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Chapter1

Chemical Consequences of Through-Bond and
Through-Space Orbital Interactions

1.1 Introduction

About 25 years ago Hoffmann, Imamura, and Hehre! have delineated two distinct
mechanisms to designate long-range intramolecular interactions between non-
conjugatively connected functional groups: orbital interactions through-bond (TBI)
and orbital interactions through-space (TSI).1.2

The best description of through-bond interaction is to take into account that o-
electrons are delocalized, just as n-electrons. However, the energy effects concomitant
with o-conjugation are considerably smaller than those for the much more familiar n-
conjugation. The localized bond model is therefore very successful in explaining the
vast majority of phenomena in the chemistry of saturated organic compounds.
However, in certain cases it can be illuminating to consider the concept of
delocalization of c-electrons to understand some of the underlying principles of these
phenomena, as will become clear from this thesis.

The TBI mechanism involves an interaction in which the orbitals of the substituents
interact with each other via their mutual coupling with the o- and o*-orbitals of the
intervening saturated bridge.>'3 Thus, the 6-bonds are essential and participate in this
kind of electronic interaction. They simply cannot be regarded as an inert framework.
TSI between two functional groups is the result of the direct spatial overlap of the
orbitals associated with the two functional groups. It is obvious that the geometry of
the molecule determines directly the extent of TSI. For TSI the o-bonds can be
considered as the "backbone” of the molecule which holds the molecule together and
merely allows the necessary close approach for the functional groups needed for the
interaction.

Based on model calculations Hoffmann ef al.l2 found some general "rules" for the
interaction between two orbitals separated by # o-bonds.

The strength of TSI should be attenuated fairly strongly with the increasing number
of orbital separations n, and is relatively unimportant for direct interorbital distances
greater than 34,414
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The magnitude of TBI decreases with increasing n, but to a much lesser extent than
TSI does. TBI should be significant even for n=8, corresponding to an interorbital
distance of about 10A.815 The extent of TBI depends both on the degree of coupling
(effectiveness of overlap) between the orbitals of each interacting functional group
with those of the adjoining ¢-bonds, and on the strength of the coupling of the c-
bridge orbitals with each other!®!7. So for a given value of n, TBI depends on the
conformation of the o-relay and on the orientation of the interacting orbitals of the
substituents with respect to this o-relay. It should be noted that these factors are fully
analogous to the geometrical requirements that determine the extent of =-
conjugation. However, due to the fundamental differences between the symmetries
of s and p orbitals, visualization of the geometrical factors influencing the
effectiveness of o-conjugation is far less straightforward. Generally, a trans orientation
of these orbitals with the vicinal o-bonds, together with an "all trans" or "W"
arrangement of the o-bonds between the donor- and acceptor group, is optimal for
TBI. For example, the interaction of two lone-pairs over four o-bonds via TBI should
diminish along the series I>II>II1, since II and IIT have one and two cisoid (or gauche)
arrangements of g-bonds, respectively (Figure 1.1). This is generally referred to as the

"trans rule".d

Figure 1.1: I = "all trans" geometry; I = "sickle” geometry; III = "U" geometry.

Even if the direct coupling between the orbitals of the functional groups appears to be
through-space (as in Figure 1, TII), the relative signs of the interacting orbitals may -via
TBI- be critically dependent on the parity (odd or even) of n. TBI and TSI are "in
phase" for an even number of intervening c-bonds (n) and reinforce each other.” For
an odd number of n they are "out of phase” and oppose each other. This through-
bond correlation of the signs of the functional group orbitals is called the "parity
rule"4 In a way this can be compared with the alternating bond effect, which is so
familiar in the organic chemistry of aromatic and olefinic compounds. In g-systems, it
can be shown that the withdrawal of electron density from a certain bond has most of
its mesomeric effect not on the neigboring bond(s) but one bond further on.
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Since 1968 an overwhelming amount of experimentall®-2¢ and theoretical25-29
evidence for the occurrence of TBI and TSI between two functional groups in organic
compounds is produced. Most experimental studies have focussed on the
spectroscopic manifestations of TBI and TSI and are -mostly- in accordance with the
above-mentioned ideas put forward by Hoffmann. The main subject of this chapter
will be the chemical manifestations of TBI and TSI. Special attention will be focussed
on their applicability in organic synthesis.

1.2 Chemical Consequences of Through-Bond Orbital Interactions
12.1 General

Whereas spectroscopic studies directed towards detection of TBI have been highly
successful, there are relatively few examples of the chemical consequences of through-
bond orbital interactions.’ Many multifunctionalized molecules whose spectral
properties are markedly affected by TBI between the substituents, show little or no
effects of these interactions in their chemical behavior. There are several reasons for
this chemical passivity.

(1) In most cases these orbital interactions occur between two filled orbitals. This
means that the total energy does not change very much. Reactions involving closed-
shell molecules are therefore quite insensitive to the presence of orbital interactions
between a donor and an acceptor substituent.

(2) The energy effects accompanying TBI are usually small. Interactions between the
orbitals of functional groups, mediated through the intervening o-bonds, can only
lower or heighten the activation enthalpy of a reaction, although small enthalpy
differences can have profound effects on the rate of reaction.2?

(3) Since most (linear) o-systems are highly flexible with great rotational freedom,
the dihedral angles have to be interpreted in terms of time averages. Only in
compounds possessing a fixed geometry in which the conditions for maximum TBI
("trans rule”) can be maintained throughout the reaction, the chemical consequences
of o-effects can be expected.

These arguments may give rise to the feeling that TBI is of little importance in
everyday organic chemistry. However, neglecting TBI is perhaps permissible for many
intermolecular reactions, for intramolecular reactions this is often not the case. In the
next sections a number of examples of chemical reactions, in which TBI (and TSI) is
believed to play an essential role, will be discussed.

a
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1.22 The Grob Fragmentation

The best-known example of participation of the o-framework in an intramolecular
chemical reaction is the heterolytic Grob fragmentation.3¢.31 This fragmentation
reaction can, in principle, take place in either a concerted manner or viz a two-step
mechanism (Scheme 1.1). In the concerted mechanism both the Co—X and CB‘CY bond
are broken synchronously utilizing the transition state A. Grob concluded that the
concerted process should operate if both the Cg—-X bond and the orbital of the nitrogen
lone-pair are anti and parallel (= antiperiplanar) to the Cpg—Cy bond, and that the lone-
pair of nitrogen accelerates the dissociation of the Co—X bond.

Scheme 1.1

The two-step mechanism begins with a rate-determining loss of the nucleofugal
group X leading to the intermediate B. This carbocationic intermediate may undergo
typical cationic reactions suchs as interception by nucleophiles, B-elimination, and/or
ring closure in addition to, or instead of, fragmentation.

The high stereospecificity of the concerted fragmentation is clearly demonstrated with
the solvolysis of three sterecisomeric N-methyldecahydroquinolin-5-0l tosylate esters
1,2, and 3.32Of these only the isomers 1 and 2 with equatorial tosylate groups exhibit
the necessary antiperiplanarity of the orbitals involved and are found to undergo
exclusive fragmentation to give the iminium ions 4 and 5 (or their hydrolysis
products), respectively (Scheme 1.2). That these processes are concerted is apparent
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from the fact that the reaction rates are much higher for these compounds than for
their homomorphous 1-decalol tosylate esters.

H
TsO tl:H3 Cl:H3
[T —— T
é N
H
1 4
TsO CH,3 HCH3

é!rj —_— HHE?E*

2 5

Scheme 1.2

Isomer 3 with an axial tosylate group, on the other hand, reacts more slowly than its
homomorph. Since only substitution (6) and elimination (7) products are formed, this
reaction must proceed via the two-step mechanism.

The influence of the orientation of the nitrogen lone-pair becomes apparent from
solvolysis experiments with the epimeric N-methyldecahydroquinolin-7-ol tosylate
esters 8 and 9 (Scheme 1.3).32 Neither 8 nor 9 undergoes fragmentation. Both
compounds exhibit only substitution (10) and elimination (11). In these compounds
the nitrogen lone-pair is not oriented antiperiplanarly to the Cg-Cga bond. Thus in §
fragmentation via the concerted mechanism is not possible even though the C7-OTs
and the Cg—Cg, bond are antiperiplanar. The two-step fragmentation of 8 or 9 viz an
intermediate carbocation is also impossible for the same reasons. The non-
participation of the lone-pair of nitrogen also follows from a comparison of the rate
constants with those of the homomorphous 2-decalol losylate esters. As a result of the
inductive withdrawing effect of the nitrogen atom, the reaction rates of 8 and 9 are
reduced appreciably with respect to their homomorphs.
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CH
s
TSO\sm}Lj
7 2a ‘ H

L — DD

CH, H | H |

|
W;Nj J 10 11

TsO 9

Scheme 1.3

Quantum mechanical calculations show that the heterolytic fragmentation corres-
ponds with the concept of through-bond coupling.?? The conformational require-
ments and orbital rules for the concerled fragmentation process are the same for the
two-step fragmentation. When both mechanisms are possibie the concerted reaction
path will be followed and accelerated.

1.2.3 Electrophilic Additions to Double Bonds

As described in section 1.2.2, an incipient carbocation can be stabilized by the lone-pair
of an amino group on the ¥+C. A similar stabilizing effect of a (developing) carbocation
has been found for the carbonyl oxygen (Figure 1.2).3435 This effect is somewhat
surprising since a carbonyl group normally acts as an electron withdrawing
substituent.

Figure 1.2: The stabilizing effect of nitrogen and carbonyl lone-pairs
on an incipient carbocationic center.

Quantum chemical calculations confirm this stabilizing effect of a carbonyl group.36
These calculations show that, for instance, the carbocation 12a is more stable than its
isomer 12b (Scheme 1.4). The relative long Cp-Cybond and the short Co—Cpbond
calculated for 12a are in agreement with a through-bond stabilizing interaction



Chapier 1

between the oxygen lone-pair and the empty p orbital at Cq. This interaction can be
depicted by the mesomeric structures 12a <> 12a".

12a' 12a 12b
Scheme 1.4

Experimental support for this mechanism comes from electrophilic additions to
norbornenone 13 which give exclusively the adducts 14 (Scheme 1.5).34¢ Also the
formation of the carboxylic acid 15 after treatment of 13 with aqueous acid corresponds
with the TBI stabilizing effect of a carbonyl oxygen on carbocations.3”

g+
EY Bt
(®) I o) Q

H
+
13 I

A7
X H,0
E
o
X
14 15

Scheme 1.5
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1.24 Addition Reactions to Trigonal Carbon

Substituents at the 5-position of adamantane derivatives with a trigonal carbon atom
at the 2-position have a profound influence on the stereoselectivity of addition
reactions to the trigonal carbon of these compounds (face selection).3® Because the
basic skeleton of adamantanes is rigid, and the distant substituent in the equatorial 5-
position does not affect the chemistry at the trigonal center C in any steric way, the
stereoselectivity is only directed by the electronic nature of the substituent. Electron
withdrawing substituents X at Cs of adamantan-2-one 16 cause preferentially a syn
approach of the nucleophile, while electron donating substituents favor an anti
attack.3%-41 |

It has been shown that the addition always takes place anti to the more electron-rich
pairs of vicinal C-C bonds (Figure 1.3), and that the substituent X serves to polarize
the flanking B C—C bonds into two electronic distinct pairs (C1—Cg; C3~C4 vs C1-Csg;
C3-C10).4243,4¢ Transition-state hyperconjugationt® (B- or o-participation) is believed
to account for the distinct polarization of the flanking C-C bonds.46

o Nu~

Figure 1.3: An electron donating substituent X on the &-position
causes anti addition of the nucleophile (A), whereas
an electron withdvawing substituent vesults in syn
approach of the nucleophile (B).
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125 Long-Range Electronic Effects of Group IV(14) Elements

The elements silicon (Si), germanium (Ge), tin (Sn), and lead (Pb) have a remarkable
ability to stabilize a positive charge on bordering carbon atoms. The stabilizing effect
increases going from Si to Pb.47 The ability of these metals to stabilize a positive charge
is undoubtedly related to their high polarizability and low electronegativity.
However, as the following examples demonstrate, only a very effective electronic
effect that couples the metal donor atom with the (developing) p orbital through the
intervening o-bonds can explain the strong stabilizing influence of these elements on
a positive charge.

The best-known example is the so-called P-effect,¥ which is almost certainly the result
of orbital interactions through one C-C single bond (Scheme 1.6).

(CH::):;M\/\X — (CHs)aM-’_>/'~.’;\ — (CHgsMX + CH,=CH,

Scheme 1.6

In most studies the positive charge is produced solvolytically. The presence of a -
metal atom accelerates the solvolysis process. For tin this acceleration can amount to a
factor of 1015 compared with hydrogen.*® This B-effect has been discussed in terms of
two possible mechanisms: nonvertical and vertical (hyperconjugative) stabilization
(Figure 1.4).472 Nonvertical stabilization can be regarded as an internal, Sy2-like,
stabilization of the developing carbocation on C¢ (mechanism a). In contrast, vertical
stabilization involves donation of the M-C c-electrons to the empty p orbital on Cy
without significant movement of atomic positions (mechanism b). In addition the
positive charge may be stabilized by simple induction, but its range will not extend
beyond the neighboring bond(s) significantly.

M(CH;);

a AN ————= Products
(CHalM /
B
X (CHalaM
b\ \_g+ — = Products

Figure 1.4: Nonvertical (a) and vertical (b) stabilization.
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Exhaustive studies (theoretical5? as well as chemical48.51) on the B-effect of silicon
have revealed that the majority of the kinetic accelerations observed in solvolysis is
caused by vertical stabilization with little or no movement of the Si-C bond,
corresponding to a transition state resembling the open carbocation in Figure 1.4.
These studies also showed the dependence of the magnitude of the stabilizing effect
on the stereochemical relationship between silicon and the leaving group X. It was
found that an antiperiplanar arrangement of the 5i-C bond and the leaving group
gave maximum orbital overlap in the transition state and hence maximum
stabilization.

The accelerating effect of group TV(14) metals on the departure of nucleofugal groups
at y-carbons is considerably smaller than the B-effect, albeit significantly.52-54 The y-
effect, which takes place through two C-C single bonds, has been studied for the
greater part with silicon as donor atom. For example, the solvolysis of compound 17,
in which the trimethylsilyl and leaving group both have an equatorial orientation,
was accelerated by a factor 452 compared with the solvolysis of a corresponding
compound in which the trimethylsilyl group is replaced by a tert-butyl group.’®On
the other hand, the solvolysis of the trans isomer 18, in which the leaving group is
axially oriented, was only accelerated by a factor of 1.2. Upen reaction of compound 17,
the cyclopropane compound 19 was formed in 16% yield, apart from the expected
substitution and elimination products.

Si{CH,)5 Si(CH,)a
oBs w [ <7
QOBs
17 18 19

It was concluded that two different mechanisms are operative here and that the
mechanisms are determined by the different configurations of 17 and 18. The latter
compound reacts by solvolytic ionization of the sulfonate ester bond followed by
nucleophilic substitution or proton elimination. On the other hand, the solvolysis of
compound 17 is assisted by silicon. This g-assistance of silicon has been attributed to
normal hyperconjugation and/or silicon promoted carbon participation through the
back lobe of the Si-Cq bond to the incipient empty p orbital of the carbocationic center
at Cy(Scheme 1.7).530 This latter effect, referred to as homohyperconjugation, 5455 is
only possible in a “W” (zigzag) arrangement of the intervening o-bonds.

10
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(CH)aM o~ X —w (CHa)sM-Q"/_)}_\,._.—L — (CHa)sMX + A
Scheme 1.7

It should be noted that the cyclopropane product 19 resembles the homohyper-
conjugatively stabilized transition state (or intermediate} in Scheme 1.7. It is also
noteworthy that replacement of silicon by tin in compound 17 led to the selective
formation of 19,56

Little or no accelerating effect was observed during the solvolysis of organosilicon
compounds in which the silicon atom is placed at the &-position of the leaving
group.>” On the other hand, the existence of the 3-effect of tin has been demonstrated
{Scheme 1.8).58

{CH3)3SH\V/\V/\X —_— (CHslaSn-&*-Ty-f;‘ —= (CHg)MX + 2 CH,=CH,
Scheme 1.8

Large &-effects of tin have been found with compounds possessing a rigid adamantyl
framework.%® From solvolysis experiments with the adamantyl compounds 20 and 21,
together with the formation of the fragmentation product 22 (only from 20), it is
concluded that both the donor trimethylstannyl substituent and the sulfonate ester
group must be antiperiplanar to the central C-C bond(s) for a maximum §-effect. A
TBI over three C-C single bonds (double hyperconjugation) can explain these
results.44

BsO. OBs

SN{CHa), SN(CHs)s

20 21 22
Another illustrative example of the -effect of tin is found during the solvolysis of the
cyclohexyl stannyltosylates 23 and 24.56.60 The trans isomer 23 has an anti-gauche-anti

arrangement of the Sn—-C-C-C-C-OTs moiely that permits double hyperconjugation
as shown in Scheme 1.8. This double hyperconjugative interaction finds expression in
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the formation of 1,5-hexadiene (60%) and a fast reaction time (40 times faster than the
solvolysis rate of cyclohexyl tosylate). The cis isomer 24 has an anti-gauche-gauche
arrangement which precludes such an interaction. As a result, 24 reacts only 6 times
faster than cyclohexyl tosylate, and mainly substitution and elimination products are
formed.

OTs

{CHg)38n w OTs (CHg}ySn M
23 24

In an attempt to define the limits of o-delocalization the {-effect (interaction over five
C—C single atoms) was investigated, using tin as the donor atom.®? The solvolysis rate
of the stannyltosylate 25 was compared with its parent compound lacking the tin
substituent. It was found that the presence of the tin substituent in this system does
not enhance the solvolysis rate. However, one can ask if compound 25 has the proper
structure to study long-range TBI effects. It is known that an "all trans" arrangement
of the o-bonds between the donor and the leaving group is required to optimize long-
range orbital interactions. As shown in Figure 1.5, compound 25 does not fulfil this
condition. To investigate the limits of o-delocalization additional research is required.
A more suitable substrate for this purpose might be a compound like 26 which does

possess the optimal "all frans” arrangement of C-C single bonds.
(CHa)asnm OTs

OTs
= deviation from the
(CHy) Snm { all-trans arrangement
3l3
25

OTs
OTs
—— perfect all-trans
{ atrangement
(CHs)aSn

2 6 (CH3)3$!1

n

Figure 1.5: Compound 26 possesses an optimal “all frans" arrangement of the o-relay, but 25 not.
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In summary, the accelerating effects of B-, y-, or 3-group IV(14) elements on the
departure of a leaving group X in solvolysis reactions, with respect to the
corresponding compounds lacking the metal donor, fits very well the concept of
through-bond coupling.4456:61 Furthermore, the products formed in these reactions
are easily explained with through-bond and through-space orbital interactions. The
stabilizing effect decreases with an increasing number of intervening o-bonds and is
optimized for an "all trans" arrangement of the g-relay.

1.2.6 Other Long-Range Electronic Effects

Remarkable long-range substituent effects have been reported in geometrically
constraint systems.52 Under solvolytic conditions the dibromides 27 and 28 react
much slower (625- and 50-fold, respectively} than the corresponding monobromides
29 and 30.

X
Br X
Br
27 : X=DBr 28 . X=Br
29:X=H 30:xX=H

A through-bond inductive effect over three and five o-bonds, respectively, has been
proposed to explain these results. Multiple pathways (thick lines) are thought to be
responsible for these remarkably large effects.

Other striking examples of long-range interactions through o-bonds have been found
during studies on the Birch reduction of various conformationally fixed molecules
containing aromatic and ethylenic functions separated by three, four, five, and six o-

bonds.63
M; i
31 32

13
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Xh

For example, the compounds 31-36 are all reduced considerably faster than
norbornene under Birch conditions. Furthermore, it was found that a "W"
arrangement (31 and 34) of relaying c-bonds optimizes the rate of reduction, as is
predicted by the "trans rule”.

1.2.7 Base-Induced and -Directed Rearrangement and Elimination of Perhydro-
naphthalene-1,4-diol Manosulfonate Esters

From recent work of Jenniskens et al. on the total synthesis of sesquilerpenes,6165 it is
known that cyclie 1,4-diol monosulfonate esters react very smoothly upon treatment
with sodium tert-amylate in refluxing apolar solvents like benzene or toluene to give
rearrangement and/or elimination products. For example, treatment of the tosylate 37
with sodium tert-amylate in refluxing benzene leads to an almost quantitative
formation of the rearrangement product 38 (Scheme 1.9).64 This selective skeletal
rearrangement has been rationalized by assuming that deprotonation of the tertiary
hydroxyl group induces intramolecularly the heterolysis of the tosylate group, just as
in the Wharton reaction (vide infra). The oxygen anion donates electrons to both the
Bp C-C bonds by a through-bond inductive mechanism, thus enlarging the electron
density of these bonds and their ability to participate in the ionization process.6¢ Both
the B bonds are antiperiplanar to the developing carbocationic p orbital, which is
essential for an effective stabilizing effect (Scheme 1.9). The dipolar intermediate A
rapidly rearranges to the thermodynamically more stable intermediate B. In the latter
intermediate the original angular methyl group and the alkoxide function are close
together, which leads to a selective formation of 38.

14
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Na tert-amylate

Scheme 1.9

The elimination of the sulfonate ester group in the mesylates 39 and 40 probably
follows the same reaction principles.85 Both compounds give the olefin 41 as the
main preduct upon treatment with sodium tert-amylate in refluxing toluene
(Scheme 1.10).

OTBDMS N OTBDMS
- OTBDMS
Na tert-amylate W 0
MsO MsO™ (¥
H
C 41
Scheme 1.10

A concerted intramolecular alkoxide-induced anti elimination mechanism might
explain the fast and almost selective formation of 41 from 39.67.68 On the other hand,
the preferential formation of 41 from 40 must proceed via a syn elimination.
Normally, anti elimination is much faster than syn elimination in fixed six-
membered ring systems. The elimination rates of 39 and 40, however, are practically
the same. These observations have led to the conclusion that both the anti and syn
elimination probably proceed wvia an identical mechanism in which the
deprotonation of the hydroxyl group is the crucial factor. Just as proposed for the
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rearrangement reactions, deprotonation of the tertiary hydroxyl group is thought to be
attended with ionization of the sulfonate ester bond. In the resulting dipolar
intermediate C the carbocationic center will facilitate eliminationt? with the
intramolecular process as the most favorable one. Once again, the ionization of the
sulfonate ester bond, induced by deprotonation of the hydroxyl group, can only be
rationalized by assuming a long-range orbital interaction that couples the alkoxide
group and the nucleofugal sulfonate ester group through the intervening C-C single
bonds.

1.2.8 Applications in Organic Synthesis

There are relatively many examples of the chemical manifestations of orbital
interactions over two or three ¢-bonds. On the other hand, reports on the synthetic
utility of reactions in which long-range orbital interactions (over more than three ¢
bonds) play a role are scarce. For example, -functionalized organosilicon compounds
have found general application in the synthesis of alkenes.?0 The y-effect of silicon or
tin is also used in synthesis, although less frequently.”! The high yield conversion
(87%) of the y-silyl nitro compound 42 into the corresponding ketone 43 (Nef reaction)
under mild conditions is a typical example of the y-effect of silicon (Scheme 1.11).72
Without the silyl substituent this reaction proceeds only in poor yield (8%).

NGO, o
i. KF
il. HC1
Si{CHg), Si(CH4)s
42 43
Scheme 1.11

Another synthetic application of the y-effect of group IV(14) elements is found in the
conversion of the epoxy stannane 44 into the cyclopropane adduct 45 (Scheme 1.12).73
This conversion only proceeds if a "W" arrangement is present.

CHAIC,
(CHa)3Sn O — "" |/ OH

44 45
Scheme 1.12
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Next to the group IV(14) elements, the directing effect of a carbonyl group on addition
to double bonds has been used in organic synthesis.”¢ However, the most important
synthetic application of reactions that involve orbital interactions is the heterolytic
(Grob) fragmentation.”> Especially, the base-induced fragmentation of cyclic 1,3-diol
monosulfonate esters, known as the Wharton fragmentation,73p.76 must be
mentioned in this connection. In the Wharton reaction the compounds can undergo
olefin-forming fragmentation with formation of an electrofugal carbonyl fragment. In
this instance the base does not play its usual role in eliminaticn reactions but instead
serves to remove a proton from the hydroxyl group, which enables the sulfonate ester
group to come off more easily since O™ is a powerful electron donor.

Three striking examples of the usefulness of the Wharton reaction in the synthesis of
macrocycles are given in Scheme 1.13.

5 T

caryophyllene
- —
‘,\‘ (11 5
HO
> 0]
47 isocaryophyllene
O
0 0
48 periplanone B

Scheme 1.13
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The magnificent approach to caryophyllene and isocaryophyllene via the (E)- and (Z)-
cyclononenes 46 and 47, respectively, exemplifies the solution to stereoselective access
of macrocyclic alkenes.””

The stereospecific C-C bond scission provides an exceptionally concise route to the
trienone 48,78 a known intermediate for the synthesis of periplanone B which is a sex
attractant of the American cockroach.?%.60

Another way to induce fragmentation in the Wharton reaction is the desilylation of
trimethylsilylethers as is exemplified in the synthesis of the cis-fused
hexahydroazulenone 50 from the silylether 49 (Scheme 1.14). Treatment of the
hydroxyl analogue of 49 with strong base gives, via epimerization, mainly the trans-
fused isomer of 50.81

H - OMs

— KF, 18-crown-6
———————————————

f OTMs

49

Scheme 1.14

One of the very few examples of the synthetic utility of longer-range orbital
interactions {over more than three ¢-bonds) are the base-induced and -directed
rearrangement and elimination reactions of perhydronaphthalene-1,4-diol
monosulfonate esters. The generation of an oxygen anion is thought to be attended
with the ionization of the sulfonate ester group three C—C bonds away. Note the
analogy with the Wharton reaction.

The rearrangement reaction has been successfully applied in the synthesis of the
unnatural sesquiterpene (+)-epi-nardol (52). Treatment of the tosylate 51 with sodium
tert-amylate in refluxing benzene afforded 52 in 90% yield (Scheme 1.15).64

TsO

Na tert-amylate

Scheme 1.15
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In combination with the base-induced and -directed elimination of
perhydronaphthalene-1,4-diol monosulfonate esters (39 and/or 40 — 41) the above-
mentioned rearrangement has been used in the total synthesis of the natural
sesquiterpene (i)-alloaromadendrane-4c,10a-diol (55).65 In this total synthesis the
axial tertiary hydroxyl group plays a central role in the two key steps: (i) the selective
formation of 41 and (ii) the skeletal rearrangement of 53 to 54 (Scheme 1.16).

TBDMSO TBDMSO TsO

Na tert-amylate

OMs

39 and/or 40

Na tert-amylate

Scheme 1.16

1.2.9 Related Reactions

Long-range orbital interactions might also play an important role in reactions of
compounds in which the bridge that connects the two interacting functionalities
contains unsaturated bond(s) and/or hetero atom(s). Many of such reactions have
been reported. However, only a few have been scrutinized in a mechanistic and a
stereochemical context. For a detailed summary of these reactions and their synthetic
applications see reference 82. It should be noted that in this thesis attention will be
focussed on reactions of compounds in which a saturated carbon bridge connects the
electron donor and electron acceptor substituent. However, one example might be
illustrative.

Compound 56 reacts fast upon treatment with excess NaOMe to give almost
exclusively 57 (Scheme 1.17).8% This fragmentation process might involve long-range
interactions over six bonds between the electron donating O™ group and the tosylate
function. In the transition state {a) of this process, in which seven atoms are
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involved, three o-bonds are broken synchronously.82 The oxygen lone-pair as well as
the participating bonds are properly aligned for maximum orbital overlap and fulfil
the sterecelectronic requirements for a concerted fragmentation process.

O NaOMe o
TS0 7 | oo TS
~N 4 TSO\ A OMe 8 -..._N:" ]
56

|
N OMe

H
a
)//VL/rCOOMe
NZ H
57
Scheme 1.17

1.3 Scope of this Thesis

From the section 1.2.8 it is clear that stereochemical and sterecelectronic factors are
important in the Wharton reaction. A fast concerted fragmentation process requires
the antiperiplanarity of the bonds undergoing cleavage. A stepwise pathway
involving an intermediate carbocation may ocecur if a gauche relationship exists
between these bonds.

The observations of Jenniskens et al. raised the question whether the same or
different stereochemical and stereoelectronic principles as found for the Wharton
reaction are applicable to the base-induced reactions of cyclic 1,4-diol monosulfonate
esters. It should be emphasized that in the latter reactions four o-bonds separate the
tertiary hydroxyl group and the mesylate group.

The aim of the present investigation is to explore the mechanistic aspects of the base-
induced reaction of 1,4-diol monosulfonate esters and to define its stereochemical and
stereoelectronic principles.

In chapter 2, the syntheses of the compounds studied in this thesis are described.

In chapter 3, the importance of initial deprotonation of the tertiary hydroxyl group is
discussed. Furthermore, it is described how the orientation of the sulfonate ester
group in combination with the orientation of the deprotonated hydroxyl group
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determines the product outcome of the reaction. The way in which the electron
donating ability of the oxygen anion affects the reaction rate and reaction outcome is
also described in this chapter.

The influence of the geometry of the o-bridge connecting the electron donor
substituent and the electron acceptor substituent on the product outcome and rate of
the reaction will be the main subject of chapter 4.

In order to explore the underlying principle features of the rearrangement- and
homofragmentation reactions, described in chapter 4, a semi-empirical MNDO study
on model compounds was undertaken. In chapter 5, the results will be presented.

The extent of the coupling between the alkoxide and the sulfonate ester is not only
determined by the orientation of these substituents and/or the geometry of the o-relay
but also by the order of substitution of the carbon atom next to the carbon atom to
which the mesylate group is connected. This will be discussed in chapter 6.

Finally in chapter 7, the influence of TBI on the desilylation reaction of the silylated
analogs of 1,4-diol monosulfonate esters will be reported.
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Chapter 2

Synthesis of Monosulfonate Esters of Perhydronaphthalene-1,4-
diols*

2.1 Introduction

Suitably functionalized perhydronaphthalenes are frequently used in the synthesis of
eudesmanel2 and cis-fused guaiane®? sesquiterpenes. Starting from the Wieland-
Miescher ketone or its derivatives, successful methods have been developed for the
synthesis of appropriately functionalized trans-fused perhydronaphthalenes.5.6
Together with the highly developed understanding of the stereochemistry and
conformaticnal analysis, their rigid structure makes these compounds very attractive
to study long-range orbital interactions.

In this chapter the syntheses of mesylates 39, 40, and 58-67 are described. The
numbering systemn of the carbon framework follows the system depicted in Figure 2.1
throughout the text of this chapter.?

109

8

7

s 6

Figure 2.1: Numbering of naphthalene skeleton

The structures of the mesylates studied in this thesis are compiled in Charts 2.1-2.3.
The six-membered rings are all trans-fused. This means that the naphthalene
framework of these compounds possesses a chair-chair conformation with a rigid
trans fusion. Furthermore, in all cases a mesylate leaving group is employed for
reasons of uniformity, and because mesylates are easy to prepare. Finally, all the
sulfonate esters studied in this thesis have a tertiary hydroxyl group, because
secondary alcohols can undergo oxidation under the influence of strong bases.?

The compounds depicted in Chart 2.1 were synthesized in order to investigate how
the orientation of the sulfonate ester group in combination with the orientation of

*  Parts of this chapter have been published: Orrty, R. V. A,; Wijnberg, ]. B. P. A;; Jenniskens, L. H. D_;
de Groot, A. J. Org. Chem. 1993, 58, 1199 and OmrDi, R. V. A.; Wijnberg, J. B. P, A; Bouwman, C. T,; de
Groot, A. J. Org. Chem. 1994, 59, 374.
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Synthesis of Starting Compounds

the tertiary hydroxyl group determines the outcome and rate of their reactions with
sodium fert-amylate (Chapter 3). The mesylates 60-65 (Chart 2.2) were prepared to
determine the influence of the geomelry of the relaying o-bonds on the reactions with
sodium ferf-amylate (Chapter 4). Finally, in order to explore the effects of the order of
substitution (Chapter 6) of the carbon atom that borders the carbon atom to which the
mesylate group is attached, the compounds 40, 66, and 67 (Chart 2.3) were prepared.

OTBDMS OTBDMS

MsO™" MsO

OTBDMS OTBDMS

MsO™"

Chart 2.1
MsQ MsQ MsO
OH
i
62
MsO MsO MsO
'!,,oH a,,','
H
61 63 65
Chart 2.2
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OTBDMS OTBOMS OTBDMS

MsO

40 66 67
Chart 2.3

2.2 Synthesis of the Mesylates 39, 40, 58, and 59

The mesylates 39 and 40 were prepared from the readily available monoacetalized
TBDMS-ether 68 as described.? For the synthesis of the mesylates 58 and 59 compound
68 was converted into 69 via a Wittig condensation with Phy3P=CH, in DMSO
{Scheme 2.1). Epoxidation of 69 with magnesium monoperoxyphthalate (MMPP) in a
mixture of trimethyl orthoformate and MeOH' gave the epoxy acetal 70. After
reduction of 70 with LiAlH, in refluxing THF and subsequent hydrolysis of the
dimethyl acetal function, the ketone 71 was obtained. Reduction of 71 with L-
Selectride in THF at -78 °C?® afforded exclusively the secondary 3a-alcohol 72. For the
preparation of the 3p-alcohol 73, the ketone 71 was reduced selectively with LiAlHy in
THF at room temperature. Treatment of the alcohols 72 and 73 with MsCl in pyridine
provided the mesylates 58 and 59 respectively, in high yield.

OTBDMS OTBDMS
PhP=CH,
68 OTBDMS 69 OTBDMS
i. LiAIH,
i. HO'
70 71
Scheme 2.1
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OTBDMS OTBDMS
L-Selectride MsCl
MsO™"
OTBDMS
72 58
OTBDMS OTBDMS
71
LiAlH, MsCl
MsQO
73 59

Scheme 2.1 continued

2.3 Synthesis of the Mesylates 60-65

The mesylates 60 and 61 were prepared from the known compounds 74° and 71,
respectively, via intermediates 75 and 76, according to standard procedures (Scheme
2.2.

MsO

MsCl

TBDMSO

Scheme 2.2
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The readily available ketone 77° was the starting material for the synthesis of the
mesylates 62 and 63 (Scheme 2.3). Bromination of 77 with dibromobarbituric acid
(DBBA)™ yielded the bromide 78 which upon treatment with Li(t-BuO)3AlH in THF
at ~78 °C afforded exclusively the 7B-alcohol 79. An internal SN2 reaction under the
influence of +-BuOK in ¢t-BuOH (79 — 80) went smoothly. Regioselective opening of
the oxirane ring with LiAlHs in refluxing THF and subsequent oxidation with PDC
converted 80 into the ketone 81. The TBDMS ether bond of 81 was then cleaved with
HF in aqueous acetonitrile, and the resulting hydroxy ketone was treated with an
excess of MeMgl to afford the diol 82. For the preparation of diol 84, the kelone B1 was
subjected to a Wittig reaction with PhyP=CHj in DMSO to yield the olefinic TBDMS-
ether 83. Cleavage of the TBDMS ether bond of 83 followed by epoxidation with in
situ generated dimethyldioxirane!! and reduction with LiAlHy led to the diol 84 as
the sole product. Treatment of the dicls 82 and 84 with MsCl in pyridine provided the
mesylates 62 and 63 in yields of 47% and 39%, respectively, overall from 77.

TBDMSO TBDMSO TBDMSO

oR . ~Br
" Li(e-BuO»AIH " +BuOK

(0]
o OH
H H H
77:R=H 79 80
78:R-Br - DBBA
TBDMSO HO MsO
o OH OH
i. LiIATH, i. HF v, MsCl e,
— TV Y e ———— ‘s
ii. PDC A ii. MeMgl A 2
H A H
PhP=CH, 81 82 62
TBDMSQ HO MsQO
i » HF "'aOH MSC] "'MDH
A ii. oxone A :
i ifi, LiAIH, N a
83 84 63

Scheme 2.3
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For the synthesis of the mesylates 64 and 65 the known Robinson annulation product
852 was converted into its cyclic thioacetal 86 by a known procedure!® (Scheme 2.4).
Upon treatment with sodium metal in liquid NHj at reflux temperature 86 was
desulfurized, and at the same time its carbonyl function was reduced. In this way an
easily separable 1:10 mixture of the alcohols 87a and 87b, respectively, was produced.
Protection of the alcohol group as its TBDMS-ether!? (87b — 88) was successively
followed by oxidative hydroboration (BH3=THF; NaOH, H,0,), oxidation (PDC), and
equilibration (NaOMe, MeOIl) to give the trans-fused ketone 89.

(o) HO
(CHy)(SH), Na/NH;
“"‘t - """f S ',"lr
° J
S
87a:a-OH
85 86 87h:p-CH
TBDMSO TBDMSO
87'] TBDMSCI " i' BI—B; NaOH’ I-‘}_Ol “
ii. PDC
iti. NaOMe
88
TBDMSO
MeMgl MsCl
go MMl ..
i. PhP=CH,
ii. oxone
TBDMSO MsO
Ms(Cl

Scheme 2.4
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This ketone could be used for the synthesis of both the mesylates 64 and 65. Treatment
of 89 with MeMgl in dry ether afforded the monoprotected diol 90. Cleavage of the
TBDMS ether bond (30 — 91) and mesylation produced the mesylate 64 in an overall
yield of 32% from 85. A Wittig condensation of ketone 89 with Phy3P=CH, in DMSO
and subsequent epoxidation of the resulting exocyclic double bond with
dimethyldioxirane afforded exclusively the epoxide 92. Reduction of the oxirane ring
with LiAlHy in refluxing THF, and removal of the TBDMS protecting group with
tetrabutylammonium fluoride (TBAF) afforded the desired diol 93. Finally, treatment
of 93 with MsCl in pyridine provided the mesylate 65 in 44% overall yield from 86.

2.4 Synthesis of the Mesylates 66 and 67

For the synthesis of the mesylates 66 and 67 the readily available enedione acetate 943
was converted into the enedione TBDMS-ether 95 by succesive deacetylation {NaOMe,
MeOH) and protection (TBDMSCI, DMF)(Scheme 2.5). -

For the synthesis of the mesylate 66 the C4—Cs double bond of 95 was reduced with
metallic lithium in a 2:1 mixture of liquid NH3 and THF, respectively, at reflux
temperature. In this way three compounds were obtained: 3p-hydroxy ketone 96 (17%)
and an inseparable 3:5 mixture of two isomeric diketones 97 (69%). Equilibration of
the two isomers 97 with NaOMe in dry MeOH for 48 h, followed by treatment with 2-
butanone dioxolane (MED) gave a 7:2 mixture of the C3 mono-acetalized compounds
98a and 98b, respectively.’>16 No bis-acetals or Cg-acetalized products were formed.®
This mixture could be separated by column chromatography and in this manner pure
98a was obtained.

The stereochemistry and the conformation of the compounds 98a and 98b was
revealed from their NMR spectra. The 13C shielding data for the angular methyl
group of 98a and 98b were 11.29 and 20.98 ppm, respectively. These data imply a trans
ring junction for compound 98a and a cis ring junction for compound $8b.17
Additionally, in the TH-NMR spectrum of 98a a doublet at 2.32 ppm (] = 11.6 Hz) was
observed. From 13C-TH correlated 2D-NMR spectra it was concluded that this doublet
must arise from the proton at Cs. The large coupling constant (J = 11.6 Hz) together
with a fairly large NOE observed for the proton at Cs upon irradiation of the proton at
Cyo confirmed our stereochemical assignments concerning the ring junction and the
orientation of the C4 methyl group.

A Grignard reaction of 98a with MeMgl in dry ether followed by hydrolysis of the
ethylene acetal function gave the 6B-hydroxy ketone 99. For the preparation of the 3p-
alcohol 100, ketone 99 was reduced with LiAlHg in THF at room temperature. It
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