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ABSTRACT

Depending upon the nature of the alkene and allylic substituents, acid-promoted rearrangements of acetals derived from anti allylic diols give
12 or stereoisomeric acyltetrahydrofurans 13. Stereoelectronic effects of the allylic substituents and the extent of bonding in the Prins cyclization
transition state are central features of a proposed new model for predicting stereoselection in the Prins-pinacol synthesis of acyltetrahydrofurans.

A wide variety of polysubstituted tetrahydrofurans and
complex ring systems containing a tetrahydrofuran fragment
have been prepared by acid-promoted reaction of allylic diols
with aldehydes and ketones (Scheme 1).1-3 This powerful
transformation has served as the cornerstone of stereocon-
trolled total syntheses of several oxacyclic natural products
families.4 Although mixtures of allylic diol epimers were
used in most instances, one tetrahydrofuran stereoisomer was
generated with high selectivity when the reaction was
accomplished under the “standard” conditions depicted in
Scheme 1.1,2,4 The high stereoselectivity observed in these
reactions has been rationalized by a stereochemistry-

determining Prins cyclization,A f B,5-7 in which the
oxocarbenium ion (R-alkoxycarbenium ion) adopts the more
stableE configuration and the R4 substituent is quasiequa-
torial in a chair transition state assembly.8 In all cases
examined, the R3 substituent was small (hydrogen, methyl,
or methylene), and therefore configuration at the allylic
stereogenic center was believed not to influence the distribu-
tion of products.
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In this communication, we report the first detailed
investigation of the Prins-pinacol synthesis of acyltetrahy-
drofurans using isomerically pure allylic diols. In the anti
series, the stereochemical outcome was discovered to depend
dramatically on the nucleophilicity of the alkene and the size
of the allylic substituent R3; in contrast, in the syn series a
single tetrahydrofuran stereoisomer is formed preferentially
with all substrates investigated. A new model for predicting
stereochemistry in Prins-pinacol syntheses of tetrahydro-
furans is advanced.

The substrates examined in this investigation are sum-
marized in Figure 1. Mixtures of diol stereoisomers enriched

in either the syn or anti stereoisomer9,10were condensed with
10 equiv of isobutryaldehyde (0.1 equiv ofp-toluenesulfonic
acid, excess MgSO4, CH2Cl2, rt), and the major acetal
stereoisomer thus produced was isolated by medium-pressure
liquid chromatography or preparative HPLC.11,12Consistent
with previous studies by Eliel and co-workers,13 the pre-
dominant acetal epimer in both stereoisomeric series had a

cis relationship of the C2 and C5 substituents. Stereochemical
assignments for6s-11sand6a-11awere made by1H NMR
NOE studies.12

Prins-pinacol rearrangements were carried out under
identical conditions at-78 °C in the presence of either 1.1
equiv of SnCl4 or 3 equiv of triflic acid.14 Syn acetals6s-
10s rearranged with high stereoselectivity to give acyltet-
rahydrofurans12a-ehaving a cis relationship of the acyl
group and the C2 and C5 substituents (Table 1). Only in the

case of acetal10s having an isopropyl substituent at the
allylic position was diastereoselection less than 24:1.15 To
our surprise, acetal11sbearing an isopropyl substituent at
the homoallylic position decomposed without forming any
detectable acetyltetrahydrofuran.

In marked contrast, substrate-dependent stereoselectivity
was observed in rearrangements of anti acetals6a-10aunder

(5) In the absence of stereoelectronic constraints, pinacol rearrangements
have extremely low activation barriers,6 and thus conformational dynamics
of the initially formed cyclic cation should not affect stereochemical
outcome.7
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butyldiphenylsiloxy)ketones.10b
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(14) When SnCl4-promoted rearrangements of6s-8swere attempted in
the presence of 1.0 equiv of 2,6-di-tert-butyl-4-methylpyridine, starting
acetals were recovered unchanged. These experiments suggest that a
complex protic acid formed by the reaction of SnCl4 with adventitious water
is the likely promoter of the reaction. Consistent with this suggestion,
rigorous exclusion of H2O from SnCl4-promoted reactions led to lower
reaction rates.

(15) Isomer ratios were determined by capillary GLC analysis and are
mean values of 2-4 experiments. When the minor isomer was not detected,
the ratio is shown as>99:1.

(16) (a) Epimers at the acetal carbon were formed to a minor extent
(<10%). At higher temperatures, acetal8a partially epimerized to acetal
8s, presumably by way of an allyl cation intermediate. (b) A 1:1 mixture
of 7s and7a was rearranged in the presence of 1.0 equiv of SnCl4 for 4
min at-78 °C, and the reaction was then quenched at this temperature by
adding excess Et3N. Acyltetrahydrofurans12b and13b were isolated in a
1.2:1 ratio and 61% combined yield, and acetals7sand7a were recovered
in a 1.6:1 ratio (31% combined yield). This result demonstrates that the
anti stereoisomer reacts slightly faster and confirms that7s would have
been detected, if epimerization of7a f 7s had been occurring under the
rearrangement conditions (Table 2, entry 4).

Table 1. Rearrangements of Syn Acetals6s-10sa

entry acetal acid time, h % conv 12:13b

1 6s SnCl4 14 31c >99:1
2 6s TfOH 14 90d >99:1
3 7s SnCl4 14 94 97:3
4 7s TfOH 14 88 97:3
5 8s SnCl4 6 80 >99:1
6 9s SnCl4 17 67e >99:1
7 9s TfOH 16 98 96:4
8 10s TfOH 14 82d 90:10

a Reactions were conducted in CH2Cl2 at -78 °C in the presence of 1.1
equiv of SnCl4 or 3 equiv of TfOH with acetals of>97% diastereomeric
purity. The acetal concentration was 0.01 M.b Product ratios were
determined by capillary GLC analysis.c 6s was recovered in 65% yield.
d Isolated yield.e 9s was recovered in 28% yield.

Figure 1. Acetal substrates.
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identical conditions (Table 2). Consistent with an earlier
observation,2a,c acetal6a containing a terminal vinyl group

rearranged to provide the all-cis tetrahydrofuran12aas the
predominant product (entries 1 and 2). However, acetal7a
in which the π nucleophile is an isopropenyl group gave
stereoisomeric tetrahydrofuran13bwith high selectivity: 1:6
(TfOH) to 1:11 (SnCl4). Acetal8ahaving a 1-cyclopentenyl
group as theπ nucleophile generated tetrahydrofuran13c
with similar stereoselectivity (entries 6 and 7). Rearrange-
ments of acetals9a and10a having an isopropyl group at
the allylic site also yielded tetrahydrofurans13d and 13e
preferentially, with stereoselectivity being>99:1 in the case
of the 1-cyclopentenyl substrate10a. As with the related syn
acetal harboring an isopropyl substituent at the homoallylic
position, 11a decomposed upon attempted rearrangement.

Two additional aspects of these rearrangements merit note.
In experiments reported in Tables 1 and 2 in which the
starting acetal was recovered, no isomerization of the
recovered acetal was detected (by capillary GLC or1H NMR
analysis).16 To pursue whether product ratios were kinetically
controlled, tetrahydrofurans12a, 13c, and13d were inde-
pendently resubmitted to the SnCl4-promoted reaction condi-
tions for 48 h at room temperature. In each case, the starting
acyltetrahydrofuran was recovered in high yield and with
unchanged isomeric purity.

Stereostructures of acyltetrahydrofurans12a-eand13a-e
were determined by1H NMR NOE studies. Details of these
experiments are provided in Supporting Information.17

Two salient trends are readily recognized: (1) The nature
of the alkene and the size of the C3 substituent have little
effect on stereoselection in rearrangements of acetals derived
from syn allylic alcohols (Table 1). (2) In the anti series,
acyltetrahydrofurans12 are the major products only when
the C3 substituent is small and theπ nucleophile is a terminal
vinyl group; with other substrates, tetrahydrofuran13 is
formed preferentially (Table 2). Particularly striking is the
reversal in stereoselection in the anti series as the alkene
component is varied from terminal vinyl (12:13) 16:1) to
isopropenyl or 1-cyclopentenyl (12:13) 1:11).

We have considered a number of mechanistic scenarios
to rationalize these observations, including those involving
changes in the mechanism and stereochemistry-determining
step.12 Although such possibilities cannot be excluded, we
offer a simpler explanation for consideration. As depicted
in Scheme 2, acid-promoted rearrangements of anti acetals
6a-10acould proceed by two chair cyclization conformers
havingE oxocarbenium ion units,8 C andE. If stereochem-
istry were determined in the cyclization step,5 the C f D
pathway would lead to12, whereas theE f F pathway
would deliver13. Examination of the Prins cyclization step
reveals an important stereoelectronic aspect. In conformer

(17) (a) Additional evidence for the cis relationship of the acetyl and
C2 methyl groups of12awas obtained by exposing12ato methanolic KOH
at room temperature for 24 h to give12a and its C3 acetyl epimer in a
ratio of 8:92. Similar treatment of13d provided an 84:16 ratio13d and its
C3 epimer under identical conditions, consistent with the acetyl and C2
substituents being trans in13d. (b) The stereostructure of the major
acyltetrahydrofuran product formed from a congener of13c was secured
by single-crystal X-ray analysis of the thiosemicarbazone derivative; see:
MacMillan, D. W. C. Ph.D. Dissertation, University of California, Irvine,
1996.

Scheme 2. Model for Stereoselection in the Anti Diol Series

Table 2. Rearrangements of Anti Acetals6a-10aa

entry acetal acid time, h % conv 12:13b

1 6a SnCl4 14 47c 94:6
2 6a TfOH 14 97 95:5
3 7a SnCl4 17 99 8:92
4 7a SnCl4 0.1 37d 8:92
5 7a TfOH 15 96e 14:86
6 8a SnCl4 6 60e 9:91
7 8a TfOH 6 74 14:86
8 9a SnCl4 16 36f 9:91
9 9a TfOH 16 90 7:93

10 10a SnCl4 0.5 90 1:99
11 10a TfOH 12 96e 1:99

a Unless noted otherwise, reactions were conducted in CH2Cl2 at -78
°C in the presence of 1.1 equiv of SnCl4 or 3 equiv of TfOH with acetals
of >97% diastereomeric purity. Acetal concentration was 0.01 M.b Product
ratios were determined by capillary GLC analysis.c 6a was recovered in
50% yield.d 7a was recovered in 61% yield.e Isolated yield.f 9a was
recovered in 28% yield.
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E overlap of the hydroxyσ*C-O and alkeneπC-C is
attenuated and hyperconjugative interaction betweenπ*C-C

andσC-R
3 increases nucleophilicity, whereas the situation is

reversed inC where overlap of the low-lying hydroxyσ*C-O

and alkeneπC-C decreases nucleophilicity.18 However, asE
evolves to chair hydropyranyl cationF, the stabilizing
interaction between the vacant p orbital andσC-R

3 progres-
sively decreases as the destabilizing interaction between the
σC-O and the vacant p orbital increases. The situation is
reversed in theC f D pathway where increasing bonding
between the termini leads to increasing overlap between
σC-R

3 and the developing vacant p orbital. These electronic
effects would be superimposed upon steric preferences for
the larger substituents to be equatorial. Because the Prins
cyclization step should have a later transition state when the
alkene component is less nucleophilic,19,20,21 the observed
propensity for rearrangement of6a (R1 ) R2 ) H, R3 )
Me) to proceed by theC f D pathway is in accord with
both steric and electronic considerations. The preferential
generation of13when the alkene unit is a more nucleophilic
isopropenyl or 1-cycloalkenyl group21 would be consistent
with the earlier transition state for these Prins cyclizations,
if the electronic preference for the allylic OH substituent to
be eclipsed with the alkene is worth more energetically than
steric destabilization resulting from having a quasiaxial
homoallylic methyl group. When the allylic substituent is a
bulky isopropyl group, theE f F pathway could reasonably
be favored irrespective of alkene nucleophilicity.

The related analysis of the Prins-pinacol pathway in the
syn diol series is shown in Scheme 3. In this case, cyclization
conformerG having a favored eclipsed orientation of the
alkene and allylic hydroxyl group is also favored by placing
the R3 and homoallylic methyl substituents in quasiequatorial
positions. Thus, it is apparent why substrates having strongly
nucleophilicπ bonds or bulky R3 substituents would lead to
12. To rationalize preferential formation of12a from the
terminal vinyl substrate6s (R1 ) R2 ) H, R3 ) Me) one
only has to propose that the steric preference for the methyl
substituent to be quasiequatorial overrides any electronic

destabilization associated with generating hydropyranyl
cationH via a late transition state.

In summary, acid-promoted rearrangements of allylic
acetals derived from syn allylic diols lead with high
stereoselectivity (90:10 to>99:1) to 3-acyltetrahydrofurans
12 having a cis relationship of the acyl group and the C2
and C5 substituents. Similar rearrangements of acetals
prepared from anti allylic diols lead with useful levels of
stereocontrol to12 or stereoisomeric acyltetrahydrofurans
13 depending upon the nature of the alkene and allylic
substituent. A distinctive stereoelectronic feature of cationic
cyclizations that generate six-membered products is identi-
fied: An eclipsed allylic substituent in a reactant, whoseσ
bond has no or poor overlap with the adjacentπ bond,
evolves to an axial position in the six-membered ring product
having good overlap of its allylicσ bond with the adjacent
vacant p orbital. A model to rationalize stereoselection in
Prins-pinacol syntheses of tetrahydrofurans that incorporates
this apparently previously unrecognized stereoelectronic
peculiarity is proposed.
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Scheme 3. Model for Stereoselection in the Syn Diol Series
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