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a b s t r a c t

Mannich-type reactions are a widely used method for the synthesis of amines due to the readily avail-

ability of nucleophiles and electrophiles. However, the inclusion of alkylarenes instead of active carbon

pronucleophiles such as aldehydes and ketones in these addition reactions has been a challenge due to

the inherent difficulty of benzylic deprotonation. In this study, we present a novel approach for the con-

struction of N-sulfonyl amines via rhodium-catalyzed addition of unbiased benzylic C–H bonds to cyclic

N-sulfonyl ketamines through π-coordination. This strategy enables the synthesis of a diverse range of

N-sulfonyl amines, and subsequent diversification of the addition products showcases the synthetic po-

tential of this protocol.

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

Medica, Chinese Academy of Medical Sciences.

Addition reactions of carbanions as nucleophiles to imines are

powerful and atom-economical approaches for constructing amines

and derivatives in organic chemistry [1–11]. One popular variant

of this reaction involves catalytic Mannich-type reactions with car-

bon pronucleophiles, such as ketones, that readily undergo depro-

tonation, and have been extensively explored for the synthesis of

α-branched amines [12–25]. In contrast, addition reactions of ben-

zylic C–H bonds to imines are underdeveloped due to the weak

acidity of benzylic hydrogen atoms, making deprotonation difficult

[26,27]. One solution is to install an electron-withdrawing sub-

stituent that stabilizes the benzylic carbanion on aromatic rings.

For instance, an ortho sulfinyl group has been found to facilitate

addition reactions to N-sulfinylaldimines with LDA as the base,

where a chelation effect of the sulfinyl group has been proposed

to benefit benzylic deprotonation in addition to the electron-

withdrawing effect [28–31]. However, for alkylarenes lacking acti-

vating groups, only rare examples of addition reactions have been

demonstrated to date [32–38]. In 2018, Kobayashi and co-workers

developed a KOtBu/LiTMP-catalyzed addition of toluene and its

derivatives to imines [32]. In contrast to toluene, ethylbenzene ex-
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hibited relatively low reactivity, likely due to its less acidity and

larger steric hindrance. Considering that aromatic rings are among

the most commonly used motifs in synthetic organic chemistry,

developing efficient and atom-economical methods for addition re-

actions of unbiased benzylic C–H bonds is highly desirable.

In addition to electron-withdrawing substituents that promote

benzylic deprotonation, electrophilic metal complexes, such as

[Cr(CO)3], [Mn(CO)3]
+ and [CpFe]+, activate the aromatic ring

through π-coordination, leading to a significant increase in the

acidity of benzylic C–H bonds; to date, an impressive body of

work has been accomplished in benzylic C–H bond functionaliza-

tion using η6-arene complexes [39–54]. In addition to addition re-

actions, palladium-catalyzed cross-coupling reactions of Cr(CO)3-

complexed toluenes with electrophiles have been established [55–

57]. Despite these successes with preformed complexes, reactions

of unbound arenes with catalytic amounts of metals are still rare

[58–60], and Mannich-type addition of benzylic C–H bonds has yet

to be demonstrated. Cyclic N-sulfonyl Ketimines, which are more

stable than the acyclic N-sulfonylimines and easily prepared from

commercially available reagents, are versatile reactive intermedi-

ates as electrophiles and have long been utilized in organic syn-

thesis [61–65]. In this study, we report the rhodium-catalyzed ben-

zylic addition reactions of aromatic hydrocarbons and their deriva-

tives to cyclic N-sulfonyl ketimines, employing a reversible η6-

coordination strategy. This reliable method offers a direct route to
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benzosultams and benzosulfamidates, and the scope of accessible

compounds is broadened through facile diversification.

In the initial phase of our exploration, we focused on op-

timizing the reaction conditions for the addition of ethyl-

benzene 1a to the cyclic N-sulfonyl ketimine 2a, ethyl 5-

methylbenzo[d]isothiazole-3-carboxylate 1,1-dioxide, as the

model substrate. Our first attempt utilized [CpRhCl2]2 (cat. 1,

Cp∗ =pentamethylcyclopentadienyl) as the catalyst and silver

hexafluorophosphate as the halogen absorbent. To our delight, the

transformation was feasible and afforded the desired product 3a in

24% 1H NMR yield at 120 °C for 12h using hexafluoro-2-propanol

(HFIP) as the solvent (entry 1). The diastereoselectivity was 2:1.

Control experiments were performed (entries 2 and 3), which

showed that the transformation did not proceed in the absence

of either the rhodium catalyst or silver additive, indicating the

essential role of dicationic [Cp∗Rh(III)] species in the reaction.

Instead of HFIP, other solvents, such as THF, nonane, and DME,

gave lower yields or were inefficient. To further optimize the

reaction conditions, we evaluated different rhodium catalysts.

We found that replacing one methyl group with either an alkyl

substituent or a phenyl motif on the cyclopentadienyl ligand (cat.

2–5) improved the reactions, producing 3a in moderate yields.

Moreover, rhodium catalysts bearing 1,3–diethyl ester (cat. 6)

or 1,2,4-triphenyl (cat. 7) cyclopentadienyl ligand afforded the

addition product 3a in up to 81% yield. In contrast to pentasub-

stituted ligands, disubstituted cyclopentadienyl ligands (cat. 8–12)

were found to dramatically improved yields to nearly quantitative.

In particular, cat. 11 provided product 3a in 98% isolated yield

(Scheme 1).

Optimized conditions were identified and used to investigate

the potential of alkylarenes with five-membered cyclic N-sulfonyl

ketimines 2a (Scheme 2). Initially, we examined an array of aro-

matic compounds bearing a methyl group and found that toluene

(3b) and different xylenes (3c–3e) reacted well, yielding mono-

addition products with excellent yields of up to 97%. Addition-

ally, other monosubstituted toluene derivatives (3f–3i) with either

a phenyl ring or a tert–butyl group at the para or meta position

were also suitable; while, an amide group was tolerated, though

the yield of corresponding product (3j) was relatively low. How-

ever, the electron-rich toluene derivatives (3k–3m) only formed

trace amount of desired products under the standard conditions.

Scheme 1. Addition reactions to imines with carbon nucleophiles generated by de-

protonation.

Nevertheless, these substrates reacted smoothly, providing the cor-

responding products in 65%–92% yield upon replacing cat. 11 with

cat. 9. It is worth noting that the Friedel–Crafts side reaction oc-

curred as the steric hindrance at the benzylic position increased

with anisole derivatives (see Table S3 in Supporting information

for more details) [66,67]. On the other hand, disubstituted toluene

derivatives bearing methoxy (3m), methyl (3n), or halogen (3o)

also underwent addition to 2a.

Next, we examined alkylarenes with secondary benzylic C–H

bonds and found that butylbenzene and 4-ethylanisole were com-

patible (3p, 3q). Moreover, a range of diarylmethanes substrates,

involving electron-donating or -withdrawing substituents were all

feasible with this protocol, providing good to excellent yields (3r–

3u). Cyclic substrates also underwent addition, generating corre-

sponding product in 88% (3v) and 96% (3w) yield, respectively. The

formation of contiguous quaternary centers and the gem–dimethyl

moiety are significant structural features present in bioactive nat-

ural products and pharmaceuticals [68–76]. Therefore, we investi-

gated tertiary benzylic C–H bonds substrates with increased steric

hindrance. Cumene (3x) and derivatives bearing phenyl (3y), iso-

propyl (3z–3aa), or an amide (3ab) substituent were all compatible

under the reaction conditions, providing the target products with

an adjacent quaternary carbon center in moderate yields (Table 1).

Diaddition product 3ac could be successfully obtained in 64%

yield by reacting p-xylene with an excess of 2a. Notably, this

method was successfully applied to the modification of complex

bioactive molecules. Monoaddition of flurbiprofen derivative, an

anti-inflammatory drug for rheumatoid arthritis and osteoarthritis,

and metaxalone, a muscle relaxant, provided the desired products

3ad and 3ae in 84% and 88% yield, respectively. Additionally, O-

methyl β-estradiol was also accommodated and delivered product

3af in 92% yield.

The scope of the reaction was further explored by evaluating

the substituent effects on the five-membered cyclic N-sulfonyl ke-

timines. Various substituents, including trifluoromethyl (3ah) and

halogen (3ai–3al), were found to be compatible, producing the de-

sired Mannich-type addition products in yields ranging from 67%

to 96%. The reaction was also efficient with a wide range of six-

membered cyclic N-sulfonyl ketimines bearing a substituent, in-

cluding methyl (3an), methoxyl (3ao), tert–butyl (3ap), ester (3aq),

nitro (3ar), fluoro (3au, 3av), chloro (3aw, 3ax), bromo (3as), iodo

(3at), and disubstituted derivatives (3ay–3ba), generating the cor-

responding products in yields ranging from 41% to 95%. In addition,

the reaction was successful with N-α-ethyl ester six-membered

cyclic N-sulfonyl ketimines, producing 3bb in a yield of 90%.

Kinetic isotope effect (KIE) experiments were performed us-

ing diphenylmethane (1r) and its deuterated analogue (1r-d2)

(Scheme 3, and see Supporting information for more details). The

KIE value obtained was 4.07, indicating that the rate-determining

step in this reaction is the deprotonation of the benzylic C–H bond.

This information provides valuable insights into the reaction mech-

anism and can aid in the development of future optimizations and

modifications of this method.

To further demonstrate the practical utility of this method, we

explored a series of additional transformations of the Mannich-

type addition products. First, a gram-scale reaction of ethylbenzene

was conducted, which successfully delivered the product 3a in 94%

yield under optimal conditions (Scheme 4a). Next, we carried out

conversions of compound 3a (Scheme 4b). Reduction with LiAlH4

followed by treatment with trichloromethyl carbonochloridate af-

forded polycyclic compound 4 in 83% yield. The sulfonamide could

be protected by Boc2O, and the product 5 was reduced by mag-

nesium/MeOH to yield a ring-opening compound, sulfonic amide

6. Compound 3o that bears an iodine atom was found to read-

ily undergo a copper-catalyzed intramolecular C–N bond forma-

tion, yielding tetracyclic compound 7 in 93% yield (Scheme 4c).
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Scheme 2. Scope of alkylarenes and cyclic N–sulfonyl ketimines. Reaction conditions: 1 (0.20mmol), 2 (0.22mmol), cat. 11 (0.0050mmol), AgPF6 (0.020mmol), HFIP

(0.10mL), N2, 120 °C, 12h, isolated yields are reported; a 2 (0.30mmol), cat. 9 (0.0050mmol), 24h; b 24 h. c 2a (0.50mmol), 24 h.

Furthermore, N-methylation of 3am, followed by a nickel-catalyzed

Suzuki–Miyaura reaction with phenylboronic acid, and subsequent

acid-mediated cleavage of the sulfamic acid intermediate gave

biaryl compound 9 in a good overall yield (Scheme 4d). In-

terestingly, under oxidative bromination conditions with NBS, a

bromination/N-α–bromo elimination sequence of 3am took place,

forming a ketimine 10 in 86% yield.

In summary, we have developed a novel and efficient method

for benzylic addition of unbiased alkylarenes to cyclic N-sulfonyl

ketimines through a π-coordination strategy. This rhodium-

catalyzed transformation is remarkable for being oxidant- and

base-free and for its broad functional group tolerance, allowing for

the convenient construction of a variety of quaternary carbon cen-

ters. Additionally, the resulting products can be further converted
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Scheme 3. KIE experiments.

Scheme 4. Divergent transformations of products.

Table 1

Optimization of the reaction conditions.a

.

Entry Variation Yield of 3a (%)

1 [Cp∗RhCl2]2 (cat. 1) 24% (2.0:1 dr)

2 No cat. 1 n.d.

3 No AgPF6 n.d.

4 cat. 1, THF 14% (3.7:1 dr)

5 cat. 1, Nonane 14% (2.5:1 dr)

6 cat. 1, DME n.d.

7 cat. 2 48% (2.2:1 dr)

8 cat. 3 37% (2.4:1 dr)

9 cat. 4 30% (5.0:1 dr)

10 cat. 5 62% (2.4:1 dr)

11 cat. 6 42% (2.0:1 dr)

12 cat. 7 81% (2.2:1 dr)

13 cat. 8 88% (1.1:1 dr)

14 cat. 9 99% (1.1:1 dr)

15 cat. 10 99% (1.2:1 dr)

16 cat. 11 99% (1.3:1 dr) (98%, 1.3:1 dr)b

17 cat. 12 99% (1.0:1 dr)

18 cat. 13 99% (1.3:1 dr)

a Conditions: 1a (0.10mmol), 2a (0.11mmol), Rh cat. (0.0025mmol), AgPF6
(0.010mmol), HFIP (hexafluoro-2-propanol, 0.050mL), N2, 120 °C. Yields and di-

astereomer ratio (dr) were determined by 1H NMR spectroscopy using 1,1,2,2-

tetrachloroethane as the internal standard. n.d.=not detected.
b Conducted on 0.20mmol of 1a, isolated yield was reported.

into a range of valuable compounds using various subsequent re-

actions.
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