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Since the discovery of penicillin nearly a century ago, b-
lactam antibiotics have continued to capture the attention of
the synthetic and medicinal chemistry communities. In
particular, the a-amino-b-lactam motif is present in both
penicillin and cephalosporin. It is also a versatile chiral
building block in organic synthesis. Consequently, the prep-
aration of a-amino-b-lactams has been the topic of extensive
research efforts, and many stereoselective approaches toward
these compounds have been developed. The asymmetric
methods used include the Staudinger ketene–imine [2+2]
cycloaddition, Kinugasa alkyne–nitrone cycloaddition, and
Gilman–Speeter ester enolate–imine condensation.[1]

The seminal work of Daugulis and co-workers on the
palladium-catalyzed arylation of secondary C(sp3)�H bonds
with an 8-aminoquinoline-derived N,N-bidentate directing
group[2] has inspired several research groups to use this type of
auxiliary to develop a diverse collection of novel C(sp3)�H
functionalization reactions.[3] Moreover, this chemistry has
been applied in the total synthesis of natural products.[4]

Encouraged by these elegant studies, we recently developed
a modified bidentate pyridine-containing directing group
derived from 2-(pyridin-2-yl)isopropylamine. This directing
group exhibited superior reactivity in the activation of
methylene C(sp3)�H bonds. For example, the use of the 2-
(pyridin-2-yl)isopropyl (PIP) directing group was instrumen-
tal in the development of a palladium-catalyzed methylene
C(sp3)�H alkoxylation [Eq. (1)].[5] During the course of our
investigations, we found that when KBrO3 was used as the
oxidant, the phenylalanine derivative 2a was transformed
into a-amino-b-lactam 3a in 16 % yield, presumably through

intramolecular C(sp3)�H amidation of the methylene group
[Eq. (2) (Phth = phthaloyl)]. On the basis of these results, we
postulated that we could develop a stereoselective route to

highly functionalized a-amino-b-lactams from simple alanine
derivatives by using this methylene C(sp3)�H amidation
reaction as the second step of a two-step C(sp3)�H mono-
arylation/amidation sequence (Scheme 1).

At the outset, two evident challenges warranted consid-
eration (Scheme 1). First, in the initial C(sp3)�H arylation
step, the selectivity for mono- versus diarylation would need
to be controlled in such a way that a general method for
selective methyl C(sp3)�H monoarylation of the alanine
derivatives 1 could be developed. Daugulis and co-workers
previously reported that the use of a 2-thiomethylaniline-
based auxiliary facilitated the selective monoarylation of
methyl groups.[2b,c] The thioether functionality in this directing
group, however, is labile and susceptible to oxidation under
the conditions that would be required in the subsequent
C(sp3)�H amidation step. Yu and co-workers reported the
selective monoarylation of methyl groups with a weakly
coordinating N-aryl amide auxiliary.[6a] This directing group,

Scheme 1. Stereoselective synthesis of a-amino-b-lactams through pal-
ladium-catalyzed sequential C(sp3)�H functionalization.
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however, has not been used success-
fully with starting materials derived
from a-amino acids and has not
been applied in C(sp3)�H amina-
tion.[6b,c] In contrast, although the 8-
aminoquinoline-based auxiliary de-
scribed by Daugulis and co-workers
is stable under various oxidative
conditions and has been success-
fully used in a-amino acid function-
alization, only moderate monose-
lectivity was observed.[7] Thus, an
alternative directing group with
high reactivity in C(sp3)�H aryla-
tion and selectivity for monoaryla-
tion is needed.

Second, sufficiently high reac-
tivity would be required to activate
the newly formed benzylic methyl-
ene C(sp3)�H bond in the subse-
quent amidation step.[8] Transition-
metal-catalyzed C�H activation/C�
N bond formation has emerged as
a powerful method for the construc-
tion of N heterocycles.[9] Among the
transition metals, palladium has
proven to be especially versatile in
this respect.[10–14] A number of syn-
thetic protocols based on palla-
dium-catalyzed C(sp2)�H amina-
tion have been developed for the
synthesis of carbazoles, indazoles,
indoles, indolines, and related com-
pounds.[10] In contrast, the develop-
ment of analogous routes to satu-
rated N heterocycles on the basis of
C(sp3)�H amination has remained
a challenge.[11–13] Recently, the
research groups of Daugulis and Chen independently devel-
oped elegant methods for the palladium-catalyzed intramo-
lecular amination of primary C(sp3)�H bonds to form
azetidines, pyrrolidines, and indolines.[12] Subsequently, Shi
and co-workers reported an example of the intramolecular
amination of primary C(sp3)�H bonds with a triazole acid
auxiliary as a directing group.[13] We envisioned that method-
ology for the synthesis of N heterocycles through the amina-
tion of secondary C(sp3)�H bonds would be a valuable
addition to the heterocyclic chemistry toolkit and offer a new
retrosynthetic disconnection for access to commonly encoun-
tered structural motifs.[15]

We envisioned that our new PIP directing group would
meet these challenges through careful tuning of the reaction
conditions. It is well-established that the combination of aryl
iodides and silver(I) salts has broad application in palladium-
catalyzed arylation.[2, 3a, 16] We commenced our studies by
applying reaction conditions previously established by Dau-
gulis and co-workers. However, poor selectivity was observed
when PhI or tBuOH was used as the solvent (Table 1,
entries 1 and 2). When the reaction was conducted in a 2-

methyl-2-butanol/water mixture in the presence of K2CO3,
[2b]

decomposition of 1a was observed, presumably owing to the
hydrolysis of the N-phthaloyl protecting group under aqueous
basic conditions (Table 1, entry 3). We screened copper salts
as iodide scavengers and were delighted to find that the use of
CuF2 improved both the yield and selectivity of the reaction
(44 % yield, mono/di 11:1; Table 1, entry 8). Further screening
revealed that the use of acetone as the solvent led to further
improvements in yield and selectivity (60% yield, mono/di
20:1; Table 1, entry 9). Previously, Tremont and Rahman
found that the use of coordinating solvents, such as DMF,
DMA, and acetonitrile, promoted exclusive monomethyla-
tion in the palladium-catalyzed ortho methylation of aceta-
nilides with MeI.[17] Shabashov and Daugulis also found that
reactions run in acetonitrile cleanly afforded the monoaryla-
tion product.[2b] In the present reaction, the use of coordinat-
ing solvents, such as DMA and DMPU, did improve the
selectivity (Table 1, entries 10 and 12), presumably through
the same inhibitory effect described by Tremont and
Rahman.[17] After further optimization, we were pleased to
find that the monoarylation of 1 with PhI (1.5 equiv) occurred

Table 1: Optimization of the reaction conditions for methyl C(sp3)�H monoarylation.[a]

Entry Substrate Additive Solvent Yield [%][b] Ratio (mono/di)[c]

1[d] 1a AgOAc neat 87 2:7
2[e] 1a AgOAc tBuOH 52 1:4
3[f ] 1a K2CO3 2-methyl-2-butanol/H2O (4:1) – –
4 1a Cu(OAc)2 PhCl 43 3:1
5 1a CuCl2 PhCl trace –
6 1a CuOAc PhCl 35 2.2:1
7 1a CuCl PhCl 22 >20:1
8 1a CuF2 PhCl 44 11:1
9 1a CuF2 acetone 60 20:1

10 1a CuF2 DMA 69 30:1
11 1a CuF2 MeCN trace –
12 1a CuF2 DMPU 75 17:1
13[g] 1a CuF2 acetone/DMPU (5 equiv) 81 (99% ee) 25:1
14[g, h] 1a CuF2 acetone/DMPU (5 equiv) 0 –
15[g] 1b CuF2 acetone/DMPU (5 equiv) 77 4.3:1
16[g] 1c CuF2 acetone/DMPU (5 equiv) 16 mono
17[f,g] 1d CuF2 acetone/DMPU (5 equiv) – –
18[g] 1e CuF2 acetone/DMPU (5 equiv) NR –
19[g] 1 f CuF2 acetone/DMPU (5 equiv) NR –

[a] Reaction conditions: 1 (0.1 mmol), Pd(OAc)2 (0.01 mmol), additive (0.15 mmol), PhI (0.15 mmol),
solvent (0.1m), 100 8C, N2 atmosphere. [b] Yield of the isolated product. [c] The ratio of the mono- to the
diarylated product was determined by 1H NMR spectroscopy of the crude reaction mixture. [d] The
reaction was carried out with 18 equivalents of PhI. [e] The reaction was carried out with 4.0 equivalents
of PhI. [f ] Decomposition of the starting material was observed. [g] The reaction was carried out on
a 0.2 mmol scale. [h] Bromobenzene was used as the coupling partner. DMA= dimethylacetamide,
DMPU =N,N’-dimethylpropyleneurea, NR = no reaction.
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in 81% yield with high selectivity (mono/di 25:1) in the
presence of Pd(OAc)2 (10 mol%), CuF2 (1.5 equiv), and
DMPU (5 equiv) when the reaction was carried out in
acetone (0.1m) under N2 at 100 8C for 24 h (Table 1,
entry 13). Notably, the monoarylated product 2a was
obtained without any observable epimerization (99 % ee ;
see the Supporting Information for details). No coupling
occurred with bromobenzene as the coupling partner
(Table 1, entry 14).

We carried out control reactions with alternative directing
groups under the optimized conditions (Table 1, entries 15–
19). 8-Aminoquinoline (substrate 1b) gave a satisfactory yield
and moderate selectivity (77% yield, mono/di 4.3:1; Table 1,
entry 15), whereas the use of 2-aminomethylpyridine as the
directing group (substrate 1c) led exclusively to the mono-
arylated product in only 16 % yield with significant decom-
position of the starting material (Table 1, entry 16).[18] The
picolinic imide 1d decomposed under the current reaction
conditions (Table 1, entry 17). No reaction occurred when the
weakly coordinating N-aryl amide 1e or substrate 1 f with
a bidentate auxiliary was used (Table 1, entries 18 and 19).

A wide range of aryl iodides were found to be compatible
with this protocol, and the desired products were furnished in
good yields under the optimized reaction conditions
(Scheme 2). Many different functional groups, such as
alkoxy (products 2 f and 2g, 77 and 74%, respectively),
fluoro (product 2h, 71%), chloro (product 2 i, 71%), bromo
(product 2j, 70%), nitro (product 2m, 62%), and acetyla-
mino groups (products 2k and 2 l, 79 and 35%, respectively),
were tolerated under the reaction conditions. Moreover, di-
and trisubstituted aryl iodides were also coupled under the
standard conditions to afford the desired products in moder-
ate to good yields (products 2d, 2 l–p). The reaction also
proceeded well with heterocyclic coupling partners, including
2-iodothiophene (product 2q, 72%) and 3-iodoindole (prod-
uct 2r, 70 %). Excellent selectivity for monoarylation was
observed under our optimized conditions (mono/di� 25:1).
When the reaction was attempted on a larger scale, the yields
were essentially the same (product
2 f, 1 mmol scale: 82% yield; prod-
uct 2 j, 5 mmol scale: 68% yield).
After the reaction, the directing
group can also be removed in high
yield through a mild N-nitrosyla-
tion/hydrolysis sequence. Following
esterification, the corresponding
methyl ester 6 was obtained in
quantitative yield with 99 % ee
[Eq. (3); see the Supporting Infor-
mation for details]. Thus, our mon-
oarylation procedure provides an
efficient strategy for the synthesis of
substituted phenylalanine deriva-
tives.

Subsequently, we turned our
attention to the second step, intra-
molecular methylene C(sp3)�H
amidation of phenylalanine deriva-
tive 2a (Table 2). PhI(OAc)2 was

Scheme 2. Scope of the methyl C(sp3)�H monoarylation. Reaction
conditions: 1a (0.2 mmol), Pd(OAc)2 (10 mol%), CuF2 (0.3 mmol), ArI
(0.3 mmol), DMPU (1 mmol), acetone (2 mL), N2 atmosphere, 100 8C,
24 h. Yields given are for the isolated product. The ratio of the mono-
to the diarylated product was determined by 1H NMR spectroscopy of
the crude reaction mixture. [a] The reaction was carried out with
1 equivalent of DMPU. [b] The reaction was carried out on a 1 mmol
scale. [c] The reaction was carried out on a 5 mmol scale.

Table 2: Optimization of the reaction conditions for methylene C(sp3)�H amidation.

Entry Oxidant (equiv) Additive (equiv) T [8C] Solvent Yield [%][a] 3a/4a[b]

1[c] PhI(OAc)2 (2.5) AcOH (2) 110 toluene 56 4a (d.r. 1.9:1)
2[c] PhI(OAc)2 (2.5) none 90 toluene 78 4a (d.r. 2.1:1)
3 NaIO4 (3) Ac2O (5) 70 MeCN 53 6.5:1
4 NaIO4 (3) none 70 MeCN 0 –
5 NaIO4 (3) Ac2O (10) 70 MeCN 77 6.7:1
6 NaIO4 (3) Ac2O (10) 70 EtOAc 42 1.4:1
7 NaIO4 (3) Ac2O (10) 70 1,4-dioxane 50 5:1
8 NaIO4 (3) Ac2O (10) 70 DMF 18 4:1
9 NaIO4 (3) Ac2O (10) 70 acetone <5 –

10 NaIO3 (3) Ac2O (10) 70 MeCN 74 12.5:1

[a] Yield of the isolated product (unless otherwise specified). [b] The ratio of 3a to 4a was determined by
1H NMR spectroscopy of the crude reaction mixture. [c] The yield and diastereomeric ratio of the
acetoxylated product 4a were determined by 1H NMR spectroscopy of the crude reaction mixture.
DMF= N,N-dimethylformamide.
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first tested as the oxidant.[19] However, the use of PhI(OAc)2

predominantly led to the acetoxylated product 4a and
a significant amount of decomposition, and none of the
desired product was obtained (Table 2, entries 1 and 2).
Sodium periodate has previously been used as a stoichiometric
oxidant for the oxidation of low-valent ruthenium to ruthe-
nium tetraoxide.[20a,b] It is compatible with a wide range of

functional groups and is sparingly soluble in most organic
solvents.[20c] We reasoned that the combination of NaIO4 with
Ac2O might lead to the slow release of IO4�n(OAc)2n�1, which
should be soluble in MeCN and could oxidize the key
cyclopalladated PdII intermediate to PdIV to promote C�N
reductive elimination.[21] We were pleased to find that the use
of NaIO4 (3 equiv) and Ac2O (5 equiv) gave the lactam
product 3a in 53 % yield (Table 2, entry 3). No product was
observed in the absence of Ac2O (Table 2, entry 4), and the
use of 10 equivalents of Ac2O was ultimately found to give the
highest yield (77 %; Table 2, entry 5). These experiments
confirmed that Ac2O is critical for the amidation reaction.
The use of other solvents resulted in lower yields (Table 2,
entries 6–9). Through subsequent optimization, we identified
NaIO3 as the best overall oxidant in terms of reactivity and
chemoselectivity (74 % yield, 3a/4a 12.5:1; Table 2, entry 10).

Having developed this robust protocol for intramolecular
benzylic C(sp3)�H amidation, we attempted a sequential
C(sp3)�H monoarylation/amidation. Gratifyingly, we found
that all monoarylated products 2 in Scheme 2 could be used as
substrates for intramolecular benzylic C(sp3)�H amidation
(Scheme 3).[22] Generally, under the standard conditions, only
a single diastereoisomer was observed, along with a small
quantity of the corresponding b-acetoxylated by-product. The
configuration of 3 f was confirmed unambiguously by X-ray
diffraction, and all other lactam products 3 were assigned by
analogy on the basis of similarities in their 1H NMR spectra
(see the Supporting Information).[23] The trans orientation of
the N-Phth group and the phenyl ring was consistent with the
proposed stereochemical model, according to which the
formation of the trans palladacycle intermediate is favored
on steric grounds (see the Supporting Information).[2c,3a,24]

Next, oxidation and stereoretentive C�N reductive elimina-
tion takes place to release the product and close the catalytic
cycle.

In conclusion, we have developed a stereoselective syn-
thesis of a-amino-b-lactams from starting materials that can
be conveniently prepared from alanine through palladi-
um(II)-catalyzed sequential C(sp3)�H monoarylation/amida-
tion. The N,N-bidentate PIP amide directing group was found
to be effective both in controlling selectivity in the arylation
step for monoarylation and in enhancing reactivity in the
amination step. This process is functional-group-tolerant, and
the resulting a-amino-b-lactam products were obtained in
moderate to high yields. This procedure demonstrates the
power of sequential C�H functionalization to streamline the
synthesis of complex, enantiomerically pure heterocycles
from readily available starting materials. Further studies
toward the application of this reaction to the synthesis of
complex targets and the elucidation of the mechanistic details
of the process are under way.
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Scheme 3. Scope of the intramolecular methylene C(sp3)�H amidation
to form a-amino-b-lactams 3. Reaction conditions: 2 (0.15 mmol),
Pd(OAc)2 (10 mol%), NaIO3 (0.3 mmol), Ac2O (1.5 mmol), MeCN
(3 mL), N2 atmosphere, 70 8C, 48 h. Yields given are for the isolated
product. The ratio of the b-lactam to the b-acetoxylation product was
determined by 1H NMR spectroscopy of the crude reaction mixture.
[a] The reaction was carried out with 3 equivalents of NaIO3. [b] Reac-
tion time: 24 h. [c] The reaction was carried out on a 0.84 mmol scale
with 3 equivalents of NaIO4.
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