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Abstract: Acid-mediated cyclization reactions are described of seven methyl 2-acetoxy-2-(3-alken-1-oxy)acetates with
different chain substitution. The major product of the tin tetrachloride-induced cyclization reaction is in most cases a
tetrahydropyran containing an equatorial carbomethoxy function at C2 and an axial chlorine atom at C4. The
mechanism of its formation involves a net cis-addition of the intermediate a-ester oxycarbenium ion to the carbon-
carbon double bond, most likely caused by a quasi axial orientation of the ester function in a chair-like transition state.
The results are interpreted by invoking (1) the occurrence of a 2-oxonia-Cope rearrangement and (2) the participation of
the ester function in the mechanism of cyclization by trapping the cyclic cationic intermediate. The cyclizations of
two methyl 2-acetoxy-2-(4-alken-1-oxy)acetates and two methyl 2-acetoxy-2-(alkynoxy)acetates are also described.

INTRODUCTION

The intramolecular carbon-carbon bond formation between oxycarbenium? ions A and n-nucleophiles has
been shown to be a powerful method in organic synthesis. This method has been applied to the preparation of
(medium-sized) carbocyclic rings,3 tetrahydropyrans? and medium-sized cyclic ethers.® In these cyclizations,
the electronic and steric nature of the m-nucleophiles has been extensively varied. Besides alkenes, alkynes,
aromatic tings, enols and enol ethers silicon-activated n-nucleophiles have also been used such as allylsilanes,
vinylsilanes and silyl enol ethers. The essential characteristics of the oxycarbenium ion have, however, not been
varied, except for the dioxycarbenium ions B6 which are less reactive.
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We now wish to report the results’ of our study on the use of a-methoxycarbonyl oxycarbenium ions C,
containing an electron-withdrawing ester function at the electrophilic carbon center. These -ester oxycarbenium
ions, which are more electrophilic than oxycarbenium ions of type A, provide cyclic ethers with an ester
function at the 2-position. Qur present results parallel earlier findings on the use of N-acyliminium ions D,
bearing a carboxyl group at the cationic centre.8 The utility of species D for the synthesis of a-amino acid
derivatives has already been shown.?

RESULTS AND DISCUSSION
Preparation of precursors
Methyl 2-acetoxy-2-(alkenoxy)acetates 1-11 served as precursors for the ot-ester oxycarbenium ions. The

acetate function appeared to be a suitable leaving group. The precursors were prepared from the appropriate
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alcohol by treatment with either freshly distilled methyl glyoxylate hydrate!® (2 equiv) in refluxing benzene
using a Dean-Stark trap (method A) or with freshly distilled anhydrous methyl glyoxylate!! (2 equiv) in
dichloromethane at room temperature (method B, eq 1). The crude hemiacetal was immediately acylated with
acetic anhydride in both methods giving the methyl 2-acetoxy-2-alkenoxyacetates 1-11 in moderate overall
yields of 60-70% (Table I and IH). The unreacted alcohol, which was also acylated with acetic anhydride in the
second step (30-40%), could be regenerated by hydrolysis (K,CO3, MeOH). The low overall yield of the
methyl 2-acetoxy-2-alkynoxyacetates (Table III) was probably caused by loss of the volatile alcohol in the first
step (method A).

method A OH

* (2 equiv)
CO,Me
benzene, reflux Ac; 0 (1.5 equiv) OAc
RO ehod B © [ RO_<C°2M6 pyridine RO—<co,me M
A (2 equiv) DMAP (cat) 111
CO,Me
CHZCIZ,

The starting alcohols were commercially available except for 1-terz-butyldiphenylsilyloxy-4-penten-2-o0l!2

(7), 2-cyclohexene-1-methanol!3 (10) and 2-(1-cyclohexen-1-ylethanol!4 (11). All cyclization precursors were

Yuriﬁed by using flash chromatography. Precursors 7-10 were isolated as mixtures of diastereoisomers. The

H NMR chemical shift of the proton adjacent to the acetoxy group in 1-11 was quite characteristic at 5.9-6.0
ppm. The 13C NMR chemical shift of the acetal carbon atom was between 91.3 and 92.8 ppm.

Table I. Results of the Cyclizations of 1-3 with Several Acids

precursor acid products
(yield,*® method®) (yield')
C
0_<0Ac m\ W\ +0
CO.Me MeO,C MeO,C MeO,C
(60% A)
(77%, B)
BF;-OEt, (X=F) 12¢ (18%) 12t (18%) 13¢ (9%) 13t (20%)
SnCl, (X=CI) 14¢ (30%) 14t (48%) 13c (2%) 13t (3%)
TiCl, (X=CD) 14¢ (34%) 14t (19%) 13c (5%) 13t (20%)
HCOOH (X=0CHO)  15¢ (39%) 15t (8%) -

C
OAc
o—<002Me

(67% A)

E T Et
OAc

(0]

3—< COMe

(64%, A)

SnCly4 (X=CI)

HCOOH (X=0CHO)

SnCly (X=CDh

HCOOH (X=0CHO)

mﬁ

16¢ (14%)
17¢ (65%)

16t (68%)
17t (13%)

2l
[0} O
MeOL £t MeO,C &t

19¢ (60%)

18 (62%)
19t (8%)

a) Isolated yield of purified product. b) Overall yield from the corresponding alcohol. c) See equation 1.
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Cyclizations and structural proof of the products

The generation of the a-ester oxycarbenium ion C from precursors 1-3 was investigated by using
different acidic conditions as is shown in Table L. The addition of ‘c’ and ‘t’ to the product numbers in Table I
refers to the cis- or trans-relationship between the substituents at C2 and C4.

The Lewis acid-induced cyclizations were initiated at -78 °C with 2 equiv of the Lewis acid, allowed to
slowly warm up to room temperature and stirred for 3 h. The products were purified by using flash
chromatography. Although products 14t and 14c¢ and products 16t and 16c could not be separated by this
method, the mixture of 14t and 14¢ could be separated on a GC column. From precursor 1 4-substituted 2-
carbomethoxy-tetrahydropyrans were obtained as the sole products. Dihydropyrans, as a result of proton loss
from a cyclic carbenium ion were not found. Termination of the reaction by incorporation of a nucleophile gave
not only 4-halo-tetrahydropyrans (12, 14), but also 4-acetoxytetrahydropyrans (13), in which case the leaving
group of the precursor served as the nucleophile. Cyclization with boron trifluoride etherate gave, besides
cyclization products, 13% of recovered starting material. The ratio 4-halo/4-acetoxytetrahydropyran depended
on the Lewis acid used. With boron trifluoride etherate this ratio was about 1:1.15 With tin tetrachloride much
more incorporation of chloride was observed (16:1) than with titanium tetrachloride (2:1). For precursor 1 the
stereoselectivity of the Lewis acid-induced cyclizations was rather low, but the tin tetrachloride-induced
cyclization of 2 and 3 showed a preference for the formation of the 2,4-frans-compounds.

The formic acid-induced cyclizations of 1-3 gave after 2 days at room temperature the 4-formyl-
tetrahydropyrans 15, 17 and 19. Remarkably, these reactions proceeded with high stereoselectivity to give the
2,4-cis-compounds as the major products.

Table II. Selected !H NMR Data (ppm, J in Hz).

compound O-CH-CO;Me HC-F/HC-CYHC-O
(CDCls) (CéDs) (CDChL) (CeDs)
12¢ 3.814.27 (m) 3.79(dd, 11.9,4.4) 4.74 (dtt, 48.6, 10.0, 4.6) 3.89 (dseptet, 38.4, 4.46)
12t 437 (dd, 11.6,2.7) 4,27 (dd, 104, 3.2) 5.03 (bd, 47.5) 4.39 (dm, 50.7)
13¢ obscured obscured 492 (u, 10.6,4.5) 4.72 (septet, 4.9)
13t 4.33 (dd, 10.9, 3.0) 4,24 (dd, 8.7, 4.3) 5.16 (m) 4.95 (quintet, 4.2)
14¢ 3.97(dd, 115, 2.5) 3.43 (dd, 11.1, 2.6) 4.02 (m) 3.29(u, 11.1,4.6)
14t 4.43-4.54 (m) 431 (dd, 7.3, 5.1) 4.43-4.54 (m) 3.88 (quintet, 4.3)
15¢ 4.00 (dd, 11.2,2.6) - 5.01 (1dd, 10.6, 5.0,4.5) -
15t 4.29 (dd, 10.8,3.1) 5.27 (quintet, 3.4) -
16¢ obscured - obscured -
16t 4.09 (d,9.8) - 4.53(q,3.0) -
17¢ 395(d,7.8) - 5.03(1d, 8.5,4.2) B
17t obscured - 541 (g, 2.8) -
18 459, 2.7) 4.56 (d, 3.1) 4.45(q,3.2) 4.12 (g, 4.0)
19¢ 4.03 (d, 24) - 5.14(di, 11.1,4.6) -
19t 4.41(d,2.7) obscured -
20 475,27 - . -
21 4.68 (m) - - -
22 4.42(dd, 115,2.3) - - -
23 4.21(dd, 12.0,2.3) - - -
24 4,56 (dd, 11.5,2.4) - 4.68 (quintet, 3.0) -
25 397(d, 10.5) - - -
26 406(d, 1.9) 3.88(d. 1.9) - -
27 4.32(d, 2.3) - 4.95 (septet, 5.8) -
28 4.50(d, 5.2) - - -
29 4.09(d,9.9) 4.24(d,9.8) - -
30 4.05 (d, 10.1) - - -
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Table III. Results of the Tin Tetrachloride-induced Cyclizations of 4-11.

precursor (yield,*® method®) products (yield®)

P ci
o oL
OAc
0—<< 0~ ~CO.Me
4 COMe 20 (58%)
(23%, A) |
E OAc
0—~< 07 “CO,Me
5 COMe 21 (43%)
(26%, A)
Me | Me
Q LT . o
—<2$Me MeoC MeOC
6 22 (77%) 23 (13%)
(60%, B)
BuPh,Si
°_<23:Me Oz; <
Bupnsio 7 Me0,C
(61%, B) 24 (56%)
Me
Vo ve 7L
Me” So—<OAC MeOC Me
g COMe 25 (63%)
(59%, A)
MeOoC
oA 2 Meoz
0—<cone 7
26 (67%) Cl 27 (6%)
(19%, A)
OAc
0—<
10 COMe 28 (69%, 1:1)
(63%, B)
| 7
o d
<Ok MeOC MeO,C
1 COMe 29 (34%) 30 (12%)
(60%, B)

a) Isolated yield of purified product. b) Overall yield from the corresponding alcohol. c) See equation 1.
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The stereochemical assignments of products 12-19 followed from the analyses of the 1H NMR spectra
with the aid of the nOe-difference technique. The coupling patterns of the hydrogens adjacent to the halide (or
acetoxy) and ester substituent were particularly diagnostic and are shown in Table IL. The 1H NMR spectra were
taken in both deuterated chloroform and deuterated benzene to solve the problem of overlapping signals. The
benzene spectra showed more isolated signals in the area of 3-5 ppm, where the most characteristic signals are
found. The stereochemical assignment of 14c, 14t and 18 was further established with the aid of the nOe-
difference technique. Irradiation of H2 of 14¢ gave an nOe on H3eq, H4 and H6ax and irradiation of H6ax
gave an nOe on H2, H4, H5eq and H6eq. For 14t an nOe was found for H3eq and H6ax upon irradiation of
H2 and an nOe on H3 and HS upon irradiation of H4. Irradiation of H2 of 18 gave an nOe on H3 and H6ax and
irradiation of H4 gave an nOe on H3, H5 and the methylene protons of the ethyl substituent.

After examination of the several different reaction conditions, tin tetrachloride was selected for the
cyclization of precursors 4-11. This Lewis acid gave good yields and high chemoselectivity. The cyclization
products obtained from precursors 4-11 are shown in Table IIL.

Cyclization of 4 and § with an alkyne function as nt-nucleophile gave the unsaturated cyclic ethers 20 and
21. The yields of pure 20 and 21 were moderate, because purification of these unsaturated cyclic ethers was
accompanied by loss of material due to their sensitivity to air oxidation and/or their tendency to isomerize to the
conjugated system. Cyclization of precursor 6, proceeding via a tertiary carbenium ion, led to more of the 4-
acetoxytetrahydropyran (23) compared to cyclization of 1. The stereochemistry of the quaternary centres in
chloride 22 and in acetate 23 is partly based on the 13C NMR chemical shift of the methyl carbon atoms.
Literature datal6 indicate that this chemical shift value is diagnostic for either an axial or equatorial orientation of
the methyl group (Table IV). Product 22 (33.61 ppm) will have an equatorial methyl group, whereas product
23 (25.74 ppm) must have an axial methyl group. Cyclization of precursor 7 gave product 24 as a single
isomer in a moderate yield. The tert-butyldiphenylsilyl function survived the acidic reaction conditions.

Table IV 13C NMR Chemical Shifts of Ring Methyl Carbons.
compound (axial Me-group) 3(CHz), ppm compound (equatorial Me-group) &CH3), ppm

Me Cl
,BU\NI\CI 28.1* Bu\m‘\m 3420

Me OH
,BU\M\OH 253" 'Bu\mLMe 35

Me Cl
OAc 25.7 Me 336

O O
MeOC 23 MeOLC 22

a) See reference 16.

In contrast to the cyclization products discussed so far, product 25 was a result of proton loss after
formation of the tertiary (non-cyclic) carbenium ion. All substituents are in an equatorial position (nOe on H6
upon irradiation of H2) which can be explained by assuming a preference for a chair-like transition state and an
E-oxycarbenium ion geometry (structure E).

H
coe o Busan
5 H H ——e H @
Me (/-0 . AIBN (cat) .
b b Me o~ "COzMe  benzene, reflux o~ ""COMe
E

28 (69%, 1:1) 28' (82%)
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The cyclization of 9-11 resulted in the formation of bicyclic products. The remarkable reaction behaviour
of precursor 9 has literature precedent.!” The initially formed secondary carbenium ion at C8 readily underwent
loss of a proton to give 26, or a 1,2-hydride shift to form the secondary carbenium ion at C7 in order to relieve
non-bonded interactions between the axial hydrogen at C7 and the ring oxygen atom. Termination by attack of
chloride gave 27. The position of the ester function in 26 was confirmed by a clear nOe on H4ax, H1 and H9ax
upon irradiation of H2. Treatment of precursor 10 with tin tetrachloride gave a product mixture containing two
chloride isomers in a 1:1 ratio in a yicld of 69%. Because the two isomers could not be separated, it was difficult
to elucidate their structures. Reduction of the product mixture with tributyltin hydride gave one product (eq 2)
which was determined to be 28 (nOe on H1 and H6 upon irradiation of H7).18 A 5-ex0 cyclization had
occurred instead of a 6-endo cyclization. The cyclization of 11 proceeded in a moderate yield. The tertiary
carbenium ion formed after cyclization was trapped by both chloride and acetate (comparable to cyclization of
6). The stereochemistry at the quarternary centres in products 29 and 30 is based on the 13C NMR chemical
shift of carbon atoms CS5 and C7 in the same way as described for products 22 and 23, according to the rend
shown in Table IV. The chemical shifts of C5 and C7 of 29 (41.09 and 47.73 ppm) are shifted downfield in
comparison with the chemical shifts for C5 and C7 of 30 (33.21 and 33.33). This suggests a trans-fused ring
system with an axial chloride for compoud 29 and a cis-fused ring system with an equatorial acetoxy substituent
for product 30.

Discussion of the mechanism of cyclization

The cyclizations of precursors 1-3 in the presence of tin tetrachloride showed an unusual feature, which
needs further explanation. There appears to be a preference for the formation of trans-2-carbomethoxy-4-chloro-
tetrahydropyrans with an equatorial ester function and an axial chlorine atom. Cationic ®-cyclizations to six-
membered rings are usually assumed to proceed via m-complexes!? as intermediates and to be terminated by
equatorial attack of the nucleophile (chloride). The formation of the minor isomer 14¢ from precursor 1 is in
agreement with this theory. Thus, in the transition state the ester function adopts a quasi equatorial position and
equatorial attack of chloride gives the cis-isomer. The transition state for the formation of the major tans-isomer
14¢, however, requires a quasi axial ester function. Equatorial attack of chloride then gives the frans-isomer. As
the formation of the trans-2,4-disubstituted tetrahydropyrans appears to be favoured, the cyclizations must thus
predominantly proceed via a transition state with a quasi axial ester function.

From the results of the cyclization of precursors 2 and 3 it is clear that the preferred reaction is a net cis-
addition of the carbocation and the nucleophile to the carbon-carbon double bond. Starting with an E-alkene (2),
a cis-relationship is obtained between H3 and H4 (16t). The same pathway is found for Z-alkene 3 leading to a
trans-relationship in the cyclized product (18). The conformation of 18 (based on !H NMR) shows that the
ester function has a strong preference for the equatorial position?0 thereby forcing the two other substituents to
adopt an axial orientation. To be certain that the cyclization products are kinetic products, pure 14t and pure 14¢
were independently subjected to the reaction conditions and proved indeed to be stable. It is reasonable to
assume that 16 and 18 are also kinetic products. Compounds 22, 23, 29 and 30 are formed from a tertiary
carbenium ion and may be thermodynamic products. This may also explain why in these cases small amounts of
the acetoxy compounds (23, 30) were formed.

The preferred axial position of the ester function in the transition state may be due to the fact that an axial
carbomethoxy function can trap the carbenium ion at C4 to form a more stable dioxycarbenium ion L (Scheme
D). This type of ester participation is well-known in carbohydrate chemistry where the formation of B-(acetoxy)-
oxycarbenium ions is a strategic tool to control the stereochemistry at the anomeric centre.2! For the
corresponding N-acyliminium ion D in which case the 2-carbomethoxy function always adopts an axial position
as aresult of pseudoallylic 1,3-strain, this type of ester participation was also suggested.%®

R cationic oxa-Cope rearrangement /I R 3
X,

07> co,Me 07 coMe
+
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An important process which may affect the stereochemical outcome of oxycarbenium cyclizations of the
1,5-diene type is the cationic oxa-Cope rearrangement (eq 3).22 Most probably, the equilibration of the incipient
oxycarbenium ion to a mixture of oxa-Cope sigmatropisomers is relatively fast in comparison with cationic
cyclization.”

A mechanistic proposal for the n-cyclizations of a-ester oxycarbenium ions is given in Scheme I, using
the cyclization of 2 as an example. This proposal accounts for most of the experimental facts and assumes the
occurrence of both the ester participation and the oxa-Cope rearrangement, where appropriate. The incipient o-
methoxycarbonyl oxycarbenium ion F derived from 2, with an E-alkene as m-nucleophile, can undergo a
reversible cationic oxa-Cope rearrangement to form the oxycarbenium ion G. This rearrangement determines the
relative stereochemistry at C2 and C3 before cyclization. Intermediates F and G can both cyclize to the cyclic
carbenium jon H leading to the formation of 16¢. The uncyclized intermediate G can undergo a chair-chair
interconversion to conformational isomer I with an axial ester function. This interconversion is probably
followed by the (irrelevant) reversible formation of dioxycarbenium ion K. Cyclization of I should eventually
lead to the major product 16t. The intermediacy of the relatively stable dioxycarbenium ion L might be a reason
for the predominant formation of 16t from F. The formation of 16t can also be accounted for without invoking
the oxa-Cope rearrangement (F — G). A chair-chair interconversion of intermediate H to J would also lead to
16t although this explanation seems less likely.

Scheme I
, o+ Ft o Et
0/7\+1Et -— /74& -— \/‘& -— \' A
MeOC MeOL (o come 1 JPK
\ / ‘ 3
Et \' /\-
lcr 1c1
o o Et
" &%l \)A/Cl
e
16¢ (14%) COMe

| o
/ﬁ‘

Et
0 3

MeO,C
16t (68%)

In conclusion, we have shown that 2-acetoxy-2-alkenoxyacetates (1-11) can be successfully cyclized
upon treatment with tin tetrachloride and other acids to give cyclic ethers with an ester function at the 2-position.
The mechanism proposed (Scheme I) provides an explanation for the predominant formation of the 2,4-trans-
disubstituted tetrahydropyrans. The relevance of the cationic oxa-Cope rearrangement and the participation of the
ester funct7ion in the mechanism of cyclization needs further study and is the subject of the following paper in
this issue.
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EXPERIMENTAL

General information. Infrared (IR) spectra were obtained from CHCl3 solutions using a Perkin Elmer 1310
spectrophotometer and are reported in cm™!. Proton nuclear magnetic resonance ('H NMR) spectra were determined in CDCly
(unless indicated otherwisc) as solvent using a Bruker AC 200 (200 MHz), a Bruker WM 250 (250 MHz) or a Bruker AMX 300
(300MHz)insu'unwnt.ThefnsttwoinsmunemswetealsousedfotlI\e13CNMR(Al’l')specm(50.3 MHz and 62.9 MHz) in
CDCly solution (unless indicated otherwise). Chemical shifts are given in ppm downfield from tetramethylsilane. Mass spectra and
accurate mass measurements were carried out using a Varian MAT 711 or a VG Micromass ZAB-2HF instrument. R 7 values were
obtained by using thin-layer chromatography (TLC) on silica gel-coated plastic sheets (Mexck silica gel 60 F,5,) with the indicated
solvent (mixture). Chromatographic purification refers to flash chromatog;raphy” using the same solvent as for TLC and Merck
silica gel 60 (230-400 mesh) or Janssen Chimica silica gel (0.035-0.07 mm). Melting and boiling points are uncorrected. All
reactions were carried out in an inert atmosphere of dry nitrogen (unless indicated otherwise). Standard syringe techniques were
applied for transfer of Lewis acids, dry solvents and reagents.

Methyl glyoxylate hydrate.m To a solution of powdered dimethyl L-tartrate (34.68 g, 0.20 mol) in ether (S00 mL)
cooled in a cold water bath was added periodic acid (48.87 g, 0.21 mol) in 6 portions over 1 h with stirring. The milky reaction
mixture was then stirred until the ether had become almost clear and a white solid separated. The ether phase was decanted, evaporated
and distilled (45-50 °C/13 mmHg) to give methyl glyoxylate hydrate (16.10 g, 0.15 mol, 39%) as an orange oil. Methyl! glyoxylate
hydrate was used immediately for reactions with alcohols.

Anhydrous methyl glyoxylate.“ The methyl hemiacetal of methyl glyoxylate!! (8.20 2, 0.07 mol) was added to
phosphorus pentoxide (9.70 g, 0.07 mol). The resulting mixture was distilled (30-50 °C/15 mmHg) to give anhydrous methyl
glyoxylate (3.90 g, 0.04 mol, 65%) which was collected at -78 °C. After warm up to rt, the colourless viscous oil was used
immediately for reactions with alcohols.

General procedure for the synthesis of precursors 1-11 (eq 1). Method A: Methyl glyoxylate hydrate (ca. 2 equiv)
was added to a 0,1-0.2 M solution of the alcohol in benzene. The reaction mixture was refluxed for 16 h in the presence of a Dean-
Stark trap. The reaction mixture was concentrated in vacuo and the residue was dissolved in pyridine (0.5-1.0 M) and treated with
acetic anhydride (1.5 equiv calcd for both alcohol and glyoxylate) and DMAP (0.2 equiv). After being stirred for 16 h at rt, the
reaction mixture was evaporated with benzene (3 x) and CHCly (3 x). The residue was chromatographed. Method B: Anhydrous
methyl glyoxylate (ca. 2 equiv) was added to a 1.5 M solution of the alcohol in dry CH,Cl,. After being stirred ovemight at rt, the
reaction mixture was concentrated in vacuo. The residue was dissolved in pyridine (0.5-1.0 M) and treated with acetic anhydride (1.5
equiv calcd for both alcohol and glyoxylate) and a catalytic amount of DMAP. After being stirred for 16 h at 1t, the reaction mixture
was evaporated with benzene (3 ) and CH,Cly (3 x). The residue was chromatographed.

Methyl 2-acetoxy-2-(3-buten-1-oxy)acetate (1). Method A: 3-Buten-1-0l (2.00 g, 27.78 mmol) was treated with
methyl glyoxylate hydrate (5.89 g, 55.56 mmol) in 150 mL of benzene to give the hemiacetal (4.56 g). The crude hemiacetal (4.30
g) was treated with acetic anhydride (4.1 g, 40.4 mmol) and DMAP (0.7 g, 5.4 mmol) in 30 mL of pyridine to give 1 (3.12 g,
15.45 mmol, 60%) as a colourless oil. R¢ 0.45 (EtOAc:hexanes = 1:1.5). IR 1740-1760 (C=0), 1640 (C=C). 1H NMR (200
MHz) 2.16 (s, 3 H, CHy), 2.38 (bq, / = 6.8 Hz, 2 H, CH,CH=), 3.76 (m, 2 H, OCH,), 3.80 (s, 3 H, OCHj), 5.09 (m, 2 H,
=CHjy), 5.79 (m, 1 H, CH=), 5.97 (s, 1 H, OCH). 13C NMR (50.3 MHz) 20.45 (CHjy), 33.43 (CHyCH=), 52.44 (OCHj3), 69.21
(OCHy), 92.25 (OCH), 116.80 (=CH,), 133.68 (CH=), 165.97 (C=0), 169.70 (CO,Me). MS (EL, 70 eV) 143 M*-0Ac, 100),
131 (86), 55 (100), 43 (100). Preparative scale, method B: 3-Buten-1-of (11.5 mL, 0.13 mol) was treated with anhydrous methyl
glyoxylate (20 mL, 0.27 mol) in 120 mL of CHyCl,. The crude hemiacetal was treated with acetic anhydride (80 mL, 0.85 mol) and
DMAP (4.0 g, 0.03 mol) in 100 mL of pyridine. The crude product was distilled (88-93 °C/2 mbar) to give 1 (20.85 g, 0.10 mol,
77%) as a colourless oil.

Methyl 2-acetoxy-2-(3-(E)-hexen-1-oxy)acetate (2). Method A: 3-(E)-Hexen-1-ol (1.00 g, 10.00 mmol) was
treated with methyl glyoxylate hydrate (2.12 g, 20.00 mmol) in 70 mL of benzene. The crude hemiacetal was treated with acetic
anhydride (1.81 g, 17.79 mmol) and DMAP (0.29 g, 2.37 mmol) in 18 mL of pyridine to give 2 (1.54 g, 6.68 mmol, 67%) as a
yellowish oil. R ;047 (EtOAc:hexanes = 1:1.6). IR 1750 (C=0). ' H NMR (200 MHz) 0.94 (,J = 7.4 Hz, 3 H, CH,CH3), 1.98
(m, 2 H, CH,CH3), 2.14 (s, 3 H, CH3), 2.3 (m, 2 H, CH,CH=), 3.7 (m, 2 H, OCHy), 3.79 (s, 3 H, OCH3), 5.3 (m, 1 H, CH=),
5.5 (m, 1 H, CH=), 5.96 (s, 1 H, OCH). 13C NMR (62.9 MHz) 13.63 (CH,CHjy), 20.76 (CH3), 25.55 (CHyCH3), 32.58
(CHyCH=), 52.70 (OCH3), 70.17 (OCHy), 92.54 (OCH), 123.84 and 134.93 (CH=CH), 166.23 (C=0), 169.95 (COyMe).

Methyl 2-acetoxy-2-(3-(Z)-hexen-1-oxy)acetate (3). Method A: 3-(Z)-Hexen-1-ol (2.00 g, 20.00 mmol) was
treated with methyl glyoxylate hydrate (4.24 g, 40.00 mmol) in 100 mL of benzene to give the hemiacetal (3.95 g). The crude
hemiacetal (3.70 g) was treated with acetic anhydride (3.0 g, 29.5 mmol) and DMAP (0.5 g, 3.9 mmol) in 30 mL of pyridine to
give 3 (2.76 g, 12.0 mmol, 64%) as a colourless oil. R 0.57 (EtOAc:hexanes = 1:1.5). IR 1750 (C=0), 1760 (C=0). 1H NMR
(200 MHz) 0.95 (t, J = 7.5 Hz, 3 H, CHyCH3), 2.04 (m, 2 H, CH,CH3), 2.16 (s, 3 H, CH3), 2.38 (m, 2 H, CH,CH=), 3.7(m,2
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H, OCHjy), 3.80 (s, 3 H, OCHy), 5.30 (m, 1 H, CH=), 549 (m, 1 H, CH=), 598 (s, 1 H, OCH).

Methyl 2-acetoxy-2-(3-butyn-1-oxy)acetate (4). Method A: 3-Butyn-1-ol (1.00 g, 14.29 mmol) was treated with
methyl glyoxylate hydrate (3.03 g, 28.58 mmol) in 70 mL of benzene to give the hemiacetal (1.02 g). The crude hemiacetal (378
mg) was treated with acetic anhydride (366 mg, 3.59 mmol) and DMAP (58.3 mg, 0.48 mmol) in 6 mL of pyridine to give 4 (243
mg, 1.22 mmol, 23%) as a yellow oil. R, 0.40 (EtOAc:hexanes = 1:1.5). IR 3300 (C=C), 1740 (C=0), 1760 (C=0). 1H NMR
(200 MHz) 1.9 (t, J = 2.6 Hz, 1 H, =CH), 2.15 (s, 3 H, CH3), 2.51 (i, J = 7.0, 2.6 Hz, 2 H, CHoC=), 3.79 (3, 3 H, OCHy),
3.82 (m, 2 H, OCHy), 599 (3, 1 H, OCH).

Methyl 2-acetoxy-2-(4-pentyn-1-oxy)acetate (5). Method A: 4-Pentyn-1-ol (1.00 g, 11.90 mmol) was treated with
methyl glyoxylate hydrate (2.52 g, 23.80 mmol) in 50 mL of benzene to give the hemiacetal (0.95 g). The crude hemiacetal (800
mg) was treated with acetic anhydride (712 mg, 6.98 mmol) and DMAP (113 mg, 0.93 mmol) in 10 mL of pyridine to give § (557
mg, 2.60 mmol, 26%) as a colourless oil. R 0.50 (EtOAc:hexanes = 1:1.5). IR 3300 (C=C), 1745 (C=0), 1760 (C=0). 14
NMR (200 MHz) 1.79 (quintet, J = 6.5 Hz, 2 H. OCH,CH,), 1.93 (t, J = 1.9 Hz, 1 H, =CH), 2.13 (s, 3 H, CH3), 2.27 (d, J =
6.8, 2.3 Hz, 2 H, CH,C=), 3.77 (s, 3 H, OCH3), 3.78 (m, 2 H, OCHy), 5.94 (s, 1 H, OCH).

Methyl 2-acetoxy-2-(3-methyl-3-buten-1-oxy)acetate (6). Method B: 3-Methyl-3-buten-1-0l (712 mg, 8.28
mmol) was treated with anhydrous methyl glyoxylate (1.5 g, 17.0 mmol) in 5 mL of CH,Cl,. The crude hemiacetal was treated
with acetic anhydride (3.6 mL, 38.2 mmol) and DMAP (0.5 g, 4.1 mmol) in 10 mL of pyridine to give § (1.08 g, 5.00 mmol,
60%) as a colourless oil. R 0.38 (EtOAc:hexanes = 1:1.3). IR 1745 (C=0), 1640 (C=C). 'H NMR (200 MHz) 1.74 (s, 3 H,
=CCHy), 2.16 (s, 3 H, CH3), 2.35 (t, J = 7.0 Hz, 2 H, CH,C=), 3.71-3.92 (m, 2 H, OCH,), 3.80 (s, 3 H, OCH3), 4.73 (bs, 1 H,
=CHjy), 4.79 (bs, 1 H, =CH»), 5.98 (s, 1 H, OCH).

Methyl 2-acetoxy-2-(1-[ters-butyldiphenylsilyloxy]-4-penten-2-oxy)acetate (7). Method B: 1-tert-
Butyldiphenylsilyloxy-at-pemen-z-oll2 (1.47 g, 4.3 mmol) was treated with anhydrous methyl glyoxylate (1.2 mL, 16.4 mmol) in
10 mL of CH,Cl,. The crude hemiacetal was treated with acetic anhydride (2.9 mL, 30.8 mmol) and a catalytic amount of DMAP
in 10 mL of pyridine to give 7 (1.25 g, 2.7 mmol, 61%) as a colourless oil. R¢ 0.45 (EtOAc: hexanes = 1:3). IR 1750 (C=0). g
NMR (200 MHz, mixture of diastereoisomers) 1.06 (s, 9 H, SiC(CH3)3), 2.01 and 2.14 (s, 3 H, CHy), 2.1-2.6 (m, 2 H,
CH,CH=), 3.6-4.0 (m, 3 H, OCH,CHO), 3.76 and 3.78 (s, 3 H, OCHj3), 5.08 (m, 2 H, =CHj), 5.78 (m, 1 H, CH=), 6.04 and
6.31 (s, 1 H, CHOAc), 7.41 (m, 6 H, Si(CgHs)p), 7.68 (m, 4 H, Si(CgHs)p). 13C NMR (50.3 MHz, mixture of
diastereoisomers) 18.85 and 19.00 (SiCMe3), 20.58 and 20.72 (CH3), 26.46 and 26.56 (SiC(CHgz)3), 35.60 and 35.75 (CHyCH=).
52.38 and 52.45 (OCH3), 64.94 and 66.16 (SiOCH;), 80.92 and 81.18 (CHO), 92.45 and 92.76 (CHOACc), 117.16 and 117.91
(=CHy), 133.21 and 133.55 (CH=), 127.47, 127.52, 127.55, 129.38, 129.50, 129.58, 134.58, 135.35 and 135.40 (Si(CgHs)p),
132.77 and 132.87 (Si(CgHg),), 166.35 and 167 (C=0), 170 (COyMe).

Methyl 2-acetoxy-2-(6-methyl-5-hepten-2-oxy)acetate (8). Method A: 6-Methyl-5-hepten-2-ol (1.50 g, 11.72
mmol) was treated with methyl giyoxylate hydrate (2.48 g, 23.44 mmol) in 90 mL of benzene. The crude hemiacetal was treated
with acetic anhydride (2.08 g, 20.42 mmol) and DMAP (0.33 g, 2.72 mmol) in 20 mL of pyridine to give 8 (1.77 g, 6.86 mmol,
59%) as a colourless oil. R¢ 0.50 (EtOAc:hexanes = 1:1.6). IR 1755 (C=0). 1H NMR (200 MHz, mixture of diasterecisomers)
121 (d, J =6.2 Hz, 3 H, OCHCH3), 1.6 (m, 2 H, CH,CH,CH=), 1.59 (s, 3 H, =CCHgy), 1.66 (s, 3 H, =CCHjy), 2.04 (m, 2 H,
CH,CH=), 2.13 (s, 3 H, CHy), 3.78 (s, 3 H, OCHy), 3.8 (m, 1 H, OCHCH3y), 5.06 (m, 1 H, CH=), 5.96 (s) and 6.00 (s, 1 H,
OCH). 13C NMR (62.9 MHz, mixture of diastereoisomers) 17.56, 17.63, 19.73, 20.82, 20.87, 20.92 and 25.62 (=C(CH3),,
OCHCH3, CH3), 23.64 and 23.84 (CHyCH,CH=), 36.51 and 36.74 (CH,CH=), 52.64 and 52.67 (OCHj), 76.27 and 77.97
(OCHCH3), 91.29 and 92.82 (OCH), 123.51 and 123.63 (CH=), 166.46 and 166.59 (C=0), 170.08 and 170.18 (CO;Me).

Methyl 2-acetoxy-2-(3-cyclohexen-1-methoxy)acetate (9). Method A: 3-Cyclohexen-1-methanol (0.90 g, 8.04
mmol) was treated with methyl glyoxylate hydrate (1,70 g, 16.08 mmol) in 70 mL of benzene. The crude hemiacetal was treated
with acetic anhydride (1.30 g, 12.75 mmol) and DMAP (0.21 g, 1.70 mmol) in 18 mL of pyridine to give 9 (1.53 g, 6.32 mmol,
79%) as a colourless oil, R f 0.50 (EtOAc:hexanes = 1:1.7). IR 1750 (C=0). H NMR (200 MHz) 1.26 (m, 1 H, OCH,CH), 1.75
(m, 2 H, CHCHj), 1.96 (m, 4 H, CH,CH=CHCH},), 2.14 (s, 3 H, CH3), 3.57 (m, 2 H, OCH3), 3.79 (s, 3 H, OCH3y), 5.63 (bs, 2
H, CH=CH), 5.94 (s, 1 H, OCH). 19C NMR (62.9 MHz) 20.73 (CHy), 24.24, 24.29 and 25.13 (CHyCH,, =CHCHjy), 33.56
(OCH»CH), 52.63 (OCH3y), 74.75 (OCHy), 92.80 (OCH), 125.48 and 126.92 (CH=CH), 166.26 (C=0), 169.90 (CO,Me).

Methyl 2-acetoxy-2-(2-cyclohexen-1-methoxy)acetate (10). Method B: 2-Cyclohexen-1-methanol!3 (715 mg,
6.38 mmol) was treated with anhydrous methyl glyoxylate (1.2 g, 13.64 mmol) in 5 mL of CHyCl,. The crude hemiacetal was
treated with acetic anhydride (2.8 mL, 29.7 mmol) and DMAP (0.4 g, 3.3 mmol) in 10 mL of pyridine to give 10 (0.97 g, 4.01
mmol, 63%) as a colourless oil. R 0.45 (EtOAc:hexanes = 1:1.3). IR 1760 (C=0), 1745 (C=0). 1H NMR (200 MHz) 1.27-1.83
(m, 4 H, CHCH,CH,), 1.98 (m, 2 H, CHyCH=), 2.16 (s, 3 H, CH3), 2.46 (m, 1 H, CHCH=), 3.56 (m, 2 H, OCHjy), 3.81 (s, 3
H, OCHj3), 5.55 (m, 1 H, CH=), 5.77 (m, 1 H, CH=), 597 (s, 1 H, OCH).

Methyl 2-acetoxy-2-[{2-(1-cyclohexen-1-yl)-ethoxylacetate (11), Method B: 2-(1-cyclohexen-1-yl)-ethanol14
(2.58 g, 20.5 mmol) was treated with anhydrous methyl glyoxylate (2.7 g, 30.68 mmol) in 7 mL of CH,Cl,. The crude hemiacetal
was treated with acetic anhydride (2.9 mL, 30.8 mmol) and DMAP (50 mg, 0.41 mmol) in 21 mL of pyridine to give 11 (3.15 g,
12.3 mmol, 60%) as a colourless oil. R £ 0.55 (EtOAc:hexanes = 1:4). IR 1745 (C=0). 1H NMR (200 MHz) 1.40-1.65 (m,4 H,
CH,CHjy), 1.85-2.05 (m, 4 H, CHyCH=CHCHj,), 2.16 (s, 3 H, CH3), 2.26 (t, J = 7.2 Hz, 2 H, OCHyCHj), 3.69-3.87 (m, 2 H,
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OCHy), 3.80 (s, 3 H, OCHjy), 5.45 (bs, 1 H, =CH), 5.97 (s, 1 H, OCH).

Boron triflueride etherate-induced cyclization of 1. To a solution of 1 (252 mg, 1.25 mmol) in 7 mL of dry
CH,Cly was added at -70 °C BF3-OEty (0.30 mL, 2.44 mmol). The reaction mixture was allowed to slowly warm up 10 rt and
stirred for 3 h at rit. The reaction mixture was poured into icewater and an excess of NaHCO was added. The resulting mixture was
stirred at rt for 30 min and then filtered over celite. The residue was rinsed with 150 mL of CH,Cly. After the layers were separated,
the water layer was extracted (3 x) with CH,Cly (30 mL). The combined organic layers were dried (MgSO,) and concentrated in
vacuo. The residue was chromatographed to give three fractions. The first fraction was starting material (34 mg, 0.17 mmol, 13%).
The second fraction consisted of two isomers (ratio 1:1) of 2-carbomethoxy-4-fluorotetrahydropyran (12) (71 mg, 0.44
mmol, 35%, colourless oil). R 0.20 (EtOAc:hexanes = 1:2). IR 1745 (C=0). lH NMR (200 MHz, mixture of isomers) 1.69-
2.46 (m, 8 H, H3 and H5), 3.48 (id, J = 10.9, 1.3 Hz, 1 H, H6ax), 3.76 (s) and 3.78 (s, 6 H, CH3), 3.81-4.27 (m, 4 H, H2 and
H6),4.37 (dd, J = 11.6, 2.7 Hz, 1 H, H2ax), 4.74 (tt, J = 10.0, 4.6 Hz, d, Jyz = 48.6 Hz, 1 H, Hdax), 5.03 (bd, Jyp = 47.5 Hz, 1
H, H4eq).13C NMR (50.3 MHz, mixture of isomers) 29.99 (d, 2/cx = 20.4 Hz), 31.82 (d, 2Jop = 184 Hz), 33.36 4, 2lpp =
20.8 Hz) and 34.70 (@, ZJCF = 19.8 Hz) (C3 and C5), 51.94 and 52.06 (CH3), 62.39 (d, “Jcp = 10.3 Hz) and 63.97 (d, 3’CF =
10.4 Hz) (C6), 70.94 and 73.33 (d, 3JCF = 10.1 Hz) (C2), 85.40 (d, I-’CF = 170.6 Hz) and 87.52 (d, I"CF = 176.9 Hz) (C4),
170,40 and 171.25 (C=0). MS (EI, 70 eV) 114 (12), 103 (M*-004Me, 100), 55 (46). The third fraction consisted of two isomers
(trans/cis = 2.4:1) of 4-acetoxy-2-carbomethoxytetrahydropyran (13) (73 mg, 0.36 mmol, 29%, yellowish oil). R£0.15
(EtOAc:hexanes = 1:2). IR 1740 (C=0), 1730 (C=0). |H NMR (200 MHz, major isomer) 1.6-2.4 (m, 4 H, H3 and HS5), 2.08 (s,
3H, CHy), 3.4-4.2 (m, 2 H, H6), 3.75 (s, 3 H, OCHy), 433 (dd, J = 109, 3.0 Hz, 1 H, H2ax), 5.16 (m, 1H, Hdeq), (minor
isomer, isolated signals) 2.03 (s, 3 H, CHy), 4.92 (it, J = 10.6, 4.5 Hz, 1 H, Hdax). 13C NMR (50.3 MHz, major isomer) 20.92
(CHg), 29.30 and 32.62 (C3 and CS), 51.94 (OCH3), 62.83 (C6), 66.04 and 71.46 (C2 and C4), 169.78 and 171.32 (C=0 and
CO4Me), (minor isomer) 20.82 (CH3), 30.81 and 33.78 (C3 and CS5), 65.00 (C6), 68.77 and 73.98 (C2 and C4). MS (El, 70 V)
143 (M*-C0,Me, 12), 114 (22), 83 (M*-CO,Me -AcOH, 100), 55 (35), 43 (59). Accurate mass 143.0720 (calcd for C7H; 103
M*-CO,Me) 143.0708).

General procedure for the tin tetrachloride-induced cyclization of 1-11. A 1.2 M solution of SnCly in
CH,Cl, (2 equiv) was added at -78 °C to a 0.1 M solution of the precursor in dry CH,Cl,. The reaction mixture was allowed to
warm up to i and stirred for 3 h at rt. The reaction mixture was poured into icewater and an excess of NaHCOy was added. The
resuiting mixture was stirred at rt for 30 min and then filtered over celite. The residue was rinsed with 150-250 mL of CH)Cl,.
After the layers were separated, the water layer was extracted (3 x) with CHyCly (20-50 mL). The combined organic layers were dried
(MgS0y4) and concentrated in vacuo. The residue was chromatographed.

Tin tetrachloride-induced cyclization of 1. According to the general procedure, precursor 1 (704 mg, 3.49 mmol) in
20 mL of CH,C}, was treated with a 1.2 M solution of SnCl, in CH,Cly (5.8 mL, 6.96 mmol) to give two fractions. The first
fraction consisted of two isomers (14t:14¢ = 1.6:1) of 2-carbomethoxy-4-chlorotetrahydropyran (14) (483 mg, 2.71
mmol, 78%, colourless oil). R+ 0.40 (EtOAc:hexanes = 1:1.5). IR 1750 (C=0). The two isomers were separated with GLC
(carbowax 20 M, 15% on gaschrom P, 2.5 m x 8 mm, 160 <C). 14t: 1H NMR (250 MHz) 1.77 (m, 1 H, H5), 2.01-2.22 (m, 3
H, H3 and H5}, 3.72 (s, 3 H, CH3), 3.93 (m, 2 H, H6), 4.43-4.54 (m, 2 H, H2 and H4). 1H NMR (250 MHz, CgDg) 1.30 (m, 1
H, H5), 1.48 (m, 1 H, H5), 1.88 (m, 2 H, H3), 3.28 (s, 3 H, CH3), 3.53 (dt, J = 11.9, 4.4 Hz, 1 H, Héeq), 3.65 (ddd, J = 12.1,
9.3, 3.1 Hz, 1 H, H6ax), 3.88 (quintet, J = 4.3 Hz, 1 H, H4eq), 4.31 (dd, J = 7.3, 5.1 Hz, 1 H, H2ax). 13C NMR (50.3 MHz)
33.27 (C5), 36.37 (C3), 52.12 (CH3), 54.71 (C4), 62.52 (C6), 71.01 (C2), 171.29 (C=0). 14c: 1H NMR (250 MHz) 1.89 (m, 2
H, HS), 2.09 (m, 1 H, H3ax), 2.48 (m, 1 H, H3eq), 3.46 (1d, J = 12.0, 2.4 Hz, 1 H, H6ax), 3.76 (s, 3 H, CH3),3.97 (dd, J = 11.5,
2.5 Hz, 1 H, H2ax), 4,02 (m, 1 h, H4), 4.15 (ddd, J = 12.0,4.7, 2.1 Hz, 1 H, Héeq). 1H NMR (250 MHz, CgDg) 1.47 (m, 2 H,
H5), 1.79 (dt, J = 12.9, 11.2 Hz, 1 H, H3ax), 2.12 (dquintet, J = 12.9, 2.2 Hz, 1 H, H3eq), 2.70 (td, J = 11.6, 2.7 Hz, 1 H, H6ax),
3.28(s,3 H, CHi)’ 3.29 (tt, J = 11.1, 4.6 Hz, 1 H, Hdax), 3.43 (dd, J = 11.1, 2.6 Hz, 1 H, H2ax), 3.59 (ddd, J = 12.0, 4.6, 2.5
Hz, 1 H, Héeq). 13C NMR (50.3 MHz) 36.05 (C5), 38.91 (C3), 52.25 (CH3), 54.23 (C4), 66.56 (C6), 75.34 (C2), 170.12
(C=0). MS (EL 70 eV) 119/121 (M"-C02Me. 100/32), 55 (90). The second fraction consisted of two isomers (13t:13¢) = 1.6:1)
of 13 (36 mg, 0.18 mmol, 5%, colourless oil). R, 0.25 (EtOAc:hexanes = 1:1.5). Preparative scale: To a solution of 1 (18.00 g,
89.11 mmol) in 500 mL of dry CH,Cl, was added pure SnCl; (21 mL, 0.18 mol) at -78 <C. The reaction mixture was allowed to
slowly warm up to rt and stirred for 16 h at ri. The reaction mixture was poured into icewater and NaHCO3 was added (pH = 8-9).
The resulting mixture was stirred for 30 min at rt and then filtered over celite. The residue was rinsed with CHpCly (200 mL). After
the layers were separated, the water layer was extracted (3 x) with CHCl3 (200 mL). The combined organic layers were washed with
saturated aqueous NaHCO3 (100 mL), dried (MgSOy) and concentrated in vacuo. The crude product (15.85 g) was distilled (70-90
°C/1 mbar) to give 14 (12.11 g, 67.84 mmol, 76%, 14t:14¢ = 1.3:1) as a colourless oil. The residue was distilled (bulb to bulb,
150-200 °C/0.06 mbar) to give 13 (1.27 g, 6.29 mmol, 7%, 13¢:13t = 1:1.5) as a yellowish oil.

Titanium tetrachloride-induced cyclization of 1. To a solution of 1 (161 mg, 0.80 mmol) in § mL of dry CH,Cly
was added at -78 <C a 1.2 M solution of TiCly in CH4Cl; (1.6 mL, 1.9 mmol). The reaction mixture was allowed to warm up to 1t
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and stirred for 3 h at ri. The reaction mixture was poured into icewater and an excess of NaHCO3 was added. The resulting mixture
was stirred at rt for 30 min and then fiitered over celite. The residue was rinsed with 125 mL of CH,yCl,. After the layers were
separated, the water layer was extracted (3 x) with CH;Cly (25 mL). The combined organic layers were dried (MgS0O,) and
concentrated in vacuo. The residue was chromatographed to give two fractions. The first fraction consisted of two isomers (14¢:14¢
= 1.8:1) of 14 (75 mg, 0.42 mmol, 53%, colourless oil). The second fraction consisted of two isomers (13¢t:13¢) =4:1) of 13 (40
mg, 0.20 mmol, 25%, colourless oil).

Formic acid-induced cyclization of 1. Precursor 1 (170 mg, 0.84 mmol) was dissolved in 3 mL of formic acid and
stirred for 2 days at . The reaction mixture was concentrated in vacuo and evaporated with benzene (3 x 5 mL) and CHyCly (3% §
mL). The residue was chromatographed to give two isomers (15¢:15t = 5:1) of 2-carbomethoxy-4-formyitetrabydropyran
(15) (74 mg, 0.39 mmol, 47%) as a yellowish oil. R5 0.40 (EtOAc:hexanes = 1.5:1). 1H NMR (200 MHz, major isomer) 1.66
(m, 2 H, HS), 1.91 (m, 1 H, H3ax), 2.29 (dquintet, J = 12.6, 2.3 Hz, 1 H, H3eq), 3.48 (1d, J = 11.8, 2.5 Hz, 1 H, H6ax), 3.70 (s, 3
H, CH3), 4.00 (dd, J=11.2,2.6 Hz, 1 H, H2), 4.12 (ddd,J = 12.0,4.7, 2.7 Hz, 1 H, H6eq), 5.01 (tdd, J = 10.6, 5.0,4.5 Hz, 1 H,
H4), 7.96 (s, 1 H, CHO), (minor isomer, isolated signals) 3.75 (s, 3 H, CHg), 4.29 (dd, J = 10.8, 3.1 Hz, 1 H, H2), 5.27 (quintet,
J=34 Hz, 1 H, H4), 8.04 (s, 1 H, CHO).

Tin tetrachloride-induced cyclization of 2. According o the general procedure, precursor 2 (165 mg, 0.72 mmol) in
10 mL of CH,Cl, was treated with a 1.2 M solution of SnCl4 in CH,Cl, (1.19 mL, 1.43 mmol) to give two isomers (rel-(2R,
3S,4R) (16t):rel-(2R,35,45) (16¢) = 5:1) of 2-carbomethoxy-4-chloro-3-ethyltetrahydropyran (16) (122 mg,
0.59 mmol, 82%) as a colourless oil. R, 0.35 (EtOAc:hexanes = 1:1.4). IR 1740 (C=0). 1H NMR (200 MHz, major isomer)
0.87 (1, J = 7.3 Hz, 3 H, CHy), 1.34 (m, 2 H, CH,Me), 1.92 (m, 2 H, H5), 2.20 (m, 1 H, H3), 3.74 (s, 3 H, OCH3), 3.90 (m, 2
H, H6), 4.09 (d, / = 9.8 Hz, 1 H, H2), 4.53 (q, / = 3.0 Hz, 1 H, H4), (minor isomer, isolated signals) 0.89 (1, / = 7.5 Hz, 3 H,
CH3), 346 (id, J = 11.3, 3.0 Hz, 1 H, H6ax), 3.75 (s, 3 H, OCHy). 13¢ NMR (62.9 MHz, major isomer) 10.04 (CH3), 20.39
(CH;Me), 33.83 (C5), 44.24 (C3), 52.03 (OCH3), 58.26 (C4), 62.12 (C6), 76.58 (C2), 170.81 (C=0), (minor isomer) 9.41
(CHg). 20.95 (CHyMe), 35.70 (C5), 46.80 (C3), 52.15 OCHgy), 58.65 (C4), 65.82 (C6), 79.06 (C2). MS (El, 70 eV) 206/208
™M*, 713), 147/149 (M"'-COzMe, 100/43). Accurate mass 206.0712 (calcd for C9H150335Cl 206.0709).

Formic acid-induced cyclization of 2. Precursor 2 (21 mg, 0.09 mmol) was dissolved in 0.5 mL of formic acid and
stirred for 2 days at 1t. The reaction mixture was concentrated in vacuo and evaporated with benzene (3 x 3 mL) and CH5Cly 3 x 3
mL) to give the crude product which consisted of two isomers (rel-(2R,35,4S) (17c):rel-(2R,3S,4R) (17t) = 5:1) of 2-
carbomethoxy-3-ethyl-4-formyl-tetrahydropyran (17) (15 mg, 0.07 mmol, 78%, yellowish oil). RfO.lS (EtOAc:hexanes
=1.3:1). 1H NMR (200 MHz, major isomer) 0.92 (t, J = 7.5 Hz, 3 H, CHjy), 1.19-2.36 (m, 5 H, H3, HS, CH,Me), 3.58 (ddd, /
=123,9.3, 3.3 Hz, 1 H, H6ax), 3.78 (s, 3 H, OCH3), 3.95 (d, / = 7.8 Hz, 1 H, H2), 4.14 (m, 1 H, H6eq), 5.03(d, J = 8.5,4.2
Hz, 1 H, H4), 8.05 (s, 1 H, CHO), (minor isomer, isolated signals) 5.41 (q, 7 = 2.8 Hz, 1 H, H4), 8.14 (s, 1 H, CHO).

Tin tetrachloride-induced cyclization of 3. According to the general procedure, precursor 3 (380 mg, 1.65 mmol) in
15 mL of CHyCl, was treated with a 1.2 M solution of SnCl, in CHyCL, (2.80 mL, 3.36 mmol) to give rel-(2R,3R,4R)-2-
carbomethoxy-4-chloro-3-ethyltetrahydropyran (18) (210 mg, 1.02 mmol, 62%) as a colourless oil. R, 0.50
(EtOAc:hexanes = 1:2). IR 1745 (C=0). 1H NMR (200 MHz) 0.88 (t, J = 7.5 Hz, 3 H, CHgy), 1.32-1.66 (m, 3 H, CHyMe and
HS), 1.98-2.27 (m, 2 H, H3 and HS5), 3.72 (s, 3 H, OCH3), 3.90 (m, 2 H, H6), 4.45 (q, J = 3.2 Hz, 1 H, H4), 4.59 (d, J =2.69 Hz,
1H, H2). lH NMR (250 MHz, CgDg) 0.60 (1, J = 7.5 Hz, 3 H, CHy), 1.19-1.47 (m, 3 H, CHyMe and HS), 1.68 (m, 1 H, H5),
2.00 (septet, J = 3.5 Hz, 1 H, H3), 3.29 (s, 3 H, OCH3), 3.64 (m, 2 H, H6), 4.12 (q, J = 4.0 Hz, 1 H, H4),4.56 (d, J=3.1 Hz, 1
H, H2). 13C NMR (50.3 MHz) 11.77 (CHjy), 20.57 (CHyMe), 28.84 (C5), 45.64 (C3), 51.85 (OCH3), 57.85 (C4), 62.81 (C6),
73.84 (C2), 171.16 (C=0). MS (EI, 70 eV) 206/208 (M*, 16/4), 147/149 (M"‘-COZMe, 100/32). Accurate mass 206.0712 (calcd
for CgH; 50335C1 206.0709).

Formic acid-induced cyclization of 3. Precursor 3 (54 mg, 0.23 mmol) was dissolved in 1 mL of formic acid and
stirred for 2 days at 1t. The reaction mixture was concentraled in vacuo and evaporated with benzene (3 x 3 mL) and CHyCly (3 x 3
mL). The residue was chromatographed to give iwo isomers (rel-(2R,3R,4S) (19¢):rel-(2R,3R,4R) (19t) = 7.5:1) of 2-
carbomethoxy-3-ethyl-4-formyitetrahydropyran (19) (34 mg, 0.16 mmol, 68%) as a yellowish oil. Rf 0.40
(EtOAc:hexanes = 1.5:1). IR 1740 (C=0), 1720 (C=0). 'H NMR (200 MHz, major isomer) 0.85 (1, J = 7.6 Hz, 3H, CHjy), 14-
2.0 (m, 4 H, H5 and CH,CHgy), 2.26 (m, 1 H, H3eq), 3.50 (d, J = 11.7, 3.1 Hz, 1 H, H6ax), 3.74 (s, 3 H, OCHy), 4.03 4,/ = 24
Hz, 1 H, H2), 4.16 (ddd, J = 12.0, 5.1, 2.5 Hz, 1 H, Hé6eq), 5.14 (dt, J = 11.1, 4.6 Hz, 1 H, H4), 8.03 (d, J = 0.8 Hz, 1 H, CHO),
(minor isomer, isolated signals) 1.23 (1, J = 7.2 Hz, 3 H, CHy), 4.41 (d, J = 2.7 Hz, 1 H, H2), 8.10 (s, 1 H, CHO). 13¢ NMR
(50.3 MHz, major isomer) 13.53 (CH3y), 16.37 (CHyCH3), 26.83 (C5), 42.63 (C3), 51.88 (OCH3), 65.40 (C6), 72.17 (C2), 77.27
(C4), 160.05 (CHO), 17041 (C=0).

Tin tetrachloride-induced cyclization of 4. According to the general procedure, precursor 4 (176 mg, 0.88 mmol) in
8 mL of CH»Cl, was treated with a 1.2 M solution of SnCly in CHyCly (1.47 mL, 1.76 mmo)) to give 2-carbomethoxy-4-
chloro-5,6-dihydro-2H-pyran (20) (50 mg, 0.51 mmol, 58%) as a yellowish oil. RfO.SO (EtOAc:hexanes = 1.2:1). IR 1745
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(C=0). 1H NMR (200 MHz) 2.41 (m, 2 H, HS5), 3.77 (s, 3 H, CH3), 3.90 (m, 1 H, H6), 4.10 (ddd, J = 11.5, 6.5, 5.1 Hz, 1 H,
H6),4.75 (q,/ = 2.7 Hz, 1 H, H2), 6.00 (dt, / = 3.1, 1.6 Hz, 1 H, H3). 13C NMR (50.3 MHz) 32.22 (C5), 52.33 (CHy), 62.95
(C6), 73.14 (C2), 120.59 (C3), 131.88 (C4), 169.81 (C=0).

Tin tetrachloride-induced cyclization of §. According to the general procedure, precursor 5 (253 mg, 1.18 mmol) in
10 mL of CH,Cly was treated with a 1.2 M solution of SnCly in CHyCl, (1.97 mL, 2.36 mmol) to give 2-carbomethoxy-4-
chloro-2,5,6,7-tetrahydrooxepin (21) (97 mg, 0.51 mmol, 43%) as a yellowish oil. R¢ 0.40 (EtOAc:hexanes = 1:1.3). IR
1745 (C=0). 1H NMR (200 MHz) 1.93 (m, 2 H, H6), 2.69 (m, 2 H, H5), 3.76 (s, 3 H, CHy), 3.78(m, 1 H, H7), 4.08 (m, 1 H,
H7),4.68 (m, 1 H, H2), 601 (d, J = 34 Hz, 1 H, H3). 13C NMR (62.9 MHz) 27.31 (C6), 35.72 (C5), 52.55 (CH3), 70.38
(C7), 75.33 (C2), 125.41 (C3), 138.30 (C4), 169.90 (C=0). MS (EL 70 V) 155 (M*-C), 10), 131/133 (M* -CO,Me, 100v32).

Tin tetrachloride-induced cyclization of 6. According to the general procedure, precursor 6 (456 mg, 2.11 mmol) in
15 mL of CHCl, was treated with a 1.2 M solution of SnCly in CH,Cly (3.50 mL.,4.20 mmol) to give two fractions. The first
fraction consisted of rel-(2R,4R)-2-carbomethoxy-4-chloro-4-methyltetrahydropyran (22) (314 mg, 1.63 mmol, 77%,
colourless oil). R ;0.20 (EtOAc:hexanes = 1:3). IR 1745 (C=0). 'H NMR (200 MHz) 1.67 (s, 3 H, CHjy), 1.69-1.86 (m, 3 H,
H3 and HS), 2.2/(d, J=14.1 Hz, 1 H, H3), 3.76 (s, 3 H, OCH3), 3.80-4.08 (m, 2 H, H6), 442 (dd, / = 11.5, 2.3 Hz, 1 H, H2).
13¢ NMR (50.3 MHz) 33.61 (CHjy), 39.78 and 42.98 (C3 and C5), 52.12 (OCHj3), 64.02 (C6), 67.76 (C4), 72.43 (C2), 171.27
(C=0). MS (EI 70 eV) 133/135 (M*-CO,Me, 100/30), 97 (16), 69 (82), 41 (26). Accurate mass 133.0446 (calcd for
CgH1003%Cl (M*-CO,Me) 133.0420). The second fraction consisted of rel-(2R ,4R)-4-acetoxy-2-carbomethoxy-4-
methyltetrahydropyran (23) (60 mg, 0.28 mmol, 13%, colourless oil). R £0.10 (EtOAc:hexanes = 1:3). IR 1740 (C=0), 1725
(C=0). 1 NMR (200 MHz) 1.54 (s, 3 H, CHy), 1.49-1.69 (m, 2 H, HS5), 2.05 (s, 3 H, (C=0)CH3), 2.29 (dd, / = 144, 1.7 Hz,
1 H, H3), 2.51 (dt, J = 14.0, 2.3 Hz, 1 H, H3), 3.65 (1, J = 12.2, 2.0 Hz, 1 H, H6), 3.76 (s, 3 H, OCH3), 3.97 (dd, J = 12.4,4.7
Hz, 1 H, H6), 4.21 (dd, J = 12.0, 2.3 Hz, 1 H, H2). 13C NMR (50.3 MHz) 22.06 ((C=0)CH3), 25.74 (CH3), 34.92 and 39.12
(C3 and C5), 52.07 (OCH3), 63.44 (C6), 72.01 (C2), 78.07 (C4), 170.00 and 17147 (C=0O and CO;Me). MS (EL 70 eV) 156
M*-AcOH, 15), 97 (M*-CO,Me -AcOH, 100), 43 (60).

Tin tetrachloride-induced cyclization of 7. According to the gencral procedure, precursor 7 (1.12 g, 3.2 mmol) in
20 mL of CH,Cl, was treated with a 1.2 M solution of SnCl in CHCl, (4.0 mL, 4.8 mmol) to give rel-(2R,4R,65)-6-
(¢ert-butyldiphenylsilyloxymethyl)-2-carbomethoxy-4-chlorotetrahydropyran (24) (809 mg, 1.8 mmol, 56%) as a
colourless oil. R £0.70 (EtOAc:hexanes = 1:1.4), IR 1750 (C=0). 'H NMR (200 MHz) 1.06 (3, 9 H, S$iC(CH3)y), 1.77-2.27 (m,
4 H, H3 and HS), 3.63-3.89 (m, 2 H, SiOCHj,), 3.76 (s, 3 H, CHy), 4.08 (m, 1 H, H6), 4.56 (dd, J = 11.5, 2.4 Hz, 1 H, H2), 4.68
(quintet, J = 3.0 Hz, 1 H, H4), 7.26-7.76 (m, 10 H, Si(CgHs))). 13C NMR (50.3 MHz) 19.05 (§iCMe3), 26.60 (SiC(CHz)3),
35.11 and 35.94 (C3 and C5), 51.95 (CHy), 55.33 (SiOCHjy), 66.03 (C4), 70.77 and 72.25 (C2 and C6), 127.43, 129.45, 134.58,
135.41 and 13547 (Si(CgHs)y), 133.2 (Si(CgHs)y), 171.09 (C=0). MS (EL, 70 eV) 389/391 o+ -C(CH3)3, 100/40), 213 (54),
199 (87), 31 (65).

Tin tetrachloride-induced cyclization of 8. Acconling to the general procedure, precursor 8 (134 mg, 0.52 mmol) in
8 mL of CHCl, was treated with 8 1.2 M solution of SnCl, in CH,Cl, (0.87 mL, 1.04 mmol) to give re/-(2R,35,6R)-2-
carbomethoxy-6-methyl-3-propenyltetrabhydropyran (25) (65 mg, 0.33 mmol, 63%) as a colourless oil. R 0.50
(EtOAC:hexanes = 1:1.4). IR 1740 (C=0). 1H NMR (200 MHz) 1.23 (d,J = 6.2 Hz, 3 H, (C6)CH3), 1.13-1.87 (m, 4 H, H4 and
HS), 1.69 (s, 3 H, CHy), 2.35 (i, J = 11.0, 3.8 Hz, 1 H, H3), 3.43-3.76 (m, 1 H, H6), 3.67 (s, 3 H, OCHy), 3.97 (d, J = 10.5 Hz,
1 H, H2), 4.72 (bs, 2 H, =CH,). 13C NMR (62.9 MHz) 19.61 and 21.47 (CH3 and (C6)CHy), 29.00 and 32.55 (C4 and CS5),
46.85 (C3), 51.44 (OCHjy), 73.98 (C6), 80.81 (C2), 112.41 (=CH,), 144.66 (=C), 170.49 (C=0). MS (EI, 70 eV) 198 M™M*, 8),
139 (M*-CO,Me, 88), 68 (100). Accurate mass 198.1281 (calcd for CyjHyg03 198.1256),

Tin tetrachloride-induced cyclization of 9. According to the general procedure, precursor 9 (200 mg, 0.83 mmol) in
10 mL of CH,Cl, was treated with a 1.2 M solution of SnCly in CHyCl, (1.38 mL, 1.66 mmol) to give rel-(1R,2R,5R)-2-
carbomethoxy-3-oxabicyclo-[3.3.1]-7-nonene (26) and re/-(1R,2R,5S,7R)-2-carbomethoxy-7-chloro-3-
oxabicyclo-{3.3.1]-nonane (27) (109 mg, 0.60 mmol, 73%, colourless oil) in a 92:8 ratio as an inseparable mixture. R » 0.35
(EtOAc:hexanes = 1:1). IR 1745 (C=0). 1H NMR (200 MHz, major component) 1.84 (m, 3 H, HS and H9), 2.26 (m, 2 H, H6),
2.66 (m, 1 H, H1),3.71 (s, 3 H, CH3), 3.73(m, 1 H, H4), 401 (d,J = 11.4 Hz, 1 H, H4),4.06 (d,J = 1.9 Hz, 1 H, H2), 5.55 (m,
1 H, H8), 5.95 (dt, J = 9.8, 3.4 Hz, 1 H, H7), (minor component, isolated signals) 4.21 (bs, 1 H, H4),4.32 (d, /= 2.3 Hz, 1 H,
H?2), 4.95 (septet, J = 5.8 Hz, 1 H, HT). 13C NMR (50.3 MHz, 26) 26.60 (C5), 29.43 and 31.53 (C6 and C9), 32.52 (C1), 51.88
(CH3), 75.21 (C4), 77.13 (C2), 124.23 and 132.08 (C7 and CB8), 170.88 (C=0). MS (EL, 70 eV) 182 M for 26, 20), 123 (M*-
CO,yMe, 86), 79 (100). Accurate mass 182.0925 (calcd for 26 CjgH; 403 182.0943).

Tin tetrachloride-induced cyclization of 10. According to the general procedure, precursor 10 (529 mg, 2.19 mmol)
in 15 mL of CH,Cly was treated with a 1.2 M solution of SnCly in CH,Cly (3.70 mL, 4.44 mmol) to give a mixture (1:1) of
rel-(1R,68,7R)-T-carbomethoxy-5-chloro-8-oxabicyclo-[4.3.0]-nonane (28) (329 mg, 1.51 mmol, 69% colourless
oil). R£0.15 (EtOAc:hexanes = 1:3). 1H NMR (200 MHz, two isomers) 0.15-2.25 (m, 6 H, H2, H3 and H4), 2.55-2.80 (m, 2 H,
H1 and H6), 3.68 and 3.71 (s, 3 H, CH3), 3.654.35 (m, 3 H, HS and H9), 3.91 (d, /= 7.3 Hz, 1 H,H7),441(d,/=68 Hz, 1 H,
H7). 13C NMR (50.3 MHz, two isomers) 19.10, 19.74, 20.51, 21.32, 23.43 and 30.97 (C2, C3 and C4), 35.99, 38.37, 39.27
and 47.24 (C1 and C6), 51.69 and 51.99 (CH3), 57.25 and 62.36 (CS), 69.88 and 72.81 (C9), 79.70 and 79.87 (C7), 170.02 and
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171.68 (C=0). To this mixture (47 mg, 0.22 mmol) in 5 mL of refluxing benzene, a solution of BuzSnH (115 pL, 0.43 mmol) and
a catalytic amount of AIBN in 2 mL of benzene was added dropwise. After 1 h of reflux the reaction mixture was concentrated i »
vacuo. The residue was chromatographed to give rel-(1R,6S,7R)-7-carbomethoxy-8-oxabicyclo-[4.3.0]-sonane (28°)
(33 mg, 0.18 mmol, 82%) as a colourless oil. 1H NMR (200 MHz) 1.2-1.9 (m, 8 H, H2, H3, H4 and H5), 2.15-2.65 (m, 2 H,
H1 and H6), 3.73 (s, 3 H, CHy), 3.92 (d, / = 9.5 Hz, 2 H, H9), 4.50 (d, / = 52 Hz, 1 H, H7).

Tin tetrachloride-induced cyclization of 11, According to the general procedure, precursor 11 (521 mg, 2.04 mmol)
in 15 mL of CH,Cly was treated with a 1.2 M solution of SnCly in CH,Cl, (3.50 mL, 4.20 mmol) to give two fractions. The
first fraction consisted of rel-(1R,2S,6S)-2-carbomethoxy-6-chloro-3-oxabicyclo-[4.4.0])-decane (29) (162 mg, 0.70
mmol, 34%, colourless oil). R 0.23 (EtOAc:hexanes = 1:3). IR 1740 (C=0). TH NMR (300 MHz) 1.2-2.1 (m, 11 H, H1, H5,
H7, H8, H9, and H10), 3.75 (3, 3 H, CH3), 3.98 (ddd, / = 11.8, 5.1, 1.4 Hz, 1 H, H4), 4.09 (d,J = 11.7, 2.4 Hz, 1 H, H4), 4.09
@.J=99Hz, 1 H, H2). 13C NMR (62.9 MHz) 21.11, 22.64 and 25.08 (C8, C9 and C10), 40.99 and 41.09 (CS and C7), 47.73
(C1), 51.95 (CH3), 63.89 (C4), 74.40 (C6), 77.35 (C2), 170.78 (C=0). The second fraction consisted of rel-(1R,2R,6S)-6-
acetoxy-2-carbomethoxy-3-oxabicyclo-[4.4.0]-decane (30) (63 mg, 0.25 mmol, 12%, colourless oil). Rs 0.18
(EtOAc:hexanes = 1:3). IR 1735 (C=0), 1725 (C=0). 1H NMR (200 MHz) 1.08-1.75 (m, 9 H, H5, H7, H8, H9 and H10), 2.08
(s, 3 H, CHj3), 2.60 (bd, J = 14.5 Hz) and 2.73 (bd, J = 11.5 Hz, 2 H, H1 and HS), 3.62 (td, J = 12.3, 2.1 Hz, 1 H, Hdax), 3.73 (s,
3 H, OCH3), 3.89 (ddd, J = 11.7, 5.2, 1.3 Hz, 1 H, Hdeq), 4.05 (d, J = 10.1 Hz, 1 H, H2). 13C NMR (62.9 MHz) 20.80, 21.95,
22.01 and 24.90 (C8, C9, C10 and CH3), 33.21 and 33.33 (CS5 and C7), 46.80 (C1), 51.97 (OCHj), 63.56 (C4), 76.98 (C2), 79.81
(C6), 169.74 and 170.96 (C=0 and CO,Me).
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