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CHAPTER 2

Synthesis of Pyridine Alcohols.*

Abstract: Base induced reaction of 2,6-dimethylpyridine (2,6-lutidine) 2.2 with two

equivalents of various ketones has been reported to provide C2-symmetrical pyridine diols

2.1. It was observed that best overall yields of the C2-symmetrical pyridine diols were

obtained on application of a two-step, two-pot reaction in which the mono derivatized

pyridine 2.3 is isolated and further converted to the diol 2.1. Long reaction times were found

to be essential for a high yield. Closer examination of the reaction revealed that competitive

diaddition to a single methyl group can occur to give Cs-symmetrical pyridine diols 2.7. Not

all of these CS-symmetrical pyridine diols are stable and isolation is complicated by retro

addition. By varying the lithiation times the formation of this side product could be

maximized or minimized on the basis of a mechanistic proposal for the competing pathways.

The formation of CS-symmetrical pyridine diols 2.7 could be excluded completely by using

potassium diisopropylamide as base; high yields of C2-symmetrical pyridine diols 2.1 are

obtained. Selective synthesis of CS-symmetrical pyridine diols 2.12 was obtained by a base

induced reaction of 2-picoline with two equivalents of a ketone. Again, some CS-symmetrical

pyridine diols were found to be labile and retro addition occurred. Chiral non-racemic C2-

symmetrical pyridine diol 2.1e was synthesized through facially selective addition to (R)-

camphor. Facially selective addition to fenchone and menthone was achieved using n-BuLi as

base followed by transmetallation of the lithiated lutidine 2.16 with CeCl3·THF. Pyridine

triols 2.18 and 2.19 were synthesized either from pyridine diols 2.1b or 2.7b
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2.1 Introduction.

C2-symmetrical pyridine diols ligands exemplified in general structure 2.1, obtained

by base induced addition of lutidine 2.2 to ketones, associate with various metals and

therefore could be of special interest as complexing agents for the development of new

homogeneous catalysts. The combination of two hydroxyl groups and the pyridine nitrogen

makes these ligands capable, for example, of stabilizing high-valent osmium alkoxide

complexes.1 With metals like Zr and W good polymerization catalysts are formed.2

Biomimetic studies of enzymes have been conducted with some Mo complexes.3 Well

defined complexes with Ti,4 Zn5, Co5, Si6 and Ru7 have also been reported in literature.

N

HOOHR1 R2

R1R2

2.1

The synthesis of this class of compounds was first reported by Tilford and Van

Campen8 and further explored by Berg and Holm3b in the synthesis of 2,6-bis(2,2-diphenyl-2-

hydroxyethyl)-pyridine 2.1a. These compounds have been of interest in our group as model

systems for zinc alcohol dehydrogenase5b, carboxypeptidase9 and for preparation of silicon

alkoxides.6a Several derivatives have been prepared using the described methodology for the

synthesis of 2,6-bis(2,2-diphenyl-2-hydroxyethyl)-pyridine 2.1a (Scheme 2.1). This approach

consists of a one-pot, two-step synthesis. Yields are moderate; the benzophenone based

pyridine diol 2.1a is obtained in 35% yield, whereas derivatives based on adamantanone

(2.1b),10 acetone (2.1c),5b and fluorenone (2.1d)5b are obtained in yields of 51, 34, and 13%,

respectively.

N

HOOHR1 R2

R1R2

N

2.2 2.1a-d

a    R1 = R2 = Ph
b    R1,R2    = Adamantyl  
c    R1 = R2 = Me
d    R1,R2    = Fluorenyl

i-v

Scheme 2.1 Reagents and conditions: i, n-BuLi (1.1 equiv.), THF, -60 °C; ii

R1R2C=O; iii n-BuLi (1.1 equiv.), -80 °C; iv R1R2C=O; v 2N HCl.

2.2 Improved Synthesis of C2-symmetrical Pyridine Diols.

2.2.1 Pyridine Diol Synthesis Using a Two-Step,Two-Pot Approach and Formation of Cs-

symmetrical Pyridine Diols.
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Although the previously described approach has been applied for the synthesis of a

wide variety of pyridine diols 2.1a-d the yields are always moderate to low, restricting its

general applicability. We found that overall yields could be improved substantially if a two-

pot approach was used in which the monoadduct 2.3 is isolated first and converted to the C2-

symmetrical diadduct 2.1 (Scheme 2.2). The monoadducts 2.3 formed by addition of

monolithiated lutidine to benzophenone, adamantanone, acetone, and fluorenone can be

isolated readily in 85, 88, 75, and 46% yields, respectively. In the second reaction step these

monoadducts are converted to the corresponding pyridine diols 2.1a-d by adding slightly

more than two equivalents of base followed by the addition of the ketone.

N

HO R2

R1

N N

HOOHR1 R2

R1R2

2.2 2.3a-d 2.1a-d

i-iii iv,ii,iii

Scheme 2.2 Reagents and conditions: i, n-BuLi (1.1 equiv.), THF, -60 °C; ii

R1R2C=O; iii 2N HCl; iv n-BuLi (2.1 equiv.), THF, rt.

The second reaction step, however, is less straightforward than it appears. The time

span after lithiation and before addition of the ketone (effective lithiation time) strongly

influences the yield of the desired C2-symmetrical product 2.1. Using this two-pot synthetic

approach, it was found that if a lithiation time of 4 hours was applied for the adamantanone

derivative 2.3b, after which one equivalent of adamantanone was added, followed by work up

with 2N HCl, the adamantanone based C2-symmetrical pyridine diol 2.1b could be isolated in

70% yield (overall yield 62%). However, when adamantanone was added after a lithiation

time of only 30 min, a second product, Cs-symmetrical pyridine diol 2.7b, was also isolated.

The formation of 2.7b must involve deprotonation of the CH2-group forming the dilithiated

intermediate 2.5b instead of deprotonation at the presumably less sterically hindered methyl

group, which gives rise to the intermediate 2.6b (Scheme 2.3).

Some experiments at different temperatures and with different lithiation times were

conducted in order to obtain further mechanistic insight. In these experiments,

monosubstitution product 2.3b was treated with two equivalents of n-butyllithium under the

given conditions. The ratios of the Cs-symmetrical adduct 2.7b and C2-symmetrical adduct

2.1b were determined by means of the integration of the signals in the 1H NMR after

quenching the reaction with adamantanone and workup with 2N HCl.
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The results are given in Table 2.1. T1 is the effective lithiation time namely the time

between the addition of n-butyllithium and the addition of the adamantanone. T2 is the time

the mixture is stirred after the addition of the ketone and before it is quenched with HCl.

2.4a-d
i

kL'

i
kL

N

O
Li

Li

R2

R1

2.5a-d

2.7a-c

ii-iii

ki N

O
Li

Li

R2

R1

ii-iii

2.6a-d

2.1a-d

N

O
Li

R2

R1

N

HOOH R2R1

R1R2

a: R1
 = R2

 = Ph

b: R1, R2
    = adamantyl

c: R1
 = R2

  = Me

d: R1, R2
    = fluorenyl

N

HO

OH

R2

R2

R1

R1

Scheme 2.3 Reagents and conditions: i, n-BuLi (1.1 equiv.), THF; ii

adamantanone; iii 2N HCl.

At –80°C lithiation is slow (entries 1 and 2) and even at –40°C complete lithiation

requires several hours to go to completion (entries 3 through 5). Lithiation is clearly far more

rapid at 0°C and there is a clear tendency with short lithiation times for 2.7b to predominate

over 2.1b although the ratio clearly tends towards the latter at longer lithiation times (entries

6 through 9). This trend is even clearer at room temperature; fairly long lithiation times lead

to a striking reversal of the ratio 2.7b over 2.1b (entries 10 through 14).
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Table 2.1: Dependence of the formation of 2.1b and 2.7b on the lithiation conditions.

Entry Reaction T1 T2 Yield of Yield of
Temp. [°C] 2.7b 2.1b

1. - 80 5 min 4 h - -
2. - 80 4 h 4 h 34.4 35.6
3. - 40 10 min 90 min 18.5 20.4
4. - 40 30 min 90 min 19.1 23.9
5. - 40 60 min 90 min 20.6 34.3
6. 0 ¾ min 60 min 61.7 16.3
7. 0 5 min 60 min 61.0 29.5
8. 0 30 min 60 min 60.4 38.5
9. 0 60 min 60 min 58.3 41.5
10. r.t. ½ min 60 min 66.4 14.5
11. r.t. 5 min 60 min 63.0 37.0
12. r.t. 30 min 60 min 54.5 45.5
13. r.t. 60 min 60 min 28.6 71.4
14. r.t. 4 h 60 min 4.8 95.2

From these results it seems justified to conclude that the lithium alkoxide first formed

(2.4b) is deprotonated at the CH2-group (2.5b) more rapidly than at the methyl group (2.6b).

In other words kL’ > kL. This effect is assumed to arise from coordination of the second

equivalent of n-butyllithium to the electron rich oxygen in the chelate ring of 2.4b, followed

by facile intermolecular deprotonation at the CH2-group as shown in Fig. 2.1. A second

conclusion is that 2.6b is thermodynamically more stable than 2.5b. Whether the slow

conversion of 2.5b to 2.6b is due to inter- or intramolecular processes cannot be concluded

from the data of Table 2.1.

N
Li

O

R1 R2

H
H

Li

Figure 2.1 Six-membered intermediate.

Using the data of Table 2.1 as guide, the reaction conditions were optimized for

formation of the Cs-diol 2.7b. This entailed lithiation and quenching at room temperature

after a lithiation time of 30 sec. whereby the product was obtained in 52% yield.

When similar temperature and time dependent lithiation experiments were carried out

with the diphenylcarbinol 2.3a, only C2-symmetrical diol 2.1a and some starting materials in

the reaction mixture were detected. However, when longer lithiation times at room

temperature were used starting material was still recovered despite the fact that lithiation at

this temperature and with these lithiation times should be complete. It was also observed that
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the yield of the C2-symmetrical diol 2.1a increased on prolonged lithiation times. These

observations are consistent with the formation of intermediate 2.5a even though no trace of

the Cs–adduct 2.7a was detected. However, on modification of the workup procedure the Cs-

symmetrical diol 2.7a was obtained. When 2N NH4Cl was used in the workup the Cs-

symmetrical diol 2.7a could be isolated in moderate to low yield (5-35%) depending on the

reaction conditions (-80°C to RT). The usual workup with 2N HCl is too acidic to keep the

diol 2.7a intact. Experiments with various lithiation times and at different temperatures

followed by workup with 2N NH4Cl showed the same phenomenon as observed for the

adamantanone adduct. Initially, lithiation of the alkoxide 2.4a is preferred at the CH2-group

forming dilithio species 2.5a, which is converted to 2.6a on prolonged lithiation times.

N

OH

Ph
Ph

N

O Ph
Ph

OH

Ph
Ph

H

H

N

H

OH

Ph
Ph

2.8 2.9 2.3a

Scheme 2.4 Retro addition.

When the Cs-diol 2.7a was stirred with 2N HCl it indeed reverted to the mono

benzophenone adduct 2.3a and benzophenone (Scheme 2.4). This retro addition is probably

initiated by protonation of the pyridine nitrogen of 2.8, followed by expulsion of the

benzophenone moiety affording intermediate 2.9, which finally rearranges to the pyridine.

The retro addition can also be induced by sonication or heat.11 Retro addition also

occurs upon purification of the product by means of column chromatography on silica. The

retro addition is also observed for the Cs-diol 2.7b under acidic conditions at higher

temperatures. The best conditions for the formation of the Cs-diol 2.7a were found at 0°C

with a lithiation time of 1 min giving the product 2.7a in 35% yield. The optimal conditions

for the formation of the C2-diol 2.1a involve a lithiation time of 4h at r.t. to afford 2.1a in

67% yield. For the acetone derivative the Cs-diols also were observed in 5-10% yield. No

efforts were made to improve the yield of this product. In case of the fluorenone adducts it

was not possible to isolate the Cs-diols.

Previous investigations of addition of the CH2-group of this type of compounds to

carbonyl functionalities did not lead to report of the formation of the Cs-diols.3a,5b,6a,12 The

observation that in most cases only low to moderate yields are obtained of the C2-diol 2.1 and

the fact that starting materials are recovered are consistent with lithiation and addition having

occurred at the CH2-group. The products, however, were probably not stable enough to

isolate. We conclude that addition reaction at this position can and does take place and that in

some cases the Cs-symmetrical diols 2.7 can be isolated provided that they are sufficiently
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stable to survive retro addition. The almost exclusive synthesis of the C2-diols 2.1 as a single

product using this approach appears possible, though long lithiation times are required

ensuring that all kinetic product is converted into the thermodynamic product, which is

possible with a reaction time of at least 4 hours.

2.2.2 Exclusion of Cs-symmetrical Pyridine Diols using KDA.

Since exclusive synthesis of the C2-diols 2.1 would require long reaction times a

different approach was developed making use of the understanding of the reaction course that

was gained in conducting the time dependent lithiations. If a base is used that leads less

readily to the six-membered intermediate chelate (Fig. 2.1) the deprotonation at the CH2-

group should not be kinetically favored and deprotonation should only take place at the less

hindered methyl group. When the adamantanone alcohol 2.3b was deprotonated with 2.1

equivalents of potassium diisopropylamide (KDA) and quenched with adamantanone after

only 15 min of stirring, the C2-diol 2.1b was obtained as sole product in 95 % yield (Scheme

2.5). KDA is a very strong base and the potassium does not strongly coordinate with the

nitrogen and the oxygen. After deprotonation of the hydroxyl group, the second attack

apparently occurs at the sterically less hindered methyl group and no reaction at the CH2-

group is observed. Not only is this approach very selective but it also provides the C2-diols

after stirring for a short time.

2.1b2.3b

N

HO R2

R1

N

HOOHR1 R2

R1R2

i-iii

Scheme 2.5 Reagents and conditions: i, KDA (2.1 equiv.), THF, -50 °C; ii

R1R2C=O; iii 2N NH4Cl.

When this new approach was also applied in the synthesis of the benzophenone based

C2-diols 2.1a, 2.1c and 2.1d the products were isolated in high yields (Table 2.2).

A second effect caused by the potassium was found when Cs-diol 2.7b was

deprotonated with two equivalents of KDA and allowed to stir overnight. Retro addition of a

large amount of the starting material was observed (70%), 25 % of the starting material was

recovered and to a small extent the C2-diol 2.1b was isolated (5%). Retro addition under

these conditions, however, is slow and the contribution of this pathway in the formation of

the C2-diols 2.1 from the pyridine alcohols 2.3 therefore is small. The formation of the C2-

diol reveals that after retro addition the methyl group is deprotonated and reacts with the
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adamantanone which is formed during the retro addition. The low yield of the C2-diol could

be caused by a slow potassium shift from the CH2-group to the methyl.

Table 2.2: Summery of optimized yields for the synthesis of C2- diols 2.1.

used ketone Mono adduct 2.3

(yield using n-BuLi)

bis adduct 2.1

(yield using KDA)

overall yield

of 2.1

Benzophenone 2.3a (85%) 2.1a (90%) 77%

Adamantanone 2.3b (88%) 2.1b (95%) 84%

Acetone 2.3c (75%) 2.1c (71%) 53%

Fluorenone 2.3d (46%) 2.1d (75%) 35%

2.3 Selective Synthesis of Cs-symmetrical Pyridine Diols.

The Cs-diols also have interesting features, as they are known to coordinate various

metals,13 and it would be desirable to have a synthetic approach that would selectively afford

the Cs-diols. In our hands it was not possible to synthesize the lutidine based Cs-diols as a

single product without the formation of the thermodynamically more stable C2-diols. Since

lithiation at the methyl group is thermodynamically favored over lithiation at the CH2-

position and since conversion of the kinetic product to the thermodynamically product

occurs, it will be very difficult to synthesize the Cs-diols as single product using this

approach. This problem is readily circumvented by use of 2-picoline 2.10, which when

deprotonated with n-butyllithium and quenched with benzophenone, adamantanone, acetone

or camphor provides pyridine alcohols 2.11 in good yields. The isolated pyridine alcohols

2.11 were subsequently lithiated with two equivalents of n-butyllithium and allowed to react

with a second ketone in order to give the desired Cs-diol 2.12. For the benzophenone,

adamantanone and acetone adducts the Cs-diols 2.12a, 2.12b and 2.12c indeed were found in

33, 26 and 30% isolated yields, respectively (Scheme 2.6).

N N

HO R1

R2

N

HO

OH
R2

R2

R1

R1

2.10 2.11a-d 2.12a-b

i-iii iv,ii,iii

Scheme 2.6 Reagents and conditions: i, n-BuLi (1.1 equiv.), THF, -60 °C; ii

R1R2C=O; iii 2N NH4Cl; iv n-BuLi (2.1 equiv.), THF.
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The diols 2.12a and 2.12b undergo retro addition to the pyridine alcohol 2.11 and the

ketones under acidic conditions or elevated temperatures making purification of the

compounds very difficult. The diol 2.12c is more stable and retro addition occurs only above

100°C or under highly acidic conditions. When pyridine alcohol 2.11d was used for the

preparation of the Cs-diol no diol was observed and only starting materials were recovered.

2.4 Chiral Non-racemic Camphor Based Pyridine Alcohols.

So far only the use of achiral symmetrical ketones has been described for the

synthesis of achiral pyridine alcohols. The following step is the synthesis of chiral

nonracemic pyridine alcohols that might be used for catalytic asymmetric synthesis. In order

to obtain chiral pyridine alcohols prochiral (mirror image faces) ketones or chiral ketones

have to be used. Addition of lutidine to prochiral ketones gives a racemic mixture that must

be resolved in order to obtain optically active pyridine alcohols. Facially selective addition to

prochiral ketones would give chiral-nonracemic pyridine alcohols, but a chiral additive is

required and there is no guarantee that facial selection would be absolute. Facially selective

addition to chiral ketones would afford chiral nonracemic pyridine alcohols in just one step

without any other chiral additive. Of all ketones from the chiral pool camphor (the (+) as well

as the (-) enantiomer) is one of the cheapest and best studied ketones for selective addition.

Since Noyori has applied (-)-dimethylamino isoborneol as highly effective catalyst for the

enantioselective addition of diethylzinc to aldehydes the compounds possessing a camphor

skeleton have been an object of increasing interest.14 Camphor commonly reacts nearly

exclusively from the endo side since the exo side is blocked by the methyl groups.15,16 We

therefor decided to investigate the addition of 2,6-lutidine 2.2 to camphor. When 2,6-lutidine

2.2 was deprotonated with n-butyllithium at –60° and allowed to react with (R)-(+)-camphor

indeed an endo selective addition to the ketone was observed. The pyridine alcohol 2.3e was

isolated in 90% yield (Scheme 2.7).

N

2.2 2.3e 2.1e

i-iii iv,ii,iii

N

HOOH

N

HO

Scheme 2.7 Reagents and conditions: i, n-BuLi (1.1 equiv.), THF, -60 °C; ii

(R)-camphor; iii 2N NH4Cl, iv n-BuLi (2.1 equiv.), THF, -40 °C.

When the time and temperature dependent lithiation was carried out for the camphor

adduct 2.3e, again an increase in the formation of the camphor based C2-diol 2.1e upon
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longer lithiation times was observed. Recovery of starting material at room temperature,

however, was substantial (up to 30%). The Cs-diol 2.7e, however, could not be detected, even

when a mild workup procedure was applied. This diol adduct probably is too unstable to be

isolated. The fact that double addition can take place at one methyl group is established in an

experiment where the 2-picoline based camphor alcohol 2.11e (obtained from addition of 2-

picoline to (R)-camphor) is dilithiated to species 2.13 and quenched with benzophenone

leading to the mixed adduct 2.14. This product, however, is also very unstable and upon

workup the starting camphor based alcohol 2.11e was isolated together with a reasonable

amount (40%) of benzophenone based alcohol 2.11a. Addition at the CH2-group does take

place, but the mixed adduct formed is too unstable to be isolated and a retro addition takes

place providing either the starting material 2.11e or the benzophenone adduct 2.11a (Scheme

2.8).

N

HO Ph

Ph

N

Ph Ph

LiO

OLi
N

O
Li

Li
N

HO

2.11e 2.13 2.14

2.11a

2.11e

N

HO

iiii ii

Scheme 2.8 Reagents and conditions: i, n-BuLi (2.1 equiv.), THF, -60 °C; ii

benzophenone; iii 2N NH4Cl.

The best preparative results for the C2-diol 2.1e using the initial approach were at –

40°C since at higher temperatures more side products were obtained (Scheme 2.7). When

pyridine alcohol 2.1e was prepared from 2.3e according the previously described method

using KDA as base the pyridine alcohol was obtained in 95% yield. Again complete endo-

selective addition to camphor was observed. By good fortune we were able to grow suitable

crystals for X-ray determination and the endo facial selectivity could be established by

crystallographic means (Figure 2.2). The molecular structure of 2.1d in solid state shows an

open conformation and the ligand is not completely symmetrical. The small distortion from

the C2-symmetrical geometry is probably due to crystal packing since in the 1H NMR in

CDCl3 no distinction can be made between the two camphor moieties or between the benzylic

protons. The nitrogen forms strong intramolecular hydrogen bonds with the hydroxyl groups

of the camphor moiety (H(61)…N(1) = 2.02(4), O(1)…H(61) = 0.84(4), H(62)…N(1) =

2.11(4), O(2)…H(62) = 0.79(4)°) and is in this arrangement preorganized for complexation.
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Figure 2.2 X-ray structure of 2.1e.

2.5 Regioselective Additions to Other Chiral Ketones.

2.5.1 Facially Selective Additions to Fenchone.

The naturally occurring (R)-fenchone has also been used as chiral ketone for facially

selective additions. The accessibility of the two diastereotopic faces of the carbonyl group,

however, is not as differentiated as for camphor. Examples of exo-specific addition are

known.15b,17 In other cases, however, addition is not specific and mixtures of endo and exo

isomers are obtained.15a,17b,18

Efforts to add the 2,6-lutidine 2.2 facial selectively to (R)-fenchone were less

successful. Addition afforded inseparable exo and endo adducts 2.3f in equal amounts

(Scheme 2.9).

NR

2.2    R = Me
2.15  R = H

endo-2.3f    R = Me
endo-2.11f  R = H

i-iii

N

HO

R N

HO

R

exo-2.3f    R = Me
exo-2.11f  R = H

Scheme 2.9 Reagents and conditions: i, n-BuLi (1.1 equiv.), THF, -60 °C; ii

(R)-fenchone; iii 2N NH4Cl.
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Addition of 2-picoline 2.15 to (R)-fenchone also afforded a mixture of exo and endo

enantiomers 2.11f in 3:2 ration. The exo isomer, however, could be crystallized selectively

from hexane, and an enriched mixture of endo and exo isomers remains in the solution.

Figure 2.3 COSY spectrum of exo-2.11f.

The configuration of the isomers was assigned by means of HETCOR, COSY and

NOESY experiments. From HETCOR (not shown) the signal at δ 1.58 was assigned as H1.

Furthermore three set of signals for the three CH2-groups of the fenchone moiety are found (δ
0.98 and 2.25; δ 1.77 and 1.40; and δ 1.70 and 1.14).
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Figure 2.4 NOESY spectrum of exo-2.11f.

In the COSY NMR (Figure 2.3) signals at δ 1.70 and 1.14 show no correlation with

any of the other protons and therefore are assigned as H6 and H7. The signal at δ 1.70

furthermore shows a clear NOE interaction with Me(a) at δ 0.70 indicating that this signal

arises from H7 (Figure 2.4). The signal at δ 1.14 therefore belongs to H6. Me(a) has a COSY

correlation with Me(b) at δ 0.91, therefore the signal at δ 1.08 belongs to Me(c). H1 at δ 1.58

has a COSY interaction with the signal at δ 1.40 indicating that this signal and the signal at δ
1.77 belong to the neighboring protons H2 and H3. The signal at δ 1.40 itself shows a NOE

with H6 and therefore is assigned as H2, subsequently the signal at δ 1.77 must be from to H3.

H3 has a COSY correlation as well as a NOE interaction with the signal at δ 2.25, whereas H2

has a COSY and NOE interaction with the signal at δ 0.98. Thus H4 correlates with the signal
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at δ 0.98 and H5 correlates with the signal at δ 2.25. This is confirmed by the NOE interaction

of H4 with H6 and by the NOE interaction of H5 with Me(b).

Since the separation of isomers is only possible for the 2-picoline based product 2.11f

experiments to improve the facial selectivity were conducted. It was found that higher

isomeric ratios with the fenchone derivative could be obtained when the lithium in the

monolithio species 2.16 was replaced by CeCl2 (addition of CeCl3·THF19 subsequently to

lithiation), followed by the addition of (R)-fenchone. Alkylcerium reagents are known to give

clean 1,2-addition to ‘difficult’ ketones.20 This is presumed to be due to the reduced basicity

and the oxaphilicity of the cerium alkyl reagent.21 Furthermore complexation of the cerium to

the carbonyl functionality and subsequent attack of the alkyl group at the carbon atom

enhances selectivity. We thought that complexation of the alkylcerium reagent to the

carbonyl could improve the regioselectivity of the addition reaction to fenchone.

N

Li

2.16

N

CeCl2

2.17

ii,iiii

exo-2.3f

N

HO

N

HOendo-2.3f

Scheme 2.10 Reagents and conditions: i, CeCl3·THF, -70 °C; ii (R)-fenchone;

iii 2N NH4Cl.

Indeed some improvement was found when the cerium species 2.17 was synthesized

in situ from the lithio species 2.16 and allowed to react with (R)-fenchone. However, a

mixture of the two isomers of 2.3f was still obtained although the endo/exo isomer ratio for

this reaction improved to 1:2 at –50°C in THF. When the reaction temperature was lowered

to –80°C a small improvement of the ratio to 1:4 was found (Scheme 2.10).

2.5.2 Facially Selective Addition to Menthone.

Addition of the lithio species 2.16 to (-)-menthone gave a mixture of the cis and trans

isomers 2.3g in a ratio of 16:5 in favor of the cis adduct (Scheme 2.11). These isomers could

be separated by means of column chromatography. The configurations of the isomers were

deduced from the HETCOR, COSY and NOESY NMR spectral data. The HETCOR

experiment on the minor adduct (not shown) led to the conclusion that the signals at δ 2.44,
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1.37 and 1.33 ppm were from the CH-groups.22 The signal at δ 2.44 exhibits a COSY

interaction (Figure 2.5) with Me(b) and Me(c) and is therefore assigned as Hf. A COSY

interaction of Hf with the signal at δ 1.33 indicates that this signal belongs to Ha.

Figure 2.5 COSY spectrum of trans-2.3g.

The signal at 1.37 therefore can only belong to Hc, which is confirmed by the NOE

(Figure 2.6) and COSY interactions with Me(a). The benzylic CH2-group in this minor isomer

was found to have a NOE interaction with Hc, Me(b), Hf and with one other axial proton

(He’).
23 Therefore the minor product was assigned as the product trans-2.3g. The NOESY

spectrum (not shown) of the major product clearly shows a NOE interaction of the equatorial

benzylic CH2-protons with the proton Hf and the axial proton Ha indicating that this is the

product cis-2.3g.
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Figure 2.6 NOESY spectrum of trans-2.3g.

When the cis-2.3g isomer was lithiated with two equivalents of n-butyllithium and

allowed to react with (-)-menthone the bisproduct was formed as a mixture of the isomers cis-

cis-2.1g and cis-trans-2.1g in a ratio of 6:1 (Scheme 2.11). The cis-cis-2.1g isomer could be

isolated as a pure product by selective crystallization from a mixture of water/ethanol.
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N

Li

2.16

+N

HO

N

HO

trans-2.3g cis-2.3g

N

HOOH

cis-cis-2.1g

N

HOOH

cis-trans-2.1g

i-ii

iii,i,ii

Scheme 2.11 Reagents and conditions: i, (-)-menthone, -60 °C; ii 2N NH4Cl;

iii n-BuLi (2.1 equiv.), THF, 0°C.

Addition of the cerium alkyl species 2.17 to (-)-menthone led to far better results. When

menthone was allowed to react with 2.17 at –80°C only the cis-isomer 2.3g was formed

(Scheme 2.12).

N

CeCl2

N

HO
2.17 cis-2.3g

i,ii

Scheme 2.12 Reagents and conditions: i, (-)-menthone, -70 °C; ii 2N NH4Cl.

2.6 Pyridine Triols.

Thus far research has focussed on the synthesis of pyridine diols and mono alcohols.

It would be interesting to see whether it is possible to generate pyridine triols and tetraols. To

synthesize pyridine triols two possible pathways can be taken. Starting from the Cs-diol

lithiation at the methyl group is required. Starting from the C2-diol lithiation at a more

sterically hindered CH2-group is required. When Cs-diol 2.7b was lithiated with n-

butyllithium and quenched with adamantanone the triol 2.18b was obtained in only 10% yield

according to 1H-NMR experiments. When C2-diol 2.1b was lithiated with n-butyllithium and

quenched with adamantanone the triol 2.18 was obtained in only 5% yield (Scheme 2.13).
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Deprotonation of the methyl or CH2-group of these diols is slow and does not provide highly

reactive nucleophiles. When diol 2.7b was deprotonated with n-butyllithium and quenched

with benzophenone, which is a more reactive ketone compared to adamantanone, we obtained

the triol 2.19 in 35% yield. The use of a stronger base like KDA is not possible since this

base gives rise to retro addition. In view of the difficulties in synthesizing the pyridine triols

no experiments were conducted to synthesize the tetraols.

i-iii

i-iii

OH

N

HO

OH

R5 R1

R3R4

R2R6

2.18 R1,R2=R3,R4=R5,R6=adamantyl     
2.19 R1,R2=R3,R4=adamantyl; 
        R5,R6=Ph,Ph

OH

N

HO R1R3

R2R4

2.1b

N

HO

OH

R1

R3

R2

R4

2.7b

Scheme 2.13 Reagents and conditions: i, n-BuLi (3.5 equiv.), THF, 0°C; ii

R5R6C=O; iii 2N NH4Cl.

2.7 Conclusions.

Aided by the understanding of the lithiation process an approach has been developed

that allows the preparation of chiral as well as achiral C2-symmetrical pyridine diols 2.1 in

high yields. The synthetic approach to Cs-symmetrical pyridine diols 2.7 and 2.12 opens up a

route to interesting new ligands the complexation behavior of which is currently under

investigation. The use of CeCl3·THF19
 in the addition reaction of 2,6-lutidine to menthone

gave a regiospecific addition to the pyridine diol cis-2.3g. Application of CeCl3·THF in the

addition reactions opens up a new perspective for regioselective addition to chiral ketones, as

shown for menthone. The synthesis of pyridine triols was accomplished starting either from

the Cs-diol 2.7b or the C2-diol 2.1b. Best results were obtained with the more reactive

benzophenone.

2.8 Experimental Section.

General Remarks: All reactions were carried out under an Ar atmosphere. The following

solvents were distilled prior to use: THF, diethyl ether and toluene were distilled from Na

wire, acetonitrile was distilled over CaH2, and dichloromethane, ethyl acetate, and hexane
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were distilled over P2O5. Column chromatography was performed on alumina (Merck 90,

II/III, 0.063-0.200 mm) or silica gel (Aldrich 60, 230-400 mesh). Elemental microanalyses

were carried out in the analytical department of this laboratory. X-ray diffraction studies were

carried out in the Crystal Structure Center of this laboratory. 1H and 13C spectra were

recorded using a Varian Unity Plus Varian 500, a Varian VXR 300 instrument or a Genuine

200 Instrument. The chemical shifts are expressed relative to CDCl3 for 1H NMR (at δ 7.26

ppm) and 13C NMR (at δ 76.91 ppm). NOESY,24 and COSY25 spectra were performed using

standard Varian pulse programs. Deuterated solvents were dried over an Al2O3 (activity 1)

column just prior to use. Melting points (uncorrected) were determinated on a Mettler FP-2

melting point apparatus, equipped with a Mettler FP-21 microscope. IR spectra were recorded

from KBr pallets on a Mattson-4020 Galaxy FT-IR spectrophotometer. Reagents and starting

materials used were obtained from Aldrich, Fluka or Acros Chimica and used as received,

unless noted otherwise.

2-(6-Methyl-2-pyridinyl)-1,1-diphenyl-1-ethanol 2.3a

2,6-Lutidine 2.2 (10.0 g, 93.3 mmol) was dissolved in 200 mL of THF and cooled to –60°C.

n-Butyllithium (1.6 M in hexane, 59.4 mL, 95.0 mmol) was added under stirring. The mixture

was warmed to –50°C and stirring was continued for 1 h before benzophenone (17.3 g, 95.6

mmol) in 25 mL of THF was added by means of canula. The mixture was allowed to reach

ambient temperature overnight and was acidified to pH 1 with 2 N HCl. After stirring for 1 h,

the mixture was neutralized with 2N NaOH. The aqueous layer was extracted with ethyl

acetate twice and the organic layers were dried over MgSO4. After concentration in vacuo the

product was recrystallized from methanol yielding a colorless solid (23.0 g, 79.5 mmol,

85%): mp 124-125°C; IR (KBr): 3250, 2900, 1610, 1600, 1450, 1100, 800, 700, 550 cm-1; 1H

NMR (300 MHz, CDCl3): δ 2.47 (s, 3H), 3.67 (s, 2H), 6.90 (m, 2H), 7.15 (m, 2H), 7.23 (m,

4H), 7.40 (m, 1H), 7.49 (m, 4H), 8.17 (br, OH), 13C NMR (300 MHz, CDCl3): δ 24.07 (q),

46.68 (t), 78.21 (s), 120.93 (d), 121.43 (d), 126.08 (d), 126.24 (d), 127.74 (d), 136.97 (d),

147.31 (s), 156.73 (s), 158.38 (s). HRMS calcd 289.147 found 289.147 Anal. Calcd for

C20H19NO: C, 83.03; H, 6.62; N, 4.84. Found C, 83.13; H, 6.47; N, 4.87.

2-[(6-Methyl-2-pyridinyl)methyl]-2-adamantanol 2.3b

2,6-Lutidine 2.2 (3.84 g, 35.8 mmol) was dissolved in 100 mL of THF and cooled to –50°C.

Subsequently, n-butyllithium (1.6 M in hexane, 22.6 mL, 36.2 mmol) was added and stirring

was continued for 30 min. A solution of adamantanone (5.41 g, 36.0 mmol) in 10 mL of THF

was added slowly and stirring was continued overnight allowing the mixture to reach r.t.

slowly. The solution was quenched with 2N HCl and stirred for 15 min before it was

neutralized with 2N NaOH. The solution was extracted twice with ethyl acetate. The

combined organic layers were washed with brine and dried over Na2SO4. After being taken to
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dryness the product was recrystallized from hexane yielding a colorless solid (8.11 g, 31.5

mmol, 88%): mp 131-132°C; IR (KBr): 3250, 2900, 1610, 1600, 1450, 1000, 700 cm-1; 1H

NMR (200 MHz, CDCl3): δ 1.4-2.0 (m, 12H), 2.28 (m, 2H), 2.50 (s, 3H), 3.08 (s, 2H), 6.48

(s, OH), 6.94 (d, J = 11.7 Hz, 1H), 6.98 (d, J = 11.7 Hz, 1H), 7.49 (dd, J = 11.7 Hz, J = 11.7

Hz, 1H); 13C NMR (200 MHz, CDCl3): δ 24.10 (q), 27.18 (d), 32.61 (t), 34.44 (t), 37.11 (d),

38.28 (t), 43.18 (t), 75.18 (s), 120.76 (d), 121.21 (d), 136.84 (d), 157.20 (s), 158.77 (s);

HRMS calcd 257.178, found 257.179. Anal. Calcd for C17H23NO: C, 79.33; H, 9.01; N, 5.44.

Found: C, 78.96; H, 9.05; N, 5.45.

2-Methyl-1-(6-methyl-2-pyridinyl)-2-propanol 2.3c26

To a stirred solution of 2,6-lutidine 2.2 (1.57 g, 14.7 mmol) in 100 mL of THF at –50°C was

added n-butyllithium (1.6 M in hexane, 9.20 mL, 14.7 mmol). The solution was stirred for 15

min and acetone (0.90 g, 15.5 mmol) was added. Stirring remained for another hour and

subsequently quenched with 2N NH4Cl and extracted twice with ethyl acetate. The combined

organic layers were washed with brine and dried over MgSO4. The product was distilled by

means of kugelrohr (70°C, 0.05 mm Hg) yielding a colorless oil (1.81 g, 11.0 mmol, 75 %).
1H NMR (300 MHz, CDCl3): δ 1.12 (s, 6H), 2.43 (s, 3H), 2.78 (s, 2H), 6.1 (br, OH), 6.83 (d,

J = 7.3 Hz, 1H), 6.93 (d, J = 7.7 Hz, 1H), 7.49 (dd, J = 7.7 Hz, J = 7.3 Hz, 1H); 13C NMR

(300 MHz, CDCl3): δ 24.14 (q), 29.33 (q), 48.14 (t), 70.49 (s), 120.84 (d), 121.07 (d), 136.88

(d), 157.03 (s), 159.01 (s);

9-[(6-Methyl-2-pyridinyl)methyl]-9H-fluoren-9-ol 2.3d

A solution of 2,6-lutidine 2.2 (0.5 g, 4.6 mmol) in 50 mL of THF was cooled to –60°C. n-

butyllithium (1.6 M in hexane, 2.9 mL, 4.6 mmol) was added and stirring was continued for

15 min. 9-Fluorenone (0.8 g, 4.6 mmol) in 5 mL of THF was added and stirring continued for

3h. After the addition of 2N NH4Cl the layers were separated. The water layer was extracted

with ethyl acetate. The combined organic layers were washed with brine and dried over

MgSO4. The product was obtained after column chromatography (silica, hexane/ethyl acetate

5:1) as a white solid (0.6 g, 2.1 mmol, 46%): mp 118-119°C; 1H NMR (300 MHz, CDCl3): δ
2.63 (s, 3H), 3.17 (s, 2H), 6.70 (d, J = 7.3 Hz, 1H), 6.97 (d, J = 7.3 Hz, 2H), 7.12 (t, J = 6.6

Hz, 3H), 7.28 (t, J = 7.3 Hz, 2H), 7.47 (t, J = 7.7 Hz, 1H), 7.59 (d, J = 7.7 Hz, 2H), 7.83 (br,

OH); 13C NMR (300 MHz, CDCl3): δ 24.23 (q), 45.50 (t), 81.80 (s), 119.67 (d), 121.61 (d),

121.66 (d), 123.66 (d), 127.32 (d), 128.34 (d), 137.23 (d), 138.91 (s), 148.99 (s), 157.02 (s),

158.59 (s).

2-({6-[(2-Hydroxy-2-adamantyl)methyl]-2-pyridinyl}methyl)-2-adamantanol 2.1b with

n-butyllithium.
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The monoadduct 2.3b (1.1 g, 4.3 mmol) was dissolved in 50 mL of THF and n-butyllithium

(1.6 M in hexane, 5.6 mL, 9.0 mmol) was added to deprotonate the starting material. The

mixture was stirred for 4 h before adamantanone (0.65 g, 4.33 mmol) in 5 mL of THF was

added. After stirring for 1h 1N HCl was added and after stirring for 30 min it was neutralized

with 2N NaOH. The solution was extracted with dichloromethane twice and the combined

organic layers were washed over brine and dried over MgSO4. After removal of the solvent

the product was recrystallized from ethanol yielding 2.1b as colorless needles (1.2 g, 3.0

mmol, 70%): mp 199-200°C; IR (KBr): 3500, 2850, 1610, 1600, 1450, 700 cm-1; 1H NMR

(300 MHz, CDCl3): δ 1.4-1.9 (m, 20H), 2.00 (m, 4H), 2.24 (m, 4H), 3.13 (s, 4H), 4.21 (s,

2OH), 7.07 (d, J = 7.7 Hz, 2H), 7.55 (t, J = 7.7 Hz, 1H); 13C NMR (300 MHz, CDCl3): δ
27.30 (d), 32.73 (t), 34.59 (t), 37.18 (d), 38.33 (t), 44.56 (t), 75.39 (s), 122.48 (d), 136.84 (d),

158.25 (s); HRMS calcd 407.282, found 407.282. Anal. Calcd for C27H37NO2: C, 79.56; H,

9.15; N, 3.44. Found C, 79.44; H, 9.10; N, 3.48.

Time dependent lithiations for 2.3b.

The monoadduct 2.3b (2.5 mmol) was dissolved in 50 mL of THF and cooled to the

temperature given in Table 1, n-butyllithium (1.6 M in hexane, 5.5 mmol) was added and the

mixture was stirred for the given time T1. Subsequently, adamantanone (2.5 mmol) in 5 mL

of THF was added. Stirring was continued for the given time T2 at the given temperature. The

mixture was quenched with 2N HCl, stirred for 30 min and neutralized with 2N NaOH. The

solution was extracted twice with dichloromethane and dried over MgSO4. The product

distribution given in Table 1 was determined by means of 1H NMR by comparison of the

integration of the signals for the methyl and CH group of the Cs-diol with the signal for the

CH2-groups of the C2-diol.

2-({6-[(2-Hydroxy-2-adamantyl)methyl]-2-pyridinyl}methyl)-2-adamantanol 2.7b

The monoadduct 2.3b (0.5 g, 2.0 mmol) was dissolved in 50mL of THF and cooled to 0°C. n-

Butyllithium (1.6 M in hexane, 2.6 mL, 4.2 mmol) was added by syringe and the mixture was

stirred for 45 sec. A solution of adamantanone (0.3 g, 2.1 mmol) in 2 mL of THF was added

at once. Stirring was continued for 1 h at 0°C and the mixture was quenched with 2N HCl,

stirred for 30 min at r.t. and neutralized with 2N NaOH. The solution was extracted twice

with dichloromethane and dried over MgSO4 .The product was purified by means of column

chromatography (silica, hexane/diethyl ether (9:1)) affording a colorless solid (0.42 g, 1.03

mmol, 52%): mp 194-195°C; IR (KBr):3372, 2931, 2898, 1594, 1572, 1456, 1057, 978 cm-1;
1H NMR (300 MHz, CDCl3): δ 0.86 (s, 2H), 1.21 (d, J = 12.2 Hz, 2H), 1.39 (d, J = 12.2 Hz,

2H) 1.48 (d, J = 9.3 Hz, 2H), 1.60 (m, 2H), 1.67 (m, 4H), 1.77-1.84 (m, 6H), 2.04 (d, J = 12.7

Hz, 2H), 2.23 (d, J = 12.7 Hz, 2H), 2.40 (m, 4H), 2.55 (s, 3H), 3.93 (s, 1H), 7.02 (d, J = 7.8

Hz, 1H), 7.07 (d, J = 7.8 Hz, 1H), 7.10 (s, 2OH), 7.48 (dd, J = 7.8 Hz, J = 7.8 Hz, 1H); 13C
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NMR (300 MHz, CDCl3): δ 26.54 (q), 26.96 (d), 32.90 (t), 32.96 (t), 34.24 (t), 35.07 (t),

36.75 (d), 37.61 (d), 38.03 (t), 47.90 (q), 80.15 (s), 120.97 (d), 123.56 (d), 136.01 (d), 157.31

(s), 160.84 (s); HRMS calcd 407.282; found 256 (-C10H15O), 238 (-C10H17O2). CI(NH3) gave

a molecular ion at m/e 408. Anal. Calcd for C27H37NO2: C, 79.37; H, 9.37; N, 3.43. Found C,

79.46; H, 9.28; N, 3.43.

2-[6-(2-Hydroxy-2,2-diphenylethyl)-2-pyridinyl]-1,1-diphenyl-1-ethanol 2.1a with n-

butyllithium 27

A solution of monoadduct 2.3a (1.0 g, 3.5 mmol) was stirred at 0°C and n-butyllithium (1.6

M in hexane, 4.6 mL, 7.4 mmol) was added. The mixture was stirred for 4 h and quenched by

the addition of benzophenone (0.64 g, 3.54 mmol). After stirring for 1 h 2N NH4Cl was

added and the mixture was extracted with dichloromethane twice. The combined organic

layers were washed with brine and dried over Mg2SO4. After removal of the solvent the C2-

diol was recrystallized from water/ethanol affording 2.1a as colorless crystals (1.1 g, 2.3

mmol, 67 %): 1H NMR (300 MHz, CDCl3): δ 3.61 (s, 4H), 5.17 (br, 2OH), 6.61 (d, J = 8.1

Hz, 2H), 7.2 (m, 21H); 13C NMR (300 MHz, CDCl3): δ 48.01 (t), 78.03 (s), 122.76 (d),

126.02 (d), 126.52 (d), 127.86 (d), 136.84 (s), 146.48 (d), 157.34 (s)

2-(6-Methyl-2-pyridinyl)-1,1,3,3-tetraphenyl-1,3-propanediol 2.7a

The monoadduct 2.3a (0.95 g, 3.29 mmol) was dissolved in 75 mL of dry THF and cooled to

0°C. Subsequently, n-butyllithium (1.6 M in hexane, 4.5 mL, 7.2 mmol) was added. The red

mixture was stirred for 1 min and a solution of benzophenone (0.60 g, 3.3 mmol) in 5 mL of

THF was added. Stirring was continued for another hour and the mixture was quenched with

2N NH4Cl and extracted twice with dichloromethane. The organic layers were combined and

dried over Na2SO4. After removal of the solvents by means of rotary evaporation the solid

mix of C2- and Cs-product was washed with hot diethyl ether to leave the C2-product after

filtration. The ether was removed affording the Cs-product which was recrystallized from

ethyl acetate/hexane (1:4) yielding a colorless solid (0.30 g, 0.64 mmol, 35%): mp146-

147°C; 1H NMR (300 MHz, CDCl3): δ 2.31 (s, 3H), 4.90 (s, 1H), 6.23 (d, J = 6.7 Hz,1H),

6.56 (d, J = 6.7 Hz, 1H), 6.7-6.8 (m, 9H), 6.9-7.0 (m, 4H), 7.2-7.3 (m, 8H), 8.48 (br, 2OH);
13C NMR (300 MHz, CDCl3): δ 23.88 (q), 56.81 (d), 82.35 (s), 120.10 (d), 125.61 (d), 125.94

(d), 126.09 (d), 126.59 (d),127.08 (d), 127.26 (d), 127.76 (d), 135.22 (d), 144.48 (s), 148.10

(d), 154.99 (s),159.91(s). HRMS calcd 471.220; no proper HRMS could be obtained CI(NH3)

gave a molecular ion at m/e 472. Anal. Calcd for C33H29NO2: C, 84.05; H, 6.20; N, 2.97.

Found C, 83.36; H, 6.21; N, 2.98.

1-[6-(2-Hydroxy-2-methylpropyl)-2-pyridinyl]-2-methyl-2-propanol 2.1c and with n-

butyllithium.
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The monoadduct 2.3c (0.78 g, 4.1 mmol) was dissolved in 50 mL of THF and cooled to 0°C.

n-Butyllithium (1.6 M in hexane, 5.4 mL, 8.6 mmol) was added and the mixture was stirred

for 3h before acetone (0.3 g, 5.1 mmol) was added. After stirring for another hour the mixture

was quenched with 2N NH4Cl and extracted twice with ethyl acetate. The combined organic

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

column chromatography (silica hexane/ethyl acetate (1:1)) yielding a colorless solid that was

recrystallized from hexane (0.6 g, 2.7 mmol, 65%). All spectroscopic data were in full

accordance with the literature.5b

2,4-Dimethyl-3-(6-methyl-2-pyridinyl)-2,4-pentanediol 2.7c.

The pyridine alcohol 2.3c (0.5 g, 2.4 mmol) was dissolved in 50 mL of THF and cooled to

0°C. n-Butyllithium (1.6 M in hexane, 3.1 mL, 5.0 mmol) was added and the mixture was

stirred for 2 min before acetone (0.23 g, 3.97 mmol) was added. The solution was stirred for

1h and quenched with 2N NH4Cl and extracted twice with ethyl acetate. The combined

organic layers were dried over MgSO4. After removal of the solvent the formed C2-diol was

crystallized from hexane and the Cs-diol remained in solution. After evaporation of the

mother liquor the Cs-diol was purified by means of column chromatography (silica,

hexane/ethyl acetate (2:1)) yielding a viscous oil (0.06 g, 0.23 mmol, 9%): 1H NMR (300

MHz, CDCl3): δ 1.01 (s, 6H), 1.40 (s, 6H), 2.48 (s, 3H), 2.70 (s, 1H), 5.3 (br, 2OH), 6.85 (d,

J = 7.7 Hz, 1H), 7.00 (d, J = 8.1 Hz, 1H), 7.45 (dd, J = 8.1 Hz, J = 7.7 Hz, 1H); 13C NMR

(300 MHz, CDCl3): δ 24.30 (q), 31.52 (q), 31.60 (q), 61.79 (d), 74.11 (s), 121.12 (d), 123.31

(d), 136.68 (d), 156.84 (s), 161.97 (s).

9-({6-[(9-Hydroxy-9H-fluoren-9-yl)methyl]-2-pyridinyl}methyl)-9H-fluoren-9-ol 2.1d

with n-butyllithium.

To a stirred solution of 2.3d (0.3 g, 1.0 mmol) in 50 mL of THF at 0°C was added n-

butyllithium (1.6 M in hexane, 1.4 mL, 2.2 mmol). The mixture was stirred for 3h and

subsequently 9-fluorenone (0.2 g, 1.1 mmol) in 5 mL of THF was added. The mixture was

stirred for 2h and quenched with 2N NH4Cl. The solution was extracted twice with ethyl

acetate and the combined organic layers were washed with brine and dried over MgSO4.

After column chromatography (silica hexane/ethyl acetate (2:1)) the solid was recrystallized

from ethyl acetate/hexane (1:5) yielding 2.1d as slightly yellow crystals (0.2 g, 0.4 mmol,

40%). All spectroscopic data were in full accordance with the literature.5b

Preparation of KDA28

To a stirred solution of potassium t-butoxide (0.90 g, 8.0 mmol) in 50 mL of THF was added

diisopropylamide (0.81 g, 8.0 mmol) and the mixture was cooled to –100°C. n-Butyllithium

(1.6 M in hexane, 5.0 mL, 8.0 mmol) was added over a period of 10 min and the solution was

stirred for 30 min before use.
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2-({6-[(2-Hydroxy-2-adamantyl)methyl]-2-pyridinyl}methyl)-2-adamantanol 2.1b with

KDA.

The monoadduct 2.3b (0.5 g, 1.9 mmol) was dissolved in 25 mL of THF and cooled to –

50°C. A freshly prepared potassium-diisopropylamide solution (0.16 M in THF, 4.0 mmol,

25 mL) was added by canula. Stirring was continued for 15 min before adamantanone (0.3 g,

2.0 mmol) in 5 mL of THF was added. After 1 h the mixture was quenched with 2N NH4Cl,

extracted with dichloromethane twice and dried over MgSO4. After filtration the solvents

were removed under reduced pressure to obtain 2.1b as a solid that was recrystallized from

ethanol yielding colorless needles (0.75 g, 1.8 mmol, 95%). All spectroscopic data were in

accordance with the data found previously.

2-[6-(2-Hydroxy-2,2-diphenylethyl)-2-pyridinyl]-1,1-diphenyl-1-ethanol 2.1a with KDA

To a stirred solution of the monoadduct 2.3a (0.52 g, 1.80 mmol) in 50 mL of THF at –70°C

was added a freshly prepared solution of KDA (0.25 M in THF, 14.8 mL, 3.7 mmol). The red

solution was stirred for 15 min and benzophenone (1.81 g, 0.33 mmol) in 5 mL of THF was

added. Stirring was continued for 1h allowing the reaction mixture to reach –10°C, and it was

quenched with 2N NH4Cl. The product was isolated by extraction with dichloromethane

twice. The organic layers were washed with brine and dried over Na2SO4. After removal of

the solvents the product was recrystallized from water/ethanol affording 2.1a as colorless

crystals (0.76 g, 1.62 mmol, 90 %). All experimental data were in accordance with the data

reported above.

1-[6-(2-Hydroxy-2-methylpropyl)-2-pyridinyl]-2-methyl-2-propanol 2.1c with KDA.

To a stirred solution of monoadduct 2.3c (0.47 g, 2.85 mmol) in 25 mL of THF at –60°C was

added KDA (0.57M in THF, 12.5 mL, 7.13 mmol). The mixture was stirred at this

temperature for 15 min and cooled to –80°C. Acetone (0.33 g, 5.7 mmol) was added and

stirring remained for 1 h allowing the mixture to reach ambient temperature. The reaction

mixture was quenched with 2N NH4Cl and extracted twice with ethyl acetate. The combined

organic layers were washed with brine and dried with MgSO4. Column chromatography

(silica hexane/ethyl acetate (1:1)) afforded 2.1c as a colorless solid (0.45 g, 2.0 mmol, 71%).

All experimental data were in accordance with the data reported above.

9-({6-[(9-Hydroxy-9H-fluoren-9-yl)methyl]-2-pyridinyl}methyl)-9H-fluoren-9-ol 2.1d

with KDA. To a solution of 2.3d (0.50 g, 1.7 mmol) in 25 mL of THF at –60°C was added

KDA (0.57M in THF, 7.6 mL, 4.4 mmol). After stirring for 30 min the mixture was cooled to

–80°C and fluorenone (0.31 g, 1.7 mmol) was added. Stirring remained at –80°C for 1 h and

subsequently allowed to reach ambient temperature overnight. The reaction mixture was

quenched with 2N NH4Cl and extracted twice with ethyl acetate. The combined organic
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layers were washed with brine and dried with MgSO4. Column chromatography (silica

hexane/ethyl acetate (2:1)) afforded 2.1d as slightly yellow crystals (0.58 g, 1.2 mmol, 75%).

All experimental data were in accordance with the data reported above.

1,1-Diphenyl-2-(2-pyridinyl)-1-ethanol 2.11a

To a solution of 2-picoline 2.10 (3.9 g, 42 mmol) in 100 mL of THF at –60°C was added n-

butyllithium (1.6 M in hexane, 26.3 mL, 42.1 mmol) and the mixture was stirred for 30 min.

A solution of benzophenone (7.6 g, 42 mmol) in 10 mL of THF was added. Stirring was

continued for 1h allowing the mixture to reach ambient temperature. The mixture was

quenched with 2N NH4Cl, extracted twice with ethyl acetate and the combined organic layers

were dried over MgSO4. The product was recrystallized from ethanol yielding a colorless

solid (10.8 g, 39.4 mmol, 94 %): mp 155-156°C; IR (KBr): 3200, 3000, 1600, 1580, 1450,

1100, 850, 800, 700 cm-1; 1H NMR (300 MHz, CDCl3): δ 3.70 (s, 2H), 7.05 (m, 2H), 7.14 (m,

2H), 7.24 (t, J = 8.1 Hz, 4H), 7.47 (m, 5H), 7.74 (br, OH), 8.37 (d, J = 4.4 Hz, 1H); 13C NMR

(300 MHz, CDCl3): δ 46.89 (t), 78.27 (s), 121.37 (d), 124.52 (d), 126.09 (d), 126.32 (d),

127.77 (d),136.76 (d), 147.11 (s), 147.81 (d), 159.17 (s). HRMS calcd 275.131; found

275.132 Anal. Calcd for C19H17NO: C, 82.88; H, 6.22; N, 5.09. Found C, 82.37; H, 6.23; N,

5.05.

2-(2-Pyridinylmethyl)-2-adamantanol 2.11b

2-picoline 2.10 (0.93 g, 10.0 mmol) was dissolved in 75 mL of THF and cooled to –60°C.

Subsequently, n-butyllithium (1.6 M in hexane, 6.9 mL, 11 mmol ) was added and stirring

was continued for 30 min. Adamantanone (1.65 g, 11.0 mmol) in 5mL of THF was slowly

added and the reaction mixture was stirred for 1 h. After the reaction was quenched with 2N

NH4Cl the solution was extracted twice with ethyl acetate and the combined organic layers

were dried over MgSO4. The product was purified by means of column chromatography

(silica, hexane/diethyl ether (3:1)) yielding 2.11b as a colorless solid (1.82 g, 7.4 mmol,

74%): mp 87-88°C; IR (KBr): 3300, 2900, 1600, 1590, 1400, 950, 800 cm-1; 1H NMR (300

MHz, CDCl3): δ 1.4-2.0 (m, 12H), 2.33 (d, J =11.0 Hz, 2H), 3.14 (s, 2H), 6.05 (br, OH), 7.15

(m, 2H), 7.61 (t, J = 7.7 Hz, 1H), 8.50 (d, J = 5.5 Hz, 1H); 13C NMR (300 MHz, CDCl3): δ
27.31 (d), 27.36 (d), 32.70 (t), 34.59 (t), 37.18 (d), 38.36 (t), 43.57 (t), 75.37 (s), 121.25 (d),

124.39 (d), 136.59 (d), 148.33 (d), 159.59 (s); HRMS calcd 243.162, found 243.163. Anal.

Calcd for C16H21NO: C, 78.97; H, 8.70; N, 5.76. Found: C, 78.95; H, 8.79; N, 5.81.

2-Methyl-1-(2-pyridinyl)-2-propanol 2.11c

To a stirred solution of 2-picoline 2.10 (0.7 g, 7.4 mmol) in 50 mL of THF at –50°C was

added n-butyllithium (1.6 M in hexane, 5.0 mL, 8.1 mmol) followed by the addition of

acetone after stirring for 15 min. Stirring was continued for 15 min and the solution was
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quenched with NH4Cl, extracted with ethyl acetate twice. The combined organic layers were

washed with brine and dried over MgSO4. The product was obtained after distillation by

means of kugelrohr (60°C, 0.05 mm Hg) affording 2.11c (0.85 g, 5.63 mmol, 76 %). 1H

NMR (300 MHz, CDCl3): δ 1.14 (s, 6H), 2.84 (s, 2H), 5.6 (br, OH), 7.05 (d, J = 8.1 Hz, 1H),

7.10 (m, 1H), 7.55 (t, J = 8.1 Hz, 1H), 8.42 (d, J = 4.4 Hz, 1H); 13C NMR (300 MHz, CDCl3):

δ 29.33 (q), 48.48 (t), 70.55 (s), 121.32 (d), 124.23 (d), 136.61 (d), 148.23 (d), 159.82 (s)

9-({6-[(9-Hydroxy-9H-fluoren-9-yl)methyl]-2-pyridinyl}methyl)-9H-fluoren-9-ol 2.11d

2-picoline 2.10 (1.38 g, 14.8 mmol) was dissolved in 75 mL of THF and cooled to –60°C. n-

Butyllithium (1.6 M in hexane, 9.3 mL, 15 mmol) was added and the mixture was stirred for

15 min before a solution of 9-fluorenone (2.7 g, 15 mmol) in 15 mL of THF was added. The

mixture was allowed to reach r.t. overnight. After addition of 50 mL 2N NH4Cl the mixture

was extracted twice with ethyl acetate. The combined organic layers were washed with brine

and dried over MgSO4. After column chromatography (silica, hexane/ethyl acetate (3:1))

2.11d was isolated as a white solid (3.44 g, 12.6 mmol, 85%). mp 87-88°C; 1H NMR (300

MHz, CDCl3): δ 3.22(s, 2H), 6.89 (d, J = 7.7 Hz,1H), 6.96 (d, J = 7.7 Hz, 2H), 7.11 (t, J = 7.7

Hz, 2H), 7.27 (m, 3H), 7.35 (br, OH), 7.59 (m, 3H), 8.61 (d, J = 4.4 Hz, 1H); 13C NMR (300

MHz, CDCl3): δ 45.71 (t), 81.80 (s), 119.67 (d), 122.05 (d), 123.65 (d), 124.73 (d), 127.34

(d), 128.39 (d), 136.92 (d), 138.90 (s), 147.94 (d), 148.83 (s), 159.20 (s).

1,1,3,3-Tetraphenyl-2-(2-pyridinyl)-1,3-propanediol 2.12a

To a solution of the monoadduct 2.11a (1.0 g, 3.6 mmol) in 50 mL of THF at r.t. was added

n-butyllithium (1.6 M in hexane, 4.8 mL, 7.7 mmol). The mixture was stirred for 15 min and

benzophenone (0.66 g, 3.63 mmol) in 5 mL of THF was added. The mixture was stirred

overnight. The mixture was quenched with 2N NH4Cl and extracted with dichloromethane

the organic layer was dried over MgSO4. The mixture was concentrated and the solid was

washed with hot methanol and recrystallized from ethyl acetate/hexane yielding a colorless

solid (0.55 g, 1.20 mmol, 33%): mp 143-144°C; 1H NMR (300 MHz, CDCl3): δ 5.02 (s, 1H),

6.53 (d, J = 7.7 Hz,1H), 6.8-7.1 (m, 14H), 7.3 (m, 8H), 8.21 (d, J = 4.8 Hz, 1H), 8.27 (br,

2OH); 13C NMR (300 MHz, CDCl3): δ 57.02 (d), 82.41 (s), 120.69 (d), 125.67 (d), 125.75

(d), 125.96 (d), 126.63 (d),127.13 (d), 127.34 (d), 127.87 (d), 134.86 (d), 144.48 (s), 146.27

(d), 148.07 (s),160.90 (s). HRMS calcd 457.204; no proper HRMS could be obtained.

CI(NH3) gave molecular ions at m/e 183 and 276. Anal. Calcd for C32H27NO2: C, 84.00; H,

5.95; N, 3.06. Found C, 83.87; H, 5.99; N, 3.11.

2-[(2-Hydroxy-2-adamantyl)(2-pyridinyl)methyl]-2-adamantanol 2.12b

A solution of n-butyllithium (1.6 M in hexane, 6.3 mL, 10 mmol) was added to a stirred

solution of monoadduct 2.11b (1.2 g, 5.0 mmol) in 75 mL of THF at 0°C. Stirring was
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continued for 30 min and adamantanone (0.77 g, 5.13 mmol) in 5 mL of THF was added. The

mixture was stirred for another hour and quenched with 2N NH4Cl. The solution was

extracted twice with dichloromethane, the combined organic layers were dried over MgSO4.

After concentration of the solution the solid was washed with hot hexane leaving 2.12b as a

white solid (0.51 g, 1.30 mmol, 26%): mp 183-184°C; IR (KBr): 3400, 2950, 1650, 1630,

1450, 1100, 750 cm-1; 1H NMR (300 MHz, CDCl3): δ 0.82 (s, 2H), 1.21 (m, 3H), 1.46 (m,

4H) 1.6-1.9 (m, 13H), 2.05 (d, J = 12.1 Hz, 2H), 2.23 (d, J = 12.1 Hz, 2H), 2.44 (m, 4H), 3.98

(s, 1H), 6.82 (s, 2OH), 7.19 (m, 1H), 7.28 (d, J = 8.1 Hz, 1H), 7.59 (m, 1H), 8.59 (d., J = 5.1

Hz, 1H); 13C NMR (300 MHz, CDCl3): δ 26.59 (d), 27.03 (d), 32.90 (t), 32.97 (t), 34.28 (t),

35.17 (t), 36.90 (d), 37.72 (d), 38.06 (t), 47.98 (d), 80.33 (s), 121.46 (d), 126.47 (d), 136.05

(d), 148.68 (d), 161.85 (s); HRMS calcd 393.267; no proper HRMS could be obtained.

CI(NH3) gave a molecular ion at m/e 394. Anal. Calcd for C26H35NO2: C, 79.35; H, 8.96; N,

3.56. Found C, 78.90; H, 9.09; N, 3.64.

2,4-Dimethyl-3-(2-pyridinyl)-2,4-pentanediol 2.12c

To a stirred solution of 2.11c (0.36 g, 2.38 mmol) in 50 mL of THF at –30°C was added n-

butyllithium (1.6 M in hexane, 3.0 mL, 4.9 mmol). The solution was stirred for 30 min and

acetone (0.17 g, 2.93 mmol) was added. After stirring for 1 h the mixture was quenched with

2N NH4Cl. The solution was extracted twice with ethyl acetate and the combined organic

layers were dried over MgSO4. The starting material was removed by means of kugelrohr

distillation (80°C, 0.05 mm Hg) and the residue was purified by means of column

chromatography (silica, hexane/ethyl acetate (1:1)) affording 2.12c as a colorless oil (0.15 g,

0.72 mmol, 30%): 1H NMR (300 MHz, CDCl3): δ 1.00 (s, 6H), 1.37 (s, 6H), 2.74 (s, 1H) 5.11

(br, 2OH), 7.05 (d, J = 7.7 Hz, 1H), 7.13 (m, 1H), 7.58 (dd, J = 7.7 Hz, J = 7.7 Hz, 1H), 8.45

(d., J = 4.0 Hz, 1H); 13C NMR (300 MHz, CDCl3): δ 31.35 (q), 31.58 (q), 62.15 (d), 74.22

(s), 121.63 (d), 126.33 (d), 136.45 (d), 147.92 (d), 162.68 (s); HRMS: calcd. 209.141; found

209.141. Anal. calcd. for C12H19NO2: C 68.85, H 9.16, N 6.70; found C 68.65, H 9.09, N

6.41.

(1R,2S)-1,7,7-Trimethyl-2-[(6-methyl-2-pyridinyl)methyl]bicyclo[2.2.1]heptan-2-ol 2.3e

To a solution of 2,6-lutidine 2.2 (6.0 g, 56 mmol) in 250 mL of THF at –60°C was added n-

butyllithium (1.6 M in hexane, 38.5 mL, 61.6 mmol). The mixture was stirred at –60°C for 30

min and (R)-(+)-camphor (8.5 g, 56 mmol) in 20 mL of THF was added. Stirring was

continued for 1 h at –60°C. The mixture was quenched with 1N HCl, stirred for 30 min and

neutralized with 2N NaOH. The solution was extracted with ethyl acetate twice and the

combined organic layers were washed with brine and dried over MgSO4. After removal of the

solvents in vacuo the product was purified by means of Kugelrohr distillation (75°C, 0.4 mm

Hg) yielding 2.3e as a colorless solid (13.0 g, 50.1 mmol, 90%): mp 38-39°C; [α]23
D –28.7 (c
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1.5, acetone); IR (KBr): 3300, 3000, 1610, 1600, 1450, 1100, 830, 800 cm-1; 1H NMR (300

MHz, CDCl3): δ 0.45 (s, 3H), 0.76 (s, 3H), 1.05 (m, 1H), 1.07 (s, 3H), 1.30 (m, 1H), 1.41 (m,

2H), 1.63 (m, 2H), 1.98 (m, 1H), 2.44 (s, 3H), 2.88 (s, 2H), 6.65 (br, OH), 6.91 (d, J = 7.7

Hz, 1H), 6.94 (d, J = 7.7 Hz, 1H), 7.45 (dd, J = 7.7 Hz, J = 7.7 Hz, 1H); 13C NMR (300 MHz,

CDCl3): δ 11.14 (q), 20.90 (q), 21.34 (q), 24.15 (q), 27.10 (t), 30.69 (t), 44.88 (t), 47.36 (d),

49.48 (s), 52.23 (s), 81.07 (s), 120.83 (d), 121.11 (d), 136.94 (d), 156.81 (s), 159.67 (s).

HRMS calcd 259.194; found 259.194 Anal. Calcd for C17H25NO: C, 78.72; H, 9.71; N, 5.40.

Found C, 78.75; H, 9.78; N, 5.54.

(1R,2S)-2-[(6-{[(1R,2S)-2-Hydroxy-1,7,7-trimethylbicyclo[2.2.1]hept-2-yl]methyl}-2-

pyridinyl)methyl]-1,7,7-trimethylbicyclo[2.2.1]heptan-2-ol 2.1e with n-butyllithium

The monoadduct 2.3e (1.0 g, 3.9 mmol) was dissolved in 50 mL of THF and cooled to –

40°C. n-Butyllithium (1.6 M in hexane, 2.6 mL, 4.2 mmol) was added and the mixture was

stirred for 3 h at –40°C. After cooling to –60°C (R)-(+)-camphor (0.59 g, 3.88 mmol) in 5 mL

of THF was added and stirring was continued overnight allowing the mixture to reach

ambient temperature. The mixture was quenched with 2N NH4Cl and extracted with

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

MgSO4. The product was purified by means of column chromatography (SiO2, hexane/diethyl

ether (9:1)) yielding 2.1e as a colorless solid, which was recrystallized from ethanol/water

(2:1) (0.95 g, 2.31 mmol, 60%): mp 124-125°C; [α]23
D –98.8 (c 2.5, acetone); IR (KBr):

3450, 3000, 1630, 1620, 1500, 1060, 850 cm-1; 1H NMR (300 MHz, CDCl3): δ 0.51 (s, 6H),

0.77 (s, 6H), 1.04 (s, 6H), 1.10 (m, 2H), 1.44 (m, 6H), 1.68 (m, 4H), 1.94 (m, 2H), 2.91 (s,

4H), 4.44 (br, 2OH), 7.04 (d, J = 7.7 Hz, 2H), 7.49 (t, J = 7.7 Hz, 1H); 13C NMR (300 MHz,

CDCl3): δ 10.83 (q), 20.93 (q), 21.37 (q), 27.05 (t), 30.58 (t), 44.93 (t), 45.77 (t), 46.83 (d),

49.35 (s), 52.46 (s), 80.81 (s), 122.50 (d), 137.16 (d), 159.14 (s). HRMS calcd 411.314; found

411.314. Anal. Calcd for C27H41NO2: C, 78.78; H, 10.04; N, 3.40. Found C, 78.64; H, 9.82;

N, 3.42.

(1R,2S)-1,7,7-Trimethyl-2-(2-pyridinylmethyl)bicyclo[2.2.1]heptan-2-ol 2.11e

n-Butyllithium (1.6 M in hexane, 21.8 mL, 35 mmol) was added to a stirred solution of 2-

methylpyridine 2.10 (3.24 g, 34.8 mmol) in 75 mL of THF at –60°C. After stirring for 30 min

a solution of (R)-(+)-camphor (5.4 g, 35 mmol) in 5 mL of THF was added by syringe.

Stirring was continued for 3 h allowing the mixture to reach rt. The mixture was quenched

with 2N NH4Cl and extracted twice with ethyl acetate, after which the combined organic

layers were washed with brine and dried over MgSO4. After removal of the solvent, the

product was purified by Kugelrohr distillation (120°C, 0.1 mmHg) yielding 2.11e as a

colorless oil (6.18 g, 25.2 mmol, 72%): [α]23
D -15.9 (c 0.6, acetone); IR (KBr): 3300, 2950,

1650, 1630, 1450, 1050, 800, 500 cm-1; 1H NMR (300 MHz, CDCl3): δ 0.48 (s, 3H), 0.81 (s,
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3H), 0.98 (d, J = 13.2 Hz, 1H), 1.09 (m, 1H), 1.11 (s, 3H), 1.41 (m, 3H), 1.70 (m, 2H), 2.06

(d, J = 13.2 Hz, 1H), 2.91 (s, 2H), 6.31 (br, OH), 7.17 (m, 2H), 7.61 (t, J = 7.7 Hz, 1H), 8.45

(d, J = 4.0 Hz, 1H); 13C NMR (300 MHz, CDCl3): δ 11.04 (q), 20.88 (q), 21.27 (q), 27.07 (t),

30.64 (t), 44.85 (d), 45.08 (t), 47.29 (t), 49.43 (s), 52.81 (s), 81.07 (s), 121.30 (d), 124.23 (d),

136.66 (d), 147.84 (d), 160.40 (s). HRMS calcd 245.178; found 245.178 Anal. Calcd for

C16H23NO: C, 78.32; H, 9.45; N, 5.71. Found C, 78.33; H, 9.54; N, 5.44.

Reaction of 2.11e with n-butyllithium and benzophenone to obtain 2.11a

To a stirred solution of 2.11e (0.65 g, 2.65 mmol) in 50 mL of THF at –60°C was added n-

butyllithium (1.6 M in hexane, 3.5 mL, 5.6 mmol) followed after 5 min by the addition of

benzophenone (0.49 g, 2.69 mmol). The mixture was stirred for 1h allowing to reach ambient

temperature and quenched with 2N NH4Cl. The solution was extracted with dichloromethane

twice and the organic layers were washed with brine and dried over Na2SO4. After removal of

the solvent the product 2.11a and the starting material 2.11e were separated by means of

crystallization from hexane from which the benzophenone adduct 2.11a crystallizes as

colorless needles (0.29 g, 1.05 mmol, 40%): All experimental data were in accordance with

the data reported above.

(1R,2S)-2-[(6-{[(1R,2S)-2-Hydroxy-1,7,7-trimethylbicyclo[2.2.1]hept-2-yl]methyl}-2-

pyridinyl)methyl]-1,7,7-trimethylbicyclo[2.2.1]heptan-2-ol 2.1e with KDA

Monoadduct 2.3e (0.5 g, 1.9 mmol) was dissolved in 50 mL of THF and a solution of KDA

(0.16 M in THF, 25 mL, 4.0 mmol) was added at –50°C. After stirring for 15 min a solution

of (R)-(+)-camphor (0.3 g, 2.0 mmol) in 5 mL of THF was added. Stirring was continued for

2h while the solution was allowed to reach ambient temperature. The mixture was quenched

with 2N NH4Cl and extracted twice with dichloromethane. The combined organic layers were

washed with brine and dried over MgSO4. The product was recrystallized from ethanol/water

(2:1) (0.75 g, 1.82 mmol, 95%).

Crystal Structure of 2.1e

Crystal Data: Formula: C27H41NO2, M = 411.63, The crystal, used for characterization and

data collection, was a parallelepiped of approximate size 0.10 x 0.40 x 0.52 mm. Monoclinic,

P21, a = 7.116(1), b = 27.467(2), c = 12.467(1) Å, β= 97.167(7)°, V = 2417.7(4) Å, Z = 4, Dx

= 1.131 g cm-1, λ(MoKα
_

) = 0.71073 Å, µ  = 0.70 cm , F(000) = 904. Data collection: The

data were collected on an Enraf-Nonius CAD-4F diffractometer (Mo tube, 50 kV, 40 mA,

monochromated Mo-Kα radiation, ∆ω = 1.00 + 0.34 tg θ); T = 130 K, range 17.92° < θ <

20.15°, reflections collected: 5113 independent reflections 4693. 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
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anisotropically by full-matrix least squares based on F2 (SHELXL); data/parameters

4693/869 ; R(F) = 0.0421 [Fo ≥ 4.0 σ(Fo)], wR(F2) = 0.1107 [F2>0]; absolute-structure

parameters; maximal residual electron density (±0.24(5) e/Å3). The program PLATON has

been used for graphical representations of the crystal structure.

Table 2.3 : Interatomic distances and selected bond angles for compound 2.1e.

Interatomic Distances (Å)
O(1)a -C(7) 1.441(4)b C(6) -C(7) 1.557(4)
O(2) -C(18) 1.438(4) C(17) -C(18) 1.541(4)
N(1) -C(1) 1.336(4) H(61) -O(1) 0.839
N(1) -C(5) 1.361(4) H(62) -O(2) 0.791
C(1) -C(17) 1.513(4) H(61) -N(1) 2.022
C(5) -C(6) 1.495(4) H(62) -N(1) 2.110

Bond Angles (deg.)
C(1)a -N(1) -C(5) 120.0(2) C(1) -C(17) -C(18) 115.6(2)
N(1) -C(1) -C(17) 115.4(2) O(2) -C(18) -C(17) 107.6(2)
C(2) -C(1) -C(17) 122.7(3) O(2) -C(18) -C(19) 107.8(2)
N(1) -C(5) -C(6) 115.9(2) O(2) -C(18) -C(23) 111.8(2)
C(4) -C(5) -C(6) 123.8(3) C(17) -C(18) -C(19) 110.6(2)
C(5) -C(6) -C(7) 116.1(2) C(17) -C(18) -C(23) 116.5(2)
O(1) -C(7) -C(6) 106.9(2) H(61) -O(1) –C(7) 107.12
O(1) -C(7) -C(8) 107.9(2) H(62) -O(2) –C(18) 108.92
O(1) -C(7) -C(12) 111.2(2) O(1) -H(61) -N(1) 145.52
C(6) -C(7) -C(8) 110.6(2) O(2) -H(62) -N(1) 148.13
C(6) -C(7) -C(12) 116.5(2)
a The numbering for the crystal data does not follow the numbering used in nomenclature.
b Standard deviation in parentheses.

(1R,2RS)-1,3,3-Trimethyl-2-[(6-methyl-2-pyridinyl)methyl]bicyclo[2.2.1]-heptan-2-ol

2.3f

2,6-Lutidine 2.2 (1.0 g, 0.9 mmol) in 50 mL of THF was lithiated with n-butyllithium (1.6 M

in hexane, 6.2 mL, 10 mmol) at –60°C. After stirring for 10 min (R)-(-)-fenchone (1.4 g, 9.2

mmol) in 5 ml of THF was added and stirring was continued for 1h. Workup was done with

NH4Cl and ethyl acetate yielding 2.3f as a mixture of the exo and endo isomers (1.9 g, 7.3

mmol, 79%): 1H NMR (300 MHz, CDCl3): δ 0.67 (s, 3H), 0.76 (s, 3H), 0.86 (s, 3H), 0.90(s,

3H), 0.99 (s, 3H), 1.05 (s, 3H), 1.1-1.8 (m, 12H), 2.1-2.3 (m, 2H), 2.47 (s, 6H), 2.85 (d, J =

15.6, 2H), 2.95 (s, 2H), 3.03 (d, J = 15.6, 2H), 6.95 (m, 4H), 7.5 (m, 4H).

(1R, 2R)-1,3,3-Trimethyl-2-(2-pyridinylmethyl)bicyclo[2.2.1]heptan-2-ol 2.11f

To a stirred solution of 2-picoline 2.10 (1.0 g, 11 mmol) in 50 mL of THF at –50 °C, was

added n-butyllithium (6.9 mL, 11 mmol) after stirring for 15 min. (R)-(-)-fenchone (1.7 g, 11
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mmol) in 5 ml of THF was added and stirring continued for 1h. The mixture was quenched

with NH4Cl and extracted twice with ethyl acetate. The combined organic layers were

washed with brine and dried over MgSO4. The solvents were evaporated yielding a mixture

of the endo and exo isomers en a ratio of 3:2. The exo isomer was selectively crystallized

from hexane at –20 °C (1.3 g, 5.4 mmol, 50%): mp 113-114°C; 1H NMR (300 MHz, CDCl3):

δ 0.62 (s, 3H), 0.85 (s, 3H), 0.92 (m, 1H), 1.01 (s, 3H), 1.09 (d, J = 10.3 Hz, 1H), 1.34 (m,

1H), 1.52 (m, 1H), 1.64 (m, 1H), 1.71 (m, 1H), 2.18 (m, 1H), 2.94 (dd, J = 34.4 Hz, J = 15.7

Hz, 2H), 7.06 (m, 2H), 7.52 (t, J = 7.7 Hz, 1H), 8.33 (d, J = 4.4 Hz, 1H); 13C NMR (300

MHz, CDCl3): δ 17.86 (q), 23.13 (q), 25.37 (t), 28.15 (q), 29.38 (t), 40.77 (t), 41.84 (t), 44.66

(s), 50.11 (t), 52.62 (s), 82.07 (s), 120.83 (d), 124.15 (d), 136.63 (d), 147.03 (d), 162.83 (s).

HRMS calcd 245.178; found 245.178. Anal. Calcd for C16H23NO: C, 78.32 H, 9.45; N, 5.71.

Found C, 78.29; H, 9.44; N, 62.

Dichloro[(6-methyl-2-pyridinyl)methyl]cerium 2.17

To a stirred solution of 2,6-lutidine 2.2 (0.1M solution in THF, 10 mL, 1.0 mmol) at –70°C

was added n-butyllithium (0.63 mL, 1.0 mmol). After stirring for 15 min this solution was

added to CeCl3·THF19 (0.1M solution in THF, 10 mL, 1.0 mmol) at –70°C. The solution was

stirred for 1 h at –50°C and used as such for the addition reactions to ketones.

General Procedure for addition of 2.17 to ketones

To a stirred solution of 2.17 (0.05M solution in THF, 20 mL, 1.0 mmol) at –70°C was added

a solution of the ketone (1.0 mmol) in 2 mL of THF. Stirring was continued for 3 h after

which the solution was quenched with NH4Cl and extracted with ethyl acetate twice. The

combined organic layers were washed with brine and dried over MgSO4.

(1R,2RS)-1,3,3-Trimethyl-2-[(6-methyl-2-pyridinyl)methyl]bicyclo[2.2.1]-heptan-2-ol

2.3f with CeCl3·THF

According to the above general procedure starting from 2.17 (0.05 M solution in THF, 22

mL, 1.1 mmol) and (R)-(-)-fenchone (0.17 g, 1.12 mmol) giving a mixture of endo and exo

isomers 2.3f in a ratio of 4:1 (0.15 g, 0.58 mmol, 54 %).

(1RS,2S,5R)-2-Isopropyl-5-methyl-1-[(6-methyl-2-pyridinyl)methyl]-cyclohexanol 2.3g

To a solution of 2,6-lutidine 2.2 (0.7 g, 6.5 mmol) in 50 mL of THF at –60°C was added n-

butyllithium (1.6 M in hexane, 4.1 mL, 6.5 mmol). After stirring for 10 min (-)-menthone

(1.0 g, 6.5 mmol) in 5 mL of THF was added. Stirring was continued for 1 h at –60°C before

the mixture was quenched with NH4Cl and extracted with ethyl acetate. The organic layer

was washed with brine and dried over MgSO4. The cis and trans products in the mixture with

a ratio of 2:1 were separated by means of column chromatography (silica, hexane/diethyl

ether 10:1) yielding the pure isomers.
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trans-2.3g (0.5 g, 2.0 mmol, 30%): mp 60-62°C; [α]23
D + 67 °(c 0.8, acetone); 1H NMR (500

MHz, CDCl3): δ 0.72 (d, J = 6.5 Hz, 3H), 0.87 (d, J = 7.0 Hz, 1H), 0.91 (m, 2H), 1.03 (d, J =

7.0 Hz, 3H), 1.25 (m, 2H), 1.33 (m, 1H), 1.37 (m, 1H), 1.67 (m, 1H), 1.73 (m, 1H), 2.44 (dq,

J = 7.0 Hz, J = 7.0 Hz, 1H), 2.52 (s, 3H), 2.94 (dd, J = 14.0 Hz, J = 14.0 Hz, 2H), 6.91 (d, J =

7.5 Hz, 1H), 7.01 (d, J = 7.8 Hz, 1H), 7.51 (dd, J = 7.0 Hz, J = 7.8 Hz, 1H); 13C NMR (300

MHz, CDCl3): δ 19.20 (q), 22.26 (q), 23.39 (t), 24.76 (q), 24.78 (q), 30.30 (d), 35.04 (t),

38.86 (t), 47.81 (t), 51.89 (d), 75.55 (s), 120.77 (d), 121.19 (d), 136.94 (d), 157.34 (s), 159.35

(s). HRMS calcd 261.209; found 261.209. Anal. Calcd for C17H27NO: C, 78.11 H, 10.41; N,

5.36. Found C, 78.12; H, 10.57; N, 5.12.

cis-2.3g (1.0 g, 3.8 mmol, 59%): mp 64-66°C; [α]23
D – 121° (c 0.6, acetone); 1H NMR (300

MHz, CDCl3): δ 0.67 (d, J = 6.2 Hz, 3H), 0.75 (m, 2H), 0.88 (d, J = 6.9 Hz, 3H), 0.94 (d, J =

6.9 Hz, 3H), 1.05 (m, 1H), 1.15 (m, 1H), 1.52 (m, 2H), 1.67 (m, 2H), 2.19 (dq, J = 6.9 Hz, J

= 6.9 Hz, 1H), 2.44 (d, J = 3.9, 1H), 2.45 (s, 3H), 3.31 (d, J = 13.9 Hz, 1H), 6.84 (d, J = 7.3

Hz, 1H), 6.93 (d, J = 7.7 Hz, 1H), 7.44 (dd, J = 6.9 Hz, J = 7.7 Hz, 1H); 13C NMR (300 MHz,

CDCl3): δ 18.04 (q), 20.84 (t), 22.37 (q), 23.78 (q), 24.23 (q), 26.19 (d), 27.65 (d), 35.35 (t),

46.10 (t), 47.44 (t), 51.13 (d), 74.74 (s), 120.57 (d), 121.46 (d), 136.76 (d), 157.10 (s), 159.92

(s). HRMS calcd 261.209; found 261.209 Anal. Calcd for C17H27NO: C, 78.11 H, 10.41; N,

5.36. Found C, 78.04; H, 10.39; N, 5.49.

(1R,2S,5R)-1-[(6-{[(1R,2S,5R)-1-Hydroxy-2-isopropyl-5-methylcyclohexyl]methyl}-2-

pyridinyl)methyl]-2-isopropyl-5-methylcyclohexanol cis-cis-2.1g

The monoadduct cis-2.3g (0.65 g, 2.49 mmol) was dissolved in 50 mL of THF and cooled to

0°C, n-butyllithium (1.6 M in hexane, 3.4 mL, 5.4 mmol) was added and the mixture was

stirred for 5 min. (-)-Menthone (0.39 g, 2.53 mmol) in 3 mL of THF was added and the

mixture was stirred overnight. The mixture was quenched with NH4Cl and extracted twice

with dichloromethane. The combined organic layers were dried over Na2SO4. After

concentration in vacuo the solid was crystallized from water/ethanol affording cis-cis-2.1g as

a colorless solid (0.4 g, 1.0 mmol, 40%): mp 125-126°C; [α]23
D – 109 °(c 1.3, acetone); 1H

NMR (300 MHz, CDCl3): δ 0.67 (d, J = 6.4 Hz, 6H), 0.8 (m, 4H), 0.89 (d, J = 6.9 Hz, 6H),

0.94 (d, J = 6.6 Hz, 6H), 1.05 (m, 2H), 1.4-1.8 (m, 10H), 2.20 (m, 2H), 2.49 (d, J = 13.2 Hz,

2H), 3.32 (d, J = 13.2 Hz, 2H), 3.75 (br, 2OH), 6.99 (d, J = 7.7 Hz, 2H), 7.50 (t, J = 7.7 Hz,

1H); 13C NMR (300 MHz, CDCl3): δ 18.07 (q), 20.80 (t), 22.26 (q), 23.73 (q), 26.05 (d),

27.63 (d), 35.11 (t), 47.10 (t), 47.36 (t), 51.02 (d), 74.74 (s), 122.30 (d), 136.81 (d), 159.17

(s). HRMS calcd 415.345; found 415.345. Anal. Calcd for C27H45NO2: C, 78.02; H, 10.91; N,

3.37. Found C, 77.91; H, 10.99; N, 3.37.

(1R,2S,5R)-2-Isopropyl-5-methyl-1-[(6-methyl-2-pyridinyl)methyl]cyclohexanol cis-2.3g

with CeCl3·THF
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According to the above general procedure starting from 2.17 (0.05 M solution in THF, 36

mL, 1.8 mmol) and (-)-menthone (0.3 g, 1.8 mmol) affording cis-2.3g as a colorless solid

after column chromatography (silica, hexane/diethyl ether 9:1) (0.21g, 0.8 mmol, 45%). All

experimental data were in accordance with the data reported above.

2-{(2-Hydroxy-2-adamantyl)[6-(2-hydroxy-2,2-diphenylethyl)-2-pyridinyl]methyl}-2-

adamantanol 2.19

To a stirred solution of the diol 2.7b (0.5 g, 1.2 mmol) in 50 mL of THF at 0°C was added n-

butyllithium (1.6 M solution in hexane, 2.7 mL, 4.3 mmol). The solution was stirred for 1 h and

subsequently benzophenone (0.2 g, 1.2 mmol) in 5 mL of THF was added. The mixture was

allowed to reach ambient temperature overnight. The product was quenched with NH4Cl and the

layers were separated. The water layer was extracted with ethyl acetate twice. The combined

organic layers were washed with brine and dried over MgSO4. The mixture was purified by

means of column chromatography (silica, hexane/ethyl acetate (25:1)) recovering 57% starting

material and yielding 2.19 which was recrystallized from dichloromethane/hexane by slow

evaporation of the solvent (0.25 g, 0.42 mmol, 35%); mp 186-188°C; IR (KBr): 3410, 3090,

2910, 1595, 1570, 1450, 1060, 700 cm-1; 1H NMR (300 MHz, CDCl3): δ 0.65 (s, 2H), 1.16 (d, J

= 10.6 Hz, 2H), 1.31 (d, J = 12.8 Hz, 2H), 1.49 (d, J = 11.0 Hz, 2H), 1.57-182 (m, 12H), 2.01 (d,

J = 11.7 Hz, 2H), 2.19 (d, J = 11.0 Hz, 2H), 2.38-2.41 (m, 4H), 3.75 (s, 2H), 3.88 (s, 1H), 5.41

(br, 2OH), 6.10 (br, OH), 6.90 (d, J = 8.06 Hz, 1H), 7.02 (d, J = 7.69 Hz, 1H), 7.11-7.16 (m,

2H), 7.21-7.26 (m, 4H), 7.45 (dd, J = 8.06 Hz, J = 7.69 Hz, 1H), 7.47-7.50 (m, 4H); 13C NMR

(300 MHz, CDCl3): δ 26.49 (d), 26.89 (d), 32.79 (t), 32.93 (t), 34.03 (t), 35.07 (t), 36.98 (d),

37.37 (d), 37.97 (t), 47.52 (d), 47.73 (t), 77.93 (s), 80.25 (s), 122.48 (d), 123.56 (d), 126.07 (d),

126.39 (d), 127.83 (d), 136.40 (d), 146.77 (s), 158.00 (s), 160.32 (s); Anal. calcd. for

C40H47NO3: C 81.46, H 8.03, N 2.37; found C 79.89, H 7.83, N 2.33. HRMS calcd. 589.82 no

proper HRMS could be obtained but CI(NH3) gave molecular ions at m/e 438, 420 and 402.
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