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Synthetic chemists have spent considerable effort optimizing the synthesis of nitrogen and oxygen

containing compounds through a number of methods; however, direct introduction of N- and

O-functionality remains challenging. Presented herein is a general method to allow for the simultaneous

installation of N- and O-functionality to construct unexplored N–O heterocyclic and amino-alcohol

scaffolds. This transformation uses earth abundant copper salts to facilitate the formation of a carbon-

centered radical and subsequent carbon–nitrogen bond formation. The intermediate aminoxyl radical is

terminated by an intramolecularly appended carbon-centered radical. We have exploited this

methodology to also access amino-alcohols with a range of aliphatic and aromatic linkers.
Historically, cycloaddition reactions have provided an efficient
strategy to build molecular complexity into heterocycles by
taking advantage of multiple bond formations in a single step.
Given the ubiquity of C–N and C–O bonds in biologically active
molecules, the ability of nitrones and nitroso compounds to
directly install nitrogen and oxygen heteroatoms is of particular
importance.1 Moreover, due to the labile nature of the N–O
bond, these transformations have also served as strategic
approaches for the synthesis of amino alcohols bearing a 1,3 or
1,4-relationship.2 Despite the prevalence of these trans-
formations in organic synthesis, most methods have been
restricted to the construction of isoxazoline (Scheme 1A)3 and
1,2-oxazine (Scheme 1B)4 heterocyclic scaffolds and the corre-
sponding amino alcohols upon reduction. To date, there is no
unied method for the synthesis of N–O heterocycles with
varying ring sizes (small to large) or a direct approach to
construct amino-alcohols with spatial control without inde-
pendently installing the N- and O-functionality in sequential
steps.

Previously, in an effort to provide alternatives to cycloaddi-
tion reactions or electrophilic functionalization of carbonyls
using nitroso compounds, we5 and others6 described the use of
radical transformations with nitroso compounds to construct
sterically hindered amines. This process employs earth abun-
dant copper salts, tolerates a range of functional groups and
employs widely available radical precursors. Here we report the
development of a generalized method to construct N–O
Scheme 1 Examples of strategies that enable the direct installation of
nitrogen and oxygen heteroatoms and examples of biologically active
products that relied on these methods.
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Fig. 1 Scope of N–O heterocycle synthesis. (A) Products derived from
benzyl dibromide scaffolds and nitrosobenzene. (B) Products derived
from a-bromocarbonyl compounds and nitroso benzene or the
2-methyl-2-nitrosopropane dimer. aYield established through an
internal standard. Isolated yield of 7 is 10%.
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heterocycles and amino-alcohols of any size and distribution.
These studies demonstrate that bi-molecular reactions are not
necessary to trap the in situ generated aminoxyl radical, despite
the well-known challenges of forming larger macrocyclic rings.7

In addition and in contrast to our previous work, this method
also increases the atom economy of the nitroso additions,
accessing products that incorporate both heteroatoms. Previ-
ously, the C–O bond constructed during the radical trans-
formation was treated as part of the waste stream and discarded
upon N–O bond cleavage. Combined, this radical-based
process provides efficient entry into many unexplored scaffolds
(Scheme 1C).

To begin our investigations, we examined the intramolecular
reaction of the 1,3-dibromide scaffold. Initially, we were able to
identify conditions inspired by our previous work and others8

(5 equiv. of both CuI and Cu0, 2.5 equiv. of PMDTA, 2 equiv. of
nitrosobenzene, THF, 40 �C) that afforded the desired N–O
heterocycle 1 in 70% yield. We were further encouraged to nd
that, in a two-step-one-pot approach, the heterocycle could be
reduced to the corresponding amino-alcohol 15 (65% overall
yield) by simply adding additional CuI and ascorbic acid.
Furthermore, the heterocycle was formed in a 2 : 1 ratio of
diastereomers (dr), favouring the cis isomer over the trans, and
the N–O bond reduction did not erode the selectivity. Through
optimization of the reaction parameters, we found that Cu0

could be removed entirely, CuI loading could be reduced to 2
equivalents, and nitrosobenzene loading could be lowered to
1.5 equivalents (see ESI, Table S2†). These modications
increased the yield of the desired product (1) to 85%. Unfortu-
nately, we discovered that reduction of the N–O heterocycle with
CuI and ascorbic acid was only useful for ve-membered ring
heterocycles, with incomplete reduction occurring when larger
rings were investigated. A screen of various reducing conditions
revealed that stronger reducing agents such as zinc in HCl and
sodium-naphthalenide afforded the desired amino alcohol 15
in higher yield (67% isolated yield over two steps using Zn/HCl
conditions) and these methods proved general. Notably during
optimization studies, we discovered that increasing the reaction
temperature to 50 �C increased the dr of this transformation to
5 : 1 favoring the cis-isomer. Finally, a copper ligand screen was
investigated; reactions run with the more activating ligands
such as Me6TREN provided yields very similar to those run with
PMDTA. However, using a less activating ligand, such as 2,20-
bipyridyl, resulted in limited or no conversion of the starting
material.

With optimized conditions established, we initially explored
the generality of this method to construct N–O heterocycles with
varying ring sizes (Fig. 1A). Five (1) and six (2) membered rings
were synthesized in good yields with the optimized conditions.
The seven-membered ring (3) required more dilute reaction
conditions, as increasing amounts of oligomers were observed
by 1H-NMR spectroscopy, presumably formed via a competitive
intermolecular radical termination. The larger 8–12 membered
heterocycles (4–7) required the same dilute reaction conditions,
as well as the addition of 5 mol% copper(II) bromide relative to
the copper(I) bromide. CuII is known to have a strong effect on
the kinetics of atom transfer radical polymerization (ATRP)
This journal is © The Royal Society of Chemistry 2018
systems9 and we hypothesize that the addition of CuII decreases
the concentration of carbon-centered radicals, leading to
a more controlled reaction. As expected when forming larger
macrocyclic ring systems, the stereoselectivity of the trans-
formation decreases as the spacer length increases. The ve-
membered ring 1 demonstrated a relatively high dr of 5 : 1
cis:trans, while the six- and seven-membered rings 2 and 3
demonstrated dr's of 1.8 : 1 and 1.5 : 1, respectively.10 Rings
eight-membered and greater demonstrated no selectivity. Alkyl-
nitroso compounds were used to create heterocycles with yields
similar to their aromatic counterparts; compound 8 was
synthesized using the commercially available 2-methyl-2-nitro-
sopropane dimer. We were pleased to nd that the intra-
molecular reaction could be extended to readily available
a-bromo carbonyl-based scaffolds. Impressively, as shown in
Fig. 1B, these scaffolds were found to cyclize very efficiently,
creating up to 19-membered heterocycles in great yield (9–14).
Overall, these results open the door for efficient access to
a series of unexplored N–O based heterocyclic scaffolds.

We were intrigued by the large discrepancy in yields between
the glycol-linked 10–14 and the alkyl-linked 1–5 substrates, and
considered that a CuII templating effect was responsible. CuII

has been employed advantageously in a number of similar
cyclizations.11 To test this hypothesis, we synthesized an alkyl-
linked 18-membered heterocycle that cannot benet from
templating and subjected it to optimized conditions (see ESI,
S25†). Compared to the closest derivatives, compounds 13 and
14, the yield dropped from greater than 60% to 32%. This direct
Chem. Sci., 2018, 9, 8748–8752 | 8749
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Fig. 3 Scope of scaffold modifications. (A) Substrates derived from
functionalized nitrosoarenes. (B) Substrates derived from modified
dibromide scaffolds.
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comparison indicates that a templating effect might be
responsible for the increased yields observed with substrates
10–14.

Aer demonstrating the construction of N–O heterocycles
with spatial control, we were now set to examine the scope of
our two-step-one-pot approach to construct amino-alcohols of
various distributions (Fig. 2). We were pleased to nd that many
of the yields are actually higher for the amino-alcohols using the
two-step-one-pot approach than those of the corresponding
N–O heterocycle. For example, synthesis of an amino-alcohol
(21) bearing a 1–10 relationship, which represents the direct
installation of both N- and O-functionality over 12 angstroms of
space, afforded the desired product in 48% overall yield.
Notably, this is 20% higher than that of the corresponding N–O
heterocycle (7, 20% yield). We speculate this is due to the in situ
reduction of oligomers that also afford the desired amino-
alcohol product 21. Previously, the oligomers were removed
during the heterocycle purication and isolation. For the in situ
reduction, the ve-membered heterocycle affording amino-
alcohol 15 and 22 was reduced using Zn/HCl conditions, but all
others were reduced using sodium-naphthalenide.

Next, we explored how structural modications to the
nitrosoarene and the dibromide architecture were tolerated.
Given the higher yields of amino-alcohol synthesis, the two-
step-one-pot approach was used for these studies. A small
library of both electron-rich and decient nitrosoarenes was
synthesized and subjected to the optimized conditions (Fig. 3A).
With respect to the nitrosoarene coupling partner, the reaction
was tolerant of electronic changes. Not surprisingly, the reac-
tion tolerates halogenated compounds 26 and 28 that allow for
facile downstream functionalization. Of note, the amine
Fig. 2 Scope of amino-alcohols synthesized with a one-pot-two-step
approach. (A) Products derived from benzyl dibromide scaffolds and
nitrosobenzene. (B) Products derived from benzyl dibromide and the
2-methyl-2-nitrosopropane dimer or a-bromocarbonyl compounds
and nitroso benzene.

8750 | Chem. Sci., 2018, 9, 8748–8752
functional group (NH2) group in substrate 27 is derived from
the corresponding nitro group and was generated in situ upon
treatment with zinc and HCl conditions. Moreover, structural
changes can be made to the dibromide scaffold, either the
methylene linker or the aromatic rings, affording the antici-
pated product in moderate to good yields (40% to 66%)
(Fig. 3B). Notably, the reaction efficiency decreased slightly
when gem-dimethyl groups are introduced alpha to the dibro-
mide (30). This is not surprising considering the costly steric
interactions of forming C–N and C–O bonds adjacent to
a quaternary center. Interestingly, while most of the modica-
tions to the scaffold had limited effect on the diastereomeric
ratio of the products (�3 : 1 dr ratio was observed for 29–31, 33),
compound 32 was formed in a 10 : 1 dr, suggesting that dia-
stereoselectivity can be enhanced using substitution at the
meta-position.

To demonstrate the synthetic utility of this methodology
beyond symmetrical substrates, we investigated strategies to
construct N- and O-bonds on unsymmetrical scaffolds with
regioselective control. A common feature of radical reactions
with nitroso compounds is that the initial carbon centered
radical reacts with nitrogen. Consequently, we hypothesized
that radical initiation rates could be leveraged to control the
regioselectivity. The success of this approach would also require
a second intramolecular radical reaction with the intermediate
aminoxyl radical to outcompete the intermolecular reaction.
This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Regioselectivity of the nitroso addition onto an unsymmetrical
scaffold can be predicted from relative kact.
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Despite the challenges of balancing the reaction rates of these
highly reactive radical intermediates, we were encouraged by
the wealth of literature on activation rates for various initiators
used for ATRP.12 Guided by these activation studies, we
designed a mixed-initiator scaffold containing both an a-bro-
moester and a benzyl-bromide radical precursor which could be
synthesized in one step from styrene and ethyl dibromopropa-
noate (Fig. 4). The kact of the a-bromoester moiety is roughly an
order of magnitude greater than that of the benzyl bromide
under standard ATRP conditions.13 Given this difference, we
predicted that the initial radical would predominately form at
the a-bromoester, leading to carbon–nitrogen bond formation
a to the ester and carbon–oxygen bond formation at the less
active benzyl site. To our gratication, subjection of the
unsymmetrical scaffold to the optimized reaction conditions
resulted in the N–O heterocycle with a 10 : 1 ratio of products 35
to 36 favouring the predicted major isomer. This result indi-
cates that the major regioselectivity can be predicted through
the relative kact of each radical precursor; moreover, the
approximate ratio of the regioisomers can be predicted from the
ratio of the kact of the initiators. Further studies are underway to
elucidate these factors in more detail and explore the scope of
unsymmetrical scaffolds.

Conclusions

In summary, we have developed a new method for the direct
installation of nitrogen and oxygen functionality where N–O
heterocycles and amino-alcohol scaffold size are unencumbered
by traditional olen coupling reactions. The described method
is general in terms of scope and provides an efficient method
capable of construction macrocycles up to 19-members in size
and amino-alcohols with up to 12 Å separating the N- and O-
heteroatoms. The reaction is catalysed by copper salts and
leverages readily available radical precursors and nitroso
compounds to generate a new C–N bond and an intermediate
aminoxyl radical, which is subsequently terminated with
a second intramolecularly appended radical. Moreover, we have
shown that the regioselectivity of the installation of nitrogen
and oxygen functionality can be predicted using well-docu-
mented ATRP rate constants for radical formation. The method
reported herein provides a new versatile platform for the
development of N–O heterocycles and the corresponding
amino-alcohols, all with high atom economy and earth-abun-
dant catalysts.
This journal is © The Royal Society of Chemistry 2018
Conflicts of interest

There are no conicts to declare.

Acknowledgements

We thank the National Science Foundation (CHE-1566614) for
nancial support. Mass spectrometry instrumentation was
partially supported by the MRL Shared Experimental Facilities,
which are supported by the MRSEC Program of the NSF (DMR-
1121053). NMR instrumentation was supported by an NIH
Shared Instrumentation Grant (1S10OD012077-01A1). J. B. S. is
thankful for a Mellichamp Academic Initiative in Sustainability
Fellowship. M. M. S. is thankful for a FLAM Program Award
from the National Science Foundation (DMR-1460656). This
project was partially supported by the LSAMP program of the
National Science Foundation (DMR-1102531).

Notes and references

1 For representative example, see: (a) J. Streith and A. Defoin,
Synthesis, 1994, 1107–1117; (b) M. Frederickson, Tetrahedron,
1997, 53, 403–425; (c) H. Yamamoto and M. Kawasaki, Bull.
Chem. Soc. Jpn., 2007, 80, 595–607; (d) S. Carosso and
M. J. Miller, Org. Biomol. Chem., 2014, 12, 7445–7468; (e)
T. Hashimoto and K. Maruoka, Chem. Rev., 2015, 115,
5366–5412.

2 For representative example, see: (a) C. Kibayashi and
S. Aoyagi, Synlett, 1995, 873–879; (b) S. Aoyagi, R. Tanaka,
M. Naruse and C. Kibayashi, J. Org. Chem., 1998, 63, 8397–
8406; (c) S. Iwasa, A. Fakhruddin and H. Nishiyama, Mini-
Rev. Org. Chem., 2005, 2, 157–175; (d) W. Lin, K. G. Virga,
K.-H. Kim, J. Zajicek, D. Mendel and M. J. Miller, J. Org.
Chem., 2009, 74, 5941–5946; (e) B. S. Bodnar and
M. J. Miller, Angew. Chem., Int. Ed., 2011, 50, 5630–5647; (f)
C. V. Suneel Kumar and C. V. Ramana, Org. Lett., 2015, 17,
2870–2873.

3 For representative example, see: (a) N. Katagiri, M. Okada,
Y. Morishita and C. Kaneko, Tetrahedron, 1997, 53, 5725–
5746; (b) S. Chackalamannil, R. J. Davies, Y. Wang,
T. Asberom, D. Doller, J. Wong, D. Leone and
A. T. McPhail, J. Org. Chem., 1999, 64, 1932–1940.

4 (a) G. E. Keck and D. G. Nickell, J. Am. Chem. Soc., 1980, 102,
3632–3634; (b) K. F. McClure and S. J. Danishefsky, J. Am.
Chem. Soc., 1993, 115, 6094–6100; (c) J. C. Kumar and
S. Armido, Chem.–Eur. J., 2008, 14, 6326–6328.

5 (a) D. J. Fisher, G. L. Burnett, R. Velasco and J. Read de
Alaniz, J. Am. Chem. Soc., 2015, 137, 11614–11617; (b)
D. J. Fisher, J. B. Shaum, C. L. Mills and J. Read de Alaniz,
Org. Lett., 2016, 18, 5074–5077.

6 (a) J. Gui, C.-M. Pan, Y. Jin, T. Qin, J. C. Lo, B. J. Lee,
S. H. Spergel, M. E. Mertzman, W. J. Pitts, T. E. La Cruz,
M. A. Schmidt, N. Darvatkar, S. R. Natarajan and
P. S. Baran, Science, 2015, 348, 886–891; (b) Z. Kailong,
M. P. Shaver and S. P. Thomas, Chem.–Asian J., 2016, 11,
977–980; (c) K. Zhu, M. P. Shaver and S. P. Thomas, Chem.
Sci., 2016, 7, 3031–3035.
Chem. Sci., 2018, 9, 8748–8752 | 8751

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8sc03288b


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
 2

01
8.

 D
ow

nl
oa

de
d 

on
 2

8.
01

.2
02

6 
2:

53
:5

2.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
7 G. Carlo and M. Luigi, Eur. J. Org. Chem., 2000, 3117–3125.
8 (a) A. F. Voter and E. S. Tillman, Macromolecules, 2010, 43,
10304–10310; (b) Z. Chengyu and W. Qi, Macromol. Rapid
Commun., 2011, 32, 1180–1184; (c) A. F. Voter,
E. S. Tillman, P. M. Findeis and S. C. Radzinski, ACS Macro
Lett., 2012, 1, 1066–1070.

9 H. Zhang, B. Klumperman, W. Ming, H. Fischer and R. van
der Linde, Macromolecules, 2001, 34, 6169–6173.
8752 | Chem. Sci., 2018, 9, 8748–8752
10 H. Rolf, G. Rudolf, H. Hans and S. Helmut, Chem. Ber., 1968,
101, 2548–2558.

11 (a) A. L. Vance, N. W. Alcock, D. H. Busch and J. A. Heppert,
Inorg. Chem., 1997, 36, 5132–5134; (b) K.-L. Tong, C.-C. Yee,
Y. C. Tse and H. Y. Au-Yeung, Inorg. Chem. Front., 2016, 3,
348–353.

12 K. Matyjaszewski, Macromolecules, 2012, 45, 4015–4039.
13 W. Tang and K. Matyjaszewski, Macromolecules, 2007, 40,

1858–1863.
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8sc03288b

	Direct introduction of nitrogen and oxygen functionality with spatial control using copper catalysisElectronic supplementary information (ESI) available. See DOI: 10.1039/c8sc03288b
	Direct introduction of nitrogen and oxygen functionality with spatial control using copper catalysisElectronic supplementary information (ESI) available. See DOI: 10.1039/c8sc03288b
	Direct introduction of nitrogen and oxygen functionality with spatial control using copper catalysisElectronic supplementary information (ESI) available. See DOI: 10.1039/c8sc03288b
	Direct introduction of nitrogen and oxygen functionality with spatial control using copper catalysisElectronic supplementary information (ESI) available. See DOI: 10.1039/c8sc03288b


