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ABSTRACT: Modulable monosulfonyl squaramides have been shown to exert activation of gold(I) chloride complexes through H-
bonding in an intermolecular way. Combinations of (PPh;)AuCl or IPrAuCl complexes and an optimal sulfonyl squaramide
cocatalyst bearing two 3,5-bis(trifluoromethyl)phenyl groups efficiently catalyzed diverse heterocyclizations and a cyclopropanation
reaction, avoiding in all cases undesired side reactions. Computational studies indicate that the Au—Cl bond breaks by transligation
to the triple bond in a ternary complex formed by the actual AuCl---HBD catalyst and the substrate.

. INTRODUCTION Previous work: Intramolecular activation of [LAuCI] via H-bonding
Ph Mes Pwh Ph

Gold catalysis has become a powerful tool for the synthesis of L pu— Q_F‘,/Ph a < %‘F’(
complex organic molecules." Gold(I) chloride complexes VAR Ay = X ol
[LAuCl] are readily available and stable precatalysts that N FBC_{\FH “ &N_H c CN_H
generally require activation to undergo useful catalytic R o A s B N C
activities. Typically, silver salts have played the role of chloride capbat Helaja R Fehavaren
scavengers, although their light instability, hygroscopic nature, This work: Intermolecular activation of LAuCI via H-bonding
and the “silver effect” in catalysis often represent major R 0. 0
drawbacks.” Several approaches have been developed to HNA a i QL modulable fragments (control of
overcome these practical issues,” including the use of AT =N H/S\R' @temandConformahonalspm
alternative alkali metal borates and copper salts,” self-activation :

High HBD ability

of gold(I) chloride complexes bearing specially designed
ancillary ligands,3 and, more recently, H-bonding activation
by certain solvents such as hexafluoroisopropanol (HFIP)S as Figu're 1. Silver-free ac?ivations of [LAuCl] via H-bonding in intra-
well as via halogen-bonding catalysis.” Great efforts have been and intermolecular fashion.

focused on the design and synthesis of [L—Au-Cl] complexes
possessing multifunctional phosphine or NHC ligands bearing
H-bond donor (HBD) groups (Figure 1, top), such as
trifluoroacetamido (A)’; p-tolyl-sulfonamido .(B)’S and biden- bottom). It is clear that the common use of more acidic
tate HBD groups (C).” These reports constitute an excellent thioureas/thiosquaramides is not an option in this case due to

proof of concept of a synergistic Au(I)/ion-pairing strategy the high affinity of cationic gold(I) for the basic thiocarbonyl
based on chloride abstraction from an electrophilic metal

center by classical H-bond donors. In particular, Echavarren
and co-workers have demonstrated that acidic HBD derivatives
such as squaramides, with a proper linker length to the Au—Cl
position, induce the higher activities.” However, intermolecular
activation of (PPh,;)AuCl with untethered ureas/squaramides
was unsuccessfully tested. We envisaged that the use of more
acidic HBDs might overcome this limitation, providing a

Sulfonyl squaramides

versatile approach which might benefit of the multiple
combinations of ligands and HBD scaffolds (Figure 1,
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groups in these species, which would surely result in catalyst
deactivation. On the other hand, an alternative to increase the
acidity of NH-type bond donors is the introduction of
electron-withdrawing scaffolds such as 3,5-bis-
(trifluoromethyl)phenyl, sulfinyl, and other moieties directly
attached to NH groups.'’ Although a few sulfinyl or sulfonyl
squaramides have been reported to exhibit high potential in
supramolecular'' and medicinal chemistry,'” their applications
as catalysts or cocatalysts in chemical transformations remain
underdeveloped."® The presence of a sulfonyl group SO,R’ in
monosulfonyl squaramides (SO,Sq) (Figure 1, bottom, right)
ensures strong HBD abilities while the fragment R on the other
NH group provides structural variability, thereby enabling the
modulation of electronic, steric, and conformational properties,
essential for catalysis. Additionally, the tetrahedral geometry at
sulfur atom provides nonplanar conformations which might
help prevent undesired self-aggregations and, in turn, enhance
solubility in less polar organic solvents. In this article, we
present the implementation of sulfonyl squaramides in the
challenging intermolecular activation of gold chloride com-
plexes for silver-free gold(I) catalyzed transformations.

Bl RESULTS AND DISCUSSION

Sulfonyl squaramides I—V were synthesized in 2 steps from
known 3-amino-4-methoxycyclobut-3-ene-1,2-dione (P1)"*
(Scheme 1). Installation of the sulfonamide was accomplished

Scheme 1. Synthesis of Sulfonyl Squaramides”

o_ 0 o o o o
j\;/[ i) NaH, dry THF j\;/[ o o RNH, .
,‘,’)T> ,\\S/: Conditions  R_ E Ny’
MeO NH, s? MeO }’:‘I Ar AorB u H “Ar
cl’ A
P1 P2: Ar = 3,5-(CF3),-CgHs (93%) 1V (65-97%)
P3: Ar = 4-CHy-CgH, (78%)
[0} o} O, o} O, O
ArF\N NSy N O N N/S‘A .
I H OHOAF BoOR A

' : 96%

O, o}

5 o 0
“JI CFy j\;ﬁ OP
AF = o, 0 AN N7
N NS HoOR
FaiC AR

“Arf

1: 88% (78%, 2 mmol) 1: 97%

V: 81% V:65% Me

“The synthesis of I-V was performed at 0.5 mmol scale.

using sodium hydride and the sulfonyl chloride of choice,
affording key intermediates P2 and P3 in 93% and 78% yield,
respectively. The introduction of a second HBD moiety was
achieved by displacement of the methoxy group in P2/P3 with
a primary amine. Thus, the corresponding sulfonyl squar-
amides I—V were obtained in good-to-excellent yields (65—
97%). The reaction with aromatic amines required activation
by Zn(OTf), in dry toluene at high temperatures (60—100
°C) (conditions A), while adamantyl amine reacted smoothy
in CH,Cl, at room temperature (conditions B). Additionally,
the synthesis of I could be performed at 2 mmol scale in 78%
yield.

It is well-known that squaramides form self-aggregates that
often limit their applicability."> Designs incorporating bulky
groups on the squaramide core have been found to promote
disaggregation,16 which can be alternatively forced at higher
temperatures.

With the aim of evaluating self-aggregation of sulfonyl
squaramides, molecular dynamics (MD) simulations were
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performed on I as a model representative.'” A clear preference
for hydrogen-bonded structures was observed over 7z-stacked
aggregates, in contrast with that described for N-methyl
squaramides.'® Aggregation studies with dimers of I show that
at 300 K three different aggregates might be formed in similar
amounts without the minimal presence of monomers, a fact
that explains the reproducibility problems observed at this
temperature (see discussion below). At ca. 325 K, however,
appreciable disaggregation is observed, which is again in
agreement with the experimentally observed reaction reprodu-
cibility. These facts also suggest a high degree of molecular
disorder, which hampered the efforts to obtain suitable crystals
for XRD studies in different types of solvents.

The cyclization of N-propargyl benzamide 1 to oxazoline 2
was selected as a first benchmark reaction to check the
performance of SO,Sq cocatalysts I-IV, since it has emerged
as an established test case for silver-free intramolecular H-
bonding activations.”” Moreover, isomeric oxazole 2’ is
reported to be obtained in the presence of Au(III) complexes
or acidic additives,"* providing relevant warning signs of the
following: (i) The presence of impurities in the Au(I)
complexes or undesired degradation/disproportionation events
during the activation process. (ii) The eventual action of
SO,Sq or any other species as Bronsted acid catalysts.

A proof-of-concept was rapidly obtained using 5 mol % of
both (PPh;)AuCl (Aul) as the catalyst and sulfonyl
squaramide I as the activator in dry CH,Cl, at 25 °C. 'H
NMR monitoring showed a moderate conversion to oxazoline
2 after 16 h (entry 1, Table 1). In accordance with previous
studies,” Aul in combination with conventional Schreiner’s
urea VI or squaramides VII-VIII did not promote the
reaction (entries 2—4), highlighting the difficulties to carry out
this activation with well-established H-bond donors in
intermolecular fashion. Irreproducibility issues observed in
reactions carried out at 25 °C were attributed to the formation
of self-aggregates, an assumption supported by the above-
mentioned molecular dynamics (MD) studies. Moreover,
increasing the reaction temperature up to 35 °C overcame
the problem and the collected results became consistently
better (entry 5). Best results were observed in reactions carried
out in DCE, leading to oxazoline 2 in 98% yield in 10 h (entry
6). Ethereal solvents (Et,0, DME, and THF) were not suitable
for this catalytic system, suggesting that coordination to the
active gold center might prevent substrate activation. Other
solvents such as toluene or a,a,a-trifluorotoluene (TFT) were
tolerated, albeit with lower efﬁciency.17 Next, different gold
complexes (Au2—Au6) were evaluated. Increasing steric
hindrance on the phosphine ligand (e.g, in JohnPhos or
SPhos) led to lower catalytic activities (entries 7 and 8).
Phosphoramidite-based complex Au4 was the less active
among the phosphorus-ligated series (entry 9). Of note,
prolonged reaction times or higher temperatures led to the
formation of variable amounts of byproduct 2'."” The catalytic
performance of NHC-based complexes SIPrAuCl (AuS) and
IPrAuCl (Au6) were also competitive, the latter behaving
similar to Aul (entry 11 vs entry 6). Next, the remaining
sulfonyl squaramides were evaluated as activators under
optimized reaction conditions. Substitution of the 3,5-bis-
(trifluoromethyl)phenyl group by phenyl (II) or 1-naphthyl
(III) groups reasonably maintained the catalyst activation,
albeit conversions were lower than that obtained with the most
acidic SO,Sq I (entries 12 and 13). However, formation of
oxazole 2’ (13%) was detected in the case of promoter III

https://doi.org/10.1021/acs.joc.2c02932
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Table 1. Optimization of Reaction Conditions”

fo) i
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H Solvent (0.1 M), 35 °C NT
1 2 3
R
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“Au \F’ Au Y
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Cl

! "NMe.
P 0 2 'Pr Au 'Pr
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LAuCI: ipr

Au2:R=H,R'=Bu

At Au3:R = OMe, R' = Cy Aud ::g; ﬁ?lrirﬁglcl
Activators: O fe] o [e) (o} o) fe)
j\;f o, 0 3 A j\;ﬁ j;/(
R\H ”/S\Ar Ar H)Lu Ar ArF\H N Ari” N,Arp
v vi Vil Vil
Entry Solvent T (°C) LAuCl Activator Yield (%)”
1 CH,CL, 25 Aul I 58
2 CH,Cl, 25 Aul VI <5
3 CH,CL, 25 Aul VI <5
4 CH,Cl, 25 Aul VIII <s
s CH,Cl, 35 Aul I 93
6 DCE 35 Aul I >95¢ (98)
7 DCE 35 Au2 I 79
8 DCE 35 Au3 I 63
9 DCE 35 Au4 I 50
10 DCE 35 AuS I 73
11 DCE 35 Aub I 95
12 DCE 35 Aul 11 70
13 DCE 35 Aul I 71 [13]¢
14 DCE 35 Aul v 21
15 DCE 35 Aul \% 60

“Reactions were performed at 0.2 mmol scale. Reactlon time: 16 h.
PEstimated by 'H NMR. “Reaction time: 10 h. “In parentheses,
isolated yield after column chromatography. “In brackets, yield of 2.

bearing the bulkiest aryl moiety. The use of 1l-adamantyl-
substituted activator IV had a marked impact in the catalytic
efficiency (entry 14), revealing that a relatively strong H-bond
donor ability of this position is also essential for the Au—Cl
bond labilization process. The acidity of the sulfonamide
fragment is also important, as revealed by the lower yield
(60%) obtained by employing p-tosyl group-containing catalyst
V (entry 15). In conclusion, stronger bidentate H-bond donor
moieties induce higher catalytic activities, in accordance with a
better stabilization of the ion pair through chloride binding by
H-bonds. Importantly, the absence of oxazole 2’ in most of the
cases rules out a behavior of SO,Sq as a Brensted acid. It is
worth noting that, in the 3,5-bis(trifluoromethyl)phenyl group,
ortho-protons might also participate in the above-mentioned
stabilization while additional noncovalent interactions (NCls)
between ligand scaffolds and aryl rings of sulfonyl squaramides
might also be involved.

The performance of the designed catalytic system was
further assessed in the heterocyclization/1,2-migration cascade
of alkynyl carbonyl compound 3 leading to spirocyclic 3(2H)-
furanone 4. This is also a challenging reaction, since it has been
reported that the use of cationic gold(I) or silver(I) complexes
leads to significant decomposition of the starting material.”’
Initial control experiments were conducted employing 3 at 40
°C in CH,Cl, [0.2 M]. Importantly, neither (PPh;)AuCl
(Aul) nor promoter I by itself independently catalyze the
reaction.'” In agreement with literature, the use of typical
chloride scavengers such as AgNTf, or NaBAr", revealed the
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catalytic activity of the cationic ( PPh;)Au(I) complex, albeit
with extensive decomposition of starting material (Table 2,

Table 2. Optimization of Reaction Conditions®

o
o]

LAuUCI (5 mol%), Activator (5 mol%)

Solvent, T °C, 24 h

Ph
3 4
Entry Solvent [M] T (°C) LAuCl Activator 4 (%)b 3 (%)b

1 CH,Cl, [0.2] 40 Aul AgNTf, 66 )
2 CH,Cl, [0.2] 40 Aul NaBArf, 49 )
3 CH,CL[02] 40 Aul 1 22 73
4 DCE [02] 50 Aul I 37 52
S DCE [0.2] 70 Aul I 81 8

6 DCE [0.03] 70 Aul 1 >95 (98)° <5
7 DCE [0.03] 70 AuS 1 92 <5
8 DCE [0.03] 70 Aub I >95 (98)¢ )
9  DCE [0.03] 70 Aul I 11 89
10  DCE [0.03] 70 Aus II 13 83

“Reactions were performed at 0.2 mmol scale. “Yields of 4 and
unreacted 3 estimated by 'H NMR. “In parentheses, isolated yield
after column chromatography.

entries 1 and 2). Optimal catalytic system Aul/I afforded
spirocyclic compound 4 in only 22% yield, but without
appreciable decomposition of 3 (entry 3). The solvent,
temperature, and concentration had a marked influence on
the catalytic performance. Thus, toluene provided a quite
unproductive reaction,'” while employing DCE at higher
temperatures allowed a progressive increase in the yield of 4
(entries 4 and S), with a maximum of 81% at 70 °C. To our
delight, dilution at 0.03 M improved the yield up to 98% (entry
6). Interestingly, SIPrAuCl (AuS) and IPrAuCl (Au6) were
also competent gold(I) precatalysts (entries 7 and 8).
Employing sulfonyl squaramide II, a significant drop of
catalytic activity was observed (entries 9 and 10), thereby
highlighting again the essential role of the NH-donor ability of
the activator. The catalyst loading could be reduced to 2.5 mol
% without compromising the chemical yield. To further assess
the usefulness of the optimal catalytic system, spirocycle 4 was
prepared in 93% yield at 1 mmol scale.'”

The optimized combination of Aul and I was also
catalytically competent, in either DCE or toluene, in the
tandem cycloisomerization/nucleophilic addition reaction of 2-
alkynylenone 5 (Scheme 2A).*' Indole (6) and N-methyl-
indole (7) were tested as nucleophiles, affording the furans 8
and 9 in 88% and 74% vyield, respectively. Finally, we

Scheme 2. (A) Tandem Cycloisomerization/Nucleophilic
Addition; (B) Intermolecular Cyclopropanation”

Ph
AN
4 Aut (5 mol%), I (5 mol%) Q-
N DCE or Toluene, 35 °C, 16 h
R NN,
R
6:R= 8:R= (88%)
7:R=Me 9: R = Me (74%)
B opi
“W . Ph/: Au1 (5 mol%), I (56 mol%) o P
Z DCE, 35 °C, 16 h Opiv
10 12 (72%)

“Reactions were performed at 0.2 mmol scale. Isolated yields after
column chromatography.
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performed a challenging intermolecular cyclopropanation
employing propargyl pivalate (10) and styrene (11) (Scheme
2B).*” Satisfactorily, product 12 was obtained in 72% yield
(cis/trans, 7:1). This last result reinforces the potential
applicability of this intermolecular activation, beyond intra-
molecular cyclization processes.

Computational studies were performed to shed light over
the actual catalytic system. For the reaction of 1 to give 2 the
catalytic cycle illustrated in Scheme 3 is proposed. Initially, the

Scheme 3. Catalytic Cycle for the Cyclization of N-
Propargyl Benzamide 1 to Oxazoline 2
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squaramide I binds to (PPh;)AuCl forming the complex CA.
Incorporation of amide 1 yields the starting encounter complex
ECa. Next, a reactive intermediate INa is formed through a
transition state TS1a with an energy barrier of 3.0 kcal/mol
(7.1 kcal/mol from ECa). In this intermediate the Au—Cl
bond could be considered broken, even though an interaction
between both atoms still remains (see below). This value is
very similar to that reported by Echavarren and co-workers
(6.7 kcal/mol) for the similar activation in intramolecular
fashion.” These authors, however, did not locate the transition
structure corresponding to the cyclization. In our case, that
transition structure (TS2a) showed a barrier of 10.5 kcal/mol
to form the final complex FCa. Next, the catalytic cycle follows
deprotonation and protodeauration steps to give the product 2.
These data point to the cyclization step as the rate determining
stage, providing the squaramide is disaggregated. Starting from
the aggregated squaramide, the disaggregation step should be
the rate-limiting stage since ca. 35 °C is required. At that
temperature, the barrier of 10.5 kcal/mol found for the
cyclization step would be amply surpassed.”

Transition structure TS1a corresponds to the abstraction of
the chloride to yield an intermediate in which the Au is
forming a complex with the triple bond which remains as such,
as confirmed by an analysis of the electron localization
function (Figure 2, top).”* The chloride anion is coordinated
by the squaramide and an additional H-bond of the amide,

triple bond (interacting)

absence of electron density
No bond but interaction

Au-P bond
Au-Cl breaking o

bond X
Au-triple bond

interaction

H-bonds

squaramide H-bond amide

n,n-stacking

Figure 2. Transition strucure TS1a for the reaction of 1. Top left:
Optimized (b3lyp-gd3bj/def2spv/SMD = DCE) geometry. Top right:
ELF analysis. Au is colored in yellow, chlorine in green, nitrogen in
blue and oxygens in red. Note the typical toroidal form for a basin
corresponding to a triple bond. Bottom: NCI analysis showing main
noncovalent interactions. Green area corresponds to weak van der
Waals interactions. Blue area corresponds to strong interactions and
red area corresponds to repulsive forces.

rendering a situation similar to that described in the
intramolecular approach since the complex squaramide-
chloride remains close to the reaction center and some
interaction gold—chloride is still present as confirmed by NCI
analysis (Figure 2, bottom).25 In fact, such an interaction can
be also observed in INa (distance Au---Cl = 2.7 A). Transition
structure TS2a corresponds to the cyclization leading to the
oxazoline moiety, and at this stage there are no Au—Cl
interactions of any type as corroborated by the NCI analysis
(Figure 3). These results suggest that the abstraction of the
chloride in the first step is partial, and it is only completed after
the second transition structure when complex FCa is liberated.
We also calculated the transformation of 3 into 4. In this
reaction, a very similar catalytic cycle is proposed.'” However,

Au-C bond
N0 Au-P bond

LN ,.’ ~;§\
iy iy .
[

\ ~ ‘ Jorming
’ C-0 bond
(cyclization)

Figure 3. Transition strucure TS2a for the reaction of 1. Left:
Optimized (b3lyp-gd3bj/def2spv/SMD = DCE) geometry. Right:

NCI analysis showing main noncovalent interactions.
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after heterocyclization, an additional 1,2-migration would be
necessary, this step being the rate determining stage of the
process.”

B CONCLUSIONS

In summary, readily available sulfonyl squaramides are
competent cocatalysts for the challenging intermolecular
activation of Au(I) chloride complexes through H-bonding,
providing an appealing approach to silver-free Au(I) catalysis.
In accordance with experimental and computational studies,
the superior acidity delivered by a 3,5-bis(trifluoromethyl)-
phenyl sulfonyl group overcomes the entropic cost of this
intermolecular activation. On the basis of these findings,
introduction of chiral fragments into SO,Sq designs for the
development of enantioselective reactions through Au(I)/ion-
pairing strategies is currently under investigation in our
laboratories.
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