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ABSTRACT: A BFs-catalyzed atom-economical fluorocarbamoylation reaction of alkyne-tethered carbamoyl fluorides is re-
ported. The catalyst acts as both a fluoride source and Lewis acid activator, enabling the formal insertion of alkynes into
strong C-F bonds. Our proposed mechanism involves fluoride addition to the alkyne via a nucleophilic fluoroborate species,
followed by cyclization onto the carbamoyl moiety with concomitant release of fluoride. The developed method provides
access to 3-fluoromethylene oxindoles and y-lactams with excellent stereoselectivity, including fluorinated derivatives of

known protein kinase inhibitors.

Catalytic reactions involving C-F bond formation are of
interest to pharmaceutical and agrochemical industries due
to the favorable medicinal properties of fluorinated small
molecules.! More recently, strategies for the direct function-
alization of C-F bonds have emerged, typically requiring the
use of specialized transition metal catalysts or strong main-
group Lewis acids.? Despite significant progress in both ar-
eas, transformations involving both C-F bond formation
and C-F bond activation remain exceedingly rare.? Consid-
ering the abundance of fluorinated molecules at our dis-
posal, we aim to repurpose such compounds in atom-eco-
nomical carbofluorination reactions, thus enabling fluorine
atom-recycling. Transition metal-catalyzed carbohalogena-
tion reactions have been developed extensively over the last
decade, primarily with Pd and Ni catalysts that can facilitate
both the oxidative addition and reductive elimination of C-
X bonds (X =1, Br, or Cl).* Currently, these systems are not
capable of promoting reversible C-F bond activation due to
the high BDE of both C-F and M-F bonds. Thus, to merge C-
F bond cleavage and formation in a single transformation,
catalysts operating under new mechanistic regimes are re-
quired.

Contemporary catalytic platforms have recently
emerged, enabling the application of highly electrophilic
acyl fluorides in atom-economical addition reactions.5-7 The
Tobisu group has reported a phosphine-catalyzed intermo-
lecular fluoroacylation of activated alkynoates that pro-
ceeds through a C-F bond coupling on a PV intermediate.>®
Recently, Studer and co-workers disclosed an intermolecu-
lar alkene fluoroacylation reaction of benzofurans and in-
doles promoted by cooperative NHC and photoredox catal-
ysis.” In both cases, the high reactivity of acyl fluorides to-
wards nucleophilic substitution was harnessed in the C-F
bond cleavage step.
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Scheme 1. a) Synthetic utility of carbamoyl fluorides. b) Previ-
ously reported intramolecular chlorocarbamoylation reac-
tions. c¢) This work: BF3-catalyzed intramolecular fluorocar-
bamoylation reaction.



While new synthetic applications of acyl fluorides have
been widely developed,® the established chemistry of re-
lated carbamoyl fluorides has been limited due to their in-
creased stability. Thus, stronger nucleophiles are often re-
quired for simple carbamoyl substitution reactions
(Scheme 1a).%-11 In the context of transition metal-catalyzed
reactions, only three reports on the cross-coupling of car-
bamoyl fluoride electrophiles have been disclosed - all of
which require a Ni? catalyst to facilitate the challenging C-F
bond oxidative addition step.!? Notably, in all reported re-
actions, the fluorine atom of the carbamoyl fluoride is lost
as a wasteful by-product. To date, reactions that retain both
the carbamoyl fragment and the fluorine atom in the final
product remain elusive.

Given recent advances towards the synthesis of car-
bamoyl fluorides,!3 we were motivated to explore their ap-
plication in atom-economical carbofluorination reactions.
Although methods for the intramolecular chlorocar-
bamoylation of alkynes have been reported by Lautens and
co-workers using Pd catalysts!*1> or stoichiometric HFIP16
(Scheme 1b), the analogous fluorocarbamoylation cannot
be achieved under the same conditions (vide infra). To
achieve this transformation, we turned to a complementary
reaction manifold under Lewis acid (LA) catalysis, wherein
reversible fluoride binding to a LA can facilitate both the C-
F bond cleavage and C-F bond formation steps. The pro-
posed fluorocarbamoylation reaction would provide access
to fluorinated isosteres of medicinally relevant methylene
oxindoles'” and lactams (Scheme 1c),'® which are not gen-
erally accessible.19-20

Inspired by the use of stoichiometric tetrafluoroborate
(BF47) salts in C-F bond forming reactions,?! we hypothe-
sized that fluoride addition to a m-bond by BF4+~ could re-
lease a Lewis acidic BF3 species capable of promoting the C-
F bond cleavage step, thus enabling a catalytic alkyne car-
bofluorination reaction. We were pleased to find that the
use of catalytic TrBF4 with carbamoyl fluoride 1a provided
the desired 3-fluoromethylene oxindole 2a in 55% yield
with >95:5 E:Z-selectivity (Table 1, entry 1).22 The major
isomer was unambiguously confirmed by single crystal X-
Ray crystallography (see SI). Changing the counteranion to
PFe¢~ (entry 2) or cation to tropylium (entry 3) led to inferior
results. Pd° catalysts known to promote the chlorocar-
bamoylation of alkynes!415 could not effect the desired re-
action (Table S2); however, Pd(MeCN)4(BF4)2 provided 2a
in moderate yield (entry 4). An improved yield of 67% was
obtained with HBF4OEt: (entry 5);%* however, other
Brgnsted acids were unable to promote the chemistry (en-
tries 6-8). We then tested BF3-OEt: as it is often used inter-
changeably with HBF4+-OEt: as a nucleophilic fluoride
source,?* and we were pleased to find that 2a was formed in
99% yield (entry 9). While other boron trihalide species,
BCls and BBr3, demonstrated good reactivity, they also gave
approximately catalytic amounts of halogen exchange prod-
ucts 2a-Cl and 2a-Br, respectively, suggesting their role as
a halide donor (entries 10-11). Triarylboranes B(C¢Fs)3 and
B(4-F-CsHa)3, were ineffective catalysts (entries 13-14),

even though their Lewis acidities are comparable to BBr3
and BF3, respectively, based on reported fluoride ion affinity
values (FIA) (Table SI).2> Together, these results provide a
rationale as to why boron trihalides are the most effective
catalysts, despite their wide Lewis acidity range. Notability,
3-fluoromethylene oxindole 2a cannot be synthesized from
the analogous carbamoyl chloride 1a-Cl in the presence of
stoichiometric BF3-OEt2 (entry 14). The application of other
fluoride sources led to an intractable mixture of 2a-Cl and
2a (Table S4), demonstrating that carbamoyl fluorides are
uniquely suited for this transformation.

Table 1. Catalyst screen for the fluorocarbamoylation of 1a

Ph F,

(% Catalyst (10 mol%) Fh
J DCM (0.1 M), 40 °C, 24 h g o
I B
1a 2a
Entrye Catalyst Conv  Yield 2a E:Z
(%) (%)
1 TrBF4 55 55 >95:5
2 TrPFs 5 0 NA
3 TroBFa 1 NA
4 Pd(MeCN)4(BFa4)2 60 45 >95:5
5 HBF4-OEt2 99 67 >95:5
6 NEts-HF 0 0 NA
7 Pyr-HF 9 0 NA
8b HFIP 3 0 NA
9 BF3-OEt2 100 >99 >95:5
(99)¢
10 BCls 100 904 >95:5
11 BBr3 100 81e >95:5
12 B(CéFs)3 30 5 95:5
13 B(4-F-CeH4)3 3 0 NA
14/ 1 equiv BF3-OEt2 20 0 NA
with 1a-Cl

NA = Not applicable; Tr = tritylium; Tro = tropylium. 9All reac-
tions were run at a 0.1 mmol scale in a sealed 1-dram vial at 40
°C for 24 h. The yield and E:Z ratios were determined by 19F
NMR spectroscopy using a,a,a-trifluorotoluene as internal
standard; ®With HFIP (8 equiv) in PhMe [0.2 M] at 100 °C for 12
h (conditions: ref 16). <Isolated Yield; 42a-Cl formed in 9% yield
(>95:5 E:Z); e2a-Br formed in 8% yield (>95:5 E:Z); 2a-Cl was
formed in 10% yield (77:23 E:Z).

During studies to assess the scope, we found that increas-
ing the catalyst loading to 20-30 mol% enabled most reac-
tions to reach full conversion within 24 h. In all cases, the
desired 3-fluoromethylene oxindole products 2 were
formed with >95:5 E:Z-selectivity (Figure 1). Remote modi-
fications to the nitrogen protecting group were well toler-
ated (2b-j), although reduced yields were observed for sub-
strates bearing additional Lewis basic sites (2d, 2f, 2g).
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Figure 1. Substrate scope for methylene oxindoles; Conditions a. 10 mol% BF3'OEtz; b. 20 mol% BF3-OEtz; ¢. 30 mol% BFs3-OEt..
Conditions for PMB deprotection: Anisole (20 equiv), TFA (0.1M), 80 °C, 16 h.

The reaction was relatively insensitive to substitution on
the core aromatic ring (2k-20) except for 2p, which bears a
coordinating nitrile functionality.?¢ Various substituents on
the distal aryl ring were tolerated, including halogen atoms
(29, 2r), an acetyl group (2s), and a methyl group (2t) at the
para positions. Unfortunately, substrates bearing electron-
rich (hetero)aryl groups (1u, 1z) were completely unreac-
tive. We believe that this poor reactivity is due to an elec-
tronic effect rather than a catalyst deactivation pathway,
since Lewis basic groups are tolerated in substrates 1d, 1g,
and 1w. The successful application of 1v containing a less
electron-releasing p-OAc group supports this hypothesis.
Carbamoyl fluorides bearing a m-CF3s or m-Me group under-
went the reaction smoothly, providing excellent yields of 2x

and 2y. We were pleased to see that our method was also
applicable towards the synthesis of y-lactams 4a and 4b
with complete Z-selectivity, as confirmed by X-ray crystal-
lography of 4a (see SI). The switch in stereoselectivity from
oxindoles to lactams has been previously observed in the
HFIP-mediated cycloisomerization of carbamoyl chlo-
rides.1® Methylene oxindoles are a privileged motif, well-
represented in a number of medicinally important scaf-
folds.!” Our method could be applied to the synthesis of 3-
fluoromethylene oxindoles 2aa-2ab, which upon PMB
deprotection provides access to the 3-fluoro-derivatives
(5aa-5ab) of known protein kinase inhibitors.2” The stere-
ochemistry of 5aa remained unchanged upon deprotection
(see SI).



Two possible mechanisms were considered for the BFs3-
catalyzed fluorocarbamoylation of 1a. The first pathway in-
volves fluoride abstraction from 1a to form isocyanate cat-
ion I-A, which can be intercepted by the pendant alkyne to
produce a vinyl cation I-B (Scheme 2a). Fluoride transfer
from BF4+~ to I-B produces 2a and regenerates the BF3 cata-
lyst. A concerted pathway involving concomitant C-C and
C-F bond formation can also be envisioned. This mecha-
nism draws similarities to a recent report by Nishimoto and
co-workers on the BFs-catalyzed insertion of diazoesters
into benzylic C-F bonds.28 However, there is no literature
precedence for LA-promoted fluoride abstraction from car-
bamoyl fluorides. In fact, pioneering work by Olah and co-
workers revealed that carbamoyl fluorides are reluctant to
form isocyanate cations, even in the presence of strong
Lewis and Brgnsted acids.2? Nevertheless, we wanted to
probe the possibility of forming an isocyanate cation from
model substrate 6, which lacks a pendant alkyne, in a stand-
ard Friedel-Crafts reaction. In the presence of stoichio-
metric BF3, 6 was unreactive and no carbamoyl substitution
products were observed using 2-methylnaphthalene as the
arene (Scheme 2b).3° Additionally, a vinylogous Friedel-
Crafts reaction of ortho-alkenyl carbamoyl fluoride 7 also
failed, further suggesting that a fluoride abstraction path-
way is unlikely (Scheme 2c).1¢ This conclusion is indirectly
supported by the fact that the reactivity of the boron-based
Lewis acids do not parallel reported FIA values (Table S1).2°
Moreover, given that electron-releasing groupsin 1uand 1z
shut down the reactivity, formation of I-B seems unlikely, as
the development of 6+ at the vinylic site should be pro-
moted by electron-rich substituents.

a) Fluoride abstraction pathway (mechanism I)
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Scheme 2. Mechanistic test studies on the feasibility of a fluo-
ride abstraction pathway involving isocyanate cation interme-
diate I-A.

With the gathered evidence, our postulated mechanism
begins with fluoride addition to the alkyne by a fluoride-re-
leasing BF3X- species. This step triggers a nucleophilic sub-
stitution reaction at the carbamoyl fluoride, which may be
facilitated by coordination of BF3 to the carbamoyl group
(Scheme 3). While the identity of the initial BFsX-species re-
mains unclear, any Lewis adduct of BF3 (e.g.,, 1a-BF3) can
serve as a fluoride source. For example, Lewis adducts of

aldehydes,’! imines,*? and hypervalent iodine reagents33
with BF3 have been previously reported to liberate fluoride.
It is also possible that trace amounts of HBF4 present in
commercial BF3-OEt: can initiate this process.?3* Regard-
less of the initiation mechanism, collapse of tetrahedral in-
termediate II-B would generate an equivalent of BFs- that
could re-enter the catalytic cycle. Given that the reaction is
exclusively promoted by halide-containing boron-based
catalysts and exogenous halide incorporation is observed
with BCls and BBrs3, it is likely that BF3 plays a dual role as
both a halide source and a Lewis acid activator.

Fluoride addition pathway (mechanism Il)
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Scheme 3. Plausible mechanism for the fluorocarbamoylation
reaction.

In conclusion, we have developed an atom-economical
fluorocarbamoylation reaction of alkyne-tethered car-
bamoyl fluorides that is enabled by an inexpensive BFs cat-
alyst. The protocol provides access to fluorinated heterocy-
cles that map directly onto privileged methylene oxindole
and y-lactam scaffolds, which may be further explored in
medicinal chemistry programs. The ability to activate
strong C-F bonds under mild conditions offers an advance-
ment for future catalyst design in carbofluorination chemis-
try.
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