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Single-atom skeletal editing is an increasingly powerful tool for scaffold
hopping-based drug discovery. However, the insertion of a functionalized
carbon atom into heteroarenes remains rare, especially when performed in
complex chemical settings. Despite more than a century of research,
Ciamician-Dennstedt (C-D) rearrangement remains limited to halocarbene
precursors. Herein, we report a general methodology for the Ciamician-
Dennstedt reaction using a-halogen-free carbenes generated in situ from N-
triftosylhydrazones. This one-pot, two-step protocol enables the insertion of
various carbenes, including those previously unexplored in C-D skeletal edit-
ing chemistry, into indoles/pyrroles scaffolds to access 3-functionalized qui-

nolines/pyridines. Mechanistic studies reveal a pathway involving the
intermediacy of a 1,4-dihydroquinoline intermediate, which could undergo
oxidative aromatization or defluorinative aromatization to form different
carbon-atom insertion products.

The concept of “scaffold-hopping”, which aims to identify isofunc-
tional structures with distinct molecular cores that enhance bioactivity
and also access new intellectual property space, has recently emerged
as an important, enabling strategy in drug discovery'. One of the most
desirable contexts of this powerful concept is heterocycle replace-
ment, as demonstrated by the successful development of the
cholesterol-lowering drug pitavastatin from fluvastatin, and the anti-
neoplastic agent alimta from 5,10-dideazafolic acid (Fig. 1a)**. How-
ever, the execution of this strategy in molecular optimization
campaigns has proven to be time-consuming and labor-intensive due
to the distinct preparative methods required for the different hetero-
cyclic cores. As such, synthetic and medicinal chemists are particularly
attracted by the direct heterocycle-to-heterocycle transmutation
through the insertion or deletion of single atoms from the heterocyclic
core of a given active pharmaceutical ingredient®®. Within this field,
significant advances have been made in single-atom skeletal editing of
aliphatic heterocycles’”. However, the successful execution of this
concept in the setting of heteroaromatic scaffolds is much more

challenging'®2¢, owing to the high energy barriers encountered during

the initial dearomatization processes required for single-atom inser-
tion, which in turn can impose limitations on the range of insertion
reagents or reaction conditions**?’.

One of the seminal examples of the single-atom skeletal editing is
the Ciamician-Dennstedt (C-D) reaction, in which pyrroles are con-
verted into 3-chloropyridines via the formal insertion of chloroform-
derived dichlorocarbene®. Despite their retrosynthetic simplicity in
complex molecule synthesis, this method suffered from notable lim-
itations, including harsh reaction conditions and poor yields®. In
recent years, Levin, Ball, Xu, and others have made significant con-
tributions to the evolution of this chemistry’**®. To date, the C-D
reactions have been achieved through free carbenes generated from
thermally- or photo-activated halocarbene sources (e.g., chloroform?,
CCl;CO,Na”, a-chlorodiazirines®**, dibromofluoromethanes®~?) and
metal carbenes by rhodium- and enzyme-catalyzed decomposition of
o-halodiazoacetates*>°. These C-D reactions proceed via a halocy-
clopropanation and aromatization-promoted 2m-electrocyclic ring
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H Selected examples of marketed drugs developed by heterocycle-to-heterocycle transmutation
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Fig. 1| Ciamician-Dennstedt rearrangement reaction: background and devel-
opment. a The significance of heterocycle-to-heterocycle transmutation in suc-
cessful drug discovery. b State-of-the-art methods for Ciamician-Dennstedt

reaction. ¢ This work: a-halogencarbene-free Ciamician-Dennstedt reaction
through a mechanistically distinct approach.

opening sequence. Mechanistically, the expulsion of halide ion in the
course of ring expansion is critical to ensure selective ring expansion
over C-H functionalization®” (Fig. 1b). As a result, only specially
designed halocarbene precursors can be successfully employed in

these one-carbon insertions, which limits the functionality installed on
the ring-expansion products to halogens, esters, aryl, and heteroaryl
groups and prevents their widespread adoption in late-stage skeletal
modifications of complex targets. Very recently, we have developed a
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couple of skeletal editing of N-heteroarenes through dearomative
carbon atom insertion, accessing N-heterocycles bearing a quaternary
carbon center by trapping of a disubstituted carbenes generated from
fluoroalkyl N-triftosylhydrazones®***, We wondered whether this
strategy would be applicable in C-D reactions using leaving group-free
carbenes; if successful, would considerably expande accessible che-
mical space of this skeletal editing technique, especially late-stage
editing of complex molecules.

In this work, we present a general and broadly applicable -
halogencarbene-free C-D reaction of indoles and pyrroles, accessing
the corresponding 3-functionalized quinolines and pyridines by trap-
ping of a carbene species generated from N-triftosylhydrazones
(Fig. 1c). Due to the structural diversity of N-triftosylhydrazones,***
this leaving group-free C-D reaction allows for the direct introduction
of a wide range of functional groups, with indoles and pyrroles con-
verted into 3- functionalized quinolines and pyridines, which are well-
known privileged structural elements in drug and agrochemical
development.****

Results

Reaction optimization

Given the prominence of fluoroalkyl groups in drug and agrochemical
development**®, we first directed our attention to the insertion of
fluoroalkylated carbon atoms into indoles, which would offer facile
access to 3-fluoroalkylated quinolines. After optimizing various reac-
tion parameters, we found that the reaction of N-TBS-indole 1 with 1.2
equiv. of trifluoroacetaldehyde N-triftosylhydrazone (TFHZ-Tfs, 2)* in
the presence of NaH and Tp®?Cu(CH;CN) (10 mol%) in trifluoromethyl
toluene (PhCF5) at 60 °C afforded cyclopropane intermediate 3’ in 94%
yield (Supplementary Table 1). Subsequent treatment of the inter-
mediate 3’ without purification with TBAF and DDQ in THF at 25°C
afforded 3-(trifluoromethyl)quinoline 3 in 86% isolated yield (Supple-
mentary Table 1).

Skeletal editing using fluoroalkyl N-triftosylhydrazones

We next explored the scope of this one-pot, two-step skeletal ring
expansion reaction of indoles with fluoroalkyl N-triftosylhydrazones.
As shown in Fig. 2a, a range of N-TBS-indoles bearing electron-
donating or electron-withdrawing substituents at the 4-, 5-, 6-, or
7-positions afforded the corresponding 3-trifluoromethyl quinolines in
good to excellent yields (5-22). Many functional groups, such as
methyl (5-8), ester (9), acetyl (10), halogens (11, 18, 19, 21, and 22),
ethers (12, 16, and 20), protected amine (13), phenyl (14), pyridine (15),
and phenylethynyl (17) were well tolerated, although electron-
donating substituents gave slightly lower yields (e.g., 5-8, 12, 13, and
20). In contrast to the moderate electronic influence, steric factors
play a crucial role in this reaction. For example, the sterically hindered
3-methyl or 3-phenyl TBS-indole displayed much lower yield (i.e., 20%
for product 4), and no ring-expansion products were observed when
subjecting 2-substituted indoles to the standard reaction conditions
(Supplementary Fig. 1). Furthermore, a bioactive natural product,
raputimonoindole B, as well as indoles derived from naturally occur-
ring terpenes geraniol and perillyl alcohol, underwent smooth inser-
tion to afford their corresponding quinoline homologs (23-25). In
addition to trifluoroacetaldehyde N-triftosylhydrazone (TFHZ-Tfs),
difluoroacetaldehyde N-triftosylhydrazone (DFHZ-Tfs)*® could also be
used in our ring expansion protocol, affording 3-difluoromethylated
quinolines (26-33) in high yields and with excellent chemoselectivity.
Aside from indoles, the reaction of 7-azaindole with TFHZ-Tfs or
DFHZ-Tfs also performed well to afford the corresponding ring
expansion products 34 and 35. Overall, this fluoroalkylative ring
expansion exhibits high chemoselectivity, with no competing [2 +1]
cycloaddition (16, 17, 24, 25, and 33), N-H insertion (13) and benzylic
or allylic C-H insertion (20 and 30) products found in the presence of
copper carbene.

We then investigated the reactivity of perfluoroalkyl N-trifto-
sylhydrazones. Under standard conditions, the reaction of N-TBS-
indole with pentafluoroethyl N-triftosylhydrazone produced the
expected ring expansion product 36 in 60% yield along with ~20% of a
hydrodefluorinative ring expansion product 37. Intrigued by the for-
mation of 37, we re-optimized the reaction conditions to favor the
formation of this hydrodefluorination product (Supplementary
Table 4). Gratifyingly, we obtained 37 in 98% yield in the presence of
cesium fluoride (CsF) in H,O/DMSO under air at 25°C. As shown in
Fig. 2b, a wide variety of structurally diverse indoles with various
functionalities readily underwent this modified ring-expansion reac-
tion, affording 3-fluoroalkylated quinoline products (38-48) in mod-
erate to good yields, and could be extended to azaindole (49). We
found that longer-chain perfluoroalkyl N-triftosylhydrazones were also
compatible with the transformation, producing the corresponding
functionalized carbon-atom insertion products (50-55) in high yields,
in which the fluorine atom at the «-carbon of the hydrazone chain
underwent selective defluorination.

Surprisingly, we found that the outcome of this reaction could be
further tuned by treating the cyclopropane intermediate under iden-
tical conditions (CsF/H,O/DMSO under air) at 40 °C instead of 25 °C,
which led to the formation of quinoline-3-carboxaldehyde (56) in 78%
yield (see Supplementary Table 5). This unexpected defluorinative
formylation affords a formal carbonylative insertion product, and
proved to be quite general, with an array of electronically differ-
entiated indoles being compatible with these reaction conditions. In all
cases, the corresponding quinoline-3-carboxaldehyde products
(57-67) were obtained in high yields. Remarkably, indoles derived
from naturally occurring terpenes such as geraniol and perillyl alcohol
were also smoothly transformed into their corresponding quinoline-3-
carboxaldehyde analogs 68 and 69 respectively, despite containing
potentially vulnerable ester and alkene functionalities.

Skeletal editing using functionalized N-triftosylhydrazones

We recognized that the value of this chemistry would be significantly
enhanced if other hydrazones could be applied, and turned our
attention to the synthesis of 3-arylquinolines using aryl and heteroaryl
aldehyde-derived N-triftosylhydrazones as carbene precursors. While
the reaction of N-TBS-indole with 4-tolyl N-triftosylhydrazone under
the previously optimized conditions delivered the desired ring
expansion product 70 in only 20% yield, after significant re-optimiza-
tion, we were delighted to discover that Tp®Ag(thf) as the catalyst
improved this yield to 97% (Fig. 3a, see Supplementary Table 6 for
details). Under these new conditions, a wide variety of electronically
differentiated aryl N-triftosylhydrazones were successfully inserted,
with tolerance of functionalities such as phenyl, naphthyl, tri-
fluoromethyl, trifluoromethoxy, halogens, and ethers (71-80). The
practicality of our protocol was demonstrated by the gram-scale
synthesis of 70. The extension of this method to N-triftosylhydrazones
bearing a fused or hetero aromatic ring would be of great significance
for drug discovery. We found that this was indeed possible, with furan,
benzofuran, benzothiophene, thiophene, and pyridine substituents all
successfully introduced into the ring expansion products (81-86). We
could further expand the scope of N-triftosylhydrazone substituents to
alkyl, alkene, and even alkyne groups; these insertions also proceeded
smoothly, producing the corresponding 3-alkyl-, alkenyl-, and alkynyl-
quinolines (87-92) in good to excellent yields, which were challenging
to access with previous approaches using a-chlorodiazirines as one-
carbon source®?, The incorporation of these unsaturated moieties
provides valuable functional handles for additional downstream syn-
thetic transformations.

Having established the broad scope of the N-triftosylhydrazone
partners that can be employed in this chemistry, we then turned our
attention to the indole substrate. To our delight, using 4-tolyl N-trif-
tosylhydrazone as the carbene precursor, indoles adorned with
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Fig. 2 | Skeletal ring-expansion of indoles with fluoroalkyl N-triftosylhy-
drazones. a Direct carbon-atom insertion of indoles with fluoroalkyl carbenes.
Conditions A: indole (0.3 mmol), TFHZ-Tfs (0.36 mmol), Tp®*Cu(CH5CN) (10 mol%),
NaH (0.72 mmol) in PhCF; at 60 °C under N, for 12 h. Conditions B: indole

(0.3 mmol), DFHZ-Tfs (0.6 mmol), Tp?™Cu(CH3CN) (10 mol%), Cs,CO3 (1.8 mmol) in

from Geraniol

from Perillyl alcohol

DCM at 40 °C under N, for 24 h. b Defluorinative carbon-atom insertion of indoles
with fluoroalkyl carbenes. Conditions C: indole (0.3 mmol),

N-triftosylhydrazone (0.6 mmol), Tp®>Cu(CH5CN) (10 mol%), NaH (1.8 mmol) in
PhCF; at 60 °C under N, for 12 h. Isolated yields.

bromo, nitro, ester, pyridine, allyloxy, protected amine, phenyl, halo-
gen, methoxy, cyano, and acetal functionalities at different positions
of indole scaffold proved successful, affording the corresponding
3-arylquinolines (93-106) in moderate to excellent yields. Interest-
ingly, the OTBS (tert-butyldimethylsilyloxy) group can be tolerated in

the first step but is hydrolyzed to the hydroxyl group in the second
step, thereby providing a practical route to access hydroxyl-containing
bioactive compounds (vide infra). In addition, 7-azaindole and 5-
chloro-7-azaindole, which had not previously been demonstrated®*~¢,
produced the corresponding ring expansion products (109 and 110).
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Fig. 3 | Skeletal ring-expansion of indoles and pyrroles with functionalized N-
triftosylhydrazones. a Functionalized carbon-atom insertion of indoles. Reaction
conditions: N-triftosylhydrazone (0.3 mmol), N-TBS indole (0.6 mmol), NaH

(0.6 mmol) and Tp®*Ag(thf) (10 mol%) in PhCF3 (10 mL) at 60 °C under N, for 12 h
then TBAF (0.75 mmol) at 25 °C under air for 10 min. b One-carbon insertion of
pyrroles. Reaction conditions: N-triftosylhydrazone (0.3 mmol), 1H-pyrrole

(0.6 mmol), NaH (0.6 mmol) and Rh,(esp), (1 mol%) in PhCF; (5 mL) at 60 °C under
N, for 12 h. Isolated yields. Rh,(esp),, Bis[rhodium(a,a,a,o-tetramethyl-1,3-ben-
zenedipropionic acid). “80 °C. °CsF/DMSO instead of TBAF. “The OH group in
indole or N-triftosylhydrazone was protected by TBS and deprotected in the
reaction conditions. “DCM instead of PhCF5. °CsF/DMF instead of TBAF./1 mol%
Rh;(esp),. éN-triftosylhydrazone derived from 3-(triisopropylsilyl)propiolaldehyde.

We also applied this silver-catalyzed ring-expansion protocol to the
late-stage modification of bioactive indoles such as tryptophol, mela-
tonin, raputimonoindole B, and verticillatine B, providing respective
ring-expansion products 111-114 in moderate yields. Important drug

intermediates (e.g., pindolol) or indoles derived from steroids (e.g.,
pregnenolone) and terpenes (e.g., perillyl alcohol and geraniol) also
proved to be good substrates, affording their 3-aryl quinoline analogs
115-118. Notably, the sterically hindered 2- and 3-substituted indoles
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that are not amenable to the fluoroalkylative expansion, have under-
gone arylative ring expansion with synthetically meaningful yields
(e.g., 107, 108, 111, and 112).

Of high importance in molecular editing is the ability to apply a
single reaction to multiple heterocyclic cores. As such, we next sought
to expand our protocol to pyrroles to access pyridines. Unfortunately,
under similar conditions, N-TBS-protected pyrrole failed to afford the
desired ring-expansion product (entries 1-3, Supplementary Table 7),
which is consistent with previous observations that C-H insertion is
favored over C=C cyclopropanation when electron-donating group-
protected pyrroles react with copper or silver carbene®. Inspired by
the work of the Levin group, we turned our attention to 1H-pyrrole and
were delighted to find that 1H-pyrrole could afford carbon insertion
product 119 in 48% yield when using Rhy(esp), as a catalyst (Supple-
mentary Table 7). With suitable modified editing conditions estab-
lished, we first investigated the range of N-triftosylhydrazone coupling
partners that could be used. As shown in Fig. 3b, we found that a
variety of mono- and di-substituted aryl N-triftosylhydrazones bearing

trifluoromethyl, fluoro, ester, methyl, and chloro substituents directly
afforded the corresponding 3-aryl pyridines (120-125). Unfortunately,
other types of N-triftosylhydrazones, such as trifluoromethyl-, per-
fluoroalkyl-, alkyl-, alkenyl- and alkynyl-substituted N-triftosylhy-
drazones, are not suitable carbene precursors, representing a current
limitation of the reaction (Supplementary Fig. 2). A brief survey of
pyrrole scope revealed that 2-(trichloroacetyl)-1H-pyrrole provided 2-
(dichloroacetyl)pyridine 126 in 59% yield, while 3-methyl-1H-pyrrole
resulted in a 4:3 mixture of regioisomeric ring expansion products 127
and 128, in 56% total yield.

3-Aryl quinolines are common motifs in pharmaceutically inter-
esting compounds, although their construction typically requires
multiple steps. To further demonstrate the utility of the ring-editing
protocol, we have targeted the streamlined synthesis of bioactive
quinolines of medicinal interest (Fig. 4). One advantage of this proto-
col is that OTBS-substituted indoles could directly provide OH-
containing quinoline derivatives. Taking advantage of this, we suc-
cessfully synthesized potential anticancer agents® 131 and 132 from

One-carbon OH OMe
Ly e, ) e
X X
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HO N THF, rt. TBSO Ves | J | J o
9% Vi TB! bz Z e
93% vyield HO N HO N
129 130 131, 77% yield anticancer activity 32, 53%
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o —O® 00—

Iz
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OMe o
133 136
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| N—we PP 134
N

\
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Fig. 4 | Synthetic utility for the concise synthesis of bioactive molecules. a The synthesis of potential anticancer agents 131 and 132. b Concise synthesis of bioactive
molecules with one-carbon insertion as key step. ¢ Further transformations of the one-carbon insertion products into bioactive molecules.
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commercially available indole 129 in two steps with 72% and 49% total
yields, respectively (Fig. 4a). This protocol has better tolerance for
arylcarbenes with strong electron-donating groups compared to pre-
vious protocols using a-chlorodiazirines as the one-carbon source®**.
For example, 3-(4-methoxyphenyl)quinoline-2-carbaldehyde 134, a key
intermediary for the synthesis of pharmaceuticals with anti-
proliferative (136) and anti-dengue activity (137), can be obtained in
two steps from 2-methylindole 134 with an overall yield of 62%
(Fig. 4b). Notably, the compound 134 was previously prepared from
isatin 136 in three steps, with 53% overall yield®'. Applying this silver-
catalyzed C-D protocol, electron-rich aryl-substituted quinoline deri-
vatives 138, 140, and 142 can be obtained in 90%, 81%, and 89% yields,
respectively. These compounds can be further transformed into
bioactive molecules, such as anti-inflammatory compound 139%, j3-
glucuronidase inhibitor 141°*> and antimycobacterial treatment adju-
vant 143>, in two steps with preparatively useful total yields (Fig. 4c).
Finally, the Buchwald-Hartwig amination of product 144, which was
obtained by one-carbon insertion in 88% yield, with morpholine
afforded quinoline 145 in 80% yield, which is used for the treatment of
hypopharyngeal cancer®.

Mechanistic investigations

To gain insight into the mechanism of the halogencarbene-free C-D
reaction, we performed a series of experiments to study the reaction
pathway for the formation of the various products. First, resubjection
3-(difluoromethyl)quinoline 29 to the standard conditions for TBS
deprotection (CsF/H,O/DMSO) did not yield any aldehyde 62, ruling
out the possibility of difluoromethyl hydrolysis to the aldehyde (Sup-
plementary Fig. 5). Second, we were able to isolate trifluoromethyl
cyclopropane 146 as a single diastereomer from the reaction of ester-
substituted indole with TFHZ-Tfs (2) (Supplementary Fig. 6). Sub-
sequent treatment of cyclopropane 146 with CsF in DMSO/H,0 under
a nitrogen atmosphere at room temperature for 10 min gave a mixture
of 147 and 148 in a -1:1 ratio (82% yield). When these products were
exposed to additional CsF and water under air at 40 °C, formal for-
mylation product 62 was obtained in 80% yield (Fig. 5a), suggesting
both 1,4-dihydroquinoline 147 and 3,4-dihydroquinoline 148 are the
key intermediates in the formation of the aldehyde product.

We then performed a series of deuterium labeling studies.
Treatment of the deuterated cyclopropane 146-d with TBAF at —-60 °C
for 10 min resulted in the formation of the mono-deuterated 1,4-
dihydroquinoline 147-d; (90% D incorporation), which was further
converted into the deuterated product 62-d with 20% D incorporation
at the carbonyl carbon and 70% D retention at the C4-position. This
result suggests that deuterium atoms in 146-d, are perfectly retained in
62-d and hydrogen atoms transfer to carbonyl carbon preferentially
over deuterium atoms. Bis-deuterated 1,4-dihydroquinoline 147-d,
(65% D incorporation) was isolated in 92% yield by treating 146-d with
TBAF/D,0 at —60 °C for 10 min. The cross-over experiment of deut-
erated 147-d, and non-deuterated 149 afforded bis-deuterated com-
pound 62-d and non-deuterated 56-d (Fig. 5b). Furthermore, D
incorporation at carbonyl carbon was improved to 74% when using bis-
deuterated 1,4-dihydroquinoline with 80% D incorporation (Supple-
mentary Fig. 8). These results indicate that the aldehyde hydrogen in
56 may derive from the C4-H of the 1,4-dihydroquinoline intermediate,
and proceed through a formal intramolecular 1,3-hydrogen shift.
Interestingly, treatment of deuterated cyclopropane 150-d with TBAF
in THF at 25 °C under a nitrogen atmosphere afforded the deuterated
1,4-dihydroquinoline 151 in NMR 98% yield, with 40% D incorporation
at the Nl-position and 30% D incorporation at the C4-position, pre-
sumably by an imine-enamine tautomerization. Subsequently, 151
could be oxidized by air to give 3-arylquinoline 70-d in 97% yield and
with 10% D retention at the C4-position, further suggesting that direct
carbon insertion may proceed via oxidative dehydrogenation of 1,4-
dihydroquinoline (Fig. 5c). Finally, subjecting trifluoromethyl

cyclopropane 152 to the standard reaction conditions but using H,*0
instead of H,O yielded the ™O-incorporated quinoline-3-
carboxaldehyde 56-®0, indicating that the oxygen atom in the alde-
hyde is derived from water (Fig. 5d).

Based on these experiments, possible reaction pathways for the
C-D editing of indoles with fluoroalkyl carbenes are shown in Fig. Se.
Firstly, [2 +1] cycloaddition of the indole with the in situ generated
fluoroalkyl carbene occurs to form the N-TBS protected cyclopropane
intermediate I, which undergoes TBS group deprotection with the
assistance of TBAF or CsF. Concurrent or subsequent ring-opening
generates the 3,4-dihydroquinoline anion II, which is readily proto-
nated (by water) to furnish the 1,4-dihydroquinoline intermediate IV
following imine-enamine tautomerization. From this key intermediate,
two reaction pathways are possible, depending on the reaction con-
ditions. Firstly, intermediate IV (R=F) can undergo oxidative aromati-
zation with the strong oxidant DDQ to produce the 3-(trifluoromethyl)
quinoline (3) (pathway I). Alternatively, the gem-difluoromethylene
intermediate V can be formed by a base-mediated fluoride elimination
(pathway II). On the one hand, intermediate V (R=CF;) undergoes a
formal 1,3-hydrogen shift to deliver the defluorinated product 37. On
the other hand, for intermediate V (R=F), oxa-Michael addition of
water occurs to form intermediate VI, followed by HF elimination to
generate intermediate VII. As evidenced by the deuterium labeling
studies (vide supra), a formal 1,3-hydrogen shift of VII occurs to pro-
duce an intermediate VIII, which eliminates another molecule of HF to
furnish the quinoline-3-carboxaldehyde product 56.

To further support the proposed mechanism shown in Fig. 5e, we
performed computational studies of the ring-opening of cyclopropane
intermediate Intl. As shown in Fig. 6a, nucleophilic attack of fluoride
on the TBS group in Intl, via transition state TS1 (AG* = 14.4 kcal/mol),
generates the zwitterionic intermediate Int3, which is exergonic by
40.6 kcal/mol (from Intl) providing the thermodynamic driving force
for the ring-opening (Fig. 6a). Protonation of Int3 with H,O via tran-
sition state TS2 (AG* = 7.6 kcal/mol) results in imine intermediate Int5,
which can isomerize to the more stable enamine Int6 with a free
energy release of AG®=-4.0kcal/mol. The calculated process for
imine-enamine tautomerization is supported by the deuterium label-
ing studies on the ring-opening of deuterium-labeled cyclopropane
150 to afford the N1 and C3 deuterium labeled intermediate 151
(Fig. 5¢). The 1,4-dihydroquinoline Int6é then undergoes a CsF-
mediated HF-elimination via TS3 to generate the gem-difluor-
omethylene intermediate Int8 with a modest barrier of 13.0 kcal/mol
(Fig. 6a). The relatively low barrier results from the F « « « Cs interaction
as well as the C-He«+«O and C-H+«++F hydrogen bond interactions
between the solvent, CsF, and the indole, which stabilizes the transi-
tion state TS3 and thus facilitates the HF elimination. Our experimental
results also support this facile formation of the gem-difluoromethylene
intermediate (Fig. 5b). Subsequently, a 1,4-oxa-Michael addition of H,O
to the gem-difluoromethylene Int-8 affords the intermediate Int10
with an energy barrier of 6.2 kcal/mol (Fig. 6b). In turn, Int10 must
overcome a relatively high energy barrier of 22.4 kcal/mol (via TS5) to
eliminate CsF to form the enol intermediate Int1l. CsF/DMSO-assisted
formal 1,3-H shift (via TS6, AG*=3.1kcal/mol) produces Int12 (Sup-
plementary Fig. 19). Finally, CsF/DMSO-assisted elimination of HF from
Intl2 via TS7 (AG*=5.7kcal/mol) furnishes the quinoline-3-
carboxaldehyde product 56. Overall, the formation of the enol inter-
mediate via CsF elimination (AG*=22.4kcal/mol) is the rate-
determining step in the catalytic cycle.

We also computationally investigated the origin of the chemos-
electivities of CF5- and C,Fs-substituted carbenes by analyzing key
transition states or intermediates leading to the defluorinative for-
mylation insertion product 56 and the hydrodefluorination insertion
product 37 (Fig. 7). Our calculations show that Int8-generated from
the CF5-substituted carbene-strongly prefers the Michael addition of
H,0 leading to product 56 (via TS4, AG* = 6.2 kcal/mol) compared to
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Fig. 5 | Experimental studies and proposed mechanism for carbon-atom
insertion of indoles with fluoroalkyl carbenes. a Identification of the reaction
intermediates. b Experiments to probe the source of the hydrogen atom incorpo-
rated in quinoline-3-carboxaldehyde. ¢ Experiment to validate the process of imine-

enamine tautomerization. d Probing source of oxygen atom incorporated into
quinoline-3-carboxaldehyde. e Proposed reaction pathways for one-carbon inser-
tion of indoles with fluoroalkyl carbenes.

Int8-1-generated from the CF,CFs-substituted carbene. Natural
Population Analysis (NPA) indicated that Int9 (precursor of TS4) has a
larger electronegativity difference between O and C atoms than Int9-1
(the precursor of TS4-1) (Ae=2.011 vs. Ae =1.447), thus lowering the
energy barrier of TS4. The large difference in electronegativity can be
attributed to the stronger electron-withdrawing effect of the

trifluoromethyl group than the fluorine atom, which is the origin of the
reversed chemoselectivity of Int8-1 (Fig. 7a). In addition, frontier
molecular orbital analysis indicates that the stability of the formed allyl
carbon anion intermediates (Int10’ and Int10-1’) for the 1,3-H transfer
may be influenced by the energy of HOMO orbital and hydrogen
bonding interactions (Fig. 7b). More specifically, the energy of HOMO
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Fig. 6 | Computational studies. a Free energy profiles for the formation of gem-
difluoromethylene intermediate Int8. b Free energy profiles for Michael addition
and CsF/DMSO-assisted formal 1,3-H transfer of Int8 leading to quinoline-3-

CsF+HF
+DMSO

-106.7

carboxaldehyde 56. Calculations were carried out at the SMD(DMSO)-M06/6-
31G(d,p)-SDD(Cs) level of theory. Energies are in kcal/mol. Distances are in ang-
stroms. Most hydrogen atoms in 3D structures are omitted for clarity.

orbital of Int10’ leading to product 26 by CsF/DMSO assisted formal
1,3-H transfer of Int8, is higher than that of Int10-1’ leading to pro-
duct 37 (Eyomo =—4.59 eV vs. Eyomo =—4.70 eV). Besides, there are
more hydrogen bonding interactions in Int10-1". All these factors can
stabilize Int10-1" and make Int8-1 easier to occur CsF/DMSO-assisted
formal 1,3-H transfer to give hydrodefluorination insertion pro-
duct 37.

Taken together, our combined experimental and DFT calcu-
lation results indicate that the formal carbon atom insertion
proceeds through a cyclopropanation/fragmentation cascade to
generate a key 1,4-dihydroquinoline intermediate, which can
then undergo an unprecedented defluorinative aromatization to

deliver the hydrodefluorination insertion product 37 or the
defluorinative carbonylation insertion product 56, depending on
the carbene precursor and reaction conditions. In both processes,
CsF and DMSO play critical roles in controlling the chemoselec-
tivity and lowering the activation energy by stabilizing transition
states or intermediates via hydrogen bonding interactions.

Thermal hazard assessment using differential scanning calori-
metry suggested that there was no impact sensitivity (IS) and/or
explosive propagation (EP) in N-triftosylhydrazones (Supplementary
Table 8 and Supplementary Figs. 3 and 4), further confiming that N-
triftosylhydrazones are operationally safe compared to the corre-
sponding diazo compounds*’.
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Discussion

In summary, this study substantially expands the chemical space of
Ciamician-Dennstedt reaction by using functionalized N-triftosylhy-
drazones as carbene precursors. This one-pot, two-step procedure
allows a variety of carbenes to be inserted into the skeletons of indoles
and pyrroles, accessing the corresponding quinolines and pyridines
with various 3-substituents, such as trifluoromethyl, difluoromethyl,
fluoroalkyl, formyl, alkyl, alkenyl, alkynyl, aryl, and heteroaryl, most of
which are challenging to be installed with existing C-D skeletal editing
technique. More importantly, this insertion reaction proceeds either
through (i) an oxidative aromatization or (ii) a defluorinative aroma-
tization of the 1,4-dihydroquinoline intermediate, which is distinct
from the classical C-D reaction pathway and opens a new window for
possible single-atom skeletal editing.

Methods

General procedure A for one-carbon insertion of indoles with
fluoroalkyl N-triftosylhydrazones

In aglove box, an oven-dried screw-cap reaction tube was charged with
fluoroalkyl N-triftosylhydrazone (0.36 mmol), NaH (0.72 mmol, 60 wt%
dispersion in mineral oil), N-TBS indole (0.3 mmol), Tp®*Cu(CH;CN)
(10 mol%) and PhCF5 (10 mL). Next, the sealed vial was removed from
glovebox and stirred at 60 °C for 12 h. After cooling to room tem-
perature, the reaction mixture was filtered through a short pad of silica
gel with DCM as an eluent. After removal of the solvent in vacuo, the
residue was added TBAF (0.36 mmol, 1.0 mol/L in THF) and DDQ
(0.45mmol.) and THF (10 mL). The resulting mixture was stirred at
25°C for 10 min and filtered through a short pad of silica gel (pre-
treated with triethylamine) with DCM as an eluent. After removal of the
solvent in vacuo, the residue was purified by flash column chromato-
graphy on silica gel (pre-treated with trimethylamine, using petroleum
ether-EtOAc as eluent) to afford the products.

General procedure B for defluorinative one-carbon insertion of
indoles with trifluoroacetaldehyde N-triftosylhydrazones
(TFHZ-Tfs)

In aglove box, an oven-dried screw-cap reaction tube was charged with
TFHZ-Tfs 2 (0.36 mmol), NaH (0.72mmol, 60wt% dispersion in
mineral oil), N-TBS indoles (0.3 mmol), Tp?*Cu(CH;CN) (10 mol%) and
PhCF; (10 mL). Next, the sealed vial was removed from glovebox and
stirred at 60°C for 12 h. After cooling to room temperature, the
reaction mixture was filtered through a short pad of silica gel with DCM
as an eluent. After removal of the solvent in vacuo, the residue was
added CsF (0.36 mmol), H,O (20.0 equiv.) and DMSO (10 mL). The
resulting mixture was stirred at 25 °C for 10 min and diluted with DCM,
washed with brine, dried over anhydrous Na,SO,, filtered and the
solvent was evaporated under reduced pressure to leave a crude
product, which was purified by flash column chromatography on silica
gel (pre-treated with trimethylamine, using petroleum ether-EtOAc as
eluent) to give the 3-formylquinoline products.

General procedure C for one-carbon insertion of indoles with
functionalized N-triftosylhydrazones

In aglove box, an oven-dried screw-cap reaction tube was charged with
N-triftosylhydrazone (0.3 mmol), NaH (0.6 mmol, 60 wt% dispersion in
mineral oil), N-TBS indole (0.6 mmol), Tp®3Ag(thf) (10 mol%) and
PhCF; (5.0 mL). Next, the sealed vial was removed from glovebox and
stirred at 60°C for 12 h. After cooling to room temperature, the
reaction mixture was added TBAF (0.75 mmol, 1.0 mol/L in THF) and
stired at 25 °C for 10 min. After completion of the reaction, the mixture
was filtered through a short pad of silica gel (pre-treated with trie-
thylamine) with DCM as an eluent. After removal of the solvent in
vacuo, the residue was purified by flash chromatography on silica gel
(pre-treated with trimethylamine, using petroleum ether-EtOAc as
eluent) to give the corresponding 3-arylquinoline products.
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Data availability

The data that support the findings of this study are available within the
paper and its Supplementary Information. The Cartesian coordinates
of all optimized structures are available from the Supplementary
Data 1. All other data are available in the main text and the Supple-
mentary Information. All data are available from the corresponding
author upon request.
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