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ABSTRACT: The Aromatic Cope Rearrangement (ArCopeR) is a highly challenging chemical reaction under thermal condi-
tions, primarily attributed to the loss of aromaticity during the initial [3,3]-sigmatropic step of the process. Such rare trans-
formation typically requires high temperatures and specially engineered 1,5-hexadiene scaffolds, making it impractical for
straightforward synthesis of new molecules. Here, we demonstrated that gold(I) catalysts significantly lower the energetic
barriers associated to ArCopeR, enabling the reaction to be carried out at low temperature (rt to 70°C) in dichloroethane or
hexafluoroisopropanol with high yields. Specifically, phosphine gold(I) complex ((p-CF3Ph)3sPAuOTf) permits for the diastere-
oselective and divergent aromatic Cope rearrangement from various a-allyl-a’-heteroaromatic y-lactone or malonate deriva-
tives, while N-heterocyclic carbene gold(I) (IPrAuNTf2) allows the selective dearomatization reaction. Extended quantum me-
chanics calculations, consistent with experimental observations, reveal that (i) an interweaved transformation occurs instead
of the expected ArCope cascade made of formal [3,3]-sigmatropic rearrangement and [1,3]H-shift steps, and that (ii) van der
Waals interactions between the catalyst and substrate contribute to the interrupted ArCope process leading to dearomatize
products. This study presents the first catalytic and synthetically useful protocol to promote ArCopeR under mild conditions.

1. INTRODUCTION

In the early forties, Arthur C. Cope et al. reported the con-
certed rearrangement of 1,5-hexadienes and of derivatives
under thermal conditions.! Named after this seminal work,
the Cope rearrangement has since become a classic and
fruitful synthetic method, often used as key step in the syn-
thesis of many natural and bioactive products.> Neverthe-
less, Arthur C. Cope failed to achieve the rearrangement of
one kind of 1,5-hexadiene scaffolds, those in which one dou-
ble bond is embedded within an aromatic ring Nearly
seven decades later, such so-called Aromatic Cope Rear-
rangements (ArCopeR) are still a challenge as reflected by
the rare publications on this transformation, around forty
including aromatic oxy-Cope reaction.* Actually, the ArCo-
peR are entangled by drastic energetic problems severely
limiting its development (A in Scheme 1). Its first step, a
[3,3]-sigmatropic rearrangement, requires a loss of aroma-
ticity and thus implies high thermodynamic and kinetic im-
pediments.’ The second step, a [1,3]H-shift, is symmetri-
cally or geometrically forbidden in a concerted reaction.®
Both difficult steps clearly upset the synthetic utility of this
rearrangement typically requiring high temperature to be
performed (>100°C).

Only a few thermal approaches based on the rationally de-
signed substrates to circumvent this challenging transfor-
mation have been reported including cyclopropane/butane
strain-released,’’ appropriate aromatic and 1,5-hexadiene
scaffolds,® or synchronized aromaticity strategy’ (B in
Scheme 1). Nonetheless, the expected products could be

structurally highly valuable as the reaction permit the re-
gio- and stereospecific C-H functionalization of aromatic
rings and, if the ArCopeR is stopped after the [3,3]-sigma-
tropic rearrangement (Interrupted ArCopeR, A in Scheme
1), dearomatization occurs leading to tridimensional com-
plex molecules. In this field, MacDowell et al.'® reported in
1993 that 1,5-hexadiene derivatives not embedded in poly-
cyclic scaffold such as a-allyl-a’-aryl or heteroaryl malonate
derivatives (B, left box in Scheme 1) afforded the ArCope
products under harsh conditions (2180°C) with moderate
yields, along with sometimes abnormal!! ArCope side-prod-
ucts. Based on this precedent, we have already demon-
strated that the incorporation of a lactone motif in place of
malonate facilitates the [3,3]-sigmatropic step enabling the
ArCopeR to be thermally performed at 165°C in higher
yields in the presence of EtsN to favor the [1,3]H-shift step.!?
Nevertheless, the harsh thermal conditions employed still
limit the reaction to be synthetically useful. There is thus a
strong need to decrease the activation barrier of the [3,3]-
sigmatropic process.

In few cases, external transition-metal have proved to be ef-
fective to alter the potential energy surface and decrease
the activation barrier of pericyclic reactions through ‘tran-
sition-state complexation’.!3 In line with such strategy,
Gagné et al.'* reported that the asymmetric Cope rearrange-
ment of specific vinylcyclopropane derivatives was effi-
ciently catalyzed by a chiral xylyl-BINAP digold(I) complex.
Therefore, we were wondering whether gold catalysis!®
could solve issues related to the ArCopeR energetic require-
ments. Supported by calculations, we report herein that



gold(I)-based catalysts can strongly lower the energy barri-
ers of the ArCopeR and thus to perform diastereoselective
and divergent aromatic Cope rearrangement or selective
dearomatization reaction under mild reaction conditions
(rt to 70°C) and high yields (C in Scheme 1).

Scheme 1. (A) Impediments of the Aromatic Cope Rear-
rangement, (B) Thermal ArCopeR Strategies and (C)
Gold(I)-Catalyzed ArCopeR.
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2. RESULTS AND DISCUSSION

2.1. Preliminary Computational Exploration of Gold(I)-
Catalyzed ArCope.

Prior to experimental study, theoretical calculations were
conducted to investigate the ArCope mechanism alteration
induced by the presence of gold(I) cations on a-allyl-a’-ben-
zofuran y-lactone derivatives 1. Considering the carbophilic
Lewis acidity of gold(I) allowing metal interaction with the
double bonds, the [3,3]-sigmatropic rearrangement is the
most susceptible step affected during this transformation.
In our previous study,'® we showed by DFT calculations
that for the uncatalyzed system the [3,3]-sigmatropic rear-
rangement proceeds through a single transition state (TS)
involving a relatively large energy barrier for 1a (R%, R?=H)
at 40°C (40.0 kcal.mol1). This TS is associated with the C3-
C4 bond rupture together with the simultaneous formation
of the new C1-C6 bond leading to the interrupted product
2 as shown in black on the energy profile in Figure 1. Based
on the reported mode of action of a gold catalyst on a non-
aromatic Cope reaction,' the (CHz)sPAu(I) catalyst model
was positioned above the C5-C6 double bond of 1a (other
positions were carefully examined, but found to be less fa-
vorable, see Figure S1 in Supporting Information). In the
presence of the gold catalyst, a stepwise mechanism
emerged from our calculations as illustrated on Figure 1
(green line), with the rate-limiting barrier being substan-
tially reduced from 40.0 to 18.9 kcal.mol* for 1a.

As gold significantly decreases the activation energy (~20
kcal.mol?), reaction rate should increase for the [3,3]-sig-
matropic rearrangement. From a mechanistic perspective,
gold achieves a decoupling of the C1-C6 bond formation
(via TSA) from the subsequent C3-C4 bond cleavage (via
TSB) occurring very quickly after a six-membered ring in-
termediate INT is formed. These new theoretical results ex-
tend previous literature'#!¢ on non-aromatic Cope reactions
to the Aromatic Cope reaction. A particularly noteworthy
feature of the gold-assisted mechanism is the existence of a
6-membered ring intermediate (INT) stabilized by the sub-
stantial interaction between the gold atom and carbon C5
(otherwise negatively charged). This critical interaction
was clearly revealed by the IGM analysis!’ (8gre2k = 0.23 a.u.,
IBSI(C5...Au)=0.33) and ELF analysis'® (see Figure S3 in SI),
corroborating the existence of an Au-C5 bond (a weak
metal coordination) in this intermediate. We also carefully
tested the possibility of the gold binding the oxygen atom of
the ester function at the intermediate INT. But this results
in a 10 kcal.mol! less stable intermediate. For 1a, the intro-
duction of gold as a catalyst appears to effectively address
one of the two key limitations of this reaction: the kinetic
impediment for the [3,3]-rearrangement. However, this ini-
tial step still suffers from the inherent endergonicity of
breaking aromaticity. Nevertheless, since the subsequent
[1,3]H-shift of the ArCope cascade restores aromaticity, the
whole transformation could potentially be thermodynami-
cally favorable. Then, provided that the second step (proton
transfer) is not rate limiting, it might be possible to observe
the aromatic Cope reaction under milder conditions. As our
previous study of the [3,3]-rearrangement under thermal
conditions'?® showed that the simultaneous introduction of
a phenyl group at C4 and an ester group at C5 induces a sig-
nificant 9 kcal.mol! lowering on both the energy barrier
and the free energy of reaction, making this initial step ex-
ergonic, we evaluated these substitutions (R'=C0:Me
and/or R?=Ph) on the energy profiles with gold catalyst. Cal-
culations on 1b, 1c and (R, S)-1d have shown similar bene-
ficial effects in the presence of gold (see Figure 1). The phe-
nyl group appears to contribute to the driving force (exer-
gonicity), while the ester function still lowers the barrier of
the rate-limiting step. This primary theoretical exploration
demonstrated that the prerequisites for observing the aro-
matic Cope reaction under mild conditions are met in the
presence of gold(I).

2.2. Optimization and Scope.

Guided by these calculations (Figure 1), we started investi-
gating gold-catalyzed ArCopeR with the predicted most fa-
vorable substrate, i.e. C4-phenyl and C5-methylester substi-
tuted a-allyl-a’-benzofuran y-lactone (*)-(R,S)-1d (Table
1).1 The latter was mixed in dichloromethane in the pres-
ence of 5 mol% triphenylphosphine gold(I) chloride and sil-
ver(I) hexafluoroantimonate. After 24h, we were pleased to
observe high conversion of (*)-(R,S)-1d into the expected
ArCope product (E)-3d (91%) at room temperature as a sin-
gle diastereomer in sharp contrast with the reaction per-
formed thermically at reflux in toluene (16h at 110°C)
where the interrupted ArCope product (E,E)-2d was ob-
tained in 79% yield'? (Entry 1 vs 2). Heating the reaction at
40°C achieved full conversion using the more electrophilic
(pCF3sPh)3sPAuSbF¢ catalyst in only 5h and the compound
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(E)-3d was isolated in 96% yield while a minor amount of
starting material remained untouched with triphenyl phos-
phine ligand (Entry 3 vs 4). Other classical ligands used in
gold catalysis?® were clearly less efficient (Entries 5-7), de-
spite that N-Heterocyclic Carbene (NHC) gold(I) catalyst

13 R1=H, R2=H, no catalyst
—— g R1=H‘ R2=H
w1 by: R1=H, R2=Ph

404
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selectively afforded the interrupted product (E,E)-2d (33%,
entry 7). Control experiment revealed that silver hex-
afluoroantimonate used to generate the catalytically active
gold(I) complexes was not able to promote the reaction (En-
try 8).

e {c: R1=COoMe, R2=H
s {d: R1=COoMe, RZ=Ph

TS LAuG?\R1

Figure 1. Free energy profiles obtained at 40°C from DFT calculations at the PCM(DCE)-PBEO0/SDD level of theory for the catalyzed
system 1a-1d and at the PCM(toluene)-M06-2X-D3/6-311++G(2d,2p)//PCM(toluene)-M06-2X/6-31+G* level of theory for the un-
catalyzed reaction (1a = black). L stands for P(Me)s. The pathway P1 including a chair-pro-E approach is the most favorable, see
Figure S2 in SI for more details on the four possible pathways P1-P4. Energies are given relative to 1a without gold catalyst (black)
or relative to 1a or 1b or 1c or 1d with gold catalyst bound to the initial substrate (colored lines).

Table 1. Optimization Study on a-Allyl-a’-Benzofuran y-
Lactone (%)-(R,S)-1d.

COzMe COzMe CO,Me

O Gold catalyst Ph
T ChCl,
c=01M

()~ (E E)-2d (E) -3d

(#)-(R,S)-1d

AgSalt T Time  2d« 3da

Entry Catalyst (mol%) 5mol% (°C) (h) %) (%)

1 PPhsAuCl (5)  AgSbFe rt 24 - 91

2b - - 110 16 90 (79) -

3 PPhsAuCl (5)  AgSbFs 40 5 - 96 (94)

4  (p-CFsPh);PAuCl AgSbFs 40 5 - 100 (96)¢

5 (ROJsPAu(MeCN) ) 4 7 49 7
SbFed (5) 40 48 - 77

CyJohnPhos )
6 (MeCN)SbFs (5) 40 24 2 17

[PrAu(MeCN)SbFe
(10)e

8 -

7 40 24 33 -

AgSbFs 40 24 -

aCalculated conversion from H NMR integration of the crude
mixture (dr 97/3). bReaction performed at reflux in toluene, no
reaction occurs below such temperature (ref 11b). cIsolated
yield. 4P(OR)3 = tris(2,4-di-tert-butylphenyl)phosphite. ¢IPr =
1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene. /No conver-
sion.

To probe the exergonic significance of the C4-phenyl substi-
tution on the gold(I)-catalyzed ArCopeR (Figure 1, blue vs
purple profiles), we evaluated our optimal conditions (Con-
ditions A, Table 1, entry 4) on the C5-ester a-allyl-a’-benzo-
furan lactone 1c (Table 2). The reaction performed at 40°C
provided the ArCope product 3¢ but with a low conversion
(30%) even after 24h (Entry 1). Increasing the temperature
at 70°Cindichloroethane (DCE) instead of dichloromethane
with (pCF3Ph)sPAuSbFs or PhsPAuSbFs catalysts clearly im-
proved the efficiency of the transformation but failed to
reach completion presumably through catalyst degradation
with time (Entries 2 & 3). We then screened various sol-
vents (see Table S1 in SI), and we found that
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hexafluoroisopropanol (HFIP), which has recently been
used as activator through hydrogen bonding in gold cataly-
sis,?! afforded full conversion at 70°C in seal tube with high
isolated yield of compound 3¢ (90%, entry 4). A short sur-
vey of classical counterions used in gold catalysis?? (Entries
5-8) revealed that TfO- was slightly better than SbFe. Con-
trol experiments demonstrated that the reaction did not oc-
cur thermically at 70°C in HFIP (Entry 8), nor with the
AgOTf alone (Entry 9). As HFIP was able to generate active
gold catalyst from gold(I) chloride precatalyst,'®> we also
performed the reaction in the presence of (pCF3Ph)3PAuCl
without silver activator and we did not observe any conver-
sion (Entry 10). The second round of optimization with 1c
thus led to a new set of conditions, i.e. 5 mol% of (p-
CF3Ph)sPAuCl and AgOTf in HFIP at 70°C (Conditions B, Ta-
ble 2, entry 6) which were applied to a gram scale reaction
starting from 1c affording 3¢ in 85% yield.

Table 2. Optimization Study on C4-Unsubstituted o-Allyl-
o’-Benzofuran y-Lactone 1c.

CO,Me CO,Me
Gold catalyst
\ o (5 mol%) o}
S L ©=01M.24n N %
1c ° 3c
Entry Gold Complex ? ;gnizla(l)/z (c:lé) Solvent 3ca
1 (p-CFsPh)sPAuCl  AgSbFs 40  CHzCl2 30
2 (p-CF3Ph)sPAuCl  AgSbFes 70 DCE 62
3 PPh3AuCl AgSbFe 70 DCE 59
4 (p-CFsPh)sPAuCl  AgSbFs 70 HFIP 100 (90)?
5  (p-CFsPh)sPAuCl AgBFs 70  HFIP 98
6  (p-CFsPh)sPAuCl  AgOTf 70  HFIP 100 (91)
7  (p-CFsPh)sPAuNTf, - 70  HFIP 23
8 - - 70 HFIP -€
9 - AgOTf 70 HFIP trace
10 (p-CF3Ph)3PAuCI - 70 HFIP -¢

aCalculated conversion from 1H NMR integration of the crude
mixture. bIsolated yield. c<No conversion.

We then explored the scope of the gold(I)-catalyzed ArCope
reaction using condition B (Scheme 2). First, we assessed
the stereoselectivity outcome of the transformation. Start-
ing from the two diastereoisomers (*)-(R,S)-1d and (*)-
(5,5)-1d, we observed a diastereodivergence of the reaction
with the highly selective formation of (E)-3d and (Z)-3d, re-
spectively, in excellent yields even using conditions A de-
spite longer reaction times. The impact of the aromatic ring
substitution in C4 on the reaction was then evaluated with
a-benzofuran y-lactones 1e-k. Whatever the electron-with-
drawing or electron-donating groups in different positions
on this aromatic substituent, the ArCope products 3e-k
were obtained in excellent yields and high diastereoselec-
tivities (83-96%). It was noticed that the electron-donating
groups accelerated the reaction (1g (pOMe) converted in 1h
vs 1f (pNOz), 5h). The variation of the C5 substitution (R?)
was then investigated. Switching the methyl ester to nitrile
group (11, R'=CN) clearly decreased the reaction rate and

yield (31, 53% in 72 h) but along with a loss of diastereose-
lectivity due to isomerization of the product during the re-
action. Presumably, the sequestration of the catalyst by the
nitrile group could be responsible for this lower efficiency.
More challenging compound 1b (see Figure 1) without the
ester function (R'=H) only afforded degradation products in
conditions B, while adjusting the temperature to 40°C in
DCE (conditions A) allowed the formation of the ArCope
product (E)-3b in correct 54% yield, but once again with an
in-situ isomerization of the double bond formed. The sub-
strate 1a with unsubstituted allyl group (R'=R?=H) unex-
pectedly failed to furnish ArCope product 3a despite the sig-
nificant reduction in activation barriers facilitated by gold
(Figure 1, green profile) and was fully recovered after 48h
of reaction. The y-lactone was then replaced by a methyl
malonate moiety (substrates 1m-p). Malonate motifs were
known to decarboxylate or lead to abnormal ArCope prod-
ucts upon thermal reaction conditions.1®!1 However, this
modification did not impact the rearrangement and the
products 3m-p were obtained in good to high selectivity
and yields (70-98%). Once again, the presence of a nitrile
group on 1o strongly decreased the catalytic activity, the
ArCope product being obtained in 48h but with good yield
of 87%. Other heteroaromatic derivatives 1q-1z were also
evaluated such as (benzo)thiophene or indole. While the
benzothiophene compounds 3q-r were obtained in excel-
lent yields and selectivity, the thiophene substrates 1s and
1t led to degradation and only 3% of 3s could be isolated
while 3t was not found in the reaction crude. Free NH-
indole motif on lactone or malonate substrates 1u-y was
perfectly compatible with our reaction conditions A afford-
ing ArCope products 3u-y in 63-84% yield. Impressively, re-
action times were drastically decreased in this series as il-
lustrated by the formation of 3v in only 5 min, while the
benzofuran analog 3¢ took 24h to be obtained. Even more
remarkable was the possibility to perform the reaction with
unsubstituted a-allyl chain on y-lactone and ethyl malonate
derivatives 1w and 1y (R, R? = H) giving respectively Ar-
Cope 3w and 3y in good yields. The rearrangement of 1w
was also performed at room temperature and afford 3w in
65% for 7h while the thermal reaction laboriously gave
24% of yield at 165°C in mesitylene after 48h.12> Such re-
sults contrast with benzofuran substrate 3a, which was to-
tally unreactive upon gold catalysis, but also with the recent
report of Grenning using engineered N-triflate indole deriv-
atives to obtain interrupted Cope products.8 Finally, the N-
methyl indole derivative 1z was also successfully engaged
in the ArCope leading to 3z in only 20 min.

2.3. Extended Theoretical Investigation

Diving deeper into the mechanism. Our preliminary
DFT calculations predicted that gold catalysis would signif-
icantly enhance the reaction rate of the primary [3,3]-sig-
matropic rearrangement for 1a-d substrates (see Figure 1).
However, discrepancies between theory and experiment
suggest that the mechanism depicted in Figure 1 cannot
fully account for the experimental findings. For instance,
while the unsubstituted substrate 1a (R%, R2=H) exhibits a
relatively low barrier of 18.9 kcal.mol! for the entrance
channel on Figure 1 (normally readily overcome at 40°C, t1,2
= 1.7s), this reaction is experimentally not observed in the
presence of gold. The unexpected lack of reactivity for 1a
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prompted us to better understand the actual mechanism at
play. To begin with, we extended the reaction pathway of
Figure 1 to encompass the entire process, including the sub-
sequent [1,3]H-shift up to the final ArCope product. The
Scheme 2. Aromatic Cope Reaction Scope.

latter species 3a is found to be stable relatively to 1a (AG°®=-
4.6 kcal.mol, see Figure 2 and Figure S4), suggesting that
kinetic limitations are in fact the primary obstacle.

R? R
(p-CF3Ph)3PAUCI/AgOTf =
5 mol%) R3
R3 HFIP 70 °C ; RS
(i)1,X O, S, NR 3

From benzofuran lactone or methyl malonate derivatives 1a-p

(E)-3d,2 R? = Ph, 91%, 1h; (96%, 5h, dr 97:3)
(2)-3d,° R? = Ph, 81%, 3h; (68%, 24h, dr2:98)?

, CO,Me
RZ (E)-3e, R? = p-BrPh, 94%, 3h, dr 299:1
o} (E)-3f, R? = p-NO,Ph, 96%, 5h, dr >99:1
A\ o —1 (-39, R? = p-OMePh, 87%, 1h, dr 4:96°
S (E)-3h, R? = m-BrPh, 92%, 3h, dr >99:1

(E)-3i, R? = m-CNPh, 91%, 3h, dr >99:1
(2)-3j, R? = m-NO,Ph, 82%, 10h, dr 25:75
(2)-3k, R? = 0,p-Cl,Ph, 93%, 3h, dr25:75"

From (benzo)thiophene lactone derivatives 1q-t

Benzothiophene: ) R!
3q, R2 = H, 80%, 48h R
(E)-3r, R? = Ph, 96%, 3h, dr>99:1
Thiophene:

3s, R?=H, 3%", 24h X
3t, R? = Ph, -%", 24h H

R1
RZ
= (2)-31, R" = CN, R2 = Ph, 53%, 72h, dr 36:64
Q (E)-3b, R' = H, R? = Ph, 54%"¢, 24h, dr 63:37
\ o] 3a, R"=R%=H, -%9, 48h

Ry _LOMe

3m, R? = H, 84%, 24h
02M6<‘ (E)-3n, R? = Ph, 98%, 3h, dr>99:1 (74%, dr 93:7)¢
(E)-30, R? = p-CNPh, 87%, 48h, dr 75:25
CO,Me (E)-3p, R? = m-CF4Ph, 70%, 5h, dr >99:1

From indole lactone or ethyl malonate derivatives 1u-z

3v, R' = CO,Me, R? = H, 75%, 5 min
3w, R" & R? = H, 63%, 20 min (65%, 7hy’

(E)-3u, R = CO,Me, R? = Ph, 84%, 1h, dr 96:4
0

CO,Et
3x, R=H, R" = CO,Me, 63%, 2h
3y, R=H,R"=H, 72%, 6h CO,Et
3z, R=Me, R'=H, 82%, 20 m|n

aStarting from (R,S)-1d: dr (E:2) = 299:1. PRun with AgSbFg activator at 40°C in CH,Cl, (Conditions A). ®Starting from (S,S)-1d: dr (E:2) = 3:97. 9Run with AgSbFg activator
at 70°C in DCE. ®Run at 40°C. 'Starting from derivatives 1j,1k with the corresponding diastereomeric mixture R,S/S,S. 9No conversion. "Degradation occurs. 'Run at room

temperature.

The general profile obtained for 1a-1d is sketched on Figure
2 (in grey color). Following the formal [3,3]-sigmatropic re-
arrangement, the subsequent [1,3]H-shift is crucial for the
re-aromatization. It is important to bear in mind that with-
out a relay to facilitate this [1,3]H-shift, this elementary re-
action is unlikely to proceed efficiently. In this study, given
the absence of external bases and acids, we assumed that it
can potentially occur via a two-step mechanism starting
from the interrupted Cope intermediate 2 (IC - ENOL —
PRODUCT). The first step: an intra-molecular [1,5]H-shift,
involves the C3-lactone to transfer the proton from C1 to the
carbonyl oxygen (TSPT1, forming the enol on Figure 2), be-
fore its final destination at the C3 carbon in 3. The presence
of an electron-withdrawing group at C3 (the lactone here)
has been previously reported as a structural feature that
can circumvent the unfavorable [1,3]H-shift in ArCope, fa-
cilitating the tautomerization back to the aromatic system.*
Given the lack of acidic or basic species, an intramolecular
process was considered the most plausible mechanism to
reach the enol form. However, while this pathway is theo-
retically possible for 1a, the too large activation barrier of
32.8 kcalmol! via TSPT1 predicted for this first step
([1,5]H-shift from C1 to O) precludes the reaction at 40°C.
Gold(I) has no effect on this barrier. This unfavorable acti-
vation energy also applies to the reaction of compound 1d
(R1=C0O:Me, R2=Ph, AG®*=31.6 kcal.moll, see Figure 2 and
Figure S4), which, despite this, is experimentally observed,
again highlighting a discrepancy between the postulated

mechanism and experiment. In fact, examination of 1a-d in-
variably reveals the presence of this very large [1,5]H-shift
energy barrier in the exit channel (in the range 31.6 to 34.2
kcal.mol?), theoretically prohibiting any global [1,3]H-shift
at 40°C (and then re-aromatization) from the interrupted
ArCope intermediate 2 (IC). Since experiments were carried
out under base- and acid-free (conditions A), our theoretical
investigation continued to primarily examine intra-molecu-
lar processes in DCE. We then decided to explore the possi-
bility for the proton to be transferred upstream from IC, di-
rectly from the previous intermediate INT, again through an
[1,5]H-shift (TSPT2), towards INT2, postponing the C3-C4
bond breaking (TSB2). The so-called “intercalated H-
shift”competing pathway reported in black on Figure 2 (INT
— INT2 — ENOL) emerges from this exploration. Remarka-
bly, starting from INT, the [1,5]H-shift from C1 to the lac-
tone involves now substantially lower barriers via TSPT2,
in the range of 14.1-16.4 kcal.mol! for 1b-d and 18.3
kcal.mol! for 1a, with the latter being kinetically unfavored
compared to the other substrates (see Figure 3). Once this
step is overcome, the key to the remaining mechanism lies
in the subsequent cleavage of the C3-C4 bond and does not
require much energy (INT2 — ENOL, Figures 2 and 3). It
must be noted that the final tautomerization back to the ar-
omatic benzofuran likely involves the assistance of another
molecule to overcome the high energy barrier generally as-
sociated with tautomerization. Experimental observations
strongly suggest that this last step is not rate-determining.
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Indeed, we experimentally observe that the overall rate de-
pends on C4 and C5 substituents, while, from a mechanistic
point of view, the tautomerization reaction proceeds inde-
pendently of these substituents. Hence, elucidating the

transition state of the final bimolecular tautomerization
step was not achieved in the present study. For practical
purposes, for kinetic calculations (see below), a non-rate-
limiting barrier of 2 kcal.mol! was employed.

+
TSPT1 'EQL{ R! _|®
[1,5]-H-shift :
o TSPT2intercalated X )
Lo 1_| [1,5]-H-shift
R - > TSB2
>
2
(]
=
@
[}
o
[T
TSA
1 2(IC) =
reservoir 3
AG°313K (kcal.mol-1)
1 2
1 X R R Catalyst  1gs |NT TSB1I 2 TSPT1 TSPT2 INT2 TSB2 ENOL 3
Lactone derivatives
1a 0 H H 189 168 199 21 349 351 209 313 129 -46
1b 0 H Ph 19.7 175 184 -49 269 328 201 275 51 -112
1c 0 CO:Me H 124 96 155 0.6 348 260 122 270 171 -3.1
1d 0 Co:Me  Ph PAuQ) 117 72 106 -87 229 213 81 197 7.0 -138
1q S CO:Me H ¥ 128 9.7 149 144 349 241 105 267 182 -14
1r S CO;Me  Ph 108 66 101 -98 224 174 65 172 72 -126
1w NH H H 119 34 125 04 320 269 209 308 137 -6.0
v ] NH __COMe W .64 51 81 -07 317 174 113 266 169 -40
1c 0 CO:Me  H pragq 144 106 167 08 347 280 131 274 178 -29
1d 0 CO;Me Ph rAud 53 g4 93 127 205 212 88 178 38 -162
Malonate derivatives
1m 0 CO;Me H MesPAU() 141 110 168 11 293 274 78 216 136 -39
1n 0 CO;Me  Ph : 126 91 131 -105 170 220 56 148 19 -175

Figure 2. General free energy profile for the Au(I) catalyzed system; the formal [3,3]-sigmatropic rearrangement/[1,3]H-shift
cascade for lactone derivatives: 1-2—3 is in grey color and an alternative reaction mechanism is unveiled in black color; two
competing pathways exist from INT species; L stands for P(Me)s. Bimolecular transition state for the final tautomerization
step is not described in this study. Gibbs free energy values (relative to reactant) for each stationary point along examined
energy profiles for the pathway P1 (Figure 1) and alternative pathway P2; DFT calculations at the PCM(DCE)-PBE0/SDD level

of theory.

Thus, DFT calculations suggest two competing pathways
from INT: either the intercalated [1,5]-proton-transfer (via
TSPT2) or the immediate formation of the interrupted Ar-
Cope product IC (via TSB1). Initially, the latter is clearly fa-
vored due to its lower barrier from intermediate INT. How-
ever, it leads to a dead end (too large subsequent TSPT1
height for [1,5]H-shift), while the other channel (the early
[1,5]proton-transfer from INT) presents an initial higher
barrier (E(TSPT2) > E(TSB1)) but a more favorable overall

reaction profile afterwards. It is important to consider that
the reaction might also revert from the intermediate INT to
the starting material, making it challenging to decipher the
intricacies of this complex mechanism solely by examining
barrier heights. That is the reason why a numerical simula-
tion of a kinetic model based on our DFT data was meticu-
lously carried out to obtain the time evolution of the react-
ing systems 1a-d, starting with the reactant at an initial con-
centration of 0.1 mol.L! (see Figure S5 in SI). While the
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inherent limitations in quantum chemistry accuracy (2-3
kcal.mol! for DFT in general?®) and the use of a simplified
catalyst model employed here restrict the quantitative
scope of such kinetic numerical simulations, they neverthe-
less provide qualitative trends in the reaction behavior. The
results provide clear evidence that compound 1a exhibits
by far the slowest kinetics among all the compounds (see
Figure S5), suggesting no reactivity, in line with experi-
mental findings. Furthermore, these kinetic simulations,
supported by energy profiles (Figures 3 and S4), clearly
demonstrate that the presence of the ester function at C5
significantly facilitates the reaction. This is in full agreement
with the experimental observations for compounds 1c¢ and
1d, which exhibit markedly faster reaction rates compared
to their C5-unsubstituted counterparts 1a and 1b. This find-
ing also aligns perfectly with our previous results on the un-
catalyzed reaction.'? Both studies concur that a properly po-
sitioned donor-acceptor pair at C2 and C5 in the Cope rear-
rangement enhances the push-pull electronic effect, which
acts as the kinetic driving force for the Cope reaction. Note-
worthy, kinetic modeling shows that the interrupted Ar-
Cope product acts as a transient reservoir (see Figure 2)
feeding the competing intercalated H-shift, specifically
when phenyl is present. This behavior is attributed to the
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increased stability of the IC product, resulting from addi-
tional m-delocalization with the newly formed C4=C5 dou-
ble bond and from C3-C4 steric decongestion upon C3-C4
bond cleavage. This suggests that if this interrupted product
were significantly further stabilized, it could become a ki-
netic trap, disfavoring the overall Cope rearrangement,
yielding the interrupted Cope product (see the discussion
below).

To summarize, in the absence of catalyst, the [3,3]-sigma-
tropic rearrangement is the rate-limiting step of the ArCope
reaction. The use of gold (with no base in the medium)
changes the game by enabling a faster [3,3]-sigmatropic
transformation and moreover facilitating the re-aromatiza-
tion through an intercalated [1,5]H-shift, which now inter-
weaves with the [3,3]-sigmatropic rearrangement. Our
analysis suggests that the reaction first proceeds through
the formation of intermediate 2 (IC). Then, if 2 is not exces-
sively stabilized, it is not trapped and it can potentially un-
dergo a competing [1,5]H-shift mechanism, “backtracking”
from 2 (IC) to INT. This new mechanism reconciles the ob-
served experimental results with theoretical predictions for
the gold-catalyzed reaction.

R!
HQ

‘\a.,* /
"'.-

Figure 3. Gibbs free energy profiles obtained at 40°C from DFT calculations at the PCM(DCE)-PBEO/SDD level of theory for
the catalyzed systems 1a-d; L stands for P(Me)s; Bimolecular transition state for the final tautomerization step not described

within this study.

Possible assistance of HFIP solvent. To limit the compu-
tational efforts and avoid excessive calculation time, all the-
oretical studies were conducted in the implicit solvent DCE,
mirroring the initial experimental solvent in Table 2. Exper-
imentally, while HFIP  demonstrated improved

performance overall (Table 2), no significant enhancements
were however observed for compound 1a (Scheme 2). Yet,
HFIP is a strong proton donor-acceptor solvent?* and a
HFIP-mediated mechanism might in principle accelerate
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the [1,5]H-shift identified as limiting by theoretical calcula-
tions.

Complementary classical molecular dynamics simulations
with an explicit solvent environment revealed a significant
energetic penalty associated with orienting HFIP molecules
for an efficient solvent-mediated proton transfer (see Fig-
ure S6 of the radial distribution functions reported in the
Supporting Information). Accurately capturing the explicit
solvent effects on the reaction barrier involving HFIP-
mediated proton transfer would necessitate meta-dynam-
ics simulations to directly sample the free energy landscape
of this process. Such calculations are beyond the scope of
this study. Nevertheless, the proposed interweaved shifts
mechanism remains the most plausible explanation for the
observed differential reactivity of compound 1a, with the
origins of this discrepancy likely rooted in the early stages
of the reaction (TSPT2, TSB2 on Figure 3).

Effect of Malonate at C3. DFT calculations highlight very
similar energy profiles for y-lactone substrates 1c, 1d and
malonate derivatives 1m, 1n (see Figure 2). Notably, an
identical trend is observed regarding the effect of the phe-
nyl at C4 on the stabilization of the interrupted ArCope
product IC (-10.5 kcal.mol') and rearomatized product (-
17.5 kcal.mol1). This finding strongly still supports our be-
lief that, depending on the substrate, the interrupted Ar-
Cope product IC might be trapped and isolated under spe-
cific experimental conditions (see the discussion below).

Ring modulations. Curious about the impact of a differ-
ent heterocycle than benzofuran on the reaction, we con-
ducted theoretical investigations on four additional reac-
tions: two involving benzothiophene derivatives and two
involving indole heterocycles (see Figure 2). The benzothi-
ophene derivatives 1q (R'=C02Me, R?>=H) and (%)-(R,S)-1r
(R'=COzMe, R?=Ph) behave very similarly to their corre-
sponding oxygenated compounds 1c and 1d, respectively,
in agreement with experimental yields. Once more, the
presence of the phenyl group at C4 makes the [3,3]-rear-
rangement significantly exergonic at 40°C (-9.8 kcal.mol1).

Ring modulations
1c 0
TSPT2 il 1 2
=25 sz,  WVTN
g Push-Pull effect
=201 3 f
[ — §
S1s TSA \ L N, 13/ 144
& \, N Enol’
s i\ INT2 i
8 { |
& 5
0 o .
5 Bond Strength (C1-C6) —_
X TSA INT !
O 0218 0686 Product
s 0.223 0.656
N 0.130 0.728

Figure 4. Free energy profiles obtained at 40°C from DFT cal-
culations at the PCM(DCE)-PBEO/SDD level of theory for the
catalyzed systems 1d, 1q and 1w (R1=C02Me, R?=H); L stands
for P(Me)s; the bond strength between C1 and C6 was assessed
by means of IGM/IBSI index.

a-Indolyl y-lactone derivatives 1v (R1=C0O2Me, R?=H) and
1w (R!=H, R2=H) promote a much more favorable entrance
channel. Indeed, the activation barrier for the initial ring

closure is reduced by about 6-7 kcal.mol! compared to the
oxygenated species and the formation of intermediate INT
is accompanied by a large stabilization (see Figure 4). It is
worth noting that the 6-membered ring intermediate INT
displays now exceptionally low energy (3.4 kcal.mol! for
1w) and even surpasses the reactant stability for 1v (with a
value of -5.1 kcal.mol?) (see Figure 4).

These findings align perfectly with experimental observa-
tions (Scheme 2) demonstrating the enhanced reactivity of
indole derivatives, even when unsubstituted. These re-
markable results for indole derivatives prompted us to in-
vestigate the underlying electronic factors that contribute
to this increased reactivity and overstabilization of the six-
membered ring INT. To shed light on this, we assessed the
bond strength (IGM/IBSI'7¢) of the newly formed bond C1-
C6 in TSA and in the resulting 6-membered ring INT (see
Figure 4). Our results reveal that the presence of nitrogen
substantially strengthens the newly formed bond C1-C6 in
INT, thereby significantly stabilizing the new 6-membered
ring for the indole derivative. This is very likely connected
to the nitrogen's electron-donating properties, enhancing
the push-pull effect previously mentioned, compared to ox-
ygenated species. In line with this, the IGM/IBSI analysis of
TSA emphasizes an early TS for the indole derivative (the
bond strength required to reach TSA is less drastic in this
case).

2.4. Interrupted Aromatic Cope Reaction

Overall, the theoretical analysis suggests that interrupted
Cope product 2 could be stable enough to be isolated. In this
way, we noticed during the optimization work (Table 1, en-
try 7) that the use of NHC-gold(I) catalyst led to a selective
reaction in favor of the dearomatized compound,® i.e. the
interrupted ArCope product (E,E)-2d obtained from (*)-
(R,S)-1d,%°?7 despite the low conversion in DCM. These re-
sults prompted us to optimize the dearomative Cope reac-
tion (see SI, Table S2). We found that the rearrangement
performed in HFIP with 5 mol% of IPrAuNTf; at 40°C (Con-
ditions C) was particularly chemoselective giving 88% con-
version of racemic (E,E)-2d and only 4% of the ArCope
product (E)-3d. Such divergent gold reactivity controlled by
the catalyst?® was then briefly exemplified (Scheme 3).
Starting for highly enantioenriched (-)-(R,$)-1d, we were
able to obtain selectively the interrupted product (R,E,E)-
2d in only 3h compare to 16h at 110°C (Table 1, entry 2)
and isolate it with an excellent yield of 87%. However, a
modest enantiomeric ratio of 62:38 was unexpectedly ob-
tained while the chirality transfer was highly efficient in
thermal version.!? The same trend was observed for benzo-
furans derivatives (R,E,E)-2e and (R,E,E)-2h, with respec-
tively p-Br and m-Br substituent on aromatic ring at C4 po-
sition. To get insight in the loss of enantioselectivity during
the process, we carried out control experiments starting
from chiral (R,E,E)-2e (see Chart S1 in SI). We found that
the racemization occurred after the ArCope rearrangement
and only in the presence of both gold(I) catalyst and HFIP.
Fortunately, this phenomenon was specific to the benzofu-
ran series as a complete chirality transfer was achieved
with the benzothiophene derivative (R,E,E)-2r.



Scheme 3. Dearomative Cope rearrangement.

Ar R!

IPFAUNTE, (5 mol%)
B —

HFIP, 40 °C

1(X=0,8) 2

Interrupted Aromatic Cope Rearrangement

(Z,E)-2d*, 88%"
dr 2:98, 24h ((2)-3d, 8%)

(R,E,E)-2d°, 91%P (87%)" (R,E.E)-2€°, 100%" (86%)"
er 62:38, 3h er 59:41, 3h ((E)-3e, trace)

(R,E,E)-2hf, 100%P (83%)%
er 65:35, 3h

(R,E,E)-2r9 72%" (61%)¢
er 98:2, 24h

astarting from racemic (S,S)-1d. “Calculated conversion form "H NMR integration
of the crude mixture. SStarting from (R,S)-1d er 100:0. %solated yield. Starting
from (R,S)-1e er 97:3. fStarting from (R,S)-1h er 98:2. 9Starting from (R,S)-1r er
98:2.

A striking experimental outcome emerges when the
[PrAuNTf2 catalyst (Scheme 3) is employed instead of (p-
CF3Ph)sPAu(I)OTf (Table 1, entry 4), leading to the for-
mation of the interrupted Cope product 2d (IC) rather than
the complete reaction product 3d. The general energy pro-
file in Figure 2 might offer some clues regarding this mech-
anistic divergence. Indeed, the intermediate 2 (IC) on Fig-
ure 2 might be trapped if it were substantially stabilized.
Hence, the combined analysis of experimental observations
and of the theoretical energy profile suggests that
[PrAuNTf2 catalyst might significantly stabilize 2d com-
pared to the (p-CFsPh)sPAu(l) catalyst. Our primary DFT
calculations already pointed out the significant stabilization
(-8.7 kcal.molt) of this interrupted Cope product 2d in the
presence of the catalyst model [AuP(Me)s]* when both phe-
nyl at C5 and ester at C4 are present (Figure 2, entry 4). This
stabilization is solely due to the presence of the phenyl
group at C5 and is attributed to the development of a syn-
chronized m-bridging upon forming the new double bond
C4=C5 in 2d (IC). Despite this, it appears that this stabiliza-
tion is not sufficient to trap this intermediate as evidenced
by the final observation of 3d and not 2d during experiment
using (p-CFsPh)sPAu(I) catalyst. Complementary DFT calcu-
lations carried out on 2d in the presence of the IPrAu(I) cat-
alyst revealed a significant extra-stabilization of more than
4 kcal.mol? for the interrupted Cope product 2d (-12.7
kcal.mol ) compared to (p-CFsPh)sPAu(I) (-8.1 kcal.mol!
for actual catalyst), providing a mechanistic rationale for
the experimental observation of 2d. Such a pronounced sta-
bilization likely traps 2d (IC), preventing the re-aromatiza-
tion to take place through the interweaved mechanism. The
IGM analysis suggests that this enhanced stability can partly
be attributed to van der Waals interactions taking place be-
tween the catalyst IPrAu(I) and the substrate along the re-
action path (see Figure 5), highlighting the crucial role of
these non-covalent interactions in modulating the reaction

pathway. The main difference between the two catalysts is
that only IPrAu(I) can significantly engage in non-covalent
interactions with the substituents at positions C4 and C5 in
2d.

Interrupted Cope Product

(p-CF3Ph)3PAu(l)

integrated score (a.u.)
1d 2

0.162 0.047

5g (au.)

integrated
score = 0.047 a.u.

sign(h, )p

2d

Interaction

3D IGM analysis . !
2D fingerprint

integrated score (a.u.)
.
0.415 0.371
integrated
score = 0,371 a.u.

IPrAu(l)

&g (a.u.)

A
sign(h,)e

Figure 5. IGM analysis of non-covalent interactions taking
place in the interrupted Cope product between substrate 2d
and catalyst (a) (p-CF3Ph)sPAu(I) (b) IPrAu(l), from DFT calcu-
lations at the PCM(DCE)-PBE0/SDD level of theory; fragment 1
= 2d , fragment 2 = catalyst (minus the gold atom and its di-
rectly coordinated atom); the same dg iso-value (0.001 a.u.)
was used to compare catalysts on an equal footing; iso-surfaces
are colored on a BGR scheme over the range -0.08 a.u. <
sign(Az)p < + 0.08 a.u. (red, green and blue iso-surface regions
are associated with non-bonded, van der Waals and attractive
interactions. Hydrogen atoms are removed for the sake of clar-

ity.
3. CONCLUSION

To summarize, we demonstrated that the introduction of
gold(I) catalysis unlocks the aromatic Cope rearrangement,
enabling the reaction at mild heating and even room tem-
perature. Based on computational study, we developed a
gold(I)-catalyzed ArCope reaction of a-allyl-o’-heteroaro-
matic y-lactones or malonates, providing a direct and effi-
cient access to CH functionalized aromatic molecules in ex-
cellent yields and high stereoselectivities. These results
represent the first catalytic and synthetically useful proto-
col to promote ArCopeR in mild conditions (5 mol% of (p-
CFsPh)sPAuCl and AgOTf in HFIP at rt to 70 °C). Theoretical
calculations provided valuable insights into the reaction
mechanism, showing that gold(I) triggers a triple effect: (a)
it enhances the reaction rate through lowered activation
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energy, (b) it causes a stepwise [3,3]-sigmatropic process
pinvolving the formation of an intermediate, (c) the latter
entailing a novel gold-mediated pathway involving an inter-
calated proton transfer. The experiment aligning with theo-
retical predictions also demonstrated that a strategic posi-
tioning of a donor-acceptor pair at the C2 and C5 positions
significantly enhances a push-pull electronic effect, acting
as the key driving force for the reaction kinetics, notably in
the benzofuran series. Moreover, the introduction of a
group possessing a delocalizable m-system at C4 enhances
the reaction exothermicity by extending the m-conjugation
in the final product. In a divergent manner, the employment
of an NHC-Au(I) catalyst enables the isolation of the
dearomatized intermediate of the ArCope reaction from
chiral scaffolds, with high stereoselectivity for benzothio-
phene derivatives. Quantum mechanical calculations shed
light on the pivotal role of van der Waals interactions be-
tween the catalyst and substrate in stabilizing the interme-
diate and governing the latter reaction outcome. This possi-
bility to stop the reaction at the dearomatization stage of-
fers the prospect of developing novel molecular entities. Fi-
nally, our findings underscore the transformative potential
of indole derivatives in gold-catalyzed ArCope reactions, of-
fering a broader, more efficient, and streamlined synthetic
approach. DFT and IGM analyses suggest that the indole ni-
trogen atom, through its electron-donating properties,
strengthens the newly formed C1-C6 bond in the key inter-
mediate, facilitating the process. Overall, this study repre-
sents significant advancement and understanding in the
field of aromatic Cope rearrangements. The gold(I)-cata-
lyzed ArCopeR offers a powerful tool for organic chemists
to achieve C-H functionalization and create complex
dearomatize molecules under mild conditions and with ex-
cellent stereocontrol. Moving forward, efforts are directed
toward various aromatic skeleton to further extend our
methodology.

4. EXPERIMENTAL SECTION
4.1. Computational Details.

Geometrical optimizations of minima and transition states
(TS) were performed using DFT with PBE0% functional and
SDD3’basis set (Stuttgart/Dresden ECP) as employed in the
Gaussian 16 package?®' (initial conformers were taken from
our previous work!2®). PBEO was chosen due to its better
accuracy towards 5d transition metal complexes.?>**A po-
larizable continuum model** (PCM) of Dichloroethane
(DCE) was employed to account for solvation. The vibra-
tional modes were analytically computed to check the ab-
sence of imaginary frequencies for local minima and the
presence of one single imaginary frequency for TS. Intrinsic
Reaction Coordinates (IRC) calculations were performed to
check that each TS connects the respective minima. The re-
action and activation Gibbs free energies were obtained at
313.15 K using KiSThelP program.’

Independent Gradient Model (IGM)'7¢ analyses were per-
formed with IGMPlot program. Within the IGM-8g ap-
proach, the resulting 8g iso-surfaces representing the inter-
action regions are colored according to the electron density
(ED) value oriented with the sign of A2 (second eigenvalue
of the ED Hessian). A BGR color code is used: blue for attrac-
tive, green for weak and red for non-bonding interactions.
VMD software’®* was employed to generate the

corresponding figures and iso-surfaces. ELF analyses were
performed using TopChem?2 program.?’

The kinetic simulations were carried out with the numerical
solver TENUA? to obtain the time evolution of the system
reported on Figure S5, starting from the mixture containing
initial substrate at 0.1 mol. L-1. Due to the lack of kinetic data
for the final tautomerization step, an arbitrary barrier of 2
kcal.mol? was assumed for the implementation of kinetic
numerical simulations (time concentration profiles being
unaffected by this arbitrary value). The Bader-Deuflhard al-
gorithm was used to solve the differential equations.

4.2. General Methods for Aromatic and Interrupted Cope
Reactions.

ArCope Procedure: In a seal vial, a solution of (4-
CF3Ph)3PAuCl (5 mol%) and AgSbFs (5 mol%) in distilled
DCM or DCE (0.1 mol/L) (Conditions A) or (p-CF3Ph)3PAuCl
(5 mol%) and AgOTf (5 mol%) in distilled HFIP (0.1 mol/L)
(Conditions B) was stirred for 15 minutes to form the cata-
lyst species. The substrate 1 was then added and the mix-
ture is heated and stirred at the given temperature (rt to
70°C). Once the reaction was complete the crude mixture
was filtered over celite, concentrated and then purified by
chromatography on SiO2 to product 3.

Interrupted ArCope Procedure: In a seal vial, IPrAuNTf;
(5 mol%) and substrate 1 were dissolved in distilled HFIP
(0.1 mol/L) (Condition C) and the mixture was heated and
stirred at 40°C. Once the reaction was complete the crude
mixture was filtered over celite, concentrated, and then pu-
rified by centrifugal thin-layer chromatography on SiOz to
afford the product 2.
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