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Oxidative alkene difunctionalization reactions are important in synthetic organic chemistry because they can install polar func-

tional groups onto simple non-polar alkene moieties. Many of the most common methods for these reactions rely upon the reactivi-

ty of pre-oxidized electrophilic heteroatom donors that can often be unstable, explosive, or difficult to handle. Herein, we describe a

method for alkene oxyamination and diamination that utilizes simple carbamate and urea groups as nucleophilic heteroatom donors.

This method uses a tandem copper—photoredox catalyst system that is operationally convenient. The identity of the terminal oxidant

is critical in these studies. Ag(I) salts proved to be unique in their ability to turn over the copper cocatalyst without deleteriously

impacting the reactivity of the organoradical intermediates.

Introduction

Over the past decade, a renewed interest in synthetic photo-
chemistry has resulted in the discovery of a broad range of pow-
erful new bond-forming transformations [1-4]. Much of this
work has been premised on the ability of visible light-activated
photocatalysts to generate highly reactive odd-electron interme-
diates via photoinduced electron transfer processes. A major
theme of research that has emerged from these studies is the ap-
plication of various cocatalysts to intercept the organoradical
intermediates of photoredox reactions and modulate their subse-
quent reactivity [5,6]. The combination of photoredox catalysis

with transition metals, Lewis acids, and organocatalysts has

been productively utilized in asymmetric transformations [7-9],
cross-couplings [10-12], and oxidative decarboxylation reac-
tions [13,14], among others. The use of a cocatalyst to control
these photochemical transformations enables reactions that are
not accessible from the native reactivity of the organoradical
intermediates by themselves.

Our laboratory is interested in the design of photochemical
strategies for oxidative functionalization reactions [15,16]. We
recently described [17] a new approach to alkene difunctional-

ization that combines the photoredox activation of electron-rich
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alkenes with copper(ll)-mediated oxidation of electron-rich
radicals as described by Kochi [18-20]. These studies resulted
in the development of a general new protocol for oxyamination
(Figure 1a) and diamination (Figure 1b) of alkenes. The mecha-
nism we have proposed for photocatalytic oxyamination is
outlined in Figure 1c. Photoinduced one-electron oxidation of
an appropriately electron-rich styrene 1 results in the formation
of a radical cation 1°* that is susceptible to attack by various
heteroatomic nucleophiles, including carbamates [21,22].
Subsequent oxidation of radical 7 by Cu(II) affords a formally
cationic intermediate that is trapped by the carbamoyl oxygen to
afford oxonium 8. The loss of the fert-butyl cation provides the
oxyamination product 2, which can be isolated in good yields
with excellent diastereoselectivity. Turnover of the photocata-
lyst can be coupled to the reduction of Cu(I) to Cu(0), which

a) photocatalytic oxyamination
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can be observed precipitating from solution over the course of
the reaction.

Copper(Il) salts have been demonstrated to be convenient termi-
nal oxidants in a variety of synthetically useful catalytic reac-
tions [23-26]. They are easily handled, are available from
commodity chemicals for nominal cost, and present minimal
environmental and health concerns in large-scale applications.
The use of stoichiometric copper(Il) reagents, however, could
become prohibitive in certain applications where specific, syn-
thetically laborious ligand sets might be required, as in enantio-
selective catalytic oxidation reactions or certain cross-coupling
applications. We wondered, therefore, if catalytic loadings of
copper(Il) salts might be used in these reactions by adding a

secondary terminal oxidant to turn over the intermediate
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Figure 1: a) Photocatalytic oxyamination, b) photocatalytic diamination, and ¢) proposed mechanism for photocatalytic oxyamination using copper(Il)

as a terminal oxidant.
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copper(l) complex. We describe herein the results of this inves-
tigation, which has led to the identification of a tandem
photoredox copper(Il) catalytic system for the net-oxidative
difunctionalization of alkenes.

Results and Discussion

A range of mild oxidants can oxidize copper(l) to copper(ll),
and the use of dioxygen for this purpose is frequently exploited
to effect synthetically useful copper-catalyzed aerobic oxida-
tion reactions [27,28]. However, the use of molecular oxygen as
a terminal oxidant presents unique challenges in photoredox
chemistry. Triplet dioxygen rapidly quenches the excited state
of most common photoredox catalysts [29-31], decreasing their
effective lifetimes and producing singlet dioxygen or super-
oxide, which can react destructively with many common
organic functional groups. Moreover, the organoradical inter-
mediates that characterize much of photoredox chemistry can
react rapidly with ground-state dioxygen to afford unstable
hydroperoxy radicals that can also decompose unproductively
[32,33]. Indeed, in our previous study of photocatalytic alkene
difunctionalization, we found that dioxygen and similar com-
monly used terminal oxidants resulted in unproductive decom-
position of the substrates [17], and that Cu(Il) oxidants were
uniquely suitable in this application. At the outset of this inves-
tigation, therefore, we imagined that the identification of a
co-oxidant for use with catalytic Cu(Il) might face similar prac-
tical constraints. Ideally, we hoped to identify a terminal
oxidant that would be compatible with the chemistry of the

Table 1: Optimization of dual-catalytic reaction conditions?@.
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radical intermediates, would not generate any highly reactive
oxygen species, and would not produce toxic or chromatograph-

ically problematic byproducts.

As a starting point for our optimization studies, we examined
the intramolecular oxyamination of carbamate 1 (Table 1), a
reaction we had previously studied under stoichiometric Cu(II)
conditions and found to proceed in good yield using 2.5 mol %
2,4,6-triphenylpyrylium tetrafluoroborate (TPPT, 3) as a photo-
catalyst and 1.2 equiv of Cu(TFA), as a stoichiometric oxidant.
We lowered the loading of Cu(TFA), to 10 mol % and assessed
the effect of a series of alternate oxidants that have been used in
other copper-catalyzed oxidation reactions. Most failed to
produce significant quantities of the desired product (Table 1,
entries 1-3). As expected, the use of oxygen as a terminal
oxidant resulted in rapid conversion of 1 to an intractable mix-
ture of decomposition products, with only trace formation of the
desired oxyamination product (Table 1, entry 1). Other oxidants
afforded less decomposition but were not effective in turning
over the Cu(Il) cocatalyst (Table 1, entries 2 and 3). Of all of
the oxidants screened, silver(I) salts were found to be uniquely
effective at mediating turnover of the copper(Il) catalyst
[34-36]. After screening commercially available silver(I) salts,
Ag,COj3 was found to be the optimal terminal oxidant (Table 1,
entry 5). There is a competitive silver-mediated photodecompo-
sition process that consumes the starting alkene unproductively,
and thus the copper(Il)/silver(I) ratio was tuned to optimize the
efficiency of the desired oxyamination process (Table 1, entries

o BF4 Ph
N S
O N 7
)_Q Ph~ 0= “Ph
+
Ph H TPPT (3)
2
oxidant yield?
air 8%
K2S20g (3 equiv) trace
MnO> (3 equiv) 9%
Ag-0 (3 equiv) 25%
AgoCO3 (3 equiv) 43%
AgoCO3 (3 equiv) 54%
Ag2CO; (1 equiv) 70%
AgCO3 (1 equiv) 7%
none 10%
AgoCO3 (1 equiv) 3%
AgoCO3 (1 equiv) trace

aAll reactions were conducted in degassed CH,Cl, and irradiated with a 15 W blue LED flood lamp for 2 h. PYields were determined by 'H NMR anal-
ysis of the unpurified reaction mixtures using phenanthrene as an internal standard. °No TPPT. 9No light.
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5-7). Optimal conditions were found to be 2.5 mol % TPPT,
30 mol % Cu(TFA),, and 1 equiv AgoCO3 in CH,Cl, (Table 1,
entry 7). Finally, control experiments validated the necessity of
each reaction component. Minimal product formation was ob-
served when Cu(TFA),, Ag,CO3, TPPT, or light were omitted
from the reaction (Table 1, entries 8—11), confirming that the
combination of photoredox and copper(ll) catalysis is critical to

achieve good reactivity.

We found that these optimized reaction conditions are applic-
able to both oxyamination and diamination reactions. Experi-
ments probing the scope of these transformations are summa-
rized in Figure 2. A range of styrenes bearing varying electron-
donating and electron-withdrawing substituents smoothly
undergo oxyamination (9-12), as do ortho-substituted styrenes
(13). The presence of an electron-rich heterocycle is also toler-
ated (14), without any evidence of oxidative decomposition of
this sensitive functional group. Modifications to the alkyl tether
(15) did not adversely affect the reaction. Intermolecular
oxyamination of styrenes is also feasible using these conditions.
While simple styrenes polymerize rapidly under these condi-
tions, a range of B-substituted styrenes undergo smooth oxyami-
nation using fert-butyl carbamate as the nucleophilic nitrogen
atom source (16-18). Finally, alkene diamination is also readily
achieved using N-phenylureas as nucleophiles, although acri-
dinium photocatalyst 6 afforded modestly higher yields in these
reactions (19-21).

A complete mechanistic picture of this reaction will require ad-
ditional experimentation; however, control experiments demon-
strate that Ag,CO3 is not a competent terminal oxidant on its
own (Table 1, entry 9) and that the presence of Cu(Il) is critical
for the oxyamination to occur (Table 1, entry 8). Moreover, our
previous studies demonstrated that Cu(Il) can serve as a compe-
tent terminal oxidant in a stoichiometric fashion. Thus, it seems
clear that the role of the Ag(I) additive in this reaction is to
re-oxidize Cu(l) to Cu(Il), and that the Cu(II) salt in this trans-
formation is indeed a cocatalyst for the oxidative difunctional-
ization of styrenes. Efforts to render this transformation enan-
tioselective by utilizing chiral Cu(Il) complexes have thus far
not been successful. A screen of several classes of privileged
ligands for asymmetric copper catalysis produced only racemic
oxyamination products. We interpret this observation as an indi-
cation that Cu(II) is unable to control the stereochemistry of the
C-N bond-forming step, as one might expect from its proposed
role in radical oxidation (Figure 1C).

Conclusion
These studies have demonstrated that the copper-mediated
alkene difunctionalization reactions recently reported by our

laboratory can be rendered catalytic in Cu(Il) by adding a sec-
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Figure 2: Scope studies for dual-catalytic alkene difunctionalization

using 2.5 mol % 3, 30 mol % Cu(TFA),, and a 15 W blue flood lamp.
Diastereomer ratios >20:1 unless otherwise noted. 23:1 dr. P10:1 dr.
®Reaction conducted using MesAcrMe* (6) as photocatalyst.

ondary terminal oxidant, and that Ag(I) salts appear to be
uniquely effective in this capacity. This work thus provides a
platform for the development of enantioselective photocatalytic
alkene difunctionalization reactions that can use a chiral Cu(II)
complex as a substoichiometric catalyst rather than as a termi-
nal oxidant. Moreover, much of the utility of photoredox cataly-
sis has been predicated on its ability to generate radical interme-
diates under mild and operationally convenient conditions. The
ability to intercept transient photogenerated organoradical inter-
mediates and divert them towards carbocation reactivity is an

intriguing paradigm for the expansion of photoredox chemistry

354



towards net oxidative transformations. Current studies in our
laboratory are investigating the further application of copper
cocatalysts to a wide range of alternate photoredox-mediated

oxidative transformations.

Supporting Information

Supporting Information File 1

Full experimental details for all reactions.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-30-S1.pdf]

Acknowledgements

This work was funded by the NIH (GM095666). The mass
spectroscopy facilities at UW—Madison are funded in part by
the NIH (S10 OD020022), as are the NMR facilities (S10
0DO012245).

ORCID® iDs

Nicholas L. Reed - https://orcid.org/0000-0003-4234-5464
Madeline |. Herman - https://orcid.org/0000-0003-1156-2968
Tehshik P. Yoon - https://orcid.org/0000-0002-3934-4973

References

1. Narayanam, J. M. R.; Stephenson, C. R. J. Chem. Soc. Rev. 2011, 40,
102-113. doi:10.1039/b913880n

2. Prier, C. K.; Rankic, D. A.; MacMillan, D. W. C. Chem. Rev. 2013, 113,
5322-5363. doi:10.1021/cr300503r

3. Romero, N. A; Nicewicz, D. A. Chem. Rev. 2016, 116, 10075-10166.
doi:10.1021/acs.chemrev.6b00057

4. Zou, Y.-Q.; Hérmann, F. M.; Bach, T. Chem. Soc. Rev. 2018, 47,
278-290. doi:10.1039/c7cs00509a

5. Skubi, K. L.; Blum, T. R.; Yoon, T. P. Chem. Rev. 2016, 116,
10035-10074. doi:10.1021/acs.chemrev.6b00018

6. Twilton, J.; Le, C.; Zhang, P.; Shaw, M. H.; Evans, R. W.;
MacMillan, D. W. C. Nat. Rev. Chem. 2017, 1, No. 0052.
doi:10.1038/s41570-017-0052

7. Nicewicz, D. A.; MacMillan, D. W. C. Science 2008, 322, 77-80.
doi:10.1126/science.1161976

8. Rono, L. J; Yayla, H. G.; Wang, D. Y.; Armstrong, M. F_;
Knowles, R. R. J. Am. Chem. Soc. 2013, 135, 17735-17738.
doi:10.1021/ja4100595

9. Du, J.; Skubi, K. L.; Schultz, D. M.; Yoon, T. P. Science 2014, 344,
392-396. doi:10.1126/science.1251511

10.Ye, Y.; Sanford, M. S. J. Am. Chem. Soc. 2012, 134, 9034-9037.
doi:10.1021/ja301553c

11.Tellis, J. C.; Primer, D. N.; Molander, G. A. Science 2014, 345,
433-436. doi:10.1126/science.1253647

12.Zuo, Z.; Ahneman, D. T.; Chu, L.; Terrett, J. A.; Doyle, A. G,;
MacMillan, D. W. C. Science 2014, 345, 437—-440.
doi:10.1126/science.1255525

13. Tlahuext-Aca, A.; Candish, L.; Garza-Sanchez, R. A.; Glorius, F.
ACS Catal. 2018, 8, 1715-1719. doi:10.1021/acscatal.7b04281

Beilstein J. Org. Chem. 2019, 15, 351-356.

14.Sun, X,; Chen, J.; Ritter, T. Nat. Chem. 2018, 10, 1229-1233.
doi:10.1038/s41557-018-0142-4

15.Parrish, J. D.; Ischay, M. A; Lu, Z.; Guo, S.; Peters, N. R.; Yoon, T. P.
Org. Lett. 2012, 14, 1640-1643. doi:10.1021/01300428q

16.Blum, T. R.; Zhu, Y.; Nordeen, S. A.; Yoon, T. P.
Angew. Chem., Int. Ed. 2014, 53, 11056—11059.
doi:10.1002/anie.201406393

17.Reed, N. L.; Herman, M. |.; Miltchev, V. P.; Yoon, T. P. Org. Lett. 2018,
20, 7345-7350. doi:10.1021/acs.orglett.8b03345

18.Kochi, J. K.; Bemis, A. J. Am. Chem. Soc. 1968, 90, 4038—4051.
doi:10.1021/ja01017a022

19.Kochi, J. K.; Bemis, A.; Jenkins, C. L. J. Am. Chem. Soc. 1968, 90,
4616-4625. doi:10.1021/ja01019a018

20.Jenkins, C. L.; Kochi, J. K. J. Am. Chem. Soc. 1972, 94, 856-865.
doi:10.1021/ja00758a025

21.Nguyen, T. M.; Manohar, N.; Nicewicz, D. A. Angew. Chem., Int. Ed.
2014, 53, 6198-6201. doi:10.1002/anie.201402443

22.Margrey, K. A.; Nicewicz, D. A. Acc. Chem. Res. 2016, 49, 1997-2006.
doi:10.1021/acs.accounts.6b00304

23.Zabawa, T. P.; Kasi, D.; Chemler, S. R. J. Am. Chem. Soc. 2005, 127,
11250-11251. doi:10.1021/ja053335v

24.Baran, P. S.; DeMartino, M. P. Angew. Chem., Int. Ed. 2006, 45,
7083-7086. doi:10.1002/anie.200603024

25, Stuart, D. R.; Fagnou, K. Science 2007, 316, 1172-1175.
doi:10.1126/science.1141956

26. Hyster, T. K.; Rovis, T. J. Am. Chem. Soc. 2010, 132, 10565—-10569.
doi:10.1021/ja103776u

27.Wendlandt, A. E.; Suess, A. M,; Stahl, S. S. Angew. Chem., Int. Ed.
2011, 50, 11062-11087. doi:10.1002/anie.201103945

28.McCann, S. D.; Stahl, S. S. Acc. Chem. Res. 2015, 48, 1756—-1766.
doi:10.1021/acs.accounts.5b00060

29. Winterle, J. S.; Kliger, D. S.; Hammond, G. S. J. Am. Chem. Soc. 1976,
98, 3719-3721. doi:10.1021/ja00428a062

30. Srinivasan, V. S.; Podolski, D.; Westrick, N. J.; Neckers, D. C.
J. Am. Chem. Soc. 1978, 100, 6513-6515. doi:10.1021/ja00488a048

31.Takizawa, S.-y.; Aboshi, R.; Murata, S. Photochem. Photobiol. Sci.
2011, 10, 895-903. doi:10.1039/c0pp00265h

32. Maillard, B.; Ingold, K. U.; Scaiano, J. C. J. Am. Chem. Soc. 1983, 105,
5095-5099. doi:10.1021/ja00353a039

33. Ohkubo, K.; Nanjo, T.; Fukuzumi, S. Org. Lett. 2005, 7, 4265-4268.
doi:10.1021/0l051696+

34.Wang, Z.; Ni, J.; Kuninobu, Y.; Kanai, M. Angew. Chem., Int. Ed. 2014,
53, 3496-3499. doi:10.1002/anie.201311105

35.Rao, W.-H.; Shi, B.-F. Org. Lett. 2015, 17, 2784-2787.
doi:10.1021/acs.orglett.5b01198

36.Wang, F.; Hu, Q.; Shu, C.; Lin, Z.; Min, D.; Shi, T.; Zhang, W. Org. Lett.
2017, 19, 3636-3639. doi:10.1021/acs.orglett.7b01559

355


https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-15-30-S1.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-15-30-S1.pdf
https://orcid.org/0000-0003-4234-5464
https://orcid.org/0000-0003-1156-2968
https://orcid.org/0000-0002-3934-4973
https://doi.org/10.1039%2Fb913880n
https://doi.org/10.1021%2Fcr300503r
https://doi.org/10.1021%2Facs.chemrev.6b00057
https://doi.org/10.1039%2Fc7cs00509a
https://doi.org/10.1021%2Facs.chemrev.6b00018
https://doi.org/10.1038%2Fs41570-017-0052
https://doi.org/10.1126%2Fscience.1161976
https://doi.org/10.1021%2Fja4100595
https://doi.org/10.1126%2Fscience.1251511
https://doi.org/10.1021%2Fja301553c
https://doi.org/10.1126%2Fscience.1253647
https://doi.org/10.1126%2Fscience.1255525
https://doi.org/10.1021%2Facscatal.7b04281
https://doi.org/10.1038%2Fs41557-018-0142-4
https://doi.org/10.1021%2Fol300428q
https://doi.org/10.1002%2Fanie.201406393
https://doi.org/10.1021%2Facs.orglett.8b03345
https://doi.org/10.1021%2Fja01017a022
https://doi.org/10.1021%2Fja01019a018
https://doi.org/10.1021%2Fja00758a025
https://doi.org/10.1002%2Fanie.201402443
https://doi.org/10.1021%2Facs.accounts.6b00304
https://doi.org/10.1021%2Fja053335v
https://doi.org/10.1002%2Fanie.200603024
https://doi.org/10.1126%2Fscience.1141956
https://doi.org/10.1021%2Fja103776u
https://doi.org/10.1002%2Fanie.201103945
https://doi.org/10.1021%2Facs.accounts.5b00060
https://doi.org/10.1021%2Fja00428a062
https://doi.org/10.1021%2Fja00488a048
https://doi.org/10.1039%2Fc0pp00265h
https://doi.org/10.1021%2Fja00353a039
https://doi.org/10.1021%2Fol051696%2B
https://doi.org/10.1002%2Fanie.201311105
https://doi.org/10.1021%2Facs.orglett.5b01198
https://doi.org/10.1021%2Facs.orglett.7b01559

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0). Please note

that the reuse, redistribution and reproduction in particular
requires that the authors and source are credited.

The license is subject to the Beilstein Journal of Organic
Chemistry terms and conditions:
(https://www.beilstein-journals.org/bjoc)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjoc.15.30

Beilstein J. Org. Chem. 2019, 15, 351-356.

356


http://creativecommons.org/licenses/by/4.0
https://www.beilstein-journals.org/bjoc
https://doi.org/10.3762%2Fbjoc.15.30

	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Supporting Information
	Acknowledgements
	ORCID iDs
	References

