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A cationic rhodium(I)/(R)-Segphos® [(4,4'-bi-1,3-benzo-
dioxole)-5,5’-diylbis(diphenylphosphine)] complex catalyzes
the highly enantioselective [4 + 2] annulation of 2-alkynyl-
benzaldehydes with acyl phosphonates, leading to benzopyra-
nones with a phosphonate-substituted quaternary carbon center
in moderate to high yields with excellent ee’s.

The [4 + 2] cycloaddition of five-membered acylmetal
intermediates with unsaturated compounds is a useful method
for the synthesis of six-membered carbonyl compounds.'~
The convenient generation of five-membered acylrhodium
intermediates was realized by intramolecular cis addition of
a rhodium acyl hydride to a metal-bound triple bond of 4-
alkynals.> We have recently reported that the reactions of 2-alk-
ynylbenzaldehydes with slight excess (1.1 equiv) of electron-
deficient cyclic dicarbonyl compounds in the presence of a
catalytic amount of a cationic Rh!/(R,R)-Walphos® complex
furnished spirocyclic benzopyranones in high yields with high
ee’s presumably through the cross-[4 + 2] cycloaddition be-
tween five-membered acylrhodium intermediates and the
carbonyl groups of the cyclic dicarbonyl compounds.* The use
of chelating cyclic dicarbonyl compounds efficiently suppressed
the homo-[4 + 2] annulation. However, the reaction of 2-alk-
ynylbenzaldehyde 1a with excess electron-deficient acyclic
ketoester 2a (2 equiv) in the presence of the same rhodium cat-
alyst furnished the corresponding benzopyranone 3aa in moder-
ate yield and ee, together with the homo-[4 + 2] annulation
product 4 as a major by-product (eq 1).*?
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On the other hand, transition-metal-catalyzed [2 + 2 + 2]
cycloadditions of diynes or enynes with carbonyl compounds
have been developed for the preparation of six-membered oxy-
gen heterocycles by using Ni,° Ru,” and Rh® complexes. Our re-
cent investigation revealed that not only ketoesters but also acyl
phosphonates could be employed as a coupling partner for the
cationic Rh!/Hg—BINAP-catalyzed [2 + 2 + 2] cycloaddition

[BINAP = 2,2'-bis(diphenylphosphino)-1,1’-binaphthyl].® We
anticipated that the reaction of la with benzoyl phosphonate
2b, that may be more coordinative to the cationic rhodium
than ketoester 2a, would show high chemoselectivity toward
the cross-annulation over the homo-annulation. Thus, the reac-
tion of 2-alkynylbenzaldehyde 1a with benzoyl phosphonate
2b was investigated in the presence of the cationic Rh'/(R,R)-
Walphos® catalyst, but no reaction was observed (Table 1,
Entry 1). Fortunately, the use of (R)-Hg—BINAP as a ligand,
which is effective for the [2 + 2 + 2] cycloaddition of o,w-
diynes with acyl phosphonates,” furnished 3ab in moderate yield
without employing excess 2b, although the enantioselectivity
was low (Entry 2). To improve the yield and ee of 3ab, various
axially chiral biarylbisphosphine ligands were screened (Entries
2-5). The study revealed that the ee value of 3ab is dependent on
the dihedral angle of the biarylbisphosphine ligands [dihedral
angle: (R)-Hg—BINAP (Entry 2) > (R)-BINAP (Entry 3) > (R)-
Segphos® (Entry 4),'° ee value of 3ab: Entry 2 < Entry 3 <
Entry 4].!! The use of (R)-Segphos® that possesses the narrow-
est dihedral angle furnished 3ab with the highest ee and, further-
more, significantly improved yield was also realized (Entry 4).1
The effect of the steric bulk of the aryl group on the phosphorus
was also examined, which revealed that increasing the steric
bulk decreases both the yield and ee of 3ab (Entry 5).!!

Thus, we explored the scope of this process with respect to
both 2-alkynylbenzaldehydes and acyl phosphonates as shown in
Table 2.'3 With respect to the substituents at the alkyne terminus
of 2-alkynylbenzaldehydes, not only n-butyl- (1a, Entry 1) but
also phenyl- (1b, Entry 2), 1-cyclohexenyl- (1¢, Entry 3), and
cyclohexyl (1d, Entry 4)-substituted 2-alkynylbenzaldehydes
could react with 2b, while the yield was moderate in the reaction
of 1-cyclohexenyl-substituted 2-alkynylbenzaldehyde 1lc with

Table 1. Screening of ligands for Rh-catalyzed enantioselective
[4 + 2] annulation of 2-alkynylbenzaldehyde 1a with benzoyl-
phosphonate 2b

o]
20 mol %
o [Rh(Ligand)]BF4 o

a + I J_ph

Ph” ~P(O)(OEt), CH,Cly, 1t
2b 16 h || P(O)OEN),
(1.1 equiv) n-Bu H 3ab
Entry Ligand Yield/%?* ee/%
1 (R.R)-Walphos® 0 —
2 (R)-Hg—BINAP 43 7(+)
3 (R)-BINAP 40 78 (+)
4 (R)-Segphos® 85 99 (+)
5 (R)-tol-BINAP 37 55 (+)

#Isolated yield.
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Table 2. Cationic Rh'/(R)-Segphos®-catalyzed enantioselec-
tive [4 + 2] annulation of 2-alkynylbenzaldehydes 1 with
acyl phosphonates 2*

O
H o)
20 mol %
SN [Rh((R)-Segphos®)|BF, o)
1 Rl * 2
o * CH,Cly, 1t R
g 16 h || P(O)OEWY,
R2" “P(0)(OEY);, R H
2 (1.1 equiv) 3
Entry 1 RYH 2 (R?) 3 Yield/%" ee/%
1 1a (n-Bu) 2b (Ph) (4)-3ab 85 99
2 1b (Ph) 2b (Ph) (S)-(—)-3bb 85 >99
3 1c (I-cylohexenyl) 2b (Ph) (+4)-3cb 40 99
4 1d (Cy) 2b (Ph) (+)-3db 84 96
5 1e [(CI(CHy)3] 2b (Ph) 0 —
6° 1e [(CI(CH»)s3] 2b (Ph) (+)-3eb 49 >99
7 1la (n-Bu) 2¢ (Me) (—)-3ac 43 99
8 1b (Ph) 2¢ (Me) (—)-3bc 38 92

3[Rh((R)-Segphos®)]BF, (0.030 mmol), 1 (0.150 mmol), 2 (0.165
mmol), and CH,Cl, (1.5mL) were used. See Supporting Informa-
tion in detail.'® PIsolated yield. °In the presence of ethyl phenyl-
glyoxylate (0.165 mmol).
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Scheme 1. Possible mechanism for the selective formation of
(S)-3bb.

2b (Entry 3). Interestingly, although no reaction was observed in
the reaction of 3-chloropropyl-substituted 2-alkynylbenzalde-
hyde 1e with 2b (Entry 5), the reaction proceeded in moderate
yield in the presence of ethyl phenylglyoxylate (Entry 6).'* With
respect to acyl phosphonates, the use of benzoyl phosphonate 2b
furnished the corresponding benzopyranones in higher yields
than that of acetyl phosphonate 2¢ (Entries 1, 2 vs. 7, 8). The
absolute configuration of (—)-3bb was determined to be S by
X-ray crystallographic analysis.!>0

Scheme 1 shows a possible mechanism for the selective for-
mation of (S)-3bb. Oxidative addition of the aldehyde C—H bond
to rthodium(I) affords the rhodium acyl hydride A. Cis addition
of the rhodium hydride to the metal-bound alkyne then provides
the five-membered acylrhodium intermediate B. Complexation
of benzoyl phophonate 2b, followed by regio- and stereoselec-
tive insertion to form oxarhodacycle C so as to avoid the steric
interaction between the diethoxyphosphinoyl group of 2b and
the axial phenyl group of (R)-Segphos®. Reductive elimination
furnishes benzopyranone (S)-3bb and regenerates the rhodium
catalyst.
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As acyl phosphonates are commercially available and 2-
alkynylbenzaldehydes can be prepared in one step through the
Sonogashira coupling, this method serves as an attractive two
step route to enantioenriched benzopyranones with the phospho-
nate-substituted quaternary carbon center.
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