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Bimetallic Gold(I)/Chiral N,N'-Dioxide Nickel(II) Asymmetric Relay
Catalysis: Chemo- and Enantioselective Synthesis of Spiroketals and

Spiroaminals

Jun Li, Lili Lin, Bowen Hu, Xiangjin Lian, Gang Wang, Xiaohua Liu,* and Xiaoming Feng*

Abstract: A highly efficient asymmetric cascade reaction
between keto esters and alkynyl alcohols and amides is
reported. The success of the reaction was attributed to the
combination of chiral Lewis acid N,N'-dioxide nickel(Il)
catalysis with achiral mw-acid gold(I) catalysis working as an
asymmetric relay catalytic system. The corresponding spiro-
ketals and spiroaminals were synthesized in up to 99 % yield,
19:1 d.r., and more than 99 % ee under mild reaction
conditions. Control experiments suggest that the N,N'-dioxide
ligand was essential for the formation of the spiro products.

Over the past decade, organo/metal and metal/metal
combined dual catalyses have received a tremendous
amount of attention as they can promote transformations
that are not accessible through individual catalytic systems.!!
To date, remarkable progress has been made on organo/metal
combined catalysis in the field of asymmetric synthesis.””!
Initiated by independent work by Gong et al. and Takemoto
and co-workers in 2001, versatile organo/metal dual catal-
ysis systems, such as chiral phosphoric acids/Au, amino-
catalysts/metal,’! quinine-based bifunctional molecules/Ag,!
N-heterocyclic carbene catalysts/metal,” and others,® have
been developed. For metal/metal combined catalysis, Toste
and Corkey discovered a chiral bisphosphine Pd"/Yb™ dual
catalyst system for the enantioselective intramolecular Conia-
ene reaction in 2005." In 2010, Hu and co-workers reported
a cooperative catalytic system containing [Rh,(OAc),] and
(8)-1Bu-box-Zn(OTf), for an enantioselective three-compo-
nent reaction of diazo compounds with water and a,f3-
unsaturated 2-acyl imidazoles.”™ However, the combination
of two metal catalysts for asymmetric reactions was still
limited.”) One of the perceived challenges is that the ligand
must be compatible with two distinct metal centers. Thus, the
development of new chiral dual catalysis systems employing
dual-metal catalysts for asymmetric synthesis is both impor-
tant and desirable.
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Alkynyl alcohols and amides are versatile precursors
which can undergo intramolecular cyclization to form inter-
mediate M1 in the presence of gold(I) (Scheme 1).M" If the
resulting electron-rich alkene M1, acting as a dienophile
precursor, reacted directly with keto esters, the inverse-
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Scheme 1. Lewis acids catalysis combined with wt-acid gold(l) catalysis
(path A) compared to previous work by Xu and co-workers (path B;
Ref. [13]). See Table 1 for the structure of L-PiPr,.

electron-demand hetero-Diels—Alder (IED hetero-DA) reac-
tion can occur and spiroketals and aminals can be obtained
(Scheme 1, path A). The reaction is important because the
spiroketals and aminals, in particular [6,5] congeners, are key
structural units of a variety of natural products.""! However,
intermediate M1 can readily isomerize into M2,">13 which is
more stable, and fused bicyclo products were usually
obtained. For example, Xu etal. demonstrated that the
combination of m-acid gold(I) catalysis with o-metal Lewis
acid Ga™ catalysis could be used to directly convert the
alkynyl amides into racemic fused bicyclo aminals by
a bimetallic relay catalytic strategy (path B).'¥) We conceived
that when a bulkier chiral ligand was incorporated, the less
sterically hindered enamide M1 would more reactive than M2
in the IED hetero-DA reaction, and the isomerization
equilibrium would move from M2 to MI1. Using this
method, the useful spiroketals and aminals could be exclu-
sively and enantioselectively obtained rather than the fused
isomers. To our knowledge, no catalytic system to trap
intermediate M1 through path A has been developed to
date. Herein, we report our efforts to develop a bimetallic
gold(T)/chiral N,N'-dioxide nickel(IT) complex™ catalytic
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system to control the cascade reaction of keto esters with
alkynyl alcohols and amides through path A. We found
a proper chiral N,N'-dioxide ligand was essential for the
success.

Initially, keto ester 1a and pent-4-yn-1-ol" (2a) were
chosen as the model substrates to optimize the reaction
conditions. At first, the complex of Yb(OTf); or Cu(OTf),
coordinated to L-PiEt, gave both the spiroketal endo-3a and
fused bicyclo-[4.3.0] ketal 4a (Table 1, entries 1-2). To our
delight, the L-PiEt,:Ni(ClO,),,6H,0 complex was much
better at promoting the reaction, and the expected product
endo-3a was obtained with 93 % ee (entry 3; 60 % total yield
of endo-3a and 4a, endo-3a:4a=95:5). The minor product
exo-3a was obtained in 19% yield with 82% ee. Next, the
screening of ligand suggested that more sterically hindered
substituents at the ortho positions of aniline were beneficial to
improve both chemoselectivities and ee values (entry 5 versus
entries 3 and 4). The use of (S)-proline derived L-PrPr, and
(L)-ramipril derived L-RaPr, resulted in lower chemoselec-
tivities and poorer enantioselectivities than (§)-pipecolic acid
derived L-PiPr, (entries 6-7 versus entry5). When the
reaction was performed in CHCl;, the desired major product
endo-3a was isolated in 76 % yield with 98% ee and the
formation of 4a was almost completely suppressed (entry 8).
The minor isomer exo-3a was obtained with 18 % yield and
94 % ee. Unfortunately, all efforts to improve the diastereo-
selectivity by fine-tuning other reaction conditions, such as
additives and m-acids, were unsuccessful (d.r. =endo:exo; see
the Supporting Information for details)."! Therefore, the
optimized conditions involved the use of L-PiPr,:Ni-

Table 1: Optimization of the reaction conditions.?!
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Table 2: Substrate scope for the reaction between alkynyl alcohols and
1a.l

R\

AuClI+PPh; (5 mol%) o

o RS Ni(CIO,),*6H,0 (10 mol%) o
PhMCO Me + //J\OH L-PiPr;, (10 mol%) P
2 -
CHCl3, 35°C, 24 h PR CO,Me
ta 2b-2e 3b-3e

pre 7 CO,Me

Z > CoMe pp CoMe PR NP CoMe

3b, 94% yield, 2.1 d.r.,

3cll, 99% vyield,
89% ee, 75% ee

% yi 9 3e, 70% yield, 98% ee
19:1 dr., 82% ee 3d, 50% yield, 98% ee oyl o

[a] Unless otherwise noted, all reactions were carried out with 1a

(0.1 mmol), 2 (0.15 mmol), AuCI-PPh; (5 mol %), and L-PiPr,:Ni-
(ClO,),6H,0 (10 mol %:10 mol %) in CHCl; (0.5 mL) at 35°C for 24 h.
The yield of the isolated product is given. The ee values were determined
by HPLC on a chiral stationary phase and d.r. values were determined by
"H NMR spectroscopy. [b] 2¢ (0.11 mmol) was used.

(Cl10,),-6H,0 and AuCl-PPh; as catalysts in CHCl; at 35°C
for 24 h (entry 8).

Next, the generality of the procedure for different alkynyl
alcohols was explored (Table 2). The 2,2-disubstituted 4-
pentynol 2b reacted smoothly with keto ester 1a, generating
the corresponding product 3b in 94 % yield (d.r.=2:1, 89 %/
75% ee). The further exploration of reaction generality
revealed that (2-ethynylphenyl)methanol 2¢ was more reac-
tive, and the desired product 3¢ was obtained in nearly
quantitative yield with excellent d.r. and moderate ee values.
This result indicated that a bulkier phenyl substituent on

alkynyl alcohol was beneficial for
the diastereoselectivity. Addition-

o N\_~_OH 2 ol o__coMe /_\O ally, hex-5-yn-1-ol (2d) and
on /\*CO " -~ + | + o) phenyl-substituted 5-hexynol 2e
e o, . . .
Z7% AUCKPPhg (B mol%) L NN g e H P NN C0Me were also effective, affording spiro-
Metal (10 mol%) 2 Ph 2 . . .
1a Ligand (10 mol%) endo-3a 4a exo0-3a ketals 3d in 50 % yield with 98 % ee
CH,Cl, 35°C, 24 h and 3e in 70 % yield with 98 % ee.
@ n The substrate scope of different
0N RN o \\ keto esters with 2a was also exam-
o 4] Q < ined (6 examples, 77-99% yield,
A LA I U o 2.0:1-33:1 dr., 94-99% ee; see th
e A e } N\‘lof Oy .0:1-3.3:1 d.r., 94~ o ee; see the
::_::,\E;;:A,;r ffeitj; Ggli*: “Z AT H H A Supporting Information for details).

L-PiPry: Ar=2,6-iPr,CgHz, n =2
L-PrPry: Ar =2,6-iPr,CgHz, n =1

L-RaPr;: Ar = 2,6-iProCgH3

In all cases the chemoselectivity was
very good and only the spiroketal

Entry  Metal Ligand Yield [%]" Ratio endo-3a:4al’ ee[%]?  isomers were detected. The diaste-
endo-3a+4ajexo-3a endo-3a/4a/ reoselectivity was moderate, but
exo-3a both isomers could be isolated by
1 Y(OTf), L-PiEt, 82/ 40:60 43/64/—  flash chromatography.
2 Cu(OTf), L-PiEt, 99/- 43:57 74/61/- Encouraged by the results
3 Ni(ClO,);6H,0  L-PiEt, 60/19 95:5 93/-/82 obtained with alkynyl alcohols, we
4 Ni(ClO,),6H,0  L-PiMe, 77/22 86:14 84/75/66  turned our attention to alkynyl
5 Ni(ClO,);6H,0  L-PiPr, 64/16 99:1 97/-/91 amides (Table3). The alkynyl
6 Ni(ClO,),6H,0  L-PrPr, 50/34 78:22 91/74/85 . . i
7 Ni(CIO,),6H,0  L-RaPr, 62/11 70:30 91/84/g5 ~ amide2fshowed a higher reactivity
8 Ni(CIO,),6H,0  L-PiPr, 76/18 >99:1 98/-/94  than alkynyl alcohol, and the

[a] Unless otherwise noted, all reactions were carried out with Ta (0.1 mmol), 2a (0.15 mmol),

L:Ni(ClO,),-6 H,O (10 mol %:10 mol %), and AuCl-PPh; (5 mol %) in CH,Cl, (0.5 mL) at 35°C for 24 h.
[b] Total yield of isolated product endo-3 a+4a given, as well as the yield of isolated exo-3 a. [c] The endo-
3a:4a ratio and ee values were determined by HPLC on a chiral stationary phase. [d] CHCl; was used as

solvent instead of CH,Cl,.
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desired spiroaminals could be
obtained in high yields with excel-
lent ee values with a lower catalyst
loading (2.5 mol%). In all cases,
higher d.r. values''”! were obtained
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Table 3: Substrate scope for the reaction of keto esters with alkynyl
amides.”

[EaN

S AuCI-PPh; (1 mol%) R
¢ S~ NHTs Ni(ClO4)"6H,0 (2.5 mol%) %, _{_ NTs

R’/\)J\COZRZ . 2 L-PiPr, (2.5 mol%)
@CNHTS CHCl; 35°C, 24 h - )
1 or ' R COR
2g \\ endo-5

Entry R', R? 5 Yield [96]"! ee [9%6]"
1 Ph, Me 5a 87 >99 (R,R)
2 Ph, iPr 5b 71 99 (R,R)
3 Ph, Bn 5¢c 85 98 (R,R)
4l 2-MeCgH,, Me 5d 85 >99 (R,R)
5kl 2-OMeCgH,, Me Se 70 >99 (R,R)
6 3-OMeCgH,, Me 5f 91 >99 (R,R)
7 4-OMeC¢H,, Me 5g 76 >99 (R,R)
8 4-MeCgH,, Me 5h 89 >99 (R,R)
9 4-FC¢H,, Me 5i 84 >99 (R,R)
10 4-CICgH,, Me 5j 84 >99 (R,R)
1 4-BrC¢H,, Me 5k 79 >99 (R,R)
128 2,6-Me,C¢H;, Me 51 72 >99 (R,R)
13 2-naphthyl, Me 5m 77 >99 (R,R)
141 2-thienyl, Me 5n 83 >99 (R,R)
151 cyclohexyl, Me 50 80 99 (R,S)
16" nBu, Me 5p 34 96
17t Ph, Me 5q 82 80

[a] Unless otherwise noted, all reactions were carried out with

1 (0.1 mmol), 2f (0.11 mmol), AuCl-PPh; (1 mol%), and L-PiPr,:Ni-
(ClO,) 6 H,0 (2.5 mol %:2.5 mol %) in CHCl; (0.25 mL) at 35°C for

24 h. [b] Yield of isolated product. High d.r. values were obtained and we
just collected the major diastereomer endo-5. [c] Determined by HPLC on
a chiral stationary phase. [d] The absolute configuration of 5a was
determined to be (5R, 9R) by X-ray crystallographic analysis and the
absolute configurations of other products were also determined by
comparing their circular dichroism spectra with that of 5a. [e] Reaction
carried out for 48 h. [f] L-PiPr,:Ni(ClO,),-6 H,O (10 mol %:10 mol %) and
AuCl-PPh; (5 mol%). [g] 2g was used instead of 2 f, reaction carried out
at 30°C for 96 h.

and the minor diastereomer was inseparable from the
byproduct, so only the major diastereomer endo-5 was
collected. The desired spiroaminal 5al"® was obtained in
87% yield with >99% ee (entry 1). When the methyl ester
group of the keto esters was replaced by a bulkier aliphatic iPr
or benzyl group, the ee values remained excellent and the
yields were still high (71-85 % yield, 98-99 % ee; entries 2-3).
The steric hindrance and electronic properties resulting from
the incorporation of an aromatic ring on the keto esters had
no effect on the efficiency of the cascade reaction. Good
yields (70-91%) with excellent enantioselectivities
(>99% ee) were obtained (entries 4-12). Ring-condensed
1m and heteroaromatic 1n were also suitable substrates,
offering Smin 77 % yield and Snin 83 % yield with more than
99 % ee in both cases (entries 13-14). Moreover, the aliphatic
cyclohexyl 10 and n-butyl-substituted 1p were also suitable
substrates for the reaction (entries 15-16; 34-80 % yield, 96—
99% ee). Notably, phenyl-substituted alkynyl amide 2g was
also tolerated under a lower reaction temperature because
product 5q was unstable (entry 17; 82 % yield, 80 % ee).

To show the synthetic utility of the catalyst system, the
cascade reaction of keto ester 1a and alkynyl amide 2 f was
performed on a gram scale. The desired product Sa was
obtained in 89 % yield with more than 99 % ee (Scheme 2a).
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AuCI*PPh; (1 mol%) T
/\)(i Ni(CIO4)*6H,0 (2.5 mol%) «NTs
a) P coMe * \/\/NHTS L-PiPr; (2.5 mol%)
T e 2
CHCl; 35°C,48h  Ph CO.Me
1a, 5.5 mmol, 1.05g 2f, 1.1 equiv., 1.43 g 5a,2.10g,

89% yield, >99% ee

LiAIH,4, THF, 0 °C

—_—

COo,Me
5a (>99% ee) 6a (93% yield, >99% ee)
O O
c) CO\ Pd/C, H, (5 MPa) @
_Pdie. R, G MPa)
Ph " co,Me MeOH, RT, 48 h Ph" CO,Me
exo-3a (94% ee) 7a (98% yield, dr. = 1:1,
94% ee, 95% ee)
Ni(ClO4)*6H,0 (2.5 mol%) ~NTs
O §  LPiPr, (2.5 mol%)
-PiPr, (2. o
d) Ph/\)k + >
COMe m CHCly, 35°C, 24 h PR COzMe

1a 8f, 1.1 equiv. 5a, 73% yield , 99% ee

Scheme 2. a) Asymmetric cascade reaction on a gram scale; b) Trans-
formation of ester 5a to alcohol 6a; c) Reduction of compound exo-3a
with H,; d) Control experiment.

The reduction of 5a with LiAIH, generated the corresponding
alcohol 6a in 93% yield with more than 99% ee. Hydro-
genation of the dihydro-2H-pyran ring in the presence of Pd/
C occurred smoothly and the desired tetrahydropyran prod-
uct 7a was obtained as a mixture of diastereomers in 98 %
yield, 1:1 d.r. and without loss of enantioselectivity. The
cyclization enamide 8 fI'! reacted efficiently with keto ester
1a to furnish the corresponding spiroaminal Sa in 73 % yield
with 99% ee which indicated that the possible reaction
pathway is the gold-catalyzed hydroamination and chiral
Lewis acid catalyzed IED hetero-DA reaction cascade
(Scheme 2d).

In light of the X-ray structure of the N,N'-dioxide
Ni"' complex™¥ and the absolute configuration of the product
5a,1'"8! a catalytic model is proposed for the IED hetero-DA
reaction (Figure 1). The tetradentate N,N’-dioxides L-PiPr,
and the bidentate keto ester 1a coordinate to the Ni" center
to form a complex with octahedral geometry as the inter-
mediate TS. The Re face of the keto ester is shielded by the
neighboring amide group of the ligand and the enamide
attack takes place from the Si face of the keto ester to form
the endo-5a. The exo-5a was disfavored because of the steric
hindrance between the ligand and the Ts group.

In summary, a highly efficient asymmetric cascade reac-
tion of keto esters with alkynyl alcohols and amides has been
realized for the first time by using a bimetallic gold(T)/chiral
N,N'-dioxide nickel(IT) complex catalyst system. The corre-
sponding spiroketals and spiroaminals rather than fused
bicyclo products were obtained in good yields, moderate to
high diastereoselectivity, and excellent enantioselectivity
under mild conditions. Extensive exploration of the bimetallic
catalyst system for other asymmetric reactions is under way.

Experimental Section

Conditions: Ni(ClO,),:6 H,O (10 mol % ), N,N'-dioxide ligand L-PiPr,
(10 mol %), AuCl-PPh; (5 mol %) and keto ester 1a (0.10 mmol) were
stirred in CHCl; (0.5mL) at 35°C for 0.5h. Then substrate 2a
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Figure 1. Proposed transition state. Ts =tosylate.

(0.15 mmol) were added. The reaction was stirred at 35°C for 24 h,
and then directly purified by flash chromatography on silica gel
(petroleum ether/ethyl ether =6/1) to afford the desired product exo-
3a and endo-3a.
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