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Efficient Synthesis of Chiral Trisubstituted 1,2-Allenyl Ketones by
Catalytic Asymmetric Conjugate Addition of Malonic Esters to Enynes
Qian Yao, Yuting Liao, Lili Lin, Xiaobin Lin, Jie Ji, Xiaohua Liu,* and Xiaoming Feng*

Abstract: An N,N'-dioxide/scandium(III) complex catalyzed,
highly efficient conjugate addition of malonic esters to enynes
is described. A range of trisubstituted 1,2-allenyl ketones were
obtained in high yields (up to 99 %) with good d.r. (up to 95/5)
and excellent ee values (97 %—99 %). Moreover, the products
could be easily transformed into chiral furan and 5-hydroxy-
pyrazoline derivatives, both of which are important skeletons
of many biologically active compounds and pharmacologicals.

Chiral allenes are valuable compounds for their importance
in organic synthesis and pharmaceuticals.?' Over the past
two decades, substantial efforts have been devoted to their
asymmetric synthesis.’! Early successful examples were
limited to the use of stoichiometric amounts of chiral
auxiliaries/promoters or enantioenriched substrates.*! Until
now, some ingenious methods for catalytic asymmetric syn-
thesis of chiral allenes have been reported. They include the
isomerization of 3-alkynes,[5] kinetic resolution of racemic
allenes,® B-hydride elimination of enol triflates,”’ desymmet-
rization of meso-allenes®! or alkyenes,”! rearrangements of
alkynes, ') C—H insertion of a-diazoesters into 1-alkynes,"!
functionalization of racemic allenes,'? and addition to
enynes.® Among them, addition to enynes is a simple but
very efficient route to obtain chiral allenes. For instance,
Hayashi has pioneered a metal-catalyzed enyne addition for
synthesis of chiral allenes (Scheme 1a)."**<! Subsequently,
Tang has provided an intramolecular enyne addition for the
highly diastereo- and enantioselective synthesis of bromoal-
lenes in the presence of chiral ureas (Scheme 1b).*Y Zhang
has developed an intermolecular enyne addition in the
assistance of chiral thioureas (Scheme 1¢).*! Although
a series of 2,3-allenoates were obtained with up to 98% ee
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Asymmetric enyne addition controlling only axial chirality:
a). Hayashi's work: alkyne addition
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1 » Further access to chiral furan and 5-hydroxypyrazoline derivatives

Scheme 1. Comparison of previous catalytic asymmetric enyne addition
for synthesis of chiral allenes with current work.

value, there was only one example containing the axial and
carbon center chirality with 4:1 d.r. Furthermore, the reaction
also gave the byproduct alkynoate as a result of direct
conjugate addition (Scheme 1c¢). Zhang has also reported two
racemic enyne addtion to construct contiguous axial and
carbon center,' but the catalytic asymmetric manner is still
unrealized. In short, the highly diastereoselective and enan-
tioselective construction of continuous axial and carbon
center chirality by intermolecular enyne addition is a chal-
lenge. Stimulated by the successful application of our unique
catalysts in conjugate addition,™ herein, we report a highly
efficient conjugate addition of malonic esters to enynes
catalyzed by an N,N'-dioxide/scandium(IIT) complex, afford-
ing a range of trisubstituted 1,2-allenyl ketones. It should be
mentioned that the direct conjugate addition product alky-
nones 4 were not detected during the reaction course
(Scheme 1).

Our investigation began with the addition of diethyl
malonate (2b) to enyne (la) as the model reaction to
optimize the reaction conditions. Initially, chiral ligands were
evaluated (Table 1, entries 1-3). The results showed that by
complexing with Sc(OTf);, L-proline-derived L-PrEt,Me, L-
ramipril-derived L-RaEt,Me, and L-pipecolic acid-derived L-
PiEt,Me, all of the complexes could promote the reaction
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Table 1: Optimization of the reaction conditions.?! Table 2: Substrate scope for enynes.*!

o on COOEt o - COOEt

I e B O I e R

l Ph COOEt CH,Cly Ph/=. o l " COOEt CHCl, Rsl—_— o

Ph R!
1a 2b 3ab ! 2 3

T T T Entry  R/RYR Yield (%]9  ee (%] d.r®
o Nl oo 1 Ph/Ph/Ph 85 (3ab) 99 92:8
™ S 2 3-MeC¢H,/Ph/Ph 84 (3bb) 99 91:9
A’ Ar ! 3ff 3-CIC¢H,/Ph/Ph 98 (3cb) 99 91:9
L-PrEt;Me: Ar = 2,6-Ety-4-MeCgHy, n = 1 4 CH3/Ph/Ph 2 (3db) 28 89:11
L-PiEt,Me: Ar = 2,6-Et,-4-MeCgHp, n =2 5 Ph/2-CIC¢H,/Ph 77 (3eb) 97 78:22
------------------------------------------------------------------------------------ ‘ 6! Ph/4-CIC¢H,/Ph 90 (3 fb) 99 92:8
Entry L Base Yield [96]"! ee [%] drd 7" Ph/4-BrCsH,/Ph 94 (3gb) 99 93:7
8lf Ph/4-MeC¢H,/Ph 90 (3 hb) 99 94:6
1 L-PrEt,Me DMAP 98 76:76 67:33 9 Ph/4-MeOC¢H,/Ph 88 (3ib) 99 95:5
2 L-RaEt,Me DMAP 98 99:99 64:36 1011 Ph/Ph/2-FC¢H, 94 (3jb) 99 91:9
3 L-PiEt,Me DMAP 98 99:99 68:32 111 Ph/Ph/3-FCeH, 91 (3kb) 99 92:8
4 L-PiEtzMe NaZCO3 93 98:99 84:16 12 Ph/Ph/4-FC6H4 90 (3|b) 99 88]2
5 L-PiEt,Me 'Pr,EtN 89 95:95 86:14 13 Ph/Ph/2-CIC¢H, 93 (3mb) 99 89:11
6 L-PiEt,Me nBu;N 88 98:98 88:12 141 Ph/Ph/4-CIC4H, 96 (3 nb) 99 89:11
7[:1 L-PiEt,Me nBu;N 85 99:99 92:83  qsif Ph/Ph/3-MeC¢H, 75 (30b) 99 94:6
8[] L-PiEtzMe ﬂBU3N 66 99:99 93:7 16 Ph/Ph/4—MeC6H4 9] (3 pb) 99 93:7
[a] Unless otherwise noted, reactions were carried out with L (10 mol%), 17 Ph/Ph/4-MeOC¢H, 59 (3qb) 99 93:7
Sc(OTf), (10 mol %), base (10 mol %), 1a (0.2 mmol), 2b (0.8 mmol) in 18 Ph/Ph/3-Thienyl 90 (3rb) 97 94:6
CH,Cl, (0.8 mL) at 30°C for 24 h. [b] Yield of isolated product. 19 Ph/Ph/nBu 73 (3sb) 99 89:11

[c] Determined by chiral HPLC analysis. [d] Determined by "H NMR
analysis. [e] Reactions were carried out at 0°C. [f] Reactions were carried
out at —=5°C.

smoothly in the presence of 4-dimethylaminopyridine
(DMAP) at 30°C. However, the diastereoselectivity was
low even though the enantioselectivity was moderate to
excellent. To improve the diastereoselectivity, other bases
were investigated (Table 1, entries 4-6). To our delight,
nBu;N gave the highest 88:12 d.r. (Table 1, entry 6). Gratify-
ingly, when the reaction temperature was decreased to 0°C,
the diastereoselectivity could be further enhanced to 92:8
(Table 1, entry 7). Unfortunately, the d.r. value could not be
improved significantly (93:7) by continuing to decrease the
reaction temperature to —5°C (Table 1, entry 8). Thus, the
optimized reaction conditions were established as Sc(OTf);i-
PiEt,Me (10 mol%), nBu;N (10 mol%), 1la:2b=1:4 in
CH,C], at 0°C.

With the optimized conditions in hand, the reaction scope
was next examined. As shown in Table 2, enynes tethering
aryl or alkyl substituents (R') on the carbonyl group are
suitable substrates, providing the desired trisubstituted 1,2-
allenyl ketones in high yields with high d.r. and excellent ee
values (Table 2, entries 1-4). Regardless of the electron-
withdrawing or electron-donating groups on the 4-position of
aromatic rings on the double bond (R?), there was little
influence on the reaction. The corresponding products were
obtained in high yields (88-94 %) with excellent d.r. (92:8-
95:5) and ee values (99 %) (Table 2, entries 6-9). When the R?
group was changed to 2-chlorophenyl, it just gave a moderate
yield (77%) and d.r. (78:22; Table 2, entries5). Various
substituents (R*) on the triple bond were also examined. The
aryl groups bearing an electron-donating substituent fur-
nished higher diastereoselectivities than electron-withdraw-
ing groups (Table 2, entries 15-17 vs. entries 10-14). The
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[a] Unless otherwise noted, reactions were carried out with L-PiEt,Me
(10 mol %), Sc(OTf); (10 mol %), nBusN (10 mol %), 1 (0.2 mmol), 2b
(0.8 mmol) in CH,Cl, (0.8 mL) at 0°C for 24 h. [b] Enyne 1t (R'=OFEt,
R?=H, and R®=Ph) was also examined. For results, see the Supporting
Information. [c] Yield of isolated product. [d] Determined by chiral HPLC
analysis. [e] Determined by '"H NMR analysis. [f] Reactions were carried
out at —5°C.

enyne 1r containing a 3-thienyl group afforded the desired
product 3rb in 90% yield with 97% ee and 94:6 d.r. by
decreasing the reaction temperature to —5°C (Table 2,
entry 18). The n-butyl-substituted 1s was also a competent
substrate, providing the allene 3sb with good results (Table 2,
entry 19).

Several malonic esters 2 were also tested (Table 3).
Although the reactivity and diastereoselectivity markedly

Table 3: Substrate scope for malonic esters.?

COOR?
0 ™ oore SCOTHLPEGMerBuN  RIOOC )
on Z . (1:1:1, 10 mol%) R
__@ittomow
| 2 CH,CI Y
R! COOR! 20l PH o
Ph
1 2 3

COOMe COO'Pr COO'Bu COO'Bu

MeOOC iPro0C '8u00C 8u00c— ()
Ph Ph Ph cl
Ph/_ o pn/— o Pn/_ o Pn/_(sa) o
PH PH PH

Ph
3cd: 78% yield®!
64:36 d.r.,[ 98% eeldl.
(>99:1 d.r.,l >99% eeldle!

3aa: 88% yield® 3ac: 82% yield® 3ad: 61% yield®
89:11 d.r.[199% eeldl. 86:14 d.r. 1 98% eel®. 69:31 d.r. [ 99% eeldl.

[a] Reactions were carried out with L-PiEt,Me (10 mol %), Sc(OTf),
(10 mol %), nBusN (10 mol%), 1 (0.2 mmol), 2 (0.8 mmol) in CH,Cl,
(0.8 mL) at 0°C (for 3aa) or 30°C (for 3ac, 3ad, and 3 cd) for 24 h.
[b] Yield of isolated product. [c] Determined by '"H NMR analysis.

[d] Determined by chiral HPLC analysis. [e] After recrystallization from
CH,Cl,, the absolute configuration of 3cd was determined by X-ray
crystallography.
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decreased with the increased steric hindrance of ester alkyl
group (R,), the ee values were maintained. To determine the
absolute configuration of products, 3ed was synthesized
(Table 3). After recrystallized from CH,Cl,, 3ed with >99:1
d.r. and >99% ee could be obtained. The absolute config-
uration of 3ed was determined by X-ray crystallography to be
(RS,

To show the synthetic potential of this strategy, a gram
scale synthesis of 3ab was carried out (Scheme 2a). Under the
optimized condition, 3 mmol of 1a reacted smoothly with
4 equivalents of 2b to provide 1.27 g 3ab (91 % yield) with

a COOEt
) o Ph (OTf)3 / L-PiEt;Me/ "BusN

Scf
EtOOC
= <COOEt (1:1:1, 10 mol%) Ph
COOEt CHyCly, 0°C, 24 h "
Ph - ol ©
PH

1a 2b 3ab: 1.27 g, 91% yield
924.0 mg, 3.0 mmol 1.8 mL, 12 mmol 99% ee, 91:9d.r.

Ph
o COOEt
ph—4 !
COOEt

Ph

b) o)

L NH,

Ph” N COOEt
H Et0OC
4a:12eq. Ph  AuCl; (1.8 mol%)
EtOH, 30°C, 16 h _ /~" toluene, 30 °C, 36 h
ol o

3ab: 99% ee, 91:9d.r.

OH Ph
o Ph

Ph>—N‘N’

5a: 62% yield
54:46 d.r., 99% ee each

COOEt

COOEt
Bn

5b: 79% yield, 99% ee

Scheme 2. a) Gram-scale version of the reaction. b) Transformation of
1,2-allenyl ketone 3 ab.

91:9 d.r. and 99% ee. Furthermore, when treated with
1.2 equiv of 4a at 30°C, 3ab could be transformed to the
tetrasustituted 5-hydroxypyrazoline Sa in 62% yield with
54:46 d.r. (99 % ee each).'”) Importantly, the family of 5a has
been reported to possess antimicrobial,'¥! anti-PDE,,!! anti-
inflammatory,”! antimalarial,*"! hypolipidemic,”” and anal-
gesic™! activities (Scheme 2b). Additionally, 3ab could also
be transformed to trisustituted furan Sb under treatment by
AuCly in 79% yield with 99% ee,?*! which are important
skeletons for many biologically active compounds and
pharmacologicals (Scheme 2b).

To gain insight into the
function of nBu;N in our

system, some control experi-
ments were carried out
(Scheme 3). First, when the

reaction of 1la and 2b was Only allenly

performed in the absence of
nBu;N  (Scheme 3a), it gave
a trace amount of 3ab. This

©
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product isolated

suggested that nBu;N served as
an effective promoter for the
formation of enolate from 2.
Second, when 3ab (919 d.r.
and 99% ee) was dissolved in

@
Favored H

CH,Cl, and stirred at room
temperature for 40 h, there was
no influence on its d.r. and ee
values. In contrast, when nBu;N
was added to the mixture, the
d.r. value rapidly decreased to
62:38 (Scheme 3b). Clearly,
nBu;N was the cause of the

Angew. Chem. Int. Ed. 2016, 55, 18591863

Figure 1. Proposed catalytic cycle.
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Scheme 3. Control experiments.

reducion in the d.r. value of 3ab. An additional derivation
of the recovered 3ab (62:38 d.r.) was undertaken, and the
produced furan was obtained with 99 % ee. This demonstrated
that the low d.r. was attributed to the partial racemization of
axial chirality of the allene (Scheme 3b). In other words,
nBu;N might not participate in the allenes production, but
instead serves as an effective promoter for the formation of
enolates from 2 in the catalytic system.

Based on the determination of the absolute configuration
of product 3¢d,'® control experiments, and our previous
study,”! a possible catalytic cycle with a transition-state
model was proposed (Figure 1). First, the N-oxides and amide
oxygen atoms of L-PiEt,Me coordinate to Sc*" in a tetraden-
tate manner to form two six-membered chelate rings. Then,
enynes 1 attach to Sc** at the favorable equatorial position to
give intermediate T1. Additionally, the enolates are gener-
ated from malonates 2 assisted by nBu;N. The Re face of
enynes 1 are strongly shielded by the nearby benzyl ring.
Therefore, the incoming enolates prefers to attack enynes
1 from the Si face (T2). Finally, the desired products 3
dissociat after a protonation of the favored intermediate T3,
and the catalyst is regenerated to accomplish one catalytic
cycle.

In summary, we have developed an efficient N,N'-dioxide/
scandium complex catalyst for the intermolecular addition of

Sc(OTf)3 + L-PiEt,Me

Product 3

OTfe

™ HVB‘N\

o

R‘0OC. O COOR*
H OrR* COOR*
enonate 2
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malonic esters to enynes. A range of trisubstituted 1,2-allenyl
ketones were obtained in good to excellent yields (up to 99 %)
with high d.r. (up to 95:5) and excellent ee values (up to 99 %).
The products could be easily transformed into furan and 5-
hydroxypyrazoline derivatives, which are important skeletons
in many biologically active compound and pharmacologicals.
Moreover, based on the experiments and our previous work,
a possible catalytic cycle was proposed.

Experimental Section

A dry reaction tube was charged with L-PiEt,Me (0.02 mmol) and
Sc(OTf); (0.02 mmol), enyne 1a (0.2 mmol) under an N, atmosphere,
malonic ester 2b (0.8 mmol), and CH,Cl, (0.8 mL) were added and
the mixture was stirred at 0°C for 15 min. Then nBu;N (0.02 mmol)
was added and the mixture was stirred at 0°C for 24 h. The reaction
mixture was purified by column chromatography on silica gel (ethyl
acetate/petroleum ether 1:50-1:4) to afford the desired product 3ab
(85% yield, 99 % ee, 92:8 d.r.).
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