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Acrylamides and Unactivated Alkenes Initiated by RhIII-Catalyzed C�
H Activation
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Abstract: We report a RhIII-catalyzed regio- and diastereose-
lective synthesis of d-lactams from readily available acrylam-
ide derivatives and unactivated alkenes. The reaction provides
a rapid route to a diverse set of d-lactams in good yield and
stereoselectivity, which serve as useful building blocks for
substituted piperidines. The regioselectivity of the reaction with
unactivated terminal alkene is significantly improved by using
Cpt ligand on the RhIII catalyst. The synthetic utility of the
reaction is demonstrated by the preparation of a potential drug
candidate containing a trisubstituted piperidine moiety. Mech-
anistic studies show that the reversibility of the C�H activation
depends on the choice of Cp ligand on the RhIII catalyst. The
irreversible C�H activation is observed and becomes turnover-
limiting with [CptRhCl2]2 as catalyst.

Nitrogen heterocycles are an essential structural unit found
in a variety of biologically active molecules. Among them, the
piperidine ring is the most prevalent N-heterocycle found in
FDA approved drugs.[1] Consequently, numerous synthetic
methods have been developed that often involve the cycliza-
tion of an acyclic precursor which need to be preassembled.[2]

Convergent synthetic strategies involving two unique compo-
nents have also received great attention.[3–6] Although these
strategies are useful, they are limited to specific classes of
coupling partners and deliver products with a narrow range of
substitution patterns.

Alternatively, direct access to a,b-unsaturated-d-lactams
from simple precursors would prove useful since it can be
easily converted into piperidine through well-established
reduction reactions (Figure 1). In this context, RhIII-catalyzed
C�H activation/annulation strategy has been utilized to
synthesize related N-heterocycles. Pioneering work by the
groups of Fagnou et al.,[7] Miura/Satoh et al.,[8] Li et al.,[9] and
our group,[10] has demonstrated the directed C�H activation
of benzamides with alkynes to yield isoquinolones. The
groups of Glorius[11] and Fagnou[12] introduced the N-acyloxy
hydroxamate directing group, which allows alkene insertion
to deliver dihydroisoquinolone. The asymmetric variant of
this latter process has been developed by Rovis/Ward et al.,[13]

Cramer et al.,[14] and others.[15] However, related vinyl C�H
activation is much less explored. Only two examples of

transition-metal-catalyzed vinyl C�H activation of acryla-
mides and the coupling with alkenes are documented.
Specifically, the Daugulis groups has utilized the aminoquino-
line directing group in the presence of a Co catalyst and
a stoichiometric amount of oxidant (two examples).[6a]

Recently, we reported asymmetric d-lactam synthesis from
N-(pivaloyloxy)acrylamides using a monomeric streptavidin
artificial metalloenzyme.[16] In both cases, only reactions with
styrene-type alkenes are reported.[17] Motivated by the
relevance of the target d-lactams, rapid access to the structure
from readily available starting materials, and potential to
achieve diverse substitution patterns, we set out to develop
a RhIII-catalyzed C�H activation/annulation method using N-
pivaloyloxy acrylamides with unactivated alkenes.

We commenced the reaction development by examining
the coupling of 2-benzyl-N-(pivaloyloxy)acrylamide (1a) and
vinyl cyclopentane (2a) as model substrates. When
[Cp*RhCl2]2 is used as a catalyst, a nearly 1:1 mixture of
regioisomers is formed in polar protic solvents (Table 1,

Figure 1. Synthesis of d-lactams.
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entry 1–3). Inspired by previous work on the modification of
Cp ligands on RhIII catalyst to improve regioselectivity,[18] we
conducted a Cp ligand screen and found that the regioselec-
tivity could be significantly improved with commercially
available Cpt ligand (Cpt = di-tert-butylcyclopentadienyl,
entry 4–6). The regioisomers 3aa and 4 are easily separable
by column chromatography and the improved regioselectivity
can be rationalized as a consequence of the steric repulsion
between bulky Cpt ligand and the substituent on the alkene
coupling partner based on previous work with benzami-
des.[18c–f] Trifluoroethanol (TFE) was selected as a solvent for
the optimized condition since it gives both good regioselec-
tivity and good reaction yield compared to MeOH and HFIP.
Other catalysts such as [Cp*CoCl2]2 and [Cp*IrCl2]2 failed to
yield the desired product (entry 7).[19]

Having optimized the reaction conditions, we next
explored the terminal alkene substrate scope using (1 a) as
an acrylamide coupling partner (Scheme 1). The reaction
proceeded smoothly with terminal aliphatic alkenes such as 1-
heptene (2b), allyl cyclohexane (2c), and gaseous propene
(2d), giving the desired d-lactam products in good yield and
regioselectivity (3aa–3ad). A variety of functional groups
such as phenyl, benzyl, protected alcohol or amine, bromide,
and ester groups were all well tolerated (3ae–3ak). In the
case of of 2-methyl-1,5-hexadiene (2 l), insertion happened
exclusively to give the mono-substituted terminal alkene over
the gem-disubstituted alkene. Interestingly, vinyl cyclohexane
(2m) and 4,4-dimethyl-1-pentene (2n) gave opposite
regioisomers as the major product when [Cp*RhCl2]2 was
used as a catalyst.

Next, the substrate scope with respect to internal alkenes
(Scheme 2). For internal alkenes, [Cp*RhCl2]2 was used as
a catalyst instead of [CptRhCl2]2 due to the lower yield
observed with the latter catalyst. Complex tricyclic structures
were successfully constructed in a single step with excellent
yields when norbornene (2o) and norbornadiene (2p) were
used as coupling partners. [6,3,0] and [4,3,0] fused bicyclic d-
lactams were also formed with good yields when cis-cyclo-

Scheme 1. Scope with respect to terminal alkenes. Regioselectivity was
determined by 1H NMR of unpurified reaction mixture. Yield of
isolated product given. [a] [Cp*RhCl2]2 instead of [CptRhCl2]2.

Table 1: Reaction optimization.

Entry Catalyst Solvent Yield of 3aa[a] rr[a]

(3aa/4)

1 [Cp*RhCl2]2 MeOH 32 1:1.6
2 [Cp*RhCl2]2 HFIP 34 1:1.1
3 [Cp*RhCl2]2 TFE 38 1:1.1
4 [CptRhCl2]2 MeOH 50 13.6:1
5 [CptRhCl2]2 HFIP 54 8.7:1
6 [CptRhCl2]2 TFE 82 10.2:1
7 [Cp*CoCl2]2 or [Cp*IrCl2]2 TFE 0 –

[a] Determined by 1H NMR of unpurified reaction mixture. TFE= 2,2,2-
trifluoroethanol.

Scheme 2. Scope with respect to internal alkenes. Regioselectivity and
diasteroselectivity were determined by 1H NMR of unpurified reaction
mixture. Yield of isolated product given.
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octene (2q) or cyclopentene (2r) were used. Surprisingly,
cyclohexene did not lead to the desired product. Excellent
regioselectivity was observed for the reactions with cyclo-
hexa-1,3-diene (2s), 1,2- dihydronaphthalene (2t), and 1H-
indene (2u). Acyclic internal olefins containing cis or trans
configurations, such as (E)-oct-4-ene (2 v) and (Z)-but-2-ene
(2w), also provided the desired product (3av, 3aw) in good
yield. All reactions with internal alkenes were highly diaste-
reoselective and relative stereochemistry of 3aq and 3av were
unambiguously determined by X-ray crystallography, which
confirms retention of stereochemistry during the migratory-
insertion step.[20]

Finally, the scope with respect to acrylamides investigated
using vinyl cyclopentane (2a) as a coupling partner
(Scheme 3). N-(pivaloyloxy)acrylamides containing ester
(1c), protected amine (1d), aryl (1e), and halide (1 f–1h)
groups delivered corresponding d-lactam products with good
yields and regioselectivities. 2-Methylene-N-(pivaloyloxy)-
pent-4-enamide (1 i), which contains two different terminal
alkenes, gave d-lactam exclusively, presumably due to the
favored 5-membered rhodacycle formation after the C�H
activation step.

To obtain mechanistic insight, we first investigated the C�
H activation step of the reaction (Scheme 4). The reaction
was conducted in TFE-d1 and quenched when around 50 % of
the acrylamide substrate was consumed. Interestingly, the
reversibility of the C�H activation depends on the Cp ligand
on the RhIII catalyst. When [CptRhCl2]2 was used as catalyst,
deuterium incorporation was not observed in the unreacted
acrylamide, which suggests C�H activation is irreversible. In
the case of [Cp*RhCl2]2, the C�H activation was reversible,
showing 27 % deuterium incorporation on the recovered
acrylamide. Next, the kinetic isotope effect (KIE) was
measured from two separated reactions, one with a normal

substrate containing a C�H bond and one with an analogous
C�D bond.[21] The reaction was conducted in an NMR tube
and the reaction progress was monitored in situ by 1H NMR.
The KIE value was calculated by comparing the initial
reaction rate (slope) of each reaction (see the Supporting
Information for details). The observed primary KIE (KH/KD)
value of 6.31 suggests that C�H bond cleavage occurs during
the turnover limiting step. Overall, both experiments indicate
that C�H activation is irreversible and the turnover-limiting
step when CptRhIII is used as a catalyst.

Based on previous work and our mechanistic investiga-
tion, we propose the following mechanism for the reaction
(Scheme 5). First, coordination of the acrylamide substrate to
active RhIII catalyst I generates intermediate II. At this stage,
turnover-limiting irreversible C�H activation occurs to form
5-membered rhodacycle III. Subsequently, an alkene coupling
partner coordinates and forms 7-membered rhodacycle V
through regioselective migratory insertion. After C�N bond
formation/N�O bond cleavage steps, intermediate VI releases
the d-lactam product with regeneration of the active RhIII

catalyst I.
The utility of the developed method was demonstrated by

the rapid synthesis of trisubstituted piperidine 6, a potential
drug candidate for cardiovascular disorders and tumors
(Scheme 6).[22] The coupling reaction between 2-bromo-N-
(pivaloyloxy)acrylamide (1h) and N-allylmethanesulfona-
mide (2w) gives the corresponding d-lactam product (3hw)
in a single step. The aryl moiety was installed through
a Suzuki–Miyaura coupling reaction with 4-(trifluoromethyl)-
phenylboronic acid, and subsequent alkene hydrogenation
resulted in compound 5. After amide reduction and N-
acylation, trisubstituted piperidine 6 was successfully pre-
pared.

In summary, we have developed a RhIII-catalyzed syn-
thesis of a,b-unsaturated-d-lactams from N-(pivaloyloxy)-

Scheme 3. Scope with respect to acrylamides. Regioselectivity and
diasteroselectivity were determined by 1H NMR of unpurified reaction
mixture. Yield of isolated product given. [a] 5 mol% of [CptRhCl2]2.

Scheme 4. Mechanistic investigation.
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acrylamides and unactivated alkenes. With this method,
various d-lactams containing a wide array of functional
groups and complex bi/tricyclic structures were synthesized
with good yield and regio/diastereoselectivity. Mechanistic
investigation suggests turnover-limiting irreversible C�H
activation, subsequent regioselective migratory insertion,
and C�N bond formation/N�O bond cleavage for the
mechanism of the reaction.

Acknowledgements

We gratefully acknowledge NIGMS (GM80442) for funding.
Single crystal X-ray diffraction was performed at the Shared
Materials Characterization Laboratory (SMCL) at Columbia
University. Use of the SMCL was made possible by funding
from Columbia University. N.S. acknowledges the Royal Thai
government for a DPST graduate scholarship.

Conflict of interest

The authors declare no conflict of interest.

Keywords: alkene functionalization · C�H activation ·
piperidines · Rhodium · d-lactams

[1] E. Vitaku, D. T. Smith, J. T. Njardarson, J. Med. Chem. 2014, 57,
10257 – 10274.

[2] M. M. Nebe, T. Opatz in Advances in Heterocyclic Chemistry,
Vol. 122 (Eds.: E. F. V. Scriven, C. A. Ramsden), Academic
Press, New York, 2017, pp. 191 – 244.

[3] a) X. Zhao, K. E. Ruhl, T. Rovis, Angew. Chem. Int. Ed. 2012, 51,
12330 – 12333; Angew. Chem. 2012, 124, 12496 – 12499; b) N. A.
White, D. A. DiRocco, T. Rovis, J. Am. Chem. Soc. 2013, 135,
8504 – 8507; c) J. Xu, Z. Jin, Y. R. Chi, Org. Lett. 2013, 15, 5028 –
5031.

[4] W.-Q. Jia, X.-Y. Chen, L.-H. Sun, S. Ye, Org. Biomol. Chem.
2014, 12, 2167 – 2171.

[5] C. Weilbeer, M. Sickert, S. Naumov, C. Schneider, Chem. Eur. J.
2017, 23, 513 – 518.

[6] a) L. Grigorjeva, O. Daugulis, Org. Lett. 2014, 16, 4684 – 4687;
b) T. J. Potter, D. N. Kamber, B. Q. Mercado, J. A. Ellman, ACS
Catal. 2017, 7, 150 – 153.

[7] N. Guimond, C. Gouliaras, K. Fagnou, J. Am. Chem. Soc. 2010,
132, 6908 – 6909.

[8] S. Mochida, N. Umeda, K. Hirano, T. Satoh, M. Miura, Chem.
Lett. 2010, 39, 744 – 746.

[9] G. Song, D. Chen, C.-L. Pan, R. H. Crabtree, X. Li, J. Org. Chem.
2010, 75, 7487 – 7490.

[10] T. K. Hyster, T. Rovis, J. Am. Chem. Soc. 2010, 132, 10565 –
10569.

[11] S. Rakshit, C. Grohmann, T. Besset, F. Glorius, J. Am. Chem.
Soc. 2011, 133, 2350 – 2353.

[12] N. Guimond, S. I. Gorelsky, K. Fagnou, J. Am. Chem. Soc. 2011,
133, 6449 – 6457.

[13] T. K. Hyster, L. Knçrr, T. R. Ward, T. Rovis, Science 2012, 338,
500 – 503.

[14] a) B. Ye, N. Cramer, Science 2012, 338, 504 – 506; b) K. Ozols, Y.-
S. Jang, N. Cramer, J. Am. Chem. Soc. 2019, 141, 5675 – 5680.

[15] a) Z.-J. Jia, C. Merten, R. Gontla, C. G. Daniliuc, A. P.
Antonchick, H. Waldmann, Angew. Chem. Int. Ed. 2017, 56,
2429 – 2434; Angew. Chem. 2017, 129, 2469 – 2474; b) E. A.
Trifonova, N. M. Ankudinov, A. A. Mikhaylov, D. A. Chusov,
Y. V. Nelyubina, D. S. Perekalin, Angew. Chem. Int. Ed. 2018, 57,
7714 – 7718; Angew. Chem. 2018, 130, 7840 – 7844.

[16] I. S. Hassan, A. N. Ta, M. W. Danneman, N. Semakul, M. Burns,
C. H. Basch, V. N. Dippon, B. R. McNaughton, T. Rovis, J. Am.
Chem. Soc. 2019, 141, 4815 – 4819.

[17] In our previous work, we demonstrated that norbornene,
cyclopentene, and vinyl cyclohexane each provide product in
only trace amounts (40%, trace, 7% respectively) and low ee
with mSav-RhIII (See Ref. [16]).

[18] a) T. K. Hyster, T. Rovis, Chem. Sci. 2011, 2, 1606 – 1610; b) T. K.
Hyster, T. Rovis, Chem. Commun. 2011, 47, 11846 – 11848;
c) M. D. Wodrich, B. Ye, J. F. Gonthier, C. Corminboeuf, N.
Cramer, Chem. Eur. J. 2014, 20, 15409 – 15418; d) T. K. Hyster,
D. M. Dalton, T. Rovis, Chem. Sci. 2015, 6, 254 – 258; e) T. Piou,
F. Romanov-Michailidis, M. Romanova-Michaelides, K. E.
Jackson, N. Semakul, T. D. Taggart, B. S. Newell, C. D. Rithner,
R. S. Paton, T. Rovis, J. Am. Chem. Soc. 2017, 139, 1296 – 1310;
f) E. A. Trifonova, N. M. Ankudinov, M. V. Kozlov, M. Y.
Sharipov, Y. V. Nelyubina, D. S. Perekalin, Chem. Eur. J. 2018,

Scheme 5. Proposed mechanism.

Scheme 6. Product derivatization. a) PdCl2(PPh3)2 (10 mol%), 4-(tri-
fluoromethyl)phenylboronic acid (3 equiv), dioxane/2m Na2CO3

(0.06m, 1:1), 60 8C, 1 h, 78%. b) Rh/C (10 wt%), H2 (1 atm), MeOH
(0.3m), 22 8C, 4 h, 80 %, 5.9:1 dr. c) BH3·THF (5 equiv), THF, 60 8C,
3 h; 6m HCl/MeOH, 60 8C, 3 h. d) Et3N (1.5 equiv), morpholine-4-
carbonyl chloride (1.2 equiv), 22 8C, 16 h. 53%, 4.3:1 dr (over 2 steps).

Angewandte
ChemieCommunications

4 www.angewandte.org � 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2020, 59, 1 – 6
� �

These are not the final page numbers!

https://doi.org/10.1021/jm501100b
https://doi.org/10.1021/jm501100b
https://doi.org/10.1002/anie.201206490
https://doi.org/10.1002/anie.201206490
https://doi.org/10.1002/ange.201206490
https://doi.org/10.1021/ja403847e
https://doi.org/10.1021/ja403847e
https://doi.org/10.1021/ol402358k
https://doi.org/10.1021/ol402358k
https://doi.org/10.1039/c4ob00114a
https://doi.org/10.1039/c4ob00114a
https://doi.org/10.1002/chem.201604356
https://doi.org/10.1002/chem.201604356
https://doi.org/10.1021/ol502005g
https://doi.org/10.1021/acscatal.6b03217
https://doi.org/10.1021/acscatal.6b03217
https://doi.org/10.1021/ja102571b
https://doi.org/10.1021/ja102571b
https://doi.org/10.1246/cl.2010.744
https://doi.org/10.1246/cl.2010.744
https://doi.org/10.1021/jo101596d
https://doi.org/10.1021/jo101596d
https://doi.org/10.1021/ja103776u
https://doi.org/10.1021/ja103776u
https://doi.org/10.1021/ja109676d
https://doi.org/10.1021/ja109676d
https://doi.org/10.1021/ja201143v
https://doi.org/10.1021/ja201143v
https://doi.org/10.1126/science.1226132
https://doi.org/10.1126/science.1226132
https://doi.org/10.1126/science.1226938
https://doi.org/10.1021/jacs.9b02569
https://doi.org/10.1002/anie.201611981
https://doi.org/10.1002/anie.201611981
https://doi.org/10.1002/ange.201611981
https://doi.org/10.1002/anie.201801703
https://doi.org/10.1002/anie.201801703
https://doi.org/10.1002/ange.201801703
https://doi.org/10.1021/jacs.9b01596
https://doi.org/10.1021/jacs.9b01596
https://doi.org/10.1039/C1SC00235J
https://doi.org/10.1039/C1CC15248C
https://doi.org/10.1002/chem.201404515
https://doi.org/10.1039/C4SC02590C
https://doi.org/10.1021/jacs.6b11670
https://doi.org/10.1002/chem.201804050
http://www.angewandte.org


24, 16570 – 16575; g) J. S. Barber, S. Scales, M. Tran-Dub�, F.
Wang, N. W. Sach, L. Bernier, M. R. Collins, J. Zhu, I. J.
McAlpine, R. L. Patman, Org. Lett. 2019, 21, 5689 – 5693.

[19] The reaction with styrene gives the opposite regioisomer
(substituent close to new C�N bond) with both [Cp*RhCl2]2

(64%, > 15:1 dr) and [CptRhCl2]2 (63%, > 15:1 dr) catalysts.
The reactions were conducted on a 0.1 mmol scale using 1a
(1.0 equiv), styrene (2.0 equiv), [CpXRhCl2]2 (2.5 mol%), and
CsOAc (0.25 equiv) in TFE (0.3m) at 22 8C.

[20] CCDC 1976881 and 1976882 (3aq, 3av) contain the supplemen-
tary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre.

[21] E. M. Simmons, J. F. Hartwig, Angew. Chem. Int. Ed. 2012, 51,
3066 – 3072; Angew. Chem. 2012, 124, 3120 – 3126.

[22] D. Heimbach, S. Rçhrig, Y. C. Grande, U. Rester, E. Bender, K.
Zimmermann, D. Zubov, A. Buchm�ller, G. V. Degenfeld, C.
Gerdes, M. J. Gnoth, K. M. Gericke, M. Jeske, PCT Int. Appl.
136128, 2010.

Manuscript received: December 19, 2019
Revised manuscript received: January 7, 2020
Version of record online: && &&, &&&&

Angewandte
ChemieCommunications

5Angew. Chem. Int. Ed. 2020, 59, 1 – 6 � 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

These are not the final page numbers! � �

https://doi.org/10.1002/chem.201804050
https://doi.org/10.1021/acs.orglett.9b02029
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.201916332
http://www.ccdc.cam.ac.uk/
http://www.ccdc.cam.ac.uk/
https://doi.org/10.1002/anie.201107334
https://doi.org/10.1002/anie.201107334
https://doi.org/10.1002/ange.201107334
http://www.angewandte.org


Communications

C�H Activation

S. Lee, N. Semakul,
T. Rovis* &&&— &&&

Direct Regio- and Diastereoselective
Synthesis of d-Lactams from Acrylamides
and Unactivated Alkenes Initiated by RhIII-
Catalyzed C�H Activation Regio- and diastereoselective synthesis of
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starting from readily accessible acryla-
mides and unactivated alkenes. The
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