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ABSTRACT Herein, the development of a mild sustainable protocol to couple pri- o
mary alkyl chlorides and bromides with amides is described. In contrast to current R‘JLNH v B RS
methodologies, our system does not require the use of strongly basic conditions, high ;
temperatures, or the addition of an organometallic catalyst, thereby enabling access
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ary and tertiary amides, which are ubiquitous scaffolds in bioactive molecules and nat-
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INTRODUCTION

Amides are not only versatile building blocks in the synthesis of
amines and carbonyl compounds but are also a prevalent motif in
polymers, natural products, and commercial drugs.' Indeed, the con-
densation of amines with acyl electrophiles to yield amides accounts
for ~16% of the reactions performed in the pharmaceutical industry.”
Typically acyl chlorides, or carboxylic acids in conjunction with a
coupling agent to facilitate dehydration, are employed in these trans-
formations.® Although a large array of coupling agents have been re-
ported, the optimal conditions still remain case-specific and it is dif-
ficult to predict what the best conditions will be without carrying out
extensive optimization studies.'* Hence, establishing general proto-
cols that enable access to a wide scope of amides would represent a
synthetic advance.

An alternative approach to amide synthesis is the derivatization of
preexisting amides. Among the strategies developed in this area, am-
ide arylation reactions have been extensively studied, with Pd- and
Cu-catalyzed processes predominating in the literature.* In contrast,
amide alkylation has proven to be more elusive and is often only
achievable via quantitative amide deprotonation using an excess of a
strong base in highly polar solvents. Subsequently, the amidate nu-
cleophile adds to alkyl halides via Sx1- or Sx2-type substitution
mechanisms (Scheme 1a).* Often, these reported strategy rely of the
use of microwave irradiation and phase transfer catalysts to facilitate
the amide deprotonation and subsequent nucleophilic attack.>* *To
avoid the use of high pH solutions and broaden the reaction scope,
organometallic complexes have been utilized.’ These procedures en-
able the use of milder bases like carbonates or phosphates. However,
most metal-catalyzed transformations still require high tempera-
tures to proceed. Among those, the most closely related to the sys-
tem described in this manuscript are the scarce examples describing
the use of Cu catalysts to facilitate the coupling of alkyl halides to

amides without requiring strongly basic conditions (Scheme 1b).*
Ge-e,6h
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Scheme 1. Amide alkylation strategies using alkyl halides.

The reduced number of reports leveraging organometallic catalysts
to forge new C-N bonds is a general trend that expands beyond am-
ide functionalization, and can also be generally observed when sur-
veying transition metal-mediated strategies for constructing C-C
versus C-N bonds.” One of the main challenges hampering the de-
velopment of these reactions is that nitrogen nucleophiles often act
as strong ligands, such that reductive elimination tends to be rate-
limiting, especially for C(sp*)-N coupling. Additionally, metal-me-
diated amide functionalizations are highly sensitive to steric hin-
drance around the nitrogen, with limited examples reported for the
functionalization of acyclic secondary amides.® ™ Thus, the devel-
opment of alternative amide alkylation protocols for functionalizing
both primary and secondary amides under mild conditions that are
compatible with a broad array of functional groups would be highly

desirable.



RESULTS AND DISCUSSION

Herein, an unexpected strategy for coupling alkyl halides with pri-
mary and secondary amides will be described. This methodology
does not require strongly basic conditions, high temperatures, or
transition metal additives. Specifically, we have identified that mix-
tures of KsPOq in acetonitrile, a medium in which the moderately
basic salt is very poorly soluble, can facilitate this elusive transfor-
mation (Scheme 1c). This study showcases how this inexpensive
procedure presents a robust and generalizable alternative to the cur-
rent methodologies, affording a wide variety of secondary and ter-
tiary amides in good to excellent yields.

Table 1. Effect of reaction parameters on KsPO4-mediated amide al-
kylation.

0 KsPO, (2 0
)J\ + Br” > Ph — < (209) )J\ N
Ph” ~NH, BuyNBr (2 eq.) Ph” "N~ "Ph
CH4CN, 50 °C, 24 h H
1b 2¢ 3b

Entry  Change from the standard conditions  Yield (%)

1 none 82 (70)™!
2 NasPOy, instead of KsPO4 20
3 KoHPOy, instead of KsPO4 <S5
4 K,CO;3, instead of KsPO4 8
S NaOAcg, instead of KsPO4 <$
6 No BusNBr 63
7 Room temperature 20
8 THE, instead of CH3CN 60
9 DMSO, instead of CH:CN 31
10 DME, instead of CH3:CN 12
11 2 equivalents of H>O added 79

General conditions: reactions performed on a 0.3 mmol scale using 2
eq. of amide 1 and 1.5 mL of CH3CN. [a] Determined by '"H NMR us-
ing 1,3,5-trimethoxybenzene as an internal standard. [b] Yield of puri-
fied product (average of two experiments).

During the optimization campaign, the coupling of benzamide (1b)
and benzyl bromide (2c) was selected as a model reaction (Table 1,
see SI for further information). It was observed that optimal reactiv-
ity was achieved with the potassium phosphate tribasic salt when ac-
etonitrile was used as the solvent in the presence of tetrabutylammo-
nium bromide as a phase transfer catalyst. Several other mild inor-
ganic bases afforded little to no observed reactivity, apart from a
moderate 20% yield obtained using the sodium analogue of the tri-
basic phosphate salt (entries 2-5). In contrast with previously re-
ported methodologies where the phase transfer agent pays a key role
a zeroth order is observed with respect to this reaction component
and the exclusion of tetrabutylammonium bromide resulted in a
modest reduction in yield (entry 6).**f Conducting the reaction at
room temperature led to a substantial yield decrease (from 70% to
20% yield, entry 7). Under the optimized conditions, other polar sol-
vents like tetrahydrofuran (THF), dimethyl sulfoxide (DMSO) and
dimethylformamide (DMF) also facilitated the formation of the al-
kylated amide 3b, albeit in lower yields (entries 8-10). The presence

of water is tolerated, as a negligible yield reduction was observed
upon the addition of 2 equivalents of water (entry 11).

Table 2. Primary alkyl halide electrophile scope for KiPOs-
mediated amide alkylation.

(0] (0]
K3POy4 (2 eq.)
)]\ + R eS| )J\ ~
Ph” ~NH, BusNBr (2 eq.) Ph” "N~ R
CH3CN, 50 °C, 24 h H
1b 2 3
Entry Electrophile (2) Yield [e]
Br
R
1 R=H 3b: 70%
2 Cl 3c: 63%
3 Br 3d: 53%
4 | 3e: 57%
Br
5 B'/\©/ 3f. 59%
Br
6 3g: 71%
Br
7 Br/\©\ 3h: 50%
COzMe
OMe
8 Br/\©/ 3i: 81%
9 B \F 3j: 67%
10 Br” > Me 3k: 52%!
11 Br N Me 31: 58%0]
12 Br "N "pr 3m: 67%[0<
(¢]]
13 3b: 72%
14 C|/\/\/Me 31: 52%]0]

General conditions: reactions performed on a 0.3 mmol scale using 2
eq. of amide 1b and 1.5 mL of CHsCN. [a] Yield of purified product
(average of two experiments). [b] 48 h reaction time. [c] Yield of cyclic
tertiary amide as the double alkylation product. 3 equivalents of KsPO4
were used.

Intrigued by the simplicity of the reaction conditions, which do not
require the addition of a transition metal and seem to rely on the sole
action of KsPO, (a base that has been used before in conjunction
with organometallic catalysts to afford these same couplings),* we
initially focused on testing the reproducibility of the reaction. Multi-
ple batches of KsPO from two different providers were tested and
gave comparable results, as did using acetonitrile of varying grades.
To discard the presence of a pervasive contaminant in our labora-
tory’s reagents, the reaction was also reproduced in the laboratory of
Professor Melchiorre at the Institute of Chemical Research of Cata-
lonia (ICIQ) in Tarragona, Spain. Following the procedure detailed
in the supporting information, alkylated amide 3b was isolated in



66%, which is nearly identical to the 70% yield obtained in our labor-
atory (Scheme 1c).

With the optimized conditions in hand, we began exploring the re-
action scope (Table 2). Motivated by the absence of an organome-
tallic catalyst, functional groups that are susceptible to oxidative ad-
dition, and thus incompatible with most current methodologies,
were tested. In this context, a series of benzyl bromides bearing aryl
chlorides, bromides and iodides were found to be viable substrates
for the reaction (entries 2-6). Of special interest is the tolerance of
this methodology to aryl iodides and the excellent yield obtained for
ortho-substituted benzyl bromides (entries 4 and 6, respectively).
Other functional groups like a base-sensitive methyl ester or meth-
oxy groups are also tolerated (entries 7 and 8). The use of allylic bro-
mide was also successful, leading to the formation of the allylated
amide in a moderate yield (entry 9).

Table 3. Primary amide scope for KsPOs-mediated amide alkyla-
tion.

(0] (0]
K3POy4 (2 eq.)
s m e B g
R NH, BuyNBr (2 eq.) R N Ph
CH4CN, 50 °C, 24 h H
1 2c 3
Entry Amide (1) Yield @  Entry  Amide (1) Yield [2]
(0] O
10 3v: 58%]
R o]
1 R=H 3b: 70%
2 Br 3n:68% 1 NH, ~ 3w: 58%[!
3 | 30:57%
4 CF3 3p: 73%
5 OMe 3q: 59% (0]
% 12 O)L NH, 3x: 68%!
6 NH2 6% poe"
O
o 13 L 3y: 59%!
; 3s: 759 t-Bu” “NH,
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\_0 o
(0] 14 Ph W)J\ 3z: 66%
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General conditions: reactions performed on a 0.3 mmol scale using 2
eq. of amide 1 and 1.5 mL of CH3CN. [a] Yield of purified product (av-
erage of two experiments). [b] 48 h reaction time.

The scope expands beyond the use of conjugated bromides to in-
clude unactivated alkyl bromides (entries 10-12 and 14). The re-
duced reactivity of these electrophiles was overcome with longer re-
action times to enable the corresponding alkylated amides to be gen-
erated in moderate to good yields. Notably, when reacting ben-
zamide 1b with 1,5-dibromopentane, initial alkylation occurred fol-
lowed by intramolecular cyclization via a second N-alkylation to
form the cyclized tertiary amide product in good yield (entry 12).
The use of secondary alkyl bromides was not successful and resulted
in only trace amounts of product. Finally, when benzyl chloride (2b)
or 1-chloropentane were used as electrophiles, the desired products

were isolated in comparable yield to that obtained with the corre-
sponding bromides (c.f, entries 13 and 1 and entries 14 and 11).

The scope for N-alkylation of primary amides is presented in Table
3. Aromatic amides with both electron donating and electron with-
drawing groups were tolerated, leading to the desired products in
good to moderate yields (entries 1-5). Once again, aryl halides, in-
cluding aryl iodides, were tolerated. Extended 7-systems, heterocy-
cles, and acrylamide displayed similar reactivity to that of benzamide
(entries 6-8). Both cyclic and acyclic aliphatic amides were also ame-
nable to the reaction (entries 9-14). We were pleased to find that
there is no significant impact of the amide steric congestion (entries
13 and 14) on the reaction yield. Furthermore, comparable results
were obtained when subjecting tert-butyl carbamate to the reaction
conditions (entry 15), which upon acidic work-up allows access to
the corresponding amine.

Table 4. Secondary amide scope for KsPOs-mediated amide alkyla-

tion.

(0] O
K3PO, (2 eq.)
+ B ph — o~
R” NH BuyNBr (2 eq.) R TN Ph
! CH3CN, 50 °C, 24 h !
2 i ’ 2
4 R 2c 5 R
Entry  Amide (4) Yield [ Entry Amide (4) Yield [

(0] (0]

! < :NH 5a:78% 5 ©)LNH Se: 74%
kPh
X
. 0,
2 o NH 5b: 92% o
\J/
6 5f: 969

: o

3 5¢: 97% Me
NH

(0] 0

4 | NH 5d: 86% 7 Me)J\NH 59: 88%
1
= Ph

General conditions: reactions performed on a 0.3 mmol scale using 2
eq. of amide 4 and 1.5 mL of CH3CN. [a] Yield of purified product (av-
erage of two experiments).

Perhaps the most remarkable result was obtained when testing the
reactivity of less acidic and more hindered secondary amides, where
the corresponding alkylated tertiary amides were isolated in excep-
tional yields (Table 4). Cyclic amides of various ring sizes, including
an oxazolidinone and a f-lactam, reacted to form the benzylated
product in excellent yields (entries 1-4). Additionally, this protocol
was able to facilitate the previously elusive alkylation of acyclic sec-
ondary amides in high yields (entries 5-7). Similarly to the primary
amide scope (Table 3), no substantial effect on the reaction yield
was observed upon varying the electronic or steric environments
around the amide.

The most intriguing aspect of the observed reactivity is the discrep-
ancy between the acidity of the amides and the moderate basicity of
the KsPO, base (15.1 for acetamide versus 12.3 for HPO4* in wa-
ter).* Considering the marked solvent effect observed on reactivity
(Table 1), we attempted to measure the pK. of the conjugate acid of
KsPOyq in acetonitrile. Unfortunately, the poor solubility of the



inorganic salt in acetonitrile, even in the presence of NBusBr, pre-
cluded the pK. from being measured. Unable to obtain an experi-
mental value, AG for the reaction between benzamide 1b and KsPO.
in acetonitrile was calculated to be +4.0 kcal/mol at the M06-D3/6-
311++G(d,p) // B3LYP-D3BJ/6-311++G(d,p) level of theory with
implicit SMD solvation (see SI).” Similarly to the acid-base equilib-
rium measurements in water, these calculations suggest that the
deprotonation equilibrium in acetonitrile is also unfavorable.

In light of this data, it is proposed that the moderately basic KsPO4
likely facilitates amide deprotonation to at least a sufficient extent to
enable a subsequent nucleophilic attack into the alkyl halide to forge
the new C—N bond. It is believed that a key factor for the large func-
tional group compatibility is the low concentration in solution of the
reactive amidate. The low amidate concentration is the consequence
of both the aforementioned pK. discrepancy and the poor solubility
of KsPOs in acetonitrile. The reproducibility of the reaction through
multiple batches, providers, and laboratories suggests that the in-
volvement of a pervasive Lewis acidic impurity in KsPOs, which
could assist in facilitating amide deprotonation, is unlikely. How-
ever, this possibility cannot be discarded.

CONCLUSIONS

In summary, the methodology described in this paper allows the al-
kylation of a wide breadth of both primary and secondary amides un-
der mild conditions without requiring the addition of a transition
metal catalyst. The scope of this transformation presents an orthog-
onal functional group tolerance to those of previously reported strat-
egies, highlighted by the compatibility of aryl halides, including aryl
iodides, and the excellent yields obtained for the alkylation of hin-
dered acyclic secondary amides. It is believed that the robustness of
this protocol, which does not require the use of dry conditions or in-
ert atmospheres, the remarkable scope, and the use of economical
reagents will collectively make this strategy an attractive approach to
late-stage amide functionalization for the synthetic community.
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