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ABSTRACT: The construction of C(sp*)—C(sp?) bonds re-
mains one of the most difficult challenges in cross-cou-
pling chemistry. Here, we report a photoredox/nickel dual
catalytic approach that enables the simultaneous for-
mation of two C(sp?)-C(sp?) linkages via trimolecular
cross-coupling of alkenes with alkyl halides and hyperva-
lent iodine-based reagents. The reaction harnesses a bi-
molecular homolytic substitution (Su2) mechanism and
chemoselective halogen-atom transfer (XAT) to orches-
trate the regioselective addition of electrophilic and nu-
cleophilic alkyl radicals across unactivated alkenes with-
out the need for a directing auxiliary. Utility is highlighted
through late-stage (fluoro)alkylation and (trideu-
tero)methylation of C=C bonds bearing different substi-
tution patterns, offering straightforward access to drug-
like molecules comprising sp*-hybridized carbon scaf-
folds.

Unactivated (alkyl-substituted) alkenes belong to one of
the most abundant categories of feedstock chemicals in
organic chemistry; these building blocks are produced on
large scale and are readily accessible by established syn-
thetic methodologies.! As such, unactivated alkenes are
ideal starting points to selectively introduce functionali-
ties and build molecular complexity and diversity in or-
ganic synthesis.? In recent years, the site-selective incor-
poration of carbon-based motifs through transition metal-
catalyzed 1,2-dicarbofunctionalization of alkenes has at-
tracted significant interest by promoting double carbon-
carbon (C—C) bond formation to deliver saturated hydro-
carbon frameworks.? In contrast to activated alkenes, re-
lated transformations of unactivated alkenes are more
challenging as a consequence of the innately weak elec-
tronic/steric bias of these substrates, thereby diminishing
reactivity and regioselectivity.*> Added to this problem is
the susceptibility of organometallic intermediates to un-
desired S-H elimination and other side reactions.® These
complications are further exacerbated in dialkylation pro-
cesses that employ aliphatic nucleophiles and/or electro-
philes to furnish C(sp?)-rich molecules’ (Scheme 1); such
three-dimensional products are prized in pharmaceutical

development based on studies that correlate increased
C(sp®) character with greater solubility, selectivity and
potency in small-molecule drugs.>®

Scheme 1. Leveraging Su2 as a Tool to Achieve Regioselec-
tive 1,2-Dialkylation of Unactivated Alkenes.
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Established Ni-catalyzed paradigms for 1,2-dicarbofunc-
tionalization of unactivated alkenes involve either two-
electron pathways (I or II by migratory insertions)**® or
single-electron pathways (III or IV by radical capture/re-
lay sequences).’%3210 N-Heterocyclic carbene-Ni com-
plexes were reported to mediate regioselective non-radi-
cal aryl-functionalizations of unactivated alkenes via ste-
ric control'! (I), but the analogous dialkylation reactions
with sp3-hybridized substrates were ineffective. In other
disclosures, pre-installation of strongly coordinating di-
recting auxiliaries was necessary to enhance the effi-
ciency and site selectivity of alkylation!? (IT). On the
other hand, transformations that proceed through radical-
based mechanisms often rely on activated C(sp?)-electro-
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philes (e.g. tert-alkyl) to generate stabilized radical inter-
mediates, which then undergo regioselective addition to
the C=C bond and recombination with the organonickel
species en route to the final product (III or I'V). Likewise,
most dialkylations in this area are directed in nature.

Generally speaking, a directing group-free manifold that
enables site-selective 1,2-dialkylation of unactivated al-
kenes remains synthetically elusive. To overcome this
challenge, we envisioned a catalytic platform that takes
advantage of bimolecular homolytic substitution (Sy2) re-
activity, which was successfully used to merge primary
(1°) alkyl radicals and hindered secondary (2°)/tertiary (3°)
alkyl radicals in two-component sp*-sp® cross-cou-
pling.'>!* In situ formation of an electrophilic alkyl radi-
cal followed by regioselective addition to the C=C bond
leads to a sterically more congested alkyl radical, which
selectively undergoes outer-sphere bimolecular homo-
lytic substitution with another in situ-generated nucleo-
philic alkyl radical to construct the second C(sp*)-C(sp?)
linkage. Key to this reaction design is the identification of
an appropriate nickel catalyst that effectively distin-
guishes the different radical intermediates in the system
by selectively associating with the nucleophilic 1° alkyl
radical (vs. electrophilic or hindered radicals). Herein, we
describe the successful realization of this goal by devel-
oping a photoredox/nickel-catalyzed system to reliably
access synthetically valuable dialkylated products.!®

Table 1. Reaction Optimization?

ICH,CF; (2a)
4-CzIPN (5 mol%)
Ni(acac), (5 mol%)

KTp (5 mol%)

3a (2.0 equiv)

PhCF3 (0.1 M)
Blue LEDs, 40 °C

©/\)\/CHZCF3

4a,r.r. >20:1

©/\/\
1a

Entry Deviation from standard conditions 4a (%)® Me\[(O\l/OWMe

1 none 86 (85)° o © o
2 dtbpy instead of KTp* 13

3 terbutylterpyridine instead of KTp* 2

4 using NiCl,-glyme 79 3a

5 using Cu(TMHD), 11 Me

6 using Fe(TPP)CI 0 I\

7 fac-Ir(ppy)s instead of 4-CzIPN 21 N‘N Me
8 TXO instead of 4-CzIPN, 370 nm 45 Me H_i_

9 using DMF instead of PhCF5 trace /) N \N’N\ Me
10 using CH3CN instead of PhCF3 18 _N =
11 no KTp* or no Ni(acac), trace Me™ i+
12 no 4-CzIPN or in the dark 0 € KTp*

a1a (0.1 mmol), 2a (0.15 mmol), Ni(acac), (5 mol%), KTp*
(5 mol%), 4-CzIPN (5 mol%), 3a (0.2 mmol) in PhCF; (0.1
M) at 40 °C under 456 nm irradiation. » GC vyields using
tetradecane as internal standard. ¢ Isolated yield. KTp = Po-
tassium trispyrazolylborate, TXO = 9H-thioxanthen-9-one.

We started our studies by examining the trimolecular cou-
pling of unactivated alkene 1a, iodoalkane 2a (source of
electrophilic radical) and (diacetoxyiodo)benzene 3a
(source of nucleophilic radical) under various reaction pa-
rameters (Table 1). After extensive optimization'®, we
found that the desired dialkylation product 4a was se-
cured in 85% isolated yield and essentially perfect regi-
oselectivity (entry 1) using a combination of Ni catalyst
derived from Ni(acac), and potassium tri(3,5-dimethyl-1-
pyrazolyl)borohydride (KTp*), 2.4,5,6-tetrakis(9H-car-
bazol-9-yl)isophthalonitrile (4-CzIPN) as photocatalyst
and PhCF; as solvent under blue light-emitting diode
(LED) irradiation (456 nm) at 40 °C. Control experiments
showed that all reaction components are essential for the
best performance. Replacing KTp* with redox-active lig-
ands that are commonly used in nickel-catalyzed reduc-
tive cross-coupling was detrimental to the reaction (en-
tries 2 and 3), whereas switching Ni(acac), to another Ni
precursor slightly diminished the yield (entry 4). Poor re-
activity was observed in the presence of Cu- or Fe-based
complexes (entries 5 and 6). Likewise, changing the pho-
tocatalyst to fac-Ir(ppy)s or TXO led to lower yields (en-
tries 7 and 8). The reaction medium had a profound im-
pact on efficiency, as exemplified by the drastically de-
creased yields when PhCF; was replaced with more polar
solvents such as DMF or CH3CN (entries 9 and 10). As
expected, no productive dialkylation was detected when
the Ni precursor, ligand, photocatalyst or light were indi-
vidually excluded (entries 11 and 12).

With the optimized conditions in hand, we began to eval-
uate the reaction scope using unactivated alkenes of dif-
ferent substitution patterns (Table 2). In the presence of
3a and electrophilic alkyl iodides 2a—d, dialkylation pro-
ceeded smoothly to furnish the desired products 4a—4ao
bearing tertiary or quaternary carbon centers in excellent
chemoselectivity with up to 92% yield and >20:1 regioi-
someric ratios (r.r.). Terminal alkenes containing a vast
array of common acidic and basic functional groups such
as ester (4b, 4m, 4q, 4s, 4v—Xx), alkyl bromide (4e), alkyl
tosylate (4f), alkyl iodide (4m), (hetero)aryl halide (4v,
4x), amide (4g), silane (4h), phosphine oxide (4i),
phthalimide (4j), epoxide (4k), carbonate (41), acetal (40),
alkyne (4r), silyl ether (4t) and heterocycles (4n, 4p, 4u,
4w-y) are well-tolerated in our system. Remarkably, sp3-
and sp?>-hybridized organohalides (4e, 4f, 4m, 4v, 4x)
which are typically prone to reaction with low-valent
nickel species!” did not interfere with dialkylation,
providing complementarity to established catalytic re-
gimes (see Scheme 1) and facilitating access to molecules
with useful halogen handles for downstream functionali-
zations.'®
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Table 2. Scope of Unactivated Alkenes in Su2-Enabled Catalytic Dialkylation?

4-CzIPN (5 mol%)

! Me\[(o\l,o\”/ Me Ni(acac), (5 mol%) M Cbz CN
O/\’ . . R—1 . Io) o) KTp* (5 mol%) . R i
O/k, . NC Cbz
! PhCF3 (0.1 M) . i
2a (R = CH,CF3) Blue LEDs, 40 °C ' cbZ  Cbz
2b (R = CF,CO,Bn)
1a-1a0 2¢ (R = CH,CN) 3a 4a-4ao 4-CzIPN
2d (R = CH,CO,Ph)
unactivated alkene scope
CH,CF3 CH,CF3

CH,CF; @/\l) j:j(\l/l

BrWCHZCﬁ

Me
4a, 85% 4b, 81% 4c, 77% F 4d, 62% 4e, 62%
el
% o CH,CF; CH,CF
/©/ y CH,CF,
N 2 Me,PhSi R N
‘\—S H CH,CF3 Me P e Me
o Me Me
F3CH,C
4f, 57% 44, 33% 4h, 71% 4i, 57% 4j, 90%
(0]
0 Me Me Me I ) M [
O Me e
LI _crcoen oo L _crcoen ﬁ\s Mo enacr BocNi>—<_ O@CH2CF3
6 hif ,CF3
(0] 3 CH,CF3
o) Me
4k, 77% 41, 46% 4m, 56% 4n, 56% 40, 92%
Me,
BocN .S Me_Me Me CH,CN
0C CH,CF3 (o} (iPr)sSi S Me RS(OMJ\/CHZCH Me
CH,CF. N CF,CO,Bn 2
s cl o TBSO
4p, 77% 4q, 86% 4r, 57% 4s,67% 4t, 59%, d.r. = 3.7:1
Me
0 Q A
! OMe Me X OMe Me C|_</NJ)J\O Me_ Me | Py
Lo B s K)Ql Me” NN CH,CF5
Boall 2 Me0OC™
Br CH,CFs CH,CFj CH2CFs Me
4u, 63% 4v, 52% 4w, 84% 4x, 87% 4y, 59%
[ linternal alkene
M CHACN Me  Me Me  Me oMe o
& Me Me OPh Me OPh Ju
Me Me Me hO Ph
Me o
CH,CN o o
4z, 33%, r.r.=1.2:1, 4aa, 70%, r.r. =3.5:1, 4ab, 70%, r.r. = 5:1 4ac, 42% 4ad, 44%, d.r. = 4:1
dr.=1:1 dr.=1.2:1
late-stage functionalization
e Me Me CH,CF3
O _CH,CF3 H
CH,CF4 ,\/\CHZCF3 CHQCF3
Me Me Me Me o Me Me
from (+)-Dihydrocarvone from (+)-Limonene oxide from Nootkatone from (-)-Perillaldehyde from (-)-Carvone
4ae, 71%, d.r. >20:1 4af, 68%, d.r. = 1.8:1 4ag, 68%, d.r. >20:1 4ah, 60% 4a|, 54%
Me, Me
F3CH,C
o) Me
F 0 Me
®’<O\{\l o CH,CF3 O O/;\l O o
N Me Me Me O
N)\©/§O Me CH,CF (6] °
BzO s
from Ataluren from Pregnenolone from Clofibric acid from Isoxepac
4aj, 90% 4ak, 70% 4al, 61% 4am, 81%
—————————————————————————————————————————————————————————————— radical probes - ---------ososo oo
Mey e via  Me Me via Me
Me_ H z
Me Me o
Me Me
CF,CO,Bn CF,CO,Bn PhO,CH,C
from a-Pinene from Caryophyllene oxide
4an, 52%, d.r. = 1:1 4ao, 91%, d.r. = 4:1
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@As in Table 1 (entry 1), using alkene 1 (0.20 mmol); Isolated yields.

Sterically demanding internal alkenes which sometimes
pose reactivity challenges in Ni catalysis!?f also served as
effective substrates for Sh2-enabled alkene cross-cou-
pling. Cyclic and acyclic 1,2-disubstituted (4z, 4ad), tri-
substituted (4aa, 4ab) and even tetrasubstituted (4ac)
C=C bonds are amenable to dialkylation, although regio-
and diastereochemical control prove difficult in some
cases. To further showcase functional group compatibil-
ity, we extended the catalytic dialkylation manifold to the
late-stage functionalization of alkenes embedded within
or appended to multifunctional bioactive compounds.
Gratifyingly, dialkylated products 4ae—4am were Se-
cured in good yields and site selectivities, highlighting the
robustness of our transformation towards the construction
of complex C(sp®)-rich architectures at advanced stages
of synthetic processes. The reactions affording 4ag-ai
and 4ak took place selectively at the sterically less hin-
dered C=C bond. It merits mention that there was no com-
petitive addition of the intermediate open-shell species to
the electron-deficient m-bonds of «,f-unsaturated car-
bonyl units in 4ag-ai, underscoring the remarkable
chemoselectivity. Notably, when dialkylation was exe-
cuted on alkenes with neighboring strained four-mem-
bered rings such as natural products a-pinene and caryo-
phyllene oxide, ring-opening was observed to give 4an
and 4ao, respectively. These results suggest the plausible
intermediacy of cyclobutylcarbinyl radicals® generated
by initial addition of the iodoalkane-derived electrophilic
radical, which are susceptible to ring cleavage before the
second C(sp®)—C(sp®) bond-forming event.

We next assessed the dialkylation scope by examining
various haloalkane (bromide, iodide) and hypervalent io-
dine(I1I) reaction partners (Table 3). Besides trifluoro-
ethyl group (derived from coupling with 2a), different
medicinally relevant fluoroalkyl?® or gem-difluoroalkyl?!
moieties could be efficiently and site-selectively intro-
duced to deliver 5a, 5e, 5f, 5i and 5j, by reaction with the
corresponding alkyl halides. Dialkylation products con-
taining other classes of electron-deficient alkyl motifs
bearing carboxylic ester (5b, 5d, 5e, 5k, 51), amide (5g),
ketone (5h) and boronate (5¢) functionalities that can be
subjected to further derivatization, were successfully se-
cured in up to 94% yield as single regioisomers. Synthesis
of bioactive molecule-derived Sk and 51 demonstrates the
exceptional functional group compatibility of the trans-
formation. For the nucleophilic 1° alkyl radical compo-
nent, we investigated a range of iodine(Ill) compounds
(readily accessible from cheap and abundant aliphatic
carboxylic acids'#d) possessing different substituents in-
cluding ethyl (5m), fluoromethyl (5n), chloromethyl (50),
acetoxymethyl (5p) and trideuteromethyl (5q), all of
which participated in site-selective dialkylation across the
board. Access to 5q highlights the method’s capability as

a practical and position-precise tool for late-stage deuter-
ium incorporation into complex molecules, which has
beneficial outcomes in drug discovery.??

Table 3. Scope of Alkyl Halides and Hypervalent lodine
Compounds in Sn2-Enabled Catalytic Dialkylation?

(@ coy),iPh 3
| 4-CzIPN (5 mol%) _
U\ - Ni(acac), (5 mol%) R
+  R-X -

: KTp* (5 mol%) :

X=1,Br PhCF3 (0.1 M)
0,
1 2 Blue LEDs, 40 °C 5a- 5q
alkyl electrophiles
Me Me Me Me
C4F Ph
Phcoz/\b/))\/ 4Fg Ph A)kl\ /\)ﬁ\
R EtO,C~ Me
5a, 51% 5b, 94% (R = CO,tBu) 5d, 46%
5¢, 45% (R = B(pin)) Me M
Me, Me Me Me WA
(e}
N
Ph \)
EtOZC CI CF3
o
Se, 61% 5f, 36% 59, 48%
Me, Me
fp@ 10
CcmHzoBZ ﬁ
5h, 40% 5i, 65% 5j, 50%

Me Me Me Me O

Qm

from L-Menthol

from Estrone

5k, 77% 51, 83%
I(1) reagents
Me_ Et Me CH,F Me CH,CI
o CH,CN CH,CF4 Phthcozph
5m, 43%"° 5n, 43%5¢ 50, 53%°°
Me CH,OAc
CH,CN
Ph% N ];(Y
CH,CF
Ze Mé CD3
5p, 29%P.¢ from PentOX|fyI|ne

5q, 63%

2Asin Table 1 (entry 1), using alkene 1 (0.20 mmol); Isolated
yields. °1 (0.2 mmol), 2 (0.3 mmol), Ni(acac): (5 mol%),
KTp* (5 mol%), TXO (10 mol%), 3 (0.4 mmol) in PhCF3
(0.1 M) at 25 °C under under 370 nm irradiation. ¢ Using
PhI(O,CPh) (0.2 mmol).

To unravel the mechanistic intricacies that underpin the
high efficiency and site selectivity of the catalytic dialkyl-
ation, we carried out a series of experiments to probe the
mechanism (Scheme 2). Repeating the standard reaction
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in the presence of an exogenous equivalent of haloarene
did not have any impact on the efficiency, and the halide
additive was fully recovered. Consistent with a previous
study'#d, this observation suggests that low-valent orga-
nonickel (Ni(0) or Ni(I)) species are probably not in-
volved, since they tend to promote oxidative insertion
into C(sp)—halide bonds.'”

Simply replacing the hypervalent iodine reagent 3a with
methyl iodide failed to induce any dialkylation under
standard conditions. This result supports the unlikely
presence of low-valent Ni intermediates which are known
to react with iodoalkanes®!?, and further shows that the
second C(sp*)—C(sp?) linkage did not arise from reaction
with methyl iodide. During the course of our studies, we
speculated that the nucleophilic 1° alkyl radical (derived
from 3) is responsible for triggering formation of the elec-
trophilic alkyl radical from haloalkane 2 via a chemose-
lective halogen-atom transfer (XAT) process that is fa-
vored by matching enthalpic and polar effects?® (c.f.
bond-dissociation energy of H3C—I bond is much higher
than that of (EWG)C-I bond). In this vein, we reasoned
that switching 3 to another nucleophilic radical source
would also promote the desired alkylation. This hypothe-
sis was supported through the reaction of dicumyl perox-
ide, which is known to afford methyl radicals after pho-
tolysis.?* Indeed, the expected product 4a was detected in
14% yield under our established conditions. A control ex-
periment by coupling 1a, 2¢ and 3b afforded the desired
5m in 45% yield along with ethyl iodide by-product, lend-
ing further credence to the XAT proposal (ethyl radical
selectively abstracts iodine from 2¢).

Scheme 2. Mechanistic Studies.
B Probing the intermediacy of low-valent Ni species

Br ICH,CF5 (2a) Br
A Me  PIDA(3a) Me
+ ———— " » 4a +
Standard
| |

1a conditions? (84%)

0.1 mmol 1.0 equiv fully recovered
Me Me, Me
ICH,CF3 (2
+ 1—CH, CHLCRs(2a)
Standard CH,CF4
1ap conditions?
0.1 mmol 2.0 equiv not detected

W Identifying a different nucleophilic methyl radical source for XAT

Dicumyl peroxide .
X
ICH,CF3 (2a) 4 e N
a — .
1a Standard FoC CHs
I
0.1 mmol conditions’ (14%) XAT

W Formation of nucleophilic radical from I(Ill) reagent for XAT

ICH,CN (2¢)
—_—

Standard
conditions? (45%) (110%)

X
+ PhI(0,CEt), 5m + |—Et

1a 3b
0.1 mmol 2.0 equiv

Based on our results and previous studies'#, we propose a
tentative dual catalytic pathway for the Sy2-enabled al-
kene dialkylation. Blue LED irradiation of the photocata-
lyst (4-CzIPN) forms a high-energy triplet state which

transfers the energy (via triplet—triplet energy transfer
(TTenT)?) to the iodine(IIT) compound (3a as example),
leading to I-O bond homolysis to give carboxyl radicals
that rapidly fragment to release methyl radicals i, Phl and
C0,.2° The nucleophilic and unhindered i is selectively
trapped by the in situ-generated Ni(Il) complex iv to form
Ni(IIT) species v. Concurrently, another equivalent of me-
thyl radical undergoes chemoselective X AT with the elec-
tron-poor alkyl halide 2, giving rise to an electrophilic al-
kyl radical ii and Me—X by-product. ii regioselectively
adds to the unactivated C=C bond of 1 (polarity matching)
to afford a sterically more congested alkyl radical iii,
which favors Su2 coupling'*?” with v to deliver the dial-
kylation product 4 and turn over the nickel catalytic cycle.
The success of this exquisitely orchestrated dialkylation
system relies on the ability of the organonickel catalytic
species to differentiate among the various radical inter-
mediates i, ii and iii (the nucleophilic and unhindered i
preferentially associates with the Ni center in iv), as well
as the pivotal role of nucleophilic i to induce selective
XAT with 2 to form the requisite electrophilic ii for reac-
tion. More detailed mechanistic investigations are ongo-
ing and will be reported in due course.

Scheme 3. Proposed Mechanism.

f\ Tp*Nl'“(acac)
/ \ Tp*Nl”(acac)

*PC

Photosensitization Nickle Catalytic
Cycle Cycle /
\ / A
TTEnT Tp*Ni"(acac) /<
zco2 CHs v R
g oex g L
H™9 (detected) i
S
/ \ \‘ ,/

X-R =
P,
By leveraging Sy2 as an enabling tool for forging C—C
bonds, we have successfully achieved three-component
1,2-dialkylation of a wide assortment of unactivated al-
kenes. The catalytic method exhibits broad scope and pro-
vides an expedient route to assemble medicinally valua-
ble C(sp®)-rich building blocks. We expect this work to
find utility in the synthesis of natural products and phar-
maceuticals, and provide a new blueprint for the develop-
ment of multicomponent alkene cross-coupling transfor-
mations to generate molecular complexity and diversity.
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