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A stereoselective, tandem [2+2] photocycloaddition-hydrolysis

route to aldol-type adducts

Manabu Abe,* Masayuki Ikeda and Masatomo Nojima

NIXddd

Department of Materials Chemistry, Faculty of Engineering, Osaka University,

Suita 565-0871, Osaka, Japan

Received (in Cambridge) 10th July 1998, Accepted 7th August 1998

Photocycloadditions of aromatic aldehydes 2a—e with cyclic ketene silyl acetals 1a—e have been investigated. Regio-
and exo-selective formation of the bicyclic 2-alkoxyoxetanes 3 was observed in high yields. Hydrolysis of the acid-
labile oxetanes 3 with neutral water was efficiently achieved to give aldol-type adducts 4 (threo-selective formations).

Introduction

2-Alkoxyoxetanes possess inherent potential as precursors of
B-hydroxy ketones, aldol-type adducts [eqn. (1)].' The syn-
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thetic route to aldol-type adducts is attractive, since the trans-
formation can be achieved under mild conditions. However, in
general, the procedure has not often been applied for the prep-
aration of aldol-type adducts due to the limited synthetic
methods for regioselective formation of 2-alkoxyoxetanes by
photochemical cycloaddition of ketones with non-conjugated
vinyl ethers.>® Recently, we have found the convenient and
regioselective formation of 2-alkoxyoxetanes in photochemical
cycloadditions of aromatic ketones with highly electron-rich
ketene silyl acetals (KSA).” The crucial roles of the silyl group
in KSA and the solvent for the exclusive formation of the
oxetanes have been revealed in the preceding paper in this issue.

In the present paper, we would like to report the exo-selective
formation of bicyclic 2-alkoxyoxetanes 3 in the photochemical
cycloaddition of aromatic aldehydes 2 with cyclic ketene silyl
acetals (c-KSA) 1 and their transformation to aldol-type
adducts 4 (Scheme 1).

Results and discussion

Based on our previous findings,” we selected the sterically

hindered TBDMS as a silyl group in ¢-KSA 1 and non-
polar dichloromethane as a solvent for the photochemical
cycloaddition reactions.

Photoreactions of 2-naphthaldehyde 2a with c-KSA 1a—c

First of all, the photoreactions (>290 nm) of 2-naphthaldehyde
2a (0.05 M) with ¢-KSA 1a—e (0.1 M) derived from y-butyro-
lactones were performed in dichloromethane at 0 °C (Scheme 1,
Table 1). The exo-selective formations (86/14 to >95/5) of the
bicyclic 2-alkoxyoxetanes 3aa—3ea were observed in moderate
to high yields. The formation of the acid-labile oxetanes 3
was proved by the peculiar *C-NMR signals of the orthoester
carbon (0 ca. 115) as reported previously (see Table 4 in
Experimental section).”® After hydrolysis of the oxetane with
wet CH,CN (H,0:CH,CN =1:5), the typical “C-NMR
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Scheme 1

signals disappeared. The formation of the aldol-type adducts
4 (threo major) upon treatment with water proved the inter-
vention of the 2-alkoxyoxetanes. The major configuration of
the oxetanes 3 and the hydrolysis products 4 was determined on
the basis of the configuration of the acetonides 5,6 derived
from 4 (Scheme 2, Table 3, vide infra).

The introduction of the substituents, R? and R3, on the furan
ring induced the exo-selectivities (86/14 up to >95/5) (compare
entries 1,3 with entry 2 in Table 1). The results suggest that
the exo-stereochemical outcome mainly arises from the steric
repulsion between the naphthyl group and the furan ring. The
steric interaction was also an important factor in controlling
the face selectivity (entries 4,5). By introducing one methyl or
phenyl group on the furan ring in ¢-KSA 1, preferred formation
of the bicyclic 2-alkoxyoxetanes 3da (R'=R?=Me, R*=H,
Ar =2-Naph), 3ea (R'=Me, R*=Ph, R*=H, Ar=2-Naph)
with the trans configuration of the substituents (R?) to the
oxetane ring was observed [for Me; trans/cis = 70/30 (entry 4),
for Ph; trans/cis = 89/11 (entry 5)]. For the cis isomers of 3da,ea,
exclusive formation of exo-3da,ea was detected (entries 4,5,
exolendo = >95/5). Good exo-selectivities (ca. 90/10) were
observed for the frans-isomer in analogy with the cases of
3aa,ba. The configurations of trans- and cis-3da,ea were deter-
mined by NOE measurements on the hydrolysis products
4da.ea (Fig. 1). As shown in Fig. 1, for the trans-isomers, clear
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Table 1 exo-Selective synthesis of bicyclic 2-alkoxyoxetanes 3aa—ea
in the photoreactions of 2-naphthaldehyde 2a with cyclic ketene silyl
acetals 1a—f*

View Article Online

Table 2 exo-Selective formation of bicyclic oxetanes 3ab-ae in the
photoreactions of aromatic aldehydes 2b—e with cyclic ketene silyl
acetal 1a (R' = Me, R? = R?® = H) in CH,Cl,*

3 Product
_ ratios® Yields
Entry R! R? R? 3 (exolendo)  (%)°
14 3aa Me H H 90/10 86
2 3ba Me Me Me >95/5 69
3 3ca H H H 86/14 39
4 trans-3da Me Me H 87/13 44
cis-3da Me H Me >95/5 19
5 trans-3ea Me Ph H 91/9 77
cis-3ea Me H Ph >95/5 9

“ Unless otherwise noted, photoreactions of 2a (0.05 M) with 1 (0.1 M)
were run in CH,Cl, at 0°C for 3 h; aldehyde 2a consumptions
were >95%. ® Product ratios were determined by the direct measure-
ment of 'H NMR (270 MHz) peak areas of the aldol-type adducts 4;
>95/5 shows no minor product was observed in the reaction mixture.
¢ Yields (%) were determined on the basis of the isolated aldol-type
adducts 4 after hydrolysis of the oxetanes 3. ¢ Preparative-scale photo-
reaction of 2a (5 g, 32 mmol, 1.1 M) with 1a (2.2 M) in CH,Cl, (30 cm®)
was also done for 15 h to give the aldol-type adduct 4aa (85%, threol
erythro = 91/9) after hydrolysis of the oxetane 3aa (see Experimental
section).
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NOE enhancements between the methyl group and R? group
were detected (NOE 6% for 4da, 8% for 4ea), while, for the
cis isomer, significant NOE enhancements between the methyl
protons and the alkoxy proton in the furan ring were observed
(NOE 5% for both 4da,ea). Thus, the assignments of the
configuration were possible.

As described above, in the case of the photoreaction of
2-naphthaldehyde 2a, threo-selective syntheses of the aldol-type
adducts 4aa—ea via the bicyclic 2-alkoxyoxetanes 3aa—ea were
achieved in good to high yields. We next examined the tandem
transformations to the aldol-type adducts for the photo-
reactions of several aromatic aldehydes 2b—e with ¢-KSA 1a.

Photoreactions of aromatic aldehydes 2b—e with c-KSA 1a

The exo-selective formation of the bicyclic 2-alkoxyoxetanes
3ab-ae and their transformation to the aldol-type adducts 4ab—
ae were also successful under similar conditions (Table 2).
For the naphthaldehyde derivatives 2b (Ar=1-Naph), 1lc
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Product ratios® Yields
Entry 3 Ar 3 (exolendo) (%)
3ab 1-Naph 93/7 82
24 3ac 6-MeO-2-Naph 92/8 47
3¢ 3ad Ph 81/19 19
4 3ae 4-CNCH, 78/22 68

“ Photoreactions of 2b—e (0.05 M) with 1a (0.1 M) were run at 0 °C for
3 h. ® Product ratios were determined on the basis of the direct 'H
NMR (270 MHz) peak areas of the aldol-type adducts 4; >95/5 shows
no minor product was observed in the reaction mixture. ¢ Yields (%)
were determined by the isolated aldol-type adducts 4ab-ae, after
hydrolysis of 3. ¢ Pinacol 7¢ (17%) was obtained. ¢ Pinacol 7d (42%) was
obtained.

/\NOE /\NOE'
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(¢} (¢}
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H CH(OH)(2-Naph) H CH(OH)(2-Naph)
trans, threo-4 cis,threo-4
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4da (R? = Me) 6% 50%
4ea (R? = Ph) 8% 5%

Fig. 1

(Ar = 6-MeO-2-Naph), highly exo-selective formation of the
oxetane 3ab,ac (threo-selective aldol-type adducts 4ab,ac) was
observed (entries 1,2). In the case of the benzaldehyde deriv-
atives 2d (Ar = Ph), 2e (Ar =4-CNC¢H,), diminished, but sig-
nificantly exo-selective, formation of the 2-alkoxyoxetanes
3ad,ae was detected (entries 3,4), independent of the sub-
stituent on the phenyl ring. In the photoreactions of benz-
aldehyde 2d, large amounts of pinacol 7d (42%) were obtained

OH

Ar
Ar

OH
7

(entry 3). Transformation of the oxetanes 3 was easily accom-
plished by simple addition of water to afford the aldol-type
adducts 4ab—4ae without losing the stereochemistry. Thus, the
explored tandem route to the stereoselective synthesis of aldol-
type adducts was successfully achieved.

Configurational assignment of the 2-alkoxyoxetanes 3

The stereochemical assignment of the bicyclic 2-alkoxyoxetanes
3 was performed on the basis of the configuration of their
hydrolysis products, aldol-type adducts 4, due to the instability
of the oxetanes 3 under the isolation conditions (Scheme 2,
Table 3). To determine the configuration of the aldol-type
adduct 4, the major stereoisomers 4aa,ad,ba were converted to
the acetonide derivatives 5aa, 5ad and 6ba (Scheme 2). When

O HO Ha
Ar
2
R R
threo-4 erythro-4
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Table 3 Comparison of the '"H NMR chemical shifts of H, (J,) and protons (Jy;) between the major (threo) and minor (erythro) isomers in the

aldol-type adduct 4¢

4 Ona One

Entry R? 3 Ar Major (threo) Minor (erythro) Major (threo) Minor (erythro)
1 4aa H H 2-Naph 5.01 5.06 1.33 1.10

2 4ab“ H H 1-Naph 5.75 5.94 1.34 1.03

3 4ac H H 6-MeO-2-Naph 5.01 5.05 1.33 1.14

4 4ad H H Ph 4.87 4.92 1.31 1.12

5 4ae H H 4-CNC¢H, 4.94 4.99 1.27 1.11

6° 4ba Me Me 2-Naph 5.06 — 1.40 —

7 4da Me H 2-Naph 4.98 5.04 1.43 1.31

8 4ea Ph H 2-Naph 5.08 5.08 1.40 1.19

“ Chemical shifts were reported on the basis of CHCI, as an internal standard. ® The minor adduct, the erythro isomer, was not observed by '"H NMR

(270 MHz).

JHa,Hb =2.2Hz

erythro-4da

threo-4da
Fig. 2

the aryl methyl proton was irradiated, NOE enhancements
(NOE-1, -2, -3), as shown in Scheme 2, were observed. The
NOE observation indicated that the configuration between the
aryl methyl proton and the carbon tethered group is located as a
cis relationship. Thus, the obtained major isomer of the aldol-
type adduct 4aa,ad.ba should have a threo-configuration. The
stereochemical assignment of the aldol-type adducts 4 enabled
the configurational determination of the major diastereomers
in the bicyclic-2-alkoxyoxetanes 3aa,ad,ba as exo-isomers.
As shown in Table 3, entries 1,4, the 'H-NMR chemical shifts
(One) Of the methyl group in the major isomers (threo) were
clearly observed at lower field than those of the minor isomers
(erythro). In the cases of the aryl methyl protons (Jdy,), the
opposite tendency was observed, although the differences are
small. Thus, the stereochemical assignments for the other aldol-
type adducts 4, except for 4ca (R! = R? = R* = H, Ar = 2-Naph),
were determined by their chemical-shift comparisons of both
the arylmethyl protons and the methyl protons (Table 3). The
major isomers with the lower-field chemical shift (Jy,,) of the
methyl protons and the higher-field chemical shift (0y,) of the
arylmethyl proton were determined as having a threo configur-
ation. In the case of the adduct 4ca, the stereochemistry was
determined on the basis of the 'TH-NMR coupling constants (J)
between the arylmethyl proton and the a-proton of the ester
group (Fig. 2). As established in the case of Ar = Ph,’ the clear
trend of Jy,p > Jeryur, Was observed for 4da. Thus, the stereo-
isomer with the large coupling constant (J 8.9 Hz) was assigned
to the threo-configuration (for the erythro isomer; J 2.2 Hz,
see Experimental section). All of the above-mentioned stereo-
chemical assignments of the aldol-type adducts 4 clearly sug-
gest that the primary photo-adducts, bicyclic-2-alkoxyoxetanes
3, were formed as exo-isomers.

Conclusion

Photochemical cycloadditions of the aromatic aldehydes 2 with
¢-KSA 1 derived from y-butyrolactones were performed. The
regio- (>95/5) and exo-selective (86/14) formation of the acid-
labile bicyclic 2-alkoxyoxetanes 3 occurred in moderate to high
yields. The oxetanes 3 were successfully converted to the aldol-
type adducts 4 with no loss of the stereochemistry. The tandem
photocycloaddition—hydrolysis route to the aldol-type adducts
4 is synthetically useful, since general Lewis-acid (TiCl,,

BF;-OEt,) promoted reaction of the ¢-KSA 1 with the aromatic
aldehydes gave stereorandom adducts 4.7

Experimental
General aspects

'H and “C spectra were measured on a JEOL JNM-EX-270
('H; 270 MHz, “C; 67.8 MHz) spectrometer with deuterio-
chloroform as internal standard. J values are given in Hz. IR
spectra were recorded on a Hitachi 260-30 spectrophotometer.
Mass spectrometric data were obtained by using a JEOL
JNS-BX 303-HF mass spectrometer. Elemental analyses were
carried out by Analytical Division of the Faculty of Engineer-
ing, Osaka University. Melting points are not corrected. Flash
column chromatography was performed by using silica gel
(Wakogel C-300) as absorbent.

Materials

The solvents used were dried and distilled prior to use. Cyclic
ketene silyl acetals (¢c-KSA) 1 were prepared from the corre-
sponding y-butyrolactone derivatives (vide infra)."® Aromatic
aldehydes 2 are commercially available and used without
further purification. Pinacol 7¢ (Ar=6-MeO-2-Naph) is a
known compound.! Pinacol 7d (Ar=Ph) is commercially
available.

Photolyses

Photolyses were conducted with an Eikohsha 500 W high-
pressure mercury lamp.

Preparation of the c-KSA 1a—e

To a solution of LDA (31.5 mmol) in THF (60 cm®) was slowly
added a solution of the corresponding y-butyrolactone deriv-
ative (30 mmol) in THF (10 cm®) at —78 °C under argon atmos-
phere. After stirring for 10 min, a solution of HMPA (30 mmol)
in THF (10 cm®) was added. And then, a solution of TBDMSCI
(30 mmol) in THF (10 cm®) was added dropwise to the mixture.
The reaction mixture was allowed to warm up to room tem-
perature (ca. 20 °C). After stirring for 10 h, 100 cm?® of n-hexane
and 300 cm® of water were added and the organic layer was
separated. The organic phase was dried over MgSO, and
removed under reduced pressure. The desired -KSA 1 was
distilled under reduced pressure. Derivative 1¢* is a known
compound.

2-[(tert-Butyldimethylsilyl)oxy]-3-methyl-4,5-dihydrofuran
1a. Colorless oil (3.8 g, 59%), bp 83-89 °C/9 mmHg (Found: C,
61.70; H, 10.48. C;;H,,0,Si requires C, 61.63; H, 10.34%); v ax-
(liquid film)/cm ™" 2850-3000, 1740, 1260, 1110; 64(270 MHz;
CDCl,) 0.17 [s, 6 H, OSi(CH;),(Bu)], 0.94 (s, 9 H, Bu"), 1.53
[s,3H, C(3)CH,],2.52[t,J8.9,2 H, C(4)H,],4.17 [t, J8.9,2 H,
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C(5)H,); 9.(67.8 MHz; CDCly) —4.26, 10.32, 18.24, 25.81,
33.44, 66.04, 75.84, 152.70; m/z (EI) 214.1398 (M*, 79%,
C,,H,,0,Si requires 214.1389), 157 (17), 129 (64), 115 (32), 99
(16), 89 (17), 73 (100).

2-[(tert-Butyldimethylsilyl)oxy]-3,5,5-trimethyl-4,5-dihydro-

furan 1b. Colorless oil (3.7 g, 52%), bp 50-55°C/1 mmHg
(Found: C, 64.70; H, 10.73. C;3H,0,Si requires: C, 64.41; H,
10.81%); Vpae(liquid film)/cm ™" 28503000, 1740, 1340, 1260,
1110; 04(270 MHz; CDCI,) 0.16 [s, 6 H, OSi(CH;),(Bu’)], 0.93
(s, 9 H, Bu'), 1.30 [s, 6 H, C(5)(CHs>),], 1.49 [s, 3 H, C(3)CH,],
2.31[s,2 H, C(3)H,]; 6c(67.8 MHz; CDCl;) —3.61, 10.25, 18.03,
25.61, 28.68, 46.52, 75.63, 81.96, 148.01; m/z (EI) 242.1707
(M*, 88%, C3H,0,Si requires 242.1702), 226 (27), 185 (75),
130 (25), 110 (79), 73 (100).

2-[(tert-Butyldimethylsilyl)oxy]-3,5-dimethyl-4,5-dihydro-

furan 1d. Colorless oil (2.9 g, 41%), bp 50-52°C/1 mmHg
(Found: C, 63.01; H, 10.65. C,,H,,0,Si requires: C, 63.10; H,
10.59%); vy (liquid film)/em ™ 2850-3000, 1720, 1460, 1250;
J0u(270 MHz; CDCI,;) 0.16 [s, 6 H, OSi(CH;),(Bu)], 0.94 (s, 9 H,
BuY), 1.28 [d, J 6.3, 3 H, C(5)CH;], 1.49 [s, 3 H, C(2)CH;], 2.10
[dd, J 6.6 and 13.2, 1 H, C(4)H], 2.65 [dd, J 9.6 and 13.2, 1 H,
C(4)H,], 4.49 [qdd, J 6.3, 6.6 and 9.6, 1 H, C(5)H]; 6c(67.8
MHz; CDCl,) —4.47, 10.14, 17.94, 22.32, 25.54, 40.54, 73.30,
75.96, 151.05; m/z (EI) 228.1551 (M*, 67%, C,,H,,0,Si requires
228.1546), 171 (44), 159 (13), 130 (26), 115 (16), 103 (20), 97
(17), 73 (100).

2-[(tert-Butyldimethylsilyl)oxy]-3-methyl-5-phenyl-4,5-

dihydrofuran 1le. Colorless oil (4.9 g, 69%), bp 90-91 °C/1
mmHg (Found: C, 70.38; H, 8.87. C,;H,s0,Si requires: C,
70.29; H, 9.02%); Vpnax(liquid film)/cm ™" 3000-3100, 28503000,
1740, 1260; 0;(270 MHz; CDCI;) 0.21 [s, 6 H, OSi(CHj),(Bu’)],
0.97 (s, 9 H, Bu"), 1.56 [s, 3 H, C(3)CH;], 2.55 [dd, J 8.3 and
13.5, 1 H, C(4)H], 2.95 [dd, J 10.2 and 13.5, 1 H, C(4)H], 5.38
[dd, /8.3 and 10.2, 1 H, C(5)H], 7.28-7.37 (m, 5 H, Ph); 0-(67.8
MHz; CDCl,) —4.36, —4.33, 10.03, 17.99, 25.55, 41.92, 76.21,
78.26, 125.50, 127.35, 128.37, 143.45, 151.41; m/z (EI) 290.1964
(M, 39%, C,;H,40,Si requires 290.1702), 233 (100), 158 (37),
131 (14), 115 (12), 91 (20), 73 (71).

Photolyses of aldehydes 2a—e with c-KSA 1a—e

General procedure. A test tube shaped reaction flask was
flushed with dry argon. The reaction mixture of ¢-KSA 1 (0.1
M, 1.28 mmol) and aromatic aldehyde 2 (0.05 M, 0.64 mmol) in
degassed dichloromethane (13 cm®) was irradiated with a high-
pressure mercury lamp through a Pyrex filter (>290 nm). After
the aldehyde 2 was consumed (3 h), the solvent was removed
under reduced pressure by using a rotary evaporator. After the
formation of the oxetane 3 was checked by NMR (Table 4), the
crude mixture was treated with wet CH;CN (H,0:CH;CN =
1:5, 25 cm?®). The organic layer was extracted with diethyl ether
and the solvent was removed. The products were separated
by silica gel chromatography. The yields and product ratios
(exo:endo) of 3 were determined on the basis of the isolated
aldol-type adducts 4 (Tables 1,2).

4,5-Dihydro-3-(hydroxy-2-naphthylmethyl)-3-methylfuran-
2(3H)-one (threo-4aa). An oil (Found: C, 75.23; H, 6.43.
C,sH,40; requires: C, 74.98; H, 6.29%); Vpax(liquid film)/cm™*
3200-3650, 3000-3200, 2850-3000, 1770, 1400, 1220, 1040;
0x(270 MHz; CDCl,) 1.33 (s, 3 H, CH;), 1.70 [ddd, J 3.8, 7.0
and 13.0, 1 H, C(4)H], 2.48 (ddd, J 8.6, 8.6 and 13.0, 1 H,
C(4H], 3.96 (s, 1 H, OH), 3.98 [ddd, J 3.8, 8.6 and 8.9, 1 H,
C(5)H], 4.12 [ddd, J 7.0, 8.6 and 8.9, 1 H, C(5)H], 5.01 [s, 1 H,
CHOH(2-Naph)], 7.43-7.50 (m, 3 H, 2-Naph), 7.78-7.83 (m,
4 H, 2-Naph); 0.(67.8 MHz; CDCl,) 17.47, 32.54, 47.30, 65.86,
76.78, 124.85, 126.09, 126.18, 126.23, 127.62, 127.81, 128.12,
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Table 4 "*C-NMR chemical shifts (5c) of the ratio of the orthoester
carbon in the bicyclic 2-alkoxyoxetanes 3¢

3 R! R? R? Ar o

3aa CH, H H 2-Naph 113.40
3ba CH; CH; CH; 2-Naph 116.35
3ca H H H 2-Naph 119.94
trans,exo-3da CH; CH; H 2-Naph 116.41
trans,exo-3ea CH, Ph H 2-Naph 114.11
3ab CH; H H 1-Naph 113.48
3ac CH, H H 6-MeO-2-Naph 118.76
3ad CH; H H Ph 113.44
3ae CH; H H 4-CNCgH, 114.21

“NMR measurements *C-NMR (67.8 MHz; CDCl;) were quickly
performed after the solvent was removed under reduced pressure.
® Chemical shifts (ppm) were reported relative to the internal standard
(CDCl;; 0 77.0).

132.90, 133.15, 136.30, 182.30; m/z (EI) 256.1096 (M, 20%,
C,H,.0, requires 256.1100), 157 (56), 129 (56), 100 (100).

erythro-4aa. Obtained in admixture with 51% threo-4aa. An
0il; 04(270 MHz; CDCl,) 1.10 (s, 3 H, CH;), 1.68 [ddd, /4.1, 7.3
and 124, 1 H, C(4$)H], 1.90 (s, 1 H, OH), 2.88 [ddd, J 8.9,
8.9 and 12.4, 1 H, C(4)H], 4.17 [ddd, J 7.3, 8.9 and 8.9, 1 H,
C(5)H], 4.31 [ddd, J 4.1, 8.9 and 8.9, 1| H, C(5)H], 5.06 [s, 1 H,
CHOH(2-Naph)], 7.42-7.52 (m, 3 H, 2-Naph), 7.77-7.82 (m,
4 H, 2-Naph).

4,5-Dihydro-3-(hydroxy-2-naphthylmethyl)-3,5,5-trimethyl-

furan-2(3H)-one (threo-4ba). Viscous oil (Found: C, 76.07; H,
7.13. C;gH,0; requires: C, 76.03; H, 7.09%); vyax(liquid film)/
cm™! 3200-3600, 3000-3100, 2800-3000, 1730, 1200; 54(270
MHz; CDCl,) 1.18 [s, 3 H, C(5)Me], 1.40 [s, 3 H, C(3)Me], 1.49
[s, 3 H, C(5)Me], 1.68 [d, J 13.5, 1 H, C(4)H], 2.36 [d, J 13.5,
1 H, C(4)H], 3.93 (s, 1 H, OH), 5.06 [s, | H, CHOH(2-Naph)],
7.47-7.54 (m, 3 H, 2-Naph), 7.80-7.87 (m, 4 H, 2-Naph);
0c(67.8 MHz; CDCl,) 21.46, 29.71, 29.87, 43.70, 50.12, 77.23,
82.37, 125.19, 126.02, 126.06, 126.43, 127.49, 127.62, 128.03,
132.76, 132.99, 136.57, 181.42; m/z (EI) 284.1425 (M*, 12%,
C,5H,,0; requires 284.1413), 156 (56), 128 (100), 113 (15), 69
(8), 59 (12), 43 (15).

4,5-Dihydro-3-(hydroxy-2-naphthylmethyl)furan-2(3 H)-one

(threo-4ca). An 83:17 mixture of threo-dca and erythro-dca
isomers. Viscous oil, vy, (liquid film)/cm™* 3150-3600,
3000-3070, 2800-3000, 1740; 6,4(270 MHz, CDCl;) 1.87-2.05
[m, 2 H, C(4)H,], 3.02 [ddd, J 8.9, 8.9 and 11.2, 1 H, C(3)H],
4.16 [ddd, J 6.6, 8.9 and 8.9, 1 H, C(5)H], 4.31 [ddd, J 2.3, 8.9
and 8.9, 1 H, C(5)H], 4.46 (s, 1 H, OH), 4.99 [d, /8.9 Hz, 1 H,
CH(OH)(2-Naph)], 7.48-7.53 (m, 3 H, 2-Naph), 7.83-7.89 (m,
4 H, 2-Naph); 5.(67.8 MHz; CDCl,) 25.93, 46.17, 67.06, 74.86,
123.90, 125.88, 126.27, 126.36, 127.73, 128.01, 128.73, 131.79,
137.32, 137.59, 172.52; m/z (EI) 242.0941 (M*, 40%, C,sH,,0,
requires 242.0943), 157 (100), 129 (57), 86 (21).

erythro-4ca. Viscous oil; readable signals J04(270 MHz;
CDCl,) 1.86-1.98 (m, 1 H), 2.40-2.55 (m, 1 H), 2.83 (s, 1 H),
3.03 (m, including J 2.2, 1 H), 4.16 (m, 1 H), 4.36 (ddd, 1 H),
5.56[d, J 2.2, 1 H, CH(OH)(2-Naph)].

4,5-Dihydro-3,5-dimethyl-3-(hydroxy-2-naphthylmethyl)-
furan-2(3H)-one (trans,threo-4da). Obtained in admixture with
7% trans,erythro-4da isomers. Viscous oil; v, (liquid film)/
cm™! 3200-3650, 3000-3100, 2850-3000, 1750, 1210, 1060;
0u(270 MHz; CDCl,) 1.22[d, /5.9, 3 H, C(5)CH,), 1.43 [s, 3 H,
C(3)CH;], 1.50 [dd, J 8.4, 13.7, 1 H, C(4)H], 2.70 [dd, J 7.1,
13.7, 1 H, C(4)H], 3.05 (s, 1 H, OH), 3.81 [qdd, J 5.9, 7.1 and
8.4,1H, C(5)H], 4.98 [s, | H, CH(OH)(2-Naph)], 7.47-7.52 (m,
3 H, 2-Naph), 7.79-7.86 (m, 4 H, 2-Naph); 6-(67.8 MHz;
CDCl,) 21.93, 22.21, 39.27, 50.66, 74.52, 76.59, 124.67, 125.89,
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126.22, 126.25, 127.64, 127.96, 128.16, 132.87, 133.17, 137.00,
180.83; m/z (El) 270.1265 (M™, 22%, C,;HsO; requires
270.1256), 157 (41), 129 (34), 114 (100), 69 (10).

trans,erythro-4da. Obtained in admixture with 93% trans,
threo-4da isomers. Viscous oil; readable signals J4(270 MHz,
CDCly) 1.25 [d, J 2.0, 3 H, C(5)CH;], 1.28-1.39 [m, 1 H,
C(4H], 1.70-1.74 [m, 1 H, C(4)H], 2.84 (br s, 1 H, OH), 4.52—
4.58 [m, 1 H, C(5)H], 5.04 [s, | H, CH(OH)(2-Naph)].

cis,threo-4da. Viscous oil; v, (liquid film)/cm™* 3250-3650,
3000-3100, 2800-3000, 1740, 1200, 1050; 5;4(270 MHz; CDCly)
1.31 [s, 3 H, C(3)CH,], 1.40 [d, J 5.9, 3 H, C(5)CH,], 1.72 [dd,
J 5.3 and 12.9, 1 H, C(9)H], 2.01 [dd, J 10.6 and 12.9, 1 H,
C(4)H], 4.51 (br s, 1 H, OH), 4.58 [dqd, J 5.3, 5.9 and 10.6, 1 H,
C(5)H], 5.07 [s, 1 H, CH(OH)(2-Naph)], 7.46-7.52 (m, 3 H,
2-Naph), 7.80-7.87 (m, 4 H, 2-Naph); 6-(67.8 MHz; CDCI,)
15.85, 20.79, 41.49, 48.88, 74.70, 77.00, 125.00, 126.06, 126.13,
126.20, 127.58, 127.64, 128.09, 132.90, 133.10, 135.99, 182.46;
miz (EI) 270.1263 (M*, 26%, C,;H,30; requires 270.1256), 157
(35), 129 (32), 114 (100), 69 (10).

4,5-Dihydro-3-(hydroxy-2-naphthylmethyl)-3-methyl-5-phenyl-
furan-2(3H)-one (trans,threo-4ea). Obtained in admixture with
7% trans,erythro-4ea isomers. White powder, mp 137-139 °C
(Found: C, 79.00; H, 6.03. C,,H,,0O; requires C, 79.40; H,
6.07%): Vpma(KBr)lem™ 3150-3600, 3000-3100, 2850-3000,
1760, 1460, 1200; 64(270 MHz; CDCl;) 1.40 [s, 3 H, C(3)CHj,],
1.92 [dd, J 8.2 and 13.5, 1 H, C(4)H], 3.01 [dd, J 7.9 and 13.5,
1 H, C(4)H], 3.09 (br s, 1 H, OH), 4.81 [dd, J 7.9 and 8.2, 1 H,
C(5)H], 5.08 [s, 1 H, CH(OH)(2-Naph)], 7.14-7.18 (m, 2 H,
Ph), 7.27-7.35 (m, 3 H, Ph), 7.47-7.59 (m, 3 H, 2-Naph), 7.81-
7.90 (m, 4 H, 2-Naph); 6.(67.8 MHz; CDCl;) 21.71, 40.38,
50.15, 65.41, 78.37, 124.60, 124.96, 125.86, 126.02 126.15,
126.33, 126.36, 127.67, 128.09, 128.59, 132.87, 133.24, 136.84,
139.91, 180.54; m/z (EI) 332.1403 (M*, 13%, C,,H,,0; requires
332.1413), 176 (100), 157 (28), 131 (37), 107 (8).

trans,erythro-dea. Obtained in admixture with 3% trans,
threo-4ea isomers. Viscous oil; vy, (liquid film)/cm™ 3150—
3600, 3000-3100, 2850-3000, 1760, 1460, 1200; 64(270 MHz;
CDCl,) 1.19 [s, 3 H, C(3)CH4], 1.75 [dd, J 7.9 and 13.5, 1 H,
C(4)H], 2.60 (s, 1 H, OH), 3.20 [dd, /7.9 and 13.5, 1 H, C(4)H],
5.16 [s, 1 H, CH(OH)(2-Naph)], 5.61 [dd, J 7.9 and 7.9, 1 H,
C(5H], 7.29-7.40 (m, 5 H, Ph), 7.47-7.55 (m, 3 H, 2-Naph),
7.82-7.92 (m, 4 H, 2-Naph); d-(67.8 MHz; CDCl;) 23.24, 38.21,
50.32, 65.86 78.94, 124.85, 125.10, 126.18, 126.33, 126.40,
126.51, 127.64, 128.07, 128.34, 128.66, 132.92, 133.23, 137.18,
140.56, 181.51; m/z (EI) 332.1408 (M*, 12%, C,,H,,O; requires
332.1413), 176 (100), 157 (25), 131 (38), 107 (7).

cis,threo-4ea. White powder, mp 114-115 °C; v, (KBr)/cm ™!
3150-3600, 3000-3100, 2850-3000, 1760, 1460, 1200; 0g(270
MHz; CDCl,) 1.45 [s, 3 H, C(3)CHj,], 2.05 [dd, J 5.9 and 12.9,
1 H, C(4)H], 2.37 [dd, J 10.6 and 12.9, 1 H, C(4)H], 4.39 (br s,
1 H, OH), 5.16 [s, | H, CH(OH)(2-Naph)], 5.45 [dd, J 5.9 and
10.6, 1 H, C(5)H], 7.21-7.29 (m, 3 H, Ph), 7.30-7.38 (m, 2 H,
Ph), 7.45-7.53 (m, 3 H, 2-Naph), 7.79-7.88 (m, 4 H, 2-Naph);
0c(67.8 MHz; CDCl,) 21.71, 40.36, 50.15, 65.43, 78.37, 124.60,
124.96, 125.86, 126.02, 126.33, 126.36, 127.67, 128.09, 128.14,
128.28, 128.59, 132.87, 136.84, 139.91, 180.54; m/z (EI)
332.1403 (M*, 13%, C,H,,0; requires 332.1413), 176 (100),
157 (23), 131 (39), 107 (8).

4,5-Dihydro-3-(hydroxy-1-naphthylmethyl)-3-methylfuran-
2(3H)-one (threo-4ab). Viscous oil (Found: C, 74.68; H, 6.27.
C,¢H,40; requires: C, 74.98; H, 6.29%); vy, (liquid film)/cm™!
3200-3650, 3000-3100, 2850-3000, 1760, 1390, 1210, 1070,
1030; 04(270 MHz; CDCly) 1.34 [s, 3 H, C(3)CH,4], 1.53 [ddd,
J4.38,7.3and 13.2, 1 H, C(4)H], 2.47 [ddd, J 7.9, 8.3 and 13.2,
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1 H, C(4)H], 3.93-4.16 [m, 3 H, OH + C(5)H,], 5.75 [s, 1 H,
CH(OH)(2-Naph)], 7.40-7.59 (m, 3 H, 1-Naph), 7.72-7.89 (m,
3 H, 1-Naph), 8.12-8.17 (m, 1 H, 1-Naph); d.(67.8 MHz;
CDCly) 17.49, 32.96, 47.51, 65.84, 71.52, 123.25, 124.92,
125.34, 125.86, 126.02, 128.64, 128.82, 130.91, 133.57, 134.56,
182.14; m/z (El) 256.1084 (M™, 32%, C,HsO; requires
256.1100), 157 (80), 129 (53), 100 (100).

4,5-Dihydro-3-[hydroxy-2-(6-methoxynaphthyl)methyl]-3-
methylfuran-2(3 H)-one (threo-4ac). An 87:13 mixture of threo-
d4ac and erythro-4ac isomers. White powder, mp 93-96 °C
(Found: C, 70.99; H, 6.30. C;H50, requires: C, 71.31; H,
6.34%); Vma(KBr)lem™ 3200-3650, 3000-3100, 2800-3000,
1760, 1610, 1490, 1390, 1270, 1030; 64(270 MHz; CDCl,) 1.33
[s, 3 H, C(3)CH,4], 1.71 [ddd, J 4.0, 7.3 and 12.9, 1 H, C(4)H],
2.46 [ddd, J 8.2, 8.6 and 12.9, 1 H, C(4)H], 3.90 (s, 3 H, OCHj,),
3.98 [ddd, J 4.0, 8.2 and 8.9, 1 H, C(5)H], 4.14 [ddd, J 7.3, 8.6
and 8.9, 1 H, C(5)H], 5.01 [s, 1 H, CH(OH)(6-MeO-2-Naph)],
7.12-7.19 (m, 2 H, 6-MeO-2-Naph), 7.44-7.47 (m, 1 H, 6-MeO-
2-Naph), 7.69-7.77 (m, 3 H, 6-MeO-2-Naph); 6-(67.8 MHz;
CDCl,) 17.94, 32.24, 47.50, 55.24, 65.79, 76.66, 105.45, 119.01,
125.32, 125.79, 126.54, 128.30, 129.54, 134.12, 134.27, 157.79,
182.16; m/z (EI) 286.1218 (M™, 21%, C,;H;sO, requires
286.1205), 187 (100), 159 (16), 144 (14), 127 (5), 115 (5), 100 (9).

erythro-4ac. Viscous oil; readable signals 0y4(270 MHz;
CDCl,) 1.14 [s, 3 H, C(3)CHj,], 1.55-1.64 (m, 1 H), 1.83 (s, 1 H),
2.80-2.97 (m, 1 H), 4.07-4.15 (m, 2 H), 5.05 [s, 1 H, CH(OH)-
(6-MeO-2-Naph)].

4,5-Dihydro-3-[hydroxy(phenyl)methyl]-3-methylfuran-2(3 H)-
one (threo-4ad). White powder, mp 78-81 °C (Found: C, 69.59;
H, 6.91. C,,H,,0; requires: C, 69.89; H, 6.84%); vy, (KBr)/cm ™!
3200-3700, 3000-3150, 2900-3000, 1770, 1470, 1400, 1210,
1200; 04(270 MHz; CDCl,) 1.31 [s, 3 H, C(3)CH;], 1.71 [ddd,
J4.1,73and 13.1, 1 H, C(4)H], 2.43 [ddd, J 8.6, 8.6 and 13.1,
1 H, C(4)H], 3.81 (br s, 1 H, OH), 3.97 [ddd, J 4.1, 8.6 and 8.9,
1 H, C(5)H], 4.10 [ddd, J 7.3, 8.6 and 8.9, 1 H, C(5)H], 4.87
[s, 1 H, CH(OH)Ph], 7.32-7.37 (m, 5 H, Ph); 6.(67.8 MHz;
CDCly) 17.41, 32.40, 47.13, 65.79, 76.62, 126.94, 128.16,
128.28, 138.69, 182.22; m/z (CI) 207.1006 (M* + 1, 1%, C,,-
H,50, requires 207.1021), 189 (1), 107 (29), 100 (100), 79 (19),
56 (10), 41 (12).

erythro-4ad. Obtained in admixture with 67% threo-4ad iso-
mer. Viscous oil; 04(270 MHz; CDCl,) 1.12 [s, 3 H, C(3)CHj,],
1.61 [ddd, J 4.1, 7.6 and 12.4, 1 H, C(4)H], 1.92 (s, 1 H, OH),
2.80 [ddd, J 8.6, 8.9 and 12.4, 1 H, C(4)H], 4.19 [ddd, J 7.6, 8.9
and 8.9, 1 H, C(5)H], 4.29 [ddd, /4.1, 8.6 and 8.9, 1 H, C(5)H],
4.92[s, 1 H, CH(OH)(Ph)], 7.31-7.37 (m, 5 H, Ph).

4,5-Dihydro-3-(hydroxy-4-cyanophenylmethyl)-3-methyl-

furan-2(3H)-one (threo-4ae). An 85: 15 mixture of threo-4ae and
erythro-4ae isomers. White powder, mp 93-96 °C (Found: C,
67.19; H, 5.81. C;3H;3NO; requires: C, 67.52; H, 5.67%);
Vmax(KBr)/cm ™! 3200-3600, 3000-3100, 2850-3000, 2240, 1760,
1620, 1390, 1200, 1100; 04(270 MHz; CDCl,) 1.27 [s, 3 H,
C(3)CH,], 1.57 [ddd, J 3.3,7.2 and 12.9, 1 H, C(4)H], 2.40 [ddd,
J8.9,8.9and 12.9, 1 H, C(4)H], 4.05 (s, | H, OH), 4.08-4.27 [m,
2 H, C(5)H,], 4.94 [s, 1 H, CH(OH)(4-CNC¢H,)], 7.46-7.54 (m,
2 H, 4-CNC¢H,), 7.63-7.68 (m, 2 H, 4-CNC¢H,); d-(67.8 MHz;
CDCl,) 18.19, 31.88, 47.21, 65.72, 75.94, 111.54, 118.40,
127.71, 131.68, 144.51, 181.31.

erythro-4ae. Viscous oil, readable signals J0y4(270 MHz;
CDCl,y) 1.11 [s, 3 H, C(3)CH;], 1.74 [ddd, J 3.3, 6.9 and 12.9,
1 H, C(9H], 2.75 [ddd, J 8.9, 8.9 and 12.9, 1 H, C(4)H], 4.08-
4.27 [m, 1 H, C(5)H], 4.35 [ddd, J 3.3, 8.9 and 8.9, 1 H, C(5)H],
499 [s, 1 H, CH(OH)(4-CNC(H,)]; J-(67.8 MHz; CDCl,)
20.52,28.11,48.72, 65.63, 75.22, 111.54, 118.40, 127.78, 131.75,
145.30, 181.08.
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Preparative-scale photoreaction of 2-naphthaldehyde 2a with
c-KSA 1a

A test tube shaped reaction flask was flushed with dry argon.
The reaction mixture of ¢-KSA 1a (2.2 M, 64 mmol) and
2-naphthaldehyde 2a (1.1 M, 32 mmol) in degassed dichloro-
methane (30 cm®) was irradiated with a high-pressure mercury
lamp through a Pyrex filter (>290 nm). After the aldehyde 2a
was consumed (15 h), the solvent was removed under reduced
pressure by using a rotary evaporator. The crude mixture was
treated with wet CH,CN (H,0: CH;CN = 1:5, 50 cm®) for 12 h
to afford the aldol-type adduct 4aa (27 mmol, 85%) after
column chromatography on silica gel.

Transformation to acetonides Saa, Sad, 6ba

General procedure. To a suspension of LAH (0.8 mmol) in
dry Et,0 (15 cm®) was added a solution of tireo-4 (0.4 mmol) in
dry Et,0 (2 cm®). After 5 h at reflux temperature, aq. Na,SO,
(20 cm®) was added carefully. After separation of the organic
phase, the solvent was removed under reduced pressure. The
organic material obtained was dissolved in 2,2-dimethoxy-
propane (5 cm®) and a catalytic amount of camphorsulfonic
acid (0.04 mmol) was added. After stirring for 12 h, 50 cm® each
of ag. NaHCO; and Et,0O were added and the organic layer was
separated. The desired acetonides Saa (23%), Sad (28%), 6ba
(14%) were obtained by basic alminium oxide chromatography
with EtOAc-n-hexane as eluent.

5-[2-(1-Methoxy-1-methylethoxy)ethyl]-4-naphthyl-2,2,5-
trimethyl-1,3-dioxane 5aa. An oil; v, (liquid film)/cm~" 3000
3100, 2800-3000, 1460, 1380, 1360, 1250, 1200, 1150, 1090,
1040; 64(270 MHz; CDCl;) 1.05 [s, 3 H, C(5)CH,], 1.31 (s, 6 H,
2x CH,), 1.58 [s, 6 H, 2 x C(2)CH,4], 1.51-1.65 (m, 2 H,
CH,CH,0), 3.16 (s, 3 H, OCH,), 3.30-3.40 (m, 2 H,
CH,CH,0), 3.72 [d, J 11.7, 1 H, C(6)H], 4.02 [d, J 11.7, 1 H,
C(6)H], 493 [s, 1| H, OCH(2-Naph)], 7.45-7.53 (m, 3 H,
2-Naph), 7.78-7.86 (m, 4 H, 2-Naph); 6-(67.8 MHz; CDCl,)
16.28, 18.87, 24.30, 24.33, 29.69, 35.67, 36.66, 48.48, 55.80,
70.30, 79.41, 98.92, 99.82, 125.66, 125.71, 125.80, 126.15,
127.04, 127.48, 127.98, 132.72, 132.92, 135.67; m/z (EI)
327.2289 (M*, 1%, C,H;,0, requires 372.2301), 340 (11), 241
(17), 225 (13), 156 (59), 126 (17), 98 (40), 84 (11), 73 (100).

5-[2-(1-Methoxy-1-methylethoxy)ethyl]-4-phenyl-2,2,5-

trimethyl-1,3-dioxane 5ad. Viscous oil (Found: C, 70.51; H,
9.54. CsH;,0, requires: C, 70.78; H, 9.38%); vpax(liquid film)/
cm™!' 3000-3050, 2850-3000, 1740, 1460, 1390, 1260, 1210;
0x(270 MHz; CDCl,) 0.99 [s, 3 H, C(5)CH;], 1.25 (s, 6 H,
2 x CH;,), 1.30 [s, 3 H, C(2)CH,], 1.53 [s, 3 H, C(2)CH,], 1.54—
1.65 (m, 2 H, CH,), 3.13-3.24 (m, 1 H, CH,CH,0), 3.16 (s, 3 H,
OCHj;), 3.30-3.40 (m, 1 H, CH,CH,0), 3.67 [d, J 11.6, 1 H,
C(6)H], 4.00 [d, J 11.6, 1 H, C(6)H], 4.74 [s, 1 H, C(4)H], 7.28—
7.42 (m, 5 H, Ph); 6.(67.8 MHz; CDCl;) 16.09, 18.82, 24.37,
29.36, 29.69, 32.78, 36.35, 48.56, 55.81, 70.32, 77.20, 98.85,
99.88, 127.58, 127.62, 127.94, 128.09, 128.23, 138.04.

5-(2-Hydroxy-2-methylpropyl)-4-naphthyl-2,2,5-trimethyl-

1,3-dioxane 6ba. Viscous oil (Found: C, 76.45; H, 8.4l.
C,,H,30; requires: C, 76.79; H, 8.59%); 05(270 MHz; CDCl;)
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1.23 (s, 9 H, 3 x CH,), 1.33 (d, J 14.8, 1 H, CH) 1.57 (s, 6 H,
2 x CH,), 1.65(d, J14.8,1 H, CH),4.03 [d, J 11.7, 1 H, C(5)H],
420[d,J11.7,1 H, C(5)H], 4.93 [s, 1 H, C(3)H], 7.45-7.53 (m,
3 H, 2-Naph), 7.79-7.87 (m, 4 H, 2-Naph); 6-(67.8 MHz;
CDCl,) 17.81, 19.01, 29.69, 31.18, 33.97, 38.47, 48.39, 70.39,
72.01, 79.93, 98.89, 125.77, 125.84, 126.45, 126.99, 127.30,
127.49, 128.07, 132.72, 132.90, 135.83.
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