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Phosphine-Based Redox Catalysis in the Direct Traceless Staudinger
Ligation of Carboxylic Acids and Azides**
Andrew D. Kosal, Erin E. Wilson, and Brandon L. Ashfeld*

The synthesis of amide C—N bonds through nucleophilic acyl
substitutions constitutes one of the most fundamental trans-
formations in chemical synthesis.'! Recently, the Staudinger-
type ligation” of carboxylic acid derivatives (e.g., acid
chlorides, anhydrides, acyl selenides, and thioesters) and
azides has become a preeminent strategy for amide C—N bond
construction (Scheme 1a).’! However, the generation of
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Scheme 1. Staudinger ligation approach to amide synthesis.

stoichiometric by-products (e.g., R;P=0) often complicates
efforts to isolate products, leads to waste disposal issues, and
limits the overall synthetic efficiency of this method.” Thus,
a phosphine-catalyzed Staudinger ligation involving the direct
coupling of carboxylic acids and azides would concomitantly
minimize the formation of undesired by-products while
avoiding the need for an additional acid derivatization
(Scheme 1b). We envisioned a P"™/P"-redox-driven cycle
wherein an acid/base reaction of the carboxylic acid and
intermediate aza-ylide would form an activated phosphonium
carboxylate insitu and thus enable catalytic C—N bond
formation.”! Herein, we report a conceptually new approach
toward the phosphine-catalyzed Staudinger ligation for the
chemoselective, direct conversion of carboxylic acids to
amides.

At the outset, we sought to identify an appropriate
phosphine/reductant combination that would enable catalyst
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turnover without interfering with C—N bond formation.
Given the reactivity of silanes!® toward the chemoselective
reduction of phosphine oxides, our initial efforts focused on
this class of hydride donors.”” However, the aqueous con-
ditions required for amidophosphonium hydrolysis in the
conventional Staudinger ligation are incompatible with
silanes.® A catalytic design is further complicated by the
tendency of silanes to reduce aza-ylides to their correspond-
ing silyl amines. Competitive aza-ylide reduction would
hinder formation of an activated phosphonium carboxylate
and thus the subsequent acyl substitution.” Therefore, we
speculated that oxygen transfer directly from the carboxylic
acid to phosphorus under anhydrous conditions would be
compatible with a silane reductant. However, recent reports
by van Delft and co-workers showed that while phospholane
oxides and dibenzophospholes are effective redox catalysts,
their corresponding aza-ylides are readily reduced by silane-
s.** In contrast, Ph;P-derived aza-ylides were found to
reduce at a slower rate in the presence of Ph,SiH,, which
prompted us to begin our study toward the first phosphine-
catalyzed Staudinger ligation using this reagent combination.
By treating benzoic acid 1a and benzyl azide (2a) with PPh;
(10 mol %) and Ph,SiH, (1 equiv), the ostensible phosphoni-
um carboxylate 4 led to benzyl amide 3a in 25% yield
[Eq. (1)]. In spite of the modest yield, we were encouraged by
the catalytic behavior of PPh; in the Staudinger ligation.

(o} o}

BnNj (2a), PPh; (10 mol%)
OH > NHBn 1)
Ph,SiH, (1 equiv), PhMe
FiC RT - 60 °C, 18 h FaC
®

1a 3a: 25% yield
80% based on recovered azide

We began our reaction optimization by examining the
efficacy of various silanes to facilitate catalyst turnover
(Table 1). Although known to efficiently reduce phosphine
oxides, alkoxy silanes (MeO);SiH and (EtO),MeSiH, and
Cl,SiH failed to provide amide 3a (Table 1, entries 1-3).7¢
However, use of PhSiH; improved the yield to 70 %, while
a slight excess of azide 2a provided 3a in 98 % yield (Table 1,
entries4 and 5). Interestingly, employing either 0.5 or
1.5 equiv of PhSiHj; led to a reduction in the yield of 3a
(Table 1, entries 6 and 7). The observation that 4 equiv of
PhSiH; prevented amide formation indicates that minimizing
competitive aza-ylide reduction is critical (Table 1, entry 9).1")

We next turned our attention toward examining catalyst
structure and loading. Unfortunately, reducing the amount of
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Table 1: Effect of silane reductant and azide equivalents.?!

0] (@]
/©)\0H BnN; (2a), PPh; (10 mol%)> /@*NHBn
silane reductant, PhMe
FsC RT - 60 °C FiC
1a 3a

Entry  Equiv. of 2a  Silane Equiv. of silane  Yield [%]®
1 1.0 (MeO),SiH 1.0 NR
2 1.0 (EtO),MeSiH 1.0 <5
3 1.0 Cl;SiH 1.0 NR
4 1.0 PhSiH, 1.0 70
5 1.2 PhSiH, 1.0 98
6 1.2 PhSiH, 0.5 45
7 1.2 PhSiH, 1.5 28
8 1.2 PhSiH, 2.0 50
9 1.2 PhSiH, 4.0 <5

[a] Conditions: 1a (0.30 mmol), PPh; (10 mol %), 2a, and R;SiH in PhMe
(0.3 m). [b] Yields of isolated products. Entry in bold highlights optimized
conditions.

PPh; to 5 mol % gave amide 3a in only 32 % yield [Eq. (2)].
Lowering the amount of phosphine even further led to
a similar reduction in yield. Employing the more-electron-
rich aryl phosphines (4-MeOC¢H,);P or nBu;P provided
amide 3a in 64 % and 45 % yield, respectively. As expected,
dibenzophosphole 5 and phospholane oxide 6 gave 3a in
decreased yield. With our optimized conditions in hand, we
then focused on determining substrate compatibility in the
PPh;-catalyzed Staudinger ligation.

o BnN; (2a) o

R3P or R3P=0 catalyst
OH NHBn (2)
F3C FsC

PhSiH; (1 equiv), PhMe

1a 3a
Ph
P. ,/O
PhsP (5 mol%): 32% /CP\Ph
(4-MeOCgH4)sP (10 mol%): 64% 5 Me” o

nBusP (10 mol%): 45%

(10 mol%): 65% (10 mol%): 48%

In general, treatment of carboxylic acids 1 and azides 2
with PPh; (10 mol % ) and PhSiH; provided good to excellent
yields of amides 3 (Table 2). Ligation of benzoic acid 1b and
2a gave benzamide 3b in 94% yield (Table?2, entry1).
Electron-rich and electron-deficient benzoic acid derivatives
also proceeded smoothly to give the corresponding benz-
amides (Table 2, entries 2—4). Cinnamic acid 1f underwent
amidation with exclusive 1,2 addition, and aliphatic acids 1g
and 1h provided amides 3g and 3h in 88 % and 61 % yield,
respectively (Table 2, entries 5-7). Notably, the conversion of
pivalic acid 1h to amide 3h indicates that ketene formation is
not likely involved in the amidation event."!! Aliphatic and
allylic azides 2b and 2 ¢, respectively, also proved effective in
the ligation of acid 1a (Table 2, entries 8 and 9). Finally,
heteroaromatic compounds bearing a pendant azide were
viable substrates, as demonstrated by the formation of amide
3k from acid 1a and furfural azide 2d in 78 % yield (Table 2,
entry 10).1?

In addition to azides 2a-d, aryl and acyl azides partici-
pated as coupling partners in the PPh;-catalyzed Staudinger
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Table 2: Substrate exploration.?!

N
o] R2N; (2), PPhs (10 mol%) o] P2 o N
> JJ\ 2b l 3
R'"NOH PhSiH;, PhMe, RT = 110°C  R!” “NHR? A
1 3 XN, 2d
2c
Entry Acid Azide Product Yield
961"
COH
1 1b ©/ 2a 3b 94

o
©)kNHBn
o
dNHBn 79
MeO
o

CO,H
2 e /©/ 2a 3c
MeO
CO,H
3 1d /©/ 2a 3d /@*wsn 95
Br
Br
COH 0
4 Te 2a 3e O)LNHBn 97
NC
NC

CO,H
10 la

X COH « 7
5 1f ©/\/ 2a 3f ©/\/u\NHBn 95
CO,H 0
6 1g 2a 3g dNHBn 83
o
Me._CO,H
7 1h MeXMe 2 2a  3h Me%NHBn 61
Me” Me
COH 0 oh
8 la /©/ 2b  3i O)LH/\/ 76
FsC FiC
COH 7 P
9 1a /©/ 2c  3j /@AH/\/\PIW 76
FsC

F3C

F3C
o
2d 3k N °
H’\@ 78
FiC
[a] Conditions: 1 (0.30 mmol), 2 (0.36 mmol), PPh; (10 mol %), and
PhSiH; (0.30 mmol) in PhMe (0.3 m). [b] Yields of isolated products.

amidation. Ligation of aryl azide 2 e and acid 1 f gave amide 31
in 80% yield [Eq. (3)]. However, acyl azide 2f provided
imide 3m in modest yield [Eq. (4)]."%) Attempts to improve
this result through longer reaction times led to azide decom-
position. The intramolecular ligation of carboxylic acid 7 with
PPh; (10 mol%) and PhSiH; gave lactam 8 in 77% yield
[Eq. (5)]. Given the pervasiveness of the lactam motif in
chemotherapeutics,'¥ and the role lactamization reactions
play in the construction of biologically active natural prod-
ucts,['*! the phosphine-catalyzed Staudinger ligation consti-
tutes a formidable method for the synthesis of this motif.
Recently, the Staudinger ligation has arisen as a powerful
alternative to the “native chemical ligation” approach toward
peptide fragments,'! addressing the inherent limitations
associated with the need for a cysteine residue at the site of
elaboration.'” To determine, whether the PPh;-catalyzed
Staudinger ligation would lead to racemization of chiral a-
amino acids, we examined the coupling of acids 9 with azido
glycinate 2g [Eq. (6)]. Gratifyingly, peptide coupling of N-
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3 1f, PPh; (10 mol%) o @/
> 3
Voo PhSiH,, PhMe, RT — 110 °C Ph/\)l\N @
{1
H
3l

80%

2e
o o O
1f, PPh (10 mol%)
N3 —— 2 > Ph/\)J\N (4)
PhSiH3, PhMe, RT — 80 °C H
MeO 35% (86% brsm) OMe
2f 3m
o]
COH  PPh, (10 mol%), PhSiHg
(5)
N3 PhMe, RT = 110 °C NH
7%
7 8

o
N
Ny~ “COEt (2
RZHN___CO,H 3 2Et (29) RZHN\)J\N/\CO £t ®)
: PPh; (10 mol%), PhSiH3 ESY 2
R' o PhMe, RT — 80 °C R" 10

o) o o)
CbZHN\_)J\N/\coza < SN COo,E CbZHN\_)J\N/\COZEt
g M NFmob : H

Fmoc
m 10d: 50%
N

10a:R=Me 59% 10c: 60%
H

10b: R=Bn 59%

Cbz-protected amino acids alanine and phenylalanine with 2g
provided dipeptides 10a and 10b, respectively, without loss of
optical purity.'® N-Fmoc-protected proline also underwent
conversion to dipeptide 10 ¢ in 60 % yield. Interestingly, a free
indole N-H in N-Cbz-protected tryptophan did not hinder the
formation of peptide 10d."’ These results highlight the utility
of this phosphine-catalyzed Staudinger ligation to facilitate
the construction of optically enriched dipeptide fragments.
Speculating that formation of a putative phosphonium
carboxylate would provide high chemoselectivity for the
coupling of carboxylic acid and azide, we next examined the
PPh;-catalyzed Staudinger ligation in the presence of other
carbonyl electrophiles. Treatment of acid 11a bearing a 4-
acetyl group to our optimized conditions provided amide 12a
in 71% yield [Eq. (7)]. It is noteworthy that neither imine

o} o}
OH BnN; (2a) NHBn @
R PPhs (10 mol%), PhSiH; R
Ma:R=Me "Me,RT=60°C 12aR=Me 71%
11b: R = OMe 12b: R=OMe 91%

products, resulting from an aza-Wittig reaction,”” nor
Schmidt rearrangement products®! were observed. Aryl
acid 11b, which bears an ester at the para position, also
underwent chemoselective ligation of the carboxylic acid
motif in 91 % yield. Although esters are readily converted to
the corresponding amides by employing Bertozzi’s conditions,
treatment of methyl benzoate and 2a with 10 mol % PPh; and
PhSiH; provided benzamide 3b in less than 10 % yield. These
results suggest that the amidophosphonium salt proposed by
Bertozzi and Raines is not a viable intermemediate in the
catalytic variant.¢!

To gain insight into the reaction mechanism, and the
importance of a presumptive phosphonium carboxylate
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intermediate (e.g., 4), we examined the effect of carboxylic
acid structure on the rate of amidation (Figure 1).? In
general, our results indicate that while steric and electronic
factors influence C—N bond formation, the Brgnsted acidity
of the carboxylic acid also played a prominent role in the rate
of conversion. Electron-deficient acid 1a exhibited a faster
rate of benzamidation than electron-rich acid 1e¢, whereas
hindered acids 1i (o-tolyl) and 1j (mesityl) proceeded slower
than the less sterically encumbered acids 1b and 1g
(Graph 1). However, if the degree of covalent character in
the phosphonium carboxylate salt affects the rate of acyl
substitution, then lower pKj values of carboxylates should
lead to faster rates of amidation. This hypothesis is consistent
with the observed rate of ligation of acid 1g, indicating
a direct correlation between the rate of amidation and ionic
character of the resulting phosphonium carboxylate. These
results seem to suggest that promotion of a tight phosphoni-
um carboxylate ion pair is a crucial factor in the rate of
amidation. Additionally, the faster rate of consumption of
acid 1 (Graph 2) in comparison to formation of amide 3
further implies that acyl substitution leading to C—N bond
formation, and not phosphonium carboxylate generation, is
rate determining.

In addition to these stereoelectronic factors, we discov-
ered that the reaction efficiency was highly solvent depen-
dent. Performing the phosphine-catalyzed ligation of acid 1a
and azide 2a in polar aprotic solvents, such as N,N-dimethyl-
formamide, acetonitrile, or 1,2-dimethoxyethane, failed to
provide amide 3a in greater than 57% yield. Additionally,
halogenated solvents (e.g., 1,2-dichloroethane) and MeOH
also proved inferior to PhMe. Based on these results, our
working mechanistic hypothesis for the redox phosphine-
catalyzed Staudinger ligation involves initial reduction of
azide 2 by PPh; to give aza-ylide 13 (Scheme 2). Deprotona-
tion of carboxylic acid 1 provides phosphonium carboxylate
14a, and the partially covalent P—O bond in 14b activates the
carboxylate for nucleophilic acyl substitution. Amide C—N
bond formation leads to formation of 3 and Ph;P=0.
Reduction of the phosphine oxide regenerates PPh; and
completes the catalytic cycle. The likelihood of PhMe
promoting the formation of a tight ion pair supports our

PhH,SiOH RZ-N-N=N
PhoP 2
PhSiH, N, 1
- ® 0O
PhsP=0 PhsP-NRZ 13
o o
R1lI\NHR2 R‘J\OH
3 1
o
1oy 2o
R 0Ypph, = Jl_© PPhs
NHR? R" O NHR®
14b 14a

Scheme 2. Proposed catalytic cycle.
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(o) BnNj (2a), PPh3 (10 mol%) J?\
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1
" Graph 1 100
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35 ta R
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20 1j S4
15 g 30
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1c o
5 O 10
° 0 5 30 60 420 1620
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CO,H CO,H CO,H CO,H CO,H CO,H
0 O @ @ @
CF3 OMe Me
1a 1b 1c 19 1i 1j

Figure 1. Absolute rate of amide formation. Aliquots taken at indicated
times were quenched with CH,N,, and conversion was determined by
"H NMR analysis (600 MHz) using 1,3,5-trimethoxybenzene as an
internal standard.

hypothesis that intermediate 14b is crucial for carboxylic acid
activation, thus enabling nucleophilic acyl substitution.

Given the propensity for silanes to reduce aza-ylides, an
alternative mechanism involving addition of the silyl amine
derived from P=N bond reduction of ylide 13 to an in situ
generated silyl ester was considered. However, preformation
of the silane ester derived from acid 1a and Ph,HSiCl
followed by addition of azide 2a and PPh; (10 mol %) failed
to provide more than trace quantities of amide 3a. Therefore,
our results suggest that P=O bond reduction is required for
catalytic turnover, and that P=N bond reduction effectively
hinders the phosphine-catalyzed Staudinger ligation of car-
boxylic acids.

In summary, we have developed a redox phosphine-
catalyzed Staudinger ligation that enables the direct con-
version of carboxylic acids to amides while avoiding issues of
product isolation and the disposal of stoichiometric phos-
phine oxide by-products. This procedure constitutes a new
approach toward amide C—N bond formation, and is directly
applicable to the assembly of biologically active natural
products and synthetic targets that contain amides, lactams,
and peptide linkages. Further mechanistic studies and use of
this reaction in total synthesis is currently being pursued, and
will be reported in due course.
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