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ABSTRACT - A new, concise annulation method leading to the efficient production of
structurally novel bicyclic dienes has been developed. The individual synthetic steps that
constitute this method, as outlined in general terms in Scheme 1, involve (a) the alkylation
of (functionalized) carbonyl compounds with w-iodo-2-trimethylstannyl-l-alkenes (17 - 21),
(b)  the conversion of the alkylation  products into the corresponding  enol
trifluoromethanesulfonates (triflates) (21 - 22), and (c) the palladium(0)-catalyzed
intramolecular coupling of the enol triflate-vinylstannanes to provide the dienes (22 - 23).
The generality -of the method is demonstrated by the synthesis of functionalized
bicyclo[4.3.0]nonane (61, 62, 65, 66), bicyclo[4.4.0]decane (63, 64, 67, 68, 71),
bicyclo[5.3.0]decane (70), and bicyclo[5.4.0]Jundecane (69) derivatives.

INTRODUCTION
Recent  reports form  this laboratory  have demonstrated that 4-chloro-2-
trimethylstannyl-1-butene (1)1°3 and 5-chloro-2-trimethylstannyl-l-pentene (6)1:%476 are
effective precursors of a series of novel bifunctional reagents (e.g. 2-5 derived from 1 and

7-9 obtained from 6) that serve as versatile synthetic equivalents to the l-butene dz,al‘—

and 1-pentene d2,a5

—synthons7 10 and 11, respectively. Indeed, reagents 3-5 can readily be
employed to effect synthetically useful methylenecyclopentane annulation sequences
represented in general terms by 12 - 15.2,3,8 In similar fashion, reagents 8 and 9
efficiently transform a,B-unsaturated ketones 12 into the corresponding methylenecyclohexane

annulation products 16.476
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In the annulation processes mentioned above, the (potential) donor center of each of
the compounds 1 and 6 was deployed first, while the acceptor site was used subsequently_
Thus, transmetalation (MeLi, THF, -78°C) of 1 and 6 provides the lithio species 2 and 7,
which can then be transformed into reagents 3-5, 8, or 9. Appropriate conjugate additiopg
to the enonmes 12 (involving reagents 3-5, 8, or 9) provide the chloro ketones 13 or 14,
which can then be transformed into the annulation products 15 or 16 via intramoleculsy
alkylation reactions.

It was envisaged that if the order of deployment of the donor and acceptor sites of
substances structurally related to 1 and 6 were to be reversed from that discussed above,

versatile and potentially useful chemistry quite different from that outlined above could be

accomplished. In particular, we wished to develop new annulation sequences that woylq
result in the formation of novel dienes of general structure 23. Thus, we envisaged
carrying out sequences of reactions outlined in general terms in Scheme 1. Alkylation of

functionalized or substituted ketones 17 with the w-iodo-2-trimethylstannyl-1-alkenes 18-20,
followed by conversion of the resultant products 21 into the corresponding eno]
trifluoromethanesulfonates (triflates) 22, would set the stage for intramolecular versiong
of a versatile coupling method developed by Stille and co-workers. 10 Thus, treatment of
the intermediates 22 with a palladium(0) catalyst should effect bond formation between the
alkenyl carbon atoms containing the Me;Sn and 0S0,CFq moieties to produce the dienes 23, Ve

11

report in this paper the details of our studies leading to the efficient synthesis of a

variety of structurally interesting dienes of general structure 23.

Me;Sn Me;Sn
Me;Sn
o o} CF,80,0
. Oy O n
+ ( )n = z
AN AN SN SN
17 18 n=1 21 22 23
19 n=2
20 n=3 Scheme 1
RESULTS AND DISCUSSION
(a) Preparation of the w-Iodo-2-trimethylstannyl-l-alkenes 18-20. Reaction of
commercially available 3-butyn-1l-ol (24) (Chart 1) with Me3SnCu‘Me2S]'2 under conditions very

similar to those reported earlier,2 afforded the vinylstannane alcohol 2’7.l In similar
fashion, using reaction conditions modified!3 somewhat from those described previously,l the
chloro alkynes 25 (commercially available) and 2614 were transformed efficiently into 29 and
30, respectively. Treatment of the p-toluenesulfonate 28, readily derived from the alcohol
27, with Nal in N,N-dimethylformamide at 60-70°C provided the required iodo compound 18.
Reaction of the chlorides 29 and 30 with Nal in refluxing acetone afforded the iodides 19

and 20, respectively, in excellent yields.

24 n=2,X=0H SiMe; 27 n=2,X=OH 18 n=2,X=1
H—CEC—(CH,),X 25 n=3,X=Cl 28 n=2,X=0Ts 19 n=3,X=1I
26 n=4,X=Cl (Chyx 29 n=3,X=Cl 20 n=4,X=1

" 30 n=4,Xx=0Cl

Chart 1
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(b) Alkylations Employing the Todides 18-20. Alkylat:'j.on15 of the N,N-

gimethylhydrazone 32 (readily derived from the commercially available keto ketal 31) with
the iodides 18 and 19, followed by immediate cleavagel5 of the hydrazone function, produced
the ketones 33 and 35 in overall yields of 65 and 70%, respectively (see Chart 2).

Methylation of 33 and 35 via the procedure reported by Kuwajima et a_l.16 produced
significant amounts of the starting materials (~40%) in addition to poor yields of the
desired products 34 (34%) and 36 (43%), respectively. However, methylation of 33 under
conditions (KOCMe3, Me3COH-THF; MeI) that would cause rapid equilibration between the two
possible enolate anions provided the a,a-disubstituted ketone 34 in 78% yield. In similar
fashion, the conversion of 35 into 36 was accomplished in 66% yield and the ketone 37 was
obtained (46%) by alkylation of 2-methylcyclohexanone with the iodide 19.

The substituted p-keto esters 43-47 (Chart 2) were produced by alkylation of the
potassium enolates of the B-keto esters 38-4217 with 5-iodo-2-trimethylstannyl-1-pentene
(19) in refluxing THF. Similarly, the substrate 38 could be alkylated with the iodide 20 to

provide 48. The yields of 43-48 from these transformations ranged from 57-92%.
R 0 SnMe;

(o)
SnMe, SnMe,

CO,Me
m*“

(
> 5T :
R 43 R=H,m=n=1 37
38 R=H,m=1 44 R=Me,m=n=1 0/\/\"/5"M°3
39 R=Me,m=145 R=H,m=2,n=1

31 R=0 33 R=H,n=1
32 R=NNMe, 34 R=Me,n=1 40 R=H,m=2 46 R=Me,m=2,n=1 CO,Me
35 R=H,n=2 41 R=Me,m=2 47 R=H m=3,n=1 49 m=1
36 R=Me,n=2 42 R=H,m=3 48 R=H,m=1,n=2 (m 50m:2
Me -

Chart 2

Two points regarding the reactions leading to the pB-keto esters 44 and 46 deserve
explicit mention. Firstly, alkylation of 39 and 41 with the iodide 19 provided, in each
case, a mixture of C- and O-alkylation products. Thus, 39 produced 44 and 49 in a ratio of
96:4, while alkylation of 41 afforded a mixture of 46 and 50 (3:1). The formation of
0-alkylation products was not observed in the alkylation reactions involving the B-keto
esters 38, 40, and 42. Secondly, in connection with stereochemistry, a single C-alkylated
diastereomer was obtained from the alkylation of each of the substrates 39 and 41. Not
unexpectedly, the iodide 19 approaches the enolate anion of each of these substances from
the less hindered face, opposite to the adjacent secondary methyl group.

Each of the alkylation products 33-37 and 43-48 displayed IR and Iy R spectra in
full accord with the structural formulas shown in Chart 2. The presence of the
vinylstannane moiety was, in each case, indicated by the appropriate resonances (6§ ~0.1,
9 H, Me3Sn, ZiSn-H ~ 54 Hz; § 5.1-5.7, 2 H, alkenyl protons) in the lH NMR spectrum.

(c) Preparation of Bicyclic Dienes (Annulation Products). Completion of the

Initially envisaged annulation sequences required the conversion of the ketones 33-37 and
43-48 (Chart 2) into the corresponding enol triflates, followed, in each case, by the key

Intramolecular palladium(0)-catalyzed coupling process.



4
358 E. PIERS et al.

The useful method reported by McMurry and Scott??

was employed to acquire the enq]
triflates 51-60 (see Chart 3 and Table 1) from the corresponding ketone substrates (33-35;
43-48) . For example, successive treatment of a solution of LDA in THF (-48°C) with the
ketone 43 (THF solution) and N-phenyltrifluoromethylsulfonimide (PhN(SOZCF3)2, solid)’
followed by warming of the reaction mixture to room temperature, provided, after colupm,
chromatography of the crude product, the enol triflate 55 in 64% yield (Table 1, entry s5),
The IR spectrum of 55 showed absorptions due to the ester function (1740 cm'l) and the
sulfonate moiety (1425, 1145 cm'l), while the 1}1 NMR spectrum displayed three olefinic
proton signals at 6§ 5.15, 5.65, and 5.78.

The enol triflates 51-60 were, in each case, purified by column chromatography op
silica gel. However, although compounds 51-54 could also be distilled, the thermal 1ability
of substances 55-60 precluded the further purification of these materials by distillation.
Nevertheless, 1y mr analyses of the chromatographically purified products indicated that
they were of sufficient purity (>95%) to be used for the ring closure step. Furthermore,
the spectral properties of 51-60 were, in each case, in agreement with the assigned
structure.

When small samples taken from a refluxing solution (THF) of compound 55 containing
0.05 equivalents of (PhsP),Pd were purified and analyzed by GLC analyses, it was
established that a single product was produced in 11 h. This product was isolated in 82%
yield and was shown to be the expected diene 65 (Table 1, entry 5).

CF;S0,0 SnMe;

(T CF;S0,0 . )
» nivie- (o,
“R n 3 “R )n l"Me
(], “COMe "CO;Me
o0 ™ R o~ 0 M g 71
% SS R=H,m=n=1 % 65 R=H,m=n=1
56 R=Me,m=n=1 66 R=Me,m=n=1
51 R=H,n=1 57 R=H,m=2,n=1 61 R=H,n=1 67 R=H,m=2,n=1
52 R=Me,n=1 58 R=Me,m=2,n=1 62 R=Me,n=168 R=Me,m=2,n=1
53 R=H,n=2 59 R=H,m=3,n=1 63 R=H,n=2 69 R=H,m=3,n=1
54 R=Me,n=2 60 R=H,m=1,n=2 64 R=Me,n=270 R=H,m=1,n=2

Chart 3

The generality of this key ring closure reaction was demonstrated by converting the
vinylstannane-enol triflates 51-54 and 56-60 into the corresponding bicyclic dienes 61-64
and 66-70. The results are summarized in Table 1.

The cyclizations of 51-53 (Table 1, entries 1-3) were conveniently carried out in THF
at room temperature, while those of 54 and 56-60 (entries 4,6-10) were accomplished in
refluxing THF, as described above for 55. In each case, the progress of the cyclization
could be followed conveniently by GLC analyses and, in each of 9 out of 10 cases, a single
bicyclic ketone was produced. Oonly the ring closure of 59, to produce the
bicyclo[5.4.0]undecane derivative 69, was not entirely clean. In this case, the product
(85% yield) consisted of a mixture containing ~85% of the diene 69 and small amounts of
other (uncharacterized) products that appeared to be dienes isomeric with 69. Careful

chromatography of this mixture on silver nitrate-impregnated silica gel furnished a small
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Table 1. Preparation of the Bicyclic Dienes 61-71

Enol Reaction conditions
triflate? for ring closure®
Entry Substrate (yield, %)b Diene? (reaction time, h) Yield, d
1 33 51 (73) 61 A (0.25) 85
B (1) 83
2 34 52 (72) 62 A (0.25) 83
3 35 53 (76) 63 A (0.25) 84
B (8) 80
4 36 54 (70) 64 C (0.25) 86
5 43 55 (64) 65 C (11) 82
D (15) 58
E (4) 84
6 44 56 (62) 66 C (9) 82
7 45 57 (71) 67 C (3) 90
F 72
8 46 58 (84) 68 Cc (19) 86
9 47 59 (63) 69 c (3) 85¢
10 48 60 (63) 70 C (23) 50
11 37 - 71 F 55

3 The structural formulas of these materials are listed in Chart 3. P Yield of
chromatographically purified product. The enol triflates 51-54 were also distilled. € In
each case, 5 mol % of (Ph3P)4Pd was employed. A: THF, room temperature. B: THF, LiCl (10-15
equivalents), room temperature. C: THF, reflux. D: THF, LiCl (15 equivalents), reflux.

E: MeCN, reflux. F: "one-pot" conversion of substrate into diene (see text). d Yield of
purified, distilled product. © This product consisted of a mixture of dienes which, on the

basis of analysis by GLC, contained ~85% of the diene 69.

sample of pure 69. In terms of efficiency, all but one of the cyclization reactions
proceeded in excellent yield (=82%). However, ring closure of 60 provided 70 in only
mediocre yield (50%). Presumably, this cyclization is less efficient because it involves

the production of a seven-membered carbocycle, which must be preceded by the formation of an

eight-membered palladocycle (vide infra). The difficulties associated with forming eight-

membered rings are well known.

With respect to the cyclization reactions summarized in Table 1, several additional
points deserve mention. It had been demonstrated’ that the success of the intermolecular
Palladium(0)-catalyzed coupling of enol triflates with vinylstannanes depends upon the
Presence of LiCl in the reaction mixture. However, in our intramolecular reactions, LiCl is
ot required for the successful formation of the bicyclic dienes 61-71. In fact, the

Presence of LiCl appeared to decrease the rate of the intramolecular coupling process. For
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example, the preparation of the diene 63 from 53 was accomplished in 15 min at Troon
temperature, while, in the presence of 15 equivalents of LiCl but under otherwise ideﬂtical
reaction conditions, the same transformation required 8 h (Table 1, entry 3). Similay
(although less dramatic) results were observed in the preparation of the dienes 61 and 65
(Table 1, entries 1 and 5).

The success of the ring closures in the absence of LiCl is, no doubt, due to the
intramolecular nature of the processes. Presumably, the internal coupling reactions of
compounds 51-60 take place via a catalytic cycle that may be outlined in general terms 44
shown in Scheme 2. A similar pathway has been proposed9 for the intermolecular crogg.
coupling of vinylstannanes with enol triflates. However, in these cases, the intermediate
palladium(II) species corresponding to 72 (Scheme 2) (i.e. 74) is, apparently, unstable and
the palladium catalyst is transformed into an uncharacterized, catalytically ineffectiye

complex.9

Thus, 74 does not participate in a bimolecular transmetalation step with ,
vinylstannane. This problem is overcome by addition of LiCl, which results in the
production of the palladium(II) complex 75, a species that is sufficiently stable ¢q
participate in the catalytic cycle.

Me;Sn

CF,80,0
L
WA
51-60
A
+
0S0,CF;
PdL,
c B
) a
2N n L,Pd L l|’
L A L ] %
61-70 - e R Me;SnOSO,CF; /H 0S0,CF;3 %\|
73 AN AW
Scheme 2 74 7
In the intramolecular coupling sequence shown in Scheme 2, the internal

transmetalation reaction (step B) would be expected to proceed at a much higher rate than
the corresponding bimolecular reaction in an intermolecular coupling process.23 Thus, the
"inherent instability" of 72 does not interfere with the overall process and 72 is readily
converted, via internal transmetalation, into the palladocycle 73. Subsequent reductive
elimination from this cis-bis(organo)-palladium(II) species would provide the bicyelic

dienes 61-70 (Scheme 2, step C).
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The cyclizations of the enol triflates 51-54 (Table 1, entries 1-4), leading to dienes
(61'6") possessing an angular proton or a methyl group, are more facile than those involving
the substrates 55-60 (entries 5-10), which form dienes with an angular COZMe function. It is
pot immediately clear why the presence of the methoxycarbonyl group in 55-60 should retard
the rate of ring closure. Perhaps, if step A in Scheme 2 is the rate-limiting reaction,23
it is the electron-withdrawing nature of the COyMe group that slows down the rate of
oxidative addition of Pd(0) to the adjacent carbon-oxygen bond of the enol triflate
function.

Although the palladium(0)-catalyzed cyclizations occur well in THF as solvent, the
reactions appear to be faster in MeCN (Table 1, entry 5). This observation was confirmed by
work done subsequently in our laboratory.zl‘

It was thought that the efficiency of the overall annulation sequences might be
improved if the last two steps (enol triflate formation and palladium(0)-catalyzed ring
closure) were to be combined in a one-pot procedure. The isolation and purification of the
(potentially) unstable enol triflates would thus be avoided. 1In the event, the ketone 45
vas converted into the enol triflate 57 in the normal manner. To the resultant THF solution
(no workup) was added 3 mol % of (Ph3P)4Pd and the solution was refluxed for 5 h. Analysis
(6LC) indicated that the diene 67 had been produced cleanly. Product isolation and
purification produced 67 in 72% yield (Table 1, entry 7). The same overall transformation
via a two-pot process provided the diene 67 in 64% yield from 45. 1In a similar one-pot
procedure, the ketone 37 was converted into the diene 71 in 55% yield (Table 1, entry 11).

Each of the structurally interesting bicyclic dienes 61-71 gave spectra in full accord
vith the structural formulas indicated in Chart 3. Of particular note were the olefinic
proton resonances in the 1y nMr spectra of these substances. For example, the Iy MR
spectrum of the diene 67 displayed three olefinic proton signals at § 4.64 (t, HA‘ Iap = Iap
=2.5 Hz), 4.92 (t, Hp, Jap = dpp = 2.5 Hz), and 5.86 (t, Hoy, Jop = dgg = 4 Hz). 1In a NOE
difference experiment, irradiation at § 5.86 (HC) caused signal enhancement at § 4.92 (HB)'
A similar pattern for the chemical shifts of the olefinic protons was observed for all the
conjugated dienes listed in Chart 3. In general, the exocyclic methylene protons of these
compounds give rise to signals between § 4.6 and 5.2, while the olefinic ring protons
resonate between § 5.4 and 6.0.

CO,Me

H g, Hg u, Ho

67
CONCLUSION
It is evident from the work outlined above that the preparation of structurally novel
bic)’clic dienes of general structure 23 (see Scheme 1) can readily be accomplished via
themical transformations that are easily performed and are generally efficient. It is

mportant to note explicitly that a variety of diversely functionalized derivatives of
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bi cycl o[ 4. 3. 0] nonane (61, 62, 65, 66), bicyclo[4.4.0]decane (63, 64, 67, 68, 7n
bi cycl o[ 5. 3. 0] decane (70), and bicycl o[ 5. 4. 0] undecane (69) can be conveniently accessed v

this chemstry. Qearly, the intranolecular palladiun(O-catalyzed coupling of the eid
triflate and vinyl stannane noieties in 22 (Scheme 1) is the key step of this new annulatio
sequence (17 -» 23). In this sense, the elegant and inportant investigations of Sille ad
co-\/\orkersq served as an informative prelude to our studies. Future publications fromth

| aboratory will deal with the use of our annul ation method for the preparation of conjugated
dienes nore highly functionalized than 23 and with the use of these dienes as ke
intermediates in the total synthesis of natural products.

EXPERI MENTAL

Gener al I nformation. Dstillation tenperatures, which refer to bulb-to-bulb
(Kugel rohr) distillations, are uncorrected. H and C NWR spectra were recorded on (XL
sol utions. Carbon chemcal shifts are given relative to that of CDAj (8 77.0). Roton
signal positions for compounds containing the M-jSh group are given relative to the signa
for cHAj (5 7.25). The tin-proton coupling constants (Jg.jj) are given as an average o
the Sn and Sn val ues. For conpounds containing the M-jSh function, high resolution
nmol ecul ar mass neasurements were determned on the (M-M) fragnent and are based on

Sn. G.C anal yses were perforned on instrunents equipped with 25 mx 0.21 mm fused silica
colums coated with cross-linked SE-54. TLC analyses were carried out wth comercial
al umi num backed silica gel plates (E Merck, Type 5554). Fl ash chr omat ogr aphy was done
with 230-400 nesh silica gel (E Merck).

Note: All conpounds for which high resolution mass neasurenments are given exhibited,
unl ess otherw se noted, clean H NWR spectra and showed essentially one spot on TLC ana yses
and (or) one peak on G.C anal ysis.

Note: Al reactions, unless otherwi se noted, were carried out under an atnosphere d
dry argon using oven- or flame-dried gl assware.

5-Chlorg-2-trinethvl stannvl -1 -pentene (29). To a cold (-78°C), stirred solution o
MesSnCu- Me,SY'* (19 nmol ) in 180 ni of dry THF was added a solution of 1.5 g (14.6 mol) o
5-chloro-1-pentyne (25) in 20 nL of dry THF. The dark red nixture was stirred at -78°Cfor
6 h and then glacial HOAc (2 nmL), aqueous NH*A -NH'CH (pH 8) (70 mL), MeCH (70 nmlL) and BjO
(50 nL) were added sequentially. The mxture was allowed to warm to room tenperature, vas
opened to the air, and then was stirred vigorously until the aqueous |ayer was deep blue
The phases were separated and the aqueous |ayer was extracted with EtoO (2 x 50 nmL). The
conbi ned organic solution was washed with agqueous NLQA-NLCH (pH 8) until the washings vere
colorless and then was dried (MSO). Renoval of the solvent, followed by cdum
chronat ography of the remaining oil on silica gel (240 g, petroleum ether), provided a
liquid that, upon distillation (85-95°C (15 Torr)), gave 2.54 g (65% of the chloro stannane
29. This colorless oil exhibited spectra identical with those reported previously.

6- Chl oro- 2-tri net hvl stannyl -1 - hexene (30). Using a procedure identical wth that
descri bed above, 6-chloro-1-hexyne (26) (1.7 g, 14.6 mmol) was converted into the choo
stannane 30. Distillation (110-115°C (15 Torr)) of the liquid derived from cdum

chronmat ography of the crude product provided 2.96 g (72% of 30, a colorless oil tha
di spl ayed spectra identical with those recorded earlier.

4-1odo-2-trimethvl stannyl -1-butene (18). To a cold (0°C), stirred solution of the
al cohol 27 (3.67 g, 15.6 mmol) in dry CH,Cl, (20 mL) were added 4-N N-dinethyl am nopyridi!»
(2.10 g, 17.2 mml) and p_-tol uenesul fonyl chloride (3.28 g, 17.2 mmmol) and the sol ution ves
stirred overnight at room tenperature. Water (50 nL) was added and the organic phase ves
separated, dried (MJSO ), and concentrated. A solution of the residual material and M
(3.10 g, 20.7 mmol) in dry N Ndinethylformamde (10 nL) was heated at 60-70°C for 1 h. Th°



