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ABSTRACT: A metal-free strategy for the formation of lactams via selective oxidation of cyclic secondary and tertiary amines is
described. Molecular iodine facilitates both chemoselective and regioselective oxidation of C—H bonds directly adjacent to a
cyclic amine. The mild conditions, functional group tolerance, and substrate scope are demonstrated using a suite of diverse small
molecule cyclic amines, including clinically approved drug scaffolds.
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complexes and harsh oxidative conditions such as organic Ferric chloride offers a cheap alternative to ruthenium catalysts
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selective route to amide and lactam formation. However, large
amounts of this expensive catalyst are required, which is further
complicated by the multistep process to prepare the colloid.' In
contrast to the use of transition-metal catalysts, molecular iodine
is a mild, cheap, and metal-free oxidant'' that has been used to
chemoselectively oxidize a piperidine ring found in natural
products to the corresponding lactam in the presence of
aldehyde, alkene, alcohol, and heteroaromatic functionalities.'?
Although there are a number of reports that describe the use of
electrophilic halogen sources to carry out a-oxidation of cyclic
amines,"” these procedures to date have limited functional group
tolerance'** and require harsh reaction conditions.'*"~* Herein,
we report a general strategy for the chemoselective oxidation of a
range of secondary and tertiary saturated N-heterocycles to form
7- 6- and e-lactams (Figure 1, eq 3). To explore the selectivity of
our approach, a reaction screen was undertaken using the model
substrate 2a. The parameters of solvent, concentration,
stoichiometry of iodine and iodine source were surveyed (see
Table S1). Aqueous THF and aqueous DMSO were both found
to be optimal solvents, resulting in 91% and 90% conversion of
2a into 3a, respectively. The stoichiometry of iodine and
concentration of the substrate proved critical for high conversion
to 3a, with 7.5 equiv of iodine and substrate concentration at
0.025 M required to produce 96% of 3a.

With optimized conditions in hand, the substrate scope of this
reaction was explored using a range of cyclic amines 2a—r
(Scheme 1). Our optimized conditions tolerated both electron-
rich and electron-poor benzyl-protected piperidines (2b,c) and
tetrahydroisoquinoline 2d, with no oxidation of the exocyclic
benzylic methylenes observed in 3a—d. Chemoselective
oxidation of the cyclic @-C—H bond was observed in both five-
membered and seven-membered cyclic amines 2e—f, morpho-
line 2g, and piperazines 2h,i. Interestingly, stalling of the reaction
was seen for substrate 2g, which was alleviated by using a
DMSO/H,0 solvent system instead.'* In contrast to benzylic
substrates 3a—i, concomitant lactamization and para-iodination
resulted in the formation of 3j from 2j. Blocking the para position
of the phenyl ring with a methyl group produced lactam 3k
exclusively. Formation of the secondary lactam 31 and sterically
hindered 3m was also tolerated. Oxidation of the asymmetric
piperidine 2n formed 3ne and 3nf, isolated in a ratio of 2.7:1,
demonstrating bias toward the sterically less hindered product.
Notably, no racemization of the stereogenic centers in 3m and 3n
was observed. Retention of stereochemistry at positions f to the
nitrogen in morpholine 20 was also observed, with the trans
orientation of the methyl groups conserved. The stereogenic
center in the proline-derived substrate 2p was also conserved,
which could potentially enable access to non-natural proline
derivatives and proline-tagging experiments. However, no
reaction was observed with benzoyl-protected 2q or acyclic
substrate 2r. This suggests the availability of the amine lone pair
and the conformationally restricted ring structure is essential for
chemoselective oxidation.

With the substrate scope and robustness of this methodology
established, the chemoselectivity profile was further explored on
a suite of drug molecules (Figure 2). Lactams Sa—e were isolated
in moderate to excellent yields (15—92%), demonstrating
chemoselective oxidation in the presence of alkenes, electron-
rich aromatic rings, pyridines, carboxylic acids, and sulfonamides.

Products 5d and Se were recovered in low isolated yields (15%
and 26%, respectively) and were formed in moderate conversions
(56% and 57%, respectively). This is attributed to formation of
other oxidative byproducts that were detected by mass
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Scheme 1. Substrate Scope of Iodine-Mediated Oxidation of
Cyclic Amines”

R I5 (7.5 equiv)

r\"‘ X NaHGO; (10.0 equiv) r\“‘ X
R-»N\/‘l'n THFM,O (25:1),0025M  gi-N
rt,4h

i
o]
3

2
N n
\Q\/Q Bn'N Bn
o] 0 o

3a, R = H (96%) 3d (80%)

3b, R = OMe (91%)
3¢, R = NO, (95%)

X N

N N
oy’ A
o Bn [o] | o

3i [34% (45%))

3e, n=1(69%)
3f, n =3 (66%)

3g, X = O (78%)id 3j (54%)

3h, X = NBoc [44% (56%)) (29% rsm)ld!
(41% rsm)ldl
Ph
N \Q\JH N
/@r 0 (o] B o
3k (55%}191 31 [43% (51%))11 3m (53%, ee = 99%)
(45% rsm)lcl
0,
A
N N N W
PMB~ PMB~ PMB~ ‘n) o
(o] [a ]
3n" (53%, ee >99%) 3nl' (20%, ee = 99%) 30 (75%)!¢!
A SN
N Ph N N~
g OEt il Bn
e}
3p (86%, ee = 96%) 2q (nr) 2r (nr)

“Conditions: 2 (1.0 equiv), NaHCO; (10.0 equiv), I, (7.5 equiv) in
THEF/H,O0 (2.5:1, 0.025 M), rt, 4 h. “Isolated yields shown; values in
parentheses show conversion to product determined by 'H NMR
analysis of the crude material against an internal standard. “Reaction
run in 2.5:1 DMSO/H,O solvent system. 99 rsm = percentage of
remaining starting material observed by crude '"H NMR. “lodine was

added in three portions of 2.5 equiv each hour./Reaction stirred for 20
h.

spectrometry, in addition to their challenging purification,
which required the use of HPLC (see the SI), all of which
resulted in low recovery of product. The morpholino lactam 5f
was also produced in 55% yield with retention of the cis
orientation of the ring-methyl groups. Of particular note was the
regioselective oxidation of the asymmetrical azepane ring in 4g,
forming lactams Sgar and 5gf in a ratio of 4.3:1. These results
demonstrate the general chemoselectivity of this methodology
for oxidation of cyclic amines in complex small molecules.
When compared to other conditions reported for oxidation of
amines directly to amides/lactams’™®”'3 (Figure 3), the
conditions developed here offer substantially better chemo-
selective oxidation when applied to drugs 4h and 4i (conditions
A) with Sh isolated in high yield (83%) and Si formed in high
conversion (81%). Product Si could only be isolated in low yield
(30%) because further purification was required due to coelution
with an iodinated byproduct during the first purification (see the
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Figure 2. Substrate scope of late-stage C—H oxidation of industrially
relevant drug scaffolds. (a) Conditions: 4 (1.0 equiv), NaHCO; (10.0
equiv), I, (7.5 equiv) in THF/H,0 (2.5:1,0.025 M), rt, 4 h. (b) Isolated
yields shown; values in parentheses show conversion to product
determined by 'H NMR analysis of the crude material against an internal
standard. (c) Reaction run in 2.5:1 DMSO/H,0 solvent system. (d)
Ratio of products determined by NMR analysis.

SI). '*0-labeling studies were then undertaken using Na'*OAc as
the base and H,'®O (see the SI). Full '®O-incorporation was
observed in the conversion of 2a into '0-3a when H,'0/
Na'®*OAc was used. In contrast, only 3a was formed when H,0/
Na'®*OAc was used. This confirmed that the source of the lactam
oxygen in the product is derived from water and not from the
base. Additionally, "H NMR experiments were carried out to
further probe the mechanism of this reaction (see Table S2).
These revealed the formation of an N-iodoammonium
intermediate upon addition of iodine (7.5 equiv) to 2a. Dilution
of the reaction mixture to 0.025 M with dg-THF and D,0O,
followed by the stepwise addition of sodium bicarbonate resulted
in full conversion after 2 h and 5.0 equiv of base.

Taken collectively, we propose that this reaction proceeds via
the iniltial formation of the charge-transfer complex 6 (Scheme 2,
eq 1).

With moisture present, this would form 7, followed by slow
formation of iminium ion 8. The observed endocyclic oxidation
is most likely due to a more effective anti-periplanar E2-
elimination of the N—I and C—H, bonds relative to the
conformationally flexible exocyclic site. The low basicity of
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Figure 3. Comparative analysis of amine oxidation conditions using

drug compounds 5h and Si as exemplars. (a) General conditions: A = I,
NaHCOs,, rt, 4 h; B® = 1 (1 mol %), NaOH, 150 °C, 48 h; C° = FeCl, (5
mol %), picolinic acid (5.0 mol %), PhCO;t-Bu (3.0 equiv), H,O, 50 °C,
24 h; D™ = RuO, (10 mol %), NalO, (6.3 equiv), rt, 64 h; E" =
PhI(OAc), (2.2 equiv), H,0, rt, 16 h. For detailed conditions, see the SL.
(b) Isolated yield. (c) Complex mixture of oxidative byproducts
observed.

Scheme 2. Proposed Reaction Mechanism (eq 1) and the
Unexpected Cyclization of Naratriptan (eq 2)“
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13, Naratriptan hydrochloride 14 (52%)

“Conditions: 13 (1.0 equiv), NaHCO; (10.0 equiv), I, (7.5 equiv) in
THF/H,0 (2.5:1, 0.025 M), rt, 20 h. Isolated yield shown; value in
parentheses shows conversion to product determined by 'H NMR
analysis of the reaction mixture run in deuterated solvents against an
internal standard.

sodium bicarbonate may also be responsible for the selectivity of
deprotonation seen for 2p, with the less sterically hindered
hydrogen being deprotonated over the more acidic one.
Nucleophilic attack by water at the iminium carbon in 8 and
subsequent deprotonation forms 9. A second iodination step to
form 11 via 10 enables the formation of 12 via loss of hydrogen
iodide, and tautomerization results in the formation of 3a. The
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unexpected formation of product 14 in 52% conversion from the
indole 13 (Scheme 2, eq 2) further underpins the formation of
the N-iodoammonium intermediate such as 7 on the piperidine
ring, which can be sequestered by the proximal indole in this
instance.

In summary, we have developed a mild, late-stage strategy for
the chemoselective oxidation of cyclic amines to the correspond-
ing lactams under mild conditions. We envisage that this
approach could be generalized by medicinal chemists to create a
diverse range of compounds from a small subset of molecular
scaffolds, providing synthetic access to drug metabolites,''®
potentially accelerating the hit-to-lead process of drug discovery
compared to more traditional linear routes.
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