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Abstract

The factors responsible for m-fucial selectivity in the nucleophilic addition to
ketones have been at the focus of attention for the last forty vears. Currently. two main
explanations have been cited. that of Cieplak involving non-classical orbital-orbital
interactions and that of Felkin-Houk involving torsional and electrostatic effects.
However, in contrast to previous studies which have measured r-facial selectivity (i.e.
diastereoselectivity). we have chosen to determine m-facial reactivitv. More specifically,
we have measured the relative rates for addition of lithium aluminum hydride, sodium
borohydride and triethylsilane to the conformationally fixed ketone 44 and its o-methyl. -
methylthio. ~methoxy, -chloro and -fluoro quasi-axial and quasi-equatorial derivatives 45-
53.

On the basis of a molecular mechanics study of the a-chloro derivatives of 44, we
have demonstrated that our bridge biaryl ketone is a suitable model to test the importance
of the antiperiplanar effect as proposed by Cieplak or Anh. In addition to providing
greater inflexibility over the normally employed cyclohexanone model. the calculations
revealed, unlike 2-substituted cyclohexanones, only one energy minimum.

The a-fluoro derivative of our bridge biaryl ketone exhibits an extremely large
preference for the equatorial conformation. However, for the c-methylthio derivative of
44, the axial diastereomer is favoured, even in the highly polar solvent acetonitrile. In
order to aid our understanding of this variability and to clarify the data in the literature, we
conducted a conformational analysis of 2-methoxy- and 2-methylthiocyclohexanone in five
solvents using 500 MHz '"H NMR spectroscopy. Both compounds show a strong solvent
dependence with the o-methylthio group existing mainly in its axial conformer (n, =0.94)
while the o-methoxy group shows only a marginal preference in the same solvent (n, =
0.56). Employing these results and those known for the ct-halo cyclohexanones provides

the following order of increasing axial preference: fluoro<methoxy<chloro



it

<bromo<methyithio. On the basis of molecular mechanics caleulations, it is concluded
that this order may simply reflect the varving strength in the van der Waals interaction
between the carbony! group and the 2-equatorial substituent.

Our competitive reduction rate study has demonstrated with the aid of log
(kg™7ky) and (kg™/ky) versus oy plots that the m-facial reactivity is mainly governed by
sigma-inductive effects and not app orbital-orbital interactions as put forward by Cieplak
or Anh. The resuits indicate an early transition state for reduction by LAH. while
reduction by SBH exhibits a much later transition state. In both instances, the reactivity
increased as the electron withdrawing ability of the o-substituent increased. In the
reduction using triethylsilane. the opposite trend was found. As the electron withdrawing
ability of the o-substituent increased. the reactivity decreased.

Since the nt-facial reactivity for reduction with LAH shows the least influence from
inductive effects, it should be the most likely to reveal an app effect. However. both the
Cieplak and Anh theories do not predict the observed results. In addition, assuming that
the face reactivity for the axial substituents represents a combination of inductive and app
effects (Cieplak or Anh) and for the equatorial substituents represents only inductive
effects, the study indicates, for all three reducing agents, a series of inconsistent results.

The plots of log (kg®/ky) and (kp*/k,) versus ¢, do not exhibit a strong
correlation. For all three reducing agents, the data for the methoxy substituents show the
largest deviation. In addition to steric and torsional strain, we have reasoned this lack of
linearity arises from a variable dipole-dipole interaction. 1t is concluded that this field
effect is responsible for deviation in the methoxy data and the differences in susceptibility

constants for the axial and equatorial substituents.
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Chapter 1 General Introduction

1.1 n- Facial Selectivity in Acyclic Systems

The addition of nucleophiles to a carbonyl group (C=0) possessing two distinet
faces may yield two diastereomeric products in unequal proportions. More precisely, the
addition may occur with some diastereoselectivity. Acyclic ketones or aldehydes
possessing one¢ or more asymmetric carbon atoms meet the above criterion and thus may
provide a valuable method for asymmetric synthesis. McKenzie and other researchers
have recognized this fact and have exploited it with some success since the beginning of
this century.'

In order to provide the maximum influence on the diastercoselectivity for the
addition of nucleophiles to an open chain aldehyde/ketone having one asymmetric carbon
atom, the asymmetric environment of the chiral centre should be adjacent to the carbony!
group. This type of asymmetric synthesis was later termed 1,2-asymmetric induction and
has been employed by a large number of research groups with some representative
examples listed in Table 1.1.°

Several models have been proposed to explain and, it is hoped, predict the
observed stereochemical course of these reactions.” The models have focused primarily
on the nucleophilic addition of organometallic and complex metal hydride reagents to
chiral ketones and aldehydes. Each model makes assumptions about the exact
conformation of the transition state and the relative importance of various factors such as
steric strain, torsional strain, dipolar effects, hyﬁcrconjugative orbital-orbital interactions
and chelation effects. The terms steric and torsional strain warrant further comment at this
point. Torsional strain is defined as the excess strain present in a molecule caused by the
torsional angles deviating from their ideal values (usually 60° in saturated molecules, i.e.

gauche interactions). Steric strain is defined as the nonpolar nonbonded or van der Waals
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mteractions between two atoms.  This interaction s attractive at larger Astances and

repulsive as the interatomic distance decreases,

Table 1.1 Selected examples of 1.2-asymmetric induction for racemic acyclic

ketones/aldehydes.
? Nu OH
R, 1 Nucleophile I \\OH R J \-'.\'\u
R, EA > R, - T R v R
Ry R, D H* R, R, | R R,
la-h 2a-h 3a-h
Compound Nucieophile Stereochemical Ref.
Ratio of Products (2:3)

la R;=Me. R,=CgH, " LiAIH,® 62:38 3a
R3 =H.Ry=Me

b R;=i-Pr,R.=CH,,. LiAIH,® $0:20 3a
R;=H.R;=Me

¢ Ry=Me,R.=Ph, LiAIH,® 74:26 3a
R;=H, R;=Me

d R;=i-Pr.R,=Ph, LiAIH® 83:17 3a
Ry=H, R;=Me

e R,=Ph,R,=Me, . MeLi® 8:92 5
R;=Ph, Ri= OH

f R,=Me, R.=Me, PhLi 10:90 5
R;=Ph,R;=OMe

g R,=H,R.,=H, EtMgBr* 70:30 6
Ri=n-Bu,R;=Cl '

h' R,=n-Bu,R.=H, NaBH,® 80-85:15-20 6
R3=Et, Ry=Cl

® CgHy; represents a cyclohexyl group. ° In Et20 a1 35°C. © In E1,0 at 0°C. ¢ I £1,0 a1 -70°C. ©In
aqueous EtOH atrt. fOpu't:al!y pure ketones were employed.



In 1952, Cram was the first to propose a rule which proved to be very effective for
correlating and predicting the stereochemical direction of approach of nucleophiles in 1.2-
asymmetric induction reactions.® Cram termed his explanation as the "open-chain model".
The model predicts that “in noncatalytic (kinetically controlled) reactions of the type
shown (la-b — 2a-b + 3a-b) that diastereomer will predominate which would be
formed by the approach of the entering group (nucleophile) from the less hindered side of
the double bond when the rotational conformation of the C~C bond is such that the double
bond is flanked by the two least hindered bulky groups (M and S) attached to the
asymmctric centre".® Therefore Cram's model assumes that the reaction occurs via a
reactant-like transition state in which the conformation of the transition state closely
represents the conformation of starting ketone/aldehyde. Cram concluded that based
solely on steric reasons the conformation shown in Figure 1.1(a) is adopted in which the
R, group eclipses L (i.e. the R,-C-C-L dihedral angle 6 ~ 0°) and thus causes the bulky
oxygen to be placed between the two least bulky groups, M and S, on the adjacent
asymmetric carbon atom. Cram offered the explanation that during the course of the
reaction the metal cation of the mucleophile (e.g. Li* of LiAIH, of Mg™ of RMgX)
becomes coordinated to the carbonyl group and thus renders the oxygen as the bulkiest
group. In addition, it is assumed that the nucleophile attacks perpendicular to the carbonyl
plane since this atlows for the maximum 7 orbital overlap.

In a subsequent paper on the same Subject Cram and Kopecky modified their
original conformation to a R,-C-C-L dihedral angle of approximately 30° as shown in
Figure 1.1(b).° In this model no specifics were given about the precise mechanism for
nucleophilic addition.

In systems in which the adjacent asymmetric centre possesses a substituent such as
. OR or NR, capable of complexing to the organometallic reagent (e.g. 1e or 1f in Table
1.1), Cram advanced a third model termed the chelation controlled, cyclic or rigid model

to explain the observed stereochemical result in this rather unique situation.**® In the



cyclic model the carbonyl oxygen atom and the a-heteroatom {R; in Table 1.1) are held in
an approximately coplanar arrangement by chelation to the metal (Z). The nucleophile
then attacks perpendicular to the carbonyl plane from the face “earing the smaller of the
two remaining groups on the o-asymmetric carbon atom. As in the previous model, Cram
provided no specifics regarding the mechanism of the reaction. The open chain model and
the cyclic model predict the same result when the a-heteroatom is the medium group (M),
but the models predict the opposite result when the a-heteroatom is the large (L) or the

small substituent (S) (see Figure 1.1(c)).
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Figure 1.1 Cram’s (2) original, (b) modified and (¢) chelation controlled models for
1,2-asymmetric induction (S = small sized group, M = medium sized
group and L = large sized group).

The open-chain model usually exhibits significantly less stereoselectivity than the
cyclic model. Presumably, the rigid conformation involved in the cyclic model allows for
greater discrimination bctweeh the two faces of the carbonyl group.*

A few years after the appearance of Cram's open-chain and cyclic models,

Cornforth recognized that if one of the substituents on the asymmetric carbon is a highly

® The chelation controlled model has been included for the sake of completeness, but will not be further discussed in
this thesis. All subsequent discussions of Cram's model will refer to Cram's open-chain model.



polar group (e.g. halogen, R, in Table 1.1) neither the cyclic nor the open-chain model no
longer predicts the observed stzreochemical outcome (see 1g and 1h in Table 1.1).°
Cornforth pointed out that the $C=0% and the E"‘C-Rfs‘ bonds are likely to orient
themsslves in an antiperiplanar (app) relationship since this minimizes the electrostatic
repulsive interaction between these two dipoles (see Figure 1.2(a)). In Comforth's model,
the electronegative substituent R, plays the role of the large (L) substituent in Cram's
model, even though it may not be so on purely steric grounds. Therefore dipolar
interactions outweigh the influence of steric factors. Sauleau discussed the Cornforth
model and concluded that it is applicable when R, = C:, but only in some instances when
R,=OH.’

o
<— Nu
Major
Attack
L oo’ s
Ry
(a) (b) ©

Figure 1.2 The (a) Cornforth, (b) Karabatsos and (c) Felkin models for 1,2-
asymmetric induction.

Since being proposed by Cram® in 1952, the open-chain model has failed to
rationalize several experimental results. In addition, spectroscopic studies by Karabatsos
indicated that the preferred conformation of aldehydes and ketones possess a substituent
on the adjacent carbon eclipsed with the C=O group.!® These facts led Karabatsos in 1967
to propose a new model for predicting the stereochemical outcome of 1,2-asymmetric
induction."" In his model, as in the previous models, it is assumed that the nucleophilic

addition to the carbonyl occurs via a reactant-like transition state and thus the eclipsed



ground state conformation of the substrate aldehyde/ketone provides a good
representation of the conformation in the transition state. Karabatsos assumed that the
substrate adopts the conformation with the medium sized group (M) eclipsed with the
carbonyl group: nucleophilic attack then occurs from the less hindered face as shown in
Figure 1.2(b).

In 1968 Felkin noted two serious deficiencies in both the Cram and Karabatsos
models. More specifically, neither the Cram nor the Karabatsos mode! could account for
the effect of varying the size of the carbonyl R, group (se.c Ic-d in Table 1.1) and the
stereoselectivity observed in the reduction of cyclohexanone based systems (see Table 1.2
and Section 1.3.2). These facts led Felkin to put forward a new model (see Figure 1.2(¢))
for 1,2-asymmetric induction which was premised on th§ following assumptions:* (1) the
reaction occurs via a reactant-like transition state; (2) as pointed out by Schleyer'™® for
endo versus exo deprotonation of norbornanone and Garbisch for diimide reduction',
torsional strain involving partially formed bonds in the transition state represents a
significant fraction of the strain present in fully formed bonds, even in the case when the
degree of bonding is quite small; thus, in order to minimize torsional strain, a staggered
conformation is preferred; (3) the dominant steric interaction is between the incoming
nucleophile and the large (L) group and hence nucleophiles approach the substrate
antiperiplanar (app) to L; (4) steric interactions between R and M/S are more important
than those between the carbonyl's oxygen atom and M/S; this assumption represents an
obvious weakness in Felkin's model, especially in the case of aldehydes (R, = H); (5) if one
of the three substituents of the a-asymmetric carbon is a polar group, it takes the role of
the large substituent L; as in the Comforth model, dipolar effects take precedence over
steric effects.

Therefore the degree of diastereoselectivity depends of the relative population of

the major conformer 4 and the minor conformer 5 which, in tum, is dependent on the



difference in the gauche interactions between the R, and S groups and the R, and M

groups (see Figure 1.3).
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Figure 1.3 The Felkin model for 1,2-asymmetric induction.

Anh conducted an ab initio study of 1,2-asymmetric induction (at the STO-3G
level) for the nucleophilic attack of hydride (H) to 2-chloropropanal and 2-
~ methylbutanal.'® In both cases, Anh found that the lowest energy conformation of the
transition states corresponded closely to the conformation predicted by Felkin. For 2-
chioropropanal, the Felkin transition state conformer was 24 kcal/mol more stable than the
conformers predicted by Cram, Comforth or Karabatsos. For the second substrate, 2-
methylbutanal, the Felkin transition state conformer was déterrnined to be at least 2.7
kcal/mol more stable than either the Cram or Karabatsos models. When Anh took into
acrount carbonyl complexation (with Li*) and the Biirgi-Dunitz angle'* for hydride attack,
both of which are now widely accepted, his calculations revealed an even greater
preference for the Felkin transition states.
| In combination with the Biirgi-Dunitz trajectory, thc Felkin model no longer

requires the assumption, for even aldehydes, that the steric interactions between R, and
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M/S are more important than those between O and M/S. Therefore. the nucleophile
attacks preferentially past the least sterically encumbered S substituent in 4.

Biirgt and Dunitz reported on the basis of crystallographic and theoretical evidence
that the optimal angle of attack of hydride to a carbonyl group is 10525°."* Lioua later
proposed a model which qualitatively agrees with the work of Biirgi and Dunitz by
considering the stabilizing interactions of the nucleophile’s HOMO with the 1t molecular

orbital of the carbonyl group (see Figure 1.4).'

@ destabilizing orbital
interaction

Figure 1.4 Liotta's frontier molecular orbital model for the Biirgi-Dunitz angle.

Anh concluded on the basis of frontier molecular orbital arguments that the
substituent on the a—asynimetric carbon atom with the lowest lying ¢* orbital rather than
the sterically bulkiest substituent occupies the app L position in Felkin's model. The app
antibonding G, " orbital can mix with carbonyl's 7, orbital which according to
molecular orbital theory lowers the energy (AE in Figure 1.5) of the n* orbital. This
stabilization of the 7cy" molecular orbital reduces the separation (AE in Figure 1.5)
between the nucleophile’s HOMO and the carbonyl's LUMO and thus facilitates
nucleophilic attack.’® Therefore since polar and large substituents stabilize the 6* orbitat,
these groups take the role of L in the Felkin modei. Anh's calculations on ethanal,
. propanal and chloroethanal indicated the stabilization energies to be 35.5, 37.4 and 59.0



keal/mol, respectively. Anh called this transition state stabilization the antiperiplanar (app)
effect. The combination of these two mutually reinforcing theories has been termed the
Felkin-Anh model.

In contrast to Anh's conclusions, Heathcock reported from a study of the reaction
of a series of acyclic aldehydes with lithiumn enolates that the preference for substituents to
be app to the incoming nucleophile is based not only on o* orbital energies, but also on

steric effects with the order being the following: MeO>r-Bu>Ph>i-ProEt>Mes>H.

. .
. *See favoarable 0
. seeondary ,
— === ocbital .\
o . . interaction
* \_.r.—_ — — — — A—E. L S
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AE = HOMO-LUMO
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| | L
HOMO
Cc=0 C-L Nu

Figure 1.5 The Anh molecular orbital interpretation of Felkin's model.

1.2 Additional Theoretical Support of the Felkin Model

Force field models put forward by Houk'®, Wipke'® and Miiller® support Felkin's
hypothesis that the stereoselectivity for the nucleophilic addition to acyclic
aldehydes/ketones arises from 2 combination of torsional and steric effects. These models
have also been used to support Felkin's model for the nucleophilic addition to
cyclohexanone and other cyclic ketones (see Section 1.3.2).

Houk has shown that for the nucleophilic addition of hydride to propene and the

addition of water to ethanal, the calculated rotational barriers involving torsional
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mnteractions with the partially formed bonds suggest that they are as large (=3 keal/mol) as

fully formed bonds and thus supports Felkin's original assumption,”!

(inside) M O
L (anti)
S
Nu- "~
{outside) S R

Figure 1.6 Definition of inside, outside and anti positions.

Ab initio calculations by Houk'®, Paddon-Row™ and Frenking® on the transition
state for NaH, LiH and CN” addition to propanal indicate that, contrary to Anh's results,
the lowest energy transition state occurs when the methy! group occupies the inside
position rather than the anti position (see Figure 1.6 where R=H,S=H, M=Me and L =
H). However, when the a-carbon is secondary (i.e. asymmetric), the Felkin-Anh
geometry is adopted since an anti H results in unfavourable steric interactions for both the
inside and outside alkyl groups (e.g. Figure 1.6 where R=H,S=H,M=Me and L = -
Bu).

In agreement with Anh's proposal, ab initio calculations by Paddon-Row™* and
Frenking™ on the addition of cyanide (CN") to fluoroethanal, 2-flucropropanal and 2-
chloropropanal places the substituent with the lowest lying &” orbital (ie. F in
fluoroethanal & 2-fluoropropanal and Cl in 2-chloropropanal) anti to the incoming cyanide
ion. In addition, Frenking®® has performed calculations on the addition of LiH to
chloroethanal and 2-chloropropanal. For chloroethanal, Frenking found two favourable



transition sate conformations with the inside chloro conforrner being slightly more stable
than the anti chloro conformer. The result for 2-chloropropanal showed only one stable
conformation with, as predicted by Anh, the chloro substituent occupying the anti position
and the methy! occupying the inside position (ie. R=H,. S=H. M=Meand L=Clin
Figure 1.6).

However, subsequent ab initio studies by Paddon-Row™" at the 6-31G level have
shown that for the attack of LiH to fluoroethanal and 2-fluoropropanal, the fluoro
-substituent preferably occupies the inside position. Paddon-Row concluded that the
relative energies of the transition states is dependent on both Anh electronic effects and
clectrostatic factors. .

In summary, all theoretical studies of 1,2-asymmetric induction support Felkin's

staggered transition state, however by their very nature remain qualitative.

1.3 m-Facial Selectivity in Cyclohexanone Based Substrates

~ The nucleophilic addition of hydride to cyclic ketones such as conformationally
rigid substituted cyclohexanones can yield two diastercomeric alcohol products. The free
energy of activation (AG") for attack at each face will be different and as this difference
increases, the diastereoselectivity will increase.

The stereoselectivity of such substituted cyclohexanone systems has been
extensively investigated and some representative examples are given in Table 1.2.3* The
data in Table 1.2 show that the addition occurs predominantly from the axial face of the
carbonyl group and this preference diminishes as the steric bulk of the reducing agent
increases.

Over the course of the last forty years, numerous models have been proposed to
- explain and predict this diastereoselectivity.”> The impetus for the search into a general
mode] was based on the unexpected high preference for nucleophiles to attack sterically
unhindered cyclohexanones from the apparently more sterically encumbered axial face (see



Table 1.2). These models have subsequently been employed. where applicable. to explain
the diastereoselectivities observed for other acyclic and cyelic ketones, However, only a

few of the models have survived detailed investigation.

Table 1.2 Selected examples of stereoselectivity for the reduction of cyclohexanone
derivatives.

Compound Nucleophile . % Axial Ref.
(experimental conditions)® Attack
axial attack
o a NaBH; (in i-PrOH) 85-87 25,26.27
I-BUM . .
X b LiAlH, (in THF) 88-93 25,27
cquatorial attack. ‘
¢ LiAlH, (in Et.0) 91-93 25,27.28
6a-d
d LiAl(OMe);H (in THF) 61 25
T 0
- ], 2~ a NaBH, (in i-PrOH) 38-43 26,27.29
i, b LiAlH, (in THF) 18-20 27.30
¢ Li in EL,O 42 27
7ad A (in Bu0)
d LiAl{OMe);H (in THF) 2-8 25,31
LiAlH, (in Et,Q)
o
X
Pha X
a X=CH; 96 32
8a-c
bX=0 94 32
cX=8° 15 32

* All reductions were performed at O°C unless otherwise specified. ® At rt,
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1.3.1 Product Development and Steric Approach Control

In 1953, Barton recognized that for cyclohexanone derivatives the "reduction with
sodium borohydride and lithium aluminum hydride in general affords the =quatorial epimer
(¢.g. 9 in Table 1.2) if the ketone group is not hindered, the axial epimer (e.g. 12 in Table
- 1.2) if it is hindered or very hindered" (see Figure 1.7).** This rule of thumb is generally

valid, however it relies on the rather vague and subjective “hindered” and "not hindered"

terms.
o ] OH
[-BuM reducmg \M\ t-Bu\M\ H
agent
6 trans cis
9 10
Me 0 Me H Me OH
S W N S
Me Me Me
7 11 : 12

Figure 1.7 Stereochemistry for the reduction of 4-t-butylcyclohexanone and 3,3,5-
trimethylcyclohexanone,

In order to explain the success of this rule and hence the resuits shown in Table

1.2, Dgubcn et al. introduced in 1956 the concepts of product development and steric

approach control.?® These concepts were subsequently supported by Brown after the

investigation of several cyclic and bicyclic ketones.* Steric approach control is operative

when the reduction of cyclohexanone derivatives occurs with a bulky reducing agent.

Under these circumstances, the product ratio (e.g. 9:10 in Figure 1.7) is determined by the
case of approach of the nucleophile; thus, equatorial attack will predominate to afford -

mainly the axial alcohol (e.g. 10 in Figure 1.7). However, product development control is
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operative for reductions involving simple metal hvdrides. where the predominant product
i1 the more stable equatorial alcohol (e.g. 9 in Figure 1.7).

The concept of steric approach control has never been questioned, however, the
concept of product development control has not survived detailed scrutiny. For example,
lithium aluminum hydride reductions are known to be highly exothermic and therefore
according to the Hammond postulate®” the transition state should be reactant-like for both
hindered and unhindered cyclohexanones. For the reduction of d-r-butylcyclohexanone
(see 6a-c in Table 1.2), 9 is formed in greater proportion (9:10 = 10:1) than is found at
equilibrium in i-PrOH (4:1) and in the more THF/EL,O like solvent DME (2.4:1).* Eliel
initially suggested that the difference in the experimental and thermodynamic ratios might
be due to the fact that the alcohols are formed as lithium or aluminum complexes and not
free alcohols.’ However, Eliel later questioned this explanation since he later found that
the ratio of aluminum alkoxide derivatives of 4-t-butylcyclohexanone in THF was still
significantly less (4.6:1) than the experimental 10:1 selectivity.”®® The equilibrium data are
inconsistent with Dauben's product development control hypothesis since the maximum
ratio predicted should not exceed the thermodynamic ratio.* Lastly, based on competitive
reduction studies of 4-z-butylcyclohexanone (6) and 3,3,5-trimethylcyclohexanone (7) and
equilibrium studies on these ketones and their corresponding reduction products, Eliel
concluded that the relative rate of equatorial attack for 6 versus 7 should be approximately
15-100:1 (i.e. the axial alcohol product 10 is significantly more stable than 12) if product

development control is operative. However, the opposite reactivity was observed with 7

being favoured by 1.1-1.7:1.%

1.3.2 Torsional Strain
In addition to rationalizing the observed stereoselectivitias in acyclic systems (sce
Section 1.1), Felkin employed the same torsional strain model to explain the

stereochemical course for the nucleophilic addition to cyclohexanone based substrates.®



As tn the case of the acyclic model, Felkin noted a serious deficiency in the Dauben model.
Namely, it appeared very unlikely that there should be anv fundamental difference between
the factors which are responsible for the nucleophilic addition to acvelic or cyclic ketones.
This realization led Felkin to propose a model which was based on the same assumptions
as the acyclic system. However, the latter three assumptions are no longer necessary for a
conformationally fixed substrate (e.g. 6).

Unlike open-chain ketones. for nucleophilic attack of cycloliexanone derivatives,
steric and torsional strain cannot be simuitaneously minimized and thus. assuming there

are no overriding dipolar influences, the most energetically favourable balance will be

* axial attack

t-Bu

H H | equatorial attack

Figure 1.8 The Felkin model for 4-t-butylcyclohexanone.

followed. In the case of 4-r-butylcyciohexanone where the steric strain is relatively small
(i.e. with axial protons substitut:d on C3 and C5), axial attack is favoured since it allows
for the more staggered transition state as clearly shown in Figure 1.8. If the Biirgi-Dunitz
trajectory is followed, both the steric strain in axial attack and the torsional strain in
equatorial attack increases. Finally, in combination with Felkin's model and the app effect,
Anh suggested that the more flattened the cyclohexanone ring, the more axial attack will
occur.'™ Since the antiperiplanarity between the incipient bond (C---Nu) and the adjacent
sigma bond (C-H,,) increases as the ring flartens, the greater will be the bias for axial
attack (see Figm—'c 1.9). If the ring puckers, this app stabilization is diminished and thus
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more equatonal attack will occur. Anh assumed that the diminishment in anial attack is a
result of a decrease in axial attack and not a result of an increase I equatorial attack.
More precisely. because of poor orbital overlap the weak app interactions between the

incipient bond. C--Nu. and the C2-C3/C3-C6 ¢~ orbitals in equatorial attack are not

considered.

H H,

ax

Figure 1.9 Anh's flattening rule.

1.3.3 Cieplak's Model

In order to explain the general phenomenon that nucleophiles attack mainly axially
in unhindered cyclohexanone derivatives, Cieplak in 1981, like Anh, employed transition
state hyperconjugation.”® However, in Cieplak's modei he assumes that the transition state
of nucleophilic attack of cyclohexanones is stabilized by electron donation from the two
types of app G orbitals into the 6™, antibonding orbital, a low-lying vacant orbital of
the forming bond. Therefore according to this model, nucleophilic attack should occur
app to the best electron donating ¢ bond and the greater the difference in app electron
donating ability, the greater the stereoselectivity should be. It should be stated, however,
that the Cieplak proposal allows for only a qualitative estimation of the ®t-facial selectivity

and the proposal considers only the two app interactions in axial and equatorial attack, but



ignores the two synclinal (sc) interactions with the C-Hq bonds for axial and equatorial
attack.

Cieplak objected to Anh's premise that the app orbital interaction with the C2-C3
and C5-C6 bonds for equatorial attack can be ignored since they only provide poor
antiperiplanarity. Accordingly, in the transition state for axial addition. there are two app
sigma bonds (C2-R,, and C6-R_,), while in the transition state for equatorial addition there
are two app C-C bonds (i.e. C2-C3 and CS5-C6). Cieplak assumes that the electron
donating ability of some common & bonds is C-S>C-H>C-C>C-N>C-0~C-Cl. Hence, for
4-t-butylcyclohexanone, Cieplak's theory predicts, as experimentally observed, that axial
attack should be predominant since AE for axial attack is less than AE for equatorial attack

(see Figure 1.10). It follows that as the electron donating ability of the C-R, increases or

Oc.c
o
_______ c CNu
N
R,, = dlectron .~
- = =
donating AE=0"cony - Ocrax AE=G7 Ny - Oe.C
'''''' ~ Ry=H
Oc-rax _
Rax = clectron GC-C
withdrawing

Figure 1.10 The Cieplak model for the nucleophilic addition to cyclohexanones.

the electron donating ability of the C2-C3 bond decreases, the prdportion of axial attack
will increase. In addition to the nucleophilic attack of cyclohexanones and other ketones,

the Cieplak proposal has been used to rationalize the w-facial selectivity in many other



reactions including the electrophilic addition to exocyelic alkenes™™™ ', thermo- and
photoaddition reactions™'**, the capture of radical intermediates®™. the nucleophilic
capture of intermediate carbocations™, sulphur oxidation®. olefin-metal complexations*®
and sigmatropic rearrangements® '+, |

Finally. as previously stated. in order for the Cieplak theory to be successful in
rationalizing the unexpected large preference (10:1) for axial approach to unhindered
cylohexanones®, Cieplak assumes that a C-H sigma bond is a much better electron donor
than a C-C sigma bond. However, there has been significant controversy as to the validity

of this assumption with evidence favouring both C-C>C-H*® and C-H>C-C*%,

1.4 Recent Theoretical Calculations

Ab initio calculations by Houk e al. on the reduction of cyclohexanone (13), 1,3-
dithian-5-one (14) and 1,3-dioxan-5-one (15) with LiH indicated that torsional (see
Section 1.3.2) and electrostatic factors (for cyclohexanones bearing polar substituents)
and not orbital hyperconjugative interactions involving the C-C, C-H, C-O or C-S bonds
as proposed by Anh'® or Cieplak®® were chiefly responsible for determining the preferred
stereochemistry of attack.®*® This conclusion was based on the fact that no significant

bond length changes in 13, 14 or 15 were found in the calculated axial and equatorial
transition states. '

13 14 . 15

The calculations on the ground state conformation showed the ring to be flat for
14 and puckered for 15 relative to cyclohexanone. Subsequent transition state

calculations revealed, as predicted by Anh'®, the flatter the ring the greater the proportion
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of axial attack occurred since it allowed for both the minimization of torsional and ring
strain. For 15, axial attack introduces severe ring strain and thus, again as predicted by
Anh'®, equatorial attack is dominant. For the cyclohexanone and LiH reaction, the
calculations gave a near perfect staggered transition state for axial attack. However under
equatorial attack, the transition state contains partial eclipsing between the nucleophile and
the axial bond at C2, while simultaneously introducing some ring strain. Houk and
coworkers concluded that‘ if equatorial attack were to occur with an ideal staggered
transition state, too much ring strain would be introduced and thus an energetic balance
between these two types of strain is followed. Ab initio calculations by Coxon on the
reduction of cyclohexanone with AIH, yielded similar results.”!

In 1993, Boyd performed ab initio calculations on the transition state for the LiH
reduction of cyclohexanone, 4-fluorocyclohexanone and 4-chlorocyclohexanone.* The
results showed that the Cieplak theory failed on two fronts. Firstly, the electron density of
the C2-H_, bond in the 4-substituted compounds is grcateét when the 4-substituent is
axially oriented. Therefore the observed increase in axial attack for 4-axial substituents
- (see Section 1.5.7) should be a result of a stabilization of the axial transition state, but the
| calculations show the increase to be a result of an increase in the barrier for equatorial
attack. Secondly, the electron density of the C2-C3 bonds in both 4-axial and 4-equatorial
substituted cylohexanones are very similar and thus the barrier for equatorial attack should

be similar; however, the calculations reveal a substantial difference.

1.5 Recent Experimental Investigations

In contrast to acyclic ketones, the conformation in the transition state can be
relatively fixed in cyclic ketones, except perhaps for simple rings, and thus these substrates
provide useful models for investigating the validity of the various aforementioned theories
(see Section 1.3).3* The vast majority of investigations have thus far been carried out by

studying the m-facial selectivity of cyclic ketones bearing a range of substituents from



strongly electron donating to strongly electron withdrawing.  As a result of the
experimental results. a number of conclusions were drawn with some supporting the
Cieplak explanation while others supported the torsional strain proposal of Felkin, dipolar

effects or a balance thereof.

1.5.1 n-Facial Selectivity Study of le Noble

In 1986, Ie Noble first recognized that if one assumed that 5,7-disubstituted 2-
adamantanones® 16a-m are symmetric*, a model ketone will be availzble to probe the
factors responsible for n-facial selectivity.™® Under this symmetric assumption, steric
effects can be omitted from the list of possible factors and thus an assessment of the
remaining proposed factors (i.e. Cieplak, Anh or dipolar effects) by varying the electron
donating and withdrawing ability of the four adjacent C-C bonds (i.e. CI-CS, C1-C9, C3-
C4 and C3-C10) is possible.

In addition to the study on the NaBH, reduction of 16a-m, le Noble investigated
the w-facial selectivity of 5-azaadamantan-2-one-N-oxide (17a), 5,7-diazaadamantan-2-
one-N-oxide (17b) and the perfluorinated derivatives 18a-b (see Table 1.3). Again,
compounds 17a-b and 18a-b were assumed to be free from distortion.’* An additional
advantage of these adamantanone derivatives is that they avoid the controversial problem
of comparing C-H versus C-C sigma bond donating ability present in cyclohexanone based
substrates.

le Noble interpreted the results for ketones 16 and 17 in terms of Cieplak's theory,
which was later supported by a semiquantitative model by Mehta®, since the attack of the

complex metal hydride occurs preferentially syn to the C5 substituent in 16 and NS in 17

§ le Noble employed the adamantane skeleton for numbering atoms rather than using the system
recommended by IUPAC.

* Obviously, this assumption is not necessary for the symmetric 2-adamantanone 16g.



Table 1.3 Attack ratios of syn:anti approach for the reduction of 16-18 by NaBH,.

0 o]
mm‘> < svn mm‘> < svn
XN
0 X
17 18
Compound MeOH, 0°C i-PrOH, 0°C PrOH. nt ref.
16a X=CF;, Y=H 59 nymdl anni 43
b X=CO:Me,Y=H 61 syn:39 anii 55a
cX=FY=H 59-62:38-41 58:42 62syn:38ani  ddc, 55b
d X=Cl,Y=H 62-67:33-38 5743 59:41 4c, 55b
e X=Br,Y=H 59:41 e
fX=OH.Y=H 57:43 a4c
g X=HY=H 50:50 44c
h X=:Bu, Y=H 50:50° 44c
i X=SiMe;, Y=H 49:51 45:55 55bc
j X=SnMe;, Y=H 47:53 43.5:56.5 55b.c
k X =p-CgH;NOs, Y = CgHs 57:43 44a
1 X = p- CgHyNHa, Y = CgHs A 44:56 44a
m X = p-CeHyNOa, Y = p-CHsNH; 62:38 44a
17a X=CH 96:4° 55d
bX=N 88:12° 55¢
18a X=H 58:42° 55¢
bX=0Cl 55:45° | 55¢

® LiAlHy, rt. ® Temperature not specified.  In D20 at pH 13, . 9LiBH, in EO, 0°C.



with the greatest selectivity occurring for the strongest electron withdrawing N-oxide
substituent in 17a. In other words. as stated in Cieplak's model, the nucleophile attacks
preferentially from the face app to the more electron rich C-C bond since this allows for
the greater transition state stabilization (i.e. 0. electron donation into 6™ c.nu) L& Noble
rationalized the decrease in selectivity in 17b as a result of partial transfer of the positive
charge on the quaternary N5 to the neutral N7. Thus the difference in donating ability of
the two pairs of carbon-carbon bonds is diminished which, in turn, reduces the
stereoselectivity. For ketones 18a and 18b, the results in Table 1.3 reveal that, unlike 16
and 17, the reduction with sodium borohydride exhibits a marginal selectivity with attack
occurring app to the more electron deficient C-C sigma bond as predicted by Anh's
transition state stabilization model. ie Noble made the rather contradictory conclusion

"that, under these unusual circumstances, the electron demand by the vicinal bonds is

greater than that of the incipient and that Anh hyperconjugation accordingly becomes

dominant" 5%

Ab initio methods (3-21G" level) have provided evidence that the reduction of 16g
and 17a with alane (AlH;) show bond length changes in a four-centre transition state
which are consistent with Anh's hyperconjugative stabilization.” However, these
conclusions are based on <2% differences in bond lengths. Gung and Wolf have also
performed ab initio calculations (6-31G” level) on 16g and 17a and showed that these
ketones have distorted structures and thus refutes le Nobie's symmetric claim.>® However,
again, the conclusions were based on <3.4° deviations in the torsional angles from that of

adamantanone.

1.5.2 Cieplak and Johnson's Investigation of n-Facial Selectivity
Several years afier the appearance of his initial model, Cieplak et al. in 1989
investigated the nucleophilic attack of 3-substituted cyclohexanones.*® Cieplak and

Johnson assumed that under the conditions in which the experiments were performed (i.e.
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at ~78°C), the addition occurs through only the equatorial conformer. The goal of this
study was to test and to determine the generality of the initial concepts developed in
Cieplak's original paper. The results of their study are given in Table 1.4.

Cieplak and Johnson concluded that the data shown in Table 1.4 are consistent
with the Cieplak hyperconjugative effect. More specifically, as the electron withdrawing
ability of R increases, the electron donating ability of the C2-C3 bond decreases which
enhances the difference between O¢ ¢ and 6™y, and thus increases the activation energy

for equatorial attack. The net result is an increase in axial attack.

Table 1.4 Percent axial (syn) attack in the nucleophilic addition to 3-substituted

cyclohexanones.
Nu, CH;LVELO Li»(CHj3);CwELO CH;LV/THF
a0 .
I

R=TMS 15 2 22
R=t-Bu 19 3 27
R=H 21 6

R = p-OMeC H, 24 8 30
R=p-MeCeH, 23 8 30
R =CgH; 25 7 30
R = p-CF;CsH, 28 10 36
R =C¢H;s 34 21 50

R=CF, 50 42 58




1.5.3 Halterman's Examination of r-Facial Selectivity
In order to elucidate the factor or factors responsible for m-facial selectivity,
Halterman and McEvoy in 1990 chose to study the sodium borohydride reduction of the

2.2-diphenylcyclopentanones 19a-e (se¢ Table 1.5).% The assumption. again, was made

Table 1.5 Diastereoselectivity for the reduction of cyclopentanones 19a-f.

X
o] OH
\ NaBH, _
@ MeOH. 0 C
19 20 (sym attack) 21 (anti attack)
a X=NO, 21 79
b X=Ci 37 63
¢ X=Br 37 63
d X=0CH; 57 43
e X=0H 70 30
f X=NH, 64 36

that the reduction occurs with a negligible amount of steric bias since the phenyl groups
are approximately isosteric. In addition, Haiterman thought it advantageous that the
electronically tunable phenyl groups, which avoid the C-H versus C-C question, were
located directly adjacent to the carbony! group rather than several bonds removed.

The resuits in Table 1.5 prompted Halterman to infer that under his system the
nucleophilic addition is governed by the Cieplak effect with attack occurring



predominantly app to the more electron rich p-XC,H,-C2 bond. The reductions were also
carried out with LiBH, in THF and the same ratios of 20:21, within 3%. were obtained.
Although not explicitly stated in Halterman's paper, the lack of a solvent effect is
presumably inconsistent with electrostatic control since reaction in the less polar THF

solvent might enhance any dipolar effects.

| o
HO H H OH
' reducing
—_— +
agent
R. R,
& i,

22a R,=R,=CO,CH, 23a-¢ 24a-e
2b R, =R,=CH,OCH, (syn attack) (anti attack)
22¢ R;=R, =vinyl

22d R, =vinyl, R, =ethyl

22¢ R, =R, =cthyl

Table 1.6 Experimental attack ratios for the nucleophilic addition to 7-

norbormanones 22a-e.*
Compound syn:anti (at ~0-10°C)
NaBH.® LIAIHS LiAl(O-r-Bu)H®

22a 84:16 87:13 77:23
22b 40:60
2 36:64 35:65 34:66
22d 25:75
2e 20:80 21:79 29:71

3 Reference 59a. ° InMcOH. © In Et;0.



1.5.4 n-Facial Selectivity Study of Mehta

[n Mehta's study into the origin of m-facial selectivity in the nucleophilic addition to
the carbonyl group. he employed the bicyclic ketones 7-norbornanone (22) and 7-
norbornenone (25).°° As in the work of le Noble™**® and Halterman®™, Mehta assumed
that his model ketones were sterically unbiased and thus the reduction of 22 and 25 should
be controlled by electronic effects. The results for the 7-norbornanone system are givenin
Table 1.6,

Initally the results for 22 were explained using Cieplak's model in which the
nucleophile is biased towards attack app to the most electron donating C-C bond.
However, subsequent calculations by Mehta®® and Houk®! revealed that the electrostatic

effect is dominant (see Section 1.5.7).

Table 1.7 Eﬁcperimentnl attack ratios (syn:anti, 27:28) for the reduction of ketones

263'f.
0
I
X
rcducmg
Y agent0 C
X Y
26a-f 27a-f (syn attack) 28a-f (anti attack)
LiAlH, inTHF LiAlH;inEt;0 NaBH, in EtOH
262 X=Y=F 100:0 100:0 100:0
b X=Y=C] 92:8 95:5 95.5
¢ X=Y=H 62:38 81:19 81:19
d X=0Me, Y=H 45:55 79:21 79:21
e X=H, Y=0Me 51:49 64:36 81:19
f X=0OMe, Y=0Me 59:41 - 78:22 89:11




1.5.5 Okada's Examination of n-Facial Selectivity

The stereochemistry in the metal hydride reduction of a number of substituted
1,2,3 4-tetrahydro- | ,4-methanonaphthalen-9-ones (9-benzonorbornenones) was studied by
Okada and coworkers.®* The results of his investigation are shown in Table 1.7. Okada
concluded that the data were in agreement with the Cieplak transition state stabilization
model. This conclusion was later supported by Mehta's semiquantitative model®® and
based on the assumption that the observed changes in diastercoselectivity cauld not be a

result of steric bias.

1.5.6 Wipf's Study of n-Facial Selectivity

During the course of their research on the total synthesis of the antitumor
antibiotic aranorosin®, Wipf and Kim observed an unexpectedly large diastereoselectivity
in the 1,2-addition of the organometallic nucleophile BnOCH,Li to the 4,4-disubstituted
dienone 31. This observation prompted Wipf and Kim to conduct a thorough
investigation of such a system with the hope of providing definitive experimental evidence
as to factors responsible for the selectivity.¥* The results of Wipf's study are summarized
in Table 1.8.

The data given in Table 1.8 show a large range in selectivity, despite seemingly
modest structural changes, with the percentage of syn attack ranging from 3 to 50. In
every case, except dienone 37, the nucleophile attﬁcked anti to the OR group
preferentially. Wipf concluded that the results were in agreement with both Cieplak's and
Anh's models since, in the case of Anh's model, the selectivity showed a general increase
as the electron withdrawing ability increased (i.é. from 4-alkoxy to 4—acyloxy); In the case
of Cieplak's model, Wipf considered as an alternative a "vinylogous Cieplak effect” in
which "the stabilization of the transition state (occurs) by hyperconjugation of the newly
formed 6" bond by the G-orbital of the 4-alkyl substituent via a 6-n"-6" interaction"®* (see



Figure 1.11). However, the Anh and Cieplak theories do not readily explain the large

range in selectivity observed for, again. what appears to be subtle structural moditications.

NICha), NiBuch, Me
anti attack
29 30 3 2
0Bz 0us® OH
X ==, ==,
% % “
Me Me
33 34 35
OTMS OMe
. “ ”
Me CF:CFJ
36 37

c-

Figure 1.11 Representation of Wipf's proposed "vinylogous Cieplak effect".

These facts prompted Wipf and Kim to postulate that this dienone system is under
electrostatic control since the calculated dipole moments showed a direct correlation with
In anti/syn. As a test of this theory, Wipf synthesized dienone 37 and reacted it with
methyllithium. As predicted by the dipolar model and contrary to the Anh or Cieplak

model, 2 5:1 preference for syn attack was obtained.



Table 1.8 Summary of Wipf's results on the nucleophilic addition to dienones 29-37.

Compound Nucleophile Selectivity
{(exptl. conditions) svn:anti
attack
29 BrOCH-Li (THF. -100°C) 17:83
30 MeMgBr (THF, -78°C) 14:86
31 " MeMgBr (THF, -78°C) 17:83
3 NaBH, (MeOH. -35°C) 50:50
31 - LiAIH, (E,0, -78°C) ©50:50
31 HC=CMgBr (THF, 0°C) 50:50
31 HyC,C=CLi (THF, 0°C) 48:52
31 PhMgBr (THF, -78°C) 22:78
31 MeLi (THF, -78°C) 32:68
31 MeLi (E,0, -78°C) 23:77
31 BnOCH,Li (THF, -78°C) 25.75
32 MeMgBr (THF, -78°C) 10:90
33 MeMgBr (THF, -78°C) 9:91
3 MeMgBr (THF, -78°C) 3:97
35 MeMgBr (THF, -78°C) 11:89
36 MeMgBr (THF, -78°C) 5:95
37 MeLi (THEF, -78°C) 83:17

1.5.7 Houk's Study of n-Facial Selectivity
In order to allow for a critical assessment of the various theoretical explanations
‘put forward to account for the bias towards axial attack in unhindered cyclohexanones,

Houk conducted a study on the sodium borohydride .reduction of a series of 4-substituted
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trans-decalones.™  The resultant selectivities (see Table 1.9) were opposite to that
predicted by Cieplak since if one assumes that electronegative equatorial substituents on
C4 interact more strongly with the C2-C3 and C9-Cl0 bonds than do the axial
substituents, then the electron donating ability of the C2-C3/C9-C10 bonds will be
reduced. This decrease will, it turn. reduce the amount of equatorial attack. In other
words, according to Cieplak and not supported by the data in Table 1.9, clectron
withdrawing equatorial substituents at C4 should increase the amount of axial attack and
axial substituents should have a marginal influence on diastereoselectivity relative to the
parent trans-decalone 38a.

Houk reasoned that, in addition to torsional and steric effects. dipolar effects were

deemed to play a criticai role on the stereoselectivity. Therefore, as observed. electron

Table 1.9 Diastereoselectivities for the reduction of trans-decalones 46a-i.

OH
o H
Ny NaBH,
~ —_— OH + H
3~ McOH, 25°C
x 2

X X
axial addition equatorial addition

38a X=H 60 40

b X =0H(eq) 61 39

¢ X =0Ac(eq) 71 _ 29

d X =Br(eq) 66 34

e X=Cl(eq 71 29

f X =OH(ax) | 85 15

g X=0Ac(ax) 83 17

h X=Clax) 88 12

-te

X = F(ax) 87 13
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withdrawing equatorial substituents should have a small influence on the
diastercoselectivity, whereas axial substituents should have a significant influence. For 4-
axial electron withdrawing substituents, equatorial attack is destabilized by an electrostatic
repulsive interaction (39) whereas axial attack is favoured by the stabilizing antiparallel
orientation of dipoles depicted in 40. Ab initio methods in the same paper and a
subsequent charge deﬁsity study by Boyd>* further supported the importance of the dipolar
effect in the 4-substituted cyclohexanone system. Houk alsb used the dipolar model to

provide an alternative rationalization for the results cbtained by Cieplak™®, Halterman®®,

5‘ -
57° 3
N‘ . 8=0
SX4——»5H vw
destabilizing
&X
39 40

Mehta® and Okada®. For example, in Mehta's study of 2,3-endo,endo-disubstituted 7-

norbornanones, it was found that as the electron withdrawing ability of the substituents in

0
I
U stabilizing

&t COMe
COMe
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22 increased, the proportion of nucleophiles that attacked syn to these substituents to
afford the 23 alcohols increased. The electron withdrawing substituents induces a partial

positive chargé at Cl and C2, which as shown in 41 stabilizes nucleophilic addition syn to



these substituents. Although not stated in Houk's paper. this model can also be used to
explain the results of le Noble's adamantanone study. Indeed. in 1994 Adcock et al.
conducted a “C NMR study of various 5-substituted zdamantanones and showsd the
substituent chemical shifts to be proportional to substituent field effects. As a result.
Adcock and coworkers concluded that the nucleophilic addition to this system is governed
mainly by electrostatic effects.®®

In addition to the research of Houk™ and Wipf®, carlier studies supported the
importance of clectrostatic effects. More specifically, Kwart found in 1962 that the ratios
of reduction for various 4-substituted cyclohexanones with NaBH, ir i-PrOH at O°C
obeyed a linear free energy relationship (i.e. log k vs. &) and thus indicated that the rates
of reduction are governed by dipolar effects.® The fact that the amount of cis product
produced increased as the electron withdrawing ability of the 4-substituent increased
signified that this effect is predominantly occurring through the solvent medium (i.¢. a field
effect). In other words, although the number and type of bonds between the substituent X
and the reaction centres are identical for the two transition states leading to the cis and
trans alcohol products, the diastereoselectivity exhibits a stereochemical dependence and
thus the dipolar effect is primarily 2 field effect as compared to a throﬁgh bond effect. In
Kwart's explanation he assumed that the reaction is occurring via a late transition state

resembling the product. Under these circumstances, the transition state 42 leading to the

i-PrOH

stabilizing , § . ° HBH,
85"’"/? i &

& . WATA.

X HBH, '
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cis alcohol experiences an electrostatic stabilizing interaction whereas no such interaction
exisls in transition state 43. Interestingly, these results are the opposite obtaingd by Houk
and coworkers® for their sodium borohydride reduction of the rrans-decalones 38a-e.
Perhaps, the reduction in Kwart's mobile system is occurring through a twist boat

conformation.
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Chapter 2 Syntheses of 5,7-dihydro-1,1 1-dimethyl-6H-
dibenzo[a,c]cyclohepten-6-one and its o-methyl,
-methylthio, -methoxy, -chloro and -flucro
Derivatives

2.1 Introduction

The bridged biaryl ketone 5,7-dihydro-1,1 1-dimethyl-6H-dibenzofa.clcyclohepten-
6-one, 44, was originally synthesized by Mislow and coworkers in 19625 Kctone 44 R
= H) is a chiral derivative of biphenyl which Mislow concluded on the basis of molecular
modeis to possess a single “rigid” conformation with the two aromatic rings being
approximately 60° to one :inothcr." Mislow's observations were later supported by 'H
NMR which revealed two pairs of nonequivalent (i.c. diastereotopic) & protons. Further
support of the resistance of the bridged biaryl ketone 44 to undergo conformational
change was obtained in 1963 by Mislow who reported a 36 kecalimol barrier to
racemization (i.e. AG").*® The origin of this high energy barrier to inversion is mainly a
result of the steric strain between the two ortho methyl groups at C7 and C10 present in
the planar transition state. In the absence of these two ortho methyl groups (i.e. ketone
54), the barrier to racemization decreases dramatically to approximately 14 keal/mol.%

As a resuit of the C, axis which bisects the central seven-membered ring along the
carbonyl double bond, two equivalent methylene groups exist & to the carbonyl group in
44. Each hydrogen in the methylene group adopts two possible orientations which, due to
the similarity to the o positions in cyclohexanone, are termed quasi-axial and quasi-

equatorial (see Figure 2.1).”

* The conformational properties and the degree of rigidity present in ketone 44 and its q-subsituted
dcnvauvs will be the focus of discussion in Chapter 3 of this thesis.

* In order 10 avoid using subscripts in numbering the carbon atoms in compounds 44-53, the IUPAC
system has been altered to that shown on the left in Figure 2.1,
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Rd\
o~ “ R
— H—C e
'— H
44 R =R, = 49 R,=H,R =CH,
45 R,=CH,.Rg,=H 50 R,=H R,=SCH,
46 R,=SCH.R,=H 51 R,=H R =OCH,
47 R=K=0CH3,RN=H 32 Rn=H,Rq=CI
48 R, =ClLR =H 53 R,=HR,=F

Cyclohexanone exhibits only a 4.040.1 kcal/mol free energy of activation (AG®)
barrier to chair inversion (see equation [1], R = H).”® Thus, in order to achieve a

homogeneous conformational model, a 4-r-butyl substituent was | normally employed,
. o H
H\N = R’% (1]
55 56

whose energetic preference (i.e. A value) for the equatorial conformer 56 (R = r-butyl) is

4.9 keal/mol.”" However the conformational rigidity of the 4-r-butylcyclohexanone model



LPY]
[#,]

is suspect.  The twist boat, C, and C, boat conformations (see Figure 2.2) are only

according to Allinger's MM3 calculations 3.09, 3.52 and .11 keal/mol. respectively, less

0 0
LS = OC=o
0
Chair C, Boat C, Boat Twist Boat

Figure 2.2 Structural representation of the chair, C, boat, C, boat and twist boat
conformers of cyclohexanone.

stable than the chair conformation.” Therefore, the possibility exists that these less stable
conformations may play a role in any stereochemical study employing cyclohexanones as
model substrates.

The bridged biaryl ketones 44 and several of its a-substituted derivatives have
been utlized in two stereochemical studies since it alleviated many of the above noted
concerns present in the text-book model cyclohexanone. Firstly, ketone 44 has been used
in a base catalyzed hydrogen-deuterium exchange reaction of the o quasi-axial and quasi-
equatorial protons.” Fraser and Champagne reported an axial:equatorial rate ratio of
73:1. In contrast, 4-t-butylcyclohexanone showed a much lower 5:1 stercoselectivity’®
and thus reinforces Mislow's original conclusion. The preference for axial abstraction is
thought to be a result of a stereoelectronic effect. That is, the C-H,, sigma bond is better
aligned with the carbonyl's n-system.” Overall, it would appear that our bridged biaryl
ketone provides a model with both significantly greater inflexibility and no intermediate
possible twist boat or boat conformations as present in cyclohexanone systems.

Secondly, Fraser measured the relative rates of acid catalyzed addition of H,'*O to
the ct-methyl, -methoxy and -chloro derivatives of 44 to investigate the app effect.”® The

study revealed a large raie retardation for antiperiplanar (app) attack to the axial methyl (A
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AG™ = 2.3 kcal/mol) in ketone 45 and the axial chloro (AAG” = 2.8 kcal/mol) in ketone 48
relative to the unsubstituted ketone 43. However, a negligibly small rate retardation was
observed for attack app to an axial methoxy group (AAG™ = 0.2 keal/mol). Interestingly,
the diaxial dimethyl derivative of 44 increased the change in the free energy of activation
by only 0:4 keal/mol (i.e. AAG™ = 2.7 kcal/mol). If the assumption was made that steric
effects were dominant, the data indicated that the value for the app effect (i.e. the Cieplak
hyperconjugative effect) was only 0.4 and 0.7 kcal/mol for the a;dal methyl and chloro
substituents, respectively, and a maximum of 0.2 kcal/mol for the axial methoxy
substituent. Because of the assumptions associated with this conclusion and the viability
of our bridged biaryl ketone as a stereochemical model. we were prompted to further
probe both the mechanistic properties of reduction and the validity of the various
proposed theoretical explanations (see Sections 1.1 and 1.3) that have gained widespread
acceptance for predicting the preferred face of addition of nucleophiles to a carbonyl
group. However, as in the '*0 isotopic exchange study and in contrast to most previous
studies which have thus far investigated n-facial selectivity (see Section 1.5), we have
chosen to measure the m-facial reactivity for the addition of lithium aluminum hydride,
sodium borohydride and triethylsilane to our conformationally fixed model ketone 44 and
its a-methyl, -methylthio, -methoxy, -chloro and -fluore quasi-axial and quasi-equatorial
derivatives 45-53. Hydride was chosen as the nucleophile, since most, if not all, theories
were based on the diastereoselectivity observed for this nucleophile. More specifically, we
have chosen to measure the rate of addition of hydride to the two faces of the carbonyl
group for our model ketone and its axial and equatorial ¢-substituted derivatives. The
determination of m-facial reactivity provides a more definitive test of the aforementioned
models than a study of n-facial selectivity, which only represents a ratio of the two
diastereomeric ﬁroducts. since the reactivity is the actual cause of the observed
diastereoselectivity.  These substituents possess a wide range in induction and

polarizability and hence would maximize the likelihood of observing either the Cieplak or
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Anh effect. Finally, an additional advantage of our bridged biaryt ketone model is that
there will be a minimal amount of direct steric interaction between the incoming hydride
when approaching antiperiplanar (app) or anticlinal (ac) to the axial or equatorial o
substituents, respectively. and thus it is assumed that steric effects will not contribute to

this n-facial reactivity.

2.2 Syntheses of the o-methyl, -methoxy and -chloro derivatives of 5.7-
dihydro-1,11-dimethyl-6H-dibenzo[a,c]cyclohepten-6-one

The syntheses of ketones 45, 47-49 and 51-52 (i.e. the axial and equatorial o-

methyl, -methoxy and -chloro derivatives) were reported by Fraser and coworkers and

were carried out accordingly.’®

2.3 Syntheses of the o-methylthio derivatives of 5,7-dihydro-1,11-
dimethyl-6H-dibenzo[a,c]cyclohepten-6-one

The axial compound 46 was prepared via reaction of the corresponding lithium
enolate of 44 (generated with LHMDS) with the electrophile  methyl
methanethiolsulphonate (CH,SSO,CH,)” to afford a 1.8:1 mixture of the axial:equatorial
(i.e. 46:50) ketones, unreacted starting ketone 44 and <10% of disubstituted SCH,
products (see equation 2). Column chromatography afforded a mixture of the axial and
the equatorial ketones which was induced to crystallize to yield pure 46 in 43% yield.

Repeated attempts to isolate pure equatorial SCH, were unsuccessful; however, column

0
. " (i) LHMDS, THF
QD s
(i) CHsSSOzCHg
CH, CH,

4 _ 46 + 50 (1.8:1)
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chromatography yielded enriched fractions that were subsequently used for our m-facial
reactivity study (see Chapter 4). The purified equatorial SCH, samples were prepared by
onc of two methods. The first method involved the epimerization of 46 with sodium
methoxide in acetonitrile to give a 2.4:1 (46:50) mixture. The second procedure involved
collecting the mother liquof from the crystallization of 46 and subjecting it to further
purification. In both instances the crude mixtures were purified by column
chromatography to afford a 50:46 ratio of approximately 1:1 and 6:1, respectively. The
resulting purified mixture of 46 and 50 was fully characterized by HRMS, 'H and “*C
NMR spectroscopy and used for our nt-facial reactivity study of 50 (see Chapter 4). |

The configuration in ketone 46 was proven by X-ray analysis. The ORTEP plot
for 46 and its corresponding X-ray data appear in Appendix 1 and clearly shows the axial
methylthio geometry by the O1-C1-C2-S1 torsional angle of 93.2°. Consistent with the
previously described o-methyl and -chloro derivatives of 44™%", the torsional angle
between the two aromatic rings is between 57.3 and 61.7°. Molecular mechanics
calculations using the program PCMODEL® indicated that there exists three stable
rotamers about the S-C2 bond as shown in Figure 2.3. The X-ray structure of 46
corresponds to structure 58 and thus the calculations are in acceptable agreement given
the fact that they represent a system in the gas phase at a dielectric constant of 2.2. In
addition to X-ray crystallography, the configuration of 46 was confirmed by NOE
difference measurements. Irradiation of H2 (proton geminal to the SMe group) resulted in
2 20% enhancement in the ortho proton H4 on the adjacent aromatic ring. The previous
NOE results of Fraser et al.’® indicated that only axially oriented o;-substimted derivatives

of 44 give an NOE and thus we concluded that the crystalline sample was indeed 46,
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= e CH, Hy - & by CH,
~ S S
co CAr O Car CO CAr
CH, .
57 B 58 59
E= 28.15 2433 24.21

Figure 2.3 Molecular mechanics calculations of the three rotamers about the S-C2
bond for ketone 46 and their respective steric energies (E) in kcal/mol.

2.4 Synthesis of the Equatorial a-fluoro Derivative of S5,7-dihydro-
1,1l-dimethyl-ﬁH-dibenzo[a,c]cyclohepten-G-one

The equatorial fluoro ketone 53 was prepared by treating the lithium enolate of 44
with N-fluorodibenzenesulphonamide.®' The resulting crude reaction product showed, in
addition to unreacted starting material and 53, the presence of a minor (<5%) component

(vide infra). Column chromatography afforded pure 53 in 46% yield (see equation 3).

(o)
iy LDA, THF
. L >
(i) (CgHsSO,),NF
cH,

-

44 53

The configuration of 53 was, again, confirmed by X-ray crystallography. Two
crystallographically independent molecules 53a and 53b were found in the unit cell of 53.
The ORTEP plots and the X-ray data appear in Appendix 1. The torsional angles O1-Cl-
C2-Fl (-0.8°) and 02-C18-C19-F2 (0.9°) clearly show that the o-fluoro substituent
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adopts an equatorial orientation. As in the crystal structure for 46, the torsional angle
about the benzene rings is 6024".

Finally, further evidence of the stereochemistry in our crystalline a-fluoro ketone
53 sample was provided by the 500 MHz 'H NMR spectrum (see Figure 2.4). An
expansion of the methylene protons on C15 is shown in the inset. In addition to the
geminal coupling between these two protons (zjmsu.mscq = 16.9 Hz), H15,, shows long
range "W coupling” to the equatorial fluoro substituent (s peg = 3.3 Hz).¥' 1If the -
fluoro substituent adopted an axial geometry, the long range "W coupling” between H15,

and H2,, would not be observed as in the axial a~CH;, -SCHj, -OCH, or -Cl derivatives.

Attempted Preparatio—n of the Axial 0-fluoro Derivative of 44

It is well known that the conformational equilibrium of an a-halo substituted
cyclohexanone is highly dependent on solvent (see equation 4)%%  For 2-
fluorocyclohexanone in the nonpolar solvent cyclohexane, the equilibrium exhibits a slight
preference for the equatorial conformer 61 with the equatorial:axial (X = F, 61:60) ratio
being 57:43. However, the equilibrium shown in equation 4 shifts to the right as the
solvent polarity is increased. For example, in acetonitrile, the ratio increases to 87:13.5%*

Thus, in order to maximize the proportion of the axial fluoro bridged biaryl

o

o= e, e

60 61

* Fora thorough discussion as to the cause of this shift in eq. 4 consult Chapter 3.
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ketone 62 at equilibrium, we undertook an epimerization study in nonpolar solvents.
However, as shown in Table 2.1, a variety of both acid** and base catalyzed conditions

afforded only unreacted 53 according to 200 MHz 'H NMR.

Table 2.1 Attempted epimerization of ketone 53.

Entry Catalyst Solvent Time Resul?®
1 HCP® p-dioxane® 24 h <5%
2 HCP* benzene* 24h <5%
3 TFA cyclohexane 16 h <5%
4 LDA® benzene® 24 h <5%

? Percent epimerization. ° Saturated HCl solution. © Anhydrous. ¢ 0.1 equiv.

As previously mentioned, the reaction of N-fluorodibenzenesulphonamide with the
lithium enolate of 44 produced, in addition to ketone 53, an additional product in <5%
yield. The 500 MHz 'H NMR spectrum of the mother liquor after crystallization of 53 is
shown in Figure 2.5. The expansion (Figure 2.5b) clearly shows the presence of an
additional doublet of triplets centred at 5.72 ppm. In order to avoid the rather labour
intensive process of isolating this minor component, tentative identification was carried
out by simulating the 'H NMR spectrum with the commercially available program

PCPMR.* Because of the inherent preference for 2-fluorocyclohexanone to adopt the



equatorial conformation 61 (see Chapter 3) and the lack of any observable formation of 62
after epimerization of our bridged biaryl ketone 53, we were led 1o believe that the minor
component was the diequatorial difluoro Ketone 63. The initial parameters for this
unusual A.X; pattem were estimated from the literature and adjusted as necessary.™
Employing the parameters gives in Table 2.2, we were uble to reproduce the doublet of
triplet pattern to within Q.1 I-Iz and thus the minor component appears to be 63 and not

the required 62 (see Figure 2.5).

Lastly, as stated previously in the introduction (Section 2.1), the bridged biaryl
ketone 44 possesses a high racemization barrier of 36 kcal/mol.®® If, however, the ortho
methyls are not present, the barrier drops to ~14 kcal/mol and thus an alternative route to

epimerization is available via rotation about the C8-C9 bond. Accordingly, in order-to

Table 2.2 Spin simulation spectral parameters.?

Chemical shifts (Hz from TMS): H1 9000, H15 9000, F1 -900, F15 -900

Coupling constants (Hz): Jy g, = 46.1, Jyyspps = 46.1, Jp g5 = 7.0, S5 = 0.3,
Jhisp = -0.3

* In order to maximize to chemical shift difference between H and F, the maximum dispersion allowed in
PCPMR was used.
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determine the axial:equatorial ratio of our a-fluoro substituted bridged biarvl ketone wt
equilibrium. we synthesized compound 64 by similarly reacting the lithium cnolate of 54

with N-fluorodibenzenesulphonamide. The 500 MHz 'H NMR spectrum in CCl; revealed

o)

F
[equatorial]
K= —]/]/—m—— 2200
QO =

64

only the presence of the equatorial conformer and confident that 500 MHz 'H NMR
would detect 0.5%, we assigned K a minimum value of 200 (i.e. 0.5% axial fluoro 64).
Therefore, our a-fluoro bridged biaryl ketone 53 exhibits an even greater bias than 2-

fluorocyclohexanone towards the equatorial orientation.

2.5 Characterization of 5,7-dihydro-1,11-dimethyl-6H-
dibenzo[a,c]cyclohepten-6-one and its o-Substituted Reduction
Products

As mentioned previously in the introduction, the main focus of this thesis will be to
conduct a n-facial reactivity stedy for the nucleophilic addition of hydride to our model
bridged biaryl ketone and its or-substituted derivatives. Thus, it was necessary to prepare
and fully characterize the various reduction products.’® All alcohols were prepared by
reducing the ketones 44-53 with 2 25% excess of lithium aluminum hydride. Column or
preparative thin layer chromatography afforded the pure alcohol products 65-69. For
unsubstituted ketone 44, addition of hydride to the homotopic faces of the carbonyl yields
2 singie alcohol 65. However, for the quasi-axial ct-substituted derivatives of 44, the
addition of hydride may occur cither antiperiplanar (app) to the substituent R_, to afford
the major alcohol 66 or synperiplanar (sp) to afford the minor alcohol 67. For the quasi-
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equatorial substituents, the addition of hydride may occur anticlinal (ac) to the substituent
R, to give the major alcohol 68 or synclinal (sc) to give the minor alcohol 69 (see Scheme
2.3).

The 300 MHz 'H NMR spectrum in benzene-d, of the unsubstituted alcohol 65
shows the presence of four magnetically nonequivalent benzylic protons (see Figure 2.6),
Each benzylic proton is a doublet of doublets whose spacings represent a large geminal
coupling and a smaller vicinal coupling (see inset). On the basis of molecular models,
molecular mechanics calculations using the program PCMODEL® and the Kaplus
relationship®, the four observed vicinal coupling constants of 10.1, 6.4, 4.8 and 1.8 Hz
could be readily assigned. The dihedral angle about protons H, and H, is approximately
160° and thus 31# was assigned to the large 10.1 Hz vicinal coupling. The dihedral angle
between protons H, and H, is approximately 40° 1o which the 6.4 Hz coupling was
assigned. Similarly, the dihedral angle about H, and H; is ~40° and 3Jm was assigned to
the 4.8 Hz coupling. Lastly, the torsional angle about H, and H, is around 80° and thus
*J., was ascribed to the smatlest coupling of 1.8 Hz.

The stereochemistry of the axial and equatorial c-substituted reduction products
66-69 could be assigned by considering the vicinal proton-proton coupling constants in the
thre= carbon bridge. More precisely, the presence or absence of the large (i.e. ~160°
dihedral angle) or small (i.e. ~80° dihedral angle) coupling constants provided an
unambiguous method for distinguishing between the major and minor alcohols 66 and 67
or 68 and 69. For example, the minor axial methyl reduction product 67a possessed a
large 10.4 Hz vicinal coupling which was assigned to J_, since the dihedral angle about H_
and H, is approximately 160°. However, the major akial methyl alcohol 66a exhibited
vicinal coupling constants of no greater than 7.7 Hz and thus 66a and 67a could be readily
distingnished. The minor equatorial niethyl alcohol 69a has a small ~2.7 Hz vicinal

coupling due to the ~80° torsional angle about H, and H_, whereas no such small coupling
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45-48

49-53

LiAlH . % _H . > —~H,
..__.._4..). /c\ c + H,,/c 4 T
Hy I g

160"

4

H,
LAHy | \>/c’ H,
[

Hul
% K\“J
10

66 (Major) 67 (Minor)
! f
. OH = R,
LiAIH » —Ru A c
H, a >
80
68 (Major) 69 (Minor)

Figure 2.7 Syntheses and three-dimensional representation of alcohols 65-69.

was observed for the major equatorial methy! alcohol and thus, as before, the two alcohols

68a and 692 could be readily distinguished. In both the axial and equatorial methyl

alcohol products the remaining coupling constants showed behavior consistent with that

observed in 65 (see Table 2.3). In addition, the coupling constants of the remaining o:-

‘SCH3. -OCHj;, -Cl and -F reduction products exhibited similar trends and hence, as before,

the major and minor alcohols, where observed, could be unambiguously identified (see

Table 2.3). Finally, the diastereoselectivities for LAH addition, from NMR integrals, are

given in Table 2.4. All ketones exhibited high diastereoselectivity with the equatorial

methyl derivative showing the minimum n-facial selectivity (i.e. ac:sc approach) of 5.7:1.
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Table 2.3 Vicinal coupling constants (Hz) for 65 and its a-substituted derivatives.

Alcohol A e e Voo
65° 10.1 6.4 4.8 1.8
66a R, =CH, 7.7 5.2 1.8
b R, =SCH; 6.9 5.1 1.6
¢ R, = OCH; 6.0 48 1.6
d R,=Cl 6.3 5.4 ~0.0
67a R, =CH; ~0.0 10.4 ~59
68a Ry =CH; 9.8 6.7 4.0
b Reg=SCH; 9.9 6.6 3.8
¢ Req=0CH; 10.0 6.8 4.5
d Rq=Cl 9.9 6.8 3.7
eRyq=F | 7.2 4.5
69a Rey = CH; -3.5 ~2.7 9.2
eRy=P 7.5

3 Obtained from 300 MHz 'H NMR spectrum in benzene-d. ® Because of severe overlap, not all coupling
constants could be determined.

Table 2.4 n-Facial selectivity for the nucleophilic addition of LiAlH, to ketones

45-53.
ot-Substituent app:sp ac:sc
CH3 9:1 6:1
SCH; 219:1 219:1
OCH;, 219:1 219:1
Cci 219:1 8.2:1

F - 7.6:1
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Chapter 3 Conformational Study of the a-Derivatives of
5,7-dihydro-1,11-dimethyl-6H-
dibenzo[a,c]cyclohepten-6-one and their
Cyclohexanone Analogues

Part A «-Derivatives of 5,7-dihydro-1,11-dimethyl-6H-
dibenzo[a,c]cyclohepten-6-one

3.1 Introduction

As previously mentioned in Section 2.1, the bridged biaryl ketone 5,7-dihydro-
I,11-dimethyl-6H-dibenzo[a,cJcyclohepten-6-one, 44, is a chiral derivative of biphenyl
which Mislow concluded on the basis of molecular models to possess a single "rigid"
conformation.®” Mislow's observations were later supported by IH NMR which revealed
two pairs of nonequivalent ¢ protons. An indication of this rigidity is the high 36 kcal/mol
barrier to racemization (AG").*® However, in the absence of the two ortho methyl groups
on C7 and C10 (i.c. ketone 54), the barrier decreases significantly to approximately 14
kcal/mol and thus most of the rigidity present in 44 is lost.

In order to probe the degree of rigidity present in ketone 44 and its o-methyl
derivatives (45 and 49) and to compare to their cyclohexanone analogues, Fraser and
coworkers in 1993 conducted a qualitative conformational study using the molecular
mechanics program PCMODEL.® The study revealed that 44 is significantly more rigid
than cyclohexanone, however, 44 still possesses some flexibility. As validation of
PCMODEL, Fraser and coworkers found that the X-ray crystal structure of 44 and its o-
methyl derivatives could be satisfactorily reproduced.”® As a continuation of this research,
we have carried out a conformational study of the axial and equatorial o-chloro
derivatives 48 and 52 in order to assess the degree of inflexibility present in these ketones

relative to their cyclonexanone analogues.



3.2 Results and Discussion

32.1 Determination of the Viability of the a-chloro Derivatives of 44 as a
Stereochemical Model

In order to compare the conformational mobility of the chloroketones 48 and 52
with the bridged biaryl ketone 44, we calculated their steric energies over a 40° increase
and decrease in the torsional angle C15-C1-C2-C3 from their ground state conformations
(see Figure 3.1). As observed for the unsubstituted bridged biaryl ketone and its o-methyt
derivatives (i.e. 45 and 49) and in contrast to 1,3cycloheptadiene®, only one minimum
was found for 48 and 52. The curve for the unsubstituted ketone 44 exhibits a steep
energy well since a deviation of 15° in the torsional angle C15-C1-C2-C3 causes an
approximate 1 kcal/mol increase in energy. However, the curves for the chloroketones 48

and 52 (see Figure 3.1a and b) show much broader plots and thus these substrates
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possess less ngidity than 44.  Fraser er al. observed a similar result for the o-
methylketones 45 and 49.7

The comparison of flexibility present in our model chloroketones 48 and 52 with
their corresponding cyclohexanone analogues was carried out in a similar fashion. As
before, we calculated a steric energy profile for cyclohexanone and axial 2-

-

chlorocyclohexanone (70) over an 80° range in the intemnal torsional angle C6-C1-C2-C3

70

from their ground state conformations. The plots are presented in Figure 3.2. The curves
for cyclohexanone and axial 2-chlorocyclohexanone (Figure 3.2a-b) exhibit similar energy
profiles and hence are qualitatively equivalent in rigidity.

In molecular mechanics and other theoretical methods, the calculation of polar
interactions (e.g. between the carbonyl group dipole and the C-Cl dipole in 2-
chlorocyclohexanone) show a large dependence on the size of the dielectric constant for
the surrounding medium. However, it is well recognized that the dielectric constant for
the bulk medium does not normally represent the dielectric constant between the dipoles in
question. Thus, in molecular mechanics calculations the effective dielectric constant
should be employed. However, the proper value to use has been quite speculative. In
most instances, a value between 2 and 5 has been employed.”®> Therefore, in order to
determine the importance of the choice of dielectric constant, we recalculated the plot for
70 using a value of 6 for the dielectric constant. The plot shows no change in the
magnitude of the torsional angle in the ground state conformation, but exhibits a slight

increase in flexibility (see Figure 3.2¢).
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3.3 Conclusions

If a compound is to be a suitable model for investigating stereoelectronic effects.
its skeleton must be able te provide compounds of known stereochemistry.  Accordingly,
the greater the rigidity of the model. the more suitable it is for observing a stercoelectronic
effect. Thus, from the previous results of Fraser™ and the results shown in Figures 3.1
and 3.2, it appears that ketone 44 is a suitable model to test the importance of the
antiperiplanar effect as proposed by Anh'! or Cieplak®. In addition to providing greater
rigidity over cyclohexanone, molecular mechanics calculations have shown that the
unsubstituted bridged biaryl ketone and its ¢t-methyl™ and ai-chloro derivatives have only
one energy minimum, whereas cyclohexanone, 2-methylcyclohexanone™ and 2-
chlorocyclohexanone are in equilibrium with a twist boat conformation that is only 3-4
kcal/mol higher in energy. Thus. as previously stated, the possibility of the addition of
hydride occurring through a twist boat conformation must be considered whenever

cyclohexanones are to be employed as stereochemical models.

Part B Conformational Analysis of 2-Substituted
Cyclohexanones

3.4 Introduction

As stated in Section 2.4.1, the o-fluoro derivative of our bridged biaryl ketone 44
exhibits an extremely strong preference for the equatorial conformation where the limit
provided by 64 is £0.5% of the axial conformer (i.e. AG,, < -3.1 kcal/mol). All attempts
to epimerize the equatorial ketone 53 were unsuccessful. However, for the c-methylthio
derivative of 44, the axial diastereomer 46 was favoured, even in the highly polar solvent
acetonitrile (AG,, . = 0.72 kcal/mol) which should presumably minimize the destabilizing
dipolar interaction in the equatorial diastereomer 50. In order to help understand this

variability in conformational stability, we consulted the literature for the analogous 2-



substituted cyclohexanones.™ However, unlike our bridged biaryl ketone 44, the axial and
equatorial conformations of 2-substituted cyclohexanones rapidly equilibrate at room
temperature (see equation 5). In equation 5, the protons are labeled to indicate either their

cis (H) or trans (H') stereochemical relationship with respect to the 2-substituent R.

(3]

71 72

As previously stated in Section 2.4, the conformational properties of ct-halo
substituted cyclohexanones have been thoroughly investigated. Studies by Allinger and
Stothers employing dipole moment measurements®*, infrared®> and NMR spectroscopy®’
have all consistently shown that in nonpolar hydrocarbon solvents (e.g. n-heptane,
isooctane or cyclohexane), 2-bromo- and 2-chlorocyclohexanone exist predominantly in
the axial conformer 71 (R = Br or Cl). For 2-fluorocyclohexanone approximately a 50:50
mixture of conformers exists in the same low dielectric constant solvents. As the polarity
of the solvent increases, the proportion of the equatorial conformer 72 for the 2-
halocyclohexanones increases. More specifically, in acetonitrile, Stothers determined that

the equatorial mole fraction for 2-fluoro-, 2-chloro- and 2-bromocyclohexanone was 0.87,
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0.65 and 0.50, respectively.™" Hitherto, three main factors have been proposed to account
for these results.™ The first two factors. steric and dipole-dipole interactions, fall into a
more classical explanation. while the third tactor, orbital-orbital interactions, represents
nonclassical rationalization (vide infra).

Consultation of the recent literature for 2-methoxycyelohexanone (74) indicated
that for this ketone the axial conformer 71 (R = OCHj,) is preferred. but quantitative
estimates varied.”* This conclusion was based on the research of Cantacuzene and

Tordeux who, using 60 MHz 'H NMR, found the mole fraction of 71 to be 0.63 and 0.16

0 0
SCH, OCH,

73 74

in carbon tetrachloride and acetonitrile, respectively.'® Thus, as in the case of
cyclohexanones bearing an a-halogen substituent, the proportion of the equatorial
conformer increases as the solvent polarity increases. In contrast, an earlier paperin 1974
reported that compound 74 predominantly adopts the axial conformation; however, the
mole fraction was independent of solvent.'”! Earlier equilibration studies by House'®,
Casadevall'®® and Chodkiewicz'® revealed, in contrast to later studies, that the equatorial
conformer was preferred with the mole fraction being 0.86, 0.78 and 0.72 in methanol,
carbon tetrachloride and ethanol, respectively. Lastly, Ritmer et al, recently found using
six distinct 'H and '*C NMR parameters at 400 and 100.6 MHz, respectively, an average
value of 0.72:0.04 for the equatorial mole fraction in CDCl,,'%

For 2-methylthiocyclohexanone (73), an infrared study in 1980 indicated that the

axial mole fraction was 0.70 in carbon tetrachloride.'® An equilibration investigation of
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2-methylthio-4-t-butylcyclohexanonz yielded exactly the same result as obtained seven
years earlier by Wladislaw, however, the solvent employed was methanol.'”  Finally, in
addition to their study of 74, Rittner and coworkers also determined the conformational
preference for 73 and found the axial mole fraction to be 0.85£0.07.'% Thus, the above
results suggest an unexpected solvent effect. That is, as the solvent polarity decreases, the
mole fraction of the axial conformer is expected to increase in a consistent fashion.
Hitherto, determinations of the magnitude of the equilibrium constant for 2-
substituted cyclohexanones (i.e. equation 5) by 'H NMR methods have used either the
chemical shift* or the half-height bandwidth®*'® for the methine proton at C2 as the

NMR parameter since the investigation was limited by low field 60 MHz NMR. However,

a more accurate approach would be to measure directly a single coupling constant (e.g. Js-
)~ The magnitude of Jg. ¢, or any other vicinal coupling constant, represents a weighted
average of the axial (J;.c = J..) and equatorial (J;. ; = J..) conformers shown in equation 5
and thus application of equation 6 will provide a value for the axial mole fraction (n,), the

equatorial mole fraction (n,) and K (K = n/n ).'®

Jos =S + 00, [6]

In order to clarify the above inconsistent results for ketones 73 and 74, we were
prompted to measure the value of the equilibrium constant for 73 and 74 using high field
'500 MHz 'H NMR in a wide range of solvents from the nonpolar cyclohexane-d,, (€ =
2.0) to the polar solvent acetonitrile-d; (€ = 37.5). The use of high field NMR allowed for

the direct measurement of J- ¢ and thus provided accurate data for the equilibrium shown

in [5].
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3.5 Results and Discussion
If equation 6 is to be emploved. knowledge of the values of Js- o for the purely axial

conformer 71 and the purely equatorial conformer 72 must be obtained. As a model we
chose 4-r-butylcyciohexanone (6) since it is highly biased towards the equatorial
conformation by the presence of the bulky r-butyl group (A value = 4.9 keal/mol™). The
500 MHz 'H NMR spectrum in acetone-d, provided the values of 13.7 Hz for J, Gie
Tun 30x OF Jsgy gr i 6) and 2.2 Hz for J. (€. Jaug 30q OF Jeeqoeq in 6).'" The magnitudes of
these coupling constants were confirmed by spectral simulation using the commercially
available program PCPMR (see Table 3.1 for spectral parameters)*® However. the
observed and calculated spectra are not in total agreement (see Figure 3.3). The proton
coupling patterns for H2,, and H2,, were difficult to simulate. The patterns were very
sensitive to the long range coupling between protons on C3 and C5 and C2 and C6. The
program PCPMR is limited to an eight spin system ( H4 was omitted) and thus we
concluded that the differences observed between the observed and simulated spectra are
acceptable. Overall, we believe the calculated values for n, are accurate to within £0.02 at
values near 0.50 and to within £0.04 at the extremes, which correspond to an accuracy in

AG of £0.1 to 0.4 kcal/mol.

The 500 MHz 'H NMR spectrum of 74 in CDCl, is a first order spectrum (see

Figure 3.4). More precisely, all nine protons exhibit the expected multiplet patterns and
.are free from overlap from any of the other proion absorptions. All nine protons were
unequivocally assigned by standard COSY and HMQC two-dimensional spectra. The
methine proton at C2 resonates at § 3.23. The tripiet coupling pattern indicates that the
magnitude of the two vicinai coupling constants J,; and J, 5 are both approximately 4.8
Hz. Thus, as observed, if the methine proton at C2 primarily adopts an equatorial
conformation, one would expect to observe two vicinal coupling constants of

approximately the same magnitude. If, however, the proton at C2 primarily adopts an



61

1€ qe, uf udAi8 s1wled A Juifopdwd
UINGDG £ parenojes winydads ay) (q) {90 pue 2 18 suojod (97°2-17°7 Q) 18i101enba ay) pue (6€°2-1£°7 Q) [8IXe

—
]
e e, e
=
._.H-.—"'—

” VWA

atp) a0y nondaosqe ay) (€) *p-au0)ade uj JUOUBXN[O[IAIAING-)-p 10§ WnNIds YN H, ZHW 00§ 3 JO uoptod y ¢'¢ 2enidiy

sadmnrrt 2z !
. -
., ST

i \ J ] ’
Ranma
.Y 1 i\
0 | ‘ ! _
1A,
i \
— _nn- ..ut.- ”:._-q ) .ue.- .no.. .l.-!-..:.“%-! LS.-N.
|
:”_3- 1 .C- L) .QN- ¥ .ﬂn- 1 AQU
<»I.J:s._r e i e "t o LA -»- AANAAANA L4 ni e "t LA X -
‘!.r’PII. \J../
! 4
In

(®)



axial conformation, its coupling pattern would be expected to be a doublet of doublets

with coupling constants of approximately 11 and 5 Hz (see Table 3.1).

Table 3.1 Spectral parameters for the simulation of (2) 4--butylcyclohexanone (6, in
acetone-d,) and (b) 2-methyithiocyclohexanone (73, in CDCl,).

(@) .
Chemical shifts (Hz from TMS): H2,, = H6,, 1176, H2 =H6,=1116,H3, =HS5, =
705, H3, = HS,, = 1040
= 13.7, JZuq.Beq = Jseq‘ﬁcq = 2.2. J’-’QXJCQ = Jscq.m = 6-1. J-\cq.au =

jsax‘&q= 4.6. ‘I'-’nq.ﬁcq = J3°q_scq = 2. thu = J3ax.$oq = l. Jthlm -

(b)
Chemical shifts (Hz from TMS): H3 = 1030, H3 = 1083, H4 = 934, H4' =837, H5 =
988, H5 =875, H6 = 1485, H6 = 1119

Coupling constants (Hz): Jy 5= 1.6, Jy ¢ = 1.6, J; . = 4.9, J34=35,Jyp=38,Jp,=
10.1, Jyy=-14.1, Jy =38, J;,5 =49, J, 5= 10.1, J, ;= 3.5,
Jouw=-13.6, L5 =132, I =4.8,J5 =58, Jy o= 4.6,y =
11.2, g =-14.5

The H6 axial proton of 73 appears at 8 2.94 as an octet (i.e. a doublet of doublet

of doublets). The first order pattern allows for the determination of the geminal coupling

constant Jy .- and the two vicinal covpling constants Js¢ and Jo. ¢ (see inset in Figure 3.4).
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In principle, either J; ¢ or Je., could be used as J,, in equation 6, however, Ji o Provides
the more accurate values of K since it possesses the larger variation with conformation.

In order to determine the validity of our first order assumption. we simulated the
500 MHz 'H NMR spectrum of 73 using PCPMR.Y However, again, since this progrim
is limited to eight nuclei. H2 was omitted. Satisfyingly, the octet puttern was reproduced
to within 0.1 Hz by employing the parameters given in Table 3.1. The reMANINg seven
protons exhibited similar agreement with the experimental spectrum. however, as
expected, the H3 and H3' coupling patterns were simplified.

The value obtained for Jg. ¢ in Figure 3.4 was 11.2 Hz and substitution into
equaticn 6, where n, + n, = 1, yields a value of 0.78 for n, and, in turn, gives K a value of
0.28 (see Table 3.2). The 500 MHz 'H NMR spectra for 73 in the remaining solvents

under study were obtained and with the observed value of Js. ¢ afforded the final results

listed in Table 3.2. The position of the equilibrium in equation 5 changes dramatically, as

Table 3.2 Conformational equilibrium data for 2-methylthiocyclohexanone (73).

o (Jﬁzm) h e (kc?ﬂ(l};ol)
CeD2 13.0 0.94 0.064 1.6
ccl, 12.7 0.91 0.099 1.4
CDCl, 11.2 0.78 0.28 0.7
CD;COCD; 9.9 0.67 0.50 0.4
CDyCN 9.0 0.59 0.71 0.2

demonstrated for 2-halocyclohexanones®™#, with the proportion of axial SCH, conformer
increasing as the solvent poiarity decreases to a maximum of 94% in cyclohexane-d, ,.

Our result in CDCl, is in good agreement with that obtained by Basso and coworkers (n,
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= 0.8540.07).'"" However, in carbon tetrachloride our result (n, = 0.91) indicates that the
value obtained by Wladislaw et al.'" underestimates n .

In the case of 2-methoxycyclohexanone, 74, it proved necessary to ise an
alternative vicinal coupling constant (i.e. J,,). since in acetone-d, and acetonitrile-d;
severe overlap did not allow the magnitude of Ji.¢ to be determined. As a result, we
adjusted our model coupling constants J_, and J, for the presence of the electronegative
methoxy substituent on C2."'° The magnitude of J,, was decreased to 12.0 Hz and the

magnitude for J,, was increased to 2.7 Hz (see Figure 3.5). Utilization of these adjusted

Ha OCH,
OCH,
A HN H“‘
Hll
AJ=-1.7THz AJ=+04Hz

(relative to cyclohexane)
J,=137-1.7=120Hz
J.=23+04=27Hz

Figure 3.5 Estimation of J, and J,, for 2-methoxycyclohexanone.

values and the observed J, ; values led, after application of equation 6, to the results given
in Table 3.3. As observed for 2-methylthiocyclohexanone, the proportion of the axial
conformer 71 increased as the polarity of the solvent decreased. However, contrary to
previous evidence'®'®, 74 is biased towards the equatorial conformer, except in very

nonpolar solvents such as cyclohexane-d,,.
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Table 3.3 Conformational equilibrium data for 2-methoxycyclohexanone.

Solvent Joms n, K AGS
(H2) (keal/moD

CeDr2 6.7 0.57(0.55)* 0.75 0.2

CCL 7.3 0.51(0.50) 0.96 0.0

CDCl; 10.0 0.22(0.19) 3.5 -0.7

CD,COCD; 9.8 0.24 32 -0.7

CD;CN 10.5 0.16 5.3 -1.0

¥ Values in parentheses were determined from Jg; 6.

3.5.1 Factors Influencing the Conformational Equilibrium

As mentioned in the introduction (Section 3.4), three main factors, steric, dipolar
and orbital-orbital interactions, have been put forward to rationalize the observed
equilibrium distribution of 2-substituted cyclohexancnes.®* The steric factor includes both
torsional and van der Waals interactions.‘ In cyclohexane derivatives, steric factors are
responsible for the greater stability of the equatorial conformer 72, which increases as the
size of the substituent increases. For example, the free energy differences between the
equatorial and axial conformers (-AG,, or A value) in methyl-, ethyl- and
isopropylcyclohexane are 1.7, 1.8 and 2.2 kcal/mol, respectively.'!!! In addition to
torsional and van der Waals interactions, there is an additional effect, the 2-alkyl ketone
effect, that is present in 2-substituted cyclohexanones. This effect, a type of A'* strain''?,
which favours the axial conformation as the steric bulk of the 2-substituent increases, is
thought to be a result of a repulsive interaction between the lone pairs on oxygen and the
2-substituent (see Figure 3.6a). This additional effect is thought to be negligible for a
methyl group, 1.0 and 1.7 kcal/mol for a ethyl and isopropyl group, respectively.'"> The

second factor, the dipole-dipole interaction, favours the axial conformer since this
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minimizes the repulsive interaction between the C-X and C=0 dipoles (see Figure 3.6b),'*
The relative importance of this factor decreases as the dielectric constant () of the
medium increases. The third factor invoked is a two-electron stabilizing orbital-orbital
interaction involving donation‘ from either the G x orbital or the nonbonding lone pair on
X into the carbonyl's n* antibonding orbital.''"® This orbital-orbital interaction has been
employed to explain the unexpected stability of the axial conformer for many 2-substituted
cyclohexanones, since the axial conformer possesses the required antiperiplanar orbital-
orbital alignment and thus provides the maximum stabilization. The equatorial conformer
does not provide the correct orbital alignment and thus no such stabilization occurs.

In order to shed light upon the relative importance of the aforementioned factors,

b) % . v:.xk\o‘
)

repulsive

. (o]
(s T
nx

Figure 3.6 The (a) steric, (b) dipole-dipole repulsive interaction and (c) orbital-
orbital interaction used to rationalize the conformational equilibrium in
2-substituted cyclohexanones.

<)
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we have collected the data for all of the previous 'H NMR measurements of K and present
the results in Table 3.4, The only solvents common to all measurements were CCl, and
CD;CN. As observed with 73 and 74, the data in Table 3.4 show that the polar solvent
acetonitrile exhibits the greater proportion of the equatorial conformer with the {luoro
substituent showing the greatest preference and the methylthio and bromo substituents
showing the least preference. Molecular mechanics calculations (vide infra) reveal that in
the highly polar solvent acetonitrile, the dipole-dipole interaction shown in Figure 3.6b is
negligible.  Thus, assuming the dipole-dipole interaction is maximized in carbon
tetrachloride, the difference in AG,, (i.e. AAG,) reflects qualimtivelj the substituent's
electronegativity and the data for acetonitrile., consequently, reflect solely the influence of

steric and orbit:il-orbital interactions (see Table 3.4).

Table 3.4 Solvent effects on 2-substituted cyclohexanones.

% Axial AG.?
Substituent CCl, CDsCN CClg CD,CN AAG,, AAED®
F 36 13 (ref. 83) -0.3 -1.1 0.8 1.4
Cl 72 35 (ref. 83) 0.6 0.4 1.0 0.9
Br 86 50 (ref. 83) I.1 0.0 1.1 0.8
OCH; 51 16 (this work) 0.0 -1.0 1.0 0.9
SCH; 91 59 (this work) 1.4 0.2 1.2 i.1
OCsHs 46 21 (ref. 115) -0.1 -0.8 0.7
SCeHs 72 47 (ref. 115) 0.55 -0.1 0.65
SeCgHs 73 49 (ref.115) 0.6 0.0 0.60

4G, =Gy - G,,. ® Calculated by PCMODEL.
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3.5.2 Molecular Mechanics Calculations

In order to further investigate the importance of the various factors affecting the
conformational equilibrium of 2-substituted cyclohexanones, we have carried out
caleulations  on  2-flucro-,  2-chloro-,  2-bromo-, 2-methoxy- and  2-
methylthiocyclohexanone at the dielectric constants of 2.2 (CCl,) and 37.5 (CH,CN). As

reported previously®*!t7

. the calculations indicate that in CCl, the dipole/charge term
favours the axial conformer, but has a marginal influence in acetonitrile (see Table 3.5).
Thus, the highly polar solvent CH,CN effectively removes the dipole-dipole repulsion.
The calculated energy difference AEy (AEr = E- E,)) for € = 2.2 and 37.5 agrees within
0.7 kcal/mol of the experimental AG,, (last column in Table 3.5) for R = SCH,, Br and Cl,
but differs greatly for R = F and OCH; with the difference ranging from 1.5 to 2.2
kcal/mol. In 1993, Houk et al. concluded from ab initio methods that the torsional
parameters used in MM2 and thus PCMODEL for both the C~C~C-O and C-C-C-F atom
systems need to be corrected.''® The MM2 torsional parameters were originally obtained
from the A value of fluorocyclohexane and methoxycyclohexane. However, Houk points
out that the torsional parameters for these systems are unique to these compounds and
cannot by assumed to be valid for all molecules. Thus the poor agreement between theory
and experiment for 2-fluorocyclohexanone and 2-methoxycyclohexanone is likely a result
of the incorrectly parameterized torsional systems C-C-C-O and C-C-C-F. On the other
hand, PCMODEL's estimation of the magnitude of the dipole-dipole interaction (AAED)
agrees well with the experimental values AAG_, (see Table 3.4).

In acetonitrile, the proportion of the axial conformer increases in the order
F<OCH;<Cl<Br<SCH;. Thus, since in this solvent the second factor, the dipole-dipole
interaction, becomes effectively removed, this observed order suggests an inherent
preference for the equatorial conformer and the increase in axial may simply reflect
increasing steric repulsion (see Figure 3.6a). Our calculations reveal the same order of

contribution for the van der Waals component (V) of the steric factor with a 0.9 kcal/mol
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Table 3.5 Molecular mechanics calculations of steric energies of 2-substituted
cyclohexanones.

s* B S-B T Y D/IC  Ey AE;r AGH

R =SCH;
£=22

Axial 0.34 0.88 0.11 420 248 -1.67 6.34 183 1.4
Eguatorial 0.39 1.13 0.11 433 312 <091 3.17

£=375

Axial 0.36 0.89 0.12 4.19 244 -0.10 7.90 0.70" 0.2
Equatorial 0.40 1.07 0.11 438 3.09 -0.05 9.00
R=0CH;
=22
Axial 0.57 1.60 0.14 124 5.48 =218 9.87 2.02 0.0

Eguatorial 0.60 1.49 0.16 1.61 5.78 -1.25 11.89
£=375

Axial 0.59 1.61 0.15 4.23 544 -0.13 11.89 I.16 -1.0
Equatorial 0.62 191 0.16 1.67 5.76 -0.07 13.05
R=Br
£€=22
Axial 0.34 0.7t 0.11 4.56 3.17 -2.07 6.81 1.12 1.1

Equatorial 0.37 0.95 0.11 4.08 3.75 -1.32 7.93
£=37.5

Axial 0.32 0.74 0.10 4.56 3.14 -0.12 8.74 0.42 0.0
Equatorial 0.36 0.87 0.11 4.08 3.83 -0.08 9.16
R=Cl
£=22
Axial 0.34 0.60 0.09 6.11 3.26 -2.51 7.89 0.45 0.6

Equatorial 0.34 0.80 0.09 5.10 3.53 -1.52 8.34
£=375

Axial 0.33 0.61 0.09 6.16 3.20 -0.15 1023 -048 -0.4
Equatorial 0.33 0.71 0.09 5.11 3.61 -0.09 9,75
R=F
£=22
Axial 0.35 0.60 0.05 7.15 3.23 -3.43 7.95 -1.84 -0.30

Equatorial 0.30 0.58 0.06 4,18 298 -1.99 611
£=37.5

Axijal 0.33 0.53 0.05 7.27 3.18 020 1116  -3.21 -1.2
Equatorial 0.28 0.43 0.06 4.19 3.04 -0.11 7.95

* § = stretch, B = bend, S-B = stretch-bend, T = torsional, V = van der Waals, DIC = dipole/charge, Ey =

total sieric energy, AEr = E -E,. &G, G - G, (all in kecai/mol). Expcnmcmal vatue. © Includes
the entropy contribution duc to two cquwalcnt cnergy rotamers,
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change in AV, over the series (see Table 3.5). This component. which supports the
presence of a steric factor, can solely account for the expenmentally observed variation of
1.330.4 keal/mol. Therefore. us concluded by Rittner and coworkers'™, the need to

consider a n-% or o-n" orbital-orbital interaction seems questionable.

3.6 Conclusions

In summary, we have evaluated the free energy difference (AG,_) between the
equatorial  and axial conformers of 2-methoxycyclohexanone and = 2-
methylthiocyclohexanone in five solvents of varying polarity. Both compounds exhibit a
strong solvent dependence with 74 existing predominantly in its axial conformer 71 (n, =
0.94) in the nonpolar solvent cyclohexane-d,, while 73 exhibits a smaller preference (n, =
0.56) in the same solvent. On the basis of molecular mechanics calculations, it is
concluded that the order of conformational preference may simply reflect the varying
strength in the van der Waals interaction between the carbony! group and the 2-equatorial
substituent. Thus, it appears that this same reasoning should apply to our a-substituted
bridge biary! ketones. However, for reasons not well understood, the at-flucro substituent
shows a significantly greater preference for the equatorial conformation than its analogue

2-fluorocyclohexanone.
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Chapter 4 Competitive Reduction Rates of 5,7-dihydro-1,11-
dimethyl-GH-dibenzo[a,c]cyclohepten-G-one and
its o-methyl, -methylthio, -methoxy, -chloro and
-fluoro derivatives

4.1 Introduction

As mentioned in Chapter 2, the main purpose of this thesis is to both probe the
mechanistic properties and the validity of the various theoretical models that have gained
widespread acceptance for predicting the preferred face of addition of nucleophiles to a
carbonyl group possessing two heterotopic faces (see Sections 1.1 and 1.3). However. in
contrast te most previous studies which have relied on x-facial selectivity ;see Section
1.5), we have chosen to measure the n-facial reactivity for the addition of hydride ion to
our conformationally fixed model ketone 44 and its a-methyl, -methylthio. -methoxy, -
chloro and -fluoro quasi-axial and quasi-equatorial derivatives 45-53. Because most, if
not all, models were based on the diastereoselectivity observed in the nucleophilic addition
of hydride ion, we decided to employ lithium aluminum hydride (in THF), sodium
borohydride (in isopropanol) and triethylsilane (in acetonitrile) as our hydride source. The
determination of m-facial reactivity provides a more definitive test of the aforementioned
models than a study of n-facial selectivity, which only represents a ratio of the two
diastereomeric products, since it offers no opportunity to test a variety of a-substituents.

The determination of n-facial reactivity may be carried out by one of two methods.
The first method involves the evaluation of absolute rates for the nucleophilic addition to
our bridged biaryl ketone model 44 and its a-derivatives 45-53. The second method
involves the determination of relative rates. More precisely, a mixture of the unsubstituted
ketone 44 and an ar-derivative is subjected to a competition for a given amount of hydride.
However, the measurement of absolute rates has several problems associated with it.

Namely, there are inherent inaccuracies associated with measuring these rapid reactions,



~1
140

especially for lithium aluminum hydride reductions (vide infra). In addition. there exist
several technical difficulties in determining the exact concentration of these water sensitive
reagents. Lastly as observed with many metal alkoxide and arvloxide compounds'™, these
reducing agents may aggregate and thus reproducing the exact reducing agents from run
to run would be a formidable task. Indeed. ebullioscopic molecular weight measurements
of lithium methoxyaluminohydrides indicate that these compounds readily aggregate,'*®
Despite the above noted difficulties in determining absolute rates, several reports
have utilized this method. Only a limited number of these have utilized 2-substituted
cyclic ketones. These ketones provide the best opportunity for an assessment of the
various factors responsible for m-facial selectivity. In 1970. Rickbom and Wuesthoff
conducted 2 kinetic study of various alkyl substituted cyclohexanones using potentiometric
and chromatographic methods.* They observed for example in the nucleophilic addition
of SBH to 2-methylcyclohexanone, an approximate 5-fold decrease in reactivity and for
2,2-dimethylcyclohexanone an approximate 20-fold decrease in reactivity relative to
cyclohexanone. Rickbom and Wuesthoff put forward no specific conclusions. They
concluded that this decrease in reactivity was a result of inductive, steric and/or torsional
effects. Subsequent to Rickborn's study, Wigfield and Phelps obtained kinetic data, again,
for various alkyl substituted cyclohexanones.’*! In agreement with Rickbom and
Wuesthoff's results, and in contrast to Brown's previous data which relied on the suspect
iodate titration method'*, Wigfield observed an approximate 6-fold decrease in reactivity
for 2-methylcyclohexanone relative to cyclohexanone. Wigfield ez al. concluded that'the
reduction of 2-alkylcyclohexanones is mainly governed by changes in the activation
enthalpy. Assuming additivity for the dialkyl substituted derivatives of cyclohexanone, the
data revealed that a 2-equatorial methyl group causes a 1.2 kcal/mol increase in AH* for
axial attack and 2 0.6 kcal/mol increase for equatorial attack. For an axial 2-methyl
substituent, it was estimated that there is no effect upon axial attack (i.e. AH" =0) and a

2.0 keal/mol increase in equatorial attack. These results suggest, in contrast to Anh's' or
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Cieplak's*® predictions, that there is no effect on reactivity for an app methyl group.
However, the results for these 2.2-dialkyl substituted conformationally mobile systems
remain suspect.

Additional measurements of absolute rates were performed in 1974 by Sevin and
Cense who, instead of studying the nucleophilic addition to ketones, investigated the
electrophilic addition of p-NO,C,H,CO;H to several 2-substituted methylenecyciohexane

derivatives (see Table 4.1)."" Their results were rationalized in terms of Felkin's torsional

Table 4.1 Face reactivity for the electrophilic addition of p-nitroperbenzoic acid in

dichloromethane at 0°C.
CH, ne ot
R‘\%:: %
Ra
75a-f 762-b
Compound % Axial Rate (L mol™ sec™)
Ra R4 Addition ax+eq ax eq
75a H H - 0.190
b H -Bu 70 0.222 0.156 0.067
c CH; H 54 0.199 0.107 0.092
d i-Pr CH; 43 0.118 0.051 0.067
e i-Pr H 49 0.121 0.059 0.062
f CH; +-Bu 58 0.219 0.127 0.092
76a H .45 0.209 0.054 0.115

b CH; 57 0.185 0.105 0.080
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strain model. However. as mentioned previously for evelohexanones. the possibality exists
that these reactions are occurring through the twist boat  conformation. In
methylenecyclohexane, Anet using force-ficld methods determined that the various boat
and twist-boat conformatiens are only 35-6 keal/mol less stable than the chair
conformation.'**

The study of w-facial reactivity has also been carried out by determining relative
rates. As mentioned previously in Section 2.1, Fraser measured the relative rates of acid
catalyzed addition of H,'*0 to the a-methyl, -methoxy and ~chloro derivatives of 44 to
investigate the app effect.’® The study revealed a large rate retardation for antiperiplanar
attack to the axial methyl (AAG™ = 2.3 kcal/mol) in ketone 45 and the axial chloro (AAG®
= 2.8 keal/mol) in ketone 48 relative to the unsubstituted bridged biaryl ketone 44,
Interestingly, Fraser and coworkers found cnly a slightlly greater rate retardation for the
diaxial dimethyl derivative (AAG™ = 2.7 kcal/mol). Lastly, the study revealed an extremely
small rate retardation for an axial methoxy group (AAG® = 0.2 kecal/mol). Assuming
additivity and steric effects were dominant, the data indicated that the value for the app
effect (i.e. the Cieplak hyperconjugative effect) was only 0.4 and 0.7 keal/mol for the axial
methyl and chloro substituents, respectively, and 2 maximum of 0.2 kcal/mol for the axial
methoxy substituent.

In addition to the above study, Senda et al. in 1993 measured the competitive rates
of lithium aluminum hydride reduction of 2,2-disubstituted conformationally locked
cyclohexanone derivatives.'” The results are given below in Figure 4.1 and were
explained in terms of Cieplak's proposal. Thus, since the electron donating ability is
assumed to be C-H>C-C>C-O, replacement of the 2-axial hydrogen with a methyl or a
methoxy group leads successively to a decrease in axial attack. Molecular mechanics
calculations, determined that the steric environment for axial attack of the four

cyclohexanone derivatives are essentially identical and therefore steric effects were not

considered.
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Figure 4.1 Relative rates of addition for axial (ax) and equatorial attack.

The earliest study employing competitive rate kinetics was performed by Eliel and
Senda in 1970. They reported marginal changes in the rates of addition of lithium
aluminum hydride and sodium borohydride to the axial and equatorial face of 2.2-
dimethyl-4-r-butylcyclohexanone relative to 4-r-butylcyclohexanone. Eliel made no
specific conclusions as to the origin of these results. In both the Eliel® and Senda'®®
studies the reactions involved the total consumption of LAH (i.e. consumption of all four
hydndes). Thus both these studies assumed that total disproportionation had occurred.
An additional limitation is that both studies ignore steric effects in these 2.2-disubstituted
cyclohexanone models.

To reiterate, the use of our bridged biaryl ketone offers several advantages over
the previously mentioned systems. It allows for the determination of relative rates for «-
derivatives possessing a wide range in induction and polarizability. Secondly, two
diastereomeric a-derivatives can be prepared in which the substituents are oriented in a
relatively fixed antiperiplanar (app) and anticlinal (ac) geometry relative to the incoming
hydride. The app substituent allows for a direct assessment of the importance of the app
effect, while the ac substituents provide a standard reactivity which because of the poor
orbital-orbital alignment is only influenced by steric, torsional and/or electrostatic effects
(i.e. classical effects). Thirdly, there will be 2 minimal amount of direct steric interaction

between the incoming hydride and the app or ac substituent in the transition state and thus



steric effects will be ussumed 1o be small. Lasthy, as confirmed by molecular mechanics.
cur model Ketone provides greater rigidity than evelohexanone and it does not allow tor
the possibility of the reaction occurring through an additional conformation, >

The use of competitive kinetics provided reproducible results. It avoided the
above noted complications associated with determining absolute rates which lessen both
accuracy and precision.

The following sections will discuss the mechanisms for the three reactions under

study.

4.1.1 Reductions using Lithium Aluminum Hydride in Tetrahydrofuran

Hitherto, the exact mechanism of the lithium aluminum hydride reduction of
ketones remains essentially unknown. Nevertheless, much is known about this extremely
commeon reaction.

In the concentration range of 10°-10" M, where all of our competitive reduction

experiments were carried out, LAH is known to consist mainly of solvent separated ion

pairs (77) in THF.'*

THE  THF ||
N K
Li* AlH,”
A X
THE  THF
77

A complication in the mechanism of this reducing agent is that there are actuaily
four separate reducing agents possible. That is, 2 molecule of ketone can react with LAH

to generate a monoalkoxyaluminohydride species. This reducing agent can, in turn, react
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with another molecule of ketone w attord the corresponding dialkoxy aluminohyvdnde

species and so on until all 4 hvdrides have been consumed (see equations 7-100.

\ 4

LiAlH, + C=0 —'»  LIAKOR)H, (7]
\ Ky

LIAORH, + =0 —> LiA(OR),H, [8]
\ ka )

LIAIOR).H. + (c=o —> LiAl(OR)H 19]
/

. \ kg :

LIAIOR),H + =0 — LiAl(OR), (10]

Kinetic studies on mesityl phenyl ketone (78) and camphor (79) revealed the
reaction to be first order in both ketone and LAH."*'*" Interestingly. in diethyl ether.
monomeric LAH was observed to be in equilibrium with dimeric LAH, with the dimer
being the reactive species for mesityl phenyl ketone and both the monomer and dimer

being the reactive species for the benzophenone derivatives 80 and 81.'**

78 79 80 81

Studies by Eliel'*® and Brown'* indicated that the intermediate reducing agents
LiAOR),H,, (n = 1 to 3) are stable to disproportionation when used for aldehydes, but
unstable for ketones. For example, Eliel observed that in the reduction of 3,3,5-

trimethylcyclohexanone, the diastereoselectivity was only minimally affected by varying
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the ketone:LAH ratio. Thus, due to the increased bulk of the alkoxvaluminohydrides, Eliel
and Haubenstock assumed that such species, if present, should result in signiticantly
greater diastercoselectivities. It was concluded that secondary alkoxyaluminohvdrides
disproportionate rapidly to regenerate LAH (see equations Fl and 123, the only reducing
agent that undergoes reaction with the substrate.  However, later <"Al and ''C NMR
studies in THF at room temperature provided evidence that for LIAIOR), H,, (n = | and
2. OR being primary. secondary or tertiary) disproportionation occurs readily with the
extent being greatest for monalkoxy derivatives.'"! However. this study does not allow
for an estimate of the relative rate of disproportionation versus the rate of reduction. In
order for LAH to be the sole reducing agent. the rate of disproportionation must be much
greater than the rate of reduction. In addition, the degree of disproportionation is reduced

with increasing cation size, solvent polarity and reduction temperature.'* Earlier studics

1302

by Brown'’® on the addition of -BuOH to LAH and subsequent studies by Barron'™

suggest that tetraalkoxy aluminohydride species cannot be formed. Apparently. too much
steric strain is introduced about the aluminum atom. Therefore. disproportionations

leading to aluminum tetraalkoxides are not considered.

2LIAIOR)H, — LiAlH, + LiAl(OR),H, (1]
LiAI(OR),H, + LIAOR)H, — LiAl(OR),H + LiAlH, 2

Both the rate and the stereoselectivity of the reduction of ketones are dependent
on the cation M" in MAIH,."?%!* Several studies have also shown that ketones associate
with Li" and that the rate of reaction with LAH is suppressed when a cation complexing
agent is employed."***13% These facts suggest that the Li* cation is complexed to the
carbonyl group in the transition state.

Kinetic isotope studies by Ashby'?® and Smith'?'*® on the LAH reduction of

several benzophenone derivatives in THF and Et,0 show a ky/kp, value of approximately



1.3, ky/k;, represents both primary and secondary Kinetic sotope effects and thus the
small magnitude may be rationalized as consistent with a rate-determining step involving
the transfer of hyvdride from the aluminum to the carbonyl carbon via an early reactant-like
transition state, as predicted by the Hammond postulate for exothermic reactions.”

The consolidation of all the above facts led Ashby er al. in 1976 to propose the
mechanism depicted in Figure 4.2.'*° For example for acctone. the first step involves the
complexation of LAH to the carbonyl and displacement of one molecule of THF. The
AlH, ion then attacks the substrate at a Biirgi-Dunitz angle'* to generate the
corresponding bridged monoalkoxyaluminohydride 82. Compound 82 can in turn react
successively with three additional molecules of acetone in a similar fashion or

disproportionate to regenerate LAH or some combination thereof. As noted abovs, the

dialkoxy species may also undergo disproportionation.

THF THF THF
\ / .\1:\ \ /”'!F
Li* - . - . -
% AlH, =0 T— Li AH' + THE —»
-rm/= \1/ XN\t
THF e O
THF ™
C—Me
!
_ _® Me
THF
M ’/ \ H H
¢
MQ\, 8"'/[:.1-1—1'1-{}: Li/ \AI/
C—0 , — A NN + THF —» —>»
1 . » 0 H
H THF THF |
H- 7.6- _CH
Me Me
H H
- - 82

Figure 4.2 Proposed mechanism for the reduction of ketones with LAH in THF.

4.1.2 Reductions using Sedium Borohydride in Isopropanol
As for reductions involving LAH, the reduction of ketones with sodium

borohydride involves, assuming a four to one ratio of ketone to SBH, four distinct



reducing agents. However, the mechanism is significantly siplifted. Kinetie studies on
the reduction of Ketones with SBH in isopropanol show the reaction 1o be first order in
both ketone and SBH with the transter of the first hyvdride being the rate determining step

tsee equations 13-161511 Wigfield has shown that the alkoxy groups attached to

\ o \
BH, + C=O +ROH Iy, BORMH, + CH—OH (3]
\ fast - \
BORM, + /£=0 + ROH %y BOR)H. + /CH—OH [14]
oo st \
B(OR),H,” + /C=O +ROH B, BORH + /CH—OH [15]
\ N , \
BORGH + C=0+ROH [, BOR, + CH—OH [16]

boron in the final product (NaB(OR),) are derived from the alcoholic solvent and not from
the ketone.'** In the same paper, Wigfield observed that no exchange occurs between
NaB(OR), and the solvent R OH when R and R are secondary. but does occur when they
are primary. Thus, the fact that no exchange of alkoxy groups is observed for secondary
alcohol solvents leads to the conclusion that any proposed mechanism must have the
alkoxy groups in the product originating from the solvent in the initial reaction and not
from subsequent exchange.

In 1978, Wigfield and Gowland reduced the ketones cyclohexanone and 3,3.5,5-
tetramethylcyclohexanone with 2 mixture of SBH and NaBD, and found no mixed
intermediates NaBHD, | (n = 1-3).'" They concluded that no disproportionation had
occurred for the monoalkoxyborohydride species, but it subsequently reacts with another
molecule of ketone to produce the corresponding dialkoxyborohydride intermediate (see

equation 14). However, these experiments did not establish whether the dialkoxy or



trialkoxy intermediates are stable to disproportionation. Interestingly, Rickbom tound
modest chunges in stereoselectivity as the reaction proceeded for some ketones. while
other ketones exhibited no such changes.™ Thus a modest amount of disproportionation
may be occurring.  Subsequent studies by Malmvik er «f. found using "B NMR
spectroscopy that acyloxyborohydrides in  diglvme show a  smuall degree of
disproportionation, the system requires at least 12 hours to reach equilibrium (see

equations 17 and 18).'*®

K

2NaB(OCOR)H; == NaB(OCOR),H, + NaBH, (17
K-
2NaB(OCOR);H, = NaB(OCOR)H, + NaB(OCOR)H (18]

K, =19 -12hto reach equilibrium
K,=0.7 ~48h to reach equilibrium

For sodium borohydride/isopropanol reductions of ketones. the sodium cation
does not participate in the transition state. This conclusion was based on the evidence that
removal of Na® with crown ethers do not influence the reaction and, secondly, only a
negligible increase in the rate of reduction was observed after the addition of Nal, while
the addition of Li* caused a large increase, 135139

Kinetic isotope studies on the SBH reduction show the value to be ~0.7.1210140 A
in the LAH case, ky/k,, represents a combination of primary and secondary kinetic isotope
effects and thus the inverse value may be explained as consistent with an early, late or non-
linear transition state."' However, based on Hammett p values, one of which had 2
known Bronsted coefficient, of SBH reductions and the value measured for an essentially

symmetric Meerwein-Ponndorf reduction'*?, Wigfield concluded that the transition state



was ~60-70% along the reaction coordinate.™’ A posmible transition state that s

conststent with the atferementioned evidence s shown in Figure 4.3,

t

Me oo
Me_ | ©

SC—0- - HO-i-Pr

H
SBH,

J

Figure 4.3 Proposed transition state for sodium borohydride reduction in
isopropanol.

4.1.3 Boron Trifluoride Etherate Catalyzed Reductions using Triethylsilane

In order for a carbonyl group to be reduced by organosilanes, an acid catalyst such
as trifluoroacetic acid or boron trifluoride etherate must be employed to activate the
carbon atom of the carbony! group. In contrast to TFA catalyzed triethylsilane reductions,
BF;+Et,O catalyzed reductions provide no evidence for the presence of alkyl silyl ethers
either during or following the reaction.!** This fact led Doyle in 1976 to put forward two
possible mechanisms (see Figure 4.4).%° The reduction of carbonyl compounds (c.g.
R,C=0) at room temperature with Et,SiH/BF;.Et.O occurs rapidly with BF, consumption
yielding mainly borate esters and the oxidation product triethylsilylfluoride (Et,SiF). The
borate ester is subsequently hydrolyzed under acid or base catalysis to the corresponding
alcohols. In order for all starting ketone to be consumed, the reaction requires a
ketone:BF;-Et,O ratio of <3:1. As this ratio increases, a competing reaction leading to the

symmetrical ether (e.g. R,C-O-CR,) becomes prominent.



54

) R.C=0 + BF, —— R.C=O-BF,
EuSi- - -F ]
R,C=O-BF, + Et;SiH ——»| H BF.| —» R,CH-O-BE, + EtSiF
R,C=—0
_ ]
+ -
(b) R,.C=0O + BF, —= R.C=O-BF,
H. .. SiEt,
+ = ' '
R,C=0-BF, + E,StH —» S —» R,CH-O-SiEt, + BF;
R,C=—0—BF,

R,CH-O-SiEt; + BF, —2%» R.CH-O-BF, + Et,SiF

Figure 4.4 Proposed mechanisms for the reduction of ketones using
Et,Sib/BF;-Et,0 .

If a chiral reducing agent is employed (e.g. R';SiH), then in mechanism a, where
hydride and fluoride transfer from silicon occur in 2 concerted fashion via a cyclic six-
membered transition state, retention of configuration at silicon is expected to occur. For
mechanism b, the overall reaction is assumed to lead to stereochemical inversion at silicon
since the initial hydrosilylation is expected to occur via retention, while the second step is
known to occur with inversion.'*¢ Reduction of acetone with (+)--
naphthylphenylmethylsilane/BF,.Et,O yielded (-)-naphthylphenylmethylsilane in 11£2% ee
and thus Doyle concluded that mechanism b was consistent with this result. However, ata

molar ratio of acetone:BF;.Et,O of less than one, where all of our competitive reduction
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study  was performed  osee Secton 22300 Dovle tound oalv acemie e

naphthy Iphenylmethy [nlane and thus this conchision appears to e somew hat specutatine

4.2 Results

4.2.1 Competitive Rates using Lithium Aluminum Hydride

In order to allow a direct companson of our relative rate data, condittons were
sought to limit the involverment of di- and trialkoxyvaluminohydride reducing agents. More
precisely. we sought to limit the consumption of available hvdride to £50% since previous
evidence indicated that the monoalkoxyaluminohydride species readily  undergo
disproportionation and thus LAH would be the effective reducing agent.  Indeed, initial
studies on the axial methyl derivative 45 showed that under sufficiently dilute conditions (a
total of 0.050 mmol of ketones in 4 mL of THF), the involvement of LiAl(OR).H, and
LiAl(OR),H could be minimized.”" In an amemp: to limit the participation of the
alkoxyaluminohydrides species further. Fraser er al. performed several competitive
reduction expeniments in the presence of water. [t was reasoned that the presence of H,O
might quench the reaction in situ before the di- and trialkoxyaluminohydrides react with
the substrate ketone. However, this investigation only led to irreproducible results. It was
concluded that the water only partially reacted with the various reducing agents present to
yield a complex mixture of polymeric oxygen bridged aluminohvdrides. Accordingly. this
route was not further pursued.

In an attempt to decipher the complexities associated with this reduction, low
temperature 75 MHz '3C NMR studies were conducted. However, even at -78°C, the
monalkoxyaluminohydrides of cyclohexanone or !.3-diphenylacetone could not be
observed. More precisely, even after the preparation of samples containing | equiv of
LAH and 0.25 equiv of ketone at -78°C ard rapid the acquisition of 75 MHz '’C NMR

spectra (512 transients or 7.5 minutes), we were unable to observe the presence of the
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monoalkoxyaluminohydride species. Thus it appears that the reduction of ketone is
exceedingly rapid with its half-life being less than 2 minutes. However, as before this
study did not provide information about the relative rate of disproportionation versus the
rate of reduction. In addition. a significant number of unexpected absorbances were
observed. It was concluded that a complex mixture of various possible aggregates had
formed and thus, unfortunately, no additional information could be obtained without a
more thorough investigation (e.g. labeling studies). However, this route was not
followed.

The competitive rates measurements were normally employed using a 1:1 ratio of
the o-derivative (i.c. 45-53) and the unsubstituted bridged biaryl ketone 44 with a total
amount of ketones of 0.050 mmol. After the addition of a standardized solution of LAH
(0.00625 mmol), which if totally consumed would reduce 50% of the ketones present, the
reaction mixture was quenched after 20 sec with HC! and analyzed using 500 MHz 'H
NMR spectroscopy. The relative rate constants were then calculated by employing

equatons 19-21, where [A], and {B], and [A] and [B] represent the initial and final

ks __log([BL/[B]) (1]
ka log( [Al,/ [A])

[Al,=[A]+(C] [20]

[B], = [B] + [D] + [E] [21]

[C] = unsubstituted alcohol product (i.e. 65)
[D}] = axial or equatorial major alcohol product (i.e. 66 or 68)
[E] = axial or equatorial minor alcohol product (i.e. 67 or 69)



L7
~1

concentration of A (unsubstituted ketone 44) and B (a-derivative 45-53), respectively,
under study. More precisely, the assumption was made that the reactions are first order in
ketone and the same order in reducing agent. Details of the competitive rate experiments
are presented in Appendix 2,

For example in entry 7 of Table 4.2, emploving a 1:1 mixture of $4:45 and
quenching with acid after 20 seconds yielded the mixture of three alcohols (65. 66a and
67a) and unreacted starting ketones 44 and 45 shown in Figure 4.5. Since each ketone
and alcohol had been previously characterized, each component could be readily identified
(see Figures 4.6-4.10). Measurement of the integrai ratios for the absorption of 44 versus
65 and 45 versus 66a and 67a afforded the required relative concentrations. which after
substitution into equation 19 provided the relative rate constant of 0.412.

Kinetic studies by Smith and Wiegers determined that the reduction of camphor
was complete within one minute under the concentrations employed in our study.'*” Thus,
given the fact the lithium aluminum hydride reductions are exceedingly rapid, the
possibility that our competitive study may be diffusion controlled was considered. Under
these circumstances, added LAH might react with the faster reacting ketone at the point of
initial contact and then may react with the slower ketone before further accéss of the faster
reacting ketone occurs. Thus the competitive rate ratio will not reflect the true ratio of
rate constants, but will reflect a concentration ratio. In order to test for this possibility, we
repeated the competitive reduction of the axial a-methyl ketone 45 versus 44 (see Table
4.2). However, unlike our initial competitive runs, the initial ratio of 45:44 was changed
to ~3:1 and ~1:3 (see entries 1-4, 6 and 8 in Table 4.2). The results revealed an average
increase of only 3.5% (average k, gk, = 0.419) for the 1:3 ratio and an average decrease
of 19% (average k,s/k,; = 0.328) for the 3:1 ratio and therefore it was concluded that the
lithium aluminum hydride reductions are not under diffusion control and hence the

calculated relative rates represent the true ratio of rate constants.
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Table 4.2 Competitive reduction of ketones 44 versus 435 with LAH in 4 mL THF
at 0°C (20 sec quench, 0.05 mmol of total Ketones).

Entry  Ketone 44: Ketone 48 LiAlH, % 34 R <t Total Kas/Kag
mimol reduced reduced Hyvdride
Consumed

1 1:2.7 0.006 45 22 S8 0410
2 1:2.6 0.003 51 30 73 0.3588
3 1:1.7 - 0.00275 63 32 87 0.388
4 1:2.7 0.006 4 26 69 0.391
5 I:1.1 0.006 34 15 S0 0.398
6 2.8:1 0.006 23 9.0 29 0.333
7 1:1 0.006 30 14 38 0.412
8 3.1:1 0.006 2 7.6 10 0.322

%0.025 mmol of total ketones in 10 mL. ®0.022 mmol of total ketones.

The decrease in relative rate constants for entries 6 and 8 may be due to
incomplete disproportionation and thus involvement of alkoxyaluminohydride ions. It
appears that the alkoxyaluminohydride species for the unsubstituted ketone are more
stable towards disproportionation. Perhaps the presence of the o-methyl group in 45
introduces steric strain and thus facilitates disproportionation. Overall, it seems that the
alkoxy reducing agents are even more reactive towards 44 than LAH itself and thus
kys/ky, decreases.

Employing the above reasoning, the results from entries 1-5 and 7 should be the
most accurate. Accordingly, these results were used to obtain the required key, ™ /k,
which represents the relative rate for attack app to the o-methyl group relative to
hydrogen and thus provides a direct test for the importance of the app effect as put

forward by Anh'> or Cieplak™. Entries 1-5 and 7 provided an average relative rate of



0.415. However, since the unsubstituted ketone 44 possesses two equivalent carbonyl
faces, kp/k, (K;/kyq) must be multiplied by two in order to compare the reactivity with
respect to one face (see equation 22). As shown in Table 4.4, the average m-facial
selectivity for ketone 45 was 11.9. Thus since the rate for attack of 45 represent the sum
of antiperiplanar (app) and synperiplanar attack (sp) (i.e. equation 23), the rate for app
attack rearranges to equation 24. Substitution of cquation 24 into equation 22 provides
the facial reactivity for attack app to 2 methyl group relative to hydrogen (i.e. equation
25).

k
CH
= 0.415x 2=0.830 [22
kn
) ) Pp P app
Koty ™ Kewy + Kew, = 1.084x K, (23]
app k
Kew, = CHy, [24]
1.084
k app
&880 om (5]
ke 1.084

As shown in entries 1-3 and 5 in Table 4.3, the face reactivity for the equatorial a-
methylthio bridged biaryl ketone 50 was determined by employing a mixture of the axial
(46) and equatorial methylthio derivatives of 44. In our preliminary studies of this ketone
system, it was noticed that as the initial ratio of the 50:46 decreased, the relative rates
increased from 3.35 to 8.23. As for the axial a-methyl ketone 45, it was assumed that as
the 50:46 ratio decreased, the participation of higher order and presumably both more

sterically encumbered and polar alkoxyaluminohydrides 'specics becomes more prominent
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and could exaggerate the difference in reactivity between these ketones.  The runs
employing an approximate 1:1 ratic of ketones in Tuble 4.3 were thought to best represent

the rejative rate.

Table 4.3 Competitive reduction of ketones 50 versus 46 with LAH in 4 mL THF
at 0°C (20 sec quench, 0.05 mmol of total ketones).

Entry  Ketone 50: Ketone 46 LiAlH, % 50 % 36 % Total keo/kye
mmol reduced reduced Hydnde
Consumed

l 1.55:1 0.0062 48 18 70 3.35
2 1:1.46 0.006 60 16 70 4.92
3 1:4.88 0.0064 81 18 57 8.23
4 1:1? 0.00576 71 19 30 5.97
5 38:1° 0.015° 225.7

* Sample contained 0.0159 mmol of 44. ° 0.0297 mmol of total ketones. © Reducing agent 83 was
employed, 2 min quench.

In order to test our above proposed explanation for the SCH,,, competitive
reduction studies, the competitive reduction using a 3.8:1 mixture of 50:46 was repeated,
however, the dialkoxy reducing agent 83 was employed. Compound 83 was generated by
reacting 44 with 0.5 equiv of LAH (see equation 26). Interestingly, the relative rate
increased dramatically to 225.7. The use of the dialkoxy aluminohydride forces the
reaction to take place through high order alkoxyaluminohydﬁdcs. Therefore the observed
inércasc presumably reflects a selectively increased reactivity of the SCH,,, ketone 50 to
the dialkoxy and trialkoxy reducing agent. This difference, although apparent in the c-

methyl derivative 45, is much more enhanced in ketone 50.
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In order to corroborate our assumption, we repeated the competitive reduction of
46 and 50 in the presence of 44 and observed a relative rate of 5.97. The final result was
obtained by taking the average of entries 2 and 4 (see Tcble 4.4). Because the competitive
experiment in entry 4 of Table 4.3 was run in the presence of 44, Kscua /Ky could be
calculated directly. The calculation of kscy,*/k,, from entry 4 yielded a value of 3.30,
while via relay using keyk,s (see footnote in Table 4.4) yieided a value of 2.27. This
difference likely reflects the inherent uncertainty associated with our method for the
extremely concentration-sensitive equatorial a-SCH, ketone 50.

The relative rates obtained for all of the remaining results showed no unusual
behavior and were averaged and after application of their analogous equations 22-25 led
to the final results listed in Table 4.4. Fortunately, the unexpected variability in the
SCH,,, ketone was not observed for these remaining substrates. Overall, in most
instances we were able to limit the potential involvement of the trialkoxy species (i.c.
<75% consumption of hydride) and in some instances the potential involvement of the
dialkoxyaluminochydrides (i.e. <50% consumption of hydride). Nevertheless, we are quite
confident in the validity of our results since previous results on the c-methyl derivative 45,
again, employing the reducing agent 83 showed only an approximate 15% change in the

calculated relative rates.'’ As before, the use of 83, presumably forces the reaction to

occur through higher order alkoxyaluminohydrides.
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Table 4.4 =-Facial reactivity” of the a-derivatives of 44 for reduction by LAH .

Substituent Ki/Kas Number of n-Facial K™Ky
R Measurements Selectivity
H - - 1.0 1.0
CH;,, 0.415 3 11.9 0.77
SCHi,, 0.436 4 219 0.87
OCH;, 1.36 1 219 2.7
Clux 2.81 1 219 3.6
kp*/ky
CHig 1.12 3 4.5 1.8
SCHae 2.27 2 219 4.5°
OCHieq 4.07 2 219 8.1
Clegq 3.31 2 8.2 5.9
Feq 3.68 4 7.6 6.5

% See_experimental for precision. ° Calculated via relay (ie. kscus™/ky = kscus™/KscHs™® X
kscus T iky)-

4.2.2 Competitive Rates using Sodium Borohydride

As stated previously in the introduction (Section 4.1.2), the kinetics for the slower
reacting SBH can be readily monitored. Wigfield, among others, found the reaction to be
first order in ketone and SBH.***"1% Isopropanol was chosen as solvent since it is less
reactive towards SBH than either methanol or ethanol.™*® In order to determine whether

our model ketone 44 was behaving as observed with other ketones in isopropanol, we
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~ In [4b(a-x)]/[a(4b-x)]
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conducted prebinunary rate studies on L3-dipheny lacetone (841 an acvehic analogue of 44,
and Aetone 44,

For 1.3-diphenylacetone and 44, 2 GO3I8M and 0.00SO8M <olution, respectinely,
in isopropanol was treated with SBH and quenched after 1.5, I35 and 180 munutes. The
resulting solutions were worked-up and analvzed by 300 MHz 'H NMR. The data tor
both ketones were treated by standard second-order kinetics and gave linear plots,
although for 1.3-diphenylacetone the plot did not pass through the ongin (see Figure
4.11). However, given the facts that the solutions for this preliminary tnvestigation were
not thermostated and the evaluation involved only three points, the results appear
acceptable. The progress of the reaction is summanized in Table 4.5, From these data. it

appears that fixing the two aromatic rings in ketone 44 causes an approximate 10 fold

increase in reactivity.
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Figure 4.11 Kinetic plots for the reduction of (a) 1,3-diphenylacetone and (b)
unsubstituted briczed biaryl ketone 44 by sodium borohydride (a=
initial ketone concentration, b = initial borohydride concentration and
X = concentration of ketone remaining at time ¢.
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Table 4.5 Ketone reduction by SBH in isopropanol at rt.

Ketone [M] NaBH, [M] Time (min) S Ketone
Reduced
1.5 4.3
84 0.0318 0.00802 15 IS
180 56.7
1.5 3.4
44 0.00898 0.00224 15 24
| 180 74.8

Additionally, previous evidence indicated that the reduction normally occurs
through a disproportionation mechanism and thus few alkoxyborohydride species
participate in the reduction. If disproportionation occurs, one would expect the
diastereoselectivity to increase as the reaction proceeds. Indeed, Rickborn® observed
such an effect in the reduction of several substituted cyclohexanones. However, this
behavior was not observed throughout the series of ketones studied. Accordingly, we
were prompted to monitor the diastereoselectivity of compound 45 as a function of time,
since it provided well separated and thus accurately integrated methyl doublets for the two
alcohol products 66a and 67a. However, ketone 45 epimerized to the o-equatorial
epimer 49 as the reaction proceeded. After three hours only 17% of the initial amount of
45 remained. As presented in Table 4.6, no change in selectivity within 5% was observed.
Therefore since alkoxyborohydridés do not interconvert (i.e. disproportionate) these
reducing agents appear to possess similar selectivities as SBH itself. Nevertheless, in
order to minimize the possibility of interconversior, epimerization or rcanangemeﬁt.
conditions were adopted in our competitive study so as to keep the consumption of total

hydride to no greater than 25%.
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Table 4.6 Competitive Reduction of ketones 45 versus 43 for SBH in i-PrOH at rt.

Ketones NaBH, Quench Time < of Total Hydride Gof 45 w-Facial
(rmmol) {rmmol) (min) Consumed Epimerized Selectivity
45 (0.0424) + 0.0123 1.5 0.37 <0.5 6.0
44 (0.00713) 15 7.0 3.6 6.1
60 20 67 58
120 29 82 6.0
180 38 83 6.4

The final results for the sodium borohydride reduction are given in Table 4.7 and
represent the average for all runs shown in Appendix 2. For those cases where the 7-
facial selectivity was known, the data were treated as described for the LAH system.
However, in contrast to the data for LAH, the relative rates for most entries were
calculated by employing equation 27 where [Bl, = [BI + [D]. That is, because of the very
low consumption of hydride, an accurate limit on the diastereoselectivity could not be
determined due to poor signal to noise in the 'H NMR spectra.

by _log([BL/BL-DD

ka log( [Al,/ [A])

As long as the amount of :_'eduction of ketone B remains low (i.e. <2%) and the
diastereoselectivity is >1:1 (app:ac or ac:sc), knowledge of the :iiastcreoscloctiyity is not
required. If the stereoselectivity is included in the calculation, it would influence the
relative rate constant by less than 1%. The initial experimental conditions such as ratio of
ketones and quench time were based of the LAH results. The conditions were then

adjusted as necessary to provide the optimum balance between the signal to noise ratio in



102

the '"H NMR spectra and the amount of epimerization observed. while simultaneously
attempting to keep the consumption of total hydnde to <25%. Most competitive
experiments were repeated twice and in those cases where a single result was obtained,
our initial estimate of experimental conditions proved satisfactory and thus no additional
adjustments were necessary (see Appendix 2). In the competitive experiments with the
equatorial chloro ketone 52, we were able to limit the consumption of hydride to <31%
and in all other cases to €16%. Accordingly, we concluded that the data would be
amenable for direct comparison.

For several of the entries noted in Table 4.7, epimerization of the ¢t-substituted
ketone was observed (see Appendix 2). In those instances a correction was made on the
assumption that the rate of epimerization took place in a linear fashion. Thus an average
value at the midpoint of the reaction was used for this epimerization correction. More
specifically, the measured final concentration of B (a-substituted derivative of 44), [B],
was increased by the factor depicted in equation 28.

(Bleomeeed = [Blineasured X Tz (28]

per cent of initial t-substituted ketone epimerized
100

y:

As before, in order to compare the reactivity with respect to one face of the
unsubstituted bridged biaryl ketone 44, the relative rates for kg™/k,, are obtained by
multiplying by a factor of two. As noted above and in Table 4.7, the reactivities for 45, 52
and 53 must be further subdivided in order to obtain the final facial reactivity.
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Table 4.7 n-Facial reactivity” of the a-derivatives of 44 for reduction by SBH.

Substituent kp/Kaa Number of r-Facial Kk
R Measurements Selectivity?
H - - 1.0 | 1.0
CHio 0.114 2 6.5 0.20
SCHiy 0.390 2 0.78
OCHia 8.18 ! 219 164
Clax 40.0 2 219 80
ke 7k
CHaeq 0.454 2 -2 091
SCHieq 434 1 29 8.7
OCHieq 42.1 2 219 84
Cly 20.0 3 53 34
Feq 60.0 2 59 103

3 See appendix 2 for precision. ® Blank regions were not determinable due to poor signal to noise.

4.2.3 Competitive rates using Triethylsilane/Boron Trifluoride Etherate

In 1976, Doyle reported that aldehydes and ketones could be reduced to alcohols
with triethyisilane and BF,+Et,0 (see Section 4.1.3).!5 In Fry's investigation similar
results were observed, however, gaseous BF, was employed as catalyst in
dichloromethane.'*® In a subsequent paper, Fry found that the reduction could also be
performed using fluoride ion (F?) as catalyst in acetonitrile.'®® These facts led us to study
the corﬁpetitive kinetics of triethylsilane for our bridged biaryl ketone 44 and its -

derivatives. Accordingly, preliminary investigations on the reduction of ketone 44 .
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employing | equiv of Et,SiH and 3 equiv of BF.E1,O at 0°C in CH,CN yielded. as
revealed by 200 MHz 'H NMR and TLC, an extremely clean reaction with the
unsubstituted alcohol 65 being the sole product, while the same reaction in methylene

chloride showed a mixture of products with 65 dominating. The isolation of the minor

OH

product from the reaction in dichloromethane was not attempted, but it appeared to be the
symmetrical ether. Thus the competitive reductions were performed in acetonitrile
employing a 3:1 ratio of BF.Et,O:Et,SiH.

As before in the SBH system, the optimum experimental conditions were obtained
by performing a competitive reduction with the axial a-methyl ketone 45 and 44. An
initial concentration of 0.05 mmol of total ketones in 5 mL of CH,CN was used. An
aliquot from the reaction mixture was removed after 2, 15, 60 and 120 minutes.
Interestingly, the results showed no significant change in diastereoselectivity as the
reaction proceeded to 50% completion (see Table 4.8). However, despite exhibiting no
change in selectivity, the three different possible catalysts (see Section 4.1.3) may
influence the reactivity. Therefore, as before, to ensui'e that the reaction was occurring via
a single catalyst (i.e. BF; and not R,CH-OBF, or (R,CH-0O),BF), conditions were adopted
so as to terminate the reaction as early as practically possible. Indeed, we were able to
quench the reaction after <25% consumption of total hydride and in most cases <7% (see

Appendix 2).



105

Table 4.8 Competitive reduction of ketones 45 versus 44 with Et WiH/BF,.Et,0 in

CH,CN at 0°C.
Ketones E1;5iH BFE1-O Quench Time < of Tutal Hydride x-Facial
(mmol) mmol mmol min Consumed Selectivity
45(0.0341) 0.05 0.15 2 2.5 It.5
+ 44 (0.00586) 15 13.7 4.2
60 35.0 124
120 49.8 13.1

The results for the competitive reduction are shown in Table 4.9. However, again,
in contrast to the LAH reductions, the relative rates for most entries in Table 4.9 were
calculated by using equation 27. For the axial a~methoxy ketone 47, no epimerization
was observed, but an additional product was found. After isolation by column
chromatography, both 2 500 MHz 'H and a 'H-'H COSY NMR spectra were obtained
(see Figure 4.12). The spectra are consistent with compound 84. Thus it

OCH,

appears that the Lewis acid BF;-Et,O promotes a rearrangement reaction whose product
ketone subsequently undergoes a rapid reduction with triethylsilane. Similarly, for the
equatorial o-methoxy ketone 51, a second component was found, but it was not

identified.  Lastly, for the equatorial o-methylthio ketone 50, a combination of



106

$ 4

10D uf p8 Jo 832208 YN ASOD H,-H, Pue H, ZHW 005 UL T1'pandLl

dd

........... n-.m..:..-.:::-:»-T—xn EE:?EE-EMEEUEE t EE.—WEEPEP—PMEEug”»

2 i i !
p——p if




107

epimerization and rearcangement was observed, with the rearmingement route dominating,
In all of these cases a similar correction, as noted in Section 4.2.2 was made., however, in
equation 27 y no longer represents the per cent of epimerization. but represents the per
cent of rearrangement that occurred. In the case of ketone 50 where both rearrangement
and epimerization were observed, y represents the total amount of epimerization and

rearrangement. The amount of rearrangement and/or epimerization observed for ketones

Table 4.9 n-Facial reactivity® of the a-derivatives of 44 for reduction by

Et,SiH/BF;.Et,0.
Substituent Ke¥/Kas Number of w-Factal ke/ky
R Measurements Selectivity®
H - - 1.0 1.0
CHa,, 0.155 | t 11.5 0.28
SCHiy 0.00861 1 0.017
OCHj3,, 0.185 2 219 0.37
Clyx 0.0024 I 0.0048°
kr*/ky
CHieg 0.156 1 -2 0.31
SCHieq 0.0915 2 0.18
OCHieq 0.921 2 >19 1.8
Clg 0.0659 1 7.0 0.12
Fegq 0.134 i 79 0.27

® See appendix 2 for precision. ® Blank regions were not determinable due to poor signal to noise.
© Calculated via relay (i.e. kg ™ /ky = kg™ P/kg™ x kg™ /ky)-
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47 and 50 was 28% and 22%, respectively. In all other cases, the maximum amount
observed was 6%. In subsequent runs, we were successful in decreasing the rather high
rearrangement observed for ketone 47 to 14%. Unfortunately, we were not successful in
the case of 50. Satisfyingly, we were able to reproduce the relative rates for both these
ketones within experimental error and thus identification of the rearranged product and/or

additional attempts to minimize its formation were not pursued (see Appendix 2).

4.3 Discussion

A summary of the competitive reduction data is given in Table 4.10. The results
for lithium aluminum hydride show that as the electron withdrawing ability of R,, (i.¢. app
to attacking hydride) increases a modest increase in reactivity is observed. An axial chioro
substituent exhibits the largest influence with a 5.6 fold increase in the rate of reduction.
The data for the equatorial substituents (i.e. ac to attacking hydride) show a similar trend.
That is, again, as the electron withdrawing ability of the equatorial substituents increases a
slight increase in m-facial reactivity is found with the electron withdrawing OMe
substituent exhibiting the greatest reactivity (Ko "/kyy = 8.1).

For the sodium borohydride/isopropanol systern, as in the LAH case, both axial
and equatorial electron withdrawing substituents accelerate the w-facial reactivity.
However, the influence is significantly enhanced. For example, an axial chloro substituent
causes an 80 fold increase while an equatorial fluoro substituent causes a 103 fold increase
in reactivity.

Interestingly, in the competitive reductions using triethylsilane/boron trifluoride
ctherate, the opposite trend was observed. The results show that electron withdrawing
axial substituents strongly decelerate the rate of attack of triethyisilane relative to
hydrogen. A similar result was obtained for the equatorial substituents, however, the rates

are less affected by electronegative substituents.
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Figure 4.13 Plots of (a) log kg"*/ky and (b) log kg*/kg versus o, for LAH reduction
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of (a) 44-48 and (b) 44 and 49-53.
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Figure 4.14 Plots of (a) log ky"**/ky and (b) log k;*/ky versus o; for SBH reduction
of (a) 44-48 and (b) 44 and 49-53. '
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lithium enolate to various O-heterosubstituted ketones (see equation 29).'!
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Figure 4.15 Plots of (a) log ky"/kg and (b) log kg*/ky versus o, for triethylsilane
reduction of (a) 44-48 and (b) 44 and 49-53.

In order to determine the importance of the polar effect, we were prompted to
plot log (kp¥*/ky) and (kg*/ky) versus the polar substituent constant o, for the three
systems under study (see Figures 4.13-4.15). At present, there are numerous scales of o,
available to the practicing physical organic chemist. However, recently Thornton and Das
conducted 2 similar competitive reduction study for the aldol addition of pinacalone
They
observed excellent correlation when the Exner o scale'? was employed for both aliphatic
(r=0.996, p = 6.62 * 0.24) and aromatic (r = 0.993, p = 7.61 £ 0.60) ketones, whereas
other mbre recent scales gave poorer correlations. Thus in Figures 4.13, 4.15 and 4.15

the Exner o, scale was used.
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The Hammett plot for the lithium aluminum hydride system for the app
substituents in Figure 4.13a exhibits a reasonable correlation (see Table 4.11). That is. the

data show the general trend that the reactivity is mainly governed by polar effects.*

Table 4.11 Correlation coefficients and susceptibility constants of the Taft plots.

3

LiAlH, NaBH, Et;SiH

app ac app ac app ac

r (correlation coefficient) 0.896 0.840 0922 0919 -0.743 -0.353
p (slope) 144 1.18 422 331 -3.14 -0.624

However, the rather shallow slope (p = 1.46) indicates that the effect is not pronounced.
The plot for our standard system of equatorial substituents, where because of the poor
orbital alignment no app effect should be present, indicates a similar conclusion.
However, both the correlation and slope are reduced somewhat. The relatively shallow
plots are indicative of the reaction coordinate shown in Figure 4.16 where, in agreement
'with the Hammond postulate®, there 1s a minimal development of negative charge. More
precisely, the shallow slopes are consistent with an early reactant-like transition state in
which the overall change in charge from the ground state to the transition state, Aq in the

carbonyl group, is <0.

* Polar effects are frequently referred to as inductive effects. This thesis will employ the latter term (see
Section 4.3.2). ‘



The plots of log (kg™ /ky) and log (kg*/ky) versus @, tor the sodium borohydride

study reveal even better correlations than that abserved for the lithium aluminum hvdnde

Aq=0

Potentis! entigy —-+

Reacthon coorgmnate ———

Figure 4.16 Free energy-reaction coordinate diagram representing reduction by
’ lithium aluminum hydride.

reduction (see Figure 4.14 and Table 4.11). Thus, again, it appears that the nucleophilic
addition of sodium borohydride to the a-derivatives of our model ketone is mainly due to
inductive effects. However, reduction via sodium borohydride is almost three fold more
sensitive to inductive effects. This increase in slope is consistent with the reaction
coordinate depicted in Figure 4.17 where the reaction occurs via a much later transition
state, perhaps mid-point along the reaction coordinate. This later transition state allows
for the overall change in charge Aq for the sodium borohydride reaction to be significantly
larger than that for the lithiurn aluminum hydride reduction and thus accounting for the

approximately three fold increased in p. In his review article in 1979, Wigfield concluded
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that for SBH reduction of ketones the transition state is approximately two-thirds along

the reaction coordinate.*™®

BH," + R,C=0

Potential energy

Reaction coordinate ——=—

Figure 4.17 Free energy-reaction coordinate diagram representing reduction by
sodium borohydride.

Lastly, the plots for the Et,SiH/BF,+Et,0 competitive reduction are given in Figure
4.9. As mentioned previously, the data reveal the opposite trend and thus the slopes are
negative. The plot for the app substituents exhibits somewhat poor correlation (see Table
4.10). However, the plot shows the general trend that the addition of the nucleophile
triethylsilane is mainly governed by inductive effects. The Hammett plot for the equatorial
substituents shows a much poorer correlation and, as a resuit of its shallower slope, is less
influenced by inductive effects. The negative slopes are consistent with the reaction
coordinate diagram shown in Figure 4.18 in which the intermediate BF,-ketone complex

(85) is less stable than the starting materials since under these circumstances there is an



overall increase in the amount of carbocation character in the transition state. The
activated ketone is then attacked by triethyistlane via a four centred transition state as
proposed by Doyle."** Overall, the net change in charge (Aq) for the reaction is 20, The
magnitude of positive charge developed is dependent on the character of the transition
state (i.e. position along the reaction coordinate). The plot of log kg™®/k,, vs G, seems to

indicate an appreciably charged transition state.

Heeeeee Et,Si
Ag20 Lo
oo .0'éF3
&
g
3 F,B-0—=CR,
Ey;SiH/BF,-Et,0 85
+ R,C=0
Reaction coordinate ——
Figure 4.18 Free energy-reaction coordinate diagram representing reduction by
triethylsilane.

Preliminary competitive rate studies with ketone 46 (axial SCH,) indicated a
severely retarded facial reactivity. It was initially proposed that for ketone 46 the enol
tautomer may be energetically preferred. Thus the addition of the Lewis acid catalyzed
the conversion from the keto to the enol form 86. In order to test this proposal a 200
MHz 'H NMR experiment was performed. Addition of 3 equivalents of BF;Et,0 to a
5mg sample of 46 in CD,CN resulted in no observable change. Thus, it appears that the
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keto tautomer is highly preferred. In addition, this lack of change indicwes that 46-BF,
complex is significantly less stable than the starting compound. This conclusion is in

agreement with the proposed reaction coordinate shown in Figure 4.18.

Overall, the plots of log kg™ /ky and log ky*/k,, show the general trend that the
differences in reactivity are predominantly due to inductive effects. In order to test the
validity of the app effect, the log k*P/k;; plots were consulted. Because the plot of the
LAH competitive reduction shows the least influence from ihductive effects (p = 1.46), the
LAH system should be the most likely to reveal an app effect as proposed by Cieplak.*
An axial methy] group slightly retards the rate of app attack relative to hydrogen(i.e.—AAG"
= 0.14 kcal/mol). As commented on previously in Chapter 1, the Cieplak
hyperconjugative model was originally based on the observed diastereoselectivity in the
LAH or SBH reduction of 4-r-butylcyclohexanone. Thus because this ketone exhibits 2
9:1 bias towards axial attack and since it possesses two antiperiplanar Geu/G™c..q
interactions at C2 and C6, the Cieplak theory represents a transition state destabilization
(i.e. AAG") of 1.4/2 or 0.7 kcal/mol. However, our data reveals a value of only 0.14
kcal/mol. Perhaps the most informative value is for the axial methylthio substituent. For
the series of substituents in our study, the methylthio substituent is the best sigma donor.
Therefore an app SC'I-I3 group should provide the greatest transition state stabilization (i.e.
AAG" should be large and negative) and consequently be the most reactive in the series.



117

However, this substituent causes a negligible change in reactivity (AAG™ = 0.076 kcal/mol)
and along with the methyl group is the least reactive in the series. Finally. the axial chloro
substituent shows a 5.6 fold increase in reactivity which, again, is contrary to Cieplak's
predictions. In Cieplak's theory, an app chlorine is predicted to decrease the reactivity of
nucleophilic addition since the electron donating ability of a C-Cl sigma bond is
significantly less than a C-H sigma bond. On the other hand, although the trend is in
agreement with Anh's predictions, the reactivity for the axial chioro group falls well short
of ihe extremely large increase calculated by Anh. In addition, for an app methyl group
Anh predicts that the reactivity should be increased. but we observed a small decrease in
reactivity. Hence, neither the Cieplak nor the Anh app effect are in agreement with the

observed results.

4.3.1 Axial versus Equatorial Substituents

If the assumption is made that the results for the axial substituents represent a
combination of inductive and app effects, whereas, because of poor orbital-orbital
alignment, the reactivity for the equatorial substituents represent only inductive effects, a
comparison between axial and equatorial data will provide an additional test for the
-+ validity of the Cieplak theory. The data for both axial and eQuatorial substituents for the
three systems are readily compared by consulting Figure 4.19. For the LAH competitive
reduction, the data show that an equatorial methyl group causes a greater increase in
reactivity than an axial methyl group. This resuit is in agreement with Cieplak's theory
since replacing an app H, as present in the axial a-methyl ketone 45, with an app methyl
should decrease the amount of transition state stabilization and thus should be the least
reactive. In disagreement with Cieplak's theory, an axial methylthio group exhibits
decreased reactivity relative to an equatorial S.CH3 group. Because Cieplak assumes an C-
S sigma bond is a much better electron donor than a C-H bond, the model predicts that the

axial ketone should show increased reactivity. The result for the methoxy substituent is
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 Figure 4.19 Plots of log ky™/ky, (W) and log ky*/kg (A) versus o, for reduction by
(a) LAH, (b) SBH and (c) triethylsilane.

1.0



119

consistent with Cieplak's theory. since. again, because Cieplak assumes a C-O o bond is o
poorer electron donor than a C-H bond, an axial OCH, group should diminish the
reactivity.  Lastly, for the chloro substituent, the Cieplak theory predicts that an app
chloro group should cause a significant decrease in the -facial reactivity since an app C-
Cl sigma bond is properly oriented with the 6™¢..,, orbital. However, there is a negligible
difference in reactivity between the axial and equatorial ketones 48 and 52. Because the
Anh hyperconjugative model makes the opposite predictions of the Cieplak model, all
substituents above that were in agreement with Cieplak theory are now in disagreement
with Anh's predictions (i.e. CH, and OCH,"). However, because both the axial and
equatorial chloro ketones exhibit a negligible difference in reactivity, both models yield the
incorrect result. _

For the SBH system and based on similar arguments as above, the data for the
methyl and methoxy substituents are in agreement with Cieplak's theory, whereas the data
for the methyithio and chloro substituents are not. Conversely, employing Anh's theory,
the results reveal that the chloro substituent is in accord with his proposal, but the methyl
and methoxy groups are not.

Finally, for the competitive reductions involving triethylsilane/boron trifluoride
etherate, the data indicate that contrary to Cieplak's theory, which predicts that an app
methyl group should be less reactive than an ac methyl, the axial and equatorial methyl
groups exhibit only a negligible difference in n-facial reactivity. Qur study shows that the
methoxy and chloro substituents are in accord with Cieplak's app effect, while the
methylthio substituent is not. In the case of Anh's hyperconjugative model, all substituents
are in disagreement. Therefore for all three reducing agents under study, a very

inconsistent trend is observed and thus it appears that both theories are rather dubious in

nature.

* Although Anh never discussed an app methoxy substituent in his original proposal, it is assumed that
this substituent should increase the reactivity (see reference 13).



4.3.2 A Closer Look at the Axial and Equatorial Plots

As the reaction conditions for a given chemical reaction are altered. the end result
is normally a change in the rate of the chemical reaction or the position of the chemical
equilibrium under study. These changes may include such factors as temperature, solvent
or substituent electronegativity (i.e. substituent effects). If this series of changes
influences the rate or equilibrium in exactly the same manner versus the adopted standard,
except affecting it by an amount that is solely dependent on the specific change, the system
is said to obey a linear free energy relationship. Hitherto, substituent effects have received
by far the most attention. '3

More than fifty years ago Hammett first recognized this fact and found that a linear
free energy relationship ckists for the acid dissociation equilibrium constants, K, for meta-
and para-X-substituted benzoic acid and a number of derivatives thereof (e.g. X-
C H,CH,COOH)."** More specifically, Hammett observed that the data correlated well

with the constant G, the substituent effect (i.e. equation 30). In equation 30 K, represents

K,
log = pG [30}
Ko h

the acid dissociation constant for the X-substituted benzoic acid derivative under smdy
and K, represents the same dissociation constant, but for the unsubstituted substrate (i.e.
X=H). The analogous expression [31] for the rates of reaction was subsequently found to
be valid for a large number of aromatic compounds (e.g. hydrolysis of methyl

benzoates).'>

. .
log = po 31)
K,



In the early 1950s Taft put forward a proposal for broadening linear free eneruy
relationships to aliphatic systems.'™ Based on the initial idea of Ingold'™", Taft recognized
that equation 32 would allow for the estimation of the polar substituent constant 6 tor \
assuming that the free energy of activation (AG®) can be divided into three independent
contributions from inductive, resonance and steric effects. In addition, since the transition
states for acid- and base-catalyzed ester hydrolysis (88 and 89, respectively) difter by only
the presence of two small protons, the steric effects present in these two systems should
be approximately equivalent. These transition states also allow for the assumption that the
resonance effects are negligible. Therefore the substituent constant ¢° represents only the
strength of the inductive effect of X relative to the standard methyl group. As mentioned
previously in this discussion, a number of additional inductive substituent constant scales

have be put forward with most using hydrogen as the standard, 'S

log (k/K,)g - log (k/k,),

¢ = [32]
248
— —* —_ _"
TH T
XCHy—~C~ = ~OR XCHy—C~ = ~OR
OH, OH
88 89

As in Taft's original system, where there exists a2 minimal amount of steric
difference between the acid- and base-catalyzed hydrolysis of aliphatic esters, subsequent
studies have shown to give normally good (i.e. r>0.95) correlations.'”® However, on
occasion poor correlations have been found. For example, the correlation coefficient in

the hydrogenation of aldehydes and ketones (i.c. equation 33) was found to be 0.65.'5



Therefore since the reduction of the a-derivatives of our bridged biaryl ketone 44 is not
expected to be totally free from steric cffects, the observed non-linearity is not surprising.

As observed, the plots of face reactivity are expected to show increased steric strain due

0 (I)H
¢ + H, /= CH (33
R '/ ™ R, Toluene, 60 C R,/ R,

to van der Waals and torsional effects. That is, the a-substituents as part of Ar-CXH-CO-
R’ oriented substituents should increase the amount of steric strain present in the transition
state with M = AlH;, BH, or SiEt; relative to that present in Taft's approximately
symmetric transition state (see Figure 4.20). The much poorer correlation for the
tricthylsilane data is indicative of a much more tightly organized transition state such as

the four centred transition state put forward by Doyle'*®.

* #*
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X H CAr Hoo ©
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Figure 4.20 Three-dimensional representations of the transition states for (a) the
Taft hydrolysis of aliphatic esters and (b) the reduction of our x-X
substituted bridged biaryl ketones.

The inductive effect refers to the influence, other than steric, that nonconjugated
substituents exsrt on reaction rates. The effect may transmit itself via two distinct

mechanisms. Firstly, the transmission may occur through bonds via successive bond



—
[
LIFY )

polarization (90) and is referred as a through bond or sigma-inductive effect. The second
mode of transmission is through spuce and this effect is dependent on the relative
s &5t 85t
X—CH;~CH—CH—

90

orientation of the dipoles present in the transition state. This effect is referred as either a
field, through space or electrostatic effect. Numerous investigations have attermpted to
quantify this field effect.'”® However. because only an estimate of the polarity of the
transition state, the effective dielectric constant or the shape of the molecule can be made,
these models provide only a qualitative assessment. For example, if the dipoles are
perpendicular to one another, the field effect will be negligible, whereas if the dipoles are
parallel, a repulsive interaction is introduced and thus the rate of reaction is reduced as the
electron withdrawing ability of the substituent increases. Several studies have been
performed in order to determine which effect is dominant. Current evidence employing
mostly carboxylic acids and their derivatives indicate that the field effect is the more
important.'®® However, in more sophisticated models, both effects appear to be of equal
value, '8!

In Taft's original proposal, the acyclic aliphatic esters XCH,COCOOR likely
possess no conformational preference about the X-CH, bond. Thus the nature of X does
not alter the relative orientation of the dipoles between X and the reaction centre.
However, in cyclic or bicyclic substrates such as our model bridged biaryl ketones 45-53,
the relative orientation of the dipoles in the methoxy derivatives may be different from the
monoatomic substituent (e.g. the chloro substituent). More specifically, the methoxy
group will likely adopt the most favourable conformation and thus result in an additional
stabilizing field effect.
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In order to shed light onto the direction of the 6"C-OS‘C‘?“I-{_‘ dipole in the axial and
equatorial ketones 47 and 51, molecular mechanics calculations were carried out using the
commercially available program PCMODEL.® As shown in Figures 4.21, the calculations
on both the axial and equatorial derivatives indicated that there exists three stable rotamers

about the O-C2 bond, two of which are favoured and available for occupancy.

()
yd e
Cl1 C3 Cl 3 Cl c3
CH,
E= 31.79 27.97 27.77
(b)
C3 N C3 c3
: ; CH
CH; 3
: 0 0
yd yd
Cl H,, Cl H, Cl H
CHB
E= 30.94 33.80 31.20

Figure 4.21 Molecular mechanics calculations of the three rotamers about the 0-C2
bond for the (a) axial a-methoxy ketone 47 and (b) equatorial |
c-methoxy ketone 51 and their respective steric energies (E) in
kcal/mol.
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An additional uncertainty is the orientation of the dipole in the carbonyi portion of
the molecule. Unless, the exact nature of the transition state is known {i.e. position of all
atoms and charges). any proposal remains quite speculative. Nevertheless., for the
triethylsilane reduction of the axial and equatorial and methoxy derivatives of 44, the
dipoles appear to be oriented quite differently from the chloro derivatives (see Figure
4.22).'"* Therefore, the field effect of the methoxy group will contribute an additional
stabilization through its ability to adopt the rotamer of most stabilizing dipole-dipole
interaction in the transition state. This contribution through conformational adoption
should provide greater stabilization for the equatorial derivative since this substituent is
closer to the site of developing charge. This same line of reasoning is thought to apply to
the SCH, derivatives. However, as observed, since the C-S bond dipole is expected to be

greater than a C-O bond dipole, the effects should be larger. In addition, as noted in Table

a
( )_ _— 3 o
% H 5 %
.' 5 HT
Bust. H EtSi. | H
- H _ = “H |
(b) * £
H,C,' / B ]
A H \ :FH,
. 5+ H , 5
Busi. | H EnSi. | H
B “H | “H

Figure 4.22 Proposed electrostatic interaction for the reduction of the axial and
equatorial chloro derivatives (a) and methoxy derivatives (b) by
triethylsilane.
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4.11, the constant p (i.e, the slope) for the Et,S¥BF:-Et,O plot is less negative for the

equatorial substituents than the axial substituents. As can be seen in Figure 4.22, the app

transition states appear to possess a greater dipole moment (i.e. more antiparallel or

parallel) and thus is more influenced by inductive substituent effects.

In the transition states for the equatorial chloro derivative, the two dipoles are

more closely opposed (i.e. antiparallel) than that present in the axial chloro derivative and

thus an additional transition state stabilization interaction is introduced. Hence, as

observed, the equatorial chioro substituent is expected to be more reactive than its axial

sterecisomer,
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Figure 4.23 Proposed electrostatic interaction for the reduction of the axial and

equatorial chloro derivatives (2) and methoxy derivatives (b) by sodium
borohydride.
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As shown in Figure 4.23 for the reductions using sodium borohvdride. the
orientation of the dipoles in the transition state for the axial and equatorial chioro and
methoxy derivatives are different. Thus as in case of the triethylsilane results, one would
expect that the field effect of the methoxy and methylthio groups will contribute an
additional stabilization through their ability to adopt the most energetically favourable
transition state interaction. As before. this contribution should provide greater
stabilization of the equatorial derivatives. However, in the transition state for the
equatorial chloro derivative and unlike that present in triethylsilane system, the two

dipoles are more closely aligned (i.e. parallel) than that present in the axial chloro
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Figure 4.24 Proposed electrostatic interaction for the reduction of the axial and
equatorial chloro derivatives (a) and methoxy derivatives (b) by lithium
aluminum hydride.



derivative and thus an additional transition state destabilization interaction is introduced.
This interaction causes the equatorial stereoisomer to be less reactive. As in the
triethylsilane system, the slope of the app substituents is steeper than the ac substituents (p
=4.22 versus 3.31). As before, the field effect may be the cause of this difference.

. Finally, in the LAH system a similar situation arises as present in the reductions
employing SBH (see Figure 4.24). However, the importance of th¢ inductive effect is
diminished as indicated by the shallow plots in Figure 4.13 and the smaller difference in
reactivity between the axial and equatorial chloro, methoxy and methylthio derivatives (see
Figure 4.19). The slope for the ac substituents is less steep than the app substituents.
However, the difference is significantly decreased relative to that observed for sodium
borohydride (see Table 4.10). Overall, the shallow slopes, the smaller difference in slopes
and the smaller differences in reactivities between the axial and equatorial a-chloro, -
methoxy and -methylthio derivatives are all consistent with an early reactant-like transition
state where there is little charge development in the transition state (i.e. possess small

dipole moments).

4.4 Conclusions

We have established on the basis of a competitive reduction rate study on the axial
and equatorial a-CH,;, -SCH,, -OCH,, -Ci ;'1nd -F derivatives of 44 that the m-facial
reactivity is mainly governed by sigma-inductive effects.

The results indicate an early reactant-like transition state for LAH reduction since
this system shows the least influence from inductive effects, while the results for SBH
reduction show much larger effects and thus indicates a more product-like transition state.
In both instances, the reactivity increased as the electron withdrawing ability of the o
substituent increased. For the triethylsilane reduction, the 7-facial reactivity study
revealed that as the elgetron withdrawing ability of the ¢-substituent increases, the

reactivity decreases with the axial substituents showing the larger influence.
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Because the face reactivity for the lithium aluminum hydride study exhibits the
smallest inductive effect, it should be the most likely to reveal an additional app ctfect,
However, contrary to Cieplak's proposal, the app CH, and SCH; substituents exhibit a
negligible effect on reactivity. More specifically, Cieplak predicts that for an app CH;
group, the change in free energy of activation (AAG™) should be 0.7 keal/mol. while our
study reveals it to be 0.14 kcal/mol. For an app SCH, substituent, the Cieplak theory
predicts AAG™ should be large and negative, while we observed the small and positive
value of 0.076 keal/mol. Lastly, the chloro substituent should be the least reactive in the
series, however, our study shows it to be ihe most reactive.

If the assumption was made that the reactjvity for the axial substituents represents
a combination of inductive and nonclassical Cieplak effects and for the eqaatorial
substituents represents only inductive effects, the data for LAH, SBH and triethylsilane
are, again, inconsistent with Cieplak's theory. Additionally, since Anh's theory makes the
opposite predictions, application of this theory, again, leads to a series of inconsistent
results.

The Hammett plots do not show a strong correlation. Of the three systems under
study, the triethylsilane exhibits the poorest correlation. We have invoked the field effect
to rationalize the results. This deviation is thought to arise from a variable dipole-dipole
orientation. It is reasoned that for the three reactions the field effect is conformationally
dependent and thus the plots of log kg*/ky; and log k*?/k,, versus oy show more scatter.
This field effect has also be used to explain the difference in p constants for the axial and
equatorial substituents.

In summary, it appears that app orbital-orbital interactions as proposed by
Cieplak® or Anh™ do not contribute to m-facial reactivity. As stated by Felkin® and
Houk*®, our results indicate that steric, torsional and electrostatic effects are the

dominating factors.



Chapter 5 Experimental

5.1 General Experimental

Melting points were measured with a Gallenkamp apparatus and are uncorrected.
Thin-layer chromatography was performed using a commercial preparation (DC-AlurfoIien
Kieselgel 60 F.;;, EM Separations Technology) and viewed using ultraviolet light.
Chromatography was performed under a steady stream of nitrogen using 230-400 Mesh
flash grade silica gel (equivalent to Merck 9385). Radial chromatography was performed
using a Harrison Research Chromatatron model 7924 using silica gel 60-F254 rotors (1, 2,
or 4 mm thickness). Mass spectra were obtained using a V6 7070-E spectrometer (EI).
X-ray crystaliography was performed using a Rigaku diffractometer operating at 295 K.

All '"H NMR and '*C NMR spectra were recorded on a Bruker AMX 500, Varian
XL 300 or Gemini 200 spectrometer operating at 500, 300 and 200 MHz for protons and
125.7, 75.4 and 50.3 MHz for carbons, respectively. Spectra were recorded in CDCl,
(purchased from Cambridge Isotope Laboratories) and chemical shifts are given in ppm
relative to Me,Si (0 ppm, 'H) or CDCI, (77 ppm, '°C) unless otherwise indicated.

All air and/or moisture sensitive reactions were performed under argon with oven-
dried glassware (120°C) using standard syringe-septumn cap techniques. A -78°C bath
refers to a nﬁxture of dry ice in acetone. All solvents (reagent grade) and reagents were
obtained from commercial sources and used without further purification unless otherwise
specified. Tetrahydrofuran (THF) and ether were distilled from sodium/benzophenone
ketyl under an argon atmosphere. Acetonitrile and isopropanol were distilled from
calcium hydride under an argon atmosphere prior to use. Hexanes used for
chromatography was distilled prior to use. Solutions of MeLi in Et,O (1.6 M) were
purchased from Aldrich and titrated with diphenylacetic acid (Eastman Kodak) before its
use. Solutions of LAH in THF (1.0 M) were obtained from Aldrich.



The plots and their least-squares analyses were obtained using the commercially

available Graphpad Inplot Software v, 4.03.

5.2 Experimental for Chapter 2

NOE difference measurements of 46 were performed on a sealed degassed sample
(5 mg) in 0.5 mL of CDCl;. Ketone 46 and CDCI; were placed in a 5 mm NMR tube
fitted with a one-way stopcock. The stopcock was closed, a vacuum line was attached
and the contents degassed using four freeze-thaw-purp-thaw cycles. The stopcock was
reclosed, the tube was reimmersed in liquid nitrogen and flame-sealed. The NMR tube
was brought to room temperature arjd used accordingly.

Compound 44 was synthesized as described in the literature.’® However,
modification of the described procedure for 44 led to an improved overall yield® 54 was
synthesized as described in the literature.*®

The preparation of 45, 47-49 and 51-52 was carried out as described in the
literature.”®  However, for the a-methoxy and -chloro ketones the final purification
procedures were slightly modified.” The isolation of 48 was performed by flash column
chromatography using Et,0:AcOH:hexanes (2:1:100 v/v/v) as the eluent. The partial
separation of 48 and 52 gave reproducibly a maximum 48:52 ratio of 2.5:1 (and <10% of
dichloro disubstituted derivatives of 44) and was used for the n-facial reactivity study in
Chapter 4. Similarly, the separation of 47 and 51 was carried out by flash column
chromatography employing Et,0:AcOH:hexanes (4:1:100 v/v/v) as the eluent. In both
instances, the elution of products was complete within 10-15 min. The purified or
enriched (for ketone 48) samples were subsequently used for our n-facial reactivity study

(see Chapter 4).

“ The syntheses described herein were based on the initial results of Fraser and W (see reference 90).
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Solutions of lithium aluminum hydride in THF were prepared from a 1 M solution

and calibrated as described in the Experimental of Chapter 4 of this thesis.

S-Methylthio-5,7-dihydro-1,11-dimethyl-6H-dibenzo[a,c]cyclohepten-6-one 46, Axial

To a stirred solution of LHMDS (2.1 mmol, prepared at 0°C from methyllithium
and 1.1,1,3.3.3-hexamethyidisilazane (Aldrich) and allowed to stir for 1 h) in THF (1 mL)
was added dropwise a solution of ketone 44 (473 mg, 2.0 mmol) in THF (2 mL) at -78°C
and then the temperature was raised to 0°C. After 1 h at 0°C, the solution was cooled to -
78°C and methyithiolmethyisulphonate”’ (purchased from Aldrich; 206 pL, 2.0 mmol) in
THF (1 mL) was added and continued for 0.5 h at -15°C. The reaction mixture was
quenched with ~1 mL of 0.75 N HCI, concentrated to remove the THF and extracted with
Et,O (3 x 10 mL). The combined organic extracts were dried (Na,S0,), filtered and
concentrated in vacuo. The crude product (652 mg) was purified by flash colurnn
chromatography using Et,Othexanes (1:50 v/v) as eluent. Recrystallization from ether-
hexanes afforded 46 (243 mg) in 43% yield (unoptimized): m.p. 110-113°C; R, = 0.31
(E,O:hexanes, 1:5 v/v); '"H NMR (500 MHz): 7.28-7.22 (m, 4H), 7.12-7.10 (m, 2H),
3.98 (s, 1H), 3.55 (AB q, 2H, J = 14.6 Hz), 2.18 (s, 3H), 2.17 (s, 3H), 2.08 (s, 3H); *C
NMR (125.7 MHz): 205.8, 137.9, 137.6, 136.8, 136.6, 136.4, 132.4, 130.5, 129.0, 128.1,
127.5, 127.2, 125.9, 60.4, 48.3, 19.9, 19.6, 18.8; HRMS calcd for C,gH,;0S (M*) m/z
282.1078, found 282.1080.

A suitable sample for X-ray analysis was obtained by recrystallizing 46 from ether-

hexanes.”!
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5-Methylthio-5,7-dihydro-1,1 1-dimethyl-6H-dibenzo[a.c]cyclohepten-6-one S0,
Equatorial

Method A:

Compound 50 was obtained by isomerization of 46. To 2 stirred solution of 46
(95 mg, 0.34 mmol) in acetonitrile (10 mL) was added sodium methoxide (24 mg, 0.57
mmol) at rt for I h. The solution was concentrated under vacuum and partitioned
- between ether (3 x 10 mL) and water (2 mL). The combined organic extracts were
washed with water, dried (Na,SO,) and evaporated to a syrup (93 mg, 50:46, 1:2.4),
Purification by flash column chromatography over silica gel (150 fold, 13.95 g) using
AcOH:Ey,Othexanes (1:2:100 v/v/v) as eluent yielded after concentration a maximum
50:46 ratio of ~1:1 for the early fractions (R, = 0.31, Et,O:hexanes, 1:5 v/v). An

appropriate pressure of N, was-used to complete the chromatography within a maximum

of 10-15 min.
Method B:

Ketone 50 was prepared by concentrating the mother liquor solution from the
synthesis of 46. Purification by flash column chromatography as described in Method A
yielded after concentration a maximum 46:50 ratio of 1:6 for the early fractions: '"H NMR
(500 MH2) in the presence of 46: 7.64-7.63 (m, 1H), 7.36-7.07 (m, SH), 4.77 (s, 1H),
3.45 (AB q 2H, J = 16.8 Hz), 2.26 (s, 6H), 1.93 (s, 3H); '3C NMR (125.7 MHz): 204.8,
137.2, 137.0, 134.7, 133.1,130.0, 129.6, 128.1, 127.8, 126.4, 123.5, 61.1, 47.9, 19.9,
14.2; HRMS calcd for C,gH,,0S (M") m/z 282.1078, found 282.1099.

5-FIuoro-5,7-dihydro-l,ll-dimethyl-GH-dibenzo[a,c]cyclohepten-6-one 53,
Equatorial

To a stirred solution of LDA ( 1.1 mmol, prepared at 0°C from methyllithijum and
diisopropylamine and allowed to stir for 1 h) in THF (2 mL) was added dropwise a
solution of 44 (236 mg, 1 mmol) in THF (1 mL) at -78°C and then the temperature was
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raised to 0°C. After | h at 0°C. the solution was cooled to -78°C and N-
fluorodibenzensulphonamide® (347 mg, 1 mmol) in THF (1 mL) was added and continued
for 0.5 h at 0°C. The ice bath was removed and the solution was allowed to stir for 1 h at
rt. The reaction mixture was quenched with ~1 mL of 0.75 N HCI, concentrated to’
remove the THF and extracted with CH.,Cl, (3 x 10 mL). The combined organic extracts
were dried with anhydrous sodium sulphate, filtered and concentrated under reduced
pressure. The crude product (426 mg) was purified by flash chromatoéraphy using
Et,O:hexanes (1:50 v/v) as eluent to afford 53 (117 mg) in 46% yield (unoptimized): m.p.
108-110°C; R, = 0.21 (Et,O:hexanes, 1:10 v/v); 'H NMR (500 MHz): 7.41-7.25 (m, 5H),
7.11-7.09 (m,1H), 5.76 (d, 1H, J=47.3 Hz), 3.49 (AB part of ABX, 2H, J = 16.9 and 3.2
(upfield portion) Hz), 2.21 (s, 3H), 2.21 (s, 3H); '°C NMR (125.7 MHz): 203.0, 137.1,
136.8, 135.9, 133.4, 133.3, 133.1, 133.0, 132.4, 130.3, 129.9, 128.2, 128.0, 126.7, 119.8,
119.7, 93.9, 924, 46.3, 19.8, 19.4; HRMS calcd for C;H,;FO (M) m/z 254.1107, found
254.1112.

A suitable sample for X-ray analysis was obtained by recrystallizing 53

from ether-hexanes.’!

- 3,7-dihydro-6H-dibenzofa,c]cyclohepten-6-ol 65

Ketone 44 (51 mg, 0.21 mmol) in THF (4 mL) was treated with a 0.088 M
solution of LiAlH, in THF (0.73 mL, 0.64 mmol). The solution was stirred at 0°C and
quenched with 0.75 N HCI (1 mL) after 2 h. The reaction mixture was concentrated to
remove the THF and extracted with CH,Cl, (3 x 10 mL). The combined organic extracts
were dried (Na,SO,), filtered and concentrated under vacuum to afford a syrupy product.
The crude product was crystallized from ether-hexanes to afford pure 65: m.p. 124°C; 'H
NMR (500 MHz): 7.24-7.14 (m, 4H), 7.11-7.05 (m, 2H), 4.26-4.20 (m, 1H), 2.83 (dd,
1H, J=12.4 and 6.5 Hz), 2.53 (m, 2H), 2.15 (s, 3H), 2.13 (s, 3H), 2.04 (dd, 1H, /=124
and 10.1 Hz); >C NMR (125.7 MHz): 138.1, 137.9, 137.1, 136.3, 135.8, 135.2, 128.8,



128.7, 127.1, 126.9. 126.6. 125.5, 74.7, 41.2, 40.6. 19.7, 19.7: HRMS caled for C,,H,,O
(M*) m/z 238.1338. found 238.1358.

S-Methy1-5.7-dihydro-GH-dibenzo[a.c]cyclohepten—G—ol 66a and 67a, Axial Mayjor
and Minor

Ketone 45 (100 mg. 0.40 mmol) in Et,O (2 mL) was treated with LAH (Aldrich.
20 mg, 0.53 mmol). The solution was stirred at rt and quenched with 0.75 N HC! (2 mL) ’
after 1h. The reaction mixture was concentrated to remove the ether and extracted with
CH.C1, (3 x 10 mL). The combined organic extracts were dried (Na,S0,), filtered and
concentrated under vacuum to afford a syrupy product. The crude mixture of alcohols
(66a:67a, 9:1) was purified by repeated radial silica gel chromatography using
Et,O:hexanes (3:5 v/v) as eluent to afford pure 66a and 67a. Data for 66a: m.p. 131-132°
C; Ry=0.21 (Et,O:hexanes, 1:2 v/v); 'H NMR (300 MHz): 7.21-6.99 (m, 6H), 4.39-4.37
(m, [H), 3.19 (q, 1H, J = 7.7 Hz), 2.59 (AB part of ABX, 2H, J,5 = 14.0, J,x = 5.2
(downfield portion) and Jg x = 1.8 (ﬁpﬁcld portion) Hz), 2.12 (s, 6H), 0.45 {d, 3H,J = 7.6
Hz); HRMS caled for CjgH,O (M") m/z 252.1514, found 252.1528. Data for 67a: R, =
0.21 (Et,O:hexanes, 1:2 v/v); '"H NMR (300 MHz): 7.24-6.99 (m, 6H), 3.92-3.87 (m,
1H), 2.86 (q, 1H, J = 7.6 Hz), 2.83 (dd, 1H, J = 12.0 and 5.9 Hz), 2.20 (dd, 1H, J = 12.0
and 10.4 Hz), 2.13 (s, 3H), 2.10 (s, 3H), 0.48 (d, 3H, J = 7.8 Hz); HRMS calcd for
C,sH,,0 (M*) m/z 252.1514, found 252.1519.

S-Methyl-S,'?-dihydro-6H-dibenzo[a,c]cyclohepten-6-ol 68a and 69a, Equatorial
Major and Minor

Ketone 49 (138 mg, 0.55 mmol) in THF (5 mL) was treated with a 0.10 M
solution of LiAIH, in THF (1.65 mL, 0.17 mmol). The solution was stirred at 0°C for 15
min. The ice bath was then removed and the solution was quenched with 0.75 N HCI (1

mL) after 15 min. The reaction mixture was concentrated to remove the THF and
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extracted with CH,Cl, (3 x 10 mL). The combined organic extracts were dried (Na,SO,).
filtered and concentrated under vacuum to afford a syrupy product. The crude mixtre of
alcohols (68a:69a, 6:1) was purified by repeated column chromatography using
Et,O:hexanes (1:50 v/v) as eluent to yizld pure 68a and 6%a. Data for 63a: m.p. 127-129°
C: R, = 0.24 (Et,Ochexanes, 1:2 v/v): 'H NMR (300 MHz): 7.29-7.04 (m, 6H). 3.99-3.90
(m, 1H), 2.89 (dd. 1H. J = 12.6 and 6.7 Hz), 2.60 (dq, 1H, J =7.3 and 4.0 Hz). 2.13 (s.
3H)., 2.12 (s, 3H), 1.92 (dd, 1H, J =12.6 and 9.8 Hz), 1.29 (d, 3H, J = 7.3 Hz), 1.00 (d,
1H, J =8.8 Hz, OH); HRMS calcd for C,gH,,O (M*) nvz 252.1514, found 252.1533.
Data for 69a: m.p. 114-1 15°C; R; = 0.24 (Et,O:hexanes, 1:2 v/iv): 'H NMR (300 MHz):
7.26-7.05 (m, 6H), 3.65-3.60 (m, 1H). 2.50 (AB part of ABX, 2H, J, g ~ 13.3, Jux ~ 3.5
(downfield portion) and Jyx ~ 2.7 (upfield portion) Hz), 2.16 (dq, 1H, J = 9.2 and 6.9
Hz), 2.14 (s, 3H), 2.10 (s, 3H), 1.38 (d. 3H, J = 6.9 Hz); HRMS calcd for C,;H,,O (M")
m/z 252.1514, found 252.1512.

5-Methylthio-5,7-dihydro-6H-dibenzo[a,c}cyclohepten-6-ol 66b, Axial Major
Compound 46 (25 mg, 0.087 mmol) in THF (4 mL) was treated with a 0.11 M
solution of LiAlH, in THF (0.25 mL, 0.028 mmol). The solution was stirred at 0°C and
quenched with 0.75 N HCI (1 mL) after 2 h. The reaction mixture was concentrated to
remove the THF and extracted with CH,Cl, (3 x 10 mL). The combined organic extracts
were dried (Na,SO,), filtered and concentrated under vac  n to afford a syrupy product.
The crude product was crystailized from ether-hexanes to yield pure 66b: m.p. 218-220°
C; 'H NMR (500 MHz): 7.32-7.08 (m, 6H), 4.47-4.42 (m, 1H), 3.73 (d, IH, J = 6.9 Hz),
3.40 (d, IH, J = 11.8 Hz, OH), 2.56 (AB part of ABX, 2H, J,5 = 13.9, Jyx = 5.1
(downfield portion) and Jy i = 1.6 (upfield portion) Hz), 2.13 (s, 3H), 2.12 (s, 3H), 1.98
(s, 3H); ’C NMR (125.7 MHz): 140.5, 138.1, 138.1, 137.4, 137.1, 1354, 129.7, 1287,
127.6, 127.1, 126.9, 125.0, 74.8, 61.4,40.4, 20.8, 19.6, 19.4; HRMS caled for C,H,,08
(M™) m/z 284.1235, found 284.1231. |
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S-Methylthio-3,7-dihydro-6H-dibenzo(a.c]cyclohepten-6-ol 68b, Equatorial Major

A 6:1 mixture of 50:46 (7.1 mg. 0.025 mmol) in THF (4 mL) wus treated with
LiAIH, (0.0075 mmol). The solution was stirred at 0°C and quenched with 0.75 N HCl (1
mL) after 2 h. The reaction mixture was purified by preparative TLC using
EtOActhexanes (1:20 v/v) as eluent to afford pure 68b as an oil: R, = 0.26
(EtOAc:hexanes, 1:5 v/iv): 'H NMR (500 MHz): 7.32-7.00 (m, 6H). 4.12-4.07 (m. {H).
3.51 (d. IH, J = 3.8 Hz), 2.86 (dd. IH. J = 12.6 and 6.6 Hz). 2.32 (d. I1H, J = 4.1 Hz.
OH), 2.09 (s, 3H), 2.07 (s, 3H). 1.98 (dd, 1H, J = 12.6 and 9.9 Hz): '*C NMR (125.7
MHz): 137.5, 1374, 137.0. 135.8, 134.4, 129.5, 129.1, 1274, 127.3, 125.8. 123.9, 74.0.

54.4,40.2, 19.3, 14.4: HRMS calcd for C 4H,,08 (M*) nvz 284.1235, found 284.1247.

S-Methoxy-5,7-dihydro-6H-dibenzo[a,c]cyclohepten-6-0l 66¢, Axial Major

Compound 47 (34 mg, 0.13 mmol) in THF (7 mL) was treated with LiAlH, (0.040
mmol). The solution was stirred at 0°C and quenched with 0.75 N HCI (1 mL) after | h.
The reaction mixture was concentrated to remove the THF and extracted with CH,Cl, (3
X 10 mL). The combined organic extracts were dried (Na,SQ,), filtered and concentrated
in vacuo to yield a syrupy product. The crude product was crystallized from ether-
hexanes to afford pure 66¢: m.p. 130-132°C; 'H NMR (500 MHz): 7.32-7.04 (m, 6H).
4.26 (d, 1H, J = 6.0 Hz), 4.234.17 (m, 1H), 3.19 (d, 1H, J =10.1 Hz, OH), 2.87 (s, 3H),
2.55 (AB part of ABX, 2H, J, 5 = 14.0, J, 4 = 4.8 (downfield portion) and Jx = 1.6
(upfield portion) Hz), 2.13 (s, 3H), 2.13 (s, 3H); '*C NMR (125.7 MHz): 138.3, 137.6,
137.4, 1372, 136.4, 135.4, 130.8, 128.4, 127.0, 126.8, 126.5, 126.4, 84.1, 75.8, 56.1,
39.6, 19.5, 19.4; HRMS calced for C;gH,,0, (M") m/z 268.1463, found 268.1470.

5-Methoxy-5,7-dihydro-6H-{a,c]cyclohepten-6-ol 68c, Equatorial Major
Compound 51 (68 mg, 0.26 mmol) in THF (8 mL) was treated with LiAlH, (0.080
mmol). The solution was stirred at 0°C and quenched with 0.75 N HCl after 1 h. The
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reaction mixture was concentrated to remove the THF and extracted with CH,Cl, (3 x 10
mL). The combined organic extracts were dried (Na,S0O,), filtered and concentrated
under vacuum to give a syrupy product. The crude product was purified by column
chromatography using EtOAc:hexanes (1:10 v/v) as eluent to afford pure 68¢: m.p. 95-96
°C: R, = 0.22 (EtOAc:hexanes, 1:5 v/v); 'H NMR (500 MHz): 7.32-7.05 (m. 6H), 4.30-
4.26 (m, {H), 3.80 (d, 1H, J=4.5 Hz), 3.38 (s, 3H), 2.83 (dd, 1H, J = 12.6 and 6.8 Hz),
2.44 (d, 1H, J= 2.1 Hz, OH), 2.14 (s, 3H), 2.12 (s, 3H), 2.00 (dd, 1H, J = 12.6 and 10.0
~ Hz); BC NMR (125.7 MHz)l: 137.1, 136.2, 136.0, 135.8, 135.1, 129.3, 129.0, 127.3,
127.1, 1259, 121.7, 81.0, 74.3, 57.6, 38.5, 19.8, 19.5; HRMS calcd for C,sH,,0, (M")
m/z 268.1463, found 268.1448,

5-Chloro-5,7-dihydro-6H-dibenzo[a,c]cyclohepten-6-0l 66d, Axial Major

A 2:1 mixture of 52:48 (33 mg, 0.12 mmol) in THF (2 mL) was weated with
LiAlH, (0.04 mmol). The solution was stirred at 0°C and quenched with 0.75 N HCI (1
mL) after lh. The combined organic extracts were dried (Na,S0O,), filtered and
~ concentrated under vacuum to give a syrupy product. The crude product was purified by
column chromatography using EtOAc:hexanes (1:5 v/v) as eluent to give pure 66d: m.p.
90-91°C; R, = 0.28 (EtOAc:hexanes 1:5 v/v); '"H NMR (500 MHz): 7.31-7.08 (m, 6H),
3.18 {d, 1H, J = 6.3 Hz), 4.33-4.30 (m, 1H), 2.65 (Aﬁ part of ABX, 2H, J, 5 = 14.3, J,x
= 5.4 (downfield portion) and Jg x ~ 0 (upfield portion) Hz), 2.57 (d, 1H, J = 11.7 Hz,
OH), 2.16 (s, 3H), 2.08 (s, 3H); '’C NMR (125.7 MHz): 1384, 138.2, 137.8, 137.1,
136.7, 134.5, 131.3, 129.0, 1274, 126.9, 126.6, 125.8, 73.5, 67.1, 39.7, 19.7, 19.4;
HRMS caled for C,,H|,CIO (M") m/z 272.0968, found 272.0948.

$-Chloro-5,7-dihydro-6H-dibenzo{a,c]cyclohepten-6-0l 68d, Equatorial Major
To a stirred solution of 52 (54 mg, 0.20 mmol) in THF (5 mL) was added LiAlH,
(0.065 mmol) at 0°C.” After 1 h the reaction mixture was quenched with 0.75 N HC] (1



mL). The combined organic extracts were dried (N2,80,), filtered and concentrated under
vacuum to give a 8.2:1 mixture of 68d:69d. The crude product was purified by column
chromatography using EtOAc:hexanes (1:5 v/v) as eluent to afford pure 68d: m.p. S4-86°
C: R=0.32 (EtOAc:hexanes, 1:5 v/v): '"H NMR (500 MHz): 7.51-7.07 (m, 6H). 4.79.(d.
1H, J=3.7 Hz), 4.24-4.21 (m. 1H), 2.90 (dd. IH, J = 12.8 and 6.8 Hz), 2.29 (d. IH.J=
3.3 Hz, OH), 2.13 (s, 3H), 2.13, (s, 3H), 2.08 (dd, IH, J = 12.8 and 9.9 Hz): ’C NMR
(125.7 MHz2): 136.7, 136.6, 135.8. 135.6, 133.3, 130.1, 129.4, 127.7. 127.3. 126.0.

123.7, 76.4, 65.0, 39.5, 19.7, 19.6;: HRMS caled for Ci;HsClIO (M") nvz 272.0968,
found 272.0994.

5-Fluoro-5,7-dihydro-6H-dibenzo[a,c]cyclohepten-6-0l 68¢ and 69¢, Equatorial
Major and Minor

To a stirred solution of 53 (43 mg, 0.17 mmol) in THF (5 mL) was added LiAlIH,
(0.051 mmol) at 0°C. After 1 h the reaction was quenched with 0.75 N HCI (1 mL). The
combined organic extracts were dried (N2,SQ,), filtered and concentrated under vacuum
to give a syrupy product. The crude mixture of alcohols (68e:69¢, 7.6:1) was purified by
preparative TLC using acetone:hexanes (1:10 v/v) as eluent to afford pure 68e and 69e.
+ Data for 63e: m.p. 112-1 14°C; R¢=0.35 acetonechexanes (1:2 v/v); '"H NMR (500 MHz):
7.37-7.09 (m, 6H), 5.12 (dd, 1H, J = 45.6 and 4.5 Hz), 4.48-4.43 (m, 1H), 2.91 (ddd, 1H,
J=12.8,7.2 and 3.7 Hz), 2.16-2.12 (m, LH), 2.16 (s, 3H), 2.14 (s, 3H); '*C NMR (125.7
MHz): 136.5, 136.5, 136.4, 135.7, 135.7, 135.2, 133.9, 133.9, 133.8, 133.7, 129.8,
129.3, 127.6, 127.2, 127.2, 126.0, 120.9, 120.8, 93.1, 91.7, 74.2, 74.0, 38.4, 38.3, 19.7,
19.7, 19.3, 19.3; HRMS caled for C,H,FO (M*) m/z 256.1263, found 256.1265. Data
for 6%e: R, = 0.32 acetone:hexa:ﬁes (1:2 v/v); 'H NMR (500 MHz): 7.39-7.14 (m, 6H),
4.87 (dd, 1H, J=49.6 and 7.5 Hz), 4.15-4.09 (m, 1H), 2.59 (d, 2H), 2.15 (s, 3H), 2.15 (s,
3H); 3C NMR (125.7 MHz): 136.2, 136.1, 136.0, 135.7, 135.6, 135.3, 134.0, 133.9,



140

130.0, 129.2, 127.7, 127.2, 127.1. 126.8. 119.6, 119.5, 97.5. 96.1, 78.6. 78.4 38.2. 38.1,
19.7. 19.3. 19.3; HRMS caled for C,,H,,FO (M") m/z 256.1263, found 256.1260.

5.3 Experimental for Chapter 3 Part B

All NMR spectra were recorded on a Bruker AMX 500 spectrometer using an
inverse detection probe with homogeneity optimized to afford resolution of <0.4 Hz.
CDCl, (99.8%). acetone-d, {99.9%) and acetonitrile-d; (99.8%) were obtained from
Cambridge Isotopes Laboratories, carbon tetrachloride (99.7%) was obtained from BDH
and cyclohexane-d,, (99.5%) was obtained from Aldrich. Acetonitrile-d; was dried over
calcium hydride before its use.

Due to the unresolved long range couplings in 73 and 74, which are expected to be
between 0.8 and 1.0 Hz, the measured coupling constants J, are estimated to be accurate
within 0.2 Hz.

2-Methoxycyclohexanone (74) was purchased from Aldrich and used without
further purification. 2-Methylthiocyclohexanone (73) was synthesized by the addition of
methylmethanethiolsulphonate to the cyclohexanone lithium enolate as described in the

literature.”’

5.4 Experimental for Chapter 4

Standardization of LiAlH, Solutions

A mixture of approximately 0.4 mL of 1.0 M LiAIH, solution in THF (Aldrich)
and 19.6 mL of THF was added to a 25 mL round bottom flask fitted with 2 seprum
capped adapter bearing a one-way stopcock. The resuiting solution was stirred and sealed
with parafilm. In a separate 10 mL round bottom flask was placed ~40 mg (0.190 mmol)
of accurately weighcd.l.3-diphcnylacetonc (Aldrich) and 4 mL of THF. To the 1,3-
diphenylacetone solution was added 2 mL of the freshly prepared LiAlH, solution. The
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reaction mixture was stirred at rt and quenched with ~1 mL of 0.75N HCl after 2 h. The
resulting solution was concentrated in vacuo to remove the THF. extracted with CHCI, (3
X 10 mL), washed with H,O and dried over sodium sulphate. The filtered CHCI, solution
was concentrated under reduced pressure and analyzed by either 300 or 500 MHz 'H
NMR. The molarity of the LiAIH, solution was determined by employing the following
equation: M of LiAlH, = ab/8, where a = mmol of 1.3 diphenvlacetone and b = % of 1.3-

diphenylacetone reduced.

Standardization of NaBH, Solutions

The standardization of sodium borohydride was accomplished as described in the
literature with some minor changes.'®> An approximately 16 mg (0.423 mmol) sample of
NaBH, was dissolved in 20 mL of i-PrOH and stirred for ~15 min. The solution was then
filtered and a 5 mL aliquot was added to an Erlenmeyer flask containing 25 mL of 0.5 N
NaOH. A 0.1500 N solution of KIO; was added immediately and the flask was stirred
vigorously. After 30 seconds, KI (~400 mg) and 20 mL of 4 N H,SO, were then added.

The subsequent procedure is identical to that described in reference 163.

General Procedure for the Competitive Reductions by LAH

To a 10 or 25 mL round bottom flask was added the mixture of ketones under
study (total ~0.05 mmol) and an appropriate amount of THF to give a final total volume
of 4-10 mL of THF (see Appendix 2). The solution was stirred vigorously at 0°C for 15
min and ~0.00625 mmol of a standardized solution of LiAIH, (~0.015 M) was added and
the reaction mixture was quenched after 20 seconds with ~1 mL of 0.75 N HCL. The
resulting solution was diluted with ~20 mL of H,O, extracted with CHCl, (5 x 10 mL) and
washed with H,0. The combined organic extracts were dried over Na,SO, and
concentrated by careful rotary evaporation (i.e. water bath < 35°C). The remaining traces

of solvent were removed under high vacuum (~25 mT). The oily residue was then
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analyzed by 500 MHz 'H NMR and the relative rates were determined as described in
Section 4.2. The 500 MHz 'H NMR spectra for the competitive reduction of the a-
methoxy ketone 51/44 were obtained in benzene-d, to remove peak overlap.

As mentioned in Section 4.2.1, the decrease in relative rate constants for entries 6
and 8 in Table 4.2 may be due to incomplete disproportionation and thus involving
alkoxyaluminohydride ions. Accordingly, the average from entries 1-5 and 7 was used to
calculate keny#/ky. Due to the uncertainty associated with this assumption, we estimate
the accuracy of the relative rate constant for the axial o-methyl ketone 45 to be +20%.

In addition, as mentioned in Section 4.2.1, the relative rate constant for the
equatorial a-methylthio ketone 50 was determined by employing a mixture of 50 and 46.
As for the axial methyl ketone 45, it was assumed that as the 50:46 ratio decreased, the
participation of higher order alkoxyaluminohydrides becomes more prominent and cc:;uld
exaggerate the difference in reactivity between these ketones. The runs using a ~1:1 ratio
were thought to best represent the relative rate. Due to the uncertainty associated with
this 2ssumption, we estimate the accuracy of kscu;*/ky; to be + 30%.

For all remaining substituents this variability was not observed. We estimate the
integrals in the "H NMR spectra to be accurate within 1%. This corresponds to a

precision in the relative rate constants of +5%.

General Procedure for the Competitive Reductions by SBH

To a 10 or 25 mL round bottom flask was added the mixture of ketones under
study (total ~0.05 mmol) and an appropriate amount of i-PrOH to give 2 final total
volume of 4-10 mL (see Appendix 2). The solution was stirred vigorously at 23°C for 15
min and ~0.0125 mmol of a standardized solution of NaBH, (~0.02 M) was added and the
reaction mixture was quenched after 0.75-15 min with ~2 mL of 0.75 N HCL. The
resulting solution was diluted with ~20 mL of H,O, extracted with CHCI; (5 x 10 mL) and

washed with H;O. The combined crganic extracts were dried over Na,SO, and



concentrated by careful rotary evaporation (i.e. water bath < 35°C). The remaining traces
of solvent were removed under high vacuum (~25 mT). The oily residue was then
analyzed by 500 MHz 'H NMR and the relative rates were determined as described in
Section 4.2. The 500 MHz 'H NMR spectra for the competitive reduction of the o-

methoxy ketone 51/44 were obtained in benzene-d; to remove peak overlap.

General Procedure for the Competitive Reductions by Triethylsilane®

To a 10 mL round bottom flask was added the mixture of ketones under study
(total ~0.05 mmol) and 5 mL of CH,CN (see Appendix 2). The solution was stirred
vigorously at 0°C and Et;SiH (~0.05 mmol, 8.0 uL) was added. After 15 min, BF,.E(,O
(~0.15 mmol, 19 pL) was added and the solution was quenched after 0.75-16 min with ~2
mL of 0.75 N HCL The resulting solution was diluted with ~20 mL of H,O, extracted
with CHCl; (5 x 10 mL) and washed with H,O. The combined organic extracts were
dried over Na,SO4 and concentrated by careful rotary evaporation (i.e. water bath < 35°
C). The remaining traces of solvent were removed under high vacuum (~25 mT). The
oily residue was then analyzed by 500 MHz 'H NMR and the relative rates were
deiermined as described in Section 4.2. The 500 MHz 'H NMR spectra for the
competitive reduction of the a-methoxy ketone 51/44 were obtained in benzene-d; to

remove peak overlap.
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Claims to Original Research

The axial and equatorial a-methylthio and the equatorial a-fluoro derivatives of 44

were prepared. The stereochemistry of ketones 46 and 53 was confirmed by X-ray

crystallography.

The reduction products of the bridged biaryl ketone 44 and its at-methylthio, -
methoxy, ~chloro and -fluoro derivatives have been prepared and fully

characterized.

It was demonstrated using molecular mechanics that ketone 44 is a suitable model

to test importance of the app effect.! Molecular mechanics also provided evidence
that the axial a-methylthio and the axial and equatorial a-methoxy derivative of 44
possess three stable rotamers about the S-C2 and O-C2 bond, respectively, two of

which are energetically favoured.

The measurement of AG_, for 2-methoxy- and 2-methylthiocyclohexanone in tive
solvents of varying polarity was carried out using 500 MHz 'H NMR
spectroscopy. With the aid of molecular mechanics, it was concluded that the
conformational preference for 2-substituted cyclohexanones may simply reflect the
varying strength in the van der Waals interaction between the carbonyl group and

the 2-equatorial substituent.

The relative rate constants for the addition of LAH, SBH and triethylsilane to 44

and its o-methyl, -methylthio, -methoxy, -chloro and -fluoro derivatives were

! Fraser, R.R.; Bensimon, C.; Faibish, N.C.; Kong, F. Can. J. Chem. 1994, 72, 1481.
2 Fraser, R.R.: Faibish, N.C. Can. J. Chem. 1995, 73, 88.



determined. It was concluded that the x-facial reactivity is mainly influenced by
sigma-inductive effects. The competitive rate study vielded compelling evidence

that neither the Cieplak nor the Anh app effect contribute to x-facial reactivity.*

3 Fraser, R.R.; Faibish, N.C.; Kong, F.; Wu, Q.Q.; Bednarski, K. Manuscript in Preparation.
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Appendix 1: X-Ray Data for Ketones 46 and 53.



EXPERIMENTAL

-

1. Data Ceollection

A plate crystal of SOC18H18 having approximate dimensions of
.2,.1,.3 mm was mounted on & glass capillary. All the measurements were
made on a Rigaku diffractometer with Mo Kalpha radiation.

Cell constants and an orientation matrix for data collection, were
obtained from least-squares refinement using the setting angles of 25
reflections in the range 40<2theta<dS corresponded to an orthorombic cell
with dimensions:

a = 11.082(7)
b = 15.518(%)
c = 8.7868(24) .

For 2= 4 and Fw= 282.40, the calculated density is l.24lg/cm3. Based on the
systematic absences, the space group was determined to be F 21 21 21.

The data was collected at a temperature of -110 degrees using the omega-
2theta scan technique to a maximum 2theta value of 44.9 degrees.

2. Data reduction

A total of 1141 reflections was collected. The unique set contains only
1141 reflections. The standards were measured after every 150 reflections. No
crystal decay was noticed. The data were collected for Lorentz and polarisation
effects (1).

3. Selution and refinement:

The structure was solved by direct methods. All the atoms were refined
anisotropically except the hydrogen. The hydrogen atoms were found by
differences fourier map. The benzene rings were all refined as rigid group to
increase the ratio reflection/parameters, because the crystal was not diffractin
g .

a lot. The final cycle of full matrix least-squares refinement was based on 958
observed reflections (I>2.5 sigma(I)) and 182 variable parameters. Weights based

on counting statistics were used. The maximum and minimum peaks on the final

differences Fourier map corresponded to .310 and -.270 e/a3, respectively.

All the calculaticns were performed using the NRCVAX crystallographic
software package (2).
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Formula weight

Crystal shape

Crystal dimensions {mm)

Crystal system
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EXPERIMENTAL DETAILS

No. Reflection used for unit
cell dimension (2theta range)

Lattice parameters

Space group

Z value

Dcalc (g.cm=3)

F{000)

mu

No
No
No
No
No

RE
Rw
RE
Rw

{mm-1)

of reflection measured

of reflection unique

of reflection observed

of atoms
of variables

{sign refl)
(sign refl)
(all refl}
{all. refl}

G odness of fit

Last difference fourier map

max peak
min peak

SOCl8H1SE
282.40
PLATE
.2,.1,.3
erthorombic

25
40-45

a=11.082(7)
b=15.518(5)
c=8.7868(24)

P 212121

1.241
600.62
-21

1141
1141
958
38
182

.05S
.032
075
.032
3.54

.310
-.270
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Space Group and Cell Dimensions Orchorhombic P
a 11.082{7} b 15.518(5) c 8.7868(24)
Volume 1511.0(12}A<*3

Empirical formula : S O Cl8 H18

Cell dimensions were obtained from 24 reflections with 2Theta angle
in the range 40.00 - 50.00 degrees.

Crystal dimensions : 0.20 X 0.20 X 0.20 mm
FW = 282.40 Z= 4 F(000) = 600.62
Deale 1.241Mg.m=-3, mu 0.21lmm-1, lambda 0.70930A, 2Theta(max) 44.9

The intensity data were collected on a Rigaku diffractometer,

using the theta/2theta scan mode.

The h,k,l ranges used during structure solution and refinement are :--
Hmin,max 0 10; Kmin,max 0 16; Lmin,max O 9

No. of reflections measured 1141

No. of unique reflections 1141

No. of reflections with Inet > 2.5sigma(Inet) 958

Merging R-value on intensities 0.000

No correction was made for absorption

The last least squares cycle was calculated with
38 atoms, 182 parameters and 958 out of 1141 reflections.
Weights based on counting-statistics were used.

The residuals are as follows :--
For significant reflections, RF 0.055, Rw 0.032 GoF 3.54

For all reflections, RF 0.07S, Rw 0.032.
where RF = Sum{Fo-Fc)/Sum(Fol},
Rw = Sgrt(sum{w(Fo-F¢)**2)/Sum({wFo**2)] and
GoF = Sqrt[Sum(w(Fo-Fe)**2)/(No. of reflns - No. of params.)]

The maximum shift/sigma ratio was 0.149.

In the last D-map, the deepest hole was -0.270e/a"*3,
and the highest peak 0.310e/A**3.

Secondary ext. coeff. 0.292260 sigma 0.013984
The following references are relevant to the NRCVAX Systenm.
1. Full System Reference :
Gabe, E.J.. Le Page, Y., Charland,.J.-P., Lee, F.L. and White, P.S.
(1989) J. Appl. Cryst., 22, 384-387.
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Kynoch Press, Birmingham, England.
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5. Missing Symmetry Treatment by MISSYM :
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mable of Atomic Parameters X,v,= and Biso.
E.S.Ds. refer to the last digit printed.
X Y = Baiso
51 0.38797(17) 0.18810112) 0.1660%9,21) 2,319
ol 0.2015 ( 1) 0.0188 { 3} 0.005¢ ( S) 3.8 (M)
cl 0.1873 { &) 0.0932 { ) 0.0451 ( 7} 2.3 (1}
c2 0.2362 ( 6) 0.1242 [ Q) 0.3023 ( 7} 2.2 (N
okt } 0.1526 { S5} 0.18%3 ( Q) 0.2815 (1) 2.4 (1)
ca 0.1025 ( 6) 0.156% { 4) 0.41%9 ( &) 3.2 ()
c5 0.0204 ( 6) 0.2099 ( 5} 0.4933 ( 7} 3.5 (Q)
cé =0.0133 ( 6} 0.2893 { 5) 0.4308 {( 7) 3.4 (&)
c? 0.06357 { 6) 0.3190 ( 4) 0.2920 ( 7} 2.8 ()
c8 0.1223 ( &) 0.2665 ( 4Q) 0.2213 (7 2.3 (4}
c9 0.1868 ( 6) 0.2970 ( 4} 0.0809 ( 7) 2.2 {4Q)
clo 0.2576 ( 6) 0.3715 ( 4) 0.0826 { B) 2.7 (4}
cli 0.3163 ( 6) 0.3983 ( 4) =0.0537 ( 8) 3.3 (8)
cl2 0.3049 ( &} 0.3488 ( 4) ~-0.1880 ( 8) 3.4 ()
Ci13 0.2391 ( 6) 0.2733 ( 4) =-0.1857 ( 7} 3.0 (Q)
Cl4 0.1781 ( &) 0.2446 ( 4) =-0.0522 {7 2.2 (4}
lan B 0.1176 ( &) 0.1584 ( 4) =0.0490 ( &) 2.6 (4)
Log § -0.0116 { 7) 0.4020 ( 1) 0.2283 { 8) 3.1 (4}
c1? 0.2838 ( 6} 0.4221 { 4} 0.2259 ( 9) 1.8 (Q)
ci8 0.4746 { &) 0.0708 ( 4) 0.1961 ( 8) 3.0 (&)
H2 0.250 0.065 0.27¢2 .1
H4 0.129 0.095 0.469 3.7
HS -0.021 0.18% 0.602 4.2
21 -0.076 0.332 0.492 3.9
H1ll 0.373 0.455 -0.053 3.9
H12 0.346 0.371 -0.294 1.9
H13 0.230 0.233 -0.290 3.6
H1SA 0.028 0.166 -0.003 3.5
H1SB 0.110 0.134 -0.165 3.5
H1leC 0.034 0.416 0.121 4.3
H16A -0.107 0.398 0.209 4.3
H16B 0.007 0.455 0.307 4.3
H17C 0.342 0.476 0.202 4.6
H17A 0.202 0.443 0.277 4.6
H178 0.231 0.379 0.307 4.8
H18C 0.571 0.08¢ 0.182 4.1
H18A 0.462 . 0.047 0.313 4.1
H18E 0.449 0.021 0.118 4.1

Biso is the Mean of the Principal Axes of the Thermal Ellipsoid
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6.1 ( 6) =0.6 ( 5} =-0.%5 (85)

2.5 ( 5)

3.8 ( S)
3.9 ( 5)
3.2 (5

2.6 (5)

Cll
c12
Ci3
Cl4
€15
Cle
cl7
cis

1.3 ( 5)

4.6 ( 5) =0.4 ( S)
0.4 ( 4)

4.3 (&)

0.7 ( S

2.4 ( 4)
0.2 ( 4

5.6 ( S)

0.2 ( &}
-0.2 ( &)

2.8 ( 5)

2.8 (5

-1.1 ( 4

3.7 18 1.5 (&) -0.3 (%)

4.6 ( S)

-0.1 ( 5}
-1.2

0.9 ()
-0.9 (3
1.1

3.5 ( 5)
6.1 ( 6)
4.6 ( 9)

3.9 ( 6}
3.9 ( 5)

4.2 ( 5)

4.5 ( 3)
4.5 ( 8)

2.7 (%

5)

(
{

0.9 ( S)

0.4 5)

1)

{

Anisotropic Temperature Factors are of the form
Temp=-2*Pi*Pi* (h*h*ull*astarrastars--=-+2*h*k*ul2*astar*bstar+---}



s1-C2
51-C18
0l-Cl
cl-C2
cl-Cls
c2-C3
C2-H2
c3-Ca
c3-c8
cd-c5
C4-~HQ
c5-ce
CS5-HS
C6-C7
C6-H6
Cc7-C8
C7-C16
c8-C9
c8-Cl¢
c8-Cl0

Table

L8482
.808(7)
«2231(8)
.559(9%)
1.516(8)
1.497(9)
1.121¢(8)
1.408(8)
1.4208(%}
1.385(10)
1.089(7)
1.400(10)
1.108¢(7)
1.413(9)
1.101(7)
1.403(®)
1.499(10)
1.502(9)
1.429(%)
1.402(9)

| i S o

Cl15-H15a
Cl5-H1SB
Cl6-Hl&C
Cle-H16A
Cl6-H16B
Cl7-H17C
Cl7-H17A
Cl7-H17B
Clg-HlsC
Cl8-Hl18A
Cle-H18B

1.508 (10}
1.078(7)
1.091(6)
1.08%(M)
1.076(7)
1.091(7)
1.072()
1.068(7)
1.106(7)
1.096(7)
1.097(7)
1.071(7)



Table of
c2-81-C1l8 98.7(3)
0l1-C1-C2 119.9(6)
01-C1-C15 122.5(6)
¢2-C1l-Cl15 117.2(5)
s1-c2-Cl 106.1(4)
81-C2-C3 114.2(4)
S1-C2-H2 105.8(4)
Cl-C2-C3 113.0(S)
cl-c2-H2 107.3(S)
C3-C2-H2 109.9(5}
C2=-C3~-C4 116.6(6)
C2=-C3-C8 122.7(5)
C4-C3-C8 120.7 (6}
C3-C4-C5 118.4(6)
C3-C4-H4 120.8(6)
CS-C4-K4 120.8(6)
C4-C5-C6 121.0(6)
C_-C5-HS 119.8(7)
C6-CS-HS 119.3(6)
CS5-C6-C7 121.6(6)
C5-C6-H6 120.3(6)
C7-C6-H6 118.1¢(6)
Cc6~C7-C8 117.1(6)
C6~-C7-Cl6 117.9 (6}
C8-C7-C16 124.9(6)
C3-C8-C7 121.1(6)
C3-CB8-CS 118.5(6)
C7-CB8=-C9 120.4(6)
C8-C9~-C14 117.5(%)
C8-C9-C10 121.2(6}
Cl4~-C9-Cl0 121.2(6)
C9-Cl4-C1l3 117.6(86)
£9-C14-C15 121.5(5)

Cl3-C14-Cl5 120.6(6)
Cl4-C13-C1l2 121.9(6)

Atomic Angles in Degrees

€14-C1l3-H13
Cl2-Cl3-H13
Cl3-Cl2-Cll
Cl3-Cl2-H1l2
Cl1-Cl2-H12
Cl2-C11-C10
C12-Cl1-H1l
Cl0-Cl1l-H1l
€9-C10-C11
C9-C10-C17?
Cll-Cl0-Cl7
Cl1l-C15-Cl4
Cl-C15-KH1SA
Cl-Cl15-H15B
Cl4-C1l5-H15A
C14-C15-H158
H15A-C15-H15B
C7-Cis-H16C
C7-Cl6~H16A
C7-C16-H16B
H16C-C16-H16A
K16C-C16-H16B
H16A-Cl5-H16B
Cl0-C17-H17C
Cl0-C17-H17A
€10-C17-H178
H17C-Cl7-E17A
H17C-Cl7-H17B
H17A-C17-H17B
S1-C1l8~H18C
S1-Cl8«H1BA
S1-Cl8-H18B
H18C-Cl8-H18A
H18C-Cl8-H18B
H18A-Cl8-H18B

117.6¢(8)
120.5(8)
119.7(86)
119.8(8)
120.4(86)
120.4(6})
120.2(6)
115.4(6)
115.0(6)
123.0(6)
117.8(6)
112.1(5)
109.8(5)
108.4(5)
108.5(5)
109.1(5)
108.8(5)
105.8(6}
110.9(6)
105.5(6)
109.1(6)
108.0(6)
109.0(6)
110.7(6)
110.3(6)
108.4(6}
110.8(s}
108.0(6)
108.4(7)
110.1(5S)
110.2(5)
111.4(5)
107.1(6)
109.0(8)
108.9(6}

ot rr———
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Table . Distances(A) to the least-squares planes,

Equation ©f the plane : 8.217(21)X =» 6.8B2(4)Y « 4.457(22)2 = 3.785(9)

Distances(A) to the plane from the atoms in the plane.

ok -0.013(8) c4 -0.002(9)
cs 0.013(9) cs -0.002(9)
c? -0.015(9) ce 0.023(8)

Chi squared for this plane 15.865
Plane no. 2

Equation of the plane : 8.973(18)}X ~ 8.09(4)Y + 2.372(23)2Z = 0.514(16)

Distances(A) to the plane from the atoms in the plane.

cS -0.020(8) Clo 0.014(8)
cil 0.004(9) clz -0.017(9)
Cci3 0.0059(8) Cl4 0.010(8)

Chi squared for this plane 15.796
Dihedral angle between planes A and B

A B Angle(deg)
1 2 59.45(23)



Torsion angles

cls
cls8
c2
ol
ol
€15
ol
ol
c2
s1
cl
H2
c2
c8
c2
ol}
<3
H4
c4
HS
cS
HE
Cé6
Cle
cs
cé
c8
c3
c7
cs
clo
c8
Cl4
co
C15
co
co
cl3
Cl4
H13
Cl13
H12
cli2
H1l
cs
c9
Cl1

sl
sl
sl
Cl
cl
cl1
cl
cl
cl
c2
c2
c2
c3
c3
C3
3
C4
c4
c5
c5
6
cé
c7
c?
c?
c?

=]

cs8

cS

cS

c9

c9

Cl4
Cl4
Cl4
14
cl4
cl3
cl3
cl2
<12
cll
Cll
cl0
Cl0
ci0

c2
c2
cis
c2
c2
c2
C15
C15
C1s
c3
c3
c3
c4
c4e
c8
c8
c5
cS
Ccé
ce
c7
c7
ce
c8
Cls
Cle
cle
cs
cs
Cl4
cl4d
Clo
C10
ci3
Cl3
C15S
C1l%
c15
cl2
cl2
cli
cl1
Ci0
Cclo
c17
17
c17

cl
H2
H18a
Sl
H2
c3
Cl4
H1SB
H1SA
c4
cd
Cc4
cS
s
<7
c?
cs
cé
c7
c7
cs
c8
c3
c3
H16C
H16B
El6A
Cld
C1¢
c13
Cc13
cl1
cl1
ciz
ciz
cl
E1SB
H15A
c1l
Cll
Cl0
Ccl0
c9
Cc9
H1l7¢C
H17B
H17A

~91.0¢
22.9¢
-60.9¢(
53.2¢
-15.6¢
36.1¢
-138.4¢(
-17.9¢
-76.0¢(
-122.8(
115.7¢
-4.1¢(
-177.3¢
1.5¢
174.4¢
=4.1(
0.5¢
175.4¢
-0.8¢
-179.7¢(
=1.6¢(
175.5¢
4.1¢(
=173.5¢(
=179.5¢{
61.8(
118.7¢
58.7¢(
=-122.7¢
180.0¢
-3.0¢(
=-179.6(
3.5¢(
0.1¢
-174.0¢
-67.7¢
172.3¢
-132.2¢(
2.2(
=179.2(
-1.7¢(
177.2¢
-1.1¢
-178.7¢(
178.2¢(
59.8(
126.7(

3)
3)
4)
&)
3)
4)
8)
3)
6)
6}
KR
3)
8)
4)
8)
4)
4)
9)
4)
8)
4)
8)
4)
2)
9)
S)
8)
S)
7)
8)
4)
8}
4)
4)
8)
S)
9)
8)
4)
9}
4)
9)
4)
g)
9)
S)
9)

Py’
o

c18
c2
c2
ol
C1lS
C15
cl
c2
c2
sl
Cl

c2
cs
c2
cd
c3
H4
c4
HS
cs
H6
o
Clé6
c6
cg
cs
c3
c7
c8
clo0
c8
cl4
cs
C15
c9
C13
c13
Cl4
Hl3
ci3
Hl2
Clz
H1ll
9
cll
Cll

sl
sl
sl
Cl
Cl
Cl
Cl
Cl
Ccl
c2
c2
c2
of
c3
c3
c3
cd
cé
cs
cs
c6
c6
c7
c7
c?
c?

c8

c8

ce

cs

cs

cs

Cl4
Cl4
Cl4
Cle
Cl4
c1
€13
cl2
cl2
Cll
Cil
cl0
clo
Cl0

c2
<l
cls
c2
c2
c2
€15
cl15
cl5
c3
c3
c3
c4
C4
ce
cs
c5
c5
Cce
ce
c?
c?
cs8
c8
cle
Cle
Clé
o)
cs
C14
Cl4
clo
Cclo
ci3
cl3
C1s
C15
C1ls
cl2
cl2
cl1
Cli
Ccld
clo
<17
c17
c1?

C3
H18C
H18B
c3
s1
H2
H1SA
Cl4d
H15B
cs
cs
c8
H4
H4
cs
cs
HS
HS
HE
Hé
Cle
Clé
co
cs
H16A
Hl6C
H16B
clo
clo
cl5
cl1s
cl7
Cl17
H13
H13
H1S5A
Cl
H15B
H12
H12
HI11l
H1ll
c17?
cl7
H17A
H17C
H17B

133.8(
-178.8¢(
60.1¢
-140.9¢
-85%.5¢(
157.3¢
100.9¢
44.8¢
165.3¢
58.6¢
-62.91
177.34
4.3¢
=177.0¢(
-6.9¢
174.5¢
179.8¢
-1.7¢
-177.9¢(
3.2¢(
176.1¢
-6.8¢(
-174.5¢
7.9¢
~58.8(
=-2.0(
-120.7¢(
-118.3(
60.3(
=-5.9(
171.1¢
5.9¢
-171.0¢(
-178.6¢(
7.3¢
53.9(
106.3(
-13.8(
-176.71(
2.0¢
175.9¢
-5.2¢(
13324
-4.0(
-58.8(
3.6(
-114.7¢

S)
6)
4)
8)
5)
8)
7)
4)
8)
4)
S)
8)
3)
8)
3)
8)
9)
0)
10)
0)
8)
3)
8)
)
s)
3)
8}
7
S}
3)
8)
4)
8)
9)
3)
5)
7)
3
9)
0)
10)
0)
8)
3)
5)
)
8}



Intramolecular distances in Angstroms

H1SA

H1SE

H2

Cle

cl
c2
c3
cs
C9
Cl4

cl
cl3
Cld

cl
c3
cq
cls

ci17

.1375

2.1293
2.5994
2.1208

2.1742
2.1536
2.5171
2.5818

3.2885

("3}



Space Group and Cell Dimensions Triclinic, P =1
a 10.923(7) b 14.012(%) c S.0360(213)
alpha 103.08(3) beta 93.8%¢(3) gamma 74.14(3)
Volume 1295.9(10)A""3

Empirical formula : F 0 C17 H1S + 1/8 Ow

Cell dimensions were obtained from 24 reflections with 2Theta angle
in the range 40.00 - 50.00 degrees.

Crystal dimensions : 0.20 X 0.20 X 0.20 mm
FW = 256.30 2= 4 F(000} = 540.23
Decalec 1.314Mg.m-3, mu 0.06mm-1, lambda 0.70830A, 2Theta(max) 49.9

The intensity data were collected on a Rigaku diffractometer,

using the theta/2theta scan mede.

The h,k,l ranges used during structure solution and refinement are :-~=
Hmin,max -12 12; Kmin,max 0 16; Lmin,max =10 10

No. of reflections measured 4816

No. of unique reflections 4554

No. of reflections with Inet > 2.Ssigma(Inet) 3965

Mexging R-~value on intensities 0.009

No correction was made for absorption

The last least squares cycle was caleculated with

69 atoms, 460 parameters and 3965 ocut of 4554 reflections.
Weights based on counting-statistics were used.
The weight modifier K in KFo**2 is 0.000250

The residuals are as follows :--
For significant reflections, RF 0.068, Rw 0.091 GoF 4.09
For all reflections, RF 0.075, Rw 0.091.
where RF = Sum(Fo-F¢)/Sum(Fo).
Rw Sqrt(Sum(w(Fo-Fe)**2) /Sum(wFo**2)] and
GoF = Sqrt{Sum(w(Fo-Fe)**2}/(No. of reflns - No. of params.}]
The maximum shift/sigma ratio was 0.284.

In the last D-map, the deepest hole was -0.400e/A""3,
and the highest peak  0.450e/A**3.

Secondary ext. coeff. 1.888412 sigma 0.136564
The following references are relevant to the NRCVAX System.
1. Full System Reference :
Gabe, E.J., Le Page, Y., Charland,.J.-P., Lee, F.L. and White, P.S.
{1989) J. Appl. Cryst., 22, 384-387.

2. Scattering Factors from Int. Tab. Vol. 4 :
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Table of Atomic Parameters X,V, o and Eiso.
E.S.Dz. refer to the last digilt printed.
% Y < Biso

Fl 0.826862(17) 0.44597(13) 0.61038(20) §.21( 8)
F2 0.85535(18) 0.10602(14) 0.54154(18) 4.58( 9)
0l 0.59347(19) 0.53242(16) 0.65730({22) 4.01(10)
o2 0.61962(24) 0.10774{18) 0.47000¢(23) 4.94(12)
cl 0.6418 ([ 1) 0.56061(20} 0.5640 ( 3) 2.71(11)
c2 0.78253(25) 0.51871{19) 0.5234 ( 3) 2.54(11)
c3 0.84658(23) 0.60168(19) 0.5535 ( 3 2.23(10)
c4 0.92105(25) 0.61733(22) 0.6811 ( 3) 2.82(12)
Ccs 0.5716 ( 3) 0.70052(23) 0.7151 ( 3) 3.39{13)
cé 0.5412 ( 3) 0.77125(22) 0.6214 ( 3) 3.18(12)
<7 0.86561(25) 0.756390(19) 0.4937 ( 3) 2.49(11)
cs8 0.81893(22) 0.67071(18) 0.4546 ( 3) 2.00( 9)
c9 0.74077(21) 0.64556(16) 0.31606(25) 1.76( 9)
Cl0 0.78707(22) 0.63858(186) 0.1674 { 3) 1.83( 9)
Cll 0.70512(24) 0.81819(17) 0.0443 ( 3) 2.10(10}
clz2 0.58759(24) 0.608831(18) 0.0583 ( 3) 2.30(10)
Cl3 0.54335(23) 0.61719(18) 0.2038 ( 3) 2.28{10)
cl4 0.61856(22) 0.63727(17) 0.3299 ( 3) 1.95¢( 9}
cl5 0.56809(24) 0.64450(20) 0.4865 { 3) 2.52(11)
Cls 0.8310 ( 3) 0.83885(21) 0.4022 { &) 3.97(15)
ci17 0.92150(24) 0.63745(19) 0.1405 ( 3) 2.53(11)
cls 0-.6528 ( 3} 0.09815(19) 0.5961 ( 3) 2.91(12)
cls 0.7862 ( 3) 0.09484(20) 0.6553 ( 3) 2.70(12)
c20 0.78100(22) 0.17634(18) 0.7960 { 3) 2.04(10)
c21 0.80370(24) 0.26776(19) 0.7888 ( 3) 2.53(11)
c22 0.78541(24) 0.34631(19) 0.8143 ( 3) 2.70(12).
c23 0.74153(24) 0.33471(19) 1.0479 ( 3) 2.58(11)
c24 0.71748(23) 0.24324(19) 1.0588 ( 3} 2.23(10)
c25 0.73850(22) 0.16262(18) 0.9330 ( 3} 1.99(10)
c26 0.71226(23) 0.06218(17) 0.9310 { 3} 2.14(10)
c27 0.7786 ( 3} ~0.00144(20)} 1.0278 ( 2) 2.69{11)
c28 0.7478 ( 3) =-0.09370(22) 1.0165 { 3} 3.74(14)
c29 0.6608 ( 3) =~0.12424(21) 0.9164 { 4} 4.05(1%5)
c30 06.5973 ( 3} =~0.06262(21) 0.8181 { 3) 3.41(14)
c31 0.62515(24) 0.02961(18) 0.8253 ( 3) 2.38(10)
c32 0.5604 ( 3) 0.09289(20) 0.7132 ( 3) 2.82(11)
c33 0.6620 ( 3) 0.23908(23) 1.2057 { 3} 3.47(13)
c34 0.8783 ( 3) 0.02422(23) 1.1387 { 3) 2.54(13)
H2 0.7844 (22) 0.4810 (17) 0.417 ( 3} 2.2 { 3)
H4 0.942 ( 3) 0.5644 (22) 0.735 " ( 3} 4.3 ()
HS 1.0312 (25) 0.7110 (19) 0.79%9 { 3) 3.2 ({ 8)
H6 0.9730 (24) 0.8333 (19) 0.858% [ 3) 2.9 { 8)
H11 0.7367 (24) 0.6020 (19) =-0.050 ( 3) 2.5 { 5)
Hl2 0.5388 (22} 0.5508 (17) ~0.027 ( 3} 2.1 ( S)
H13 0.4562 (22} 0.6074 (17) 0.201 ({ 3) 2.1 (5
Hl5a 0.5799 (24} 0.7082 (19) 0.558 ( 3) 2.8 ( 8)
H15b 0.469 0.641 0.474 .2

Hléa 0.777 " ( 3) 0.8209 (21) 6.320 ( 3) 3.6 | &)
Hleb 0.889% ( 4) 0.875 ( 3) 0.437 { q) 9.5 (12}
Rléc 0.776 ( 5) 0.905 ( 4) 0.476 ({ S) 12.1 (15}
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0

Hl7a 2

-5
L)

v 7

0 {3 0.8272 L2240 3 3

KH17b 0.958 ( 3) £.5820 (259 0.048 {3 5.7 { 8)
Hl%¢ 0.927 ( &) ¢.708 (1 0.127 ¢ &4y 7L {10
H19 0.8324 (21) 0.025%7 (18) 0.6781 (24 1.6 { S)
K21 0.838 ¢{ 3) ¢.2650 (23 0.701 ¢ ) 5.1 { 8)
H22 0.8006 (23) 0.4116 (18) 0.%14 ¢ 3} 2.4 (%)
H23 0.7254 (22) 0.3907 (18) 1.13% {3} 2.1 (%)
H28 0.793 ( 3) ~0.1305 (23) 1.081 ( 3) 5.2 { 8)
H29 C.643 ( 3) -0.1871 (23) 0.898 (3} 4.6 (7T
H30 0.537 ( 3) -0.0868 (20) 0.737 ( 3) 3.6 ( 6)
H32A 0.530 ( 3) 0.1687 (21) 0.772 (3 4.1 (7
H32B 0.489 0.056 0,648 3.6

H33A 0.727 ( 3) 0.2386 (24) 1.290 ( &) S.5 ( 8)
H33B 0.595 ( 3) 0.307 { 3) 1.266 (&) 7.0 (9)
H33C 0.620 ( &) 0.185 ( 3) 1.1%¢ ( 4y 8.3 (11)
H34A 0.921 ( 3) 0.0783 (22) 1.121 () 3.9 (7
H34B 0.855 ( 3) 0.0528 (22) 1.242 (3 4.4 (7
H34¢ 0.952 ( 3) -0.031% (22) 1.142 ( 3y 4.8 { T)
(o)) 0.4711 (12) 0.0782 (%) 0.6236 (13) 7.4 { 3)

Biso is the Mean of the Principal Axes of the Thermal Ellipsoid



Fl
F2
ol
02
cl
c2
c3
c4
c5
cé
C7
ca
c9
c0
Cli
cl2
cl3
cl4
C15
Cls
C17
cl8
Cls
c20
c21
c22
c23
c24
c2s
Cc26
c27
c28
c29
c30
c31
c32
C33
C34

Takle of u(i,j! or U values
E.S.Ds.

ull(u)
5.46(11)
7.51{13)
5.02(13)
8.58(18}
4.13(16)
3.631(14)
2.35(12)
3.01(14)
3.26(15)
3.76(16}
3.28(14)
2.22(12)
2.53(12)
2.59(12)
3.47(149)
3.21(14Q)
2.42(13)
2.54(12)
2.63(13)
7.38(22)
2.87(13)
5.50(18)
4.51(16)
2.45(12)
2.90(14)
2.66(14)
2.54(13)
2.24(12)
2.44(12)
2.93(13)
3.86(15)
5.97(20)
6.81(22)
4.74(17)
3.18(14)
3.28(14)
5.05(18)
4.61(18)
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~100.

refer to the last digit printed

u22
5.33(10)
6.44(12)
6.66(14)
7.63(16)
4.04(15)
3.27(14)
3.47(14)
5.02(17)
6.11{19)
4.20(16)
2.84{13)
2.74(12)
1.72(11)
1.77(11)
2.44(12)
2.67(13)
2.70(13)
2.27(12)
4.10(15)
2.90(14)
3.85(15)
2.68(13)
3.68(14)
2.87(13)
3.32(14)
2.99(14)
3.10(14)
3.47(14)
3.04(13)
2.52(12)
3.40(14)

3.73(16) -

3.16(15)
3.69(1s6)
2.52(13)
3.59(14)
5.14(18)-
5.20(18)

u3l
6.30(11)
4.15{(10}
5.04(12)
4.03(12)
2.90(13)
3.29(13)
2.79(12)
3.10(13)
3.10(14)
4.05(15)
3.27(13)
2.73(12)
2.62(12)
2.98(12)
2.42(12)
3.08(13)
4.00(14)
2.89(12)
3.10(13)
5.65(18)
3.61(14)
3.18(14)
2.45({12)
2.77(12)
4.04(14)
5.18(1s)
3.86(14)
2.87(12)
2.59(12)
3.00(12)
3.09(13)
5.02{(17)
6.52(20)
$5.35(17)
3.69(14)
4.07(15)
2.81(14)
3.50(1%)

Anisotropic Temperature Factors are
Temp=-2*Pi*Pi* (h*h*ull*astar*astar+---+2"h*k"ul2*astar*bscar+~--)

ulz2
-0.38¢( 9}
-2.30(10}
-1.81(11)
-3.55(14)
~1.541(13)
-0.36(12)
-0.08(10)
-0.10(13)
-0.69(14)
-1.28(13)
-0.56(11)
-0.20(20)
-0.13( 9)
-0.40(10}
-0.66(11)
~0.72(11}
-0.70(10}
-0.36(10)
~0.38(11)
-2.48(15)
-1.10(12)
-1.26(13)
=1.05(13)
~-0.63(10)
-3.98¢11)
~1.16(11)
-0.68(11)
-0.57(11)
-0.89(10)
-0.53(10)
-0.21(12)
~0.21(14)
-1.85(15)
=1.97(14)
-0.80(11)
-1.11(12)
-0.88(15)
-0.08(14)

of the form

ul3l
0.55¢( ¢}
2.17( %)
1.39(10)
-2.274{12)
0.82(11}
0.42(11)
0.89(10)
0.55(11)
-0.36{12)
-0.08(13)
0.30(11)
0.81(10)
0.62(10)
0.74(10)
0.58¢(10}
-0.30{11)
0.39(11)
0.71(10)
1.30(11)
-2.23(17)
0.56(11)
-0.83(13)
1.00(11)
0.48(10)
0.76(11)
0.56(12)
-0.04(11)
0.41(10)
0.13(10)
0.72(10)
0.85(12)
0.93(15)
0.87(17)
0.24(14)
0.52(11)
-0.84(12)
1.48(13)
0.12(13)

u23
4.63( 9)
1.39¢( 8)
3.61(11)
3.22(11)
1.54(11)
2.34(11)
1.54(10)
2.00(12)
0.95(13}
0.58(13)
0.74(11)
1.13(10)
1.18¢( 9)
1.34( 9)
1.15(10)
1.28(10)
1.531(11)
1.30(10}
1.52(11)
1.581(13)
1.88(11)
1.24(11)
1.19(11)
1.27(10)
1.71(11)
1.38(12)
0.24(11)
1.00(10)
1.38(10)
1.31(10)
1.80{11)
3.07(14)
2.35{14)
1.50(¢13)
1.20(11)
1.32(12)
0.73({12)
2.10(13)



Table of Atomic Bond Distances in Angstroms

F1-c2 1.386(3) C18-C20 1.497(3)
F2-C18 1.377(3) C19-H18 1.023(20)
01-Cl 1.213(3) C20-c21 1.386(3)
02-C18 1.198(3) C20-C25 1.4213)
Ccl-C2 1.528(4) C21-c22 1.372(Q)
C1-C15 1.516(4) C21-H21 0.89(3)
c2-C3 1.504(4) C22-C23 1.387(4)
C2-H2 0.875({22) C22-H22 0.873({24)
C3-C4 1.376(4) C23-C24 1.402¢4)
Cc3-c8 1.422(3) C23-H23 0.965(23)
C4~-C5 1.387(4) C24-C25 1.390¢(3)
C4-H4 0.85(3) C24-C33 1.515(4)
CS5-Ccé 1.404(4) C25-C26 1.507¢(3)
CS-HS 0.98(3) C26-C27 1.4141(3)
C&-C7 1.382(4) C26-C31 1.394(4)
Ce&-H6 1.00(3) c27-C28 1.403(4)
c7-C8 1.401(3) C27-C34 1.491(4)
C7-C16 1.515(4) c28-c29 1.355(5)
C8-C9 1.486(3) C28-H28 0.50¢(3)
C9-C10 1.423(3) C29-C30 1.397(4)
CS-Cl4 1.409(3) C29-H29 0.83(3)
Cl0-C11 1.374(3) €30-C31 1.394¢(4)
Cl0-C17 1.568(3) C30-H30 1.02(3)
Cll-Ci2 1.388({4) C3l-c32 1.510(3)
Cll-H1l 0.882(24) C32-H32A 1.05(3)
Cl2-C1l3 1.392(3) C32-H32B 1.114(3)
Cl2-H12 0.942(23) C32-0W 1.255(12)
Cl3-Cl4 1.3B1(3) C33-H33A 1.00(3)
C13-H13 0.597(23) C33-H33B 1.07(4)
Cl4-Cl5 1.526(3) C33-H33C 0.97(4)
Cl5-H15a 1.015(25) C34-H34A 1.04(2)
C15-H15b 1.092(3) C34-H34B 0.95(2)
Cle-Hl6a 0.55(3) C34-H34C 0.96(3)

Cle-H16b 0.91(4}
Cl6-Hl6éc 1.06(5)
Cl7-H17a 0.96(3)
Cl7-H17b 1.01(3)
Cl7-Hl7c 1.06(4)
Cl8-Cls 1.509(4)
Cl8-C32 1.538(4)
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Table of Atomic Bond Anglse in Degrees

01-C1-C2 121.64(23)
01-C1-C15 122.14(248)
c2-C1-C15 116.16(19)
Fl1-C2-C1 108.55(19)
F1-c2-C3 111.06(21)
Fi-C2-H2 108.2(14)
Cl-C2-C3 109.09(20)
Cl-c2-H2 105.7(14)
C3-C2-H2 114.0¢(14)
c2-C3-C4 120.70¢21)
C2-C3-C8 118.25(21)
C4-C3-C8 120.81(24)
C3~-C4-C5 120.58(24)
C3-C4-H¢ 115.5(17)
CS-C4-H4 123.6(17)
C4-C5-C6 119.16(24)
€4-C5-H5 123.0(15)
C6-C5-HS 117.8(15)
CS=-C6=C7 120.8(3)
C5-C6-HE 115.1(14)
C7-C6-H6 124.0(14)
C6-C7-C8 120.45(23)
C6-C7-C16 118.01(23)
C8-C7-Cl6 121.50(22)
C3-C8-C7 118.11(22)
C3-C8-C9 :119.05(21)
c7-C8-C9 122.84(20)
€8-C9~C10 122.286(20)
C8-CY9-C14 119.66(19)
C10-C9-Cl14 118.03(21)
C9-Cl0-C1l1 119.15(21)
C9-C10-C17 121.82(21)
Cl1-Cl0-C1l7  118.57(20)
C10-Cll-Cil2  122.36(21)
C10-Cl1-H1Y  122.3({16)
C12-Cli-H11 114.7(16)
C11-Cl2-C13  118.94(22)
Cll-Cl2-H12 120.6(14)
Cl3-Cl2-H12 120.2(14)
C12-C13-C14  120.10(22)
€12-C13-H13 112.2(13)
C14-C13-H13  127.7(13)
C9-C14-C13 121.33(21)
C9-C14-C15 119.82(21)
C13-Cl4-C1S  118.84(21)
C1-¢15-C14 113.89(20)
Cl1-C1S-H1Sa  102.8(14)
Cl-C15-H1Sb  108.20(21)

C16-C20-C25
C21-C20-C25
C20-C21-C22
C20-C21-H21
C22-C21-H21
C21-C22-C23
C21-C22-H22
C23-C22-RH22
C22~C23~-C24
€22-C23-H23
C24-C23-H23
C23-C24~-C25
C23-C24-C33
€25-C24-C33
C20-C25-C24
C20-C25-C26
C24-C25-C26
C25-C26~-C27
€25-C26-C21
C27-C26-C31
C26-C27-C28
C26-C27-C34
C28-C27-C34
C27-C28-C29
C27-C28-H28
C25-C28-H28
C28-C29-C30
C28-C25-H29
C30-C29-H29
€29-C30-C31
C29-C30-H30
C31-C30-H30
C26-C31-C30
C26-C31-C32
C30-C31-C32
Cl8-C32-C31
Cl8-C32-H32A
C18-C32-H32B
Cl8-C32-0W
C31-C32-H32A
C31-C32-H32B
C31-C32-0W

H32A-C32-H32B

H32A-C32-0W
H32B-C32-CW
C24-C33-H3i3A
C24-C33-H33B
C24-C33-H323C

Cl4-Cl5-H1Sa 109.9(14}
C14-C15~H15b 108.34(21)
H15a-C15-H15b 113.8(15)

H33A-C33-H33B
H33A-C33-H33C
H33B-C33=-H32C

118.61(21})
120.59(22)
120.28(22)
112.41(20)
127.0(20)
119.76(22)
123.0(14)
117.3(14)
121.35(23)
115.5(14)
118.7(24)
119.14(22)
117.94(22)
122.83(23)
118.85(21)
117.60(20)
123.48(20)
121.54(22)
118.67(20)
119.71(22)
117.13(25)
123.63(24)
119.23(24)
123.14(25)
112.7(20)
124.1(20)
119.8(3)
126.2(18)
113.5(18)
119.0(3)
120.8(15)
120.1(15)
121.16(23)
120.57(21)
118.26(23)
112.80(22)
102.5(16)
106.687(22)
98.40(6)
108.0(15)
107.74(22)
127.0(€)
119.2(18)
105.7(17)
18.5(8)
110.9(18)
115.8(18)
113.1(23)
96(3)
113(3)
105(3)



C7=-Cle-Hlea
C7-Cl6-H1l6b
C7-Cle-Hléce
Hl6a-Cl6-Hlé6b
Hl6a-Cl6=-Hl6¢c
Hl6b-Clé-4l6¢c
Cl0-Cl7-Hl7a
Cl0-C17-H17b
Cl0-Cl1l7-Rl7¢
Hl17a-C17-H17b
H17a-Cl7-Hl7¢
H17b~C17-Kl7¢
02-C18-C19%
02-Cl8~C32
Cl9-C18-C32
F2-Cl15-C18
F2-C19-C20
F2=-C19-H1%
Cl8-C19-C20
Cl8-C19-H19
C20~-Cl15=-H19
Cl5-Cc20-C21

106.7(16)
101.6(25}
105(3}
145¢(3)
106(3)
76(4)
114.9(17)
108.2(19}
112.5(21)
108.4(25)
101(3)
111(3)
123.1(3}
122.2(3}
114.61(20)
107.98(21)
112.40(21)
105.2(12)
109.43(21)
112.1{13}
109.7(12)
120.42(21)

CIT-C3{-H3da
C27-CA3-H34
C27-C34-H3:C
H34A-C33-4H34B
H34A-C34-HILC
H34B=-C34-K34C

11

113

SIS
118.

i(ls)

e1s)

9g.
100,
105.

(23
1(24)
i(22)



Torsion angles

ol
ol
C1s
0l
ol
c2
Fl
Cl
H2
c2
cs8
c2
ce
c3
H4
cq4
HS
cs
{3
of
clé
Cc6
ce
cs
c3
c?
c8
cl4
c8
cl0
co
c17

cs
Ccll
Cc1l0
H1il
Cil
H12
cl2
H1l2
cs
c9
Cl3
c7
Hlé6c
Hl6a
02
02

cl
1
cl
C1
cl
cl
c2
c2
c2
c3
c3
c3
c3
cd
cq
cS
cs
cé
c6
c?
c?
c?
c?
c?
c8
c8
co
co
c9
co
clo
Cl10
Cl0
clo
Clo
Cl1
cll
cl2
cl2
Cl3
C13
Cl4

cl4

Cl4
Cle
Cle
Cl6
cls
cls

cz2
c2
c2
Cls
C15
<15
c3
c3
c3
4
4
C8
cs
<5
cs
cé
cs
c?
<7
c8
c8
Cls
Cle
Cle

9
Cl0
cl0
Cl4
cl4
Cll
cl1
cl7
cl7
cl?
cl12
cl2
cl3
ci3
cl4
Cl4
C1%
€15
clS
Hléb
Hléb
Hléc
€19
Cl9

Fl
H2
ok}
Cl4
H1Sb
HlSa
cq
cd
c4
cS
cS
c7
c?
cé
cé
c7
c?
c8
c8
C3
c3
Hléa
Hlé6c
Hlé6b
Cl0
Clo0
Cll
cll
€13
c13
clz2
cl2
Hl7a
Hl7¢
H17b
ci3
cl3
Ccl4
Ccl4
cs
Cs
Ccl
H15b
Hl5a
Hlé6c
Hl6e
H16b
F2
H1l9

-0.82(22)
115, ( 3)
55.3( 3
=153.3¢( 8)
-32.8( N
-85. ()
-16.91(25)
102.7¢( 5)
-135. ( 3)
~174.8( 6)
=0.5( 3)
172.0( 5)
=2.3( 3}
2.8( 3}
176. ( 3}
=2.3( 3)
178. ( 3)
=0.7( 3)
-176. ( 3)
2.5 3)

© =174.6( 6)

-178. ( 3)
-63. ( 85)
-l€6. { 5)
~120.4( 5)
60.5( 3)
-179.4( S)
3.46(24)
-175.8( S)
-2.51(24)
-1.90(24)
175.2( 5)
8. ()
-88. ( 4)
-=38. ( 3)
=-0.75(2¢8)
170. ( 3)
1.76(24)
176. ( 3)
-0.10(24)
-179.%(24)
-65.3( 4)
174.2( 6)
-132. ( 3)
-104. ( &)
0. ( 6)
-145. (10)
0.85(25)
-114.6(23)

ot
C1S
15
ol
c2
c2
Fl
cl
H2
c2
Ccs8
c2
c4
<3
H4
c4
HS
cs
HE
Cé
Clé
cé
c8
c8

- €3

c?
c8
Cl4
c8
cl10
cs
c17
ce
Cll
cll
C10
H1ll
Ccli
H12
c12
H13
cs
c13
Cl3
Hlsa
c?
H16b
02
c22

cl
cl
cl
Cl
Ccl
cl
cz2
c2
c2
Cc3
c3
c3
c3
Cc4
c4
cs
csS
C6
ce
Cc?
c7
<7
c?
c7
cs8
ce
co
s
cs
c9
cio
clo
clo
Cl0
Clo
cll
Cil
clz
Ci2
ci3
C13
Cl4
Clg
Cl4
cls
Cls6
Cls
clse
c1s

c2
c2
c2
c15
C15
c15
c3
c3
Cc3
c4d
ol O
Cc8
c8
csS
cs
cé
cé
c7
c7
c8
cs
cle
Clé
cle
co
c9
Clo0
C10
Cl4
cl4
cl1
cii
c17
c17
c17
c12
c12
Ccl3
c13
Cil4
Cl4
Cls
c15
C15
Hlé6b
Hlée
Hléc
cls
cl9

c3
Fl
H2
H15a
C14
H1Sb
c8
c8
cB
H4
H4
cso
cs
HS
HS
HéE
HE
Clse
Clé
ce
ce
Hl6b
Hléa
Hlé6ec
cl4
Cl4
cl7
c17
C15
c1s
Hil
H1l
Hl7b
Hl7a
Hl%¢
H1l2
H12
Hi3
H13
c1s
C1S
HlSa
Cl
H1Sb
Hléc
H16b
H16b
C20
F2

-122.0( 5}
176.5( 6)
-67.7(2%5)

g8. ( 3)
29.4( 3}
149.9( 6)
168.7( 5}
=71.71( &)
46.21(23)
12, ( 3)
-174. ( 3)
-7.15(23}
178.5( S5)
=174, ( 3)
=1, ( 4)
174. { 3)
-9. (&)
176.9( 6)
1. (3)
-178.0( 6)
4.5( 3)
i6. ( 5)
=1. ( 3)
114. ( 5)
S6.7( 3)
=122.4( 5)
3.62(24)
-173.6( %)
~0.73(23)
176.5{ 5
-172. ( 3)
5. ( 3)
138, ( 3}

-160. { 3)
85. ( 4)

=175. ( 3)

4. (&)
-178.4(24)
-4. (3
-179.1( 5)
1.1(24}
4¢. ( 3)
113.7( 3)
-6.711(20)
101. (&)
88, (7}
0. ( 6)
123.5( 6)
-176.6( 6)



c32
02
02
cl9
c1s
F2
cl8
K19
€19
c2s
€19
e21
c20
H21
c21
H22
c22
H23
c23
¢33
c23
c23
€25
€20
c24
c25
c31
c25
c27
c26
c34
c26
c26
c28
- ¢27
H23
c28
H29
c29
H30
c26
c26
c30
c30
cis
H32A
c18
H32A
c24
H33C
H33A
€27
H34B
H34C

Cié
cig
C138
cls
cls8
Cl9
cls
cls
c20
c20
Cc20
c20
c2l
c21
c22
c22
c23
c23
c24
<24
c24
c24
c24
c25
C25
C26
c26
c26

C26-

c27
c27
c27
c27
c27
c28
c28
c29
c29
c30
c30
i B §
c3l
c31
k]
c32
c32
c3z
c32
€33
ok X
Cc33
C34
€34
C34

cls
€32
Cc32
c32
c32
c20
c20
c20
c21
c21
Cc25
c25
c22
c22
c23
c23
c24
c24
c25
c25
Cc33
c33
Cc33
c26
c2e
c27
c27
c31
c31
cze
c2s
C34
Cc34
C34
c29
c28
<30
c30
C31
C31
c32
c3z2
c32
c32
H32B
K32B
ow
oW
H33A
H33A
H33B
H34A
H34A
H34A

C20
€31
H32B
c31
H32B
c21
c21
c21
c22
c22
c24
c24
ca3
23
c24
c24
c25
c25
c20
c20
H33A
H33C
H33B
c27
c27
c28
c28
C30
C30
c29
c29
H34A
H34C
H34B
Cc30
c30
c31
€31
c26
cz26
cls
H32B
cls
H32B
ow
oW
H32B
H32B
H33B
H33B
H33A

H34B .

H34B
H34E

=54.0( )
150.1¢( &)
32.00 3)
=32.5( 3)
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" Appendix 2: Competitive Reduction of Ketones 44-53 using LAH,
SBH and triethylsilane



187

Table A2.1a Competitive reduction of ketones A (unsubstituted) versus B (axial

o-substituted) for LIAIH, in 4 mL THF at 0°C (20 sec quench).

Substituent  Unsubstituted Substituted LiAlH, S A % B % Total kpfka
Ketone (A) Ketone (B) mmol reduced reduced  Hydride
mmol mmol Consumed
CH3ax 0.0135 0.0365 0.006 45 2 S8 0410
CHap," 0.00694 0.0181 0.003 51 30 74 0.488
CHiox 0.00815 0.0139 0.00275 63 32 87 0.388
CHagy 0.0135 0.0365 0.006 54 26 69 0.391
CHia 0.0238 0.0262 0.006 34 15 50 0.398
CHagx 0.0368 0.0132 0.006 23 9.0 29 0.333
CHiy 0.025 0.025 0.006 30 14 38 0412
CHagx 0.037% 0.0121 0.006 2 76 40 0.322
SCH3,,>* 0.0259 0.0241 0.006 30 14 46 0.400
SCHj,, P 0.0275 0.0225 0.006 26 14 43 0.481
SCHip, ¢ 0.0258 0.0242 0.006 47 28 7 0.505
SCHay, 0.0269 0.0231 0.00625 33 14 49 0.382
OCHzyx 0.0307 0.0193 0.006 36 28 54 1.36
Clas 0.0220 0.0220 0006 39(Cly) 16 65  281°
+ 0.006 (Cleg)

*In 10mL. ®30sec quench. “In S mL. ¢ 15 sec quench. ky/ky = Kan/Kunsus
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Table A2.1b Competitive reduction of ketones A (unsubstituted) versus B
(equatorial o-substituted) for LiAIH, in 4 mL THF at 0°C (20 sec

quench).
Substituent  Unsubstituted Substituted LiAlH, G A o B S Total Kp/ka
Ketone (A) Ketone (B) mmol reduced reduced  Hyvdride
mmol mmol Consumed
CHyeq™® 0.0271 0.0229 0.006 24 28 52 1.2
CH3eq™® 0.0496 0.0504 0.012 32 35 67 1.08
CHieq 0.0254 0.0246 0.00625 33 35 68 1.08
SCHae 0.0200? 0.0309 0.0062 18 48 70 3.35°
SCHzeq 0.0291° 0.0199 0.006 16 60 70 192
SCHieq 0.0432¢ 0.00885 0.0064 18 81 57 8.23°
SCHzeq 0.0159 00163 000576 19 7 80 59T
+0.0163° (SCH3ay)
© SCHyq!  0.00614° 0.0236 0.015° 225.7°
OCHseq 0.0289 0.0231 0.006 20 56 72 3.58
OCHaeq 0.0385 0.0135 0.0065 20 65 61 a2
Cleg 0.0276 0.0224 0.006 16 45 61 339
Cleg 0.0273 00227 0.00313 8 25 64 3.23
Feq 0025 0.025 0.00625 19 48 67 3.16
Feq 0.0361 0.0139 0.00625 20 61 62 432
Feq 0.00904 0.00347 0.00156 13 42 42 3.99
Fegq 0.025 0025 000313 8.8 26 68 3.23

* Reference 147. ° | min quench. ©In 8 mL, 45 sec quench. ¢ Axial a-methylthio ketone 46. ©kgfk, =
Ksctseq/Kscre: | 2 Min quench. ¥ Reduced with compound 83,
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Table A2.2a Competitive reduction of ketones A (unsubstituted) versus B (axial
o-substituted) for NaBH, (1 equiv) in 20 mL i-PrOH at 23°C (45 sec

quench).
Substituent  Unsubstituted  Substituted G A %8B % Total “ofB kp/ka
Ketone (A) Ketone (B)  reduced reduced  Hydride — Epimerized
mmol mmol Consumed
CHjo® 0.00713 0.0424 28 29 7.0 8.6 0.113
CHan® 0.00686 0.0431 3 27 5.8 3.7 0.115
SCHa,y 0.00618 0.0439 22 0.88 1.6 30 0.401
SCH;,," 0.0238 0.0262 1.6 0.62 1.5 56 0.378
OCHsx,, 0.0413 0.00868 24 18 54 26 8.18
Clax 0.0350 0.007 2 12 17 a4
+0.008 (Clar)
 (Cleg)
Clyy 0.0458 0.00180 13 4 35 92  413°
+0.00239 {Clay)
(Cleg)

* The accuracy of the integrals in the lHNMRs;.m:traisest:imatedn:)bt'::I:l%. This corresponds to a
precision in kp/k, of £5%. ®InSmLatx, 15 min quench. “In 5 mL at rt, 7.5 min quench. 4225 min

quench. ® kgkn = Kau/Kunsas
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Table A2.2b Competitive reduction of ketones A {unsubstituted) versus B
(equatorial a-substituted) for NaBH, (1 equiv) in 20 mL {-PrOH at

23°C (45 sec quench).
Substituent  Unsubstituted  Substituted %A %B % Total SofB  kplky”
Ketone (A) Ketone (B}  reduced reduced  Hydride  Epimerized
mmol mmol Consumed
CHaeq 0.0255 0.0245 035 0.17 0.26 <2 0484
CHieg® 0.0182 0.0318 1.1 0.46 0.68 < 0424
SCHaeq 0.0385 0.00633 1.4 6.3 1.6 9.6 148°
+0.00518 (SCHieq)
(SCH3ax)
SCHieq 0.0308 0.00839 25 1 32 4.2 4.24°
+0.0108 (SCHaeq)
(SCH3,y)
OCHix 0.0333 0.0167 14 a4 16 3.6° 40.5
OCHjeq 0.0450 0.00495 1.2 42 53 4.1° 437
Cleg® 0.0299 0.0201 6.9 77 31 9.6 19.7
Cle® 0.0292 0.0208 5.1 68 28 83 211
Cleq 0.0119 0.0131 3.2 47 28 7.1 19.2
Feq 0.0442 0.00575 23 76 n 62.1
Feq 0.0424 0.00763 2.2 73 13 57.8

"'IheaccmacyofmcimcgmlsinthelHNMRspecu'aiscstima:edtobc:tl%. This corresponds to a
precision in ky/k, of +5%. ®90 sec quench. °kBJkA=ksq.Bqn:,m¢. ¢ % rearrangement. ©90 sec

quench atrt.
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Table A2.3 Competitive reduction of ketones A (unsubstituted) versus B
(a-substituted) for Et,SiH (1 equiv)/BF,.Et,O (3 equiv) in 5 mL CH,CN

at0°C (2 min quench).

Substituent  Unsubstituted  Substituted @A “B % Touwal % ofB kg/ka®
Ketone (A) Ketone (B) reduced  reduced Hydride  Epimerized
mmol mmol Consumed
CHigy 0.00586 0.0441 9.4 15 25 0.7 0.155
SCHay 0.00382 2.0462 1 0.099 095 3.6 0.00861
OCHay 0.00683 0.0432 19 0.6 25 28° 0.189
b
OCHy® 00112 0.0393 41 0.80 10 377 s
+0.00217 (OCHa,) (OCH;350)
Cl)
Clu® 0.00523 0.0276 0 02(Qy) 71 67 o024
+0.0180 | (OCH3yy)
(Cleg)
CHieqh 0.0181 0.0319 19 03 09 0 0.156
i ,
SCHie® 00109 0.0271 5.1 0.52 16 219 0.0008
+0.00912 (SCH3eq) (SCHaeq)
(SCH3,y)
i ,
SCHae® 000302 0.0195 6.3 0.73 1.5 22 00924l
+0.0233 (SCHieq) (SCHaeg)
(SCH3p0)
OCH3eq 0.0102 0.0439 10 9.7 14 6.1° 0.938
OCHae® 0.0317 0.0254 65 6.0 8.0 4.0° 0.904
Clg 0.00772 00423 64 04 1.3 1.5 0.0576
Fog* 0.00568 0.0443 11 1.8 29 0 0.134

* The accuracy of the integrals in the 'H NMR spectra is estimated to be £1%. This corresponds to 2
precision in k/k, of £ 5%. * % rearrangement. 40 sec quench. ©kp/k, = komuKapsgy © 16 min
quench. ©kg/ky = Keype/Kimspy Calculated via relay (i.e. Koz ongyn = KenaeKien * KesegKomsay)- |45 e
quench. £ 1 min quench. " % epimerization and rearrangement. * kp/k = Kscrrzer/Kunsup © 4 Min
quench,
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Appendix 3: Supplementary 'H NMR Spectra
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