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The copper-catalyzed arylation of unsaturated nitrogen heterocy-
cles, known as the Ullmann-Goldberg coupling, is a valuable trans-
formation for medicinal chemists, providing a modular disconnection
for the rapid diversification of heteroaromatic cores. The utility of the
coupling, however, has established limitations arising from a high-
barrier copper oxidative addition step, which often necessitates the
use of electron-rich ligands, elevated temperatures, and/or activated
aryl electrophiles. Herein, we present an alternative aryl halide acti-
vation strategy, in which the critical oxidative addition (OA) mecha-
nism has been replaced by a halogen abstraction-radical capture
(HARC) sequence that allows the generation of the same Cu(lll)-aryl
intermediate albeit via a photoredox pathway. This alternative mech-
anistic paradigm decouples the bond-breaking and bond-forming
steps of the catalytic cycle to enable the use of many previously inert
aryl bromides. Overall, this mechanism allows access to both tradi-
tional C-N adducts at room temperature as well as a large range of
previously inaccessible Ullmann-Goldberg coupling products includ-
ing sterically demanding ortho-substituted heteroarenes.

photoredox catalysis | C-N coupling | halogen atom abstraction

he arylation of nitrogen nucleophiles has found broad ap-

plication in many synthetic fields, including materials science,
medicinal chemistry, and natural product synthesis (1, 2). While
the development of nitrogen arylation protocols has been re-
cently dominated by palladium catalysis (3, 4), the first stoi-
chiometric (5) and catalytic (6) systems reported over a century
ago employed copper, an abundant and inexpensive first-row
transition metal. The “Ullmann—-Goldberg” coupling was lim-
ited for many years by the need for high reaction temperatures,
stoichiometric copper, and activated electrophiles (e.g., aryl io-
dides) (7). Notably, the work of Buchwald and others led to the
development of chelating diamine ligands (8-10) that prevent nu-
cleophile aggregation on copper, which in turn has enabled milder
reaction conditions and broader scope (11). Recent work by Fu and
Peters has also shown that direct reduction of the aryl halide by
photoexcited, nucleophile-ligated copper complexes is an alterna-
tive strategy for aryl halide activation by copper (12, 13). However, a
general, copper-catalyzed C(sp®)-Ny,, Ullmann-Goldberg coupling
remains to be developed with respect to aryl position diversity and
temperature burden, both critical requirements for the early-stage
diversification of pharmaceutically relevant molecules. Recent
mechanistic studies have attributed these deficiencies to a high-
barrier oxidative addition (OA) step between the electronegative
copper(I) catalyst and the aryl halide coupling partner (Fig. 14) (14,
15), a pathway that traditionally demands elevated thermal expo-
sure. Moreover, this step is often prohibitive with ortho-substituted
aryl bromides due to both steric and electronic factors, a barrier that
appears surmountable only via the use of copper-chelating substit-
uents or directing groups (7). With these considerations in mind, we
recently sought to develop an alternative mechanistic paradigm that
would alleviate the challenge of oxidative addition with copper(I)
salts across many reaction classes, while retaining the unique capacity
of copper(Ill) to rapidly undergo reductive elimination (Fig. 1B).
Herein, we report a photocatalytic approach to the Ullmann—
Goldberg coupling that allows a broad range of para-, meta-, and
ortho-substituted aryl rings to readily undergo heteroarylation, while
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achieving high levels of reaction efficiency under ambient or low
temperature control.

Over the past 6 years, metallaphotoredox has become a broadly
employed strategy for merging photocatalyst-derived organic
radicals with transition-metal cycles (16). A fundamental advan-
tage of metallaphotoredox has been that feedstock substrates
bearing native functional groups, such as carboxylic acids, amines,
alcohols, and C-H bonds, can be converted to high-energy, open-
shell intermediates that rapidly participate in transition-metal capture
(16). This step has been exploited broadly in the realm of nickel and
copper catalysis to deliver a series of new fragment coupling pathways
that include deoxygenative C(sp’)-arylation (17), decarboxylative
C(sp’)-arylation (18), decarboxylative C(sp®)-amination (19), as well
as hydrogen atom transfer (HAT) C(sp”)-trifluoromethylation (20).
In the latter two cases, these copper-based couplings take advantage
of 1) Cu(II)’s capacity to capture alkyl radicals at near-diffusion rates
(21, 22) and 2) Cu(III)’s established propensity to undergo reductive
elimination (RE) steps that are traditionally difficult for more com-
monly utilized metal catalysts (23).

Among numerous strategies to access alkyl and aryl radicals via
photoredox, perhaps the most commonly employed within the
pharmaceutical sciences has been halide abstraction from C(sp’)-Br
and C(spz)—Br moieties using photogenerated, electron-rich silyl
radicals (24-27). In particular, the nickel-catalyzed cross-electrophile
coupling to forge C(sp®)-C(sp?) bonds via a halogen abstraction—
radical capture (HARC) mechanism has been adopted broadly due
to its remarkable scope and functional group tolerance (28). This
silyl-mediated HARC mechanism has also been interfaced recently
with copper catalysis to enable the incorporation of moieties that are
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Fig. 1. Silanol-mediated copper metallaphotoredox catalysis enables a C(sp?)-N coupling. (A) The Ullmann-Goldberg coupling features a high-barrier ox-
idative addition step overcome typically by high reaction temperatures, but this limits the aryl bromide scope to activated electrophiles. Sterically congested,
nondirecting ortho- groups are not well tolerated under this activation mode. (B) A low-barrier HARC sequence is proposed that will deliver a similar in-
termediate at room temperature, while a facile reductive elimination step should furnish the C-N coupled product. This strategy will enable the use of
sterically congested bromoarenes and those electronically deactivated toward oxidative addition. (C) Mechanistic design for silanol-mediated copper
metallaphotoredox C(sp?)-N coupling. Both the photoredox and copper cycles require exogeneous oxidant to turn over.

often problematic in traditional cross-couplings such as C(sp”)- and
C(sp?)-trifluoromethyl groups (29, 30). Apart from the inherent
utility of a catalytic CFs-installation pathway, these studies also
demonstrate that formal aryl and alkyl Cu(III) intermediates might
be accessed (31) without the requirement of a high-barrier copper/
aryl halide OA step.

Recently, we hypothesized that a copper—-HARC mechanism
would have significant implications for the Ullmann-Goldberg
coupling. As shown in Fig. 1, the use of photogenerated super-
silyl radicals, in conjunction with aryl bromides, NH-heteroaryls,
and copper salts, should allow the formation of an HARC
Cu(IIl) adduct that would be structurally and electronically
identical to the corresponding thermal, OA Cu(III) adduct.
However, access to this critical intermediate would involve two
kinetically facile steps via an HARC pathway, while the thermal
OA process requires a high-barrier copper/aryl halide insertion,
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a mechanistic distinction that carries significant implications for
reaction scope, catalyst development, and substrate tolerance
(7). More specifically, this HARC Ullmann-Goldberg coupling
might allow 1) the implementation of a large array of ortho-
substituted aryl halides that were previously problematic or in-
ert due to steric interactions in the thermal copper-OA step, 2)
the widescale use of aryl bromides in lieu of aryl iodides, the
former being more broadly available in structurally diverse for-
mats, 3) the use of simple copper salts [e.g., Cu(acac),, acac =
acetylacetonate] in place of bespoke copper-ligand complexes,
and 4) the removal of elevated reaction temperatures, which can
often lead to substrate, reagent, or product decomposition. As a
further benefit, we felt that catalyst optimization studies should be
relatively straightforward with this HARC mechanism given that the
copper catalyst is effectively decoupled from the bond-breaking step
(halogen atom abstraction). In contrast, the electronic characteristics
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of the copper catalyst are coupled to both steps in the thermal
mechanism, a feature that can often place competing requirements
on catalyst design (i.e., an electron-rich Cu species is preferred for
OA, while an electron-deficient Cu salt is superior for the RE step).

Results and Discussion

Our mechanistic hypothesis for the proposed C(sp?)-N coupling
is detailed in Fig. 1C. Upon irradiation with visible light, exci-
tation of photocatalyst [Ir(dFCF;ppy).(5,5'-dCF3bpy)](PFs) (1)
(dFCF3ppy = 2-(2,4-difluorophenyl)-5-(trifluoromethyl)pyridine,
5,5'-dCF;bpy = 5,5"-bis(trifluoromethyl)-2,2'-bipyridine) into the
long-lived triplet *Ir'™" complex 2 (t = 279 ns) is exrpected (32).
This excited state is highly oxidizing (E;,"[*I'"/Ir"] = +1.68 V
versus the standard calomel electrode (SCE) in MeCN, ref. 32)
and should readily undergo single-electron transfer (SET) with
the supersilanolate derived from supersilanol ((TMS);SiOH, 4)
(Epa [4/47°] = +1.55 V versus SCE in MeCN, ref. 30) to give the
ground-state Ir'" complex 3. Upon oxidation and radical Brook
rearrangement (33), the resulting nucleophilic silyl radical 5
should rapidly abstract a bromine atom from bromoarene 6 to
generate the aryl radical 8 and silyl bromide 7. This aryl radical
should be rapidly captured by the Cu(II)-amido complex 9 (34)
to form Cu(III) complex 10, which upon facile reductive elimi-
nation would deliver the N-arylated Ullmann-Goldberg coupling
product 11. Ligation and deprotonation of the N-heterocyclic
nucleophile would subsequently form the anionic Cu(I)-amido
complex 12 (14), which upon oxidation by exogenous oxidant
would reconstitute the Cu(Il)-amido complex 9. Oxidative
turnover is also required for the photocatalytic cycle to return
complex 3 to the ground-state Ir'™ complex 1. Notably, the
photoredox and copper catalytic cycles are formally independent
of one another given that this transformation is net oxidative.

Optimization studies performed with 3-phenylpyrazole (13) and
1-bromo-4-(trifluoromethyl)benzene (14) revealed that the use
of photocatalyst 1, commercially available Cu(acac),, super-
silanol (4), and base were necessary to deliver the N-arylated
coupling adduct 15 in useful yields (SI Appendix, Table S1).
Notably, the coupling efficacy was initially shown to be de-
pendent on both the identity of the oxidant and base, as well as
the degree of light intensity. While potassium phosphate was
initially found to be a suitable base, a low tolerance for photon
intensity variation in these reactions led to a number of re-
producibility concerns (40-88% yield, Fig. 24). However, the
use of 1,1,3,3-tetramethylguanidine (TMG), a homogeneous
organic base, provided a protocol that is widely tolerant to
light-emitting diode (LED) power while being consistently re-
producible. Moreover, the recently popularized Integrated
Photoreactor (as developed by Merck) (35) enabled these
studies to be performed under tightly standardized conditions
and with a high level of precision for photon exposure. It is
important to note, however, that this new Ullmann—-Goldberg
coupling is equally competent using other blue LED sources
(e.g., Kessil lamps). While a variety of oxidants were found to
be ineffective for this coupling (Fig. 2B, 0-21% yield), the use
of ambient air was found to be a privileged selection (80%
yield). Last, the formation of aryl radical-derived side products,
which include dehalogenation and dimerization adducts, could
be mitigated via the control of stir rate and photon intensity,
clearly demonstrating the importance of oxygen uptake rate (S/
Appendix, Tables S2 and S3).

With these optimized conditions in hand, we sought to de-
termine the breadth of N-heterocyclic ring systems that can
readily undergo coupling via this dual catalytic pathway (Fig. 3).
First, pyrazoles were found to participate with good to excellent
yield depending on the electronics and substitution pattern of the
azole ring (16-21, 45-87% yield). These examples nicely dem-
onstrate that chlorine atoms do not undergo competitive ab-
straction with silyl radicals, while electrophilic moieties such as
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N
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13 aryl bromide 14 MeCN, 450 nm LEDs, 16h e
3

N-arylated pdt 15
A. light source controls

Light Source Intensity Base Yield
Integrated Photoreactor 0.34 W (15%) K3PO4 40-88%
0.34 W (15%) TMG 78%
0.78 W (35%) TMG 80%
1.22 W (55%) TMG 70%
2,17 W (100%) TMG 58%
40 W blue LED 1.50wW TMG 76%
B. oxidant controls
Oxidant Yield Optimized Setup
none <1%

O, balloon 2% *
0-21%
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ﬁu

Fig. 2. Optimization and control reactions. (A) The Integrated Photoreactor
allows for precise control of light intensity. Use of the organic base TMG
provides a reproducible protocol broadly tolerant of LED power. The reac-
tion is also competent with a 40-W blue LED light source (A160WE Tuna Blue
Kessil lamp). (B) Air (introduced via an 18G needle) was shown to be a
privileged oxidant. Other oxidants screened include (diacetoxyiodo)benzene
(<1% yield), potassium persulfate (21% yield), 1-fluoro-2,4,6-trimethylpyr-
idinium tetrafluoroborate (0% yield), and iodosobenzene (<1% yield). For
full experimental details see S/ Appendix.

air 80%

esters are generically inert. Carbazole and indazoles were also
shown to be competent nucleophiles (carbazole 22, 66% yield,
indazoles 23-26, 64-70% yield), while basic heterocycles, such as
7-azaindoles and indoles, were also arylated under this catalytic
manifold (7-azaindoles 27-29, 49-70% yield, indoles 37 and 38,
61% and 35% yield, respectively). A variety of 1,2,3- and 1,2,4-
triazoles are competent nucleophilic partners in the protocol (30 and
31, both 40% yield), as were symmetrical benzimidazoles (32 and
33, 61 and 50% yield, respectively). In the case of unsymmetrical
benzimidazoles we observed a mixture of regioisomers (34, 83%
yield, 1.4:1 r.r.) due to the similar electronic and steric demands of
both nitrogen centers. However, in the case of all other nonsym-
metrical N-nucleophiles employed in this study, we observe only one
regioisomer (as drawn), a remarkable selectivity we ascribe to the
use of lower reaction temperatures throughout (4-25 °C).

We further tested this HARC/Ullmann—Goldberg protocol on
heterocycles containing multiple nitrogens that have been widely

Lavagnino et al.
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Fig. 3. Scope of nucleophiles in the photo-Ullmann-Goldberg coupling. Asterisks indicate that only one product was observed, despite the presence of
multiple nucleophilic sites on the parent heterocycle. For full experimental details see S/ Appendix.

employed as investigational pharmaceutical fragments. Gratify-
ingly, we found that a number of these nucleophiles underwent
fragment coupling in good to excellent yield (35 and 36, 78% and
71% yield, respectively), further expanding the relevance of this
Ullmann-Goldberg protocol to medicinal chemists. Moreover,
the late-stage arylation of known pharmaceuticals containing
multiple nucleophilic sites and coordinating functionalities such as
sulfonamides and secondary amines has also been demonstrated
(39 and 40, 43% and 47% yield, respectively). We envision that
such chemoselectivity might be readily employed in combination
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with other established C-N coupling methods to allow for suc-
cessive functionalization of N-nucleophilic sites on the same
drug molecule.

We next explored the scope of the aryl bromide electrophiles
in this new photo N-arylation protocol (Fig. 4). First, a large
variety of electron-rich, -neutral, and -deficient bromoarenes
were found to undergo successful coupling with N-aryl nucleo-
philes (4145, 78-82% yield). Electronic diversity was also
readily accommodated at both the para- and meta- positions
across a spectrum of aryl rings (46-51, 64-85% yield). Moreover,
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we were delighted to find that heteroaryl systems that can often
disrupt the catalytic facility of copper via N—coordination were
readily tolerated (48, 68% yield). For example, this coupling
furnished N-arylated products in good to excellent yield for a
variety of 2-pyridyl (53-55, 73-81% yield), 3-pyridyl (56 and 57,
62% and 74% yield, respectively), and 4-pyridyl (58, 76% yield)
substrates. Moreover, pyrimidine (59, 64% yield), pyrazine (60,
78% yield), quinoline (61, 57% yield), and isoquinoline (62, 58%
yield) are also readily implemented heterocyclic rings. Notably,
this protocol was also successful in incorporating five-membered
heteroaryl bromides (63 and 64, 57% and 52% yield, respec-
tively), systems that can often be problematic for transition-
metal catalysis, even at high temperatures (36, 37). Once
again, we were able to extend the methodology to the late-stage

diversification of two complex pharmaceutical aryl bromide
scaffolds (52 and 65, 69% and 55% yield, respectively), high-
lighting the efficacy of the coupling in densely functionalized aryl
bromides containing multiple N-nucleophilic centers. Also
notable is that this method can be used to functionalize aryl
iodides, as in the classic coupling reaction, but aryl chlorides
and aryl triflates remain untouched (SI Appendix, Table S4).
Last, as stated earlier, elevated temperatures are traditionally
required when aryl bromides are employed in lieu of aryl io-
dides in Ullmann-Goldberg couplings. Remarkably, we have
found that this photo-mediated N-arylation provides high levels of
efficiency even when performed at colder temperatures (4 °C)
across a broad series of aryl and heteroaryl bromides (4147,
68-82% yield, 53 and 54, 76% and 73% yield, respectively, 56 and
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Fig. 4. Scope of bromoarenes in the arylation of N-heterocyclic nucleophiles. A diverse array of (hetero)aryl bromides were successfully activated by silyl
radical toward copper-catalyzed C(sp?)-N coupling, including pharmaceutically derived fragments. Asterisks indicate those reactions performed at 4 °C on

0.4-mmol scale. For full experimental details see S/ Appendix.
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57, 62% and 74% yield, respectively). This remarkable finding
clearly underscores that the mechanism of this new C-N bond-
forming reaction does not involve any high-barrier, thermally
gated steps akin to copper oxidative addition.

Given that this photo-HARC mechanism is not encumbered
by the kinetic and electronic issues that arise from the require-
ment of an oxidative addition step, we next questioned whether
we could dramatically expand the scope of Ullmann—-Goldberg
couplings to include a wide array of ortho-substituted aryl bro-
mides. Historically, chelating functionalities such as amides and
carboxylates are among the few substituents tolerated at the
ortho site of aryl electrophiles in the classical thermal protocol
(7). In contrast, noncoordinating alkyl, aryl, or other bulky sub-
stituents are typically unsuccessful across a variety of reaction
temperatures (38).

Using this copper metallaphotoredox protocol (Fig. 5), we
were excited to find that ortho methyl-, ethyl-, and isopropyl-
substituted bromobenzenes readily undergo coupling in good
to excellent yield (66-68, 64-72% yield). Moreover, ortho-
substituted heterocycles are also amenable to this functionali-
zation method (69, 78% yield), and saturated rings of increasing
size induce no discernible hindrance in the bond-forming step
(70 and 71, 76% and 77% yield, respectively). Not surprisingly,
substrates bearing coordinating functional groups were also toler-
ated (74 and 75, 61% and 71% yield, respectively) in accord with
traditional pathways. Remarkably, this N-arylation proceeded with
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phenyl substituents at the ortho site, thereby delivering an
elusive C(sp?)-N triaryl adduct in excellent yield (72, 58%
yield). Perhaps most notable, the method was also extended to the
coupling of 2,6-bis-substituted aryl bromides (76 and 77) with only
slight modifications to the stir rate, light intensity, and acetyla-
cetonate ligand (50 and 47% yield, respectively). These latter
examples further highlight the significance of decoupling the
bond-breaking step from the bond-forming step in copper catal-
ysis, given the impact of steric encumbrance on C(sp?)-Br metal
insertion versus silyl radical abstraction (39). In addition, applica-
tion of this protocol to the diversification of a reported pharma-
ceutically active scaffold (38) resulted in the synthesis of N-arylated
derivatives previously shown to be inaccessible via the classic ther-
mal Ullmann—Goldberg coupling (SI Appendix, Figs. S3 and S4).
Clearly, the potential benefits of an HARC mechanism when
merged with transition-metal catalysis will likely expand beyond the
realm of copper chemistry, and ongoing studies in our laboratory
aim to exemplify such concepts.

Conclusions

The merger of photocatalytic sﬂyl radical bromoarene activation
with copper-catalyzed C(sp?)-Nye; coupling has facilitated
the development of a general room-temperature protocol for
the arylation of N-heterocyclic nucleophiles. This coupling
exhibits a broad scope in both reaction partners, with multi-
ple nucleophile classes and a range of electronically and
sterically diverse aryl bromides exemplified. The ability of
supersilanol to activate aryl bromides with steric bulk at the
ortho- position, coupled with the ambient or low-temperature
conditions, enables the potential for late-stage pharmaceuti-
cal functionalization. This method further demonstrates the
capacity of metallaphotoredox to bypass difficult or prob-
lematic steps in traditional cross-coupling mechanisms in favor
of kinetically facile alternatives. In this example, it renders a
photo/Ullmann-Goldberg coupling that dramatically broadens the
scope and late-stage applicability of the classic copper-catalyzed
C-N coupling, while being accomplished without temperature
burden.

Materials and Methods

General Procedure for C(spz)—N Coupling. To an oven-dried 40-mL vial charged
with a flea stir bar we added nucleophile (0.25 mmol, 1.0 equiv.), aryl bro-
mide (0.625 mmol, 2.5 equiv.), Cu(acac), (0.0375 mmol, 15 mol%), and
[Ir(dFCF3ppy)2(5,5'-dCFsbpy)]1(PFe) (2.0 pmol, 0.8 mol%). Acetonitrile (99.9%
Extra Dry Acros, 5 mL, 0.05 M) was added to the vial, followed by super-
silanol (0.625 mmol, 2.5 equiv.) and TMG (0.75 mmol, 3 equiv.). The vial was
capped and sonicated for 1 min to solubilize the reaction mixture. Then, the
septum was pierced by an 18G needle, which was left in the septum for the
duration of the reaction to allow for airflow without solvent evaporation.
The vial was placed in the Integrated Photoreactor for 16 h under the fol-
lowing conditions: 5,000-rpm fan speed, 500-rpm stir rate, 35% light in-
tensity. The final reaction mixture was diluted with ethyl acetate (10 mL) and
stirred with KF (40 wt. % on alumina, 1.0 g) and tetrabutylammonium
bromide (0.5 g) for at least 45 min, then filtered over Celite. The organic
solution was washed with Na,COs (sat. aqg.), water, and brine. The combined
organics were dried over MgSQ,, filtered, and concentrated to yield the crude
product. The product was purified via silica gel column chromatography.

Data Availability. All study data are included in the article and S/ Appendix.
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