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Abstract. An efficient dehydrogenative functionalization
of styryl carbon-carbon double bonds with triflamide is
described via dual visible-light photoredox/cobaloxime
catalysis. A range of allylic triflamides (20 examples)
were isolated in good to excellent yields (up to 88%)
under stoichiometric acceptorless conditions. Dedicated
labelling, as well as spectroscopic experiments, enabled
to shed light on the concatenated photo- and chemo-
catalytic cycles.

Keywords: Allyl amines; Triflamide; C-H activation;
Photocatalysis; Cobaloxime.

Unsaturated trlﬂarmdes and more specifically
allylic triflamides!"! have rapidly reached the status of
key building blocks in organic synthesis for the
creation of chemical diversity and complexity.” The
marked Brensted ac1d1ty of the “NHT{” motif (pKa ca.
6.3, for TfNH,),’**! the ready access to unprotected
amino groups®® and the chemical flexibility of the
allyl unit®<! account for the prominent role played by
this class of nitrogen-based compounds in the organic
chemistry scenario.

Common synthetic strategies for the preparation of
allylic triflamides require the use of pre-functionalized
allylic scaffolds and dienes™ or the direct rnetal—
catalysed activation/amination of allylic Csp C-H
bonds in the presence of stoichiometric organic as well
as inorganic oxidants (Flgure la).[#-d]

In this context, major progresses were recently
achieved by combining chemo-catalysis and visible-
light assisted protocols for the construction of new C-
N bond connect1v1ty under stoichiometric acceptorless

conditions.” Despite this flourishing scenario, the use
of trifluoromethansulfonamide (i.e. triflimide, TfNH>)
has never been systematically 1nvest1gated under a
visible-light photoredox aminative regime, so far.®!

Herein, we tackle this intriguing scientific
“vacancy”, exploiting the well-consolidated dual
cobaloxime/acridinium-based photoredox formal pB-
hydrogen elimination coupling'” as a direct synthetic
route to allylic triflamides under mild and
stoichiometric acceptorless conditions. The present
working plan stems from our recent findings, directed

to the synthesis of allylic carboxylates via photoredox
dual- cata%yzed condensations of carboxylic acids and
styrenes.'™ The pKa of the nucleophilic partner was
found as a reliable parameter for predicting the
effectiveness of the process, with the optimal values
ranging from 5 to 6. Therefore, the similarity in pKa
values between common carboxylic acids and TfNH;
elected the titled nitrogen-based compound for the
trapping of the in situ formed radical cation
intermediate A (Figure 1b).
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Scheme 1. (a) Common synthetic protocols to allyl
triflamides and (b) present dual catalyzed dehydrogenative
coupling with styryl compounds.

The successful realization of the postulated working
plan would represent a significant synthetic
advancement toward the obtainment of allylic
triflamides in a simple, selective and sustainable
manner.

In this study, a large portfolio of reaction parameters,
such as the nature of the photosensitizer and cobalt
complex, solvent, light source, concentration and
additives,""” were assessed (see Table 1) in the
dehydrogenative coupling of 1-phenyl-1-cyclohexene
1a with TfNH; 2. Optimal conditions were found to
employ [Co(IIl)(dmgH),pyCl] Co-1 (dmgH =
dimethylglyoximate, py = pyrldme? " (5 mol%), N-
phenyl acridinium PS-1 (7.5 mol%)'® and 2,6-lutidine
(lut, 0,25 eq.) in a DCM:HFIP (20:1) solvent mixture,
under blue-LED (23 W, 461 nm) irradiation at room
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temperature for 72 h. These conditions delivered the
desired allylic triflamide 3a (anti-Markovnikov
regloselectwltzy) in 69% yield as a single
regioisomer.

Table 1. Optimization of the reaction conditions.

@ —— 5mol% 7.5 mol%, @NHT' {@NH”}
Lut (25 mol%)
" ) Blue-LED (23 W) ot

CHaCly: HFIP (20:1) (i oo
% 72h (yield = 69%) detected

MeN COJMe tBu \ BUl= ¢  -J 5.
et soe <
i Fet _ o X-Ray w}g
Run?® Deviation from optimal Yield of 3a
(*%)"
1 - 72 (69)
2 No cobaloxime (Co-1) NR
3 No photosensitizer (PS-1) NR
4 dark NR
5 No HFIP 48
6 No base NR
7 Cs2CO:s as base (0.25 eq.) 62
8 Pyridine as base (0.25 eq.) 64
9 2,6-(tBu)2-py as base (0.25 eq.) 44
10 Lut (1 eq.) 59
11 PhCFs3 as solvent 5
12 (CH2)2ClL: as solvent 61
13 Blue-LED (1 W) 29
149 Blue-LED (40 W) 28
15 2(2eq.) 59
16 2(2eq.) 69
17 With TEMPO (5 mol%) NR
18 With TEMPO (1 eq.), no Co-1 60

3 Reaction conditions: 1a (0.1 mmol, 0.1 M), 2 (5 eq), Co-
1 (5§ mol%), PS-1 (7.5 mol%), lutidine (25 mol%), Blue-
LED (461 nm) under nitrogen and degassed solvent, unless
otherwise specified. ® Determined by 'H-NMR analysis on
the reaction crude with ethylene carbonate as an internal
standard. Isolated yields upon flash chromatography are
reported in parenthesis. ©® Reaction time 24 h. NR: no
reaction and 1a was recovered untouched.

The synergistic role of both cobaloxime Co-1 and
acridium salt PS-1'") was verified by running the

model transformation in their absence (entries 2 and 3).

Additionally, the genuine photocatalysis was proved
by the failure of the protocol carried out in the dark
(entry 4). Moreover, and the presence of a base was
proved to be analogously important (specifically 2,6-
lutidine: lut, entries 6-10). Concerning the reaction
media, halogenated solvents (i.e. CH>Cl,, (CH,),Cl,)
proved to be far superior, and a remarkable
improvement in the chemical outcome was obtained
by using HFIP (hexafluoroisopropanol) as a cosolvent
(entry 5).'* Finally, variations on the light source
intensity (entries 13 and 14) and 1a/2 stoichiometric

ratios (entries 15 and 16) did not enable higher yields
to be accomplished.

With the optimal reaction conditions in hand, we
evaluated the generality of the process (Scheme 1).
Substituents of different electronic nature such as mild
electron-rich fert-butyl or electron-withdrawing
ketone, ester or fluorine were well tolerated at the para
position of the aryl moiety of aryl-cyclohexenes 1,
delivering the corresponding products 3b-e in 45-62%
yield. Methyl-substituted 3f and 3g were however
isolated in slightly lower yields, probably due to
concomitant side-oxidation of the tolyl group. On the
other hand, substitution at the meta (3h) or sterically
encumbering ortho-positions (3i) was also well-
tolerated, as well as substituents on the cyclohexene
moieties (3j and 3k). Products 31 and 3m, featuring a
7- and an 8-membered ring, could be productively
isolated by subjecting 1-phenylcycloheptene 11 and 1-
phenylcyclooctene 1m to the optimized reaction
conditions (yields up to 70%), showing that the size of
the ring of aryl-cycloakenes 1 is not a substantial
limitation of the disclosed protocol. Furthermore, by
productively employing styrenes 1n-1p, the process is
shown to be applicable to acyclic alkenes as well,
delivering products 3n-3p in good (65-74%) yield.
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e: (R = 4-F), 62% 3i: (R = 2- OPh) 64%
@R
Ph ( Q/q
NHTf { - é ;
é
3j: (R2= 4-Bu), 69% (dr: 1:1) = © SR
3k: (R? = 4-Me), 53% (dr: 4:1) e - Xeray
R2 - trans-3j
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Scheme 1. Generality of the methodology towards
intermolecular condensations.

An intramolecular variant of the disclosed process
could be implemented by subjecting styryl-triflimido
compounds 4 to the optimized reaction conditions
(Scheme 2).'" This provided access to intriguing
nitrogen-containing tri- or tetracyclic scaffolds S.
Compounds 4 performed differently in comparison
with simple styrenes 1. Indeed, fully hydrogenated
compounds 5’ (mixtures of diastereoisomers) were
sometimes isolated in substantial amounts, along with
expected products 5. Compounds Sa-d were found to
have an endocyclic conjugated double bond, thus
resulting in vinyl-triflimide moieties, as opposed to



non-conjugated allyl-triflamides 3. On the other hand,
the intramolecular process was found to be generally
more efficient and high yielding.
Tetrahydrophenantridone S5a and
hexahydrophenantridone 5a’ were thus obtained in
74% combined yield from cyclohexene 4a.
Cycloheptene 4b rendered the respected cyclized
products Sb/5b’ in high yield (88%). Interestingly, in
the case of cyclooctenyl derivative 5¢, no evidence of
further reductions was detected (yield = 80%).
Furthermore, by productively engaging tetralone-
derivative 5d in the desired process, we demonstrated
the possibility to obtain benzo-fused scaffolds as well,
without appreciable levels of full re-aromatization.

| 5.0 mol% 7.5 mol%

T, © Lut (25 mol%) R NTE
: ) Blue-LED (23 W) H d)
e ; CH,Cly: HFIP (20:1) RS S
4 rt, 72 h 5
O .Cl, T, U,
NTf NTf NTf NTf
, T O
5 5 5d 5d'

5.5 dr5'
5a/5a' (n= 1), 74% 1.2:1  1.2:1
5b/5b' (n = 2), 88% 3:1 >20:1
5¢/5¢" (n = 3), 68% 25:1 -

Scheme 2. Generality of the methodology towards
intramolecular condensations.

5d/5d" 80% (1.7:1)
(5d", dr>20:1)

The introduction of the triflamide group onto
styrenes 1 is a general platform for the preparation of
a variety of substituted allylamines. This was verified
by subjecting 3a to a facile alkylation
(Mel/NaH/DMF)-deprotection (Red-Al) sequence
(Scheme 3a), delivering the desired product 6a in
useful synthetic overall yield (65%, 2 steps).
Additionally, the photochemically introduced
triflamide group was demonstrated to effectively serve
as a directing group for site-selective ortho-Csp*-H
activation reactions. In particular, the treatment of 3a
with excess fert-butyl acrylate (Pd(OAc); 20 mol%,
AgOAc 2.5 eq and NaH;POy), resulted in the C-H
functionalization product 7a in moderate yield (51%
unoptimized, Scheme 3b).

I NHMe

6a, 65% yield
(2 steps)

1. NaH, Mel, DMF
a) 0°Ctort, 18 h

2. Red-Al (10 equiv.)
THF, -20 °C to reflux

O 18 h

NHTf ?
XN
‘ SN

3a (5 equiv.)
B)  pd(0Ac), 20 mol%
AgOAc (2.5 equiv)
NaH,PO, PhMe/NMP
100 °C, 18 h
Scheme 3. Examples of chemical manipulation of
compound 3a.

7a, 51% yield

In order to shed light on the reaction pathway,
dedicate mechanistic control experiments were
targeted. First, the on/off irradiation study (Scheme
S1) proved the authentic light-promoted reaction
profile of the present methodology (1a/2), with
negligible advancements in absence of irradiation.
Radical trap experiments with TEMPO (5 mol%), led
to the complete inhibition of the mechanistic cycle
(Table 1, entry 17). In addition, the replacement of Co-
1 with TEMPO (1 eq.) resulted in the formation of 3a
in 60% yield (Table 1, entry 18),!"" underlying the role
of the cobaloxime as the “catalytic” oxidant of the
present dehydrogenative amination process.'” In
Scheme 4a our tentative mechanistic hypothesis is
depicted. Under blue-led irradiation (23 W, 461 nm),
[PS-1"/BF4] is excited to [PS-1"/BF4 ]* (PS-1%)
(E™[PS-1"/PS-11] = +2.06 V vs SCE)® with
conse(ﬂguent oxidation of 1a (E** 1a/las+=+2.00 V vs
SCE)!'"™ delivering the aryl cation 1. Then, the
oxidation of PS-1¢ by Co-1 (Co(Il)-Cl) (E"*<
Co(IIT)/Co(Il) = —0.67 V vs SCE)!'* would re-
generate the [PS-1"/BF4] and the [Co(II)] intermediate.

Subsequently, the radical cation I is believed to
undergo anti-Markovnikov addition with the triflimide
anion formed upon deprotonation of 2 by lutidine. The
resulting benzyl radical III could be reversibly
intercepted by the [Co(II)] species delivering the key
[Co(IIT)]—alkyl intermediate!'®! that, upon irradiation
would rapidly evolve into the final product 3a through
B-H elimination.?”  Finally, rotonation  of
[Co(IIT)—H] equivalent by [lut-H ] or TfNH, would
restore the active [Co(Ill)] complex via hydrogen
evolution reaction (HER).**%

To corroborate the initial stages of the catalytic
cycle, we carried out some Stern-Volmer quenching
experiments between PS-1 and substrates 1a and 2/lut
mixture. Interestingly, time correlated single photon
counting (TCSPC) measurements demonstrated that
the excited state lifetime of acridinium PS-1% (17.6 ns)
did not change in the presence of 2 up to 10 mM
concentrations, either in the presence or in the absence
of lut (10% with respect to 2).** TCSPC and
electrochemical results clearly proved that no direct
interaction of the PS-1 excited state with either 2 or
2/lut mixtures occurred. In agreement with the



proposed mechanism, the oxidation potential of 2 was
measured tobe >2.5V (Vs SCE).*! In the presence of
lut, this was found to be is shifted at 2.2 V, which is
still h1gher than the one of 1a or PS-1* (see Figure
S2).2" On the other hand, the quenching of PS-1
excited state by substrate 1a was previously reported,
supporting the mechanism described in Scheme 4.

a) Mechanistic sketch

lut
TINH, Ty [ph ',*Tf

[TENH

N Ph
1

[Co(lll)]

[PS-1T [Colll]_-CF H Ph

Eoxx =+ 2 oov
NHTf
Eq2

% =-0.49V Ered = _ 0,68 V

acridinium
catalytic cycle

cobaloxime
[PS-1*1* catalytlc cycle

*E1/2red =+206V

3a
cl HYCK [CO(”l)]

[PS- 1+] [CO(III)

b) Intermolecular KIE experiment

S22

TfNH, (2)
N Blue-LED (23 W)
d°-1a
(d =98%)

h H(D)

P -
(D)H\©;NHTf

3a/d?-3a
25% combined yield
PH/PD =1.5:1

CH,Cly:HFIP (20:1)
it, 10 h

Scheme 4. a) Proposed mechanistic sketch. b) Labelling
experiment.

Finally, a dedicated kinetic competition isotope
effect (KIE) experiment was carried out by subjecting
equimolar amounts of deuterated phenyl-cyclohexene
d’-la and 1la to the best conditions for the
dehydrogenatlve C-N bond forming coupling reaction
(Scheme 4b). 7] By stopping the reaction at 25%
conversion (12 h), a 1.5:1 mixture of 3a/d’-3a was
detected by 'H-NMR, revealing a moderate but not
negligible isotopic effect. This evidence is in contrast
to our previous findings related to the synthesis of
allylic carboxylates (no isotopic effect was
detected).®! Although a conclusive picture of the
overall kinetics of the protocol is not available yet, the
presence of an anionic nucleophile (i.e. TENH") likely
renders the initial C-N bond forming event with
intermediate I faster than that of a conclusive B-
elimination step.

In conclusion, we have presented a new synthetic
methodology to cyclic and acyclic allylic triflamides
(yield up to 88%) via dual visible-light/cobalt
catalyzed redox protocol. The present formal B-
hydrogen elimination tool exploits a direct Csp’~H
oxidation of styryl compounds under stoichiometric
acceptorless conditions. The development of an

intramolecular variant, ascertainment of the chemical
flexibility of C-N coupled compounds, and
mechanistic control experiments (photo, voltametric,
kinetics) completed the present unprecedented
methodology.

Experimental Section

Optimized general procedure for the intermolecular
process.

A 5 mL dry vial equipped with a stirring bar was charg
with:  acridinium PS-1 (42 mg, 7.5 mol%
[Co(dmgH)2(Py)(C1)] Co-1 (2.0 mg, 5 mol%), dry DCM {
mL), HFIP (50 pL), styryl derivative 1 (0.1 mmol) 2,6-
lutidine (2.7 mg, 3.0 puL, 25 mol%) and triflamide 2 (72.0
mg, 0.5 mmol). The solution was gently degassed with N2
then stirred under 23 W blue LED irradiation (465 nm) for
72 h. Then, the solvent was removed under vacuum and the
residue puriﬁed via flash chromatography.

3a. Viscous oil. nHex:EtOAc: from 40:1 to 20:1. Yield =
69% (21.0 mg). 'H NMR (400 MHz, CDCl3) § 7.41 —7.26
m, 5H), 6.21 (t, J=4.0 Hz, 1H), 478 4.68 (m, 1H), 4.64
d, J= 7.7 Hz, 1H), 2.38 — 2.09 (m, 3H), 1.94 (dd d J=
139 12.6,4.2,3.1 Hz, 1H), 1.86 — 1.75 (m, 1H), 1.73-1.59
(m, 1H) 13CNMR 100 Hz CDCl3) 6 138.7, 135.8, 132.2,
128.6 (20), 1279 126 2C), 119.3 (q, J= 3212Hz ,51.9,
30.6, 25.5, 16.7; BEN R (376 M zCDC13) 75(s
3F); ‘GC-MS: 305(11) 172(13) 156 (100); Anal. Calc for
(Cl3H14F3NOzS 305. 07) , 51.14; H, 4.62; found: C,
51.10; H, 4.63.

Optimized general procedure for the intramolecular
process.

A 5 mL dry vial equipped with a stirring bar was charg
with:  acridinium PS-1 (4.2 m 7.5 mol%),
[CO(dmgH)z(Py)(Cl)] Co-1 (2.0 mg, 5 mol%) dry DCM (1
mL), HFIP (50 pL), triflimide 3 (0.1 mmol) and 2,6-lutidine
(2. mg, 3.0 pL, 25 mol%). The solution was gently
degassed with N> then stirred under 23 W blue LED
irradiation (465 nm) for 72 h. Then, the solvent was
removed under vacuum and the residue purified via flash
chromatography.

5a. White solid (m.p. = 175 — 177 °C). nHex:EtOAc: from
60:1 to 40:1 (third eluting fraction from the column). Yield
=40% (22.7 mg). '"H NMR 8400 MHz, CDCls) 6 8.38 (dd,
J=28.7, 15Hz 1H), 7.86 (td, J = 7.6, 1.4 Hz, 1H) 763—
751(m2H 279 2.66 (m, 4 1.99 — 1.81 ; 3C
NMR (100 MHz, CDCL3) & 1 34, 153.0, 1 367
129.6, 128.5, 121. 8 119.3,119.2 (q, J = 319.7 Hz , 113.0,
26.9,22.7,21.7,21.6 ; °F NMR 396 MHz, CDCl;3) 6 -79.0
% 3FC) GC-MS: 331 gS) 198 (94; 180 (100) Anal. Calc.
or (Ci14H12F3NOsS: 331.05): C, 50.75; H, 3.75; found: C,
50.61; H, 3.98.

5a’. Viscous oil. nHex:EtOAc: from 60:1 to 40:1 (first and
second eluting fraction from the column). Yield =34% (11.6
mg), dr : 1.2:1. TH NMR of the major diastereoisomer (400
MHz, CDCl3) 6 8.22 — 8.14 (m, 1H), 7.65 (td, J= 7.5, 1.5
Hz, lH) 7.45-7.37 (m, 2H), 4.58 (dt,J=12.2,4.6 Hz, lH)
3»63»(1 1H), 2.61 (dt, J=14.6, 3.0 Hz, 1H 194—180(m
2H), 72—161(m 1H), 158—135(m 1HNMRof
the minor diastereoisomer (400 MHz, CDC13) §8.09 d,J=
7.9 Hz, 1H), 7.66 (t, J = 7.7 Hz, lH) 7.40 (t, J = 7.7 Hz,
1H), 734(d J=17.8 Hz, 1H), 422(td J=11.7,4.4 Hz, IH)
2.90 (td, J=11.6, 4.0 Hz, lH) 2.62-2.50 (m, 1H), 2437
2.33 (m, 1H), 205—175(m 4H), 1.49 — 1.28 (m, 2H); 3C
NMR of the major diastereoisomer (100 MHz, CD 13) o
162.7, 139.6, 1350 130.2, 127.4, 127.2, 1260 119.4 q,J
—3242Hz) '60.4,37.4,28.3,26.7, 24.9,19.0; B3C NM

the minor diastereoisomer (100 MHZ CDC13) d 1676
142.4, 135.7, 130.6, 127.8, 123.9, 1190 %J= 319.1 HZ),
113.0, 84.6, 39.5, 31.0, 26.8, 24.6, 23.7, F NMR of the



ma jor diastereoisomer § 76 MHz, CDCl3) 6 -72.1 (s, 3F);

NMR of the minor iastereoisomer (376 MHz, DC13)
8 -79.5 (s, 3F); GC-MS of the major diastereoisomer: 333
(5), 200 (87) 182 (100); GC-MS of the minor
diastereoisomer: 333 (11), 200 (96), 182 (100); Anal. Calc.
for (C1aH12F3NO3S: 333.06): C, 50.45; H 4.23; found: C,
50.59; H, 4.03 (major dlastereozsomer) , 50. 51 H, 4. 11
(minor diastereoisomer).

12037-12040; c¢) H. Yi, L. Niu, L.; C. Song, Y. Li, B.
Dou, A. K. Singh, A. Lei, Angew. Chem. Int. Ed. 2017,
56, 1120;-1124 d) X. Hu, G. Zhang, F. Bu, A. Lei,
Angew. Chem. Int. Ed. 2018, 57, 1286-1290; ¢) W.-Q.;
Liu, T. Lei, S. Zhou, X.-L. Yang, J. Li, J.; B. Chen, J.
Sivaguru, C.-H. Tung, L. Z. Wu, J. Am. Chem. Soc. 2019,
141,13941-13947; 1) J.-L. Tu, W. Tang, W. Xu, F. Liu,
J. Org. Chem. 2021, 86, 2929-2940; g) D. Dolui, S.
Khandelwal, P. Majumder, A. Dutta, Chem. Commun.
2020, 56, 8166-8181; h) K. C. Cartwright, A. M. Davies,
J. A. Tunge, Eur. J. Org. Chem. 2020, 1245-1258; 1) M.
Kojima, S. Matsunaga, Trends Chem. 2020, 2, 410-426.

[8] Y. Liu, S. Battaglioli, L. Lombardi, A. Menichetti, G.
Valenti, M. Montalti, M. Bandini, Org. Lett 2021, 23,
4441-4446.

[9] a) Q.-Q. Yang, M. Marchini, W.-J. Xiao, P. Ceroni, M.
Bandini, Chem. Eur. J. 2015, 21, 18052-18056; b) C.
Sauer, Y. Liu, A. De Nisi, S. Protti, M. Fagnoni, M.
Bandini. ChemCatChem 2017, 9, 4456-4459; ¢) Y. Liu,
A. Parodi, S. Battaglioli, M. Monari, S. Protti, M.
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