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Abstract: Strained rings are increasingly important for the design of
pharmaceutical candidates due to their improved pharmacokinetic
and safety profiles, as well as their ability to orient substituents into
favorable geometries for the potential improvement of the binding
affinity to the biological target. Despite their importance,
methodologies to cross-couple strained rings have been
underdeveloped. The most abundant source of strained carbocycles
and heterocycles is the corresponding carboxylic acid, making
methods that employ this substrate pool attractive. Coupling of these
carboxylic acids with halides, a second source of abundant building
blocks, would allow for rapid access to a diverse set of functionalized
carbocyclic and heterocyclic frameworks containing all-carbon
quaternary centers. Herein we disclose the development of a nickel-
catalyzed cross-electrophile approach that couples a variety of
strained ring N-hydroxyphthalimide esters, derived from the
carboxylic acid in one step or in situ, with various aryl and heteroaryl
halides under reductive conditions. The key to this success was the
electronic modification of the NHP ester to make them less reactive,
as well as the discovery of a new ligand, "8“BpyCam®", that avoids
problematic side reactions. This method enables the incorporation of
3-membered rings, 4-membered rings, and bicyclic fragments onto
(hetero)arenes derived from (hetero)aryl iodides and (hetero)aryl
bromides, allowing for straightforward and direct access to arylated
strained rings.

Molecules with strained rings, including 3- and 4-membered
carbocycles, have gained prominence in medicinal chemistry due
to the beneficial effects they impart on the pharmacokinetic and
pharmacodynamic properties of drug candidates (Scheme 1).'
These include improved solubility, metabolic stability, and
receptor/ligand binding interactions."? Most often, incorporation
of strained rings into molecules is accomplished by a ring-
opening® or ring-closing reaction, typically involving a n-system.*
These annulation reactions are well-studied and can be
performed in a stereoselective and regioselective fashion.*®
However, each annulation reaction requires different conditions,
and often require multiple steps, making parallel screening of
different ring systems difficult.

An ideal strategy to enable the rapid access of these strained
ring systems for medicinal chemistry would be a direct cross-
coupling approach that would allow access to large pools of
coupling partners and be general for a variety of strained rings.®
Despite advances in strain-release methodologies utilizing
“spring-loaded” reagents,” and cross-coupling of strained-ring

units,® current approaches are limited by availability of requisitely
functionalized coupling partners and do not yet offer the substrate
compatibility and scope needed to rapidly screen a variety of
strained-rings.? In general, decarboxylative approaches, be they
oxidative,® redox neutral,'® or reductive, " would be the most
attractive due to the widespread availability of strained-ring-
containing carboxylic acids.®'? Recent studies by Baran'® and
Molander'® using NHP esters and Huestis'* using carboxylates
are attractive, but limited by the need for diarylzinc reagents
(Baran) or were demonstrated for only bicyclo[1.1.1]pentane
(Molander) and amino-oxetane units (Huestis). A general set of
conditions that tolerate (hetero)aryl halides and is suited to the
incorporation of a variety of strained rings would be ideal.

Scheme 1. Arylation of strained rings using tuned redox-active esters.

E: of Phar lly Relevent, Arylated Strained Rings
CF3
° o
F
) 7\ e
NH
N ~_NH Y o A\
N N
N— =
/ é HO
N o
S C o
NH, E
SM 16 Lumacaftor

TGF-/ Receptor Inhibitor LpLA2 Inhibitor Cystic Fibrosis

Baran 2019 - aryl zinc reagents with a variety of strained rings and quaternary centers

.Nﬁj. )

(1.5 to 2.5 equiv.)

Ni(dpm),xH,0
ZnBr,
DMI/THF (3:4)
0°Ctort

/A
»

Molander 2021 - aryl bromides with bicyclopentanes

Hantzch ester
1 o Q Br.
R * [ g
O-N _
(e}

Ni(dtbbpy)Br,
This Work - aryl halides with a variety of strained rings and quaternary centers

,w@ T

DMA
=1,Br

2
\ /§

RZ
hv (390 nm)

NiBry(dme)

+BuBpyCamCN ‘
Zn, Solvent,

rtor 40 °C

A
—R2
R

=H, Me, OMe

In order to develop a general cross-electrophile coupling of
aryl halides with a variety of strained-ring NHP esters, we had to
address two major challenges. First, formation of all-carbon



quaternary centers by cross-electrophile coupling remains
challenging'®'® and a limited number of catalysts are reported to
be effective. For tertiary radicals of strained rings, which have
different catalyst requirements than unstrained tertiary radicals,”
2,2’-bipyridine, dtbbpy (L1), 4,4’-dicarboxymethyl-2,2’-bipyridine
(L2), Bphen (L4), as well as substituted pyridines and diketonate
ligands have been reported to be effective for aryl'013.14.16af gnq
acyl'® coupling partners. We viewed the identification of additional
catalysts as crucial to finding conditions suitable for a wide array
of coupling partners. Second, cross-electrophile coupling can be
challenging if the relative reactivity of the two substrates is poorly
matched. '® While tuning the reactivity of alkyl halide radical
donors by halide choice (iodide, bromide, chloride) or in-situ
exchange is broadly useful, few analogous tools for NHP esters
exist. Baran found that tetrachloro-NHP esters are significantly
more reactive and provided higher yields in cross-coupling with
aryl metal reagents.'® Because NHP esters are already more
reactive than alkyl iodides, "¢ methods to decrease the reactivity
of NHP esters to the level of alkyl bromides would be helpful in
cross-electrophile coupling. In theory, NHP esters could allow a

degree of fine-tuning impossible with alkyl halides.
PhXQ\
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Table 1. Optimization of the reaction conditions.
o O NiBry(dme) (7 mol%)

A—« + ! Ligand (7 mol%)
Ph O-N _ Zn (2.0 equiv)
O DMA (0.32 mL), rt, 24 h

o I
(0.25 mmol) (1.0 equiv) 3a
R R
— Ph Ph
/N \ —
=N N 7 N\ »
L1:R=tBu —N N
L2 : R= CO2Me £Bu L4
Xy HCI Hn ¢ ‘
| P NSy N tBu
NH NH N -~
L5 L7
Entryt Variation 3a Yield (%)®!
1 L1 48
2 L2 25
3 L3 21
4 L4 75
5 L5 35
6 L6 78
7 L7 (*®uBpyCam®N) 92
8 L7, Mn as reductant 4
9 no ligand 21
10 no nickel, no ligand 0
1 L7, no Zn reductant 0
12 L7, THF instead of DMA 72

Bl A mixture of NHP ester (0.25 mmol), aryl iodide (0.25 mmol), NiBrz(dme) (7
mol%), ligand (7 mol%), and Zn (0.5 mmol) was stirred at r.t. for 24 h. P!
Corrected GC yield.

Initial screens began by investigating bidentate amine-type
ligands (L1-L4) as these have been shown to support to nickel-
catalyzed cross-electrophile coupling reactions and have been
utilized in other reactions with NHP esters (Table 1).""%° Informed
by this precedent, we found that several of these ligands, as well
as previously reported amidine ligands (L5-L6),2" were effective
at promoting the formation of 3a (entries 1,4 and 6, ligands L1,
L4, and L6). However, a new ligand, 4,4'-di-tert-butyl-6-N-
cyanocarboxamidine-2,2’-bipyridine (“8“BpyCam®VN, L7) promoted
the desired reaction with higher yield due to increased selectivity
for the cross-coupled product over alkyl and aryl dimerization
reactions. Both a reductant and nickel catalyst are required, and
performing the reaction in the absence of a ligand leads to poor
selectivity and an overall diminished vyield (entries 9-11).
Reactions with only zinc metal, in the absence of nickel catalyst,
led to only minor conversion of NHP ester (entry 10). This
suggests that zinc alone is not efficient at promoting the reduction
of the NHP ester under these conditions.?? Although the reaction
in THF resulted in a lower yield (entry 13), this solvent has been
shown to slow the consumption of NHP esters, which we
hypothesized would allow for better rate matching with coupling
partners that are slower to undergo oxidative addition.

We observed that aryl bromides gave poor yields of product.
These reactions consumed the NHP ester, but not the aryl
bromide, suggesting that the reactivity difference between the
NHP ester and the aryl bromide was too great for cross-
electrophile coupling to be selective. We hypothesized that
electronic modification of the phthalimide fused arene by the
incorporation of electron donating functional groups could be
used to modulate the reduction potential (and therefore reactivity)
of the resulting NHP esters (Table 2). While the more reactive
Table 2. Electronic tuning of NHP esters.[?!

a) Coupling of modified NHP esters with aryl bromides

o0 O NiBry(dme) (7 mol%)

A—« R +BuBpyCam®N (7 mol%)
Ph O-N + Ar=Br Zn (2.0 equiv) Ph zAr
THF, 40 °C, 24 h
o
(0.5 mmol) (1.0 equiv)
o Nigl SN
3 | 3 | 3¢ O 3d
R=H, <5% R=H, <5% R=H, 30% R=H, 47%
R=Me, 18% R=Me, 22% R=Me, 50% R =Me, 62%
R =OMe, 38% R = OMe, 27% R = OMe, 60% R = OMe, 53%
b) Reduction potentials of modified NHP esters!®!
O O O O O O
H M Me y_é MeO >_A
N-O ph N-O pn N-O pn
o] [¢] [¢]
E,=-1.690 V E,=-1.704V E,=1.737V

[l A mixture of NHP ester (0.5 mmol), aryl bromide (0.5 mmol), NiBr2(dme) (7
mol%), “BuBpyCam®N (7 mol%), and Zn (1.0 mmol) was stirred at 40 °C in THF
for 24 h. Yields are isolated yields after purification.’! Peak potentials for the
cathodic wave (reduction) listed are vs Fc*/Fc in 0.1 M TBAPFs in DMF.

tetrachloro N-hydroxyphthalimide has been used to increase
reactivity in couplings with organometallic reagents,’® this
strategy of using redox tuned NHP esters has not been used to
slow down decarboxylative radical formation in cross-coupling
reactions. Consistent with our hypothesis, the introduction of
electron donating substituents onto the 4-position of N-
hydroxyphthalimide led to notable changes to the reduction
potentials of the corresponding esters (Table 2b). This change in
reduction potential, in conjunction with the use of THF as solvent,



led to improvements in yields for the coupling of both electron-rich  the the standard NHP ester was entirely consumed prior to full
and electron-deficient aryl bromides, particularly in cases where  consumption of the aryl bromide.

Table 3. Substrate scope for the decarboxylative coupling of strained-ring NHP esters with (hetero)aryl halides.?!

t-Bu
NiBr,(dme) (7 mol%) = X
‘@RZ +84BpyCAMC (7 mol%) SR Nl B
‘k % Zn (2.0 equiv) N/// N ‘ N
X=1, Br DMA (0.64 mL), rt, 24 h NH N~
(0.50 mmol (1.0 equiv) +BugpyCAMCN

Arylated Cyclopropanes

3a R'= H, R2=0Me, X=I, 75%, 56%",
Ph R'=OMe, X=Br: 38%[chd] Ph PhZ@[\\ Ph“‘\A\Q\
3b R'=OMe, R2=NMe,, X=Br, 27%lc}-d ~ N
R? 3¢ R'=0Me, R2=C(0)-c-C3Hs, X=Br, 60%[c}d] © N\ ?
3d R'=H, R2=CN, X=I, 64%
R'=Me, R2=CN, X=Br, 62%!cl(]

3e R'=H, RZ=t-Bu, X=1 72%
3f R'=H, R2=BPin, X=1 62%

\/ \/ o
s, o, e oo, Rl
R3 o 0 0" >N o o S 0 P
\ I \ \ \ N

3g R'=H, X=I 3h R'=H, X=I 3i R'=H, X=I
41%le] 43% 36%

3j R'=H R*=OMe, X=1, 71%[1  3) r1=p x=| 3m R'=H, X=I 3n R'=H, X=I 30 R'=H, X=Br, R3=Ph, 55%[}
3k R'=H ,R%=Cl, X=1, 40%!1 5791 9490 77%00 3p R'=H, X=Br, R%=Me, 42%c/dl[1.[d]
Ph N
Ph X cl N cl ‘
. PR SN Ph%;j@ N A O
N F _N = 0

3q R'=H,X=Br 3r R'=H, X=Br 3s R'=H, X=Br 3t R'=Me, X=Br 3u R'=H, X=Br
259, [cld] 56%[clld] 299 N 589%,[cl.[dLIg].[h] 2191
/\o/go
Arylated Bicyclo[1.1.1]pentanes
\
o._N 0._0 0
~ ~ N/
N N
\ 3aa R'=H, X=I ¥
0%| k| I
Y > =\
N \ N \/\/N\
o] o
3v R'=OMe, X=I 3w R'=H, X=I 3xR'=H, X=I 3y R1—H, X=1 3z R1—H, X=l 3ab R'=H, X=I
PO LACIRONI 529 (9Ll 40%)c] 519 [alL0] 3190l 159% [l 0L

Other Strained Rings

(@) (ONQ o—
o) Boq
O N ( Boc
(0] N
(e]
N
N
(O (o} (ONQ [ONQ [ONQ

0. PH
3ac R'=H, X=I 3adR'=H, X=I 3aeR'=H, X=I 3afR'=H,X=I 3agR'=H, X=I 3ahR'=H, X=I  3ai R'=H, X=I
329000 39% 2209, [aL.[iL0] 499%cl 60%]clall] 399%c] 71 %9l

[l Reactions were performed at a 0.5 mmol scale in 0.64 mL of DMA for 24 h. Yields are isolated yields after purification. ! NHP ester was generated in situ. [
Reaction was carried out in THF. [ Reaction was carried out at 40 °C. ¥l Bathophenanthroline (L4) was used as the ligand. I Reaction was carried out at 0.25 mmol
scale. ¥ Reaction was carried out with 20 mol% nickel and ligand. ' Reaction was carried out at 0.10 mmol scale. ! Reaction was carried out in a 9:1 mixture of
THF:DMA. l Reaction was carried out at 0.300 mmol scale.



Applying the optimized conditions to a variety of different
carboxylic acid and aryl halide pairs demonstrated the utility of
this method for the synthesis of diaryl cyclopropanes, a useful
replacement for 1,1-diarylalkenes and diarylmethanes®
Optimized conditions employ a 1:1 stoichiometry of NHP ester
and (hetero)aryl halide and a typical catalyst loading of 7 mol%,
although increasing the catalyst loading to 20 mol% led to
improved yields in some cases (Table 3). A variety of arene-
based functionalities that enable subsequent elaboration, such as
nitriles (3d), chlorides (3k, 3r, 3t), esters (30, 3p, 3u), and pinacol
boronate esters (3f) were tolerated. Notably, an aryl iodide
bearing a substituent in the ortho position (3g) did not work well
with the ftridentate L7, but did work in moderate yield with
bidentate L4. Less reactive aryl coupling partners such as aryl
bromides (3a, 3b, 3c, 3d) and heteroaryl bromides (30, 3p, 3q,
3r, 3s, 3t, 3u) can also engage in the cross-coupling reaction by
changing the reaction solvent to THF and elevating the
temperature. Coupling can be achieved at the 2, 3, and 4 position
of pyridine and pyridine-like heterocycles (3o, 3p, 3q, 3r, 3s, 3t,
3u). Aryl bromides derived from pyrazole, pyrrolopyridine, and
indazole heterocycles can also be coupled in good yields (3h, 3y,
3z, 3aa, 3ai). For rapid syntheses of analogues, carboxylic acids
can be converted to the NHP ester and coupled in one pot, albeit
with decreased yield (From 75% with the isolated NHP ester to
56% with in situ generated NHP ester). Additionally, the reaction
can be scaled up to 3 mmol scale in batch mode to afford 3a in
63% yield (see Sl Section 3.3.3.)

One potential advantage of our approach is that 1,1-
diarylcyclopropanes can be synthesized in a modular fashion
from two different aryl halides and cyclopropane carboxylic acid
using a-arylation and decarboxylative cross-electrophile coupling.
Using a-arylation conditions recently reported by Hartwig,?* we
were able to rapidly synthesize several alternative NHP esters.
Changing the arene of benzylic cyclopropyl NHP esters was well
tolerated (3], 3k, 3I, 3m, 3n). We demonstrate the utility of this
approach for the flexible construction of drug-like molecules
through the preparation of the methyl ester of LG100268 3u, a
more potent and specific cyclopropyl analogue of the only FDA-
approved RXR agonist Bexarotene.?® The advantage of our
approach is that it allows for facile modification of the right-side C-
ring, providing a route for the synthesis of a library of analogues.
Non-benzylic secondary and tertiary strained ring NHP esters (3i,
3p) are tolerated under these conditions but are lower yielding,
presumably due to the lower stability of the corresponding radicals.
Notably, NHP esters bearing additional ester functionality can be
successfully coupled, providing an easy entry for sequential
arylation of  bicyclo[1.1.1]pentane, bicyclo[2.2.2]octane,
bicyclo[2.1.1]hexane, and cyclobutene ring systems (3x, 3ad, 3ae,
3ah). Other pharmaceutically relevant ring systems such as the
NHP esters derived from bicyclo[1.1.1]pentane (3v-3ab), 2-
oxabicyclo[2.1.1]hexane  (3ac) bicyclo[2.2.2]octane (3ad),
bicyclo[2.1.1]hexane (3ae), oxetane (3af), azetidine (3ag, 3ai),
and, cyclobutane(3ah) ring systems were also coupled in good
yield.

We also found that this reaction could be scaled up in flow?®
using the zinc packed-bed strategy of Ley.?®¢ Without any
additional optimization, a solution of bicyclo[1.1.1]pentane NHP
ester and anisyl iodide along with catalyst (20 mol%) was passed
through a column of activated zinc at 30 °C, resulting in a 51%
yield of 3x (Figure 1).

NiBry(dme) (20 mol%)
+BugpyCamCN (20 mol%)

O % A O

+ o) —0 O\

THF:DMA (9:1), 30 °C

0 o—N;\jg
—0 O O

t.=45 min
(1.5 equiv)

-9

(0.4 mmol)

3x, 51%

Figure 1. Synthesis of 3x under continuous flow using conditions adapted from
Ley and coworkers.?%

Although we have yet to study the mechanism of this reaction
in detail, similarities to other cross-electrophile couplings''? with
NHP esters and aryl halides implicates an analogous mechanism:
(a) initial oxidative addition of the aryl halide to nickel(0) followed
by (b) oxidative radical capture by the resulting arylnickel(ll)
intermediate. (c) Reductive elimination from the resulting
bisorgano-nickel(lll) species gives the desired product with
concomitant formation of a nickel(l) intermediate. The formation
of radicals from NHP esters can be mediated by nickel or arise
from direct reduction with zinc, assisted by Lewis acid
coordination to the NHP ester, although our control experiments
suggest that direct reduction by zinc is a minor pathway (Table 1,
entry 9).

In  conclusion, we have expanded the scope of
decarboxylative C(sp®)-C(sp?) cross-electrophile coupling to
include several different classes of pharmaceutically-relevant
strained rings and achieved reliable coupling of NHP esters with
(hetero)aryl bromides and iodides. This is enabled by a new,
selective ligand ("®“BpyCam®N), and the tuning of NHP ester
reduction potentials by altering the substituents on the
phthalimide backbone. We envision that further tuning of NHP
ester reduction potentials will allow access to couplings of more
challenging substrate pools, expanding the utility of redox active
esters as a tool for C-C bond formations. Further mechanistic
work to better understand the effect of electronic modification of
NHP esters and optimization of this chemistry in flow format are
underway.
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