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Direct Catalytic Asymmetric Vinylogous Conjugate Addition of
Unsaturated Butyrolactones to o,f-Unsaturated Thioamides**
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Abstract: Soft Lewis acid/Brgnsted base cooperative catalysts
have enabled direct catalytic asymmetric vinylogous conjugate
addition of o,- and f,y-unsaturated butyrolactones to o[-
unsaturated thioamides with perfect atom economy. When
using a-angelica lactone and its derivatives as pronucleophiles,
as little as 0.5 mol % catalyst loading was sufficient to complete
the reaction necessary to construct consecutive tri- and
tetrasubstituted stereogenic centers in a highly diastereo- and
enantioselective fashion.

Catalytic asymmetric conjugate additions are one of the
most widely used methodologies in asymmetric carbon-
carbon bond-forming reactions.'!’ Compared with highly
reactive enones, enals, and o,fB-unsaturated nitroolefins, o,f3-
unsaturated carboxylic acid derivatives have been much less
explored as Michael acceptors because of their inherently low
electrophilicity. In the context of our continuing program of
research in soft Lewis acid/hard Brgnsted base cooperative
catalysis,””! specific activation of soft Lewis-basic o,B-unsatu-
rated thioamides by a soft Lewis acid is key to compensating
for the intrinsic low electrophilicity. Herein, we document the
catalytic asymmetric vinylogous conjugate addition of a,f3-
and P,y-unsaturated butyrolactones to a,f-unsaturated thio-
amides, a reaction allowing the generation of consecutive tri-
and tetrasubstituted stereogenic centers."

Butenolide units that feature a five-membered y-lactone
with unsaturation at o,f3-carbon atoms occur in a wide range
of natural products and biologically active compounds.™* This
ubiquitous nature of butenolides has attracted considerable
attention regarding the development of a synthetic method-
ology for optically active butenolide-containing com-
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pounds.’®! The direct use of butenolides as pronucleophiles
instead of 2-siloxyfurans''" obviates undesired co-genera-
tion of silicon-derived by-products and the preactivation of
butenolides, thus enabling an atom-economical entry into
chiral building blocks bearing butenolide units."?! The direct
use of y-butenolide in catalytic asymmetric conjugate addi-
tion was pioneered by Trost et al.,™ and several reports from
other groups demonstrated the synthetic utility of the direct
conjugate addition."” However, the use of inherently less
reactive o,fB-unsaturated carboxylic acid derivatives as an
electrophile has not been reported yet. In this context, we
directed our efforts toward merging the specific activation of
o,B-unsaturated thioamides and the utility of unsaturated
butyrolactones as pronucleophiles in soft Lewis acid/Brgnsted
base cooperative catalysis (Scheme 1).
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Scheme 1. Direct catalytic asymmetric vinylogous conjugate addition
of unsaturated butyrolactones to an o,p-unsaturated thioamide by
a soft Lewis acid/Bransted base cooperative catalysis.

We set out to identify the optimal combination of a soft

Lewis acid and Brgnsted base in the reaction of y-crotono-
lactone (1a) with the a,f-unsaturated thioamide 2a (Table 1).
[Cu(CH;CN),]PF/(R)-Segphos/Li(OCzH,-p-OMe)
(5 mol %) produced the best reaction outcome, as it afforded
3a with a yield of 84% and 98% ee, and the designated
syn diastereomer was obtained exclusively.”™ The use of
other soft Lewis acidic metal salts in combination with (R)-
Segphos proved the superior catalytic efficiency of the
copper(I) catalyst (entry2 versus entries 7-9). Because
Li(OCsH,-p-OMe) had to be prepared from nBuli and
HOC(H,-p-OMe just before use under anhydrous conditions,
the alternative use of amine bases was advantageous for
operational simplicity. DBU did not facilitate the reaction,
but 50 mol% of either Et;N or Cy,NMe was effective in
producing 3a with comparable stereoselectivity (entries 10—
12). Cy,NMe afforded a slightly better yield and the catalyst
loading could be further reduced to 2.5 mol % with Cy,NMe
(entry 13).

Wiley Online Library

Chemie

5431


http://dx.doi.org/10.1002/anie.201402332

Angewandte

5432

Zuschriften

Table 1: Direct catalytic asymmetric vinylogous conjugate addition of y-
crotonolactone (1a) to the a,B-unsaturated thioamide 2a.”

soft Lewis acid (x mol%)

S H ligand (x mol%) S Fh
base (y mol%) ~
+ \ Me,N
MezNJ\/\Ph 0 THF, RT ?

synlanti >20:1

2a 1a
OO <O O (R)-Segphos
PAr, (R)-tol-BINAP o PA,  Ar=Ph
PAr,  Ar = p-tolyl o PAr2  (R)-DTBM-Segphos
OO (O O Ar = 3,5-tBuy-4-MeOCgH,
tBu
N "—,Pl PPh; B Pn
orr, Chge &
N ‘::P\leu MeN @ Ph n
(R,R)-QuinoxP* (R,Rp)-Taniaphos (R,R)-Ph-BPE
Entry Soft Lewis Ligand x  Base y t[h] Yield ee
acid (96" [9%]"
1 CuPF®  (R)-tol- 5 LOAf! 5 24 56 96
BINAP
2 CuPF®  (R)-Segphos 5 LiOAM 5 24 84 98
3 CuPF®  (R)-DTBM- 5 LiOA® 5 24 25 97
Segphos
4 CuPF  (R,R)-Tania- 5 LIOAM 5 24 23 -56
phos
5 CuPF  (R,R)-Qui- 5 LIOAfd 5 24 45 96
noxP*
6 CuPF®  (RR)-Ph-BPE 5 LIOA® 5 24 72 -96
7 AgPF, (R)-Segphos 5  LiOAr® 5 24 12 80
8 Pd(BF,),¥ (R)-Segphos 5 LiOArfd 5 24 0 -
9 Ni(OTf), (R)-Segphos 5 LiOAr® 5 24 trace -
10 CuPF®  (R)-Segphos 5 DBU 50 24 trace —
11 CuPF  (R)-Segphos 5 EtN 50 24 8 98
12 CuPF®  (R)-Segphos 5 Cy,NMe 50 24 99 98
13 CuPF¥  (R)-Segphos 2.5 Cy,NMe 50 72 951 95

[a] 1a (0.6 mmol), 2a (0.2 mmol). [b] Determined by 'H NMR analysis of
the crude reaction mixture using (CHCl,), as an internal standard.

[c] Determined by HPLC analysis. [d] Tetrakis (acetonitrile) complex was
used. [e] LIOAr=Li(OC¢H,-p-OMe). [f] Yield of isolated products.

DBU =1,8-diazabicyclo[5.4.0]undec-7-ene, THF =tetrahydrofuran.

In contrast with the smooth reaction using the ao,f3-
unsaturated thioamide 2a, which exhibited high stereoselec-
tivity, the reaction of various typical electron-deficient olefins
(4) resulted in no reaction when using 10 mol% of the
cooperative catalyst consisting of [Cu(CH;CN),|PF/(R)-
Segphos/Li(OC¢H,-p-OMe) (Scheme 2)."I The electron-defi-
cient olefins 4a,b as well as the highly electron-deficient imide
4 c and the tosylated amide 4d, resulted in complete recovery
of the substrate.'”! Some conversion was detected in the
reaction of the o,fB-unsaturated thioester 4e and the N-
acylpyrrole 4 f. In the reaction of the o,f3-unsaturated ketone
4g, the desired conjugate addition proceeded partially (19 %
yield) to give 5g, albeit with low diastereoselectivity (syn/anti:
2.8:1) and moderate enantioselectivity (syn: 66% ee, anti:
36% ee).") The a-vinylidene malonate (4h) exhibited high
reactivity, presumably because of its inherently high electro-
philicity, to afford 5h in 86% yield."" The a,B-unsaturated
nitrile 4i was completely consumed under the present
reaction conditions, however, the desired conjugate adduct
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2 "Ph THF, RT, 24 h H 6
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Bn Et
4c 4d
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Scheme 2. Unsuccessful reactions using typical electron-deficient
olefins as electrophiles.

was not detected. These collective unsuccessful reactions
highlight the exclusive reactivity of the a,f-unsaturated
thioamide 2a in soft Lewis acid/Brgnsted base cooperative
catalysis, and further support the specific enhancement of
electrophilicity through a soft-soft interaction. Indeed, NMR
and mass spectroscopic analysis supported the formation of
a ternary complex including (R)-Segphos/Cu'/2a.8!

The present catalytic asymmetric conjugate addition
demonstrated wide substrate generality (Table 2). The reac-
tion of P-aryl- or P-heteroaryl-substituted o,p-unsaturated
thioamides proceeded smoothly with a 5mol% catalyst
loading, regardless of the electronic nature of the B-aryl or
B-heteroaryl substituents (entries 1-10). N,N-Dibenzylthioa-
mides could be employed as well as N,N-dimethylthioamide
(entries 5, 7-9 and 13). A thioamide analogous to the Weinreb
amide was also a suitable substrate (entry 11).l°! It is worth
noting that high diastereo- and enantioselectivity was main-
tained for p-alkyl-substituted o,p-unsaturated thioamides.
Although 10 mol % of catalyst was required to complete the
reaction of -Me and p-cyclohexyl thioamides, the corre-
sponding conjugate addition products were obtained with
high yield and stereoselectivity (entries 12 and 13). In
particular, the reaction shown in entry 14 exemplified the
exclusive 1,4-conjugate addition mode for a,f3,y,0-unsaturated
thioamides.
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Table 2: Direct catalytic asymmetric vinylogous conjugate addition of the y-butenolides 1 to a,f- turated thioamides. The reaction
unsaturated thioamides 2.7 was conducted on a scale of more

[Cu(CH3CN)4]PFg (x mol%) than 1 gram to show the robustness
1
R3 (R)-Segphos  (x mol%) s R R

j\ﬁ . { CyNMe (50 mol%) ez i of the prese.;nt catalysis (e'ntr}f 4).
RLNT NAOR! o THF, RT 2 & N The a-angelica lactone derivatives
o
1

6b and 6¢ were also used to afford

the corresponding products with

Enty R R? R’ x  Product t[h] Yield ee high stereoselectivity (entries 13
[ 9 and 14).

Figure 1 delineates a plausible

synlanti >20:1 b}

2 3

1 Ph Me 2a H Ta 5 3a 12 96 98 . .

2 2-MeC,H, Me b H l1a 5 3b 2 95 99 catalytic cycle. A vinylogous copper
3 4-MeOC,H, Me 2¢c  H 12 5 3¢ 24 95 98 enolate is generated from either 1a
4 3-MeOC,H, Me 2d H 1a 5 3d 24 93 98 or 6a by using a tertiary amine and
5 2-MeOCgH, Bn 2¢e H la 5 3e 12 98 97 the weak assistance of the Cu"/(R)-
6 4-AcOC,H, Me 2f H  la 5 3f 24 4 94 Segphos complex. Subsequent coor-
7[ g 4-FCeH, Bn 2g H la 5 3g 6 98 98 dination of 2a to the tetracoordi-
8 4'Br;6H4 Bn 2.h H Ta 5 3,h 6 o4 28 nate Cu' center produces the tran-
9 3-pyridyl Bn 2i H la 5 3i 48 76 98 " . . .

10 2-thienyl Me 2j u la 5 3 12 97 08 sition-state A, in which one side of
1 Ph Me,MeO 2k H 1a 5 3k 24 94 93  2aisshielded by a phenyl group of
12 Me Me 21 H 1a 10 3l 24 98 96 (R)-Segphos. By taking the identi-
13 cHex Bn 2m H la 10 3m 48 81 97 cal stereochemical outcome from
14 (E)-CH;CH=CH  Me 2n  H la 5 3n 48 95 97 1a and 6ainto account, the enolates
15 Ph Me 2a Me 1b 5 30 48 78 98

from 1a and 6a approach in a sim-
[a] 1 (0.6 mmol), 2 (0.2 mmol), 0.5 M in 2. [b] Yield of isolated product. [c] Determined by HPLC analysis.  ilar fashion, regardless of R*® sub-
[d] syn/anti=14:1. [e] Based on the recovered starting material. stituent, to preferentially produce
a (3R,4S5)-configured product.
The divergent transformation of
Next, we directed our efforts to apply this useful trans-  the thioamide functionality of the conjugate adduct highlights
formation to the construction of a tetrasubstituted stereogen-  the synthetic utility of the present process (Scheme 3). The
ic center. Recently, the utility of 6a (for structure see Table 3)  thioamide moiety was transformed into amide, thioester,
as a pronucleophile was explored in direct catalytic asym-  ketone, and aldehyde functionalities successfully. For the
metric  alkylation,™  vinylogous
Mannich reaction,”!) and vinylo-
gous conjugate addition.'! Specif-  Table 3: Direct catalytic asymmetric vinylogous conjugate addition of c-angelica lactone and its
ically, conjugate addition was pro- derivatives (6) to the a,f-unsaturated thioamides 2.

moted through iminium catalysis [CU(CHSCN),PFq (x mol%)

and highly active enals were used s R (R)'Seggt“’; 5(3 m°::f) s B

as electrophiles. Although increas- REN JK/\W + o — ;T( mo%) _ reN g "C\

ing steric constraint was anticipated o synianti >20:1 0

at the transition state because of the 2 6 7

methyl group located at the y posi- ; " ; -

tion of 6a, we reasoned that the in " R R R X Product  ¢[h] t'ellg e .

situ generation of active nucleo- ] ]

philes and the subsequent conjugate ! Ph Me 2a  Me 6a 1 7a 24 93 98

addition would proceed in a similar 2 2-MeCeH, Me 2b  Me 6a 1 7b 36 95 2

manner. As expected, the optimized 3 4-MeOCeH, Me 2 Me  6a 2 7c 2496 99

. x ’ : 4 4-MeOCH, Me 2c Me 6a 2 7c 24 93 99

reaction conditions for the reaction 3-MeOCH, Me 2d  Me 6a 2 7d 24 97 99

using y-crotonolactones (1) were ¢ 4-AcOC(H, Me 2f Me 6a 1 Te 36 88 98

applied successfully to the reaction 7 4-FCH, Bn 2g Me 6a 05 7f 24 92 97

of 6a. The more common Et;N was 8 4-BrCH, Bn 2h  Me 6a 1 7g 12 96 96

used to complete the reaction with 9 3-pyridyl Bn 2i Me 6a 2 7h 48 74 98

a 052mol% catalyst loading 2-thienyl Me 2j  Me 6a 05 7i 24 94 99

(Table 3. entries 1-11 14. and 11 Ph Me, MeO 2k Me 6a 1 7j 24 91 99

15) 22 ’frends i sub;trate’ scope 12 cHex Bn 2m Me 6a 2 7k 72 51 98
: 13 Ph Me 2a Et 6b 1 71 24 94 99

were similar to those listed in 14 Ph Me 2a allyl  6c 2 7m 24 96 98

Table 2, and generally high dia- 15 (E)-CH;CH=CH  Me 2n  Me 6a 2 7n 48 83 98

stereo- and enantioselectivity were 16 EtO,C Me 20 Me 6a 2 70 12 94 96

observed for both (3-aryl, -hetero- [a] 6: 0.6 mmol, 2: 0.2 mmol, 0.5m in 2. [b] Yield of isolated product. [c] Determined by HPLC analysis.
aryl, and B-alkyl (alkenyl) a,B-unsa- [d] 1.33 g of 2c was used.
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Figure 1. Plausible catalytic cycle.
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tional-group transformation, thus highlighting the synthetic
utility of the present catalysis.
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