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By developing gem-difluoromethylene allenes as viable partners, regiocontrolled Rh(III)-catalyzed redox-
neutral C-C coupling/C-N cyclization has been realized to build the pyridin-2(1H)-one motifs with the
embedment of a Z-configured monofluoroalkene functionality, in which either (hetero)aromatic or vinylic
amides were found to be compatible. Integrated experimental and computational mechanistic studies
revealed that a tandem regioselective allene 1,2-insertion/8-H elimination/hydrogen transfer/oxidative
addition/cyclization/cis-B-F elimination involving an unconventional Rh(III)-Rh(I)-Rh(III) catalytic cycle ac-
counts for the established transformation. Through further FMO analysis and IGMH maps, a non-covalent
weak interaction network between the gem-difluoromethylene part and the OPiv moiety was rationally
defined for the unconventional and specific regioselectivity control.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Due to their unique physiochemical properties and therapeu-
tic efficacies in drug discovery and development [1-5], fluorine-
containing motifs have drawn considerable attention from syn-
thetic chemists over the past decade [6-10]. As a consequence, di-
versified electrophilic, nucleophilic or free-radical fluorination and
fluoroalkylation reagents have been developed to address their
synthesis through converting fluoride-free starting materials to
fluorine-containing chemicals in a highly efficient manner [11-
15]. However, these reactions usually proceed with specially pre-
functionalized substrates and under harsh conditions, thus giv-
ing limited types of fluorinated products with relatively low step-
/atom-economy and functional group (FG) tolerance. Besides, re-
cently environmental enforcement has given a great challenge for
both the supply chain and the future use of these developed fluo-
rinated reagents since environmentally harmful raw materials, sol-
vents and/or additives were often involved for their preparation
and application [16-18]. These serious situations greatly hindered
their application. Therefore, further exploration of new, general
and environmentally benign fluorinated reagents/methodologies
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for building fluorine-containing motifs remains one of the hottest
topics.

Taking advantages of the exceptional advantage of C-H func-
tionalization strategy in terms of activity, selectivity, atom-/step-
economy, substrate scope and functional group tolerance [19-28],
more recently, several easily available fluorinated m-compounds
including perfluoroalkenes [29-32], gem-difluoroalkenes [33-
40], gem-difluoromethylene alkynes [41-45], monofluoroalkynes
[46] and gem-difluorocyclopropenes [47,48] have been developed
as versatile coupling partners (CPs) to address this issue via transi-
tion metal (TM)-catalyzed C-H functionalization (Scheme 1a). In-
deed, such fluorinated m-coupling partners-involved C-H activa-
tion mode often lead to the incorporation of the fluorine fragment
into the structural backbone of the product, thereby delivering the
corresponding fluorine-containing motifs with improved structural
diversity and FG tolerance. Despite these notable progresses made
in the organic integration of TM-catalyzed C-H activation with flu-
orinated 7-compound CPs towards their synthesis, all the proto-
cols developed to date remain limited to fluorinated alkyne/alkene-
mediated reactions. Given the significance of fluorine-containing
core in nature, thus, there is an urgent need to further expand the
new fluorinated CPs with innovative C-H activation reaction mode
to construct fluorine-containing motifs for meeting their increasing
demands.
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Inspired by the above information, we turn our attention to
the allene species since it features impressive reactivity and has
been successfully documented in recent C-H activation reactions
as a class of versatile synthons [49-52]. However, owing to the
presence of two orthogonal double bonds in the allene moi-
ety, the chemo- and regioselectivity control remains a challeng-
ing topic for allene-mediated C-H activation reactions (Scheme
1b) [53,54]. In general, the substituent bearing a big steric and/or
strong electronic effect is needed to be introduced for realizing
the desired control of the selectivity, which would overshadow
their further derivatization [55-58]. In view that the use of di-
fluorinated sr-compounds often leads to specific migratory inser-
tion driven by the unique fluorine effect in the stage of C-H
activation/C-C coupling [40,59,60], we envisioned that a reason-
able strategy for achieving the chemo-/regioselectivity control of
the allene moiety might be recognized by introducing the proper
difluorine-containing fragment into the allene scaffold. Taking all
these into account, we decided to design a new gem-difluorine-
containing allene species to coordinate the reaction characteristics
of the allene moiety and the gem-difluorine-enabled fluorine effect
for the chemo-/regioselectivity control. To the best of our knowl-
edge, such an assumption involving gem-difluorine-functionalized
allenes has not been revealed to date in the field of C-H ac-
tivation. Herein, we would like to report the first use of gem-
difluoromethylene allenes for the regiocontrolled assembly of iso-
quinolone and pyridinone derivatives bearing a biologically impor-
tant monofluoroalkene side chain [5,61] at the 3-position with ex-
clusive Z-selectivity via Rh(Ill)-catalyzed C-C coupling/C-N cycliza-
tion (Scheme 1c).

To test our hypothesis, we commenced our investigation by em-
ploying N-pivaloyloxybenzamide 1a with gem-difluoromethylene
allene 2a as model substrates. Preliminary screening demonstrated
that the desired C-H coupling occurred under the classic Cp*Rh(III)
catalytic system, resulting in the formation of the interesting 3-
fluoroalkenyl isoquinolone framework 3aa (see Table S1 in Sup-
porting information for details). To our surprise, this transforma-
tion featured an unconventional allene insertion mode (via 1,2
double bond insertion) in comparison with previously reported
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Scheme 1. TM-catalyzed C-H functionalization with fluorinated 7-compounds.
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TM-catalyzed C-H functionalization reactions involving monosub-
stituted allenes (via 2,1 or 2,3 double bond insertion) [53,54].
The introduction of the gem-difluoromethylene fragment might ac-
count for this phenomenon, thereby giving a fruitful expansion for
the reaction manifold of allene substrates. Encouraged by this find-
ing, we were next intrigued to probe the optimal reaction condi-
tions. Preliminary examination of different TM catalysts gave infe-
rior results, and the brief screening of the solvent and additive re-
vealed that [Cp*RhCl,],/KOPiv in TFE was the optimal composition,
affording 3aa in 75% yield. The switch of other amide substrates
bearing different oxidizing directing groups (ODGs) gave relatively
low efficiency. After systematically screening of other experimen-
tal parameters such as catalyst loading, the reaction temperature
and the ratio of starting materials, to the end, we were pleased to
identify the optimized reaction conditions and furnished the de-
sired product 3aa in 81% isolated yield.

Having established the optimal reaction conditions, we next
explored the compatibility and generality of the developed
protocol. As shown in Scheme 2a, a diverse array of N-
pivaloyloxybenzamides were first examined to couple with gem-
difluoromethylene allene 2a and showed good FG tolerance. Var-
ious commonly encountered substituents including alkyl (3ba
and 3ca), methoxyl (3da), methylthio (3ea), halogens (3fa-3ha),
trifluoromethyl (3ia), ester (3ja), cyano (3ka), nitro (3la) and
phenyl (3ma) group were all tolerable to afford the desired cy-
clization products in moderate to good yields. The structure of
compound 3aa was further confirmed by X-ray crystallography
and revealed a specific (Z)-selective configuration of the fluo-
roalkenyl moiety (CCDC: 2126006). Notably, ortho-substituted sub-
strates that have been proven to be inefficient in most C-H ac-
tivation cases were also feasible to participate in this transfor-
mation, delivering the corresponding fluoroalkenyl tethered iso-
quinolones in synthetically useful yields (3na-3pa). With meta-
substituted N-pivaloyloxybenzamides being the substrates, the de-
sired C-C coupling/C-N cyclization occurred effectively with a
preference at the less-hindered site (3qa-3ta). Gratefully, the
coupling of gem-difluoromethylene allene 2a with complex N-
pivaloyloxybenzamides derived from pharmaceutical ingredients
such as probenecid (anti-gout agent), roflumilast (PDE-4 inhibitor)
and pleconaril analog (antiviral agent) took place smoothly to yield
the desired isoquinolone derivatives 3ua-3wa in decent isolated
yields, demonstrating the synthetic potential of the developed pro-
tocol for late-stage C-H modification of bioactive molecules.

Given the distinctive regioselectivity and FG compatibil-
ity demonstrated in benzamide substrates, we were next in-
trigued to extend the developed protocol to heteroaromatic
and vinylic N-pivaloyloxy amides (Scheme 2b). As predicted, N-
(pivaloyloxy)furan-2-carboxamide and N-(pivaloyloxy)thiophene-2-
carboxamide were proved to be feasible for this transformation, af-
fording the desired pyridinone derivatives 4aa and 4ba in moder-
ate yields. Vinylic N-pivaloyloxy amides were also available sub-
strates, leading to the formation of desired C-C coupling/C-N cy-
clization products 4ca-4ea effectively. Subsequent examination of
different gem-difluoromethylene allenes was conducted to fur-
ther probe the robustness of this transformation (Scheme 2c). In-
terestingly, the results revealed that several 1,3-disubtituted al-
lenes were also available CPs, furnishing the corresponding prod-
ucts 3ab-3ad in decent yield with identically specific regiose-
lectivity demonstrated by monosubstituted allenes, revealing that
the presence of gem-difluorine moiety played a crucial role for
determining the chemo-/regioselectivity control. Moreover, gem-
difluoromethylene allenes derived from bioactive natural products,
e.g.,, cyclamen aldehyde and citronellal, were also good reactants
for the developed transformation, delivering the desired fluori-
nated isoquinolones 3ae and 3af in 66% and 73% yields, respec-
tively.
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Scheme 2. Scope for (hetero)aromatic and vinylic C-H functionalization with gem-difluoromethylene allenes. Reaction conditions: 1 (0.2 mmol),
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(2.5 mol%) and KOPiv (1 equiv.) in TFE (0.1 mol/L) at room temperature for 24 h under air; isolated yields were reported. ¢ The yield was obtained with 5 mol% of [Cp*RhCl; ],
catalyst loading. ® Dihydropyridin-2(1H)-one derivative 4ea’ was detected as the side-product, see Supporting information for details.

To further probe the reaction mechanism, in particular, to clar-
ify the unconventional regioselectivity of the developed trans-
formation, the detailed DFT calculations were next carried out
using Gaussian 09 by selecting the five-membered rhodacycle
INT-1 as the starting point (zero value of energy) [37,62,63].
In consideration of the electron-withdrawing effect of the gem-
difluoromethylene fragment, we envisioned that the allenic C-H
bond cleavage might occur owing to its relatively high acidity.
As shown in Fig. S1 (Supporting information), the coordination
of gem-difluoromethylene allene to INT-1 resulted in the forma-
tion of intermediate INT-2a with a free energy of —1.1 kcal/mol.
Of note, the distinctive short distance of 2.16 A between the al-
lenic terminal hydrogen and the carbonyl oxygen of OPiv was ob-
served in INT-2a, thus providing a possible allenic C-H bond ac-
tivation step via concerted metalation deprotonation process. In
this view, a Rh-assisted hydrogen transfer process probably oc-
curred via TS-1a (AG* =29.4 kcal/mol), affording the intermediate
INT-3a with a free energy of 17.6 kcal/mol. The direct C-C bond
reductive elimination from INT-3a was ruled out due to the rel-
atively high energy barrier of 36.6 kcal/mol (from INT-2a to TS-
2a’), while an alternative oxidative addition proceeded via TS-2a
(AG# =26.8 kcal/mol) to give the Rh(V) intermediate INT-4a along
with the cleavage of N-O bond. Further C-C bond formation from
INT-4a occurred facilely via TS-3a (AG* = —2.7 kcal/mol), deliver-
ing the key ortho-allenylation intermediate INT-7b with a free en-
ergy of —49.9 kcal/mol. To sum up, the unconventional allenic C-H
bond activation process was involved with the overall energy bar-
rier of 30.5 kcal/mol (from INT-2a to TS-1a).

Having clarified the unexpected allenic C-H bond activation
process with a relatively high energy barrier, we were next in-

trigued to calculate the Gibbs energy profiles of other alternative
reaction paths. Due to the equipment of two double bonds, clas-
sic double bond insertion was usually proposed for allene-involved
C-H functionalization reactions. Herein we compared different in-
sertion modes of the allene moiety into the C-Rh bond and the
results were shown in Fig. 1. The coordination of 1,2-double bond
in the gem-difluoromethylene allene to INT-1 followed by the mi-
gratory insertion via TS-1b was more reasonable owing to the rel-
atively low energy barrier of 15.1 kcal/mol (from INT-2b to TS-
1b), delivering the seven-membered rhodacycle INT-3b with a free
energy of —8.8kcal/mol (Fig. 1A). As a comparison, other inser-
tion modes involving contrary regioselectivity and different double
bonds were ruled out since the high energy barriers of 17.1 (from
INT-2a to TS-1a’), 19.2 (from INT-1 to TS-1b) and 19.8 (from INT-1
to TS-1c) kcal/mol were involved. These results were in line with
the experimental observation that specific 1,2-regioselective allene
insertion products were formed.

Moreover, the different regioselectivity for allene insertion was
next illustrated by the calculated frontier molecular orbitals (Fig.
1B). The gem-difluoromethylene allene 2a was selected as a
model molecule, of which the HOMO-2 (-7.34eV) and HOMO-3
(—7.58 eV) orbitals were closely related to the 1,2- and 2,3-double
bond, respectively. Analyzing the HOMO and LUMO energies of the
allene 2a and the rhodacycle INT-1, it clearly revealed that the
1,2-double bond insertion was thermodynamically more favorable
due to the relatively small HOMO-2/LUMO gap in comparison with
2,3-double bond insertion mode. To further clarify the difference
between 1,2-/2,1-double bond insertion, and probe the potential
role of the gem-difluoromethylene in controlling the observed re-
gioselectivity, we then carried out detailed DFT calculations to in-
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Fig. 1. Computational mechanistic studies for the allene insertion process. (A) Computed Gibbs energy profiles; (B) Calculated frontier-molecular-orbital (FMO) diagram for
2a and INT-1, isovalue =0.05; (C) Non-covalent interactions of TS-1b/1a’: Geometries of TS-1b (a), IGMH maps of TS-1b (b), Geometries of TS-1a’ (c), IGMH maps of TS-1a’

(d), isosurfaces of 84"’ =0.004 a.u.; green surfaces represent the weak interaction.

vestigate the non-covalent interactions of the transition states TS-
1b/1a’ [64]. As shown in Fig. 1C, both the carbonyl oxygen atom
and the fluorine atom acted as hydrogen bond acceptors in TS-1b
to form potent non-covalent weak interactions, thus rendering TS-
1b in a relatively stable conformation. As a comparison, no obvi-
ous non-covalent interaction between the gem-difluoromethylene
fragment and the rhodacycle species in TS-1a’ was found, which
probably accounted for the relatively high energy barrier of TS-1a’
(171 vs. 15.1 kcal/mol).

With the mechanistic insight into a unique 1,2-double bond in-
sertion established, the detailed reaction path for the formation of
the final 3-fluoroalkenyl isoquinolone framework from intermedi-
ate INT-3b was then investigated (Fig. 2). Selective S-H elimination
via TS-2b (AG* =2.8kcal/mol) afforded the allene intermediate
INT-5b with a free energy of 1.2 kcal/mol, which further underwent
a HOPiv-assisted hydrogen transfer via TS-3b (AG# = 12.9 kcal/mol)
with an energy barrier of 21.7 kcal/mol (from INT-3b to TS-3b), de-
livering the Rh(I) species INT-6b. Subsequent oxidative addition via
TS-4b (AG* =5.2kcal/mol) led to the cleavage of N-O bond, thus
re-oxidizing the Rh(I) species to the Rh(Ill) intermediate INT-7b
with an obvious exothermic process. By comparison, the highest
energy barrier from INT-1 to INT-7b involving the allene insertion
process was 21.7 kcal/mol, which was obviously lower than that of
the pathway shown in Fig. 1 (21.7 vs. 30.5 kcal/mol), suggesting that
the allene insertion mode should be more reasonable than allenic
C-H bond activation. Alternatively, other reaction pathways from
INT-3b including sequential oxidative addition/8-H elimination via

TS-2b' (AG#* =1.0kcal/mol) and TS-3b’ (AG* =17.4kcal/mol) and
direct C-N reductive elimination via TS-2b” (AG# = 15.4 kcal/mol)
were also excluded due to the high energy barriers of 32.6 (from
INT-4b’ to TS-3b’) and 24.2 (from INT-3b to TS-2b"’) kcal/mol. Fur-
thermore, the cyclization from INT-7b proceeded via the insertion
of allene double bond into the N-Rh bond, affording the desired
isoquinolone skeleton INT-9b via TS-5b (AG# = —35.5 kcal/mol). Fi-
nally, the selective B-F elimination was calculated and revealed
that the product bearing a Z-type configuration was more favor-
able both thermodynamically (—91.2vs. —89.2 kcal/mol) and dy-
namically (14.8vs. 15.4kcal/mol), which was in good agreement
with our experimental results.

To gain more insight into the reaction mechanism, sev-
eral experimental studies were further conducted. As shown in
Scheme 3a, deuterium-labeling experiments in TFE-d3 revealed
that obvious deuterium incorporation was detected at the ortho-
position of the ODG, suggesting a reversible C-H metalation pro-
cess. In addition, the developed Rh(Ill)-catalyzed C-H coupling
of N-pivaloyloxybenzamide 1a with gem-difluoromethylene allene
2a occurred smoothly in TFE-d3 to give the desired product 3aa
without obvious deuteration at both the phenyl ring and the 3-
fluoroalkenyl moiety, implying that the allene migratory inser-
tion was fast and the fluoroalkenyl substituent was formed via
B-F elimination rather than the protonolysis of C-Rh bond. Con-
trol experiments using allenic ketone 5 or monofluoroallene 7
as the CP were next conducted to define the role of the gem-
difluoromethylene fragment. The results revealed that a mixture
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Scheme 3. Experimental mechanistic studies and product derivatization

of regioisomers was obtained for both cases, illustrating that the
equipment of the gem-difluoromethylene functionality in the al-
lene substrate was crucial for realizing the specific regioselectivity
(Scheme 3b). Further derivatization of product 3aa was next car-
ried out to probe the synthetic potential of this protocol (Scheme
3c). Exposure of 3aa to m-CPBA led to the formation of dione

derivative 9 via selective oxidation of the monofluorided alkene
moiety, and the treatment of 3aa with different halohydrocarbons
delivered the N-substituted isoquinolones smoothly, albeit with a
Z|E mixture. Taken together, these results further strengthen the
synthetic potential of the developed protocol for the construction
of intriguing isoquinolone frameworks
On the basis of the above experimental and computational
results, we proposed a HOPiv-assisted redox-neutral Rh(III)-
Rh(I)-Rh(Ill) catalytic cycle involving a tandem regioselective
allene 1,2-insertion/B-H elimination/hydrogen transfer/oxidative
addition/cyclization/cis- 8-F elimination sequence for the developed
transformation [65-67] (Scheme 4). Initially, the active catalyst
Cp*Rh(OPiv), was formed readily via ligand exchange, followed by
a reversible C-H metalation to afford the five-membered rhodacy-
cle A. Subsequent regioselective migratory insertion of the allene
1,2-double bond into C-Rh bond delivered the intermediate B with
an energy barrier of 15.1 kcal/mol, which underwent 8-H elimina-
tion with an energy barrier of 11.6 kcal/mol to give the allene inter-
mediate C. Sequential hydrogen transfer/oxidative addition process
proceeded to furnish the intermediate D, which involved an en-
ergy barrier of 21.7 kcal/mol. Next, the intramolecular cyclization
occurred via selective insertion of the allene double bond into the
N-Rh bond with an energy barrier of 14.4 kcal/mol, and resulted in
the construction of the isoquinolone framework. Finally, selective
cis-B-F elimination to quench the C-Rh bond with an energy bar-
rier of 14.8 kcal/mol led to the final formation of the product 3aa
and the active Rh(IIl) catalyst in a redox-neutral manner. The de-
tailed DFT calculations demonstrated that the non-covalent weak
interaction network between the gem-difluoromethylene part and

the OPiv moiety attributed to the unconventional and specific re-
gioselectivity.
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Scheme 4. Proposed catalytic cycle.

In conclusion, by virtue of newly-developed gem-
difluoromethylene allenes as versatile CPs, an efficient and
regiocontrolled Rh(III)-catalyzed C-H activation/C-C coupling/C-N
cyclization cascade has been developed successfully for the con-
struction of 3-fluoroalkenyl isoquinolones and pyridinones, in
which a unique 1,2-migratory insertion of the allene unit was
involved. Either (hetero)aromatic or vinylic amides with the em-
bedment of various functional groups were proven to be viable
substrates for the established transformation. Through combined
DFT calculations and experimental mechanistic studies, the role of
the gem-difluoromethylene moiety, the key function of the KOPiv
additive as well as the origin of the chemo-/regioselectivity have
been clarified accordingly. Further investigations on the scope
and application of the innovative gem-difluoromethylene allene
species in assembling othexr intriguing fluorine-containing motifs
via TM-catalyzed C-H activation are in progress.
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