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General method for iron-catalyzed multicomponent
radical cascades-cross-couplings

Lei Liu't, Maria Camila Aguilera®t, Wes Lee, Cassandra R. Youshaw?,

Michael L. Neidig?*, Osvaldo Gutierrez>*

Transition metal-catalyzed cross-coupling reactions are some of the most widely used methods in
chemical synthesis. However, despite notable advantages of iron (Fe) as a potentially cheaper,

more abundant, and less toxic transition metal catalyst, its practical application in multicomponent
cross-couplings remains largely unsuccessful. We demonstrate 1,2-bis(dicyclohexylphosphino)ethane
Fe—catalyzed coupling of a-boryl radicals (generated from selective radical addition to vinyl boronates)
with Grignard reagents. Then, we extended the scope of these radical cascades by developing a
general and broadly applicable Fe-catalyzed multicomponent annulation—cross-coupling protocol that
engages a wide range of n-systems and permits the practical synthesis of cyclic fluorous compounds.
Mechanistic studies are consistent with a bisarylated Fe(ll) species being responsible for alkyl

radical generation to initiate catalysis, while carbon-carbon bond formation proceeds between a
monoarylated Fe(ll) center and a transient alkyl radical.

rganoboron compounds are valuable
and highly versatile reagents widely used
in modern organic synthesis (7). In par-
ticular, the use of organoboron reagents
in palladium-catalyzed Suzuki-Miyaura
couplings is one of the top five most used reac-
tions in drug discovery (2). Photoredox catalysis
has further expanded the utility of alkyl organo-
boron compounds as versatile radical precursors
for numerous transformations (3). More re-
cently, vinyl organoboron reagents have been
used as effective lynchpins in three-component
nickel- and metallaphotoredox-catalyzed cross-
coupling reactions, leading to alkyl boryl scaf-
folds primed for further functionalization (4-9).
Despite these efforts, the equivalent iron (Fe)-
catalyzed transformation remains highly desir-
able in pharmaceutical research because of Fe’s
low cost, abundance, and potential for distinct
and complementary modes of reactivity.
Fe-catalyzed cross-couplings have enabled the
union of diverse carbon (C)-centered radicals
and organometallic partners (Fig. 1A). How-
ever, although organoboron reagents have
found utility in Fe-catalyzed two-component
cross-couplings (Suzuki-Miyaura), application
in multicomponent cross-couplings remains
an elusive transformation (Fig. 1B) (10-15).
Here, we report the successful realization of
Fe-catalyzed cross-coupling of a-boryl radicals
(generated from selective radical addition to
vinyl boronates) with Grignard reagents to
form dicarbofunctionalized compounds (Fig.
1C). Furthermore, to address a long-standing
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challenge in multicomponent cross-couplings,
we report a general Fe-catalyzed multicompo-
nent annulation-cross-coupling (MAC) pro-
tocol that facilitates the practical synthesis of
tetrafluoroethylene-containing carbocycles and
derivatives, which were previously difficult
to make (16). Last, spectroscopy experiments
[in situ Mossbauer, electron paramagnetic
resonance (EPR), and x-ray crystallography],
density functional theory (DFT), and radical
probes shed light on the mechanism of this
transformation.

Development of a three-component
coupling reaction

On the basis of our recently reported studies
on Fe-catalyzed radical cross-couplings (17-21),
we hypothesized that the electron-deficient
nature of vinyl boronates and the rapid Ki-
netics observed in the Fe-catalyzed Kumada
cross-couplings could be coupled to engage
transient o-boryl radicals in selective three-
component radical cross-couplings (22-24).
In this vein, we first tested the proposed three-
component radical cross-coupling using a
sterically hindered alkyl halide under the slow
addition of aryl Grignard nucleophile to avoid
competing two-component cross-coupling and
biaryl formation. After extensive experimenta-
tion, we identified FeCl; (10 mol %) in combina-
tion with 1,2-bis(dicyclohexylphosphino)ethane
L1 (20 mol %) as an effective catalytic sys-
tem that engages o-boryl radicals, presum-
ably through regioselective Giese addition of
tert-butyl radical to vinyl boronate 2a, to form
the desired product 4a in 90% yield (tables S1
and S2). In contrast to existing nickel systems,
the reaction proceeded in <1 hour at low tem-
peratures. Precatalysts with weakly coordinat-
ing triflate or acetate groups diminished the
efficiency of the system, whereas halides or ace-
tylacetonate counterions had minor effect on

the yields (table S2, entries 1 to 6). Furthermore,
1,2-bis(dicyclohexylphosphino)ethane L1 was
a distinctly effective ligand (table S2, entries 7
to 13). Control experiments demonstrated that
both the ligand and Fe salt are crucial for the
reaction to proceed (table S2, entries 17 to 19).
Both alkyl iodides and bromides provided the
desired product under these conditions (~90%
yield), although diminished yields were ob-
served with alkyl chlorides (table S2, entries
20 and 21).

Encouraged by these findings, we turned
our attention to studying the generality of the
three-component radical cascade transforma-
tion. As shown in Fig. 2, we observed a wide
range of organomagnesium compounds to be
suitable cross-coupling partners with alkyl
a-boryl radicals. In particular, difunctional-
ization of vinyl boronates proceeded with
good yields and excellent regioselectivity with
mono- and disubstituted aryl Grignard nucle-
ophiles that varied in electron density at the
para- and meta positions (4a to 4q) as well as
(hetero)aryl nucleophiles (4r). Furthermore, in
contrast to nickel and metallaphotoredox cata-
lytic systems, this protocol is compatible with
alkenyl and alkynyl nucleophiles, albeit with
lower yields observed for the latter (4s to 4w).
However, ortho-substituted aryl Grignard re-
agents were less efficient, presumably because
of increased steric demand (4y). Having estab-
lished the reactivity with sp- and sp*hybridized
Grignard nucleophiles, we next probed the
alkyl halide scope (Fig. 2, bottom). A range of
tertiary acyclic and cyclic aliphatic electro-
philes afforded the desired products with good
yields (4a’ to 4f"). Secondary alkyl halides
(4g") and tertiary alkyl halides bearing aryl
or heteroatom substituents also formed the
desired products (4f" and 4h’). Last, we iden-
tified tertiary a-bromo esters as competent
substrates, leading to 44’ bearing both an ester
and alkyl boron as versatile synthetic handles
for further diversification. Despite substan-
tial advances in the synthesis of organofluori-
nated compounds (25), selective and catalytic
C(sp®)-CF,R bond formation remains chal-
lenging (26) and is exceedingly rare in Fe-
catalyzed cross-couplings (27-3I). Seeking to
expand the alkyl radical scope, we investigated
whether this protocol could provide direct ac-
cess to versatile fluorinated alkyl boron com-
pounds. As shown in Fig. 2, bottom, a wide range
of fluoroalkyl radical precursors—including
those containing alkyl, ester, silyl, hetero-
aryl, phenoxy, perfluoroalkyl, and protected
aldehydes—proved compatible partners, which
led to the desired 1,2-alkylfluorinated-aryl organo-
boron products (4§’ to 4p’) in good to excellent
yield. The distinctive properties of C-F bonds
(82-35), versatility of the alkyl boron bond,
and practicality of this method are anticipated
to provide rapid access to valuable fluoroalkyl
boron building blocks for synthetic applications.

lof8

€202 ‘22 1udy uo 610°90Us 105" MMM//:SANY WoJ} papeo umod



RESEARCH | RESEARCH ARTICLE

A Fe-catalyzed cross-coupling of C-center radicals
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Fig. 1. Metal-catalyzed cross-coupling of a-boryl radicals. (A) Established methods for Fe-catalyzed
C~C cross-coupling with alkyl radicals. (B) Current strategies for three-component trapping of a-boryl
radicals. (C) Our report on the use of bisphosphine-iron complexes to promote radical cascade-cross-

coupling reactions.

Extension to MACs

With the aim of expanding the applications of
multicomponent radical cross-couplings, we
turned our attention to alkyl halides with pen-
dant alkenes as bifunctional coupling partners
(36). Despite the utility of radical-based cycli-
zation cascades and transition metal-catalyzed
intramolecular cyclization-arylation in organic
synthesis (37), the analogous intermolecu-
lar three-component radical cycloaddition-
arylations have proven unexpectedly elusive.
Furthermore, although incorporating CFs;, C,F,
and perfluoroalkyl alkyl groups in pharmaceu-
tical research is common, practical and gen-
eral synthetic methods for incorporation of
the tetrafluoroethylene (-CF,-CF,-) moiety
into cyclic compounds remains a challenge
(16, 38). We hypothesized that 4-bromo,3,3,4.4-
tetrafluoro-1-butene 1s’, which is commercial-
ly available and safe to handle, could serve as
a general and practical lynchpin for the con-
struction of tetrafluoroethylene-containing
carbocycles that were previously hard to make.
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Similar conditions to those used for the three-
component radical cross-coupling led to the
MAC product 5a, albeit in low yields because
of competitive formation of dicarbofunction-
alization product 4s’ (Fig. 3A). After screening
of conditions, we found that by lowering the
iron concentration and changing the catalyst-
to-ligand ratio, we could shut down the dicarbo-
functionalization pathway and increase yield
of the annulation product 5a. Presumably, lower
catalyst concentration allows for more effi-
cient 5-exo cyclization, leading to int-2, which
in turn can undergo radical cross-coupling to
form the annulation product (Fig. 3B).

With optimized conditions in hand, we
next explored the generality with respect to
alkene (Fig. 3C). Overall, a broad range of
olefinic partners (2a to zj) (table S5) were
found to be competent partners that lead to
tetrafluoroethylene-containing drug-like scaf-
folds in one synthetic step. In particular, as shown
in Fig. 3C, in addition to boron-substituted
alkenes (2a and 2b), vinyl silanes (2c¢), ketene

acetals (2d), ethers (2e and 2v), thioenols (2f),
and enamines (2g and 2w) were compatible.
Furthermore, four-, five-, and six-membered
(hetero)carbocycles bearing exo-cyclic alkenes
(2j to 2r) formed the corresponding spiro-
cyclic compounds in good yields. We did not
observe erosion of stereochemistry when using
the enantiopure exo-methylene-containing
pyrrolidine 2m that led to the corresponding
annulation-arylation product 5m, as charac-
terized by means of x-ray crystallography. In
addition, this method allowed the gram-scale
synthesis of spirocyclic compound 5p, a de-
rivative of sequosempervirin A (39), and fused
bicyclic (hetero)cyclic structures, starting from
the corresponding di- and trisubstituted cyclic
(hetero)alkenes with good yields and modest
to high regio- and diastereoselectivity (2s to
2x). Acyclic olefins bearing alkyl chains with
pendant functional groups—including aryl
(2z), primary chloride (2za), alkene (2zb),
alkyl boryl (2zc), unprotected alcohol (2zd)
and amine (2ze), and alkyl ester (2zf)—were
also competent partners. Tetrasubstituted al-
kenes and terminal alkynes also yielded the
desired annulation-arylation products (5zg,
5zh, 5zi, and 57j), albeit in lower yields. To
demonstrate potential for late-stage modifi-
cation of bioactive compounds, we applied
this protocol to natural products that bear
alkene groups (5zk to 5z0). We also explored
the alkyl radical scope and found that other
radical precursors could participate in the
annulation (5zp to 5zu).

We next explored the reaction scope of the
nucleophile (Fig. 3D). In general, we found that
para-substituted electron-rich and electron-
poor aryl Grignard reagents formed the de-
sired products (5zv to 5zza). In addition, we
found good yields across the board with aryl
magnesium nucleophiles that bear electron-
withdrawing groups (5zza, 5zzb, 5zzf, and
57zg); sterically hindered systems (5zzc,
52zd, 5zze, and 5zzi), including those bear-
ing C(sp®)-Cl bonds for further functionaliza-
tion; (hetero)aryls (5zzk and 5zzl); and vinyl
Grignard reagents (5zzm and 5zzn).

Mechanistic studies

To elucidate the mechanism of this multicom-
ponent iron-catalyzed cross-coupling, we used
a combined spectroscopic, structural, compu-
tational, and organic synthetic approach. First,
to provide direct insight into the iron inter-
mediates involved in catalysis and enable the
identification of the key iron species that ini-
tiates radical generation, we applied freeze-
trapped 80 K °"Fe Mossbauer and 10 K EPR
spectroscopies, combined with single-crystal
x-ray crystallography. For these spectroscopic
studies, *’FeBr, was used as the starting Fe salt
because it was a more accessible *Fe source, and
it performed similarly to FeCl; under catalytic
conditions. Two equivalents of L1 (dcype) were
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Fig. 2. Reaction scope of three-component dicarbofunctionalization of
vinyl boronates by using bisphosphine-iron complexes as catalysts.

Reactions were carried out on a 0.20-mmol scale at 0°C for 1 hour,

performed with 1 (2.0 equiv), 2a (1.0 equiv), Grignard reagent 3 (2.0 equiv)

with THF (0.2 ml). Grignard reagent 3 was added dropwise by means
of a syringe pump over 1 hour, isolated yield. *1 (5.0 equiv), Grignard 3
(5.5 equiv), and 3h. Bpin, boronic acid pinacol ester; Me, methyl;

Ph, phenyl; tBu, tert-butyl.

combined with °“FeBr, in tetrahydrofuran
(THF) for 10 min at 0°C, after which the solu-
tion was freeze-trapped in liquid N,; an 80 K
Mossbauer spectrum then revealed the forma-
tion of a single Fe species (6 = 0.72 mm/s and
|AEq | = 3.21mm/s, where § is the isomer shift
and |AEq| is the quadrupole splitting) (table S6),
which was later isolated and characterized by
x-ray crystallography and Evans method nuclear
magnetic resonance (NMR) as the high-spin
Fe(II) dihalide complex Fe(dcype)Br, (1) [ef-
fective magnetic moment (uesr) = 5.2(1), 8 =
0.73 mm/s, and |AEq | = 3.13 mm/s for isolated
material; numbers in parentheses indicate
standard deviation] (Fig. 4A). The reaction of
1 with 1 equiv of the aryl Grignard reagent 3-
methoxyphenyl magnesium bromide at 0°C

Liu et al., Science 374, 432-439 (2021) 22 October 2021

resulted in the formation of a single Fe species
with Mossbauer parameters of 6 = 0.51 mm/s
and |AEq| = 2.49 mm/s, which is consistent
with previously reported monoarylated Fe(II)
bisphosphine complexes (Fig. 4A) (40, 41).
X-ray crystallography combined with Evans
method NMR confirmed this species as the
distorted tetrahedral, monoaryl high-spin Fe(IT)
complex Fe(dcype)BrAr (Ar, 3-MeOCgH,) [Lefr =
5.0(2), 8 = 0.52 mm/s, and |AEq| = 2.45 mm/s
for isolated material] (2).

Addition of a second equivalent of aryl
Grignard reagent led to a color change of the
solution from pale to brilliant yellow over the
course of 1 min, which further evolved to dark
green over 5 min. At that point, freeze-trapped
Mossbauer spectroscopy indicated the formation

of two new iron species, 3 and 4, correspond-
ing to 50 and 10% of the total Fe concentration,
respectively (Fig. 4A). At a shorter reaction
time (1 min), only 25% of species 2 had been
converted to 3 without any formation of 4.
Further experiments revealed that species 4
could be accessed in higher amounts if ex-
cess aryl Grignard reagent is added (fig. S4A).
This observation suggested the possible iden-
tity of 4 as a reduced Fe species, which was sub-
sequently confirmed with x-ray crystallography
to be (dcype)Fe{n®-[3,3'-(OMe),-1,1'-(CsHy)o I}
(Fig. 4A and fig. S4B). The identification of
this Fe(0) complex suggested that 3 was like-
ly an Fe(II) bisaryl species formed before re-
ductive elimination (5 = 0.23 mm/s and |AEq | =
4.35 mm/s). This assignment was subsequently
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confirmed with crystallographic analysis as
the bisarylated species Fe(dcype)Ar, (3), in
which the large increase in the quadrupole
splitting of 3 is consistent with the distorted
square planar geometry of this Fe(II) com-
plex. Although crystals of 3 repeatedly de-
cayed over the course of the data collection,
which limited the quality of the structure, the
atomic assignments, overall geometry, con-
nectivity, and identification of this complex
are unambiguous. The product 3 was too ther-
mally unstable for further characterization.
However, literature precedent for S = 1 dis-
torted square planar Fe phosphine compounds
bearing two mesityl ligands, including their
comparable Mossbauer parameters to 3, sup-
ports assignment of 3 as an intermediate-spin
(S = 1) Fe(IT) complex (41, 42). This molecu-
lar geometry is atypical for bisaryl-Fe(II)-
bisphosphines beyond mesityl complexes,
which suggests an increased donor strength
for L1 that results from the cyclohexyl sub-
stituents. In addition, the identification of 4
indicates that 3 undergoes a two-electron re-
duction pathway similar to that previously
observed in Fe(IT)-SciOPP species (SciOPP, 1,2-
{bis[3,5-di(tert-butyl)phenyl Jphosphino}benzene)
(40). Although all stoichiometric reactions were
performed with an excess of L1, as prescribed
for the catalytic reaction, all the iron species
identified in situ contained only one bisphos-
phine per iron center.

We proceeded to evaluate the reactivity
of the identified, transmetalated Fe(II)-aryl-
bisphosphine species toward electrophile (2-
iodo-2-methylpropane) to determine their
potential for radical initiation in catalysis.
Pseudo-single-turnover studies for the reac-
tion of monoarylated species 2 (generated
in situ) with an excess of 2-iodo-2-methyl-
propane (20 equiv) in the presence of vinyl
boronic acid pinacol ester indicated that 2 is
reactive toward electrophile at an observed
rate (kops) of ~0.04 min™* (figs. S5 and S6),
which resulted in three-component product
formation. However, the observed rate of re-
action is far too slow to be catalytically rel-
evant, including the initial radical generation,
considering the average turnover frequency
during catalysis (~0.17 min™"). Conversely,
Mossbauer spectroscopic studies indicated
that 3 is highly reactive toward electrophile.
The reaction of a mixture of 2 and 3 (gener-
ated in situ after 1 min) with excess 2-iodo-2-
methylpropane (20 equiv) leads to the complete
consumption of species 8 within 25 s with
concomitant generation of complex 1, where-
as the complex 2 in solution does not react
with electrophile, which is consistent with
its aforementioned slow reactivity (Fig. 4B).
However, when a similar reaction is performed
in the presence of vinyl boronic acid pina-
col ester, species 2 is also consumed (fig. S7),
which suggests a likely recombination of the
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secondary radical (formed after addition of
the tertiary radical to the alkene) with 2 to
generate product (further insights are avail-
able in the supplementary materials, mate-
rials and methods). Although complex 4
was also found to be highly reactive toward
excess electrophile (20 equiv) (fig. S8), only
undesired side products, including the two-
component coupling of the electrophile and
alkene, were observed to form, which is con-
sistent with the lack of the aryl component re-
quired to form the three-component product.
Furthermore, the reaction of the bisarylated
species 3 with electrophile is faster (<25 s)
than its transformation to complex 4 (>1 min);
thus, 4 is unlikely to be generated in any sub-
stantial amount under catalytic conditions,
which is consistent with no observation of 4
during catalysis. However, formation of 4 is
more facile when only 1 equiv of L1 is used
(fig. S9), providing one possible role of excess
ligand in achieving optimal yields in catal-
ysis, although other roles of the excess phos-
phine, such as coordination to magnesium
cations, cannot be excluded (43). Overall, these
reactivity studies identify the distorted square
planar bisarylated Fe(II) complex 3 as the
key iron species responsible for the initial
radical formation with the alkyl electrophile,
which is required as the first step to initiate
catalysis. Details about the nature of C-C
bond formation were studied by means of
DFT calculations.

We bolstered these stoichiometric studies
with in situ iron speciation studies during
catalysis: 80 K Mossbauer and 10 K EPR spec-
troscopy experiments were carried out on
freeze-trapped reaction samples at various
time points throughout the catalytic reaction
(10, 30, and 50 min) (fig. S10). The distribu-
tion of species during catalysis consisted of
~48% 1 and ~52% 2 by Mossbauer spectros-
copy; no EPR active species were observed.
The presence of 2 in such large quantities
during catalysis is consistent with the pre-
vious observation that 2 reacts slowly with
electrophile. Complex 3 being undetectable
during catalysis is also consistent with the
prior observation of its rapid reactivity toward
electrophile.

We next considered the success of L1 as
the supporting ligand because other related
bisphosphines resulted in substantially de-
creased product formation. To understand
this effect, we compared the distribution of
species formed under catalytically relevant
conditions with tetraethyl ligand L3. The
Mossbauer spectrum of the freeze-trapped so-
lution after reaction of *"FeBr, with 2 equiv of
L3 [1,2-bis(diethylphosphino)ethane (depe)] at
0°C shows the formation of a single Fe species
(8 = 047 mm/s and |AEq | = 1.51 mm/s), which
corresponds to the previously reported, dis-
torted octahedral Fe(Il) complex Fe(depe),Br,

(5) (fig. S11) (44). Complex 5 also preferen-
tially forms over the 1:1 L3:Fe complex, even
when only 1 equiv of L3 is used (fig. S12). Re-
action of 5 with aryl Grignard (1 or 2 equiv) at
0°C led to a color change from brilliant yellow-
green to orange within 5 min. Freeze-trapped
Mossbauer spectroscopy indicated the forma-
tion of a single new Fe species 6 (6 = 0.30 mm/s
and |AEq| = 0.27 mm/s) (fig. S13), even at
extended reaction times, with the reduced
isomer shift (relative to complex 5) and small
quadrupole splitting consistent with a dis-
torted octahedral, arylated low-spin Fe(II)
complex, as expected for the transmetalation
of 5 with aryl Grignard reagent (4£0). Com-
bined with additional reaction data at room
temperature (fig. S13), this species is assigned
to the monoarylated complex Fe(depe),BrAr.
Reaction of 6 with 20 equiv of 2-iodo-2-
methylpropane resulted in no consumption
of this coordinatively saturated iron species,
even at extended time points (20 min), which
indicates limited or no reactivity toward elec-
trophile (fig. S14:). The observed slow trans-
metalation of 5 and lack of reactivity of 6
described above are consistent with their
presence as the major Fe species in solution
during catalysis (fig. S15). In the presence
of excess nucleophile, a S = 1/2 Fe species
could also be observed (fig. S16), which likely
corresponds to a five-coordinate Fe(depe),X
complex (X = Br or Ar), consistent with pre-
viously reported Fe(I) complexes formed as
a result of the reaction of Fe-bisphosphines
with aryl Grignard reagents (44, 45). A coor-
dinatively saturated, bisarylated Fe(depe),Ar,
complex may also form in situ before reduc-
tion to Fe(I), although this species could not
be unambiguously observed. The reduced
Fe(I) species was found to be reactive toward
electrophile in the presence of alkene (fig.
S17), but the formation of only side products,
including the two-component coupling of
the electrophile and alkene, was observed,
which is consistent with this Fe(I) species
being unproductive for catalysis. Overall,
these observations are consistent with the
poor catalytic performance when using L3
and highlight the importance of steric effects
on the bisphosphine ligands in promoting
the formation of coordinatively unsaturated
Fe(II) species capable of initiating the rad-
ical formation as well as undergoing recom-
bination to generate the desired product
selectively.

Next, using vinyl cyclopropane as radical
probe 2zp (Fig. 5A), we observed the 1,5-
dicarbofunctionalization product 4’ and no
annulation product 5’ to be consistent with
faster alkyl radical ring opening (% ~ 107 s
than radical 5-exo cyclization (k ~ 10%/s) and
arylation (& ~ 10* ™) (19, 46). In addition, con-
sistent with the intermediacy of the alkyl rad-
ical, we also observed stereoconvergence in

4 of 8

€202 ‘22 1udy uo 610°90Us 105" MMM//:SANY WoJ} papeo umod



RESEARCH | RESEARCH ARTICLE

A :

F F
i S Bpin  MeO F
\)S( + 2a + 3a Fe— ¢ ¢
FF *
1s’ 4s’ 5a Bpin
OMe

conditions
10 mol% Fe(acac)z, 20 mol% L1

_n
-

22% 29% (1.7:1drn)*

3 mol% Fe(acac)s, 12 mol% L1 <5% 50% (2:1dr)*

1s’ 2 3
from int-1

or

FF
F F
R
)
5

from int-2

int-1 int-2

F F
R F o% kr F. F T
5
radical Giese 5-exo cyclization 5
formation F F addition

c

FF FF
F F F F
MeO MeO

Bpin Bpin"  ‘Me

5a, 41%, 2.1:1 dr

Ph -
CCUF
O\?O

Bu

5h, 68%, 10:1 dr (x-ray)

5b, 45%, 1.5:1 dr

cis-5h (major)

5¢, 52%, 1.1:1 dr

5i, 54%, 15:1 dr

/
o
Boc 5p, 77% \__/
gram scale [1.02 g]

F F F F F F
F F F F F. F
MeO MeO MeO
Me Me o

5t, 45%, 13.6:1.9:1 dr

F
F Fe
MeO MeO
cl

5za, 47%, 5.4:1 dr

5n, 81%, 2.4:1dr 50, 93%

5u, 59%, 4:1 dr

5v, 49%, 4.5:1 dr

S
F
MeO

Bpin

5zb, 44%, 7.3:1 dr

Ph
FF Ph FOF
F F
MeO Q Q
o o
s

5zc, 28%, 6.7:1 dr

Me
5zh, 38%" 5zi, 30%" 52j, 32%"
F F
oL F E
MeO MeO
BnO
o o

e

520, 84%, 4.9:2.5:1:1 dr 5zp, 75%, 6:1 dr 5zq, 31%, > 20:1 dr

F F
F. F E
MeO MeO

SiMeg

FF
F F
MeO
OYO
Bu
FF FF 1eo F F
F F F F F F
MeO MeO M
N
0

FF
F
O

5d, 91% 5e, 81%, 1.2:1dr 5f, 39%, 4.5:1 dr
F F F F FF Pl
F F F F F. F
MeO MeO MeO
N
N o Boc
Boc
5}, 72% 51, 63%

5k, 83%

FOF FF
F F F F
e0 MeO
Me

5q, 47%, 7.1:1 dr 5r, 75% 5s, 48%, 7.7:1 dr
F F
F F F F F F
F F F F MeO M
MeO MeO Me
N o Me
Boc’
. 5y, 86%
5w, 74%, 1.4:1 dr 5x, 40%", 10:1 dr
F F F F
F. " F F. F £ F F
MeO MeO MeO
O Me
OH AN goe  1BUOC

5zd, 57%*, 3.7:1 dr 5ze, 49%!*, 3.9:1 dr

52f, 67%, 1.4:1 dr

N
52k, 40%*, 8.4:7.9:1.3:1 dr

Ph -
AL F F
MeO
BnO BnO
o

5zr, 24%, > 20:1 dr

52l, 51%, 38:1:1 dr

5zm, 57%F, 2.1:1.7:1 dr

E
MeO
Ph OtBu

5zt, 44%"*, 10:1 dr

5zs, 30%, > 20:1 dr

FF
F F F F F F
F F F F MeO
MeO MeO
N

5g, 33%, > 20:1 dr

n F F
Q%F
N—",
CO,Bu

/
Boc

5m, 61%

y&ﬁ ]
F @ ,

’?} /

x-ray (major)
R f F
eO
Ph

5z, 59%, 8:1 dr

Me Me

529, 66%"

5zn, 88%, 4.9:1 dr

5zu, 56%"#, 1.4:1 dr

D Me
F F FOF F -
E
Q%F QF%F F |
O (0]

(¢}
5zv, 78% 5zw, 86% 5zx, 83%
cl F F F F
~r F F F F
cl
MeO
o o ()
5zza, 87% 5zzb, 81% 5zzc, 79%
MeO, FF -
F F F. F
Meoa/g O O\
(¢} (¢}
52zh, 82% 52zi, 56% 52zj, 87%

o MeO.
Ph Sy F F
Q% e o
= A X
O (&)
5zy, 93% x-ray 52z, 80%
F
F. F. cl
F F F F F F
F F Ve F F e F F
Me - cl
Me
Me
o o 1o} (0]
5zzd, 79% 5zze, 50% 52zzf, 59% 5229, 86%
F F F F
%4 T I F E F - cEFL
N — Me
/ = =
Me
Me
o o o o
5zzk, 39% 5zzl, 42% 5zzm, 51% 5zzn, 39%

Liu et al., Science 374, 432-439 (2021) 22 October 2021

50f8

£202 ‘2z 11dy uo Bio'90us 19s" MMM/ Sd1IY W0} papeo uUMoq



RESEARCH | RESEARCH ARTICLE

Fig. 3. Reaction scope of three-component annulation-arylation reaction sequence catalyzed by bisphosphine-iron catalysts. Reactions were carried out on a
0.20-mmol scale at 0°C for 1 hour, performed with 1 (1.0 equiv), 2 (1.5 equiv) Grignard reagent 3 (2.0 equiv), Fe(acac)s (3 mol %), and L1 (12 mol %) with THF

(0.2 ml). Grignard reagent 3 was added dropwise via a syringe pump over 1 hour. Reported yields and dr are from isolated yields. acac, acetylacetonate; Boc, tert-
Butyloxycarbonyl: dr, diastereomeric ratio. *™H NMR yield with CH.Br as internal standard. tAlkene or alkyne (14 equiv). tGrignard 3 (3.0 equiv). #No additional solvent.

>
=
o
=]

3-MeOCgH4MgBr Freeze-trapped

S’FeBr, + dcype i equn:) 5"Fe Mdssbauer
(2 equiv) THF, 0°C f(t)

o
©
o2}

100% (1)
t=10 min

o

@

®
T

relative transmission
(=]
©
N

0 equiv
b : : : —
- 1.00p
9
6 0.98
£
§0~96 - 100% (2)
& t=1min
©0.94 .
2
5092
e o
< 1.008 :%_:
© o
g» 0.98 %
@ 75% (2) =
8997 25% (3) S
g5l t=1min -%
2 7
20.94 g
§ 1.00] 8
$0.98 3
- 40% (2) 3
20.96F 50% (3) S
g 10% (4) S
S 0.94r  {=5min _g
% 0.92F ) %
N
0.90—% ! 5 3 : Fe(dcype)(3-MeOCqgH,), (3) (dcype)Fe(ns-(3,3'-(OMe),-1,1-(CgH,),)) (4) N
velocity (mm/s) N
B
3-MeOCgH4MgBr 2-ijodo-2-methylpropane
57FeBr2 + dcypg (2 equiv) A (20 equiv) B
(2 equiv) THF, .OQC Freeze-trapped THF, 0°C Freeze-trapped
1 min %7Fe Missbauer 25s 57Fe Méssbauer
1.00 S I I i ; 1 00
'5 N 5 0‘99 .
$0.98 i
£ £0.98
5§ 097 ) g0
- S
fosg. 1% R T
s 0 £0.95- o -
®0.94f A . S 00al B |
4 2 0 2 4 4 ) 0 2 4
velocity (mm/s) velocity (mm/s)

Fig. 4. Freeze-trapped 80 K Mossbauer spectra of stoichiometric reactions. (A) >’FeBr,, 2 equiv of L1, and various equivalents of 3-MeOCgH4MgBr (left). Combining
SC-XRD and Massbauer studies of crystalline material, the individual components were assigned as Fe(dcype)Br, (1) (orange), Fe(dcype)Br(3-MeOC4Hg) (2) (green),
Fe(dcype)(3-MeOC.He), (3) (purple), and (deype)Fe{n®[3,3-(OMe),-LI'-(C4He).]} (4) (blue). Thermal ellipsoids are shown at 50% probability. (B) The freeze-trapped 80 K
Mossbauer spectrum of the in situ formed iron species upon reaction of >’FeBr, and 2 equiv of L1, with 2 equiv of 3-MeOCgH4MgBr for 1 min (left) and following
subsequent reaction with 2-iodo-2-methylpropane for 25 s (right).
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Fig. 5. Experimental and DFT calculations insights into the mechanism. (A and B) Standard conditions
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a syringe pump over 1 hour. Reported yields and dr are from isolated yields. (C) Computed lowest-energy
pathway for the Fe-catalyzed multicomponent radical cascade cross-coupling reaction leading to
dicarbofunctionalization of vinyl boronates. TS, transition state structure.

the three-component annulation, leading to the | abstraction (barrier, ~20 kcal/mol), which led
same product outcome by using either £ or Z | to Fe(III) and tertiary radical (fig. S19). In
4-octene, which suggests rapid equilibration | turn, as shown in Fig. 5C, radical addition
(through sigma-bond rotation) before 5-exo | to vinyl boronate is predicted to be fast (bar-
radical cyclization-arylation (Fig. 5B). Last, to | rier, ~11 kcal/mol) and irreversible, leading to
gain insight into the nature of the C-C bond | o-boryl radical Re’. Then, this radical can rap-
formation, we turned to DFT calculations, | idly and reversibly add (barrier, ~2.6 kcal/mol)
which supported initial radical formation from | to the corresponding high-spin distorted tet-
an intermediate-spin distorted square planar | rahedral, monoarylated Fe(II) species, which
bisarylated Fe(II) species through halogen | leads to a distorted square pyramidal Fe(III)-

Liu et al., Science 374, 432-439 (2021) 22 October 2021

alkyl intermediate. Subsequent irreversible
reductive elimination by means of quartet spin
state leads to the desired product and Fe(I)
species, which can then restart the catalytic
cycle (17, 47). We also located the competing
outer-sphere C-C forming transition state,
but this pathway is less likely because of a
much higher barrier (~19 kcal/mol) in com-
parison with the inner-sphere stepwise C-C
bond formation (Fig. 5C, TS4). (Further mech-
anistic discussion and alternative pathways
are provided in fig. S22.)

Overall, we anticipate that the method dis-
closed here will provide a practical and gen-
eral route to functionalization of electron-rich
and electron-deficient alkenes with various
alkyl and hetero-substituents and applica-
tion to late-stage functionalization of bioactive
molecules.
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ABSTRACT: The merger of photoredox and nickel catalysis has
enabled the construction of quaternary centers. However, the
mechanism, role of the ligand, and effect of the spin state for this
transformation and related Ni-catalyzed cross-couplings involving
tertiary alkyl radicals in combination with bipyridine and
diketonate ligands remain unknown. Several mechanisms have been proposed, all invoking a key Ni(IIl) species prior to
undergoing irreversible inner-sphere reductive elimination. In this work, we have used open-shell dispersion-corrected DFT
calculations, quasi-classical dynamics calculations, and experiments to study in detail the mechanism of carbon—carbon bond
formation in Ni bipyridine- and diketonate-based catalytic systems. These calculations revealed that access to high spin states (e.g.,
triplet spin state tetrahedral Ni(II) species) is critical for effective radical cross-coupling of tertiary alkyl radicals. Further, these
calculations revealed a disparate mechanism for the C—C bond formation. Specifically, contrary to the neutral Ni-bipyridyl system,
diketonate ligands lead directly to the corresponding tertiary radical cross-coupling products via an outer-sphere reductive
elimination step via triplet spin state from the Ni(IIl) intermediates. Implications to related Ni-catalyzed radical cross-couplings and

the design of new transformations are discussed.

B INTRODUCTION

Nickel-catalyzed cross-coupling reactions (CCRs) have
emerged as powerful synthetic methods for the mild and
selective construction of carbon—carbon bonds." Although
C(sp*)—C(sp®) couplings are highly reliable and well-
established,” significant limitations are often encountered in
the application of sp>-hybridized reagents, particularly in the
installation of quaternary centers.” Notable examples are from
reports by the Glorius* and Biscoe® groups that used a Ni-
based catalyst with N-heterocyclic carbene (NHC) ligands to
perform C(sp®)—C(sp®) cross-couplings between aryl bro-
mides and tertiary alkyl Grignard nucleophiles (Scheme 1A).
Fu employed a nickel/bipyridine system for the cross-coupling
between unactivated alkyl bromides and organoboron
compounds.” Gong used a monodentate pyridine as ligand in
combination with a nickel system for the reductive coupling
between aryl halides and tertiary alkyl halides,” while Watson
utilized a Ni/phosphine system for the cross-coupling between
tertiary benzylic acetates and organoboron compounds.® More
recently, the Molander group disclosed the first dual
photoredox-Ni catalytic strategy for the cross-coupling
between potassium tertiary alkyltrifluoroborates and aryl
bromides (Scheme 1B).” Notably, the bidentate bipyridyl-
based ligand (4,4-di-tert-butyl-2,2-bipyridine; dtbbpy), which
has proven effective in the dual photoredox—Ni-catalyzed
cross-coupling of secondary alkylboron reagents, was in-
effective with acyclic tertiary alkyltrifluoroborates in this case.
On the other hand, anionic diketonate-based bidentate ligands
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(e.g, 2,2,6,6-tetramethyl-3,5-heptanedionate, TMHD, and
acetylacetonate, acac) yielded the desired cross-coupling
products between acyclic tertiary organoboron reagents and a
wide range of electron-poor and electron-neutral aryl
bromides. In this context, Baran reported the use of an anionic
TMHD ligand in the nickel-catalyzed radical C(sp*)—C(sp?)
cross-coupling between tertiary alkyl redox-active esters and
arylzinc reagents, while Shenvi reported a dual Mn/Ni(acac),
system to form all-carbon arylated quaternary centers from
tertiary radical precursors."’

However, although the evidence for the presence of radical
intermediates in these systems is strong,11 the mechanism,
effect of ligand (neutral versus anionic), and molecular-level
understanding of the key C(sp*)—C(sp®) bond-forming step
remain poorly understood. The use of quantum mechanical
calculations to investigate the mechanisms, electronic proper-
ties, and dynamics of transition metal complexes has led to a
deeper understanding of the molecular-level interactions
controllinﬁ reactivity and selectivity in complex catalytic
cycles.””" Herein, quantum mechanical calculations were
used to address the following questions: (1) What is the effect
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Scheme 1. Methods for the Construction of All-Carbon
Quaternary Centers via Ni-Catalyzed Cross-Couplings
between Tertiaryl Alkyl Precursors and Aryl Halides
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of anionic diketonate-based ligands versus neutral bipyridine
ligands in the commonly proposed Ni(0)/Ni(I)/Ni(Ill) and
Ni(0)/Ni(II)/Ni(IlI) pathways?'’ (2) What are the factors
responsible for the distinct reactivity of 2° vs 3° alkyl radicals
in the Ni-bipyridine system? (3) What is the role of spin state
of the purported Ni complexes and the nature of C(sp*)—
C(sp®) bond formation in the nickel radical cross-couplings?
(4) What is the lifetime of the Ni(IIl) intermediate prior to
undergoing inner-sphere reductive elimination and dynamic
effects on radical dissociation/rebound? In this article, we
report a comprehensive computational study of the mechanism
of Ni-catalyzed CCRs between aryl halides and tertiary alkyl
radicals using both neutral (dtbbpy) and anionic (TMHD)
ligands with broad implications to related Ni-catalyzed radical
cross-couplings involvin§ tertiary alkyl radicals as reported by
Fu, Baran, and others.>” "%

B RESULTS AND DISCUSSION

Methods. All optimizations were performed without
restrictions using open-shell, dispersion-corrected DFT (with
guess = mix keyword) using THF with the CPCM implicit
solvation model [noted as UB3LYP-D3/def2-SVP-CPCM-
(THF)] as implemented in Gaussian 09 (see Supporting
Information for complete reference). Dispersion correction
with Becke—Johnson damping (with EmpiricalDispersion =
GD3BJ keyword) was also used to calculate the key pathway in
the Ni-bipyridine system, and the results were consistent with
those calculated with zero-damping (see Figure S9 in the
Supporting Information for comparison of calculated results).
Stability tests were conducted (with stable keyword) on all
singlet species to confirm that the wave functions are stable as
implemented in Gaussian 09, and all singlet species were
identified as closed-shell except 'F’ and 'G’ based on S? values
(shown in the Coordinates and Energetics section in the
Supporting Information). Further, for comparison and to
refine energetics, we also performed single-point energy
calculations using a larger basis set (def2-TZVPP), different
solvents used experimentally (DMA and THE), other
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dispersion-corrected DFT functionals (e.g., UMO06), and the
DLPNO-CCSD(T) method (in ORCA; see Supporting
Information for complete reference). These methods have
been used extensively to rationalize and predict reactivity and
selectivity in transition-metal-catalyzed transformations, in-
cluding Ni-catalyzed cross-couplings."> Overall, all methods
lead to the same conclusions (see Supporting Information for
details). For simplicity, only the energies obtained from
UB3LYP-D3/def2-TZVPP-CPCM (DMA or THF) will be
discussed here (see Figure Sl in the Supporting Information
for energetics using other methods of the Ni-TMHD system).
For all purported intermediates, we considered both low- and
high-spin states (i.e., singlet/doublet and triplet/quartet) and
performed a manual conformational search to identify the
lowest energy structure (see Figure S2 in the Supporting
Information). Initially, to reduce the computational cost, we
modeled the 2,2,6,6-tetramethyl-3,5-heptanedionate ligand
used experimentally (red; Scheme 1B) as acetylacetonate.
Notatbly, the acac ligand has also enabled nickel-catalyzed
cross-couplings with tertiary radicals albeit with lower yields, as
demonstrated by us and Baran.”'’ Nonetheless, to validate our
model, we also compared the lowest energy pathways using the
much bulkier TMHD ligand. The calculated energy values and
the obtained structures with the TMHD ligand are similar to
those using the acac ligand (see Figure S15 in the Supporting
Information).

Previously, we used open-shell DFT to investigate the
mechanism of the dual photoredox/Ni-catalyzed cross-
coupling between aryl bromides and benzyl radicals.'” Therein,
we found that the energetically favored pathway, using neutral
bipyridine and bisoxazoline ligands, proceeds via facile radical
addition to Ni(0) followed by oxidative addition to the aryl
halide to form a Ni(Ill) intermediate [i.e., Ni(0)/Ni(I)/
Ni(III) mechanism]. Importantly, although based on the
energetics, we could not rule out the Ni(0)/Ni(II)/Ni(III)
pathway; we found that both pathways converged to a Ni(III)
intermediate, which could undergo reversible radical dissoci-
ation/addition prior to undergoing irreversible (and stereo-
determining) inner-sphere C(sp?)—C(sp®) bond formation.
Based on these studies, we first explored the effect of an
anionic ligand on the purported mechanisms for comparison
(Figure 1).

Ni-TMHD Catalytic System with tert-Butyl Radical as
Substrate. As shown in Figure 1 (red), in the absence (or low
concentration) of alkyl radical, (acac)Ni(I)---substrate complex
*A could undergo facile oxidative addition via *A-TS (overall
barrier is only 4.6 kcal/mol), leading to a Ni(IlI) *B
intermediate (~11 kcal/mol downhill in energy). We also
located a different, slightly higher energy conformation (*A’-
TS) that permits direct oxidative addition from 2A’, after
isomerization from 2A to complex *A’, to form Ni(IIl) *B
(green-red). In turn, Ni(III) *B will then undergo an internal
reorganization from distorted tetrahedral to distorted square
planar conformation, leading to Ni(III) *C (uphill in energy by
~6 kcal/mol from ?B)."” The distorted square planar 2C is
now poised to undergo facile radical “outer-sphere” cross-
coupling with the tertiary alkyl radical. Specifically, in this
geometry, the tertiary alkyl radical is energetically favored to
complex, but not add, to the Ni center, leading to *C-complex.
Finally, this radical will then undergo a spin-selective (barrier is
only 3.1 kcal/mol from *C-complex) outer-sphere C(sp®)—
C(sp®) bond formation (via triplet spin state *C-TS), leading
to the desired product and bromo Ni(acac) products (°P, + t-
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Figure 1. Calculated energetics of the Ni-catalyzed cross-coupling between tert-butyl radical and bromobenzene using anionic TMHD as ligand.
Relative Gibbs free energy values were computed at the UB3LYP-D3/ def2-TZVPP-CPCM(DMA)//UB3LYP-D3/def2-SVP-CPCM(THF) level.

Bu-Ph) downhill in energy by ~69 kcal/mol. *P, will then
undergo an energetically favorable single electron transfer
(SET) with the photocatalyst ([Ir'M] [Ir-
{dFCF;ppy},(bpy)]*) to generate the nickel catalyst *A with
concomitant formation of KBr complex to restart the transition
metal catalytic cycle (see Figure S17 in the Supporting
Information for details).

Notably, the outer-sphere radical coupling via the singlet
spin state ('C-TS) is found to be ~7 kcal/mol higher in energy
than the calculated 3C-TS and is thus not productive.'* We
also explored alternative pathways initiated from radical
addition to the phenyl bromide Ni(acac) complex *A, but all
were found higher in energy. Specifically, as shown in Figure 1
(light brown), in the presence of alkyl radical, radical addition
to %A and concomitant displacement of phenyl bromide could
lead to singlet 'D, which is exergonic by ~12 kcal/mol. The
triplet spin state (?D) is also favored by more than 12 kcal/
mol. From 3D, calculations predict a high-barrier (~22 kcal/
mol) and rate-determining, oxidative addition via triplet spin
state (’E-TS), leading to *C’. Unexpectedly, this *C’
intermediate will then undergo barrierless tertiary radical
dissociation, leading back to distorted tetrahedral ’B, merging
both pathways. Alternatively, >*C’ could undergo an intersystem
crossing (*C’ — 'C’; not calculated) followed by radical
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dissociation leading back to distorted square planar *C
intermediate. Ultimately, both of these pathways will lead to
triplet spin, outer-sphere C(sp?)—C(sp®) bond formation (via
3C-TS). Based on prior computational studies by us and
others,"”>™'” we also considered the possibility of the
commonly proposed singlet spin state, inner-sphere reductive
elimination (*C’-TS) that can be directly accessed from 'C’.
However, this pathway was found much higher in energy (~12
kcal/mol) than the triplet spin, outer-sphere C(sp*)—C(sp?)
bond formation, and thus this pathway, with an anionic
diketonate ligand, can be ruled out. In addition, based on our
prior work in Fe-catalyzed radical cross-couplings,”’ we also
located (pink) the reductive elimination transition state ('C”
TS) and the corresponding Ni-tertiary alkyl intermediate 'C”
complex, which leads to the formation of tertiary alkyl
bromide (t-Bu-Br) and phenyl Ni(acac) (*Pg). However, this
pathway was also found to be higher in energy and thus
unproductive. Nonetheless, akin to Ni(I)—Ar intermediates
invoked in related cross-coupling reactions,” in principle, LNi-
Ph (*Py) could undergo oxidative addition to the tertiary alkyl
bromide (reverse reaction, the barrier is only ~14 kcal/mol),
leading to 'C”-complex. In turn, these complex computational
results also predict radical dissociation to form distorted *B

https://dx.doi.org/10.1021/jacs.0c02355
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Figure 2. Calculated energetics of the Ni-catalyzed cross-coupling between tert-butyl radical and bromobenzene using neutral bipyridine as ligand.
Relative Gibbs free energy values were computed at the UB3LYP-D3/def2-TZVPP-CPCM(THF)//UB3LYP-D3/def2-SVP-CPCM(THF) level of

theory.

and, ultimately, lead to outer-sphere C(sp*)—C(sp®) bond
formation. Thus, independent of active nickel species (LNj,
LNi-alkyl, or LNi-aryl; L = acac), these calculations revealed a
new mechanistic manifold in which tertiary alkyl radicals
involved in Ni-diketonate systems are predicted to proceed via
outer-sphere C(sp*)—C(sp®) bond formation via a triplet spin
state. We also considered the likelihood of explicit DMA
solvent coordinating to the key nickel species A or *C and
promoting ligand dissociation. However, calculations showed
that the DMA solvent is unlikely to cause ligand dissociation
during the transition metal catalytic cycle (see Figure S14 in
the Supporting Information). Moreover, we also carried out
experiments using excess TMHD anionic ligand (see
Supporting Information). These results showed that excess
TMHD ligand (S0 and 100 mol %), which would
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coordinatively saturate the nickel intermediates, has a minor
effect on the efficiency of the system (vide infra). Finally, the
electronic properties of the aryl bromide do not change the
overall mechanistic conclusions (see Figure S3 in the
Supporting Information).

Overall, as shown in Figure 1 (inset), the key findings from
calculations are summarized as follows: For anionic diketonate-
Ni systems 1nvolv1n§ tertiary alkyl radicals (i.e., as reported by
Molander,” Baran,'” and Shenv110b) after 0x1dat1ve addition
from Ni(I) complex 2A, distorted tetrahedral Ni(III) species
’B can be formed, which requires a conformational change to
form the distorted square planar 2C. Subsequently, *C can
form the triplet spin *C-complex with a tertiary alkyl radical,
followed by a triplet spin, outer-sphere C(sp*)—C(sp®) bond-
forming pathway via *C-TS to generate the desired product

https://dx.doi.org/10.1021/jacs.0c02355
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and bromo Ni(acac) (*P, + t-Bu-Ph). In sum, independent of
mechanism, in the presence of tertiary alkyl radicals, these
results strongly support a novel, low-barrier, spin-selective
“outer-sphere” radical cross-coupling pathway via triplet spin
state and, contrary to commonly proposed pathways, disfavor
the formation of sterically hindered halo-aryl-alkyl-Ni inter-
mediates using anionic ligands.”' These results could be
applied to a wide range of experimental observations in which
privileged anionic ligands, in combination with nickel
complexes, allow radical cross-coupling with tertiary radical
precursors.9’w

Ni-Bipyridine Catalytic System with t-Bu Radical
Substrate. Previously, neutral bipyridine ligands in combina-
tion with nickel as catalyst failed to undergo C(sp*)—C(sp?)
cross-couplings with acyclic tertiary radical under dual
photoredox/nickel catalysis (Scheme 1B). Nonetheless, this
bipyridyl-nickel system has found success for a wide range of
Ni-catalyzed radical C(sp?)—C(sp®) cross-couplings with
secondary and cyclic tertiary alkyl radical precursors, and
many groups, including ours, *“'”** have taken advantage of
this reactivity to promote selective dicarbofunctionalization of
olefins.'®** However, despite the widespread utility of the
bipyridyl-nickel system in organic synthesis with tertiary alkyl
radicals, the mechanism and, in particular, the nature of the
critical C—C bond formation is not known. To gain insights
from this divergent reactivity with tertiary alkyl radicals, we
examined the competing reaction pathways (Figure 2, see
Figure S4 in the Supporting Information for energetics using
other methods).

Ni(0)/Ni(l)/Ni(lll) Pathway. As with previous calculations, in
the presence of alkyl radical, overall the lowest energy pathway
(red) proceeds via barrierless tert-butyl radical addition to
Ni(0), leading to Ni(I) intermediate *J. In turn, Ni(I) *J
undergoes oxidative addition to aryl halide via *K-TS; the
overall barrier is ~12 kcal/mol from ?J, leading to Ni(III)
intermediate 2H. However, despite numerous attempts, we
were unable to locate the direct, inner-sphere reductive
elimination from this isomer. Instead, we found a very low
barrier tertiary alkyl radical dissociation (via *H-TS) that leads
to the formation of square planar Ni(II) intermediate 'G. This
square planar aryl halide Ni(II) intermediate is favored to
undergo an intersystem crossing/conformational change to
form the tetrahedral, triplet spin state Ni(II) intermediate *G.
In turn, >G is now poised to undergo radical addition to form
Ni(III) intermediate *H’ followed by inner-sphere reductive
elimination (via *I'-TS), leading to the desired products *Py
and t-Bu-Ph, which is exergonic by 83 kcal/mol. After the
C(sp®)—C(sp®) bond-forming step, SET can occur between
the bromo Ni species and the reduced Ir photocatalyst to
regenerate the Ni(0) catalytic species 'F with concomitant
formation of KBr complex and restart the transition metal
catalytic cycle (see Figure S17 in the Supporting Information
for details). Overall, catalyst regeneration is ~11 kcal/mol
uphill in energy but, based on the free energy span,
energetically favorable. Given the prevalence of proposed
Ni(I)/Ni(1II) /Ni(I) pathways by the community and the lack
of understanding of the dynamic effects in nickel-catalyzed
radical cross-coupling reactions, we conducted preliminary
quasi-classical dynamics simulations on the transition state of
oxidative addition ?K-TS and that of reductive elimination *I’-
TS, respectively (see Figure S13 in the Supporting
Information). Simulated results suggest that starting from
*K-TS in the forward direction, 60% of the trajectories resulted

3¢,
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in the formation of a Ni(IIl) intermediate, while 40% formed
the square planar Ni(Il) intermediate and concomitant
dissociation of tert-butyl radical. No cross-coupling product
(t-Bu-Ph) was observed in any simulated trajectory (see Figure
S13a in the Supporting Information for details). These
observations support our static DFT calculations that the
Ni(III) intermediate obtained from direct oxidative addition
on the alkyl Ni(I) intermediate cannot undergo reductive
elimination, but rather undergoes radical dissociation to
generate the square planar Ni(II) intermediate 'G. On the
other hand, within dynamics calculations propagated from *I'-
TS in the reverse direction, all trajectories ended up in the
Ni(IIT) intermediate without radical dissociation from the Ni
center or structural rearrangement (see Figure S13b in the
Supporting Information for details). This is also consistent
with our assumption concerning the overall process because
the radical addition to Ni involves a change of spin state of the
Ni(II) species, while quasi-classical dynamics simulations only
operate in a single spin state.”> From a broader perspective,
these results suggest a novel Ni(0)/Ni(I)/Ni(III)/Ni(1I)/
Ni(III)/Ni(I) pathway in bipyridine-nickel radical cross-
couplings with tertiary alkyl radicals.

Ni(0)/Ni(ll)/Ni(lll) Pathway. In the absence (or low
concentration) of a tert-butyl radical, Ni(0) could undergo
oxidative addition via the triplet spin state (’F-TS; green),
leading directly to the productive tetrahedral, triplet spin state
Ni(II) 3G intermediate, thus merging both Ni(0)/Ni(I)/
Ni(IIT)/Ni(II) (red) and Ni(0)/Ni(II) (green) pathways. We
also considered the possible outer-sphere C—C bond
formation pathway between tert-butyl radical and Ni(II)
intermediate, but the transition states of both the doublet
(*1-TS) and quartet spin state pathways (*I-TS) are higher in
energy compared to *I'-TS (see Figure S4 in the Supporting
Information for details). Therefore, inner-sphere reductive
elimination via Ni(III) intermediate *H’ is preferred to that of
the outer-sphere pathway from the Ni(II) intermediate in Ni-
bipyridine catalytic systems.

Ni()/Ni(l)/Ni(lll) Pathway. Previously, alkyl halide activa-
tion by Ni(I) species (akin to *Pc) have been proposed in a
range of Ni-catalyzed cross-couplings.”* As shown in Figure 2
(blue), in these cases, aryl bipyridine-Ni(I) could undergo
halogen abstraction (via *L-TS; barrier ~12 kcal/mol from
*Pc), leading to the Ni(II) 'G, thus also merging the cross-
coupling cycles. Finally, Ni(II) 'G will need to undergo an
isomerization/spin-crossing to form the productive tetrahedral
Ni(II) 3G, which, after barrierless radical addition, will form
the productive Ni(IlI) *H’. Finally, inner-sphere reductive
elimination (via 2I’-TS) will lead to the desired product and
bromo Ni(I). From a broader perspective, although the
pathway for catalyst regeneration from the bromo Ni(I) varies
among nickel-catalyzed cross-coupling methods [e.g., it could
undergo SET by photocatalyst or external reductant to form a
Ni(0) 'F or, alternatively, could undergo transmetalation to
form the Ni(I) *Pc4], calculations show that these systems
involving tertiary alkyl radicals share the same critical C(sp*)—
C(sp®) formation step! As an example, the phenyl bpy-Ni(I)
species was proposed to be obtained via transmetalation in
Fu's experiments.” The overall key findings of these
calculations are summarized as follows (Figure 2; inset):
after singlet spin square planar Ni(Il) species 'G forms, this
species needs to undergo intersystem crossing/conformational
change to generate the triplet spin tetrahedral *G complex
followed by tertiary alkyl radical addition to form Ni(III)

https://dx.doi.org/10.1021/jacs.0c02355
J. Am. Chem. Soc. 2020, 142, 7225-7234


http://pubs.acs.org/doi/suppl/10.1021/jacs.0c02355/suppl_file/ja0c02355_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c02355/suppl_file/ja0c02355_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c02355/suppl_file/ja0c02355_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c02355/suppl_file/ja0c02355_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c02355/suppl_file/ja0c02355_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c02355/suppl_file/ja0c02355_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c02355/suppl_file/ja0c02355_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c02355/suppl_file/ja0c02355_si_001.pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.0c02355?ref=pdf

Journal of the American Chemical Society

pubs.acs.org/JACS

intermediate ?’H’ (see Figure S6 in the Supporting Information
for more detailed analysis). The requirement for the
tetrahedral Ni(II) conformation to undergo Ni(II)/Ni(III)
radical addition was also reported in a recent paper with a
neutral bis(oxazoline) ligand, in which phenyl bromo Ni(II)-
bis(oxazoline) is in a square planar geometry, while the radical
adds to a tetrahedral phenyl bromo Ni(Il) species.'*
Moreover, the results of our preliminary quasi-classical
dynamics calculation are consistent with this suggested
pathway (see Figure S7 and Figure S8 in the Supporting
Information). Finally, *H’ will undergo a doublet spin, inner-
sphere reductive elimination pathway via “I’-TS to generate
the desired C(sp?)—C(sp®) cross-coupling product and bromo
Ni(bipyridine) (*Pg + t-Bu-Ph).

Origin of the Difference in the C(sp?)—C(sp®) Bond-
Forming Step in Ni-TMHD and Ni-Bipyridine Catalytic
Systems. As shown above, independent of the operative
catalytic active species, all pathways converge at the Ni(I) and
tertiary radical. Thus, assuming facile intersystem crossing/
conformational change, the barrier for inner-sphere tertiary
radical C(sp?)—C(sp®) cross-coupling using the neutral
bipyridine nickel system (~15 kcal/mol from 'G) is much
higher in energy than using an anionic diketonate nickel
system (~4 kcal/mol). These relative barriers are consistent
with the experiments that prevented the formation of the
desired C(sp®)—C(sp?) bond using acyclic tertiary radicals
under the Ni-bipyridyl/PC system.” Moreover, the higher
barrier could lead to unwanted side reactions with tertiary
radicals such as H atom abstraction from the solvent, as
observed by us.”*® Further, in accord with experiments by Fu,’
switching to solvent systems with high bond dissociation
energies (BDEs) (e.g., benzene) likely increases the barrier for
H-abstraction and, in turn, allows favorable kinetics to promote
C(sp*)—C(sp*) bond formation with tertiary alkyl radicals.
The competence of alkyl radical undergoing H-abstraction
(e.g., with solvent or other reagents) or C(sp®>)—C(sp®) bond
formation is not only seen in the Ni-bipyridine system in Fu’s
report® but also observed in the Ni-TMHD(acac) system,'’
suggesting that the H-abstraction reactions with alkyl radical
are competing with C—C bond formation in related cross-
coupling reactions and the efficiency of C—C bond formation
(e.g, H-abstraction versus C—C cross-coupling) is likely
system dependent.

On the other hand, the cross-coupling barrier for the
diketonate-nickel system is only ~3 kcal/mol from the
respective nickel complex and tertiary alkyl radical. Thus, we
attribute the efficiency of Ni-diketonate systems with tertiary
alkyl radicals under photocatalytic conditions”'? to the nature
of the outer-sphere C—C bond formation that avoids the
formation of a high-energy, sterically congested aryl-alkyl-halo-
Ni intermediate. Experiments using less sterically hindered
secondary alkyltrifluoroborates also led to the desired product
in 95% yield (Scheme 2). However, in contrast to tertiary alkyl

Scheme 2. Cross-Coupling of Secondary
Alkyltrifluoroborates with Ni-TMHD

I mol % [Ir{dFCF3ppy},(bpy)]PFs
10 mol % Ni(TMHD),
10 mol % ZnBr,
I equiv K;HPO,

Br.
+ )\
\©\CN BF;K

2 equiv

“a,

95%, 24 h?

DMA (0.1 M)
blue LEDs
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radicals, through DFT calculations we found that the favored
pathway for less sterically secondary alkyl radicals is via inner-
sphere C—C bond formation with overall barriers for C—C
bond formation of ~9 kcal/mol (see Figure S21 in the
Supporting Information). Presumably, the less sterically
hindered secondary alkyl radical (in contrast to the tertiary
alkyl radical) does not pay a penalty to form the aryl-alkyl-halo-
Ni species and can quickly undergo inner-sphere C—C bond
formation. In contrast to the bipyridyl-Ni system, these results
suggest that for acac/TMHD-Ni systems, the nature of the C—
C bond formation and whether inner- or outer-sphere C(sp*)—
C(sp®) is operative are dependent on the steric properties of
the alkyl radical. Surprisingly, for cyclic tertiary systems, we
found that this system did not undergo aryl substrate activation
in the experiment, leading, after 24 h, to the recovered starting
material (see Supporting Information). Although the reasons
for lack of reactivity are not completely understood,
computations showed that, if the cyclic radical were to engage
with the nickel in the cross-coupling cycle, the formation of 1-
bromoadamantane via inner-sphere C—Br bond formation is
favored over C—C bond formation (see Figure S22 in the
Supporting Information). However, because substoichiometric
additives (e.g., LiBr, ZnBr,, ZnCl,) were found to influence the
reactivity of substrates in the Ni-TMHD system where the
bicyclic substrate (adamantyl-like) also failed,'® the exact
reason for the failure of the adamantyl substrate remains
unknown and is under exploration in our group.

To understand more fully the origins of the distinct
reactivity (ie., ligand effect on C—C bond formation), we
conducted an activation strain-distortion/interaction anal-
ysis.”® As shown in Table 1, comparing inner-sphere and

Table 1. Activation Strain-Distortion/Interaction Analysis
of the C(sp*)—C(sp®) Bond Formation Step”

AEactivation AEdistorlion AEinteraclion
(kcal/mol) (kcal/mol) (kcal/mol)

i
Me _ Br
Outer-Sphere S ) {'?qe 21.TS 19.1 28.6 9.6
/N/N' """" " Me
Me S @ 4TS 122 17.1 4.9
—|$
Me ; ._M e
Inner-Sphere X, i :kMe 2rTs -39 41.0 -44.9
:N’Nl\Br
Me’
i+
Me o, e me—l 1c-1s 27 16.0 -14.0
Outer-Sphere O N ye
WA & 3c-TS  -133 18.4 317
*
M
ineaSEReiCite :J-;E': o1 4132 208 -340

“Relative electronic energy values were computed with respect to the
separate corresponding phenyl-bromo-Ni-ligand species and tert-butyl
radical at the UB3LYP-D3/def2-TZVPP//UB3LYP-D3/def2-SVP-
CPCM(THEF) level of theory.

outer-sphere C—C bond formation transition states in the Ni-
bipyridine catalytic system (green background), the relative
activation electronic energy of inner-sphere transfer is negative
(—3.9 kcal/mol) while that of outer-sphere transfer is positive,
meaning that the C—C bond formation is favorable via an
inner-sphere pathway (see Table S1 in the Supporting
Information for energetics using other methods). Despite the
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Table 2. Analysis of Distinct Alkyl Radical Reactivity in the Ni-Bipyridine System®

AG (kcal/mol; 298K)

@RZ #

Me Me RZ . 3
oy Br ~ R3 Me . ! R BDE of Ni-C(sp°) AE. v AExee i AE. )
R3 N, I ZN, | K @ g ’K 3 activation distortion interaction
R 5’""@ NN ,:';N'i;‘ R'|  (BH;keal/mol) . cai/mol) (kcal/mol) (kcal/mol)
Me = Me < 7 \/ Br
G 2y M 21
Mef e 56 15.0 1.0 39 410 449
@3N 23 42 18.3 -13.9 37.4 -51.2
0.0
M Me
e Y -34 2.7 17.9 -14.2 33.1 -47.3
@t} -3.3 73 18.3 -8.0 324 -40.4

“Gray: calculated energetics on the inner-sphere reductive elimination step with different alkyl radicals. Green: related analysis on bond dissociation
energy of the Ni(III) intermediate. Yellow: activation strain-distortion/interaction analysis on the reductive elimination transition state [relative
electronic energy values were calculated with respect to the separate corresponding Ni(II) species and tert-butyl radical]. Relative free energy values
were computed concerning the Ni(II) species at the UB3LYP-D3/def2-TZVPP-CPCM(THF)//UB3LYP-D3/def2-SVP-CPCM(THF) level of
theory; bond dissociation energy and relative electronic energy values were calculated at the UB3LYP-D3/def2-TZVPP//UB3LYP-D3/def2-SVP-

CPCM(THEF) level of theory.

larger distortion energy of the inner-sphere compared to the
outer-sphere pathway, its interaction energy compensates for
the larger distortion energy and makes the overall process
favorable. On the other hand, for the Ni-TMHD system (blue
background) both inner-sphere and outer-sphere transition
states possess negative activation electronic energies, and both
their distortion energy and interaction energy are close to each
other. Although the inner-sphere and outer-sphere pathways of
the Ni-TMHD system do not show as large a difference as
those of the Ni-bipyridine system, the triplet spin state outer-
sphere pathway is still found most favorable (—13.3 kcal/mol)
because of its lower distortion energy (18.4 kcal/mol) and
larger interaction energy (—31.7 kcal/mol).

Origin of Distinct Alkyl Reactivity in the Ni-Bipyridine
System. Because of the observed experimental differences of
structurally different alkyl radicals in Ni-bipyridine systems,”’
we became interested in exploring the potential reactivity of
different alkyl radicals in the above key pathways (Table 2).
Specifically, in the dual photoredox-Ni catalytic system,
C(sp®)—C(sp®) cross-coupling succeeded with aryl bromides
as the electrophile and potassium 1-adamantyltrifluoroborate
and potassium 1-phenylcyclopropyltrifluoroborate as the
nucleophile (Scheme 1B).” Therefore, we compare here the
reactivity of the tert-butyl radical, isopropyl radical, 1-
phenylcyclopropyl radical, and 1-adamantyl radical in the key
inner-sphere reductive elimination step (see Figure S6 in the
Supporting Information for the comparison of different radicals
in other steps). As shown in Table 2 (gray), using distinct
Ni(I) species 'G and the purported alkyl radicals as a
reference, we observed that the relative energy values of
Ni(IlI) *H’ intermediates, which are reactive toward inner-
sphere reductive elimination, vary for different alkyl radicals.
First, we observed that the Ni(III) intermediate with the tert-
butyl radical (black) is endergonic by 5.6 kcal/mol, while all
other Ni(II) intermediates with tertiary and secondary alkyl
radicals (red, blue, and green) are exergonic (by 2—3 kcal/
mol). These results suggest that the tert-butyl radical is more
favorable to dissociate from the Ni(III) center to form Ni(II)
and a ftert-butyl radical, while for the other tertiary and
secondary alkyl radicals the energetics favor the formation of a
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Ni(III) complex. This trend is also observable in the barriers
for reductive elimination. Specifically, the barriers for inner-
sphere reductive elimination of cyclic and secondary alkyl
radicals are significantly lower (by 7—12 kcal/mol) than with
the tert-butyl radical. This observation is consistent with the
results in experiments by Fu, where 1-iodoadamantane, with
the assumption of the 1-adamantyl radical being generated in
situ, can also be cross-coupled under nonphotocatalytic
condition despite their slightly higher barrier of reductive
elimination (7.3 kcal/mol) compared to a secondary isopropyl
radical.®

Further, to gain insight into the observed trends, we
computed the BDE of the Ni—C(sp*) bond with different alkyl
radicals. As shown in Table 2 (green), we found that the Ni—
C(tert-butyl) bond has the lowest BDE (11.0 kcal/mol), which
indicates that the dissociation of the tert-butyl radical from the
Ni(III) center is easier than the dissociation of secondary and
cyclic tertiary alkyl radicals (~18 kcal/mol). Also, from an
activation strain-distortion/interaction analysis on the reduc-
tive elimination step (yellow), we found that the transition
state with the tert-butyl radical shows a less negative activation
energy and larger distortion energy compared to the rest of the
systems. This suggests that reductive elimination with the tert-
butyl radical is less favorable because it needs to pay a higher
energy penalty for distortion to reach the geometry in the
C(sp’)—C(sp®) bond-forming step. Although the exact
mechanism of bipyridyl-nickel-involved radical cross-coupling
reactions could be significantly different depending on the
experimental condition and applied substrates/additives, our
findings on the nature of C(sp*)—C(sp®) bond formation can
be used to explain some of the observed selectivity in the
selective dicarbofunctionalization of olefins with a broad

variety of secondary and tertiary alkyl radical precur-
13¢,16,17,22
sors.

B CONCLUDING REMARKS

In summary, quantum mechanical calculations and quasi-
classical direct dynamics simulations have been used to
investigate the mechanism of dual photoredox-Ni-catalyzed
C(spz)—C(sp3) cross-coupling reactions between tertiary

https://dx.doi.org/10.1021/jacs.0c02355
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alkyltrifluoroborates and aryl halides with Ni bipyridine- and
diketonate-based catalytic systems. Calculations showed the
prominent effect of the charge on the ligand on key catalytic
intermediates and the C(sp*)—C(sp®) bond-forming step in
such transformations. Specifically, as outlined in Scheme 3, in

Scheme 3. Catalytic Cycle for Photoredox/Ni Dual Catalytic
System Using (A) Neutral (Blue) and (B) Anionic (Red)
Ligands
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the Ni-TMHD (anionic ligand) system, the tertiary alkyl
radical can directly interact with the aryl-bromo-Ni species to
obtain the desired product via a high-spin, outer-sphere
reductive elimination pathway without engaging the Ni center
first. In the Ni-bipyridine (neutral ligand) system, as shown by
transition state calculations and supported by quasi-classical
dynamics, the Ni(IIl) intermediate directly obtained from
oxidative addition on alkyl Ni(I) species needs to undergo
radical dissociation to form the singlet-spin square planar
Ni(Il) intermediate. Then, it needs to undergo a conforma-
tional change/intersystem crossing followed by radical addition
to gain access to the productive tetrahedral triplet spin state
Ni(III) intermediate, followed by subsequent low-spin, inner-
sphere reductive elimination to generate the desired product
and halide Ni(I). From a broader perspective, although the
pathway for catalyst regeneration from the halide Ni(I) varies
among different nickel-catalyzed cross-coupling methods [e.g,,
it could undergo SET by photocatalyst or external reductant to
form a Ni(0) or, alternatively, could undergo transmetalation
to form an aryl Ni(I)], calculations show that these systems
share the same critical C(sp®)—C(sp®) formation step!
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The reactivity of different alkyl radicals was also compared in
the Ni-bipyridine system. This information suggests that
relatively subtle changes in the alkyl radical precursors and
ligands have a dramatic effect on the mechanism of the
reactions. Nonetheless, this investigation sheds light on
mechanistic possibilities that were never considered previously
and inspires the design of catalytic systems and modification of
substrates for Ni-catalyzed C(sp?)—C(sp®) cross-coupling
reactions. Further exploration will be focused on the
comparison of more neutral and anionic ligand systems and
the behavior of different alkyl radicals based on the
mechanistic models proposed here.
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ABSTRACT: Bicyclo[1.1.1]pentanes (BCPs) are of great interest ® “ "
to the agrochemical, materials, and pharmaceutical industries. In A
particular, synthetic methods to access 1,3-dicarbosubsituted BCP- A @ + @-ox BCP-aryls

aryls have recently been developed, but most protocols rely on the °
stepwise C—C bond formation via the initial manipulation of BCP ®*X
core to make the BCP electrophile or nucleophile followed by a halo-BCPs
second step (e.g., transition-metal-mediated cross-coupling step) to

form the second key BCP-aryl bond. Moreover, despite the prevalence of C—F bonds in bioactive compounds, one-pot,
multicomponent cross-coupling methods to directly functionalize [1.1.1]propellane to the corresponding fluoroalkyl BCP-aryl
scaffolds are lacking. In this work, we describe a conceptually different approach to access diverse (fluoro)alkyl BCP-aryls at low
temperatures and fast reaction times enabled by an iron-catalyzed multicomponent radical cross-coupling reaction from readily
available (fluoro)alkyl halides, [1.1.1]propellane, and Grignard reagents. Further, experimental and computational mechanistic
studies provide insights into the mechanism and ligand effects on the nature of C—C bond formation. Finally, these studies are used
to develop a method to rapidly access synthetic versatile (difluoro)alkyl BCP halides via bisphosphine-iron catalysis.

KEYWORDS: multicomponent, cross-couplings, dicarbofunctionalization, sustainable catalysis, iron

Bl INTRODUCTION substituted redox-active esters in Fe- and Ni-catalyzed BCP-
aryl cross-couplings with aryl zinc reagents and aryl halides,
respectively. Finally, Anderson'' has reported the use of BCP-
iodides to cross-couple with (hetero)aryl Grignard reagents
under iron catalysis.

However, in contrast to the aforementioned two-component
cross-coupling approaches to diversify BCP-aryls, the develop-
ment of one-step, multicomponent catalytic cross-coupling
reactions (MC-CCR) could provide a more synthetically
advantageous, versatile, and sustainable route to rapidly access
diverse BCP-aryls.12 In this context, despite the growing
number of synthetic methods for accessing functionalized
BCPs from 1 via multicomponent reactions,m_16 reports of
MC-CCR to form the difunctionalized BCP-aryls are rare'’
and the use of inexpensive and abundant iron complexes as
catalysts in this type of process remains elusive. Finally, despite
the omnipresence of C—F bonds in approved drugs," general,
multicomponent, and catalytic methods for the synthesis of

Bicyclo[1.1.1]pentanes (BCPs) are of great interest to the
agrochemical, materials, and pharmaceutical industries." In
particular, the BCP motif is important in drug design because
of their well-known use as bioisosteres for para-substituted
arenes, tert-butyl motifs, and alkynes to improve the
pharmacokinetic profile of drug candidates by increasing
metabolic stability, aqueous solubility, and membrane
perrneability.2 In this vein, 1,3-dicarbosubstituted BCP-aryls
are found in numerous pharmaceutical-relevant molecules
(Scheme 1A) and the development of new synthetic methods
to access diverse BCP-aryls continues to be an active area of
research. However, most methods rely on the stepwise C—C
bond formation via the initial functionalization of [1.1.1]-
propellane to the corresponding electrophile or nucleophile
followed by a second transition-metal cross-coupling step
(Scheme 1B). For example, Szeimies,” de Meijere,4 and
Knochel’ have taken advantage of the addition of organo-
metallic reagents to promote ring opening of [1.1.1]propellane
to form BCP-Grignard or zinc nucleophiles, which can then be Received:  July 19, 2022
cross-coupled with aryl halides under palladium or nickel Revised:  August 24, 2022
catalysis. Uchiyama,® Walsh,” and VanHeyst® reported the use Published: September 8, 2022
of organoboron BCPs as effective coupling partners in Pd- and

dual Ni/photoredox-catalyzed BCP-aryl cross-couplings. The

Baran” and Molander'’ groups have reported the use of

© 2022 American Chemical Society https://doi.org/10.1021/acscatal.2c03498
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Scheme 1. Cross-Coupling Methods to Construct 1,3-Difunctionalized-Substituted BCP-Aryls
A. Disubstituted bicyclo[1.1.1]pentane aryl (BCP-aryl) cores in pharmaceuticals.
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B. Stepwise (two-component) cross-coupling methods to access dicarbofunctionalized

BCP-aryl motifs from [1.1.1]propellane.
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(difluoro)alkyl dicarbosubstituted BCP-aryl motifs are lacking,
likely due to challenges associated with (a) controlling the
formation of alkyl radicals and, at the same time, (b) trapping
the in situ-generated BCP radicals selectively with a transition-
metal-aryl species prior to undergoing potential side reactions
such as H-atom abstraction, elimination, polymerization, single
electron transfer, etc. Based on our program in Fe-catalyzed
MC-CCRs,"” we hypothesized that we could take advantage of
the rapid kinetics associated with bisphosphine-iron catalysis to
form and trap BCP alkyl radicals under the slow addition of
Grignard reagents. If successful, in contrast to prior methods,

11548

this protocol will allow the formation of disubstituted BCP-aryl
directly from [1.1.1]propellane. Here, we present a general
strategy for the synthesis of diverse 1,3-disubstituted difluoro-
(alkyl) BCP-aryls that uses inexpensive iron salts and proceeds
with low temperatures and exceeding fast reaction times
(Scheme 1C). Finally, experimental and computational
mechanistic studies shed light into the role of ligand in BCP-
aryl bond formation and provide a catalytic platform to access
synthetically useful (difluoro)alkyl BCP halides primed for
further functionalization.
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Table 1. Optimization of the One-Step, Multicomponent Fe-Catalyzed Cross-Coupling Method to Form 1,3-Difunctionalized

Substituted BCP-Aryls

Me_ Me
A Ve
|
1 2a MO 3
Me. /7 \ _Me (ﬁ\ ; z Q
>N N2 P P
Me Me @/ \®
tmeda dppbz

x-ray of 4a

OMe
L Me,
a t
N Mox conditions?_ |~ 4%@ =
Me
4a

Q 2 —
P P. Me' P P Me

g . Q Lo
dppe depe

dcypp
entry 1/2a/3a (equiv)
1 1.1/1.0/1.2
2 2.0/1.0/3.0
3 4.0/1.0/3.0
4 1.0/2.0/4.2
S 1.09/2.0/4.2
6 1.09/2.0/4.2
7 1.0/2.0/2.2
8 1.0/4.0/4.2
9 1.0/2.0/4.2
10 1.0/2.0/4.2
11 1.0/2.0/4.2
12 1.0/2.0/4.2
13 1.0/2.0/4.2
14 1.0/2.0/4.2
15 1.0/2.0/4.2
16 1.0/2.0/4.2
17 1.0/2.0/4.2
18 1.0/2.0/4.2
19 1.0/2.0/4.2

N
dpe
Fe/ligand 4a yield (%)"

Fe(acac);/dcpe 29
Fe(acac);/dcpe 30
Fe(acac);/dcpe 7
Fe(acac);/dcpe 70
Fe(acac);/dcpe 69 (61)°
Fe(acac);/dcpe 70
Fe(acac);/dcpe 29
Fe(acac);/dcpe 41
none/dcpe 0
Fe(acac);/none 13
FeBr,/dcpe 34
FeCl,/dcpe 9
Fe(acac);/tmeda 67
Fe(acac);/dpe 77 (67)¢
Fe(acac);/dppbz 0
Fe(acac);/dppe 0
Fe(acac);/depe 0
Fe(acac);/dcypp 53
Fe(acac);/dcpe 41

“Reaction conditions: Fe catalyst (20 mol %), ligand (40 mol %), THF (1.0 M), 0 °C, slow addition of 3a in 1 h, argon atmosphere. *Determined
by 'H NMR using 1,2-dibromomethane as an internal standard. “Solution of 0.45 M [l.1.1]propellane in Et,O. “4Solution of 1.0 M
[1.1.1]propellane in Et,0. Yield (%) of isolated product. fFe(acac)3 (10 mol %), dcpe (20 mol %).

B RESULTS AND DISCUSSION

To evaluate the feasibility of our designed multicomponent
strategy, we selected [1.1.1]propellane (1, 1.1 equiv), tert-butyl
iodide (2a, 1.0 equiv), and 3-methoxyphenylmagnesium
bromide (3a, 1.2 equiv; X=Br) as the model substrates
(Table 1). Notably, using our previously reported conditions
for multicomponent dcpe-iron-catalyzed cross-couplings, we
were able to observe the formation of the desired product 4a
albeit low (29%) yield (entry 1). Gratifyingly, additional
optimization through variation of the alkyl halide, lynchpin 1,
and aryl Grignard reagent led to a significant increase in the
overall yield (up to 70%) (entries 2—6). Not surprisingly, we
observed that lowering the Grignard reagent (added via a
syringe pump over the course of 1 h) had a drastic effect on the
overall efficiency (29% yield) (entry 7), while increasing the
alkyl halide had a slightly detrimental effect on the overall yield
(entry 8). From these studies, it is clear that subtle changes to
the relative concentrations among the three components can
affect the overall efficiency. Control experiments show the
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importance of the unique iron precatalyst and ligand
combination to achieve good yields (entries 9—12).

Finally, to assess the ligand effect on this multicomponent
transformation, we screened several commercially available
diamines and bisphosphine ligands (entries 13—18). To our
surprise, while all other bisphosphine ligands screened were
found less efficient, diamine ligands, i.e, tmeda and, more
specifically, hindered 1,2-dipiperidinoethane (dpe), lead to
similar overall yields (~77%) as with the dcpe ligand (entries
13 and 14). Presumably, under these conditions, the crucial
mono-ligated halo Fe-aryl and Fe-bisaryl species required for
tandem effective radical formation and cross-coupling are
formed.'"” Notably, at lower catalyst/ligand loadings, the
reaction proceeded smoothly albeit with a slightly reduced
overall yield (entry 19). Overall, the two sets of optimized
conditions [i.e., conditions A: Fe(acac); (20 mol %) and dpe
(40 mol %) or conditions B: Fe(acac); (20 mol %) and dcpe
(40 mol %)] in THF at 0 °C led to the formation of the
sterically encumbered BCP-aryl 4a in 61% (dcpe) and 67%
(dpe) isolated yields. Lastly, the product of the one-step Fe-
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Scheme 2. Scope of Bisphosphine- and Diamine-Iron Catalytic Systems to Construct 1,3-Difunctionalized Substituted BCP-

Aryls
— conditions —
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n
OMe — x-ray of 4x
Me <
Me.
LA
4y
X=Br: 53% / 34%
catalyzed dicarbofunctionalization of the [1.1.1]propellane was With catalytic diamine- and bisphosphine-iron optimized
confirmed by X-ray diffraction analysis of compound 4a. conditions in hand (i.e., conditions A and B, respectively), the
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Scheme 3. (A) Computational Studies on the Ligand Effects (Red Using dpe and Blue Using dcpe) on the Mechanism of
Three-Component Alkyl-Arylation of BCP (A); (B) Comparison of the Relevant Lowest Energy Radical Addition and
Reductive Elimination Transition-State Structures Demonstrating Similar Energetic Profiles and Transition States for the C—
C Bond Formation with Bisphosphine- and Diamine-Iron Catalytic Systems; and (C) Proposed Catalytic Cycle
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scope of aryl Grignard reagent in this unique one-step, three-
component reaction to form 1,3-dicarbofunctionilized BCP-
aryls was first evaluated. As shown in Scheme 2, both
conditions A and B allowed the Fe-catalyzed multicomponent
cross-coupling of aryl Grignard 3a with tert-butyl iodide, tert-
butyl bromide, and even tert-butyl chloride, albeit at lower
yields, to form the desired BCP-aryl 4a with similar efficiency.
Notably, at larger scale (2.0 mmol), the reaction proceeded
smoothly forming the desired product 4a in a 60% isolated
yield. Overall, a wide range of aryl Grignard reagents were
compatible in this one-pot procedure to form two carbon—
carbon bonds with sterically hindered tert-butyl iodide and
[1.1.1]propellane 1 leading to the corresponding 1,3-
dicarbofunctionalized BCP-aryls 4a—n in modest to good
yields (up to 73%). In some cases, such as 4a (67/61%), 4d
(50/43%), 4f (37/41%), and 4k (58/52%), both dcpe and
dpe-iron catalytic systems led to similar overall efficiency.
However, in other cases, there were significant differences in
the overall outcome between these two catalytic systems. For
example, for the formation of 4b and 4e, the dpe-iron catalytic
system (condition A) was far superior. On the other hand, with
aryl Grignard reagents bearing weak carbon—chlorine and
—sulfur bonds (e.g., 4i, 4j, and 4n), the dcpe-iron (condition
B) was uniquely suited to form the desired three-component
radical cross-coupling (60—71% overall yields), while the dpe-
iron system failed to form any product. Finally, while meta- and
para-substituted Grignard reagents afforded products, ortho-
substituted Grignard reagents were not compatible (40),
presumably due to a higher energetic barrier to trap the BCP
radical with sterically hindered Fe-aryl species, thus opening
opportunities for side reactions (e.g., oligomerization) prior to
BCP-aryl cross-coupling (vide infra). Having investigated the
aryl Grignard scope, we then turn our attention to exploring
the scope of alkyl halides as radical precursors in this radical
multicomponent cross-coupling reaction. As shown in Scheme
2 (bottom), this method tolerated a range of sterically
hindered alkyl halides (4p, 41, 4u, 4w, 4x, and 4y) although
slightly lower yields were observed with tertiary alkyl radicals
bearing f-hydrogens, independent of conditions A or B,
presumably due to competitive f-elimination prior to the
desired radical addition to 1, thus lowering overall the
efficiency of the three-component reaction. Notably, we

found that this method is uniquely suited toward the rapid
and modular synthesis of difluoro-BCP-aryls (4q, 4s, 4t, 4v),
which to date remain unprecedented in one-pot, multi-
component cross-coupling reactions, using readily available
difluoroalkyl bromides as radical precursors. Although lower
yields were observed in this transformation, we envision that in
the initial stages of pharmaceutical drug discovery, where rapid
access to diverse analogs is needed for screening, this method
could be broadly applicable. Finally, the dicarbofunctionaliza-
tion of the [1.1.1]propellane was unequivocally confirmed by
X-ray diffraction analysis of compound 4x.

To gain insight into the nature of the ligand in the C—C
bond formation, we turned to dispersion-corrected density
functional theory (DFT) calculations (see the Supporting
Information for additional details). Based on prior mechanistic
studies from our group and others,"”*** we envisioned alkyl
radical undergoing halogen abstraction by an iron species (not
shown) to form t-Bu® radical. In turn, as shown in Scheme 3A,
radical addition to [1.1.1]propellane 1 (via TS1) proceeds via
a low energy barrier (11.7 kcal/mol) leading to tert-butyl BCP
radical int-1. Notably, in contrast to prior work with acyclic
tertiary alkyl radicals,'”* in both diamine- and bisphosphine-
iron model systems, this strained, cyclic alkyl radical can
rapidly and irreversibly add to ligated mono-aryl Fe(1I) species
5B via spin-selective *TS2 (barrier, ~8.0 kcal/mol) to form the
corresponding distorted square pyramidal Fe(IlI)-alkyl inter-
mediate *int-2. Finally, irreversible reductive elimination via
*TS3 (barrier only ~6.5 kcal/mol) will lead to the desired
product BCP-aryl product P and Fe(I) species *B, which can
then restart the catalytic cycle (vide infra). In addition, we also
considered an alternative pathway in which the C—C bond is
formed through outer-sphere TS4 but, consistent with prior
studies,'”*** this pathway is ruled out based on a much
higher energy barrier (~16.0 kcal/mol) compared with the
inner-sphere stepwise C—C bond formation in both diamine-
and bisphosphine systems. To highlight the crucial effect of
relative concentrations in these transformations, we also
computed the radical addition of int-1 to another [1.1.1]-
propellane molecule (gray). These calculations show that the
barrier for radical addition is only 2—3 kcal/mol higher in
energy than addition to the mono-aryl Fe(II) species. Thus, for
effective three-component radical cross-coupling, it is crucial to
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Scheme 4. Substrate Scope of Bisphosphine-Fe-Catalyzed Atom-Transfer Radical Addition (ATRA) to [1.1.1]Propellane”
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“Reactions were carried out using 1 (0.2 mmol), 2 (0.4 mmol) 3a (0.1 mmol), FeCl, (10 mol %), dcpe (20 mol %), THF (0.2 mL) at 0 °C under
an argon atmosphere, and isolated yields were reported. 'H NMR vyield (in parentheses) determined using 1,2-dibromomethane as an internal
standard. “Similar yields were obtained in the absence of FeCl,, dcpe, and 3a.

couple the addition of Grignard reagent to generate the
corresponding mono-aryl Fe(Il) in situ (so it can rapidly trap
the BCP radical) without over transmetallating this species to
the unproductive diaryl Fe(II). Otherwise, other side reactions
(e.g, oligomerization)”' can quickly take place. Finally, we
note that both ligands (dcpe and dpe) gave extremely similar

energy profiles for the C—C bond formation, which we
attribute to comparable sterics imposed by both of these
ligands in the key radical addition and reductive elimination
transition states (Scheme 3B). As such, on the basis of the
aforementioned controls and prior mechanistic studies,"” > a
possible catalytic cycle is depicted in Scheme 3C. Upon the
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Scheme 5. Control Reactions to Shed Light into the Role of Iron and Ligand in the Atom-Transfer Radical Addition Reaction

Using [1.1.1]-Propellane as a Radical Acceptor”

L. Aryl Grignard reagent as promoter

+ |t MgBr @ ——— |
THF, 0 °C, 10 min
MeO
1 2b e 3a

0.25 equiv.

li. Catalytic Fe(ll) without aryl Grignard
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“"H NMR yield determined using 1,2-dibromomethane as an internal standard.

formation of putative Fe(I) I, this can, in turn, undergo
halogen-atom abstraction to form the alkyl radical and Fe(II)
II species. Alkyl radical R® can escape the solvent cage to
undergo radical addition to [1.1.1]propellane and form BCP
radical with the concomitant formation of organoiron III from
transmetallation of II with aryl Grignard reagent. Finally, under
the slow addition of Grignard reagent to prevent over
transmetallation of III, the stepwise C—C formation will
occur, thus restarting the catalytic cycle. However, at this stage,
further mechanistic studies are needed to convincingly identify
the iron species responsible for radical formation and C—C
bond formation.

En route to optimizing the three-component dicarbofunc-
tionalization of [1.1.1]propellane 1, we noticed the formation
of the 1,3-tert-butyl BCP iodide Sa, presumably from the
competing Fe-catalyzed atom-transfer radical addition (ATRA)
to [1.1.1]propellane. Although Sa could be an intermediate in
the multicomponent dicarbofunctionalization of [1.1.1]-
propellane, we hypothesize that under conditions A or B the
alkyl halo BCP is an off-cycle species in the current Fe-
catalyzed three-component radical cross-coupling (vide infra).
Nonetheless, given the current interest in generating (fluoro)-
alkyl halo BCP species as key intermediates for subsequent
modifications in pharmaceutlcal research and the limitations in
the methodologies reported,”** we proceeded to optimize
reaction conditions for bisphosphine-Fe-catalyzed ATRA to
[1.1.1]propellane. Notably, although Fe(acac); gives the best
yield for the three-component reaction (Table 1, entry 14), we
found that the use of FeCl; is more efficient to obtain the
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halogen transfer product § (Table S1). Gratifyingly, after
several rounds of optimization, we found suitable reaction
conditions that afforded the corresponding alkyl BCP iodide
Sa in excellent yields (up to 95% yield). With the optimized
conditions in hand, the scope varying the nature of alkyl
halides was thoroughly examined. As shown in Scheme 4,
acyclic and cyclic tertiary alkyl iodides and a-tertiary alkyl
bromides provided the desired 1-halo-3-alkyl BCPs (Sa, Sb, 5g,
and Sn) including those bearing versatile ester functionalities
for further modifications (e.g., via radical cross—couplings).24 In
addition, given that ~20% of drugs in the market contain at
least one fluorine atom,'® we found that a wide range of
difluoroalkyl bromides and iodides were also compatible in this
transformation, yielding the desired 1,3-fluoroalkyl-halo BCPs
(S5c—f and 5j—m). Notably, additional control experiments
revealed that when FeCl,, dcpe, and aryl Grignard 3a are
omitted, in some cases significant background reaction is
operative leading to the corresponding (Se, 5f, §j, Sk, and SI)
in similar yields, presumably from radical-induced atom-
transfer radical addition (see the Supporting Information).
Finally, the structure for the BCP halides Sa, Sc, and Sm was
confirmed by X-ray diffraction analysis. We anticipate that this
catalytic method will provide an attractive complementary
approach to the current use of photoredox catalysts,
triethylborane initiators, heating with organometallic reagents,
or high-pressure mercury lamp irradiation to provide access to
carbon-substituted halo BCP intermediates.

To gain insight into the mechanism of this transformation to
form alkyl halo BCPs, control experiments were carried out
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(Scheme $). Stirring a solution of compounds 1 and 2b in
THF with only 0.25 equiv of Grignard (3a) did not afforded
the desired product. Further, traces of compound were
observed when the reaction is carried out using catalytic
amounts of FeCl, in the absence of Grignard reagent.
However, the combination of catalytic FeCl, with 0.25 equiv
of aryl Grignard reagent afforded the desired product in good
yield. Nonetheless, the use of catalytic bisphosphine ligand
significantly increases the yield. Overall, we attribute the
reactivity to form the alkyl BCP halides to a unique
bisphosphine-iron catalytic system that, under aryl Grignard
as a promoter, is able to generate the active bisphosphine-iron
species that enables halogen-atom abstraction from the alkyl
halide to form alkyl radical, which, in turn, adds to the
[1.1.1]propellane and, finally, undergoes halogen rebound to
restart the catalytic cycle. On the other hand, under three-
component catalytic conditions and with Fe(acac); (using
either bisphosphine or diamine ligand), the aryl-iron catalytic
species traps BCP radical (prior halogen transfer to BCP from
alkyl halide or Fe-halo species) to form the final BCP-aryl
(Scheme 3C). In this case, the ATRA is a background reaction
leading to the unproductive formation of off-cycle 1-halo-3-
alkyl BCP. Detailed mechanistic studies are underway to
determine the origin of Fe catalyzes ATRA vs multicomponent
cross-coupling and will be reported in due course.

B CONCLUSIONS

In summary, we have developed a multicomponent, one-pot
three-component reaction that utilizes [1.1.1]propellane as a
lynchpin to form a range of synthetically valuable 1,3-
difunctionalized BCP-aryls under diamine- and bisphosphine-
iron catalysis. In addition, using a mechanistic-driven approach,
we have developed an efficient iron-promoted method to
synthesize (fluoro)alkyl halo-substituted bicyclo[1.1.1]-
pentanes from readily available (fluoro)alkyl-iodide and
-bromide starting materials. Further mechanistic studies are
underway to elucidate the factors controlling halogen rebound
vs C—C bond formation in these transformations.
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An iron-catalyzed regioselective dicarbofunctionalization of
electron-rich alkenes is described. In particular, aryl- and alkyl vinyl
ethers are used as effective linchpins to couple alkyl or (fluoro)alkyl
halides and sp2-hybridized Grignard nucleophiles. Preliminary
results demonstrate the ability to engage thioethers as linchpins
and control enantioselectivity in these transformations, an area
which is largely unexplored in iron-catalyzed three-component
cross-coupling reactions.

Alkenes are prevalent motifs in natural products and pharmaceu-
ticals, and are valuable building blocks in organic synthesis."
Recently, the difunctionalization of alkenes has attracted interest
from the pharmaceutical community due to the potential for cost-
effective, rapid, and modular synthesis of complex scaffolds.” In this
vein, transition metal-catalyzed three-component cross-coupling
reactions have been used to selectively install functional groups
across the alkene moiety, thereby building molecular complexity in
one step.* ™! However, much of the efforts in the development of
these reactions has been spent on electron-deficient alkenes and
alkenes bearing directing groups to control the reactivity and
selectivity.'> As such, catalytic methods for the selective 1,2-
dicarbofunctionalization of electron-rich alkenes, which could deli-
ver straightforward access to complex compounds (Scheme 1A), are
scarce’® and most of them are limited to the use of nickel or dual
nickel/photoredox as catalysts (Scheme 1B)."*"”

Seeking to continue to expand the utility of Fe-catalyzed
multicomponent cross-couplings,’® we hypothesized that
bisphosphine-iron complexes could serve as cost-effective,
practical, and sustainable catalysts to promote regioselective
1,2-dicarbofunctionalization of electron-rich vinyl ethers and,
if successful, could complement existing nickel and dual
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Fe-Catalyzed dicarbofunctionalization of
electron-rich alkenes with Grignard reagents and
(fluoro)alkyl halides+

Madeline E. Rotella,:® Dinabandhu Sar,:%° Lei Liu

@ and Osvaldo Gutierrez (2 %@

nickel/photoredox methods. Herein, we report a three-
component iron-catalyzed regioselective dicarbofunctionaliza-
tion of aryl- and alkyl vinyl ethers that engage both alkyl halides
and (fluoro)alkyl bromides with sp>-hybridized Grignard
reagents (Scheme 1C). We expect that this method will find
applications in the cost-effective synthesis of analogues of
antidepressive drugs and, in particular, in the introduction of
fluorine atoms into larger scaffolds with applications in phar-
maceutical chemistry (Scheme 1A)."°

Recently we developed an iron-catalyzed three-component
radical cross-coupling reaction using strain-release vinyl cyclo-
propanes as the conjunctive reagent under exceptionally rapid
reaction times (<1 h).’**” Furthermore, the reaction scope was

(A) Selected pharmaceutical compounds with 1,2-arylalkyl ethers motifs
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(B) Nickel-catalyzed 1,2-dicarbofunctionalization of vinyl ethers
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Scheme 1 Transition-metal catalyzed 1,2-dicarbofunctionalization of
electron-rich alkenes and its pharmaceutical relevance.
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Table 1 Evaluation of reaction conditions

MoBT  Fo(acac)s (3 mol%) Neo
M5><Me . @ . /@ L (12 mol%) y
N 0N THF, 0°C, 1h ©\ P
MeO’ 0 Me
1a 2a 3a 4
Entry Deviations from standard conditions NMR yield [%]
1 L1 (12 mol%) 75
2 L2 (12 mol%) 0
3 L3 (12 mol%) 0
4 L4 (12 mol%) 45
5 L5 (12 mol%) 0
6 Using FeBr, (3 mol%) 63
7 Using FeCl; (3 mol%) 60
8 Using Fe(OTf), (3 mol%) 63
9 Neat 67
10 No L1 0
11 No Fe(acac); and no L1 0
Cy Et Me Ph Ph
! : ! : :
oy [ et “Me E “ph (:[ “ph
EP/CY pr Bt [P,Me pePh L
& 2 e P P
L L2 L3 L4 Ls

The reaction was performed with tert-butyl iodide 1a (0.1 mmol,
1.0 equiv.), phenyl vinyl ether 2a (0.4 mmol, 4 equiv.) and 3-
methoxyphenyl Grignard 3a (0.15 mmol, 1.5 equiv.). Aryl Grignard 3a
was added dropwise via a syringe pump for 1 h. The yield was
determined by "H NMR using dibromomethane as an internal standard.

extended to the use of unactivated alkenes without the use of
directing groups.'®® However, the main drawback of this
method is the need for a high concentration of alkene (i.e., as
solvent) to drive the equilibrium towards the Giese addition
adduct (i.e., alkyl radicals) for effective and subsequent cross-
coupling with the presumed iron-aryl species. We hypothesized
that the Giese addition of alkyl radicals to vinyl ethers will lead
to more stable a-oxy radicals and provide the driving force to
ensure subsequent cross-coupling.

To test this hypothesis, we began our study of iron-catalyzed
dicarbofunctionalization of vinyl ethers with the commercially
available phenyl vinyl ether as the alkene linchpin (Table 1). To
our delight, with excess alkene (14 equiv.), the desired three-
component cross-coupling product 4 was formed with the 1,2-
addition of the aryl Grignard and the alkyl group in high yields
(89%; Table S1, entry 1, ESIT). However, we sought to lower our
alkene loading from 14 equivalents to increase the practical
application of this method. Notably, we found that 4 equiv. of
phenyl vinyl ether also gave a reasonably high yield (75%j;
Table 1, entry 1) and we were able to recover 2.4 equiv. of the
alkene after workup. Overall, under these conditions, effectively
only 1.6 equiv. of phenyl vinyl ether is consumed in the
reaction. Furthermore, screening of various iron salts and
ligands did not improve the yields (Table 1). Finally, control
experiments verified that the solvent, ligand, and iron catalyst
were essential to the reactivity (see Tables S1-S3 in the ESIf for
full details of the reaction optimization).

With the optimized conditions identified (Table 1, entry 1),
we proceeded to study the generality of this iron-catalyzed
dicarbofunctionalization reaction. Initially, we focused on

This journal is © The Royal Society of Chemistry 2021
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examining the diversity of Grignard nucleophiles for this reac-
tion (Scheme 2). Electron-rich Grignard reagents afforded pro-
ducts (4-8) in good yields while mildly electron-deficient
Grignard reagents were tolerated as well, giving products
(11, 12) in moderate yields. Notably, electron-poor Grignard
reagents gave products (9, 10, 13) albeit in lower yields.
Although meta- and para-substituted Grignard reagents alike
afforded products, the ortho-methoxy Grignard reagent was not
compatible, presumably due to the increased steric hindrance
between the ortho-substituent and the incipient alkyl compo-
nent. Finally, to demonstrate the scalability of the method, we
prepared 1.02 g of compound 4 (66% yield; 3.59 mmol).

With the scope of the Grignard reagent explored, the alkyl
halide scope was then investigated (Scheme 3). In addition to
the tert-butyl iodide used during reaction screening, we found
that 1-iodo- and 1-bromoadamantane (14, 15) and fluoroalkyl
halides (16-20) were compatible in this transformation. Given
that ~20% of drugs in the market contain at least one fluorine
atom, this method shows promise for applications in pharma-
ceutical settings.”® In addition, 2-bromo-2-methylbutane suc-
cessfully gave products in moderate yields (21, 51%). Finally, to
highlight the potential applications of an alkyl chloride as a
viable radical precursor in multicomponent cross-coupling
reactions, we used tert-butyl chloride as the alkyl halide and,
gratifyingly, obtained product 22 in moderate yield (39%),
albeit lower than when tert-butyl iodide was used as the alkyl
halide (7, 56%, Scheme 2).

Finally, the alkene substrate scope was investigated
(Scheme 4). Overall, attempts to extend the reaction to linear
and branched alkyl vinyl ethers were modestly successful,
giving products (23-28) in 29-42% yields. These results show
that alkyl vinyl ethers, in addition to aryl vinyl ethers (30, 31),
can function as effective linchpins in this three-component
reaction. To highlight the potential expansion to thioethers, we

MgBr Fe(acac); (3 mol%)
Me  Me ©\ L1 (12 mol%)
Me + + —_— Me
[ S @ THF, 0°C, 1h ©\ e
() Me
1a 2a 3 413

OMe Me. Me
Me Me Me
Me Me Me
(o) Me (e) Me 0’ Me

4,71% 5,70% 6,57%
gram scale (66% yield)

Ph
; Me

©\ "

(0] Me

OPh F

Me Me
Me Me
(o} Me 0 Me

7,56% 8,61% 9, 46%
Cl Cl
F3C. CF3 Cl cl
@ik CLX s @ik L
Me Me Me Me
(e) Me (o) Me (o) Me (o) Me
10, 28% 11, 66% 12, 62% 13, 34%

Scheme 2 Scope of Grignard nucleophile in the 3-component cross-
coupling reaction with tert-butyl iodide and phenyl vinyl ether. All the
reactions were carried out under optimized conditions (Table 1, entry 1)
using 0.2 mmol tert-butyl iodide. Isolated yields are reported.
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14, 49% (X =) 16, 87% 17 64%
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Scheme 3 Scope of alkyl halides in the 3-component cross-coupling
reaction with phenyl vinyl ether and 4-biphenylmagnesium bromide 3b. All
the reactions were carried out under optimized conditions (Table 1,
entry 1) using 0.2 mmol alkyl halide. Isolated yields are reported.

MgBr Ré

Fe(acac); (3 mol%)

R2 R® L1 (12 mol%)
R‘Xx LN NG —°> R 2
A THF, 0°C, 1 h
X=l,Br X=0orS (¢) R®
1 2 3b-3c 23-32
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e e . Me Ve
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Scheme 4 Scope of vinyl ethers in the 3-component conjunctive cross-
coupling reaction with alkyl halides and 4-biphenylmagnesium bromide
3b or 4-phenoxyphenylmagnesium bromide 3c. All the reactions were
carried out under optimized conditions (Table 1, entry 1) using 0.2 mmol of
alkyl halide. Isolated yields are reported.

used vinyl ethyl thioether as an alternative n-acceptor and were
pleased to observe the desired product in a modest yield (29).
Interestingly, even the internal alkene 3,4-dihydro-2H-pyran
reacted in this method to give a moderate yield of product 32
as the trans isomer, as determined by NOESY (see Fig. S4, ESIT).
The ability of this reaction to functionalize internal vinyl ethers
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Scheme 5 Preliminary results on the asymmetric version of the 3-
component conjunctive cross-coupling reaction. The given yield is an
isolated yield and the enantiomeric ratio was determined by chiral HPLC,
both determined as an average of the results from four trials.

opens the possibility for this method to be used in the for-
mation of C-aryl glycosides from carbohydrate derivatives,
thereby expanding the utility of this reaction. In an aim to
improve the practicality of this method, we tested other vinyl
ethers with more easily removed protecting groups but
unfortunately these were not compatible in the reaction (see
Fig. S1-S3 in the ESIt for full details).

Finally, under optimized reaction conditions, preliminary
results show the potential for an enantioselective variant of this
transformation (Scheme 5 and Table S4 in the ESIt). The
development of enantioselective three-component radical
cross-coupling reactions remains a considerable challenge in
the field and currently is being pursued in our laboratories.>*

In summary, we have developed an iron-catalyzed regioselective
1,2-dicarbofunctionalization of electron-rich alkenes with (fluoro)
alkyl halides and aryl Grignard reagents. This reaction successfully
gives products with both electron-donating aryl Grignard reagents
and mildly electron-withdrawing aryl Grignard reagents. Further-
more, we have shown that this method functionalizes both aryl and
alkyl vinyl ethers. Notably, this method can introduce fluoroalkyl
groups to a vinyl ether in a one-step synthesis, whereby molecular
complexity for pharmaceutical applications can be rapidly
increased. Ongoing work on the asymmetric variant of this reaction
is currently underway in our laboratory and will be reported in due
course.
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ABSTRACT: Quantum mechanical calculations are employed
to investigate the mechanism and origin of stereoinduction in
asymmetric iron-catalyzed C(sp*)—C(sp®) cross-coupling re-
action between Grignard reagents and a-chloroesters. A
coherent mechanistic picture of this transformation is revealed.
These results have broad implications for understanding the
mechanisms of iron-catalyzed cross-coupling reactions and
rational design of novel iron-based catalysts for asymmetric

transformations.
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B INTRODUCTION

Pd- and Ni-catalyzed cross-coupling reactions (CCRs) are a
powerful methods for the construction of C—C bonds.'
Pioneering works by Kharasch,” Vavon,” and Kochi* disclosed
the potential of simple iron salts as catalysts for CCR. Recently,
iron has been recognized as an inexpensive, sustainable, and
environmentally benign transition metal catalysts in Kumada,
Negishi, Sonagashira, Heck, and Suzuki-Miyaura CCRs.® In
particular, Nakamura,® Chai,’ Bedford® and Fiirstner’ have
reported iron catalytic systems employing bisphosphine ligands
(ie, SciOPP, Xantphos, dppbz, dppe, and depe) to promote
CCRs using a range of electrophiles including alkyl halides and,
more recently by Baran and co-workers,'* redox-active esters.
Seminal work by Nakamura in 2015 disclosed the first example
of enantioselective iron-catalyzed CCR of a-chloroesters 1 and
aryl Grignard reagents using chiral bisphosphine ligand P*
(Scheme 1)."" Unfortunately, in spite of the growth in the

Scheme 1. Nakamura’s Asymmetric Iron-Catalyzed Cross-
Coupling Reactions of a-Chloroesters and Aryl Grignard
Reagents

o 3 mol% Fe(acac);

(o]
: Alk\:)l\OR
cl (2.0 equiv) THF, 0°C Ar

1 slow addition 2

Alk}/lkOR +  AMgBr 6 mol% P*

development of bisphosphine-iron-catalyzed CCRs, mechanis-
tic information on these processes is limited.”'” Noteworthy
are mechanistic studies of iron-catalyzed CCRs from the groups
of Bedford,®"~%13 Norrby,'* and, more recently, from elegant in
situ spectroscopic studies by Neidig."”

Yet, molecular-level analysis from reaction coordinate
calculations in these systems is lacking, especially in the critical
C—C forming events and the role of spin in controlling
selectivity and reaction pathways.'® Herein, we use transition-

-4 ACS Publications  © 2017 American Chemical Society

state calculations (DFT) to elucidate at the mechanism and
origin of enantioselectivity of (RR)-BenzP*-iron-catalyzed
asymmetric CCR. Implications for the mechanisms of
bisphosphine-iron catalysis and rational catalyst design are
discussed.

Figure 1 shows the commonly proposed Fe(I)/Fe(Il) and
Fe(II)/Fe(IlI) mechanisms for bisphospine-iron-catalyzed
cross-coupling reactions between aryl Grignard reagents and
alkyl halides.” However, the exact mechanism is likely
dependent on the ligand, additives, and nature of nucleophile
and electrophile.””"> Nonetheless, there is strong evidence for
the participation of carbon centered radicals in this trans-
formation (vide infra) and related iron-catalyzed CCRs in
support for halogen abstraction via one electron process.'”
Neidig’s sophisticated in situ spectroscopic studies provide
support for the Fe(I)/Fe(Ill) mechanisms shown in Figure
1A,B. Specifically, Neidig invoked a bisarylated iron(II)
[(SciOPP)FeMes,] as the active species in Kumada CCR
using bulky mesityl Grignard reagent (MesMgBr) and primary
alkyl halides.">* However, mechanistic studies, from the same
group, using phenyl nucleophiles and secondary alkyl halides in
Kumada and Suzuki—Miyaura iron-catalyzed CCRs support a
monophenyl iron(II) species [(SciOPP)FePhCl] as the
predominant reactive species, suggestive of the mechanism
shown in Figure 1B.">° Studies by Bedford and co-workers
found a five-coordinate iron(I) species [e.g,, (dppbz),FeBr and
(dppbz?zFeAr] catalytically competent in iron-catalyzed
CCRs.”™ However, studies using related dppe ligand found a
five-coordinate (dppe),FeCl in equilibrium with a three-
coordinate iron(I) [(dppe)FeCl] species.* Thus it is likely
that a three-coordinated iron(I) can also participate in halogen
abstraction (e.g, Figure 1C,D).”” In the title reaction,
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Figure 1. Proposed mechanisms for bisphosphine-iron-catalyzed cross-
coupling reactions.

Nakamura observed formation of products 4 and 5 from the
reaction using racemic radical probe 3 (Scheme 2)."" This

Scheme 2. Radical Probe Experiments by Nakamura and Co-

workers
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observation supports the intermediacy of alkyl radicals (e.g., 3a*
and 3b*). Furthermore, a first-order linear relationship between
4:5 ratio and catalyst concentration led the authors proposed a
bimolecular mechanism (Figure 1E) involving alkyl radlcal
formation and consumption by two distinct metal centers."® This
experiment ruled out a concerted and/or rapid rebound
mechanism akin to H-abstraction/OH-rebound mechanism in
C—H iron-catalyzed hydroxylations. However, other mecha-
nisms are possible including radical escape from the solvent
cage and recombination with the iron species prior to arylation.
Herein, we use spin-unrestricted DFT to elucidate the

mechanism, the role of spin in competing reaction pathways,
and origin of enantioselectivity.

B METHODS

Due to the robustness of B3LYP'? to locate the open-shell stationary
points, we used spin unrestricted UB3LYP/6-31G(d) gas-phase
optimizations without symmetry constraints to examine competing
pathways. The expectation values of (S?) were evaluated as a
diagnostic value of the spin state of the systems. Frequency analysis
was used to verify nature of stationary points and acquire thermal
corrections. However, due to the well-known errors®® associated with
B3LYP mcludlng systematic bias for high-spin structures in iron
complexes 20 and failure to account well for dispersion interactions 20d
(crucial aspects to assess competing pathways in iron catalysis and in
accounting for stereoselectivity) we deemed necessary to describe the
energetics of competing })athways using a range of DFT functionals
(UMO6L,”" UPBEPBE,”” and UMO06™) and large basis sets (6-
311+G(d,p)-SDD (for Fe) and/or 6-311+G(d,p)) in implicit THF
solvent using the SMD** continuum solvation model. These methods
are routinely used to study organometallic systems>> and iron-
catalyzed transformations including CCRs.'**“'%%° As such we refined
all energies and assessed the relative barriers for all competing
pathways by performing single-point energy calculations at the
UMO6L/6-311+G(d,p)-SDD (for Fe)-THF(SMD), UPBEPBE/6-
311+G(d,p)-SDD (for Fe)-THF(SMD), UM06/6-311+G(d,p)-SDD
(for Fe)-THF(SMD), and UMO06/6-311+G(d,p)-THF(SMD) levels
of theory. In our calculations, we considered all commonly proposed
pathways (shown in Figure 1), including stepwise and concerted C—C
bond-forming events, and computed all low, medium, and high spin
states (noted by superscripts) in determining the lowest free energy
pathway. Only the lowest energy spin states and conformers are shown
and discussed in the text. Unsurprisingly, we found that the absolute
barriers varied significantly with the DFT functional but relative
energies and overall conclusions remain the same (vide infra). For
simplicity, only UMO06L/6-311+G(d,p)-SDD (for Fe)-THF(SMD)//
UB3LYP/6-31G(d) and UPBEPBE/6-311+G(d,p)-SDD (for Fe)-
THF(SMD)//UB3LYP/6-31G(d) energies are discussed in the text.
(See Supporting Informatlon for all values.) All calculations were
performed usm% Guassian09,”” and structural figures were generated
using CYLview.

B RESULTS AND DISCUSSION

Fe(ll)/Fe(lll) Pathway with Biphenyl Iron(ll). We
initiated our studies by computing the energetic feasibility
from biphenyl iron(IT) *Fe(I1)**P" as active species (Figure 2,
red). Halogen abstraction by SFe(I)™ ™ from methyl 2-
chloropropanoate is found energetically feasible (overall barrier
is ca. 20 kcal/mol via AO-TS) leading to alkyl radical and
trivalent iron(III) *Fe(III)"™™ ™" downhill in energy (4—13
kcal/mol). Subsequent inner-sphere arylation will proceed in a
stepwise manner via radical rebound (via CO-TS) to form
iron(IV) intermediate DO. In turn, iron(IV) will undergo
reductive elimination (via DO-TS) to form the desired product
and SFe(I)™ . Overall, the reaction is 47—58 kcal/mol
downhill in energy. Finally, transmetalation with PhMgBr (not
calculated) will restart the catalytic cycle.

However, we located a lower energy pathway from BO via
quartet spin state (Figure 2, blue) akin to the bimolecular
mechanism depicted in Figure 1E. That is, DFT calculations
favor radical addition to another molecule of *Fe(I1)™*™* (by ca.
8-12 kcal/mol; via CO-TS’) leading to iron(III) DO’
intermediate. Importantly, the barrier for biphenyl reductive
elimination (via DO-TS'’) is significantly lower in energy than
the desired C(sp*)—C(sp®) reductive elimination (DO-TS’).
Thus, the overall pathway from 3Fe(IL)™ ™" as active species will
lead to unproductive biphenyl formation.
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Figure 2. Competing pathways using biphenyl iron(II) as active species in iron-catalyzed cross-coupling.

Moreover, we also found the transition-state structure (DO-
TS'"") corresponding to the commonly proposed “concerted
out-of-sphere” arylation mechanism but only via the sextet spin
state (Figure 2, green). However, this arylation pathway is much
higher (ca. 24 kcal/mol) in energy than alternative stepwise
quartet spin-state mechanism (Figure 2, blue). Overall, we
conclude that all pathways leading to formation of biphenyl-
alkyl iron(III) DO’ intermediates (i.e., from radical addition to
3Fe(I)™P") are unproductive. Such pathways favor the
undesired formation of biphenyl (Figure 2, inset) via quartet
spin PES. Calculations using full chiral ligand and (vide infra)
different methods (see Supporting Information) led to the
same conclusions.

Fe(ll)/Fe(lll) Pathway with Phenyl-chloro Iron(ll).
Alternatively, monophenyl iron(IT) SFe(II)™' can participate
in arylation with alkyl radical (e.g., Figure 1B).>">° As shown in
Figure 3 (red), the barrier for halogen abstraction by °Fe-
()™ (via A-TS) is also feasible (ca. 20 kcal/mol) leading to
corresponding iron(III) *Fe(IN)™ A and alkyl radical. In
turn, radical addition to iron(III) *Fe(II)™! (via C-TS)
will lead to very shallow iron(IV) D intermediate, which will
quickly undergo facile reductive elimination (via D-TS) to form
the desired product and iron(I1) SFe(I1)““" Finally, trans-
metalation with PhMgBr (not calculated) will restart the
catalytic cycle (akin to Figure 1B).

However, similar to biphenyl-iron(II) 3Fe(II)™"® pathways
(Figure 2), DFT calculations using a series of functionals (see
Supporting Information) predict much lower energy barriers

16128

(ca. 7—9 kcal/mol) for the stepwise radical addition (via C-TS')
to another iron(II) SFe(I1)™ species (Figure 3, green). In turn,
iron(Il) intermediate D’ will undergo reductive elimination
(via D-TS’) to form *Fe(1)™ with concomitant formation of the
desired product. Presumably, comproportionation between *Fe-
(D and *Fe(1ID)™" followed by transmetalation (not
calculated) will restart the catalytic cycle (Figure 1E). Notice
that, in contrast to biphenyl alkyl Fe(III), D’ will not lead to
formation of biphenyl. Further, we were also able to
successfully locate the alternative “out-of-sphere” concerted
arylation transition state (D-TS'’) via sextet spin state albeit
much higher (10—15 kcal/mol) energy. This “bimetallic”
mechanism (Figure 3, green), invoked by Nakamura,'' is
consistent with experimental observations (e.g, formation of
alkyl radical and first-order linear relationship between
uncyclized/cyclized products and catalyst concentration;
Scheme 2). However, it is unlikely that the concentration of
SFe(II)Ph'Cl accumulates at the experimental conditions given
that aryl Grignard reagents can promote transmetalation to
biphenyl iron(II). As such, we considered alternative pathways
leading to SFe(I)"™ ' (vide infra).

Fe(l)/Fe(ll) Pathway with Monophenyl Iron(l). Iron(I)
has also been invoked in bisphosphine-iron-catalyzed cross-
coupling between alkyl halides and aryl Grignard reagents
(Figure 1C).> As such, we also considered the pathway from
monophenyl *Fe(I)™ (Figure 3, blue). The barrier for halogen
abstraction by *Fe(I)™ is much lower in energy (only 5—9
kcal/mol barrier) than halogen abstraction by iron(Il) or
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Figure 3. Competing pathways using monophenyl iron(II) as active species in iron-catalyzed cross-coupling.

iron(III) (not shown; See Supporting Information) leading to
SFe(I1)™™ ! and alkyl radical. In turn, arylation will then occur
in a stepwise (Figure 3, blue) rather than a concerted manner
(Figure 3, purple) through radical rebound (via C-TS'’) to form
iron(IlI) intermediate D’’. Subsequent and facile reductive
elimination will lead to the formation of the desired C(sp*)—
C(sp®) bond and *Fe(I)“". Finally, transmetalation of *Fe(I)“'
with aryl Grignard reagent (i.e., PhMgBr) will close the catalytic
cycle (Figure 1C). Calculations using full chiral ligand led to
the same conclusions (vide infra).

Summary of Arylation Pathways. The initial halogen
abstraction step by iron(I) or iron(II) is energetically feasible
and therefore likely dependent on the relative concentration of
phenyl-iron(I) *Fe(I)™™ and monophenyl iron(II) SFe-
()P4 predicting the relative concentrations of species
remains a computational challenge.”® However, independent of
which pathway is operative, both pathways will proceed to same
stepwise arylation process via quartet spin state stemming from
alkyl radical addition to SFe(II) ‘. Furthermore, this
mechanistic picture is consistent with the need for slow
addition of aryl Grignard reagents to avoid deleterious
formation of biphenyl, presumably from transmetalation of
monophenyl iron(I) SFe(ID)™! to form unproductive bi-
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sphenyl iron(1I) 3Fe(I1)™™ (Figure 2). Specifically, in the
bimetallic iron(II) pathway (Figure 3, green), SFe(1)™ s
involved in both the halogen abstraction and radical addition.
In the presence of excess PhMgBr, transmetalation of °Fe-
()P to 3Fe(I1)™™ is expected to compete with both of
these two steps resulting in an increase of biphenyl and
concomitant decrease of the desired cross-coupled product.
Likewise, in the iron(I)/iron(IlI) pathway (Figure 3, blue)
excess PhMgBr will lead to increase transmetalation of *Fe-
(I to unproductive 3Fe(II)" Pt and/or compete with
radical addition to SFe(II)"" thus diminishing overall yields.

Overall, the lowest energy pathway proceeds via halogen
abstraction by *Fe(I)™ to form alkyl radical and SFe(II)™ ¢
followed by stepwise C(sp*)—C(sp®) bond formation via the
quartet spin state (Figure 3, blue). These results are also in
accord to first-order linear relationship observed by Nakamura
(Scheme 2). That is, higher catalyst concentrations are
expected to increase the overall concentration of catalytic
active species SFe(II)™ ' via Fe(1)/Fe(Il) or bimetallic
pathways, leading to rapid trapping of uncyclized radical
(prior to solvent escape and cyclization; Scheme 2) thus
increasing the formation of uncyclized arylated product. It is
expected that substrates with much faster rates of radical
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Figure 4. Relative free energies (kcal/mol) for the quartet spin state diastereomeric radical addition and reductive elimination transition states

calculated using UPBEPBE/6-311+G(d,p)-SDD-(Fe)-THF(SMD)// UB3LYP/6-31G(d).

cyclization to form exclusive cyclized arylated products
independent of catalyst concentration. We are currently testing
this hypothesis and will report in due time.
Enantioselectivity. The title reaction represents the first
general iron-catalyzed enantioselective cross-coupling method
using organometallic compounds.'"”>" To gain insight into the
origin of enantioselectivity and effect of chiral ligand in the
reaction pathways, we examined the arylation event using both
Ph,Fe" and PhCIFe" with the chiral ligand (Figure 4).
Noncovalent interactions and the spin state are likely to
influence the relative energies between the diastereomeric
transition states and, hence, the enantiosele:ctivity.3'2 As such,
we refined the energies using DFT methods known to properly
account for noncovalent interactions and are used extensively
to rationalize stereoselectivity in organometallic systems (see
Supporting Information for all methods and energies).” Similar
to model ligand results, calculations using Ph,Fe' and chiral
bisphosphine ligand predict formation of undesired biphenyl as
the lowest energy pathway (Figure 4, right). Specifically, the
energy for reductive of elimination of biphenyl (via DO-TS’’-
chiral) is 6—9 kcal/mol lower in energy than corresponding
C(spz)—C(sp3) reductive elimination transition states. There-
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fore, we conclude that pathways from radical addition to
Ph,Fe will result in greater side reactions (ie. biphenyl
formation) but are not expected to affect the enantioselectivity
(vide infra). On the other hand, calculations using monophenyl
iron(II) PhCIFe" with chiral ligand, like model ligand system,
also predicted a stepwise Fe(1I)/Fe(IIl) process via quartet spin
state for formation of desired C(sp*)—C(sp*) bond formation
(Figure 4, left). Notably, we also located the diastereomeric
transition state (only via sextet spin state) corresponding to
concerted “out-of-sphere” arylation but much higher (11-14
keal/mol) in energy (not shown; see Supporting Information).
Finally, iron(I) can then undergo transmetalation with PhMgBr
thus restarting the catalytic cycle. Calculations indicate the
stereodetermining step is the radical addition (D-TS'’-chiral).

The agreement between experimental and theoretical
enantioselectivity values using a Boltzmann calculation (at 0
°C) with the four lowest energy radical addition transition-state
structures is excellent (e.g, (S) as major product and er ratio
(ereye = 91:9)). Calculations based on UMO06L/6-311+G(d,p)-
SDD(Fe)-THF(SMD)//UB3LYP/6-31G(d) energies predict
similar but slightly higher ratio (. = 98:2). Further, all
calculated ratios based on relative enthalpies and/or electronic
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energies using both methods predict similar results (see
Supporting Information).”® On the other hand, a Boltzmann
calculation of the four lowest energy reductive elimination
transition-state structures predict the wrong stereoisomer (see
Supporting Information). Closer inspection of the two lowest
energy diastereomeric transition states (Scheme 3) reveals

Scheme 3. Model for Stereoinduction”

202AWT

major enantiomer

minor enantiomer

“Distances are in angstroms.

crucial noncovalent interactions playing a role in the
enantioselectivity. In the radical addition transition state leading
to the major (S) product, the ester group is directly sitting on
top of the phenyl ring, which stabilizes TS*,2-S through z-
donor/acceptor and C—H:--x interactions. On the other hand,
the lowest energy transition state leading to the minor (R)
enantiomer TS*;,2-R has the alkyl group of the ester in close
proximity to the bulky tert-butyl of the ligand that may
contribute to destabilizing this transition state as the size of the
alkyl group increases.

B CONCLUSION

In summary, we have employed quantum mechanical
calculations to investigate the mechanism and origin of
enantioselectivity of bisphosphine-iron-catalyzed cross-coupling
reaction of a-chloro esters with aryl Grignard nucleophiles.
Halogen abstraction by iron(I) and iron(II) is found energetic
feasible and both can be operative at generating the alkyl
radical. However, independent of which iron species abstracts
the halogen, these calculations provide strong support for
stepwise Fe(1I)/Fe(Ill) arylation via quartet spin state. The
commonly proposed concerted out-of-sphere arylation was
found only via sextet spin state and much higher in energy.
Further, it is found that all pathways from bisphenyl iron(II)
3Fe(TI)™"™" species lead to the unproductive formation of
biphenyl. Overall, the lowest energy pathway proceeds via halogen
abstraction by *Fe()™ to form alkyl radical®*and SFe(1I)™*¢
followed by enantio-determining radical addition to generate
iron(IIT) which, in turn, undergoes facile reductive elimination to
form the C(sp*)—C(sp*) bond via the quartet spin state. Further,
from these calculations, a model for stereoinduction is
constructed to explain the observed stereoselectivity, which
involves key n-donor/acceptor and C—H--7 interactions
noncovalent interactions as enantiocontrol elements. The
mechanism investigated herein has broad implications to
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increase fundamental understanding of the mechanisms of
iron-catalyzed CCRs and rational design of novel chiral catalyst
for asymmetric C—C bond formation. We are currently
investigating the mechanisms computationally and experimen-
tally of related iron-catalyzed cross-coupling reactions.
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bond formation event and therefore will not change the overall
conclusions of this manuscript.
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A highly chemoselective iron-catalyzed three-component dicarbofunctionalization of unactivated olefins

with alkyl halides (iodides and bromides) and sp?-hybridized Grignard reagents is reported. The reaction
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groups including tethered alkenes, ethers, protected alcohols, aldehydes, and amines to yield the desired

1,2-alkylarylated products with high regiocontrol. Further, we demonstrate that this protocol is amenable
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Introduction

Olefins are ubiquitous in natural products and bioactive
compounds and serve as versatile commodity feedstocks. 1,2-
Difunctionalization of olefins represents one of the most widely
used strategies to build synthetic complexity in organic
synthesis and serves as a platform to introduce concepts of
chemo-, regio-, and stereoselectivity." Recently, there has been
a surge in the development of three-component transition
metal-catalyzed difunctionalization that employs olefins
because of its potential to rapidly increase diversity in a single
step (Scheme 1a).>* However, selective transition metal-cata-
lyzed three-component alkylarylation of unactivated alkenes
without electronically biased substrates or directing groups is
rare.” Moreover, despite the inherent attractive features of iron
as a catalyst (Earth abundant, less toxic, inexpensive, and
environmentally benign in comparison to Pd or Ni) in phar-
maceutical settings, there are no general methods for iron-cata-
lyzed three-component 1,2-dicarbofunctionalization of olefins.*™*
Recently, our group reported the use of a strained vinyl cyclo-
propanes to promote a three-component Fe-catalyzed reaction
leading to 1,5-alkylarylation products (Scheme 1b).**** Unfortu-
nately, despite numerous attempts, the 1,2-difunctionalization
products were not observed, presumably due to much more

Department of Chemistry and Biochemistry, University of Maryland, College Park,
Maryland, 20742, USA. E-mail: ogs@umd.edu

+ Electronic supplementary information (ESI) available: Synthetic procedures and
full characterization of all starting materials and products, spectroscopic data,
and computational details. CCDC 1996911. For ESI and crystallographic data in
CIF or other electronic format see DOI: 10.1039/d0sc02127j

This journal is © The Royal Society of Chemistry 2020

for the synthesis of new (hetero)carbocycles including tetrahydrofurans and pyrrolidines via a three-
component radical cascade cyclization/arylation that forges three new C-C bonds.

rapid ring-opening of the incipient alkyl radical followed by C-C
bond formation. Herein, we report the first iron-catalyzed 3-
component dicarbofunctionalization of wunactivated alkenes
with both alkyl iodides and bromides with sp*hybridized
Grignard nucleophiles leading to 1,2-alkylarylation or 1,2-
alkylvinylation of alkenes with broad scope and excellent regio-
and chemoselectivity (Scheme 1c). Further, we applied this
concept to develop a three-component radical alkylation/cycli-
zation/arylation cascade leading to diverse (hetero)cyclic
compounds. We anticipate that this report will lead to greater

a) 1,2-Di with y-biased olefins, using directing groups, stoichiometric
reductants, or photocatalysts (Engle, Sigman, Baran, Brown, Giri, Nevado, Molander, Aggarwal, Martin,

Chu, etc.) .
@x + NOR ® ﬂ@q @

. . 2
conjunctive (ie., P, Ni, Cu, Ag) R
,,,,,,,,,,,,,,,,,,,,,,,,,,, Al .
\/O
OR H
SR S N SAG SN B Sy
° N
Pd Pd, Ni Cu, Ag, Ni Ni Ni Ir & Ni (one report) i
b) 1,5-Di of vinyl cycloprop (Prior work).
R? R! /7R
R'\i/Ra . MaBr cat ! 2 / Ar\;
RS 2 R® )= —
X . Chr ] A
X=Cl,Br R S s
conjunctive
reagent
c) Fe 1,2 of olefins (This work.)

cat Fe @ @

R2

I/Br + + @-weer

unactivated alkenes >70 examples

31-96% yield

Scheme 1 Transition metal-catalyzed three-component difunction-
alization of olefins.
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application of Fe as a catalyst in three-component difunction-
alization of olefins.

As shown in Scheme 2, we hypothesize that alkyl halide 1
would react with Fe species A to form the alkyl radical int-1 and
B.">"* Due to the high barrier associated with sterically hindered
alkyl radicals and aryl iron B to undergo direct cross-coupling,
we anticipate that the tertiary radical int-1 (or a fast reacting
alkyl radical) would favor regioselective Giese addition to olefin
2 to form, in the absence of cyclopropyl groups, a transient
secondary alkyl radical int-2. Then the longer lived (persistent)
aryl iron species B can trap the less sterically hindered 2° alkyl
radical int-2, and undergo reductive elimination from C to form
the desired 1,2-dicarbofunctionalization product and D. Finally,
facile transmetallation with aryl Grignard 3 restarts the catalytic
cycle.”” Recognizing that the success of the 3-component
dicarbofunctionalization hinges on driving the equilibrium
towards formation of int-2, presumably by favoring Giese
addition over addition to aryl iron B, we initiated our studies
under solvent-free conditions and at high concentrations of
alkenes.

The challenge remains whether (a) we can drive the kinetics
towards the Giese addition to 2, (b) int-2 is sufficiently long-
lived to be intercepted by the persistent iron species B, and (c) C
will undergo reductive elimination to form the desired 1,2-
dicarbofunctionalization product.

Results and discussion

Initially, we elected to use tert-butyl iodide 1, 4-phenyl-1-butene
2, and meta-methoxy phenyl Grignard 3 as model substrates
(Table 1). Gratifyingly, under our modified conditions for
radical cross-coupling with vinyl cyclopropanes (i.e., using
Fe(acac); as a precatalyst and 1,2-bis(dicyclohexylphosphino)
ethane as a ligand),"** we observed the formation of the desired
1,2-alkylaryl product 4 in 86% yield and complete regiose-
lectivity with unactivated olefin 2 (Table 1, entry 1). Notably,
other bisphosphine ligands commonly employed in direct Fe-
catalyzed cross-coupling reactions with alkyl halides' signifi-
cantly decrease the yield (entries 2-5). Further, the use of the
iron precatalyst bearing strongly coordinating ligands inhibits
the reaction (entry 6) while other precatalysts were less efficient
(entries 7 and 8). Moreover, the use of THF as solvent had

XMgBr IF e}—@ @—— X
N
v S
@ radical cage ~,0 A
3 rec® @ () >0
B X int-1

[Fel-x regioselective

\ intermolecular
{ int-2 ]

b radical cascade

[Fe]\/m
X

c

Scheme 2 Proposed pathway to realize the 1,2-dicarbofunctionali-
zation of alkenes using iron catalysis.
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Table 1 Evaluation of reaction conditions®

e Méue N - MGBI 5 mol% Fe(acac); Me: Ph
\k N 20 mol% Ligand L1 Me”[,
! o 0°C, 1h
e
1 2 3 OMe

4

Entry Deviations from above yield” [%]
1 None 86
2 L2 (20 mol%) 0
3 L3 (20 mol%) 0
4 L4 (20 mol%) 2
5 L5 (20 mol%) 14
6 Using Fe(OAc), (5 mol%) <5
7 Using FeBr, (5 mol%) 80
8 Using Fe(OTf), (5 mol%) 41
9 In THF (0.2 mL) 83
1074 Using Fe(acac); (3 mol%) and L1 (12 mol%) 90 (85)
11° No L1 <5
12° No Fe(acac); and no L1 0
Cy\P,Cy Et\P/El Me\PlMe Ph\P/ph Pn‘an
S T G L
cy oy g Et Md Me pH Ph PH Ph

L1 L2 L3 L4 L5

% The reaction was performed with ter¢-butyl iodide1 (0.1 mmol, 1.0
equiv.), 4-phenyl-1-butene 2 (14 equiv.; 1-1.3 equiv. based on the
recovered starting material; see the ESI) and meta-methoxy phenyl
Grignard 3 (1.4 equiv.) without any additional solvent. Aryl Grignard3
was added dropwise via a syringe pump over 1 h. ” The yield was
determined by 'H NMR using dibromomethane as the internal
standard. In parentheses is given the isolated yield after column
chromatography. © 1.5 equiv. of 3. ¢ 0.20 mmol scale.

a minor effect on the overall efficiency of the 3-component 1,2-
dicarbofunctionalization (entry 9). Finally, we could also
perform the reaction in high yield under lower catalytic loading
(entry 10). Control experiments show that the Fe and ligand are
both critical for the reaction (entries 11 and 12). For full details
of reaction optimization and screening conditions, see the ESL.}

With a set of optimized reaction conditions in hand, an
exploration of the reaction scope and limitations of this
bisphosphine iron-catalyzed 3-component dicarbofunctionali-
zation was undertaken. As shown in Scheme 3, the reaction
tolerated a wide range of electron-rich (e.g., 4, 6, 7, 9, 12, 13, 15,
and 16) and electron-deficient aryl Grignard nucleophiles (e.g.,
5, 8, 11, 14, and 17) forming the desired 1,2-alkylaryl products.
Further, various substituent positions on the aryl nucleophiles
were tolerated including meta and para mono- and disubsti-
tuted aryl Grignard nucleophiles. Importantly, vinyl Grignard
reagents are also competent nucleophilic partners forming the
regioselective 1,2-alkylvinyl product 18 in 41% yield. This
represents the first example of transition-metal catalyzed 1,2-
alkylvinyl functionalization of unactivated olefins. Unfortu-
nately, sterically hindered Grignard reagents are not compatible
reagents in this transformation, presumably due to the high
energy required to wundergo inner-sphere reductive
elimination."*?

Next, we explored the olefin scope using tert-butyl iodide 1
and meta-methoxy phenyl Grignard 3 as dicarbofunctionaliza-
tion partners (Scheme 4). In general, a wide range of

This journal is © The Royal Society of Chemistry 2020
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3 mol% Fe(acac)s Oy Oy
e e 12 mol% Ligand L1 Ve p
Y SNy ReMgBr — Y ek [
! 0°C,1h Me R P
Cy Cy

Scope.

Ph Ph Ph Ph
t-Bu/é\\/P" +Bu tBu tau’é\/ tBu
OMe
F Me OMe a
4,85% 5,77% 6,79% 7,73% 8,71%
Ph Ph
Ph g
tBu Ph rﬁug\/"“ Bu +Bu r-au/gi\/
-0
Ph cl SMe
9,87% 10,81% 1, 41% 12,51% 13,72%

14, 69% 15, 47% 16, 79% 17,67% 18,41%

Scheme 3 Scope of the Grignard nucleophile in the 3-component
dicarbofunctionalization with unactivated alkenes. Unless otherwise
stated, all reactions were performed under the optimized conditions
(Table 1, entry 10). Isolated yields.

unactivated olefinic partners were tolerated. Compatible part-
ners include olefins with tethered aliphatic chains, alkenes,
alkoxy, protected alcohols, aldehydes and amines, esters, and
even pyridine and furan moieties producing the desired prod-
ucts in 32-83% yield (19-34). However, alkenes bearing O- and
S-heteroatoms were not compatible with this transformation
(see the ESIT). Importantly, this Fe-catalyzed three-component
method provides unique reactivity with dienes. In particular, we
found that the method is highly chemo- and regioselective for
monofunctionalization of less substituted alkenes (23-25) even
at lower concentrations of alkenes (see the ESIT). To showcase
the practical application of this method, we also scaled up the
reaction that formed the monofunctionalized product 22 in
83% yield (1.38 g). Furthermore, we also found that the per-
fluororated n-alkyl bromides were competent partners with
unactivated cyclic alkenes (35 and 36) yielding the desired

Me
=
Hau’éiﬁn"”e Hargﬁ"\/ Hsuginv/‘m 15.,5\\/& +Bu” \jg :o/\ Ph
OMe OMe OMe OMe OMe
23,n=1,32%
24, n=2,61%

!Bugoms
OMe

29,67%

19,n=4,57%
20,n=6, 56%

21,n=2,77%
22,n=4,1.38983%

_Ph
tBu 0 Ph tBu o
. Me
Me OMe

28,37%

25, 44% 26, 82%

Me
OEt
tBu tBu N-goc
OEt
OMe ‘OMe

27, 39% 30, 32% 31,69%

Z
COE I [
i-Bu/g 2 tBu SN tBu o
OMe OMe

34,43%

RFRFRF R

FF FFFFFF
. CL. S

R', R2 = -CHjz or -(CH,)4CHg
36, 74%

35,53% 37,46% (dr=1.2:1)

Scheme 4 Scope of alkenes in the reaction. Unless otherwise stated,
all reactions were performed under the optimized conditions (Table 1,
entry 10) in THF (0.2 mL). Isolated yields.
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products as single diastereoisomers in 53-74% yield. For
aliphatic chain internal alkene (37) using the perfluororated n-
alkyl radical, we obtained the desired products as a mixture of
diastereomers (dr = 1.2 : 1; see the ESI}) in 46% yield.

As shown in Scheme 5, contrary to current state-of-the-art
TM-catalyzed three-component dicarbofunctionalization, this
method tolerates a range of diverse radical precursors and
operates under short reaction times and at low temperatures.
Specifically, tertiary alkyl bromides also form the desired 1,2-
alkylaryl products 38-50 with similar efficiency to alkyl iodides.
These results represent the first examples of using alkyl
bromides in a transition metal-catalyzed 3-component inter-
molecular 1,2-alkylarylation of unactivated olefins and can
complement existing methods using reductive cross-couplings
as reported by Nevado.” Furthermore, other tertiary alkyl
iodides/bromides are compatible in this transformation
yielding the desired products 51-55 in 31-63% yield. Finally,
consistent with our hypothesis (Scheme 2), we also found that
perfluororated n-alkyl radicals (much more reactive towards
Giese addition to alkenes)' were competent in this Fe-catalyzed
three-component dicarbofunctionalization reaction yielding
the desired products 56-57 in 77-87% yield. Unfortunately,
other primary and secondary alkyl halides are not compatible in
this transformation due to the competing direct cross-coupling
formation (see the ESIt).

To expand the synthetic utility of this Fe-catalyzed three-
component dicarbofunctionalization, we next explored the
possibility of performing a radical cascade cyclization/arylation
with a series of 1,6-dienes leading to the formation of three
carbon-carbon bonds in one synthetic step (Scheme 6a). We
hypothesize that regioselective Giese addition to the olefin will
form the secondary alkyl radical intermediate Ge. If the rates of
Fe-arylation are slower than the rate of ring-closure, then we
should only observe the ring-closed arylated product (i.e., 58).
However, if the rate for Fe-arylation of Ge is faster than the rate
for Fe-arylation of radical 5-exo-trig, then we should observe
only the uncyclized product (i.e., 59). As shown in Scheme 6a, we
found that this method delivered the desired carbocycle 58 in

3 mol% Fe(acac); Cy._Cy
AR 12 mol% Ligand L1 - P
+ A YN alyl  * R-MgBr : ?(Y\alkyl E
x 0°C,1h R' R P
Cy Cy
X=Br,| 11
Ph Ph
,,Bufa/"“ t8u t8u Hau/éy"" P EUE‘TA’“
OMe : . .
Ph

38, X =B, 82% 39, X = Br, 85% 40, X = Br, 61% 41,X=Br, 79% 42, X =Br, 62%

By Ph oy COEt 1y "ME +Bu A tBu SooMe gy 0" Ph
Me Me OMe OMe OMe

OMe

447, X=Br,35%  45°, X=Br,n=4,57% 47°X=Br,n=277%

462, X=Br,n=6,58% 48, X=Br,n=4,81%

Me Me Me
M Ph Ph Ph Ph
° Ve P e PR Gy CrFis
Me’ Me” & Z 0
OMe ome Fh OMe N"oMe N-"oMe OMe

51,X=1,63%
52, X =Br, 61%

43, X = Br, 36% 49%, X = Br, 57% 502, X = Br, 51%

53,X=1, 31% 54, X =Br, 43% 55, X =Br, 37% 56, X = Br, 87% 57, X=Br, 77%
Scheme 5 Scope of alkenes in the reaction. Unless otherwise stated,
all reactions were performed under the optimized conditions (Table 1,

entry 10). Isolated yields. (a) THF (0.2 mL).
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Scheme 6 Scope and energetics for radical cascade cyclization/ary-
lation. Unless otherwise stated, all reactions were performed under the
optimized conditions (Table 1, entry 10) in THF (0.2 mL). Isolated yield.
(a) Alkyl bromides. (b) Yield of the acyclic/arylation product.

good yield (71%). We also observed the uncyclized product 59,
presumably from direct arylation of Ge, albeit in low yield (9%).
Notably, incorporation of heteroatoms (O or N) or addition of
diester linkage results in exclusive formation of the cyclic
product. Specifically, we found the desired formation of alky-
laryl tetrahydrofuran 60, di-ester substituted carbocycle 62, and
pyrrolidine 64 in good to excellent yield (51-95%) and without
the formation of the uncyclized product. DFT calculations
[UPBEPBE-D3/6-311+G(d,p)-CPCM(THF)//UB3LYP/6-31G(d)]
using the ¢Bu radical and 1,6-heptadiene predict a barrier of
13.2 keal mol " for irreversible Giese addition leading to Ge, 5.2
kcal mol™* downhill in energy. In agreement with the experi-
ment, Ge preferentially favors radical cyclization leading to a cis
isomer, while (irreversible) radical cyclization leading to a trans
isomer is only 1.2 kcal mol™" higher in energy. However,
consistent with the experiment, the rates for radical cyclization
for X=0 substituted diene are faster and the energy difference
between cis and trans radical cyclization is much higher (1.7
kecal mol; see the ESIT). However, at this stage, we cannot rule
out alternative mechanistic pathways such as olefin coordina-
tion to the metal center preceding alkyl radical addition or 1,2-
migratory insertion of the iron-aryl into the alkene. Future work
on elucidating the mechanism of this transformation is on-
going and will be reported in due course. Given the prevalence
of saturated heterocyclic compounds (tetrahydrofurans and
pyrrolidines) in pharmaceuticals, we used an oxygen-
substituted diene as a model compound to explore the reaction
scope of this Fe-catalyzed three-component radical cascade
cyclization/arylation (Scheme 6b). As shown in Scheme 6b, this
reaction is very robust with aryl Grignard nucleophiles forming
the desired products in excellent yields, and the cis-isomer is the
major product (as determined by 'H NMR and via crystal

8304 | Chem. Sci., 2020, 11, 8301-8305

View Article Online

Edge Article

structure determination of 66; see the ESIt). The use of sterically
hindered, heteroaryl or vinyl nucleophiles was also tolerated
(69-72). Moreover, other tertiary alkyl iodides and per-
fluorinated alkyl and tertiary bromides also work in this trans-
formation forming the radical cascade cyclization/arylation
products 73-77 in 51-88% yield. Finally, the method is regio-
selective for addition to conjugated 1,3-diene to form 1,4-alky-
laryl products 78-79 in good yield (up to 11 : 1 E : Z, Scheme 6c¢).

Conclusions

In summary, we have developed a three-component 1,2-alky-
larylation of unactivated olefins using bisphosphine iron as the
catalyst. Further, we demonstrated that this protocol can forge
three carbon-carbon bonds in one synthetic step leading to
a diverse set of carbo- and heterocyclic compounds. We expect
that this method will be adapted by the pharmaceutical
community for the synthesis of bioactive products, fine chem-
icals, and late-stage diversification of promising leads.
Although this method is currently limited to the use of a large
excess of olefins, preliminary experiments show that the use of
activated alkenes could circumvent the need for excess alkenes,
and this will be reported in due course. Future work is ongoing
to elucidate the mechanism of this transformation using
computational, experimental, and spectroscopic tools. We are
actively pursuing other three-component Fe-catalyzed reactions
with other m-acceptors, nucleophiles, and electrophiles
including asymmetric variants and will report in due course.
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