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ABSTRACT: The combined use of Tf2NH and L(Au)+X− as
a dual or binary catalytic system clearly improves the efficiency
and enlarges the scope of the tandem intermolecular Friedel−
Crafts α-amidoalkylation/intramolecular hydroarylation se-
quence, compared to an “all gold” multicatalysis approach.

Taken separately, N-acyliminium ion chemistry1 and gold
catalysis2 are foundational to modern organic synthesis.

Given their immense individual potential, these two fundamental
research areas hold the potential to be merged to provide
interesting new avenues in organic synthesis. In particular, the
dual hard/soft character exhibited by gold complexes along with
the high construction flexibility ofN-acyliminium ion precursors,
with notably easy installation of alkynes or allene functions, offer
a vast array of possible combinations which can provide multiple
synthetic opportunities. This unlimited potential still remains
largely untapped, and seminal studies have only recently emerged
from a few research groups. So far, two general approaches have
been considered for the combination of these two topics,
including a step-by-step approach wherein the N-acyliminium
step and the gold-catalyzed event are engineered in a distinct
manner3 and a cascade and/or tandem sequence wherein the
manipulation of a transient N-acyliminium salt and the gold-
catalyzed step(s) are occurring in the same reaction vessel.4 We
have recently contributed to this endeavor by devising an
intermolecular Friedel−Crafts amidoalkylation/intramolecular
hydroarylation sequence using AuNTf2/Ph3PAuNTf2 as a model
couple of hard and soft gold catalysts.5 We now report a
significant improvement of this chemistry by presenting new
results demonstrating that the limitations displayed by the “all
gold” approach are only partially solved by tuning the
hydroarylation gold catalyst LAuX but in contrast are broadly
overcome by exchanging a Brønsted super acid for AuNTf2. This
mechanism-designed new application of combined Brønsted acid
and gold catalysis,6 although at first glance looks like a small
variation, in practice significantly improves the chemical
efficiency and expands the scope of this tandem sequence by
providing a wide variety of relatively sophisticated polyanellated
structures from trivial N,O-acetals with general good efficiency.

In our previous report, acceptable yields of the desired
compounds were isolated on subjecting mixtures ofN,O-acetal 1
and aromatic nucleophiles to the consecutive addition of AuNTf2
and the Gagosz catalystCAT.1 (Figure 1) as depicted in Scheme

1 (method A).5 However, our optimized procedure was far from
ideal, requiring a high catalyst loading of 10 mol % in a somewhat
tedious portionwise addition mode. Moreover, only in the
reaction of N-methylindole were acceptable yields of the
hydroarylation products (obtained as a separable mixture of
the 6-exo product 4a and the rather unexpected 7-endo isomer
5a)7 obtained. The other aromatics indeed gave at best only
moderate yields of the expected products 4b−c/5b−d, which
were much lower than those of the hydroarylation carried out on
the isolated Friedel−Crafts adducts 3 (see Scheme 1 for the
generic structure of these FC products).8 As most relevant
limitations, the reaction of 1,3-dimethoxybenzene gave only trace
amounts of 5d, most likely as a result of a slow hydroarylation
even at 80 °C.8,9 Another stringent problem is the poor global
yield (32−2% of 4b + 30% of 5b) recorded for the reaction ofN-
TIPS-pyrrole, despite observation of full conversion. However,
and remarkably, a uniform, quite unusual, and unpredicted high 7-
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Figure 1. Selection of carbophilic gold catalysts.
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endo selectivity (see preferential formation of 5b−d) was
observed.7

Following these encouraging but still improvable results, we
elected to use the more robust Echavarren type catalysts
CAT.2−42,7a,c−f,i (Figure 1), and the new results thereof are
depicted in Scheme 1, method B). Even if only 5 mol % of
CAT.2/3 was sufficient to achieve full conversion for any
combinations explored, only N-methylindole did really benefit
from this new procedure, with isolation of 4a + 5a in a nearly
quantitative yield. Limitations still remained for the other
aromatics, which all gave the desired products in slightly
improved yields that were still unsatisfactory. Worthy of note,
switching from CAT.1 to CAT.2/3 allowed the regioselectivity
profile of these cascade reactions to remain unchanged, thereby
suggesting that the substrate/nucleophile combination domi-
nates the influence of the catalyst in the control of these tandem
reactions. From this set of results we suspected the rate
acceleration observed in most of the tandem processes compared
to their parent hydroarylation8 step might be due to the release of
1 equiv of acetic acid in the medium, which should facilitate
protodeauration of the vinylgold intermediate at the expense of
any potentially competing generation of gem-diaurated inter-
mediates.10 We therefore speculated that the orchestration of an
even faster protodeauration step would implicitly limit the well-
recognized adverse effects potentially caused when a concurrent
gem-diauration event occurs to an excessive extent, which is more
likely to occur when both alkylation and cyclization steps are
gold-catalyzed10 as is the case with our procedures A and B. We,

therefore, assumed that replacing AuNTf2 by Tf2NH would offer
a very simple solution to this issue11 while still maintaining high
efficiency of the intermolecular FC alkylation,12 which is also
critical for the success of our cascade manifold (Scheme 2). By

creating in this way a milder reaction medium, we were also
expecting to improve the functional group compatibility as, for
example, a limitation of the desilylation problem we suspected to
occur extensively in the reaction of 2b (Scheme 1) as a result of
too aggressive conditions associated with the use of AuNTf2
(Scheme 2).
Reaction feasibility was verified on the tandem reaction of N-

methylindole. As anticipated, we observed that application of the
consecutive addition of Tf2NH and CAT.2−3 to a mixture of 1
and 2a gave similar performances as the AuNTf2/CAT.3 system
(Scheme 1, method C). Gratifyingly, method C also tolerates the
use of hydroxy lactam 6, thereby establishing an improved step
and atom-economy protocol that releases 1 equiv of water as the
only byproduct (see footnote c in Scheme 1). The potential of
this new dual combination of catalysts was extended further by
orchestration of a truly binary approach with a simultaneous
inclusion of the two catalysts in the reaction vessel, affording 4a +
5a in an excellent global yield of 91% (method D in Scheme 1).13

With two robust procedures C and D in hand for this cascade
bicatalytic alkylation/hydroarylation sequence, we next sought to
further establish the reaction scope. We initiated this effort by
reinvestigating N-TIPS-pyrrole 2b, 2-methylthiophene 2c, and
1,3-dimethoxybenzene 2d as binucleophiles (Scheme 1, results
shown in frames). Commensurate with our assumption, their
tandem reactions took place with greater efficiencies than those
performed with the two gold catalysts. Noticeably, 2c14 gave on
application of method C the 7-endo product 5c in an excellent
yield of 85% (versus 64% using the all-gold method, methods A
and B), while the yield of 5d measured from the reaction of 2d
grew by a significant level of 30%, now reaching a decent value of
50%. In agreement with the effect observed in the reaction of N-
Me-indole, both procedures C and D performed about equally
well in the reaction of themore sensitiveN-TIPS-pyrrole 2b, now
consistently affording the desired pyrrolo-fused polyheterocyclic
compounds 4b/5b in around 55−65% yield with high 7-endo
selectivity. We suspected a partial desilylation throughout the
tandem sequence was again responsible for the moderate
combined yield, and we were expecting to overcome this
limitation by replacing N-TIPS-pyrrole with its more robust and
unusual TBDPS analogue 2e.15,16 While we observed that this
binucleophile surpasses 2b in several cases (vide infra), its
reaction with 1 gave the desired product 5e in a 55% yield
comparable to that of 5b, again with complete and unusual 7-
endo selectivity (Table 1, entry 1).
Additional results that probe the scope of this new tandem

transformation are also presented in Table 1 (entries 2−8). In
general, both procedures C and D (using CAT.2) could be

Scheme 1. Tandem F−C α-Amidoalkylation/Hydroarylation
of Acetoxy Lactam 1a: Optimization Study

aUnless otherwise indicated, all reactions were performed on the
acetoxy lactame 1, and the details on the experimental conditions are
given in the Supporting Information. bThe combined yields of the 6-
exo and 7-endo products are given for nonselective reactions, and the
ratios given are determined from the isolated yields of each
regioisomer; isolated yields of the endo hydroarylation products are
given. cThe reaction was carried out from the accordant hydroxy
lactam 6. dWith CAT.4, only the 6-exo product 4a was isolated, but in
only 67% yield.

Scheme 2. Working Hypothesis for a More Efficient Second-
Generation Tf2NH/LAuX Combination
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applied with nearly equal success across a set of combinations of
diverse N-alkylindoles 2 and N,O-acetal 1. Compounds 2f−i
bearing substituents of diverse electronic properties at different
positions were tolerated to give mixtures of the 6-exo and 7-endo
products in good yields. The regiochemical profiles obtained
throughout this exemplification study are in good agreement
with the preliminary experiments furnishing 4a + 5a, showcasing
systematic formation of mixtures of 6-exo and 7-endo products
4f−i + 5f−i in varying ratios that unfortunately do not exceed
70/30 (the initial 4a/5a ratio).
Not only isoindolic substrates such as 1 and 6 (Scheme 1 and

Table 1) but also their tetrahydro and saccharine analogues 7 and
10 were effective in producing, on reaction with 2f (formation of
8a + 9b and 8d + 9d), 2-methylthiophene 2c (formation of 9b)
and N-TBDPS-pyrrole 2e (formation of 9c), excellent results
(Scheme 3) which are in perfect agreement with those outlined
above. The saccharin substrate 10 was particularly responsive to
the conditions of this cascade reaction, a feature that is nicely
exemplified by the efficient and selective isolation of 720 mg of
the 7-endo product 9c (75% yield) from an experiment with
TBDPS-pyrrole 2e carried out on a 0.5 g scale at the remarkable
catalyst loading of only 0.5 mol % for each Tf 2NH and CAT.2. In
this case, use of N-TIPS-pyrrole 2b produced substantially more
side products and afforded the desired 7-endo product in only
50% yield (result not shown), thereby showcasing the value of
TBDPS as a meta-directing and robust functional group in
pyrrole chemistry.15,16 The high intrinsic reactivity of the
saccharine backbone is also illustrated by the room-temperature
hydroarylation with the thiophene derivative, while a similar
sequence had to be executed at 50 °C in the phthalimide case.

Finally, the catalytic tandem Friedel−Crafts/hydroarylation of
the hydroxy lactam 11 bearing an internal alkyne with N-Me-
indole 2a also appeared to be feasible, affording the chromato-
graphically separable products 6-exo 8e and 7-endo 9e in 55%
global yield and a 60/40 ratio which is consistent with those
recorded from the reactions of the terminal alkynes 1, 6, 7, and
10.8,17

In summary, we have shown that the combined use of Tf2NH
and L(Au)+X− (with L = JohnPhos, X-Phos) as a consecutive or
binary catalytic system improves the efficiency and enlarges the
scope of the tandem intermolecular Friedel−Crafts α-
amidoalkylation/intramolecular hydroarylation sequence of N-
propargylic N,O-acetals, compared to a previously reported “all
gold system”.5 Interestingly, the strongest effect of the Brønsted
superacid versus the nonstabilized gold(I) catalyst is proposed
not to facilitate alkylation but rather to positively influence the
second hydroarylation step, a view that is expected to be a general
trend beyond the specific sequence studied in this work. Unusual
and rather counterintuitive 7-endo regioselectivities in the
hydroarylation step of the sequence, as well as the synthetic
usefulness of N-TBDPS-pyrrole as a robust nucleophile that
retards desilylation and affords complete position selectivity in
both steps of the sequence, constitute additional input provided
by this study.

■ ASSOCIATED CONTENT
*S Supporting Information

Experimental procedures, analytical data, and 1H NMR spectra
for new compounds. This material is available free of charge via
the Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author

*E-mail: vincent.dalla@univ-lehavre.fr.
Author Contributions
§L.B. and M.S.A. contributed equally.

Table 1. Reaction Scope of the Tandem F−C α-
Amidoalkylation/Hydroarylation Sequence with Tf2NH/
LAu(I) as a Bicatalytic System

aThe blue label indicates the site of the α-amidoalkylation, while the
red label is for the site of hydroarylation. bMethod C: Tf2NH (1 mol
%) then CAT.2 (5 mol %). Method D: Tf2NH (1−5 mol %) and
CAT.2 (5 mol %). cDetermined from the isolated yields of each
regiosiomer.

Scheme 3. Reaction Scope of the Tandem F−C α-
Amidoalkylation/Hydroarylation Sequence with Tf2NH/
LAu(I) as a Bicatalytic System

aDetermined from the isolated yields of each regioisomers. bCarried
out with the N,O-acetals 7 and 10 (OR = OAc). cPerformed on 500
mg of 10 with 0.5 mol % each of Tf2NH and CAT.2. dCarried out on
the hydroxy lactam 11 (OR = OH).
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