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Amine-Catalyzed Copper-Mediated C—H Sulfonylation of
Benzaldehydes via a Transient Imine Directing Group**

Joe I. Higham and James A. Bull*

Abstract: Transient directing groups (TDGs) can pro-
vide a powerful means for C—H functionalization with-
out requiring additional steps for directing group
introduction and removal. We report the first use of a
TDG in combination with copper to effect C-H
functionalization. The regioselective copper mediated
B—C(sp*)-H sulfonylation of aldehydes with sulfinate
salts is accomplished using catalytic p-alanine to form a
transient imine. A broad range of sulfonylated benzalde-
hydes are prepared using copper fluoride as both copper
source and oxidant, involving a [5,6] cupracyclic inter-
mediate. y-(peri)-Sulfonylation of napthyl and phenan-
threnyl carboxaldehydes is achieved through [6,6] cupra-
cyclic intermediates. Further derivatisation of the
aldehyde products is demonstrated. Kinetic experiments
and Hammett analysis suggest the turnover limiting step
to be a concerted asynchronous C-H cleavage via a
dearomative Wheland-type transition state. )

Introduction

C—H Functionalization offers the potential for streamlined
and improved processes in the synthesis of valuable organic
compounds.! Directing groups have provided an effective
means to control site-selectivity between numerous similar
C—H bonds in C—H functionalization, by correctly locating a
transition metal and promoting proximity driven C-H
activation.”? However, the requirement for amide-bound
directing groups continues to present an intrinsic efficiency
limitation, due to the additional discrete steps required to
install and remove these groups. Recently transient directing
groups (TDGs) have been developed, notably for arylation
processes, whereby the directing group is formed and
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removed within the C-H functionalisation reaction by
taking advantage of common valuable functional groups
such as aldehydes (Figure 1a).”) Transient directing groups
formed as imines have been used in particular to selectively
functionalize aldehyde or amine components, though in a
limited range of transformations to date. A transient
directing group approach was first described by Jun for the
alkylation of aldehydic C—H bonds."! In 2016, Yu reignited
interest in this field by demonstrating powerful benzylic and
sp’ C-H functionalization of aldehydes and ketones respec-
tively using co-catalytic palladium acetate and glycine to
form a transient coordinating imine.” In 2017, Yu reported
the palladium catalyzed transient ortho-C—H functionaliza-
tion of benzaldehydes, achieving arylation, bromination and
chlorination with imines derived from anilines (Figure 1b).[!
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d) Copper mediated C-H sulfonylation with a catalytic transient directing group
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Figure 1. a) Transient C—H functionalisation concept. b) Leading exam-
ples of C(sp?)—H functionalization with transient directing groups
using precious metals. c) Biologically important sulfones. d) Copper
mediated sulfonylation of aldehydes controlled by a transient directing
group catalytic in amine.
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Contemporaneously, Sorensen developed C(sp?)—H hydrox-
ylation, fluorination and methylation processes.”’ Notice-
ably, there are no examples of C—S bond formation using
transient C—H functionalization, which may reflect sulfur
functionalities being poisons for precious metal catalysts,®
and which is especially problematic in transient C—-H
activation systems where the concentration of the active
directing group is low. Furthermore, the majority of
transient directing groups use precious metal catalysis,
mainly palladium, but also rhodium, ruthenium and
iridium. 1!

The move towards more sustainable, earth abundant
metals presents a notable challenge in C—H functionaliza-
tion, due in part to the poor mechanistic understanding of
base metal mediated processes making rational reaction
optimization particularly challenging.['"'! To date there are
only two reports of 3d metals being used for C-H
functionalisation in combination with TDGs, both in cobalt
catalysed amidation." Specifically, there are no examples of
copper mediated C—H functionalization with TDGs to date.

Sulfones feature heavily in active pharmaceutical ingre-
dients and biologically active compounds (Figure 1c),'*"
and recent years has seen extensive investigation into their
synthesis. Copper and palladium catalysed cross-coupling
methods have allowed the introduction of the sulfone motif
without relying on preinstalled sulfur moieties.'®! However,
these methods rely on the manipulation of a pre-installed
functionality, often in the form of an aryl iodide. Strategies
that can directly replace C—H bonds with sulfonyl function-
ality are highly sought after as they allow the generation of
sulfones in a step efficient manner and can allow late-stage
diversification.'”"® In 2015, Tan,\ Shi,"™ and
Manolikakes!'’? demonstrated copper mediated oxidative
ortho-sulfonylation of benzoic acid derived compounds
using amide bound directing groups.

Here we report the first application of a transient
directing group in copper enabled C—H functionalization,
which is catalytic in amine. This also represents the first C—S
bond forming transient C—H functionalization process,
enabling the efficient construction of sulfones (Figure 1d).
The aldehyde can be directly used for further derivatisation.
Kinetics and deuteration studies have provided insight into
the reaction mechanism of this C-H functionalization
process.

Results and Discussion

Initially, we aimed to establish whether copper mediated
C—H functionalization reactions were feasible with a cata-
lytic TDG. Common bidentate groups that function as
transient directing groups also chelate copper, and indeed
find application as ligands in copper mediated reactions.
Our studies focussed on the C—H sulfonylation of benzalde-
hyde and o-tolualdehyde by assessing the potential of
different classes of amines as TDGs. Copper (II) acetate
was selected for early studies to effect both a putative
concerted metalation deprotonation (CMD) process and
subsequent functionalization steps, as well as to provide an
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inexpensive and non-toxic stoichiometric oxidant. Potassium
carbonate base and HFIP,"! used previously in Pd-mediated
transient processes, were employed to screen for successful
ortho-sulfonylation, using 25 mol % of the transient directing
groups (Scheme 1).

Bidentate transient directing groups TDG1, and TDG8-
TDG10 which had previously reported in C(sp*)~H func-
tionalization with Pd were ineffective, as were monodentate
aniline and benzylamine. Pleasingly, reactivity was observed
when using anthranilic acid (TDG?2), forming a presumed
[5,6] cupracyclic intermediate, but the related orthanilic acid
was ineffective. B-Alanine (TDG13) was more effective,
giving 40 % yield of 3a. Changing the acidic secondary
binding site (P(O)(OH),, SO;H, OH or OMe; TDG14-
TDG17) gave lower yields, hence TDG13 was selected for
further study.

We next investigated reaction variables including copper
sources, solvents, bases, and other additives.?”! CuF, was the
most effective copper source, and the yield could be further
improved with carboxylate additives. Using 0.5 equiv of
Cu(OAc), along with 1.5 equiv CuF, was most effective.
These copper sources both provide the necessary stoichio-
metric oxidant and effect the C—H functionalization. Further
investigation confirmed K,CO; and HFIP as the most
effective base and solvent respectively. We observed that
25mol % of the TDG was optimal, and variation in the
loadings of B-alanine (5-100 mol %) resulted in lower yields
of the sulfonyl aldehyde. A subsequent design of experiment
(DoE) optimization focused on CuF, equivalents, aldehyde
equivalents and reaction concentration identified a key
positive interaction between increasing equivalents of
aldehyde and CuF, (see Supporting Information for further
details).”"!

Using a catalytic quantity of the TDG, the aldehyde in
excess and 2 equiv. of readily available CuF,, aldehyde 3a
was isolated in 86 % yield (Table 1, entry 1). Importantly, no

TDG (25 mol%) OOQ\SQ/

Cu(OAc), (2 equiv)
K2C03 (2 equiv)

Ii "Q

H
N
H2N><H/OH HQN/YOH NN HQN/\/OMe HoN
o) o)
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21% 3a <5% 3a 10% 3a 0% 3a
Scheme 1. Assessing transient directing groups in copper mediated
C(sp®)—H sulfonylation. Yield determined by 'H-NMR using 1,3,5-

trimethoxybenzene as an internal standard.
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Table 1: Control reactions describing deviation from the optimized conditions.

B-alanine (25 mol%)

o LT
CuF, (2 equiv <
2 (2 oqul) 008 o O)\CF3

o 9 Cu(OAG), (50 mol%) 9 |
E@ NaO/S K2CO3 (2 equiv) E@ E@
\©\ HFIP (0.2 M)
100 °C, Ar, 18 h
1 2a 3a 4

(2.5 equiv) (1 equiv)

Entry Deviation from standard conditions Yield [%]"
3a 4 Recovered 1

1 None 93 (36) 0 153
2 No TDG 0 0 102
3 No CuF, 20 0 227
4 No Cu(OAc), 82 0 165
5 No CuF, or Cu(OAc), 0 0 250
6 Cu(OAc), (2.5 equiv) 75 0 150
7 No K,CO, 18 0 202
8 Using aldehyde as the limiting reagent 63 0 30
9 No Sulfinate 0 33" (19%)H 611
10 +TEMPO (1 equiv) 0 trace 178

Reactions performed using 0.2 mmol sulfinate salt. [a] Yield determined by 'H-NMR using 1,3,5-trimethoxybenzene as an internal standard.
Isolated yield in parenthesis. Recovered 1 refers to recovered excess aldehyde from a maximum of 250%. [b] Yield based on aldehyde as limiting

reagent. [c] Yield on 0.5 mmol scale of aldehyde. Note that 4 is volatile.

reaction was observed in the absence of the TDG (Entry 2).
Reduced reactivity was observed when either of the copper
salts were omitted (Entries 3 and 4), and when no copper
salts were present there was no observable reaction (En-
try 5). Using only Cu(OAc), (2.5 equiv) in place of CuF,
remained effective but with reduced yield (Entry 6). A low
yield of 3a was observed in the absence of K,CO; (Entry 7).
It was also possible to use the aldehyde as the limiting
reagent to give 63 % yield of 3a (Entry 8). In the absence of
the sulfinate salt, we observed the coupling of HFIP to give
HFIP ether 4, whereby the solvent acts as a nucleophile in
the reaction (Entry 9).%!1 We observed complete suppression
of sulfone formation on addition of the radical trap TEMPO
(Entry 10) indicating the potential for the involvement of
radical species. The reaction was broadly tolerant to changes
in concentration and increased temperature as assessed by
the Glorius protocol, though sensitivity to increased water
and oxygen was observed.?"™?!

With these optimized conditions we investigated the
substrate scope with changes in sulfinate salt and aldehyde.
A wide range of electronically and sterically diverse
sulfinate salts were effectively coupled to give sulfones 3a—
3m in good to excellent yields (Scheme 2a). Aryl sulfinate
salts with electronically neutral (H) or electron donating
(OMe, tBu) substituents were well tolerated (3b-3d).
Sulfinate salts bearing arenes with inductively electron
withdrawing groups (p-CF;, p-halides) were particularly
effective giving yields of 63-74 % without any unwanted
cross coupling observed (3e-3h). More sterically encum-
bered ortho-substituted sulfinates such as 1-napthyl and o-
tolyl derivatives successfully gave sulfones 3i and 3j. Methyl
and cyclopropyl sulfinate salts were both effective in this
oxidative coupling reacting in 77 % and 76 % yield respec-
tively (3k and 31). Additionally, bicyclo[1.1.1]pentane
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(BCP) sulfinate was used to introduce a BCP moiety which
is increasingly of interest as a phenyl isostere. No obvious
trend between the oxidation potential of the sulfinate salts
and the yield of the coupling was observed,® indicating
direct oxidation of the salt to a sulfonyl radical may not be
involved in the rate determining step of the reaction.

Next the scope of the aldehyde component was inves-
tigated. Electron donating (OMe), neutral (Me) and with-
drawing (CF;) substituents were probed at ortho-, meta- and
para-positions in a 3x3 array (Scheme 2b), revealing elec-
tron-rich substrates tended to be most reactive. Symmetrical
4-methoxybenzaldehyde gave an 87 % combined yield of
mono and di-functionalization (1:1.1 mono:di). Substrates
with the methoxy group in the ortho- and meta-positions
gave slightly reduced yields. This contrasts with the Me and
CF; substituted systems, where increased yield was observed
with ortho-substitution. Electron poor derivatives gave low-
er overall yields and reduced di-functionalization. The
reaction was successfully scaled for the multigram synthesis
of 3a in excellent yield (2.07 g 3a, 75 %).

A broader range of aldehydes was then investigated
(Scheme 2c). Benzaldehyde itself gave good yield of com-
bined mono and di-functionalized products (73% 13a,
mono:di 1.3:1). 2,3-Dimethyl and 2.4-dimethyl benzalde-
hydes reacted to give 14a and 15a in moderate to good
yields. Benzyl protected phenol was tolerated, as was an O-
allyl substituent, a challenging substrate in a palladium
mediated process due to allylic activation. 2-Phenylbenzal-
dehyde, 2-napthaldehyde and 6-methoxy-2-napthaldehyde
were particularly effective, giving 18a, 19a and 20a in 87 %,
96 % and 71 % yield respectively. Halogenated examples
were tolerated without cross-coupling occurring. In sub-
strates possessing additional potential directing sites (23a—
28a), C—H sulfonylation was only observed at the position

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



GDCh
~~

Research Articles

B-alanine (25 mol%)

Angewandte

intemationaldition’y) Chemie

(? H
A
| SR
=

(2.5 equiv)

Scope Varying Sulfinate Salt

3k
7%

3l
76%

Scope Varying Aldehyde

CuF, (2.0 equiv) O R
o Cu(OAc), (50 mol%) ?023
NaO’S‘R' K,COj3 (2.0 equiv) | \7R
HFIP (0.2 M) =
(1.0 equiv) 100°C, Ar, 18 h 3a- m,5a- 31a
Scope Varying Aldehyd
Bu CF3 | ©

o o T o1 o7 oLV
Io:s O|0=S C|)0=S O|O=S ?O=S
BT P I ¢ D o .

3e

63% 13a 14a 15a 16a

73%
(mono:di = 1.3:1)

7 oLV oV oY
00=S 00=S ﬂ)o:‘s c|>o:‘s

U SURe
42% o~
17a 18a 19a 20a
o /@ 40% 87% 96% 71%
00=8
' 9 A
@/ (?O:S (I)O-S
3m

b)

o
(]
IS
w*

Electron Withdrawing

o]

0,
O|O=S
ortho K/@
MeO

53%

\

meta
Ar0,S”

OMe
7a
64%
(mono:mono"di = 4.3:1:2.7)

o, )
00=8
para § i
ArO,S” OMe

10a
87%
(mono:di = 1:1.1)

3a
86%
75%, 2.07 g (10 mmol)

8a
68%
c%o:“s’ i
Ar0,S”"
1a

60%
(mono:di = 1.2:1)

| 21a X = Cl 40%
22a X = Br 39%

23a
37%

27a X = H 25%0]
28a X = OMe 23%!

SOLAr

50 %

31a ortho 23%!¢!
31a peri 48%

F ionalization via [6,6]-Cupracycle ——————

29a 36%[°H
from estrone

Q*

32a
13%

o
|
00=8" :
|
30a
ArO,S” CF3 64%
12a
37%
(mono:di = 5.2:1)

Scheme 2. Reaction scope varying the sulfinate salt and aldehyde. Reactions performed on 0.2 mmol scale. Isolated yields reported. [a] 22 h
reaction time. [b] NaHCO; (sat. aq) workup was used. [c] 1 equiv aldehyde and 1.25 equiv sulfinate salt. [d] 91 % purity. [e] 87 % purity.

ortho to the aldehyde due to the superior directing ability of
the transient directing group. Ester 23a was tolerated
without any observed hydrolysis. Amide-containing 24a and
benzyl alcohol containing 25a were prepared in 48 % and
51 % yield respectively. The presence of a coordinating
sulfonamide group at the 3-position gave exclusive sulfony-
lation at the most hindered 2-position (26a) indicating a
tertiary directing effect of the NHSO,Me group. The Cu-
mediated conditions also gave sulfonylated pyridine-4-
carboxaldehyde and 2-methoxypyridine-4-carboxaldehyde

Angew. Chem. Int. Ed. 2022, 61, €202202933 (4 of 8)

(27a, 28a). A substrate derived from estrone underwent
preferential sulfonylation reaction adjacent to the aldehyde
functional group in the presence of the ketone (29a), using
the aldehyde as the limiting reagent. The reaction of 9-
phenanthene carboxaldehyde gave peri-sulfonylated product
30a exclusively, favoring the required [6,6]-cupracyclic
intermediate over the potential ortho-sulfonylation. In the
case of l-napthaldehyde, peri-functionalization was again
the major product in a 2:1 ratio with the less hindered
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ortho-product. On blocking the ortho-position with a methyl
group, reduced peri-reactivity was observed.

The transient C—H functionalisation strategy provides a
reactive handle that is immediately available for further
diversification reactions without requiring unmasking of an
amide directing group. This was demonstrated by reaction
of these sulfonyl aldehydes to provide broader sulfone
containing derivatives with motifs of value in medicinal
chemistry (Scheme 3). Reduction of the aldehyde with
LiBH,, gave alcohol 33 and morpholine containing 34 was
prepared by reductive amination. The addition of a
Grignard reagent furnished secondary alcohol 35 in 91 %
yield. Piperidine 36 was synthesised by a Pictet Spengler
reaction with tryptamine. Oxidative methods were also
suitable to access sulfonyl acid 37 and benzimidazole 38 in
excellent yield.

Detailed mechanistic understanding of the often com-
plex copper mediated C—H activation reactions remains
limited as cupracyclic intermediates are relatively unstable
and only a handful of stable organocuprates have been
reported to date.”” Our attempts at direct investigation of
the potential imine coordinated organocuprate intermediate
were unsuccessful. Despite these challenges, we wanted to
gain insight into the role and performance of the catalytic
transient directing groups and underlying mechanism of the
C—H functionalization. Therefore, to interrogate the reac-
tion mechanism kinetic and deuteration experiments were
undertaken.

We investigated the catalytic performance of the tran-
sient directing group using visual comparison methods
developed by Blackmond (RPKA)®! and Burés
(VINA)P*? Same-excess kinetic experiments can deter-
mine if product inhibition or catalyst deactivation occur
during a reaction.” Pleasingly, deactivation of the amino

o, LI o LT
HO O=S 0=S

i) Reduction ii) Reductive
Amination N

o

34 46%

3372%

o o Q
HO 0=5 iv) Pictet NHO=S
—
PMP SpenglerNH O
3591%*2 36 73%

0\ /©/ O\ /©/
00=S v) Pinnick | vi) Oxidative Q\lN 0=S
HO Oxidation ”J;['j

38 66%

Cyclization

37 96%

Scheme 3. Derivatisation of aldehyde product. Reactions performed
on 0.2 mmol scale. Isolated yield reported. i) LiBH,, THF, 65°C,

15 min. ii) NaHB(OAc);, morpholine, CH,Cl,, rt, overnight. iii) 4-
MeOCH,MgBr, THF, 0°C to rt, overnight. iv) Tryptamine, HFIP,
60°C, 48 h. v) NaClO,, H,0, (30% in H,0), NaH,PO,, MeCN : H,0,
0°C to rt, 3 h. vi) o-Phenylenediamine, CAN (10 mol %), H,0, (30%
in H,0), MeCN, 50°C, overnight. [a] Reaction performed on 0.1 mmol
scale.
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acid catalyst was not occurring. Instead, an inhibitory effect
of the sulfonyl aldehyde product was observed, which
slowed reaction progress. Studying the imine formation by
"H-NMR, in the absence of copper, indicated a preference
for B-alanine to form an imine with the starting aldehyde in
competition with the sulfonylated product aldehyde (41:7
imine of 1:3a).’*! The simple imine formation was unlikely
to be the cause of inhibition, therefore, we propose that the
inhibitory effect arises from the formation of a copper
ligated imine intermediate involving the sulfonyl aldehyde
product imine, temporarily removing the catalytic transient
directing group from the cycle. This helps to explain why
using the aldehyde substrate in excess gave an increased
yield, which could help alleviate the inhibition effects by
further favouring formation of the starting material imine
hence shifting the equilibrium to favour the productive
pathway.

Next, variable time normalization analysis (VINA) was
used to estimate the orders in each of the reaction
components: the amine catalyst, each copper source, the
base and the other reagents (Figure 2a). We identified an
order of 1 in aldehyde, transient directing group and K,CO;.
Fractional orders were observed for both the sulfinate and
CuF, (0.75 and 0.5 respectively), and a zero order in
Cu(OAc),. Together with the optimization studies was clear
that the sulfinate has a competing inhibitory effect on the
reaction, presumably by blocking copper coordination sites
and thus leading to the complex order observed.”® We
hypothesise the role of the Cu(OAc), is to form Cu(SO,R),
in situ and act as a sulfinate reservoir to alleviate inhibition
by free sulfinate.

In order to better understand the C—H activation step
itself, we employed deuteration and kinetic isotope effect
experiments. When performing the reaction in HFIP-d,, no
obvious deuteration was observed in either starting material
or product, implying that both C—H activation is irreversible
under the reaction conditions and there are likely no further
cyclometallation events between copper and the product. A
significant primary kinetic isotope effect was observed in
both parallel (KIE,,, =2.42) and competition experiments
(KIEompetition=3.25) which indicates C—H bond cleavage is
intimately linked to the turnover limiting step (Figure 2b).[*!
Further investigation into the electronics of this step by
Hammett analysis revealed a negative correlation (Fig-
ure 2¢). This implies a build-up of positive charge on the
arene ring in the turnover limiting step, therefore implying
an unusual turnover limiting mechanism of C—H activation
via a partially dearomatized transition state.’”’ Considering
these findings together, we propose a concerted asynchro-
nous cleavage of the C—H bond and formation of the C—Cu
bond, which involves nucleophilic attack from the aryl n-
system to the copper centre leading to a partial Wheland-
type transition state followed by deprotonation by the
carbonate base. This may occur through either an inner or
outer sphere mechanism (Figure 2¢ boxed).

Overall, we propose the following as a plausible mecha-
nism for this transformation (Figure 3). Catalytic amino acid
A condenses with the aldehyde to form imine B. Copper
and carbonate coordinate to form intermediate C. Coordina-
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a) Order in reagents
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b) K.LLE experiments

ptolylSO,Na (1 equiv)
CuF; (2 equiv)
Cu(OAC), (50 mol%)
B-alanine (25 mol%)
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K . - [Pul
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ko [Po]
c) Hammett Plot ———
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i : transition state

Figure 2. a) VTNA kinetic analysis, graphs of order in reagents. b) K.I.E. experiments using benzaldehyde and benzaldehyde-d; for parallel and
competition reactions c) Hammett plot of varying substituents with proposed electrophilic mode of C—H activation.
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Figure 3. Proposed mechanism of transient C—H sulfonylation, catalytic
in transient directing group.

tion of additional sulfinate (C’) may result in inhibition of
the reaction. Otherwise, C undergoes a concerted irrever-
sible and turnover-limiting C—H activation involving a
positive charge build-up suggestive of an unusual Wheland-
type intermediate and carbonate deprotonation to form D
with loss of bicarbonate. Ligand exchange with sulfinate
would lead to the formation of intermediate E. High valent
Cu metallocycle F would be formed by disproportionation
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of E with another equivalent of copper resulting in a neutral
aryl copper species. Reductive elimination from F will give
copper-ligated product imine G, which must undergo
hydrolysis to release the product aldehyde and regenerate
the amino acid catalyst. The equilibrium favoring G is likely
to be the origin of product inhibition trapping the catalytic
directing group at high concentrations of product and Cu',
rather than the uncoordinated imine.

Conclusion

In summary, the copper mediated C(sp?)-H sulfonylation of
aldehydes has been achieved using catalytic B-alanine to
form a transient directing group. This demonstrates for the
first time the potential to use a transient directing group
with copper to promote C—H functionalization. The con-
ditions were applied to a wide range of sulfinate salts and
aromatic aldehydes including heteroaromatic aldehydes to
effect ortho- or peri-functionalization. As such a broad range
of sulfones are readily prepared. The transient directed
processes provides new aldehyde derivatives that present
useful substrates for further reactions, without requiring
additional manipulation to remove directing groups. Kinetic
and mechanistic investigations highlighted an unusual
turnover-limiting and partially cationic dearomative C-H
activation mechanism. We expect these results will open
further possibilities for the use of copper species for C-H
functionalization, particularly in combination with transient
directing groups, as well as contribute to improved under-
standing of copper mediated C—H functionalization proc-
esses.

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



GDCh
=

Acknowledgements

For financial support, we gratefully acknowledge The Royal
Society [University Research Fellowship (UF140161 and
URF\R\201019 to J.A.B.) and Research Grants (RG150444
and RGF\EA\180031)].

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are openly
available in Imperial College London Research Data
Repository at https://doi.org/10.14469/hpc/8810.

Keywords: C—H Functionalization - Copper - Directing Groups -
Organocatalysis - Sulfones

[1] For general reviews on C-H activation, see: a)J. Wencel-
Delord, T. Droge, F. Liu, F. Glorius, Chem. Soc. Rev. 2011, 40,
4740-4761; b)J. Yamaguchi, A.D. Yamaguchi, K. Itami,

Angew. Chem. Int. Ed. 2012, 51, 8960-9009; Angew. Chem.

2012, 7124, 9092-9142; c)J. He, M. Wasa, K. S. L. Chan, Q.

Shao, J. Q. Yu, Chem. Rev. 2017, 117, 8754-8786; d) N. Y. S.

Lam, K. Wu, J. Q. Yu, Angew. Chem. Int. Ed. 2021, 60, 15767—

15790; Angew. Chem. 2021, 133, 15901-15924.

a) S. Rej, Y. Ano, N. Chatani, Chem. Rev. 2020, 120, 1788-

1887; b) Z. Chen, B. Wang, J. Zhang, W. Yu, Z. Liu, Y. Zhang,

Org. Chem. Front. 2015, 2, 1107-1295.

[3] For reviews of transient C—H functionalization, see: a) P.
Gandeepan, L. Ackermann, Chem 2018, 4, 199-222; b)S.
St John-Campbell, J. A. Bull, Org. Biomol. Chem. 2018, 16,
4582-4595; ¢) B. Niu, K. Yang, B. Lawrence, H. Ge, Chem-
SusChem 2019, 12, 2955-2969; d) J. I. Higham, J. A. Bull, Org.
Biomol. Chem. 2020, 18, 7291-7315; e)N. Goswami, T.
Bhattacharya, D. Maiti, Nat. Chem. Rev. 2021, 5, 646-659.

[4] C.H. Jun, D. Y. Lee, J. B. Hong, Tetrahedron Lett. 1997, 38,
6673-6676.

[5] F.-L. Zhang, K. Hong, T.-J. Li, H. Park, J.-Q. Yu, Science 2016,
351, 252-256.

[6] X.H. Liu, H. Park, J. H. Hu, Y. Hu, Q. L. Zhang, B. L. Wang,
B. Sun, K. S. Yeung, F. L. Zhang, J. Q. Yu, J. Am. Chem. Soc.
2017, 139, 888-896.

[7] a) X. Y. Chen, S. Ozturk, E.J. Sorensen, Org. Lett. 2017, 19,
6280-6283; b) X. Y. Chen, E.J. Sorensen, J. Am. Chem. Soc.
2018, 140, 2789-2792.

[8] For discussion of the poisoning of precious metal catalysts by
sulfur, see: J. K. Dunleavy, Platinum Met. Rev. 2006, 50, 110.

[9] For other leading reports in arene transient C(sp*)—H function-
alization, see: a) P. W. Tan, N. A. B. Juwaini, J. Seayad, Org.
Lett. 2013, 15, 5166-5169; b) Q. J. Yao, S. Zhang, B. B. Zhan,
B.F. Shi, Angew. Chem. Int. Ed. 2017, 56, 6617-6621; Angew.
Chem. 2017, 129, 6717-6721; ¢) X. Y. Chen, S. Ozturk, E.J.
Sorensen, Org. Lett. 2017, 19, 1140-1143; d) H. Lin, C. Wang,
T. D. Bannister, T. M. Kamenecka, Chem. Eur. J. 2018, 24,
9535-9541; e) M. Kapoor, P. Chand-Thakuri, M. C. Young, J.
Am. Chem. Soc. 2019, 141, 7980-7989; f) S. Bag, S. Jana, S.
Pradhan, S. Bhowmick, N. Goswami, S. K. Sinha, D. Maiti,
Nat. Commun. 2021, 12, 1393.

2

—

Angew. Chem. Int. Ed. 2022, 61, €202202933 (7 of 8)

Research Articles

Angewandte

intemationaldition’y) Chemie

[10] For leading reports on sp> C—H functionalization of aldehydes
with transient directing groups, see: a) K. Yang, Q. Li, Y. Liu,
G. Li, H. Ge, J. Am. Chem. Soc. 2016, 138, 12775-12778; b) S.
St John-Campbell, A.J. P. White, J. A. Bull, Chem. Sci. 2017,
8, 4840-4847; c) H. Park, P. Verma, K. Hong, J.-Q. Yu, Nat.
Chem. 2018, 10, 755-762; d) S. St John-Campbell, J. A. Bull,
Chem. Commun. 2019, 55, 9172-9175; e) B. Li, B. Lawrence,
G. Li, H. Ge, Angew. Chem. Int. Ed. 2020, 59, 3078-3082;
Angew. Chem. 2020, 132, 3102-3106; f) Y.-H. Li, Y. Ouyang, N.
Chekshin, J. Q. Yu, J. Am. Chem. Soc. 2022, 144, 4727-4733.

[11] a) G. Pototschnig, N. Maulide, M. Schniirch, Chem. Eur. J.
2017, 23, 9206-9232; b) S. St John-Campbell, J. A. Bull, Adv.
Synth. Catal. 2019, 361, 3662-3682; c) P. Gandeepan, T. Miiller,
D. Zell, G. Cera, S. Warratz, L. Ackermann, Chem. Rev. 2019,
119, 2192-2452.

[12] For general reviews of copper mediated C—H functionalization,
see: a) W. H. Rao, B. F. Shi, Org. Chem. Front. 2016, 3, 1028—
1047; b) J. Liu, G. Chen, Z. Tan, Adv. Synth. Catal. 2016, 358,
1174-1194; ¢) Z. K. Li, X.S. Jia, L. Yin, Synthesis 2018, 50,
4165-4188.

[13] a)J. Huang, J. Ding, T. M. Ding, S. Zhang, Y. Wang, F. Sha,
S.Y. Zhang, X. Y. Wu, Q. Li, Org. Lertt. 2019, 21, 7342-7345;
b) B. Khan, V. Dwivedi, B. Sundararaju, Adv. Synth. Catal.
2020, 362, 1195-1200.

[14] M. Feng, B. Tang, S.H. Liang, X. Jiang, Curr. Top. Med.
Chem. 2016, 16, 1200-1216.

[15] E. A. Tlardi, E. Vitaku, J. T. Njardarson, J. Med. Chem. 2014,
57,2832-2842.

[16] For leading examples, see: a) Y. Chen, M. C. Willis, Chem. Sci.
2017, 8, 3249-3253; b) A. Shavnya, S. B. Coffey, A. C. Smith,
V. Mascitti, Org. Lett. 2013, 15, 6226-6229; c) E.J. Emmett,
B. R. Hayter, M. C. Willis, Angew. Chem. Int. Ed. 2014, 53,
10204-10208; Angew. Chem. 2014, 126, 10368-10372.

[17] For examples of copper mediated C—H sulfonylation using
sulfinate salts, see: a)J. Liu, L. Yu, S. Zhuang, Q. Gui, X.
Chen, W. Wang, Z. Tan, Chem. Commun. 2015, 51, 6418-6421;
b) W. H. Rao, B.F. Shi, Org. Lert. 2015, 17, 2784-2787; c) S.
Liang, N. W. Liu, G. Manolikakes, Adv. Synth. Catal. 2016,
358, 159-163. For selected other copper mediated methods of
C—H sulfonylation see: d) X. Tang, L. Huang, Y. Xu, J. Yang,
W. Wu, H. Jiang, Angew. Chem. Int. Ed. 2014, 53, 4205-4208;
Angew. Chem. 2014, 126, 4289-4292; e) X.-W. Lan, N.-X.
Wang, C.-B. Bai, W. Zhang, Y. Xing, J.-L. Wen, Y.-J. Wang,
Y.-H. Li, Sci. Rep. 2015, 5, 18391; f) J. I. Higham, J. A. Bull,
Chem. Commun. 2020, 56, 4587-4590.

[18] For general review on the synthesis of sulfones via C—H
functionalization, see: S. Shaaban, S. Liang, N. W. Liu, G.
Manolikakes, Org. Biomol. Chem. 2017, 15, 1947-1955.

[19] a) S. K. Sinha, T. Bhattacharya, D. Maiti, React. Chem. Eng.
2019, 4, 244-253; b) T. Bhattacharya, A. Ghosh, D. Maiti,
Chem. Sci. 2021, 12, 3857-3870.

[20] For more information, see: a) Supporting Information pages
S$5-S20 for reaction optimization including DOE studies;
b) Supporting Information page S21 for sensitivity screen;
c) Supporting Information pages S23-S42 for kinetic experi-
ments; d) Supporting Information pages S34 for imine forma-
tion experiments.

[21] For palladium catalysed oxidative polyfluoroalkoxylation, see:
J. Zhou, D. Liu, C. Bai, A. Bao, T. Muschin, M. Baiyin, Y.-S.
Bao, Org. Chem. Front. 2021, 8, 5975-598]1.

[22] L. Pitzer, F. Schifers, F. Glorius, Angew. Chem. Int. Ed. 2019,
58, 8572-8576; Angew. Chem. 2019, 131, 8660-8664.

[23] For redox potentials of sulfinate salts, see: A.U. Meyer, K.
Strakovd, T. Slanina, B. Konig, Chem. Eur. J. 2016, 22, 8694—
8699.

[24] For selected reports of relevant isolated macrocyclic organo-
cupracycles, see: a) X. Ribas, D. A. Jackson, B. Donnadieu, J.

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH


https://doi.org/10.14469/hpc/8810
https://doi.org/10.1039/c1cs15083a
https://doi.org/10.1039/c1cs15083a
https://doi.org/10.1002/anie.201201666
https://doi.org/10.1002/ange.201201666
https://doi.org/10.1002/ange.201201666
https://doi.org/10.1021/acs.chemrev.6b00622
https://doi.org/10.1002/anie.202011901
https://doi.org/10.1002/anie.202011901
https://doi.org/10.1002/ange.202011901
https://doi.org/10.1021/acs.chemrev.9b00495
https://doi.org/10.1021/acs.chemrev.9b00495
https://doi.org/10.1039/C5QO00004A
https://doi.org/10.1016/j.chempr.2017.11.002
https://doi.org/10.1039/C8OB00926K
https://doi.org/10.1039/C8OB00926K
https://doi.org/10.1002/cssc.201900151
https://doi.org/10.1002/cssc.201900151
https://doi.org/10.1039/D0OB01587C
https://doi.org/10.1039/D0OB01587C
https://doi.org/10.1038/s41570-021-00311-3
https://doi.org/10.1016/S0040-4039(97)01562-1
https://doi.org/10.1016/S0040-4039(97)01562-1
https://doi.org/10.1126/science.aad7893
https://doi.org/10.1126/science.aad7893
https://doi.org/10.1021/jacs.6b11188
https://doi.org/10.1021/jacs.6b11188
https://doi.org/10.1021/acs.orglett.7b02906
https://doi.org/10.1021/acs.orglett.7b02906
https://doi.org/10.1021/jacs.8b00048
https://doi.org/10.1021/jacs.8b00048
https://doi.org/10.1021/ol402145m
https://doi.org/10.1021/ol402145m
https://doi.org/10.1002/anie.201701849
https://doi.org/10.1002/ange.201701849
https://doi.org/10.1002/ange.201701849
https://doi.org/10.1021/acs.orglett.7b00161
https://doi.org/10.1002/chem.201802465
https://doi.org/10.1002/chem.201802465
https://doi.org/10.1021/jacs.9b03375
https://doi.org/10.1021/jacs.9b03375
https://doi.org/10.1021/jacs.6b08478
https://doi.org/10.1039/C7SC01218G
https://doi.org/10.1039/C7SC01218G
https://doi.org/10.1038/s41557-018-0048-1
https://doi.org/10.1038/s41557-018-0048-1
https://doi.org/10.1039/C9CC03644J
https://doi.org/10.1002/anie.201913126
https://doi.org/10.1002/ange.201913126
https://doi.org/10.1021/jacs.1c13586
https://doi.org/10.1002/chem.201605657
https://doi.org/10.1002/chem.201605657
https://doi.org/10.1021/acs.chemrev.8b00507
https://doi.org/10.1021/acs.chemrev.8b00507
https://doi.org/10.1039/C6QO00156D
https://doi.org/10.1039/C6QO00156D
https://doi.org/10.1002/adsc.201600031
https://doi.org/10.1002/adsc.201600031
https://doi.org/10.1021/acs.orglett.9b02632
https://doi.org/10.1002/adsc.201901267
https://doi.org/10.1002/adsc.201901267
https://doi.org/10.1021/jm401375q
https://doi.org/10.1021/jm401375q
https://doi.org/10.1039/C6SC05483H
https://doi.org/10.1039/C6SC05483H
https://doi.org/10.1021/ol403072r
https://doi.org/10.1002/anie.201404527
https://doi.org/10.1002/anie.201404527
https://doi.org/10.1002/ange.201404527
https://doi.org/10.1039/C5CC00202H
https://doi.org/10.1021/acs.orglett.5b01198
https://doi.org/10.1002/adsc.201500793
https://doi.org/10.1002/adsc.201500793
https://doi.org/10.1002/anie.201311217
https://doi.org/10.1002/ange.201311217
https://doi.org/10.1039/D0CC01576H
https://doi.org/10.1039/C6OB02424F
https://doi.org/10.1039/C8RE00225H
https://doi.org/10.1039/C8RE00225H
https://doi.org/10.1039/D0SC06937J
https://doi.org/10.1039/D1QO00895A
https://doi.org/10.1002/anie.201901935
https://doi.org/10.1002/anie.201901935
https://doi.org/10.1002/chem.201601000
https://doi.org/10.1002/chem.201601000

GDCh
~~

(23]

[26]

(27]

Angew. Chem. Int. Ed. 2022, 61, €202202933 (8 of 8)

Mahia, T. Parella, R. Xifra, B. Hedman, K. O. Hodgson, A.
Llobet, T. D. P. Stack, Angew. Chem. Int. Ed. 2002, 41, 2991—
2994; Angew. Chem. 2002, 114, 3117-3120; b) H. Zhang, B.
Yao, L. Zhao, D.-X. Wang, B.-Q. Xu, M.-X. Wang, J. Am.
Chem. Soc. 2014, 136, 6326-6332.

a) D. G. Blackmond, Angew. Chem. Int. Ed. 2005, 44, 4302—
4320; Angew. Chem. 2005, 117, 4374-4393; b) R. D. Baxter, D.
Sale, K. M. Engle, J. Q. Yu, D. G. Blackmond, J. Am. Chem.
Soc. 2012, 134, 4600-4606.

a) J. Burés, Angew. Chem. Int. Ed. 2016, 55, 2028-2031; Angew.
Chem. 2016, 128, 2068-2071; b) J. Burés, Angew. Chem. Int.
Ed. 2016, 55, 16084-16087; Angew. Chem. 2016, 128, 16318—
16321; ¢) C. D. T. Nielsen, J. Burés, Chem. Sci. 2019, 10, 348-
353.

A similar inhibitory effect from SO, was observed by Willis in
related desulfonylative couplings, see: A. De Gombert, A. I

Research Articles

(28]

[29]

Angewandte

intemationaldition’y) Chemie

McKay, C.J. Davis, K. M. Wheelhouse, M. C. Willis, J. Am.
Chem. Soc. 2020, 142, 3564-3576.

For a detailed account of the interpretation of K.LLE. values,
see: E. M. Simmons, J. F. Hartwig, Angew. Chem. Int. Ed.
2012, 51, 3066-3072; Angew. Chem. 2012, 124, 3120-3126.

A similar observation of primary K.I.LE. and negative p value
was observed by Yatsimirsky in related studies into the
mechanism of Pd catalyzed C—H activation of N,N-dimeth-
ylbenzylamines, see: A. D. Ryabov, 1. K. Sakodinskaya, A. K.
Yatsimirsky, J. Chem. Soc. Dalton Trans. 1985, 2629.

Manuscript received: February 23, 2022
Accepted manuscript online: April 20, 2022
Version of record online: May 5, 2022

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH


https://doi.org/10.1002/1521-3773(20020816)41:16%3C2991::AID-ANIE2991%3E3.0.CO;2-6
https://doi.org/10.1002/1521-3773(20020816)41:16%3C2991::AID-ANIE2991%3E3.0.CO;2-6
https://doi.org/10.1002/1521-3757(20020816)114:16%3C3117::AID-ANGE3117%3E3.0.CO;2-U
https://doi.org/10.1021/ja412615h
https://doi.org/10.1021/ja412615h
https://doi.org/10.1002/anie.200462544
https://doi.org/10.1002/anie.200462544
https://doi.org/10.1002/ange.200462544
https://doi.org/10.1021/ja207634t
https://doi.org/10.1021/ja207634t
https://doi.org/10.1002/anie.201508983
https://doi.org/10.1002/ange.201508983
https://doi.org/10.1002/ange.201508983
https://doi.org/10.1002/anie.201609757
https://doi.org/10.1002/anie.201609757
https://doi.org/10.1002/ange.201609757
https://doi.org/10.1002/ange.201609757
https://doi.org/10.1039/C8SC04698K
https://doi.org/10.1039/C8SC04698K
https://doi.org/10.1021/jacs.9b13260
https://doi.org/10.1021/jacs.9b13260
https://doi.org/10.1002/anie.201107334
https://doi.org/10.1002/anie.201107334
https://doi.org/10.1002/ange.201107334
https://doi.org/10.1039/dt9850002629

