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CHAPTER 5

Pyridine Sulfides as Ligand in Palladium-Catalyzed

Allylic Substitution.*

Abstract: The asymmetrical pyridine thiol 3.11f and the C2-symmetrical pyridine dithiol 3.1f

were tested in the palladium-catalyzed allylic substitution, a well-studied reaction in

asymmetric catalysis. Comparison of the results with these ligands could give more insight in

the structural aspects of this reaction. It was found, however, that the thiol groups of these

ligands, which are readily deprotonated by the base, inactivate the metal catalyst. Alkylation

of these pyridine thiols followed by complexation to the metal led to active catalysts with

enantioselections of 46-92% for the palladium-catalyzed allylic substitution. For the

asymmetric thioethers 5.4 the bulkiness of the alkyl chain seems to have a large impact on the

ee, whereas for the C2-symmetrical thioethers 5.5 the impact is smaller. The best result was

obtained with the asymmetric pyridine benzyl thioether (-)-5.4e. Optimization of the reaction

conditions led to an enantioselectivity of 98% with a ligand of the same optical purity ((+)-

5.4e). In other words the enantioselection is absolute. Mechanistic insight was gained by

studying the allylic intermediate of the asymmetric thioether (+)-5.4d. NMR spectral data (1H,

NOESY, COSY) were consistent with the presence of more then one isomer, whereas X-ray

diffraction of an isolated crystal revealed a single isomer. Clearly the structure in solution is

dynamic. Translation of the experimental data for the isolated intermediate to the catalytic

reaction required the assumption of a large influence of the methyl group on the pyridine ring.

Laboratory experiments established that the absence of this methyl group indeed has a

dramatic and negative impact on the enantioselection. Attempts to isolate the allylic

intermediate with the bisthioether failed because of the instability of the complex. In this case

C2-symmetrical complex of the bisthioether with palladium chloride was isolated.
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5.1 Introduction.

One of the more successful approaches to catalytic asymmetric carbon-carbon bond

formation is by means of transition-metal catalysis.1 In particular, palladium-catalyzed allylic

substitution is a well-studied reaction, which has been used to demonstrate chemo-, regio-,

diastereo- and enantioselectivity.2 Because the reaction is reasonably well understood,

palladium-catalyzed substitution on racemic 1,3-diphenylprop-2-enyl acetate 5.1 with

malonate esters (Nu in Scheme 5.1) is an excellent model for testing design principles of

asymmetric ligands.

+
Nu

5.1

Ph Ph

OAc

"Pd"
L2

5.2

PdL2

Ph Ph
5.3a

Ph Ph

Nu

5.3b

Ph Ph

Nu

Scheme 5.1 Palladium-catalyzed allylic substitution of 1,3-diphenylprop-2-

enyl acetate.

A commonly used approach to the control of enantioselectivity in transition metal

catalyzed reactions is based upon the use of ligands possessing only rotational symmetry

elements3. With some exceptions, C2-symmetrical ligands seem to be most successful.

Introduction of C2-symmetry allows reduction of the number of different reaction pathways.

This is illustrated in Scheme 5.2. The nucleophile adds to the π-allyl palladium intermediate

5.2, which in the absence of symmetry elements actually consists of two isomers 5.2a and

5.2b, which are in equilibrium through π-σ-π isomerization. Each intermediate has two

possible entry pathways (a,b) or (c,d) for the nucleophile.

5.2b5.2a

Ph Ph

Nu

a b

Pd

LbLa

Ph Ph

Nu

c d

Pd

LbLa

Scheme 5.2 Palladium allyl intermediates.
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When non-symmetrical auxiliaries (La≠Lb) are used all four entry pathways to the

transition states of the two isomers of intermediate 5.2 can contribute, whereas the use of C2-

symmetrical auxiliaries (La=Lb; chirality is still embedded in the backbone of the ligand)

reduces the number of entry pathways to two (a=d and b=c).

On the other hand previous work has demonstrated that the reactivity of the terminal

carbon atoms of the allyl moiety in the palladium-allyl complex depends upon the kind of

ligand that coordinates to the metal.4 Phosphites and phosphines are strongly π accepting and

therefore enhance reactivity, whereas nitrogen ligands, which are poorer π acceptors, form

less reactive species. Combining two ligating atoms of non-identical π acceptor capacity in

one compound leads to an asymmetrical η3-allyl complex. Attack of the nucleophile is

expected to take place trans to the best π-acceptor, since the better π-acceptor is able to

withdraw electron density from the position trans to itself, and induce greater electron

deficiency at this allylic terminus. The nucleophilic substitution product 5.3a will be formed

if the nucleophile enters (attack from backside of allyl system as drawn) through path a or d

and the product 5.3b when the reaction proceeds through path b or c (Scheme 5.2). If Lb is the

best π-acceptor, attack through path a and c is favored and asymmetric induction will be

achieved if the equilibrium between two possible intermediates of 5.2 can be shifted

selectively to either the right or the left. Although nonsymmetrical bidentate ligands allow

more permutations, the character of the ligands themselves can provide the means of control

by exclusion of possible entry pathways based on the π-acceptor ability of the ligating atoms.

Design and development of ligands, both C2-symmetric and not, has focused mainly

on chiral nonracemic phosphorus-containing ligands and has led to, for example, BINAPO by

Trost5, the ferrocenyl phosphites employed by Hayashi6 and Togni,7 QUINAP by Brown8 and

more recently, the monophosphines by Zhang.9 Well-defined structural elements in the rigid

complexes ensure high chiral recognition.

A practical difficulty with such ligands is, in many cases, high sensitivity to oxidation

by oxygen. Less oxidation sensitive amines and sulfides are also capable of stabilizing the

low-valent state of palladium, and recently, some interest has shifted in the direction of non-

phosphorus-containing ligands. Some examples of non-phosphorus-containing ligands, which

are both catalytically active and give good chiral recognition, are sparteine10 and

stilbenediamine derivatives,11 semicorrins and bisoxazolines,12 ephedra-based amino

sulfides,13 sulfur-containing oxazoline ligands,14 (hydroxyalkyl)-pyridino-oxazolines,15 C2-

symmetrical bis(aziridines),16 and more recently, bis(oxazolinylpyridinyl)-dioxolanes.17

Sulfides form a good perspective for development of new ligands, since sulfur is a soft

complexation site and palladium is a soft metal ion, factors, which will generally lead to a

strong complex. Furthermore, back-donation of π-electron density from the metal to the
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empty relatively low-energy d orbitals of the sulfur can contribute to the strength of the

Pd(II)-S bond.18 In contrast to trivalent phosphines and phosphites, divalent sulfide cannot be

intrinsically chiral. On complexation to a metal, chirality can be induced at sulfur. However,

the difficulty in controlling this aspect is likely the reason that few sulfur-containing ligands

have been reported or used. However, as described in chapter 3, a new method for the easy

preparation of C2-symmetrical chiral “pyridine dithiols” (condensation products of 2,6-

lutidine with two equivalents of thiofenchone) has been developed.19 “Single armed” pyridine

thiol (+)-3.11f intermediates in this reaction are also of interest. We anticipated that on use of

structurally rigid thioketones a variety of thiol- or sulfide-containing ligands could be

obtained in which the coordination geometry is defined at the outset. To obtain insight in the

structural aspects in the palladium catalyzed allylic substitution, the pyridine thiol and dithiol

form good starting points for mechanistic studies on the geometry of the intermediate 5.2.

With the use of the pyridine thiol (+)-3.11f and the dithiol 3.1f the control of stereoselection

by C2-symmetrical vs. non-symmetrical bidentate ligands was studied.

5.2 Palladium-Catalyzed Allylic Substitution.

In initial experiments, thiols (+)-3.11f and 3.1f were used as ligands in the palladium-

catalyzed alkylation of 1,3-diphenylprop-2-enyl acetate 5.1. These experiments were carried

out in dry dichloromethane at room temperature in the presence of [(η3C3H5)PdCl]2 and the

ligand. The nucleophile was generated either from dimethyl malonate in the presence of

bis(trimethylsilyl)acetamide (BSA) and a catalytic amount of potassium acetate or from

dimethyl malonate and sodium hydride. With sodium hydride as base, very low conversions

and low to moderate selectivities were found after 36 h (Table 5.1).

Table 5.1: Test results with thiols (+)-3.11f and 3.1f.

Ligand base equiv. of base/

NuH

Yields (%) eea (%) confgna

(+)-3.11f NaH 1.5/1.5 2 80 S

3.1f NaH 1.5/1.5 4 23 R

(+)-3.11f BSA/KOAc 1.2/1.5 10 81 S

3.1f BSA/KOAc 1.2/1.5 - - -
a The enantiomeric excess was determined by 1H NMR using Eu(hfc)3 as chiral shift reagent, and the absolute

configurations were established by comparing the optical rotation with literature values for material of

established absolute configuration. 12, 20 General Procedure: [(η3C3H5)ClPd]2 (0.01 mmol), ligand (0.02 mmol),

5.1 (1.0 mmol) in dichloromethane. Sodium dimethylmalonate (1.5 mmol) in 5 mL of dichloromethane was added.

Stirred for 18 h at RT.
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Using BSA as base resulted in an increase in yield for (+)-3.11f, however, no product

was found when 3.1f was used. The low reactivity with these ligands is probably due to

deprotonation of the thiol group by the bases. In order to bypass problems arising from the

reactivity of the thiol groups, we converted thiols (+)-3.11f and 3.1f to their thioethers 5.4 and

5.5. For the preparation of the methyl thioethers, K2CO3 was used as base and methyl iodide

as the methylating reagent; the mono and dithioether adduct were obtained in 76% and 94%

yields for (+)-5.4a (R = CH3) and 5.5a (R = CH3) respectively. For the preparation of the

homochiral series ethyl, iso-propyl, n-propyl, and benzyl thioethers (+)-5.4b-d and (–)-5.4e

and 5.5b-e sodium hydride was used to deprotonate the thiol. These thioethers were isolated

in 50-89% yield.

5.4

N

SR

5.5

N

SS

R R

Structures 5.4 and 5.5

Table 5.2: Test results with thioethers (+)-5.4a-d, (–)-5.4e and 5.5.

ligand R base equiv. of base/NuH Yields (%) eea (%) confgna

(+)-5.4a Me NaH 1.5/1.5 35 46 R

(+)-5.4b Et NaH 1.5/1.5 70 81 R

(+)-5.4a Me BSA/KOAc 1.2/1.5 80 53 R

(+)-5.4b Et BSA/KOAc 1.2/1.5 84 91 R

(+)-5.4c i-Pr BSA/KOAc 1.2/1.5 93 82 R

(+)-5.4d n-Pr BSA/KOAc 1.2/1.5 90 81 R

(–)-5.4e benzyl BSA/KOAc 1.2/1.5 96 92 R

5.5a Me BSA/KOAc 1.2/1.5 83 78 R

5.5b Et BSA/KOAc 1.2/1.5 80 84 R

5.5c n-Pr BSA/KOAc 1.2/1.5 89 85 R

5.5d i-Pr BSA/KOAc 1.2/1.5 80 85 R

5.5e benzyl BSA/KOAc 1.2/1.5 90 85 R
a The enantiomeric excess was determined by 1H NMR using Eu(hfc)3 as chiral shift reagent, and the absolute

configurations were established by comparing the optical rotation with literature values for material of

established absolute configuration.12,20 General Procedure: [(η3C3H5)ClPd]2 (0.01 mmol), ligand (0.02 mmol),

5.1 (1.0 mmol) in dichloromethane. Dimethylmalonate (1.5 mmol), N,O-bis(trimethylsilyl)acetamide (1.2 mmol)

and anhydrous potassium acetate (30 µmol) were added. The mixture was stirred for 10 h at RT.
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The initial experiments in the palladium catalyzed allylic substitution were carried out

with thioethers (+)-5.4a and (+)-5.4b using NaH as base to deprotonate the malonate. These

experiments afforded the product 5.3 in 35 and 70% isolated yield and 46 and 81% ee for (+)-

5.4a and (+)-5.4b, respectively, after a reaction time of 18 h. Using BSA as base, higher

selectivities and conversions were found for these ligands at shorter reaction times (10 h). The

next step was application of BSA as base in combination with the other thioethers (+)-5.4c-d,

(–)-5.4e and 5.5a-e. The reactions proceeded smoothly and were complete within 10 h. The

product 5.3 was obtained in high yield and in moderate to high enantiomeric excess as

summarized in Table 5.2.

The benzyl thioethers (–)-5.4e and 5.5e were found to perform best under these

conditions, and these ligands were selected for optimization of the allylic substitution (Table

5.3). Replacement of dichloromethane by acetonitrile led to an increase of the

enantioselectivity when (–)-5.4e was used. The enantioselectivity using (–)-5.4e was further

optimized by using 3 equiv. of base and nucleophile together with lower reaction temperature.

For (–)-5.4e this is theoretically the highest enantioselectivity that could be obtained since the

starting material (R)-(–)-fenchone can only be purchased in 96% enantiomeric purity. We

therefore synthesized ligand (+)-5.4e under the same conditions used for (–)-5.4e starting

from pyridine thiol (–)-3.11f (synthesized from the more expensive (S)-(+)-fenchone, which

can be purchased in 98% enantiomeric purity). Application of (+)-5.4e in the allylic

substitution reaction afforded the product 5.3 in 96% isolated yield and 98% ee. No notable

increase in the selectivity was found when 5.5e was applied under the optimized conditions.

Table 5.3: Optimization with thioethers (–)-5.4e, (+)-5.4e, and 5.5e.

Ligand R T ( °C) solvent base equiv. of

base/NuH

Yields

(%)

e.e.a

(%)

confgna

(–)-5.4e benzyl rt CH3CN BSA/KOAc 1.2/1.5 94 93 R

(–)-5.4e benzyl 0 °C CH3CN BSA/KOAc 1.2/1.5 96 95 R

(–)-5.4e benzyl 0 °C CH3CN BSA/KOAc 3/3 95 96 R

(+)-5.4e benzyl 0 °C CH3CN BSA/KOAc 3/3 96 98 S

5.5e benzyl 0 °C CH3CN BSA/KOAc 3/3 75 86 R
a The enantiomeric excess was determined by 1H NMR using Eu(hfc)3 as chiral shift reagent, and the absolute

configurations were established by comparing the optical rotation with literature values for material of

established absolute configuration.12,20 General Procedure: [(η3C3H5)ClPd]2 (0.01 mmol), ligand (0.02 mmol),

5.1 (1.0 mmol) in dichloromethane. Dimethylmalonate (1.5 mmol), N,O-bis(trimethylsilyl)acetamide (1.2 mmol)

and anhydrous potassium acetate (30 µmol) were added. The mixture was stirred for 10 h at RT.
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5.3 Causes of Induction of Chirality and Comparison with C2-symmetrical Ligands.

In order to obtain more insight in the reaction mechanism and the mechanism of

introduction of chirality into the product, the allylic intermediate 5.6 was synthesized. This

complex was prepared from (+)-5.4c and [(η3C3H5)PdCl]2 using AgPF6 to replace the

chloride. The 1H NMR spectrum showed a mixture of the two diastereomeric complexes 5.6a

and 5.6b in which the allylic moiety is coordinated either exo or endo to the palladium

relative to the thioether. The ratio between the two diastereomeric complexes was determined

to be 3:4 at 20.0 °C. Temperature-dependent studies of this complex showed an increase in

the preference for 5.6b as the temperature decreased. Elucidation of the 1H NMR spectrum

was accomplished by COSY (Figure 5.1) and NOESY (Figure 5.2) experiments.

Figure 5.1: COSY spectrum from 5.6.

From the integrals of the specific signals and from the COSY experiments, we could

assign the signals at δ 2.94, 3.58, 4.33, 4.88, and 5.88 as belonging to the minor diastereomer

and the signals at δ 3.39, 3.65, 4.33, 4.68, and 5.70 to the major diastereomer. The signals in

the 1H NMR spectrum at δ 5.70 and 5.88 correspond to the protons H2 of the diastereomeric



Chapter 5

96

complexes as was deduced from their couplings, chemical shifts and COSY interactions.

Assuming that the coupling constant between H2 protons and the protons cis to H2 is smaller

than the coupling between the trans protons we assigned the signals at δ 4.33, 4.68, and 4.88

to the protons cis relative to H2. The signals at δ 2.94, 3.39, 3.58, and 3.65 were assigned as

the protons trans to the H2 protons. Remarkable in the spectrum is that there is no geminal

coupling between the protons of the terminal CH2 group of the allylic moiety, as is also found

for the geminal protons in the [(η3C3H5)PdCl]2 complex.21 Since the protons H3 of the allylic

moiety trans to the sulfur atom are slightly less electron rich due to the electron-withdrawing

character of the sulfur, they will adsorb at lower field than the H1 protons trans to nitrogen,

and therefore they could be assigned as the signals at δ 4.68 and 4.88. The signal at 4.33

corresponds therefore to the H1 protons of both diastereomers. Likewise, the signals at δ 3.58

and 3.65 correspond to the protons H3´ trans to the sulfur atom and the signals at δ 2.94 and

3.49 correspond to the protons H1´.

Figure 5.2: NOESY spectrum from 5.6.

More information about the complex was obtained from the X-ray diffraction (Figure

5.3). Only the minor isomer corresponding to structure 5.6a crystallized from the mixture. At

first it was assumed that the structure of the major diastereomer had been determined. NOESY
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experiments, however, gave convincing data to suppose otherwise. In the NOESY spectrum,

we observed an interaction between H3a of the allyl group (δ 4.88) and the 6-methyl group of

the pyridine ring (Mea; δ 2.64) and an interaction between H1a´ (δ 2.94) and one of the methyl

groups from the fenchone moiety (δ 1.41). From these interactions, we concluded that this is

the structure that is found in the crystal since herein the H3a proton is adjacent to the methyl

group and the H1a´ is positioned closely to the fenchone methyl group. The minor

diastereomer thus corresponds to structure 5.6a. For the major diastereomer, we find an NOE

interaction for H3b´ (δ 3.65) with the pyridine methyl group (Meb; δ 2.80) and an NOE

interaction between H1b (δ 4.33) and one of the methyl groups from the fenchone moiety (δ
1.30), indicating that this corresponds to structure 5.6b.

Figure 5.3 X-ray structure of 5.6a without the counter ion PF4
-.; and structures 5.6a

and 5.6b.

In the crystal structure, the palladium is coordinated to the sulfur, the nitrogen atom,

and C1, C2, and C3 of the allylic moiety embedded in a square-planar coordination for

palladium. The bond length of Pd-C3 (trans to sulfur) is somewhat longer than the Pd-C1

bond length because of the π-accepting ability of the sulfur, making the C3-atom more

electron deficient. Therefore, nucleophilic attack will take place at this carbon center.

The yields of the allylic substitution are good, the reaction times are acceptable, and

the ee’s of the optimized reactions are virtually absolute. The thioethers (+)-5.4a-d and (–)-

5.4e constantly provide substitution product 5.3 of R absolute configuration. The bulk of the

substituent on sulfur has a moderate correlation with improved enantiomeric excesses. The

structure of the complex 5.6a (Figure 5.3) confirms our expectation that sulfide is rigidly

coordinated in a six-membered ring and that the fenchyl methyl groups force a single absolute

configuration, in this case S, on the coordinated sulfur. The isolated methyl group at the 6-

position of the pyridine ring plays a key role in determining the orientation of the π-allyl

5.6a

H1a'
H1a H3a

H3a'
H2a

Pd

NS
R

5.6b

H1b'

H1b H3b

H3b'
H2b

Pd

NS
R
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complex; one end of the allyl group is forced against the steric bulk of the fenchyl methyls,

whereas the 6-methyl group exerts controlling influence on the other end of the allyl group.

We believe that for the 1,3-diphenylallyl group used here these interactions enforce structure

5.7b rather than 5.7a in which the phenyl groups are oriented toward the steric bulk on both

sides. Attack of the malonate nucleophile should logically occur away from the greatest steric

bulk, in other words on the side of the pyridine ring bearing only the 6-methyl group. This is

on electronic grounds also expected since the soft nucleophile attacks trans to the softer

sulfide, which is the better π acceptor. This leads to the observed R configuration of 5.3.

5.7a 5.7b

N

CH3
Pd

S
R

Ph Ph

N

CH3
Pd

S
R

PhPh

Structures 5.7a and 5.7b

The role of the methyl group at the 6-position of the pyridine ring is readily

demonstrated to be profound. Compound 5.9 lacking the 6-methyl group was prepared.

Allylic substitution proceeded readily, and 5.3 was obtained in good yield but only in 47% ee

and as the S enantiomer.

N

S
Ph

5.9

Structure 5.9

Clearly control over the manner of complexation has been lost by elimination of this

small but essential methyl group. Similar effects of substituents of 6-substituted vs. 6-

unsubstituted pyridines was also reported by Chelucci.22

When the C2-symmetrical dithioethers 5.5 are used as ligand, the chemical yields and

the enantioselectivities are still high. The substituents R on the sulfur do not have a great

impact on the stereoselectivity of the reaction, whereas for the ligands (+)-5.4a-d and (–)-5.4e

there is a reasonable correlation between the size of the substituent R and the ee of 5.3 (Table

5.2).
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To obtain more insight into the induction of chirality, we attempted to isolate the Pd-

allylic intermediate of 5.5e and [(η3C3H5)PdCl]2. However, a product was isolated, which

was characterized by COSY and 1H NMR as being fully symmetrical but devoid of allyl group

(Figure 5.4). The ligand is unambiguously coordinated as can be seen in the downfield shift

of the pyridine protons and the increase in coupling between the two diastereotopic benzylic

protons of the thioether. The observation that the system still exhibits a C2-symmetry is proof

Figure 5.4 X-ray structure and 1H NMR spectrum of 5.10 (X-ray shown without the

counter ion BF4
-).

for the complexation of the palladium to both sulfur atoms; otherwise, an asymmetrical

system would have been obtained. Recrystallization of this complex from dichloromethane by

isothermal distillation of hexane into the solution afforded the Pd-Cl complex 5.10 as BF4
-

salt as was established by X-ray diffraction (Figure 5.4). The palladium-allyl complex

involved in reaction seems to be too labile and degrades to 5.10. This instability has thwarted

all subsequent attempts to obtain the desired palladium-allyl complex. The palladium chloride

complex 5.10 exhibits square-planar coordination of the palladium to the sulfur and nitrogen

atoms. Speculations for the explanation of the stereochemical outcome for the dithioethers

without knowing the active catalytic species are inappropriate.

5.4 Conclusions.

The results obtained with the C2-symmetrical pyridine dithioethers and with the non-

symmetrical bidentate pyridine thioethers show that for these systems enantioselection can be

controlled more easily with the bidentate ligands rather then the C2-symmetrical ligands.

Moreover discrimination between the four possible entry pathways for the nucleophile (a-d;
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La≠Lb) is easier controlled then the discrimination between the two possible entry pathways

with C2-symmetrical ligands (a=d, b=c; La=Lb) for these type of ligands (Scheme 5.2).

In these easily accessible systems, we have found a new class of ligands for the

palladium-catalyzed allylic substitution reaction. The optimized results with the

monothioethers can scarcely be improved in terms of yield and ee. The possibility of

introducing other groups at the 6 position of the pyridine ring (such as tert-butyl) give these

systems high potential for other catalytic applications.

5.6 Experimental Section.

General Remarks: See chapter 2.

General Procedure for the palladium catalyzed allylic substitution with NaH.

To [(η3C3H5)ClPd]2 (0.01 mmol) in 2 mL of dry dichloromethane was added the ligand (0.02

mmol). The suspension was degassed at 0.1 mm Hg by three freeze-thaw cycles. The mixture

was stirred for 30 min at RT and 1,3- diphenyl-2-enyl acetate 5.1 (0.25 g, 1.0 mmol) in 2 mL of

dry dichloromethane was added. The mixture was degassed again by three freeze-thaw cycles

and stirring continued for an additional half hour. Sodium dimethylmalonate (freshly prepared

from dimethylmalonate (0.20 g, 1.5 mmol) and sodium hydride (0.07 g, 1.5 mmol) in 5 mL of

dichloromethane) was added. The mixture was immediately degassed by three freeze-thaw

cycles and allowed to stir for 18 h at RT. The mixture was quenched with 2N NH4Cl and

extracted twice with diethyl ether. The organic layers were washed with brine and dried over

MgSO4. After removal of the solvent under reduced pressure the product was purified by means

of column chromatography (silica, hexane/ethyl acetate (3:1)) yielding 5.3 as a white solid.

General Procedure for the palladium catalyzed allylic substitution with BSA.

To [(η3C3H5)ClPd]2 (0.01 mmol) in 2 mL of dry dichloromethane was added the ligand (0.02

mmol). The suspension was degassed at 0.1 mm Hg by three freeze-thaw cycles. The mixture

was stirred for 30 min at RT and 1,3- diphenyl-2-enyl acetate 5.1 (0.25 g, 1.0 mmol) in 2 mL of

dry dichloromethane was added. The mixture was degassed again by three freeze-thaw cycles

and stirring continued for an additional half hour. Dimethylmalonate (0.20 g, 1.5 mmol), N,O-

bis(trimethylsilyl)acetamide (0.24 g, 1.2 mmol) and anhydrous potassium acetate (3 mg, 30

µmol) were added. The mixture was immediately degassed by three freeze-thaw cycles and

allowed to stir for 10 h at RT. Workup was followed as above.

General Procedure A for the Synthesis of Thioethers (+)-5.4a and 5.5a. To 1.0 mmol of

thiol or dithiol adduct, dissolved in 50 mL of acetone, were added K2CO3 (1.5 equiv.) and

iodomethane (2.0 equiv.). The mixture was stirred at reflux conditions overnight. After being
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cooled to rt the mixture was filtered and the solvent evaporated. The product was purified by

means of column chromatography (silica gel, hexane/diethyl ether 6:1).

General Procedure B for the Synthesis of Thioethers 5.4 and 5.5. To 1.0 mmol of thiol or

dithiol adduct, dissolved in 50 mL of THF, was added sodium hydride (1.5 equiv.) and

stirring continued for 10 min. To this solution was added the alkyl halide (1.5 equiv.) and

stirring continued overnight at rt. Water (10 mL) was added, and the mixture was extracted

twice with dichloromethane. The combined organic layers were washed with brine and dried

over MgSO4. The product was purified by means of column chromatography (silica gel,

hexane/diethyl ether 6:1).

2-Methyl-6-[[(1R,2R)-1,3,3-trimethyl-2-(methylsulfanyl)bicyclo[2.2.1]hept-2-

yl]methyl]pyridine (+)-5.4a. This compound was prepared according to general procedure A

starting from (+)-3.11f (0.50 g, 1.82 mmol), K2CO3 (0.37 g, 2.7 mmol), and iodomethane

(0.51 g, 3.6 mmol) to yield a colorless solid that was recrystallized from hexane (0.40 g, 1.38

mmol, 76%): mp 65-67 °C; [α]23
D +21 (c 1.2, CHCl3); 

1H NMR δ 0.87 (s, 3H), 1.15 (s, 3H),

1.18 (s, 3H), 1.2 (m, 2H), 1.37-1.55 (m, 2H), 1.7 (m, 1H), 1.98 (s, 3H), 2.04 (m, 1H), 2.53 (s,

3H), 2.6 (m, 1H), 3.34 (dd, J = 17.57 Hz, J = 22.96 Hz, 2H), 6.94 (d, J = 7.57 Hz, 1H), 7.48

(dd, J = 7.57 Hz, J = 8.05 Hz, 1H), 8.20 (d, J = 8.05 Hz, 1H); 13C NMR δ 13.58 (q), 20.07

(q), 24.23 (q), 24.49 (q), 24.68 (t), 29.44 (q), 34.61 (t), 41.39 (t), 41.99 (t), 46.78 (s), 51.11

(d), 56.15 (s), 60.78 (s), 120.20 (d), 120.52 (d), 135.99 (d), 156.73 (s), 160.82 (s); HRMS

calcd. 289.185, found 289.186. Anal. Calcd. for C18H27NS: C, 74.69; H, 9.40; S, 11.08.

Found C, 74.93; H, 9.44; S, 11.05.

2-Methyl-6-[[(1R,2R)-1,3,3-trimethyl-2-(ethylsulfanyl)bicyclo[2.2.1]hept-2-

yl]methyl]pyridine (+)-5.4b. For this compound, general procedure B was used, starting

from (+)-3.11f (0.50 g, 1.82 mmol), sodium hydride (0.09 g, 3.6 mmol), and ethyl bromide

(0.29 g, 2.7 mmol). (+)-5.4b was obtained as a colorless solid after Kugelrohr distillation (0.5

mmHg, 150 °C) (0.43 g, 1.42 mmol, 78%): mp 65-66 °C; [α]23
D +10 (c 7.8, CHCl3); 

1H

NMR δ 0.87 (s, 3H), 1.12 (t, J = 7.57 Hz, 3H), 1.16 (s, 3H), 1.18 (s, 3H), 1.20-1.26 (m, 2H),

1.37-1.43 (m, 1H), 1.50-1.60 (m, 1H), 1.7-1.8 (m, 1H), 2.00 (d, J = 10.7 Hz, 1H), 2.3 - 2.4

(m, 1H), 2.51 (s, 3H), 2.55-2.7 (m, 2H), 3.25 (d, J = 17.6 Hz, 1H), 3.44 (d, J = 17.6 Hz, 1H),

6.95 (d, J = 7.8 Hz, 1H), 7.49 (dd, J = 7.8 Hz, J = 7.6 Hz, 1H), 8.23 (d, J = 7.6 Hz, 1H); 13C

NMR δ 13.67 (q), 19.91 (q), 23.52 (t), 24.25 (q), 24.74 (t), 29.31 (q), 34.70 (t), 41.78 (t),

42.31 (t), 46.84 (s), 51.07 (d), 56.10 (s), 61.94 (s), 120.09 (d), 120.61 (d), 135.85 (d), 156.63

(s), 160.97 (s); HRMS calcd. 303.203, found 303.202. Anal. Calcd. for C19H29NS: C, 75.19;

H, 9.63; N, 4.61. Found C, 75.12; H, 9.64; N, 4.57.
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2-Methyl-6-[[(1R,2R)-1,3,3-trimethyl-2-(iso-propylsulfanyl)bicyclo[2.2.1]hept-2-

yl]methyl]pyridine (+)-5.4c. This material was synthesized according to the general

procedure B starting from (+)-3.11f (0.50 g, 1.82 mmol), sodium hydride (0.09 g, 3.6 mmol)

and iso-propylbromide (0.33 g, 2.7 mmol). The product was obtained after Kugelrohr

distillation (0.5 mmHg, 160 °C) as a colorless solid (0.50 g, 1.58 mmol, 87%): mp 47-48 °C;

[α]23
D +40 (c 3.7, CHCl3); 

1H NMR δ 0.85 (s, 3H), 1.00 (d, J = 6.8 Hz, 3H), 1.15 (s, 3H),

1.22 (m, 2H), 1.23 (s, 3H), 1.31 (d, J = 7.1 Hz, 3H), 1.4 (m, 1H), 1.5 (m, 1H), 1.65-1.75 (m,

1H), 2.00 (d, J = 10.5 Hz, 1H), 2.51 (s, 3H), 2.68 (m, 1H), 2.97 (dt, J = 7.1 Hz, J = 6.8 Hz,

1H), 3.31 (d, J = 18.1 Hz, 1H), 3.51 (d, J = 18.1 Hz, 1H), 6.93 (d, J = 7.6 Hz, 1H), 7.48 (dd, J

= 7.6 Hz, J = 7.8 Hz, 1H), 8.28 (d, J = 7.8 Hz, 1H); 13C NMR δ 19.67 (q), 24.12 (q), 24.64 (t),

25.74 (q), 25.95 (q), 29.22 (q), 32.67 (q), 35.03 (t), 42.08 (t), 43.49 (t), 47.34 (s), 50.98 (d),

56.11 (s), 62.93 (s), 120.07 (d), 121.12 (d), 135.49 (d), 161.32 (s), 177.43 (s); HRMS calcd.

317.218 found 317.218. Anal. Calcd. for C20H31NS: C, 75.65; H, 9.84; N, 4.41. Found C,

75.60; H, 9.85; N, 4.35.

2-Methyl-6-[[(1R,2R)-1,3,3-trimethyl-2-(n-propylsulfanyl)bicyclo[2.2.1]hept-2-

yl]methyl]pyridine (+)-5.4d. Preparation of this compound was accomplished according to

general procedure B starting from (+)-3.11f (1.00 g, 3.63 mmol), sodium hydride (0.17 g,

7.08 mmol) and n-propyl iodide (0.92 g, 5.41 mmol) to afford (+)-5.4d after Kugelrohr

distillation (0.5 mmHg, 170 °C) as a colorless solid (0.78 g, 2.46 mmol, 68%): mp 42-43 °C;

[α]23
D +13.8 (c 4.0, CHCl3); 

1H NMR δ 0.86 (s, 3H), 0.92 (t, J = 7.33 Hz, 3H), 1.12 (m, 1H),

1.17 (s, 3H), 1.18 (s, 3H), 1.20 (m, 1H), 1.4-1.55 (m, 4H), 1.7 (m, 1H), 2.00 (d, J = 10.3 Hz,

1H), 2.3 (m, 1H), 2.51 (s, 3H), 2.6 (m, 2H), 3.25 (d, J = 17.57 Hz, 1H), 3.44 (d, J = 17.57 Hz,

1H), 6.94 (d, J = 7.3 Hz, 1H), 7.45 (dd, J = 7.3 Hz, J = 8.1 Hz, 1H), 8.25 (d, J = 8.1 Hz, 1H);
13C NMR δ 13.87 (q), 19.97 (q), 22.45 (t), 24.39 (q), 24.48 (q), 24.78 (t), 29.39 (q), 31.66 (t),

34.76 (t), 41.87 (t), 42.34 (t), 46.93 (s), 51.12 (d), 56.16 (s), 61.72 (s), 120.13 (d), 120.74 (d),

135.89 (d), 156.67 (s), 161.04 (s); HRMS calcd. 317.218, found 317.220. Anal. Calcd. for

C20H31NS: C, 75.65; H, 9.84; S, 10.10. Found C, 76.02; H, 9.84; S, 10.06;

2-Methyl-6-[[(1R,2R)-1,3,3-trimethyl-2-(benzylsulfanyl)bicyclo[2.2.1]hept-2-

yl]methyl]pyridine (–)-5.4e. This compound was prepared according to procedure B starting

from (+)-3.11f (0.39 g, 1.42 mmol), sodium hydride (0.05 g, 2.1 mmol), and benzyl bromide

(0.29 g, 1.7 mmol), to yield a colorless solid (0.42 g, 1.25 mmol, 81%): mp 57-58 °C; [α]23
D

–28 (c 2.2, CHCl3); 
1H NMR δ 0.92 (s, 3H), 1.16 (s, 3H), 1.18 (m, 1H), 1.29 (s, 3H), 1.32 (m,

1H), 1.47 (m, 1H), 1.56 (m, 1H), 1.76 (m, 1H), 2.04 (d, J = 10.25 Hz, 1H), 2.55 (s, 3H), 2.77

(m, 1H), 3.37 (d, J = 17.94 Hz, 1H), 3.51 (d, J = 10.25 Hz, 1H), 3.58 (d, J = 17.94 Hz, 1H),
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3.82 (d, J = 10.25 Hz, 1H), 7.00 (d, J = 7.33 Hz, 1H), 7.2 (m, 5H), 7.54 (dd, J = 7.33 Hz, J =

8.06 Hz, 1H), 8.33 (d, J = 8.06 Hz, 1H); 13C NMR δ 20.31 (q), 24.26 (q), 24.62 (q), 24.87 (t),

29.41 (q), 34.94 (t), 35.04 (t), 42.08 (t), 42.44 (t), 47.19 (s), 51.24 (d), 56.33 (s), 62.51 (s),

120.40 (d), 120.86 (d), 126.94 (d), 128.27 (d), 128.45 (d), 129.10 (d), 136.09 (d), 137.82 (s),

156.98 (s), 160.86 (s); HRMS calcd. 365.217, found 365.218. Anal. Calcd. for C24H31NS: C,

78.85; H, 8.55; N, 3.83. Found C, 78.83; H, 8.73; N, 3.71.

2-Methyl-6-[[(1S,2S)-1,3,3-trimethyl-2-(benzylsulfanyl)bicyclo[2.2.1]hept-2-

yl]methyl]pyridine (+)-5.4e. This compound was prepared as described above but starting

from (–)-3.11f. mp 57-58 °C; [α]23
D +30 (c 2.0, CHCl3).

2,6-Bis[[(1R,2R)-1,3,3-trimethyl-2-(methylsulfanyl)bicyclo[2.2.1]hept-2-yl]-

methyl]pyridine 5.5a. This material was prepared according to general procedure A starting

from 3.1f (1.0 g, 2.26 mmol), K2CO3 (0.48 g, 3.4 mmol), and methyl iodide (0.62 g, 4.5

mmol) to yield 5.5a as a colorless solid that was recrystallized from hexane (1.0 g, 2.12

mmol, 94%): mp 164-165 °C; [α]23
D +33 (c 1.2, CHCl3); 

1H NMR δ 0.87 (s, 6H), 1.14 (s,

6H), 1.18 (s, 6H), 1.20 (m, 4H), 1.42 (m, 2H), 1.53 (d, J = 4.39 Hz, 2H), 1.72 (m, 2H), 1.96

(s, 6H), 1.98 (m, 2H), 2.61 (m, 2H), 3.21 (d, J = 17.58 Hz, 2H), 3.43 (d, J = 17.58 Hz, 2H),

7.50 (t, J = 7.86, 1H), 8.13 (d, J = 7.86 Hz, 2H); 13C NMR δ 13.57 (q), 20.16 (q), 24.20 (q),

24.75 (t), 29.43 (q), 34.66 (t), 41.34 (t), 41.99 (t), 46.71 (s), 51.10 (d), 56.05 (s), 60.91 (s),

120.77 (d), 135.38 (d), 159.87 (s); HRMS calcd. 471.298, found 471.299. Anal. Calcd. for

C29H45NS2: C, 73.83; H, 9.61; N, 2.97. Found C, 73.67; H, 9.61; N, 2.95.

2,6-Bis[[(1R,2R)-1,3,3-trimethyl-2-(ethylsulfanyl)bicyclo[2.2.1]hept-2-yl]methyl]pyridine

5.5b. For this compound, general procedure B was used, starting from 3.1f (0.45 g, 1.02

mmol), sodium hydride (0.06 g, 2.50 mmol), and ethyl bromide (0.27 g, 2.48 mmol).

Compound 5.5b was obtained as a colorless solid that was recrystallized from methanol at –

20 °C (0.45 g, 0.91 mmol, 89%): mp 38-39 °C; [α]23
D +15 (c 4.0, CHCl3 ); 

1H NMR δ 0.88

(s, 6H), 1.09 (t, J = 7.69 Hz, 6H), 1.16 (s, 6H), 1.18 (s, 6H), 1.20-1.26 (m, 4H), 1.35-1.50 (m,

2H), 1.54 (m, 2H), 1.74 (m, 2H), 2.00 (d, J = 9.52 Hz, 2H), 2.29 - 2.37 (m, 2H), 2.56-2.66 (m,

4H), 3.22 (d, J = 17.21 Hz, 2H), 3.44 (d, J = 17.21 Hz, 2H), 7.52 (t, J = 7.69 Hz, 1H), 8.14 (d,

J = 7.69 Hz, 2H); 13C NMR δ 13.70 (q), 20.09 (q), 23.59 (t), 24.27 (q), 24.80 (t), 29.36 (q),

34.85 (t), 41.86 (t), 42.33 (t), 46.86 (s), 51.13 (d), 56.08 (s), 61.18 (s), 120.94 (d), 135.19 (d),

160.01 (s); HRMS calcd. 499.333, found 499.333. Anal. Calcd. for C31H49NS2: C, 74.49; H,

9.88; N, 2.80. Found C, 72.96; H, 10.05; N, 2.73.
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2,6-Bis[[(1R,2R)-1,3,3-trimethyl-2-(iso-propylsulfanyl)bicyclo[2.2.1]hept-2-

yl]methyl]pyridine 5.5c. This compound was prepared according to the general procedure B

starting from 3.1f (1.00 g, 2.26 mmol), sodium hydride (0.14 g, 5.83 mmol) and iso-propyl

bromide (0.69 g, 5.61 mmol). The dithioether was recrystallized from ethanol at – 20 °C

yielding 5.5c as a colorless solid (0.60 g, 1.14 mmol, 50%): mp 82-84 °C; [α]23
D +41 (c 2.0,

CHCl3); 
1H NMR δ. 0.86 (s, 6H), 0.97 (d, J = 6.59 Hz, 6H), 1.14 (m, 2H), 1.16 (s, 6H), 1.2.3

(m, 2H), 1.25 (s, 6H), 1.30 (d, J = 6.59 Hz, 6H), 1.38-1.48 (m, 2H), 1.52-1.54 (m, 2H), 1.67-

1.79 (m, 2H), 1.99 (d, J = 9.52 Hz, 2H), 2.62 - 2.71 (m, 2H), 2.96 (dt, J = 6.59 Hz, J = 6.59

Hz, 2H), 3.29 (d, J = 18.31 Hz, 2H), 3.51 (d, J = 18.31 Hz, 2H), 7.50 (t, J = 8.05 Hz, 1H),

8.17 (d, J = 8.05 Hz, 2H); 13C NMR δ 19.80 (q), 24.10 (q), 24.65 (t), 25.69 (q), 25.95 (q),

29.12 (q), 32.65 (d), 35.06 (t), 42.08 (t), 43.41 (t), 47.26 (s), 51.02 (d), 56.10 (s), 62.99 (s),

124.84 (d), 134.47 (d), 160.30 (s); HRMS calcd. 527.362, found 527.364. Anal. Calcd. for

C33H53NS2: C, 75.08; H, 10.12; N, 2.65 . Found C, 74.97; H, 10.22; N, 2.69.

2,6-Bis[[(1R,2R)-1,3,3-trimethyl-2-(n-propylsulfanyl)bicyclo[2.2.1]hept-2-

yl]methyl]pyridine 5.5d. From 3.1f (0.48 g, 1.08 mmol), sodium hydride (0.07 g, 2.92

mmol), and n-propyl iodide (0.46 g, 2.71 mmol), 5.5d was obtained as a solid that was

recrystallized from ethanol at –20 °C (0.36 g, 0.68 mmol, 63%): mp 90-91 °C; [α]23
D +24.1 (c

4.1, CHCl3); 
1H NMR δ 0.89 (s, 6H), 0.91 (t, J = 7.32 Hz, 6H), 1.17 (s, 6H), 1.19 (s, 6H), 1.2-

1.3 (m, 6H), 1.4-1.6 (m, 8H), 1.7-1.8 (m, 2H), 2.00 (d, J = 9.88 Hz, 2H), 2.2 - 2.3 (m, 2H),

2.5-2.7 (m, 4H), 3.23 (d, J = 17.58 Hz, 2H), 3.44 (d, J = 17.58 Hz, 2H), 7.51 (t, J = 7.69 Hz,

1H), 8.15 (d, J = 7.69 Hz, 2H); 13C NMR δ 13.68 (q), 20.07 (q), 23.57 (t), 24.25 (q), 24.77 (t),

29.35 (q), 34.83 (t), 41.82 (t), 42.31 (t), 46.83 (s), 51.10 (d), 56.05 (s), 62.15 (s), 120.91 (d),

135.15 (d), 160.00 (s); HRMS calcd. 527.362, found 527.361. Anal. Calcd. for C33H53NS2: C,

75.08; H, 10.12; N, 2.65 . Found C, 75.02; H, 10.16; N, 2.70.

 2,6-Bis[[(1R,2R)-1,3,3-trimethyl-2-(benzylsulfanyl)bicyclo[2.2.1]hept-2-

yl]methyl]pyridine 5.5e. From 3.1f (0.50 g, 1.13 mmol), sodium hydride (0.11 g, 4.58

mmol), and benzyl bromide (0.58 g, 3.39 mmol), 5.5e was obtained as a colorless solid that

was recrystallized from dichloromethane/ethanol (0.56 g, 0.90 mmol, 80%): mp 135-136 °C;

[α]23
D –100 (c 2.6, CHCl3); 

1H NMR δ 0.97 (s, 6H), 1.19 (s, 6H), 1.22 (s, 6H), 1.25 (m, 2H),

1.30 (s, 6H), 1.47 (m, 2H), 1.58 (m, 2H), 1.77 (m, 2H), 2.04 (d, J = 9.52 Hz, 2H), 2.78 (m,

2H), 3.38 (d, J = 16.86 Hz, 2H), 3.51 (d, J = 10.62 Hz, 2H), 3.61 (d, J = 16.86 Hz, 2H), 3.83

(d, J = 10.62 Hz, 2H), 7.1 (m, 10H), 7.61 (t, J = 7.69 Hz, 1H), 8.29 (d, J = 7.69 Hz, 2H); 13C

NMR δ 20.35 (q), 24.19 (q), 24.82 (t), 29.38 (q), 34.93 (t), 35.01 (t), 42.02 (t), 42.41 (t),

47.10 (s), 51.16 (d), 56.21 (s), 62.94 (s), 121.24 (d), 126.84 (d), 128.34 (d), 129.02(d), 135.38

(d), 137.78 (s), 160.01 (s), 177.42 (s); HRMS calcd. 623.362, no proper HRMS could be
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obtained, CI(NH3) gave a molecular ion at m/e 624. Anal. Calcd. for C41H53NS2: C, 78.92; H,

8.56; S, 10.28. Found C, 78.75; H, 8.63; S, 10.25.

Palladium-Allyl Complex of (+)-5.4c. (5.6). A solution of [Pd(η3-C3H5)Cl]2 (0.10 g, 0.27

mmol) and (+)-5.4c (0.20 g, 0.63 mmol) in dichloromethane (10 mL) was stirred for 1 h and

treated with AgPF6 (0.16 g, 0.63 mmol) in 10 mL of THF. Stirring continued for 10 min, and

the mixture was filtered over celite. The solution was washed with brine and dried over

MgSO4. After evaporation of the solvent, the solid was recrystallized from

hexane/dichloromethane by slow evaporation of the solvent, yielding 5.6 as colorless crystals

(0.24 g, 0.52 mmol, 94%): 5.6 isomerized upon dissolution. 1H NMR of 5.6a: δ 0.83 (t, J =

7.32 Hz, 3H), 1.17 (s, 3H), 1.26 (m, 1H), 1.27 (s, 3H), 1.38 (m, 2H), 1.46 (m, 1H), 1.57 (s,

3H), 1.64 (m, 2H), 1.81 (m, 1H), 1.92 (m, 1H), 2.08 (m, 1H), 2.17 (m, 1H), 2.35 (m, 1H),

2.64 (s, 3H), 2.94 (d, J = 12.21 Hz, 1H), 3.58 (d, J = 13.67 Hz, 1H), 3.64 (d, J = 12.20 Hz,

1H), 3.76 (d, J = 12.20 Hz, 1H), 4.33 (d, J = 6.35 Hz, 1H), 4.88 (d, J = 5.38 Hz, 1H), 5.89 (m,

1H), 7.38 (d, J = 7.81 Hz, 1H), 7.65 (d, J = 7.81 Hz, 1H), 7.84 (dd, J = 7.81 Hz, J = 7.81 Hz,

1H). 1H NMR of 5.6b: δ 0.90 (t, J = 7.32 Hz, 3H), 1.18 (s, 3H), 1.26 (m, 1H), 1.30 (s, 3H),

1.38 (m, 2H), 1.41 (s, 3H), 1.46 (m, 1H), 1.62 (m, 2H), 1.64 (m, 2H), 1.75 (m, 1H), 1.92 (m,

1H), 2.08 (m, 2H), 2.17 (m, 1H), 2.80 (s, 3H), 3.39 (d, J = 13.18 Hz, 1H), 3.40 (d, J = 14.16

Hz, 1H), 3.47 (d, J = 14.16 Hz, 1H), 4.33 (d, J = 6.35 Hz, 1H), 4.67 (d, J = 6.84 Hz, 1H), 5.70

(m, 1H), 7.41 (d, J = 7.32 Hz, 1H), 7.59 (d, J = 7.82 Hz, 1H), 7.84 (dd, J = 7.32 Hz, J = 7.82

Hz, 1H).

Crystal Structure of 5.6

Crystal Data : Formula: [C23H36NPdS]+[PF6]
-, M = 400.29, colorless transparent crystals of

approximate dimensions of 0.42 x 0.52 x 0.088 mm, orthorhombic, P212121, a = 10.732(1), b

= 14.816(1), c = 16.179(1) Å, V= 2572.5(3) Å3 ; Z= 4, Dx = 1.575 g cm-3, µ = 9.2 cm-1,

F(000) = 1248. Data collection: The data were collected on an Enraf-Nonius CAD-4F

diffractometer (Mo tube, 50 kV, 40 mA, monochromated Mo-Kα radiation (λ = 0.71073 Å),

∆ω = 0.80 + 0.34 tg θ; T = 130 K; θ range 1.26°-26.5°, reflections collected: 6071

independent reflections 5335. Solution and refinement: The structure was solved by Patterson

methods and extension of the model was accomplished by direct methods applied to

difference structure factors using the program DIRDIF. Refined anisotropically by full-matrix

least squares based on F2 (SHELXL-93); data/parameters 5335/340; Rf = 0.0509 [Fo > 4.0

σ(Fo)], wRf = 0. 1 223 [F2 >0]; absolute-structure parameters; maximal residual electron

density 1.96(7) e/Å3. The program PLUTO has been used for graphical representation of the

crystal structure.
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Table 5.4 : Interatomic distances and selected bond angles for compound 5.6

Bond distances (Å)

Pd -S 2.3588(15)b C(1) -C(2) 1.448(14)

Pd -N 2.112(5) C(2) -C(3) 1.304(15)

Pd -C(1)a 2.120(7) C(8) -C(10) 1.498(8)

Pd -C(2) 2.110(9) C(10) -C(11) 1.573(6)

Pd -C(3) 2.195(10) H(1) -C(1) 0.9504

S -C(11) 1.859(5) H(1’) -C(1) 0.9502

S -C(21) 1.821(5) H(2) -C(2) 0.9500

N -C(4) 1.365(8) H(3) -C(3) 0.9495

N -C(8) 1.338(8) H(3’) -C(3) 0.9500

Bond angles (deg.)

S -Pd -N 87.12(14) Pd -C(2) -C(3) 76.0(6)

S -Pd -C(1) 102.2(3) C(1) -C(2) -C(3) 121.5(10)

S -Pd -C(2) 136.9(3) Pd -C(3) -C(2) 68.9(6)

S -Pd -C(3) 169.5(3) N -C(4) -C(5) 121.0(6)

N -Pd -C(1) 169.0(3) N -C(4) -C(9) 117.4(7)

N -Pd -C(2) 133.4(3) C(7) -C(8) -C(10) 120.5(5)

N -Pd -C(3) 102.8(3) C(8) -C(10) -C(11) 120.0(4)

C(1) -Pd -C(2) 40.0(4) S -C(11) -C(10) 109.5(3)

C(1) -Pd -C(3) 67.6(4) S -C(11) -C(12) 107.5(3)

C(2) -Pd -C(3) 35.2(4) S -C(11) -C(16) 112.8(3)

Pd -S -C(11) 101.52(16) C(10) -C(11) -C(12) 109.5(4)

Pd -S -C(21) 100.71(17) C(10) -C(11) -C(16) 114.6(4)

C(11) -S -C(21) 110.0(2) C(12) -C(11) -C(16) 102.4(4)

Pd -N -C(4) 123.5(5) H(1) -C(1) -Pd 75.54

Pd -N -C(8) 117.1(4) H(1’) -C(1) -Pd 126.76

C(4) -N -C(8) 119.4(6) H(2) -C(2) -Pd 126.44

Pd -C(1) -C(2) 69.6(5) H(3) -C(3) -Pd 74.12

Pd -C(2) -C(1) 70.3(5) H(3’) -C(3) -Pd 129.23
a The numbering for the crystal data does not follow the numbering used in nomenclature.
b Standard deviation in parentheses.

(1R,2R)-1,3,3-trimethyl-2-(2-pyridinylmethyl)bicyclo[2.2.1]heptane-2-thiol 5.8. To a

solution of 2-methylpyridine (3.20 g, 34.4 mmol) in 150 mL of THF at –70 °C was added n-

butyllithium (1.6 M in hexane, 21 mL, 33.6 mmol). The mixture was stirred for 30 min at –40

°C and cooled to –70 °C again. A solution of R-thiofenchone (4.70 g, 27.9 mmol) in 15 mL
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of THF was added and the mixture allowed to reach ambient temperature in 3 h. To the

mixture was added 15 mL of 5 N HCl. Stirring was continued for 15 min and the solution

subsequently neutralized with 2 N NaOH. The mixture was extracted three times with

dichloromethane, and the combined organic layers were washed with brine and dried over

MgSO4. The product was purified by means of column chromatography (silica gel,

hexane/diethyl ether 9:1) and recrystallization from hexane to yield 5.8 as colorless needles

(7.11 g, 27.2 mmol, 81%): mp 96-97 °C; [α]23
D +109 (c 2.8, CH2Cl2); 

1H NMR δ 0.80 (s,

3H), 1.15 (m, 2H), 1.19 (s, 3H), 1.24 (s, 3H), 1.4 (m, 1H), 1.65 (m, 1H), 1.76 (m, 1H), 1.95

(d, J = 10.25 Hz, 1H), 2.20 (m, 1H), 3.34 (s, 2H), 4.30 (s, SH), 7.08 (dd, J = 5.12 Hz, J = 6.95

Hz, 1H), 7.31 (d, J = 8.06 Hz, 1H), 7.54 (dd, J = 8.06 Hz, J = 6.95 Hz, 1H), 8.49 (d, J = 5.12

Hz, 1H); 13C NMR δ 18.31 (q), 24.56 (t), 27.28 (q), 28.97 (q), 33.77 (t), 40.42 (t), 45.63 (s),

48.23 (t), 50.95 (d), 54.58 (s), 120.62 (d), 124.73 (d), 135.74 (d), 147.57 (d), 161.92 (s);

HRMS calcd. 261.156 found 261.155. Anal. Calcd. for C16H23NS: C, 73.51; H, 8.87; N, 5.36.

Found C, 73.73; H, 8.88; N, 5.41.

2-[[(1R,2R)-1,3,3-trimethyl-2-(benzylsulfanyl)bicyclo[2.2.1]hept-2-yl]methyl]pyridine

5.9. This compound was prepared from 5.8 (0.75g, 2.87 mmol), sodium hydride (0.10g, 4.3

mmol), and benzyl bromide (0.51, 2.98 mmol) according to general procedure B. The product

was recrystallized from hexane at –20 °C to afford 5.9 as a colorless solid (0.60g, 1.72 mmol,

60%): mp 104-105 °C; [α]23
D –43 (c 3.5, CHCl3); 

1H NMR δ 0.91 (s, 3H), 1.16 (s, 3H), 1.23

(m, 2H), 1.28 (s, 3H), 1.48 (m, 1H), 1.58 (d, J = 4.39 Hz, 1H), 1.77 (m, 1H), 2.02 (d, J = 9.52

Hz, 1H), 2.75 (m, 1H), 3.42 (d, J = 17.57 Hz, 1H), 3.53 (d, J = 10.25 Hz, 1H), 3.6 (d, J =

17.57 Hz, 1H), 3.82 (d, J = 10.25 Hz, 1H), 7.2 (m, 5H), 7.64 (dd, J = 7.69 Hz, J = 8.06 Hz,

1H), 8.47 (d, J = 8.06 Hz, 1H), 8.53 (d, J = 4.03 Hz); 13C NMR δ 20.24 (q), 24.07 (q), 24.80

(t), 29.36 (q), 34.75 (t), 34.88 (t), 42.07 (s), 42.39 (t), 47.18 (s), 51.02 (d), 56.09 (s), 120.86

(d), 123.95 (d), 126.85 (d), 128.34 (d), 128.94 (d), 135.72 (d), 137.58 (s), 148.47 (d), 161.39

(s); HRMS calcd. 351.202 found no proper HRMS could be obtained, CI(NH3) gave a

molecular ion at m/e 352. Anal. Calcd. for C23H29NS: C, 78.58; H, 8.31; N, 3.98. Found C,

78.29; H, 8.33; N, 3.98.

Palladium-Chloride Complex of 5.5e.

A solution of [Pd(η3-C3H5)Cl]2 (37 mg, 0.10 mmol) and 5.5e (0.10 g, 0.16 mmol) in

dichloromethane (10 mL) was stirred for 1 h and treated with AgBF4 (39 mg, 0.20 mmol) in

10 mL of THF. Stirring continued for 30 min, and the mixture was filtered over Celite. The

solution was washed with brine and dried over MgSO4. After evaporation of the solvent, the
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complex was obtained as a yellow solid that was recrystallized from dichloromethane by

isothermal distillation of hexane into the solution. Compound 5.10 was obtained as yellow

crystals suitable for X-ray (0.12 g, 0.14 mmol, 88%): 1H NMR δ 0.68 (s, 6H), 1.28 (s, 6H),

1.38 (d, J = 10.42 Hz, 2H), 1.44 (s, 6H), 1.46 (m, 2H), 1.62 (m, 2H), 1.74 (d, J = 3.74 Hz,

2H), 1.95 (m, 4H), 2.19 (d, J = 11.2 Hz, 2H), 2.46 (d, J = 13.2 Hz, 2H), 3.32 (d, J = 14.6 Hz,

2H), 3.71 (d, J = 13.2 Hz, 2H), 3.74 (d, J = 14.6 Hz, 2H), 7.16 (d, J = 7.47 Hz, 4H), 7.33 (t, J

= 7.62 Hz, 2H), 7.42 (dd, J = 7.62 Hz, J = 7.47 Hz, 4H), 8.12 (d, J = 7.77 Hz 2H), 8.34 (t, J =

7.77 Hz, 1H),

Crystal Structure of 5.10:

Crystal data: Formula: [C41H53ClNPdS2]
+.[BF4]

-, M = 852.69, crystal of approximate

dimensions of 0.25 x 0.25 x 0.25 mm. (‘spherical polyhedron’), orthorhombic, P212121, a =

15.279(1), b = 15.351(1), c = 16.423(1) Å, V = 3852.0(4) Å3 Z = 4, Dx = 1.470 g cm-3,

λ(MoKα) = 0.71073 Å, µ  = 7.1 cm-1, F(000) = 1768, T = 130 K, wR(F2) = 0.1047 for 8385

reflections with Fo
2 ≥ 0 and 656 parameters and R(F) = 0.0419 for 7079 reflections obeying

Fo ≥ 4.0 σ(Fo) criterion of observability. Enraf-Nonius CAD-4F diffractometer, interfaced to a

INDY (Silicon Graphics) UNIX computer (Mo tube, 50 kV, 40 mA, monochromated Mo-Kα
radiation, ∆ω = 0.90 + 0.34 tg θ). Solution and refinement: The structure was solved by

Patterson methods and extension of the model was accomplished by direct methods applied to

difference structure factors using the program DIRDIF. Refined anisotropically by full-matrix

least squares based on F2 (SHELXL-93); absolute-structure parameters; maximal residual

electron density 0.72(8) e/Å3. The program PLUTO has been used for graphical

representation of the crystal structure.

Table 5.5 : Interatomic distances and selected bond angles for compound 5.10

Interatomic Distances (Å)

Pd(1)a -Cl(1) 2.2850(12)b S(2) -C(35) 1.835(5)

Pd(1) -S(1) 2.3138(12) N(1) -C(1) 1.349(6)

Pd(1) -S(2) 2.3106(11) N(1) -C(5) 1.347(6)

Pd(1) -N(1) 2.006(3) C(1) -C(24) 1.510(7)

S(1) -C(7) 1.861(5) C(5) -C(6) 1.513(7)

S(1) -C(17) 1.833(5) C(6) -C(7) 1.539(7)

S(2) -C(25) 1.852(5) C(24) -C(25) 1.562(7)
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Bond angles (deg.)

Cl(1) -Pd(1) -S(1) 93.29(4) C(2) -C(1) -C(24) 121.8(4)

Cl(1) -Pd(1) -S(2) 90.19(4) N(1) -C(5) -C(4) 120.1(4)

Cl(1) -Pd(1) -N(1) 175.9(1) N(1) -C(5) -C(6) 117.9(4)

S(1) -Pd(1) -S(2) 175.95(4) C(4) -C(5) -C(6) 121.9(4)

S(1) -Pd(1) -N(1) 88.18(10) C(5) -C(6) -C(7) 120.4(4)

S(2) -Pd(1) -N(1) 88.49(10) S(1) -C(7) -C(6) 109.3(3)

Pd(1) -S(1) -C(7) 101.84(16) S(1) -C(7) -C(8) 106.9(3)

Pd(1) -S(1) -C(17) 104.09(16) S(1) -C(7) -C(12) 113.2(3)

C(7) -S(1) -C(17) 106.2(2) C(6) -C(7) -C(8) 111.9(4)

Pd(1) -S(2) -C(25) 102.67(16) C(6) -C(7) -C(12) 113.8(4)

Pd(1) -S(2) -C(35) 102.87(16) C(1) -C(24) -C(25) 120.9(4)

C(25) -S(2) -C(35) 106.4(2) S(2) -C(25) -C(24) 108.7(3)

Pd(1) -N(1) -C(1) 119.9(3) S(2) -C(25) -C(26) 108.4(3)

Pd(1) -N(1) -C(5) 118.5(3) S(2) -C(25) -C(30) 113.5(3)

C(1) -N(1) -C(5) 121.5(4) C(24) -C(25) -C(26) 110.4(4)

N(1) -C(1) -C(2) 120.4(4) C(24) -C(25) -C(30) 113.2(4)

N(1) -C(1) -C(24) 117.5(4)
a The numbering for the crystal data does not follow the numbering used in nomenclature.
b Standard deviation in parentheses.
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