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THE CHEMISTRY OF CYCLIC VINYL ETHERS 4:
CYCLIZATION OF UNSATURATED CYCLIC VINYL ETHER EPOXIDES®
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Abstract — The synthesis of [3Z,55,65] 2{5,6-epoxy-undec-3-en-1-y1}-5,6-dihydro-4H-
pyran (2) and [32,55,6R] 2{5,6-¢poxy-undec-3-en-1-y1}-3,4-dihydrofuran (3) is outlined.
Cyclization reacticns of 2 and 3 catalyzed by various Lewis acids which proceed to
afford spirccyclic ketals rather than the desired carbocycles are deseribed.

We have previously reported the metalation of a variety of cyclic vinyl ethers and the utility of such intermediate

anions as equivalents of the corresponding acyl anions. Furthermote, we had reported sometime ago the results of
initial studies of the intramolecular cyclization of cyclic vinyl ether-epoxides which are readily available by

alkylation of vinyl ether anions with epoxy halides.?*?® Indeed, the versatility of intramolecular cation-olefin

cyclizations for the con-struction of carbocyclic rings had been elegantly demonstrated by Johmson and others.*  As
an extension of our previous studies, we have explored the feasibility of the extremely short enantioselective

approach to the primary prostaglandins outlined in Eg 1.
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Our ideal cyclization substrate was envisioned to be the Z @’alkoxydihydrofuran 1. The choice of the Z,E mono-
epoxide for the side chain was based upon the elegant studies of the Roussel-Uclaf group which demenstrated that

this combination produces the required C, ,(R), C, 5(S) configuration found in the natural prostaglandins.® The
crucial transformation then involves the participation of an endocyclic vinyl ether double bond as the nucleophile in

a hopefully highly SYN sterecselective intramolecular SNg’ addition to a suitably activated vinyl epoxide.® We




envisioned that the endocyclic vinyl ether double bond would function as & masked enolate equivalent and the

ensiing cyclization would effectively represent the equivalent of a rtegiospecific enolate alkylation. The resulting

acetal wpon hydrolysis was expected 1o provide for introduction of the required a side chain by means of well-
precedented Wittig chemistry.” We describe below the preparation and attempted cyclization of two such substrates,
dihydropyran 2 and dihydrofuran 3.

Our initial efforts were directed at obtaining the substrate 1, since we considered that the a-alkoxy substituent
would enhance the nucleophilicity of the endocyclic vinyl ether and provide additional stabilization of the

developing charge in the oxonjum ion intermediate. The required isobutoxy dihydrofurar 4 was prepared vie the

sequence outlined in Scheme 1. The key step involved oxidation of a cyclopropyl catbinel with Ag,CO, on celite

SCHEME 1°

\l/\OJ + NaCHCOEL - YUP‘“CUZE*

— Y\UPM — \I/\OIUHR

H
= Li

-
= x

aReagents:

a) Cu (Bronze)/ 4/ 16h; b) LAH/ Et,0/ A/ 3h; ¢) Ag,CO,-celite/ PhIl/ A/ 3h.

(Fetizon's reagent)® which is accompanied by in situ rearrangement of the reswlting cyclopropylaldehyde to dihydro-
furan 4 (40% overall from isobutyl vinyl ether) as described by Wenkert.” However, attempted alkylation of the
epoxymesylate 5, obtained by mesylation of the known alcohol 6,% with a-lithiodihydrofuran 7 {obtained by metal-
ation of 4 with t-BuLi (3 equiv) at 0°C in THF) failed to provide any of the expected dihydrofuran 1 under a
variety of conditions. Quenching studies with D,0 suggested that proton transfer between the highly basic vinyl
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S R =80,CH, 9
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ether anion and the a-sulfonyl protons of the mesylate Was occurring. Remarkably, when the related epoxy-tosylate
8 was employed again only proton transfer was observed.®® Furthermore, We were unable to obtain the related
epoxyiodide 9 by displacement due to the acid semsitivity of the allylic epoxide unit. Thus, we abandoned
preparation of the more complex and highly sensitive substrate 1 in favor of the Iess functionalized substrates 2

and 3.

We next investigated an alternative route involving the coupling of a suitable vinyl ether ylide with an appropriate

a-epoxyaldehyde as outlined in Eq 2. This sequence was particularly attractive since Wittig coupling was expected
to selectively afford the required Z epoxyolefin, and the route scemed amenable to the preparation of the required

substrates in optically active form.'* Since the preparation of the multifuncijonal phosphonium salts required for
this strategy was not well precedented, we focussed initially on the preparation of the simpler derivarives

dihydropyran 2 and dihydrofuran 3.
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The phosphoninm salts 10 and 1! were readily obtained, as outlined in Scheme 2, by metalation, and alkylation of
dibydropyran 12 and dihydrofuran 13 with 1-bromo-3-chlorcpropane (3 equiv) to afford the chloropropyl ethers 14

and 15 (~80%).**** Conversion of 14 and 15 to the respective iodides with Nal (4 equiv) in anhyd acetone in

the presence of 2 equivalents of 1-Pr,FtN and subsequent quaternization with Ph,P (1 equiv) in the presence of

OHC
Hsy)
# 149 z’jr;u\/\/ppha + \M\
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#-Pr,EIN (1 equiv) in anhyd CH,CN at reflux (72 h) provided the salts 10 {mp 198-199°C, 57%) and 11 (mp
162-163%C, 62%) as stable, nicely crystalline materials upon trituration with hot THF.*2-1?

SCHEME 2* _
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a) t-BuLi (1 equiv)/ THF/ -T8°C + 0°C/ 125 h, CI(CH,),Br (0.83 equiv)/ anhyd HMPA (0.83 equiv)/ 0°C =
25°CY 7.33 b; b) Nal (3 equiv)/ i-Pr,EiN (2 equiv)/ anhyd acetone/ A/ 16h; €) PPh (1 equiv)/ i-Pr,EtN

(1 equiv)/ ankyd CH,CN/ A/ 96h; d) nBuLi (1 equiv)/0°C + -20°C/ 1h, aldehyde/ -20°C -~ 25°C/ 2h.
Construction of the cyclization substrates 2 and 3 was completed, as shown in Scheme 2, by a kinetically-controlled
Wittig reaction,®* The ylides derived from 10 and 11 by treatment with n-BuLi (I equiv) at 0°C in THF were
condensed with the known epoxyaldehyde 16 at -20°C in THF to afford nearly exclusively (Z:E 296:4) the Z
olefins 2 (65%) and 3 (75%) after rapid purification by filtration through florisil.* **** Dihydrofuran 3 is
extremely sensitive to traces of acid particularly in the presence of nucleophiles, and cannot be¢ stored or subjected to
further chromatographic purification.® © Thus, 3 was prepared and used immediately in the cyclization studies
described below.

The substrates 2 ( [a]}® = + 575° (¢ = 4, CHC1,) and 3 were also readily obtained in optically active form by
employing the optically active (25,38) epoxyaldehyde 16 ( [al}* = +69.7° (c = 6, CHC1,)). Optically active 16
was obtained by asymmetric epoxidation of commercially available (JE) octen-1-ol in the presence of diethyl {(+)-
tartrate to afford (2R,3S) epoxy-1-<ctanol ( [alg¢ - - 9.55° (c = 2, CHCL,), >90% ec) followed by oxidation with
Cr0,-2py in CH,Cl, (~40% overall yield).!?

Preliminary attempts to cyclize the less sensitive dihyropyran 2 established that strong Lewis acids such as TiCl,
and SnCl, were unsuitable since a variety of products were produced, and extensive decomposition/ polymerization



was observed even at relatively high dilution and at low temperatures (-78°C). Surprisingly, use of BCI, (1
equiv) in CH,Cl, at -78°C produced, rather cleanly, 2 mixture of diastereomeric E allylic alcohols 17 whose gross
structures Were assigned on the basis of IR, NMR (400 MHz), and mass spectral data, and confirmed by oxidation of
the mixture with Cr0,-2py in CH,Cl, to an epimeric mixture of enones 18.** Clearly, 18 can only arise as the
result of isomerization of the olefinic epoxide (followed by oxzidation) and addition of the elements of H,O across
the dihydropyran residue {possibly during the aguecus workup), however, no products resulting from participation of
the two functional groups in the desired cyclization were observed. We hypothesized that the undesired outcome
was the tesult of creation of a nearly full positive charge on the epoxide carbon by the strong Lewis acid (BCl,)
initiating rearrangement followed by hydration of the vinyl ether by water introduced during workup. Therefore,
we turned cur attention to mild silicon-based Lewis acids such (CH,),SiCl (TMSCL) and t-Bu(CH,),SiCl (TBSCL
which we hoped could be prepared free of protic acid impurities in an attempt to observe the desired cyclizatipn.?®
The cyclization studies described below utilized primarily TBSCI, since TBSCl is more easily purified and less

moisture sensitive.

0
OH

17 Z = OH, H

18z2=0 19
Slow addition of a solution of optically active dihydropyran 2 to a solution of pure TBSCI (1.33 equiv) in CH,Cl,
(005 M in each reactant) at 0°C resulted in immediate consumption of 2. The reaction was quenched by addition
of sat NaHCQ, solution, and the crude product was purified by chromatography to afford a single polar, chromato-
graphically homogeneous aleohol ( {al3® = - 1.24° (c = 3.5, CHCL,)) in 75-80% yield. Surprisingly, spectroscopic
analysis indicated the absence of silicon. The presence of a mass spectral parent jon at m/z 268 suggested the em-
pirical formuls C, ;H,; ,0;. Thus, the conversion had apparently resulted in the addition of the elements of H,0
to 2 as would be expected for the desired cyclization product, Examination of the proton NMR (400 MHz with de-
coupling) of the purified cyclization product estabiished the presemce of substituted tetrahydrofuran and frens allylic
alcohol moieties. The presence of 16 signals in the **C NMR spectrum confirmed that the unknown was 2 Single

diastereomer, and the appearance of a quaternary carbon signal at § 1050 suggested two plausible structures, the
desired hemiketal 19, and the spirocyclic ketal 20 (Scheme 3), The latter structure, ketal 20, whose stereochemistry
was tentatively assigned on mechanistic grounds, appeared to Fit existing literature precedent somewhat better. ®:'°
However, we sought further chemical confirmation of the structure and stereochemical assignments for 20.%°
Ozidation of 20 with CrQ,-2py in CH,Cl, was inconclusive due to the formation of a variety of products,
however reduction of the mono-t-butyldiphenylsilyl (TBDPS) cther 21, obtained from 20 by treatment with t-
tutyldipbenylsilyl chloride (1 equiv} and imidazole (2 equiv) in DMF (room temperature, 16 h), with NaCNBH, at
pH 3 (Scheme 3) provided the alcchol 22 which clearly retained the tetrahydrofuran residue as judged by NMR
spectroscopy.® *  The NMR spectrum was inconsistant with a diol, the expected reduction product of 19.
Furthermore, treatment of 21 with (CH,SH), (10 equiv} in the presence of excess BF,-Et,0 in CH,Cl, at -60°C
(1 b), conditions which have been employed previously to open hemiketals and spirocyclic ketals,® * afforded
dihydroxythioketal 23 (75%).1? Again, production of a diol was consistant only with ketal 20. With the gross
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OR
b 20R=H
E 21 R = SiPh,tBu

aReage-.nt:s:

a) TBSCL (125 equiv)/ CH,C1,/ 0°C =+ 10°C/ 1.75 h; b} t-BuPh,SiCl (1.3 equiv)/imidazcle (2 equiv)/ DMF/
25°C/ 16 h; c) NaCNBH, (3 equiv)/ HCl/ aq THF/ 25°C/ 3 h; d) (CH,CH,5H), (10 equiv)/ BF,-Et.0
(catalytic)/ -60°C/ 1 h, Et,N/ -60°C =» 25°C/ 1 h.

structure of 20 confirmed, NOE experiments established the probable cis relationship between the methylene branch
of the pyran ring and the proximal proton of the vinyl group on the tetrahydrofuran ring. These data strongly

suggest that the complete sterecstructure of 20 is as formulated.

A complementary study was conducted with the highly sensitive optically active dihydrofuran 3. Treatment of 3
with TBDSCL under comparable conditions to those employed for 2 immediately produced a mizture of 4 diastere-
omeric alcohols 24 which were unresolvable by chromatography (~60%). However, conversion of the mixture to the
correspending TBDPS ethers, as before, followed by reduction with NaCNBH, at pH 3 afforded a mixture of two
isomeric tetrahydrofurans 25 and 26 (each a diastereomeric mixzture) which were separable upen conversion to the
vorresponding m-iodobenzoates 27 and 28.**  This result coupled with the presence of a signal (unresolved) at §
114 in the **C NMR spectrum of the mixture of alcchols 24 strongly suggested that the cyclization had taken a
similar course to that of 2 but with lower stereoselectivity. Final confirmation of the gross structures of 24 was
obtained by ozonolysis of the related TBDPS ethers which afforded a separable mixture of diastereomeric aldehydes
29 and 30 (3:1) whose spectral characteristics, including a signal at & 116 in the *°C NMR spectrum, were
identical to those reported for these substances by Ireland.* 2+%2

We presume that the observed cyclization reactions are catalyzed by traces of HCl which are unavoidably present in
the TBDSCL. When combined with moisture present in the reaction medium or introduced during the aquecus
workup and purification, the HCl induces rapid hydration of the endocyclic vinyl ether double bond in 2 and 3
followed by intramolecuiar ether formation in an SNZ’ manner leading to the spiroketals 20 and 24, The
production of a single diastereomer in the case of 20 is most likely ascribable to the influeace of the anomeric
effect in the lactol intermediate and the correspondingly greater steric demands of the six-membered ring in the sub-

sequent cyclization, However, we have no experimental evidence Wwhich recuires the foregoing sequence of events

during the cyeclization.




H  or
24 R = H,TBPS

0TBPS
260 R = H
28 R = COPhI-m

aRcagents:

a) TBSC1 (1 equiv)/ CH,Cl,/ 0°C/ 40 min, sat NaHCO,/ 0°C; b) tBuPh,SiOTf (lequiv)/ lutidine (2 equiv)/
CH,Cl,/ -78°C » 25°C/ 1.5 h, 10% aq NaHCOQ,; ¢} NaCNBH, (3 equiv)/ HCl/ aq THF/ 25°C/ 3 h, m-TPhCOCL
(1 equiv)/ pyridine/ 25°C/ 12 bh; d) O, (xs) CH,Cl,-CH,OH (3:1)/ -78°C/ 30 min, DMS/ -78°C ~ 25°C/ 2h.
In an effort to avoid the intervention of acid catalyzed processes, and to potentially alleviate sterecelectronic
problems which may well be the root cause of our failure to observe participation of the vinyl ether bond in the
desired carbocyclization,” * we examined the use of Pd(0) catalysis, Use of m-allyl palladium intermediates in ring
forming teactions was pioneered by Trost,> * and has been exploited by a number of other groups.*® The expected
stereochemical outcome with respect to the vinyl epexide unit should result in the required overall SYN

selectivity. 2 42 ®

Treatment of (¥) 3 with a catalytic amount of PAd(PPh,),?* in the absence of an external nucleophile resulted in
apparent formation of the required #-allyl palladium intermediate, however, proton transfer occurred in preference to
participation of the vinyl ether double bond affording dienol 31 (EE/ ZE mixture) in 95% yield.? Even more
remarkably, when phenol was introduced to quench the atkoxide, a mixture (7:1) of 1,4 and 1,2 addition products
32 and 33 was obtained.' ? The products of 1,2 addition, such as 33, are rarely if ever observed with olefinic
epoxides.® *  Use of the sterically hindered and effectively nonnucleophilic 2,6-di-t-buty!-4-methylphenol only
resulted in the formation of the previously observed product of elimination, dienol 31. To further assure ourselves
that the required m-allyl palladium species was formed, (?):3 was treated with Pd(PPh,), (cat) and dimethyl
malonate in THF (70°C, $min) to afford the expected bimolecular addition product 34 (~60%). We reasoned that
enhancing the nucleophilicity of the vinyl ether bond might overcome the reluctance to participate in ring closure.
Therefore, we prepared the methoxydihydropyran 35 by a route analogous to that for 3 (Scheme 2).%32
Unfortunately, the identical pattern of reactivity was observed for 35, Exposure of 35 to Pd(PPh,), (cat) in THF

at 65°C afforded, in this case, only the EE dienol 36.

— 38—
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OH OH
R
R 0 0

31 R =H (EE + ZE) 32 R = OCH;

36 R = OCH, (EE only) 34 R = CH(CO,CH,),
OH

0 OCgHg CHg0
33 35

The faiture of all the substrates examined to undergo carbocyclization by participation of the endocyclic vinyl ether

double bond is probably the result of stereoclectronic factors.®* While the cationic cyclizations of the type desired
(Eq 1) do not strictly fit into the categorles discussed by Baldwin,*? it is clear that the required orbital overlap
for the double bond participation to form a five-membered ring does result in introduction of some strain.

However, the results of our earlier cyclization studies,®**® and examination of molecular models of the required
transition state geometry do not suggest that orbital overlap would be sufficiently pocr to preclude cyclization. This
conclusion would be particularly wvalid for the palladium catalyzed reactions. In these cases, the vinyl ether double

bond may simply be too weakly nucleophilic to attack the 7-allyl palladium intermediate even when the reaction is

intramolecular. * 7

Additional studies of the carbocyclization of substrates such as 2 and 3 by means of radical intermediates are

presently in progress, and the results will be reported in due course.
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