 mol % ligand on a 0.1 mmol scale
at 110 °C for 48 h; numbers in parentheses are yields based on recovered starting material (brsm). bIsolated yield. “Determined by chiral HPLC.
“Rhodium complex (S mol %) and mixed ligands (6 mol %) were added initially; the reaction mixture was stirred at 110 °C for 24 h before another

portion of the same catalyst was added.

in 86% yield (eq 2). N-Arylated and alkylated lactams can be
conveniently obtained under cross-coupling'® and S$y2

0o

0 Me Me
N-OMe  Mo(CO)s CHyONH;0_ )
110°C o
2a ° 86% 3

Scheme 2. Synthetic Applications I

Br@COZEt CO,Et
O™\ Me
Cul, K,COg3, Tol
/ \ N
Me-NH HN-Me o
59% 4
) Me (o]
H Me 1o Pd(OAc), BINAP
N Cs,CO3, Mel N p-Tol-l, NaO'Bu
8 acetone 1,4-dioxane
3 0 91% (o} 53%
5 d.r.=3:1
o Me
LDA, CH3CHyl NH
8
55% 0
d.r.>20:1 7 Et

(x-ray obtained)

conditions (Scheme 2). While the benzocyclobutenone
substrates with a C8-substituent were not reactive under
carboacylation conditions, arylation and alkylation at the C8-
position can be efficiently achieved through post-functionaliza-
tion. In particular, complete diastereoselectivity (7) was
obtained for the alkylation reaction, suggesting an excellent
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convex-face-controlled situation. The relative stereochemistry
was unambiguously confirmed by X-ray diffraction analysis.
Furthermore, a new saturated scaffold can be efliciently
constructed using a mild Rh-catalyzed hydrogenation protocol
(Scheme 3)."° Two interesting features should be noted: (1)

Scheme 3. Synthetic Applications II

[0}
Me [Rh(1,5-hexadiene),Cl],
N-OMe H, (52 bar), pH=7.6, r.t. Hexane
0 Buy,N(HSO,)
2a 62%
as a single diastereomer
1% Me % Me
N-OMe LiAIH4, THF, 0 °C N-OMe
0 65%
2a 9

the reaction gives perfect diastereoselectivity; (2) the N-OMe
bond and the amide moiety remained intact after the reaction.
In addition, a complementary LiAlH, reduction smoothly
provided the corresponding N-OMe piperidine.'’

3. CONCLUSIONS

In summary, we have developed a highly enantioselective Rh-
catalyzed carboacylation of oxime C=N bonds via C-C
activation. Using this method, unique polycyclic lactam
scaffolds can be efficiently accessed from benzocyclo-
butenone-coupled oximes. The reaction conditions do not
use a strong acid or base and are overall redox neutral. High
enantioselectivity can be achieved despite using a mixture of the
E/Z isomers of the oximes. Considering the novelty of these
structures, the potential pharmaceutical applications of the
fused heterocyclic products are being investigated. Moreover,
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Table 3. Substrate Scope”

Entry Substrate Product Yield® ee?
N..
077 "oMe 0\ Me
b o .
1 @Mej 1a N-OMe 2 72% 95%
o]
N (x-ray obtained)
O Z "OMe o Et
Et O _OMe
2 1b N 2b 65% 92%
o]
/\(\ oTBS oTBS
o "
s NePMe _OMe 62% 90%
s=EEN e
0
O/w//N"OMe o i-Pr
LPr O N-OMe 50% 90%
4 1d 2d
o]
o™~ Nowe O\ H
go e} N-OMe 37% 92%
1e 2e
0
OMN:OMB o
H
o ° “ ,\ro'\"ezf 40% 81%
0
o™ ANome 0\ e
Me O ~OMe
7 1g N g 53% (74%) 90%
iPr’s i-Pr o
o/ﬁ//N“OMe O\ Me
" Me O N,OMe
1h 2h 68% 94%
MeO,C MeO,C 0
N
o NANome 0\ Me
o 1i N 74% 89%
Me Me’ (¢]
O/YN“OMe o Ve
Me O .OMe
100 i N 2 50% 86%
o)
6 L
i-Pr i-Pr
Q/\///N"OMe o Ve
1 Me O ~OMe 67% 90%
1k N 2k
o]
Me Me
o) /N"OMe 0 Me
12 Me O N-OMe 72% 89%
1 21
0
Cl Cl (x-ray obtained)
70%
dr=3:1 NIA
66%
d.r>20:1 N/A

“Reaction conditions: [Rh(cod),]BF, (5 mol %), (R)-xyl-SDP (3 mol
%), (S)-xyl-BINAP (3 mol %), 1,4-dioxane, 130 °C; another portion of
the same catalyst was added after 24 h. “Reaction temperature was 110
°C. ‘Isolated yield; numbers in the parentheses are brsm yields.
“Determined by chiral HPLC. °(R)-xyl-SDP (12 mol %) alone was
used. /TRh(CH,CN),(cod)]BF, (20 mol %) and (R)-xyl-BINAP (25
mol %) were used.
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given the importance of amide-bond formation, this catalytic
asymmetric C—C activation method should also have broad
implications beyond this work. Detailed mechanistic studies
and expansion of the reaction scope to other 2z-insertion
reactions are ongoing in our laboratory.

4. EXPERIMENTAL SECTION

General Conditions for the Rh-Catalyzed Carboacylation of
C=N Bonds. In a nitrogen-filled glovebox, an 8 mL vial was charged
with the benzocyclobutenone substrate (la to 1m, 0.1 mmol),
[Rh(cod),]BF, (2.1 mg, 0.00S mmol, 5 mol %), (R)-xyl-SDP (2.1
mg, 0.003 mmol, 3 mol %), (S)-xyl-BINAP (2.2 mg, 0.003 mmol, 3
mol %) {or [Rh(cod),]BF, (2.1 mg, 0.005 mmol, S mol %), and (R)-
xyl-SDP (4.2 mg, 0.006 mmol, 6 mol %) for 1e; [Rh(CH;CN),(cod)]-
BF, (3.7 mg, 0.01 mmol, 10 mol %) and (R)-xyl-BINAP (9.2 mg,
0.0125 mmol, 12.5 mol %) for 1n}. After addition of 2 mL of 1,4-
dioxane, the vial was capped and stirred at room temperature for S
min. The solution was then maintained at 110 °C (1a, 1e, 1f, 1h, 1i, 1j,
1m) or 130 °C (1b, 1c, 1d, 1g, 1k, 11, 1n) for 24 h before another
portion of the same catalyst was added. After the reaction was
maintained at the same temperature for another 24 h, it was cooled to
room temperature and purified by silica gel flash chromatography
(CAM stain was used to visualize the location of the sample on TLC
plate).
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