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Transition-metal -catalyzed cyclizations of alkynals have been
extensively studied for the stereosel ective synthesis of cyclic alylic
alcohols.™ A number of efficient reductive cyclizations of alkynals
leading to cyclic alylic alcohols with a trisubstituted alkene
component have been reported that use nickel,? rhodium,® ruthe-
nium,* or titanium® complexes as catalysts and organozincs,®®
organosilanes,2*~ %255 hydrogen,®*® or acohols® as reducing
agents (Scheme 1). Also, efficient alkylative or arylative cyclizations
of alkynals leading to cyclic alylic alcohols with a tetrasubstituted
alkene component have been reported that use nickel,® rhodium,”
palladium,® iron,° or manganese™® complexes as catalysts and
organozines,®® organozirconiums,®® organoborons,®>“ organo-
boronics,”® organolithiums,® or organomagnesiums'® as alkylating
or arylating agents (Scheme 1). In this communication, we disclose
an unprecedented mode of cyclization of akynalsthat leadsto cyclic
dlylic esters with a trisubstituted alkene component, namely,
asymmetric reductive cyclization of heteroatom-linked 5-alkynals
with heteroatom-substituted acetaldehydes using a cationic rho-
dium(1)/(R)-Hg-BINAP complex as a catalyst (Scheme 1).
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Our research group previoudy reported that a cationic rhodium(l)/
rac-BINAP complex is able to catayze the intramolecular hydroacy-
lation of methylene-linked 5-alkynds 1 (Z = CH,), leading to
2-akylidenecyclopentanones 2 via acylrhodacycle A generated through
aldehyde C—H bond activation followed by alkyneinsertion (Scheme
2).** On the other hand, the rhodium-catalyzed reductive cyclization
of heteroatom-linked 5-alkynals through oxarhodacyclopentenes had
aready been reported.® We anticipated that oxarhodacyclopentene B
generated from heteroatom-linked 5-alkynals 1 (Z = NTs or O) and
rhodium would react with the alkyne™ or adehyde component of 1
in the absence of reducing agents (Scheme 2).

Thus, the reaction of tosylamide-linked 5-akyna 1a in the
presence of the cationic rhodium(l)/rac-BINAP complex (10 mol
%) at room temperature was examined. We were pleased to find
that an unprecedented reductive cyclization with a dehyde proceeded
to yield cyclic allylic ester 3a in 73% yield (eq 1):
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The effect of the bisphosphine ligand in the reaction of 1a was then
examined (Table 1). The study revedled that biaryl bisphosphine ligands
are effective for the reductive cyclization (entries 3—5), while nonbiaryl
bisphosphine ligands are totally ineffective (entries 1 and 2).** (R)-
Hg-BINAP was the best ligand, and the desired product 3a was
obtained in the highest yield with perfect enantiosglectivity (entry 5).
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Table 1. Effect of the Ligand on Rh-Catalyzed Enantioselective
Homo-Reductive Cyclization of 1a Leading to 3a (eq 1)*
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PPh,

PPh, PPh,
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dppb dppf BIPHEP (R)-BINAP (R)-Hg-BINAP
entry ligand conv. (%) yield (%)° ee (%)
1 dppb 100 0 -
2 dppf 100 0 -
3 BIPHEP 88 33 -
4 (R)-BINAP 100 72 98 (+)
5 (R)-Hg-BINAP 100 78 >99 (+)

2 [Rh(ligand)]BF; (0.010 mmol), 1a (0.10 mmoal), and CH,Cl, (1.0
mL) were used. P Isolated yield.

The series of 5-alkynals la—f were subjected to the above
optimal reaction conditions (Table 2). Both akyl- (1a—d, entries
1-4) and phenyl-substituted (1le, entry 5) tosylamide-linked
5-akynals could participate in this reaction to yield the correspond-
ing esters in high yields with outstanding ee values. Not only
tosylamide-linked 5-alkynals but also ether-linked 5-alkynal 1f could
participate in this reaction (entry 6).

We subsequently investigated rhodium-catalyzed enantiosel ective
cross-reductive cyclizations of 5-alkynals 1la—f with heteroatom-
substituted acetal dehydes 4a—c (Table 3).1* Commercialy available
benzyloxyacetaldehyde (4a) reacted with 5-alkynals 1a—f to yield
the corresponding esters in good yields with excellent ee values
(entries 1—6). Not only 4a but also phenoxyacetal dehyde (4b, entry
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7) and a nitrogen-substituted acetaldehyde (4c, entry 8) could react
with 1f to yield the corresponding esters with excellent ee values.
The absolute configuration of (+)-5ca was determined to be S by
the anomalous dispersion method.

Table 2. Rh-Catalyzed Enantioselective Homo-Reductive
Cyclizations of 5-Alkynals 1a—f*

0 o N
10 mol % H Z
%H [Rh{(R) )\\/
F

3 -Hg-BINAP)|BF,
/ _— Z o
z CH,Cly, 1t o H
1 16 h

entry 1(ZR) 3 % yield® (% ee)
1 1a (NTs, Me) (+)-3a 78 (>99)
2 1b (NTs, n-Bu) (+)-3b 72 (98)

3 1c (NTs, n-CyoH21) (+)-3c 82 (>99)
4 1d (NTs, Cy) (+)-3d 81 (98)

5 le (NTs, Ph) (+)-3e 83 (>99)
6° 1f [O, (CHy)sPh] (—)-3f 75 (99)

2 [Rh((R)-Hg-BINAP)]BF, (0.020 mmol), la—f (0.20 mmal), and
CH,Cl, (2.0 mL) were used. ® Isolated yield. © Using 4.0 mL of CH,Cl,.

Table 3. Rh-Catalyzed Enantioselective Cross-Reductive
Cyclizations of 5-Alkynals 1la—f with Aldehydes 4a—c®

o 0 mol % H (j\\/Y‘RZ
HLH al Y\)(J)\ (R H) Hg-BINAP)|BF, Z(:QO/
7 R’ CH,Cly, M
N o 1
1 4 (2 equiv) R' 5
entry 1(Z R 4(Y, RY 5 % yield® (% ee)
1  1a(NTs, Me) 4a (O, Bn) (+)-5aa 69 (>99)
2°  1b (NTs, n-Bu) 4a (O, Bn) (+)-5ba 59 (>99)
3°  1c (NTs, n-CyoHz1)  4a (O, Bn) (9-(+)-5ca 57 (98)
4 1d (NTs, Cy) 4a (O, Bn) (+)-5da 60 (99)
5 le (NTs, Ph) 4a (O, Bn) (—)-5ea 67 (>99)
6 1f [O, (CH,)sPh] 4a (O, Bn) (—)-5fa 55 (>99)
7 1f [O, (CH,)sPh] 4b (O, Ph) (—)-5fb 66 (>99)
8  1f [0, (CHy)sPh]  4c (NTs Bn) (—)-5fc 49 (>99)

a [Rh((R)-Hg—BINAP)|BF, (0.020 mmol), 1a-f (0.20 mmol), 4a-c (0.40
mmol), and CH,Cl, (2.0 mL) were used. ° Isolated yield. ¢ At 40 °C.

Scheme 3 depicts a possible mechanism for the present reductive
cyclization. We believe that heteroatom-linked 5-alkynal 1 reactswith
the rhodium(l) catalyst, affording oxarhodacyclopentene C with
chelating heteroatom-substituted acetaldehyde 4. o-Bond methathes ¢
of the aldehyde C—H bond and the Rh—O bond would afford
intermediate D, which would undergo reductive elimination to afford
ester 5.
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Consistent with the above pathway, the reaction of 1f with
deuterium-labeled aldehyde 4a-d led to sdective and quantitative
incorporation of deuterium in the vinylic position of the product Sfa-d
(eq 2). Furthermore, starting materia's were recovered unchanged in
the reaction of methylene-linked 5-alkynd 1g and benzyloxyacetal-
dehyde (4a) (eq 3), and ether-linked 5-alkynal 1f failed to react with
3-benzyloxypropionadehyde (4d) but reacted with 1f to yield the
homo-reductive cyclization product 3f (eq 4). Therefore, the rapid
oxarhodacyclopentene formation and the five-membered chelation of
the heteroatom-substituted acetadehyde to the cationic rhodium are
essential in promoting the present reductive cyclization.
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In conclusion, we have established that a cationic rhodium(l)/
(R)-Hg-BINAP complex catalyzes the asymmetric reductive cy-
clization of heteroatom-linked 5-alkynals with heteroatom-substi-
tuted acetaldehydes. Future studies will focus on detailed mechanistic
studies and expanding the reaction scope beyond heteroatom-
substituted acetaldehydes.
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