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Abstract: Two different classes of stereoselective cycliza-
tions have been developed using a chiral auxiliary
approach with commercially available [JohnPhosAu-
(MeCN)SbF6] as catalyst. First, a stereoselective cascade
cyclization of 1,5-enynes was achieved using the Oppolz-
er camphorsultam as chiral auxiliary. In this case, a one-
pot cyclization-hydrolysis sequence was developed to
directly afford enantioenriched spirocyclic ketones.
Then, the stereoselective alkoxycyclization of 1,6-enynes
was mediated by an Evans-type oxazolidinone. A
reduction-hydrolysis sequence was selected to remove
the auxiliary to give enantioenriched β-tetralones. DFT
studies confirmed that the steric clash between the chiral
auxiliary and alkene accounts for the experimentally
observed diastereoselective cyclization through the Si
face.

Introduction

Gold(I) catalysis stands out for the fast and atom econom-
ical assembly of complex molecular structures.[1,2] However,
in general, the linear dicoordination of gold(I) catalysis
poses limitations to the developing of general enantioselec-
tive transformations since the ancillary chiral ligand is in the
opposite site of the substrate.[3] Since 2005, with the first
example of enantioselective gold(I)-catalyzed
alkoxycyclizations,[4] our group has developed new chiral
gold(I) catalysts that provide high enantioselectivities in
selected transformations[5] (Scheme 1a-i). Nonetheless, the
design of chiral ligands for gold(I) is often time-consuming
practice and alternatives to obtain enantioenriched com-
pounds would be of interest. Despite the broad application
of chiral auxiliaries in asymmetric synthesis,[6] only one

isolated example has been reported in gold(I) catalyzed
cyclizations by the group of Mascareñas using a chiral
oxazolidinone for the stereoselective [4+2] cycloaddition of
two allenamide substrates with acyclic dienes (Scheme 1b).[7]

Very recently, the group of Shi, has also reported the use of
chiral oxazolidinones for performing asymmetric hydrative
aldol reaction through a combined Au/Fe catalysis.[8] Given
the wide number of transformations involving chiral
ynamides[9] and, in parallel, of gold(I)-catalyzed cyclizations
of ynamide containing enynes (enynamides) in literature,[1h]
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Scheme 1. Previous work on gold(I)-catalyzed cyclizations.
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and their application to build complex cyclic structures,[10]

the design of substrates bearing chiral auxiliaries at N-
substituted alkynes seemed to constitute a logic approach
for developing stereoselective reactions with alkenes under
gold(I) catalysis. We have reported the gold(I)-catalyzed
cyclization of 1,5- and 1,6-enynes in which the activation of
terminal alkynes or bromoalkynes triggers a cascade cycliza-
tion to form spirocyclic compounds in racemic manner
(Scheme 1a-ii).[11] The spiro motif is found in many bio-
logically active natural,[12] synthetic[13] products, and chiral
ligands.[14] Although underrepresented compared to flat
aromatic scaffolds, spirocyclic compounds are increasingly
becoming more important in modern drug discovery.[15] For
the buildup of such a chiral spirofused molecular scaffold
several transition metal-mediated and organocatalytic meth-
ods have emerged, which mainly rely on cycloadditions,
inter- and intramolecular substitutions and radical
strategies.[1,16]

Despite this progress, the synthesis of chiral spirocycles
remains relatively underdeveloped. Furthermore, in contrast
to 1,6-enynes, there are very few reports on enantioselective
cyclizations involving 1,5-enynes so far[17] and none describ-
ing cascade cyclizations. Therefore, in the present work, we
have designed a cascade cyclization of 1,5-enynes to yield
spirofused ketones employing the Oppolzer
camphorsultam[18] as a chiral auxiliary (Scheme 2). Addition-
ally, using a commercially available Evans oxazolidinone[19]

chiral auxiliary, the alkoxycyclization of 1,6-enynes was
applied to a wide range of substrates with excellent stereo-
selectivities. Apart from alcohols as O-nucleophiles, elec-
tron-rich indoles could also be used as C-nucleophiles.[20]

Finally, upon the cleavage of the chiral auxiliary it was
possible to isolate a new class of highly enantioenriched β-
tetralone derivatives, which are valuable frameworks in
organic synthesis[21] and pharmacologically relevant inter-
mediates such as antidepressants[22] or benzomorphan
analgesics.[23]

Results and Discussion

1,5-Enyne Cascade Cyclization

We commenced our studies with 1,5-enynamide 1a bearing
Oppolzer’s sultam X1 as the chiral auxiliary (Table 1). We

Scheme 2. Chiral auxiliary-based approach for stereoselective cycliza-
tions.

Table 1: Stereoselective gold(I)-catalyzed synthesis of spirocyclic ke-
tone 3a from 1,5-enyne 1a using chiral auxiliaries.[a]

Entry X [Au(I)] Yield 2a [%][b] Yield 3a [%][d] er 3a [e]

1 X1 A (5 mol%) 91 98 93 :7
2 X1 B (5 mol%) 88 96 93 :7
3 X1 C (5 mol%) 81 95 90 :10
4 X1 D (5 mol%) 82 88 92 :8
5 X1 E (5 mol%) 29 98 88 :12
6 X1 F (5 mol%) 81 91 89 :11
7 X1 H (5 mol%) 85 93 93 :7
8 X1 I (5 mol%) 73 93 93 :7
9 X1 L (5 mol%) 19 89 77 :23
10 X1 A (3 mol%) 95(94)[c] 96 94 :6
11[f ] X1 A (3 mol%) 65 72 96 :4
12 X2 A (3 mol%) 91 88 6 : 94
13 X3 A (3 mol%) 86 92 12 :88
14 X6 A (3 mol%) 88 89 89 :11
15 X7 A (3 mol%) 93 91 51 :49
16[g] X7 M (3 mol%) 85 64 51 :49

[a] Reactions were carried out with 1a (0.1 mmol) and A� L in CH2Cl2
(2 mL) at 23 °C for 1 h. The solvent was evaporated and the crude
product was treated with 10% aq. HCl (1.5 mL) in THF (3 mL) at
23 °C for 16 h. [b] NMR yield using durene or 1,1,2,2-tetrachloroethane
as internal standard. [c] In parenthesis, isolated yield. [d] Overall
isolated yield for the two-step sequence starting from 1a. [e] Chiral
HPLC (ChiralPak® IA Column, 1.0 mL/min, 90 :10 Hex/iPrOH). [f ]
Reaction at � 20 °C for 24 h. [g] AgSbF6 (3 mol%) was used to activate
M.
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reasoned that a two-step sequence including gold(I)-cata-
lyzed cyclization followed by acid-catalyzed hydrolysis
would give access to enantioenriched chiral spirocyclic
ketones 3a. Cationic gold(I) complexes A-L presenting
JohnPhos, XPhos, NHC, and phosphite type ligands,
afforded spirocyclic ketone 3a in good yield and enantio-
meric ratios, whereby catalyst A performed best (98%, 93 :7
er) (Table 1, entries 1 and 2–9). Lowering the catalyst
loading to 3 mol% gave 3a in 96% yield and slightly
improved 94 :6 er (Table 1, entry 10). Lowering the temper-
ature to � 20 °C for 24 h improved the er to 96 :4 but resulted
in a lower yield (Table 1, entry 11). The opposite enantiom-
er of 3a was efficiently obtained (88%, 6 :94 er) using the
enantiomeric camphorsultam X2 (Table 1, entry 12). Other
chiral auxiliaries such as Evans-type oxazolidinones X3 and
X6 gave 3a with lower enantioselectivity (Table 1, entries 13
and 14). As a control, achiral N-methyl methanesulfonamide
X7 yielded racemic 3a 91% yield (Table 1, entry 15).[24] The
achiral substrate presenting X7 was also subjected to chiral
catalyst M, which was previously optimized in our group for
1,6-enyne cyclizations,[5a] to compare the enantioselective
approach with the chiral auxiliary one: in this case,
essentially racemic 3a was obtained in 64% yield (Table 1,
entry 16). The absolute configurations of 2a and 3a were
confirmed as S by single crystal X-ray diffraction
(Scheme 3).[25] Satisfactorily, after the hydrolysis, the Op-
polzer’s sultam (X1) was recovered enantiomerically pure in
an excellent 96% yield. This sequence presumably proceeds
by the initial formation of a gold(I)-keteniminium
intermediate,[26] which triggers a cascade process to form the
polycyclic compound (Scheme 3). After the alkyne activa-

tion, a 6-endo-dig cyclization with the terminal alkene occurs
to furnish a distorted cyclopropyl gold(I)-carbene / gold(I)-
stabilized carbocation.

Subsequent intramolecular attack of the aryl ring,
followed by a rearomatization step, provides an alkenyl-
gold(I) species. A second bond is here constructed giving
place to the stereocenter under control of the chiral auxiliary
present at the substrate. Finally, protodeauration affords 2a.

The reaction scope was investigated with the optimized
reaction conditions (Scheme 4). Ketones 3b and 3c with
other electron withdrawing substituents at the N-tether were
obtained in good yields but with slightly lower enantiomeric
ratios (89–92%, 84 :16 er). Enynamides 1d with 3,4,5-
trimethoxybenzene and 1e with benzylic gem-dimethyl
substituents gave ketones 3d and 3e in good yields and
enantiomeric ratios (87–90%, 87 :13 to 91 :9 er). We also
examined the formation of the analogous oxo-spiro cyclic
ketones. Different OR groups at positions 3 and 5 on the
aromatic moiety provided ketones 3f–i in good yields and
excellent enantioselectivities (73–84%, 95 :5 to 96 :4 er). The
reaction also proceeded smoothly with 3,4-dimeth-
oxybenzene- and 3,4,5-trimethoxybenzene-containing 1,5-
enynamides 1j and 1k giving ketones 3 j and 3k in 73 and
83% yield and 93 :7 and 95 :5 er, respectively. Our protocol
was also tested with substituted phenols (Scheme 5a). In this
case, the hydroxy group acts as nucleophile in the attack to
the intermediate cyclopropyl gold(I)-carbene species giving
place to the formation of a new C� O bond.[11] Reasonable
yields were obtained for the formation of heterocyclic
structures 3 l–m and 3n but the enantioselectivities were low
(68 :32 for 3 l, 54 : 46 for 3m, and 57 :43 for 3n). The

Scheme 3. Introduction/recovery of the chiral auxiliary starting from
bromoenyne S1 and determination of absolute configuration for 2a
and 3a by X-ray diffraction. Reaction pathway of stereoselective gold(I)-
catalyzed cyclization of 1,5-enynes using Oppolzer’s sultam as chiral
auxiliary.

Scheme 4. Synthesis of spirocyclic ketones 3a–k. Reactions were carried
out with 1a–k and A (3 mol%) in CH2Cl2 at 23 °C for 1 h. After solvent
evaporation, the mixture was treated with 10% aq. HCl in THF at 23 °C
for 16 h Isolated yields for the two-step sequence starting from 1a–k
and the er were measured by chiral HPLC (see SI).
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intermediate enamine intermediates with the Oppolzer
auxiliary showed higher dr values (81 :19 for 2 l, 85 :15 for
2m, and 71 :29 for 2n), which indicates that partial
racemization happens during the hydrolysis step.[24] We
considered the application of the same conditions to the
structurally different substrate 1o which would give place to
the formation of two new stereogenic carbons (Scheme 5b).

In this case, an additional optimization for the gold(I)-
catalyzed reaction was required,[24] finding that the more
electron rich gold(I)-carbene I (3 mol%) provided the
polycyclic enamine 2o in 79% yield after 5 h at 23 °C.
Previous hydrolysis conditions showed no conversion,
whereas the desired ketone 3o could be obtained by
application of a stronger acidic medium (37% aq. HCl,
80 °C). However, such conditions involved isomerization of
the enamine 2o with subsequent epimerization of one of the
stereogenic centers formed during the polycyclization, which
yielded a 1.9 : 1 ratio of diastereomers, each presenting a
83 :17 er.

1,6-Enyne Alkoxycyclization

Given the promising results furnished by the Oppolzer’s
sultam X1 as a chiral auxiliary, we initially studied the

alkoxycyclization of 1,6-enynamide 4a bearing X1. The
gold(I)-catalyzed cyclization in the presence of MeOH at
23 °C using catalyst A afforded the 6-endo-dig product 5a in
38% yield and 83 :27 dr (Table 2, entry 1). No traces of the
5-exo-dig adduct were detected. Before proceeding with the
optimization of the reaction conditions, different attempts to
hydrolyze the enamine under acidic conditions to obtain the
resulting enantioenriched ketone were performed, with no
success.[24] Evans-type auxiliaries were therefore taken in
consideration (Table 2, entries 2–4).

The protocol for their removal involved LiAlH4

reduction,[27] followed by hydrolysis catalyzed by pTsOH
(Scheme 6). Even though oxazolidinone X5 performed
better in terms of stereoselectivity (96 :4 dr, Table 2, entry 2)
compared to X3 in the cyclization in step at 23 °C, the latter
gave a better overall yield in the two-step one-pot reduction
hydrolysis,[24] so it was chosen as auxiliary to move forward
with the optimisation. Among the 10 screened gold(I)
catalysts, A was again the best (Table 2, entries 4–13),
affording 5ai in 97% yield and 93 :7 dr (Table 2, entry 4).
The configuration of the new stereocenter of 5ai was
determined as R by X-ray diffraction (Table 2).[25] Increasing
the amount of nucleophile had a positive effect on the dr
(Table 2, compare entries 14 and 15). Finally, the temper-
ature was lowered down to � 20 °C, where full conversion
and 99 :1 dr was observed after 16 h (Table 2, entry 16). The

Scheme 5. Cyclization of 1,5-enynes with a) substituted phenols and b)
internal alkenes. The dr were calculated by 1H NMR integration for 2 l–
n, and by HPLC for 2o.

Table 2: Optimization study for the stereoselective gold(I)-catalyzed
alkoxycyclization of 1,6-enyne 4a with chiral auxiliaries.[a] Determination
of absolute configuration for 5ai by X-ray diffraction.

Entry X [Au(I)] n MeOH Yield 5a [%][b] dr 5a[c]

1 X1 A (5 mol%) 1 : 1 in DCE 38 83 :27
2 X5 A (5 mol%) 1 : 1 with DCE 97 96 :4
3 X6 A (5 mol%) 1 : 1 with DCE 99 88 :22
4 X3 A (5 mol%) 1 : 1 with DCE 97 93 :7
5 X3 B (5 mol%) 1 : 1 with DCE 96 93 :7
6 X3 C (5 mol%) 1 : 1 with DCE 94 92 :8
7 X3 D (5 mol%) 1 : 1 with DCE 97 91 :9
8 X3 E (5 mol%) 1 : 1 with DCE 95 87 :23
9 X3 F (5 mol%) 1 : 1 with DCE 92 92 :8
10 X3 G (5 mol%) 1 : 1 with DCE 96 92 :8
11 X3 H (5 mol%) 1 : 1 with DCE 99 90 :10
12 X3 I (5 mol%) 1 : 1 with DCE 90 89 :11
13 X3 L (5 mol%) 1 : 1 with DCE 88 91 :9
14 X3 A (5 mol%) 10 equiv. in DCE 97 92 :8
15 X3 A (5 mol%) MeOH 99 94 :6
16[d] X3 A (5 mol%) MeOH 99 >99 :1
17[d] X3 A (3mol%) MeOH 99 99 :1
18 X4 A (3 mol%) MeOH 99 1 :99
19[e] X8 M (3 mol%) 1 : 1 with CH2Cl2 88% 91 :9 (er)

[a] All the reactions were performed at 0.1 M concentration and at
23 °C, unless otherwise stated. DCE=1,2-dichloroethane. [b] NMR
yield using trichloroethylene as internal standard. [c] dr measured at
1H NMR and confirmed by LC–MS analysis. [d] Reactions performed
at � 20 °C. [e] AgSbF6 (3 mol%) was used to activate M.
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catalyst loading could be lowered to 3% with no loss in yield
or dr (Table 2, entry 17). Using the optimised conditions,
the reaction with the (S)-benzoxazolidinone auxiliary
afforded the enantiomer of 5ai in 99% and 1 :99 dr (Table 2,
entry 18). As in the case of 1,5-enynes, the reaction
involving the achiral 2-oxazolidinone X8 was performed
using chiral catalyst M to give product 5av in 88% yield and
91 :9 er.[24]

As anticipated above, the auxiliary of 5a and 5d was
cleaved to give 6a and 6d, respectively, by a carbamate
reduction/hydrolysis sequence, which proceeded with very
small racemization (from 99 :1 dr to 96 :4 er) (Scheme 6).
Even though the NMR yield for 6a was 65% over two steps,
part of the final product was lost in the purification step due
to its instability in silica or alumina, resulting in 40%
isolated yield.[24] We have found that this class of 3-
subsituted-2-tetralones, never synthesized before, is partic-
ularly sensitive to acidic conditions due to the loss of the
alcohol functionality leading to the formation of the stable
achiral product 7. Epoxidation of 5ai with DMDO (dimethyl
dioxirane),[28] followed by hydrolysis led to 1-hydroxy-2-
tetralone 8a in in 54% yield and 95 :5 er, whose config-
uration at C2 was assigned as R by NOESY[24] (Scheme 6).

The generality of the diastereoselective 6-endo-dig
cyclization of 1,6-enynamides was explored in the presence
of diverse alcohols and indoles as nucleophiles (Scheme 7).
Substrate 4ai gave 5a–e in good to excellent yields and
diastereoselectivities. Water also acted as a nucleophile
affording 5f in 82% yield and 99 :1 dr. When using HF-
pyridine as a source of F� , product 5g was obtained with
41% yield with 93 :7 dr.

Electron withdrawing and electron-donating substituents
at the aryl led to the corresponding adducts 5h–j without
loss in diastereoselectivity. The alkene chain could also be
changed to provide 5k–o in satisfactory yields and high dr.
When we tried addition indoles as carbon nucleophiles[20,29]

with 1,6-enynamides 4 under the same conditions for the

Scheme 6. Chiral auxiliary removal to generate enantioenriched β-
tetralones and decomposition pathway in acidic conditions. In paren-
thesis are reported the NMR yields using trichloroethylene as internal
standard.

Scheme 7. Nucleophilic addition of alcohols and indoles by 6-endo-dig cyclization of N-substituted 1,6-enynes. Yields of isolated products and the
dr determined by both 1H NMR integration and LC–MS analysis after column chromatography. The specific reaction times are reported in the SI.
[a] Unless stated differently, 5 mol% of A was used and CH2Cl2 :ROH=1 :3. [b] The reaction was conducted at 23 °C. [c] HF-pyridine (3 equiv) was
used in this case as a F� source.[22] [d] Reactions performed with 10 mol% of A. [e] The reported yields and dr are referred to two of the four
possible diastereomers which formed during the reaction. [f ] Three of the four possible diastereomers were isolated in 11 :3 :1 ratio and the
reported yield refers to the major one, together with its dr with respect to the fourth diastereomer which was not isolated. [g] 3 mol% of A was
used. [h] Yield was determined by 1H NMR using 1,1,2,2-tetrachloroethane as internal standard.
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addition of alcohols (Conditions I), only the starting materi-
als were recovered, even when increasing temperature,
nucleophile equivalents, or catalyst loading. We envisioned
that in absence of the alcohol, the reaction would not occur,
since it is well known in fact, that proton sources facilitate
the protodeauration step in gold(I) catalysis.[30] Therefore,
after screening of different acidic species,[24] 4a could be
cyclized in the presence of electron rich indoles using
hexafluoroisopropanol (HFIP) as a solvent (Conditions II)
to afford 5p–s in good yields and excellent diastereoselectiv-
ities. This solvent might not only kinetically favor the
reaction by stabilizing the cationic species involved,[31] but it
also serves as a proton shuttle for the protodeauration step,
as elaborated more in detail below. Product 5p could finally
also be isolated in 70% yield using JohnphosAuCl as a
catalyst,[24] confirming that HFIP can additionally activate
gold(I)-chloride precursors, as recently reported by Nolan
and Vougioukalakis.[32] Different tethers were then tested,
and while the malonate substrate 9 afforded 10 only in
moderate yield and 92 :8 dr using 10 mol% of gold(I)
catalyst at 23 °C (very slow conversion was observed at
� 20 °C), the N-tosyl tethered enynamide 11 afforded 12
under the optimized conditions in good NMR yield and 98 :2
dr.

To gain deeper insight on the reaction mechanism,
control experiments were performed (Table 3) and the
origin of the stereoselectivity was modelled by means of
DFT calculations (Scheme 8). Full recovery of the starting
material was observed in the absence of nucleophile
(Table 3, entry 1).

To rationalize why the substrate does not afford 13 in
the absence of nucleophile, the reaction was run again in the
presence of a stoichiometric amount of anhydrous PPTS
(pyridinium p-toluenesulfonate) to verify whether under the
standard conditions the alcohol was serving as a proton
shuttle for the protodeauration step[33] (Table 3, entry 2).
Under these conditions, conversion of 4ai into the cycliza-
tion-elimination product 13 (91 :9 dr) was observed, and
when lowering the amount of PPTS to 5 mol%, the same
result was obtained (Table 3, entry 3).

To discard the possibility that the process could be
proton-catalyzed, the reaction was performed in the sole
presence of a stoichiometric amount of PPTS, but starting
material was recovered (Table 3, entry 4). The reaction was
also run in the presence of NaOTs, to verify whether the
tosylate anion, which might be responsible for the deproto-
nation of one of the two terminal methyls, would itself serve
as a shuttle for the protodeauration. When running the
reaction under anhydrous conditions (Table 3, entry 6) no
product was observed. Therefore, the presence of the
pyridinium as a Brønsted acid still seems to be fundamental
to operate the protodeauration step. These results indicate
that the transformation is gold(I)-catalyzed, but the pres-
ence of a proton shuttle is necessary to facilitate the
protodemetalation leading to the 6-endo-dig product. The
reaction was also run in the presence of the Lewis acid
CeCl3 to discard the possibility of competition, in the gold
coordination step, between the alkyne and the carbonyl
group of the carbamate (Table 3, entry 7). Again, no

reactivity was observed (Table 3, entry 7). Our original
hypothesis that the catalyst turnover determining step is the
protodeauration, as observed previously in some cases for
gold catalysis,[29b,34] was therefore confirmed.

Conclusion

We have developed the stereoselective gold(I)-catalyzed
cascade cyclization of 1,5-enynes to afford spirocyclic
ketones using the Oppolzer’s sultam as chiral auxiliary. This
strategy allows for the simultaneous formation of two C� C
bonds and a chiral spiro center in very good yields and
enantioselectivities. The use of a commercially available
gold(I) catalyst and the recovery of the chiral auxiliary make
this process efficient and straightforward. Furthermore, the
highly diastereoselective gold(I)-catalyzed alkoxycyclization
of 1,6-enynes was achieved using in this case Evans-type
oxazolidinones. Through this transformation, access to a
new class of enantiomerically enriched β-tetralones was
obtained and full understanding of the chiral auxiliaries
mode of action under gold(I)-catalysis was achieved. The
methodology brought on in the context of this work
represents a valid alternative to the usually more expensive

Table 3: Control experiments in the cyclization of 4ai to form 13.[a]

Entry[Au(I)] Additive Product

1 A
(5 mol
%)

/ /

2 A
(5 mol
%)

PPTS (1 equiv) 13 (65%)[b]

3 A
(5 mol
%)

PPTS (5 mol%) 13 (62%)[b]

4 / PPTS (1 equiv) /
5 A

(5 mol
%)

NaOTs (1 equiv), 15-crown-5 (1 equiv)[c] 13 (42%)[d]

+5 f (21%)[d]

6 A
(5 mol
%)

NaOTs (1 equiv), 15-crown-5 (1 equiv)[c],
molecular sieves (4 Å)

/

7 A
(5 mol
%)

CeCl3 (5 mol%) /

[a] Reactions were performed in the at 23 °C during 24 h using dry
CH2Cl2 (0.1 M). [b] Isolated yields. [c] The crown ether was used to
dissolve NaOTs in CH2Cl2. Since the first trial performed with wet 15-
crown-5 afforded the elimination product 13 together with the
hydroxycyclization one (5 f), we repeated the experiment in the
presence of molecular sieves to operate in the total absence of water
that would serve itself as a proton shuttle. [d] NMR yield using 1,1,2,2-
tetrachloroethane as internal standard.
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and time-consuming enantioselective approach based on
ligand optimization.
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