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The mechanism of umpolung amide synthesis was probed by inter-
rogating potential sources for the oxygen of the product amide
carbonyl that emanates from the α-bromo nitroalkane substrate.
Using a series of 18O-labeled substrates and reagents, evidence is
gathered to advance two pathways from the putative tetrahedral
intermediate. Under anaerobic conditions, a nitro-nitrite isomeriza-
tion delivers the amide oxygen fromnitro oxygen. The same homo-
lytic nitro-carbon fragmentation can be diverted by capture of the
carbon radical intermediate with oxygen gas (O2) to deliver the
amide oxygen from O2. This understanding was used to develop a
straightforward protocol for the preparation of 18O-labeled amides
in peptides by simply performing the umpolung amide synthesis
reaction under an atmosphere of 18O2.

Preparative needs in amide synthesis, particularly those in the
peptide regime, continue to drive new methods for their con-

struction (1–15). The increasing success of peptide therapeutics,
as well as continuing biophysical studies of peptides, have gener-
ally outpaced the scope of purely chemical methods for their pre-
paration on scale (16, 17). Native chemical ligation has teamed
with solid phase peptide synthesis to target an increasing list of
complex problems, whereas α-keto acid-based methods (18, 19)
and umpolung amide synthesis (UmAS) (20) are beginning to
target others. Historically, improvements to dehydrative amide
synthesis have received the lion’s share of effort, and this is
justified by the broad inventory of carboxylic acids available com-
mercially and synthetically (21). Aside from the need to greatly
generalize any one of these developments, it remains a challenge
to routinely incorporate chiral nonnatural amino acids. Site-
selective labeling of amide oxygen, despite its power as a techni-
que for the spectroscopic study of protein structure (22), also re-
mains quite difficult beyond the use of methods that label the
precursor carboxylic acids through a combination of acid and
H2

18O (23–26).
We recently reported a unique amide synthesis based on the

reaction of α-halo nitroalkanes and amines, using a halonium
activating agent and alkaline conditions (20). This basic reaction
also holds promise in more complex settings such as peptide
synthesis, and the nascent principles for its use in enantioselective
peptide homologation with aryl glycine amino acids were
outlined. Although the rapid and complete formation of an
N-halamine (Fig. 1, 2), and its competency in the coupling was
established, we were unable to directly observe the putative
“tetrahedral intermediate” (Fig. 1, 3) that constitutes a logical
species en route to amide, particularly because it bears the proper
oxidation state at carbon, requiring only a formal hydrolysis to
provide amide product (Fig. 1, 4). Although we have failed to
observe this intermediate directly, we remained interested in how
it might evolve to amide and began a reverse-mechanistic ap-
proach to explore the various possibilities. Our ulterior motive
was practical: The ability to site-selectively label amide oxygens
with the 18O isotope remains challenging in many contexts, and
methods remain limited in number (23–25).

Results and Discussion
Our first hypothesis was that this intermediate simply hydrolyzed
to amide by either ionization of bromide or nitrite to an inter-
mediate azomethine (e.g., Scheme 1, 6). Should this be the case,
the use of H2

18O would provide the 18O-labeled amide. In the
event, we observed the formation of only 16O-labeled amide
(Table 1, entry 1), suggestive of a pathway to amide that might be
more complex. The experiments that followed attempted to
isolate the possible sources of oxygen: 1) residual water, 2) the
nitro functionality in the α-halo nitroalkane substrate, and 3)
potassium carbonate.

We were mindful that the reaction proceeds to amide—albeit
at a slower rate—despite attempts to thoroughly remove water,
suggesting that the nitro oxygen might play a role. We prepared
doubly 18O-labeled nitroalkane (82% 18O2, Fig. 1, 1) [see SI
Appendix for complete details. The doubly labeled nitroalkane
(Fig. 1, 1) was prepared (67.7% 18O2, 29.1% 18O∕16O) from
labeled nitrite] (27), and using standard conditions for amide
formation the amide product was produced with a detectable
level of isotope incorporation (17%; Table 1, entry 2). This cor-
responded to a high level of label loss (Δ − 65). Suspecting a
possible role for potassium carbonate as an unlabeled oxygen
source, this experiment was again performed, but with the amine
in excess to replace exogenous potassium carbonate base. This
experiment led to diminished but still significant label loss
(Δ − 33; Table 1, entry 3). We continued this series with excess
amine (no carbonate), and reinvestigated the possible role of
water but found no observable change in the level of isotope
conservation (Table 1, entry 4). Finally, the role of atmospheric
oxygen was examined by degassing the solvent and using an argon
atmosphere for the reaction. This variation provided a high
degree of isotope conservation from nitroalkane to amide pro-
duct (Δ − 16; Table 1, entry 5).

Fig. 1. Experiments reveal that water is not the source of amide oxygen in
umpolung amide synthesis.
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The outline in Scheme 1 provides a mechanistic picture con-
sistent with these observations. An alternative to our original
hypothesis that the tetrahedral intermediate hydrolyzes to amide
by ionization of either bromide (Scheme 1, 6) or nitrite (not
shown) is homolysis of the tetrahedral intermediate to amino-
methyl radical (Scheme 1, 7) and nitrogen dioxide radical (28).
Under anaerobic conditions, this radical pair can recombine with
isomerization to form nitrite (Scheme 1, 8). Nitrosyl transfer to
water under the basic conditions then leads to its collapse to amide
(Scheme 1, 10). This mechanistic pathway is consistent with the
high level of isotope conservation in the key anaerobic experiment
(Table 1, entry 5). Support of this proposal is found in the ability of
tertiary nitro compounds to isomerize to nitrite reversibly (29–36).
The combination of alkyl, amino, and bromo groups may favor the
nitrite isomer (Scheme 1, 8), or alternatively, its subsequent hydro-
lysis may provide an irreversible step forward to amide.

Because the reaction of oxygen with carbon radicals is often
at, or near, the rate of diffusion (37–39), we hypothesized that
putative aminomethyl radical (Scheme 1, 7) might be intercepted
by 18O2. A solution of unlabeled nitroalkane (Fig. 1, 1) was sub-
jected to the standard reaction conditions and an 18O2 atmo-

Scheme 1 Observations using 18O-labeling experiments and corresponding
anaerobic and aerobic pathways from tetrahedral intermediate to amide

Table 1. 18O-labeling study of amide synthesis from α-bromo nitroalkanes

Entry* NO2 label (% N18O2) H2O (%18O) Atmosphere Amide (% 18O) Δ18O Yield† (%)

1‡ 0 >99 open <1 <1 75
2‡ 82 0 open 17 −65 76
3§ 82 0 open 49 −33 70
4§ 82 >99 open 49 −33 70
5§ 82 0 Ar 66 −16 70
6 0 0 18O2

¶ 83 +83 68

*Reactions employed one equivalent of α-bromo nitroalkane (0.2 M in THF), with N-iodosuccinimide (one equivalent) added as the final
reagent at 0 °C. “Open” atmosphere refers to use of a static atmosphere provided by a cap or septum. Other variations used a balloon
of the indicated gas. Isotopic distribution determined by high resolution mass spectrometry.

†Isolated yields.
‡1.2 equivalents of amine used.
§Five equivalents of amine used to replace potassium carbonate base.
¶97% enriched 18O2 gas used.

Table 2. 18O-labeled amide synthesis using aerobic UmAS*

Entry Amide product Amide 18O (%)† Yield (%)

1 a 79 79

2 b 65 81

3 c 79 78

4 d 93 58

5 e 76 65

6 f 88 49

*See SI Appendix for complete experimental details for introduction of a
static atmosphere of labeled oxygen (97% 18O2).

†Enrichment determined by mass spectrometry. Analysis by 13C NMR was
consistent with incorporation. See SI Appendix for complete details.
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sphere (balloon), and a high degree of isotope incorporation
into the amide product was observed (Δ þ 83; Table 1, entry 6).
This is suggestive of an aerobic pathway that diverts from
Scheme 1, 7, and the intermediate peroxide (Scheme 1, 9) can
fragment to amide and the elements of bromonium nitrate.
Together, each pathway explains why water is not necessarily re-
quired as a reagent but may be a helpful additive by promoting
nitrite hydrolysis (anaerobic) or formation of nitrate or (potas-
sium) hypobromite (aerobic).

In an effort to devise a direct preparation of 18O-labeled
amides, we developed an experimental preparation that favors
the aerobic pathway to amide. Two key modifications were made:
1) solutions of the reactants were degassed by freeze-pump-thaw
cycles, and 2) the final cycle was finished by drawing 18O2 into the
head space of the vial. To minimize overall cost, a vial was used to
maintain a small volume without unduly limiting the solution’s
contact with the labeled oxygen atmosphere. (The SI Appendix
provides a description of the experiment as well as a picture
of the experimental setup.) Application of this protocol to a series
of couplings provided labeled amides (Table 2, 11a–f) with a high
degree of enrichment (65–93%; Table 2), as well as site-selectivity
(Table 2, entries 4–6). Although it is likely that higher levels
of incorporation could be achieved using techniques to further
enrich the solvent with labeled oxygen, or a vessel pressurized by
oxygen, our goal was to establish the efficiency of incorporation
using an inexpensive, easily reproduced experimental setup.

Conclusions
In summary, we have identified two pathways to amide product
from the putative tetrahedral intermediate formed in UmAS. The
pathway is highly dependent on the nature of the atmosphere
above the solution. When degassed and stirred under argon, the
nitro oxygen serves as the primary source of oxygen in the amide
product. If the solution is instead stirred under an atmosphere of
oxygen, nearly all of the amide oxygen can result from gaseous
oxygen. This mechanistic picture also rationalizes our earlier
observation that amide is still produced when measures are taken
to use anhydrous conditions for UmAS. In this case, particularly
with the anaerobic variant, the isomerization to nitrite can still
occur, and amine (or carbonate) can serve the role of nitrosyl
acceptor. Aside from the clearer picture this study provides for
further reaction optimization and development, we have demon-
strated that 18O-labeled amides can be prepared conveniently
using UmAS by the straightforward supply of 18O2 as an atmo-
sphere during an otherwise standard coupling with amine.
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