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CHAPTER 3

Pyridine Thiols.*

Abstract: A new approach to pyridine thiols has been investigated. It was found that base-

induced addition of 2,6-lutidine to thioadamantanone afforded pyridine thiol 3.11b in a single

step. Addition appeared to be carbon-selective and no thiophilic alkylation was observed. The

pyridine thiol 3.11b was converted to the pyridine dithiol 3.1b in one step. Using the same

approach addition to (R) and (S)-thiofenchone afforded chiral non-racemic pyridine thiols

3.11f and 3.1f. Again addition was carbon-selective. Furthermore addition to the thioketone

was found to be exo-facial selective as was concluded from NMR spectral data (1H, COSY,

NOESY, and HETCOR) of the HCl-complex of 3.11f. The structure of the product determined

by means of crystallography was clearly the result exo-attack. Unfortunately addition to

thiocamphor failed due to enolization of the thioketone. Using Grignard reagent 3.20,

however, enolization occurred only to a moderate extent and pyridine thiol 3.22e could be

isolated in 52% yield.
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3.1 Introduction.

Models for active sites of metalloenzymes can be prepared by using coordination

compounds in which the metal is embedded in the cavity of the compound, so mimicking the

pocket of the enzyme.1 Pyridine diols (see Chapter 2) were found to complex metals in this

manner and were used as such.2 Pyridine dithiols (the sulfur analogues of pyridine diols form

structurally related complexes. Pyridine dithiol 3.1a, for example, which was first reported by

Berg and Holm,3 was extensively studied as a model for the molybdenum enzymes.

Complexation of the NS2 ligand 3.1a with MoO2(acac)2 in methanol afforded the Mo(VI)

complex 3.2 which is, for example, capable of oxidizing triphenylphosphine into its oxide

and thiols to their disulfides.4 The, Mo(IV) species 3.3 formed in this reaction in turn is

capable of reducing DMSO to the sulfide and reducing pyridinium-N-oxides to the

corresponding pyridines (Scheme 3.1).
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Scheme 3.1 Pyridine dithiolate molybdenum complex as active modelsystem for

molybdenum enzymes.

These tridentate pyridine dithiols 3.1 have also been of interest in our group.

Complexes derived from these ligands have been studied as models for the catalytic active

zinc at the active site of Horse Liver Alcohol Dehydrogenase.5 Bonding of Zn2+ with pyridine

dithiols 3.1a (R1=R2=Ph) and 3.1c (R1=R2=Me) proceeds very well. In these cases dimeric

rather than monomeric complexes are formed. This problem can be circumvented using

pyridine thiol 3.1d (R1,R2=fluorenone), which because of the steric interactions cannot form

dimeric intermediates. Unfortunately the Zn2+ is so protected that apparently nothing can

reach it; no catalytic activity of this complex was observed.5a Pyridine dithiols 3.1 are

interesting candidates for studies of metal complexes of relevance to the functioning of the
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zinc ion in horse liver alcohol dehydrogenase. Tuning of the steric hindrance in the pyridine

dithiols by variation of the side groups could afford stable complexes with zinc if these

substituents are bulky enough to prevent dimerization. The synthetic approach that was used

by Berg3 and Kaptein5a does not allow placement of substituents other than phenyl groups as

pointed out below.
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N
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N

SS Zn

3.4

3.5

Structures 3.4 and 3.5 Zinc complexes with pyridine dithiols 3.1.

3.2 Approaches for the Synthesis of Pyridine Dithiols.

Pyridine dithiols of this type were synthesized either from a multistep reaction3

depicted in Scheme 3.2 or from the corresponding pyridine diol (Scheme 3.3).5

R2 R1
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N
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+
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THP THP

N

SH HS R1R2

R2R1

i ii-iv
3.6

3.7a/3.7d 3.8a/3.8d 3.1a/3.1d

Scheme 3.2 Reagents and conditions: i, Et2O; ii AgNO3/pyr, MeOH/EtOAc; iii

H2S; iv pH 7 Buffer.

In the first approach the starting material 2,6-bis(hydroxymethylene)pyridine is

converted to the dibromide 3.6 and allowed to react with the α-position of a THP

(tetrahydropyran) protected thiol 3.7 using n-BuLi affording the THP protected dithiol 3.8.

Subsequently the thiol groups are deprotonated affording the pyridine dithiol 3.1. Drawbacks

in this approach are the need for a relative acidic α-proton (so R1,R2 must be aromatic;

phenyl (a), fluorenyl (b)) and the presence of a protection and deprotection step.
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Scheme 3.3 Reagents and conditions: i, H3PO4/heat; ii HSCOCH3/p-toluenesulfonic

acid/MeOH.

The second approach so far has only been successful for tetramethyl ligand 3.1c. In this

approach the diol 2.1c is dehydrated forming the dialkene 3.9 which upon reaction with

thioacetic acid under acidic conditions gives the pyridine dithiol 3.1c in 48% yield. Starting

from 2,6-lutidine an overall yield of 16% is obtained.

3.3 Towards a New Synthetic Approach.

Since both approaches have major drawbacks including low yield, low atom

economy, harsh conditions and restrictions with regard to the R1 and R2, a new synthetic

approach involving direct addition of organometallic compounds to thioketones was

investigated. The addition reaction of organometallic compounds to thioketones has been a

subject of interest since Beak and Worley “discovered” thiophilic addition.6 They found that

thiobenzophenone reacts with organometallic compounds such as phenyllithium and n-

butyllithium to give addition products in which the nucleophile is attached to the sulfur. This

thiophilic attack seems to be a general reaction pathway for aromatic thioketones (Scheme

3.4; path B).

R1

R2

S
R3M

R1

R2

S
R3 M R1

R2

S

R3

M

R1

R2

S

R3

M

R1

R2

S + R3 M

R3
SH

R2

R1

H
SR3

R2

R1

path A

path B

Scheme 3.4 Thiophilic addition vs. C-alkylation of thioketones.

Addition at the carbon atom of the thiocarbonyl group has also been reported (path

A). Exclusive C-alkylation, as judged from the literature, seems only possible for aliphatic
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thioketones.6 Furthermore reduction of the thioketone is reported to be a severe side reaction

in this process. The competitive C- vs. S-alkylation is highly influenced by the nature of the

organometallic species and the reaction conditions used. Alkyllithium reagents usually give a

mixture of C and S alkylated products.7 Grignard reagents in combinations with aliphatic

thioketones give C-alkylation.8 Although C-alkylation of thioketones is not preferred with

alkyllithium reagents, the use of them in the synthesis of pyridine thiols would afford a very

direct synthetic approach. To minimize the possibility of thiophilic attack aliphatic

thioketones will have to be used. For this purpose we synthesized thioadamantanone9 and

used it in the alkylation-reaction with the monolithiated 2,6-lutidine 3.10 (Scheme 3.5).

N

i-iv

3.11b 3.1b3.10

N

HS

N

SH HS

 v, iii, vi

Scheme 3.5 Reagents and conditions : i, n-BuLi (1.1 equiv.), THF, –80 °C; ii –

80 °C→ –40 °C; iii thioadamantanone; iv H3O
+; v n-BuLi (2.1 equiv.), THF, –

80 °C; vi –80 °C→ –50 °C.

A C-selective alkylation was observed. The thiophilic alkylation product was not

obtained at these temperatures. The pyridine thiol 3.11b could be isolated after hydrolysis of

the lithium sulfide salt with 5N HCl. Column chromatography of the crude product afforded

the thiol 3.11b in 76% yield. Further derivatization of the pyridine thiol 3.11b to the

corresponding pyridine dithiol 3.1b was accomplished by double lithiation of the thiol 3.11b

followed by reaction with thioadamantanone. The hydrolysis of the bis-lithium salt, was more

troublesome, due to the stability of the salt as revealed by means of 1H and 3Li NMR.

Attempts to hydrolyze the bis-lithium salt with NH4Cl led to the isolation of the bis-lithium

salt. Upon hydrolysis with 5N HCl the dithiol was isolated. Purification of the product by

means of column chromatography afforded the pyridine dithiol 3.1b in 80% yield. Using this

new approach the pyridine dithiol 3.1b can be synthesized in only two steps with an overall

yield of 61%. Reaction conditions used in this approach are mild and there is no need for

protection and deprotection. An additional advantage is that the ‘single-armed’ pyridine thiol

3.11b can be obtained and studied separately.

Suitable crystals for crystallographic determination were grown from a

dichloromethane/hexane mixture (Figure 3.1). In the solid state the thiol groups of the

pyridine dithiol are situated in a conformation anti to each other, resulting in a slightly

distorted C2-symmetry. Furthermore the thiol groups are turned outside the cavity of the
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molecule. It is proposed that upon complexation these thiol groups and the pyridine nitrogen

form a cavity in which metals can be complexed.

Figure 3.1 X-ray structure of 3.1b.

3.4 Chiral Pyridine Thiols.

Chiral analogues of the pyridine dithiols 3.1 at the inception of this work were

unknown and our next goal was to broaden the new approach to the preparation of chiral non-

racemic pyridine thiols starting from chiral thioketones. A few chiral ketones are known and

the commercially available (R)-thiocamphor seemed to be a good candidate since

regioselective C-alkylation of thiocamphor was known.8 However when thiocamphor was

added to the monolithiated lutidine no pyridine thiol could be isolated, just starting materials

and some disulfide 3.12.

S S

3.12

It is clear that thiocamphor fails to undergo addition owing to formation of the

thioenolate. Competitive enolate formation in the case that relatively acidic α-protons are

present, appears to be a limitation of the direct approach. Therefore (S)-thiofenchone,

prepared from (S)-(+)-fenchone (ee = 98%) or (R)-thiofenchone (from (R)-(–)-fenchone (ee =
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96%))10 were synthesized and used for the preparation of the single-armed pyridine thiol

3.11f. Using the previously described approach the mono condensation product could be

isolated in 89% yield as either enantiomer (-)-3.11f or (+)-3.11f depending on the thioketone

used (Scheme 3.6). Surprisingly a single isomer was formed, whereas with fenchone itself a

mixture of equal amounts of exo and endo isomers is formed (Chapter 2)

(-) -3.11f3.10

N

i-iv

N

SH

or N

HS(+) -3.11f

Scheme 3.6 Reagents and conditions : i, n-BuLi (1.1 equiv.), THF, –60 °C; ii –

60 °C→ –40 °C; iii (R) or (S)-thiofenchone; iv H3O
+.

By means of HETCOR, COSY and NOESY experiments on (–)-3.11f addition was

established to have taken place from the exo side of thiofenchone. This could be determined

more clearly from spectra of the (–)-3.11f·HCl complex of the monothiol adduct, prepared by

passing HCl gas through a solution of (–)-3.11f in dichloromethane.

H5

H10H11

C16
C17

H3

H2

H1

N Me

SH

H4
H4'

Me

H7

H6

H9

H8

(-)-3.11f

Structure (–)-3.11f

This complex has a locked conformation on the NMR chemical shift scale and an AB

system is observed for the benzylic protons H4 and H4´ (see structure (–)-3.11f for the

numbering scheme, chosen for simplicity of illustration), whereas for the free ligand a singlet

was found. The pyridine protons H1, H2, and H3 of the HCl-complex are shifted 0.50, 0.67,

and 1.74 ppm downfield respectively. This is consistent with protonation of the pyridine

nitrogen. Furthermore, most protons of the thiofenchone moiety are shifted downfield relative

to the uncomplexed ligand, and assignment of the specific protons is simplified.
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Figure 3.2 COSY spectrum of (-)-3.11f.

From HETCOR spectra (not shown), the signal at δ 1.68 could be assigned to H5 since

it clearly belong to a CH-group. Furthermore, HETCOR gives three sets of signals for the

three CH2-groups of the fenchone moiety (δ 1.37 and 2.28; δ 1.20 and 2.40; δ 1.43 and 1.64).

On the basis of the coupling constants of the signals at δ 1.37 and 2.28 in the 1H NMR, the

fact that they exhibited COSY interactions only with each other (Figure 3.2) and the NOE-

correlation with H5, we assigned these signals to the bridge protons (Figure 3.3).

The signal at δ 2.28 has NOE interactions with the signal at δ 1.37, one of the benzylic

protons, H5 and two of the methyl groups, and therefore we assigned this signal to H10. The

signal at δ 1.37 has interactions with H10 and the signal at δ 1.20, from one of the exo-protons

H9 or H7. This exo-proton at δ 1.20 has a COSY and HETCOR correlation with the signal at δ
2.40, which arises from one of the endo-protons. Also a COSY with the signal at δ 1.43 is
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observed, which corresponds to the other exo-proton. This leaves the signals at δ 1.64 for the

other endo proton. The signal at δ 1.64 has an NOE interaction with the methyl group at δ
1.08, and therefore, it could be assigned as H6, and subsequently, the signal at δ 2.40 could be

assigned as H8.

Figure 3.3 NOESY spectrum of (-)-3.11f.

The exo protons could now be assigned as H7 and H9 for the signals at δ 1.43 and 1.20,

respectively. From the correlation of the bridge proton H10 with the benzylic protons, it is

clear that addition has taken place from the exo side of the thioketone. It cannot be taken for

granted that addition of a nucleophile will occur exclusively from the exo side. Although, for

example, dissolving metal reductions of fenchone produce almost exclusively endo alcohol
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(addition of hydride equivalent from the exo side),11 we observed that addition of 2,6-lutidine

(as the monolithio derivative) occurs roughly equally from the exo and endo sides.12 On the

other hand, 1,3-dipolar addition of diazo compounds to thiofenchone gives a single adduct

thought to be exo addition product.13

Figure 3.4 X-ray structure of (–)-3.11f·HCl.

By good fortune, we obtained satisfactory crystals and were able to confirm this

structural assignment of the (–)-3.11f·HCl-complex by crystallographic means (Figure 3.4).

The crystals easily lose HCl upon exposure to air and therefore had to be taken from the

mother liquor. The packing diagram of the X-ray structure (not shown) reveals a polymeric

chain with alternating HCl molecules and the ligand moiety. The proton of hydrogen chloride

is coordinated to the pyridine nitrogen of one molecule, and the chlorine is coordinated to the

thiol hydrogen of a second molecule. This unit is continuously repeated. The crystal structure

of hydrochloric acid in solid argon also consists of polymeric strands.14 Previous crystal

structures of complexes with pyridine diols and dithiols (two arms instead of one) show

encapsulation of monomeric hydrochloric acid into the cavity of these molecules, rather than

the polymeric structure observed here.15,2b
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C-alkylation of thiofenchone with organolithium reagents cannot be taken for granted.

When (R)-thiofenchone 3.13 and 2,6-lutidine 3.10 were dissolved in THF and allowed to

react with n-butyllithium exclusive thiophilic addition of the n-butyl group occurred

affording the thioether 3.14 (Scheme 3.7). The butyl group acts as nucleophile in this reaction

and adds selectively to the sulfuratom. Under the reaction conditions used it is clear that the

lutidine had not yet been lithiated. There is a fundamental difference in the behavior of

lithiated methylpyridine and simple alkyllithium

S S
nBu

3.14

N
+

3.10 3.13

i-ii

Scheme 3.7 Reagents and conditions: i, n-BuLi, -80°C; ii H3O
+.

The monoadduct (+)-3.11f was further functionalized following the approach of

Scheme 3.5. Addition of n-BuLi (2.2 equiv.) to a solution of the monoadduct (+)-3.11f in

THF, followed by the addition of 1.1 equiv. of (R)-thiofenchone, led to the dithioladduct 3.1f

in 79% yield (Scheme 3.8).

i-iv

(+)-3.11f 3.1f

N

HSSH

N

HS

Scheme 3.8 Reagents and conditions : i, n-BuLi (2.1 equiv.), THF, –70 °C; ii –

70 °C→ –40 °C; iii (R)-thiofenchone; iv H3O
+.

Formation of the Cs-symmetrical addition adduct, as was observed for the pyridine

diols (2.7), did not take place. Addition cleanly took place at the less sterically hindered

methyl group affording the C2-symmetrical pyridine dithiol 3.1f.

3.5 Thiocamphor adducts.

A drawback using the approach presented in Scheme 3.5 is the need for nonenolizable

thioketones, which severely restricts the number of suitable thioketones. To broaden the

scope of our direct approach less basic organomagnesium reagents were used to C-alkylate
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the thioketones. When benzylbromide 3.15 was converted to the Grignard reagent 3.16 and

allowed to react with (R)-thiocamphor 3.17 exclusive C-alkylation took place affording the

thiol 3.18 in 40% yield. Addition to the thiocamphor carbon atom was found to be endo-

selective. The low yield can be ascribed to enolization of the thiocamphor, the rate of which

still competes with the rate of addition of benzylmagnesiumbromide. Using

benzylmagnesiumchloride no product could be isolated at all. The orange color of the

thioketone, however, disappears and reappears after hydrolysis indicating that enolization is

the reason of failure. When benzylmagnesiumiodide is used the thiol 3.18 was isolated in

55% yield.

Formation of pyridine thiols based on (R)-thiocamphor was attempted though carbon-

selective addition with Grignard reagent 3.20, formed from 2-picoline 3.19 and EtMgBr.

However when the reactions were performed in refluxing THF no pyridine thiol could be

isolated, instead the pyridine alkene 3.21 was formed. This indicates that C-alkylation indeed

takes place, however, it is followed by elimination of the sulfur atom. When the same

procedure was followed at room temperature elimination of sulfur did not take place and the

pyridine thiol 3.22e could be isolated in 52 % yield. Again endo and C-selective addition had

taken place.

Br MgBr
HS

N

MgBr

N

N

N

HS

3.21

3.19 3.20

3.15 3.16 3.18

3.22e

ii-iii

vi,iiiiv

i

v,iii

Scheme 3.9 Reagents and conditions : i, Mg, Et2O; ii (R)-thiocamphor, reflux;

iii 2N NH4Cl; iv EtMgBr, THF, reflux 4h; v (R)-thiocamphor, reflux; vi (R)-

thiocamphor, rt.
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3.6 Conclusions.

The base-induced addition of 2,6-lutidine 3.10 to achiral as well as chiral thioketones

is a simple and direct approach to obtain pyridine dithiols 3.1. This approach, however, is

restricted to nonenolizable thioketones like thioadamantanone and thiofenchone since

enolization can easily take place. Furthermore this approach is restricted to aliphatic

thioketones because thiophilic addition is a severe side reaction when aromatic thioketones

are used. The scope of the direct addition to thioketones can be extended to enolizable

thioketones like thiocamphor by making use of pyridine magnesiumbromide 3.20. Depending

on the pyridine-metal reagent used a variety of pyridine thiols can be synthesized.

3.7 Experimental Section.

General Remarks: See Chapter 2. Thioadamantanone as well as (R)- and (S)-thiofenchone

were prepared following literature procedures starting from adamantanone9, (R)-(–)-fenchone

and (S)-(+)-fenchone respectively.16

2-[(6-Methyl-2-pyridinyl)methyl]-2-adamantanethiol 3.11b

A solution of 2,6-lutidine 3.10 (7.5 g, 70 mmol) in 150 mL of dry THF was cooled to –50°C.

After addition of n-butyllithium (1.6 M solution in hexane, 70 mmol, 44 mL) the orange

colored solution was stirred at -20 °C for 1 hour. Subsequently, the mixture was cooled to –

80°C and a solution of 2-thioadamantanone (14.0 g, 84 mmol) in 25 mL of THF was added

dropwise. After stirring overnight at room temperature the dark brown reaction mixture was

poured into 50 mL 2 N HCl solution and stirred for 30 min. The solution was neutralized and

extracted three times with ethylacetate. The combined organic layers were washed with brine

and dried over MgSO4. Evaporation of the solvent afforded 16 g. of crude product. This

product can be used without purification for further synthesis. Alternatively bulb to bulb

distillation (bp 170 °C, 0.1 mm Hg) followed by crystallization from hexane afforded 3.11b

as a colorless crystalline material (14.5 g, 53 mmol, 76%): mp 58-59°C; 1H NMR (300 MHz,

CDCl3): δ 1.62-2.45 (m, 14H), 2.54 (s, 3H), 3.10 (s, 1H), 3.37 (s, 2H), 7.04 (d, J = 11.97 Hz,

1H), 7.06 (d, J = 11.96 Hz, 1H), 7.44 (dd, J = 11.97 Hz, J = 11.96 Hz, 1H); 13C NMR (300

MHz, CDCl3): δ 24.54 (d), 27.09 (d), 27.56 (d), 33.56 (t), 34.39 (t), 38.32 (t), 39.24 (q), 47.56

(t), 56.66 (s), 120.90 (d), 122.12 (d), 135.94 (d), 157.34 (s), 158.03 (s); HRMS calcd 273.154,

found 273.154. Anal. Calcd for C17H23NS: C, 74.67; H, 8.48; N, 5.12. Found: C, 74.49; H,

8.55; N, 5.17.
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2-({6-[(2-Methyl-2-adamantyl)methyl]-2-pyridinyl}methyl)-2-adamantanethiol 3.1b

A solution of 3.11b (5.46 g, 20 mmol) in 100 mL of dry THF was cooled to –70°C. After

addition of n-butyllithium (1.6 M solution in hexane, 27 mL, 43.2 mmol) the orange colored

solution was stirred at –40°C for 2 hours. Subsequently, the mixture was cooled to –70°C and

a solution of 2-thioadamantanone (5.0 g, 30 mmol) in 20 mL of THF was added dropwise.

Stirring was continued and the mixture was allowed to reach ambient temperature. After

stirring overnight the dark red mixture was poured into 10 mL of 5N HCl solution and stirred

for 30 min. The aqueous layer was neutralized and extracted three times with

dichloromethane. The combined organic layers were washed with brine, dried over MgSO4

and taken to dryness. The residue was taken up in dry ether and filtered, yielding the crude

product as a light brown solid. Crystallization from a dichloromethane/hexane mixture

afforded 3.1b as colorless needles (7.0 g, 16 mmol, 80%): mp 196-197°C; 1H NMR (300

MHz, CDC13): δ 1.42-1.83 (m, 12 H), 1.88-1.96 (m, 8H), 2.41 (m, 8H), 2.62 (s, 2H), 3.38 (s,

4H), 7.15 (d, J = 7.69 Hz, 2H), 7.49 (dd, J = 7.69 Hz, 1H); 13C NMR (300 MHz, CDCl3): δ
27.13 (d), 27.59 (d), 33.58 (t), 34.31 (t), 38.28 (d), 39.26 (t), 47.99 (t), 56.82 (s), 123.36 (d),

135.30 (d), 1 58.04 (s); IR (KBr): 3430 (br), 2900 (s), 2665 (br), 2590 (br), 2460 (br), 1980

(br), 1630 (s), 1450 (s), 1340 (s), 1010 (s), 808 (s); HRMS calcd for C27H37NS2: 439.237,

found 439.237. Anal. Calcd for C27H37NS2: C, 73.75; H, 8.48; N, 3.19. Found: C, 73.29; H,

8.44; N, 3.23

Crystal Structure of 3.1b

Crystal Data: Formula: C27H37NS2, M = 439.73. Suitable transparent needle-shaped crystals

of approximate size 0.08 x 0.12 x 0.5 mm were obtained by recrystallization from

dichloromethane/hexane. orthorhombic, P212121, a = 6.515(1), b = 10.668(1), c = 31.943(3)

Å, V = 2220.1(5) Å , Z = 4, Dx = 1.316 g cm-1, λ(MoKα
_

) = 0.71073 Å, µ = 2.6 cm , F(000) =

952, T = 130 K. Data collection: The data were collected on an Enraf-Nonius CAD-4F2

diffractometer (Mo tube, 50 kV, 40 mA, monochromated Mo-Kα  radiation, ∆ω = 1.05 + 0.34

tg θ), range 16.24° < θ < 20.15°. reflections collected: 5141 independent reflections: 4244.

Solutions 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.17 wR(F2) = 0.115 for 4244 reflections with Fo
2 ≥ 0 and R(F) = 0.046 for

3493 unique observed reflections with Fo ≥ 4.0 σ(Fo) and 296 parameters.
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Table 3.1 : Interatomic distances and selected bond angles for compound 3.1b

Interatomic Distances (Å)

S(1)a -C(7) 1.849(4)b C(6) -C(7) 1.550(5)

S(2) -C(18) 1.851(3) C(17) -C(18) 1.551(5)

N(1) -C(1) 1.345(5) H(1’) -S(1) 1.301

N(1) -C(5) 1.347(5) H(2’) -S(2) 1.297

C(1) -C(6) 1.513(5) H(1’) -N(1) 3.151

C(5) -C(17) 1.504(5) H(2’) -N(1) 3.350

Bond angles (deg.)

C(1) -N(1) -C(5) 117.8(3) C(6) -C(7) -C(14) 109.3(3)

N(1) -C(1) -C(2) 122.2(3) C(5) -C(17) -C(18) 117.1(3)

N(1) -C(1) -C(6) 116.5(3) S(2) -C(18) -C(17) 106.8(2)

C(2) -C(1) -C(6) 121.3(3) S(2) -C(18) -C(19) 107.0(2)

N(1) -C(5) -C(4) 122.5(3) S(2) -C(18) -C(25) 111.3(2)

N(1) -C(5) -C(17) 117.2(3) C(17) -C(18) -C(19) 109.6(3)

C(4) -C(5) -C(17) 120.2(3) C(17) -C(18) -C(25) 114.4(3)

C(1) -C(6) -C(7) 118.0(3) H(1’) -S(1) -C(7) 109.34

S(1) -C(7) -C(6) 106.7(2) H(2’) -S(2) -C(18) 109.51

S(1) -C(7) -C(8) 110.9(2) S(1) -H(1’) -N(1) 108.09

S(1) -C(7) -C(14) 108.0(2) S(2) -H(2’) -N(1) 104.41

C(6) -C(7) -C(8) 113.9(3)
a The numbering for the crystal data does not follow the numbering used in nomenclature.
b Standard deviation in parentheses.

(1S,2S)-1,3,3-Trimethyl-2-[(6-methyl-2-pyridinyl)methyl]bicyclo[2.2.1]heptane-2-thiol (–

)-3.11f. To a solution of 2,6-lutidine 3.10 (0.35 g, 3.3 mmol) in 50 mL of THF at –60 °C was

added n-butyllithium (1.6 M in hexane, 2.1 mL, 3.4 mmol). The mixture was stirred for 1 h at

–40 °C and cooled to –60 °C again. A solution of (S)-thiofenchone (0.56 g, 3.3 mmol) in 5

mL of THF was added, and the mixture was stirred at –60 °C for 1 h. The cooling bath was

removed, and the mixture was allowed to stir at ambient temperature overnight. The mixture

was poured into 15 mL of 5 N HCl and stirred for 1 h before being neutralized with 2 N

NaOH. The mixture was extracted three times with dichloromethane. The combined organic

layers were washed with brine and dried over MgSO4. The product was purified by means of

Kugelrohr distillation (135 °C; 2.0 mmHg), yielding a colorless solid (0.81 g, 2.9 mmol,

89%): mp 113-114 °C; [α]23
D –87.5 (c 3.6, methanol); 1H NMR (300 MHz, CDCl3) δ 0.79 (s,

3H), 1.15 (m, 2H), 1.19 (s, 3H), 1.26 (s, 3H), 1.40 (m, 1H), 1.64 (m, 1H), 1.76 (m, 1H), 1.93

(m, 1H), 2.19 (m, 1H), 2.52 (s, 3H), 3.30 (s, 2H), 4.67 (br, SH), 6.92 (d, J = 7.63 Hz, 1H),
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7.06 (d, J = 7.93 Hz, 1H), 7.42 (dd, J = 7.63 Hz, J = 7.93 Hz, 1H); 13C NMR (300 MHz,

CDCl3) δ 18.19 (q), 24.38 (t), 27.31 (q), 28.79 (q), 33.62 (t), 40.27 (t), 45.54 (s), 47.89 (t),

50.85 (d), 54.37 (s), 62.34 (s), 119.80 (d), 121.47 (d), 136.03 (d), 156.20 (s), 161.15 (s);

HRMS calcd. 275.171, found 275.171. Anal. Calcd. for C17H25NS: C, 74.13; H, 9.15; N,

5.08. Found C, 74.10; H, 9.11; N, 5.10.

(1R,2R)-1,3,3-Trimethyl-2-[(6-methyl-2-pyridinyl)methyl]bicyclo[2.2.1]heptane-2-thiol

((+)-3.11f). This compound was prepared using the same procedure as for (–)-3.11f starting

from 2,6-lutidine 3.10 and S-thiofenchone, affording (+)-3.11f in comparable yields: mp 114-

115 °C; [α]23
D +85.8 (c 3.6, methanol).

(1S,2S)-1,3,3-Trimethyl-2-[(6-methyl-2-pyridinyl)methyl]bicyclo[2.2.1]heptane-2-thiol.

HCl ((–)-3.11f·HCl). A solution of the monoadduct (–)-3.11f (0.25 g, 0.91 mmol) in

dichloromethane (10 mL) was passed through a stream of HCl for 2 min. The mixture was

stirred for 2 h and the solvent was carefully evaporated at reduced pressure to yield the crude

HCl complex, which was recrystallized from hexane/dichloromethane (0.27 g, 0.87 mmol,

95%): mp 181-182 °C; [α]23
D =–62.1 (c 2.9, chloroform); 1H-NMR (300 MHz, CDCl3) δ 0.89

(s, 3H), 1.08 (s, 3H), 1.16 (s, 3H), 1.20 (m, 1H), 1.37 (d, J = 10.99 Hz, 1H), 1.43 (m, 1H),

1.52 (s, SH), 1.64 (m, 1H), 1.69 (m, 1H), 2.28 (d, J = 10.99 Hz, 1H), 2.40 (m, 1H), 2.98 (s,

3H), 3.26 (d, J = 17.2 Hz, 1H), 4.43 (d, J = 17.2 Hz, 1H), 7.42 (d, J = 7.69 Hz, 1H), 8.09 (dd,

J = 8.05 Hz, J = 7.69 Hz, 1H), 8.80 (d, J = 8.05 Hz, 1H); 13C-NMR (300 MHz, CDCl3) δ
17.65 (q), 24.44 (t), 26.07 (q), 29.39 (q), 33.68 (t), 40.20 (t), 44.44 (t), 45.31 (s), 50.68 (d),

56.15 (s), 63.29 (s), 124.39 (d), 124.83 (d), 143.09 (d), 153.48 (s), 157.91 (s); HRMS calcd.

311.147, found 275.171 (-HCl). Anal. Calcd. for C17H26NSCl: C, 65.46; H, 8.40; N, 4.49, Cl,

11.37. Found C, 65.16; H, 8.22; N, 4.42, Cl, 11.38.

Crystal Structure of (–)-3.11f.HCl

Crystal Data: Formula: [C17H26ClNS]+.Cl-.CH2Cl2, M = 396.85, The crystal, used for

characterization and data collection, was irregular and block-shaped of approximate size 0.20

x 0.25 x 0.37 mm. The crystal was selected from the mother liquid: outside the liquid the

crystal lost HCl. The crystal was orthorhombic, P212121, a = 10.425(1), b = 11.075(2), c =

17.230(3) Å, V = 1989.3(5) Å, Z = 4, Dx = 1.325 g cm-1, µ  = 5.65 cm , F(000) = 840. Data

collection: The data were collected on an Enraf-Nonius CAD-4F diffractometer (Mo tube, 50

kV, 40 mA, monochromated Mo-Kα radiation, ∆ω = 0.90 + 0.34 tg θ); T = 130 K, range

1.18° < θ < 27.0°, reflections collected: 4709 independent reflections 4258. Solutions 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);
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data/parameters 4258/320 ; R(F) = 0.0301 [Fo ≥ 4.0 σ(Fo)], wR(F2) = 0.0739 [F2>0];

absolute-structure parameters; maximal residual electron density (±0.39(5) e/Å3). The

program PLUTO has been used for graphical representations of the crystal structure.

Table 3.2 : Interatomic distances and selected bond angles for compound (–)-3.11f.HCl

Interatomic Distances (Å)

S(1)a -C(1) 1.8429(18)b C(1) -C(11) 1.557(3)

N(1) -C(12) 1.347(2) H(20) -S(1) 1.26(3)

N(1) -C(16) 1.347(3) H(20) -Cl(1) 2.48(3)

C(1) -C(2) 1.580(3) H(21) -Cl(1) 2.31(3)

C(1) -C(5) 1.609(3) H(21) -N(1) 0.76(3)

Bond angles (deg.)

C(12) -N(1) -C(16) 125.48(17) C(11) -C(12) -C(13) 126.22(17)

S(1) -C(1) -C(2) 113.07(13) N(1) -C(16) -C(15) 118.13(18)

S(1) -C(1) -C(5) 110.36(11) N(1) -C(16) -C(17) 117.9(2)

S(1) -C(1) -C(11) 107.85(12) C(15) -C(16) -C(17) 124.0(2)

C(2) -C(1) -C(5) 101.96(14) H(20) -S(1) -C(1) 96.3(15)

C(2) -C(1) -C(11) 107.38(14) S(1) -H(20) -Cl(1) 170(2)

C(5) -C(1) -C(11) 116.24(15) N(1) -H(21) -Cl(1) 171(2)

N(1) -C(12) -C(11) 116.59(16) H(21) -N(1) -C(12) 119(2)

N(1) -C(12) -C(13) 116.78(17) H(21) -N(1) -C(16) 115(2)
a The numbering for the crystal data does not follow the numbering used in nomenclature.
b Standard deviation in parentheses.

(1S,2S)-1,3,3-Trimethyl-2-[(6-{[(1S,2S)-1,3,3-trimethyl-2-sulfanylbicyclo[2.2.1]hept-2-

yl]methyl}-2-pyridinyl)methyl]bicyclo[2.2.1]heptane-2-thiol (3.1f). To a solution of (+)-

3.11f (0.29 g, 1.05 mmol) in 50 mL of THF at –70 °C was added n-butyllithium (1.6 M in

hexane, 1.4 mL, 2.2 mmol). The mixture was stirred for 90 min at –40 °C and cooled to –70

°C again. A solution of (R)-thiofenchone (0.20 g, 1.19 mmol) in 5 mL of THF was added,

and the mixture was stirred at –70 °C for 1 h. The cooling bath was removed, and the mixture

was allowed to stir at ambient temperature overnight. The mixture was poured into 15 mL of

5 N HCl solution and stirred for 1 h before it was neutralized with a 2 N NaOH solution. The

mixture was extracted three times 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/dichloromethane (2:1)) yielding 3.1f as a colorless solid

(0.37 g, 0.83 mmol, 79%): mp 139-140 °C; [α]23
D –80 (c 4.0, CHCl3); 

1H NMR (300 MHz,

CDCl3) δ 0.83 (s, 6H), 1.15 (m, 2H), 1.16 (s, 6H) 1.20 (s, 6H), 1.23 (d, J = 10.5 Hz, 2H), 1.41
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(m, 2H), 1.65 (d, J = 4.4 Hz, 2H), 1.73 (m, 2H), 1.97 (d, J = 10.5 Hz, 2H), 2.26 (d, J = 16.6

Hz, 2H), 2.28 (m, 2H), 3.35 (d, J = 16.6 Hz, 2H), 3.36 (s, 2SH), 7.46 (m, 3H); 13C NMR (300

MHz, CDCl3) δ 18.15 (q), 24.65 (t), 27.39 (q), 29.34 (q), 33.79 (t), 40.30 (t), 45.44 (s), 49.18

(t), 51.02 (d), 55.08 (s), 62.74 (s), 121.57 (d), 135.54 (d), 169.24 (s); HRMS calcd. 443.268,

found 443.268. Anal. Calcd. for C27H41NS2: C, 73.08; H, 9.31; N, 3.16. Found C, 73.08; H,

9.31; N, 3.15.

(R)-Thiocamphor 3.17

To a stirred solution of (R)-camphor (11.0 g, 72.4 mmol) in 300 mL of toluene was added

Lawesson’s reagent (29.2 g, 72.4 mmol) and the mixture was refluxed overnight. After

removal of the solvent in vacuo the product was flushed over a column of silica with diethyl

ether. The product was purified by sublimation (80 °C, 5.0 mm Hg) yielding 3.17 as an

orange solid (10.3 g, 61.5 mmol): 1H NMR (300 MHz, CDCl3) δ 0.73 m (s, 3H), 0.97 (s, 3H),

1.04 (s, 3H), 1.27 (m, 2H), 1.69 (m, 1H), 1.93 (m, 1H), 2.11 (m, 1H), 2.35 (d, J = 20.5 Hz,

1H), 2.72 (m, 1H). All other spectroscopic data were in accordance to literature.16

(1R,2R)-2-benzyl-1,7,7-trimethylbicyclo[2.2.1]heptane-2-thiol 3.18

A solution of benzylbromide 3.15 (1.0 g, 5.8 mmol) in 10 mL of diethyl ether was added to

magnesium (0.14 g, 6.0 mmol) and refluxed for 1 h. (R)-thiocamphor 3.17 (0.67 g, 4.0 mmol)

in 10 mL of diethyl ether was added and the mixture was refluxed overnight. 10 mL of 2N

NH4Cl was added and the layers were separated. The aqueous layer was extracted with

diethyl ether. The combined organic layers were washed with brine and dried over Na2SO4.

The product 3.18 was purified by means of column chromatography (silica, diethyl

ether/hexane (1:2)) yielding a colorless oil (0.41g, 1.6 mmol, 40%): 1H NMR (300 MHz,

CDCl3) δ 0.77 (s, 3H), 0.89 (s, 3H), 1.06 (s, 3H) 1.21 (m, 1H), 1.40 (m, 1H), 1.81 (m, 2H),

2.00 (m, 1H), 2.12 (br, SH), 2.47 (d, J = 20.5 Hz, 1H), 2.93 (m, 1H), 4.62 (s, 2H), 7.29 (m,

5H); 13C NMR (300 MHz, CDCl3) δ 11.97 (q), 18.11 (q), 19.15 (q), 26.86 (t), 35.79 (t), 35.81

(t), 38.05 (t), 44.17 (d), 50.09 (s), 56.08 (s), 64.12 (s), 65.11 (t), 126.82 (d), 127.43 (d),

128.37 (d), 140.80 (s). HRMS calcd.260.160, found 260.161. Anal. Calcd. for C17H24S: C,

78.40; H, 9.29; S, 12.31; Found C, 78.21; H, 9.35; S, 12.15.

2-[(1,7,7-trimethylbicyclo[2.2.1]hept-2-ylidene)methyl]pyridine 3.21

Following a literature procedure 2-picoline 3.19 (0.8 g, 8.6 mmol) was converted with

ethylmagnesiumbromide to the Grignard reagent 3.20 and was used as such.18 To a solution

of Grignard reagent 3.20 in THF was added (R)-thiocamphor 3.17 (0.84 g, 5.0 mmol) and the

mixture was refluxed overnight. NH4Cl was the mixture was extracted with ethyl acetate

twice. The organic layers were washed with brine and dried over Na2SO4. Column

chromatography (silica, hexane/diethyl ether (3:1)) afforded 3.21 as a colorless oil (0.52 g,
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2.3 mmol, 45%): 1H NMR (300 MHz, CDCl3) δ 0.72 (s, 3H), 0.89 (s, 3H), 1.01 (s, 3H) 1.19

(m, 2H), 1.30 (m, 1H), 1.71 (m, 2H), 1.84 (m, 1H), 2.36 (d, J = 18.7 Hz, 1H), 2.74 (m, 1H),

6.20 (s, 1H), 6.95 (m, 1H), 7.22 (d, J = 7.7 Hz, 1H), 7.51 (dd, J = 7.7 Hz, J = 7.7 Hz, 1H),

8.49 (d, J = 4.8 Hz, 1H); 13C NMR (300 MHz, CDCl3) δ 12.96 (q), 18.91 (q), 19.61 (q), 27.62

(t), 34.64 (t), 38.09 (t), 42.90 (d), 47.59 (s), 53.01 (s), 117.42 (d), 119.87 (d), 122.31 (d),

135.66 (d), 149.17 (d), 156.9 (s), 157.9 (s). HRMS calcd. 227.167, found 227.167. Anal.

Calcd. for C27H41NS2: C, 84.53; H, 9.31; N, 6.16. Found C, 84.15; H, 9.45; N, 5.99.

(2R)-1,7,7-trimethyl-2-(2-pyridinylmethyl)bicyclo[2.2.1]heptane-2-thiol 3.22e

2-picoline 3.19 (1.4 g, 15.0 mmol) was converted to the Grignard reagent 3.20 as described

for 3.21 and (R)-thiocamphor 3.17 (2.0 g, 11.9 mmol) was added at room temperature.

Stirring was continued overnight, NH4Cl was added and the mixture was extracted twice with

ethyl acetate. The organic layers were dried over Na2SO4. Column chromatography (silica,

hexane/diethyl ether (5:1)) afforded 3.22e as a colorless oil (1.6 g, 6.1 mmol, 52%): 1H NMR

(300 MHz, CDCl3) δ 0.84 (s, 3H), 0.86 (s, 3H), 1.11 (s, 3H) 1.20 (m, 1H), 1.50 (m, 1H), 1.72

(m, 2H), 1.92 (m, 1H), 2.11 (s, 2H), 2.43 (s, SH), 3.10 (dd, J = 13.19 Hz, J = 57.12 Hz, 2H),

7.07 (m, 1H), 7.25 (d, J = 7.6 Hz, 1H), 7.50 (t, J = 5.9 Hz, 1H), 8.49 (d, J = 4.8 Hz, 1H); 13C

NMR (300 MHz, CDCl3) δ 13.21 (q), 21.48 (q), 22.40 (q), 26.87 (t), 31.37 (t), 45.87 (d),

47.31 (t), 50.00 (s), 50.45 (t), 53.49 (s), 55.95 (s), 121.24 (d), 125.70 (d), 135.43 (d), 148.49

(d), 159.98 (s). HRMS calcd. 261.155, found 261.156. Anal. Calcd. for C16H23NS: C, 73.51

H, 8.87; N, 5.36. Found C, 73.83; H, 8.95; N, 5.44.
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