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Abstract: Acid-mediated cyclization reactions are described of seven methyl 2-&zetoxy-2-(3-alken-l-oxy)9cetates with 
different chain substitution. The major product of the tin teuachloride-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 c&addition of the intermediate aeSter 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 2-0xcniaCqe reanangement and (2) the participation of 
the ester function in the mechanism of cyclization by trapping tbe cyclic cationic intermediate. The cyclizations of 
two methyl 2-acetoxy-2-(4-alken-I-oxy)acetates and two methyl 2-acetoxy-Z(aLynoxy)xztates arealso described. 

INTRODUCTION 

The intramolecular carbon-carbon bond formation between oxycarbenium2 ions A and x-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 tetrahydropyrans4 and medium-sized cyclic ethers.5 In these cyclizations, 
the electronic and steric nature of the x-nucleophiles has been extensively varied. Besides alkenes, alkynes, 
aromatic rings, enols and enol ethers silicon-activated x-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. 

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 cc-ester oxycarbenium 

ions, which are more electrophilic than oxycarbenium ions of type A, provide cyclic ethers with an ester 
function at the 2-position. Our present results parallel earlier findings on the use of N-acyliminium ions D, 

bearing a carboxyl group at the cationic centre. x The utility of species D for the synthesis of a-amino acid 
derivatives has already been shown.9 

RESULTS AND DISCUSSION 

Preparation of precursors 
Methyl 2-acetoxy-2-(alkenoxy)acetates l-l 1 served as precursors for the a-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 treamaent with either freshly distilled methyl glyoxylate hydrateto (2 equiv) in refluxing benzene 
using a Dean-Stark trap (method A) or with freshly distilled anhydrous methyl glyoxylate’t (2 equiv) in 
dichlommethane at room temperature (method B. eq 1). The crude hemiacetal was immediamly acylated with 
acetic anhydride in both methods giving the methyl 2-acetoxy-Zalkenoxyacetates l-11 in nxxieme ovfmll 
yields of W-70% (Table I and III). The unreacted alcohol, which was also acylated with acetic anhydride in the 
second step (30-40%), could be regenerated by hydrolysis (K2cO3, MeOH). The low overall yield of the 
methyl 2-acetoxy-Zalkynoxyacetates (Table JII) was probably caused by loss of the volatile alcohol in the fmt 
step (method A). 

ROH 
benzene, reflux * 

methodB 0 

HA 
(2 equiv) 

C4W 
cH$&, rt 

1 k2Ok2.5 equiv), RO’OAc 
C4M (1) 

DMAP (cat) l-11 

The starting alcohols were co mmercially available except for l-~-butyldiphenylsilyloxy-4-penten-2-o112 
(7). 2-cyclohexene-l-methanol13 (10) and 2-(l-cyclohexen-l-yl)ethano114 (11). All cyclization pmxmcm were 

P 
urified by using flash chromatography. Precursors 7-10 were isolated as mixtures of diastaeoisaners. The 
H NMR chemical shii of the proton adjacent to the acetoxy group in l-l 1 was quite characten ‘stic 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 Cyclixations of l-3 with Several Acids 

precursor acid products 
(yield,Gb method‘) (yield*) 

(77%. B) 
BF,.OEb (X=FJ 12~ (18%) 12t (18%) 13c (9%) 13t (20%) 
SnC14 (X=Cl) 14c (30%) 14t (48%) 13c (2%) 13t (3%) 
TiCI (X=Cl) 14c (34%) 14t (19%) 13c (5%) 13t (20%) 
HCOOH (X=OCHO) 15c (39%) 1st (8%) - 

SnC14 (X=Cl) 16c (14%) 16t (68%) 
HCOOH (X=OCHO) 17c (65%) 17t (13%) 

SnCh (X=CI) 18 (62%) 
HCOOH (X=OCHO) 19c;60%) 19t (8%) 

a) Isolated yield of puritied product. b) Overall yield from the corresponding alcohol. c) See equation 1. 
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Cyclizations and structuralprocf of the products 
The generation of the cz-ester oxycarbenlum ion C from precursors 1-3 was investigated by using 

different acidic conditions as is shown in Table I. The addition of ‘c’ and ‘t’ to the pduct 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 14c 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 trlfluoride etherate gave, besides 
cyclization products, 13% of recovered starting material. The ratio 4-halo/4_acetoxytetrahydtopyran depended 
on the Lewis acid used. With boron trifluoride etherate this ratio was about 1:1.15 With tin tetmchloride much 
more incorporation of chloride was observed (16:l) than with titanium tetrachloride (2:l). For precursor 1 the 
stereoselectivity of the Lewis acid-induced cyclizations was rather low, but the tin tetrachlorlde-induced 
cyclization of 2 and 3 showed a preference for the formation of the 2,4-rranr-compounds. 

The formic acid-induced cyclizations of l-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 @pm, J in Hz). 

compound O-C&C&Me HC-FJHC-CVHC-0 
(CDCl3) (C6D6) (CDCb) t-6) 

12c 3.814.27 (m) 
12t 4.37 (dd, 11.6. 2.7) 

13c obscured 
13t 4.33 (dd, 10.9. 3.0) 
14c 3.97 (dd, 11.5, 2.5) 
14t 4.43-4.54 (m) 
15c 4.00 (dd, 11.2.2.6) 

15t 4.29 (dd, 10.8.3.1) 
16c obscured 
16t 4.09 (d, 9.8) 
17c 3.95 (d, 7.8) 
17t obscured 
EC 4.59 4.03 (d, (d, 2.7) 2.4) 

3.79 (dd, 11.9.4.4) 
4.27 (dd. 10.4.3.2) 

obscured 
4.24 (dd, 8.7.4.3) 
3.43 (dd, 11.1,2.6) 
4.31 (dd, 7.3.5.1) 

- 

- 

4.56 (d, 3.1) 

4.74 (dtt, 48.6, 10.0.4.6) 
5.03 (w, 475) 
4.92 (a, 10.6,4.5) 
5.16 (m) 
4.02 (m) 
4.43454 (m) 

5.01 (tdd, 10.6.5.0.4.5) 
5.27 (quintet, 3.4) 
obscured 
4.53 (q, 3.0) 
5.03 (td, 8.5.4.2) 
5.41 (q, 2.8) 
4.45 5.14 (q, (dt, 3.2) 11.1.4.6) 

3.89 &k-pa, 38.4.4.46) 
4.39 (dm, 50.7) 
4.72 (septet, 4.9) 
4.95 (quintet, 4.2) 
3.29(tt+ 11.1.4.6) 
3.88 (qllintct. 4.3) 

- 

4.12 (q. 4.0) 

19t 
20 
21 

iz 
24 

25 
26 
27 

ii 
30 

4.41 (d, 2.7) 
4.75 2.7) (q, 
4.68 (m) 

4.42 4.21 (dd, (dd, 11.5.2.3) 12.0.2.3) 
4.56 (dd, 11.5.2.4) 

3.97 (d, 10.5) 
4.06 (d, 1.9) 
4.32 (d. 2.3) 

4.50 (d, 5.2) 
4.09 (d, 9.9) 
4.05 (d. 10.1) 

obscured 

- - 
- 4.68 (quintet, 3.0) 

3.88 (d. 1.9) 
4.95 (septet. 5.8) 

4.24 (d, 9.8) 
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Table III. Results of the Tin Tetrachloride-induce Cyclizations of 4-11. 

pcursor (~ield,~~ methd) pmducts (yield*) 

F’ 

(23%. A) 

f-’ 

(268, A) 
Me 

r 
‘BuPbSiO 

Yy”;Me 

(61% W 

I O-<O"" 

(63: B) 

C4M 

OAC < 
(60: B) 

co&le 

20 (58%) 

24 (56%) 

25 (63%) 

26 167%) 

28 (69%, 1:l) 

cl 27 (6%) 

29 (34%) 30 (12%) 

a) Isolated yield of purified product. b) Overall yield from the corresponding alcohol. c) gee equation 1. 



Synthesis of oxacyclic carboxylic esters 7119 

The stereochemical assignments of products 12-19 followed from the analyses of the lI-I NMR spectra 
with the aid of the nOe-diffemnce technique. The coupling pattems of the hydmgens adjacent to the halide (or 
acetoxy) and ester substituent were particularly diagnostic and am shown in Table JL The lI-I NMR spectra were 
taken in both deutaated chloroform and deuterated benzene to solve the pmblem of overlapping aigttak. The 
benzene spectra showed more isolated signals in the area of 3-5 ppm, where the most chamctuktic signals am 
found. The stereochemical assignment of 14c, 14t and 18 was further established with the aid of the nob 
difference technique. Irradiation of H2 of 14c gave an nOe on H3eq, H4 and H6ax and irradiation of H6ax 
gave an nOe on H2, H4, HSeq and H6eq. For 14t an nOe was found for H3eq and H&x upon hmdiadon of 
H2andannOeonH3andH5uponirradiationofH4.IrradiationofH2of18gaveannOeonH3andH6exand 
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 
cycliition of precursors 4-l 1. Thii Lewis acid gave good yields and high chemoselectivity. The cyclization 
products obtained from precursors 4-l 1 am shown in Table III. 

Cyclization of 4 and 5 with an alkyne function as x-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 isonuzize 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 da@ 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 ten-butyldiphenylsilyl function survived the acidic reaction conditions. 

Table IV r3C NMR Chemical Shifts of Ring Methyl Carbons. 

compound (axial Me-group) 6(CH3), ppm compound (equatorial Me-group) 8(CH3), ppm 

,B”&c’ 28.F s,&-JL 34.7 

33.6 

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) carlnznium 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-oxycarknium ion geometry (structure E). 

H H 
E 28 (69% 1:l) 

BqSnH 

AIBN (cat) 
benzene, reflux 

28’ (82%) 
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The cyclization of 9-l 1 resulted in the formation of bicyclic products. The rema&U reaction behaviour 
ofprecursar9hasliteraaucpracedentl7ThcinitiallyfarmedsecondarycarbeniumionatC8readilyunderwent 
lossofaprotontogive26,ora12-hydrideshifttofarmthesecondarycarbeniumionatC7inordertoFelitve 
non-ho&d intemctions between the axial hydrogen at C7 and the ring oxygen atom. Taminatioa byat@ckof 
chloride gave 27. The position of the ester function in 26 was confii by a clear nOe on H4ax, Hl and H9ax 
upon irradiation of H2. Treatment of precursor 10 with tin tetrachloride gave a pmduct mixture containing two 
chloride isomers ina1:1ratioinayieldof69%.Becausethetwoisomerscouldnotbesepara&itwasdifficult 
to elucidate their structums. Reduction of the product mixture with nibutyltin hydride gave one pmduct (eq 2) 
which was determined to he 28’ (nOe on Hl and H6 upon irradiation of H7).18 A 5-e.ro cyclization had 
occurred instead of a 6-endo cyclixation. The cyclixation of 11 pmceeded in a modemte yield. The ternary 
carbenium ion formed after cyclixation was trapped by both chloride and acetate (compamble to cycliion of 
6). The stereochemistry at the quarternary centres in products 29 and 30 is based on the 13C NIvlR &en&al 
shiftofcarhonatomsCSandC7inthesamewayasdescribedforproducts22 and23.accordmgtothenend 
shown in Table IV. The chemical shifts of c5 and C7 of 29 (41.09 and 47.73 ppm) are shifted downtield in 
comparison with the chemical shifts for C5 and C7 of 30 (33.21 and 33.33). This suggests a nan~-fused ring 
system with an axial chloride for compoud 29 and a ci.r-fused ring system with an equatorial acetoxy substituent 
for product 30. 

Discussion of the mechanism of cyclization 
The cyclizations of pmcursors 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 zrux,r-2-carbomethoxy-4chl~ 
tetrahydropyrans with an equatorial ester function and an axial chlorine atom. Cationic r-cyclixadons to six- 
membered rings are usually assumed to proceed via x-complexes1g asintumediatesandtobetetminatedby 
equatorial attack of the nucleophile (chloride). The formation of the minor isomer 14c 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 c&isomer. The transition state for the fonuation of the major trans-isomer 
14t, however, requires a quasi mial ester function. Equatorial attack of chloride then gives the tru&somer. As 
the formation of the b-a-2,4disubstituted tetrahydropyrans appears to he favoured, the cyclixations must thus 
predominantly proceed via a transition state with a quasi axial ester function. 

From the results of the cyclixation 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 
rrax.s-relationship in the cyclized product (18). The conformation of 18 (based on 1H NMR) shows that the 
ester function has a strong preference for the equatorial position 2o thereby forcing the two other substituents to 
adopt an axial orientation. To be certain that the cyclixation products are kinetic products, pure 14t and pure 14c 
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 dioxycarhenium ion L (Scheme 
I). This type of ester participation is well-known in carbohydrate chemistry where the formation of p-(acetoxy)- 
oxycarbenium ions is a strategic tool to control the stereochemistry at the anomeric centm2* For the 
corresponding N-acyliminium ion D in which case the 2-carlx~nethoxy function always adopts an axial position 
as a result of pseudoallylic 1,3-strain, this type of ester participation was also suggesudgb 

r R cationic 0xaCope rearrangement R 
* 

O~CO#Ae -“x +0 C4M 
+ + 
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An important process which may affect the stereochemical outcome of oxycarbenium cycliz&ms of the 
1,fidiene type is the cationic oxa-Cope rearrangement (eq 3).= Most probably, the equilibration of the incipient 
oxycarbenium ion to a mixture of oxa-Cope sigmatropisomers is relatively fast in comp&on with catlonic 
cyclization.7 

A mechanistic pmposal 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 appqniate. The incipient a- 
methoxycarbonyl oxycarbenium ion F derived from 2, with an Ealkene as n-nucleophile, can undergo a 
reversible cationic oxa-Cope rearrangement to form the oxycarbenium ion G. This rearrangement de&es the 
relative stereochemistry at C2 and C3 before cyclization. Intermediates F and G can both cyclize to the cyclic 
carbenium ion H leading to the formation of 16~. The uncyclized interm&ate 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. Cyclizatlon of I should eventually 
lead to the major product 16 t . The intermediacy of the relatively stable dioxycarhenium 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 

16t (68%) 

In conclusion, we have shown that 2-acetoxy-2-alkenoxyacetates (l-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 fotmation of the 2,4-wuns- 
disubstituted tetrahydropyrans. The relevance of the cationic oxa-Cope rearrangement and the participation of the 
ester function in the mechanism of cyclization needs further study and is the subject of the following paper in 
this issue.‘l 
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EXPERIMENTAL 

General information. Infrared (IR) spectra were obtained from CHC13 solutions using a Perkin Elmer 1310 
spectmphotomenx and ate mported in cm-l. Proton nuclear magnetk msommce(1HNMR)spectraweredc2amimdinCDC13 
(~indicatedaherwipe)rrssolventusingaBruhrACUX)(200MHz),aBNkerWM250(250MHz)araB~AMX300 

(300MHz)instnunentTbcf~twoinstrumentpwereelso~forthe~~cNMR(ApT)ppecep(50.3MfIzsnd62.9MHz)ia 
CDC13 solution (tmless imkated odruwise). Chemical shifts am given in ppm down&Id from teuame&ylsiIane. Mass spectra and 
aXXmte mass mcasllnmentswaccarricdoutusiogaVarianMAT711~aVG~ZAB-WFirrPtrwnauRfvalueswac 

obtained by using thin-layer chromatography (TLC) on silica gelcoated plastic sheets (Merck silica gel 60 F2g4) widt the indkted 
solvent (mixture). chrometographc purifiion reibrs to ilash &omatoglaphy= using the same soNent as for TLC mid Met& 
silica gel 60 (230400 mesh) or Janssen Chin&a silica gel (0.035-0.07 mm). Meltbtg and boiling points are uncmrected. All 
rracdons~csrriedoutinaninatarmosphaeofdynitrogen(~indicatcdahawise).Sesnbrdsyrinlpe~~weEe 
applied for tmnsfer of Lewis acids, dry Kdvents and mageuts. 

Methyl glyoxylatc hydrate.1° To a sobuion of powdered dimethyl I.-tarttam (34.68 g, 0.20 mol) in e&r (500 mL) 
cooledinacdd~bsthwasaddedpaiadicacid(48.87g,O11mol)in6portiaMovalhwithstirrine.ThemiOrvresction 
mixtunwPstharaineduntilthe~hadbecomealmostclearandawhiasoliseparated.The~phasemsdeeentcQevaporated 
and distilled (45.50 T/l3 mmHg) to give g. 0.15 mol. 39%) an orange oil. 

of methyl glyoxylatell (8.20 0.07 mol) to 
phosphorus pentoxide (9.70 0.07 mol). to give anhydrous methyl 

g. 0.04 mol. 65%) at -78 up to 

of precursors 1.11 (eq 1). Method AI Methyl glyoxybte hydrate (IX. 2 epuiv) 

was aided to a 0.16.2 M solution of the alcohol in benxene. The reaction mixture was refluxcd for 16 h in the presence of a Dean. 

Stark Imp. The reaction mixture was concentrated ix wxcuc and the t&due was dissolved in pyridine. (0.5.1.0 M) and treated with 
acetic anhydride (1.5 equiv c&d for both alcohol and glyoxylate) and DMAP (0.2 equiv). After being stirred ft.u 16 h at rt, Ihc 

reaction mixture was evaporated with benxene (3 x) and CH2C12 (3 x). The uuid~ WBS C-. Method B: Anhydmus 

methyl &OxYhte @a. 2 e@v) was added to a 1.5 M solution of the alcohol in dry CH2CI2 After being &red overnight at rt, the 
reaction mixture was concentrated in vucuo. The residue was dissolved in pyridine (0.5-1.0 M) and neated with acetic anhydride (1.5 
quiv c&d for both alcohol and glyoxykite) and a catalytic amount of DMAP. After being stirred for 16 h at rt, dte reaction mixture 
was evaporated with lxuuene (3 x) and CH2CI2 (3 x). The residue was chromatogmphed. 

Methyl 2-acetoxy-2-(3.butea-l-oxy)acetnte (1). Method A: 3.Buten-l-ol(2.00 g. 27.78 mmol) was treated with 

methyl @yoxylate 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. Rf 0.45 (l3tGAc:hexane.s = 1:lS). IR 1740.1760 (0). 1640 (C=C). III NMR (200 

MI-N) 2.16 (s, 3 H. CH3). 2.38 (tq, J = 6.8 Hz. 2 H, CH2CH=), 3.76 (m. 2 H, GCHZ), 3.89 (s. 3 H. GCH3), 5.09 (m, 2 H, 
=CH2), 5.79 (m, 1 H, CH=), 5.97 (s, 1 H, GCH). 13C NMR (50.3 MHz) 20.45 (CH3), 33.43 (CH2CH=). 52.44 (oCH3), 69.21 

(GCH2). 92.25 (GCH), 116.80 (=CH2), 133.68 (CH=), 165.97 (C=O), 169.70 (CG2Me). MS (EI. 70 eV) 143 (M+-GAc. 100). 
131 (86). 55 (100). 43 (100). Preparative scale, method B: 3.Butcn-l-01 (11.5 mL, 0.13 mol) was treated with anhydrous methyl 

glyoxylate (20 mL. 0.27 mol) in 120 mL of CH2Cl2 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 W2 mbar) to give 1 (20.85 g, 0.10 mol. 
77%) as a colourless oil. 

Methyl 2-acetoxy-2-(3.(E)-hexen-1-oxy)Peetate (2). Method A: 3.Q-Hexen-l-o1 (1.00 g. IO.00 mmol) was 

trt!ated with methyl glyoxylate hydrate (2.12 g, 20.68 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 

(m, 2 H, CH,C t; 
0.47 (JItOAc:hexanes = 1:1.6). IR 1750 (C=G). tH NMR (200 MI-N) 0.94 (t,J= 7.4 Hz, 3 H, CH2CH3). 1.98 
3). 2.14 (s. 3 H, CH3). 2.3 (m, 2 H, CH2CH=). 3.7 (m. 2 H, GCH2). 3.79 (s. 3 H. ClCH3). 5.3 (m. 1 H. CH=). 

5.5 (m, 1 H, CH=), 5.96 (s, 1 H, GCH). l3 C NMR (62.9 MHz) 13.63 (CH2CH3), 20.76 (CH3). 25.55 (CH2CH3), 32.58 

(CH2CH=), 52.70 (GCH3), 70.17 (GCH2), 92.54 (OCH). 123.84 and 134.93 (CH=CI-I). 166.23 (C=O). 169.95 (CG2Me). 
Methyl 2-acetoxy-2.(3.(2).hexen-1.oxy)acetate (3). Method A: 3.Q-Hexen-l-al (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 pyt’idinc to 

give 3 (2.76 g, 12.0 mmol, 64%) as a colourless oil. Rf 0.57 (Et0Ac:hexane.s = 1:1.5). IR 1750 (C=O). 1760 (C=G). ‘II NMR 
(200 MHz) 0.95 (t. J = 7.5 Hz, 3 H, CH2CH3). 2.64 (m. 2 H, CH2CH3), 2.16 (s, 3 H, CH3), 2.38 (m, 2 H, CH2CH=), 3.7 (m. 2 
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H, OCHZ), 3.80 (s, 3 H. OCH3). 5.30 (m. 1 H. CH=), 5.49 (m. 1 H, CH=), 5.98 (s. 1 H, OCH). 
Methyl 2-acetosy-2-(3-butyo-1-oxy)Pectstc (4). Method A: J-Bmyn-l-ol(l.00 g. 14.29 mmol) was abated witb 

methyl glyoxylate hydrate (3.03 g, 28.58 mmol) in 70 mL of benzare to give the heakeml(l.02 g). The RI& han&ad (378 
mg) WBP Wated with X.&C aahydride (366 mg. 3.59 mmol) aad DMAP (58.3 mg. 0.48 mmol) ia 6 mL of pyrk&ne to give 4 (243 
mg. 1.22 mmol. 23%) as a yellow oil. R 0.40 @EoAc:hcxanca = 1:1.5). III 3300 (C-C), 1740 (GO), 1760 (GO). 1~ NMR 
(200MHz)1.99(1.Jn2.6Hz,lH,-C L ,2.15 (s, 3 H, CH3)), 2.51 (td. / = 7.0. 2.6 Hz. 2 H, CH2C=), 3.79 (a. 3 H. 0CH3). 
3.82 (m. 2 H, OCH2). 5.99 (s. 1 H, OCH). 

Methyl 2-acetoxy-2-(4-pentyn-l-oxyketate (5). Method A: 4-FV~1tyn-l~l(l.OO g. 11.90 mmol) was trcated with 
methyl glyoxyhne hydrate (2.52 g, 23.80 mmol) in 50 mL of heaueue to pve the hemkemi (0.95 g). The wu& lmmiaceml (so0 
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 S (557 
mg, 2.60 mmol, 26%) as a colourless oil. R 0.50 (EtOAc:hexanes = 

1 
1:1.5). IR 3300 (C-C), 1745 (GO). 1760 (GO). lII 

NMR (208 MHZ) 1.79 (quintet, I = 6.5 Hz. H. 0CH2CH2). 1.93 (t. J = 1.9 Ha, 1 H. rCH). 2.13 (s. 3 H, CH3). 2.27 (td, J = 

6.8.2.3 Ha, 2 H, CH2C-), 3.77 (s, 3 H, OCH3), 3.78 (m, 2 H, OCH2). 5.94 (s, 1 H, OCH). 
Methyl 2-acetoxy-2-(3.methyl-3-buten-1-oxy)acetate (6). Method B: 3-Methyl-3-buten-l-(712 mg, 8.28 

mmol) was treated with anhydrous methyl glyoxyiate (1.5 g, 17.0 mmol) in 5 mL of CH2Cl2 The cnxk kmketal was treated 

with aceric anhydride (3.6 mL. 38.2 mntol) and DMAP (0.5 g, 4.1 mmol) in 10 mL of pyridine to give 6 (1.08 g. 5.00 mmol. 
60%) as a colo~~less oil. Ri 0.38 (EtOAc:hexanes = 1:1.3). IR 1745 (CEO), 1640 (GC). 1 II NMR (200 MHz) 1.74 (s, 3 H. 

=CCH3), 2.16 (s, 3 H. CH3). 2.35 (t, J = 7.0 Hz. 2 H, CH2C=). 3.71-3.92 (m. 2 H, WH2). 3.80 (s. 3 H, 0CH3). 4.73 @s. 1 H. 
=CH2), 4.79 (hs. 1 H. =CH2), 5.98 (s. 1 H, OCH). 

Methyl 2-acetoxy-2-(l-[~crr-butyldiphenylsilyioxy]-4-pentea-2-oxy)acetate (7). Method B: I-r&- 
Butyldiphenylsilybxy-4-paaen-2-o112 (1.47 g. 4.3 mmol) was ueatcd with anhydrous m&y1 glyoxylatc (1.2 ml_., 16.4 mmol) in 
10 mL of CH2Cl2. The crude hemiimetal was treated with t~~.tic anhydride (2.9 mL, 30.8 mmo) and a catalytic amouut of DMAP 
in 10 mL of pyridioe to give 7 (1.25 g. 2.7 mmol, 61%) as a colourkss oil. Rf0.45 (EtOAc hexanes = 13). IR 1750 (Cd). 1~ 
NMR (200 MHz. mixture of diastereoisomers) 1.06 (s, 9 H, SiC(CH3)3). 2.01 and 2.14 (s, 3 H. CH3), 2.1-2.6 (m, 2 H, 
CH2CH=). 3.6-4.0 (m. 3 H. OCH2CHO). 3.76 and 3.78 (s, 3 H, OCH3). 5.08 (m. 2 H, =CH2), 5.78 (m, 1 H, CH=), 6.04 and 

6.31 (s, 1 H. CHOAch 7.41 (m. 6 H, Si(C6H5)2), 7.68 (m. 4 H. Si(C6H5)2). 13C NMR (50.3 MHz. mixture of 
dia.Weoisomers) 18.85 and 19.00 (SiCMe$. 20.58 and 20.72 (CH3), 26.46 and 26.56 (SiC(CH3),,3. 35.60 and 35.75 (cH;?cH=. 
52.38 and 52.45 (OCH3). 64.94 and 66.16 (SIDCHZ), 80.92 and 81.18 (CHO). 92.45 and 92.76 (CHOAC), 117.16 and 117.91 
(=CHz), 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(C6H5j2), 
132.77 and 132.87 (Si(C6Hg)2), 166.35 and 167 (GO). 170 (C02Me). 

Methyl 2-acetoxy-2-(6.methyl-S-heptea-2-oxy)Prctate (8). Melhod A: 6-Methyl-5-hepten-2ol(1.50 g, 11.72 

mmoi) was treated with methyl glyoxylate hydrate (2.48 g, 23.44 mmol) in 90 mL of knxene. The crude hea was treated 

with acetic anhydride (2.08 8.29.42 mmol) and DMAF’ (0.33 g, 2.72 mmol) in 20 mL of pyridine to give 8 (1.77 g, 6.86 mmol, 
59%) as a ~~l~uhss oil. Rf 0.50 (EtOAc:hexanes = 1:1.6). IR 1755 (GO). ‘H NMR (200 MHZ, mixture of d&ereoisomers) 

1.21 (d, ./ =6.2 Hz, 3 H. CCHCH3). 1.6 (m, 2 H, CH2CH2CH=). 1.59 (s, 3 H, =CCH3). 1.66 (s, 3 H, =CCH3), 2.04 (m, 2 H, 

CH2CH=), 2.13 (s. 3 H, CH3). 3.78 (s. 3 H. CCH3). 3.8 (m, 1 H, 0CHCH3), 5.06 (m. 1 H, CH=), 5.96 (s) and 6.00 (s, 1 H, 
WH). 13C NMR (62.9 MHz, mixture of diastereoisomers) 17.56. 17.63. 19.73, 20.82, 20.87, 29.92 and 25.62 (=C(CH3)L, 

CCHCH3. CH3), 23.64 and 23.84 (CH2CH2CH=). 36.51 and 36.74 (CH2CH=). 52.64 and 52.67 (0CH3). 76.27 and 77.97 
WHCH3). 91.29 and92.82 (DCH). 123.51 and 123.63 (CH=), 166.46 and 166.59 (GO), 170.08 and 170.18 (CO2Me). 

Methyl 2-acetoxy-2-(3-cyclohexen-I-methoxy)acetate (9). Method A: 3Cyclohexeul-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 DMAF’ (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. RfO.50 (EtOAc:hexanes = 1:1.7). IR 1750 (GO). *H NMR (200 MHz) 1.26 (m, 1 H, CfJH2Cf/), 1.75 

(m. 2 H, CHCHZ), 1.96 (m, 4 H, CH CH=CHCH2), 2.14 (s, 3 H, CH3), 3.57 (m. 2 H, OCH2). 3.79 (s. 3 H, OCH3), 5.63 @s. 2 
H, CH=CH), 5.94 (s, 1 H, OCH). l3 C NMR (62.9 MHz) 20.73 (CH3). 24.24.24.29 and 25.13 (CH2CH2. =cHCH2), 33.56 

WH2CH), 52.63 (OCH3), 74.75 (OCHZ), 92.80 (OCH), 125.48 and 126.92 (CH=CH), 166.26 (GO), 169.90 (CO2Me). 
Methyl 2-acetoxy-2-(2.cyclohexen-1-methoxy)acetate (10). Method B: 2Cyclohexen-1-metharmlt3 (715 mg, 

6.38 mmol) was treated with anhydrous methyl glyoxylate (1.2 g, 13.64 mmol) in 5 mL of CH2C12. The crude hem&emi was 

treated with acetic anhydride (2.8 mL. 29.7 mmol) and DMAF’ (0.4 g, 3.3 mmol) in 10 mL of pyridine to give 10 (0.97 g, 4.01 
mmol, 63%) as a colotuless oil. R 0.45 (EtOAc:hexanes = 1:1.3). IR 1760 (GO), 1745 (GO). IH NMR (200 MI&) 1.27-1.83 
On, 4 H, CHCH$H$ 1.98 (m, 4 H. CH2CH=). 2.16 (s, 3 H, CH3), 2.46 ( m, 1 H, CHCH=), 3.56 (m, 2 H, OCH;?). 3.81 (s, 3 
H, OCH3). 5.55 (m. 1 H, CH=), 5.77 (m, 1 H, CH=), 5.97 (s. 1 H, OCH). 

Methyl 2-acetoxy-2-[2-(l-cyclohexen-l-yl)-ethoxy]acetate (11). Method B: 2-(l-cycl&exen-1-yl)-e&no114 
(2.58 8.20.5 mmol) was treated with anhydrous methyl glyoxylate (2.7 g. 30.68 mmol) in 7 mL of CH2C12. The cm& hemketai 
was treated with acetic anhydride (2.9 mL, 30.8 mmol) and DMAP (50 mg, 0.41 mmol) in 21 mL of pyridme to give 11 (3.15 g, 
12.3 mmol, 60%) as a colourless oil. R 0.55 (EtOAc:hexanes = 1:4). IR 1745 (GO). 1 H NMR (200 MHz) ~40-1.65 (m. 4 H, 

CH2CH2). 1.85-2.05 (m. 4 H, CH2C H =CHCH2), 2.16 (s, 3 H, CH3), 2.26 (t. J = 7.2 Hz, 2 H, OCH2CH2). 3.69-3.87 (m, 2 H. 
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GCHZ). 3.80 (s. 3 H, GCH3), 5.45 (bs, 1 H. =CH), 5.97 (s. 1 H. GCH). 

Boron trifluoride ethcrstc-induced cyclization of 1. To a solution of 1 (252 mg, 1.25 mmol) in 7 mL of dry 
CH2Cl2 was added at -70 4c BP3.0Et2 (0.30 mL. 2.44 mmol). The reaction mixture was allowed to slowly wmm up to tt and 
stirredfor3hetrLThcreanionmixturewpspoured~ioewatamdanexcessofNaHC03wasaddod~~mixtlnems 
scinedet~fotU)minrmdthenfiltaedovacelite.~nsiduewa9rinscdwitblW)mLofCH2C~.Attathakyasmre~ 
the water layer WB(~ ~x~I’xIuI Q X) with CH2Cl2 (30 mL). The combined organ& layers wrse dried (MgSG4) ami m in 
vucuo. The residue was cv togi~~thffe.Thef~tfrPctionwas~mataial(34~,o0.l7nrmdl3%). 
lbesecondfmctionumsismdofhvoiaomeas (ratio 1:l) of 2-carbometboxy-4.fInorotetrehydropyram (12) (71 mg. 0.44 
mmol, 35%. colourless oil). R 0.20 (EIoAc:hcxanes = 1:2). IR 1745 (C=G). 1H NMR (zoo MHz, mix- of isomers) 1.69- 
2.46 (m. 8 H. H3 and H5). 3. d 8 (td. J = 10.9, 1.3 Hz. 1 H, H6ax), 3.76 (s) and 3.78 (s. 6 H, CH3), 3.81427 (m, 4 H, H2 and 
H6).4.37 (dd.I= 11.6.2.7 Hz. 1 H. H2ax). 4.74 (tt.J= 10.0.4.6 Hz, d, JHF -48.6Hz. 1 H. H4ax). 5.03 (bd, J,,=47.5 Hz, 1 
H. H4eq)J3 C NMR (50.3 MHz. mixture of isomers) 29.99 (d, 2JCF = 28.4 Hz), 31.82 id, 2JCF L 18.4 Hz), 33.36 (d, 2JCF = 
20.8 Hz) and 34.70 (d, 2JCF = 19.8 Hz) (C3 and CS). 51.94 and 52.06 (CH3), 62.39 (d, 
10.4 Hz) (C6). 70.94 and 73.33 (6 -‘JCF 

JCF = 10.3 Hz) and 63.97 (6 +CF = 
= 10.1 Hz) (C2). 85.40 (d, ‘JCg = 1706 Hz) ntul87,52 (d, llCF = 176.9 Hz) (C4). 

170.40 and 171.25 (C=G). MS @I, 70 ev) 114 (12). 103 (,M++Me, 100). 55 (46). Tim third fmuion umsismdeftwo knners 
(franskis = 2.4~1) of I-acetoxy-2.carbomethoxytetrPbydropyran (13) (73 mg, 0.36 mmol. 29%. yellowish oil). R 0.15 
(EtGAc:hexancs = 1:2). IR 1740 (C=G), 1730 (Cio). 1 H NMR (200 MHz. major isomer) 1.6-2.4 (m, 4 H. H3 and H5). zf .08 (s. 
3H, CH3), 3.4-4.2 (m, 2 H. H6), 3.75 (s. 3 H, GCH3). 4.33 (dd. J = 10.9. 3.0 Hz, 1 H, H2ax), 5.16 (m. 1H. H4eq). (miner 
isomer, isolated signals) 2.03 (s. 3 H. CH3). 4.92 (u, J= 10.6.4.5 Hz, 1 H, H4ax). 13C NMR (50.3 MHZ, majahoma) 20.92 
(CH3). 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 17X.32 (C=O aad 
CG2Me). (minor isomer) 20.82 (CH3), 30.81 and 33.78 (C3 and C5). 65.00 (C6), 68.77 and 73.98 (C2 md C4). MS (Rl, 70 eV) 
143 (h@-C02Me. 12). 114 (22). 83 (M+cO2Me -AcOH, 100). 55 (35), 43 (59). Accurate mess 143.0724l (calcd for C7Hlloj 
(M+-CO2Me) 143.0708). 

General procedure for the tin tetrachloride-induced cyclizatioa of l-11. A 1.2 h4 solution of SnC14 in 
CH2Cl2 (2 quiv) was? added et -78 ‘I: to a 0.1 M solution of the precursor in dry CH2C12. The reaction mixture was allowed to 
warmuptonandstirredfor3hatnThcnactionmirrUuewaspoundinloi~wsterandanexcessofN~~~addadTbe 
resuhing mixture was stirred at rt for 30 min and then fdtcred over cebte. The residue was rinsed widt 150.250 mL of CH2Cl2 
After the layers wez~ seprated, the water layer WBS extracted (3 x) with CH2CI2 (2CGO mL). ll~ combined argxnic layas WQC dried 
(MgSO4) and conceetrated in VUCW. The residue was chromatographed. 

Tin tetrachloride-induced cyclization of 1. Accordii to tbegenaal procedure, precursor 1 (704 mg. 3.49 mmol) in 
20 mL of CH2Cl2 was tmated with a 1.2 M solution of SnC14 in CH2Cl2 (5.8 mL. 6.96 mmol) to give two fnctions. TM. first 
fraction consisted of two isomers (14t:l4c = 1.6~1) of 2-carbomethoxy-4-cblorotetrabydropyran (14) (483 mg. 2.71 
mmol. 78%. colourless oil). Rf 0.40 (EtOAc:hexanes = 1:1.5). IR 1750 (GO). The two isomers were separated with GLC 
(carbowax 20 M, 15% on gaschrom P. 2.5 m x 8 mm, 160 C). 141: lII NMR (250 MHz) 1.77 (m. 1 H, HS), 201-2.22 (m. 3 
H, H3 and Hs), 3.72 (s, 3 H, CH3). 3.93 (m, 2 H, H6), 4.43-4.54 (m. 2 H, H2 and H4). IH NMR (250 MHz. C6Dd 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. I = 11.9.4.4 Hz, 1 H. H6eq). 365 (ddd, J = 12.1. 
9.3, 3.1 Hz, 1 H, H6ax). 3.88 (quintet, J= 4.3 Hz, 1 H, H4eqJ.4.31 (dd./= 7.3. 5.1 Hz, 1 H, H2ax). f3C NMR (50.3 MHz) 
33.27 (CS), 36.37 (C3), 52.12 (CH3). 54.71 (C4). 62.52 (C6). 71.01 (C2). 171.29 (C--O). 14~: lH NMR (250 MHz) 1.89 (m. 2 
H, HS), 2.09 (m. I H, H3ax). 2.48 (m. 1 H, H3eq), 3.46 (td. 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, H6eq). lH NMR (25OMHz.C6D6) 1.47 (m. 2 H, 
H5), 1.79(dt,J= 12.9, 11.2Hz. 1 H,H3ax),2.12(dquintet.J= 12.9. 2.2Hz. 1 H,H31~$,2.70(td,J= 11.6.2.7Hz. 1 H.H6ax), 
3.28 (s, 3 H, CH ) 3.29 (tt,J= 11.1.4.6Hz. 1 H, H4ax). 3.43 (dd,J= 11.1. 2.6 Hz, 1 H, H2ax), 3.59 @id,/= 12.0,4.6. 2.5 
Hz, 1 H, H6eq). 1; C NMR (50.3 MHz) 36.05 (C5), 38.91 (C3), 52.25 (CH3), 54.23 (C4). 66.56 (C6). 75.34 (CR), 170.12 
(C=O). MS (EL 70 eV) 119/121 (M-CO2Me. 100/32), 55 (90). The second fraction consisted of two isomers (13t:13c) = 1.61) 
of 13 (36 mg, 0.18 mmol, 5%. colourless oil). R 0.25 (Et0Ac:hexane.s = 1:1.5). Preparative scale: To a solution of 1 (18.00 g. 
89.11 mmol) in 500 mL of dry CH2Cl2 was addeaf pure SnCl4 (21 mL, 0.18 mol) at -78 aC. The reaction mixture was allowed to 
slowly warm up to rt and stirred for 16 h at rt. The reaction mixture was poured into Rewater and NaHC03 was ad&d (pH = 8-9). 
The nothing mixture was stirred for 30 min at rt and then filtered over c&e. ‘Ibe residue was rinsed with CH2Cl2 (200 mL). After 
the layers were separated the water layer was extracted (3 x) with CHC13 (280 mL). The combined organic layers were washed with 
saturated aqueous NaHCG3 (100 mL), dried (MgS04) and ccncentmted in WCIW. The crude product (15.85 g) was distilled (70-90 
‘C/l mbar) to give 14 (12.11 8, 67.84 mmol, 76%. 1Pt:lr)c = 1.3:l) as a colourless oil. The residue was distilled (bulb to bulb. 
150-200 oc/o.O6 mbar) to give 13 (1.27 g, 6.29 mmol, 7%. 13c:l3t = 1:1.5) as a yellowish oil. 

Titanium tetrachloride-induced cyclization of 1. To a solution of 1 (161 mg, 0.80 mmol) in 5 mL of dry CH2Ct2 
was added at -78 “c a 1.2 M solution of TiCI in CH2CI2 (1.6 mL, 1.9 mmol). The reaction mixture was allowed to warm up to r( 



Synthesis of oxacyclic carboxylic esters 7125 

andstimdf~3hetIt.~nactionmix~ws9poundintoicewatnandPncxcess ofNaHCC$waeaddedThe~m&ue 
wasstirredat~ffor30minandthcnfiirercdwercelitc.Thensiduewasrinsedwithl25mLof~~MterthelPyas~ 
separated, the water layer was extracted (3 x) with CH2Cl2 (25 mL). The combined organic layas wae dried (MgSO4) and 
conceneated in vacno. lk residue was clmmatogrsphad togivetwofra&ms.TlIefuafrauion~oflwoimmm (1&:14t 
= 1.8~1) of 14 (75 mg. 0.42 mmol. 53%. akurless oil). l&e second fraction con&cd of two isomax (13t:13c) = 4~1) of 13 (40 
mg, 0.20 mmol, 258, colourless oil). 

Formic acid-induced cyclixation of 1. Pmumxx 1 (170 mg, 0.84 mmol) was dissolved in 3 mL of formic acid and 
stimdfor2dsysatn.Thcreedionmixturewasancentratedinwcvomdcvaporatedwithkazene~x5nL)andcH~l2(3X5 
mL). Ille residue was cbromatographcd to give two isomers (15c:lSt = 5:l) of 2-carbomcthoxy-l-formyltetrahydropyrax 
(15) (74 mg, 0.39 mmol. 47%) as a yellowish oil. Rf 0.40 (EtOAc:hexmca = 1.5:l). lII NMR (200 MHz, major isom& 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 (td.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. Hz). 4.12 (ddd.l= 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, isobued signals) 3.75 (s, 3 H. CH3). 4.29 (dd, J = 10.8.3.1 Hz, 1 H. IX!), 5.27 (quintet, 
J= 3.4 Hz, 1 H. H4), 8.04 (s. 1 H, CHO). 

Tin tetrachloride-induced cycliaation of 2. According to the ga~M pocedure. precwsu 2 (165 mg, 0.72 mmol) in 
10 mL of CH2Cl2 WBS treated with a 1.2 M solution of SnCl4 in CH2Cl2 (1.19 mL. 1.43 mmol) to give two isomar (r&(2R, 
3S,4R) (16t):rel-(2R,3S,4S) (16~) = 5~1) of 2-csrbometboxy-4-cbloro-3.•thyltetrabydropyran (16) (122 mg. 
0.59 mmol, 82%) as a colourless oil. Rf 0.35 (EtOkhexanes = 1:lA). IR 1740 (GO). lH NMR (200 MHz. maj~ isomer) 

0.87 (k J = 7.3 Hz, 3 H. CH3). 1.34 (m. 2 H, CH2Me). 1.92 (m. 2 H, HS), 2.20 (m. 1 H. H3). 3.74 (s. 3 H. OCH3). 3.90 (m. 2 
H, H6), 4.09 (d. J = 9.8 Hz, I H. H2), 4.53 (q. J = 3.0 Hz, 1 H, H4), (minor isomer, isolated signals) 0.89 (t, J = 7.5 Hz, 3 H. 
CH3), 3.46 (td. J = 11.3.3.0 Hz, 1 H. H6ax). 3.75 (s, 3 H. OCH3). 13C NMR (62.9 MHz. major isomer) 10.04 (CH3). 20.39 

(CH2Me). 33.83 (CS), 44.24 (C3), 52.03 (OCH3). 58.26 (C4), 62.12 (C6). 76.58 (CZ), 170.81 (GO). (minor isomer) 9.41 

(CH3). 20.95 (CH2Me), 35.70 (C5). 46.80 (C3). 52.15 OCH3). 58.65 (C4), 65.82 (C6). 79.06 (C2). MS (El, 70 eV) 206/X@ 
(M+, 7/3), 147/149 (tvi+-CO2Me, lW43). Accurale mass 206.0712 (cakd for C9H150335Cl 206.0709). 

Formic acid-induced cyclizatioa of 2. Precursor 2 (21 mg, 0.09 mmol) was dissokd in 0.5 mL of formic acid sod 

stirred for 2 days at R. The readon miXture was concentrated in WCIW and evaporakd with benzene (3 x 3 mL) ami CH2Cl2 (3 x 3 
mL) to give the crude product which consisted of two isomers (reI-(2R,3S,4S) (17c):rel.(2R,3S,4R) (lit) = 5~1) of 2. 
carbometboxy-3-ethyl-4.formyl-tetrabydropyran (17) (15 mg, 0.07 mmol. 78%. yellowish oil). Rf0.15 @OAc:hexanea 
= 1.3:l). ‘H NMR (200 MHz. major isomer) 0.92 (t. J = 7.5 Hz, 3 H, CH3), 1.19-2.36 (m. 5 H, H3, H5. CH2Mc). 3.58 (ddd,l 
= 12.3, 9.3. 3.3 HZ, 1 H, H6ax). 3.78 (s. 3 H. OCH3). 3.95 (d. J= 7.8 Hz, 1 H, I-L?). 4.14 (m. 1 H, H6eq). 5.03( cd./= 8.5.4.2 
Hz, 1 H, H4), 8.05 (s, 1 H, CHO), (minor isomer, isolated signals) 5.41 (q. J = 2.8 Hz, 1 H, H4). 8.14 (s. 1 H, CHO). 

Tin tetracbloride-induced cyclization of 3. Acconimg to thegeneral procedure, pecursor3 (380 mg, 1.65 mmol) in 

15 mL of CH2Cl2 was treated with a 1.2 M solution of SK14 in CH2CL;! (2.80 mL. 3.36 mmol) to give r&(2R,JR,4R)-2- 
carbometboxy-4-cbloro-3.etbyltetrabydropyran (18) (210 mg. 1.02 mmol, 62%) as a colourless oil. R 0.50 

(EtOAc:hexanes = 1:2). IR 1745 (GO). t H NMR (200 MHz) 0.88 (t. J = 7.5 Hz, 3 H, CH3), 1.32-1.66 (m. 3 H. CH2 Lld 
H5). 1.98-2.27 (m, 2 H, H3 and H5), 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. 1=2.69 HZ, 
1 H, H2). tH NMR (250 MHz, C6Dd 0.60 (t, J= 7.5 Hz, 3 H, CH3), 1.19-1.47 (m, 3 H, CH2Me and H5). 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 (CH3). 20.57 (CH2Me). 28.84 (CS), 45.64 (C3). 51.85 (OCH3). 57.85 (C4). 62.81 (C6). 
73.84 (C2). 171.16 (C=O). MS (EL 70 eV) 2W208 (M+, 16/4), 147/149 (M+-CO2Me, 100/32). Accurate mass 206.0712 (c&d 
for C9H150335C1 206.0709). 

Formic acid-induced cyclization of 3. Precursor 3 (54 mg, 0.23 mmol) was dissoIved in 1 mL of formic acid and 
stirred for 2 days at rX. The reaction mixture was concenbati in WCKO and evaporated with benzene (3 x 3 II&) and CH2C12 (3 x 3 

mL). The residue was chromatographed to give two isomers (rd-(2RJR,4S) (19c):rd(2R,3R,4R) (19t) = 7.5~1) of 2. 
carbometboxy-3-ethyl-4-formyltetrabydropyran (19) (34 mg. 0.16 mmol, 68%) as a yellowish oil. Rr 0.40 
(EIOAc:hexanes = 1.5:l). IR 1740 (C=O), 1720 (GO). IH NMR (200 MHz, major isomer) 0.85 (t, J = 7.6 Hz, 3H, CH3). 1.4- 

2.0 (m, 4 H. H5 and CfI2CH3). 2.26 (m, 1 H, H3eq). 3.50 (td, J = 11.7, 3.1 Hz, 1 H, H6ax). 3.74 (s, 3 H, 0CH3). 4.03 (d, J = 2.4 
Hz, 1 H, H2), 4.16 (ddd, J = 12.0, 5.1.2.5 Hz, 1 H, H6eq). 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 (t. J = 7.2 Hz, 3 H, CH3), 4.41 (d, J = 2.7 HZ, 1 H, IQ), 8.10 (s, 1 H, CHO). 13C NMR 

(50.3 MHz, major isomer) 13.53 (CH3). 16.37 (CH2CH3). 26.83 (CS), 42.63 (C3). 51.88 (OCH3). 65.40 (C6), 72.17 (CZ). 77.27 
(C4). 160.05 (CHO), 170.41 (C=O). 

Tin tetracbloride-induced cyclization of 4. According ~olhcgcneml pocedure, precursor4 (176 mg. 0.88 mmol) in 
8 mL of CH2Cl2 was vealed wilh a 1.2 M solution of SnCl4 in CH2Cl2 (1.47 mL, 1.76 mmol) to give 2-carbometboxy-4- 
chloro-5,6-dihydro-2H-pyran (20) (90 mg, 0.51 mmol, 58%) as a yellowish oil. RfO.50 (EtOAc:hexanea = 1.21). IR 1745 
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(co). ‘H NMR (200 MHZ) 2.41 (m. 2 H, H5). 3.77 (s. 3 H, CH3), 3.90 (m. 1 H, H6), 4.10 (ddd, J= ll.s,6.5,5.1 HZ. l H. 
zE6),4.75(q,/-2.7Jfx. 1 H.H2).6.OO(dt,J=3.1, 1.6J-h. 1 H, H3). 1k NMR (50.3 MHx) 32.22 (C5). 52.33 (CH3). 62.95 
(C6). 73.14 (C2). 120.59 (C3). 131.88 (C4). 169.81 (GO). 

Tin tctracbloridc-induced cyclixatioa of 5. Accord@ to the@ p&are, punor (253mg. l.l8mmoi)i11 
10 mL of CH2Cl2 was Ue&d with a 1.2 M solution of SaCl4 in CH2Cl2 (1.97 a&. 2.36 mmol) to give 2.carbometboxy-4. 
chioro-2,5,6,7-tetrahydrooxepia (21) (97 mg. 0.51 mmoi, 43%) as a yellowish oil. JJf0.40 (EtO~:bcxaaes - l:l.3). JR 
1745 @Oh ‘H NMR (zao MHZ) 1.93 (m. 2 H, H6). 2.69 (m. 2 H. H5), 3.76 (s, 3 H. CH3), 3.78(m. 1 H, H7), 4.08 (m. I H. 
H7). 4.68 (m. l H, H2), 6.01 (d. J = 3.4 Hz. 1 H. H3). I3 C NMR (62.9 MHZ) 27.31 (cs). 35.72 (Cs), 5255 (CH3). 70.38 
‘$7). 75.33 (a). 125.41 (C3). 138.30 (clr). 169.90 (GO). MS @J, 7Oev) 155 @4+-Ci, IO), 13l/l33 (M+C02Me, lOW32). 

Tin tetraclioride-induced cyciisation of 6. kwding o the gala procedun,pearsor 6 (456mg.2.11 mmol)in 
15 mL of CH2C12 wes @ested with a 1.2 M solution of SnCl4 ia CH2Ci2 (3.50 mL.4.20 mmol) to give two fnctians. The fint 

fntctian consigttd ofreJ-(2R,4R)-2-carborctlox~4-chioro-4-metbyltetrabydropyran (22) (314 mg, 1.63 mmoJ, 77%. 
colourless oil). R 0.20 (EtOA~heune~ = 1:3). IR 1745 (C=O). ‘H NMR (200 Ml-ix) 1.67 (s, 3 H, CH3). 1.69-1.86 (m, 3 H, 
H3 and Hs), 2. 26 (dJ= 14.1 Hx. 1 H, ma), 3.76 (s. 3 H, OCH3). 3.80-4.08 (m. 2 H, H@.4.42 (d&J= 11.5,2.3 Hx, 1 H, Hz). 
l’C NMR (50.3 MHx) 33.61 (CH3), 39.78 aad42.98 (C3 sod CS). 52.12 (OCH3). 64.02 (0.67.76 (C4). 72.43 (CZ). 171.27 
(C-0). MS @I. 70 aV) 133035 CM+-C02Me. 100/30). 97 (16). 69 (82). 41 (26). Accurate mass 133.0446 (ad for 
C6Hl~‘Cl (i@c02MC) 133.0420). The second fraction consisted of reJ-(2R,4R)-4-acetoxy-2-carbometboxy-4- 
methyltetrahydropyran (23) (60 mg, 0.28 mmoi. 13%. coiourless oil). R 
GO). 1H NMR (200 MHx) 1.54 (s, 3 H. CH3). 1.49-1.69 (m. 2 H, H5). 2’ 

0.10 @OAczhexaaes = 1:3). IR 1740 (C&), 1725 
.05 (s, 3 H, (C=O)CH3). 2.29 (dd,l= 14.4. 1.7 Hx. 

l H, H3). 2.51 (dt,/- 14.0,2.3 Hz, 1 H, H3). 3.65 (td,J= 12.2.2.OHx. 1 H. H6), 3.76(s. 3 H, 0CH3), 3.97 (dd,l= 12.4.4.7 
Hx, 1 H. Ha). 4.21 (dd, I = 120.23 Hz. I H, H2). 1k NMR (50.3 MHz) 22.06 ((GQCH3). 25.74 ((X3). 34.92 rad 39.12 
(C3 end C5). 52.07 (OCH3). 63.44 (Ca), 72.01 (C2). 78.07 (CS), 170.00 and 171.47 (GO end CCb$k). MS @II. 70 eV) 156 
CM+-AcOH. 15). 97 (M+-C0$e &OH. IOO), 43 (60). 

Tin tetrachloride-iadaced cyciiration of 7. huxdiag 10 the genaai puce&e, pauror 7 (1.12 g, 3.2 mmoi) ia 
20 mL of CH2Cl2 was neared with a 1.2 M soiutioa of SnCl4 ia CH2Ci2 (4.0 ml-. 4.8 mmol) to give ml-(2Jt,4R,6Sb6- 
(t8rf-batyidi~beayJsJiyioxy~etkyi)-2-carbometbox~4-cbiorotetra~ydropyraa (24) (809 mg, 1.8 mami, 56%) as a 
c0i0~k.9~ oil. R 

f 
0.70 (ElOA~~hexpnes = 1:lA). IR 1750 (GO). lH NMR (200 MHx) 1.&j (s, 9 H, SiC(CH3)3), 1.77-2.27 (m, 

4 H, H3 and H5 ,3.63-3.89 (m, 2 H. SiOCH2), 3.76 (s. 3 H. CH3), 4.08 (m, 1 H. H6), 4.56 (dd. I= 11.5,2.4 Ht. 1 H, Hz). 4.68 
(qointe& J = 3.0 Hz. 1 H. I-M). 7.26-7.76 (m, 10 H. Si(C6H5)$. ‘jC NMR (50.3 MHZ) 19.05 (SiCMe3). 26.60 (SiC(CH3)3). 
35.11 and 35.94 (C3 sod C5). 51.95 (CH3). 55.33 (SiOCH2). 66.03 (C4), 70.77 aod 72.25 (C2 aml C6). 127.43. 129.45. 134.58. 
135.41 and 135.47 (Si(C6H5)2), 133.2 (Si(C6H5)2). 171.09 (CPO). MS @I, 70 eV) 389/391 (M+-C(CH3)3, 10&40)), 213 (54). 
199 (87). 31 (65). 

TID tetracbloride-induced cyciizatioa of 8. Acwading to tbegmeA poctduro, precmaa g (134 mg, 0.52 mmoi) in 
8 nL of CH2Ci2 was lreated with a 1.2 M soiath of SnCi4 in CH2Ci2 (0.87 mL, 1.04 mmoi) to give rel-(ZR,JS,(R)-2- 
carbometboxy-6-methyl-3-propeayltetrabydropyraa (25) (65 mg, 0.33 mmol, 63%) es a coiourless oil. R 0.50 
(EtOA~:hexanes = 1:1.4). IR 1740 (GO). 1H NMR (200 MHz) 123 (d.l= 6.2 Hz, 3 H. (C6)CH3), 1.13-1.87 (m. 4 H. d 4 aod 
H5). 1.69 (s. 3 H. CH3), 2.35 (td.J= 11.0.3.8 Hz, 1 H, H3). 3.43-3.76 (m, 1 H, H6), 3.67 (s. 3 H, 0CH3). 3.97 (d, J= 10.5 Hz. 
1 H, H2), 4.72 @s, 2 H, =CH2). 13C NMR (62.9 MHz) 19.61 aod 21.47 (CH3 sod (C6)CJf3). 29.00 and 32.55 (C4 aod Cs), 
46.85 (C3). 51.44 (OCH3), 73.98 (C6), 80.81 (C2). 112.41 (&Hz), 144.66 (PC), 170.49 (GO). MS (Ei. 70 eV) 198 (M+. 8), 
139 (M+-W$4e, 88). 68 (100). Accurate mass 198.1281 (caicd for Cl ,Hlg03 198.1256). 

Tin tetrachioride-induced cyciixatioo of 9. According ti Ihe genecal praccdure., precursor 9 (200 mg. 0.83 mmol) ia 
10 mL of CH2Cl2 was treated with a 1.2 M solution of SnCi4 in CH2Ci2 (1.38 mL, 1.66 mmol) to give rel-(lR,ZR,SR)-2. 
carbometboxy-3-oxabicycio-[3.3.1]-7-oonene (26) andrrJ-(lR,2R,SS,7R)-2-carbometboxy-7-c~ioro-3- 
oxabicycio-[3.3.1]-nonane (27) (109 mg, 0.60 mmol, 73%. coiourless oil) in a 92~8 ratio as aa inseparabie mixtum. R 0.35 
(E10Ac:hexanes = 1:l). IR 1745 (GO). lH NMR (Zoo MHz. major component) 1.84 (m. 3 H. H5 and H9), 2.26 (III. 2 I! , HS). 
2.66 (m, 1 H, Hl), 3.71 (s, 3 H, CH3), 3.73 (m, 1 H, H4), 4.01 (d,J= 11.4 Hz, 1 H. H4). 4.06 (d,l= 1.9 Hz, 1 H, HZ). 5.55 (m. 
1 H, H8). 5.95 (dt. J = 9.8, 3.4 Hz, 1 H, H7), (minor component, isoiated signals) 4.21 (IX. 1 H. H4). 4.32 (d. I = 2.3 Hz. 1 H. 
H2), 4.95 (septel, J = 5.8 Hz, 1 H, Hf). 13C NMR (50.3 MHz. 26) 26.60 (CS), 29.43 sod 31.53 (C6 and C9). 32.52 (Cl), 51.88 
(CH3). 75.21 (C4), 77.13 (CT), 124.23 aod 132.08 (C7 and C8). 170.88 (GO). MS @I, 70 ev) 182 (M+ for 26.20). 123 (l@- 
C02Me, 86). 79 (100). Accurate mass 182.0925 (caicd for 26 Cl~1403 182.0943). 

Tin tetracbioride-induced cyciizatioa of 10. AccordingtoIhegenemlpcedme.pecursor10 (529mg.2.19 mmoi) 
in 15 mL of CH2Cl2 was tnated with a 1.2 M solution of SnC14 in CH2Cl2 (3.70 mL, 4.44 mmol) to give a mixture (1:l) of 
reJ-(1R,6S,7R)-7-carbomethoxy-5-chioro-8-oxabicycio-[4.3.0]-nonane (28) (329 mg, 1.51 mmol, 69% coiourless 
oil). RfO.15 (ElOAc:hexanes = 1:3). 1 H NMR (200 MHz, two isomers) 0.15-2.25 (m, 6 H, H2, H3 and H4). 2.55-2.80 (m. 2 H. 
Hl andH6). 3.68and 3.71 (s, 3 H,CH3), 3.654.35(m, 3 H. HSaod H9), 3.91 (d./= 7.3 l-Ix, 1 H,H7).4.41 (d,j=6.8M, 1 H. 
H7). l3C 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 (Cl 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=O). To this mixture (47 mg, 0.22 mmol) in 5 mL of r&u&g benzcnc. a solution of BqSnIi (115 pL. 0.43 mmol) and 
acatalytiE~tofAIBNin2mLof~wasaddeddrapwise.AfterlhofnBlnthenactionmixturewsscoaceneopdin 
WICY). ‘Ihe nsidue will chfomato8mpkd to 8ivc rel-(1R,6S,7R)-7-csrbomctboxy-8-oxabicyclo-[4.3.O]-~ooe~c (28’) 
(33 mg. 0.18 mmol. 82%) as a coknulees oil. ill NMR (2ao MHz) 1.2-19 (m. 8 H. Hz. H3. H4 awl H5). 2.15-2.65 (m. 2 H. 
HlMdH6).3.73(s,3H,CH3).3.92(d,J~9.5~,2H.H9).4~(d,~=53IIz,lH,H7). 

Tin tetracbloridc-induced cyclixrtion of 11. kcuding to tbegewal pcodmr~,pcum~~ ll(521 mg, 2.04 mmol) 
in 15 ml- of CH2Cl2 was treated with a 1.2 M solution of SnCl4 in CIi2C12 (3.50 mL, 4.20 ma101) to 8ive two fractions. The 
fvst fraction consisted of rs~-(1R,2S,6S)-2-carbometboxy-6-cbloro-3-oxabicyclo-[4.4.O]-deceae (29) (162 mg, 0.70 
mmol, 34%, colourless oil). RfO.23 (EtOAchxmes = 1:3). IR 1740 (C=O). III NMR (300 MHz) 1.2-2.1 (m. 11 H. Hl, H5. 
H7, H8, H9. and HlO). 3.75 (s. 3 H, CH3). 3.98 (ddd, I = 11.8. 5.1. 1.4 Hz. 1 H, H4). 4.09 (td, I = 11.7.2.4 Hz. 1 H. H4). 4.09 
(d.J=9.9Hz. lH,H2). 13C NMR (62.9MHz)21.11,22.64and25.08(C8.C9~dCl0).40.99nd41.09(C5andCI),47.73 
(Cl). 51.95 (CH3). 63.89 (C4). 74.40 (C6), 77.35 (Cz), 170.78 (C=O). The Econd fracdon wn&ed of reI-(lR,ZR,6S)-6. 
acetoxy-2-csrbometboxy-3-oxabicyclo-[4.4.O]-decane (30) (63 mg. 0.25 mmol. 12%. colo~~less oil). R 0.18 
(EtOAc~hexanes = 1:3). IR 1735 (C=O), 1725 (C=O). 1 H NMR (200 MHz) 1.08-1.75 (m. 9 H. H5. H7. H8. H9 and Hl of ,2.08 
(s, 3 H. CH3), 2.60 (bd.l= 14.5 IIz)and2.73 (b&J= 11.5 Hz, 2 H. Hl andH5). 3.62 (u&J= 12.3,2.1 Hz, 1 H. Wax). 3.73 (s, 
3 H,OCH3).3.89(ddd.J= 11.7.5.2.1.3 Hz, 1 H. H4eq),4.05 (d,l= 10.1 Hz, 1 H, Hz). “C NMR (62.9MHz)20.80,21.95. 
22.01 end 24.90 (Cg. C9, Cl0 and CH3). 33.21 and 33.33 (C5 and cl). 46.80 (Cl), 51.97 (OCH3). 63.56 (C4). 76.98 (Cz), 79.81 
(CS), 169.74 and 170.96 (C=O and C02Me). 
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