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reported a computational and experimental analysis of axially
chiral acyclic diaminocarbene-derived digold(I) complexes,
identifying H-bonding within the ligand as the key players for
high enantioselectivities in tandem [3,3]-sigmatropic rearrange-
ment/[2+2]-cycloaddition of propargylic esters. Similarly, the
groups of Fiirstner”” and Slaughter”* showed evidence for non-

unsaturated substrate bond, and the outer-sphere mechanism of covalent gOId(I)__” 1nteractlops to shape a chllra.l env1ronme1'1t
the reactions between alkynes and alkenes make the develop- around the reactive center using phosphoramidite and acyclic
ment of enantioselective processes particularly challenging."~"° diaminocarbene ligands for the activation of eneallenes and
. . . . 225 .
Along with these limitations, some early reports on enantiose- internal alkynes, respectively. Finally, Gagne™ attributed the
lective gold(I)-catalyzed transformations lacked in the assign- hlghl P .erformanccel of axially ci:l?lralbblsphosplgnez lg g01d(11)1
ment of the absolute configuration of the final products, so that catalysis to secondary 7—7 stacking between P-bon €« 3,_5—xy %
the exact mode of enantioinduction was ambiguous.””>' The substituents to define a chiral cavity in the cyclization of
development of novel enantioselective gold(I)-catalyzed trans- e.neallenes.. Emerging ena.ntloselectlve processes .rely on new
formations often relies on the time-consuming and serendipity- ligand designs that exploit non-covalent interactions (NCIs)

driven evaluation of numerous reaction conditions, including

Homogeneous gold(I) catalysis allows for the highly selective
activation of alkynes and other multiple C—C bonds, leading to
the atom economic construction of complex molecular
settings.l_12 However, the linear coordination of gold(I)
complexes, the very low rotational barrier around the gold(I)-

ligand families and additives. An alternative approach would April 1, 2023
include the elucidation of the enantioselective folding of the May 10, 2023
unsaturated substrate in the catalyst chiral binding pocket, May 12, 2023

leading to its improvement and ultimately to the establishment May 26, 2023

of optimized chiral gold(I) catalysts with general application in
catalysis. In this context, the groups of Sigman and Toste™
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Figure 1. Chiral gold(I) catalysts with a C,-chiral pyrrolidine and variations on the original design.

within the ligand26 or with the substrate.”” >* Analogous

approaches were adopted in §old(III)—catalyzed systems with
well-defined chiral complexes.”**

As part of our study aimed at understanding the mode of
action of chiral gold(I) catalysts,” we introduced a family of
chiral gold(I) complexes based on JohnPhos-type ligands
(Figure 1).>° This new ligand design features remote C,-
symmetric 2,5-diarylpyrrolidines directly placed at the reaction
center, providing high enantioselectivities in three different
cyclizations of 1,6-arylenynes, including the formal intra-
molecular [4+2] cycloaddition of arylalkynes with alkenes®”*®
and other 1,6-enyne cyclizations, such as the synthesis of 1,2-
dihydronaphthalenes via 6-endo-dig cyclization.”® We proposed
a model for enantioinduction based on experimental and
computational evidence supporting that the chiral catalysts
recognize aromatic groups of the substrates as the stereo
directing elements via stabilizing NCIs, thus fixing the substrates
in the chiral pocket by a preferred binding orientation. This
binding mode accounts for the enantioselective folding in the
transition state and the observed absolute configuration in the
products.

We decided to validate our model by synthesizing a new
generation of catalysts based on variations of our original design,
modulating steric and electronic properties with different top
and bottom aryl rings in the JohnPhos motive, replacing the
phosphine by a NHC, increasing the steric hindrance with bis- or
tris-biphenylphosphine scaffolds, or by directly attaching the C,-
chiral pyrrolidine at the ortho-position of a dialkylphenyl
phosphine. Here, we report the synthesis of new chiral gold(I)
complexes and their catalytic activity in the enantioselective
intramolecular [4+2] cycloaddition of arylalkynes with alkenes,
which we have set as benchmark in the study of our new gold(I)
catalysts,”****” as well as in a new atroposelective synthesis of 2-
arylindoles. Extensive DFT computational studies have been
carried out to determine the more important attractive
interactions between the substrate and the catalyst binding
pockets in the possible transition states. Furthermore, a new tool
named NEST has been designed to dissect steric ligand effects in
cylindrical-shaped complexes and to predict experimental
enantioselectivities in our systems.
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New gold(I) catalysts B-W were tested in the [4+2] cyclo-
addition of 1,6-enyne la to give adduct 2a (Scheme 1)."?
Selected data for the cyclization of a similar substrate 1b are also
included.” The absolute configuration of adduct (R)-2a had
been assigned before by analogy with that of a related
cycloaddition product.*®

The synthesis of gold(I) chloride complexes B-W followed
procedures analogous to that used for the synthesis of complex
A, which was the optimal catalyst in our initial study.'* Thus, for
example, the C,-chiral pyrrolidine in the synthesis of complexes
M-O was carried out from (1S,4S)-1,4-bis(3,5-bis-
(trifluoromethyl) phenyl)butane-1,4-diol 3a*® by double mesy-
lation, followed by reaction with p-BPin-aniline, to give 4, which
was coupled with 6-bromopicolinaldehyde to form § (Scheme
2a). The imines derived from 5 were allowed to react with
MOMCI to afford 2,5-disubstituted imidazo[1,5-a]pyridin-2-
ium chlorides 6a-c, which were converted into gold(I)
complexes M-O by transmetalation of the NHC-Ag(I)
intermediates.”’ For the synthesis of G and J, a cyclic sulfate
derived from diols 3 was used instead for the bismesylate in the
double Sy2 reaction with the corresponding aniline.*’

The synthesis of complexes S-W also commenced with the
bismesylation of 3b-c followed by the addition of allylamine to
give pyrrolidines 7a-b, which were deallylated under Rh(I)
catalysis to afford 8a-b (Scheme 2b). After N-benzoxylation of
8a-b to give benzoyl pyrrolidin-1-ols (cyclic hydroxylamines)
9a-b, copper-catalyzed Chan-Lam type coupling with o-
bromophenyl boronic esters under the conditions developed
by Lalic* gave 10a-b, which reacted with R,PH (R = tBu or
adamantyl) under palladium catalysis, followed by the addition
of Me,S-AuCl, to provide gold(I) complexes S-W.* The
pyrrolidine of complex L was also introduced by copper-
catalyzed Chan-Lam type coupling.

New variations B-F of the original complex A*°led to (R)-2a
with similar enantioselectivities (91:9 to 94:6 er), although the
[4+2] cycloaddition reactions were significantly faster with
catalysts B and D, bearing one or two CF; groups at the

https://doi.org/10.1021/jacsau.3c00159
JACS Au 2023, 3, 1742-1754
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Scheme 1. New Gold(I) Catalysts B-W in the [4+2] Cycloaddition of 1a-b”
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(R,R)-B: X = CF3, Y =Z =H, 2a: 97%, 93:7 er, 35 min
(RR)-C:X=Z=F Y=H,2a:95%,93:7 er,2h
(RR)-D:X=Z=CF3 Y =H, 2a: 94%,9 94:6 er, 40 min
(R,R)-E:X=Z=H,Y = Me, 2a: 96%,291:9 er, 20 h
(R,R)-F:X=Z=H,Y=0Me, 2a:91%,294:6 er, 2 h
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F.C 3
Ad 8

Ad‘:F’-Au—CI

e
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(R,R)-M: R = 2,4,6-Me3CgH,, 2a: 83%, 89:11 er, 2 h
(R,R)-N: R = 2,6-iPrC¢Hs, 2a: 88%, 88:12 er, 2 h
(R,R)-0: R = Ad, 2a: >99%, 87:13 er, 6 h

(R,R)-G, 2a: 90%, 70:30 er, 14 h;

et

(R,R)-H, 2a: 84%,° 1:1 er, 6 h

Aqu
“P-Au-Cl A
—~
O N (R.R)-J, 2a: >99%,
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(8,S)-1: Ar = 1-Napth, 2a: 83%,° 1:1 er, 6 h
A A
g CU O O O
P P
| |
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Cl Cl
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(R,R)-P: Ar = 3,5-(CF3),C¢H;  (R,R)-Q: Ar = 3,5-(CF3),CgH3
2a: 95%, 50:50 er, 40 min

(R,R)-R: Ar = 3,5-(CF3),C¢H3

2a: 95%, 48:51 er, 40 min 2a:87%, 57:43 er,6 h

(R,R)-S: R =Ad, Ar = Ph, X = H, 2a: >99%, 15:85 er, 20 min

(R,R)-T: R = tBu, Ar= Ph, X = H, 2a: 98%, 20:80 er, 40 min

(R,R)-U: R =Ad, Ar = Ph, X = CF3, 2a: 98%,14:86 er, 20 min

(R,R)-V: R = tBu, Ar = 3,5-Ph,CgH3, X = H, 2a: >99%, 30:70 er, 40 min
(R,R)-W: R = Ad, Ar = 3,5-Ph,CgHg, X = H, 2a: >99%, 22:78 er, 40 min

“Unless otherwise stated, yields were determined by 'H NMR against internal standard. Enantiomeric ratios were measured by HPLC or
supercritical fluid chromatography (SFC). PIsolated yield. 4 mol % of AgNTF,. 968% conversion. ®41% brsm.

phosphine aryl ring, respectively (Scheme 1). Replacing the aryl
groups at 2,5-position of the pyrrolidine by cyclohexyl groups in
complex G led to lower enantioselectivity (70:30 er), whereas
complexes H and I with different C,-chiral secondary acyclic
amines instead of pyrrolidines gave racemic 2a. Catalysts J-L, in
which the phenyl ring of the biphenyl scaffold has been replaced
by 3',5’-difluorophenyl, 1-naphtyl, or 9-anthracenyl groups gave
2a in good to excellent yields, although with poor
enantioselectivities.

Complexes M-O, in which the phosphine of A has been
replaced by an NHC ligand, behave similarly to catalysts A-F,
leading to adduct 2a in slightly lower enantioselectivities
(87:13—89:11 er) (Scheme 1). On the other hand, seemingly
bulkier complexes P-R with one, two, or three pyrrolidinylbi-
phenyl groups at the phosphine led to racemic or nearly racemic
2a.*7* This somewhat surprising result can be ascribed to the
deceptively relative high flexibility of these complexes (see
later). Remarkably, complexes (R,R)-S-W with the C,-chiral
pyrrolidine directly attached to the ortho-position of an aryl
dialkyl phosphine led preferentially to the formation of (S)-2a,
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which is the opposite enantiomer to that obtained with similarly
(R,R)-configured complexes A-F and M-O.

Since our first-generation chiral gold(I) catalysts were shown to
recognize aromatic groups as the stereo directing elements, we
decided to try the atroposelective cyclization of diarylacetylene
11a to give 2-arylindole 12a with the second-generation
catalysts (Table 1). Chiral biaryl scaffolds are important motifs
in privileged chiral ligands,**™** organocatalysts,* " biolo%'cal
active natural products,”> ">’ and functional materials.”®™*’
Enantioselective gold(I) catalysis has recently been shown
useful for the synthesis of axially chiral biaryls.”” Heterobiaryls
containing an indole framework are emerging as privileged
motifs present in ligands and natural products.”> An organo-
catalytic synthesis of axially chiral naphthyl-C,-indoles via
cyclization of ortho-alkynoanilines using a quinine-derived
thiourea catalyst has been reported.”* More recently, the Pd-
catalyzed Cacchi reaction® and a chiral silver phosphate-
catalyzed cyclization®® have been used for the atroposelective

synthesis of 2-arylindoles.

https://doi.org/10.1021/jacsau.3c00159
JACS Au 2023, 3, 1742-1754
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Scheme 2. Synthesis of Chiral Gold(I) Complexes M-O (a)

and S-W (b)
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/'\/\( CHZCIZ -20°C, 1h
2. PhCHs Ar Pd(PPhg) 20|2 (5 mol%)
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3a o 1,4-dioxane/H,0
Ar = 3,5-(CF3),CeHs HoN Bpin (71 %) 110°C, 2 h
HO
“N-R
N
o 1.Ag20, NMe,Cl
CH,Cly/MeOH
1. R-NHj, THF 245G 4 h (R,R)-M (75%)
. ——— ——=—— » (R,R)-N (65%)
2. MOMCI 2.Me,;S-AuCl  (R,R)-0 (70%)
THF, 50 °C N CH,Cl,/MeOH
Ari. Ar 3-24h Aru..gAr 24°C, 16 h
( 5%) 6a: R = 2,4,6-Me3CqH, (93%)
6b: R = 2,6-Pr,CgH; (91%)
6c: R =Ad (75%)
b) l
oH 1. MsCl (2.5 equiv)
Et3N (3 equiv) RhCI(PPh3)3
Ar Ar CHyClp, -20°C,3h A N _ar (5 mol%)
OH 2. Allylamine U CH3CN/H,0 6:1
3b: Ar = CgHs 20t024°C, 16 h 7a (83%) 100°C, 16 h
3c: Ar = 3,5-Ph,CgH3 7b (84%) 5
r
. o]
H Bz,0, (3 equiv) (?BZ X g ><
Ar.,,,g Ar  KyHPO4 (1.5 equiv) Ar""(b’Ar o
DMF, 0 to 24 °C, 16 h Cu(OTf),-PhH (2.5 mol%)

CYDPEPhos (3.5 mol%)
CsF (4 equiv), THF
66 °C, 48 h

8a (65%)
8b (91%)

9a (66%)
9b (77%)

1. HPR; (1.2 equiv)
Pd(OAC); (5 mol%) rR
NaO'Bu (1.4 equiv) P-AuCl
dippf (7 mol%)

O U SR

toluene, 150 °C, 18 h X
Af AP

2.Me,S-AuCl
10a: X = H, Ar = CgHs (84%) CH2Cl2,24°C,1h (g B).5 (91%) (RA)-V (71%)
(RR)-T (85%) (R,R)-W (93%)

10b: X = CFs, Ar = CgHs (81%)
10c: X = H, Ar = 3,5-Ph,CgHs (52%) (R.R)-U (81%)

Our study commenced by testing selected chiral gold(1)
complexes based on variations of our original design (Figure 1)
in the cyclization of sulfonamide 11a to give 2-arylindole 12a
(Table 1). Initial screening of silver salts showed that AgNTf,
was optimal for the reaction.” On the other hand, the solvent
showed only little impact on the enantioselectivity of the
reaction.”” However, as observed in other gold(I)-catalyzed
reactions, a more coordinating solvent slowed down the catalysis
in the following order: 1,2-dichloroethane ~ CH,Cl, > PhCF; >
PhCl > PhMe > EtOAc. Complex A, activated with AgNTT,, led
to the clean conversion of 11a into 2-arylindole (R)-12a in an
excellent yield and 71:29 er (Table 1, entry 1). Better
enantioselectivity was observed with complex B, particularly
when the reaction was performed at —4 °C (Table 1, entries 2
and 3). Essentially, the same results were obtained using
preformed gold(I) triflimide complex B’ (Table 1, entries 4 and
5). Lower enantioselectivities were achieved with complexes G,
J, and L-O (Table 1, entries 6—11). On the other hand,
complexes P-R led to nearly racemic 12a with a reactivity that
significantly decreases with the increase in the steric bulk of the
ligand (Table 1, entries 12—14). As found in the [4+2]
cyclization of 1,6-arylenynes la-b, catalyst (R,R)-S led to the
formation of the opposite enantiomer, (S)-12a (Table 1, entry
15). In this case, good enantioselectivities were obtained when
the cyclization was performed at a low temperature (between —4
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Table 1. Atroposelective Cyclization of 11a to Form Indole
12a with Chiral Gold(I) Complexes

TsHN I

[Au] (5 mol%)

Il AgNTY, (5 mol%) TsN
OO OMe CICH,CH,CI, 16 h Oe OMe
11a 12a
entry Au catalyst T (°C) yield (%)“ er’
1 A 24 >99 71:29
2 B 24 >99 88:12
3 B -4 >99 91:9
4 B’ 24 91 87:13
s B’ —4 81 92:8
6 G 24 96 70:30
7 J 24 >99 73:23
8 L 24 71 55:45
9 M 24 96 67:33
10 N 24 97 73:27
11 0 24 97 69:31
12 P 24 >99 51:48
13 Q 24 65 52:48

14 R 24 9 ¢

15 S 24 >99 15:85
164 s’ —4 >99 8:92
174 s’ —-20 >99 6:94
18° s —40 >99 5:95
19 T 24 >99 27:73
20 U 24 >99 15:85
21 v 24 >99 68:32
22 w 24 >99 71:29
23 ! 19 91 50:50

“Determined by "H NMR against internal standard. Determmed by
SEC on chiral stationary phase. “Not determined. 9PhCF, as the
solvent. “Toluene as the solvent./Reaction performed with AgNTT, as
the catalyst.

Ad FaC CF3

Adab Au-NTY, Ad

Adup_Au-OTi
o= ;
O

F30/@ P
(R.R)-B’ (RR)-S'

CF3

and —40 °C) using a preformed triflate complex (R,R)-S’ (Table
1, entries 16—18). Complexes (R,R)-T and (R,R)-U also gave
(S)-12a as the major enantiomer (Table 1, entries 19 and 20),
whereas, surprisingly, similar complexes (R,R)-V and (R,R)-W,
with terphenyl groups at the pyrrolidine instead of phenyls, led
preferentially to (R)-12a (Table 1, entries 21 and 22). In this
system, it is important to note that AgNTH,, used in most cases to
generate in situ the active gold(I) catalyst, is also, by itself, an
active catalyst for the formation of 12a (Table 1, entry 23).
The scope of the atroposelective synthesis was examined with
substituted diarylacetylenes 11a—u with different sulfonamide
groups using the optimal two catalysts B and S’, which allow
accessing enantiodivergently (R)- or (S)-2-arylindoles 12,
respectively (Scheme 3). The absolute configuration of all
products was based on those of (R)-12a and (R)-12l, whose
configuration was assigned by X-ray diffraction, as well as by
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Scheme 3. Enantiodivergent Atroposelective Cyclization of Diarylacetylenes 11a—u to Form 2-Arylindoles 12a—u with Chiral

Gold Catalyst B or §’
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12r
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(RR)-Q

2.32A

H-F
bonding

!

7 \i 3.0A
H-F

bonding

(RR)-S

3.30A
=T
interaction

3.40A
=T

interaction
(RR)-L (R,R)-N
Catalyst ~(1-2-3) /(3-4-5-6) ”\(7-8-9-10)

A 17.6 12,9 7.2

\ J 114.8 -89.9 55.2
L 114.4 -87.9 80.5
N 128.5 -134.0 8.8
Q  1205/109.7 -96.0/-83.2  2.6/-3.8
S 115.1 - -136.12
w 115.1 - -146.12

Angles expressed in degrees. @ Angle between (3-4-5-6) atoms.

(RR)-W

Figure 2. Selected X-ray crystal structures of complexes J, L, N, Q, S, and W compared with previously related complex A. Hydrogen atoms are omitted

for clarity.

comparison of the optical rotation of the enantioenriched
Moderate to good
enantioselectivities were observed in all cases, with the exception

arylindoles with the literature data.’®
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of 12t and 12u, which were obtained as nearly racemic mixtures,
most probably due to the lower size of 2-methylnaphthalene in
12t and benzo[d][1,3]dioxole in 12u.
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Scheme 4. (a,b) Lowest Energy Intermediates and Transition States of Enyne 1a Coordinated to Catalysts G’ and T, (c,d) Lowest
Energy Intermediates and Transition States of Sulfonamide 11a Coordinated to Catalysts B” and S, 3D Molecular
Representations and NCI Plots, (¢) CREST Conformational Analysis of Catalysts R and R-Int1 ([LAu(#*-alkyne)]* Complex
with Enyne 1a)“

[4+2] Cycloaddition of 1a

a 3.27A b
- =T
R interaction
v fBu 1Bu
Au—p—tBu Hu _patBu
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B-intb interaction B-int1d Adnt3a V interaction B-Int3d
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C-C bond
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n-m interaction steric
repulsion
1Bu d Ts—
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I\ \\ ~—
'~~~ 3.34 A T-shape 7’
FisC A- -r interaction FsC R |
3~ A-Int5c il A-Int5a A-Int9a
favored orientation A (AG = 0) orientation A (AG = 1.0) orientation A (AG = 0) favored orientation A (AG = 1.9)
AG* = 5.2 reaction trough proR face AGt=7.4 AG =838 AG* =17.7 reaction trough pros face

C-N bond
formation

formation A-TSntsc-6c

(R,R)-R-Int1
d'= 3.96 A
d?= 3.39A
d®= 6.43A

(RR)-R
R' = 3,5-(CF3),CgH3

“Hydrogen atoms are omitted for clarity. (S) Pathways are depicted in cyan and (R) pathways in purple. Strong attractive interactions are blue (C—
C or C—N bond formation), weak attractive interactions are green (NCls), and strong repulsive interactions are red. Color code: P: orange, Au:
yellow, F: green, N: blue; O: red, C: gray, and H: white. Energy values in kcal/mol relative to the most stable orientation. Calculated bond
distances by DFT methods, expressed in A.
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The structures of new complexes H, J, L, N, P-U, and W were
confirmed by X-ray diffraction (Figure 2). In solid state, the two
aryl groups of the pyrrolidine ring in complexes N and P-R adopt
a pseudoaxial/pseudoaxial conformation, similar to that of the
parent complex A,*° whereas in]J, L, S-U, and W, the pyrrolidine
adopts a conformation with pseudoaxial/pseudoequatorial aryl
groups. The bond angle between Au, P, and C3 (atoms 1-2-3,
Figure 2) ranges from 114.4 to 117.6° in complexes A, J, L, P, S-
U, and W, being slightly wider in one of the biaryls of Q and R.
The same angle is much wider in complex N with an NHC ligand
(128.5°). The pyrrolidine ring in complexes J and L adopts an
approximately perpendicular conformation with respect to the
3’,5'-difluorophenyl or 9-anthracenyl moiety, respectively. The
two aryl groups of the biaryl scaffold are almost perpendicular
(3-4-5-6 angle, Figure 2) in J, L, and Q, whereas the strongest
deviation form perpendicularity occurs in complex N.

In the case of J, short distances (2.3—3.0 A) were found
between each of the aryl F atoms and the H atoms at C2 and C5
of the pyrrolidine, that are an indication of H—F bonds. On the
other hand, in complex L the two phenyl groups of the
pyrrolidine interact with the anthracene central ring by 7—x
stacking with closest contacts of 3.3—3.4 A.

To rationalize the mode of action of these new chiral catalysts,
we studied the cyclizations of enyne la and sulfonamidyl
diarylacetylenes 1la using DFT calculations (BP86-D3/6-
31G(d) (C, H, P, O, F, N, S) and SDD (Au), PCM =
CH,Cl,) with complexes B”, G’, S, and T (Scheme 4).
Complexes B” and G’ are simplified versions of B and G,
respectively, with smaller £-Bu instead of adamantyl groups to
reduce the computational complexity of the catalyst, without a
significant impact on the computed model. Four possible
conformations of the gold(I)-enyne la complex were consid-
ered: binding orientations A and B facing, in each case, either the
Re or the Si prochiral face of the alkene, while for 11a, binding
orientations A and B were considered with either proR or proS
conformation (Scheme 4). Orientation A corresponds to that
with the arylalkyne (for 1a) or 2-methoxynaphthyl (for 11a)
closer to the aryl (or cyclohexyl) group at C, of the pyrrolidine
(more crowded quadrant, see below).

In the cyclization of enyne la with catalyst G’, we examined
the evolution of the four possible gold(I)-complexes Intla-d
following an exocyclic pathway. The reaction proceeds from the
most stable binding orientation B (B-Int1d) through the lowest
energy transition state B-TSpq.2q (favored by 5.2 kcal/mol
compared to the lowest S pathway, B-TSp,1p.05), to give product
2a with R configuration, by reaction of the alkyne through the Si
prochiral face of the alkene (Schemes 4a and S1).

On the contrary, using catalyst T, enyne la cyclizes via
orientation A (A-Int3a) leading to the S enantiomer of substrate
2a, in accordance with the experimental results (Schemes 4b and
S2). In this case, the strong aryl—aryl interaction (T-shape)
between the aryl ring of the substrate and the aryl ring of the
pyrrolidine in transition state A-TSy,3,.4, favors the formation of
intermediate A-Int3a (S pathway) by 1.6 kcal/mol. In both
cases, the lowest energy transition states were achieved from the
most stable orientations (B for catalyst G’ and A for catalyst T).
NCI plots®”*® revealed stabilizing alkyl-OMe interactions as
stereo-controlling elements that favor the reaction through the
Si face of the alkene (B-TSy4.24)- Moreover, aryl—alkyl
interactions were also observed between the aryl ring of the
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enyne la and the cyclohexyl ring of the ligand. Recently, alkyl—
aryl interactions’” have been computationally studied by the
group of Zari¢.”””" Based on high-level ab initio calculations, this
group reported that the most stable stacking for benzene-
cyclohexane is 17% stronger than that for benzene—benzene.
Nonetheless, as these systems are displaced horizontally, the
benzene—benzene interaction retains most of its strength even
when displaced at a distance of 5.0 A, where the benzene—
benzene attraction is still ~70% of its maximum strength, while
the benzene-cyclohexane attraction falls to ~40% of its
maximum strength. Therefore, 7—n interactions between
aromatic compounds are generally stronger, since they retain
the strength of attraction over a larger range. Nevertheless, at
short distances, cyclohexane-benzene can form strong electro-
static interactions.

Recognition of substrate 11a by chiral catalysts B” and S was
also studied by DFT calculations (Schemes 4c,d and S3—S5).
Hence, binding orientation A was favored by NCls and leads to
the distinct enantioselective folding in the atroposelective
synthesis of indole 12a. The lowest transition state A-TSp,sc.¢c
is stabilized by NCIs between the sulfonamide 11a and the chiral
pocket of catalyst B”. Therefore, the corresponding inter-
mediate A-Int6c is preferentially formed, leading to product 12a
with the R absolute configuration (AAG* = 2.2 kcal/mol), in
good agreement with the experimental results (91:9 er with
analogue catalyst B) (Schemes 4c and S3). For catalyst S, the
computed energies suggest that the two possible pathways from
orientation A can compete. Although the intermediate proR (A-
Int9c) is 1.9 kcal/mol more stable than the intermediate proS
(A-Int9a) (Schemes 4d and SS), the major product arises from
the latter through the proS transition state A-TSy,9,.10, Which is
lower in energy (AAG* = 1.1 kcal/mol) than A-TS .10 in a
Curtin-Hammett scenario. Again, NCI plots illustrate the size
and shape of the surfaces generated from interactions present in
these systems (Scheme 4c,d). Hence, T-shape 7z—x interactions
between the naphthyl ring of the substrate and the aromatic
substituent of the pyrrolidine play the major role in the chiral
folding of sulfonamide 1la and in the stabilization of the
corresponding transition states.

Furthermore, conformational sampling performed with
semiempirical CREST based on xTB methods’* was used to
study the complexes P, Q, and R with very large ligands and the
corresponding Int1 ([LAu(7*-alkyne)]") complexes with enyne
1a (Scheme 4e). In each case, the lowest energy conformer was
reoptimized at DFT level.”” The calculated bond distances
between the gold atom and the o-aryl centroid of each aryl ring
shows the unexcepted high flexibility of these systems. Thus,
upon the coordination of the enyne to the gold(I) center, the
intermediate reorganizes, leading to a wide-open catalytic
pocket that places the chiral information provided by the C,-
symmetric pyrrolidines far away from the reaction center
reducing drastically the enantioinduction, as observed exper-
imentally in the formation of the nearly racemic product 2a.

In the key transition states presented above, the calculated
distances between gold(I) and the more distant carbon of the
new C—C bond are about 5.0 A (4.962 A for B-TS,14.24), which
suggest that, in addition to steric effects at the proximities of the
metal center, effects at longer distances could have a significant
impact on the enantioselectivity. To study ligand effects in our
gold(I) catalysts, we initially analyzed the structures optimized
computationally, based on the X-ray crystal structures, by

https://doi.org/10.1021/jacsau.3c00159
JACS Au 2023, 3, 1742-1754


https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00159/suppl_file/au3c00159_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00159/suppl_file/au3c00159_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00159/suppl_file/au3c00159_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00159/suppl_file/au3c00159_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00159/suppl_file/au3c00159_si_001.pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00159?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

calculating their Buried Volumes”® with SambVeca,”* as
commonly done in the analysis of gold(I) complexes with
bulky ligands.*””*~7® However, to more properly describe the
elongated gold(I) catalysts, we have developed the NEST tool
(Figure 3), inspired by SambVca and MolQuo’””® tools. The

Spherical volume . -2

NEST volume design length =a

Figure 3. NEST Volume design and example of complex A'.

open-source web program NEST has been designed for the
evaluation of the steric effects of metal catalysts bearing
voluminous ligands that create a non-spherical nest. Although
SambVca allows to make the sphere around the metal as large as
desired, this sphere would contain large empty spaces that are
irrelevant for the description of the reactivity, leveling the
differences among the analyzed complexes with diverse bulky
ligands.

NEST considers a volume of capsule shape (a cylinder with
round ends) and computes the percent volume occupied by the
atoms (NEST occupied volume). Dividing the space between
the central atom (M) and the end of the capsule in quadrants,
NEST also provides the quadrant’s occupied volumes QI
Q2o Q3o and Q4. The length a can be tuned depending on
the system of interest (Figure 3).40

Selected data of the NEST occupied volume are shown in
Table 2 and Figure 4. In addition, an mp4 file is provided with a
representation of NEST occupied volume for all studied
complexes.”” For example, at the cylinder length a = 4 A,
NEST volumes of 61—65% were calculated for complexes A’, B,
and J, which are structurally similar to the parent gold(I) catalyst
A (Table 2, entries 1—3, and 6). It is somewhat surprising how
the addition of a CF; in meta-position with respect to the
phosphine in complex B, which is seemingly sterically neutral,
leads to a reduction of the occupied volume from 64.8 to 60.4%
(compare entries 1 and 3, Table 2). However, the optimized
DFT structures of complexes A and B show significant
differences in the conformational minimum: the bond angle
between Au, P, and C3 (atoms 1-2-3, see Figure 2 for the
numbering) is wider in B (120.1°) than in A (116.6°) and the
biaryl dihedral angles are also different (—62.8° for B and —78.0°
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Table 2. NEST Parameters Used for Selected Gold(I)
Catalysts”

entry cat. NEST Qlc Q2. Q3,.. Q4
1 A 64.8 86.0 25.7 88.9 19.1
2 A’ 61.3 92.7 26.3 722 11.8
3 B 60.4 79.8 24.5 86.7 16.0
4 G 55.0 30.5 15.2 76.2 47.5
S H 47.0 6.4 7.4 66.9 43.0
6 J 62.2 80.9 20.0 83.6 21.5
7 L 50.0 18.1 7.9 73.4 38.1
8 M 48.7 6.7 48.7 16.5 73.3
9 N 50.8 10.4 24.9 50.6 60.5
10 S 399 6.5 7.6 29.3 37.4
11 T 394 6.8 6.7 29.4 37.1
12 U 39.7 6.4 7.4 29.1 37.1
13 w 42.5 7.0 21.8 28.6 39.2

“NEST occupied volume, Ql,cy Q2ocr Q30 and Q4. expressed in
% at cylinder length a = 4 A. The total length of the capsule is 3.5 + a
+35 A

for A).** Complex G with cyclohexyl instead of aryl groups at the
pyrrolidine shows a lower occupied volume of 55% (Table 2,
entry 4). Complex L, with an almost perpendicular anthracene
with respect to the aryl phosphine (Figure 2), has a low NEST
occupied volume of 50% (Table 2, entry 7), which is similar to
that found in NHC gold(I) complexes M and N (Table 2, entries
8 and 9), although the distribution of the occupied volume
among quadrants Q1-Q4 is very different (Table 2 and Figure
3). As expected, the lowest volumes were found in gold(I)
complexes S-U and W (Table 2, entries 10—13). Complexes S-U
show almost identical occupied volumes of 39.4—39.9% (Table
2, entries 10—12), whereas only a modest increase was found for
W (42.5%), despite the steric difference of the pyrrolidine
substituents (terphenyl in W vs Ph in S-U).

With the aim of building a model to reproduce and predict
enantiomeric ratios, NEST results for each catalyst were used as
descriptors alone or in combinations, i.e. occupation of the upper
quadrants (Ql,. + Q2,..), the lowest (Q3,.. + Q4,..), or the
diagonal (Ql .. + Q4o or Q2. + Q3,..), among others,” in an
approach similar to previous works.””” Geometries given to
NEST are DFT-optimized structures of the neutral gold(I)
chloride complexes obtained by X-ray diffraction. Single variable
linear regressions between each descriptor derived from NEST
and experimental er were evaluated for three substrates (1a, 1b,
and 11a). We first searched the best correlation for the
previously reported substrate 1b°®*' and found that the
experimental er has a relationship with descriptor D; with an
r* = 0.97. The equation obtained is er = 266 — 20,492D,, D,
being the inverse of the occupancy of the most occupied pair of
quadrants) upper (Qlocc + Q.zocc) or lower (Q.3occ + Q.4occ) and
for length a = 3 A. In other words, the enantioselectivity is
related to the occupancy of the most hindered half moiety of the
nest. Increasing the occupancy of the most hindered pair of
quadrants (upper or lower), the enantioselectivity increases.

For the cyclization of enyne 1a, the enantiomeric ratio showed
a relationship with several NEST-derived descriptors, being the
best D,, following the equation er = 158 — 6093D, (1* = 0.93).
The predicted values according to this equation are presented in
Table 3. If complexes M and N, with a structurally different
NHC ligands, and H, which does not contain a pyrrolidine were
removed from the set, the r* coefficient would raise up to 0.99.
D, is the inverse of the sum of the occupancy of the quadrants
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(R.R)-
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Figure 4. NEST occupied volume of selected gold(I) complexes (a = 4 A).

Table 3. Calculated (pred) and Experimental (exp)
Enantiomeric Ratios for the Formation of 2a and 12a“

2a 2a 2b 2b 12a 12a
entry cat. (pred)” (exp (pred)b (exp) (pred)© (exp)
1 A 100:0 94:6 83:17 90:10 83:17 71:29
2 A’ 100:0 90:10 86:14 86:14 80:20 71:29
3 B 95:5 93:7 74:26 82:18 88:12
4 G 80:20 70:30 87:13 87:13 70:30 70:30
N H 35:65 50:50 88:12 21:79
6 J 99:1¢ 46:54 81:19 82:18 73:27
7 L 50:50 44:56 54:46 55:45
8 M 82:18 89:11 51:49 87:13 74:26 67:33
9 N 72:28 88:12 94:16 64:36 73:27
10 S 20:80 15:85 7:93 17:83 23:77 15:85
11 T 20:80 20:80 6:94 20:80 27:73
12 U 18:82 14:86 5:95 21:79 15:85
13 w 26:74 22:78 11:89 58:42 71:29

“D, used as descriptor for the nucleophilic attack in la. er = 158 —
6093D,. *D; used as descriptor for the nucleophilic attack in 1b. er =
266 — 20,492D,. “D; used as descriptor for the atroposelective
formation of 12a. er = 92 — 969D;. “Outlier removed from the
training set presumably due low mobility of the pyrrolidine.

Q1 and Q4 for length a = 4 A. This descriptor represents the
occupancy of two diagonal quadrants, similar to previous case er
increases as QI and Q4. increase, presumably inducing the
voluminous parts of the substrate to occupy the other diagonal.
These results, together with the study with substrate 1b, suggest
that increasing the occupancy of the ligand in quadrant Q1 at
long distances increases the enantioselectivity of both substrates
in the [4+2] cycloaddition reaction. Please note that catalyst J is
an outlier in the group, very likely due to low mobility of the
pyrrolidine.*’

On the other hand, for the atroposelective reaction with
substrate 11a, the enantiomeric ratio shows a relationship with
the descriptor Dj, being the inverse of the smallest occupancy of

the upper (Qlo. + Q2.c.) or lower (Q3,. + Q4,..) quadrants

1750

(RR)-H

8 (R,R)-J
NEST =47.0 %

\R)
NEST =62.2 %

(RR)-S
NEST =39.9 %

(R.R)-W
NEST =425 %

for length a = 4 A. Dy is similar to D; (used for substrate 1b),
although better results were obtained with the occupancy of the
least hindered moiety. The equation is er = 92 — 969D; (* =
0.91), and the enantioselectivity also increases with increasing
occupancy (Table 3). Again, a slightly better correlation r* =
0.95 was found removed from the training set complexes with
NHC ligands M and N and the very substituted W. The error of
enantiomeric predictions increases for catalyst S-W (Table 3,
entries 10—13) but the stereodivergent atroposelective for-
mation of indoles 12a (opposite to the other family of
complexes) is well reproduced.

Finally, the equations obtained for each substrate and the
descriptors obtained from the NEST App can be used to predict
enantiomeric ratios of all computationally studied catalysts. So,
we can easily apply the catalyst descriptors to all three equations
and check if there is any synthetized catalyst with interesting
results for a reaction and substrate, not experimentally tested.
Predictions were made (see Tables S9—S14)*" and catalysts S,
T, and U showed potentially interesting results for the
cyclization of enynes 1b. Thus, for example, an er of 7:93 was
predicted for the formation of (S)-2b with catalyst S, which was
validated with an experimental value of 17:83, within the
expected error. A similar error (100:0 vs 90:10) was found for
the reaction of (R)-la with catalyst A’, not included in the
training set, supporting in both cases the validity of our models.

We have explored catalysts space based on variations of gold(I)
complexes with a JohnPhos-type scaffold by synthesizing 22 new
members of the family, making a total of 29 complexes including
the previously reported first-generation catalysts.* These chiral
gold(I) catalysts have been tested in the intramolecular [4+2]
cycloaddition of arylalkynes with alkenes and in the
atroposelective synthesis of 2-arylindoles by cyclization of
sulfonamidyl diarylacetylenes. Adding an electron-withdrawing
CF; group at the meta-position of the aryl phosphine of the
JohnPhos-type ligand leads to complex B, which is a more active
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catalyst than the parent complex A. On the other hand, bulkier
bis- or tris-biphenylphosphino ligands or those with the scaffolds
that fix the pyrrolidine in an almost perpendicular conformation
with respect to the aryl form gold(I) complexes that lead to poor
enantioselectivities. Remarkably, gold(I) catalysts with smaller
ligands, such as S, in which the C,-chiral pyrrolidine is directly
attached at the ortho-position of a dialkylphenyl phosphine, led
to the formation of the opposite enantiomers in the [4+2]
cycloaddition and the atroposelective synthesis of 2-arylindoles
with good enantioselectivities. This allows obtaining both series
of products in an enantiodivergent manner using catalysts that
have the same absolute configuration at the C,-chiral
pyrrolidine.

Analysis of the chiral binding pockets of the new gold(I)
catalysts by DFT calculations shows the importance of
stabilizing NCls in determining the preferred reaction pathway.
To study ligand effects in our gold(I) catalysts, bearing
voluminous ligands that create a non-spherical nest, we have
developed the new open-source tool NEST App, specifically
designed to account for steric effects in cylindrical-shaped metal
complexes. To evaluate the steric effects of our gold(I) catalysts,
as a first approximation, we have used their X-ray crystal
structures, which were optimized by DFT calculations. The
equations obtained for each substrate and the descriptors
obtained from the NEST App were used to predict the
enantiomeric excesses, with reasonable agreement with the
experimental results in most cases. Although these predictions
do not replace more rigorous DFT calculations nor NCI analysis
of the chiral pockets, NEST could allow speeding up the design
of new chiral catalysts.

General Procedure for the Synthesis of (R)-Indoles. Ts-
protected anilines and (R,R)-B (S mol %) were dissolved in 1,2-
dichloroethane, and the mixture was cooled to —4 °C. A solution of
AgNTH, (S mol %) in 1,2-dichloroethane (total concentration 0.05 M)
was added dropwise, and the reaction was stirred at the same
temperature for the given time. After full conversion of the starting
material, the reaction was quenched by the addition of 3 drops of Et3N
and concentrated. The crude was purified by flash column
chromatography or preparative thin-layer chromatography (TLC).

General Procedure for the Synthesis of (S)-Indoles 12. Ts-
protected aniline was dissolved in a,a,a-trifluorotoluene (0.05 M), and
the mixture was cooled to —20 °C. Complex (R,R)-S’ (5 mol %) was
added, and the reaction was stirred at the same temperature for the
given time. After full conversion of the starting material, the reaction
was quenched by addition of 3 drops of Et;N and concentrated. The
crude was purified by flash column chromatography or preparative
TLC.

Calculations were performed by means of the Gaussian 09 suite of
programs. DFT was applied using BP86-D3. The SDD basis set
together with the corresponding Stuttgart/Dresden effective core
potential was used to describe Au. The 6-31G(d) basis set was
employed for all remaining atoms (H, C, N, O, F, Cl, and P). Full
geometry optimizations were carried out in dichloroethane, through an
implicit polarizable continuum model (PCM). The stationary points
were characterized by vibrational analysis. Transition states were
identified by the presence of one imaginary frequency, while minima by
a full set of real frequencies. The connectivity of the transition states was
confirmed by the relaxation of each transition state toward both the
reactant and the product or, in some cases, by intrinsic reaction
coordinate (IRC) calculations. NCIPlot was used to obtain the grid
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data for NCI analysis, and the corresponding results were visualized
with the VMD software. Steric maps and buried volumes with spherical
shape were obtained using the SambVca 2.1 web tool. The NEST web
app was developed for the purpose of this study. It is available at
https://besoramaria-nest-nest-01-f2nSof.streamlit.app/, and the py-
thon code can be accessed at https://github.com/BesoraMaria/NEST.
NEST was used to compute the NEST occupied volume and the
occupancy of the different quadrants Q1 ..., Q2o Q3o and Q4,.; see
details below. Geometries introduced to NEST correspond to DFT-
optimized ligand-Au-Cl catalysts. Reported energies are potential
energies (E) and free energies (G) in solution computed at 298.15 K
and 1 atm.

All dataset collection of computational results of this manuscript is
available in the ioChem-BD repository and can be accessed through
https://doi.org/10.19061/iochem-bd-1-271.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.3c00159.

Experimental procedures, characterization data, NMR
spectra, SFC and HPLC traces, DFT calculations, and
crystallographic data (PDF)

NEST occupied volumes for all studied complexes (MP4)
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