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Abstract: The major product in the intramolecular Pauson-Khand reaction of 3,4-disubstituted 1,6-heptenynes to
form bicyclo[3.3.0]octencnes is highly dependent on the relative configurations of the two stereocenters of the
substrate. For example, cycloaddition of the "syn,syn" stereoisomer of 3,5-dimethyl-4-propargyl-1,6-heptadiene
gives predominantly an enonc containing both substituents in more hindered endo orientations; the "syn,anti"

stereoisomer, upon reaction across the "syn" linkage similarly gives mostly endo product, but upon reaction across
the "anti" portion of the molecule affords almost exclusively an enone in which the C6 methyl group possesses exo
stereochemistry. Parallel results obtain from enynes built upon cyclohexane frameworks. Calculated energies of
pre-cycloaddition enynes, metallacycles presumed to be the penultimate intermediates in the cyclization mechanism,
and the final products are examined in order to develop a reasonable predictive model. © 1999 Elsevier Science Ltd.
All rights reserved.
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described a case in which the major product contained an endo methyl group at position C6 on the saturated ring
(eq 1) and rationalized this result on the basis of conformational preferences about the allylic position.*
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We have now examined three additional stereochemically defined dienynes specifically designed to probe
these issues. Herein we present evidence that our earlier view, while helpful in defining systems that might lead
to such results, is too limited to be of predictive value. However, by comparing experimental product ratios
with calculated energies of presumed intermediates and products of these processes, we find that we can
successfully rationalize not only our

at ieast qualitative prediction of stereochemical outcomes o
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In order to expand the experimental basis of this study, we prepared a second acyclic substrate, syn,anti-
1 lixr o eemrvéba snnenllal N shals
1, by a route parallel to that used for syn,syn-1.>:6 Because of the relative inaccessibility of the precursor to

the corresponding anti,anti-1 diastereomer,” we instead chose as alternatives two stereochemically defined,
cyclohexane-based dienynes, trans,trans-3 and cis,trans-3, whose preparations are shown in Scheme 1.8
Characterization of the two stereoisomers of 3 was straightforward. Wittig reaction of trans-2-propargyl-3-
vinylcyclohexanone with methoxymethylene ylide followed by hydrolysis gave a mixture of trans,trans- and
cis,trans-2-propargyl-3-vinylcyclohexanecarbaldehyde, each of which was converted to the corresponding
dienyne by Wittig olefination. A parallel sequence beginning with cis-2-propargyl-3-vinylcyclohexanone was

also carried out in an attempt to obtain cis,cis-3 via the cis,cis-aldehyde. However, the latter isomerized

one o m trans-2-propargyl-3-vinylcyclohexanone, thus confirming its
. 1 L A Yy b Y B Aat o Ve L oo | TR P I L 11
stereochemistry. Pauson-Khand cycloaddition resuits for each of these enynes follow
Scheme 1
0 o) “
)]\ HEHH )k/ — YARYARY: /K/_-— -
I 1, B iV, v, vi
L] C L L
trans, 44% trans/trans, 20%
cis, 12% cisftrans, 23%

3
1,=CHM_gBr, Cul; ii. HMPA,; iii. HCsCHCH,Br, separate; iv. PhPCH,OMe, Nal

1 1CH;B ; Me, NaH, DMSO; v.
Amberlite IR-120 resin, H,O, DMSO, separate; vi. Ph3PCH3, NaH, DMSO.

Trans,trans-3 cyclizes to give 47 as a single stereoisomerically pure product in 88% yield,!9 with exo
stereochemistry for the cyclohexane ring bond at C2 (eq 2).
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s,trans-3 and syn,anti-1 possess nonequivalent vinyl groups. Therefore, each may react by either of
PO L U PY . Lot 100w 2o thin vnlatizn ctasman~h M £ th ot + ha l
two distinct pathways that differ in the relative stereochemistry of the substituents on the linkage between the

give characteristically different stereochemical outcomes.
Cis,trans-3 cyclizes to give a mixture of three products (eq 3). Reaction involving the mutually trans
propargyl and vinyl substituents proceeds in complete analogy with that of trans,trans-3 to give a single exo

enone 5, differing from 4 only in the configuration of the remote vinyl group. Two enones arise from
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cyclization between the mutually cis propargyl and vinyl moieties of cis,trans-3: exo0-6 and endo-6, with the

former greatly predominating.
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Exo-7 and endo-7 arise from cychzatxon across the "anti" linkage. Exo-7 is the major product, just as exo
products 4 and 5 are the major products from the cycloadditions of trans,trans-3 and cis,trans-3,
respectively, across their "trans” junctions. Unlike its cyclic analogs, syn,anti-1 also affords a small amount
of endo product, endo-7, from the "anti" cyclization mode. Finally, similar to the cyclization of syn,syn-1,
reaction of syn,anti-1 across the “syn" bond gives more endo-8 than exo-8. Exo-7 was the only one of
these four products isolable in pure form; the remaining three were obtained as mixture separable only on an

analytical scale using HPL.C; NMR data are thus incomplete for endo-7 and exo-8, the minor components.
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Characterizations of Stereoisomeric Enones 2, 4, 5, 6, 7, and 8

The elucidation of the structures of the enone products of the four Pauson-Khand processes described
htforward, being based upon a combination of 1D and 2D NMR data, and ,lL______l supported
rystal structures. COSY and HETCOR measurements enabled signal assignment. Table 1 lists
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the tricyclic enones relative to both the adjacent ring fusion and to the stereocenter on the other side (note that the
bicyclic and tricyclic enone numberings are different—see eq 1 and 2—but protons in comparable locations are
listed together). The spectra of the bicyclic enones 2, 7, and 8 were better resolved in CDCl3, whereas Cg¢Dg
proved to be superior for the tricyclics 4-6, and the data were recorded using these solvents. For direct
comparison, the data for endo-2 in C¢Dg are given in the last column. Only chemical shifts of signals for

which we consider our assignments to be completely unambiguous are listed.
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Table 1. Diagnostic 'H Chemical Shifts for Enones 2 and 4-8. Data in the left half of the table (bicyclic
enones) were recorded in CDCl3 solvent; those in the right half (tricyclics and endo-2) in CgD.

Proton Exo-2 Endo-2 Exo-7 Endo-7 Exo-8 Endo-8] Proton Exo-4 Exo0-5 Exo0-6 Endo-6| Endo-2

4-endo 1.98 2.15 2.0:

(%)

2.20| 12-endo 1.84 1.73 1.64 1.88 1.95

4-exo 2.60 2.35 2.55 2.40] 12-exo 2.38 2.28 2.28 2.11 2.14

5 2.72 3.i1 2.59 3.15 1 2.08 1.90 2.38 2.37 2.44

6 1.77  2.22 1.30 2.25 2.32 2 0.43 0.63 1.05 2.03 1.69
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9 1.1/ v.Jlo 1.15 u./7<2 1.10 v.o¥ 3 (iH) U./06 .Uy uv.1y
Several points emerge with respect to the question of exo or endo stereochemistry at C6 (in 2, 7, and 8)

and C2 (in 4-6). Protons and protons on alkyl groups at these positions exhibit upfield shifts when located on
the endo face of the bicyclo[3.3.0] moiety (iralicized entries in Table 1), relative to those nuclei on the exo face
nf the hirurlies cuctam In additinn the rhamicral chift diffarance hatweaan the diactarantanic mathvlana nratang
AV SN S § L) Ulb_y\.«ll\t D] Dl A CORBILIVLE, VAW WALV OLILIL VR VA VIIVY UL LYY Cwill Liiv Ulﬂdt\—l\/\lluyl\— lll‘vl—l)] Iviis PIUL\JAAJ
— il Ll Ll am A L v mvzanlle; malialla din csamots e AC/LT AY N EN cmensvr
U1 LNC a-CdipOll Ul I Cqu:xuy r¢iiaoic Luaguuuu, FA Y \Hexo d ﬂendO} > Uy ppl 1

at C6/C2 is exo, but AS (Hexo — Hendo) < 0.25 ppm when that substituent is endo. In
addition, the relative stereochemxstry at C6 and C7 (in 2, 7, and 8) and at C2 and C7 (in 4-6) may be deduced
from the chemical shifts of the protons at positions C6/C2 and C5/C1. Endo protons at C6/C2 are shifted
upfield by about 0.5 ppm when the alkyl substituents at C6/C2 and at C7 are mutually frans (enones 4, 5, and
7), relative to when they are cis (2, 6, and 8). A similar shift is found for the ring fusion (C5/C1) proton.
NOE-based methods provided supporting evidence. For example, in exo-2 H5 shows NOE with CH3-9
and CHj3-13 on the C7 side chain; in exo-7 only NOE with C9 appears; in endo-2 and 8 both are absent,

_______ 1l €AW Uiily

replaced by NOE with H6. In the tricyclics, the analogous H1 shows NOE with H7 in 5 and endo-6 (in 4 H7

is not resolved from other cyclohexane resonances), but not i
dienyne precursor had been previously established, assignment of the configuration of the stereocenter on the
side chain in the bicyclic enones and in the cyclohexane ring in the tricyclics was unambiguous.

We also determined X-ray crystal structures for both 4 and ex0-6, which supported the foregoing
assignments. Figure 1 displays images of the structures obtained for these two compounds; for additional

details see the Supplementary Materials.
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Figure 1. Depictions of X-ray crystal structures of 4 (left) and exo-6 (right).



COMPUTATIONAL RESULTS AND DISCUSSION

Molecular Modeling Studies of Pauson-Khand Substrates, Products, and Possible Reaction Intermediates

Is it possible to rationalize the stereochemical pathways followed by these four reactions? Furthermore, can
we identify characteristic benchmarks usable as (at least) qualitative predictors for the direction and degree of
selectivity exhibited? To these ends we began by calculating relative energies for the substrates, products, and a
key putative intermediate for the cycloaddition of syn,syn-1 (Figure 2).
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Figure 2. Minimized structures and relative energies (in kcal mol™") for four conformations of syn,syn-1 (top),
exo- and endo-2 (bottom), and four possible diastereomeric metallacycle intermediates (middle). All species
associated with exo-2 are depicted in the left half of the scheme; those associated with endo-2 are on the right.
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relative orientation of the alkene function with respect to the stereocenter at C3 is such that the product after
complexation and insertion would be exo-2, and two that would similarly lead to ende-2. For example, in the
conformation at the upper left in Figure 2 (Chair-SS1 — Exo-2), the orientation of H2 (the ring-fusion proton
upon bond formation between C2 and C6) defines the exo face of the bicyclic product; H2 in this conformation
will end up trans to H3 and cis to the C3 methyl, which emerges with an exo orientation. Within each pair, one
possesses a chair-like conformation of its C1-C6 fragment,!! while the other is boat-like in shape. Relative
energies (kcal mol-!) are given below each structure. Below the enynes are illustrated four energy-minimized

lacyclic intermediates. Note that these four metallac

:
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§
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f
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lower-energy enyne conformations; were the remaining two to react directly, they would merely give higher-
energy conformations of the same four metailacycies due to sieric interactions between the bulky pseudoaxial C4
side chain and the cobalt carbonyl portion of the molecule. The four metallacycles also break down into two
pairs, distinguished by the stereochemistry of the product they afford (exo or endo methyl at C6—enone
numbering) and of the ring fusion with respect to the newly-formed carbon-carbon bonds of the incipient
bicyclic enone system (cis or trans). Metallacycle energies were calculated for Co,(CO)s complexes, the
presumed immediate products of alkene insertion, but the same energy trends are observed in the corresponding
Co,y(CO)¢ complexes. Finally, the structures and relative energies of the two possible product enones are given.

re immediately clear: (1) Energy differences between en

pseudoequatorial with respect to the C1-C6 fragment and anti to one of the two substituents on C3, whereas in
the disfavored structures the group at C4 is pseudoaxial and gauche to both the methyl and vinyl groups at C3.
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Figure 3. Minimized structures and relative energies (in kcal mol—l) for exo- and endo-8, and possible
metallacycle intermediates deriving from cycloaddition of syn,anti-1 across its syn linkage.
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are 4.6 and 3.5 kcal mol~! more stable, respectively, than the
corresponding trans metallacycles, and the comparable energy differences between the cis and trans
metallacycles leading to exo0-6 and endo-6 are 6.1 and 7.1 kcal mol-! , respectively. Therefore, we consider
only cis metallacycles to be viable intermediates in this set of systems. (3) The (cis) metallacycles leéding to the
exo and endo products are similar in calculated energy, as are the final enones themselves.!2

The cycloaddition of syn,anti-1 across the "syn" bond (eq 4) is qualitatively similar to the cycloaddition of
syn,syn-1: it gives more endo-8 than exo-8, but the preference is small, consistent with the fact that, as for
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Figure 4. Minimized structures and relative energies (in kcal moi ')
set up for cycioaddition across its anii linkage (top), exo- and l:uuu-7
intermediates (middle). Species associated with exo-7 are depicted in

sociated with endo-7 are on the right.
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arise from cyclization of sym,anti-1 across the "anti” linkage. Figure 4 iliustrates
four conformations of the starting enyne, ail local energy minima, that place the appropriate alkene function
within reacting distance of the triple bond. Two cis metallacycles and the two products are also shown. Note
that direct reaction from the two lower-energy enyne structures (with the bulky groups at C3 and C4 mutually
anti) would lead to higher energy metallacycle conformations than those shown, because of the pseudoaxial
orientation of the substituents. In contrast to reactions across "syn" bonds, this process not only displays both a

substantial experimcntal preference (10:1) for formation of the exo product but also a significant calculated

r;ng_rm;[l(_‘ eference for the exo-metallacvcle and enone (hut not the envne nrecureor)
1etallacycie andg enone (dutl nof InN€ enyne precursor).
Qimilar recnltc hath avnarimantally and Aameantatinanally alhtain feam conlandditiame ~F frnres $eeozn PR |
WIILIHIAL 1T5UILS, UVLH CAPULIIIIVIIIALLY alliu LUllIpulativilaily, Uutdill 11011 CyClualuiuioins U1 udais,irais- J alidl
" PR | P P A S Y b )

ans” linkage, to give 4 and 5, respectively (Figures 5 and 6). Both these processes
afford exo products exclusively, and, again, the calculated energies are consistent, substantially favoring both

the corresponding metallacycles and enones.
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Fmally, reaction of cis,trans-3 across its "cis" linkage completes the picture. While the analogous
cvyclizations of the two corresnonding acvclic substrates nroceeded to give small excesses of ende products. in
ychizations of he two corresponding acyciic suopstrates proceeged to give small €Xcesses of endo prodaucts, in
thic maca a 71 mrafaran~e far avn & ic nheervad Fignra 7 reveale the crunlahavanas mnrg ta ke tha arigin oF thic
iris ¢asc a /.1 preicrence 1or €Xo-0 is 00served. rigure / reveéais uie Cycidnexane ring 1o o€ ine origin O1 tnis

effect: in both exe0-6 and its metaliacyclic precursor, two of the three substituents on this ring are equatorial,

while the pathway to endo-6 forces two into axial positions. A cyclohexane ring flip in either the metallacyclic
precursor to endo-6 or in the enone itself restores equatorial orientations to two groups, but at the cost of
introducing severe eclipsing interactions in the now boat-like remainder of the molecule, that raise the overall
energy by 1.7 kcal mol-! for the metallacycle and 1.9 kcal mol-! for the enone.
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Boat » Endo-5 Endo-5
+3.7 +3.5

Figure 6. Minimized structures and relative energies (in kcal mol‘l) for exo- and endo-5, and possible
metallacycle intermediates deriving from cycloaddition of cis,trans-3 across the trans bond.
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The resuits presented above suggest that experimentai product ratios correiate at ieast semiquantitatively
with metallacycle energy differences and, to a lesser extent, those of the enone products. The correlation is
better when the stereoselectivity is larger, as in the cases of 4, 5, ex0-6, and exo-7. The two endo-selective
situations, endo-2 and endo-8, show low stereoselectivity experimentally. The calculated energy differences
are small, consistent with the low selectivity, if not large enough to be predictive of its direction.

Mechanistically, there is no experimental evidence for reversibility of any of the carbon—carbon bond
forming steps in the Pauson-Khand reaction. Thus any correlation between calculated product energies and

experimental product ratios is fortuitous and an artifact of the conformational similarities between the enones and
their tal]acycl precursors. The stereoselectivity is likely kinetic in origin and governed by differences in
transition state energy at the stage of metalla formation, making differences in metallacycie energies the

closest to being of potential predictive vaiue.l3 However, a predictive method based upon examination of either
substrate or product structures would be of greater practical value. As our data indicate, enone energies do
correspond semiquantitatively to observed product ratios, even being consistent with the preferred directions of
the two endo-selective systems. Is this generally the case? Turning to several systems in the literature we find
good correlations between energy differences between exo and endo cis-metallacycles and experimental

exo:endo product ratios on the one hand, and exo and endo product energy differences on the other (Table 2).14

Table 2. Comparison of experimental product ratios with metallacycle and product energies (kcal mol™).

Experimental
exoendo ratio  AHgpg,— AHyo AH 0 — AHeyo
Reaction®f (atC6or C8)  (metallacycles) {(products)
RO RO
\)\¢ \}\'/\: , (R=H) 72:28 0.3 0.1
R )
> 0
“N=—1Ms N (R = MOM) 100 : 0 15 1.8
EA = H
N ~3 (syn/cis) 92: 8 1.9 2.5

o " o ot

(antiftrans) 75 : 25 2.1 1.7

N (R=H) 39:61° ~1.1 0.6

> e >_T_)=o (R=Me) 77:23 1.2 1.2

TBSO TBSO R (R=TMS)96: 4 3.1 4.8

TBSO ~ TBSO-</[\2-:O15 (R=H) 50:50 -0.2 0.9

— N

___§T=R I (R =TMS) 100 : 0 3.7 1.7

DOV 1 DOWw n

“+6%; average of three runs under different reaction conditions (M. E. Krafft and C. Hirosawa, unpublished results).



reactions of enynes substituted at the propargylic (C5) and aliylic (C3) carbon
atoms, as well as both mono- and disubstituted at C4. The correlation between the energy differences in the
enone products and the precursor metallacycles is closer for the allylic-substituted systems (better than +1 kcal
mol~!) than for propargylic-substituted examples (up to +2 kcal mol-! discrepancies). Even in the latter,
however, the trends are encouragingly consistent with experiment, including the response of the system to
substitution at the alkyne terminus. The correlations hold even despite the wide variety of experimental

conditions used (thermal, amine oxide activated, etc.).

Finally, with respect to the particular substrates described in this work, we note that one situation that
appears to favor formation of a C6 endo-substituted enone as the major product is that in which the substrate

exhibits syn relative stereochemistry at C3/C4 and the group at C4 is more sterically bulky than that at C3. Note
that reversal of the relative steric requirements of the two groups reverses the outcome: syn-3-methyi-4-hydroxy
systems give higher exo.endo ratios than do the anti (Table 2, 2nd pair of entries).416 When the C3 and C4
substituents are identical, variable ratios are obtained, sensitive both to the steric bulk of the group at the alkyne
terminus and the reaction conditions (Table 2, last entries).!”7 The computational data reproduce these results
rather well, the correlation with metallacycle energy differences generally being better. Given the accuracy limits
in the latter,12 one cannot expect clear-cut predictions in systems exhibiting low (ca. < 3:1) selectivity, although
trends in structurally related systems are reproduced well. While direct experimental evidence bearing on the
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EXPERIMENTAL SECTION

General Procedures. All air and/or water sensitive reactions were carried out using oven dried
glassware under an inert atmosphere of argon gas. Solvents and reagents were purified and/or dried according
to common procedures.!® Trimethylamine N-oxide (TMANO) was prepared according to the procedure by
Soderquist.!9 Trimethylamine N-oxide, dicobalt octacarbonyl, and lithium acetylide were stored and weighed
out in a Vacuum Atmospheres Dril.ab.

(3R *,4r*,55*%)-3,5-Dimethyi-4-(p-toluenesuifonyi

u
............................... Ak SOX\ D & diemnntlec:] A e I nalo 1NV P WPRPUPI L
lbUlllt:l ). l"UHUWlHB lllﬁldlulc PIULCUUICB \.)I‘ "I'f el ) 2,2-UIHICU Y 1-94-{HYULOA Y HICULY 1 )- 1,0-lHepldadiene» =+
was prepared by LiAlH4 reduction of (3R*,4r*,55%)-3,5-dimethyl-1,6-heptadiene-4-carboxylic acid.2! To a
solution of tosyl chloride (3.63 g, 19.0 mmol, 1.25 eq) in pyridine (23 mL) at 0° C was added via cannula a
solution of (3R* 4r* 55*)-3,5-dimethyl-4-(hydroxymethyl)-1,6-heptadiene (2.350 g, 15.24 mmol) in 6.5 mL
of pyridine. After1h a O C the reaction was allowed to proceed for 2 d at rt, quenched with ice, and extracted

with 3 x 50 mL Et;0. The combined extracts were washed with 60 mL satd aq NaCl, evaporated to near-
dryness, treated with 20 mL heptane and 25 mL Et;0, and dried over Na;SO4. Evaporation of solvent gave the
product as a yellow oil, which was purified by chromatography (SiO3, 1:9 Et;O:hexane) to give 4.3 g (91%
yield) of tosylate as a colorless oil. FTIR (neat) 3078(m), 3034(w), 2973(s), 2928(s), 2880(m), 1638(m),
1597(m) cm!; 'H NMR (300 MHz, CDCl3) §0.89 (d, J = 6.8 Hz, 6H), 1.49 (m ,1H), 2.38 (m, 2H), 2.43

H) 9(d J = 4.5 Hz, 2H), 4.86-4.93 (m, 4H), 5.62 (m, 2H), 7.32 (d, J=8.1 Hz, 2H), 775, J =

8 3 Hz, 2H); 13C NMR (75 MHz, CDCi3) 6 15.9, 21.5, 37.1, 46.6, 69.0, 1i4.1, 127.9, 129.7, 132.9,
142.6, 1 ‘4 6; Anal: caicd for C17H4805 C, 66.20%, H, 7.84%; found: C, 66.45%. H, 8.20%
(3R*,5R*)-3,5-Dim thyl -4 - ’w“-tﬁ}“e‘ieS' lf"‘iylﬁxy“ﬁet}*yl) -1,6- heptadiene {Syn,ant

isomer). Using th

wace reduced to the
YYD LW UwWwALE LWV uilw
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alconol
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FTIR (neat) 3075(m), 2963(s), 2922(s), 2876(s), 1639(m), 1598(s), 1363(s), 1176(s) cm~1; 'H NMR (300
MHz, CDCl3) 60.94 (d, J = 6.9 Hz, 3H), 0.98 (d, J = 7.0 Hz, 3H), 1.44-1.51 (m, 1H), 2. 31—2 45 (m, 2H),
2.44 (s, 3H), 3.96 (dd, J = 9.9, 5.2 Hz, 1H), 4.03 (dd, J = 9.9, 4.4 Hz, 1H), 4.89-4.95 (m, 4H), 5.55-5.71

(m, 2ZH), 7.33 (d, / = 7.8 Hz, 2H), 7.77 (d, J = 8.3 Hz, 2H); 13C NMR (75 MHz, CDCl3) é 16.5, 18.8,
N1 £ 277 1 T A AT £007Y 114 A 1140 1A N0 1AON "M 127 M 1 AN T 1 AN A WY e
21.6, 37.1, 37.4, 47.2, 693, 1144, 114.8, 127.9, uy./, 133.U, 140.7, 142.4, 144.6.
(D% A=¥ SCKY_ 2 E&E MNimrathol 4 /) nmoanon £ n-\ n.l:,....\ ICeres cwres \ A onlisei o F
VIV H™F 4y J0 7 JTJy S TRLHIC LY I L lup_yu_yl}-L,u Cprauicuc (DYli,dyyli-1}. A dLIULION Ol

luenesulfonyloxymethyl)-1,6-heptadiene (4.302 g, 13.95 mmol) in 15 mL
it om

-to
DMSO under Ar was cannulated onto solid (90%) lithium ace y] ide ethylene diamine ¢

mmol) precooled to 0° C, After removal of the ice bath the reaction was stirred overnight, quenched with satd aq
NH4Cl, and extracted with 3 x 15 mL Et;O. The extracts were washed with 20 mL satd ag NaCl and dried over
CaS04. Filtration and solvent removal at 0° C gave 1.81 g (80% yield) of crude syn,syn-1 as a yellow oil.
Preparative GC (7% FFAP Chrom W, AW, DMCS N, 140° C, flow rate 80 mL/min) gave syn,syn-1 pure
enough for characterization (NMR indicated the presence of 0.2-0.3 eq water). FTIR (neat) 3311(s), 3079(s),
2974(s), 2929(s), 2878(s), 2118(m), 1641(s) cm~!; IH NMR (300 MHz, CDCl3) §1.01 (d, J = 6.8 Hz, 6H),
1.47 (m, 1H), 1.92 (t, J = 2.7 Hz, 1H), 2.16 (dd, J = 5.5, 2.8 Hz, 2H), 2.46 (m, 2H), 4.95-5.03 (m, 4H),
5.75 (m, 2H); 13C NMR (75 MHz, CDCl3) & 16.0, 16.7, 38.9, 46.4, 69.3, 84.5, 113.6, 143.6; Anal: calcd

Ax Saadlaiiiiang

for Cj2H;g#0.2H,0 C, 86.89%, H, 11.18%; found: C, 86.98%. H, 10.87%.
(”"* & A2 E et 4L _. 8 A (™ i =IO L4 B O __4a* 1\ ML . . . ! -
(I, OR 7 =3, 0-1INELDYI-4-{4-PrOpPYyIlY1)-1,0-1lCpldaicnec (dDyn,dnti-1) 1Nnc same proceaure
g fallawiad as far cwumn cun_1 Tha wradiaat oo ionlotad oo a vallawy Al 5. TR0 viald Dranarat ey 3
wad 1VIIUWUEU ad 1LUL SYRI,DYIl-A4 ) @ §iwd pluuu\.t w Dulaitvld ad a yuliuw Uil 11 /o 70 yiviu ricpaidily U
similarly afforded pure syn,anti-1. FTIR (neat) 3310(s), 3078(m), 2965(s), 2929(s), 2877(m), 2117(w),
1637(m), 1461(w), 1422(w), 1375(w), 998(m) 912( ) co!; 1H NMR (300 MHz, CDCl3) 8 1.06 (d, J = 6.9

27 Hz lH) 223 (ddd J— 174 55 27 Hz lH) 241—256 (m 2H) 497 505 (m 4H) 573 587 (m,
2H); 13C NMR (75 MHz, CDCl3) 6 16.7, 17.2, 18.9, 38.8, 39.2, 69.2, 84.7, 113.9, 114.3, 141.8, 143.3.
(S5R*,6R*,75*%)-6-Methyl-7-[(1R*)-1-methyl-2-propenyl]bicyclo[3.3.0]oct-1-en-3-one
(Endo-2) and (5R*,6S*,7R*)-6-Methyl-7-[(15*)-1-methyl-2-propenyljbicyclo[3.3.0]oct-1-
en-3-one (Exo-2). A solution of 0.188 g (1.16 mmol) syn,syn-1 in 6 mL CH,Cl; was added rapidly via
cannula to a flask charged with 0.475 g (1.39 mmol) Coy(CO)g at 0° C under Ar. After 8 h the flask was purged
with O3 and a solution of 0.609 g TMANO (8.11 mmol) in 9 mL CH,Cl, slowly added. After 2 h the flask was
exposed to the air and ca. T mL HO and ca. i mL Et,O added. The reaction was aliowed to stir untii the purpie
LOlOI'C(l matef]al l'ldCl lLllTlC(.l foa DYOWH SOllU IHC ml)uurc was l.llCll uuereu mrougn a piu,g, COﬁtaiﬁlﬁg Cf:l]lt:
sxllca and MgSO4. Solvent removal gave a yellow oil which was purified on silica using 20% Et,0 in hexane

a (909, vield) of 2 as a colorless o1l The isomers were senarated nrpnnrghvplu on MPIC " obar®
B \7VT0 JiliUj Ul & &S & VCULULIUSS Ul TiT SLpal Spad
C

7
240-10) column]l. Retention time for exo-2 was 68 min and for endo-2, 81 min. The 1somers were also

(
separated by HPLC (25 cm normal phase 8iO;, 10.0 mm id, 8 u particle size, flow rate 3 mL/min). The solvent
used was 20% t-butyl methyl ether in hexane with 1% 2-propanol. Retention time for endo-2 was 19 min and
for exo-2, 16 min. For endo-2: FTIR (neat) 3075(w), 2963(s), 2929(s), 2871(m), 1708(vs), 1628(s) cmm1;
'H NMR (300 MHz, CDCl3) §0.55 (d, J = 7.0 Hz, 3H), 1.01 (d, J = 5.8 Hz, 3H), 2.10-2.18 (m, 3H), 2.16
(m, 1H), 2.23 (m, 1H), 2.35 (dd, J = 18.2, 6.3 Hz, 1H), 2.76 (m, 1H), 3.1 (bs, 1H), 4.95 (dd, / = 10.3, 1.3
Hz, 1H), 5.03 (dd, J = 17.2, 1.6 Hz, 1H), 5.71 (ddd, J = 17.4, 10.1, 7.5 Hz, 1H), 5.84 (s, 1H); '3C NMR
(75 MHz CDC13) 567 198 298 349 37.6, 392 506 518 1135 1253 1427 1897 211 2 For

CDCI;) §1.03 (d, J = 6.8 Hz, 3H), 1.17 (d, / = 7.1 Hz, 3H), 177 (ddq, J = 11 G, 8.7 7.1 Hz, 1H), 1.98
(dd, J = 17.5, 3.0 Hz, 1H), 2.35 (dddd, J = 8.4, 8.4, 5.6, 5.6 Hz, 1H), 2.45 (dd, J = 17.6, 5.8 Hz, 1H), 2.52
(m, 1H), 2.60 (ddd, J = 17.7, 6.2, 0.5 Hz, 1H), 2.64 (ddd, J = 17.7, 8.1, 1.0 Hz, 1H), 2.72 (bs, 1H), 5.00
(m, 1H), 5.01 (m, 1H), 5.80 (ddd, J = 17.8, 10.1, 6.4 Hz, 1H), 5.83 (s, 1H); 13C NMR (75 MHz, CDCl3) 8
15.0, 16.5, 29.3, 37.2, 41.8, 42.5, 46.6, 51.9, 113.3, 1244, 143.6, 189.7, 210.6
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(5R*,65*%,75*%)-6-Methyl-7-[(1R*)-1-methyl-2-propenyl]bicyclo[3.3.0]oct-1-en-3-one
(Exo-7), (5R*,6R*,7R*)-6-Methyl-7-[(1S*)-1-methyl-2-propenyl]bicyclo[3.3.0]oct-1-en-3-
one (Endo-7), (SR*,65*,7R*)-6-Methyl-7-[(1R*)-1-methyl-2-propenyl]bicyclo[3.3.0]oct-1-

MOy s MA W - o

PS> B s DN _ 1 '8 8 B %1 - .l.\

en-3-one (Exo-3), and (SK*,0Kk*,75%)-6-Methyl-7-{(15§%)-1-methyi-Z-propenyijbicycio-

2 2 NYnané 1T ooe 2 e M 3. O Mln cnianm memmamdiiecm oo £rllaca i Y. S

120 UjOCi-1-€N-5-0N¢€ (LNa0-0). 1N€ Same€ procequre was 10iiowed as 10r <. The pul‘lIlCCl prOGuC[

mixture was isolated as a colorless oil in 76% yield. Partial separation could be achieved by HPLC using the
e

same conditions as for 2. An inseparable mixture of exo-7, endo-7, and exo-8 had a retention time of 14
min. Pure endo-8 eluted at 17 min. Isomer ratios were obtained from capillary GC (DB-WAX 30m column,
180° C, flow rate 100 kPa). Retention time for exo-7 was 10.9 min, for endo-7, 12.8 min, for exo-8, 13.5
min, and for endo-8, 16.5 min. The product mixture contained 65.8% exo-7, 6.7% endo-7, 11.0% exo-8,
and 16.5% endo-8. FTIR (neat,) : 3075(w), 2961(s), 2925(s), 2871(s), 1708(s), 1645(s) cm~!. For exo-7:
'H NMR (300 MHz, CDCl3) §0.95 (d, J = 6.85 Hz, 3H), 1.13 (d, J = 6.36 Hz, 3H), 1.3 (m, 1H), 1.99 (m,
1H), 2.01-2.05 (m, 1H), 2.31 (m, 1H), 2.37 (ddd, J = 18.8, 10.5, 1.7 Hz, 1H), 2.50-2.57 (m, 1H), 2.60
(bs, 1H), 2.72 (m, 1H), 4.97 (dd, J = 10.3, 1.1 Hz, 1H), 5.00 (dd, J = 17.2, 1.4 Hz, 1H), 5.76 (ddd, J =
17.3, 10.1, 7.1 Hz, 1H), 5.81 (s, 1H); !13C NMR (75 MHz, CDCl3) & 15.4, 18.2, 29.9, 39.6, 41.1, 43.2,
52.0, 543 113.4, 1247 142.9, 189.5, 2105 For endo 8: 1H NMR (300 MHz, CDCl3) 6059 (d J—

1 17

Qn N
£

DCl3) 66.8, 1
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THF. After 10 min the mixture was cooled to -=78° C and 0.968 mL (10.0 mmol) cyclohexenone was added
dropwise by syringe. The mixture was warmed to —30° C, stirred for 30 min, cooled to —78° C, and treated first
with 10 mL HMPA and then 4.76 g (40.0 mmol) propargyl bromide. The mixture was slowly warmed to —20°
C, stirred for 3 h, and then quenched with 5 mL MeOH, diluted with 30 mL Et;0, and treated with 40 mL satd
aq NH4Cl. After 30 min at rt the layers were separated, the aq phase washed with 3 x 40 mL Et,O, and the
combined organic layers dried (MgSO,). Repeated flash chromatography (SiO,, 16:1 hexane:Et,O) gave 1 l6g
cis (12% yield) and 5.49 g trans (44% yield) ketones as coloriess oils. For cis-3-ethenyl-2-(2-

propynyucycnonexanone IH NMR (300 MHz, C¢Dg) 8 1.39 (m, 3H), 1.75 (m, 2H), 2.17 (m, 4H), 2.62

uu, ln), 2.88 \m, 1n), 4.89 (dd, J= 9.9, 1.2 HZ, IH), 5.01 (dd, J= 16.8, 1.2 HZ, 1lH), 5.33 (ddd, J=16 8,

9.9, 7.5 Hz, 1H); 13C NMR (75 MHz, C¢Dg) 6 16.7, 22.7, 30.8, 41.2, 45.1, 51.9, 69.5, 82.3, 117.7,

135 A 2079, For trans-3-ethenvl.2.(2-nronvnvlevelohexanone: IH NMR (300 MHz. C:D) §1.14
tor tran SRR im&m & piQpy Ry e eivntaa . T3 Y Z, 626/

(m, 2H), 1.43 (m, 2H), 1.78 (m, 3H), 2.15 (m, 2H), 2.36 (m, 2H), 4.87 (dd, J = 10.5, 1.2 Hz, 1H), 4.93

(dd, J = 16.1, 1.2 Hz, 1H), 5.33 (ddd, J = 16.1, 10.5, 8.0 Hz, 1H); 13C NMR (75 MHz, C¢Dg) § 16.6,

25.5, 32.0, 41.2, 48.1, 53.0, 69.5, 82.9, 115.6, 140.7, 207.2; Anal: calcd for C{;H;40 C, 81.43%, H,
8.69%; found: C, 80.31%. H, 8.61%; HRMS: calcd for C;;H;40 (M+) 162.1045, found 162.1052.
Trans-1-Ethenyl-3-(methoxymethylidene)-2-(2-propynyl)cyclohexane. DMSO (11 mL) was
added to 0.410 g (10.2 mmol) NaH under Ar and the mixture slowly warmed to 75° C for 1 h. After cooling to
1t a solution of 4.68 g (13.2 mmol) (methoxymethyl)triphenylphosphonium chloride in 17 mL DMSO was
added dropwise by cannula followed by a solution of 0.554 g (3.40 mmol) trans-3-ethenyl-2-(2-
propynyl)cyclohexanone in 3 mL DMSO. The solution was warmed to 70° C for 1 h, cooled, and extracted with

6 x 20 mL hexane. The extracts were washed with 30 mL satd aq NH4Cl, 30 mL satd aq NaCl, and dried
INT | ) PRUR TR TR, 1y navnnmal 1ialdaAdA N K1Q ~ 1970 vialA) #mmo annl athas sharnkh ac nnead
UVdg.)U4) riasn LllrUllldtUgId.puy \Dluz, um\auc; yiciGea v.510 g (0470 YiCIQ) irans Cnol Cuict, wililil was ustu
without further purification. 'H NMR (300 MHz, C¢Dg¢) 6 1.23 (m, 2H), 1.52 (m, 2H), 1.81 (m, 3H), 2.22
(m, 2H), 2.34 (m, 1H), 2.48 (m, 1H), 3.22 (s, 3H), 492 (d, J = 12.0 Hz, 1H), 5.00 (d, J = 17.3 Hz, 1H),
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5.64 (m, 1H), 5.89 (s, 1H); 13C NMR (75 MHz, C¢Dg) §20.6, 24.0 (2), 30.6, 42.7, 45.6, 58.5, 70.0, 82.7,
104.4, 114.3, 141.1, 142.2; HRMS: caled for C13H;30 (M+) 190.1358, found 190.1363.
Trans,trans- and cis,trans-3-Ethenyl-2-(2-propynyl)cyclohexanecarbaldehyde. A solution

Vs T WY et

of 1.23 g (6.9 mmol) trans-enol ether in 50 mL DMSO (50 ml) was added via cannula to a mixture of 20 g
ite IR-120(plus) ion exchange resin {Aldrich) and 6 miL waier under Ar. The ncrerogeneous mixture was
was treated with 30 mL chloroform and 20 mL ice cold satd aq

NaHCO3, the organic phase separated, washed with ice water and satd aq NaCl, and dried (Na;SO,). Excess
solvent was removed in vacuo and the crude product chromatoeranhed immediatelv (810, 70:1 hexane:Et,0) to

as I L0 A1 LI pruUeR LIV EA GRS IR LA 1% BUAGLHU. RIS ] W2

afford 0.410 g all trans aldehyde (36% yield) and 0.441 g (39% yield) cis,trans aldehyde. These aldehydes are
quite unstable and were used immediately in the next step. For trans,trans-3-ethenyl-2-(2-
propynyl)cyclohexanecarbaldehyde: 'H NMR (300 MHz, C¢Dg) 6 0.88 (m, 1H), 1.25 (m, 2H), 1.52
(m, 4H), 1.83 (t, J = 2.6 Hz, 1H), 2.04 (m, 1H), 2.31 (m, 3H), 4.99 (d, J = 11.9 Hz, 1H), 5.09 (d, J = 18.1
Hz, 1H), 5.31 (m, 1H), 9.39 (d, J = 2.1 Hz, 1H); 13C NMR (75 MHz, C¢Dg) & 19.9, 24.3, 26.0, 32.3,
38.2, 44.2, 51.9, 70.9, 81.1, 115.3, 141.4, 202.0. For cis,trans-3-ethenyl-2-(2-
propynyl)cyclohexanecarbaldehyde' IH NMR (300 MHz, C¢Dg) 6 0.8-1.5 (m, SH), 1.70 (m, 1H),

A5 (t, J = 2.6 Hz, IH) 2.14 (m, 1H), 2.35 (m, 3H), 2.75 (d, J = 2.5 Hz, 1H), 4.84 (m, 2H), 5.19 (m, 1H),

9.4’/’ (s, 1H); 13C NMR (75 MHz, Cg¢D¢) & 20.6, 21.8, 25.3, 32.4, 41.3, 43.6, 48.3, 70.5, 83.0, 115.3,
1A 1 Ny Q
144.1, ZUZ.0.
Trane tranc, and aje feanc 1 Niathanyl 2 (Y nranvnullosyelanhavana (Trang trang A
ETUNdyTUNId~ aillu blq),llu'ln)'l,J'ulclllcll:l'H'\ﬂ'Pl UP:IIJI[\- LiviicAaailc \llallb,llallb'v" 1uu
cis,trans-3). A solution of dimsyl anion sodium salt was prepared from 0.382 g (9.50

mL DMSO as previously described. A solution of 4.18 g methyltriphenylphosphonium
DMSO was added dropwise at rt by cannula, followed by addition of a solution of 0.335 g ( 1.9 mmo]) cis, trans-
aldehyde in 2.1 mL DMSO. The mixture was slowly warmed to 70° C, stirred for 2 h, cooled, and extracted
with 6 x 20 mL hexane. The extracts were washed with 30 mL satd aq NH4Cl, 30 mL satd aq NaCl, and dried
{(NapSQy). Flash chromatography (SiO;, hexane) yielded 0.121 g (72% yield) cis,trans-3 as a colorless oil.
Trans,trans-3 was similarly prepared from trans,trans-aldehyde in 68% yield. For trans,trans-3: 'H NMR
(300 MHz, C¢Dg) 60.69 (tt, J = 3.9, 11.0 Hz, 1H), 1.00 (app dq, splittings = 3.2, 12.4 Hz, 2H), 1.20 (m,
1H), 1.52 (dt, J = 12.9, 3.5 Hz, 1H), 1.62 (br d, J = 12.4 Hz), 1.75 (, J = 2.4 Hz, 1H), 2.29 (m, 4H), 4.98

(dd, J = 1.0, 10.2 Hz, 2H), 5.19 (dd, J = 1.0, 17.4 Hz, 2H), 5.42 (m, 2H); 13C NMR (75 MHz, C¢D¢) &
20.2, 25.1, 33.1 (2), 43.4, 44.7 (2), 70.1, 81.7, 114.7 (2) , 142.5 (2). For cis,trans-3: 'H NMR (300
MHz, C¢D¢) 6 0.97 (app br q, splitting = 11.5 Hz, 1H), 1.33 (m, 3H), 1.53 (m, 3H), 1.77 (m, 2H), 1.80 (m,
1H), 2.28 (dd, J = 1.8, 16.8 Hz, 1H), 2.81 (m, 1H), 4.82 (m, 2H), 5.07 (d, J = 10.5 Hz, 1H), 521 (d, J =
18.2 Hz, 1H), 5.32 (m, 1H), 5.77 (m, 1H); 13C NMR (75 MHz, CcDg) §20.8,21.2,31.5, 330, 40.5, 42.9,
438, 69.7, 83.7, 114.4, 116.8, 137.8, 142.9; Anal: calcd for Cy3Hyg C, 89.59%, H, 10.41%; found: C,

88.63%. H, 10.30%; HRMS: calcd for C13H g (M+) 174.1409, found 174.1413.

(1R*,25*,65*,75*)-6-Ethenyltricyclo[7.3.0.02:7]dodec-9-en-11-one (4). A solution of
0.102 g (0.59 mmol) trans,trans-3 in 2 mL. CH,Cl, was added to a solution of 0.289 g (0.73 mmol)
Co,(CO)g in 2 mL CH,Cl; and the mixture stirred for 1.5 h and then cooled to 0° C. A solution of 0.308 g (4.1
mmol) TMANO in 4.1 CH,Cl, mL was added dropwise over a period of 15 min. The reaction mixture was
stirred for 3 h while it slowly warmed to rt. It was then diluted with 5 mL ether, filtered through celite/SiO,, the
solvent evaporated, and the product chromatographed (SiO, 4:1 hexane:Et,0) to afford 0.104 g (88% yield) 4

asa crystallme solid, mp b() 67° C; 'H NMR (300 MHz, C¢Dg) 60.43 (app dq, splittings = 3.2, 11.4 Hz, iH),
0.78 (app dq, splittings = 3.4, 12.0 Hz, 1H), 0.97-1.15 (m, 3H), 1.55-1.77 (m, 5H), 1.84 (ddd, J = 0.6, 3.6,
17.4 Hz. 1H). 2.08 TEIN N AL foma TLIN A 20 (e TEIN A QO {3 DI & &7T (1an 1H). 5.83 (m 1. 130
1/7.4 11z, 111), £4.Uo \m, irij, £.00 (I, 111), £.50 (Iil, 111}, 4.7¥ (1}, &11), J.J7 \ll, iK1}, J.00 U1 i, 111j; w
NMR (75 MHz, C¢Dg) 6 25.7, 29.9, 31.5, 33.0, 40.7, 47.5, 50.1, 50.3, 52.1, 1 3.5, 125.8, 142.4, 187.8,

208 1
et \T T

P o
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(1R*,285*,6R*,7S*) - 6 - Ethenyltricyclo[7.3.0.02:7]dodec - 9 - en - 11 - one (5),
(IR*,28*,6R*,7TR*) -6- Ethenyltricyclo[7.3.0.02.7]dodec -9 -en-11-0one (Exo0-6), and

(IR*,2R*,65%,758%)-6-Ethenyiiricycio[7.3.0.0%7jdodec-9-en-11- one (lmdo 6). Via a similar

procedure a mixture of §, exo0-6, and endo-6 in a ratio of approximately 50:43: obtained in a total yield
of 82%. Separation by careful chromatography afforded § and endo-6 as cclarie“s oils, and exo0-6 as a
crvstalline cnhd mn 105-106° C For 8- | AR (2 A C.1D.)Y SNOAYT(m 1THY 12 fm AHY 1 8§84 /m
Wi J lllllllllllllllll lJ LAVIV AR SV e A UL AA LNIVAAN \WJVWY AVLL AL, \.40“0} U V.U 138y 111), .40 (112, TYRL1), 1.JIV \lll,
2H), 1.73 (dd, J 2.5, 15.8 Hz, 1H), 1.90 (m, 2H), 2.04 (m, 2H), 2.24 (m, 1H), 2.28 (dd, J = 7.0, 15.8 Hz,
1H), 491 (d, J = 17.1 Hz, 1H), 5.01 (d, J = 10.5 Hz, 1H), 5.63 (m, 1H), 5.73 (br s, 1H); 13C NMR (75

MHz, C¢Dg) 621.4, 29.5, 31.1, 32.3, 40.6, 41.3, 44.6, 49.0, 52.3, 116.9, 125.8, 137.5, 187.6, 207.8. For
endo-6: 'H NMR (300 MHz, C¢D¢) 6 0.09 (m, 1H), 0.85 (m, 1H), 1.09 (m, 3H), 1.27 (m, 2H), 1.56 (m,
1H), 1.75 (m, 1H), 1.88 (dd, J = 2.7, 17.7 Hz, 1H), 2.03 (m, 2H), 2.11 (dd, J = 8.1, 17.7 Hz, 1H), 2.37 (m,
1H), 4.94 (d, J = 18.9 Hz, 1H), 5.01 (d, J = 10.0 Hz, 1H), 5.77 (m, 2H); 13C NMR (75 MHz, C¢D¢) &
18.8, 209, 25.2, 29.2, 34.7, 36.8, 38.5, 434, 51.4, 113.4, 125.7, 142.3, 187.2, 208.5. For exo0-6;: 'H
NMR (300 MHz, C¢Dg) 6 0.83 (m, 1H), 1.05 (m, 1H), 1.20 (m, 4H), 1.38 (m, 1H), 1.44 (m, 1H), 1.52 (m,
IH), 1.64 (dd, J = 3.0, 17.1 Hz, 1H), 2.09 (br s, 2H), 2.28 (dd, J = 6.3, 17.1 Hz, 1H), 2.38 (m, 1H), 4.84
(d, J = 18.6 Hz, 1H), 4.94 (d, J = 8.4 Hz, 1H), 5.36 (m, 1H), 5.73 (m, 1H); 13C NMR (75 MHz, C¢D¢) 6
20.6, 25.7, 32.3, 32.5, 41.3, 43.4, 43.8, 45.1, 459, 114.3, 125.8, 142.9, 188.4, 208.0; Anal: calcd for

b]q.ll]gu C, 83. }L/O, H, 869%; found: C, 83. 22%. H 902% HRMS: calced for C14ulgu (}vi-'r)
202. 1’2<Q found 202.12472
MMIINE LNl s LI,

(‘alonlatigps Structure minimizations were carried out using Molecular Mechanics available in the

CAChe system (Oxford Molecular Group) version 4.0. The CAChe Mechanics application implements
Allinger's standard MM2 force field?? augmented by estimates of force field parameters for situations not
addressed by MM2, enabling minimization calculations to be carried out for square planar, trigonal-bipyramidal,
and octahedral atoms. Minimizations employed a second-derivative (Block Diagonal Newton Raphson) method.
For freely rotating side chains the energy of the molecule was mapped as a function of the appropriate dihedral
angles. For acyclic systems syn,syn-1 and syn,anti-1 the C2-C6 distance was set at 2.5A (the nominal 1-3
distance in cyclohexane); small variations in this value in either direction had no effect on the calculated energy
differences.
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