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k Suzuki and carbonylation
reactions of O-phenyl hydroxamic ethers: complex
lactams via carboamination†

Run-Duo Gao, Scott A. Shuler and Donald A. Watson *

The palladium-catalysed tandem aza-Heck–Suzuki and aza-Heck–carbonylation reactions of O-phenyl

hydroxamic ethers are reported. These formal alkene carboamination reactions provide highly versatile

access to wide range complex, stereogenic secondary lactams and exhibit outstanding functional group

tolerance and high diastereoselectivity.
Introduction

Nitrogen-containing heterocycles are versatile moieties for the
synthesis of natural products and bioactive molecules.1 In
particular, g-lactams are both highly prevalent and also
extremely valuable intermediates for the synthesis of a variety of
other heterocycles.2 Simultaneously, the incorporation of ster-
eocenters into drug-like compounds has been shown important
for improvement of selectivity and other properties.3 These facts
have combined to create high demand for new methods that
can rapidly access stereogenic g-lactams and other nitrogen
heterocycles.

Aza-Heck cyclizations,4,5which employ an umpolung strategy
involving palladium-catalysed activation of an electrophilic
nitrogen followed by cyclization onto a pendant alkene, have
proven to be a powerful method for construction of stereogenic
nitrogen heterocycles. When sequenced with other cross-
coupling steps,6 tandem aza-Heck cyclizations present a power-
ful opportunity to prepare complex heterocycles in a highly
convergent and modular fashion. While several of these formal
carboamination reactions have been reported,7 all have been
limited to the use of oxime esters as the nitrogen electrophile
and only deliver cyclic ketimines.8,9 The feasibility of using
other nitrogen electrophiles in tandem aza-Heck reactions has
not yet been explored.

We now report that aza-Heck cyclizations of O-phenyl
hydroxamic ethers5r can be sequenced with both palladium-
catalysed Suzuki reactions and palladium-catalysed carbon-
ylative amidation reactions to effect formal alkene carboami-
nation. These reactions provide rapid access to complex,
y, University of Delaware, Newark, DE

(ESI) available: Experimental details,
ta. CCDC 2071160–2071162. For ESI
other electronic format see DOI:
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stereogenic g-lactams with a variety of pendant functional
groups (Fig. 1). In some cases, we also demonstrate that, as
a result of suprafacial aminopalladation of the alkene, two
stereogenic centers can arise from the process. These tandem
reactions result in rapid increases of molecular complexity,
providing highly valuable lactams that are rich in heteroatom
content and stereogenic complexity. These reactions also open
new vistas for the possibility of other classes of tandem aza-
Heck reactions that are not reliant on oxime electrophiles and
the myriad of heterocycles that can result.
Results and discussion

At the outset, the tandem aza-Heck/Suzuki reaction involving N-
phenoxy-benzamide (1) and phenylboronic acid (2) was chosen
as the model system for condition development (Table 1).
Starting with conditions from our prior work on O-phenyl
hydroxamic ether cyclization [(COD)Pd(CH2SiMe3)2, tris(2,2,2-
triuoroethyl) phosphite, Bu3N in MeCN],5r we were pleased to
see small a amount of desired product 3, however the yield was
low (18%) and signicant a amount of uncyclized primary
amide 4 was also observed (Table 1, entry 1). Gratifyingly,
Fig. 1 Carboamination via tandem aza-Heck cyclization of O-phenyl
hydroxamic ethers.
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Table 1 Optimization of Aza-Heck–Suzuki reactiona

Entry Pd catalyst [mol%] Solvent Additive Yield 3b [%]

1 (COD)Pd(CH2SiMe3)2 [10] MeCN Bu3N 18
2 (COD)Pd(CH2SiMe3)2 [10] MeCN — 74
3 (COD)Pd(CH2SiMe3)2 [10] Dioxane — 15
4 (COD)Pd(CH2SiMe3)2 [10] MeCN 4 Å MS 81
5 Pd(OAc)2 [10] MeCN 4 Å MS 81
6c Pd(OAc)2 [5] MeCN 4 Å MS 81

a Unless otherwise noted, reactions run with 0.2 mmol 1, 0.6 mmol 2, 10
mmol% Pd catalyst and 30 mmol% P(OCH2CF3)3 at 0.05 M. b Yield
calculated by 1H NMR with 1,3,5-trimethoxybenzene as internal
standard. c 5 mol% Pd(OAc)2 and 15 mmol% P(OCH2CF3)3 at 0.1 M.
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omission of the base, which was critical for good yields in prior
aza-Heck reactions of this class of electrophiles,5r resulted in
signicantly higher yield of 3 (74%) and less byproduct 4 (entry
2). The use of other solvents was explored, but none proved
superior to MeCN.10,11 Based on data presented below, it is
particularly notable that dioxane was far inferior in this regard
(entry 3). Addition of 4 Å molecular sieves (4 Å MS) further
decreased the production of 4 and improved the yield of 3 (entry
4). Other desiccants were less effective.10 Finally, as (COD)
Pd(CH2SiMe3)2 has limitations with respect to commercial
supply and thermal stability, we sought to identify a more
Scheme 1 Substrate scope of Aza-Heck–Suzuki reaction.a

8860 | Chem. Sci., 2021, 12, 8859–8864
general Pd-precatalyst. While several were found to work,10

Pd(OAc)2 proved the most effective (entry 5). Under these
conditions, catalyst loading could be halved, and the reaction
concentration increased, without negative impact (entry 6). We
believe that the reason that Pd(OAc)2 is effective in this trans-
formation, and was not in the earlier aza-Heck reaction is due to
the presence of phenyl boronic acid 2. Aryl boronic acids have
been shown to be an effective reductant for Pd(II) precatalysts.12

The scope of reaction was next explored, and the model
substrate 3 was obtained in 88% isolated yield (Scheme 1). High
yields were observed with a wide range of functional groups on
the phenylboronic acid (5–10). Notably, this includes aryl
bromides and chlorides, as well as nitroarenes,13 all of which
are also competent electrophiles in cross-coupling reactions.
Vinylboronic acids also can be used, leading to products with
a variety of alkene substitutions (11–13). It is also notable that
these alkenyl products are one carbon homologs of the alkenes
that can be prepared by direct aza-Heck reaction. Heterocyclic
boronic esters were also well tolerated. With the exception of
unencumbered pyridines, a wide variety of such compounds
could be coupled in good yields, leading to polyheterocyclic
compounds (14–22). These include protic groups (14). Also as
exemplied by 14, the use of (COD)Pd(CH2SiMe3)2 as precatalyst
was preferred in these cases.

The nature of the hydroxamic ether could also be varied. This
includes substitution on the aromatic ring (23), andmodulation
of the alkene substituents (24–25), as well as more dramatic
changes (26–31). In the cases of 29 and 30, single diastereomers
of product were observed. NMR studies conrmed the relative
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Formation of vicinal stereocenters via Aza-Heck–Suzuki
reaction.

Table 2 Optimization of Aza-Heck–carbonylation reactiona

Entry Solvent Amine Additive Yield 46b [%]

1 MeCN Morpholine 4 Å MS 81
2 MeCN n-Bu2NH 4 Å MS 36
3 MeCN BnNH2 4 Å MS 12
4 Dioxane Morpholine — 87
5 Dioxane n-Bu2NH — 82
6 Dioxane BnNH2 — 80

a Unless otherwise noted, reactions run with 0.2 mmol 1 and 0.3 mmol
amine. b Yields calculated by 1H NMR with 1,3,5-trimethoxybenzene as
internal standard.
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stereochemistry as shown in Scheme 1.10 Finally, in some cases,
6-exo aza-Heck cyclizations can also be included in the tandem
sequence (31).

In general, stability of the putative alkyl palladium inter-
mediate dictates which substrates are compatible with the
tandem aza-Heck/Suzuki reaction. In substrates where the
initial cyclization results in an alkyl palladium complex that can
rapidly undergo b-hydride elimination, the tandem sequence
was not successful. For example, when substrate 32 was
© 2021 The Author(s). Published by the Royal Society of Chemistry
subjected to the tandem aza-Heck/Suzuki conditions, the only
cyclization product that was observed was alkene 33 (eqn (1)).14

In the cases shown in Table 1, b-hydride elimination is
prevented by the formation of neopentylic palladium alkyl
intermediates that lack b-hydrogen atoms. However, success
can also be realized in cases where b-hydride elimination is
possible but the alkyl palladium intermediate is stabilized
against it. Examples are shown in Scheme 2. First, in the case of
the cyclization of norbornene 35, a single diastereomer of the
polycyclic product 36 was observed (Scheme 2, top). The
stereochemistry of the product (established by X-ray crystallo-
graphic analysis) indicates that the reaction proceeds via
suprafacial aminopalladation followed by stereoretentive cross-
coupling, which is consistent with an aza-Heck/Suzuki pathway.
In this case, b-hydride elimination from alkyl palladium inter-
mediate 37 is disfavored, as elimination of Ha would be forced
to proceed via an antarafacial pathway and elimination of Hb

would result in an anti-Bredt olen.
In the second example, styrenyl substate 38was also found to

participate in a tandem aza-Heck–Suzuki reaction without
competing b-hydride elimination to provide a single diastereo-
isomer of 39 in which two new stereogenic centers are formed
(Scheme 2, middle). As in the previous case, the stereochemistry
of the observed products (also established by X-ray crystallo-
graphic analysis) is consistent with suprafacial amino-
palladation followed by stereoretentive cross-coupling. In this
case, the stabilization of the alkyl palladium intermediate
afforded by the benzallyl fragment in intermediate 40 appears
sufficient to allow transmetallation by the aryl boronic acid to
out compete b-hydride elimination. It is notable that both
alkenyl and (hetero)aryl boronic acids were capable of partici-
pating in this transformation (41–43). Finally, it is likewise
notable that substrate 44, which bears the opposite alkene
conguration, led to the diastereomeric product 45. This result
is also consistent with the proposed aza-Heck–Suzuki pathway.

In addition to tandem aza-Heck–Suzuki reactions, we were
interested in exploring other classes of tandem reactivity.
Tandem aza-Heck–carbonylation reactions were very attractive in
this regard due to the versatility and variety of products that such
a reaction could afford. To explore the possibility, the reaction of
model substrate 1 and a variety of simple amines under an
atmosphere of CO was explored (Table 2). We were initially
pleased to nd that when morpholine was used as the nucleo-
phile, the conditions developed for tandem Suzuki reactions
provided high yields of the amidolactam product 46 (entry 1).
However, the reaction yield proved to be highly dependent on the
nucleophile employed; other simple amines provided unaccept-
ably low yields under these conditions (entries 2–3). Fortunately,
we found that by switching the solvent from MeCN to dioxane,
uniformly good yields of products were observed (entries 4–6).
Chem. Sci., 2021, 12, 8859–8864 | 8861
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Scheme 3 Scope of Aza-Heck–carbonylation reaction.a

Fig. 2 Proposed mechanism.
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This is notable, as dioxane was a particularly poor solvent for the
tandem Suzuki reactions (see Table 1).15 In addition, when using
dioxane, molecular sieves proved both unnecessary and slightly
deleterious. As such, they were omitted from the tandem
carbonylation reactions.

With optimized conditions in hand, we then explored the
scope of the tandem aza-Heck–carbonylation reaction (Scheme
3). A wide variety of primary, cyclic secondary, and acyclic
secondary amines participate in the reaction and afford
8862 | Chem. Sci., 2021, 12, 8859–8864
amidolactams in good to excellent yields. Aryl uorides, chlo-
rides, and bromides are all tolerated (50 and 51), as are ethers
and esters (51 and 52). Heterocycles were also highly compatible
(47, 55–59). Aniline could be used as the nucleophile (53), but in
this case specialized conditions were required.10 Unfortunately,
the attempted use of various alcohols led to mixtures of products
containing both the desired esters and phenolic esters resulting
from the incorporation of the co-generated PhOH in poor yield
(not shown). However, acyl hydrazines did prove effective alter-
natives to amines (54).16 In some cases, substates that could
potentially undergo b-hydride elimination aer the aza-Heck step
could be utilized (55). In these cases, increased pressure of CO
was required for migratory insertion to outcompete alkene
formation. Finally, as with the tandem Suzuki reactions above,
the structure of the hydroxamic ether could be varied (56–59),
although slightly elevated temperatures were required. Overall,
this provides rapid and efficient entry to diverse amidolactams.

Based upon the data presented herein, we believe these
reactions proceed via the mechanism outlined in Fig. 2. Initial
oxidative addition by an active Pd(0) complex results in Pd(II)
complex 61. Capture of this intermediate, boronic acid
(Schemes 1 and 2) or CO/amine (Scheme 3), and subsequent
reductive elimination then results in the product. Notably, in
cases where two stereocenters are formed, diastereoselectivity is
consist with suprafacial aminopalladation and stereoretentive
transmetallation, consistent with a Heck-type mechanism.

Conclusions

In summary, we have developed effective conditions for lactam-
forming tandem aza-Heck–Suzuki and aza-Heck–carbonylation
reactions. The scope for both of these formal carboamination
reaction is large, and the reactions lead to a variety of complex
stereogenic g-lactams that are relevant to the preparation of
bioactive molecules. All observations in this study, including
the relative stereochemistry in cases where multiple stereo-
centers were formed, are consistent with a Heck-type mecha-
nism in which the alkyl palladium intermediate is captured in
a subsequent cross-coupling reaction. These transformations
also demonstrate the feasibility of non-oxime aza-Heck reac-
tions to participate in tandem processes. Further studies in our
laboratory are underway to expand these processes to other
cases of complex hetereocycles.
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14 It is notable that in this case, the yield of 33 is signicantly
lower than what we have previously observed in the
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absence of the boronic acid, and is due to the formation of
signicant formation of primary amide. This is possibly
due to the formation of water from dehydration of the
boronic acid via boroxine formation. See: Y. Tokunaga,
H. Ueno, Y. Shimomura and T. Seo, Heterocycles, 2002, 57,
787–790.

15 As the solubilities of CO in dioxane and MeCN are reported
to be similar, we speculate that this difference is likely due to
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the better activation of the boronic acid in the more polar
MeCN. See: (a) E. Veleckis and D. S. Hacker, J. Chem. Eng.
Data, 1984, 29, 36–39; (b) Z. K. Lopez-Castillo,
S. N. V. K. Aki, M. A. Stadtherr and J. F. Brennecke, Ind.
Eng. Chem. Res., 2006, 45, 5351–5360.

16 It is notable that N–N bond cleavage was not observed under
these conditions.
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