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Abstract: In the optimization of the ring-opening reaction of thiophene-1,1-dioxides, 3-bromo-2,5-dimethylthio-
phene-1,1-dioxide (1) and 2-(2-hydroxyethyl)piperidine (7) were chosen as model reagents. Solvent, tempera-
ture, molar ratio between amine and dioxide and the amount of solvent were variables included in the optimiza-
tinn A pantral ~amencita dacian wae chacan for tha invactigatinn and n anoanianl analuoio ~f tha racmmnos o
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face was performed. When reacting 3-bromo-2- isopropyl-5-trideuteriomethylthiophene-1,1-dioxide (23) with
7 a primary Kinetic isotope effect, diminished by internal rcturn, was found for the initial proton abstractions
as well as an intramolecular deuterium transfer in the tautomerization of 23.

© 1998 Elsevier Science Ltd. All rights reserved.

INTRODUCTION

The amine induced ring-opening reaction of thiophene-1,1-dioxides was first reported in 1987.! A great
number of dioxides and amines have been investigated in this reaction, which primarily leads to substituted N-
hexadienyl amines. Using secondary amines with an @-unsaturated side chain, azatrienes were obtained.??
Recently, we found that when 2-substituted pyrrolidines and piperidines were used in the ring-opening reac-
tion tetrahydrobenzo[a]pyrrolizidines, tetrahydrobenzol[a or flindolizidines, and tetrahydrobenzo[b]quinolizi-
dines were obtained, in just a few steps.*>
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obstacles. Aminoalcohols proved to be ideal substrates in this context: they are readily available in both
racemic and enantiopure form, the ring-opening reaction became faster, the hydroxy function could easily be
transformed and good to excellent stereocontrol was obtained in the final intramolecular Diels-Alder reaction
(IMDA) (Scheme 1). The last steps in the sequence gave a satisfactory overall yield, but a remaining problem
was the poor yields in the ring-opening reaction, generally about 30%. In order to solve this problem, we
decided to use a multivariate optimization procedure. The focus for this investigation was on the optimization,
but some mechanistic observations were also made.
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Scheme 1. i. toluene, 100°C, argon. ii. Swern oxidation: 1. CH,Cl,, -78°C, argon, (COCl),, DMSO;
2. El3N 2 h. iii. Wittig reaction: CHZCIZ,rt Ph3P—CHCOOEt 1h.

lv un:uuax Diels-Alder red(.uun lOlUCﬂC, argon 13U <, ly n V. llL.l4 catalyzeu
Dicls-Alder reaction: 2 eq. TiCly, CH»Cly, 0°C, 9 days.

RESULTS AND DISCUSSION

3-Bromo-2,5-dimethylthiophene-1,1-dioxide (1) and 2-(2-hydroxyethyl)piperidine (7) were chosen as
model reagents to be used in the ring-opening reaction. Solvent, temperature, molar ratio between amine and
dioxide and dilution, i.e. volume of solvent, were variables included in the optimization; not included were the

addition order of the reagents and whether an inert atmosphere should be used or not. As the choice of solvent

components analysis using nine descriptors.” Two principal components answered for 59.9% of the total
variance, and they correspond roughly to the polarity and the polarizability of the solvents. Choosing solvents
with a large variation in score values can give a good picture of which type of solvent to be used, and also
which physical properties of the solvent that are important for the desired reaction. Solvents were chosen from
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Scheme 2. Standard reaction: 0.251 M in 1, 4 eq. amine, toluene, T = 100°C.
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all four quadrants of the score plot, i.e. the plane spanned by the two principal components. Excluded were

l::..
]

protic solvents since they favour other reactions.»!'® The standar

2-(1-[(2E,4Z)-3-bromo-2,4-hexadienyl]-2-piperidyl)-1-ethanol (8), 2-(1-[(2E,4Z)-4-bromo-2,4-hexadienyl]-2-
piperidyi)-i-ethanol (9) and 2-(2-(2-hydroxyethyl)piperidyi)-methyi-3 -methylthiophene-1,1-dioxide (10) in

eaction gave three main products:

30%, 2% and 3% yield, respectively (Scheme 2).> The formation of these were followed throughout the opti-

mization procedure (Table 1). GLC yields were determined by using hexadecane as an internal standard.

Table 1. Solvent screening for the reaction between 7 and 1.
Product respones (%)

Solvent 8 9 10

N,N-Dimethylformamide 0 0 7.27
Dimethylsulfoxide 0 0 3.85
pyridine 2.63 0 6.66
dl-o~Pinene? 16.67 0 2.14
Diethylenglycol dimethylether 17.95 0 5.25
Heptane 19.23 0.55 2.75
Chlorobenzene 24.48 0.79 4.76
Toluene 27.05 1.89 2.87
p-Xylene 2791 0 2.44
Methylcyclohexane 29.56 116 324
Decaline 30.04 2.99 3.73
neither dl-o- pinene nor a similar solvent were included in ref. 9.
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solvent was important, but some variation could be tolerated. The polarity of the soivent was
however crucial: low dielectric constants, low dipole moments and low E, values were preferred properties.

=z memd s wirlasma
1e and p-xylene w

Decali ere chosen as candidates for further investigation, since they were good repre-

sentatives for the two solvent groups, alifatic and aromatic hydrocarbons, and because both could be used to
explore a wider temperature range. The former had higher lipophilicity (logP value) and lower water solubi-
lity (logM value) than the latter. A central composite design was chosen for the investigation of the three
variables: temperature (T), molar ratio between amine and dioxide (AD) and the solvent volume (V). By fitting
a second-order polynomial in (k+1) dimensions a response surface can be modelled, which requires (2k +2k +
1) experiments.'! For decaline we decided to run 19 experiments consisting of 8 factorial points, 6 axial points
and 5 center points. The replicate center points would allow for a statistical evaluation of the lack of fit of the
model (Table 2).

Table 2. Levels and variables for the reaction between 7 and 1 in decaline.

Levels
Variables -1.68 -1 0 1 1.68
T (°C) 66 80 100 120 134
AD (mol eq.) 2.32 3.00 4.00 5.00 5.68
V (ml) 6.36 5.00 3.00 1.00 0%

*should have been an imaginary -0.36 ml
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and AD7, and the mteraction terms I "AD and 17V were excluded 1rom the response runction, where y 1s the

response of product 8 in %: y = 20.339 + 1.719T + 2.631AD - 3.633V - 3.220AD*V - 1.375V2. For statistical
evaluation an F-test was chosen: s 12/ szzz 2.47 < Fcr.‘, which means that the model accurately describes the
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better yields. The resuits suggested that more diluted reaction mixtures and higher amine-dioxide ratios should
be used. Decaline was cumbersome to work with and as we suspected an inferior solubility of the reagents in

this solvent we abandoned it. The domain had been too large. Therefore, we narrowed the conditions for p-

xylene (Table 3)
Table 3. Levels and variables for the reaction between 7 and 1 in p-xylene.
Levels
Variables -1.41 -1 0 1 141
T (°C) 106* 110 120 130 134*
AD (mol eq.) 2.59 3.00 4.00 5.00 5.41
V (ml) 9.18 8.00 6.00 4.00 3.18
*omitted; the curvature of y (T) was adequately described without the axial points and it resembled a
parabola withy ____ along an ascending ridge.
Tar v veirlana sxra Aasidad ¢4 v110m 1& aveari;mnanto ~ancioting ~F O Fantnnial canints A avinl vunl;to amd 2 Anan
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ter points; the axial points for T were omitted (Table 4). Best fit of the model was obtained when the quadratic
term V*, and the interaction terms T*AD and T*V were excluded from the response function: y = 30.11 -
2.15T + 3.35AD + 1.08V + 3.21AD*V - 2.93T2 - 3,03AD? The model described the response within experi-
Table 4. Product responses for the reaction between 7 and 1 in p-xylene.
Variable levels Product responses (%)
Experiment T  AD \% 8 9 10
f1 -1 -1 -1 24.84 0 2.00
f2 +1 -1 -1 17.87 1.68 6.97
3 -1+l -1 27.45 2.31 3.50
f4 1+ -1 15.48 0 2.76
5 -1 -1 1 15.95 0 2.29
f6 1 -1 1 12.28 042 2.82
f7 -1 1 1 31.92 3.12 4.49
8 1 1 1 24.13 2.36 5.07
al 0 141 0 30.87 341 5.66
az 0 -14i 0 19.04 1.53 5.65
a3 0 0 1.41 34.13 3.04 4.21
ad 0 0 -1.41 26.13 2.83 5.57
e | N n n & N7 1 QO 4 20
1511 v A\ v ~J.J/ 1L.07 T.J7
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2‘|w32 In order to increase the yield w, should be maximized,
while w, and w, should be set to zero; if w = 0, then T= -0.3669 (116°C), if w, =0, then AD = 0.3875515 +
0.43123V; w, = 1.541642 + 0.396AD + 0.9183V. Three different experiments were extrapolated and inves-
tigated (Table 5). The mean yield for the replicate experiments ¢2 and ¢4 was 42.9% for the reaction in p-

xylene, which is a 33% improvement of the yield when operating under the standard conditions with toluene

Table 5. Canonical analysis of the reaction between 7 and 1 in p-xylene.

Variable levels Yield (%)
Experiment T AD v Y o Y obs.
cl 0.3669 (116 °C)  1.3578 (5.36eq) 2.25(1.5ml) 40.93 38.82
c2 0.3669 (116 °C)  1.25(5.25eq) 2.00 (2 ml) 39.42 43.59
c3 0.3669 (116 °C)  1.4686(5.47eq) 2.50(1 ml) 43.37 34.44
c4 0.3669 (116°C) 1.25(5.25eq) 2.00 (2 ml) 39.42 42.28

as solvent vide supra. The yield could thus be optimized from poor to fair. In previous work we reasoned that
proton abstraction at the 2-methyl group in 1 is more facile than at the 5-methyl group and that the formation

of 9 and 10 is a result from tautomerization from the 2-methyl side. Furthermore, we believed that the large

amount of unidentifiable by-products

........................... ucts formed in the reaction mainly originates from the decomposition of the
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mal yield of only 42.9%. To increase the yield, blocking the reaction from the 2-position would be an idea. The
synthesis of 3-bromo-2-isopropyl-5-methylthiophene-1,1-dioxide (11) has been described.? Previous attempts
to ring-open 11 failed, which can be rationalized in view of the present findings. The choice of amine was bad

and the reaction conditions were not optimized. Since a slightly different dioxide was used in this work a small

Table 6. Levels and variables for the reaction between 7 and 11 in p-xylene, T = 116°C.

Levels
Variables -141 -1 0 1 1.41
AN {mnl an ) 410 a4 50 ] 725 600 A 31
LALS \ILIUI \/\.1./ T¥.h S KT A o o drnt A TAS AV S Vel &
AV AVES Y 71 &N 2 NN 1 8N 12N
vV T VA S 2.9U L. UV 1.5V 1OV

The following response function was obtained for 2-(1-[(2E,4Z)-4-bromo-6-methyl-2,4-heptadienyl]-2-
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piperidyl)-1-ethanol (12): y = 88.91 + 0.45AD - 3.66V + 10.44AD*V - 5.75T% 4.19AD?. Statistics gave s 2/
r'r s TS N s o l
522_ 1.25 < F .. The same optimum conditions were valid for 11, but now a considerably higher yield was

obtained. The reaction was not entirely blocked from the 2-isopropyl side, but it was severely suppressed.

o
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by-products 13 and 14 in this reaction were analogous to 9 and 10 described above according to mass

Table 7. Product responses for the reaction between 7 and 11 in p-xylene at 116°C.

Variable levels Product responses (%)

Experiment AD \Y 12 13 14

f1 1 -1 75.46 3.28 3.59

2 -1 -1 89.58 440 4.38

3 1 1 88.07 3.33 2.48

f4 -1 1 60.41 2.06 2.32

al 1.41 0 74.56 2.37 2.74

a2 -1.41 0 81.60 3.20 4.37

a3 0 1.41 76.68 2.01 2.78

ad 0 -1.41 85.67 2.90 4.86

ml 0 0 91.51 3.65 4.42

m2 0 0 86.30 3.16 4.24
analysis. The yield was limited upwards since the by-products were formed by a similar mechanism (Figure
I1). 2-Hydroxymethylpiperidine (15) gave (1-[(2E,4Z)-4-bromo-6-methyl-2,4-heptadienyl]-2-piperidylymetha-

nol (16) in 88.56% yield. As there were no interaction terms between the temperature and the other variables,

the temperature could be changed independently within the explored domain. This was necessary in the reac-
on between 11 and L-prolinol (17), which gave [1-[(2E,4Z)-5-bromo-2,4-heptadienyl]tetrahydro-1H-(25)-2-

........ [T & DLV LA Sii1y4) Ll YUly
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pyrrolylImethanol (18) in 79.0% yield at 103°C; the other variables were not changed (Scheme 3). Strictly the
two latter reactions cannot be regarded as optimized since the reaction conditions were extrapolated from a

slightly different system. However, from a preparative standpoint the yields were satisfactory.
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Scheme 3. i. p-xylene, 103-116°C, 5.25 eq amine, 0.1255 M in 11.

Previously we suggested that the rate determining step for the ring-opening reaction was the amine-

mediated tautomerization of double bonds and not the Michael addition or the disrotatory cheletropic elimi-

methyl group with a 5-trideuteriomethyl group, as one major product was formed in very high yield. Further-
more, studying the deuterium incorporation into the ring-opened product was of high interest, since it would
give further information about the mechanism. The synthesis of the desired dioxide was straightforward: 2,3,5-
tribromothiophene (19), was treated with sec-butyllithium and acetone and then refluxed with oxalic acid
under reduced pressure to give 3,5-dibromo-2-isopropenylthiophene (20) in 74.5% yield.!3 Hydrogenation with
Wilkinson’s catalyst yielded 3,5-dibromo-2-isopropyl-thiophene (21) in 92%.!* Treating 3 with sec-

butyllithium and deuterated dimethyl sulfate ( CAUTION) gave 3—bromo-2—isopropyl-5—trideuteriomethy1—

Yy
manganate solution and observing the formation of manganese(IV) oxide.
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Scheme 4. 1. 1. s-BuLi; 2. acetone 3.(COQOH),, vield 74.5%.
ii. Hy/ Wilkinson's catalyst, yield 92%.
ili. 1.s-BuLi 2.(D3C0),;80,, yield 78%. iv. mcpba, yield 46%.

" obs kP obs Fatio was 1.49. In order to make a comparative kinetic study and deuterium incorporation experi-
ment N,0-dideuterio-2-piperidyl-1-ethanol (24) was synthesized from 7. Compound 11 was reacted with 7 and
24, respectively, in the same thermostated oil bath at the 0 level conditions of Table 6. The kH /kD obs Fatio
was in this case 1.39. The accuracy of the kinetic measurements was estimated to kH,‘,\ =0. 0060 + 60001

min~". The deuterated products 25 (from the former experiment) and 26 (from the latter experiment) were

nurified and analvzed by 1H NMR and 2H NMR (Fionu re N The amannt nf tha nratane nrecant at tha A ffarant
PUillive Guu il yiva v AL INAVIIN Qi 11 INLIVERN 1 6“ & Je LV QllIUMUIIL UL LUV PLULUIID PlUD\/lll Al v uiliiviaviat
[P I N S, e B AAA ] M . o h P o 1 - A ]
positions was determined by integrating the "H signals using the non-labelled positions as internal standards.
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Figure 2. The deuterium Iabelled compounds 25 and 26.

From the 5-methyl group of 23 1.54 deuteron was abstracted and 0.88 (57%) of it was observed elsewhere in
25: 22% at C(2), 30% at C(3) and 36% at C(S5); positions that are markedly labelled by deuterium. If a

statistical labeling had occurred only 12.8% (1.54/ (1.54 + 10.5) = 12.8%) would have been incorporated into
each position, since there are 5.25 t:ql_ivalf_’.nts of aminoalcohol present. In 11 1.81 proton was abstracted from
the 5-methyl group and from C(4) and 0.78 (43%) of it was observed elsewhere in 26: 39% at C(2) and 39% at
C(5). If a statistical labeling had occurred only 14.7% (1.88/ (1.88 + 10.5) = 14.7%) would have been
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incorporated into each position. These results clearly indicate an intramolecul

ar proton/deuteron transfer. In a
previous work, we surmised that the ring-opening reaction was ated by proton abstraction from a methyl
above HOQ HO HO
\ \ \
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Scheme 5. The tautomerization and ring-opening of 11. d1 and d2 are the distances
between the plane of the dioxide moiety and the plane of the dimer moieties.
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group. Some calculations were also made on the resonance stabilized carbanion obtained after the abstraction:

the HOMO of this carbanion and the electrostatic charges of the carbon skeleton we

lidl & 1L

methylene carbon at C(5) (coef. 0.33, charge -0.59), to C(4) (coef. 0.54, charge -0.69) and to C(2) (coef. 0.54,

re concentrated to the
charge -0.44);>15 these were the positions where labeling could be expected and has now been verified. Using
ammonium ion as counter ion to the carbanion in the calculations, we found several minima on the potential
energy surface for the tight ion pair, which suggests that the tautomerization could be described in terms of a
conducted tour mechanism analogous to t
labeling experiments confirm that a high degree of intramolecular proton/deuteron transfer occurs. The solvent
screening verified that the non-polar character of the solvent was important. Tight hydrogen bonded ion pairs
involving sensitive carbanions preferably form in such solvents, whereas dissociation to free or solvent bound
ions is more pronounced in m vents. Subsequently ba
high degree of intramolecular proton transfer in non-polar solvents, while exchange is more dominant in polar
and protic solvents.?? In dimethylsulfoxide and dimethylformamide reactions, which lead to massive
decomposition of the dioxide, were favoured vide supra. Apparently, dissociation of the ion pair was

detrimental to the reaction.

Furthermore, the optimization gave that a 5.25:1 molar ratio of reagents was required. This together with
a strong concentration dependence suggest that a complex between several amine molecules and one dioxide
molecule forms, and that this complex probably is maintained during the tautomerization process and possibly
until the Michael addition, i.e. the addition of amine to the tautomerized exomethylene group. In a non-polar
solvent such as p-xylene an aminoalcohol may form doubly hydrogen bonded dimers, and in doing so it will
gain some extra stabilization energy. This dimer can form a weak complex with the dioxide, gaining a few kcal

ee dimer and the free dioxide.”> Adding another dimer at the other side o

"
Lind
lon
(4]
[
oyl
Q
e
[}
(=%
[¢]

Jﬁ\

also leads to some exira stabilizaiion. A 2:1 complex (C1) is thus conceivable, where the hydrogen bonded
dimers lie separated with the dioxide in between with a distance d1 = d2 (scheme 5). After the tautomerization

a complex with d1 < d2 is formed (C4). The dioxide can then be attacked in a Michael addition from the side

is the solvent while it is first in ethanol.>* McDowell and Stirling argue that an extra amine molecule is needed
in the transition state (TS); in ethanol a solvent molecule takes this role. These requirements were fulfilled in
our case with an isotope enriched amine dimer complexing to the tautomer.

Formally, the tautomerization is a base assisted 1,5-proton transfer; but the extensive isotope labeling at
C(3) in the products suggests that two consequtive 1,3-proton transfers also can take place. Protonation at C(4)
will lead to the tautomer 3-bromo-2-isopropyl-5 methylxdene -2-sulfolene (27) which has not been observed in
he tight ion pai

2

(C2). Labeling at C(3) in 25 and 26 was however a strong evidence that an intermediate like 27 existed.
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Protonation at C(2) will lead to the tautomer 3-bromo-2-isopropyl-5-methylidene-3-sulfolene (28), which has
not heen observed in the reaction mixture either; it reacts as soon as it is formed through an attack at the

exomethylene by the amine, i.e. Michael addition to a vinyl sulfone.?*?>27 Protonation of the intermediate
anton favours a cis-2,5-disubstituted 3-sulfolene (29) over a trans sulfolene. Since only E,E dienes with respect
to the carbon chain are formed in the ring-opening reaction, the reaction has to occur via an intermediate cis
sulfolene, which extrudes sulfur dioxide in a disrotatory cheletropic elimination.?®? Compound 29 has not
been observed in the reaction mixture neither by GLC nor "H NMR analyses. As the reaction is pseudo first
order in dioxide with a virtually constant amine concentration, we may treat the tautomers as complexes. If we

then assume a steady-state approximation for C2, C3 and C4 and that ks>>k, the following rate function can

be formulated for the ring-opening reaction:

k o =k (1-K), where K = k /I, + k_2k4/(k2 +ky)l

Compared to 27 the vinyl sulfone 28 is further activated towards nucleophilic attack by an o.-vinyl group,
which can explain the observed selectivity. In the case of 11 it is likely that k,<< k,. K will then express the

percentage of C2 that collapses back to C1. A considerable internal

eturn of this kind was observed as C(1) in
oth 25 and 26 were labelled; a large k | would decrease the observed rate. A larger k , would lead to an
increase in k, ; the increased rate caused by using aminoalcohols instead of 2-allylpyrrolidines or 2-

allylpiperidines? can in part be explained by a facilitated tautomerization, in which the proton is transferred
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intramolecularly by the oxygen to the oth

W
yDmethyl]pyrrolidine and 2-[(1,3-dithiolan-2- yl)methyl]plpendme"' or as in this case when using a 2-isopropyl
substituted dioxide. Using bulky amines would probably also decrease k, leading to a decrease ink , ; a

decrease in k would also be seen if there were B-sabstituents in the 3-sulfolene tautom

function seems to be valid as it can account for both the present and the previous observations. The rate
determining step in base assisted allylic rearrangements is usually the initial proton abstraction.’® A primary

kie was therefore anticipated in the reaction of 23. The kHr\h(/kDﬁhq ratio was seemingly low only 1.49; but

considering the internal return, leading to some hydrogen labeling, the actual ratio was undoubtedly higher

vmcbant amrrmighineas o | S, oL 1 H _11,D ek
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AAAAA K 1L bUlllCW[lblC l[l DCLWCCIL UIC ICdl K 1 dlild K 1 in tn

bllle A

(¢

investigated reaction K was probably little affected by kie:s: if the assumption holds that K =k ,/[k ; +k ,],

the effects on k . and k_2 respectively would cancel: thus, the ratio (1 - KH)/(l KD) . In view of the

................ 1 e

~ o Toac 1Sy o~ e P P P =~ ST T o TRT e
S UUU}U dlldwWCl lUl. tne simnalier Ki€.”” vve tneéreiore conciuae tnat tnere is a piiillaly

kie in the initial proton abstraction and that this effect is diminished by internal return.
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Through multivariate optimization the yields of 8 and especially 12, 16 and 18 were improved. Also
some light was shed on the underlying mechanism of the ring-opening reaction. The molar ratio between the
amine and the dioxide and the concentration of them were found to be the most important ones. The reaction
temperature proved to be an independent variable, and could be kept constant within a range. The polarity of

i e JR T DRI . TSRS [ I SRR T
IX1AC OF 1V,(/-01AdCUicnio~-L-plpCiidyi- Z-cindan

ring-opening reaction, implicating that the rate determining step was the initial proton abstraction of the
tautomerization process. A 5.25:1 molar ratio of reagents was found at the optimum. This together with a

strong concentration dependence suggest that a complex between several amine molecules and a dioxide forms

and that this comple>

Previously we have shown that the present reaction is a useful entry to the tetrahydrobenzo[alpyrrolizi-
dine, tetrahydrobenzo[a or flindolizidine and tetrahydrobenzo[b]quinolizidine structures and therefore believe

that these new results further enforce the utility of thiophene-1,1-dioxides as starting materials in a more gene-

EXPERIMENTAL

| Ep— ~ s [,
i

NMR (at 299.943 MHz), '3C NMR (at 75.43 MHz) and the ZH NMR (at 46.04 MHz)

spectra were recorded on a Varian XL300 instrument; 8 in ppm relative to residual solvent signals; J in Hz;

Generai. The

deuteriochloroform was consistently used as solvent, except for the ?’H NMR analyses where chloroform was

/z

ax

~~

i R4 T Qi

...
»

el. %). GLC ana-

=9

spectra were recorded on a Perkin Elmer 298 infrared spectrophotometer; v in cm!. Optical rotations were
measured at room temperature on a Perkin Elmer 241 polarimeter. Separations on a Chromatotron™ were
made using rotors coated with Merck silica gel 60 (60 PF,,) containing gypsum. HPLC chromatography was
performed on a semipreparative nucleosil silica column (500x10 mm). All solvents were distilled and purified
according to standard procedures prior to use. Other commercial starting materials were of highest quality and
they were used without further purification. Canonical analyses and calculations of response functions and
response surfaces were made using MODDE 3.0.12

oof 1or63
min mgol 1 oros.

eriment was 0.251 mmol (56.00 m
mg of 11). In the solvent screening 0.251 M solutions in dioxide were used. The amount of hexadecane was
57.65 mg. The reactions were monitored by TLC and GLC until the dioxide was consumed quantitatively.

GLC yields were determined using hexadecane as an internal standard; hexadecane was weighed together with
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the dioxide. A portion of the crude reaction mixture was diluted five times with CHCl (p.a.); then 0.5 pl of
h

a SPBS capillary column.

this mixture was analyzed on a Varian 3600 gas chromatograp
HPLC purified samples of 8,9, and 10 were weighed together with hexadecane and were diluted to
approximately the same concentration as the diluted reaction samples; these solutions were stored in a -17°C
freezer and were freshly analyzed in direct connection with each series of GLC measurements to determine the

response factors for each component.

freedom, Y pred is the response predicted by the model and Yops IS the observed response; y__ . is the observed

response in a center point and y is the mean value of the center points.

mean

For the reaction between 1 and 7 in decaline the variance ratio was: sizl s22= 247 <591 =

27 ey

" P ) RS PN AN 2 <5 <7 i o £
for n; = 12, n, = 4 at 5% probability level)ys,” = 2y o - Yopy)/ DF = 206.52/ 13; 5,7 =

-

a

f-
(@]
-1
-
=

—

I
Y—
.t;
S
e
=

1=
24 .~ Year) ! DF = 25.75/4.

For the reaction between 1 and 7 in p-xylene (Table 4) the variance ratio was: s,/ 522= 143 <4.46 =

Fm (for n = 2, n, =8 at 5% probability level); 322 = Z\ypmd yobs) DF =95.71/8; Sl2 =
2 -
L(ycem “ Ymean) ! PF = 34.27/2.
For the reaction between 11 and 7 in p-xylene (Table 7) the variance ratio was: slzl $,°= 1.25<224.6 =
F_, (forn =4,n,=1at5% pr“b-"bxht'y level); s, % = Z(ypre 4~ Yopo)/ DF = 87.14/ 4; 5,7 =
24y )‘/ DF =27.14/1.

cenl mean

Kinetics. The experimental size was scaled up threefold compare
amine and the reaction temperature was 116°C. Eight sampies were taken during the course of reaction starting
with 30 min and ending with 60 min intervals and they were treated as above; GLC yields were determined
using hexadecane as an internal standard. For purification of 25 and 26 we used the same procedure as for 12,
16 and 18 vide infra.

Rate functions.

1. -8[C1]/8t =k, [C1]

2.8[C1Y8t=-k;[C1] +k ,[C2]

3. 8[C2)/6t = k, [C1] +k,[Cd] + k,[C3] - (k_1+ k_2 + k_3)[C2] = 0; steady-state approximation.

4. 8[C4)/ot = k_z[CZ] - (ky+ k 4)[C4] = (; steady-state approximation.
5.

8[C3)/dt = k 4[C2] - k,;[C3] = 0; steady-state approximation.
6. kobs =k, -k ,[C2)/[C1] (from 1 and 2)
7. [k.k , +(k,+k )kd][CZ]/(k + kd) k [Cl] (from 3,4 and 5)
8.k, =k (1-K), K=k /lk +k,k/(k, +k,)] (from 6 and 7)
or kobs = kll((k2 + k4) k-l/k-2k4 +1); 1fk2 << k4, then kobs = kl/(k_llk_ + 1).
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Representative numbering for NMR assignments

2-(1-[(2E,4Z)-4-bromo-2,4-hexadienyl]-2-piperidyl)-1-ethanol (9)."H NMR: § 6.10 (d, dq, J = 14.7, 6.5, 2H,
4-CH, 5-CH), 5.93 (t, J = 6.2, 1H, 2-CH), 3.92 (dd, J = -10.9, 4.2, 1H, 1"-CH, ), 3.73 (2H, 1-CH,,, 1"-CH,) ),

L%

11X K’ mrr 1 0 71T i & g

Lo

6 —Cuz—eq), 2 -CH), 2.35 (1H, 6’-CH,-ax), 1.84 (d, /= 6.5, 3H,
6-CH;) 1.91-1.25 (m, 8H, 3’-CH,, 4'-CH,, 5’-CH,, 2"-CH,,). 13C NMR: § 131.63 (4C), 130.43 (5C), 128.29
(2C), 127.30 (3C), 62.16 (17C), 59.82 (2°C), 54.34 (1C), 51.00 (6°’C), 32.21 (2”C), 28.03 (3°C), 23.47 (5°0C),
23.07 (4°C), 18.01 (6C). HR-MS: caled for C,,H,,NOBr (M+H): 288.0963). Found: 288.0956. MS: 287/289

(0, M), 222/224 (40), 174/176 (100), 95 (42), 77 (85).

2-(2-(2-Hydroxyethyi)piperidyi)-methyi-5-methyithiophene-1,i-dioxide (10). "H NMR: & 6.54 (iH, 3-CH),
6.31 (1H, 4-CH), 3.87 (1H, 17-CH,), 3.84 (1H, 1-CH,), 3.71 (1H, 1"-CH,), 3.60 (1H, 1-CH,), 3.00 (1H, 6’-
C'Hl—eq) 2.74 (m, 1H, 2’-CH), 240 (1H, & CH2 -ax), 2.10 (3H, 6-C__3); 1.97-1.43 (m, 8H, 3’-CH23 4'-CH,,
5'-CH,, 2"-CH,)). I3C NMR: § 141.58 (2C), 141.08 (5C), 125.59 (3C), 122.62 (4C), 61.59 (1°C), 59.26 (2°C),
50.38 (6'C), 47.99 (1C), 32.89 (2"C), 28.04 (3°C), 23.23 (5°C), 22.68 (4°C), 9.77 (6C). MS: 271 (<1, M™), 253

2
(2),216 (15), 186 (13), 173 (17), 140 (100), 105 (30), 83 (15).

3-Bromo-2-isopropyl-5-methylthiophene-1,1-dioxide (11) was synthesized according to the literature.!#3 'H
NMP Sﬂ 6 (a ,;')n 1H _CH\ 11ﬂ(cpnt J=71 I1H CH(CHAY)Y 200(d T=20 2 CHY 12¢4 T
VAVAIN. UV VeV (My v LeVy AARy TTNCRRJy T dV \ Oy W Fakyg L JAly &7 \\Gy T La\Ty IEd, \.4113), 1.0\, g

19.66 (CH(CH3)2), 8.73 (CH3).

Synthesis of 12, 16 and 18 via ring-opening of 11: 0.251 mmol of 11 was dissolved in 2.00 ml of p-xylene

together with 1.317 mmol of 7, 15 or 17 and placed with a condenser in an oil bath at 116°C or at 103°C for 17

22N P U W g | . "F‘I‘ ~
11 DU ll_l[l as acermmined U_y | LW

and GLC; the reaction mixture was diluted with ether and washe ith water to remove the excess of

d w
aminoalcohol. The ethereal phase was dried over magnesium sulfate and then evaporated in vacuo to give a
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nol (60:40:5:1) as eluent.

2-(1-[(2E,4Z)-4-Bromo-6-methyl-2,4-heptadienyl]-2-piperidyl)-1-ethanol (12). Reaction time: 7h 30 min;
yield: 91%. IR (film): 34006 (OH) 1635m (C=C-stretch, conjug. diene), 947s (CH-bend, trans-RCH=CHR).
'H NMR: 8 6.12 (d, J = 14.9, 1H, 3-CH), 6.03 (m, J = 14.9, 6.8, 5.6, 1H, 2-CH), 5.72 (d, J = 8.8, 1H, 5-CH),
393 (dt,J=-11.0, 1H, ]”'CHZ)’ 3.74 (dt, J = -11.0, 1H, 1”-CH2), 3.61 (dd, J =-14.2,5.6, 1H, l-CHZ), 3.19
(dd, J = -14.2, 6.8, 1H, 1-CH,), 3.00 (m, 1H, 6’-CH,-eq), 2.82 (m, J = 8.8, 6.8, 1H, 6-CH), 2.62 (m, 1H, 2’-
CH), 2.22 (m, 1H, 6’-CH,-ax), 1.90-1.33 (m, 8H, 3’-CH,, 4'-CH,, 5’-CH,, 2"-CH,), 1.02 (d, J = 6.8, 6H, 7-
CH,). 13C NMR: 8 140.57 (5C), 131.91 (3C), 130.53 (2C), 122.25 (4C), 61.61 (1°C), 59.34 (2°C), 54.75 (1C),
50.62 (6°C), 31.70 (27C), 31.09 (6C), 28.00 (3°C), 23.46 (5°C), 22.98 (4°C), 21.75 (7C). HR-MS: calcd for
C15H27N0Br (M+H):316.1276. Found: 316.1282. MS: 315/317 (<2, M+), 270/272 (100), 236 (22), 107 (42),
84 (22).

(1-[(2E,4Z)-4-Bromo-6-methyl-2,4-heptadienyl]-2-piperidyl)methanol (16). Yield: 89 %. IR (film): 3400b
(OH), 1635m (C=C-stretch, conjug. diene), 947s (CH-bend, trans-RCH=CHR). 'H NMR: § 6.14 (d,J=14.7,
1H, 3-CH), 6.06 (m, J = 14.7, 6.8, 4.9, 1H, 2-CH), 5.73 (d, J = 8.9, 1H, 5-CH), 3.80 (dd, J = -10.9, 1H, 1”-

3.51(dd, J=-14.8,4.9, 1H, l—CHZ), 3.46 (dd, J =-109, 1H, 1"-CH,), 3.12 (dd, J = -14.8, 6.8, 1H, 1-

~ ==Y N O&L F__on [#]
-CH,-eq), 2.85 (m,J=28.9, 6.8, 1H, 6-

ax), 1.75-1.25 (m, 6H, 3°-CH,, 4'-CH,, 5'-CH,), 1.03 (d, J/ = 6.8, 6H, 7-CH ) 13C NMR: § 140.56 (5C)
131.76 (3C), 130.54 (2C), 122.27 (4C), 62.50 (17C), 60.38 (2'C), 54.72 (1C), 51.60 (6°’C), 31.10 (6C), 27.85
(3°C), 24.65 (5°C), 23.59 (4’C), 21.76 (7C). HR-MS: calcd for C,4HysNOBr (M+H) 302.1120. Found
302.1109. MS: 300/302 (<1, MT+H), 270/272 (100), 222 (46), 107 (65), 84 (48)

[i-[(2ZE,4Z)-5-Bromo-2,4-heptadienyijtetrahydro-i H-(2S)-2-pyrroiyijmethanoi (18). Reaction time: 1h 40
min; yield: 79%). [a]D: -38.40 (c 0.83, chloroform). IR (film): 34065 (OH), 1639m (C=C-stretch, conjug.
diene), 14565, 9485 (CH-bend, frans-RCH=CHR). 'H NMR: 8 6.12 (d, J = 15.0, 1H, 3-CH), 6.04 (m, J = 14.7,
7.3,4.9, iH, 2-CF H), 3.60 (dd, J=-10.9, 1H, I —u12),349(aa J=-14.8,4.9, 1H,
H, 1”-CH2), 3.10 (m, 1H, 5’-CH,,-eq), 3.00 (dd, J = -14.8,7.3, 1H, 1-CH,), 2.83
6

(m,J= 88681
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3-Bromo-2-isopropyl-5-trideuteriomethylthiophene (22): 1.79 g (6.31 mmol) of 21 was dissolved in 20 ml of
anhydrous ether and was cooled to -78°C under an argon atmosphere; then 4.85 ml (6.31 mmol) of 1.3 M sec-
butyllithium was added dropwise over 40 min. After 1h 1.00 g ( 7.57 mmol) of di(trideuteriomethyl)sulfate
(CAUTION) in 10 ml of anhydrous ether was added via a needle, and the reaction was allowed to reach
ambient temperature over 1h 45 min. The reaction was quenched with water and finally, a large volume of 10
% ammonia in EtOH was poured into the reaction vessel; this mixture was left overnight. The mixture was
extracted several times with ether; the etheral layers were washed with a saturated ammonium chloride
solution and water, dried with magnesium sulfate and evaporated in vacuo to give a 4:1 mixture of 5-
alkylated:5-protonated thiophene in quantitative yield. The thiophenes were separated on a Chromatotron™
using heptane as eluent. 1.09 g (4.92 mmol) of 22 was obtained as an oil; yield 78 %. 'H NMR: § 6.26 (t, 1 H,
4-CH,J =2.1), 3.10 (sept, 1 H, CH(CH,),, J=17.1), 2.50 (dq, 2 H, CH,CH,, J = 7.0, 2.1), 1.39 (d, 6 H,

y £ e R Nl Wi Ta% ‘l.f*'\ I YaV i intatle e Fatat e la iV 1o b
1S: 221/223 (30, M), 206/208 (100), 127 (42).

3-Bromo-2-isopropyl-5-trideuteriomethylthiophene-1,1-dioxide (23) was synthesized according to the
literature.'** The oil was chromatographed on a Chromatotron™ using heptane:ethyl acetate as eluent. 1.11 g
(5.00 mmol) of 22 was oxidized to give 585 mg (2.30 mmol) of 23 as a clear oil; yield 46 %. 'H NMR: § 6.26
(s, 1 H, 4-CH), 3.10 (sept, 1 H, CH(CH,),, J=7.1), 1.40 (d, 6 H, CH(CH,),, J =17.1). HNMR: §2.11 (s, 1
H, 5-CD,). 13C NMR: § 143.33 (2C), 140.54 (5C), 126.56 (4C), 119.30 (3C), 28.92 (CH(CHy),), 19.66
(CH(CH,),). HR-MS: calcd for CgHgD,0O,SBr: 252.9851. Found: 252.9851. MS: 253/255 (12, M), 1907192
(13), 174 (33), 110 (100), 94 (27).

N,0-dideuterio-2-piperidyl-1-ethanol (24). Compuund 7 was treated with 2.2 eq. of butyllithium in anh

h q. tyllithium in anhyd-
rous ether under argon at -20°C; then 5 eq.deuterium oxide was added to the reaction mixture. An excess of
anhydrous magnesium sulfate was added to the solution, which was left overnight under argon. The solution
was filtered through celite, evaporated in vacuo and the pure product, as determined by '"H NMR and mass

analyses, was dried in an exsickator over phosphorus pentoxide.
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