View Article Online

View Journal

M) Checs tor updates

Chemical
Science

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: A. Cataffo, E.
Garcia-Padilla, I. Escofet, N. Fincias, A. Arnanz, G. Zuccarello, G. Tian, L. Cai, F. Khorasani, F. Maseras and
A. M. Echavarren, Chem. Sci., 2026, DOI: 10.1039/D5SC09023G.

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Chemical
Science

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon asitis available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes to the
text and/or graphics, which may alter content. The journal’s standard
Terms & Conditions and the Ethical guidelines still apply. In no event
o sockre shall the Royal Society of Chemistry be held responsible for any errors
Vo OF CHERIETRY or omissions in this Accepted Manuscript or any consequences arising
from the use of any information it contains.

ROYAL SOCIETY i I - I
OF CHEMISTRY rsc.li/chemical-science

(3


http://rsc.li/chemical-science
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d5sc09023g
https://pubs.rsc.org/en/journals/journal/SC
http://crossmark.crossref.org/dialog/?doi=10.1039/D5SC09023G&domain=pdf&date_stamp=2026-01-05

Page 1 of 11

Open Access Article. Published on 05 January 2026. Downloaded on 1/9/2026 2:01:18 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

Enantioselective

Cyclization

Chemical Science

View Article Online

DOI: 10.1039/D55C09023G

of Bromoenynes: Mechanistic

Understanding of Gold(l)-Catalyzed Alkoxycyclizations

Received 00th January 20xx,
Accepted 00th January 20xx

and Antonio M. Echavarren*
DOI: 10.1039/x0xx00000x

Andrea Cataffo,™ Eduardo Garcia-Padilla," Imma Escofet,® Nicolds Fincias,® Anna Arnanz,
Giuseppe Zuccarello,?® Guilong Tian,? Luyu Cai,®® Fereshteh Khorasanidarehdor,® Feliu Maseras,?

The first enantioselective gold(l)-catalyzed alkoxycyclization of bromo-1,6-enynes has been achieved using a modified
JohnPhos ligand bearing a distal C,-chiral 2,5-diarylpyrrolidine unit. Using achiral catalyst of the same family, the
enantioselective cascade cyclization of bromo-1,5-enynes to form polycyclic scaffolds was also accomplished for the first
time. Interestingly, performing the cyclization of bromo-1,6-enynes in the absence of an alcohol nucleophile led to the
formation of nearly racemic cycloisomerization products. Control experiments and DFT calculations support a mechanism
involving an in-cycle racemization process mediated by a 1,2-hydrogen shift, shedding new light on the mechanism of gold(l)-

catalyzed alkoxycyclizations.

Introduction

Highly polarized haloalkynes constitute valuable building blocks
in organic synthesis due to their dual reactivity under transition
metal catalysis: the m-system allows functionalization with
nucleophiles and the halogen moiety opens the possibility for
further diversification by coupling reactions, oxidative
cyclometallation, or vinylidene formation (Scheme 1a).! This
latter pathway has also been proposed with haloalkynes in the
context of gold(l)-catalyzed cyclizations with carbon-based
nucleophiles.23* On the other hand, the group of Zhang
reported that chloroalkynes undergo gold(l)-catalyzed
intermolecular [2+2] cycloadditions with alkenes to afford
cyclobutenes.® Yang and Hashmi reported the hydroarylation of
chloroalkynes with phenols® and Haberhauer studied in depth
the chloroalkynylation of alkenes.” Several examples of gold(l)-
catalyzed cyclizations with carbon nucleophiles involving iodo-
8 and bromoalkynes® have also been described. The group of
Magauer reported the gold(l)-catalyzed reaction of bromo-1,5-
enynes with phenols, which undergoes a 1,2-H shift prior to the
intermolecular trapping of cycloisomerized intermediate by the
phenol (Scheme 1b).1° Our group reported cascade cyclizations
of 1-susbstituted bromo-1,5-enynes, including tri- and
tetraenynes, to form complex polycyclic structures. We also
recently described the gold(l)-catalyzed cross coupling-type
reaction of bromoalkynes with allylsilanes through cyclic
bromonium species, which evolves to the product through a
1,2-aryl shift (Scheme 1c).%d

Enantioselective cyclizations of halo-1,n-enynes have not yet
been reported. In fact, only a few examples of enantioselective
reactions of bromo- and chloroarylalkynes with cyclopentene
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have been described.’® Here we report the enantioselective
cyclization of bromo-1,5- and 1,6-enynes employing modified
JohnPhos ligands with a distal C>-chiral 2,5-diarylpyrrolidine.12
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Scheme 1. a) Reactivity of haloalkynes with transition metals via: c-activation
(1), m-activation (ll), and metal vinylidene formation (lll). b) Gold(l)-catalyzed
cyclization of 1-bromo-1,5-enynes with phenol nucleophiles proceeding
through 1,2-H shift. c¢) Formal cross-coupling of bromoalkynes with
allylsilanes via a cyclic bromonium intermediate. d) Enantioselective
alkoxycyclization of bromo-1,6-enynes.

When the first alkoxycyclization of 1,6-enynes with Pt(ll) was
described by the group of Genét in 20043 and with gold(l) by
our group one year later,* the alcohol was used as a reaction
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solvent and only later it was noticed that its nature and quantity
could play a role in the selectivity of the transformation.’® Later,
our group observed that using the alcohol as a solvent in 1,6-
enyne alkoxycyclizations gave an enhanced stereospecificity
compared to when using 5 equiv of nucleophile, which was
attributed to the bond rotation of the carbocationic
intermediate formed after the cyclization step.1¢

In our study of the alkoxy- and hydroxycyclization of bromo-1,6-
enynes such as 1, we obtained adducts 2a-g with good
enantioselectivities (Scheme 1d). However, using the same
chiral gold(l) catalysts in the absence of a nucleophile, the
product of formal cycloisomerization 3 was obtained in nearly
racemic form, which is unexpected considering that both
products are presumably formed from the same intermediate
after the enantiodiscriminating step. This led us to perform an
in-depth  mechanistic study of the gold(l)-catalyzed
alkoxycyclization, one of the representative transformations in
gold(l) catalysis.”

Results and discussion

Alkoxycyclization of bromo-1,6-enynes

We first studied the enantioselective gold(l)-catalyzed
methoxycyclization of bromo-1,6-enyne 1a to form 2a by a 5-
exo-dig process (Table 1). Among the different catalysts A-l
bearing JohnPhos type ligands with a distal C,-chiral 2,5-
diarylpyrrolidine,’2 the sterically hindered terphenyl catalyst
(R,R)-A performed the best affording 2a in 80% yield and 81:19
er at 23 °C (Table 1, entry 1). The catalyst loading could be
lowered from 5% to 3% having no effect in yield and
enantioselectivity (Table 1, entry 8). Running the reaction in
a,a,a-trifluorotoluene with AgSbFs and lowering the quantity of
MeOH to 10 equiv led an er of 83:17 (Table 1, entry 10).18
Lowering the temperature to -20° C led to 2a in 83% yield and
85:15 er (Table 1, entry 11). To lower the temperature to -60° C,
the solvent was changed to CH,Cl,, leading to 2a in 99% isolated
yield and 90:10 er after 4 days (Table 1, entry 12).

Table 1. Reaction of bromo-1,6-enynes 1a with alcohols in the presence
of chiral catalysts A-1?

Br
Z k!.%’é%‘é‘é E’;'fa?, e
e
o o OMe
1a 2a
Entry [Au] (mol%) Solvent MeOH T(°C) Yield er
equiv (%)
1 (R,R)-A (5%) 1,2-DCE 30 23 80 81:19
2 (RR)-C(5%)  1,2-DCE 30 23 74 63:33
3 (RR)-D (5%)  1,2-DCE 30 23 59  72:28
4 (R,R)-F (5%) 1,2-DCE 30 23 62 74:26
5 (R,R)-G (5%) 1,2-DCE 30 23 78 71:29
6 (RR)-H (5%)  1,2-DCE 30 23 81  73:27
7 (R,R)-1(5%) 1,2-DCE 30 23 84 74:26
8 (R,R)-A (3%) 1,2-DCE 30 23 80 81:19
9 (R,R)-A (3%) PhCF; 30 23 80  81:19
10 (R,R)-A (3%) PhCF3 10 23 80 83:17
11 (R,R)-A (3%) PhCF3 10 -20 83 85:15

2| J. Name., 2012, 00, 1-3
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aReaction time = 4 days.

The enantioselective alkoxycyclization was applied to a variety
of bromo-1,6-enynes (Scheme 2). Substrate 1a was cyclized in
the presence of different alcohols affording in most cases good
to excellent conversion and er ranging from 88:12 to 90:10 (2a-
e). The assigned S absolute configurations for the major
enantiomers are based on the X-ray structure of 2a.l° Less
nucleophilic trifluoroethanol as a nucleophile afforded 2f in
good vyield, although with lower enantioselectivity. Water could
be used as a nucleophile too, affording alcohol 2g in 99% yield
and 91:9 er. Methoxycyclization products with electron-
donating (2h) and electron-withdrawing groups (2i) on the aryl
were also obtained from 1,6-enynes 1b-c. When changing the
prenyl by a geranyl chain, 2j was obtained with moderate yield
but a high 94:6 er. Substituting one of the two methyls of the
prenyl chain with a phenyl afforded 2k in excellent yield and
82:18 er. Reaction of chloro- (1f) and iodo-1,6-enynes (1g)
analogues of 1a led to 2I-n. Products of methoxycyclization 20
and 2p were obtained from 1,6-enynes 1e and 1i with different
tethers.

X
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Scheme 2. Alkoxycyclization of bromo-1,6-enynes. Reaction times are
specified in the SI. “The reaction was run using 5 mol% catalyst loading.
bT=-40°C.cT=23°C.
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Scheme 3. Derivatization of alkoxycyclization products 2. a) Burgess reagent
(1.5 equiv), THF, 23 °C, 3 h; b) CO (10 bar), Pd(dppf).Cl, (10 mol%), iPr,NEt,
MeOH, 110 °C, 16 h; c) ByPin, (1.2 equiv), KOAc (3 equiv), Pd(dppf)Cl> (5
mol%), 1,4-dioxane, 90 °C, 16 h; d) PhB(OH), (1.8 equiv), Pd(PPhs).Cl, (5
mol%), K2COs (3 equiv), 6:1 1,4-dioxane-H0, 85 °C, 3 h.

The reactivity of the bromoalkene motif was then further
exploited, affording different enantio-enriched structures.
Product 3, which corresponds to the formal cycloisomerization
of 1a, was obtained almost quantitatively from
enantiomerically enriched 2g without loss in er by dehydration
with Burgess reagent (Scheme 3). Methoxycarbonylation of 2n
catalyzed by palladium afforded ester 4 in good yield. Similarly,
adduct 2a was converted into 5 and 6 by Pd-catalyzed
borylation and Suzuki coupling, respectively.

Compound 6 corresponds to the product of a formal 5-exo-dig
cyclization of phenyl-1,6-enyne 7a. However, substrates of that
type undergo 6-endo-dig instead of 5-exo-dig cyclization using
gold(l) catalysis to form 1,2-dihydronaphthalene 8 (Scheme
4),122,20.21 products of 5-exo-dig cyclization similar to 6, but with
the opposite Z-configuration at the alkene, are obtained by a
photoredox-assisted arylative cyclization procedure developed
in our group.??

Br
Ph i
(R,A)y-D / Ag* 5
ROH
8 Ongf 12a) 1a:R=Br 2

Ta: R =Ph

Scheme 4. Bromo- (1a) and aryl-1,6-enynes (7a)22 react with Re-
prochiral face of the alkene with (R,R)-catalysts A and D.

Regarding the alkene face selectivity in the enantioselective
cyclization, we have found that the enantioselective cyclization
of aryl-1,6-enynes of type 7 with gold(l) catalysts bearing
JohnPhos type ligands with a distal C,-2,5-diarylpyrrolidine is
mainly directed by the interaction of the 1,2-substituted
benzene tethering the alkyne and the prenyl chain, whereas the
aryl at C-1 of the alkyne plays only a secondary role.'22 In full
accord with this prediction, the new cyclization of bromo-1,6-
enynes such as 1a proceeds with the same face selectivity with
respect to the alkene using a similar chiral gold(l) catalyst ((R,R)-
A and (R,R)-D) (Scheme 4).

Cascade cyclization of bromo-1,5-enynes

This journal is © The Royal Society of Chemistry 20xx

Chemical Science

Considering the relatively few reports of asymmetric, gold(l)-
catalyzed polyenyne  cyclizations?>%#0I: 1and39/o8se 090kp@
enantioselectivities that we have observed before for some of
these transformations using gold(l) catalysts with commercially
available ligands,?> we envisioned that the same family of chiral
2,5-diarylpyrrolidine-JohnPhos chiral catalysts could be
effective for the enantioselective cascade cyclizations of bromo-
1,5-enynes such as 9a to form spiro derivatives 10a (Table 2).
The initial result using (R,R)-D and AgSbFs in CH,Cl, (Table 2,
entry 1) was improved using chlorobenzene as solvent leading
to alkenylbromide 10a with promising 82:18 er (Table 2, entry
2).18 Performing the reaction at -40 °C gave 10a in 91:9 er but
with substantial amount of unreacted enyne 9a (Table 2, entry
3). While other members of the family of chiral gold(l)
complexes gave only traces of product 10a with low er (Table 3,
entries 4-7), catalyst (R,R)-F, bearing a strongly electron-
withdrawing CF3 substituent in meta to the coordinating
phosphine, gave 10a in 86% yield and 92:8 er at -40 °C, although
at this temperature the reaction required 7 days (Table 3, entry
8).

Table 2. Gold(l)-catalyzed enantioselective cyclization of 9a°

MeO
TsN L*AuCI {5 mol%:)
MeO I AgSbFs (5 mol%)
Br
OMe 9a
Entry [Au] Solvent T(°C) Conv. (%)* er

1 (R,R)-D CH,Cl, 24 100° 70:30
2 (R,R)-D CgHsCl 24 100° 82:18
3 (R,R)-D CeHsCl -40 20¢ 91:9
4 (R.R)-A CeHsCl -40 —a 85:15
5 (R,R)-B CgHsCl -40 —d 74:26
6 (R,R)-C CsHsCl -40 —d 85:15
7 (R,R)-E CeHsCl -40 —a 90:10
8 (R,R)-F CeHsCl -40 86° 92:8

9Yields determined by *H NMR using 1,3,5-tribromobenzene as internal
standard. ? 2 h reaction time. ¢ 7 days reaction time. ¢ Traces of 10a. ©
Conversion calculated based on recovered starting material after 7 days
reaction time.

Different sulfonamides 9 were cyclized to form 10a-d in
satisfactory enantiomeric ratios (90:10 to 92:8 er), although low
yield was obtained in the case of 9b with an o-nitro group at the
aryl of the sulfonamide (Scheme 5). Spiro compound 10e,
containing a gem-dimethyl substitution in the a-position to the
nitrogen was isolated in 54% vyield and 93:7 er. A drop in
enantioselectivity (81:19 er) was observed in the formation of
spiro compound 10f with a 3,4,5-OMe substituted aromatic
ring. Finally, furan-containing bromo-1,5-enyne 9g was
converted into product 10g with good 89:11 er albeit in modest
18% yield.

J. Name., 2013, 00, 1-3 | 3
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Scheme 5. Scope for the bromo-1,5-enyne cascade cyclization. Reaction
times are specified in the SI.

The alkenyl bromide moiety in the final compounds provides a
versatile handle for further derivatization (Scheme 6). Thus,
borylation of 10a with B,Pin, and Pd(dppf)Cl; gave 11 in 80%
yield (Scheme 6). Suzuki coupling of 11 with (Z)-2-bromobut-2-
ene gave 12 in 77% yield, while oxidation of 11 with NaBOs gave
known enantioenriched ketone (R)-132%* in 92% yield and 91:9
er. This allowed to determine the absolute configuration of
spirocyclic compounds 10a-f as R by correlation (compound 10g
has the S-configuration).

Me

13 (82%)

17 (79%) 16 (96%)

Scheme 6. Derivatization of product 10a. a) B,Pin;, (2.0 equiv), Pd(dppf)Cl, (10
mol%), KOAc (3.0 equiv), 1,4-dioxane, 100 °C, 24 h; b) (Z)-2-bromobut-2-ene
(1.5 equiv), Pd(PPhs)s (10 mol%), NaOH (2 equiv), 1,4-dioxane, 100 °C, 24 h; c)
NaBOs-H,0 (3 equiv, THF/H,0 (1:1), 25 °C, 2 h; d) tBuLi (2.2 equiv), N-
methoxy-N-methylbenzamide (1.2 equiv), THF, -78 to 23 °C, 12 h; e) PhB(OH),
(1.8 equiv), Pd(PPhs),Cl, (5 mol%), K,COs (3.0 equiv), 1,4-dioxane/H,0 (6:1),
85 °C, 12 h; f) Nal (1.5 equiv), Cul (0.1 equiv), methyl[2-
(methylamino)ethyl]amine (0.3 equiv), 1,4-dioxane, 110 °C, 24 h; g) (E)-
trimethyl(2-(tributylstannyl)vinyl)silane (1.5 equiv), Pd(OAc), (10 mol%), PPh;
(0.3 equiv), Cul (0.3 equiv), CO (5 bar), THF, 50 °C, 24 h; h) FeCl3 (1.2 equiv),
CH,Cl,, 0to 23 °C, 3 h. R=S0,Tol.

Alkenyl bromide 10a was converted into ketone 14 (61%) by
Br/Li exchange, followed by reaction with N-methoxy-N-
methylbenzamide and into 15 by Suzuki coupling with PhB(OH)>

4| J. Name., 2012, 00, 1-3

(95% yield) (Scheme 6). Quantitative conversion,of ,10a Jnto
iodide 10h with Nal and Cul, was followeduy:cartisaybativecStitie
coupling to afford 16 (96%), which underwent Nazarov
cyclization with FeCls to afford 17 in 79% yield as a 5.6:1 mixture
of diastereomers, which were assigned to the two possible cis-
fused octahydro-1H-inden-1-ones.

Analysis of the enantioselectivity

With the aim of better rationalize the enantioselective formation of
spiro derivatives (R)-10 by cascade cyclization of bromo-1,5-enynes
1 catalyzed by 2,5-diarylpyrrolidine-JohnPhos chiral catalysts (Table
1), we performed DFT calculations with 6-bromo-2-methylhex-1-en-
5-yne as model substrate and (R,R)-F’ as gold(l) catalyst, which is
similar but simpler than (R,R)-F (di-tert-butylphosphine instead of di-
adamantylphosphine). BP86-D3 has been chosen as a functional due
to is efficiency proved in other studies of enantioselective gold(l)
catalysis'226 and in our recent benchmark of DFT functionals using
with similar systems.?”

Our calculations centered on the nucleophilic attack of the alkene at
the [LAu(n?-alkyne)]* complex to form cyclopropylgold(l) carbene
intermediate, as the enantiodetermining step. We calculated four
possible minima (Intla-d) resulting from two binding orientations (A
and B) of the substrate coordinated to gold(l) through the alkyne, and
the reaction of the two enantiotopic faces of the alkene (R and S
pathways) (Scheme 7a). The preferred binding orientation is A, being
Intla (0.0 kcal/mol) and Int1b (0.8 kcal/mol) more stable than Intlc
(3.3 kcal/mol) and Intld (2.2 kcal/mol). In Intlc and Intld, the two
aryl groups of the pyrrolidine ring adopt a pseudoaxial/pseudoaxial
conformation, whereas in Intla and Intlb the pyrrolidine groups
adopt a conformation with pseudoaxial/pseudoequatorial aryl
groups. The most stable intermediate is Intla, and the activation
energy to reach TS1a-2a Was also found to be lower than other possible
pathways by at least AAG*:.s = 2 kcal/mol. Therefore, this model
predicts that (S,S)-Int2a would be preferentially formed (Scheme 7b).
This agrees with our experimental results, since the final cyclization
of (§,5)-Int2a’ would proceed to form the (R)-configured spiro
derivatives 10 (Scheme 7c).

This journal is © The Royal Society of Chemistry 20xx
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Scheme 7. a) Different binding orientations of the substrate to the catalyst. b)
Free energy profiles for the 5-dig enantioselective cyclization reaction of 1,5-
enynes with catalyst F’. The relative free energies values are given in kcal/mol.
CYLview representation of preferred transition states. c) Final cyclization of
(S,S)-Int2a’ to form (R)-10.

Experimental mechanistic studies

Detailed studies on the mechanism of gold(l)-catalyzed
alkoxycyclizations have not yet been performed. Usually,
gold(l)-catalyzed alkoxycyclizations of 1,6-enynes are
conducted in the presence of alcohol in large excess or as
solvent,17.20.28 |n this work, we found that the outcome of the
reaction is highly dependent on the amount and nucleophilicity
of the alcohols used as nucleophiles.

First, we performed control experiments on the cyclization of
bromo-1,6-enyne 1a in the presence of MeOH (Table 3). As
expected, running the reaction in the absence of a silver(l) salt
as chloride scavenger led to no conversion (Table 3, entry 1).
However, in the absence of gold(l), 15% of the
methoxycyclization product 2a was observed by 'H NMR, which
shows that silver(l) is moderately active for this transformation
(Table 3, entry 2). Areaction performed in the absence of MeOH
in non-anhydrous CH)Cl, gave a 1.4:1 ratio of the
hydroxycyclization product 2g and cycloisomerization product 3
(Table 3, entry 3). Surprisingly, whereas adduct 2g was isolated

This journal is © The Royal Society of Chemistry 20xx
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in 82:18 er, 3 was nearly racemic (51:49 er). Reactign with (R,R);
A*, a cationic version of (R,R)-A with MeCNais theotigariddnthe
absence of MeOH, led to racemic 3 in low yield (Table 3, entry
4). The reaction with 1 equiv of MeOH with (R,R)-A* gave 2a
with 80:20 er, along with 3 (54:46 er) (Table 3, entry 5). The
efficiency of catalyst (R,R)-A* decreased in the presence of 10
equiv of MeOH, giving a mixture of 2a (80:20 er) and 3 (60:40
er) in lower yield (Table 3, entry 6). (R)-DTBM-Segphos(AuCl),
(L), which has been previously used in gold(l)-catalyzed
alkoxycyclzations,?8 led to lower yields in this reaction under
anhydrous conditions (Table 3, entries 7 and 8). The yield of 3
increased in the presence of /PrOH with catalyst (R,R)-A* (Table
3, entries 9 and 10). Finally, reaction in the presence of even less
nucleophilic hexafluoroisopropanol (HFIP) gave 3 as the only
product in 59% yield with nearly the same enantioselectivity
found for the alkoxycyclization products 2a,c,g (76:24 er) (Table
3, entry 11). As a solvent, HFIP has received attention for its
beneficial effects on reaction rates in gold(l)-catalysis.?°

Table 3. Gold(l)-catalyzed cyclization of 1,6-enyne 1a in presence of
different concentration of alcohols

Br Br B
/ r
—_— oR +
CH,CI
= 23°C. 16h
1a 2a: R =Me 3
2¢c: A = PrOH
2g:R=H
Entr [Au]? [Ag] Alcohol Products®
Yy
1 (R,R)-A 5 MeOH =
(10 equiv)
- 4 6 e a 0}
2 AgSbF? MeOH 2a (15%)
(10 equiv)
3¢ (R,R)-A AgSbF¢? - 2g (45%, 82:18 er) +
3 (32%, 51:49 er)
4 (R,R)-A* - - 3 (8%, 50:50 er)
5e (R,R)-A* = MeOH 2a (92%, 80:20 er) +
(1 equiv) 3 (9%, 54:46 er)
6° (R,R)-A* - MeOH 2a (65%, 80:20 er) +
(10 equiv) 3 (3%, 60:40 ef)
7¢ (R)-Lf AgSbF¢? - 3 (12%, 61:39 er)
8e (R)-Uf AgSbFg? MeOH 2a (20%, 71:29 er) +
(1 equiv) 3 (37%, 70:30 er)
9¢ (R,R)-A* - iPrOH 2c (55%, 81:19 er) +
(1 equiv) 3 (28%, 70:30 er)
10 (RR)-A* - iProH 2c (76%, 80:20 er) +
(10 equiv) 3(22%, 75:25 er)
11°  (RR)-A*  AgSbF¢ HFIP 3 (59%, 76:24 er)
(10 equiv)
+ .
N on pn | SbFg
Adsp py-L

Ph
(R.R)-A*: L= MeCN
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9 3 mol%. ? Yields determined by 'H NMR using 1,1,2,2-
tetrachloroethane or trichloroethylene as internal standards. The er
were measured on the pure isolated products. ¢ Reaction in PhCFs3. ¢ 5
mol%. ¢ Rigorous anhydrous conditions. f (R)-L = (R)-DTBM-
Segphos(AuCl),.

We repeated the reaction with (R,R)-A* in the absence of MeOH
(Table 1, entry 4) using deuterated 1la-di as the substrate
(Scheme 8).18 In this experiment, we obtained 3-d; in poor yield
without any scrambling or change in isotopic ratio.
Interestingly, instead of obtaining a racemic product, 3-d; was
isolated in 58:42 er.

Br

B
Z J r
Diars-m (R.R)-A" (3 mol%)
= CH,Clp, 23°C, 24 h
Digtsid)
1a-dy 3-dy (9%, 58:42 er)

Scheme 8. Gold(l)-catalyzed cyclization of 1,6-enyne 1a-d,

Neither enantioenriched 2a nor 3, obtained by water
elimination from 2a (Scheme 3), underwent racemization under
the conditions of the gold(l)-catalyzed cyclization.'® Also, the
possibility that racemic 3 would be formed by a secondary
proton-catalyzed pathway was excluded since 1a did not afford
2a nor 3 when treated with MeSOsH (10 mol%) in CH,Cl; at 23
°C for 16 h in the absence or presence of MeOH.18

When chloroenyne 1f was subjected to the standard reaction
conditions using (R,R)-A* as a catalyst and varying the quantity
of nucleophile from 0 to 10 equiv, the cycloisomerization
product 18 was isolated with a lower er than that of the
alkoxycyclization product 2l (Table 4), which was expected,
given the similar nature of the two haloalkyne substrates. Again,
using more equivalents of nucleophile did not affect the er of
the alkoxycyclization product 2I, while it gave a lower yield
(Table 4, entry 3).

Table 4. Gold(l)-catalyzed cyclization of 1,6-enyne 1f in presence of
different concentrations of MeOH?¢

= cl
= . i i
(RRFA® (3 mal%)
M e N .
. CH,Cly, 23 °C, OMe
24 h, MeQH
1f 21 18
Entr MeOH equiv 2| 18
Yy
1 0 - 16, 55:45
2 1 74,74:26 8,53:47
3¢ 10 47,75:25 10, 51:40

9 Anhydrous conditions. Yields determined by *H NMR using 1,1,2,2-
tetrachloroethane as internal standard. The er were measured on the
pure isolated products.

Among other substrates,!® electronically different phenylenyne
7a was examined (Table 5). Reaction with (R,R)-A* as catalyst in
the absence of MeOH gave a ca. 1:1 mixture of naphthalene 20
and 21, a product of formal intramolecular [4+2] cycloaddition3°
(Table 5, entry 1). In the presence of 1 equiv of MeOH,
alkoxycyclization product 8a was formed in good yield and high
98:2 er (Table 5, entry 2). Unfortunately, cycloisomerization
product 19, was formed only in a small amount, which was not
enough to measure its er. We repeated the experiments using
catalyst (R,R)-F, which was previously used in our group for
cyclizing this kind of phenyl-1,6-enynes.'?? In the absence of
nucleophile, again 20 and 21 were the only identified products

6 | J. Name., 2012, 00, 1-3

(Table 5, entry 3). However, when increasing th%e%%ﬁ@f%i'%u%’g
MeOH to 1 or 5 equiv, 8a and 19 were isalateid witby idhe nticat =r
(Table 5, entries 4-5). The formation of naphthalene 20 suggests
that an irreversible 1,2-H shift might be favored (see
computational mechanistic discussion below).

Table 5. Gold(l)-catalyzed cyclization of 1,6-enyne 7a in presence of

different concentration of MeOH?

Ph

_[Aul 3 moi%)
S MeCOH, CHZCIZ

23°C.24h
. “'Y

Page 6 of 11

Entry [Au] [Ag] MeOH 8a 19 20 21
equiv (%) (%)
1 (R,R)-A* S = = o 37 35
2 (R,R)-A* - 1 76%, 2% -
98:2 er
3 (R,R)-F  AgSbFs - - - 56 14
4 (R,R)-F AgSbFe 1 3%, 42%, - -
89:11 89:1
er ler
5 (R,R)-F AgSbFe 5 39%, 20% - -
89:11 89:1
@r ler

9Reactions were performed under anhydrous conditions using glovebox
solvents. Yields determined by *H NMR using 1,1,2,2-tetrachloroethane
as internal standard. The er were measured on the pure isolated
products.

Mechanistic DFT calculations

In previous mechanistic studies,?8<3! steps following the
formation of the initial cationic intermediates were considered
unimportant, both kinetically and for determining selectivity, as
well as bringing additional computational challenges. To
understand the processes that can lead to racemization of
formal cycloisomerized products obtained from 1, we carried
out detailed DFT calculations on the full mechanism.3? The
calculations were performed with Gaussian09,33 with the
B3LYP3* functional including Grimme’s D3 dispersion
correction,?® modelling the solvent (CH,Cl,) with implicit
solvation using the PCM polarizable continuum model.3® Gold
was modelled with the Stuttgart-Dresden basis set and effective
core potential,3” bromine with LANL2TZ(f)38 and all other non-
metal atoms with Pople basis set3 6-311+G(d,p). This level of
theory had been previously found to perform well in DFT
calculations of gold(l)-catalyzed transformations.® The
counteranion was excluded from our computational model. We
are aware that previous work had described a non-trivial
involvement of hexafluoroantimonate,*! but we suspect that
the effect of the ion pairs on that case was exaggerated by the
performance of geometry optimizations in vacuum. When we
tried to reproduce them with our PCM approach, the short
contacts disappeared.

As the preformed products 2a and 3 do not undergo
racemization under the reaction conditions, all observed
differences in enantiomeric ratio must arise during the reaction.

This journal is © The Royal Society of Chemistry 20xx
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To address this question, we searched the possible pathways
that could interconvert the two chiral products. The
enantioselectivity itself would not have to be determined, so
the modelled ligand on gold was simplified to
trimethylphosphine.

We first reproduced the exo-dig selectivity of the haloenyne
cyclizations from intermediate A1 as the starting point through
TSA2 to form intermediate A2 (Scheme 9). The alternative
transition state leading to 6-endo-dig products (not shown) has
a difference in energy higher than 5 kcal mol1.18

The correct model for the alcohol as nucleophile or base was
hitherto unknown. Thus, it was unclear if simple monomeric
MeOH was accurate enough, or whether considering higher
MeOH clusters in CH,Cl, would give more consistent results. The
implications are significant in the pKj,, kinetic effects, as well as
in the reference energy for free solvated MeOH and in the
transition states deprotonation or nucleophilic attack transition
states. After calculating several neutral and protonated clusters
of MeOH in CH,Cl;, we found the neutral monomer and a
protonated tetramer to be the most stable among those
studied.’® A protonated MeOH dimer was found to be
comparable in energy and, hence, dimers were used as a model
in alcohol-mediated deprotonations, as well as a proton sink
and as the nucleophilic species. However, it is important to note
that since a wide range of MeOH-containing species are
accessible, several almost isoenergetic pathways presumably
coexist.

Our calculations show an equilibrium between the distorted
cyclopropylcarbene intermediate A2, which is formed directly
in the cyclization, and a cyclic bromonium species A2b of similar
energy formed from A2 via TSA2b. Intermediate A2 can
undergo MeOH addition to form Adb or E2 elimination (TSA6)

Chemical Science

to form A6. Unsurprisingly, all attempts to find the transition
state to deprotonate alkoxycyclization intermeaiates Adlb cand
related species failed, hinting at a close-to-barrierless process.
A2b can only undergo elimination through TSA6b, which is
more favorable than deprotonation at the stereogenic center

that would form an achiral diene (A7).18

A reversible 1,2-H shift*243 through TSA2b-8 was found as an
explanation for the racemization (Scheme 9). The hydride shift
originates from bromonium A2b through an open-form vinyl
gold(l) hidden intermediate HIntA2b’,%%44 which was located by
analysis of the IRC.18 This non-stationary geometry is common
to both TSA2b and TSA2b-8 and corresponds to a homoallylic
gold(l) cationic species known to be minima for many
cyclizations of enynes.*° At the low MeOH concentrations at
which TSA2b-8 is accessed and entropically favored, other
elimination or addition pathways from intermediate A8 were
considered less likely.18

We also calculated the 1,2-hydride shift racemization barrier for
la-d; (Scheme 8) by modeling TSA2b-8-D.18 The AG*, at 16.1
kcal-mol?, is 0.8 kcal mol! higher for TSA2b-8-D than with
TSA2b-8, as expected from the different rate in the migration of
a deuterium and consistent with the lower racemization
observed experimentally (58:42 er for 3-d1 vs. 50:50 er for 3).

These calculations explain the disparity in enantiomeric ratios
of products 2 and 3 (Table 3). Thus, initially, alkoxycyclization
happens at a much faster rate than 1,2-H shift. The effect of
MeOH concentration on the rate of elimination to give 3 is
smaller because the transition state does not depend on the
presence of higher-order MeOH oligomers. Therefore, at lower
relative concentrations of nucleophile, elimination and the 1,2-
H shift become competitive, leading to the racemization.

LA '
LAy e |
Br | *
" ] P . LAy —l
- .lr i == Br
' . =<,
LAu‘] El-r—l LAu Br—l B L;J-J o ¥
# i \“ '-.' Me 1<_
. . H Lo R o o
2 L Me e T N eaznd
TsA2 Ho e Me" 1O n = 773
, . 0.0 o L
LA’ _or / 61 1 Me™ "H"H TSAGb g
p g : ; TSAG ; 54 -
2 ; ! ; \
': PSRN ! VL \ '
T / ' h Tl / A B !
A1 ; : 3 S '
' dooLh o Tl . % e
0.0 ' ! i Do | -
i " r k
! E H ; RN a7 '
: ; a=110° ! . 42 —
60 : FERE TN ; LAu LAu B
i S 42 5 Lo .
Liu B e 2 I A, ) — -
Br = L, e LAy '

J LAu, o - v
T OMe o 7 el {MeOH),H" LAy
s H x_H_;:'»—-._/i_i " H Ab i Br

O-Me H a=117 AZb "‘
H A2 HintA2b' H
AB

Scheme 9. 5-exo-dig Cyclization of bromo-1,6-enyne-Au(l) complex Al followed by MeOH-mediated nucleophilic attack/elimination. Free energy

in kcal/mol.

This is also consistent with the experiments in the presence of
HFIP (Table 3, entry 11), which affords enantioenriched
elimination products by outcompeting the 1,2-H shift with a
good proton shuttle, presumably lowering the energy of TSA6b.
Furthermore, the use of isopropanol (Table 3, entries 9 and 10),

This journal is © The Royal Society of Chemistry 20xx

which favors elimination due to its relatively higher basicity and
steric bulk, afforded product 2c in higher enantiomeric ratios.
This observed pattern was confirmed through additional
computational studies.1®
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We then explored possible 1,2-hydrogen shifts in the reaction
of phenyl-substituted enyne 7a that undergoes 6-endo-dig
cyclization. In this case, the enantiomeric excess of formal
cycloisomerization product 19 was not affected by the MeOH
concentration (Table 5, entries 4 and 5). The 1,2-H shift pathway
should therefore be inaccessible or not result in racemization.
Computationally, B1 shows a small preference for 6-endo-dig
attack via TSB2 and TSB2b (Scheme 10). This preference is larger
experimentally, perhaps due to the stereoelectronic effects of
the ligand. In addition to other pathways,!® there is presumably
an interconversion pathway between B2 and B2b, which was

+ +
LA
) g
H
Me’D'H‘ Me
TSBE |
—
¢ 193
P \
12.3 ;
LAu ‘;
Ph
CO —_—
1.4
Bé Lau*
+ [H{MaOH),]" Ph

not searched. As opposed to haloenynes, 1,2-H shift through
TSB8 is irreversible, as to return from B8bwoutd reeoisecd2decal
molt. The barrier of 1,2-H shift TSB8 is 17.8 kcal mol?l,
comparable to elimination and, presumably, alkoxycyclization.
Indeed, experimentally, 2-phenyl-3-isopropylnaphthalene 20,
which would be formed from B8 after deprotonation and
protodemetallation, was found to be the major product (Table
5, entries 1 and 3). This brings forth more evidence for the
mediation of 1,2-H shifts in gold(l)-catalyzed cyclizations.

-14.2

Scheme 10. 6-endo-dig Cyclization of phenyl-1,6-enyne-Au(l) complex B1 followed by MeOH-mediated nucleophilic attack or elimination. 1,2-H

shift is irreversible. Free energy in kcal mol.

The observation of 1,2-H shift in our systems is consistent with the
hypothesis advanced by Magauer and co-workers that 1,2-H shift
operates in the cyclization of bromo-1,5-enynes (Scheme 1b).2° The
groups of Marco-Contelles® and Xia3 reported computational work
supporting 1,2-H shifts in gold(l)-catalyzed hydroarylation of
haloalkynes. Our group also reported the formation of side products
which could only be produced by 1,2-H shift in the context of the
gold(l)-catalyzed intramolecular  [4+2] cycloaddition  of
arylalkynes.30 Finally, Sanz and co-workers also proposed the
involvement of 1,2-H shift in the gold(l)-catalyzed formation of
dihydrobenzo[a]fluorenes.*>

Conclusions

We have developed the first enantioselective gold(l)-catalyzed
cyclizations of bromo-1,5-enyne and bromo-1,6-enynes. The
formation of spiro derivatives by cyclization of bromo-1,5-
enynes represents the first example of enantioselective
cyclization of 1,5-enynes catalyzed by 2,5-diarylpyrrolidine-
JohnPhos chiral ligands, and, in fact, the first involving a
substrate lacking an arylalkyne group.1?

Our computational study demonstrates that, like in the
cyclization of aryl-1,6-enynes with gold(l) catalysts with
JohnPhos type ligands with a distal C>-2,5-diarylpyrrolidine,122
the enantioselectivity in the new cyclization of bromo-1,6-
enynes is mainly directed by the interaction of the 1,2-
substityted benzene tethering the alkyne and the prenyl chain
with the choral catalyst. However, bromo-1,6-enynes give rise
to five-membered rings, whereas six-membered rings are
obtained from aryl-1,6-enynes.

8| J. Name., 2012, 00, 1-3

Both experimental and computational mechanistic studies on
the cyclization of halo-1,6-enynes reveal that a reversible 1,2-H
shift is operating leading to nearly racemic cycloisomerization
products, which is unprecedented. At lower concentrations of
MeOH, elimination is favored because it requires fewer
molecules of MeOH, compared to alkoxycyclization.
Simultaneously, the 1,2-H shift becomes competitive resulting
in the observed racemization. At higher concentration of
MeOH, alkoxycyclization happens at a much faster rate than
1,2-H shift or than elimination leading to enantioenriched
compounds. Aryl-substituted enynes show instead an
irreversible 1,2-H shift and, consequently, no racemization is
observed. This is consistent with the formation of naphthalenes
in the absence of nucleophile. All these findings shed new light
on the complex mechanisms of gold(l)-catalyzed
alkoxycyclizations.
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