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Enol silyl ethers are versatile, robust, and readily accessible substrates widely used in chemical synthesis.
However, the conventional reactivity of these motifs has been limited to classical two electron (2-e)
enolate-type chemistry with electrophilic partners or as radical acceptors in one electron (1-e) reactivity
leading, in both cases, to exclusive a-monofunctionalization of carbonyls. Herein we describe a mild,
fast, and operationally simple one-step protocol that combines readily available fluoroalkyl halides, silyl
enol ethers, and, for the first time, hetero(aryll Grignard reagents to promote selective
dicarbofunctionalization of enol silyl ethers. From a broader perspective, this work expands the synthetic
utility of enol silyl ethers and establishes bisphosphine—iron catalysis as enabling technology capable of
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DOI: 10.1035/d35c04549h orchestrating selective C-C bond formations with short-lived a-silyloxy radicals with practical
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Introduction

(A) Conventional reactivity of silyl enol ethers via 2-e or 1-e manifolds.
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Fig.1 (A) Traditional strategies based on monocarbofunctionalization
of silyl enol ethers via 1-e and 2-e enolate-type chemistry. (B)
Representative examples of iron-catalyzed dicarbofunctionalization.
(C) This work: bisphosphine—iron-catalyzed radical cross-coupling of
a-silyloxy radicals.
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exceedingly fast single electron transfer (SET) events under
(metalla)photoredox catalysis.

Recently, our laboratory reported the ability to modulate the
speciation of organoiron species to enable multicomponent
radical cross-coupling reactions of alkyl halides and sp*
hybridized Grignard reagents with a range of radical acceptors
including strain release vinyl cyclopropanes and [1.1.1]pro-
pellanes, unactivated alkenes, electron-deficient vinyl boro-
nates, and electron-rich alkyl- and aryl vinyl ethers as effective
lynchpins (Fig. 1B).*”**

Based on these reports, we hypothesized that this bisphos-
phine-iron mechanistic manifold is uniquely positioned to
orchestrate a series of events that could allow for
unprecedented***” recombination of a-silyloxy radicals with
organoiron species to selectively form two new C-C bonds with
enol silyl ethers (Fig. 1C). Herein, we report the successful one-
step multicomponent cross-coupling of enol silyl ethers, di- and
tetrafluoroalkyl halides, and hetero/aryl Grignard reagents
under bisphosphine-iron catalysis. In contrast to prior
methods that need additional synthetic steps, including
protecting/deprotecting strategies and purification steps, to add
a second C-C bond, this method permits direct formation of
valuable and structurally diverse di- and trifluoro alkyl silyl
ethers and 2° benzylic alcohols from readily available starting
materials.

Results and discussion
Development of a dicarbofunctionalization reaction

Based on recent mechanistic studies in bisphosphine-iron
catalysis,*** we envisioned that alkyl halide 1.1 could undergo
halogen-atom abstraction to form electrophilic radical int-1". In
turn, regioselective******>> Giese addition with electron-rich
enol silyl ether 2.1 would result in the formation of a-silyloxy
radical int-2°. Given the unfavourable energies for bisphos-
phine-iron species to undergo SET with a-silyloxy radicals (see
Fig. S107 for calculated redox potentials) and in contrast to prior
methods including palladium catalysis®*** or
photocatalysis,**** we hypothesized that a-silyloxy radical int-2°
could undergo selective radical addition to monoaryl bisphos-
phine-iron(un) species (to form int-3") followed by a spin-
selective reductive elimination to forge the second C-C
bond.**** To our delight, using only 2 equiv. of enol silyl ether,
we identified Fe(acac); and a bisphosphine ligand bearing
a thiophene bridge (3,4-bis(dicyclohexylphosphino)thiophene;
deypt) L1 as a suitable iron/ligand combination to enable the
formation of the desired three-component coupling product 4,
after judicious in situ desilylation with HCl, in 97% "H NMR
yield (Table 1, entry 1). Notably, the use of saturated NH,CI as
a mild quenching strategy also allows for selective dicarbo-
functionalization without O-Si bond cleavage (vide infra). The
more flexible but sterically and electronically related (1,2-bis(-
dicyclohexylphosphino)ethane; dcype) L2 ligand was slightly
less effective (entry 2) while significantly inferior results were
found upon changing the length of the tether and/or P-cyclo-
hexyl substituents (entries 3-5). Presumably, the sterically
demanding and electron-rich alkyl substituents in these ligands
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Representative Ligands }
Entry Variation Yield® [%] ;\szl y : %!
1 none 97 (86)* { e
2 L2(12 mol%) 93 ﬁ’ $
3 L3(12mol%) 0 X-Ray of Fe(L1)Bry
4 L4(12mol%) 46
5 L5(12mol%) 25 N Van N(ﬁ
6 using Fe(OTf)3 (3 mol%) 85 P
7 using FeF3 (3 mol%) N.D. %/ \%%/ L4 W
8 using Fe(OAc); (3 mol%) 83
9 using FeBr, (3 mol%) 82
10 noFe(acac)s N.D. @L Q T
1" no L1 N.D.
12 no Fe(acac); and no L N.D. ©/ L3 \©
L5

¢ Reactions were carried out on a 0.1 mmol scale. Standard reaction
conditions are as follows: 1-(2-bromo-1,1,2,2-tetrafluoroethoxy)-2-
methoxybenzene 1.1 (0.1 mmol, 1.0 equiv.), vinyloxy-trimethylsilane
2.1 (0.2 mmol, 2.0 equiv.), p-tolylmagnesium bromide 3.1 (0.2 mmol,
2.0 equ1v) and THF (0.1 mL). Aryl Grlgnard 3.1 was added dropw1se
via a syrlnge pump over 1 h at 0 °C. ” Yields were determined by 'H
NMR using dibromomethane as an internal standard of the
associated deprotected alcohol. Isolated yield (parenthesis). N.D.: not
detected.

(L1 and L2) are crucial to control the formation of mono-ligated
Fe(u) species involved in radical formation and recombina-
tion.** Finally, with the exception of iron trifluoride (entry 7),
other Fe(u) and Fe(ur) salts were also effective in this trans-
formation (entries 6-9) albeit lower yields were observed.
Furthermore, mixing iron dibromide and L1 led to suitable
crystals for X-ray analysis (Table S10t). The crystal showed that
Fe(u) salt complexes to only one phosphine ligand to form the
corresponding tetrahedral dihalide Fe(u) species, presumably
a crucial feature to promote multicomponent iron-catalyzed
cross-couplings.** Subsequent control experiments confirmed
that both the iron salt and the ligand are essential to promote
the three-component cross-coupling reaction (entries 10-12).
Notably, under the standard optimized reaction conditions, the
product from atom transfer radical addition (ATRA) to an enol
silyl ether was not observed and thus unlikely to proceed via
consecutive ATRA followed by Fe-catalyzed cross-coupling. For
full optimization studies, including the rate of addition,
substrate loadings, solvents, etc., see the ESI (Tables S1-S37).

Reaction scope

We next evaluated the scope of each coupling partner in this
three-component radical cross-coupling reaction involving a-
silyloxy radical/organoiron cross-coupling.

As shown in Fig. 2, to study the scope and limitations in
terms of nucleophiles, a series of heteroaryl- and aryl Grignard
reagents, including heteroaryl turbo Grignard reagents,
featuring diverse functional groups at varied ring positions were
evaluated. Overall, this method tolerated a broad range of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Scope of Grignard reagents. Reaction conditions: reactions
were carried out with 1.1 (0.2 mmol), 2 (0.4 mmol), 3 (0.4 mmol),
Fe(acac)s (3 mol%) and L1 (12 mol%) with THF (0.2 mL) at 0 °C. Grignard
was added dropwise by using a syringe pump for 1 h. Reaction was
performed on a 0.2 mmol scale unless otherwise stated. All reported
yields are isolated yields. ®Using a 5.4 mmol scale. “Triethyl(vinylox-
ysilane) was used as an alkene precursor. 91-Trimethylsilyloxy-1-pro-
pene was used as an alkene precursor. 1-Trimethylsilyloxy-1-butene
was used as an alkene precursor. ‘Using turbo Grignard (Het)
ArMgBr-LiCl as a nucleophile. See the ESIt for details.

electron-rich aryl Grignard nucleophiles bearing substituents at
the meta- and para-positions of the aryl ring leading to (after in
situ desilylation) the corresponding secondary benzyl alcohol
products (4, 8, 10, 12, 14, 18 and 24) or the silyl ether products
(5-7, 9, 11, 13, 15, 19 and 25) using sat. NH,Cl as a mild
quenching agent in good to excellent yields (39-91%). Similarly,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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electronically neutral aryl Grignard nucleophiles could also be
efficiently engaged in this cross-coupling reaction, as exempli-
fied by secondary alcohol and silyl ether products 16/17 and 20/
21. Furthermore, electron-deficient aryl Grignard nucleophiles,
including those bearing versatile carbon-halogen bonds for
further manipulations via traditional cross-coupling protocols,
yielded the targeted alcohols and silyl ether products (22-33) in
good to excellent yields.

Unfortunately, the reaction with ortho-substituted aryl
Grignard reagents was not successful in this three-component
radical cross-coupling transformation presumably due to the
high barrier to undergo C-C bond formation with a sterically
hindered mono-aryl bisphosphine-iron species (Fig. S6, 3.567).
Gratifyingly, alkenyl Grignard nucleophile also proved to be
a competent partner, affording the desired secondary alcohol
(34) and silyl ether product (35), albeit in lower yields. In
addition to benzene derivatives, this protocol also tolerates -
extended systems as exemplified using phenanthroline
Grignard nucleophile (36). Currently, this method is limited to
monosubstituted enol silyl ethers as those bearing additional
substituents (i.e., 2.4 and 2.5; Fig. S21) led to the desired
products (37 and 38) in low yields and moderate diaster-
eoselectivity. We next surveyed the scope of this reaction with
hetero(aryl) Grignard and turbo Grignard [ie., (Het)
ArMgBr-LiCl] reagents. Gratifyingly, for the first time, we show
that these nucleophiles can participate in multicomponent
iron-catalyzed cross-coupling reactions. Specifically, the dicar-
bofunctionalization of enol silyl ethers proved compatible with
a wide range of pharmaceutical-relevant heteroaryl nucleo-
philes including N- and O-containing heteroatoms that can
chelate to transition metals and limit catalysis using alternative
protocols (Fig. 2; inset). The list of compatible partners include
electron-rich 2-ethoxy-4-pyridyl, N-Boc-protected indole and
indoline, N-methyl indazole, benzofuran, dihydroxybenzofuran,
2,2-difluorobenzo|[d][1,3]dioxole, benzo[d][1,3]dioxole, 2,3-dihy-
drobenzo[b][1,4]dioxine, and N-phenylcarbazole that deliver the
desired cross-coupling products (39-49) in moderate to excel-
lentyields (24-89% yield). Finally, to show the practical utility of
the reaction, we executed the reaction on a 5.4 mmol scale, and
isolated 4 in 83% yield (parenthesis).

Due to their ability to modulate physical and chemical
properties,  difluoromethylene and tetrafluoroethylene
linkages®*' are prevalent in the pharmaceutical and agro-
chemical industries. However, there are no reports on catalytic,
one-step dicarbofunctionalization of enol silyl ethers using
these valuable motifs.

As shown in Fig. 3, in contrast to tertiary alkyl radicals that
required excess enol silyl ether (50), a range of electrophilic
radical precursors readily participated in this transformation
using 1 equiv. of alkyl halide and 2 equiv. of enol silyl ether and
Grignard reagent. Importantly, o,a-difluoro ester bromide
engages in the radical cascade/cross-coupling with a range of
aryl Grignard reagents leading to challenges in accessing it via
traditional routes and pharmaceutically relevant y-aryl, o,o-
difluoro lactone precursors (51-57). Compound 51 produced
single crystals by recrystallization in chloroform whose struc-
ture was unambiguously determined by X-ray crystallography

Chem. Sci., 2023, 14,13007-13013 | 13009
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Fig. 3 Scope of alkyl halides in dicarbofunctionalization of enol silyl
ethers. ?Reaction conditions: reactions were carried out with 1 (0.2
mmol), 2.1 (0.4 mmol), 3 (0.4 mmol), Fe(acac)s (3 mol%) and L1
(12 mol%) with THF (0.2 mL) at O °C for 1 h. Grignard was added
dropwise by using a syringe pump for 1 h. Reaction was performed on
a 0.2 mmol scale unless otherwise stated. All cited yields are isolated
yields. PUsing 2.8 mmol of 2.1. 1-Bromo-1,1,2,2-tetrafluoro-4-iodo-
butane was used as a radical precursor.

(Table S71). Overall, a broad range of di-, tetra- and perfluoro-
alkyl radical precursors bearing various functionalities
including diethoxyalkyl as protected aldehydes (58), extended
alkyl (59 and 60), fluoroalkyl rich (73 and 75) chains, aryl (61)
and heteroaryl (74), aryl (thio)ethers (62-64 and 72), esters (65),
and diverse amides (66-71) were compatible in this trans-
formation. Notably, a bifunctional reagent bearing two carbon-
halogen bonds (i.e., 1-bromo-1,1,2,2-tetrafluoro-4-iodobutane)
also reacted with enol silyl ether 2.1 and aryl Grignard nucleo-
phile to give 76 in 55% yield. Unfortunately, unlike their
unprotected counterparts (67-69) N-methylated amides failed to
give the corresponding product (77). For further substrate
limitations see the ESI (Fig. S4-S61).

Synthetic derivations

Derivatization of the secondary alcohol to diverse important
synthetic functionalities was further explored to showcase the
synthetic utility and practicality of this one-pot,

13010 | Chem. Sci., 2023, 14, 13007-13013
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Fig. 4 Synthetic derivations. Condition A: (NH4),Ce(NOs)g (2.5 equiv.)
MeCN/H,0 (4:1), 50 °C, and 16 h. Condition B: (1) (COCl), (1 equiv.),
DMSO (2 equiv.), CH,Cl,, —78 °C, and 30 min; (2) EtsN (4 equiv.), =78 °
C, 30 min, and rt. Condition C: Pd/C (10%), TES (1 equiv.), MeOH, and
30 min. Condition D: TFA, CH,Cl,, 0 °C-rt, and 8 h. Condition E:
NaBH,4, MeOH, and rt.

multicomponent iron-catalyzed dicarbofunctionalization of
enol silyl ethers (Fig. 4). Selective reduction of the hydroxy group
of 4 afforded the corresponding alkane in 62% yield (78). In
addition, 4 can be easily converted to the corresponding p-flu-
oroenones (79) through Swern oxidation followed by dehydro-
fluorination in good yield.

Selective oxidation using ceric ammonium nitrate (CAN) led
to the corresponding ketone (80). In addition, hydroxy esters
(51-54) synthesized using optimized iron-catalyzed multicom-
ponent cross-coupling were further derivatized to the corre-
sponding medicinally relevant y-aryl, a,a-difluorolactones (81-
83). In turn, lactone 81 was further reduced using sodium
borohydride (NaBH,) to the corresponding diol (84).
Compounds 81 and 84 produced single crystals whose structure
was confirmed by X-ray crystallographic analysis (Tables S8 and
S9t respectively).

Mechanistic elucidation

Next, to gain insight into the mechanism by which this
bisphosphine-iron catalyst is uniquely suitable for effective a-
silyloxy radical/cross-coupling, we undertook a series of exper-
imental and computational studies. First, to probe the forma-
tion of a-silyloxy radicals in this transformation, we used 4-
bromo,3,3,4,4-tetrafluoro-1-butene (A") as a radical trap. As
shown in Fig. 5A, A’ led to the formation of a cyclic secondary
alcohol (85) and silyl ether (86) in good to excellent yield,
consistent with a radical relay/cross-coupling cascade.
Furthermore, DFT calculations also support the formation of an
a-silyloxy radical followed by a rapid 5-exo radical cyclization
(barrier ~ 9 kcal mol™") and radical/cross-coupling sequence
(Fig. S127). Notably, this multicomponent annulation/cross-
coupling (MAC) protocol could be extended to other systems
including disubstituted enol silyl ethers leading to the corre-
sponding annulation product (87), albeit in lower yield with 5 : 1
dr. Cyclic enol silyl ethers (e.g., 1-(trimethylsiloxy)cyclopentene)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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also formed the corresponding medicinally relevant bicyclo
[3.3.0]diquinane ring systems bearing a hydroxyl (88) and silyl
ether (89) at the ring juncture,”> both as trans isomers, as
revealed by NOESY (Fig. S7 and S8t) with high levels of dia-
stereoselectivity (up to 15:1 dr).

To gain insights into the chemo- and regio-selectivity, we
next proceeded to examine the reactivity using mechanistic
probe 2.8 that bears two electronically distinct, but sterically
similar, alkene functionalities (Fig. 5B). Interestingly, we only
observed the uncyclized (dicarbofunctionalization) product 90
with 27% yield, presumably from direct cross-coupling of
organo-iron species with int2”*. This result implies that selec-
tive addition of the difluoroalkyl radical to the electron-rich
enol silyl ether (rather than an alkyl substituted alkene) fol-
lowed by a radical cross-coupling event with organoiron is faster
than competing 5-exo radical cyclization (calculated barrier ~
14 kecal mol™'; see Fig. S11f) or potential halogen atom
abstraction of alkyl halides by the electron-rich a-silyloxy radical
(see the ESI}). Taken together, the results in Fig. 5A and B
coupled with the computational studies allow us to “bracket”

© 2023 The Author(s). Published by the Royal Society of Chemistry

the C(sp®)-C(sp®) bond formation step at ~10-14 kcal mol .
Finally, preliminary results showed that the protocol is also
applicable to the asymmetric dicarbofunctionalization of enol
silyl ethers leading to the desired chiral alcohols 93-97 (Fig. 5C
and Table S41). These results are more consistent with enan-
tioselective radical/metal cross-coupling between the a-silyloxy
radical and chiral mono-aryl organoiron(u) species (vide infra)
rather than the formation of TMS-oxonium species followed by
non-stereoselective Grignard addition.

Lastly, we carried out dispersion-corrected density functional
theory (DFT) calculations to gain insight into the nature of C-C
bond formation (Fig. 5D). Based on the related mechanistic
studies on the iron catalyzed cross-coupling reaction,*** the
direct halogen abstraction of the corresponding fluoroalkyl
halide by an intermediate-spin distorted square planar bis-aryl
bisphosphine-iron species (or by an Fe(i) species) can lead to
‘CF,CF; radical formation (Fig. S14t). In turn, ‘CF,CF;3 could
undergo fast and irreversible Giese addition to enol silyl ether 2.1
to form radical Int-1 (barrier is only 8.1 keal mol™"). Then, Int-1
found adds rapidly and reversibly to the tetrahedral, monoligated

Chem. Sci., 2023, 14, 13007-13013 | 13011
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mono-aryl Fe(u) species A through the selective quartet spin state
TS2 leading to the formation of distorted square pyramidal Fe(ur)
alkyl intermediate Int-2, in the same spin state. Finally, subse-
quent and irreversible reductive elimination via selective quartet
spin state TS3 produces the targeted product and Fe(i) species
(*B), which can then restart the catalytic process.®® Overall, in
agreement with the “bracketed” 10-14 kcal mol " barrier (vide
supra), the C(sp*)-C(sp’) bond formation between these two
species is predicted to be ~12 kcal mol . Finally, as in the past,
calculations rule out the outer-sphere C-C bond formation via
high spin ®T$4.4453% Furthermore, we also studied an alternative
pathway in which a carbo-bromination product (C) is formed via
ATRA* to an enol silyl ether through TS5, but the calculations
ruled out the this pathway due to a higher energy barrier (~14
kcal mol ') compared with *TS2.

Conclusion

In conclusion, we have developed a unique iron-bisphosphine
manifold that expands the chemical space and reactivity
patterns of enol silyl ethers leading to selective dicarbo-
functionalization with alkyl halides and (hetero)aryl Grignard
and turbo Grignard reagents as coupling partners. Overall, this
method allows selective formation and cross-coupling of a-
silyloxy radicals leading to the formation of two new C-C bonds
in one step under mild conditions, exceedingly fast reaction
times, and with broad functional group tolerance. Experimental
and computational studies were used to gain insights into the
mechanism, selectivity, and nature of C-C bond formation.
From a broader perspective, we anticipate that this method will
pave the way towards forming transient carbon-centered radi-
cals with low redox potentials and undergoing enantioselective
carbon-carbon bond formation with chiral organoiron species.
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