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Abstract: An efficient pinacol rearrangement mediated by trialkyl orthoformate has been developed. The
reactions of various types of diols with a catalytic amount of a Lewis acid in the presence of an ortho
ester afforded the rearranged product in good yields via a cyclic ortho ester intermediate. This combined
system is applicable not only to cyclic ‘and acychc tri- and tetra-substituted diols but also to the diols
having acid-sensitive acetals. © 1998 Elsevier Science Lid. All rights reserved.

Introduction

Carbon skeletal rearrangement reactions are very powerful synthetic tools to construct new carbon
frames, and many reactions have been developed so far. Among them, pinacol rearrangement is one of the
oldest known transformations of the carbon skeleton. The reaction is typically catalyzed by a Brgnsted acid or

nverted to the corresponding pinacolone. During the reaction,
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For instance, 1) excess Lewis acid is usually required for the completion of the reaction, and 2) acid labile
functional groups are sensitive to the reaction conditions and hence cannot coexist.! In order to overcome
these difficulties, non-dehydrative rearrangements such as semi-pinacol rearrangement? and the rearrangement
of epoxides3 have been widely used instead of pinacol rearrangement. However, recent remarkable progress
in the stereoselective synthesis of pinacols by pinacol coupling using low valent metals,* samarium diiodide’
or by dihydroxylation of olefins using OsO4 in the presence of a chiral ligand® would make pinacol
rearrangement itself quite attractive, if its drawbacks are overcome. Recently, Mukaiyama developed an
efficient pinacol rearrangement reaction using a catalytic amount (0.2 eq.) of SbCl5-AgSbFg, where the bis-

silylether of the diol was used and siloxane was produced instead of H2O. 7 Sands developed another catalytic
method (0.5 eg. of BFgeEtzO) using MgSO4 as a dehydrating agent.8 However, in this case the formation of

1

Quite recently, we have reported an attractive alternative method® to overcome the disadvantage of the
pinacol rearrangement, using a Lewis acid-trimethyl orthoformate [HC(OMe)3] combined system, wherein the
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reaction proceeds under non-dehydrative circumstances (eq. 2). This Lewis acid-HC(OMe)3 was found to be
effective even with a catalytic amount of Lewis acid. On further investigation, however, it has been found that
this system has some limitations. Subsequent detailed study of this new pinacol rearrangement revealed that
several trialkyl orthoformates [HC(OR)3] are effective in this reaction and among them, ethyldiphenyl
orthoformate [(PhO)2CHOEL], in particular, proved to be an efficient choice and can be applied to such diols
where HC(OMe)3 failed to give fruitful results. More 1mportantly, it has also been observed that this
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t, we investigated the pinacol rearrangement of 2

J & ublllg DFj‘ElAU as a LCW].D auu (1a4abif 1). 11IC
spiro compound 210 was obtained in 60% yield via the carbocation intermediate at the B-position of the
acyloxy group.il However, 8 equivalents of BF3*Et20 was required to accomplish the transformation and
only under a reflux condition (entry 1). We then examined the reported improved methods. Sands's method®
was found to be ineffective in the present case (entry 2). Mukaiyama's method using SbCl5-AgSbFg with bis-
silylether’” was also not successful, because silylation of the 1,2-diol hardly occurred due to the bulkiness of
the substrate. Use of molecular sieves also did not have any significant effect (entry 3). The failure of these
i , coupled with our earlier su
synthesis of oxocyclic compounds from triols using a Brgnsted acid-orthoester system 12 encouraged us to
cxammc I.l S reac i h

.1 17
thus trapping the water.!3
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Although PhC{OMe)3 and MeC{OMe)3 were found io be ineri so thai no reaction
occurred (entries 4 and 5), HC(OMe)3 was effective in producing the reaction very well and afforded the
rearranged product 2 in 83 % yield at 0°C-r.t. with only 1 equiv. of BF3¢Et20 (entry 6).

We then focused our attention on the effect of Lewis acids in the presence of HC(OMe)3 as an additive
(Table 2). All the Lewis acids tried efficiently performed this transformation and afforded 2 in good yields.
However, SnClgq was found to be superior to others (entry 2). It is quite interesting to note that none of these

Lewis acids afforded 2 in the absence of HC(OMe)3.
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Table 1. Effect of Additives on the Pinacol Rearrangement Table 2. Effect of Lewis Acids in the Presence
OPNR of HC(OMe)3
HO ¥ BFgERO o) :QPNB Lewis acid (1eq.)
m Additive (\}‘\ ] HC(OMe)s (1eq.) 2
\f)\\/ CHoClp VAN CHoCly, 0°C - rt.

Entry Additive BF3*Etp0(eq.) Conditions  Yield (%) Entry Lewis acid Time Yield of 2 (%)
1 none 8 0°C -reflux,3h 60

i BFaEiz0  48h 83  (NR)®
2 MgSO, 10 0°C-rt,48h 15 (6!'3)"a . o ~ e
2 onClg 2h 8o {trace)
3 MS4A 1 " NR s oh e
4 OM NR 3 TMSOTt 2h 4 (NR)
Pm o e 1 "
(OMe)s 4  EtAICl (2eq.) 8h 70 (NR)
5 MeC(OMe)z 1 . NR
2 Result in parentheses is observed in the absence of HC(OMe).
6 HC(OMe); 1 " 83
# Yigld in the parenthesis is recoveraed starting material

accelerates the pinacol rearrangement to a great extent. The reaction proceeds via a cyclic ortho ester
intermediate 3, which could be easily observed on TLC, and its structure was confirmed by comparison with
the authentic one prepared by the reaction of 1 and HC(OMe)3 in the presence of a catalytic amount of p-
TsOH. It was also ascertained that treatment of cyclic orthoester 3 with a catalytic amount of SnCly afforded
the rearranged product 2 in good yield thereby proving unambiguously that the reaction proceeds through the
cyclic intermediate 3 (Scheme 1). On the other hand, no cyclic orthoester intermediate was observed when
PhC(OMe)3 and MeC(OMe)3 were used. This could be due to the difference in the reactivities of the

uinvur‘a ninm innc tnwarde tartiarv aleahale canee nf their hulkinece fFI(ﬂ e 1)
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MAMGILIT 3
Figure 1, Reactivity of the Dioxenium Ions towards tert-Alcohols
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Based on these results, the most probable mechanism that could be envisaged for the rearrangement
reaction has been depicted in Scheme 2. Formation of the cyclic intermediate A by the reaction of the diol

with HC(OMe)3 in presence of Lewis acid and subsequent conversion to the cationic intermediate B would

a=1



one might expect that the equilibrium would be shifted towards A during the course of the reaction, which in
turn would give rise to intermediate B. The irreversible nature of the intermediate B to A as well as its
instability coupled with its tendency to undergo a very fast rearrangement could be considered as the driving
force for this reaction. It is worth noting that only 2 eq. of MeOH and 1 eq. of HCO2Me were formed but no
H20 was released during this reaction. This was further confirmed by 1H NMR experiments. Scheme 3

shows the ‘H NMR spectra of the reaction measured at different time intervals. Approximately 1:1 signal of
NITAY sarmt s Ancivinad Fames Ainctaca~cmiey P P gy | P B | S
Hc" proton derived from diastereomixture of intermediate 3 was observed
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eaction of Various Diols in the Presence of HC(OMe)3

From the mechanistic consideration depicted in Scheme 2 and the result of the reaction of 3 with a
catalytic amount of SnCl4 as in Scheme 1, it appeared to us that this rearrangement reaction might even
proceed with a catalytic amount of Lewis acid. We then examined the generality of the reaction using several
types of diols. The results are shown in Table 3. Compound 1, to our surprise, afforded a better yield under
catalytic condition, although the reaction time was quite long (entry 1). Bicyclo[4.3.0]nonane system 4 gave

the rearrangsement product § in ex_g—gmglv hich vield. This ortho ester method is apnlicable not onlv to tynical
g pro ighy ester method is applicable not only to typical
tetrasubstituted diols (615 and 8) for pinacol rearrangement (entries 3 and 4) but also to cyclic trisubstituted
A1 1116 rn e &Y
Uivl 31x°V (CINLYy D)
Table 3. Pinacol Reaction of Various Diols with HC(OMe),
and a Catalytic Amount of SnCl, in CH,Cl, at 0°C~r.t.
Entry Substrate Equiv. of Reaction Product  Yield (%)
SnCly time
OPNB
HO 3 Q OP
/\!/\ na £0 b - 3 an
I O O X )
ST NS ~
HO 1 2
H QPNB O
? P 4 o2 " AN ¥
HO 4 5
i 0O
HO OH
3 G—O 0.2 5 min 90
8 Ph 7
Ph_Ho oH_FPh £ Ph Fh
4 W—J 0.4 4d ,\:>\'4 \}—(_'
.. - pH MeMe Me T %,
Mé Me Me Y
’ [+] 87 (0.4 5\ 10
~ - Gi 0l ) LA
5 0.4 9h 66
oH o
11 12
Study on Orthoformate Reagent
Pinacol rearrangement of many diols, mostly tetrasubstituted ones using HC(OMe)3, was indeed
effective with a catalytic amount of Lewis aci id (Tab n the other hand, under the same reaction

o 2\ n s
Lewis acid (Table 3). Ont
€

14‘]

conditions, the reaction of acyclic trisubstituted dioi 13'/ gave a compiex mixture (see Scheme 4). In this
reaction, the initial formation of cyclic orthoester 14a was ascertained by TLC, but the subsequent
rearrangement was found to be slow and afforded only a complex mixture. We then examined the reactivity of
this cyclic orthoester intermediate 14a, which was synthesized independently using p-TsOH as a catalyst.
Treatment of 14a with 0.1 eq. of SnCl4 afforded the rearranged product 15 in 61% yield. However, use of

SnCl4 (0.1 eq.)—MeOH (2 eq.), the reagent combination which was supposed to be formed in situ during the

,and hep_ce the SnCl4-HC(OMe)3
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Scheme

Because of the above limitations in the use of HC(OMe)3, we then focused our attention on the reaction
of 13 with other such orthoformate reagents, wherein alcohols other than MeOH could be released during the
reaction. Results of these reactions are shown in Table 4. Reaction of 13 in the absence of any orthoester was
fruitless and afforded 15 only in a trace amount (entry 1). As mentioned earlier, use of HC(OMe)3 resulted in
a complex mixture, and use of other orthoformate derivatives such as HC(OEt)3, HC(O-iPr)3, PhOCH(OEt)?

i laling PR INNY T A

and (PhO)zCHOEt improved the yield of the reaction (entries 3, 4, 5, and 6). Among them, a more attractive
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{entry 6). Because of the great difficuity involved in the preparation of HC(OPh)3, use of this reagent in the

above reaction was not attempted.

Tabie 4. Study of Ortho Esters
SnCl4 (0.1eq.)
HC(OR); (1 eq.)

13 31l 8q.) i5
ROH

Entry HC(OR); Yield Time  ROH

1 none trace 10h H0

2 HC(OMe)3 complex  18h MeOH

3 HC(OEt)3 31% 4h EtOH

4 HC(O-iPr)3 51% 15h i-PrOH

5 PhOCH(OEt), 57% 4h EtOH,PhOH
B (PhO),CHOEt  69% 4h PhoH 1}

The reason for the superiority of (PhO)2CHOE in bringing about an efficient rearrangement of the diol

13 could be rationalized as follows (Scheme 5). As observed earlier, in the present case also, the initial
lows (Scheme 5). As observed earlier, in the present case also, the

£ diine i b v lin metbhnactar tntarmadinta and ite cithecaniiant ranreangamant ~anld ha fallawad he TI O

1OMTT1ation O1 Ui CyCiiC ONoTSICI T NITULALT alil IS SUUDLHUTIL 1valldaiigullviil CULIU UL TULHIUWLU Uy 1 2.

The structure of the intermediate was ascertained by comparison with the anthentic ethy! cyclic orthoester 14b

obtained by reaction of 13 with HC(OEt)} Unlike in the case of HC(OMe)3 which produces MeOH during



the reaction, in the present system, PhOH is released. PhOH, which is acidic, is not expected to react with or
inhibit the Lewis acid, and thus its presence does not seem to affect the course of the reaction. In fact, SnCl4
(0.1 eq.)-PhOH (2 eq.) mediated the rearrangement of 14b in a way similar to that of SnClg (0.1 eq.) itself.

SnCly (0.1eq.) SnCl. -PhOH) O Bu

(PhO),CHOE (1eq,) [14,, | = ey

Me"4 'Bu CH,Clp \ ' Bu
H Bu 0°C-rt.

Me H

v A
‘ OEt 69 %
HC(OEt)3

" p-TsOH (cat) _ o 0 .
1 Me*d—\'Bu CHyClo b

Q2 oL [} -~ P N

9o /o n Bu 0°C -r.l.

14b SnCiy (0.1eq.) 60%

SnCly (0.1eq.)-PhOH (2 eq.) 70%
Scheme 5

Reaction of Various Diols in the Presence of (PhO)2CHOE!

We then examined several types of diols which were not suitable for the foregoing pinacol
rearrangement reaction in the presence of HC(OMe)3. The results are shown in Table 5. For the purpose of
comparison, the results using HC(OMe)3 are also listed. First, the effect of (PhO)2CHOEt was observed in
the reaction of 16, and the yield of 17 was dramatically increased compared to that with HC(OMe)3 (entry 1).

btained. Even in the case of
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compounds 8 and 11, a slight increment in the yields was cbscrved with the use of (PhO)2CHOE:t (entries 2
and 3). This SnCl4-(PhO)2CHOE! combined system was also found to be effective in the case of 13, and the
desired product 15 was obtained in 69% yield as mentioned earlier (entry 4)

Tabie 5. Pinacol Reaction of Various Diols with (PhO),CHOE(

and a Catalytic Amount of SnCl, in CH,Cl, at 0°C~r.t.

0,
Equiv. of Yield (%)
Ent Substrate ’ Product
v SnClg (PhO),CHOEt HC(OMe)s

)
1 0.4 w 75 a36?
16 i7
Ph_HO OH_Ph " PP Ph
2 -k 0.4 ph’D‘r\;ﬁMe M 87 (64:23) 67 (52:15)
Me Me Me O
8 9 10
3 0.4 k/L 77 66
~ ~OH °
11 12
HO OH Ho Me
4 BuJ/ LH o Buﬁ 69 complex
Bu Me Bu (0]
13 15

2 Bicyclohexyl-1,1'-diene was obtained in 55% yield.
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Reaction of Dihydroxy Acetals

A characteristic feature of our rearrangement reaction is exemplified by the reaction of the substrates
having an acetal functionality in the molecule (Table 6).19 Treatment of the dihydroxy acetals 18a with SnClg
gave the rearranged product 19a20 in low yield with a reasonable amount of dihydroxy ketone 20a obtained by
acid hydrolysis of 18a (entry 1). Very surprisingly, use of SnCl4-HC(OMe)3 and SnCl4-(PhO)2CHOEt
systems afforded 19a in good yields without the formation of 20a respectively (entries 2 and 3). It is a
remarkable finding that the acid labile acetal groups remained intact under these reaction conditions. On the

other hand, in the reaction of the bicyclo[4.4.0]decane system 18b, SnCl4-(PhO)2CHOEt systems gave a poor
raciile famtey £ Thi:c 1o hanarica ~AfF tha huitlblwann AFtha anntal smmciater on thnt MDLMANAMNTITNLES Aanc:ld hoaedle: wn . e
ICIUIL (THUY L), LD 1D UlLaudt UL UHIT DUIALLIC3S U1 UIC dallidl HUICLY J0 Ulal (MU0 IMUEL COULS HaUuly 1catt

Table 6. Pinacol Reaction of Dihydroxy Acetals with a Catalytic Amount of

SnCly in CH,Cl, at 0°C-r..
Mw,g
~ oMe . . a4 o O
SnCl, (0.2 eq.) G o’> . &
,/\\[)S HC(OR); (1 eq.) r%}\ -y
O OMe
g Vn ~ bn To \/n
18a, b 19a,b 20a,b
Reaction Yield (%)
Entry Substrate HC(OR)3 Hore ——55—
1 18a n=1 none 20 h 34 39
2 HC(OMe)3 3h 88 -
3 (PhO);CHOE 3h 77 -
4 18bn=2 none 24 h trace 33
5 HC(OMe)3 25h 76 -
6 (PhO),CHOEt  12h 19 30
Conclusion

All melting points are uncorrected. NMR spectra were measured on 270 MHz, 300 MHz and 500 MHz
spectrometers with CDCI3 as a solvent and with SiMe4 as an internal standard. Infrared (IR) absorption

spectra were recorded as a KBr pellet. All solvents were distilled and dried according to standard procedure.

Preparation of Diol Derivatives

Dihydroxy acylates 1 and 4 were prepared from the corresponding o,B-unsaturated ketones
(3,4,5,6,7,8-Hexahydro-1(2H)-naphthalenone and 2,3,4,5,6,7-Hexahydro-1H-inden-1-one, respectively) in a
three-step sequence: (i) formation of allylic alcohol by reduction of the a,B-unsaturated ketones with DIBAH
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allylic alcohol in acetone-HpO (1:1, 10 mL), and
(iii) acylation of the trioi with p-nitrobenzoyi chioride in pyridine. Dihydroxy acetais 18a, b were aiso
prepared by a two-step sequence: (i) formation of the diol-ketone by the Swern oxidation of the triol which
was synthesized by the above method, (ii) acetalization of the diol-ketone with (2R, 3R)-1.4-
dimethoxybutanediol in the presence of TMSOTf in CH)Cl7 at O °C. Tetrasubstituted diols 6, 8, 16 were
prepared by pinacol coupling of the corresponding ketones using Mg-Hg/TiCl4.15 Trisubstituted diol 11 was

synthesizcd by OsO4 oxidation of 1-methylcyclohexene, and 13 was synthesized by the nucleophilic addition

r-1,c-6-Dihydroxybicyclo[4.4.0]dec-t-2-yl 4-nitrobenzoate (1): colorless crystals; mp 167-169 °C (AcOEt-

TY ALNAN AN AN e m~n T OATE ATy

n-hexane); IR 3500, 2940, 2869, 1723, 1528, 1279 cm—!: !H NMR 8 1.43-2.01 (m, 14H), 2.16 (s, 1H), 2.71
(s, IH), 5.46 (dd, 1H, J=135.5, 12.0 Hz), 8.20 (d, 2H, J = 8.0 Hz), 8.28 (d, 2H, /= 8.0 Hz); 13 NMR (CeDeg)
8 19.1, 20.6, 23.2, 27.4, 28.7, 32.6, 36.3, 74.5, 75.4, 78.8, 123.4, 130.7, 136.1, 150.6, 165.1. Anal. Calcd. for

C17H21NO¢: C, 60.89; H, 6.31; N, 4.18. Found: C, 60.84; H, 6.18; N, 4.21.

r-1,¢c-6-Dihydroxybicyclo{4.3.0]non-t-7-yl 4-nitrobenzoate (4): colorless crystals; mp 64-66 °C (CH2Cl2-
MeOH); IR 3480, 2942, 2863, 1725, 1530 cm—1; 1H NMR & 1.20-1.94 (m, 12H), 2.06-2.24 (m, 1H), 2.44-

2.64 (m, 1H), 552 (dd, 1H, J = 6.0, 10.0 Hz), ,2H, J = 8.0 Hz), 8.30 (d, 2H, J = 8.0 Hz); I3C NMR §
19.9, 23.2, 24.9, 29.5, 29.7, 33.5, 79.5, 79.7, 86.3, 123.5, 130.8, 134.9, 150.7, 166.3. Anal. Calcd. for
Ci6H19NOg: C, 59.81; H, 5.96; N, 4.36. Found: C, 59.65; H, 5.91; N, 4.40

1-(Hydroxycyclopentyl)cyclopentane-1-ol (6): colorless crystals; mp 111-112.5 °C (AcOEt-n-hexane) (lit!5
mp. 111-112 °C) IR 3328 cm—1; 1H NMR § 1.55-1.90 (m, 16H), 1.92 (brs, 2H).

3,4-Dimethyl-1,6-diphenyl-3,4-hexanediol (8): white powder (1:1 diastereomixture); mp 74-75 °C (AcOEt-
n-hexane); IR 3532, 3027, 2959, 1497, 1455 cm—1; IH NMR 8 1.26 (s, 6/2H), 1.28 (s, 6/2H), 1.66-1.74 (m,
4/2H)i 1.87-2.01 (m 4/’)H\ 1.95 (q ’)H\ 2.69 (dt 4/2H, J =150, l?nHﬂ 2.77-2.85 (m 4/7!—1\ 7.15-7.24 (m

10H); 13C NMR (Cg¢D¢) § 20.7, 21.1, 30.7, 38.4, 39.0, 76.8, 76.9, 126.0, 128.7, 128.8, 143.2, 143.3. Anal
Caled. for ng}{z(,o4 C, 80.50; H, 8.78. Found: C, 80.45; H, 8.62

1-Methylcyclohexane-cis-1,2-diol (11): white powder; mp 67—68 °C (AcOEt-n-hexane); (lit16 68 °C); IR
3438 cm~1; 1H NMR & 1.26 (s, 3H), 1.27-1.95 (m, 10H), 3.41 (m, 1H).

3-Butyl-2,3-heptanediol (13): colorless oil; bp 148—150 °C/9 mmHg (lit!7 168—173 °C/ 20 mmHg); IR 3400,
2940, 2872 cm~—1: 1H NMR 8 0.92 (t, 6H, J = 7.0 Hz), 1.16 (d, 3H, J = 6.5 Hz), 1.20-1.70 (m, 12H), 1.79 (brs,
1H), 2.05 (brs, 1H), 3.72 (m, 1H). 13¢ NMR (CgDg) 0 14.5, 14.6, 17.7, 24.0, 24.1, 26.0, 26.1, 34.5, 36.2,
717 T80

fLlefy TYIU.

1- (Hydroxycyclohexyl)cyclohexan- -ol (16): colorless crystals; mp 125-126 °C (Diethyl ether) (lit!> mp.

124-125 °C) IR 3457 cm™ ‘ IH NMR 8 1.05-1.16 (m, 2H), 1.32-1.40 (m, 4H), 1.55-1.73 (m, 14H), 1.77 (s,
2H).
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c:sd,o-umy roxybicycio{4.3.0jnonane-2-spiro-i'-(3'S,4'S)-3',4'-bis(methoxymethyl)-2',5'-dioxolane
rs k 34 laYateo W} oA ry-o«a _1 l‘l‘" TR AT 1 s rd Y TN
934, 2864 , 1456 cm™t; *H NMR & 1.24-1.40 (m, 2H),

{i8a): [i:1 diastereomixture] coloriess oii; IR 3528, 2
1.

45-1.70 (m, 6H), 1.84-2.12 (m, 4H), 2.73 (brs, 1/2H), 2.94 (brs, 1/2H), 3.10 (brs, 1/2H), 3.39 (s, 3H), 3.41 (s,
3H), 3.46-3.73 (m, 4H), 3.79 (brs, 1/2H), 3.96-4.04 (m, 1H), 4.14-4.21 (m, 1H). Anal. Calcd. for C15H2606:

C, 59.58; H, 8.67. Found: C, 59.75; H, 8.52.

cis-1,6-Dihydroxybicyclo[4.4.0]decane-2-spiro-1'-(3'S,4'S)-3',4'-bis(methoxymethyl)-2',5'-dioxolane

(18b): [A single isomer (more polar isomer on TLC : AcOEt-n-hexane)] colorless oil; IR 3544, 2930, 2867,
1453 com—1; 1H NMR § 1.26-1.96 (m, 14H), 3.05 (brs, 1H), 3.39 (s, 3H), 3.41 (s, 3H), 3.52(d, 2H, J = 4.5
Hz), 3.60 {(dd, 2H, J = 3.0, 4.5 Hz), 3.82 (brs, 1H), 4.03 (di, iH, 7 =4.5, 8.0 Hz), 4.20 (di, 1H, J = 4.5, 8.0 Hz);
13C NMR § 17.8, 20.5, 23.0, 30.3, 32.8, 33.8, 34.6, 59.4, 59.5, 72.6, 73.2, 75.2, 75.4, 77.3,79.0, 113.7. Anal

Calcd. for C16H2806: C, 60.74; H, 8.92. Found: C, 60.70; H, 8.99.

Treatment of Diols with Lewis Acid-Ortho Ester: General Procedure for Table 1-6

To a solution of the diol (0.1 mmol) in dry CH2Cl2 (1 mL) was added the ortho ester (0.1 mmol), and
BF3+Et20 or other Lewis acid (0.01-0.1 mmol) at 0 °C under N7, and the reaction mixture was stirred for the
time shown in the Table. After dilution with CH2Cl2, saturated aqueous NaHCQO3 was added to the mixture.
The organic layer was separated and the aqueous layer was extracted with CH2Cl2, The combined organic
layer was washed with brine, dried over MgSO4 or Na2S04, and concentrated. The crude product was

purified by column chromatography on silica gel (AcOEt-n-hexane) to give the pure product.

Reactions for Table 1
(entry 1)
6-Oxospirol4.5]dec-7-yl 4-nitrobenzoate (2): 1 (39.0 mg, 0.116 mmol) and BF3+Et20 (0.117ml, 0.928

mmol) egave 2 ac enlorlece ervetale (22 0 moe 60%) mn 103-104 °C (Mpnn\ R 26Q 1736 1721 cm—1- 11
VL) BAVY & ad COIULUSS LI ySwaus (44 Hig, VW70, 1ip 100 ius U uvalasiag, N 2GR, 1700, 174 i P §
NMR 8 1.14-2.00 (m, 12H), 2.38-2.55 (m, 2H), 5.63 (dd, 1H, J = 5.5, 6.5 Hz), 8.25 (d, 2H, J = 6.5 Hz), 8.29
‘1 ALY T _ £ 11 134 anAD S 20.7. 24 AC A AN L AT L AT L A0 KN L1 1797217 110 Q 118 A
{d, 2H, J = 6.5 Hz); ‘°C NMR & 20.7, 24.5, 25.4, 32.6, 33.6, 35.6, 39.3, 57.0, 76.1, 123.3, 130.8, 135.2,
150.4, 163.7, 206.1. Anal. Calcd. for C17H19NO5: C, 64.34; H, 6.03; N, 4.41. Found: C, 64.29; H, 6.06; N,

(entry 2, Sands’ method)

To a solution of 1 (41.2 mg, 0.123 mmol) in dry CH2Cl2 (1.23 mL) was added MgSO4 (14.0 mg) at r.t. under
N2, and the reaction mixture was stirred for 1 h. BF3¢Et20 (0.156 mL, 1.23 mmol) was then added to the
reaction mixture at 0 °C, and the reaction mixture was stirred at 0 °C ~ r.t. for the time shown in the Table.
After dilution with CH2Cl?, saturated aqueous NaHCO3 was added to the mixture. The same procedure as

stated above then gave 2 (5.9 mg, 15%).

(entry 6)
1 (101 mg, 0.301 mmol), HC(OMe)3 (0.033 mL, 0.301 mmol), and BF3+Et20 (0.0382 mL, 0.301 mmol) gave
2 (79.0 mg, 83%).
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Reactions for Table 2 (Reaction conditions and times : see table 2 in the text)
ontry amanint of 4 HOIOMa)A | awis acid viald ~f 9 (0L)
iy anivuiiL Ui e b S = ) =TEIO Quna ICWa Ui & | /O

36.1 mg 0.012ml SnCl;  0.0126 mi 85

2 N 108 mmal 0 108 mmal) {0,108 mmaol) 20 1 mn)
\U o Illlll\ll) ‘U-iw llllll\ll' A Y r ‘l_\l-l lllsl
30.6 mg 0.010 mi TMSOTf 0.018 mi 74

3 1M NO4D el 1N NOAD mmennl {N NA12 mmal) D1 E me
\WW.UTIL TTHTION | (V.UD 1L i) U il \«i.0 iy
34.4 mg 0.011 mi EtAICl>; 0.22 mi 70

4 IO ANA e I 4 e 1N Nar \ IN QR A nhawvana enlitinnll /a0 Q@ nna~)
\U. 1US ITH [u” \U. VO I l) \ch Vi lU.JU WL IV ICTAQIITC oV I] \Lﬂ.o ”‘9}

(0.206 mmol)

Reactions for Table 3 (Reaction conditions and times : see table 3 in the text)
entrv cithetrata WO L ' SnCl. nradn i viald 102\
Seisu y SUMIL QLG TINWAWIVIC )T Ty PiuuuL yicia | /o)

i 326mg 0.0iZ2 mi 4.5 pi 2 82
1 (0.108 mmol) |  (0.108 mmol) | (0.039 mmol) (25.4 mg)
4 32.0mg 0.011 ml 0.023 mi 5 97
2 (0.10 mmol) (0.10mmol) | 10% CH,Cl solution (29.4 mg)
(0.02 mmol)
6 101.1mg 0.071 ml 0.014 ml 7 90
3 (0.594 mmol) | (0.653 mmol) | (0.12 mmol) (81.4 mg)
8 100 mg 0.037 ml 0.016 m| 9 52(49.1 mg)
4 (0.335 mmol) (0.335 mmol) | (0.134 mmol) 10 15 (14.1 mg)
112021 mg 017 ml 0.073 mi 12 66
5 (1.55 mmol) (1.55mmol) | (0.624 mmol) (114.0 mg)

a av

i-Oxospiroj4.4]no

-2-yi 4-nitrobenzoate (5): ¢

Y

¥ 1 " 1 A ¥aT" B ¥a¥ay
OlOri€ss Crystais; mp 1uo-iu3y

Q

™ LN = M1 } W <)X, T
C (CH2Cl2-n-hexane); IR

2955, 2869, 1750, 1730 cm- ‘ 1H NMR 8 1.20-2.20 (m, 11H), 2.40-2.60 (m, 1H), 5.43 (dd, 1H, J = 8.5, 10.0
Hz), 8.24 (d, 2H, J = 8.5 Hz), 8.30 (d, 2H, J = 8.5 Hz); 13C NMR § 25.8, 26.0, 26.7, 33.2, 37.9, 39.0, 54.5,
77.0, 123.8, 131.3, 135.2, 150.9, 164.2, 216.6. Anal. Calcd. for C1gH17NOs5: C, 63.36; H, 5.65; N, 4.62.
Found: C, 63.31; H, 5.63, N, 4.62.

Spiro[4.5]decan-6-one (7)13: colorless oil; IR 2944, 2865, 1707, 1451 cm™ 1. 1H NMR § 1.32-1.46 (m, 2H),
1.55-1.60 (m, 4H), 1.62-1.89 (m, 6H), 2.00-2.13 (m, 2H), 2.40 (t, 2H, J = 6.5 Hz).
3-Methyl-3-phenethyi-5-phenyl-2-pentanone (8): colorless oil; IR 3020, 3950, 1701 cm~!; 1H NMR § 1.28
(s, 3H), 1.81 (dt, 2H, J = 5.5, 12.5 Hz), 1.96 (dt, 2H, J = 5.0, 12.5 Hz), 2.18 (s, 3H), 2.43 (dt, 2H, /= 5.0, 12.5
Hz), 2.53 (dt, 2H, J = 5.5, 12.5 Hz), 7.15-7.32 (m, 10H); 13C NMR & 20.7, 25.3, 30.8, 40.4, 51.4, 125.9,
128.2, 128.4, 142.0, 212.8. Anal. Caled. for C20H240: C, 85.67; H, 8.63. Found: C, 85.84; H, 8.74

4,4—Dimethyl-1 6-diphenyl-3-hexanone (10): colorless oil; IR 3027, 2967, 1703, 1455 cm-1; IHNMR § 1.15
s, 6H), 1.77-1.80 (m, 2H), 2.38-2.42 (m, 2H), 2.79 (t, 2H, J = 7.5 Hz), 2.88 (t, 2H, J = 7.5 Hz), 7.08-7.29 (m,

Ehtet i 4

OH); 13(‘NMR5’)4’% 299, 31.1, 38.9, 42.1,47.5, 125.8, 126.0, 128.2, 128.3, 128.4, 128.5, 141.5, 142.1,
214.2. Anal. Calcd. for C29H240: C, 85.67; H, 8.63. Found: C, 85.78; H, 8.75.

._‘
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Reactions for Tabie 4 {Keﬂ(’:ﬂﬂﬂ conditions and times : see table 4 in the text)

entry | amount of 13 HC(OR)3 SnCly yield of 15 (%)

107.9 mg HC(OEt)3 0.09 ml 6.7 pl 31

3 INE72 revresl) N E70 rmrnal) IN NE7 raenait NN N s
\U.:”Q ||"|IU|’ W/ a g \WVauars iy ICA AR

4 | 195mg HC(O-iPr)s 197 mg 0.012 mi 51
{1.04 mmol) (1.04 mmol) | (0.104 mmol) (80.0 mg)

5 100 mg PhOCH(OEt), 0.102 ml 6.2 ui 57
{0.53 mmoi) {0.53 mmoi) {0.053 mmoi) {51.4 mg)

a 100 mg (PhQ),CHOEt 130 mg 6.2 u 69

e {0.53 mmoi) (0.53 mmoi) (0.053 mmoi) (62.4 mg)

3-Butyl-2-heptanone (15): colorless oil: IR 2959, 2930, 2866, 1713 cm~1; IH NMR 8 0.88 (t, 6H, J= 7.0Hz),
1.16-1.35 (m, 8H), 1.37-1.46 (m, 2H), 1.52-1.64 (m, 2H), 2.11 (s, 3H), 2.42 (m, 1H); 13C NMR § 13.9, 22.8,
28.7,29.6,31.4,53.3,213.4. HRMS m/z Calcd. for C{1H230 (M*+1): 171.1749. Found: 171.1745.

Reactions for Table § (Reaction conditions : see table 5 in the text)

entry substrate HC(OR), SnCly product  vield (%)
16 100.8 mg HC(OMe)3 0.055 mi 0.024 ml 17 36
1 (0.504 mmol) (0.504 mmol)| (0.020 mmeol) (32.7 mg)
, |16 99.0mg (PhO)2CHOEt 129 mg 0.023 mi 17 75
(0.499 mmol)} (0.499 mmol)| (0.20 mmol) (67.5 mq)
8 253.0mg (PhO),CHOEt 206 mg 0.04 ml 9 64 (150.8 mg)
2 (0.847 mmol} (0.847 mmol)| (0.34 mmol) 10 23 (55.3 mg)
i1 205.5 mg {PhO)oCHOEL 385 mg 0.075 mi i2 77
3 (1.57 mmol) (1.58 mmol) | (0.64 mmol) (135.7 mq)

Spiro[5.6)dodecan-7-one (17): colorless oil; IR 2926, 2855, 1700, 1453 cm~1; 1H NMR & 1.37-1.82 (m,
18H), 2.50 (1, 2H, J = 6.0 Hz).

Reactions for Table 6 (Reaction conditions and times : see table 6 in the text)
entry substrate HC(OR)3 SnCly product  vyield (%)
18a#30.5 mg none 0.011 mi i9a 34 (9.7 mg)
1 (0.101 mmol) (0.101 mmol) 20a 39 (6.7 mg)
18a 41.1mg HC(OMe); 0.032 mi 19a 88 (33.9 mg)
2 (0.136 mmol)| 0.015 ml 10% CH.Cls solution
(0.136 mmol) (0.027 mmol)
182 50.0mg (PhQ),CHOE! | 0.039 ml 19a 77 (36.0 mg)
3 (0.165 mmol)|  40.4 mg 10% CHyCly solution
(0.165 mmol) (0.033 mmol)
. |18b?39.7 mg none 0.015 ml 20b 33 (7.7 mg)
4 (0.125 mmol) (0.125 mmol)
18b 29.5mg HC(OMe)s 0.022 ml 19b 76 (21.2 mg)
S (0.093 mmol)|  0.010 mi 10% CHCl, solution
{0.083 mmol} {0.0186 mmol)
18b 45.2mg (PhO),CHOEt | 0.034 ml 19b 19 (8.8 mg)
6 (0.143mmol)| 34.9mg 10% CH,Clp solution | 206 30 (7.8 mg)
(0.143 mmol) (0.029 mmol)

8 1-1 diastereomixture was uged. ? A single isomer {mare polar isomer on TLC: A

GIasSiSroOmuAl was usec. G0 180
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)-2,3- Bl.s(memoxymemyi)- 1,4-dioxadispiro{4.1.4.2jtridecan-6-one (i9a): coloriess oil; IR 2872,
1746 o

—

816, 1746, 1450 cm~!; 1H NMR & 1.47-1.54 (m, 2H), 1.61-1.91 (m, 8H), 2.09 (t, 2H, J = 7.5 Hz), 3.39 (s,
3H), 3.40 (s, 3H), 3.49-3.56 (m, 3H), 3.73 (dt, 1H, J = 7.5, 10.0 Hz), 4.03 (dt, 1H, J = 4.5, 7.5 Hz), 4.28-4.34
(m, 1H); 13C NMR § 25.7, 25.7, 31.6, 32.5, 37.5, 38.1, 54.0, 59.3, 59.4, 72.5, 74.0, 78.1, 78.6, 108.8, 218.7.
Anal. Calcd. for C15H2405: C, 63.36; H, 8.51. Found: C, 63.61; H, 8.63.

[\

cis-3a,7a-Dihydroxyoctahydro-1H-inden-1-one (20a): colorless oil; IR 3461, 2940, 2865, 1750 cm™1; 1H
NMR § 1.23-1.97 (m, 8H), 2.13-2.26 (m, 2H), 2.42-2.54 (m, 2H), 2.67 (brs, 1H), 3.09 (brs, 1H). 13C NMR §
19.6,23.2,26.8, 31.0, 31.5, 33.2, 76.4, 80.3, 219.3. MS (EI) m/z (rel intensity) 170 (M+, 37), 152 (100), 124
(73), 114 (100), 96 (86), 86 (99), 79 (23), 67 (98), 55 (100).

nicda Qo _Nihvdravvnntahvdera 1/ N _nmanhthalanana (YMh)e aalarlace orvctale: s KA _AS O (Miatheyl athar
Ci5=5a,0a-/inyGIUR yOC @iy Gif U= 1 iz ;S RapDiiuidiCfiOne (sudj. CO10Miss Crysiais, Iip U9-Uo) "« (widulyi euidt

AAAAAA TD 249N 044 LT 1700 ~en-l. JITNMD £ 1 40.1 €€ 7 LI 1 €Q 1 TA 7 KL 1 QQ 1 QK Foxs
n-hexane); IR 3480, 2944, 2867, 1709 cm™*; *H NMR & 1.49-1.56 (m, 2H), 1.58-1.74 (m, 6H), 1.88-1.96 (im,
2H), 2.14 (tq, 1H, J = 4.5, i3.5

Hz), 2.27 (ddt, 1H, /= 2.5, 4.5, 13.5 Hz), 2.42-2.47 (m, 1H), 2.60 (s, iH), 2.6
(dt, 1H, J=7.0, 140Hz) 4.11 (s, 1H); 13C NMR § 20.3, 21.0, 23.1, 30.9, 34.3, 3
Anal. Calced. for C1gH1603: C, 65.19; H, 8.75. Found: C, 65.28; H, 8.62.

Synthesis of cyclic ester intermediate (3) (Scheme 1)

11,13-Dioxa-12-methoxytricyclo{4.4.0.3i’é]tridec-Z-yl p-nitrobenzoate (3): To a suspension of 1 (100 mg,
0.298 mmol) in HC(OMe)3 (2.98 mL) was added a catalytic amount of p-TsOH at r.t. under N2, and the
reaction mixture was stirred for 1.5 h. K2CO3 was then added to the reaction mixture, and the mixture was
stirred for 10 min. After filtration, the organic layer was concentrated to give 3 as a colorless oil (1:1
diastereomixture, 111.4 mg, 99%); compound 3 is very labile and its structure was determined by IR and Iy
NMR: IR 2944, 2869, 1727, 1530, 1277 cm~1; 1H NMR § 1.18-1.29 (m, 2H), 1.35-2.04 (m, 10H), 2.19-2.36
(m, 2H), 3.40 (s, 3/2H), 3.42 (s, 3/2H), 5.33 (dd, 1/2H, J = 4.0, 12.0 Hz), 5.75 (s, 1/2H), 5.82 (s, 1/2H), 5.82

1M1 o 10 0 272

1 e AYY\
\UU lIl.ﬂ,J —"}U, lLUﬂL), 0.17-0.30 (1, 411) .

'tl{,” of‘3 I'Al;fh .Qn("l

To a solution of 3 (50.2 mg, 0.133 mmol) in dry CH2Cl2 (1.33 mL) was added SnCl4 (10% CH2Cl2 solution,

0. 032 HIL U UL/ mm01) at § °C under 1V2, and the reaction mixture was stirred at 0 °C lOI‘ JU min and at r.t. for
15 min. After dilution with CH2CIp, saturated aqueous NaHCO3 was added to the mixture. The organic layer
was separated and the aqueous layer was extracted with CH2Clp. The combined organic layer was washed
with brine, dried over or N a2S04, and concentrated. The crude product was purified by column

chromatography on silica gel (AcOEt-n-hexane) to give 2 (33.7 mg, 80%).
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VMR Experiment {Scheme 3}
To a solution of 1 (10.4 mg, 0.031 mmol) in CDCI3 (1.0 mL) was added HC(OMe)3 (8 pL, 0.062 mmol), and
SnCl4 (one drop by micro syringe). The reaction was monitored by IH NMR every 1 h.

Synthesis of cyciic ester intermediate (Scheme 4)

4,4-Dibutyl-2-methoxy-5-methyl-1,3-dioxolane (14a): To a suspension of 13 (199.7 mg, 1.06 mmol) in
HC(OMe)3 (1.0 mL) was added a catalytic amount of p-TsOH at r.t. under N2, and the reaction mixture was
stirred for 10 min, K2CO3 was then added to the reaction mixture, and the mixture was stirred for an
additional 10 min. After filtration, the organic layer was concentrated to give 14a as a colorless oil (2:1

diastereomixture, 215.7 mg, 88%); compound 14a is very labile and its structure was determined by IR and 1H
NMR: IR 2874, 1468 cm~1; IH NMR § 0.90 (1, 4H, J= 6.5 Hz), 0.92 (t, 2H, J= 6.5 Hz), 1.24 (d, 3H, J= 6.5

2Y 1 1R.1 QN7 17HY 272 (e 27HY 2 A (1 ¢ 200 7~ I/ T—ASH AN 112 T— A8 U\ K &Y
LAL )y 200710V (1, 1481}, J.&V \Dy Lhl)y JoTTF \ 211y O)y Je77 \Yy &l JLLy J— VU L1LJy W dV (M, L/IJLk, J= U.J 11L), J.VL
£fa NYINMVLIN £ £ 7~ 1TMIYIIN
{8, 2/5nj, 53.02 (8, /o0

onctinn nf 1do with Snlla
Reaction of 14a with SnCl4
T o onlistice ~AFf TAa (L A cinn N MNOO N ien A I T M Aa () O cealT \ v addad Q] o N NAN e 1 AY
1U a SUIUUVULL VI 1948 (VL. 1l1E, V.L00 I Ul) 111 U y g i/ (£L.7 11 ) wad auucl \)ll\.-l4 J };I.LJ, U.uov mimoi )
at 0 °C under N7, and the mixture was stirred at O °C for 30 min and at r.t. for 15 min. After diiution with

CH2Cl2, saturated aqueous NaHCO3 was added to the mixture. The organic layer was separated and the
aqueous layer was extracted with CH2Cl2, The combined organic layer was washed with brine, dried over
NapS504, and concentrated. The crude product was purified by column chromatography on silica gel (AcOEt—
n-hexane) to give 15 (29.7 mg, 61%).

Synthesis of cyclic ester intermediate (Scheme 5)

4,4-Dibutyl-2-ethoxy-5-methyl-1,3-dioxolane (14b): To a suspension of 13 (99.0 mg, 0.526 mmol) in
HC(OEt)3 (0.5 mL) was added p-TsOH (5.4 mg, 0.0263 mmol) at r.t. under N2, and the reaction mixture was
stirred for 10 min. K2CQO3 was then added to the reaction mixture, and the reaction mixture was stirred for an

additional 10 min. After filtration, the organic layer was concentrated to give 14b as a colorless oil (2:1

g
a

diastereomixture, 119.5 mg, 93%); compound 14b is very labile and its structure was determined by IR ¢
1 NMR: IR 2872, 1377 cm~1; 1H NMR 8 0.91 (¢ 0.92 (t, 2H, J= 7.0 Hz), 1.15-1.8
9 . (L V. e (L o —

1Nivean, A11Yll\ y &d S ORRL O

=
-~
8

1 s ﬂ vt

z), 4.11 (q, 2/3H,

..
I
o
n

£ 7 4L o__ vy

Reaction of 14b with SnCl4 (Scheme 5)

To a solution of 14b (63.5 mg, 0.260 mmoi) in dry CH2CI2 (2.6 ml.) was added SnCl4 (3.0 pL., 0.026 mmol)
at 0 °C under N2, and the reaction mixture was stirred at 0 °C for 30 min and at r.t. for 15 min. After dilution
with CH2Clp, saturated aqueous NaHCO3 was added to the mixture. The organic layer was separated and the
aqueous layer was extracted with CH2Cl2, The combined organic layer was washed with brine, dried over
Na2S04, and concentrated. The crude product was purified by column chromatography on silica gel (AcOEt—

n-hexane) to give 15 (26.7 mg, 60%).

Reaction of 14b with SnCl4 and PhOH (Scheme 5)
To a solution of 14b (62.5 mg, 0.256 mmol) in dry CH2Cl2 (2.5 mL) was added a solution of SnCly (3.0 uL,
0.026 mmol)-PhOH (48 mg, 0.51 mmol) in dry CH2Cl2 (0.1 mL) at 0 °C under N2, and the reaction mixture
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was atiemad ot N O £ 18 m:- and ot 2t oo 1 he Aftac Ailitinm with (OHHAMNA cntnieatad aqnaniig N alIM A wwrng
wabd duiicu di v U 108 10 [iiil dnd ac .. 101 1 b, Al liudion wiuld v/ L, Sawuraied agueous iNanL U3 was
A A1 L L —t s i ! I, Peal & PV el PN ks o TP
adaed o e muxmure. 1nc or, gamc myer was sepdra(ea and the aqueous myer was exiracted with C 2012 ne

combined organic layer was washed with brine, dried over NapSO4, and concentrated. The crude product was

purified by column chromatography on silica gel (AcOEt-n-hexane) to give 15 (30.5 mg, 70%).
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11.  For a remarkable effect of the acyloxy group on the stability of the cationic intermediate, see ref. 10.

B

We have developed a mild and efficient synthesis of oxacyclic compound 22 from the triols 21, with a suitably positioned

The reaction proceeds via cyclic orthoester intermediate i under mild condition. A characteristic point of the reaction is that
the reaction is non-dehydrative and MeOH is formed as a by-product, whereas the usual acidic condition converts compound
21 to the cyclic ether 23 with formation of H20 as a by-product (eq. 2) : Wynberg, H.; Bantjes, A. "Organic Synthesis
Collective Volume 4"; Ragjohn, N., Ed.; John Wiley: New York, 1963, 4, 534.
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14.

16.
17.
18.
19.

20.

HO PhC(OMe)s [ 1 PhC OQ,

\I/\. Cat. TfOH _h {QHA! - »_\ lé_ 4'\
HO) OH CHyCh ) l —‘tojl\—/OHJ Lo) (eq. 1)
21 0°C-rt i 22 98%

HO__~ TsOH HOw A~ | HO‘)_‘
:l/\(!)H l \1/\ | (eq. 2)
HO 180-220°C l H,G-7 »_OH J HoO So”
21 23 81-88%

For the effect of an ortho ester towards the reaction which proceeds under dehydrative conditions, see: Blume, R. C.

Corey, E. J.; Danheiser, R. L; Chandrasekaran, 8. J. Org. Chem. 19
Maan, C. J. Rec. Trav. Chim. 1929, 48, 332.

Tharer, K. A.; Vasi. L. G. J. Sci. Ind. Research. 1961, 20B, 66.
(PhQ)2CHOE! was prepared according to the reported procedure. : Dewolfe, R. H. Synthesis, 1974, 153.

We have studied asymmetric synthesis using chiral acetals derived from C2-symmetric 1,4-dimethoxy-2,3-butanediol. Then,
pinacol rearrangement of the dihydroxy acetals derived from 1,4-dimethoxy-2,3-butanediol was examined. For our study on

representative studies asymmetric synthesis using chiral acetals derived from 1,4-dimethoxy-2,3-butanediol, see: (a) Fujioka,

H,; Kitagawa, H.; Yamanaka, T.; Kita, Y. Chem. Pharm. Bull. 1992. 40, 3118. (b) Fujioka, H.; Annoura, H.; Murano, K.;
Kita, Y.; Tamura, Y. Chem. Pharm. Bull. 1989, 37,2047, (c) Tamura, Y.; Annoura, H.; Yamamoto, H.; Kondo, H.; Kita, Y.;

Fujioka, H. Tetrahedron Lett. 1987, 28, 5709 and references cited therein.

~ E -

We have aiready found that the Lewis acid treatment of epoxy acetais 24 afforded rearrangement produci 25 via an oxirane

ring cleavage at the B-postion of an acetal due to the electron-withdrawing nature of the acetal. Unpublished resuits.

R, R R R
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