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Ik wilde wijs worden en begrijpen
waarom de mens zich dag

en nacht aftobt en zich nooit rust
gunt. Maar ik kwam tot de
ontdekking dat de mens het
handelen van God hier op aarde
niet kan begrijpen. Hoe de mens
zich ook inspant, hij komt er niet
achter. Zelfs een wijs man kan



dat niet ook al zegt hij van wel.

Uit: de Bijbel, Prediker 8



Voorwoord

"Schrijven is als straten maken: op je knieén en
achteruit kruipen", volgens de schrijver Harry Milisch. Dit
gaat zeker op voor romans, nmar voor het schrijven van een
proefschrift kont er nog neer om de straat hoek kijken. Hoewel
er mmar €én persoon op deze onslag staat verneld, zijn er
velen die, in welke vorm dan ook, een straatsteentje hebben
bi j gedr agen, aangedr agen, | osgewri kt, ver pl aat st of
aangedrukt. O misschien hebben ze koffie aangereikt,
interesse getoond, de zaak opgewaardeerd of gerelativeerd als
dat nodi g was, enzovoorts. Jullie waren onm sbaar tijdens de
wegom eggi ng bi nnen het onderzoek. Ook tijdens een noeilijke
peri ode, toen het op voorhand niet duidelijk was of ik ooit
nog één steentje zou kunnen | eggen, heb ik veel aan jullie
gehad. Al de nensen die zich hierin voel en aangesproken w !l ik
van harte bedanken. Hoewel ik hierboven iedereen die heeft
bi j gedragen aan de totstandkom ng van dit proefschrift bedankt
heb, wil ik nadrukkelijk enkel e personen nmet name noenen.

Al | ereer st wi | ik Lidy bedanken, waar bi | el ke
beschrijving van haar bijdrage onvolledig zal zijn. Lidy,
zonder jou had ik nooit dit proefschrift kunnen afronden. De
af gel open jaren waren ni et alleen op het |aatst zwaar. Je hebt
in moeilijke onstandi gheden een | ange adem gehad, | anger dan
ik ooit had durven voorstellen. Daarnaast heb je net Ard en
Erik 'voor een pappa die chem e doet' onnisbare afw sselingen
weten te creéren op het schrijfwerk.

Graag bedank ik mjn pronotor, Prof. Dr. R M Kellogg,
voor de begeleiding en de vrijheid in het onderzoek. Met nane
van de optim stische kijk op weerbarstige resultaten, in de
breedste zin van het woord, heb ik veel geleerd.

De | eden van de | OP- begel ei di ngscomm ssie, Prof. Dr. H E.
Schoenmaker en Prof. Dr. ir. A P.G Kieboom bedank ik voor de
waar devol | e bi j dr agen, tijdens de halfjaarlijkse |10P
bi j eenkonmst en en daar bui t en.

De | eden van de | eescommi ssie, Prof. Dr. A M van Leusen,
Prof. Dr. B.L. Feringa en Dr. B. Kaptein ben ik erkentelijk
voor hun vliotte en opbouwend kritische beoordeling van het
geprinte manuscript.

Agnes Cuiper wl ik bedanken voor haar Dbelangrijke
bi j dr age aan dit onder zoek. Resul t at en van haar



hoof dvakonder zoek zijn in hoofdstuk 3 van dit proefschrift
verwer Kkt .

Van het personeel van de verschill ende anal yseafdelingen
wil ik met nane Marinus Suijkerbuijk bedanken voor zijn hulp
bij het preparatieve, analytische en chirale GC werk, en voor
zijn hulp bij niet-aanverwante zaken.

De unieke sfeer op het lab heb ik altijd zeer prettig
gevonden. M jn conpl exe associaties kregen een weerwoord of
werden overtroffen. Organisch chemci blijken vaak hun
experinmentel e handi gheid omte kunnen zetten in gegoochel op
vocabul air gebied. Ik betwijfel ernstig of ik deze specifieke
hunor, in deze mate en intensiteit, nog eens elders tegen zal
komen. De collega's van de (tot Gebouw 14 verworden) A-vleugel
in het bijzonder, mar ook de andere OMAC-kers, worden
bedankt! Tijdens het schrijven heb ik met nanme veel gehad aan
Bas Dros en Marc Veen, de |laatste zeker niet alleen als
regel mati ge oppasser in huize Bekenmaheerd.

Tenslotte wil ik in dit voorwoord m jn ouders bedanken
voor de vele dingen die niet beschreven hoeven worden. De
aanstekelijke inventiviteit die mjn vader bezat mag hier
echter niet onverneld blijven. Mjn drang om zulks op
mol ecul air niveau voort te zetten vindt nmede in hem zijn
oorsprong. Het is duidelijk dat hij op de dag van de pronotie
extra zal worden gem st.

Henk
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Chapter 1

I ntroduction

1.1 Profen Drugs
| ntroduction

| buprofen [(+/-)2-(4-isobutyl phenyl)propionic acid, 1.1],
is one of the nost commonly used anti-inflamatory agents. It
is considered to be the prototype for the famly of synthetic
2-aryl propionic acids, profens, a sub-class of the non-
steroidal anti-inflammtory drugs (NSAIDs). In recent years,
t he profens have conme to dom nate this therapeutic class.
| buprofen, for exanple, is used to treat arthritis, nuscul ar
strain, cephal algia, etcetera.

CO,H CO,H
1.1 MeO 19
CO,H
(0] CO,H cH
@ 3
13 @ F 1.4

Figure 1.1

The profens have an asymetric carbon centre attached to a
carboxylic acid, a nmethyl, and an aryl group of varying
structure. Sonme of the avail able profen drugs are depicted in
Figure 1.1: ibuprofen (1.1), naproxen (1.2), ketoprofen (1.3),
and flurbiprofen (1.4). Ilbuprofen is distributed over the
counter and naproxen belongs to the top-ten of drugs marketed
wor | dwi de in 1989.1

Prof ens as anti-inflammtory agents
NSAlI Ds exert their pharmacol ogi cal and toxicol ogical effects



primarily by specifically inhibiting the binding of
arachidonic acid® to the cyclo-oxygenase subunit of
prostagl andi n synt het ase, thereby preventing the formation of
various prostaglandins.?® Effects on prostaglandin synthesis
contribute to changes in inflammtory response. Evidence for
this theory include a good rank-order correlation between
inhibition of prostaglandin synthesis in vivo or ex vivo, and
anti-inflanmmtory or anal gesic effects in vivo.

I n vivo behaviour of different profen drug enantioners
The enanti omers of profens differ substantially in both their
phar macodynam cs and pharmacoki netic properties.® It is
generally recognized that the S profens are the enantioners

t hat i nhi bit pr ost agl andi n synt het ase. The absol ute
configuration, as well as the conformation of this isonmer is
i mportant for the interactions with the cell receptors
responsible for the therapeutic anti-inflamatory activity.”?

Prior to the early nineties the S enantioner was regarded as
the eutomer (the biological active enantionmer) of the profens
and the R form as the distoner (the biological inactive
enantionmer).® Observations in the late eighties made this
dissimlarity less clear (vide infra). In practice, the
profens are generally admnistered as racemic mxture.” In
vivo, however, sonme of the profens can undergo, to a certain
extent, a unidirectional inversion fromthe Rto the S form
leading to an enantioneric excess of the S form when a
racemate of the drug is adm nistered. This unique process was
supposed to enhance the effectiveness of profen racemates as
chiral drugs.

*CH(CH)(CH,CH=CH)(CH)COH

Except fornaproxen (1.2), which is administered in the S form because of the undesirable side effects of the R form
and the burden on renal clearance.

2



CoASH )
R ibuprofen —————> (R ibuprofen)-S-CoA

CoA-SH +
R and S glucuronides

CoASH ) -’
S ibuprofen ———#> (S ibuprofen)-S-CoA

Scheme 1.1

The nost conpel ling nmechanismfor this inversion (Scheme
1.1), originally proposed by Nakamura et al.,” is a three step
process which commences with the enantiospecific enzymatic
formation of a thioester between the R enantionmer of the 2-
aryl propionic acid and coenzyne A (CoA). This thioester may be
hydrolysed to regenerate the R enantionmer or may undergo
epi merization® to yield the thioester in which the 2-
aryl propionyl moiety has the S configuration. Subsequent
hydrolysis of this (S)-CoA thioester conpletes the inversion
process. The epineri zation step nay proceed non-enzymatically,
due to the acidic nature of the proton connected to the al pha
carbon of the 2-arylpropionic acid substituent of the
thi oester. This process is clinically inmportant because it
generates an active cycl o-oxygenase inhibitor (S profen) from
arelatively inactive precursor (R profen). The extent of this
dynam ¢ resol ution, however, varies in vivo within and between
i ndividuals and is certainly not conplete.?®° Moreover, this
met abolic inversion occurs sone time after admnistration in
the elimnation phase, when the plasm concentration of the
initial S profen is |lowered markedly, and the therapeutic
ef fect has dropped considerably. Hence, the delayed S profen
delivery? may not contribute to the therapeutic effect. This
i nversion phenonenon cannot be seen as a "prodrug principle"?®
and | eads to great wuncertainty in the actual dose of the

CoA is an optically active molecule.

‘From the inversion of initially R profen compounds.



active S form of the profen.

Through the above described netabolic pathway the R
enanti onmers can have pharmacol ogi cal and toxicol ogi cal effects
related to i nhibition of prostaglandin synthesis. The ability
of the R enantiomers to form potentially reactive
acyl glucuronides, to formthioesters with coenzyne A, to be
incorporated into triacylglycerols, and possibly to interfere

with lipid metabolism and a host of biological nenbrane
processes, makes the R enantionmers a pharnmacol ogica
uncertainty, besides their non-inhibiting property of

prost agl andi n synt hesi s.

The i nportance of the S enantioner
Al t hough a patient is exposed to two distinct chem ca

entities, the R and S enantionmers, when a NSAID is given as a

racemate, there is currently no conpelling evidence to suggest

that the R enantioners pose significant toxicological hazards.

The advantages in using the pure S enantionmer of a chira

aryl al kanoi ¢ aci d NSAI D, however, conprise the follow ng:

- The reci pi ent woul d be exposed to | ess of the xenobiotic
and therefore a reduced netabolic and renal | oad.

- Adverse effects which nay be nmedi ated by the R enanti oner
or its nmetabolites, would be avoided.

- Side effects (altered physiology, di seases) and
coadm ni stration of other drugs on the pharnmacoki netics
of the NSAID, would be easier to assess and as a
consequence nore reliable dosage recomendati ons coul d be
made.

- I nteraction of the NSAID with other drugs m ght be
reduced.

- Enant i oner-enanti omer pharmacoki netic interactions (which
may lead to non-linearity in the pharmacokinetics of the
active enantionmer) would be avoi ded.

- The phar macoki netic properties and netabolic fate of the
drug woul d be easier to define.

- For those «o-aryl propionic acids, which undergo inversion
(e.g. ibuprofen), the variability in fractional inversion
wi thin and between individuals woul d be avoi ded.

- Rel ati onshi ps between drug concentrations in plasm or



synovial fluid and therapeutic response woul d be easier
to assess; enanti osel ective methods woul d not be required
to nmeasure total and unbound drug concentrations. ™

- In vivo, the pure enantionmers of 2-aryl propionic acids
are absorbed faster than the corresponding racenmc
conpound. *

- Twi ce the dose of racem c ibuprofen is needed to attain
the sane plasna concentration of S form as conpared with
the pure S enantionmer.

The inportance of the R enantioner

Sone observations in the |ate eighties revealed that part
of the analgesic effects of NSAIDs are not conpletely
expl ai ned by the prostaglandin synthesis inhibition effect of
the S profen in inflanmed tissue. This analgesic effect is
attributed to the R profen. It is presuned to originate from
the fact that the R form crosses the bl ood-brain barrier nore
easily than the S form and possibly acts in the spinal cord
or central nervous system (CNS).! This feature is in agreenent
with the different effects of salicylic acid and
acetylsalicylic acid (aspirin). Salicylic acid exerts an
anal gesic effect at |ow doses, despite the Ilack of
prostagl andi n synthesis inhibition,* and does cross the bl ood-
brain barrier, nore readily than aspirin.'* In summary, the
R formis a good anal gesic drug, however, for this specific
therapeutic treatnent, a profen drug must be chosen which does
not exhibit Rto S inversion in vivo.

The use of single R or S profens as drugs: an eval uation

It can be shown that a selective use of either the pure
R or S enantioners of the profens may be applicable: 1) the S
form for curbing inflanmation and pain in intensive
inflammation, and 2) it may suffice to use pure R profens for
suppressi ng sinple pains, particularly by using those profens
that do not encounter chiral inversion in man.®® The use of
terns 'eutoner' and 'distonmer' for all chiral drugs therefore,
does not apply to every case, in all circunstances.

In view of recent |licence applications for single S or R



enantionmer fornulations of chiral NSAIDs, it may not be | ong
bef ore single enantionmer adm nistration is the rule, rather
t han exception for this inportant class of drugs. The reason
for continued use of racem ¢ NSAIDs today are probably chiefly
econom c.

Concl usi ons

As we have seen, the profens represent an inportant class
of analgesic anti-inflammatory drugs. In the course of the
| ast twenty years, observations have given deeper insight into
their behaviour in man. Prior to the |ate eighties, the anti-
inflammat ory and anal gesic S enantionmers were regarded as the
only biologically active form acting as inhibitors of
prostagl andin synthesis, whilst the R forms were seen as
contam nants which were | owered in concentration if they could
be partially inverted to the S forms in vivo. Observations of
more recent date have shown that the R enantioners have
anal gesic properties as well, probably originating from
activity in the CNS and/or the spinal cord.

In conclusion, the profen drugs should be used as the
pure, single enantionmers. Mire effective drug treatnent could
be established by using the required pure enantioner for the
specific medical condition.

1.2 Synthetic strategies towards optical

active profens

Since profens have enmerged as an inportant class of
NSAI Ds, publications, patents, and reviews have proliferated
in this area. Mdst of the reviews essentially focus upon the
synt hesis of racem c profens. A review of Sonawane?®
concentrates on the methodol ogi es devel oped to obtain chiral,
non-racemc (scalemc) 2-arylpropionic acids and primarily
deals with asymetric syntheses anong cl assical resolutions
and enzymatic reactions. In this section, we evaluate a
sel ection of the several synthetic strategies known at the
start of this investigation. W do not inply to present a
conprehensive |ist of strategies.



Asymmetric reactions

Retrosynthetic analysis of the key-profen nolecule 1.5
suggests three possible disconnections: a) suggests an
asymetric nethylation of 2-arylacetic acid, b) inplies an
asymmetric hydrofornylation or hydrocarboxylation of the
appropriate styrene derivative, and c) necessitates the
formation of an asymetric aryl alkyl coupling reaction or
asymetric al kylation of appropriate aromati c conmpounds.

p COH

1.5

Figure 1.2

In addition to these asymmetric reactions, which approach
the centre fromone of the three possible sides, another class
of reactions is the intranolecular stereospecific 1,2-aryl
m gration in chiral o-substituted acetals. In the follow ng
par agraphs several strategies are briefly discussed.

Met hyl ation of 2-arylacetic acids

Synt hesis of an optically active «-aryl propanoic acid
via diastereoselective alkylation of binaphthyl esters of
aryl acetic acids has been reported by Fuji et al.# In general,
bul ky al kylating agents such as isopropyl and tert-butyl
iodides are highly stereosel ective in al kylation, although the
enanti oselectivity in methylation of binaphthyl esters of 2-
arylacetic acid (Schenme 1.2) is not inpressive (72% ee).

e, - QA .
o} i) o i) scalemic
@@ o @@ O(R) profen
+

S epimer
i) LDA, HMPA, THF, Mel, -78°C
i) H', H,0, recrystallization



Schenme 1.2

CO,H
— 1z
MeO 97% ee ©© Ar\/Ar o

. \\ /
i) 14 mol% of 1.6, Hp, 30°C, 135 atm / / \

feer

Schenme 1.3

Hydr ogenati on of 2-aryl propenoi c acids

Optically active saturated acids, such as profens, are
accessi bl e from «, p-unsaturated aci ds by asymetric
hydr ogenati on (Schene 1.3). [ Bl NAP- Ru di car boxyl at e]
conpl exes, as 1.6, hydrogenate prochiral aryl propenoic acids
inahigh yield (929 and an enantioneric purity of 97% under
gi ven conditions.?*

Hydr of or nyl ati on of styrenes

The hydrofornylation of styrene 1.7 (Schene 1.4) vyields
t he branched al dehyde 1.8 in 73% ee, when chiral Pt-catalyst
1.9 is used in the presence of SnCl, ** The ee was enhanced to
96% when triethylorthoformate 1is used, preventing the
racem zation of the al dehyde due to ketalization. Oxidation of
the aldehyde with KMhQO, gives the desired profen naproxen
(1.2). A disadvantage of this method is the unfavourable
branched/ nor nal ratio of approxi mately 0. 5. Recent
devel opnents are described in Catalytic Asymmetric Synthesis,
edited by im.*°



CH(OEt),

CHO
MeO 50% @@ T @@
17 MeO MeO 18

BOC nnl
Ph,P
1.9 \ (S)-(+)-1.2
Cl—Pt——PPh, 96%
Cl

i) 1.9, Hy, CO, HC(OEY) 5, 2700 psi, 60°C, 20h; ii) pyridinium p-toluenesulphonate; iii) KMnO,

Schenme 1.4

A )
+CO+H0 —— (S)(+)- 1.1
5% 1.10

89% c.y
3% oo Q0L o

1.10 O~

o
i) Oy, THF, 5% 1.10, PdCl,, CuCly, HCI, r.t., 1 atm.

Scheme 1.5

Hydr ocar boxyl ati on of ol efins

The hydrocarboxylation reaction in the presence of an
asymetric catalyst (e.g. 1.10) affords exclusively branched
acids in high yields under mld conditions (roomtenperature,
at nospheric pressure), this makes the reaction an attractive
reaction. ®

Hydr ovi nyl ati on

The hydrovinylation reaction is a useful reaction in
honol ogation of olefins. Various catal ysts have been devel oped
to achieve asymetric induction in the C-C bond formation. It
i's reported that ibuprofen precursor 1.11 has been obtai ned
via this method in "high enantiomeric excess", though no data
were given.? Conpound 1.11 has been oxidized to ibuprofen with



hi gh asymretric induction.

Scheme 1.6
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R OH R Hy Me

(0] . . K
- ) ""‘Qg/\OH i) or iv) > oH
- a HO H

1.12 1.13 1.14 (2R, 38)

iii)
R=H, Me \\\\\
H _Me

i) Ti(OiPr)y, (+)-DET, TBHP, CH,Cl, >
i) R = H, alkylative opening with MgAl G OH
iii) R = H, alkylative opening with MeCu(CN)Li 2 H

iv) R = Me, stereospecific hydrogenolysis 1.14 (2R, 3R)

1.14 (2R, 3S) or (2R, 3R) ——=__ S-(+) or R-(-) 1.19 (Ar = Ph)

—_—

Schene

1.7

Kat suki - Shar pl ess epoxi dati on

Chi ral epoxy al cohol s are versatile synt hetic
i nternedi at es. Epoxi dation of cinnanyl al cohol 1.12 (R = H) by
Kat suki - Shar pl ess nmet hod (Schene 1.7)° foll owed by al kyl ative
opening by Mel provides a chiral benzylic centre (1.13). Both
enantiomers of 1.14 are accessible fromthe sanme oxirane ring
depending on the choice of al kylating agent. Thus, on routine
functional group mani pul ati ons both enantioners of ibuprofen
can be obtained.®

A variation is the hydrogenolysis of asymetric epoxide
1.13 (R = Me) obtained from the olefin 1.12, (R = M) by
Shar pl ess epoxidation. The diol 1.14 (2R, 3S) fornmed on
oxi dative cleavage affords the 2-phenylpropanoic acid in
enantiomerically pure form?

Friedel -Crafts al kyl ati on of aromatics

The acidic conditions of the Friedel-Crafts reaction
woul d suggest that asymmetric alkylation 1is generally
associated with racem zation. Neverthel ess, 98% ee could be
obt ai ned using a lactic acid derivative 1.15 as asymetric

‘The acronyms in Scheme 1.7 stand for: diethyltartrate (DET) and tert-butyl hydroperoxide (TBHP).
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al kyl ati ng agent in the presence of AlCl; although the yield
was | ow (509 .2

H
Me-_CO,Me
IO - M o s
0OSO,Me

methylester
1.15 ( Y )

98% ee
Schene 1.8
Me_ H
MgBr Me Me i) >
e OO
MeO * OCOC(CH3)s MeO
1.16 1.17 ii)l
Ph,P PPh,
s (S)-(+)-1.2
1.18 64% ee

i) [NiCl, -1.18], THF, r.t.; ii) oxidative cleavage (NalQ, KMnQOy,)

Schenme 1.9

Grignard coupling reactions
Naproxen has been forned in 64%ee in coupling 1.16 with
1.17 catal ysed by a scal em ¢ nickel -chiraphos conplex (1.18).%

Asymmetric cross coupling reactions

(ne of the strategies of this thesis is to forma profen
precursor in scalemc formvia an asymretric cross coupling
reaction as depicted in Scheme 1.10. This reaction,
established nmore than twenty years ago in its asymetric
version,* gives access to scalemc 3-aryl-1-butenes 1.19 in
good to high yield (> 959 and high enantioneric purity (83%
ee).® The nechani sm of this reaction and associ ated paraneters
are discussed in detail in Chapters 2, 4, and 5. Oxidative
cl eavage of the butene moiety affords the desired profen in
scalem c form

12



MX 2 COzH

5 N T S N

Ar CHs Ar CHj Ar CHs
1.19

M = Mg, Zn, etc.; X = halide. i) 0.5% [Lgi-r NiCl5] (L2*= chiral, non-racemic
bidentate ligand); ii) oxidative cleavage.

Scheme 1.10

Enanti osel ective protonation

A racem c o-aryl propanoic acid chloride 1.20 has been
converted into its corresponding (prochiral) ketene 1.21.
Addition of R*CH (scal emi ¢ «- hydroxyacids or ~lactones) to the
ketene results in the wester of the corresponding «o-
aryl propanoi c acid with high diastereoselectivity. Hydrolysis
|eads to the correspondi ng acid. When R pantol actone is used,
al nost exclusively R naproxen is fornmed. *

CH, CH, CH,

/CI X C .. *C’OR*
ﬁ i) 0 i) Y iii) S-(+) or R-(1)
o) 0 1.19, (Ar = Ph)

1.20 1.21

i) EtsN, 25°C; i) ROH, toluene, -78°C; AcOH, H,0, 70°C; iii) AcOH, 2N HCI, 85°C

Schenme 1.11

Wth quinine as a catalyst, the asymetric M chael
addition of thiophenol to o-phenyl acrylates gives 1.22
(Schenme 1.12) in 50% ee. After hydrogenolysis under acidic
conditions the profen conpound is obtained.*

SPh
opri L_opri
OO AMENENG ¢ /g GUER
MeO MeO
1.22 46% ee

i) PhSH, quinine, toluene, r.t.; ii) Raney Nickel, AcOH-HCI

13



Scheme 1.12

1,2-Aryl mgration

In areviewarticle of Sonawane,® the broad scope of 1, 2-
aryl shifts leading to profen-precursors is reported. Mst of
the methods enployed are based on Lewis acid pronoted
rearrangenment of acetals of «o-haloalkyl aryl ketones, as
depicted in Schenme 1.13.

0 RO OR' Mf Me
] ' ' *
X ) £ X i) OR™ i) OH
e — e
Me Me 0] 0
+R'X'

i) HC(OR') 3, p-TosOH; ii) Lewis acid (rearrangement); iii) hydrolysis.

Scheme 1.13

Bi mol ecul ar nucl eophilic substitution wth allylic
rearrangenent (SR' reaction)

Inthis thesis, a strategy is devel oped to obtain profen
precursor 1.19 (3-aryl-1-butene; key conpound with Ar = phenyl
1.20) asymmetrically, based on the S2' reaction. This strategy
wi Il be discussed in Chapter 6.

W i profen type compounds
9, (Ar = Ph)

i) CH3MR, cu(D-salt, ligand; ii) oxidative cleavage

Schenme 1. 14

Resolution by diastereoneric salts; ki netic and
enzymati c resol ution.

In the quest for enantionerically pure conpounds, the
cl assic resolution of racemates is still in fashion. Due to
the |l oss of the unwanted enantiomers and chiral resolving
agents on one hand and devel opnent of asymmetric synthesis on
the other, the bias is shifting towards asymetric synthesis.

14



Di astereoneric salt formation of racem ¢ naproxen (1.2)
with (-)-cinchonidine | eads to resolution of optically pure S
form in 49 % yield.* The diastereoneric mxture of the
anhydride of (racemc) naproxen (1.2) can be kinetically
resolved by reaction wth (R)-(+)-1-(4-pyridyl)ethanol,
yi el ding S-naproxen in 81% with 55% ee.®

Enzymatic resolutions can be effected by different
enzynmes; the |ipase from Candida cylindracea for instance,
gives selectively the S acids fromesters, although the use of
activated esters was found to be necessary to obtain useful
results; S-naproxen can be obtained in 39% yield and > 98%
ee,*and with horse liver esterase the S ester is obtained in
31% yield and > 96% ee. ¥

1.3 Relationship to I OP Katal yse

The wor k described here, although it has a pronounced
fundanmental conponent, was of potential industrial interest at
the tinme the work was begun. A brief discussion of this aspect
and the relationship to the granting agency, |OP Katalyse, is
necessary.

Profen drugs represent a significant share of the present
phar maceutical market. Virtually all exanples of profens are
currently marketed as racemates. Racem c profen drugs are a
good illustration of so-called 'racem c switches'. Racemc
switches are chiral drugs that have already been approved as
racemat es whi ch have been redevel oped as single enantioner. |If
the enantioners are sufficiently different in pharnmacol ogi cal
effects, it nmay be possible to get a patent on one or both. As
di scussed in this chapter, by preference both enantionmers of
profen drugs should be used separately in different therapeu-
tical treatnents. However, all these deeper insights into the
di fferent behavi our of both profen enantionmers in human body
has not resulted in production and marketing of single
enantioners on large scale. It is evident, however, that it is
far better to use the specific active enantionmer in view of
dosage and econom c consi derati ons.

In our research group, the devel opnment of the asymetric
cross coupling reaction to profen precursors has led to a
procedure by which both enantioners are accessi bl e using only
one asymetric catalyst. The scope and limtations of this
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finding are interesting and inportant, not only academ cally
but practically. Industrial applications are not out of
guesti on.

This leads us to the framework within which this research
has been carried out, and its character. The Netherl ands
M nistry of Economc Affairs set up Innovation Oriented
Research Programmes on Catalysis (I OP-Catalysis) to pronote
mssion-oriented research in the field of catalysis, in order
to i mprove the Netherlands conpetitive position in
i nternational trade. The |10OPs have funded research projects
whi ch are nore specifically ained at neeting the 'catalytic
needs' of industry. In addition, it has been the intention to
encourage greater coll aborati on between academ a and i ndustry.
One of the main consequences for the research projects is
indeed the "m ssion-oriented" character. In general, the ains
of these prograns involve innovation and devel opnent of
catalytic reactions on an academc l|level, but with an eye
towards i ndustrial application of these processes. During the
research projects, the course is outlined in a continuous
di al ogue with the industrial nmenbers of the specific |IOP.

The asymmetric catal ysed cross coupling reaction |eading
to profen precursors could not possibly be applied in an
i ndustrial process wthout deeper insight into the conplex
catalytic systeminvolved. During the course of the work it
becane clear that the catalytic system was even nore conpl ex
than first supposed. This thesis will deal for a |large part
with these conplexities.

1.4 Incentives for this research

I n our research group the design of |igands for use in
the asymmetric catal ysed cross coupling reaction, has been an
area of intensive research (Schene 1.10).%* A renmarkable
phenonmenon was observed, that when a stoichionetric anmount of
zinc halide was added to the Grignard reagent solution shortly
before addition to the reaction mxture, the opposite
enantiomer to that expected was forned.*®9 Thus, we have the
opportunity to synthesize both enantioners via one catalyst.
The origin of this effect was one topic of this research. This
will be discussed in Chapters 2, 4, and 5.
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Wth our know edge of am nophosphines derived from
natural ami no acids,® "9 we were interested in developing a
new type of ligand. At DSM Cel een, a procedure has been
devel oped to give access to enantionerically enriched «-nethyl
amno aci ds. Converting these into am nophosphines by readily
avail able synthetic routes could lead to prom sing scalemc
i gands for asymmetric cross couplings. Their synthesis wll
be discussed in Chapter 3, and application in Chapters 4 and
6.

In addition to the asymmetric cross couplings, we took
the first step towards asymmetric catal ysed S2' reactions. W
postul ated as to whether this catalysed reaction could be
carried out asymmetrically, giving an alternative approach to
the key target material: scalemc 1.20. Chapter 6 deals with
t he devel opnment of S@2' reactions towards scalemc 1.20.
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Chapter 2

Asymmetric Cross Coupling Reactions

2.1 Introduction

In Chapter 1 the asymetric cross coupling reaction was
introduced as a useful route to prepare profen precursors. The
term 'cross coupling reaction' refers to the catalysed
reaction of an organonmetallic species RMX with an organic
halide R X (or other leaving group), to join the two segnents
R and R .

[cat] L
R-MX + R'X » R-R' + MX, (+Ry, +R'))

M = Mg, Zn, Al, B, Zr, Sn, etcetera

X =Cl, Br, |, OR, OP(O)(OR), SR, etcetera

R and R' = organic moieties, R' = alkenyl or aryl
cat = Ni, Pd, etcetera

Lnh = n-dentate ligand

Scheme 2.1

The potential conplexities of this nmethod of carbon-carbon
bond formation in ternms of variation of R, M X, and catal yst
are evident in Schenme 2.1. Transition-nmetal catalysed
reactions, known as the Kharash-type coupling reactions,! have
been known for many decades. Various conplications, such as

homo coupling (formation of R, and ,R ), | ack  of
chenosel ectivity and hal ogen-metal exchange nmade applications
of the cross coupling reaction limted until the m d-sixties

when Cu-pronmoted reacti ons were devel oped. ?

The cross coupling reaction can be markedly catal ysed by
N or Pd catalysts. In 1972 Corri u®* and Kumada,* i ndependent|y,
reported that the cross coupling reaction was catalysed by
ni ckel - phosphi ne conpl exes. Wth this change, the cross / hono
coupling ratio could be greatly inproved in favour of the
cross coupling.®

This discovery was followed by the invention of Consiglio
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et al. of asymetric catalysts for the cross coupling,® based
on chiral diphosphines (e.g. DIOP, 2.3, Schenme 2.2). Kumada
and Hayashi have investigated this new area extensively and
found that two types of phosphines were superior: B-
am nophosphi nes (e.g. Val phos, 2.4 and Phephos, 2.4a) derived
from am no acids, and am noal kyl ferrocenyl phosphine (e.g.
(S)-(R-PPFA 2.5, (S)-(R-BPPFA 2.6).7 In our group,
am nophosphi nes derived from am no acids (honmonet hphos, 2.7)
and nacrocylic conmpounds 2.8 were devel oped as ligands for Ni-
and Pd catal ysed asymetric couplings.?

MX Ni(0)or Pd(0) ~
@CH:} + XX asymmetric ligand ‘CH3
Et,0O
2.1a M=Mg
2.1b M=Zn 22
Asymmetric ligands:
X
<Y ~N
7 NMe
< P Rao R —R ’
- __- \ 4
= PPh
thPCH_z CH2PPh2 MezN CH2PPh2 2
2.3 DIOP 2.4 S-Valphos 2.5 (S)-(R)-PPFA
(Ry=2-propyl, Ro,=H) (R=H)
2.4a S-Phephos 2.6 (S)(R)-BPPFA
(R4=PhCH;, R=H) (R=PPhy)

2.7 R-Homomethphos
(R1=H, Ry=CH3S(CH3)3)

/<:S S:>II,..NMe2 PAr,
2.9 a: Ar=Ph
Me2N s s O‘

| b: Ar =p-CH30CgH4
2.8 lPArZ c: Ar = O-CH30C6H4
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Scheme 2.2

The discovery that the sense of enantioselectivity® in
cross coupling reactions could be changed by addition of zinc
hal i de beforehand to the Grignard reagent, led us to apply
this reaction to profen synthesis. As we have seen in Chapter
1, each profen enantionmer has a different therapeutic
activity. By neans of this 'zinc halide' phenonenon, access to
both profen precursors from one asymetric catalyst is

possible. Mechanistic insight into the causes of the
phenonmenon is not only interesting but also essential to
further devel opnents, such as rational design of |igand.
This chapter deals with the different aspects of the
"nutshell information' given above. In Section 2.2 the cross
coupling, its mechanism scope and limtations, and asymetric
i nduction will be discussed. We will focus upon the coupling
bet ween 1-phenyl et hyl halide and vinyl halide. In addition to
asymetric |igands other, often poorly defined, factors

influence the enantioselection. These are not easily
rationalized, particularly due to the uncertainty concerning

the nature of the catalytic species,® and will be discussed in
Section 2.3. Finally, the incentives, ains, and survey of this
thesis will be discussed in Section 2.4 and Section 2.5.

2.2 Cross coupling reactions
Cat al yti c pat hway

Al t hough all details of the mechanismof the transition
metal catalysed cross coupling reaction are not fully
understood, an 'oxidative addition - transnetallation -
reductive elimnation' sequence appears plausible in mny
cases.™® A catalytic cycle for the Ni-catal ysed cross coupling
reaction was suggested® in 1972 and this has not changed
significantly since (Scheme 2.3).%*
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The first catalytically active species is thought to be the Ni°
internmedi ate 4, formed from conpl exation of 2 and 3, followed
by reduction of Ni'" to Ni° by the Gignard reagent 1 (Schene
2.3, step a). Thereafter, oxidative addition of an organic
halide (or equivalent) RX 5 to 4 leads to formation of 6
(step b). Transnetallation of 6 with 1 |leads to formati on of
7 (step c), which reductively elimnates 8 and regenerates 4
(step d) ready for the next catalytic cycle. The given
sequences follow each other repeatedly: turnover nunbers are
of ten higher than 10,000. Analogous nechanisns have been
proposed for the Pd-catalysed cross coupling reactions. W
will comment briefly on the individual steps of the catalytic
cycl e.

Oxi dative addition (Schene 2.3, step b)

Oxidative addition is formally defined in Scheme 2.4,
where M is a coordinatively unsaturated netal conplex that
adds the two fragments R and X fromrupture of the R-X bond.
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The new ligands are formally considered to be negatively
charged, so the oxidation state of the netal increases by
formally 2. This change neans that a netal conplex nust have
a stable oxidation state two units higher to undergo oxidative
addi tion

ML, + R-X X)(RI2)

M = Pd, Ni
Lh = n-dentate ligand
R-X = organohalide

Scheme 2.4

The oxidative addition reaction of Ni or Pd conplexes with
unsaturated organi c hal i des bears the hall marks of a concerted
process that can proceed with conplete retention of the
st ereochem stry of al kenyl halides.™ The relative rates of
oxi dative addition to unsaturated organic halides are as
follows: for the catalytic centre: Ni > Pd; for the organic
halides: | >Br >d >>F; in case of phosphine as |ligand: PEt;
> PPh, The active catal ytic species under catalytic conditions
may well be Pd[L], or Ni°[L], where [L] denotes a ligand, such
as a nonodentate, bidentate, or a nore conplicated |igating
group. There are various factors that affect the oxidative
addi tion of organic halides with Pd or Ni. For nore detailed
information on the broad scope of this step, the reader is
referred to nunerous articles summarized in reviews. %4

Transnmetal | ati on (Schenme 2.3, step c)

Cat al ytic conplex 6 is alkylated by the organonetallic
conpound 1 with formation of unsymetrical dialkyl transition
nmetal conplex 7 and a netal halide (Schene 2.3). In other
words, the catalytic conplex 6 is al kylated by the al kyl ati ng
agent 1, to yield 7. The rate-determining step in the cross
coupling reaction nmay be the transnetall ation step, although
t he exact nature of this step is not clear.™

Reductive elimnation (Schene 2.3, step d)
For the crucial step in which the two organic noieties R
and R are joined, the nobst commpn starting point is a square
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pl anar 16 electron, d® dialkyl conplex 7 (the netal may al so
be Pd", Schenme 2.3). This is ligated by two other ligands L or
a bidentate ligand L-L, typically (di)phosphine or
am nophosphines.”® In the case of N conpl exes, R-R
elimnates cleanly and easily, whereas for Pd'" conplexes,
kinetic evidence for a three coordinate internmediate |ike [L-
Pd-RR] is found. ™" wWen R and R are cis-oriented on the
transition netal centre 7, C-C bond formng elimnation is
predom nant. When the al kyl groups are trans-oriented, the
elimnation is less favoured. ' Sone B-elimnation can occur,
produci ng equi nol ar anounts of al kane and al kene. Sl ow trans-
cis isonerization nust occur before elimnation can take
pl ace. The isonerization and elimnation can occur VvVvia
di fferent mechani sns, depending on the netal. For various
hypot heses, we refer to the literature. #1616

RSP R
N R N
Nii U T\R' ® = PPh,
R w (N) = NMe;,
2.10 2.11 2.12 =S.N
Figure 2.1

The reductive elimnation from2.10 (Figure 2.1) is known
to be induced by tertiary phosphines.' It has been suggested
that the dissociation occurs after pseudorotation of the
internediate that is formed on axial attack of the phosphine
(2.11). This feature was used in the inprovenent of ligands to
provide a manner to guide the reductive elimnation. In our
group, Vriesemn et al.?® has devel oped am nophosphi ne |igands
with a side-chain containing a heteroatomatom (2.12) which is
supposed to act as a 'trigger', conparable with extra
phosphi ne, but now intranol ecul arly.

The elimnation step has been suggested to occur with
hi gh stereospecificity, very probably with conplete retention
of configuration, although this is unproven.*
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Scope and limtations
Catalytic centres: transition netals

Ni ckel and palladium are effective catalytic centres in
the cross coupling reaction.® For the catalytic cycle, Ni° or
Pd° conpl exes can be used. Sone of thes& M conplexes are
comercially avail abl e, but generally speaking, they are |ess
stable than M' conpl exes. Therefore, it is desirable to reduce
insitua M' salt to M which is intercepted as soon as it is
formed by |igands which are present, providing a [|igand],M]
conpl ex. The reduction of the M' salt can be carried out by
the first drops of the organonetallic reagent added to the
catalytic mxture of M' salt, ligand, and organo halide
(Scheme 2.3, step a). After formation of conplex 4 the
catalytic cycle (depicted by Scheme 2.3) commences.

Organonetal | i cs RMX

The order in the reactivity of the organonetallics R is
interesting. Hghly el ectropositive nmetals (M= K, Na, Li) are
often far less effective than netals of internediate
el ectronegativity such as Zn, A, Cd, Zr, or Cu; the fornmer
are rarely applied to cross coupling reactions. Organozinc,
~boron and ~alum nium species show high efficiency 1in
reactions with organohal i des. Organomagnesi um conpounds often
produce hono coupl ed aryl halides and do not tolerate a w de
vari ety of functional groups on either partner.?®

Organic nmoiety R X

Simple alkyl halides R X are relatively wunreactive
towards Ni° and Pd phosphine conplexes, indicating that
interaction with a mn-system my be responsible for the
observed facile oxidative addition processes. In fact, there
does not appear to be any report on successful Pd- or Ni-
catal ysed cross coupling reactions with sinmple al kyl halides -
amjor limtation of this nmethod. To circunmvent this problem
the al kyl group (e.g. s-butyl-) can be introduced as a part of
the organonetal lic (s-butyl-MX) rather than organohalide (s-
butyl-X). The electrophile is normally the unsaturated entity
to avoid the conplications arising from g-elimnation.® B-
Eli mnation from the alkyl part of the (di)organonetallic
conpound is considerably slower than the reductive elimnation
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of it, resulting in the desired product.

The leaving group X in R X is usually a halogen. The
rel ative reactivity of |eaving groups in oxidative addition
is: | >Br >Cl. In cases where al kenyl and aryl halides are
used, only iodides and highly active brom des participate in
the Pd catal ysed reacti ons, whereas the N catal ysed reactions
proceed readily with a wi der range of brom des and chlorides.?

Summary

In a cross coupling reaction, two organic noieties RMX
and R X can be successfully joined under formation of a
car bon-carbon bond by nmeans of a transition netal catalyst. R
can be a primary, secondary, or even a tertiary alkyl group.
R'" X typically contains a n-system as an al kenyl or ary
group. The leaving group X is usually hal ogen.

Li gands and asymetric induction

For non-stereosel ective cross coupling reactions, very
effective, sinple, and suitable ligands for the catalyst are
diaryl - and dial kyl phosphines, e.g. triphenyl phosphine. In an
early study, Kumada® denonstrated that a bidentate phosphine
ligand exhibits remarkable catalytic activity in the Ni°
phosphi ne cat al ysed coupling of n-butyl magnesi um bron de with
chl orobenzene. The activity of catalyst decreases in the order
dpp > dpe > dnpe = (PPhy), >> (PEt) = (PPhMe) .2® This
suggests that the cis-configuration of the organic groups R
and R inthe internediate RR M., i s an inportant requisite of
the catal yst.?

After the non-stereoselective Pd- or Ni-phosphine
catal ysed coupling was discovered in the early seventies, the
invention of the asymmetric version followed pronptly by using
a chiral, non-racemc ligand L, (3, Scheme 2.3) for the
catalytic centre.® Renenbering the high turnover nunber of the
Ni - and Pd catal ysed reactions (> 10,000), this neans that
with a very small anount of chiral, non-racem c |igand a huge
amount of scal em ¢ product can be obtai ned.

For rational design of ligands for asymmetric synthesis,

* The acronyms stand for: 1,3-diphenylphosphinopropane (dpp), 1,2-diphenylphosphinoethane (dpe),
dimethylphosphinoethane (dmpe).

24



sufficient understanding of the mechanism of the reaction is
required. Unfortunately, Ilittle is yet known about the
mechani sm of the rather fundanental asymmetric step. The
intermedi ates of the cross coupling reaction cannot readily be
i sol ated, and nechanistic interpretation involves considerable
specul ation. Certain trends in the behaviour of |igands,
t hough, make the design of them not conpletely enpirical and
hel p uncover the nmechani sm

Schene 2.3 presents two steps (c,d) and one internediate
(7) that could be responsible for asymetric induction.
Al kyl ation of the catalytic species 6 by organonetallic 1,
step c, epinerization of the asymetric transition netal
dialkyl internmediate 7, and reductive elimnation of 7 in the
product formng step (step d). It is very likely that the
configuration at carbon is determned in step c, the stage
wher e L[N ] RR (7) IS formed by transnmetallation.
Epi neri zation at the stage of 7, however, cannot be excl uded.?®
It is unlikely that step d, the C-C bond-form ng step, is a
significant source of stereochem cal variation. This step is
assuned to be stereospecific.®™'?® Repeatedly, the nature and
enantioneri c conposition of the al kylating species 1 plays an
arbitrary or inmportant role in the stereochem stry. This wll
be di scussed in Section 2.3.

A striking feature of the best ligands for asymetric
cross coupling reactions is that they bear little structural
relationship to ligands for Rh or Ru catal ysed hydrogenati on,
olefin isonerization, or Pt catal ysed hydrofornylation.?? The
| atter reactions give highest optical yields with noderately
rigid diphosphine chelates. Phosphines or diphosphines,
preferentially carrying a potentially chelating tertiary am ne
or sulfide group, have denmpnstrated their superiority in the
cross couplings.

Hayashi and Kumada perfornmed coupling experinments
catal ysed by a series of optically pure ferrocenyl phosphine
ligands. Anong them sonme were substituted with an am noal kyl

group, as depicted in Figure 2.1. These experinents
demonstrated the high enantio-efficiency of a dinethylam no
group. It was postulated that the configuration of the

coupling product is already determ ned before the Ni-C bond is
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forned, because of the opportunity for the dinethylam no group
to complex with the Mg-atom in the Gignard reagent (6 in
Scheme 2.5). Wth 2.6 as ligand, 2.2 (cross coupling product
8, Ar = Ph) has been obtained in 65%optical yield. *

Hox_MgCl /(:Pph$\\Nf/‘§>
Me Ar 1 R 'NQ/IeZ />Br MaX
>/' H M e
Me>( cl
Ar 61
PPho A\

Ni
x
R NMe{// Ser

6 B X PP A\
-
R™ “NMe; \jifAr
H Me
Hes
7
Meﬁ/\

Ar 8

Schenme 2.5

Many scal em ¢ am nophosphines derived from natural as
well as synthetic am no acids have been devel oped as |igands,
where optical yields of the cross coupling product have
reached 94%°® Val phos (2.4), derived fromthe valine, yields
2.2 in 83% o.p. There is a remarkable consistency between
I i gand configuration and the configuration of the product
obtained. This indicates that related |igands have sim|lar
coordi nati on and conparable steric influence.

I n our group, Vriesenmn et al. devel oped am nophosphi nes
with a sul phur atomin the side chain. Hononmet hphos (2.7), a
tridentate chelate, provides high optical yield (88%. The
side chain hetero-atom probably participates as a built-in
trigger,® inducing reductive elimnation of the organic

"Corrected for the optical purity (0.p.) of the ligand; the actual measured o.p. (misdenoted as "ee" ) is 83%.
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noi eties (see Section 2.2 Reductive elimnation).

2.3 Extraneous influences upon enantiosel ection
| nt roducti on

Duri ng the devel opnent of |igands for asymmetric cross
coupling reactions, it appeared that the enantioselectivity
not only depends on the asymetric catalyst, but to a
significant extent on other factors.?®%*® These extraneous
factors can be, for instance, the conposition of the
organonetallic solution,?® the presence of other type of
halide, or the addition of zinc halide. These paraneters
affect in sonme cases the optical yield, in other cases the
absol ute configuration of the product, vide infra. The extent
of these effects differs anong the systens, and depends on the
conbi nation of the extraneous factor and the type of
asymmetric ligand.?* For instance, the presence of a few
percent Myl, in the reaction mxture can lead to the other
enantioner. How these extraneous factors behave in the
catal ytic sequence, is not easily understood.

The conparison of the optical efficiency of the
asymretri c |igands anongst research groups becones dubious if
t hese factors are not nentioned. It is of first inportance
t hat these factors should be defined and, if possible,
m nim zed. The design of new ligands, therefore, requires
careful analysis of the studies between |igand-structure and
the ee of the product, to answer the question whether it is

t he i gand or sonet hi ng el se t hat governs t he
stereoefficiency. Mst of the factors that are known to
i nfluence the stereoselection, in addition to the chiral

| i gands, are discussed in the foll ow ng sections.

. Influence of the al kylating species RMX

The asymmetric cross coupling reaction is a Kkinetic
resolution with respect to the chiral, racem c organonetallic
species, carried out by the asymmetric catalyst intermediate
(6, Scheme 2.3). The alkylation of the transition netal
catalyst 6 by the organonetallic species 1 is suggested to be

In this thesis, the term extraneous is applied to factors that influence enantioselection in ways that cannot be rationalized
based on normal chemical knowledge.
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responsible for asymetric induction. The nature and
enantiomeric conposition of 1 may affect the stereochem stry
in this step.

Variation in the nature of RMX during reaction

Consiglio observed that "all factors that are known to
i nfluence the structure of the Grignard reagent in solution
al so affect the extent of asymetric induction, at |east for
the reaction catal ysed by nickel diphosphine conplexes".® The
structure of the species, which can alkylate the transition
metal catalyst, presumably changes with progress of the
coupling reaction, owing to the formation of magnesi um salts.
Because of this structural change, it would be expected that
the enantiosel ectivity would al so change during the reaction -
unl ess asymmetric i nduction is determ ned by the epinerization
at the carbon-transition netal bond. Consiglio * investigated
the enantiomeric excess as a function of the degree of the
conversion of the substrate, using chiral ligands 2.9 a-c and
2.6 (Schenme 2.2). In the experinments where di phosphines 2.9 a-
c were used as ligands, the enantioselectivity changes during
the reaction: the enanti oselectivity depended on the extent of
conversion. This non-linear behaviour is possibly related to
the variation in the nature of the Giignard reagent as a
consequence of the formation of magnesium halides or due to
increased dilution, vide infra. The fact that 2.6-N Br,
catal ysed cross couplings showed |inear behaviour is in
agreenent with the assunption that the NMe, group of the
catalytic conplex can interact with the magnesi um atom of the
Grignard reagent before al kylation of the transition netal.x
This assunes that wi t h am nophoshine |igands the nature of the
speci es responsi bl e for al kylati on does not change during the
course of the reaction (cf. Section 4.5-Varying halide in
(vinyl halide - Grignard reagent) conbi nati ons).

Enanti omeric conposition of RMX

The formati on of Grignard reagents proceeds via trapping
of radicals at the magnesi um surface (see Section 4.2 The D
model ). Because radicals are not configurationally stable,
chiral secondary Gignard reagents are racemc, even when
prepared from scal em ¢ halides.' Racem zation of a secondary
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racemc Grignard reagent occurs at a noderate rate at ambi ent
tenperature.“ If this rate of racem zation is fast on the tine
scale of catalytic turnover, then one of the enantioners may
participate in asymetric cross coupling preferentially, while
the other inverts before reaction.® In other words, this is a
formof dynam c kinetic resolution. Starting froma secondary
Qignard reagent, the product can be obtained in 100% chem cal
and optical yield at |east theoretically.

Secondary Grignard reagents, however, can be
configurationally stable for hours (in favourable cases) at
ambi ent t enper at ur e. More quantitative investigations

denonstrated that the rate constant for interconversion of
secondary @ignard reagents is much slower than for primry.?%
If this is supported under the conditions of catalytic cross
coupling, then kinetic resolution of the Gignard reagent may
make an i nportant contribution to the ultimte optical yield.
The influence of the enantioneric conposition of the Gignard
reagent on the stereochem stry neans that a | ow racem zation
rate of RMgX influences the extent of asymmetric induction.
Consiglio et al.® discovered that by increasing the ratio
of RMgBr to RBr, up to a 10-fold excess of the racemc
Gignard reagent, the optical yield decreases in di phosphine-
Ni conplex catalysed couplings. In these experinments, the
concentration of the Gignard reagent was maintai ned const ant
in order to ensure the presence of the sanme alkylating
speci es. The association degree of the Giignard reagent is
supposed to remai n al nost the sane over a |l arge concentration
range, when X = Cl.?% An influence of the racem zation rate on
the optical yield under these conditions cannot be excl uded,
since racem zation is known to require nore than one
nol ecul e.?* I n the case of X = Br, the possible change of the
structure of the al kylating species, due to dilution, nust be
considered. Dilution brings about a decrease in the optical
yield of the coupling product, probably due to alterations in
rate of epinmerization. This phenomenon cannot be expl ai ned by
sinmple mechanisnms as given above. A conpetition anongst
di fferent pathways, or nore conplex catalytic species appear
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nmor e probable. ¢

1. Influence of the type of halide

In asymmetric couplings between RwWgX and R X', it
appeared that different conbinations of halides X and X (X #
X and X = X ) provided different optical yields of R-R . This
occurrence has already been noted by Kumada,® where the
observed di fferences in ee (anongst different halides, 2.3 as
ligand) were small (< 4.2%. A study by Consiglio*
demonstrated that the optical purity of the product can be
affected by the type of halogen in RWgX and R X' under sane
catalytic conditions. The (erroneous) assunption that in sone
cases this effect could lead to reversal of the absolute
configuration of the product, was corrected afterwards.?® This
reversal was found to originate from the presence of Myl, in
the RMpX sol ution, forned by activation of magnesium turnings
by 1, Particularly when X = C in both RMgX and R X, this
effect is surprising. Addition of only 1 wt.%of M, to the
asymetric cross coupling reaction leads to reversal of the
absolute configuration of the product, the optical purity
remai ni ng about the sane. In all cases where the types of
hal i de were varied independently, asymretric cross coupling
experinments of s-butyl-MgX with ArX provided scalemc 2-aryl

butane with different optical yields, in sonme cases wth
reversed absolute configurations. This effect appeared to be
quite general, independent of the scalem c di phosphine |igand
used. The effect on am nophosphi ne catal ysed reactions will be

di scussed in Section 4.5-Varying halide in vinyl halide -
Grignard reagent conbi nati ons.

[11. Influence of sol vent

The solvent is one of the nost critical factors in
successf ul asymmetric synthesis. The  nost successf ul
asymmetric couplings are carried out in Et,O whereas THF is
| ess effective. The marked difference in optical efficiency
bet ween Et,O and THF may relate to the structure of the
Gignard reagents in those two solvents. In Et,O the preferred

Catalytic complexes containing the (diphosphine) ligands ina monodentate fashion have been suggested as a possibility by
Consiglio (ref. 9).
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form of RwMgCl is a chloride bridged cyclic dinmer, where
sol vat ed nononmers are domi nant in THF.?

V. Influence of zinc halide

Negi shi et al.* denonstrated that organozi nc conpounds
can be used as al kyl ating species in cross coupling reactions.
Kumada et al .* applied these conpounds successfully in chiral
f errocenyl phosphi ne-pal | adi um conpl ex cat al ysed Cross
coupl i ngs, providing higher enantioneric purities than
Grignard reagents. The organozinc species were generally
prepared by m xing corresponding Gignard reagents to excess
zinc halides. Direct preparation from zinc netal and
organohalide led to |l ow yields and poor reproducibility.

As asymmetric cross coupling reactions has been under
investigations in our group,® analogously prepared organozinc
species were used in couplings catalysed by nickel or
pal | adi um conplexed to |igands derived from am no acid. A
remar kabl e phenonmenon was observed®? in the reversal of the
enanti osel ection. The opposite enantiomer ((R)-2.2, Schene
2.6) can be obtained under these conditions (Cross-
conditions).® In other words, both enantionmers of 2.2 can be
obtained with only one catalyst and the sign of the optical
rotation depends on addition of ZnX..

MgCl

CH;

i) ZnBr,
ii) vinylhalide, Ni{O) or Pd(0) - asymmetric ligand

The bold typed 'Cross' refers to Graham Cross, who discovered the previously described phenomenon of reversal of the
enantioselection.
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Scheme 2.6

The rate of the coupling increases on addition of zinc
bromde. At |ow tenperature (-34°C) and N -2.7 as catalyst,
practically no reaction takes place (0.4%9%, whereas addition
of ZnBr, I eads to 73% yi el d.

Addi tion of other salts (e.g. magnesi um halide) neither
inverted nor influenced the optical rotation of 2.2.

VWhen the Cross-m xture was allowed to stand for 1 h, no
cross coupling could be detected.?® On basis of the report of
Negishi et al.® that after stirring RWgX and ZnX, for one hour,
the di al kyl zi nc speci es R.Zn should be fornmed, the assunption
was nade that this species is apparently not very reactive.
The appropri ate bal ance of reactivity m ght be reached in the
nonoexchanged speci es RZnX. %

A fast "Zn'"-induced pathway and a slower reaction
involving the Gignard reagent” was proposed, and "the
di al kyl zinc species, if allowed to form is apparently not
very reactive. The appropriate balance of reactivity may be
reached in RZnBr, the nopnoexchanged species. On the other
hand, the formation of zincates may al so influence the course
of the reaction”". The inhibitory effect on cross coupling when
zinc chloride is wused, is attributed to slower halide
exchange reactions on Zn'" by chloride.??

In summary, the Cross-m xture is an al kyl ati ng agent that
IS formed after addi tion of a sol ution of 1-
phenyl et hyl magnesi um halide in Et,Oto a stoichionetric anmount
of anhydrous zinc halide. This Cross-m xture nust be used
freshly (< 1 h). Under these conditions and when am no acid
derivatives are used as ligand for N - and Pd-catalysts,
enanti oselectivity is influenced.

Eval uation

The optical yield of asymmetric cross coupling reactions
is easily influenced by many nore factors than the asymmetric
catal yst al one. For synthesis involving such a reaction step,
these influencing factors, t hough intricate, must  be
recogni zed and m ni m zed.
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2.4 Incentives

Successful |igands derived from am no acids have been
devel oped in our research group, such as hononethphos 2.7,
having a side-chain with a term nal sul phur group. W were
intrigued by the effect of this |igand on optical yield, and
specul ated about the effect of honol ogation of this side-chain
by one CH 2 -group.

As amino acid derived ligands has been under
i nvestigation in our group,®"% synthetic «o-al kylated am no
acids catched our attention. At DSM Research Geleen a
procedure has been devel oped to gi ve access to
enantionerically enriched a-nethyl am no acids. We consi dered
that these conpounds could be converted to prom sing |igands
by readily avail able synthetic routes.

Asymmetric cross coupling reactions has provided us with
a nunber of elusive or at least striking effects on
enanti oselection. In this field, Consiglio observed that al
factors that are known to influence the structure of the
Grignard reagent in solution also affect the extent of
asymmetric induction in cross coupling reactions.” As a
consequence, the alkylation of the transition netal catalyst
is thought to be responsible for asymmetric induction (Schene
2.3, 2).21B2u0032 pExtrapolating this, the Cross-mxture is an
al kyl ating species affected by zinc halide, generating either
an organozi nc conpound RZnX by transmetallation or a zincate
conpl ex [ RMJ-ZnX;]. Questions remain about the nature of this
al kyl ating species in the Cross-m xture. |Is it an organozinc
reagent? And if so, in which form RZnX or RZn? 1Is it
dependent on the formed magnesium salts, excluding alternative
met hods to form this organozinc species? Or is it sonething
conpletely different: a zincate conpl ex?

" At least for the Ni-diphosphine complex catalysed reactions.
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X vinyl halide S22
CHs 3| ZnX, catalyst
asymmetric ligand
Zn
213 >\ nX H, y=
4 CHg CH,
21b 5 R-2.2
Scheme 2.7

An interesting question remai ned whether a nagnesium
salt-free prepared organozinc species could carry out the
cross coupling or not. W suggest pathways illustrated by
Scheme 2.7. Step 1 leads from 2.13 to 2.1a, followed by the
classic asymetric cross coupling, step 2. After addition of
ZnX, (step 3) 2.1b is formed, responsible for the cross
coupling via an alternative stereosel ective pathway. To verify
this, 2.1b should be prepared from 2.13 by an alternative
met hod, under magnesi um salts-free conditions, step 4.

2.5 Ainms and survey

The principal aimin this thesis involves the synthesis
of profen-precursor 3-phenyl-1-butene in enantioneric excess
via asymmetric catal ysed reactions, such as asymetric cross
coupling.

In Chapter 3 the synthesis of a-nethyl am no acid derived
| igands is described. Further, syntheses of |I|igands are
descri bed that are developed to investigate the effect of the
sul phur-containing side-chain of 2.7. W focused on the
optimumchain I ength and the function of the term nal sul phur
noi ety.

I n Chapter 4 the inprovenent of the preparation of the
Grignard reagent is discussed, preceded by a summary of
preparation nethods, and followed by the results of asymmetric
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catal ysed cross coupling reactions. Ligands for the catalyst
in the couplings are derived from o-am no acids, the syntheses
of which are described in Chapter 3. The couplings where the
Cross-m xture is used as al kylating species are descri bed as
well. Use of the 'inmproved Gignard reagent solution' in
Cross-m xtures | eads to unprecedented results.

As outlined in this chapter, the asymretric induction in
cross coupling reactions is influenced by a nunber of factors.
Some of these enigmatic factors, such as addition of zinc
halide, are not easy to wunderstand and needed further
investigation. To determ ne the nature of the al kyl ati ng agent
in the Cross-mxture, we investigated the preparation of
organozi nc conpounds under magnesium salt-free conditions.
This is described in Chapter 5.

The intricacy of the asymetric cross coupling reaction
pronpted us to investigate an alternative asymetric catal ysed
reaction towards the key-internediate of pr of en-type
conpounds, 2.2. Chapter 6 deals w th binolecular nucleophilic
substitution reactions of nmethyl-netallic and cinnanyl
noieties with allylic rearrangenment (S2' reactions), |eading
to 2.2. The S2' reaction has the preference above the §2
reacti on when appropri ate nethylnetallic—catal yst conbi nati ons
are used. The aim in Chapter 6 is to develop a catalyst-
dependent S2' reaction being enantioselective by the use of
proper asymetric |igands.
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Chapter 3

Ligands for Asymmetric Catalysed Cross
Coupling Reactions

3.1 Introduction

In Chapter 2 an overview is given of factors that have an influence upon
enantioselection in asymmetric cross coupling reactions. In Section 2.2-Ligands and
asymmelric induction we discussed some types of ligands used in cross coupling reactions,
together with mechanistic interpretations. The step responsible for asymmetric induction is

presumed to be the alkylation of 6 by 1 (Scheme 3.1)°

L
RMgX + NithX, + C

1 2 3t
a
R-R' .
. L R'-X
( Ni(©) 5
L
4 b
d
RI
: Ni(ih
L ~ R L N
( Nidl) X
L g
7
A c RMgX
1
MgX,

L-L, NiCl,
Overall: RMgX + RX ————— R-R' + MgX,

Scheme 3.1

a For convenience, the same proposed catalytic cycle of Scheme 2.3 is reproduced here as Scheme 3.1.
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The stereochem cal conpositions of both 1 and 6 probably are
of influence on the stereochem stry of asymetric cross
coupling reactions. The enantioneric conposition of 1 depends,
among other factors, on the rate of racem zation during the
course of the cross coupling reaction. The Grignard reagent 1
is generally assumed to undergo inversion rapidly relative to
coupling at a reaction tenperature of —-40°C, a criterion that
has to be net if a high yield of <chiral, non racemc
(scal em c) pr oduct is to be obtained. | nversion of
configuration of ao-chiral primary Grignard reagents is known
to be rapid on the NMR tinmescal e,* al though secondary Grignard
reagents have been reported to be configurationally stable for
hours at ambient tenperature in favourable cases.??

The degree of chiral induction in the formation of 6 can
be nodified by use of various chiral, non racemc |igands.
Sel ection of appropriate asymetric ligands 3 potentially
results in the formation of 8, where optical yields up to
about 90% have been realized for RRR = 3-phenyl-1-butene. As
di scussed in Section 2.2, little is known about the mechani sm
of the rather fundanental asymmetric step (Schenme 3.1, step
c). Although considerabl e specul ati on about the nmechanismis
i nevitable, certain trends in the behaviour of |igands make
the design of them not conpletely enpirical and may help
unravel the nmechani sm

I n asymmetric cross coupling reactions am nophosphi nes
are very effective as ligands for Ni and Pd catal ysts and they
give the best results in optical purity for RR = 3-phenyl-1-
but ene, as shown by Kumada and Hayashi.® These |igands involve
scal em ¢ p—am nophosphi nes derived from natural am no acids

and am noal kyl ferrocenyl phosphines. In our research group
Giffin, Vriesemn, and Cross have devel oped am nophosphi nes,
derived from natural as well as synthetic amno acids, in

order to test various theories about the catal ytic mechani sm
of the cross coupling reaction.® The renmarkabl e stereocheni ca
outcones wusing this type of catalytic system® and the
guestions that arose about the mechani sm of cross couplings
led us to continue with these types of |igands.

In this chapter, the incentives to and the syntheses of

See Chapter 4 and 5 for the specific composition of the catalytic systems used (transition metal, ligand, etcetera).
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specific ligands wll be described. W categorize these
ligands in three subdivisions. Since we had access to
synthetic «o-nmethyl-«a-am no acids, we have used this type of
compounds as precursor for am nophosphi nes (Section 3.2) as
wel | as am nosul phides (Section 3.3). In extrapolation of the
successful hononet hphos |igand®™" (3.12, n = 3), we devel oped
am nophosphines with various sul phur containing appendages
(Section 3.4) to obtain nore information about the optinmm
| ength of these appendages and the effect of substitution on
sul phur.

3.2 B -Am nophosphi nes
| ncentives and strategy

We have designed a prom sing new type of ligand for the
ni ckel or pall adium catal ysed cross coupling reactions, based
on the following rationale. When nore rigid di phosphi nes were
applied as ligands in cross couplings, the optical yield of 8
was found to inprove.® Further, am nophosphine |igands have
demonstrated their superiority to di phosphines in the cross
couplings (see Chapter 2). It was postulated that the
configuration of the coupling product is already detern ned
before the N -C bond is fornmed. This assunption nmay be
visualized by coordination of the amno noiety with the
magnesi um atomin the Gignard reagent.’

R%, R 3.1a R =CHjz R"=PhCH,
//< b: R =Ph, R"=CH,
HoN COOH c: R =iPr, R"=CH,

natural amino acids: R' = alkyl, aryl, hydrogen, and R" = hydrogen
gsmethyl-gse@@mino acids: R' or R" = alkyl, aryl, etcetera, and R" or R' = methyl

Figure 3.1

We expected that o-nmethyl substitution of the am nophosphine
(3.9, R or R" = M and R' or R = alkyl, aryl, Schenme 3.3)
will conmbine the advantage of both rigidity and NMe,
coordination, allowing a better degree of recognition of the
chirality about the ligand. As we have seen in Chapter 2,
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am no acids are potential precursors for am nophosphines. «o-
Met hyl -«-am no acids are now accessible in enantionerically
enriched form via an enzymatic process, developed at DSM
Research GCel een.® These synthetic amno acids 3.1 (R or R’
= M and R' or R = alkyl, aryl) differ from natural am no
acids by an a-nethyl substituent, as depicted in Figure 3.1.

Synt hesis of 3.9a and 3.9b

In a process developed at DSM Research  Gel een, ®
stereosel ective hydrolysis of «o-al kyl-a-am no acid am des can
be performed by a biocatal yst from Mycobacteri um neoaurum?® The
synthesis of the racemc substrates involves a Strecker
synthesis with a ketone (3.2), followed by hydrolysis of the
resulting amnonitrile 3.3 to formthe am no acid am de 3.4
(Scheme 3.2). Enzymatic hydrolysis of the amdes results in
the formation of the L-3.1, leaving D 3.4 unchanged. W
obt ai ned from DSM Research CGel een, as a generous gift three
enantionerically enriched «-nethyl -o-am no acids, nanely D a-

net hyl - phenyl al anine (3.1a, R = Me, R' = PhCH,), L-a«a-nethyl-
phenyl glycine (3.1b, R = Ph, R' = M), and L-a-nethylvaline
(3.1c, R = iPr, R' = M).? To obtain the corresponding

am nophosphi nes, we applied standard procedures to these «o-
nmet hyl - «- am no aci ds.

0 CN CONH,
JJ\ i) i) iii)
Rl Rll EEE— . Rl Rll —_— R' R” —_— 31
NH, NH,
3.2 3.3 3.4

i) HCN, NH 5; ii) HO, ketone; iii) enzymatic hydrolysis.

Scheme 3.2

In Scheme 3.3 two standard procedures for the conversion

Or from Ochrobactrum anthropi, see: Van den Tweel, W.J.J.; Van Dooren, T.J.G.M.; De Jonge, P.H.; Kaptein,
B.; Duchateau, A.L.L.; Kamphuis, J. Appl. Microbiol. Biotechnol. 1993, 39, 296.

Alloftheligands discussed in this chapter are derived from amino acids. We have chosen to maintain the Fischer
notation (D and L) for absolute configuration; each ligand is then a member of a homochiral family starting from a
certainaminoacid. In amino acids the Fischer system translates into Cahn-Ingold-Prelog stereochemical designators
asL=SandD =R.
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of a-amno acids to di net hyl am nophosphi nes are depi cted. Both
i nvol ve four steps. Two routes, via 3.5 or 3.6 are possible.

Schenme 3.3

The am no group of conmpounds 3.1 were reductively nethyl ated
wi t h formal dehyde, hydrogen and Pd/C, yielding 3.5, and the
carboxylic acid group was subsequently reduced with LiAIH, to
3.7. \Wen l|arger substituents R (eg. Ph, PhCH,)* in natural
amno acids were involved, the route via 3.6 was preferred. In
that case, the reductive al kylation was perfomed on 3.6 using
the Eschwei |l er—Cl arke procedure.® The resulting am no al coho
3.7 was converted to nmesylate 3.8 and in situ subjected to
substitution with potassi um di phenyl phosphi ne, furnishing 3.9.

Conversion of D a-net hyl phenyl al ani ne (3.1a) to 2-nethyl -
(R - phephos (3.9a) was acconplished by the standard route via
3.6a in 39% overall yield. 2-methyl-(S)-glyphos (3.9b) was
obtained from L-«-nmet hyl - phenyl gl ycine (3.1b) via 3.6b in 25%
overall yield. Several attenpts to convert L-o-nethyl-valine
(3.1c) to 3.6¢ were unsuccessful. A better approach to 3.7c is
probably the route via 3.5c. For several reasons,’ progress
with 3.1c were not made.

| nstead of the standard work up procedure® of 3.6, we
strongly reconmend the use of G auber's salt? to hydrolyse the
excess of LiAH.® W have used this superior work up procedure
in other, not in this thesis described, experinments. The
resulting precipitate can be extracted with chloroform (or
anot her appropriate solvent) in a Soxhlet apparatus nore
readily.

3.3 B- Am nosul phi des
| ncentives and strategy

The cross coupling results obtained by using 3.9b (see
Section 4.7) led us to use a chelating atom other than

“This route has advantages in practical sense, since an Eschweiler Clarke alkylation does not require a Parr
apparatus, hydrogen gas, and Pd/C.

'Among these reasons are the shortage of 3.1c and the fact that we changed to another chiral catalytic system
in the preparation of enantiomerically enriched 3-phenyl-1-butene, as will be described in Chapter 6.

*NaSOs10 HO.
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phosphorus. We decided to use sulphur as an alternative,
mai ntaining the tertiary am ne group. Am nosul phi des have been
used before as ligands, albeit with | ow enantiosel ectivity.®>
Recently, Shar pl ess et al . di scussed t he hi gh
enantioselectivity of |ligands bearing large, plate-Ilike
aromatic substituents in asymetric dihydroxylation of
olefins.™ W expected this strategy to have a wder
application, although the asymetric catalytic reactions,
di hydroxyl ation and cross coupling, are quite different. W
chose to use naphthyl substituents on the sul phur noiety, as
depi cted in Fi gure 3. 2. We  further expect ed t he
configurationally differences between 3.10 and 3.11 to result
inasignificant effect on enanti oselection in cross coupling
reactions.

H,,)&zPh /€2Ph PhCH2
Me,N N—S @ Me,N 4~ Me2
Figure 3.2

Synt hesis of 3.10, 3.11, and 3.11la

The am nosul phides 3.10, 3.11 and 3.11la were prepared in
yields of 68% 92% and 33% respectively. They were
synthesi zed from nesyl ates of am no al cohols 3.8 and 1- or 2-
napht hal enethiol (cf. Section 3.2). For 3.10 and 3.11 this
amno al cohol is L-2-(dinethylam no)-3-phenyl-1-propanol," for
3.11a am no al cohol 3.7a. The synthetic route is anal ogous to
the formation of am nophosphine as depicted in Scheme 3.3
except for step v), where Ph,PH is replaced by 1- or 2-
napht hal enethiol. A strong base |ike potassiumtert-butoxide
is not necessary, and was onmtted in case of 1-
napht hal enet hi ol to pr event di sul phi de formation.
1-Napht hal enet hi ol was nobst conveniently prepared in a one

"Obtained in 73% overall yield from L-phenylalanine, according to the literature procedure of ref. 2.

'2-Naphthalenethiol is commercially available.
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step reaction,’ by addition of elenmentary sulphur to 1-
napht hyl magnesi um brom de. Because of the easy formation of
di sul phides, it was necessary to wuse freshly reduced
l-napht hal enethiol (LiAH, THF) prior to reaction step vi,
Schenme 3. 3.

3.4 Ligands with sul phur containing appendages
| ncentives and strategy

Am nophosphine ligands with a side chain containing
sul phur as an extra heteroatom have been devel oped in our
research group.®*" Length and branching of the sulphur
cont ai ni ng appendage were varied. In methphos (3.12, n = 2),
t he sul phur containing (CH), side chain is too short to be
pl aced properly above the catalytic centre (n = 2, sul phur in
v- position). Elongation of this side chain by one nethyl ene
group (3.12, n = 3, sulphur in S-position) resulted in the
nost successful |igand, hononet hphos, which provided ee in
cross coupling higher than could be expected solely on basis
of a steric effect (Figure 3.3).

2: methphos
3: homomethphos
4: bis(homo)methphos

H (CH5),SCH;4 n
3.12< n
n

\\, _— Me2N CH2PPh2
NN
7N\

Figure 3.3

This indicates that the ee can be inproved by other than
simple steric neans. Two possible explanations for the
increase in ee were conceived, nanely a ligating side armthat
participates in the reductive elimnation (Scheme 3.1, step
d), or an (extra) coordinating site for the Gignard reagent
t hat approaches the catalytic centre (Schenme 3.1 step c).?>%f
Questions remain about the role of the sul phur noiety, since

I A two step preparation route of 1-naphthalenethiol by HC1-Zn reduction of 1-naphthalenesulphonyl chloride,
which was previously prepared from 1-naphthalenesulphonic acid and POCI; was less successful.
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X-ray studies of [3.12¢PdCl,] showed no coordination of the Pd"
centre to the sul phur atom %'

VW were interested in the optinmmlength of such sul phur
contai ning side-chain on the am nophosphine ligand (eg. n = 4,
sul phur in e-position). Substitution of the methyl group on
sul phur in 3.12, (n = 3) for a steric nmoiety |ike 2-propyl
woul d give us nore information about the role of this third
hetero atonf in the catal ytic proceedi ngs. Substitution of the

di phenyl phosphine group of 3.12, (n = 4) for a 2-
napht hal enethio group also has been considered and
acconplished, in order to circunvent air sensitivity or

instability of the di phenyl phosphi ne group.

Synt hesis and resolution of racem c am no acid am des

The synt heses of bi s—( hono) met hi oni ne 3.16 and
allylglycine 3.20 and the resolutions to L-3.16 and D 3. 20,
respectively, were acconplished by Ms. Agnes D. Cuiper at the
Bio-Oganic Chemistry (BOC) Section of DSM Research in Cel een.
Synt heses of L-3.16, 3.12 (n = 4), 3.24, and 3.19 were also
acconmplished by Ms. Cuiper, and are described in the present
t hesi s.

The synthesis of racemc 3.16 was acconplished
anal ogously to the Iliterature procedure that Ileads to
hononet hi oni ne. > Conmpound 3.13 was deprotonated by sodium
et hoxide and treated with 4-brono-1-butene, to give 3.14 in
gquantitative yield (Scheme 3.4). A nethylthio group was added
inafree radical addition reaction in 70%yield to give 3. 15,
and racem c 3.16 was obtained in 90% yield by acid hydrolysis
and decarboxyl ation. The synthesis is, just as the synthesis
of hononet hi oni ne, easy to scale up.*

In order to obtain a |ligand conparable to 3.12, but nore
sterically hindered around sul phur, we chose for addition of
2-propanethiol to D-3.20 (vide infra). Racemc 3.20 was
prepared in 85% overall yield by a literature procedure.®

Racem c 3.16 and racem c 3.20 were esterified by reaction
with SOCl, in nmethanol. Attenpts to synthesize amno acid
amdes fromthe nethyl ester of 3.16 by reaction w th aqueous
ammoni a were unsuccessful. Enhancing the solubility of the

“In addition to phosphorus and nitrogen.
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met hyl ester of 3.16 by

CO,Et CO,Et
i) ii)
(EtO 2C)2CHNHCOCH 3 ———> CH2=CH(CH2 )2 _Cl:NHCOCHg ——— MeS(CH2 )4'C|;NHCOCH3

3.13 3.14 CO,Et 315  COLEt
* . . H, ,(CH;)sSMe )
H_> MeS(CH, ), —CHNH, iii) (resolution v|a= . , .
- CO2 [3.16 - amide] ) 2 —
3.16 COH L-3.16
vi) H, ,(CHy);SMe
—mm “,
v) H, ,(CHz)4SMe Me,N PPh,
L-317 —L » /& j
Me,N OH L-3.12, (n = 4)
L-3.18 i
I — H/," (CH2 )4 S M e
Me,N S-(2-naphthyl)
L-3.19

i) NaOEt, 4-bromo-1-butene; ii) (PhCO),0,, (CH3CO,),Hg, MeSH, hmdii) Pseudomonas
Putida; iv) LiAlH,; v) H,CO, HCO5H, @=vi) MsClI, thP'K+; vii) MsClI, (2-naphthyl)-SK"

Scheme 3.4

addition of a small anount of 1,4-dioxane gave a parti al
conversion to the am de of 3.16 (<30% . Reaction of the nethyl
ester of 3.16 with agqueous ammonia in a carius oven at 100°C
resulted in deconposed material. Use of neat NH; in a carius
oven at anbient tenperature furnished the amde of 3.16 in
| ess than 30% yield. On stirring the above nentioned am no
acid esters for five days in nethanol saturated with NH; the
amno acid am des of 3.16 and 3.20 were realized in yields
over 90%

Enzymatic resolutions of the amno acid am des of 3.16
and 3.20 were acconplished with a crude peptidase from
Pseudononas Putida.® Since enzymatic resolution of racenic
3.16-am de did not furnish enantionerically pure L-3.16 (71%
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ee), classical resolution was considered. As resolving agent
we chose chlocyphos,' devel oped by Ten Hoeve and Wnberg, *
since this has been successfully applied to nethionine (3.12,

n = 2)* and honmonethionine (3.12, n = °3). We obt ai ned
enantionerically pure L-3.16 as judged fromchiral TLC, though
the yield of this (not optimzed) resolution was |ow (99 .
Therefore, enzymatically resolved 3.16 was used for further
syntheses. In the case of the amde of 3.20, the enzymatic
resolution was term nated at a conversion of 57% vyielding L-
3.20 (75% ee) and D 3.20™ (> 95% ee).

Am nophosphine and ~sulphide |I|igands bearing sul phur
cont ai ni ng appendages

On addition of 2-propanethiol to the allylic position of
D- 3. 20, conpound D-3.21 was realized in 21% yield (Schene
3.5). The amno acids L-3.16 and D-3.21 have been converted by
the standard nethod (Section 3.2) to am nophosphines 3.12 (n
= 4) (by way of am no al cohol L-3.17 and di net hyl am no al cohol
L-3.18) and D-3.24 (by way of amno alcohol D-3.22 and
di mret hyl am no al cohol D-3.23). The syntheses of both L-3.12 (n
= 4) and D-3.24 were acconplished in 52% overall vyield.
Anal ogous to the procedure described in Section 3.3,
am nosul phide L-3.19 was obtained fromL-3.18 in 42%yi el d.

CO,Et CO,Et
iPrSH ip - i) ii)
CHNH, ——— » rS(CH2)3CHNH, o p.322 —'» p-323
i NI
D-3.20 D-3.21
IPrs N\, M
iii) /

MezN CH2 PPh2
D-3.24

i) LiAlH,; ii) H,CO, HCO ,H, @aiii) MsCl, Ph,P'K”

'Chlocyphos is an acronym for (S)-(+)-4-(2-chlorophenyl)-5,5-dimethyl-2-hydroxy-1,2,3-dioxaphosphorinane-2-
oxide.

"After hydrolysis of the amide.
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Scheme 3.5

3.5 Sunmmary and concl usi ons

In this chapter the syntheses of am no acid derived B-
am nophosphi nes and p- am nosul phi des are descri bed.
Enantionmerically enriched «o-nethyl-g-am nophosphi nes and «o-
met hyl - p- am nosul phi des were synthesized in 4 steps from a-
nmet hyl -o- am no acids, affording 3.9a, 3.9b and 3.1l1a. W were
not able to acconplish reduction of 3.1c to afford 3.6¢c; a
promsing route to 3.7c mmy proceed via 3.5c. R-
Am nophosphi nes and p-am nosul phides wi th sul phur contai ni ng
appendages were synthesized. W succeeded in the synthesis of
t he honol ogue 3.12 (n = 4) of honmonet hphos 3.12 (n = 3), which
has proven to be a successful ligand in asymetric cross
couplings. A naphthal enesul phi de anal ogue of 3.12 (n = 3) was
realized in 3.19. We succeeded in the synthesis of 3.24, an
anal ogue of honmonet hphos 3.12 (n = 3) with a sterically nore
hi ndered sul phur in the side chain. In how far these |igands
have an i nfluence upon the enantioselection in the asymetric
cross coupling reaction under investigation, is described in
Chapter 4.

3.6 Experinental section

Ceneral remarks: Al reactions were perfornmed under a nitrogen
at nrosphere, unless stated otherwi se. All reagents and sol vents
were purified and dried, follow ng standard procedures.® All
commercially avail able chem cals were purchased from Janssen
Chimca (Acros), Aldrich or Fluka, and were used w thout
further purification, unless stated otherwi se. Melting points
(uncorrected) were determned on a Mettler FP-2 nelting point
appar atus, equipped with a Mettler FP-21 mcroscope. ‘H NMR
spectra were recorded on a Hitachi Perkin Elmer R-24B High
Resol ution NMR spectronmeter (60 MHz), on a JEOL JNM PMX60 s

NWR spectronmeter (60 MHz), on a Varian Gem ni-200 (200 MHz) or
on a Varian VXR-300 spectroneter (300 MHz). Chem cal shifts
are denoted in S-units (ppm relative to tetranethylsilane
(TMS) as an internal standard (5 = O ppm) or relative to the
solvent and converted to the TMS scale using & (CHCl ;) = 7.26
ppm *C NMR spectra were recorded in the APT node on either a
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Varian Gem ni-200 (50.32 MHz) or a Varian VXR-300 (75.48 Hz)
spectroneter. Chemi cal shifts are denoted in S-units (ppm
relative to the solvent and converted to the TMS scal e using
S (CHCl ;) = 76.91 ppm The splitting patterns are desi gnated
as follows: s (singlet), d (doublet), dd (double doublet), t
(triplet), q (quartet), m (nultiplet), and br (broad). Mass
spectra were recorded on a AEl-MS-902 mass spectroneter by M
A. Kiewet. Elenmental analyses were perforned in the
M croanal ytical Department of this |aboratory by M H.
Draayer, M J. Ebels, and M J. Homes. Conpound 3.20 was
prepared according to literature procedure.®

Reduction of amno acid 3.1 to am no al cohol 3.6 (Procedure A)
This reaction was perfornmed in a three-necked flask (B24),
equi pped with a reflux condenser and a CaCl, drying tube. Am no
acid 3.1 (1.0 eqg.) was added under stirring in portions to a
suspension of LiIAH (1 M 2.5 eq.) in THF at 0°C. The reaction
m xture was refluxed overnight. After standard work up® and
extraction with Et,O the conbined organic |ayers were washed
with water and brine, dried over Na,SO, concentrated under
reduced pressure, distilled by means of bulb to bulb
distillation to give am no al cohol 3.6 (An alternative work up
procedure’ for the used standard work up procedure® is highly
recommended, since conplexation of the product to al um nium
salts can be significant. This alternative nethod applies
crystal water in d auber salt, Na,SOe10 HO, for hydrolysis of
the excess hydride. The resulting salts can be extracted
successfully, eventually followed by extensive extraction in
a Soxhl et apparatus).

D- 2- Am no- 2- net hyl - 3- phenyl - 1- propanol ( 3.6a, D «a-nethyl-
phenyl al ani nol)

Reduction of D-3.1a (4.9 g, 27.3 mmpol) gave D-3.6a as a
colourless oil in 75% yield (Procedure A); 'H NVR (CDCl,; 60
MHz): & 1.00 (s, 3 H), 2.68 (s, 6 H, 3.35 (s, 2 H, 7.1-7.4
(m 5 H.

L- 2- Ami no- 2- net hyl - 2- phenyl - 1-et hanol ( 3.6b, L-a-nethyl-
phenyl gl yci nol)
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Reduction of L-3.1b (4.13 g, 25 mmpl) gave L-3.6b as a
colourless oil in 54% yield (Procedure A). After prolonged
extraction with Et,O (40 h), the isolated yield was raised to
76% H NMR (CDCl,; 300 WMHz): & 1.47 (s, 3 H), 2.42 (br, 3 H),
3.59 (d, J =11 Hz, 1 H), 7.23 - 7.46 (m 5 H); =C NWR (CDC ,,
75.4 MHz): 5 26.8 (q), 56.7 (s), 71.4 (t), 125.3 (d), 127.0
(d), 128.5 (d), 145.7 (s).

Reductive al kylation (Eschweiler Clarke)® of 3.6 (Procedure B)
Formc acid (4.4 eq.) and formal dehyde (2.2 eq., 37 w.%
solution in water) were added to am no alcohol 3.6 (neat, 1
eg.) at 0°C. The reaction m xture was refluxed overni ght and
subsequently poured on crushed ice. The nixture was made
slightly basic with 15% NaOH and then extracted with Et,O (3
X). The organic |layer was dried over Na,SQ, concentrated under
reduced pressure and distilled by neans of bulb to bulb
distillation, to give 3.7.

D- 2- Di net hyl am no- 2- net hyl - 3- phenyl - 1- propanol ( 3. 7a)
Reductive al kylation of D-3.6a (2.38 g, 20.45 nmmol) gave D-
3.7a as a colourless oil after bulb to bulb distillation in
61%vyield (Procedure B); 'H NVR (CDCl; 300 MHz): & 0.91 (s, 3
H, 2.34 (s, 6 H, 2.68 (d, s = 12.5 Hz, 1 H), 2.76 (d, s
= 12.8 Hz, 1 H), 3.18 (d, Js = 10.6 Hz, 1 H), 3.18 (s, 1 H),
3.39 (d, Jg=10.6 Hz, 1 H), 7.17-7.28 (m 5 H); =C NWR (CDC 5,
75.4 M#z): 5 16.4 (q), 37.8 (q), 38.5 (t), 60.0 (s), 64.1 (t),
125.9 (d), 127.8 (d), 130.4 (d), 138.0 (s).

L- 2- Di met hyl am no- 2- net hyl - 2- phenyl - 1- et hanol (3. 7b)
Reductive al kyl ation of L-3.6b (1.24 g, 8.2 mml) gave L-3.7b
as a colourless oil after bulb to bulb distillation (100°C,
0.05 nmbar) in 69%vyield (Procedure B); 'H NVR (CDCl;, 300 MHz):
5 1.36 (s, 3 H, 2.21 (s, 6 H, 3.62 (d, J =10.6 Hz, 1 H),
3.69 (d, J =10.6 Hz, 1 H), 7.34-7.49 (m 5 H); =C NWR (CDC 5,
75.4 MHz): S 14.4 (q), 38.5 (q), 63.4 (s), 68.7 (t), 126.9
(d), 127.0 (d), 128.2 (d), 143.3 (s).

Preparation of diphenyl phosphine derivatives 3.9 from am no

al cohol 3.7 (Procedure Q)
Met hanesul phonyl chloride (1.1 eq.) was added dropw se to a
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stirred solution of N, N-dinethylam no alcohol 3.7 (1.0 eq., 1
Min THF) and 1.1 eq. triethylamne at 0°C. Stirring was
continued at 0°C for 2 h, after which tinme the reaction was
treated in one portion with a freshly prepared, bright deep
red mxture of di phenyl phosphine (1.0 eq.) and KOBu (2.5 eq.)
in THF (0.2 M to diphenyl phosphine) at 0°C. The red col our
faded on addition to give a yellow m xture which was stirred
for an additional 2 hours at 0°C. The work up procedure
i ncl udes evaporation of the major part of the organic solvent,
after which the residue was shaken with 15% NaOH and benzene.
The aqueous |ayer was extracted twice with benzene and the
combi ned organic |ayers were washed with brine, dried over
Na,SO, and concentrated under reduced pressure. The crude
product was purified by means of bulb to bulb distillation
(=200°C, =0.005 mm Hg) to give N, N-dinethylam nophosphi ne 3.9.

D 2- D net hyl am no- 2- net hyl - 1- di phenyl phosphi no- 3- phenyl propane
(3.9a)

Compound D-3.9a was synthesized fromD-3.7a in 86%yield, by
Procedure C and additional purification over a short colum
(Al ,0;, Et,O to renopve phosphine oxides; 'H NVR (CDG , 300
MEz): 5 1.03 (s, 3 H, 2.18 (s, 6 H, 2.33-2.47 (m 2 H), 2.82
(s, 2 H, 7.15-7.82 (m 25 H); *¥C NWR (CDCl;, 75.4 WMHz): & 23.7
(q), 36.7 (t), 38.5 (q), 41.2 (t), 59.8 (s), 125.7 (d), 127.7
(d), 128.0 (d), 128.1 (d), 128.2 (d), 130.7 (d), 139.0 (s),
140.2 (s); *P NMR (CDCl, 121.4 MHz): & -24.8.

L-2- D net hyl am no- 2- et hyl - 1- di phenyl phosphi no- 2- phenyl et hane
(3.9b)

Conmpound L-3.9b was synt hesi zed from L-3.7b by Procedure C and
purified over a short colum (Al,OQ, Et,0 to renmove phosphine
oxide (47% . The *P NMR spectrum cont ai ned R;PO absorption if
the material had been exposed to air; this indicates the
sensitivity to oxidation; *H NVR (CDCl; 300 MHz): & 1.45 (s,
3 H, 223 (s, 6 H, 2.55-2.73 (m 2 H), 7.15-8.86 (m 25 H);
"C NWR (CDCl; 75.4 MHz): & 18.2 (q) 29.5 (q), 47.1 (t), 70.3
(s), 124.6 (d), 126.7 (d), 127.8 (d), 128.0 (d), 128.1 (d),
128.4 (d), 143.1 (s), 148.0 (s); *P NMR (CDCl; 121.4 MHz): 5
21.3, -40.5 (mjor peaks).
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L- 2- Di net hyl am no- 1- (1- napht hyl t hi 0) - 3- phenyl propane (3. 10)
Freshly reduced 1-naphthal enethiol (304 mg, 1.9 nmmol) in THF
(10 mL) was added in one portion to the nesylate prepared in
situ from L-2-(di nethylam no)-3-phenyl-1-propanol (see
Footnote h) (340 ng, 1.9 nmmol) and net hanesul phonyl chloride
(0.26 m., 2.1 mmol) in THF (15 m.) at 0°C. Due to ready
formation of the 1-naphthalene disulphide under basic
conditions, no extra base, such as KOBu, was added. The
mxture was stirred overnight at anbient tenperature. Work up
procedure, as described for am nophosphines in Procedure C,
afforded L-3.10 (68%; 'H NVR (CDCl,; 200 MHz): & 2.46 (s, 6
H)y, 2.49-3.21 (m 5 H), 7.18-8.44 (m 12 H); ®BC NWR (CDC ,
50.3 MHz): S 34.6 (t), 35.0 (t), 40.6 (d), 65.8 (q), 125.1
(d), 125.5 (d), 126.2 (d), 126.4 (d), 126.7 (d), 128.5 (d),
128.6 (d), 129.2 (d), 129.4 (d), 130.3 (d), 132.8 (q), 133.4
(q), 134.1 (qg), 139.6 (q).

L- 2- Di net hyl am no- 1- (2- napht hyl t hi 0) - 3- phenyl propane (3.11)

A m xture of 2-naphthalenethiol (304 ng, 1.9 mmol) and KOBu
(0.533 ng, 4.75 mml) in THF (10 nm.) was added in one portion
to the in situ prepared nesylate from L-2-(di methyl am no) - 3-
phenyl - 1- propanol (see Footnote h) (340 ng, 1.9 mml) and
met hanesul phonyl chloride (0.16 nL, 2.1 mml) in THF (15 nlL)
at 0°C. The mxture was stirred overnight at anbient
temperature. The work up procedure, as described for
am nophosphines in Procedure C, afforded L-3.11 (92%; 'H NWR
(CbAd,; 200 MHz): & 2.55 (s, 6 H), 2.76 (m 1 H), 2.80-3.33 (m
4 H), 7.26-8.13 (m 12 H); “C NMR (CDCl; 50.3 MHz): & 34.1
(t), 34.4 (t) 40.7 (q), 65.5 (d), 125.4 (d), 126.2 (d), 126.3
(d), 126.4 (d), 127.0 (d), 2127.7 (d), 128.2 (d), 128.6 (d),
129.0 (d), 129.3 (d), 131.3 (s), 133.9 (s), 134.8 (s), 139.8

(s).

D 2- D net hyl anmi no- 2- net hyl - 1- (2- napht hyl t hi 0) - 3- phenyl propane
(3.11a)

2- Napht hal enethiol (320 nmg, 2.0 mmol) in THF (5 nL) was added
by syringe to D-3.8a, prepared fromD-3.7a (387 ng, 2.0 mmol)
and met hanesul phonyl chloride (0.17 m., 2.2 mol), at 0°C
Addi tional triethylamne (0.1 nL) was added, and the m xture
was stirred for 24 h at anbient tenperature. The work up
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procedure, as described for am nophosphines in Procedure C,
afforded 632 ng crude material. This was filtered over a short
colum (Al,0, basic; Et,O hexane 1:1) to give D-3.1la (33%;
MS cal cd. for CuHxNS: 335.171, found: 335.171; 'H NMR ( CDCl ,,
200 M#z): 5 1.46 (s, 3 H, 2.41 (s, 6 H, 2.61 (s, 2 H), 3.08
(s, 2 H, 7.28-7.74 (m 12 H); “C NWMR (CDCl;, 50.3 MHz): & 18.3
(q), 38.5 (q), 40.7 (t), 41.6 (t), 59.9 (s), 125.0 (d), 125.3
(d), 126.4 (d), 126.5 (d), 126.9 (d), 127.0 (d), 127.7 (d),
127.9 (d), 128.1 (d), 130.7 (d), 131.4 (s), 133.9 (s), 135.9
(s), 138.5 (5s).

48



Di et hyl - (4-butenyl ) acet am donmal onate (3. 14)

Conmpound 3.13 (86.6 g, 400 mml) was added to a warm sol ution
of of sodium(9.2 g, 400 mmol) in ethanol (abs) (500 mL) under
a nitrogen atnosphere. After stirring for 15 mnutes, the
m Xxture was cooled to 10°C and 4-brono-1-butene (54 g, 400
mol ) was added slowy. The m xture was stirred and refl uxed
for one night and evaporated to dryness. Water (200 nmL) and
chloroform (100 nL) were added. The aqueous | ayer was extract-
ed twice with chloroform (100 nL). The conbined chloroform
fractions were washed with brine and dried (MgSGO) and
concentrated, to give crude 3.14 as a yellow liquid in
guantitative vyield, which was used wthout further
purification, H NVMR (CDCl,;): & 1.25 (t, 6 H), 1.28 (t, 2 H),
2.07 (s, 3 H, 222-2.6 (m 2 H, 4.23 (q, 4 H, 4.8-6.0 (br m
3 H, 6.8 (br s, 1 H).

Di et hyl - (4- Met hyl t hi obut anyl ) acet am donal onate (3. 15)
Compound 3.14 (400 mml) was added to a solution of ethanol
(200 mL), benzoylperoxide (1.0 g, 4.1 mmol) and nmercury!"
acetate (4.5 g, 14 mmol). The solution was cooled to —-30°C
Met hanet hiol (25 nmL) was added qui ckly and the whole m xture
was irradiated with a high-pressure nmercury |anp (Hanau TQ
150) equipped with a quartz filter for one night at -10°C. The
resulting black mxture was filtered over Celite and dried, to
give crude 3.15 as a light yellow solid in 70% yield, which
was used without further purification; H NMR (CDCl;): & 1.25
(t, 6 H, 1.28 (t, 2 H, 1.35 (m 2 H), 2.03 (s, 6 H, 2.40
(m 4 H, 4.20 (g, 4 H, 7.0 (br s, 1 H).

2- Am no- 6- et hyl t hi o- 1- hexanoi ¢ acid (3.16, racem ¢ bis(hono) -
met hi oni ne)

To 3.15 was added 4N HCl solution (400 nL), and the m xture
was refluxed for 6 h. After the solvent was renoved in vacuo,
water (100 nL) was added. Under cooling and stirring, 10 N
NaOH was added until pH 7. The white solid was filtered off,
to give racemic 3.16 in 90%yield (63%overall yield); 'H NWR
(DO DC, 200 MHz): & 1.45 (m 2 H), 1.56 (m 2 H), 1.92 (m
2 H, 2.00 (s, 3 H, 2.47 (t, 2 H, 4.09 (t, 1 H. Further
purification of a part was acconplished by recrystallization
from wat er/ met hanol and water/acetone; np > 200°C, MS cal cd.
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for CGHisNOS: 177.082, found 177.082; Analysis calculated for
CHsNOS: C 47.43, H 8.53, N 7.90, S 18.09; found: C 46.67, H
8.49, N 7.82, S 17.87.

Enzymatic resolution of 3.16 and 3. 20

St andard enzymatic resolutions of the amno acid am des of
3.16 and 3.20 were realized according to the literature
procedure® with a crude peptidase from Pseudononas Putida,
affording L-3.16 (71% ee) and D-3.20 (> 95% ee). These
resolutions are described in detail in the undergraduate
report of Ms. Cuiper.

Resol ution of 3.16 with chl ocyphos*

Racem c¢c 3.16 (532 nm, 3.0 nmmol) and (S)-(+)-4-(2-
chl orophenyl ) -5, 5-di nmet hyl - 2- hydr oxy- 1, 2, 3- di oxaphosphori nane-
2-oxide (chlocyphos, 830 nmg, 3.0 mml) were dissolved in a
m xture of warm water : ethanol of 2.7 : 1 v:v (18 nmL). The
solution was stirred for 7 days, after which the salt was
filtered off and washed with water. The salt was stirred with
HJ (2.4 M 8nL) for 24 h, and filtered off. The filtrate was
evaporated to dryness, dissolved in 2 nL water : ethanol and
neutralized with a NaOH solution (10 M. The precipitate was
filtered off, washed with ethanol and dried to give D-3.16 in
8.6% chemcal yield, in > 99% ee, as judged by chiral TLC
(CHI RALPLATE, Machery Nagel, Duren) against racem c 3. 16.

L- 2- Am no- 6- met hyl t hi o- 1- hexanol (3.17)

Reduction of L-3.16 (3.0 g, 17 mml) with Li Al H, gave L-3.17
inquantitative yield as a colourless oil (Procedure A); 'H NMR
(b, 60 MHz): & 1.6 (m 8 H), 2.1 (s, 3 H, 2.4 (m 3 H,
3.4 (m 3 H).

L- 2- Di met hyl am no- 6- net hyl t hi o- 1- hexanol (3.18)

The crude L-3.17 was used as such, and gave L-3.18 in 80%
yield as a colourless oil after purification by bulb to bulb
distillation (120°C, 0.01 mm Hg) (Procedure B). The ee of L-
3.18, 71% was determned by 'H NMR spectrum anal ysis of (S)-2-
chl oropropi onyl coupl ed product;* *H NVR (CDCl; 200 MHz): &
1.14 (m 2 H, 1.34 (m 2 H, 1.59 (m 2 H), 2.09 (s, 2 H),
2.27 (s, 6 H, 2.49 (t, 2 H, 2.57 (m 1 H, 3.25 (dd, 1 H),
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3.53 (m 2 H; *#C NWR (CDCl; 50.3 MHz): & 15.4 (q), 23.6 (t),
26.0 (t), 29.2 (t), 33.8 (t), 39.9 (qg), 60.7 (t), 64.4 (d).
L- 2- D net hyl am no- 1- di phenyl phosphi no- 6- net hyl t hi ohexane (3.12
(n = 4), L-bis(hom)nethphos)

Compound L-3.12 (n = 4) was synthesized fromL-3.18 (0.62 g,
3.23 mmol, 71% ee) in 68% yield (Procedure C). A double
Schl enk vessel was used owing to the extrene air sensitivity
of the product. MS calcd. for GC,;HyNPS: 359.184, found:
359.183. 'H NMR (CDCl; 200 MHz): & 1.41-1.51 (m 6 H), 2.07
(s, 3H, 2.15 (s, 6 H, 2.24-2.47 (m 5 H), 7.26-7.49 (m 10
H); *C NWMR (CDCl,; 50.3 MHz): & 15.50 (q), 26.12 (t), 28.30
(t), 29.19 (t), 30.78 (t), 34.08 (t), 39.91 (q), 61.03 (d),
128.37 (s), 132.67 (d), 133.06 (d), 138.80 (d), 139.30 (d); *P
NVMR (CDCl;, 80.95 MHz): &S -20.23.

L-2-Di met hyl am no- 6- met hyl t hi o-1-(2-napht hylthi o)-hexane
(3.19)

A m xture of 2-naphthal enethiol (320 ng, 2.0 nmmol) and KOBu
(0.560 nmy, 5.0 mmol) in THF (10 nL) was added in one portion
to the in situ prepared nesylate from L-3.18 (380 ng, 2.0
mrol ) and net hanesul phonyl chloride (0.17 nmL, 2.2 mmol) in THF
(15 mL). The mxture was stirred for 2 h at 0°C. Work up
procedure, as described for am nophosphines in Procedure C,
afforded a light yellow oil. The crude product was purified by
col um chromat ography (Al .,O-neutral, Et,0 to give L-3.19 (42%
as a colourless oil; *HNWR (CDCl; 200 MHz): & 1.20-1.66 (m 6
H, 2.06 (s, 3 H, 2.30 (s, 6 H, 2.47 (t, 2 H, 2.68 (m 1
Hy, 2.92 (dd, 1 H), 3.25 (dd, 1 H), 7.2-7.8 (m 7 H); C NWR
(Cbcl 5 50.3 WMHz): oS 15.3 (q), 25.8 (t), 28.8 (t), 33.7 (t),
40.2 (q), 63.6 (d), 125.8 (d), 126.6 (d), 127.0 (d), 127.3
(d)y, 127.4 (d), 127.6 (d), 128.5 (d), 131.7 (s), 133.3 (s),
133.6 (s); MsS calcd. for CiHyNS,: 333.158, found: 333.158.

D- 2- Ami no-5-(2-propylthio)-1-pentanoic acid (3.21)

D-3.20 (5.5 g, 47.8 mmol, 95% ee), 2-propanethiol (11 g, 143.5
mol ) and AIBN' (0.26 g, 1.4 nmmmol) in water-nmethanol 1:1 (200
m.) were refluxed for 48 hours. After 24 hours an additional
portion of AIBN (0.26 g, 1.4 mmmol) was added. The sol vent and

"2,2'-Azobis(2-methylpropionitrile).
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excess of 2-propanethiol were evaporated under reduced
pressure. Hot water was added, just enough to dissolve the
residue, followed by acetone (200 nL). The white solid
obtained was filtered and dried. Since this material included
starting material (about 70%, the procedure was repeated with
fresh 2-propanethiol and AIBN. The crude product was
recrystallized from water-acetone and water-nmethanol to give
(D)-3.21 (21%; np > 200°C, 'H NMR (DO DCl, 200 MHz): & 1.14
(d, 6 H, 1.67 (m 2 H, 1.99 (m 2 H), 2.56 (t, 2 H, 2.94
(sept, 1 H, 4.12 (t, 1 H); *¥C NWR (CDCl; 50.3 MHz): & 27.5
(q), 29.4 (t), 33.4 (t), 38.4 (t), 39.3 (d), 57.4 (d),175.7
(s); Mbcalcd. for GH3;NOS: 191.098, found: 191.098; Analysis
cal cul ated for GH3;NOS: C 50.23, H 8.96, N 7.32, S 16.76,
found: C 50.24, H 8.86, N 7.23, S 16.59.

D- 2- Am no- 5- (2- propyl thio)-1-pentanol (3.22)

Reduction of D-3.21 (1.33 g, 6.97 mowl) gave D-3.22 in 82%
yield as a colourless oil (Procedure A); 'H NMR (CDCl, 200
MHz): & 0.86 - 3.65 (m 12 H), 1.27 (d, 6 H), 2.88 (sept., 1
H) .

D- 2- Di net hyl am no- 5- (2- propyl t hi 0) - 1- pentanol (3.23)

The crude D-3.22 was used as such, and gave D-3.23 in 79%
yield as a colourless oil after purification by bulb to bulb
distillation (120°C, 0.01 nm Hg) (Procedure B); 'H NVMR (CDCl ,
200 M#z): 5 1.26 (d, 6 H, 1.60 (m 4 H, 2,28 (s, 6 H, 2.54
(m 3 H, 2.91 (sept, 1 H, 3.26 (dd, 1 H), 3.53 (m 2 H); ®C
NMR (CDCl3): & 23.3 (q), 23.5 (t), 27.2 (t), 30.6 (t), 34.8
(d), 40.0 (qg), 60.8 (t), 64.3 (d); M calcd. for Cy,Hx;NOS:
205. 150, found: 205.150.
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D 2- D net hyl am no- 1- di phenyl phosphi no- 5- (2- propyl t hi 0) - pent ane
(3.24)

Compound D-3.24 was synthesized from D-3.23 (0.83 g, 4.03
nmmol) in 80% yield (Procedure C); 'H NWMR (CDCl; 200 MHz): &
1.23 (d, 6 H, 1.20-1.60 (m 4 H), 2.14 (s, 6 H, 2.08-2.45
(m 5H, 2.86 (sept, 1 H, 7.25-7.49 (m 10 H); ®BC NMR (CDCl,,
50.3 MHz): 5 23.35 (q), 27.01 (t), 28.27 (t), 30.40 (t), 30.45
(t), 34.58 (d), 39.79 (q), 60.69 (d), 128.27 (d), 132.57 (d),
133.01 (d), 138.57 (q), 139.25 (q); *P NMR (CDCl; 80.95 MHz):
S -20. 40.
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Chapter 4

Asymmetric Cross Coupling Reactions With An Improved Grignard Reagent

Solution

4.1 Introduction

In Chapter 2 the transition metal catalysed cross
coupling reaction was discussed as a route to 3-phenyl-1-
but ene. When appropriate asymetric |igands, as described in
Sections 2.1 and 2.2, and Chapter 3, are used for the
catalytic centre, this profen-precursor can be obtained in a
chiral, non-racemc form The enantioselectivity, although not
absolute, is quite high, values of 80-90% ee being accessible.
The enantiosel ectivity of asymetric cross coupling reactions,
however, is easily influenced by many nore factors than the
asymetric catalytic conplex alone, as we have discussed in
Chapter 2. Sone of these factors arise in the preparation of
the Grignard reagent, and are often overl ooked.

This chapter opens wth nmechanistic aspects of
or ganomagnesi um halide formation in Section 4.2, followed by
the problems in practical sense in Section 4.3. The scope of
met hods to prepare a M surface for reaction wth
organohal ides is di scussed in Section 4.4 In a workabl e schene
for synthetic purposes, the ee values for the asymretric cross
coupl ed products nust depend unambi guously on the scalemc
catalyst and not on additional factors that influence
enantioselectivity.? Sone of these factors, originate fromthe
composition of the Gignard reagent solution and its
preparation, which wll be described in Section 4.5. To
exclude the influence of these factors adequately, the
preparation of the magnesi um surface prior to reaction with RX
had to be inproved. The devel opnent of a method to prepare
i mproved Gignard reagent solutions is described in Section
4.6, as well as the different stereochem cal consequences.

In Section 4.7 asymretric cross coupling reactions will

“cf. Section 2.3-I Influence of the alkylating species RMX.
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be di scussed, in which use is made of the inproved sol ution of
4.2. The syntheses of the asymmetric ligands applied in these

experinments were discussed in Chapter 3. In the present
chapter, cross couplings with a mxture of Gignard reagent
and zinc halide will be discussed as well. Wth regard to

reactivity in cross couplings, a substantially different
behaviour is found between mxtures of zinc halide wth
Grignard solutions prepared in the conventional and the
i mproved manner. O oss couplings with RZnX sol utions that have
been prepared under magnesium salt-free conditions will be
descri bed separately in Chapter 5, since there is considerable
di fference between these organozinc reagents and the 'classic'
m xture of Grignard reagent and zinc halide.

4.2 Grignard reagents - di fferent

mechani sti ¢ nodel s

| ntroduction

The Grignard reagent is one of the nost useful, perhaps
t he nost useful, of all organonmetallic internediates. In the
| ast years of the nineteenth century, Victor Gignard (1871-
1935) exam ned the so called Barbier synthesis® (Schene 4.1,
eqg. 2) when working in the group of Barbier. Gignard proposed
the reactive internediate to be RMgX (Schene 4.1, eq. 1) and
al t hough Barbier did not approve of the idea, Gignard carried
out sone experinments and denonstrated the formati on of RMgX
Bar bi er broadm ndedl y commended Grignard upon the making of an
inmportant scientific discovery, and encouraged himto exploit
it.” The first description of the new reagents, and of sone of
their properties and reactions, appeared in 1900.% The Barbi er
synthesis has |ater beconme a variation of the Gignard
reaction. In 1954, Kharasch and Reinnuth stated that "it m ght
be said that he who knows and understands the Gignard
reactions has a fair grasp of organic chem stry, for nost
fundanental processes have prototypes or analogues in
phenomena observable in Gignard systenms".?

The Barbier synthesis differs from the normal Grignard reaction in that the carbonyl compound is already present
at the beginning of the reaction.
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RX +Mg(0) —— RMgX =——= %[R,Mg + MgXj] (1)

RR'C=0 + Mel + Mg0) —— RR'MeCOMgl ———— RR'MeCOH )

Schenme 4.1

More than 90 vyears after the initial reports,? the
nmechani smof the Gignard reagent formation has been and still
is a topic of active interest.*>%7891011121314 Thaere remain
various unsettled questions about the nmechanism |In the
fifties Kharasch and Reinmuth already believed that alkyl
radicals are intermediates and they suggested a nmechanism
which nowis called the A (adsorption) nodel. Unfortunately,
the Grignard reagent is fornmed in a heterogeneous reaction
occurring at a solid-liquid i nterface and no
nonel ectrochem cal organic reaction occurring at such an
interface is understood at the nechanistic level that is
typical for reactions in honogeneous solutions. This is due to
the lack of kinetic studies at |least up to the md eighties.
The first steps to fill up this gap were made by Garst et al.,
who proposed a nechanistic nodel using kinetics: the D
(di ffusion) nodel . 890112

Even now, there is controversy on the surface nature of
the radical, with Wal borsky and Garst as protagonists for the
A nodel and the D nodel, respectively. The nodels differ as to
whether the internediate radicals diffuse freely in solution,
or remai n adsorbed at the magnesi um surface.
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Schenme 4.2 Proposed Mechanism for Grignard Formation -
The Adsorption Model

The A nodel

The A nodel is based on experinentally established
product distributions and stereochem stry observed in the
formation of the Grignard reagent. In the A nodel two species
can be formed after the initial electron transfer: a tight
radi cal -anion - radical-cation species (path 1), which can
ei ther collapse to form RMgX with conserved stereochem stry
(path 4) or give a |loose [Re MyXe] radical pair (path 3).
Alternatively, a |loose [Re MyXe] radical pair can be forned
directly by an electron transfer (path 2). Gignard reagents
formed via path 1 and 4 are presunmed to be formed wth
retention of configuration, whereas via path 2 and 5 (or 1, 3,
5 RWXis formed in racemc form A nore detailed discussion
about the chirality of Gignard reagents is beyond the scope
of this thesis. We refer the reader to the references about
this subject.>®’
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RX‘////
Mg R- —> R —>
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RMgX omit for A model
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Scheme 4.3 Proposed Mechani sm for Grignard Formation - The
Di f fusi on Mdde

The D nodel

The D model is a mathematical nodel and based on a
ki netic analysis of the product distribution.?%®™% |n this
nodel, it is assumed that only the electron transfer processes
take place at the My surface, whereas the A npdel proposes
that all reactions occur there. Although the difference is
subtle, it is nmore than semantic, since in the D nodel
radicals are predicted to get many nol ecul ar dianmeters out
into the solution before reaction. To get an idea of the
(mat hematical ) distance a radical can diffuse away and still
come back to the magnesium surface, it has been cal cul ated
that n-octyl radicals can travel as far as 17,000 A into the
solution and still have a 40% chance of getting back to the
nmagnesi um surface before reacting with ether solvent. This is
a result of the low reactivity between the radical and the
solvent and, on the other hand the 'radical trapping ability'
of the magnesi um surface. Wl borsky, on the other hand, proved
experinentally that tertiary radicals (which are assunmed to
react even slower with the solvent than do n-octyl radicals)
generated in solution within 1,500 A of the My surface do not
forma Gignard reagent and, consequently, magnesi um does not
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behave as an effective radical trap.*

In fact, tw questions remnin: does the Gignard
formation proceed entirely via free radicals on the My surface
or are other internediates involved, such as radical anions.
And: do these internediates remain |argely on the surface or
do they diffuse freely in solution all the time? According to
Garst, "the D nodel radicals are not 'in solution'; instead
the radicals belong to surface-radical pairs. The behavi our of
these type radicals is very different from those of both
radi cal -radi cal pairs and individual radicals in solution".?

The A and D nodels have been reviewed by Walling, ** who
finally synpathized nore with the D nodel than the A nodel.
Simply, the D nodel is capable of quantitative predictions
supported by mathematical analysis. The A nodel is based on
experinmental data; it is difficult to falsify for it invokes
several additional reactions of poorly characterized species
and has little predictive power. Both nodels have their
i nconpl et enesses.

This section has no direct relationship to the
investigation which s described in this thesis. |t
illustrates the intricacy of (presuned) behaviour of
organonetal conmpounds at the metal suface, and gives a brief
review of recent mechanistic nmodels. Both the two nodels, A
and D, have no consequence for the nmechanism of the asymmetric
cross coupling reaction, described in this thesis.

4.3 ignard reagents - in practical sense

The Grignard reagent 4.2, discussed in Chapter 2, was
generally prepared from4.1, as depicted in Schenme 4.4, in a
routine procedure. This was acconplished with magnesium
turnings which were pretreated by a crystal of elenmentary
iodine. In the vast majority of the cases, we had to heat the
flask locally to initiate the reaction, after addition of the
first drops of halide. On conpletion of the preparation, the
flask contains several conpounds in a differing ratio: in
addition to the Gignard reagent RWMgX, hono coupl ed product
R-R (4.3) and starting material (4.1) are present. As a result
of the undesired honmo coupling (4.3), magnhesium salts are
fornmed, which give the reaction m xture a cloudy, grey-white
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appearance. This procedure was never satisfactory due to its
low reproduci bility. Yields of 4.2, generally spoken, are |ow
to moderate, up to 30% The pretreatnent of M needed
i nprovenent to circunvent the occurrence of honp-coupling
problem (up to 40%, and the attendant problens of chem cal
activators, as will be discussed in Section 4.5.

To inprove the preparation of a Gignard reagent with few
side products, we focus on the problens of low reactivity
between My and RX and formation of honp coupl ed product. The
initial step requires electron transfer fromthe My surface to
RX, leading to the formation of Re. According to D nodel
theory, this step is limted by diffusion control and nakes
t he available surface area of active nmagnesium a critical
factor. It may give way to a m xture of conmpounds, due to
i nconpl ete conversion. Higher reaction tenperatures favour
anot her problem if RX reacts slowy with the My surface, it
may react with the already formed RMgX, yielding honmo coupl ed
product. (cf. Scheme 4.4) This is a severe problem with
reactive allylic or benzylic halides. The conpetition wll be
in favour of the M'®, assuming its surface is active and
sufficient avail able. The RMyX species is |l ess jeopardi zed by
RX if the concentration of both is kept low, ¢ and the reaction
temperature nust be |lowered to an optimm Preparation of
magnesi um surface remains a major problem in the RWMX
formation. In the next section, sone of the My preparation
techniques prior to the formation of RVMgX are di scussed. \When
sonme of the resulting Grignard reagent solutions® are applied
in asymetric cross coupling reactions, however, additional
probl ens regarding stereoselectivity may arise, as we will see
in Section 4.5. In order to solve the problens of insufficient
active My surface, and the influence on enantiosel ection of
chemcal activators in RWX sol utions, we present an ultimte
surface preparation technique in Section 4.6, which is
i ndi spensable to this type of chem stry.

The concentration of the reagent preferably should not exceed 25-30% volume of halide in solvent.

4The different Grignard reagent solutions may contain different contaminations (eg. as a result from surface
preparation by chemicals).
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4.4 Methods to prepare nmagnesi um surfaces

There are many ways to activate M@, and the chem st who
tries -without much success- to initiate Gignard reagent
formation can reckon on well-intentioned col | eagues suggesti ng
a nyriad of techniques, fromthe subline to the strange; from
adding a crystal elenmentary iodine, to the use of slightly wet
sol vent or the addition of sone saliva.

To prepare magnesi um surfaces reproducibly is notoriously
difficult. Surface oxides, adsorbed insulating |ayers and
crystal lattice orientation can affect the heterogeneous
reaction rates. As a result, not only the initiation but also
t he reproduction of the Grignard reaction is difficult. The
followng survey of magnesium surface pretreatnents 1is
i ndi cative, and does not claimto be conplete; they can be
divided in two types: mechanical and cheni cal

CGenerally, magnesium turnings are sufficiently prepared
for reactive halides after renoval of surface oxides and
contamnations by hand with pestle and nortar. It is suggested
t hat bending magnesium strips would cause crystal lattice
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di sl ocati ons, maki ng them appropriate for Grignard
reactions.*4% Magnesium turnings <can be activated by
sonication; this nethod appears to be critically dependent on
the water content of the ethereal solution. It is suggested
t hat the function of the ultrasound is to disperse surface-
bound wat er from the magnesi um * Sonetinmes, sonication is the
preferred technique for effecting the Barbier variation of the
Gignard reaction, where magnesi um organohalide and carbonyl
conpound are introduced concomtantly and the Gignard reagent
is intercepted as fast as it is fornmed. "

| nstead of nechanical activation, chem cal activation
with a crystal of elenentary iodine is satisfactory in a fair
nunmber of the reactions. Anpong the nunerous other chem cal
activators are bromne, iron trichloride, or a readily
reactive alkyl halide (e.g. nethyl iodide). A small portion of
a preformed Grignard reagent (preferentially a |eft-over of a
former experinent), is often successful.

A well known activation procedure is Rieke's nethod,
where magnesium halides are reduced in situ by netallic
potassium vyielding a finely divided black powder of netallic
magnesi um ® An alternative method for the synthesis of finely
di vi ded magnesi umrequires the evaporative sublimation of high
purity netal in vacuo with condensation into a solvent slurry
at —-196°C. ®

Magnesi um amal gam can be fornmed by di ssol ving magnesi um
powder in nercury, which appears to react slowy, but
uni formy over the entire surface. Reduction of nercuric
hal i des by magnesi um furni shes an amal gam as well,?® though
contamnated with halides, a disadvantage, as we will see. In
the next section, we discuss the influence of the conposition
of Grignard solutions on ee in asynmmetric couplings.

4.5 @ignard reagent solutions in asymetric
cross coupling reactions

The broad scope of nethods to prepare the surface of
magnesi um however, is not a guarantee for success in
preparati on of Grignard reagent solutions that are acceptable
for asymmetric cross coupling reactions. In the asymetric
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cross coupling reactions of this chapter, the chiral, racemc
Grignard conpound is subjected to kinetic resolution. 1In
Section 2.3-1,11 and I1l, several influences on ee have been
di scussed: higher amunts of RMgX versus R X result in
decrease of optical yields; dilution of the Gignard reagent
| owers the optical purity; the type of ether solvent (Et,0
THF, 'BuOwe) also influence the optical vyield.*?% These
factors can be standardized relatively easy, although one
woul d prefer that they were absent.

MgX =
catalyst X
CH3 + X/\ —y> CH3
Et20
4.2 4.4
Scheme 4.5

Varying halide X in [vinyl halide - Gignard reagent]
conbi nati ons

Remar kable is the influence on ee by the halogens X
present in both nmoieties to be coupled, RwWgX and R X, as
di scussed in Section 2.3-11. Consiglio et al. reported® a
phenonenal effect on ee by varying the conbi nati on of type of
halides X in cross coupling 2-butyl-MgX with ArX, using the
same chiral cat al yst Ni Cl, (+)(R)-Prophos].® All ni ne
conbi nati ons between 2-butyl-MgX and ArX (X = CI, Br and I)
resulted in different optical yields of the product 2-
phenyl butane. Although it is evident now that the initially
reported reverse of absolute configuration is due to the
presence of Mjl,(vide infra), the effect on optical purityf
remai ns. #

More recently, Consigslio et al. established that the
sense of enantioselectivity could change during asymetric
cross coupling experinments. This was attributed to the
variation in the nature of the Gignard reagent as a
consequence of the increased dilution and the formation of

‘Prophos is an acronym for 1,2-bis(diphenylphosphino)propane.
"For example, with NiCl[(+)(R)-Prophos] as catalyst, the cross coupling between s-BuMgCl and PhCl afforded 2-
phenylbutane in an optical purity of 14.4%, whereas s-BuMgBr and PhBr afforded 2-phenylbutane in 39.9%.
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magnesi um halides. The occurrence and the extent of this
effect appears to be dependent on the diphopsphine |igand
used. Remarkably, no such change in enantioselectivity was
observed when the am nophosphine (S)-(R)-BPPFA was used. This
was attributed to the proposed interaction between the
di methyl amno group and the Gignard reagent before
alkylation of the transition nmetal.® Consiglio et al. assuned
t hat the change in enantioselectivity during the reaction is
a result of nagnesium halide formation. They supposed the
am nophosphi ne catal ysed systens to be insensitive to this
effect, due to interaction between the dinethyl am no group
and the Gignard reagent, prior to alkylation of the
transition netal.??*

Ve were interested to know whether this effect applies to
our catalytic system? where the ligand contains a
di met hyl ami no group. In the followng indicative study, we
varied the types of halide X of 4.2 and vinyl halide under
further simlar conditions. The val phos-Ni Cl, conplex was
chosen as archetype of these am nophosphine catalysts. The
commercial availability of halides RX and R X was limted to
X=0d and Br. W investigated several synthetic nethods (vide
infra) to synthesize the corresponding halides with X =1 in
Et ,O.

Haynes et al. reported that diiodophosporane (PhsPl,) is
able to convert primary and secondary al cohols into iodides.®

We converted 1-phenylethyl alcohol into the corresponding
iodide by this nmethod, though incompletely. A 70 : 30 ratio of
al cohol : iodide was the best we could reach. Further
purification by distillation, under formation of styrene, did

not lead to inprovenent (60 : 40 ratio). Since 1-phenyl ethyl
i odide easily forns styrene and the corresponding Gignard
reagent easily undergoes hono-coupling, no further attenpts
were nmade. We therefore have |limted the range of the 1-
phenyl et hyl halides to chloride and broni de.

We attenpted to prepare vinyl iodide in Et,O by addition
of 1,to vinyl magnesium brom de solution in Et,O but w thout
success. The Gignard reagent of vinyl bromde is commercially

Catalyst=amino acid derived dimethylaminophosphine complexed to Ni®centre; cross coupling reaction between
1-phenylethyl halide and vinyl halide.
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available in THF (and not in Et,O . Since THF may influence the
enantioselectivity," its presence as (co)solvent in these
experiments is not desired. Isolation of vinyl iodide from THF
by distillation is hanpered by their close boiling points,
respectively 56°C and 66°C. We expected that use of a higher-
boiling solvent would give a better opportunity to isolate
vinyl iodide by distillation. We then tried n-Bu,O (bp

142-143°C) as solvent, but no vinyl iodide was distilled from
the reaction nmixture. On addition of elenmentary iodine to
vinyl lithium prepared from vinyl brom de and n-BuLi /

KOBu, 2" no vinyl iodide was obtained. Normant reported that
ol efinic iodides can be obtained on addition of |, to an
olefinic cuprate internediate. The cuprate was prepared from
the corresponding Giignard and Cu!”Br.*® W have perfornmed
anal ogous experinments with vinyl brom de as ol efinic species,
however, w thout success, since no vinylic proton signals were
detected by 'H NMR. Takagi et al. reported that olefinic
brom des can be converted into iodides with an iodide ion in
the presence of a nickel catalyst, conposed of Ni Br, and zinc
dust as a reducing agent, in HWMPA as solvent.?”® W have
perfornmed anal ogous experinents with vinyl brom de, but these
failed. No trace of vinyl iodide was detected. Whatever the
expl anation, the attenpts to prepare a vinyl iodide solution
in Et,O from vinyl netallic species and | or 1 were
unsuccessful. We limted the range of vinyl halides to X = Cl
and Br.

Table 4.1 G oss coupling reaction of 4.2 (X =C, Br) with
vinyl-X (X = Cl, Br) catalysed by val phos-NiCl, to give 4.4
(% optical purity, configuration) (cf. Scheme 4.5).

vinyl -X
entry 4.2 Cl Br
1 X = 73 % o0.p. (S 57 %o0.p. (S
2 X = Br - 66 % o0.p. (S

In Table 4.1 the results of the indicative study on the

"cf. Section 2.3 III-Influence of solvent.
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influence of type of halide in 4.2 and vinyl halide on
enanti oselectivity are displayed. The Gignard reagent, 4.2,
was prepared from nechanically prepared nmagnesi um turnings by
a nethod that will be described in Section 4.6. It is obvious
that the val phos-Ni Cl, conpl ex catal ysed systemis sensitive
to different halides or to the magnesium halides produced
during the reaction. These results contradict the supposition
of Consigllio et al. that the nature of the al kylating species
RMX in t he am nophosphi ne catal ysed reacti on does not change
due to the interaction between the dinethyl am no group and
the Grignard reagent prior to alkylation (vide supra).? W

assune that the supposition of Consiglio et al. is limted to
(S)-(R)-BPPFA (2.6, Scheme 2.2), my be to the class of
am noal kyl ferrocenyl phosphi nes. |t is certainly not

applicable to all phosphine |igands that contain a dinethyl
am no group

| nfluence of extraneous conpounds in the reaction
m xture on ee

The previ ous nentioned influence of different halides on
ee is nost probably related to the formation of magnesium
hal i des during the reaction. Wen a fixed set of halides (for
instance RwCl and R Br) is used in the asymetric cross
coupling, one mght assunme that the influence of magnesium
hal i des on enantioselection can be standardized. This
assumption holds, in so far that no extra or other type of
halides are present in solution. It nmust be taken into account
that during the course of the reaction the conposition of the
al kylating species RwMgX in solution changes, due to the
formation of magnesium halides and dilution of the reaction
mxture. This may influence the enantioselectivity during the
reacti on. Moreover, magnesium halides can be already present
inthe Gignard solution, for exanple Myl,, as a result of M-
surface activation with a crystal of elenentary iodine.
Consiglio et al. found that pretreatment of the Mj-surface
with only 1%of I, yields a Gignard solution that can lead to
reverse of absolute configuration of the <cross coupled
product . #

A valid conclusion may be that in asymmetric catal ysed
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cross coupling reactions 'xenohal ophobia' is required.’ The
st ereosel ective pat hway can be influenced by different halides
in conbination with sonme, but not all, scalem c catalysts. The
extent of influence on enantioselection differs anong cl asses
of catalysts and within the subclass. This is not predictable,
and the conbi nati ons shoul d be screened thoroughly beforehand.

4.6 I nproved Gignard reagent sol ution

As we have seen in Section 4.4, the surface of
conventional nmagnesium turnings is generally covered wth
surface oxides, which preclude its ability to react wth
unreactive halides in the absence of initiators or nmechanic
pretreatment. U timtely, when the reaction is initiated, the
conditions to keep the reaction going nmay be so harsh that
side reactions easily occur. In Section 4.5 we have
denonstrated that halide-containing chem cal activators can
conplicate a nodel -based interpretation of the ee values for
the asymmetric catalysed couplings. Halide-free activation
met hods for the nmagnesium surface remain. These include
soni cation, 'Riekes magnesiunm , sublimtion, M-anmal gam and
mechani cal activation. Since the ultimate goal of this
research is preparation of profen precursors, sonme of these
net hods are not applicable on a reasonabl e preparative scal e.
Under this condition, suitable mechanical activation scores
wel |

Mendel * di scovered a facile nmechanical activation nethod
for preparing a Gignard reagent from p-(dinmethylam no)-
bronmobenzene wi t hout the aid of an initiation agent. Brown et
al. recently applied this technique to allylic and benzylic
halides as 4.1 with success.®* This procedure includes vigorous
stirring of a five-fold excess of magnesium turnings with a
Teflon stirring bar in a Schlenk vessel, wthout solvent,
under an inert atnosphere. After two days, a m xture of darker
grey black coloured powder and turnings of reduced size is
formed. On addition of the ethereal solution of the halide
slowy at O0°C, this procedure provides benzylic Gignard
reagents in a good yield, free from hono coupling products

Xeno = different, foreign; halo = halogen; phobia = intense fear of the situation; xenohalophobia= intense fear
of situations (reaction mixtures) containing different halides (HvdW).

64



and, of major inportance, chem cal activators. In theory, it
is relatively easy to scale up (conpared to sonme other
activation nethods |ike eg. sublimtion).

We have nodified this excellent method to speed up the
grinding of magnesiumturnings. It is obvious that the Teflon
stirring bar used for pulverization is relatively light, its
surface is very smoth and therefore barely scores the
magnesi um turni ngs. We added gl ass splinters fromone or two
fragmented Pasteur pipettes to the turnings before stirring,
and nade use of a round bottoned flask and a stirring egg. The
|atter has a larger surface area and is heavier than a
stirring bar of the same length. The stirring speed should be
adjusted to preclude serious vortex formation, which |owers
t he contact areas of turnings, glass splinters and stirring
egg. Instead of 2 days, stirring overnight is satisfactory to
gi ve a charcoal -col oured m xture of powder and turnings of
reduced si ze.'!

From the nonent we have used this inproved magnesium
preparation, the formation of 4.2 was no |onger a problem The
yield of 4.2 is noderate to good (60% and the undesired hono
coupled product is scarcely formed. In addition to these
advantages, the Gignard solution is free from chem cal
additives (Section 4.4), which are often used for My surface
pr eparation.

A renmarkabl e feature of the inproved Gignard solution is
related to the 'Cross-mixture' . As previous nentioned in
Section 2.3-1V Influence of zinc halide, Cross et al. reported
that a m xture of RMgX and zinc halide nust be used freshly,
since no cross coupling reaction takes place any nore when the
m xture is allowed to stand for one hour. Based on
literature,® they supposed that "RZn was formed after this
tine" and, as a consequence, "the dial kyl species, if allowed
to form is apparently not very reactive". As probable
i nternmedi ate the nonoexchanged speci es RZnX was proposed, in
whi ch "the appropriate bal ance of reactivity nmay be reached".?'®
We disagree with this assunption, based on the fact that the

For details see Section 4.9-Experimental section.

“The bold typed 'Cross' refers to Graham Cross, who discovered the in Chapter 2 described phenomenon of
reversal of the enantioselection, on addition of zinc halide to RMgX solution prior to cross coupling.
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organozinc species is in a Schlenk equilibrium that is
i nstant aneously established - instead of after one hour, as
suggested. Further, this assunption cannot be based on the
ref erence cited. *

Wen the i nproved Grignard reagent was stirred with zinc
halide for several hours, the resulting m xture was stil
reactive in contrast to the 'Cross-mxture'. The single
difference between this m xture and the 'Cross-m xture' is the
procedure by which the Gignard reagents are prepared. W
perfornmed several Ni Cl - DPPE' catal ysed <cross coupling
experiments, where we made use of ZnBr,-4.2 m xtures that have
been stirred for 3 to 4 hours. Although in Et,O the
reproduci bility and yields were low (up to 40% as determ ned
by GC), wth THF as (co)solvent the experinents were
reproducible and yield raised to 80-90% (GC). This suggests
that the nature of the alkylating agent is related to the
Schlenk equilibrium In theory, the Schlenk equilibriumis in
THF nore easily shifted towards the R,Zn species than in Et,O
These findings enphasi ze the conplexity of starting materi al
that is involved in the catal ysed cross couplings. The Rxn
speci es nmust be re-eval uated™ as a possi ble al kyl ating agent
that may be responsible for reversal of the enantiosel ection
in cross coupling. The nature of the active species has becone
even nore uncl ear.

Det erm nati on of enantioneric excess of 4.4

W found that the inproved Grignard solution has a small
drawback for it is able to reduce the cross coupling product
4.4 to 4.5 (Schenme 4.6). The reduction takes place wthout
racem zation, whereby the asymetrically prepared al kene 4.4
and its correspondi ng al kane 4.5 have the sane ee. In order to
determne the ratio between the R and S enantioner of 4.4, the
optical rotation was initially used as measure. Since the
optical rotation of 4.4 has to be neasured on neat materi al,
it mnust be purified by a time-consumng nmethod Iike
preparative GC. The purified material, however, may still be

'DPPE is an acronym for diphenylphosphino ethane, a succesful achiral ligand in cross coupling reactions.
The question whether RZn was ever beyond evaluation is plausible, namely, the assumption that RZn is formed
not before RMgX and ZnX ,are stirred for one hour, is obscure.
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contamnated with aforenmentioned 4.5, since 4.4 and 4.5 do not
gi ve conplete base-line separation with preparative GC. The
optical rotations of alkene 4.4 and alkane 4.5 differ
dramatically” in value, but not in sign. In mxtures, this
results in the nmeasurenent of a higher optical rotation. Were
optical rotation was used as a neasure for the ee, the
observed rotation was undoubtedly the sum of these two
different conpounds. To our know edge, the occurrence (or the
possibility) of this feature in the present cross coupling
reaction with imroved Gignhard reagent has never been
reported before with conventially prepared Gignard sol utions.
The ratio of 4.4 and 4.5 can be determned by 'H NMR and
consequently their common optical vyield°

(/E\Mgm 42 "
\_/( /

« ~CHz
— +  MgCl .
NCHS /\P(
H « CHs
4.4
1 45

Schene 4.6

The tinme-consum ng technique of preparative GC, the
possibility of determining the o.p. of a mxture,” the
remar kably tenper at ure-dependency of the optical rotation* and
the determ nation of optical purity rather than enantioneric
excess, pronpted us to find a better and nore reliable nethod
for ee determi nation. Fortunately, we were able to find an
acceptable chiral GC colum’' to determine the ee of 4.4
Especially in the case of 4.4, conparison of ee values (GO
with optical purities remains highly questionable.

"4.4: (o] + 591°;4.5: [a]= + 24.30°.
°Calculated [a]%(A + B) = %A([«]2A) + %B ([ ]2B).
Optical yield A = [a]%/ calculated [o]*A + B) = optical yield B.
4.4 and 4.5 do not give complete base-line separation with preparative GC.
a]i=% 5.91° + 0.18°/°C, in the temperature range from 16-29°C.

"Lipodex C, see Section 4.9 - Experimental section.
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4.7 Asymmetric cross couplings wth inproved

Gignard sol ution

New type of asymmetric |igands

Consiglio reported an inprovenent of optical yield with
nore rigid diphosphines as ligand.* Since am nophosphines
di spl ay hi gher enanti osel ectivity t han di phosphi nes,
introduction of rigidity in am nophosphines may inprove this
sel ectivity.

W expected that by introduction of a nmethyl substituent
at the o-position of (natural) o-amno acids the rigidity in
t he backbone will be increased. In how far these am no acid
derived ligands can influence the enantioselection of the
reaction at hand, is described in the follow ng sections. The
synt heses of these |igands are described in Chapter 3.

Li gands with a p-am nophospi ne structure

In view of the high enantioselecting ability of chiral,
non-racem c am nophosphines in asymetric couplings, we
deci ded to convert these ao-nethyl am no acids into such type
of ligand (Figure 4.1). W have access to this kind of
conpound by readily available synthetic routes, as already
described in Section 3.2. The results of the cross coupling
reactions, as depicted in Schenme 4.5, with these |igands are
sumarized in Table 4.2. As these type of ligands proved to be
extrenely air sensitive, they were purified by distillation
and passed through a short Al ,O; colum to renove oxidized
material, prior to any cross coupling experinent.

To establish the effect of the '"dry-stir' Gignard, we
conpared our results to data of Cross et al.®™" In the case of
entry 1, the optical yield was identical to literature data
(69% . The noticeable difference in optical yield between
entry 2 (569 and the literature data, (41%, we attribute to
the different nature of the Gignard reagents. \Wereas Cross
used elementary iodine to prepare the magnesi um surface for
Grignard, we used the 'dry-stir method" in case of entry 3.
Thi s enphasi zes the i nportance of which magnesi um pretreat ment
is wused, in relation to the enantioselection in cross
couplings. In case of «-nethylated am nophosphi nes as |igand
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(entries 4, 5 and 6), the optical yields obtained are noderate
to low, denonstrating a |ow enantioselective catalyst. The
sense of enantioselection in entries 1-4 is identical to the
sense of <catalysts that are chelated by am nophosphines
derived from natural am no acids, suggesting that both o-M
and o-H am nophosphi nes chelate in simlar fashion.

24: R =ipPr,R"=H

Rz _R 2.4a: R'=PhCH,, R" = H
= 3.9a: R' =CHg R" =PhCH,
Me;N CH,PPh; 3.9b: R =Ph,R" =CHj
Figure 4.1
Table 4.2 Cross coupling reaction of 4.2 (X = Cl) wth
vinyl chloride catalysed by [NiC, - ligand] to give 4.4
(optical rotation, optical puritiy, and configuration) (cf.
Scheme 4.5); effect of addition of zinc bromde on

enanti osel ecti on.

entry i gand addi tive [x] 2 (°) %o0.p. (config)?
1 2.4 - + 4.10 69(S)?

2 2.4 ZnBr - 3.29 56(R)?

3 2.4a - + 4. 14 70(S)

4 3.9a - - 3.42 58(R)

5 3.9a ZnBr, - 0.73 12(R)

6 3.9b - 0. 00% 0

Y Deternmined optical rotation.? Literature value: 69(S) (ref. 15a,b)?
Literature value: 41(R) (ref. 15a,b). “ Ligand unstable (see Chapter 3).

The result of entry 5 is remarkable. Although zinc halide
is added to the Gignard solution, no reversal of the absolute
configuration occurs in cross coupling product. The optical
purity is low A possible explanation for the |lack of reversal
of the absolute configuration is that it is the result of two
conpeting reactions (the zinc halide assisted and the
unaf fected, classic cross coupling with RMgX) with opposite
stereochem cal outcones. The existence of two nmechanisns is in
agreenment with results found by Cross and Vriesemn, who
exam ned the effect of the ratio zinc halide/vinyl halide on
optical yield.™ Under these assunptions, the 'classic
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coupling' seenms to govern the 'zinc halide assisted route' in
the case of entry 5. Another explanation may be the different
nature of the catalytic conplex. This can include nore than
one scenario. As suggested by Consiglio, chelation of the
netal centre by |ligands in a nonodentate fashion may occur in
couplings. '3 The presence of am nophosphine 3.9a derived
i mpurities, probably chiral, my give rise to chelation as
wel | .

The *P NMR spectrum of ligand 3.9b shows a m xture of
phosphor conpounds, despite the purification procedure. W
hoped, inspired by the aforenentioned suggestions about
monodent ate chel ation, that this ligand - m xture nmay i nduce
enantioselectivity in a coupling, however, no optical rotation
was established and the chem cal yield was | ow (129%.

Li gands with a p-am nosul phi de structure

The air-sensitivity and/or instability of the «o-nethyl
am nophosphi nes pronpted us to derive another ligand fromthe
oa-methyl amno acids, |likely less air-sensitive. As a
substitute for phosphines we sel ected a sul phide sul phur as a
good chel ating atom because of the good results of |igands
cont ai ning sul phur hetero atons developed in our group by
Vri esema et al.®%? The presence of a bul ky di phenyl phosphi ne
group in the catalytic |ligand seens to be of major inportance
in successful asymretric cross couplings, not only because of
the chelating properties of phosphorus, but also because of
the steric hindrance of the two aryl groups. The bival ent
sul phur can connect only one aryl group to the chiral

backbone, likely |ess bulky than the two aryl groups on the
trival ent phosphorus. Sharpless et al. noted, in a different
context, in a study of ligands in asymetric di hydroxylation

of olefins that large, plate-like aromatic substituents in
| i gands di splay high ee.®

R R 3.10: R =PhCH,, R"=H, R" = 1-naphthyl
3.11: R =PhCH, R"=H, R"™ =2-naphthyl
Me;N CH,SR 3.11a: R' = CHj, R" = PhCH,, R" = 2-naphthyl
Figure 4.2
Table 4.3 Cross coupling reaction of 4.2 (X = Cl) with
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vinyl chloride catalysed by [NiCl, - ligand] to give 4.4
(yield (%9, optical puritiy or ee and configuration) (cf.
Scheme 4.5).

entry i gand yield (% %.p. / eed (config)
1 3. 11a 27 n/ a?

2 3.11 64 12 (S)

3 3.11 64 23 (9)

4 3.10 91 11 (S)

Y Ee determined by chiral GC colum are printed in bold type. 2 Insufficient
material to determine optical rotation.

We studied the influence on enantioselectivity in cross
couplings wth am nosul phide |igands bearing on sul phur a
|arge plate-like aromatic group |ike naphthyl. W expected
t hat the steric hindrance of a naphthyl sul phi de-group woul d
resenble that of the diphenyl phosphine moiety in the
am nophosphine ligands. W investigated the influence on
enantiosel ectivity on replacing the 2-naphthyl by a 1-naphthyl
group. The syntheses of 3.10, 3.11 and 3.1la are given in
Chapter 3. The results of cross couplings with these |igands
are given in Table 4. 3.

It is evident that these types of p-am nosul phide |igands
are not a promsing class of asymetric |igands for cross
couplings. This nmay be due to the lack of a ligating
phosphorus noiety. Omng to the | ow chem cal yield in the case
of entry 1, we could not isolate sufficient material by
preparative GC to determ ne the optical yield. Entries 2 and
3 represent two different experiments under simlar
condi ti ons, except t he det erm nati on met hods for
enantioefficacy. Although the chem cal yields are the sane,
the optical yield and enanti omeric excess differ by a factor
2. Thi s may illustrate a low reproducibility of
enantiosel ectivity, though different determ nation nethods may
contribute to this difference, too.

Ligands wth p-am nophosphine structure bearing a
sul phur appendage
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Vriesemn et al. discovered that a termnal hetero atom
i ke sulphur in a linear side <chain —(CH),— of an
am nophosphine ligand of type 3.12 (Section 3.4, Figure 3.3)
is beneficial to the ee, which increases along the series n =
1,2, and 3, furnishing 38, 65 and 70% ee, respectively.®cd A
tendency for the sul phur to fold back towards the metal centre
and participate in the reductive elimnation step was
proposed. This would |l ead to an intranol ecul ar variation of an
extra |igand, though no ligation of sul phur was observed for
the Pd conpl exes.®™“? Alternative, it was proposed that the
| one pairs on sul phur may provide an additional coordinating
site for the organonetallic reagent, prior to coupling. Wen
the cross coupling was carried out at higher tenperatures
(-5°C instead of -50°C), an increase in ee was observed only
for 3.12 (n = 3) as ligand, whereas ligands with shorter
sul phur-cont ai ni ng side chains 3.12 (n < 3) showed a decrease
in ee. We  assuned that this tendency of hi gher
enanti osel ectivity depends on chain | ength. Honol ogati on of
3.12 (n = 3) by another nethylene group to 3.12 (n = 4), would
be interesting. An isopropyl- instead of a nmethyl- group on
the side chain term nal sul phur, conpound 3.24, could give
nore information on the function of this third 'dentate', as

well. We also applied am no sul phide 3.19 to study the need
for a phosphorus moiety in a ligand for Ni and Pd catal ysed
asymmetric cross coupling reactions. In Section 3.4 the

preparation of 3.12 (n = 4), 3.19, and 3.24 is described. In
Table 4.4 the ee's of 4.4 obtained with these conpounds as
ligands in asymmetric cross coupling reactions (Scheme 4.5),
are given.

H_;<(CH2)48CH3 H_;<(CH2 )4SCH3 iPrS(CH, )3_;<H

Me,N CH,PPh, Me,N CH, S-(2-naphthyl) Me,N CH,PPh,

3.12 (n = 4) 3.19 3.24

Figure 4.3

72



Table 4.4 Cross coupling reaction of 4.2 (X = C) with vinyl
brom de catalysed by ligand - (Pd, Ni) to give 4.4 (% ee
configuration) (cf. Schenme 4.5).

entry [ligand- MY % ee? (config)
1 [3.19 - Ni] 15 (9)?
2 [3.19 - Pd] 13 (9)?
3 [3.12 (n = 4) - Ni] 68 (S)?
4 [3.24 - Ni] 70 (R

» M= N, Pd. ?Deternmined by chiral GC. ® Corrected for 71% ee of the |igand.

We found that the enantioefficacy with 3.12 (n = 4) as
ligand (entry 3) is conparable with literature values for
homonmet hphos (3.12 (n = 3), 70% o0.p.), but higher than for
net hphos (3.12 (n = 2), 65% 0.p.),*™ though the differences are
smal| at —-50°C. Honol ogati on of homomet hphos (n = 3) does not
lead to a significant increase in ee. An optinmumlength for a
sul phur containing side chain is not clear.

Since the differences in ee are small at -50°C, it seens
that the length of the chain is of inportance at higher
reaction tenperatures, indicating it is a subtle effect. Wen
the nmethyl group on sul phur in honomet hphos is replaced by a
2-propyl group (3.24, entry 4), the effect on ee is not
significant. This suggests that the feature of the sul phur
moi ety (to fold back towards the mnmetal centre) is not
sterically hindered by a bulkier group like 2-propyl. The
effect of a sul phur in the side chain remains unclear.

Further investigations m ght be useful, especially about
the effect of tenperature, observed by Cross and Vriesenn. *
Honol ogation of the ligand by another CH group and application
of 3.12 (n = 4, or higher, n > 4) in cross couplings at higher
tenperatures will give deeper insight in the theory about the
chai n-length effect.
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4.8 Summary, conclusions and perspectives

In this chapter the activation of magnesi um turni ngs by
prol onged stirring under inert atnosphere is described. The
reproducibility of the Grignard reagent formation is inproved,
conpared to conventi onal nethods, as well as the purity of the
resulting RMgX solution. The latter feature is indispensable
in asymetric cross coupling reactions. Gignard solutions,
prepared from organo halides and magnesi um turnings that are
activated by chem cals, such as elenentary iodine, definitely
shoul d not be used in asymmetric cross coupling reactions.
These solutions contain different halides, which my have a
significant effect on enantioselectivity in the asymetric
cross coupling reactions. The extent of the influence on
enantiosel ection is unpredi ctable and has to be determ ned for
every single catal yst.

The new class of p-am nophosphine |igands derived from
synthetic a-nethylamno acids (cf. Chapter 3), did lead to
moderate ee's (up to 58% in asymetric cross coupling
reactions. The effect of the enhanced rigidity of the |igand
by the introduction of an o-methyl group is not beneficial.
Wth the nore stable p-am nosul phides as |igands, |ow optical
yields were obtained, in variable chemcal vyield. In the
honol ogous series of nethphos, the new devel oped 3.12 (n = 4),
bi s(hono) net hphos, di splayed a hi gh enantioefficacy as |igand
in cross couplings. In conparison with homonet hphos 3.12 (n =
3), the differences in ee are small and do not suggest an
optimum in chain length. A nore sterically hindered term nal
sul phur group by 2-propyl group provided simlar ee's. The
effect of a term nal sul phur group in the side chain remains
uncl ear.

We found that the reactivity in cross couplings of
improved Gignard reagent - zinc halide m xture conflicts with
the reported reactivity of the Cross-m xture; it is not easy
to rationalize this discrepancy. A sinple explanation is that
two or nore reaction pathways conpete, wth different
stereochem cal outcomes. The nature of the al kylating species
in the Gignard reagent - zinc halide mxture in cross
couplings, remains unclear. The directly prepared organozi nc
reagent, w thout internmediacy of the organomagnesi um reagent,
wi Il be discussed in the next chapter.
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4.9 Experinental section

Ceneral remarks: see Section 3.6. 1-Phenylethyl chloride (4.1)
was prepared from D, L- 1- phenyl ethanol, purchased from Fl uka
and Janssen) by reaction with 1.5 eq. SOCl , (CHCl;, T < 20°C

overnight stirring; purification by bulb to bulb distillation,

75°C, 12 nmm Hg). Magnesium turni ngs were purchased from Fl uka
and from Janssen (now Acros Chim ca). The magnesi um turni ngs
obt ai ned from Janssen were nearly flat pieces,® and were
activated nore readily than the nore winkled magnesium
turnings that were purchased from Fluka. Et,O was dried over
sodium w th benzophenone as indicator. For preparative GC was
used a Hew ett-Packard F&M 700 gas chromat ograph equi pped with
a TC detector and a 6 ft., 1/4 inch S.S. colum, filled with
10% SE 30 on chrompbsorb WAW DMCS 60-80 nesh. Optical

rotati ons were neasured on a Perkin-El ner 241 pol arinmeter at
the sodium D line (589 nm. The yield of the coupling was
determned on a Hew ett-Packard 5890A gas chromatograph,

equi pped with a 15 m 0.53 mm df = 2.65 uym HP1 colum, using
undecane as reference. The ee of 3-phenyl-1-butene (1.19, (Ar
= Ph) = 2.2 = 4.4 =5.6 = 6.1) was determned by GC on a
simlar gas chromat ograph, equipped with a Macherey Nagel 50
m Li podex C capillary columm under the followi ng conditions:

oven tenperature: 45°C; injection and detection tenperature:

180°C; retention times (mn): 69 (R- 4.4), 70 (S - 4.4).

1- Phenyl et hyl magnesi um chl oride in Et,O solution (4.2)

Magnesiumturnings (16 g, 660 mol) were transferred to a 250-
nmL roundbottoned three necked B24 flask, equi pped with a 250
mL pressure-equalized dropping funnel. dass splinters, 1 cm
in size approximately (1-2 Pasteur pipettes, carefully
granul ated by gl oved hand), and a Teflon stirring egg (40 nm
were added. The systemwas purged by N. The stirring speed was
adjusted in such a manner that excessive vortex formation was
avoi ded, which could have led to |less interaction between the
Teflon stirring egg and the m xture of glass splinters and
magnesi umturnings. This mechani cal activation was carried out
overnight. After this time, the magnesium particle size was

*Probably offcuts of a magnesium ribbon instead of turnings.
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reduced and a charcoal -grey powder covered the Mj-particles,
gl ass splinters and the wall of the flask. A small anmount of
Et ,O was added, sufficient to npoisten the magnesium The
m xture was cooled to 0°C and a solution of 4.1 (13.2 g, 100
mol ) in 150 nL Et,O was added slowmy (~1 drop s™). It should
be enphasized that no additional activation or initiation is
performed. After addition, the solution was stirred for
another 3 hours. The Grignard reagent solution was titrated
against 0.1 M 2-butanol solution in xylene, wth 2,6 2'-
bi pyridine as indicator. The solution can be stored under N,
at room tenperature for several weeks w thout deconposition.

Zinc bromde - 4.2 mxture

A zinc bromde - 4.2 m xture, used in entries 2 and 5 in Table
4.2, was obtained by the follow ng procedure. An equi nol ar
amount of 4.2 solution was added to zinc brom de under
magnetic stirring at anmbient tenperature. After addition, the
m xture was allowed to stir for 15 mn., after which the
supernatant was transferred by syringe to a dropping funnel
and used in cross coupling reactions described below. Nota
bene, the conposition of this mxture differs fromthe ' Cross-
mxture' in the absence of extraneous chem cals (such as I, or
Mgl,) in the Gignard solutions.

CGeneral procedure for cross coupling reactions

The organonetallic reagent 4.2 (10 mmol ), or equinolar zinc
bromde - 4.2 mxture, was added slowly to a magnetically
stirred suspension of NiCl, (0.04 mmol), ligand (0.04 mol),
and vinyl bromde (8 mml) in Et,O (2 nL) at -40°C. The
solution was allowed to reach 0°C over a period of 16 h. The
reaction m xture was hydrolysed with 1 N HCl (50 nmL.) at 0°C.
The crude reaction mxture was dissolved in Et,O (50 niL),
washed with 1 N HC (50 nL) and brine (50 m.). The organic
| ayer was dried (MgSQ), concentrated under reduced pressure
and purified by bulb to bulb distillation (90°C, 11 mmHg) to
give 4.4. In case of ee determ nation by optical rotation, the
sample was purified by preparative GC. Unless stated
ot herwi se, the chenical yield was >95%
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Attenpted synthesis of a solution of vinyl iodide in Et,O
Via vinyl magnesium bromde in Et,O To magnesium (7.5 g, 0.3
nol ), previously prepared by heating thoroughly with 0.7 nmL of
1, 2-di bronoet hane in Et,O a solution of vinyl brom de (16 g,
0.15 mol) in Et,O (100 nL) was added dropwi se at 0°C. The
resulting reaction m xture was cooled to -50°C and a sol ution
of iodide (38.07 g, 0.15 nmol) in dry Et,O (100 nmL.) was added.
After stirring for 16 h, P(CEt); (12.4 nL, 60 nmmol) was added
dropwi se at -30°C. The m xture was hydrolysed at 0°C with 4N
HCL (50 nL). Et,O (100 nmL) was added and the organic |ayer was
washed with 4 NHJ (50 nL), saturated NaHCO; sol ution (50 niL),
water (50 mL), dried (MgSQO,) and Et,O was concentrated for a
maj or part under reduced pressure. Analysis of NVR data showed
no vinylic proton signals.

Via vinyl magnesi unbrom de in n-Bu,O Magnesiumturnings (6.5
g, 0.27 nol) were prepared by addition of ethane dibrom de
(0.7 ni, 8 mol) and | ocal heating by neans of a heat gun. The
turnings were covered with n-Bu,0O (20 m_., freshly distilled
from Na) and a solution of vinyl bromde (14 nmL, 0.2 nol) in
n- Bu,O (35 nL) was added dropw se. The reaction m xture was
stirred for 20 h at roomtenperature. The m xture was cool ed
to -5°C and a solution of I, (50 g, 0.2 nmol) in n-Bu,O (150
m). After stirring for 1 h, the reaction m xture was quenched
wth 1 NHC (50 nmL). The organic |ayer was washed w th water
(50 nm), brine (50 nL) and dried (MJSQ). No material could be
i solated fromthe reaction m xture by careful distillation.
The residue showed no trace of vinylic protons by *'H NMR
anal ysi s.

Via vinyllithium A solution of vinyl bromde (14.5 m., 136
mml) in EE0 (60 nL) was added to KOBu (16.83 g, 150 nmmol) at
0°C. The reaction m xture was added to -100°C and n-BuLi in
hexane (93.8 nL, 1.6 M in hexane, 0.15 nol) was added by
syringe. To this mxture, elenentary iodine (41.3 g, 163 mmol)
in Et,O (160 nmL) was added at —-40°C. Fractional distillation,
by aid of a 30 cm Vigreux column, provided no fractions
contai ni ng vinylic conpounds.

Via vinylcuprate: To a suspension of Cu®Br (31.6 g, 0.22 nol)
in Et,O (20 m.) was added a vinyl magnesi um brom de sol ution
(200 L, 1 M 0.2 mol) at —-40°C, and stirred for 30 mn. At
-15°C, a solution of elenmentary iodine (50.8 g, 0.2 nmol) in
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Et ,O (200 nL) was added. After stirring for 1h, the reaction
m xture was quenched with 1 N HCl (50 nL). The organic |ayer
was washed with water (50 nmL), brine (50 nmL) and dried (MySQ).
After partly concentration of the solvent, no trace of vinylic
protons could be detected by H NWVR

Vi a potassium iodide - nickel catalyst: A mxture of vinyl
bromde (0.7 nmL, 10 nmmol), potassiumiodide (4.2 g, 25 mmol),
NiBr, in DMF (1.2 mL, 0.127 M 0.2 mmol), zinc dust (50.8 ng,
0.77 mol) in HWA (8.8 nL) was stirred for 20 h at anbi ent
tenperature, after which the reaction m xture was quenched
with 2N HCl solution (50 m.), extracted with Et,O (3x 50 nL)
and dried (Na,SOQ,). The organic |l ayer was partly concentrated
by the aid of a 30 cm Vigreux colum, and a trace of vinylic
proton signals could be detected by 'H NVMR . 'H NMR (CDCl ;, 60
MHz): S 6.15-6.63 (m 3H). Attenpts to isolate the vinylic
conmpound by further fractional distillation, wer e
unsuccessful .

Attenpted synthesis of 1-phenylethyl iodide

To a cooled (-5°C) solution of PPh; (3.15 g, 12.0 mmol) in dry
Et O (40 nm.) was added elenentary iodine (3.05 g, 12.0 mmmol)
foll owed by HWPA (38 nmL, 20 mmol). The resulting m xture was
cooled to -10°C and 1-phenylethanol (1.2 nL, 10 mmol) was
added dropw se. After 16h stirring at —-10°C the cooling bath
was renoved and the bright yellow slurry was diluted with Et,O
(40 nmL) and stirred for 30 mn. at anbient tenperature. The
resulting bright orange solution, with yellow solid materi al
on the bottom was quenched with an ice-cold saturated Na,CO
solution (50 nL). The organic |layer was washed with a
saturated Na,SO, solution (50 m.), 1 N,H$O (50 m.) and a
saturated Na,CO, solution (50 m.). The organic |ayer was dried
(Na,SO,) and concentrated under reduced pressure. The crude
product was identified by '"H NMR as a 75:25 m xture of starting
mat erial and product. We characterized 1-phenylethyl iodide
fromthis spectrumas: '*H NVMR (CDCl;, 60 MHz): & 2.17 (d, J=7.2
Hz, 3H), 5.37 (q, 1H) 7.07-7.81 (m 5H). Attenpts to purify
the product by distillation (120°C, 15nm Hg) failed, yielding
a mxture of starting material and product in a 60:40 ratio
and a styrene residue.
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Chapter 5
Organozinc Reagents And

Asymmetric Cross Coupling Reactions

5.1 Introduction

The preparation of the first organozinc conpound by
Frankl and® in 1848 led in the second half of the nineteenth
century to the use of these conmpounds in reactions, and in the
synthesis of other organonetallic conmpounds. From 1900
onwar ds, however, the Grignard reagent, owing to the ease of
preparation and reactivity, becane nore popul ar.? Organozinc
speci es are well-known as nmonosubstituted derivatives RZnX (X=
hal ogen, OR, NR,, SR, etc.) and disubstituted conmpounds R,Zn.
Hi gher coordi nated anions, eg. [RsZn]°, RZn]#*, can be forned
by reaction of alkali metal organonetallics with disubstituted
zinc derivatives. In a typical organozinc conpound the two
C-Zn bonds can be regarded as occupying two equival ent sp-
hybri di zed nol ecul ar orbitals, resulting in a |inear geonetry
of the nolecule. In case of symmetrical diorganozinc conpounds
therefore, the dipole monent should be zero.® The zinc atom has
in this situation four |owenergy orbitals available for
bonding, but only two pairs of bonding electrons. On that
account it is to be expected that formation of coordinative
bonds wth |ligands containing non-bonding electrons is
possi ble. Further, zinc is a rather electropositive el enment,
the Pauling electronegativity being 1.6. |In diorganozinc
conpounds coval ent but rather polar zinc-carbon bonds wll be
present and the zinc will be electron deficient. The zinc atom
can make use of its available p-orbitals to form weak
conpl exes by accepting lone electron pairs from donor
nol ecul es. Cyclic ethers and chelating diethers, such as THF
or 1,4-di oxane and 1, 2-di net hoxyet hane, form stabl e conpl exes
with Me,Zn. There is convincing evidence for the presence of
Schl enk-type equilibria in ethereal solvents as depicted in
Schenme 5.1, for R = 1-phenyl ethyl.* The equilibriumlies to the
left, but is easily shifted to the right in solvents such as
THF. *
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CHj CH;

2 ©)“an — n 1+ znx, (1)

5.1a 5.1b

Scheme 5.1

When one of the R groups in RZn is replaced by an
el ectronegative atom such as a halide X, the acceptor
character of the zinc and donor character of the zinc-bound
el ectronegative atom are enhanced. Therefore, RZnX conpounds
readily associate into dinmers (5.2), or higher aggregates
(5.3, 5.4) (Figure 5.1).°% Dialkylzinc conmpounds (R.Zn, R =
al kyl or aryl), on the contrary, are nononmeric with |inear
structures and are unable to attain coordination saturation
t hrough formation of alkyl or aryl bridges. The reader is
referred to the contributions of Boersnm® and O Brien® in the
series "Conprehensive Organonetallic Chem stry”, that give a
good entry to physical properties and general preparative
met hods of organozinc species and a survey of zinc chemstry
up to 1995.

R
Zn RZn——X
- X;—anR
R—Zn/X\Z —R Zln Zln ‘ X|—ZnR
x4 RS R RZn—"X"
5.2 5.3 5.4

Figure 5.1

In 1977, Neghishi et al. first used organozi nc conpounds
in cross coupling reactions.” Kumada et al. applied organozinc
conpounds successfully in an asymetric cross coupling system?
In this system which involves the use of PdC ,[ (R)-(S)-PPFA]?*
as catalyst, the organozinc reagents gave better results than

‘Diastereomer of 2.5, Chapter 2.
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Grignard reagents with regard to the optical yield.® The
or ganozi nc species were prepared via transnetallation of the
corresponding Grignard reagent with zinc halide.

| nfl uence of zinc halide on enantioselection in asymmetric
cross coupling reactions

I n our research group, the organozinc species 5.1 was
applied in asymmetric cross coupling systens that involve the
use of nickel or palladium catalysts that bear a Bp-
am nophosphine Jligand (cf. Chapter 2 and 4). For the
preparation of 5.1, the corresponding Giignard reagent
solution (5.5) was added to a stoichionetric anmount of
anhydrous zinc halide and stirred for 15 m nutes. Wen this
m xture was applied in asymetric cross couplings under the
same conditions as the couplings with 5.5, a remarkable
phenonenon was observed by Cross et al. The sense of
enantioselection in <cross coupling reactions wth 5.1
inverted, with regard to the reaction with 5.5, although the
same asymetric catalyst was used.® The opposite enantioner
((S)-5.6, Schenme 5.2) was obtained wunder these 'Cross-
conditions'. In other words, both enantionmers of 5.6 can be
prepared separately with only one asymmetric catalyst. The
sign of the optical rotation of 5.6 can be inverted on
addition of ZnX, to the Gignard reagent. Zinc bromde
increases the rate of coupling, whereas zinc chloride showed
i nhi bitory effects. Addition of other salts (e.g. magnesium
hal i de) neither inverted nor influenced the optical rotation
of 5.6.
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X Mg MgX i) ZnX
—

5.8 5.5 5.1

iUi nw
H \\\CH3 CH3 . I|H
O ] m

(R)-5.6 (S)-5.6

\J

i) ZnBr,; ii) BrCH=CH ,, Ni(0) or Pd(0) - Valphos complex.

Schenme 5.2

The al kylation of the transition metal catal yst (Schene

5.3, step 2), is thought to be responsible for asymetric
i nduction. The final step (3), in which the carbon-carbon bond
IS formed by reductive el i m nati on, IS pr obabl y

st ereospecific.®

Mg-salt

[cat] = ligand - Pd or Ni complex; [catjndex = oxidation state (0 or Il)

Schenme 5.3

Consiglio et al. observed that all factors that are known
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to influence the structure of the Grignard reagent in solution
also may affect the asymmetric induction in cross coupling
reactions, at |east for systens containing asymetric
di phosphine |igands.*™ This would explain the sensitivity of
enantioselectivity for alterations in the conposition of the
reaction m xture before and in the course of the reaction.

Under the assunption that addition of zinc halide affects
the alkylating agent 5.5, two possible internedi ates were
proposed by Cross et al. It was found that no cross coupling
occurred after prolonged stirring (>1h) of the RWMgX-ZnX,
m xture. On basis of this result and in conbination wth
results of Negishi,” Cross et al. supposed 5.1b to be a |less
i kely alkylating agent, wherefore 5.l1la was proposed as
possible internmediate. The other proposed internediate
i nvol ved a zincate conpl ex RMy-ZnX,.

Incentive to this research

We were interested in the nature of the alkylating
species responsible for the reversal of enantioselection. Is
it an organozinc reagent? And if so, in which form RZnX or
RZn? Or is it a zincate conpl ex?

We have investigated the preparation of organozinc
conmpounds for application in the asymetric cross coupling
reaction (Schenme 5.2), under magnesium salt-free conditions.
The solution of 5.1 should nmeet the prerequisites for Gignard
reagents, that is as far as possible exclusion of extraneous
compounds that potentially influence the ee of the coupling
product. In brief, these prerequisites apply to the type of
solvent, type of halide and other extraneous factors such as
certain activating agents.® Preferentially, RzZnX should be
formed directly fromthe halide RX and zinc netal, in Et,O

Our perspective for the devel opnment of the organozinc
reagent was influenced by experinental results. As these are
treated in other chapters, occasionally cross referencing must
be made to understand the strategy.

5.2 Synthesis of organozi nc conpounds

See Chapter 2 and 4.
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The catalytic asymretric additions of dialkylzinc species
to aldehydes® for the preparation of optically active
secondary al cohols, has attracted nuch attention. Extension to
the use of dialkyls other than Et,Zn has been limted,?®*
al though, at the time of this research, Knochel et al. have
made the organozinc species nore accessible via a genera
route.” There are three general nethods to prepare organozinc

conmpounds: i) direct formation by organohalide RX and
activated Zn, ii) alkylation or arylation of Zn-salt by RMX (M
= My, Li, Al), or iii) metathesis.

In the asymetric cross coupling chem stry, the main
prerequisite for the alkylating organonetallic solutions is
t he absence of the so-called 'extraneous conpounds', since
they my influence -enantioselection in the asymetric
couplings (cf. Section 2.3 and Section 4.4). The preparative

met hods ii) and iii) are less attractive for our purposes,
since these methods meke use of or furnish such extraneous
conpounds. At first sight, "direct formation' (nethod i) seens

to give a solution that is free of such extraneous conpounds.
The activation of zinc netal, however, is usually perforned by
di spersion or alloying with another netals, for instance Cu or
Na. G her approaches involve the reduction of zinc salts with
an alkali nmetal in hydrocarbon or ethereal solvents, for
i nstance potassiumnetal in diglyme, yielding finely divided
powders, which are far nore reactive than the correspondi ng
conmercial metal.?*

Three prom sing nethods (vide infra) were selected for
further research on cross coupling reactions by organozinc
speci es. The nethods had to be adapted owing to the reactivity
or reproduci bility of the resulting organozinc solutions. The
conposition of the solutions, however, may not fulfil all the
condi ti ons we nmade beforehand.

Each separate organozinc solution is represented by
code connected to 5.1 by * (eg. b5.1*[dioxan]). The
represents: ‘'originating from, followed by the specific
preparative nmethod in square brackets. When necessary, this
code is followed by type of halide in parentheses, eg. (X
Br). Default is equivalent to X = Cl.

* o
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RCH,X + Mg —=—» RCH,MgX @)

2 RCH,MgX =—=—= (RCH,),Mg + MgX, 3)

2RCH,MgX + ZnCl, === (RCH,),Zn + 2 MgX, @)

MgX, + 0] 0 —> XMgeo| oy ©)
— / — /

Schenme 5.4

Transnmetal | ati on and magnesiumsalt renmoval with 1,4 di oxane

Seebach et al. used a strategy devised by Sheverdi na et
al. to furnish magnesium salt-free solutions of dialkylzinc
conpounds. #*9 These are prepared from Grignard reagents (Schene
5.4, Eq. 2 and 3) by transnetallation with zinc halide (Eg.
4), analogous to the 'Cross-m xture'. The resulting magnesi um
halide is subsequently precipitated as a di oxane conplex on
addition of 1, 4-dioxane (Eq. 5). The Schlenk equilibrium (Eq.
4) shifts towards the dial kyl zi nc species. After separation of
t he magnesi um di oxanate, a clear solution of RZn remains. This
method is well-suited for the synthesis of R,Zn conpounds.
However, it has a serious drawback, nanely, the presence of
strongly coordinative 1, 4-di oxane in the organozinc sol ution.
This may influence the enantioselectivity in the subsequent
asymmetric cross coupling.

We have applied this procedure successfully to the
synthesis of 5.5. To generate 5.1a, we took advantage of the
Schl enk equilibrium another time, since 5. 1b was reported to
be not very reactive in the cross coupling reaction (vide
supra).® On addition of an extra 0.5 equival ent of zinc halide
to the isolated RZn solution, the Schlenk equilibrium
supposedly shifts to the left, in favour of 5.1a (see Eq. 1).
'H NMR spectrum analysis of a hydrolysed sanple showed
et hyl benzene, as a proof of the organonetal in solution. The
solution was subjected to cross coupling, as described in
Section 5. 3.

Activation of granular zinc by 'dry stirring
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As described in Chapter 4, the "dry-stirring nmethod' is
an excellent procedure to prepare a reactive mgnesium
surface. Organohalide react snoothly to forma RMgX sol ution
in high yield, which is suitable for asymmetric cross
coupl i ngs.

Br ZnBr
@ + @A Etzo @
— =
stirred for 5.8 5.1*[dry stir]
3 days
Scheme 5.5

I n an extrapolation of this procedure, we stirred zinc
granules with glass splinters under an inert atnosphere for
three days prior to addition of 5.8. W then were able to
prepare 5.1 (X = Br) in Et,O by using this zinc (Schene 5.5).
However, we did not succeed in the synthesis of 5.1 (X = Cl)
in Et,O The yield of 5.1*[dry stir] is low (<20%, as is the
reproducibility. A solution of 5. 1*[dry stir] (X = Br) was
subjected to standard cross coupling, as defined in Section
5. 3.

Activation of metallic zinc with 1,2 dibronoethane

A mld and general synthesis of benzylic organozinc
speci es has been devel oped by Knochel et al.; their nmethod
i nvol ves another direct formation from an organo halide and
zinc. Zinc foil or dust has been activated sufficiently by
ethyl ene di brom de (EDB) in THF to allow direct reaction with
RX, leading to RZnX (Schene 5.6). It has been shown that use
of organo chlorides, instead of brom des, |eads to reduced
formati on of honocoupled product R-R ™=© It is evident,
however, that undesirable reagents are applied in this nmethod,
namely THF and EDB. Both potentially influence the optical
yi el d of succeedi ng asymretric cross coupling reactions.
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R20

Zn + 4%EDB _—~ 5 Zn# (+ ZnBr, and ethene)
P
X ZnR
Zn# + —_—
5.8 5.1*[EDB]

EDB = 1,2-dibromoethane

Zn# = zinc, with chemically activated surface
X = halide

R = halide or 1-phenylethyl

Scheme 5.6

W successfully have adapted the nethod of Knochel et al.
from THF to Et,O as solvent. A slurry of zinc dust and Et,O
with 4% EDB was thoroughly heated. At 0°C, the resulting
m xture was treated with a solution of 5.8 (X = Cl) in Et,0
'H N\R analysis of a hydrol ysed sanpl e showed et hyl benzene, as
a proof of organozinc formation. Further analysis of the 'H NMR
spectrum showed styrene formation along with ethyl benzene. In
a simlar experinent, except for a small ampunt of THF used
during activation of zinc,® no styrene was detected. This
suggests that THF possibly stabilizes the organozi nc speci es.
In other experiments with THF as co-sol vent, however, styrene
was detected as well (GC). The formation of styrene suggests
that R-hydride elimnation of the organozinc species takes
place in Et,O indicating the instability of 5.1 (during the
formation) in this solvent. Another possible source of styrene
is the deconposition of the organozinc species 5.1. The
deconposition may i nvol ve disproportionation of RZnX, yielding
styrene and ethyl benzene. Besides disproportionation, hono-
coupling of the organozi nc conmpound can occur, yielding 2, 3-
di phenyl butane. Kochi states that these two conpetitive
processes, disproportionation and honmo-coupling, are not
strongly dependent on the solvent.® In our investigations, the

‘Thereproducibility of the RZnX formation is still in favour of THF. Since the indicative studies did not deal with
asymmetric couplings, we applied THF during activation of zinc with EDB, as stated.
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ratio of styrene to ethylbenzene differed in every separate
experiment. We did not find a logical trend in formation of
styrene. These qualitative findings are not decisive proof
that the organozinc species is unstable in diethyl ether,
nerely a denonstration of the noderate reproducibility of the
formation of RZnX via this method. The organozi nc reagent was
prepared several tines this way and subjected to cross
coupling, as described in Section 5.3.

5.3 Organozinc solutions and asymretric cross couplings
I nt roducti on

The three preparative nmethods, discussed in Section 5.2,
yi el d organozinc solutions that differ in conposition. On that
account, we will discuss their reactivity in cross coupling
experinments separately. W have used an efficient achiral
I i gand, di phenyl phosphi noethane (DPPE) for the catalyst. In
the following text this is referred to as 'standard
conditions' which involve the general cross coupling
experiment described in Section 4.9, wusing N Cl,/DPPE as
catal yst, vinyl brom de, and Et,O as solvent (see Schene 4.5).
Slight nodifications (as using THF instead of Et,O during
activation) are docunented within text.

1- Phenyl et hyl zi nc sol uti on [di oxan nethod] in cross couplings

Attenmpts to perform cross coupling reactions wth
5. 1*[ di oxan] under standard conditions did not give 5.6. After
work up, the mmjor product appears to be ethylbenzene,
together with a mnor ampunt of 5.8 (X = Cl), based on 'H NWR
and GC data. This indicates that no reaction has taken pl ace
wi th the organonetallic conpound. It is remarkable that the
ot herwi se productive 'Cross-m xture' is not reactive any nore
on addition of a small amunt of 1,4-dioxane. Several
interpretations can be made. The cross coupling reaction my
have been inhibited by conplexation of 1,4-dioxane to a
catalytic intermedi ate or to the al kyl ati ng speci es - whatever
their nature may be. The Schlenk equilibrium my have been
shifted to the right (RZn) on addition of 1,4-dioxane.
What ever the explanation, we did not proceed with
5. 1*[ di oxane], since we did not aim at nore factors that
influence the enantioselectivity of cross coupling reactions.
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1- Phenyl ethyl zinc solution [dry stirring nmethod] in cross
coupl i ngs

When we subjected 5.1*[dry stir]? to a standard cross
coupling reaction, we found no trace of 5.6 (GC). W have
perforned only a few cross coupling experinents with 5. 1*[dry
stir], because of the low reproducibility and |low yield of
this nmethod of preparation. W decided to continue cross
coupling experinents with 5.1 obtained by the EDB-nethod, even
t hough the formation of zinc bromde is a nmmjor drawback
Since we did not investigate asymmetric couplings, the
potential influence of zinc brom de on enantiosel ection coul d
be overl ooked.

1- Phenyl et hyl zi nc solution [EDB nethod] in cross couplings

Attenpted cross coupling under standard conditions with
5. 1*[ EDB] did not give 5.6. The major product was
et hyl benzene, besides a m nor anmobunt of 5.8, based on NWR and
GC analysis. This lack of reactivity of the directly formed
or ganozi nc species in cross couplings, pronpted us to nodify
the solution of the al kylating agent.

Addi tion of MyBr, - diethyl etherate

A significant difference between 5.1*[ EDB] and the Cross-
m xture involves the presence of nmagnesium salts. W
consi dered a possi ble magnesi um salt dependency of the cross
coupling.* We therefore m m cked the Cross-m xture closely on
addition of a stoichionetric amount of anhydrous MBr,-di et hyl
etherate to 5.1*[EDB]. No cross coupling was observed (GC).

Addition of ZnBr,

O oss et al. assuned, w thout experinental verification,
RZnX (5.1a) to be reactive in couplings and not R,Zn (5.1b).°
Based on this assunption, we added a stoichionetric amount of
ZnBr, to 5.1*[EDB], in order to shift the Schlenk equilibrium
further to the left, generating 5.l1a. This mxture was
subj ected to cross coupling, but did not give 5.6.

Use of 1-phenylethyl brom de

‘Prepared from 5.8 (X = Br) and dry-stirred zinc granules.
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Cross et al. found that a RMgX-ZnCl , m xture inhibits
cross coupling reactions. Remarkably, m xtures of RMgX and
ZnBr, or Znl, not only furnish asymetric cross couplings, but
al so reversal of the absolute configuration of the product.
They suggested the rate of sonme exchange reactions on Zn'" to
be halide dependent, <chloride exchanging nore slowy.®
Al t hough in the synthesis of the 5.1*[ EDB] solution no such
exchange reactions take place, the use of 5.8 (X = Br),
instead of (X = Cl), could provide a deeper insight in the
role of chloride in the reaction at hand. We considered the
possibility that chloride may inhibit the reaction by acting
as a 'sponge' to zinc, since ZnCl,” could be formed. We have
applied a 5.1*[EDB] solution prepared from5.8 (X = Br) in a
‘chloride-free' cross coupling system® In the cross coupling
reaction, no 5.6 was found (*H NMR, GC), although ethyl benzene
and styrene were observed.

Addi ti on of al koxi de
The nodifications discussed above enbrace the m m cking

of the '"Cross-m xture', in attenpts to furnish cross coupling
reactions. Since these nodifications failed, we have | ooked
for general nmethods to activate 5.1*[EDB]. In the field of

di organomagnesi um species it was found that addition of
al kal i -netal al koxides furnish solutions that are generally
nore reactive than conventi onal organomagnesi um conpounds.'® |t
has been denonstrated that dialkylzinc species can be
activated by (am no)al cohols.* Replacenent of the al kyl group
by such el ectronegative substituents increases the polarity of
the R-Zn to a great extent (Figure 5.2). Consequently, this
results in enhancenment of the donor property of the alkyl
group and the acceptor character of the zinc atom Sol utions
prepared from dial kylzinc and al kali-nmetal al koxides form
zincate species,® probably similar to the magnesiate
anal ogues. #

This experiment is, except for 5.8 (X = Br), identical to the standard cross coupling reaction and not described
in the Experimental section.
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tBuO
\

&@D - Zn
R a=_X
o
R—Zn—R ~Zn @)\
unreactive reactive 5.7
(X=0, N, etc.)

Figure 5.2

We were interested whether the reactivity of 5.1*[ EDB]
could be increased on addition of al koxides, furnishing 5.7
(Figure 5.2). On addition of KOBu to the solution of 5.1*[ EDB]
in a l:1 ratio, prior to cross coupling, no 5.6 was detected
(GC, 'H NWR).

A prom sing inmprovenment to this nodification may lay in
the variation of the ratio between KOBu and RzZnX, conparable
to findings of Jansen and Feringa. They reported that
organozi nc species, prepared on addition of 2 eq. RWyX to a
m xture of KOBu and ZnCl, show a strong tendency to undergo
1, 4-addition to «, p-unsaturated ketones.?#

Use of prefornmed catal ysts

In the so-called 'standard cross coupling reaction
(Scheme 4.5), the actual catalytic centre Ni°is prepared on
reduction of the Ni'-salt. The reduction is generally
performed by the first drops of the solution containing the
organonetallic. The possibility that 5.1*[ EDB] was i ncapabl e
to reduce NiCl, would be circunvented by using preforned
catal ysts. We chose diisobutyl al um nium hydride (DI BAL-H) to
reduce Nd, prior to cross coupling. Ayield of 5.6 (~19%9 was
detected by GC.

Neghi shi has reported that cross coupling with zinc
reagents proceeded successfully only in THF and that Ni°
conpl exes proved to be inactive' in their system® W therefore
carried out experinments in THF with [Pd°dba),]-PPh; as

" This is not in agreement with couplings that are performed under Cross-conditions, where Ni-complexes
successfully catalyse the reaction in EtQ. This suggests that under Cross-conditions an organometallic species
other than organozinc is involved.
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catal yst,? according to a procedure of Knochel.?® Under further
standard conditions, 5.6 was formed in 1.6 % after overni ght
stirring at anbient tenperature (GC). On heating this m xture
at 35°C for a further 3 days, the yield raised to 10.9% This
very low yield, obtained under relative drastic conditions,
did not encourage us to proceed with this nmethod.

5.4 Sunmary, conclusions and perspectives

In this chapter the preparation of magnesium salt-free
5.1 solutions in Et,Ois described. Three different methods of
preparation were used. Transnetallation of Gignard reagent
with zinc halide and subsequent renoval of nagnesium salts by
use of 1,4-dioxane to obtain 5.1 (X = Cl) were acconplished.
Activation of granular zinc by the '"dry-stirring" method to
yield 5.1 (X = Br) in Et,O was acconplished only with a | ow
reproducibility. A prom sing inprovenent to this nethod may be
the use of THF as solvent for purposes other than asymretric
cross couplings since THF is reported to be detrinental to the
optical yield of the asymetric couplings. The nethod where
zinc is activated by ethylene dibromde in Et,O has proven to
be a noderately reproduci ble procedure for the synthesis of
5,1 (X =d). An effective, highly reproducible method to form
an organozinc species, that nmeets all the prerequisites we
defined for asymretric couplings, was not found."

Al nethods failed to provide a diethyl ether solution of
5.1 that is active in cross coupling reactions. Wth THF as
(co)solvent, very low yield of 5.6 could be obtained, using
5.1 fromethylene di brom de activation. The lack of reactivity
of the magnesium salt-free 5.1 solutions, described in this
chapter, inplies that these are not identical to the
al kylating agent in the Cross-m xture. This underscores the
conplexity of the whole catalytic process under investigation,
and suggests nore than one possible reaction pathway.

5.5 Experinmental section
General remarks: see also Sections 3.6 and 4.9. As evidence

fPalladium bis-(dibenzylideneacetone).

"No further efforts were made after mid 1993 when we changed the course of this research.
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for formation of organonetallic species, hydrolysed sanpl es of
the reaction mxtures were checked for ethyl benzene by GC. The
standard cross coupling reactions were perfornmed as descri bed
for Grignard reagents in Section 4.9 and defined in Section
5.3, unless other stated.

1- Phenyl et hyl zinc chloride solution fromtransnetall ation of
Grignard reagent and nmagnesiumsalt renoval with 1,4 di oxane
(5. 1*[ di oxane])

To a suspensi on of anhydrous zZnCl, (0.82 g, 6 mmol) in Et,O (9
mL) in a double Schlenk-vessel (P4) wunder N, at room
temperature under stirring 5.5 (52 nL 0.23M 12 mmol) was
added dropwi se. After stirring for 2 h, 1,4-dioxane (2.25 nL)
was added under formation of a white precipitate. The reaction
m xture was stirred for 45 mn and filtered. To the clear
sol uti on was added anhydrous ZnCl, (0.82 g, 6 nmmol) and the
reaction mxture was stirred for a further 45 mn. The
resulting solution was transferred to a dropping funnel under
N, and subjected to standard cross coupling reaction, defined
in Section 5.3.

1- Phenyl et hyl zi nc chl ori de solution from nechani cal activated
zinc (5.1*[dry stir])

Granular zinc (4.02 g, 61 mmol) was stirred for 3 days wth
glass splinters under conditions simlar to the procedure for
magnesi um described 1in Section 4.9. After nechanical
activation, a small amount of Et,O was added, sufficient to
noi sten the zinc. The m xture was cooled to 0°C and a sol ution
of 1-phenylethyl bromde (3.7 g, 20 mmol) in Et,O (100 nL) was
added slowly (~1 drop s') and stirred for another 2 h. The
solution was transferred to a dropping funnel and subjected to
standard cross coupling reaction, as defined in Section 5. 3.

1- Phenyl ethyl zinc chloride solution from EDB activated zinc
(5. 1*[ EDB])

Typi cal procedure: Zinc dust (1.7 g, 26 mmol) and 1, 2-
di br onoet hane (200 ng, 1.1 nmmol) in Et,O (sufficient to cover
the zinc) were heated thoroughly with a heat gun for 2 mn.
After cooling to anmbient tenperature, Et,O (5 nL) was added.
To this mxture, a solution of 5.8 (X =0C4) (3.02 g, 21.5
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mmol) in Et,O (12 m.) was added slowy (1 drop/5 sec) at 0°C,
followed by stirring for 1-2 h at anbient tenperature to give
a pale yellow solution. The solution was transferred to a
dropping funnel and subjected to standard cross coupling
reaction, as defined in Section 5.3. No 5.6 was obtained (GC).
Slight nodifications to the above procedure (as using THF
instead of Et,O during activation) were carried out and are
docunmented within text.

Modi fication: addition of magnesi um bromni de diethyl etherate.
A solution of 5.1*[ EDB] was prepared anal ogous to the standard
nmethod in a doubl e Schlenk vessel (P4), filtered and added to
a stoichionetric amunt MBr,»Et,O (5.55 g, 21.5 mmol) and
stirred for a 15 mn. The supernatant was transferred to a
droppi ng funnel and subjected to standard cross coupling
reaction, as defined in Section 5.3. No 5.6 was obtained (GC).
Modification: addition of zinc bromde To activated zinc dust
(vide supra), were added at room tenperature anhydrous ZnBr,
(5.85 g, 26 mmol) and Et,O (5 mL). After cooling down to 0°C
a solution of 5.8 (X=Cl) (3.02 g, 21.5 mml) in Et,O (12 nli)
was added slowy (1 drop/5 sec), followed by stirring for 1.5
h at anbi ent tenperature. The resulting m xture was filtered,
transferred to a dropping funnel and subjected to standard
cross coupling reaction, as defined in Section 5.3. No 5.6 was
obt ai ned (GC).

Modi fication: addition of t-BuOK. To a stirred solution
5.1*[EDB] (25 mL, 0.25 Min Et,O a solution of KOBu (0.70 g,
6.25 mmol) in Et,O (25 nL) was added. After stirring for 1 h
at 0°C, the resulting mxture was transferred to a dropping
funnel and subjected to standard cross coupling reaction, as
defined in Section 5.3. No 5.6 was obtained (GC).

Modi fication: use of prefornmed Ni° catal yst

To an orange solution of NiCl, (5.2 ng, 0.04 mmol) and DPPE (16
ng, 0.04 mmol) in THF (3 nL) at anbient tenperature was added
di i sobutyl al um nium hydride (1.0 M in THF, 0.05 nL, 0.05
mol ). After stirring the mxture for 30 mn, the col our of
t he solution was changed to yellow and vinyl bromde (5.0 Min
Et.,O 1.6 nm., 8 mml) was added. This solution was subjected
to standard cross coupling, as defined in Section 5.3, using
a solution of 5.1*[EDB] (typical procedure) at standard
tenperature (—40°C), yielding no 5.6 (GC). Another experinment,
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with an identical solutions, was perforned at higher
tenperature (40°C). A negligible yield (<1% was obtai ned.
Modi fication: use of Pd° catal yst

A red solution of Pd(dba), (27 nmy, 0.05 nmmol) and PPh; (52 ng,
0.2 mmol) in THF (10 nL) was stirred for 10 mn at anbient
tenperature. To the resulting orange solution was added vinyl
bromde (5.0 Min Et,O 1.6 nL, 8 mml). This solution was
subjected to standard cross coupling, as defined in Section
5.3, using a solution of 5.1*[EDB] (typical procedure) at
anbi ent tenperature. A sanple was taken after stirring for 18
h at anbient tenperature and analysed (1.6% GC). A further
heating of the reaction m xture (35°C) yielded 3.6% 10.5%
and 10.9% of 5.6, after respectively 2 h, 24 h, and 96 h.
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Chapter 6

Towards Enantioselective S\2' Reactions

6.1 Introduction

In the first part of this thesis, we have described the
asymmetric synthesis of profen precursor 6.1 by asymetric
catal ysed cross coupling reactions (Chapters 2, 4, and 5). In
brief, this reaction involves a stereosel ective carbon-carbon
bond formati on between a vinylic- and a benzylic noiety, and
the reaction is catalysed by a chiral, non racem c catal yst
(Schene 6.1, Eq. 1). The benzylic magnesi um halide reagent is
a chiral, racem c conpound that appears to racem ze on the
sane time scale as the cross coupling reaction. Therefore, the
asymmetric cross coupling reaction is a dynamc Kkinetic
resol ution. We concluded from our work, as well as that of
others, that the ee of the product depends on too mny
vari abl es, sone of which are beyond control. We are inclined
to believe that the degree of reproducibility of the ee of 6.1
is a function of the specific research group and researcher.
As a consequence, the asymmetric cross coupling reaction at
hand is an unreliable neasure to rank ligands with regard to
their enantioefficacy, wunless the <conditions used are
specified very precisely.

Mg

activation
ivati MX 72

X
Mg# N
(1)
R O, cat" 6.1

(Some of the factors that potentially influence the enantioselection are printed in italics)

Me
/
N X 6.3 (MeMX')
6.2a: X = OAc M = Mg, Li, Zn, Cu, Ti, etcetera
6.2b: X = Br X' = halide, alkyl, etcetera
6.2c: X=Cl cat = Cu(l)- salt (complex)
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Scheme 6.1
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Furt her, the above nentioned conplications are unacceptable
for a reaction that is intended for a |larger scale process.
For these reasons, we |ooked for an alternative asymetric
catal ytic process to prepare 6. 1.

Recapitulating, this research was set up wthin the
framewor k of asymmetric catalysis, |leading to a precursor of
prof en conpounds like 6.1. This has been discussed in Chapter
1. Therefore, the alternative approach we searched for had to
fit in this framework as well. The alternative approach nust
i nvol ve asymmetric catalysis and formation of profen precursor
6.1 in enantioneric excess.

We saw an appropriate alternative reaction for the
preparation of 6.1 in the nucleophilic substitution of an
allylic species by a nethylnetallic reagent in a SR' fashion

(Scheme 6.1, Eg. 2). In the follow ng section, nechanisns
together with theoretical and practical findings wll be
di scussed. I n Section 6. 3, t he strat egy t owar ds

enantioselective S2' reactions is discussed, based on sone
inspiring reports. S@2' reactions in practical sense are
di scussed in Section 6.4, followed by an epilogue (Section
6.5) and conclusions in Section 6.6.

6.2 An alternative route to conmpound 6.1: the SR' reaction
It is evident that from nmethylnetallic species 6.3 and
ci nnanyl conmpounds 6.2, the profen precursor 6.1 can be
prepared by the y-selective SR' reaction. The nethyl group
then nust attack at the benzylic position of the allylic
ci nnanyl conpound and, concomtant with novenent of the double
bond, the leaving group X elimnates under formation of 6.1
(Schene 6.2). On closer exam nation, the carbon-carbon bond
formation in SR' fashion also can be considered as a cross
coupling reaction. In order to avoid confusion, we wll refer
to the present reaction as a SR' reaction or y-selective
(substitution) reaction. The SR2' reaction is an essentially
di fferent approach to 6.1, conpared with the cross coupling
reaction described in the Chapters 2, 4, and 5. Instead of the
vinyl group, the methyl group is coupled to the benzylic
position. When we conpare both reactions with regard to
stereochem stry, the asymetric cross coupling reaction is a
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dynam c kinetic resolution of a racem c 1-phenylethyl metallic
species, and 6.1 can be obtained in high optical yield. On the
ot her hand, the SR' reaction involves the attachnment of a
met hyl group to an allylic, prochiral® position by a
nucl eophilic substitution.

Three pathways are possi ble for nucleophilic substitution
of allylic substrates. The nucl eophile nmay attack the mn-bond
at the vy-position in either a (1) syn or (2) anti fashion
relative to the | eaving group, the SR' mechanism or (3) nay
substitute at the saturated o-position by an $2 mechani sm The
S2' reaction is a binolecular nucleophilic displacenent of a
nucl eofuge by a nucleophile, acconpanied by an allylic
rearrangenment. The regiochem stry (o- versus vy-attack) has
been an inportant problem of this reaction, and often m xtures
of Sy2' and {2 products are obtained.! In addition to the
stereochem stry of the reaction, the question renmai ns whet her
the SR' displacenent proceeds in a stepwi se manner through a
stable intermediate or in a concerted fashion. This topic has
been a subject of controversy.??

MeMX'

(6.3)
Me
AN Xq cat . =
©/\O\ ligand ©)v
6.2 6.1
Scheme 6.2

*Prochiral is the term used for an achiral compound which can be converted into a chiral compound after one
chemical step.
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Schenme 6.3

Recent theoretical studies on the identity of S2'
reacti ons propose that the gas phase degenerate nucl eophilic
reactions of an allylic systemw th nucleophiles X = H, F,
A~ (which in these studies are | eaving groups sinultaneously)
proceed by different mechani sns dependi ng on X (Schenme 6. 3).
The stepwi se pathway, with the rate-limting breakdown of the
internmedi ate, is favoured for nucleophile (and | eavi ng group)
X = H, which has a relatively |ow electronegativity. For the
hi ghly electronegative X = Cl, the direct S displacenent
nmechanismis favoured. In the case of X = F, the internmedi ate
of the syn formis |less stable and all three nechanisns (vide
supra) can conpete. In this case the rotational barrier of the
CH,F group prevents the anti-Sg2' path from going through the
syn-S2' internediate, as found for X = H The anti-S2
reaction provides the | owest energy path, which is found to
proceed concertedly.?

In a practical sense, standard G| man reagents (R,CuLi)
have been successfully applied in S2' reactions, though their
v-regiosel ectivity is unreliable. The scope has been extended
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to reagents based on conbi nati ons® of copper!”) and Lewi s acidic
netals as My-Cu, * Zn-Cu>* and Ti-Cu. >° These conbi nati ons have
been found to give consistently high vy-regioselectivity.
Stereosel ective SR' reactions have been extensively reported
on the prochiral position of chiral, racem c substrates,
af fording di astereoners as depicted in Schene 6.4, %781

Me I\__/Ie
R,Zn
cl 2
Ph = — Ph/\‘/\
(cat.) Cu(l)-salt
R
Schene 6.4

At the tinme of these investigations, asymetric catalysed
enantiosel ecti ve S2' reactions on achiral allylic species had
no precedent, to our know edge.

6.3 Strategy towards asymetric catal ysed S2' reactions
| nt roducti on

We expected that an SR' reaction in an asymmetric
catal ysed version has the potential to serve our purposes very
well, affording 6.1 in enantionmeric excess. The conbi nati on of
I i gand, catalyst and nethyl-metal conpound has to neet the
following conditions: First, the S2' substitution nust take
pl ace highly y-selectively, w thout conpeting formation of the
S\ product. Second, in the absence of catal yst, no reaction
must occur. In this way, the blank reaction w thout chiral
induction is prevented. Third, the nethyl transfer in the S2'
substitution nmust occur in an enantiosel ective manner.

The scope of SR2' reactions is broad,® even for the
synthesis of a closely defined conpound as 6.1. The outlines
we have drawn were inspired by reports fromthe literature
(vide infra). For a better understanding of the selection we
made of catalysts and |igands, we wll review sone papers
concerning copper chemstry and SR' chem stry. One of the
papers deals wth enantioselective conjugate addition
reactions with organocopper species, the others relate to S2'
chem stry.

°In stoichiometric and, more recently, in catalytic amounts.
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Recent devel opnents

In the area of organocopper chem stry, enantiosel ective
conjugate addition is a rapidly developing area. Chiral
nmodi fication of heterocuprates has been the prototype of these
appr oaches, wherein chiral am des, al koxides and thiolates are
enpl oyed as chiral conponents of the cuprates.? In this section
we focus on another, scarcely used, approach where chiral
external |igands have been used as asymmetric controllers. In
1992, Tom oka et al. derived sonme ligands from proline.?® In
enanti osel ective conj ugat e addi tions of [ithium
di met hyl cuprate to chalcone in the presence of these |igands
(Schenme 6.5), remarkable differences in stereoselective
behavi our were observed. Conjugate Me,CuLi additions in the
presence of am nophosphine 6.4b gave only 2% ee, whereas
am dophosphine 6.4a afforded 84% ee. This effect is attributed
to a selective netal differentiating coordination of the
carbonyl oxygen to the lithiumatom and of the phosphorus to
t he copper atom

MeCulLi
Ph._~__Ph . Ph Ph ZT_B”k\Pth
SN v Y N
o) Me O R
6.4a R =tBuCO
2-84% ee 6.4b R = Me
Schenme 6.5
Cu(l) S/\ SN2' reaction
. R' AN ’
R" we®lective
a RZnX
R E Cl
D
R" or RyZn

ﬂ, R'WR SN2 reaction,

R" sselective

Scheme 6.6
In 1988, Nakamura et al. showed that organozi nc species

undergo highly S2'-regioselective Cul” catalysed allylation
reactions. They found that the npde of regioselection shifted
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fromS2' (v) to S2 (a), sinply by switching from Cu”-based
to N ("-based catal ysts (Schene 6.6). y—Regioselectivity (S&2'
reaction) of 98% was obtained with CuBreSMe, as catalyst. In
contrast to copper reagents based on RLi or RMgX, the [RZnX -
Qu-catal yst] reagent shows hi gh chenpsel ectivity and neither
reacts with allylic acetates nor with al kyl halides. In 1993,
Nakamura et al. reported that a regio- and stereosel ective
allylation of organozinc reagents was not conpletely limted
to Cu-based reactions.' Dial kylzinc reagents could undergo
highly regio- (Scheme 6.7) and di astereosel ective (Schene 6. 8)
SW2' allylation reactions in the presence of coordinating
additives such as HWA, TMEDA, or DMF. A nonodentate am ne

Et N, proved to be ineffective. Regio- and di astereosel ectivity
as well as reaction rate depended on the nature of the
solvent. For instance, the reaction in pure hexane in
conparison with THF is nuch |ess selective (50% versus 97%
and much sl ower (9% versus 87% vyield).

R

PRN"SX  +Rpzn _MOand o A~
solvent

X = Cl, Br, OP(O)(OEt),; ligand: DMF, HMPA, TMEDA,; solvent: THF, hexane

Schene 6.7

For the allylation of organocopper reagents, two
mechani sns  have been proposed. (1) The copper nediated

reactions are presunmed to proceed through a Cu'"-allyl
i nternmedi ate, on attack of the copper atomto the olefinic
carbon. The nechani smthrough Cu'", however, cannot be applied

to the organozi nc nedi ated reactions, since such a hyperval ent
zinc species is inprobable. Another proposed nechanism
i nvol ves a nucleophilic attack of the alkyl group on the
copper atom |leading directly to the allylation product. (2)
Nakanura et al. observed that for organocopper and organozi nc
reagents the sense and | evel of the diastereoselectivity were
surprisingly simlar.*” It is probable that the second
mechanismis also applicable to the organocopper reactions.
The observed stereoselectivity confornms to Cranmls rule
proposed for carbonyl additions. Though the nmechani snms of the
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present allylation reaction and the carbonyl addition nay seem
different fromeach other, simlarity may becone rational if
the allylation reaction is viewed as a carbonetal ation-1|ike
reaction (Scheme 6.8).%"

inside
Me R\ ) Me
~__Cl RpZn Zn” :
R- R
Scheme 6.8

From t he above reports we conclude that a highly y-sel ective
allylation reaction of the organonetallic species depends on
appropriate choice of the organonetallic conmpound or
intermediate, the allylic reagent and the solvent. In our
search to obtain catalytic enantioselective S2' reactions we
were interested in the following: i) which reagents provide
hi gh y-regioselectivity in S2' substitution reactions, and:
ii) which asymetric catalyst would potentially induce
enantioselectivity, as well as high y-regioselectivity.

i) Reagents and regioselectivity

VW have seen in the above reports that the organonetallic
reagent in S22 reactions is not only Jlimted to
organocuprates. Organozinc reagents in the presence of a
copper catalyst can be applied successfully in y-selective
allylation reactions. Also, on addition of appropriate
coordinating additi ves to the organozi nc species, even the Cu-
based catal yst can be omtted. Anpbng the reagents that have
been applied successfully in the alkyl transfer were
organonetal | i ¢ conpounds or internedi ates based on My, Li, Zn,
and Ti. Levisalles et al. reported that the regioselectivity
in substitution reactions on terpene acetates, reversed from
o to vy on changing CHy(X)CuLi from X = CH to X = CN. Wth
organocuprate X = SPh, m xed behaviour was observed. ® The
possibility of two geonmetric isoners around Cu in the
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CH;(CN) CuLi m-allyl internmediate is given as explanation for

this behaviour. In the case of (CH;),CuLi, it seens reasonable
t hat t he proposed n-al |yl copper conpl ex retains
stereochemstry and is sterically disposed to transfer the CH
group to the less hindered <carbon. So far, adequate

rationalization has not been given for the behaviour in all
experiments.?

For the allylic reagent, an appropriate |leaving group is
required in order to realize 6.1. This condition is easily
fulfilled since, for instance, cinnanyl acetates and hali des
(Scheme 6.1, Eq. 2, 6.2a-c) are commercially available, and
are easy to handle. Significant effects of the |eaving group
on regioselectivity have been found.* Which type of |eaving
group is to be chosen depends on the choice of organonetallic
conmpound or catalytic internediate. In Cu-catal ysed reactions
with organozi nc reagents, we expected 6.2a-c (Schenme 6.1, Eq.
2) to be proper reaction partners. Further, it is probable
that the enantioefficacy in the reaction is solvent dependent,
i ke the asymmetric cross coupling reactions described in
Chapter 2, 4 and 5.

ii) Asymmetric ligands in SR' reactions
VW specul ated that appropriate asymretric |igands for the
organonetallic intermedi ate m ght induce chirality at the v-

posi tion. In organocuprate or Cu”-catalysed reactions,
asymetric ligands may chelate to the Cu centre, and/or to the
organonetallic species. In SR allylation reactions wth
or ganozinc reagents, asymetric ligands may perform the

function of polar additives. W expected that these asymetric
conpl exes may approach the allylic moiety in a syn- or anti-
sel ective fashion and transfer the methyl group in this way.
Chel ation of an asymmetric organonetallic internediate to the
| eaving group, prior to alkyl transfer, may also play a role
in the enantiosel ectivity.

The above reports inspired us in the design of an
appropriate ligand. In both the conjugate addition of
or ganocuprates® (Scheme 6.5), and the y-selective allylation
of organozi nc speci es™ (Schene 6.6), superior |igands contain
ni trogen, phosphorus and oxygen. Further, a sul phur based
i gand, dinmethyl sul phide, was used by Nakanmura to stabilize
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the Cu®-catalyst in Scheme 6.6.° W considered that «o-an no
acid derived ligands that contain nitrogen, phosphorus or
sul phur, as described in Chapter 3, may serve very well the
purpose of asymetric |ligands for catalysts in regio- and
enantioselective SR' reactions. In our group, and in the
present research, honol ogues of nethphos have been devel oped.
These tridentate ligands are interesting ligands for this
reaction. Another interesting ligand is the proline-derived
am dophosphine 6.4a (see Schene 6.5), which is an effective
ligand in the conjugate addition reaction. W expected that
6.4a may give a proper chelation to a 6.2a - nmethyl cuprate
conpl ex, when applied in the S2' reaction. This wll be
di scussed under the heading Organozinc reagents in S22
reactions, in Section 6.4.

6.4 Substitution reactions in SR' fashion
Organozinc reagents in S2' reactions

The choi ce of met hyl zi nc conmpounds as al kyl ati ng reagents
gave us the opportunity to select two types of catal ysed S2'
reactions, nanmely, on the one hand [ MezZnX - Cu”] couples and
on the other hand [RZnX - polar additive] conbinations. In
either case, asymmetric |igands can be applied as a |igand for
Qu® or as a coordinating additive for RZnX.®® Methyl zinc halide
(MeZnXeLi X, X = Cl, 1) was prepared by a netathesis reaction
of MeLieLi X (X =1 or C) with ZnCl, in THF.° The nmet hod used
for the preparation of the organozinc reagent seens to play no
pivotal role in regioselectivity. Organozinc reagents prepared
by a nmetathesis reaction," as well as through a direct
reaction between zinc and organic halides,*® provide highly
S2' -selective organozinc reagents. The commercially avail abl e
2.0 M Me,Zn solution in toluene proved | ess practical in the
present investigation. W found that product 6.1 and the
solvent, toluene, are difficult to separate by distillation,
probably due to the formati on of an azeotrope.

‘Later on, we made use of MeLieLiCl in EtQO, kindly provided by R. Duchateau.
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Asymretric catalysts for SR2' reactions wth nmethylzinc
reagents
We performed sone pilot experiments with Cu(”-catal ysed
S2' reactions (Schenme 6.1, Eq. 2) using achiral ligands Iike
di met hyl sul phide and 2,2'-bipyridine (entries 1 and 2). The
MeZnX sol ution, in the presence of 5-10 nol % of [Cu'” - |i gand]
combi nation, was treated with the cinnanyl conpound. The
chem cal yields of the substitution product obtained wth
di met hyl sul phide and 2, 2'-bipyridine were noderate: 40% and
30%respectively, but in fair S2' : S2 regioselectivity of 80
20 and 67 : 33, respectively (‘H NMR). Further, we enpl oyed

asymmetric |igands derived from amno acids® in the above
descri bed S@2' reaction. These experinents were inspired by
literature anal ogues, based on considerable enpirica
research. Wth 3.11 (Section 3.3) as ligand (entry 3), the
reaction proceeded with a noderate SR2' : S regioselectivity
(60 : 40, HNWMR), and 6.1 was obtained in 42% chem cal vyield.
However, no chiral induction took place (no rotation

observed). Wth tridentate conpound 3.24, (Section 3.4)
cont ai ni ng phosphorus, nitrogen and sul phur as heteroatons,
6.1 was obtained in lowyield (13%9 as a racemate (chiral GC
col um).

Table 6.1 Sw' reactions on 6.2 with [Zn - CH] species (cf. Schene 6.1, Eg. 2)

entry i gand Culh-salt regioselectivity (v | «) %yield (v)
1 Me.S CuBr 80 : 20 40
2 bi py? CuBr 67 : 33 30
3 3.11 CuBr 60 : 40 42
4 3.24 CuBr n.d.” 13
5 6.5 CuBr n.d.?» 90
6 6.6 CuBr n.d.» 70
7 6.7 --- n.d.» 30
8 6.8 CuBr 70 @ 30 25

a) 2,2'-bipyridine b) n.d.: not determ ned

The next asymetric |igands were selected on basis of their
simlarity to achiral anal ogues, as reported by Nakamura et
al. (vide supra).! These ligands were kindly provided by

‘See Chapter 3.
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col | eagues from the Chem stry Departnment (Figure 6.1).° In
t hese enpirical studies we determ ned the enantioselectivity
due to the asymmetric |igand and not the regioselectivity. The
chemcal yields of 6.1 in these experinents were conparable to
t he experinments with achiral catal ysts, being about 40% We
considered 6.5 as an asymetric anal ogue of TMEDA. In entry 5,
6.1 was obtained in 90% chem cal yield as a racemate. Further,
we have used bi s- p-napht hol derived conpound 6.6. This |igand
furnished 6.1 in 70% vyield, but w thout enantiomeric excess.'
We fancied that with conpound 6.7, the P=O and the aromatic
nitrogen in the pyridine appendage would give an appropriate
chelation to the zinc reagent, like e.g. HWA in [RZn-pol ar
additive]-type SR' reactions.? Under reaction conditions
simlar those reported by Nakanmura, ! 6.1 was obtained in 30%
chem cal yield as a racemate.

Ph, Ph @@ CH, N
J: N/_\"G, o
O "CH; ~P—0 Ph NMe;
o=\
Ph Ph @@ og/ OH
6.6

6.5 6.7 6.8

Figure 6.1

Besi des the SR' reactions with the above |igands, we
performed several studies with 6.8. In these studies, we used
5 mol % Cu”’Br as catalyst.® We rationalized that 10 nol % of
6.8 would chelate for a part to the copper catalyst and for
anot her part to the nethyl zinc species. When we all owed the
met hyl zi nc reagent to react with 6.2b, a dark brown, conplex
reaction m xture was obtained. Wrking under the assunption
that this coloration was due to halide formation,' we then

Ton(T.R.) Vries, Ron (A.J.R.L.) Hulst, Bas (A.C) Dros and André (A.H.M) de Vries are thanked for the generous
gift of compounds to be ligands in this reactions. These compounds are 6.5, 6.6, 6.7, and 6.8, respectively.

" This result was later supported by results of A.H.M. de Vries, using a similar ligand, where nitrogen was
substituted by two isopropyl groups instead of two methyl groups. (A.H.M. de Vries, PhD thesis 1996).

¢cf. ref. 11.
" Analogous to additions of dialkylzinc to RR'C=0 bonds.

'From triiodide, bromine or another brown-coloured halide combination.
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chose 6.2c as allylic substrate. This conbination provided
al so a brown col oured crude reaction m xture, containing 6.1
(NVR). Purification of this crude mterial by routine
distillation furnished a dark brown, conplex reaction m xture,
simlar to what we observed in the previous experinent. The
col oration nmay be due to the presence of iodide salts in the
reaction mxture, resulting from MeZnXeLi X, X = C, |. W
expected no colouring of the reaction mxture wth
commercially avail able Me,Zn solution in toluene, since this
sol ution does not contain halides. The resulting reaction
m Xxture was coloured brown after work up and turned rapidly
into a darker coloured liquid on standing. In a follow ng
experiment, Qu"”"Br was omtted in order to trace the source of
brown coloration. The S2' reaction was presunmed to occur via
an [ MeZn, 6.8] conbination. No col ouring occurred, but still
a complex reaction m xture was obtained. We identified the
formation of a small amobunt of 6.1 by GC and NMR (<5% . In a
QuBr catal ysed experinent with as ligand the al koxi de of 6.8,
entry 8, the brown coloured crude material was obtained with
an Sy2' : {2 ratio of 70 : 30. The S2' product could be
isolated in 25% Attenpts to prevent the continuing return of
the brown colour failed.! Since the coloration of the reaction
m xture probably stens fromthe Cu”"Br catalyst, we changed to
CuCN as catal yst.

Met hyl zi nc reagents in SR' reactions: conclusions

From the above results, we concluded that the S
reactions performed wth nethylzinc species are noderately vy-
selective. In cases where asymetric |igands have been
applied, no chiral induction was observed. Moreover, we
observed that SR2' reactions my take place wthout a
catalyst.* In the present research, however, the internediacy

iThe brown colour vanished periodically on washing the crude material extensively with sodium metabisulphite
(4 times) and triethyl phosphite (1 time). The product, purified by distillation, was still slightly contaminated,
according to the pale pink colour.

'Weemphasize that the ensuing result was not investigated into detail, for which reason an extensive discussion
is omitted. We know from the literature that saturated alkylzinc species do not react with alkenes or aldehydes.
Addition of a ligand or auxiliary to the organozinc species distorts the linear geometry of the zinc-alkyl bond and
accelerates the alkyl transfer reaction (ref. 15). Therefore, it is peculiar that we detected a trace of 6.1 in a qualitative
experiment where MeZn and 6.2¢ have been stirred without any additives as (polar) ligands or catalysts. Since the
GCsignal of 6.1 was superimposed upon the very broad tail of the toluene signal, the yield could not be determined,
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of an asymmetric catalyst is a prerequisite for the intended
chiral induction. On that account, we shifted our strategy and
performed for this study sonme closing experiments wth
organotitani um reagents.

Organotitaniumreagents in SR' reactions

We have selected organotitanium reagents as an
alternative for nethylzinc reagents in S2' reactions. Cu("-
catal ysed SR' reactions with organotitani umreagents have been
found to give high regiosel ectivity.® Anal ogously to successf ul
v-selective substitution reactions wth n-butyltitanate
conpl exes, ® we enpl oyed nethyl-titanate conplexes in the S2'
reacti on (Schene 6.9). These ate-conpl exes, [MeTi (O Pr),Li] and
[ Me,Ti (O Pr);Cl], are easily prepared from MeLi and Ti (O Pr),
or 2 MeLi and CTi (G Pr)s; respectively. Generally, 8 nol % of
the ligand was stirred with CuCNe2LiCIl at 0°C, prior to
addition to the titanate conplex (1.5 eq.). To the resulting
m xture 1.0 equivalent of cinnanyl conpound was added at -
70°C. The m xture was stirred overnight, during which tinme it
was allowed to warm to anbient tenperature. After careful
hydrolysis of the reaction mxture with noist hexane and
subsequent distillation, the material was subjected to chiral
GC anal ysi s.

MenTi(OiPr)5.nLli(n=12)  Me

o =
Ph"X~""X  cat [CUCN" 2LiCl, ligand] Ph

Schenme 6.9

Wth these [MeTi-Cu] conbinations, the chemcal yield and
regioselectivity of 6.1 inproved significantly, in conparison
with the [MeZn-catalyst] conbinations (vide supra). On the
average, we obtained 6.1 in 70% yield using this method. In
all cases, we did not observe the formation of S product
(&). W established that this reaction is highly Cu-catal yst

toluene and 6.1 are inadequately separated by distillation (see Section 6.4 Organozinc reagents in S2' reactions).
Weassume that the reaction may have taken place for a few percent without a ligand as accelerator, or that another
mechanism is involved. It must be noted that we were not able to reproduce this experiment.
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dependent. In a standard experiment where we treated 6.2a with
[Me.Ti (G Pr)di], no trace of 6.1 was detected in the case when
the Cu”’-catalyst was omtted nor was formation of «-
regi osel ective product observed. Since we have found that
organozi nc reagents perform S2' reactions wthout catalyst,
vide supra, the Ti-Cu conbination is promsing for our
pur pose.

i) pivaloyl chloride; ii) methanesulphonyl chloride; iii) 2-naphthalenethiol.

Scheme 6. 10

Synt hesi s of conpound 6. 11
One of our ains in the enantioselective S2' reaction
(Scheme 6.1, Egq. 2) was to enploy 6.4a, since this conpound

has proven to be a successful ligand in enantioselective
conjugate additions (vide supra).? For the nethod of
preparation of 6.4a, Tomoka et al. refer to a Japanese

patent,® (abridged in Chem cal Abstracts)'®, and to a report of
Kagan et al.® The latter report describes a general procedure
to convert alcohols into phosphines. Several attenpts,
however, to obtain 6.4a from 6.9 by the above nentioned and
ot her approaches were unsuccessful .? \Watever the explanation,
this result pronpted us to nodify our strategy with regard to
the |igand. We expected that an am dosul phide |igand (eg.
6.11, Schene 6.10) woul d be an appropriate substitute for the
i nt ended am dophosphine. In order to mmc partly the two
aromatic noieties that are present in the diphenyl phosphino
group, we chose a 2-naphthyl group. Conpound 6.9 was all owed
toreact with pivaloyl chloride, affording 6.10 in 96% vyi el d.
Anal ogously to the synthesis of am nosul phi des described in
Chapter 3, conpound 6.10 was converted into the corresponding
nesyl ate which reacted in situ with a m xture of KOBu and 2-
napht hal enethiol in THF to give 6.11 in 53%yield.
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Asymmetric catalysts for SR' reactions with nethyltitanate
reagents

In the SR' reaction (Schene 6.9) we used 6.11 as |igand
for the copper catalyst. Further, we selected 3.9b. (see
Section 3.2), which is an 'on shelf' ligand. The chem ca
yields of 6.1 in the S2' reactions catalysed by 6.11 and 3.9b
were conparable: 71% and 69% respectively (Table 6.2, entries
1 and 2). These are fair yields, conpared with experinmental
results of Nakanura, where a butyl group is introduced on the
sane allylic substrate. The chem cal yields are at |east
hi gher than the yield obtained by Nakamura with the CuBr eSMe,
catalyst (57% . On basis of the above results, it is tenpting
to suggest that 6.11 and 3.9b are better as ligands in this
reaction t han di met hyl sul phi de. Yet , this i's not
experinmentally denonstrated by a CuBreSMe, catalysed S22
reaction between nmethyl-titanate and 6.2a. At |east, we can
conclude that 6.11 and 3.9b are noderately successful |igands.
In the S2' reaction with 3.9b as ligand, the yield nmay be
i mproved by using 6.2a instead of 6.2c. The regioselectivity
of both experinments is, from GC neasurenents, absolutely vy-
sel ective, in agreement with literature data (>99%.% No trace
of «-product, phenyl-1-butene, was detected by GC. To our
di sappoi nt nent, both experinents afforded 6.1 in racemc form
on the basis of a chiral GC anal ysis.

Table 6.2 Sw2' reactions on 6.2 with [Ti - CHjJ species (cf. Scheme 6.9).
entry i gand regi oselectivity (v : «) %yi el d (v)
1 6.11 >00 : <1 71
2 3.9b >09 : <1 69

CuCNe2Li CI was used as catal yst.

Met hyl titanate reagents in SR' reactions: concl usions

From the above results, we concluded that the S
reactions performed with nmethyltitanate species are highly v-
selective. In cases where asymetric |igands have been
applied, no chiral induction was observed.
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6.5 Epil ogue

Recently, Van Koten et al. reported asymetric catal ysed
enanti osel ective S2' reactions on two achiral allylic
substrates, 6.12a and 6.12b. ** Asymmetri c
ar enet hi ol at ocopper(l) conpl exes (Scheme 6.11) afforded an
enantiosel ectivity of up to 42% between those allylic acetates
and n-butyl magnesi um halide. The rationale for the nopde
proposed for enantioselectivity is interesting. The authors
postulate the acetate and the al kene group of the allylic
moi ety to anchor to the magnesium and the copper npiety,
respectively, of t he catal ytic i nt er medi at e. The
enantiosel ectivity in the al kyl transfer was explained on the
basis of coordination of the copper-al kyl group to the al kene
noi ety, in conbination with the configuration of the (chiral)
magnesi um centre. They wused an equilibrium between two
possibilities derived from nol ecular nodelling to explain the
noderate ee of only 42% (underscoring the subtleness of this
enantiosel ection). Although it is stated that there is little
steric interaction between the allylic substrate and the al kyl
group containing catalytic internediate, the question remins
what will happen to the noderate enantioselectivity if the n-
butyl group is replaced by a smaller group like methyl. In
other words: can a profen precursor |ike 3-phenyl-1-butene be
realized by this nmethod? An explanation for the non-
enantioselectivity in the S2' reaction that we have perforned
with methylmetallic reagents, may be that the nethyl group is
too smal|l conpared to, for instance, the n-butyl group.

O\/:/R
! |
o 5 R
bk /\[—H
"Mg. .Cu -
Mezl\r(R) g “n-Bu intramolecular . By
(R)

R = PhOCH,, Cy
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Scheme 6. 11

Al so, we have to bear in mnd that the enantioselectivity
in the above report is explained on basis of a nechani smthat
is applicable to organocuprates, nanely via a Cu"
internediate, but not to organozi nc species (cf. Section 6.3 -
Recent devel opnents). This enphasizes that possibly two or
more nmechanisnms exist for the S reaction between
organonetal lic reagents and allylic substrates.

6.6 Concl usi ons

In this chapter, the application of asymetric |igands in
catal ysed S2' reactions of nethylnetallics on allylic cinnanyl
species towards enantioneric enriched 6.1 is described.
Attempts to make the nmethyl transfer enantioselective by
addition of various asymretric ligands to the [MeZn, Cu("-
catalyst] couple, failed. Also S2' reactions with [MeZn,
chiral, polar additive] as nmethyl donating conplex fail ed,
regarding to enantioselectivity. The vy-selectivity of S2'
reactions with [MezZn, chiral, polar additive] reagents was
noderate (up to 7099 . Methyl zinc reagents in S2' reactions on
ci nnamyl species were not found to be absolutely catalyst
dependent .

Sy2' reactions on cinnanyl species with [Me-titanate,
Qu”-catal yst] conmbinations furnished 6.1 in 70% vyield, on the
aver age. Attenpts to make t he met hyl t ransfer
enanti osel ective, on addition of asymetric ligands to the
[ Me-titanate, Cu'”-catalyst] couple, failed. Substitution
reactions on cinnanyl conpounds with nethyltitanates were
hi ghly y-selective (> 99%.

Recent devel opnents in enantioselective S2' reactions
with organocuprates (Section 6.6) show that this is a
prom sing area for asymmetric catalysis. The ee's that have
been reported are noderate (up to 45%, and the proposed
intermedi ate responsible for enantioselection is based on
cuprate chemstry, via Cu!""Y internmediates. Since an
alternative nechanism has been proposed for organozinc
species, ™ which is also applicable to organocuprates, the
mechanism of enantioselection becomes nore unclear: a
prom sing new area for further research.
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6.7 Experinmental section
General remarks: see Sections 3.6 and 4. 9.

Synt hesi s of MeZnXCLi X (typi cal procedure)

To ZnCl, (2.73 g, 20.0 nmmmol) in THF (20 nL) was added by
syringe MeLieLiX (1.2 M 17 nL, 20 mmol). The resulting
solution of MeZnXeLi X is further denoted as MezZnX, where X =
hal i de, dependent on the nethyl halide used to prepare MelLi,
and on zinc halide, being ZnCl, in the present investigations.
S2' reactions with methylzinc reagents on ci nnanyl conpounds
(6.2)

[ligand - catal yst conbination]:

[MeS - QuBr] and standard work up: To a m xture of [ CuBreSMe,]
(0.50 g, 2.43 mmol) in THF (5 nm.) was added MezZnX (1.2 M 17
m., 20 nmol) at 0°C. The m xture was stirred for 15 mn, after
which 6.2b (4.04 g, 20 mmol) in THF (5 nL) was added at 0°C.
The reaction mxture was stirred for 18 h at anbient
temperature. The mxture was poured in a saturated NH/(C
solution (100 nm.) extracted with Et,O (2 x 50 nL). The conbi ned
organic layers were washed with brine (100 nL), dried (MSQ),
concentrated under reduced pressure and distilled under
standard conditions (cf. Chapter 4) to give 6.1 (56%.

[2,2" -bipyridine - CuBr]: The sane procedure was foll owed as
for [Me,S - CuBr] as catalyst; 6.1 was obtained in 30%yield.

[ L- 2- D net hyl am no- 1- ( 2- napht hyl t hi 0) - 3- phenyl propane (3.11) -

CuBr]: To a m xture of 3.11 (80 mg, 0.25 nmol) and CuBr (36
mg, 0.25 mml) in Et,O (5 nL) was added MeZnX (1.0 Min Et.,0

5nm). Asolution of 6.2b (985 nmy, 5 mmol) in Et,O (5 nL) was
added dropwi se at —40°C. After usual work up procedure, 465 ng
of crude material was obtained, a mxture of S&' and §2
products in a ratio of 60 : 40, where 6.1 was obtained in 42%
yi el d.

[ D- 2- Di met hyl am no- 1-di phenyl phosphi no-5- (2-propylthio)-
pentane (3.24) - CuCN]: A previously prepared m xture of
MeLieLiCl (1.0 Min Et,O 10 mL, 10 mmol) and ZnCl, (1.126 g,
5 mol), was added to a m xture of 3.24 (78 ng, 0.20 mmol),
QUCN (22 ng, 0.25 nmol) and 6.2a (0.84 m., 5 mmol) in Et,O (12

108



nmL) and the reaction m xture was stirred for 18 h at anbient
tenperature. The standard work up procedure led to 6.1 (13%
as a racemate (GC, Lipodex C).

[ (Al -R)-N, N-et hyl ene-bi s- (3, 4-di phenyl pyrrolidine (6.5) -
QuBr]: To a m xture of 6.5 (354 ng, 0.75 mml), and CuBr (100
mg, 0.70 mmol) in Et,O (2 m.) was added MezZnX (1.0 Min Et.,0
15 ni, 15 mmol) at —-40°C. A solution of 6.2b (2.96 g, 15 mmol)
in Et,O (20 m.) was added at —-40°C, and the reaction m xture
was stirred for 18 h at anbient tenperature. The standard work
up procedure led to 6.1 (90% as a racemate (GC, Lipodex C).

[O, O -(1,1" -Di naphthyl -2,2"-diyl)-N, N-di methyl phosphorus
amdite (6.6) - QuCN]: To a mi xture of 6.6 (89 ng, 0.25 nmmol),
CuCN (22 ng, 0.25 mmol) and a solution of 6.2c (763 ng, 5
mmol) in THF (20 nL) was added Me,Zn (2.0 Min toluene, 3.75
nm., 7.5 mol), at —-60°C. The reaction m xture was stirred for
18 h at anmbient tenperature. The standard work up procedure
led to 6.1 (ca. 70% as a racemate (GC, Lipodex C).

[ (S)-2-(2-Pyridinyl)-2-0x0-4-(S)-phenyl-5,5-dinethyl-1, 3, 2-
di oxaphosphori nane (6.7) - Me,Zn]: To a solution of 6.7 (303
ng, 1.0 mol) was added Me,Zn (2.0 Min toluene, 0.25 m, 0.50
mmol) at -70°C, followed by 6.2c (0.055 m., 0.3 mml). The
reaction m xture was stirred for 18 h. The standard work up
procedure led to 6.1 (ca. 3099 as a racemate (GC, Lipodex C).

[ (-)-Q s-exo- N, N-di net hyl - 3-am noi soborneol ((-)-DAIB), (6.8)
- CuBr]:

S2' on 6.2b: To a solution of 6.8 (296 ny, 1.5 mmol) and CuBr
(108 ng, 0.75 mml) in Et,O (5 nL) was added MezZnX (1.0 Min
BELO 15 n, 15 mmol). 6.2b (2.95 g, 15 mmol) was added at 0°C,
and the reaction mxture was stirred for 18 h at anbient
temperature. The standard work up procedure led to a dark
brown oil, that turned out to be a conplex reaction m xture (*H
NVR). Optical rotation was not determ ned.

S' on 6.2c: This experinment was repeated on a 10 mmol scal e
with 6.2c. A simlar brown coloured conplex residue was
obt ai ned, and no optical rotation was determ ned.

S2' on 6.2b by Me,Zn: To a solution of 6.8 (197 ng, 1.0 nmol)
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and QuBr (72 ng, 0.50 mmol) in toluene (20 m.) was added Me,Zn
(2.0 Min toluene, 5,0 m., 10 mmol). At 0°C 6.2c (1.52 g, 10
mmol) in toluene (5 nL) was added. The reaction m xture was
stirred for 18 h at anbient tenperature. The standard work up
procedure led to a dark brown oil that turned out to be a
conplex reaction mxture ('H NMR). Optical rotation was not
det er m ned.

S2' on 6.2b without Cu'”-salt: To a solution of 6.8 (99 ny,
0.50 mol ) in toluene (5 nL) was added Me;Zn (2.0 Min tol uene,
6.0 mL, 12 mmol). The solution was stirred for 20 mn. and
cooled to -78°C and 6.2c (1.53 g, 10 mmol) in toluene (5 n)
was added. The reaction mxture was stirred for 18 h at
ambi ent tenperature. The standard work up procedure led to
crude material in which 6.1 anong other conpounds could be
detected (). 6.1 could not be isolated fromtoluene. Optical
rotation was not determ ned.

S2' on 6.2b with (6.8-al koxide): To a solution of 6.8 (197 ny,
1.0 nmmol) in THF (2 nm.) was added n-BuLi ( 1.6 Min hexane,
0.625 nL, 1.0 nmmol) followed by CuBr (72 ng, 0.5 mmol). To the
resulting mxture was added MeznX (1.0 Min Et,O 10 nL, 10
mml) and 6.2c (1.53 g, 10 mml) in Et,O (5 nL). To renove the
repetitive return of the brown col oration, the brown residue
was washed twice with Na,S5;0 (aq), stirred with Na,S5,Q for 3 h,
and treated with P(OEt);. After careful acidic work up (2 N
Had) under cooling (0°C), the organic |ayer was washed with 2
N HJ (100 mL), careful washed with a saturated NaHCO, sol ution
(gas evolution) and brine (100 m), dried (MySO), and
concentrated under reduced pressure. Ratio §2' : S2 = 70 : 30
(H NMR). Distillation of the crude material under standard
conditions afforded racemic 6.1 as a very pale pink oil (25%.
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Synthesis of N-(trimethylacetyl)-2-pyrrolidinemethanol (6.10)
To a cooled (0°C) solution of 6.9 (1.53 g, 15 nmmmol),
triethylamne, (2.34 nm., 16.5 mmol) and a mcro spatula-tip
full with DVMAP' (ca. 20 ng), in CHC, (12 nL), was added
dropwi se a solution of pivaloyl chloride (1.83 g, 15.2 nmmuol)
in CHA, (30 mL) over a period of 1h. The m xture was all owed
to cone to anbient tenperature and stirred for 18 h. The
reacti on was quenched on dropw se addition of water (75 nlL).
The water |ayer was extracted with CH,Cl, (2 x 75 nmL) and the
conbi ned organic |layers were washed with brine (100 m.), dried
(Na,SO,) and concentrated under reduced pressure to give 6.10
(9699 . 'H NWMR (CDCl; 200 MHz): & 1.24 (s, 9 H), 1.81 - 2.07
(m 4 H, 3.36 - 3.85(m 4H, 4.27 - 4.30 (m 1 H); “C NMR
(CDCl 5 50.3 MHz): & 25.4 (t), 27.3 (t), 27.5 (qg), 39.1 (s),
48.5 (t), 62.3 (d), 67.6 (t), 179.1 (s).

Synt hesi s of N- (trimethylacetyl)-2-(2-naphthylthio)-
pyrrolidine (6.11)

Met hanesul phonyl chloride (0.31 nm, 4.1 mpl) was added
dropwise to a stirred solution of 6.10 (689 ng, 3.72 mmol) and
triethylamne (0.6 nm, 4.1 mol) in THF (30 m.) at O0°C.
Stirring was continued at 0°C for 2 h, after which tinme the
reaction was treated in one portion with a freshly prepared
m xture of 2-naphthal enethiol (595 ng, 3.72 mml) and KOBu
(1.04 g, 9.30 nmml) in THF (20 m.) at 0°C. The m xture was
stirred for an additional 2 h at 0°C. The reaction m xture was
concentrated and shaken with 15% NaOH and benzene (75 mL). The
aqueous | ayer was extracted twice with benzene (50 m.) and the
conbi ned organic |ayers were washed with a saturated NH,C
solution, dried (Na,SO) and concentrated under reduced
pressure to give 6.11 (53%; 'H NMR (CDCl, 200 MHz): & 1.21
(s, 9H, 1.72 - 2.19 (m 6 H, 2.90 - 3.83 (m 3 H), 7.25 -
7.97 (m 7 H; ®C NMR (CDCl; 50.3 MHz): & 25.2 (t), 27.5 (q),
28.1 (t), 35.1 (t), 48.5 (t), 58.2 (d), 125.3 (d), 125.8 (d),
126.3 (d), 126.6 (d), 127.1 (d), 127.6 (d), 128.3 (d), 131.5
(s), 133.8 (s), 133.9 (s).

Synt hesi s of Me,Ti (O Pr);Cl (typical procedure)

'"DMAP is an acronym for 4-dimethylaminopyridine, which is used as a hypernucleophilic acylation catalyst.
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To a cooled (-70°C) solution of CITi(OGPr); (1 Min hexane, 1.5
mL, 1.5 mml) was added a solution of MeLisLiCl (1.59 Min
Et.O 1.9 nL, 3.0 mml).

S\2' reactions wth nethyltitanate reagents on cinnanyl
conmpounds (6. 2)
[ligand - catal yst conbination]:

W thout Cu” catalyst: To a cooled (-70°C) solution of
MeTi (QPr)Ld (1.5 mmol, see typical procedure) was added 6. 2a
(176 mg, 1.0 mmol ). The reaction m xture was stirred for 18 h
during which time the m xture was allowed to cone to anbi ent
temperature. The reaction m xture was hydrol ysed by hexane,
saturated with water and dried (MySO,). Standard work up
afforded 430 ng crude material. 'H NMR (200 MHz) and ®*C NMR
(50.3 MHz) data showed that the product was starting materi al
together with wunidentified inpurities. No 6.1 could be
detected (GC).

[ L- 2- D net hyl am no- 2- et hyl - 1- di phenyl phosphi no- 2- phenyl et hane
(3.9b) - CuCNC2LiCl]: To a cooled (-30°C) solution of
CuCNe2Li Cl (1.0 Min THF, 0.08 nmL, 0.08 nmml) was added 3.9b
(52 mg, 0.15 mml) in THF (1 nL).The resulting m xture was
stirred for 15 mn. and transferred to the cooled (-70°C)
solution of Me,Ti (G Pr);Cl (1.5 mml, see typical procedure).
The reaction mxture was allowed to cone to anbient
tenperature, and cooled (-70°C) again. To the resulting clear
bright yell ow solution was added a sol ution of 6.2c (1.53 nug,
1.Omol) in THF (1 nm.). The reaction m xture was stirred for
18 h during which tine the mxture was allowed to conme to
ambi ent tenperature. The reaction m xture was hydrol ysed by
hexane, saturated with water and dried (MgSQ). The standard
work up led to 6.1 (719% as a racemate (GC, Lipodex C).

[ N-(Trimethylacetyl)-2-(2-naphthylthio)-pyrrolidine (6.11) -
CuCNC2Li Cl']: To a cooled (-70°C) solution of Me,Ti(Q Pr);C
(1.5 mmol, see typical procedure) was added a previously
prepared m xture of CuCNe2Li Cl (8 mol% and 6.11 (16 nol% in
THF (1 nL). The resulting clear bright yellow solution was
allowed to cone to anbi ent tenperature. After cooling (-70°C),
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6.2a (176 nmy, 1.0 mml) was added. The reaction m xture was
stirred for 18 h during which tinme the m xture was allowed to
cone to anbient tenperature. The reaction mxture was
hydr ol ysed by hexane, saturated with water and dried (MSQ,).
The standard work up led to 6.1 (70% as a racemate (GC
Li podex C).
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Samenvatting

Inleiding

"Als iemand in de spiegel kijkt dan ziet hij zichzelf",
zo wordt aangenonen. Naast het feit dat slechts een afbeel ding
wor dt waar genonen, is deze bewering verder ook onjuist: het is
Het Spi egel beel d dat wordt waargenonen. Zou Het Spiegel beel d
tot in detail (dus ook net gespiegel de ingewanden, cellen,
DNA, stofw sselingsprocessen, enz.) in onze wereld kunnen
stappen, in driedimensionale vorm dan zou dat veel problenmen
nmet zi ch meebrengen. De overwegend |inkshandi ge Spi egel beel den
zouden veel noeite hebben om routineus een schroefje in de
muur te draaien. Op ijsbanen zullen ze geweerd npbeten worden,
tenzij ze linksom |l eren schaatsen. Dit voorbeeld is door te
voeren op allerlei materie, processen enzovoorts, voor zol ang
het spiegelbeeld ervan niet volledig identiek is aan het
orgi neel. Ook allerlei biologische processen in het |ichaam
zijn afhankelijk van nolecul en die ook wel een spiegel beeld
hebben, zoal s am nozuren, nmmar waarvan het spiel gel beeld in de
natuur niet (of bij hoge uitzondering) voorkont. Een gl aasje
wat er , met de symmetrische waternolecul en, zou  Het
Spi egel beel d zonder probl enen kunnen drinken, nmar appel sap
zal waarschijnlijk als bitter worden ervaren. Wat het effect
van allerlei voedi ngsm ddel en zal zijn op
stof wi sselingsprocessen in Het Spiegelbeeld is niet te
overzien. Het Spiegelbeeld zou een wezen zijn dat niet tot
"mens' gerekend kan worden - en ongekeerd. Voortplanting
tussen de bei de wezens is zo goed als uitgesloten.

De ruintelijke vormvan nol eculen en de ruintelijke vorm
van de ongeving waar een bepaalde werking in het |ichaam
pl aats noet vinden, bijvoorbeeld ruiken of proeven, kan van
essentieel belang zijn voor het optreden van die werking. Dit
kan ook van groot belang zijn voor een eventuel e
t her apeuti sche werki ng van een nedicijn in het lichaam Het is
ook zeer belangrijk dat er op enantionmeren of diastereoneren
(spi egel beel di sonmeren op €én of neer centra in het nolecuul)
van het nmedicijn wordt gelet. Spiegel beel dnmol ecul en kunnen in
het |ichaam ook neveneffecten veroorzaken, ondat ze m sschien
elders in het |ichaam wel 'passen' vanwege hun andere
ruinmelijke vorm met alle nogelijke gevol gen van dien. Zij
kunnen zo de oorzaak zijn van ernstige bijwerkingen, zoals



bi j voorbeel d bij een nedicijn als Softenon is gebl eken. Andere
medi ci jnen worden in een 1 op 1 verhouding van beeld en
spi egel beeld (racemnat) aangeboden als er geen schadelijke
bi j wer ki ngen van het spi egel beel di soneer zijn waargenonen.

Bi nnen de categorie pijnstillers die zonder recept
verkrijgbaar zijn, nemen de profens een bel angrijke plaats in.
Een van de neest bekende profen-pijnstillers is ibuprofen, dat
onder nerknamen als (o.a.) Advil, Nerufen, Relian of Femapirin
over de toonbank gaat, naast de generieke vornen van dit
medi cijn. Afgezien van het m ddel naproxen, dat in één
ruintelijke vormwordt toegedi end vanwege bijwerki ngen van de
andere spi egel beel dvorm worden de profens als een weliswaar
zui vere verbinding, maar toch als een nengsel van de twee
spi egel beel den, enanti oneren, aangeboden. Aanvankelijk werd
aangenonen dat van ibuprofen slechts één enanti onmeer actief
was in de pijnbestrijding. Er is echter gevonden dat het
i naktieve enantiomeer, curieus genoeg, wordt ongezet in het
I ichaam tot het aktieve enantioneer. Een nengsel van beide
enanti omeren, een racenmmnat, werd dan ook niet als bezwaarlijk
geacht. Er blijken echter wat escul aapjes onder het gras te
schui | en.

Dit proefschrift

I n hoofdstuk 1 wordt besproken wel k voordeel het heeft om
bei de enanti oneren van een profen-pijnstiller afzonderlijk op
de markt te brengen, als twee verschillende nedicijnen, nmet
verschill ende toepassingen. Verder wordt in dit hoofdstuk
i ngegaan op synthesenethodes die |eiden tot profens of
voor |l opers daarvan. Het doel van dit proefschrift is het
verder ontw kkel en van een enanti osel ecti eve synthese route
die leidt tot verbindingen die voorlopers van profen-
pijnstillers zijn. Een van de syntheseroutes is de
enanti osel ecti eve cross coupling-reactie.

I n hoof dstuk 2 wordt nader ingegaan op het nmechani sme van
de enanti osel ecti ef gekatal yseerde cross coupling-reactie. Bij
enanti osel ectieve ofwel asymetrisch gekatalyseerde cross
coupling-reacties wordt, in het neest gunstigste geval,
sel ectief één van bei de spiegel beel di someren van de profen-
voor | oper gevornd. Om dit te bereiken wordt de ruintelijke
ongevi ng rond de katal ysator aangepast door een asymetri sch
ligand. Deze asymmetrische |iganden kunnen we vergelijken net
een linker- of een rechterhand. Een dergelijk |ligand schernt



als het ware een deel van de katalysator op asymetrische
wi jze af. Ruintelijk gezien zal de neest voor de specifieke

"hand' |iggende binding tussen de uitgangsstoffen gevornd
worden. In dat geval wordt een product verkregen in
enantioneer verrijkte vorm (enantioneric excess, ee) of, in
het neest gunstige geval, in enantioneer zuivere vorm In dit

hoof dst uk worden ook de verwachte en onverwachte invl oeden van
verschill ende factoren op de enantioselectiviteit besproken.
Een niet onbel angrijke drijfveer voor dit onderzoek was het
vol gende fenoneen dat in onze researchgroep werd ontdekt. Door
het toevoegen van een zi nkzout aan een van de uitgangsstoffen,
een or ganomagnesi um ver bi ndi ng, voor af gaande aan de
asymretri sche cross coupling-reactie, werd het andere
enantioneer gevornd. Dit, terwijl hetzelfde ligand net zijn
chirale (specifiek ruintelijke) ongeving was gebrui kt. Deze
onkering van enantioselectiviteit heeft als gevol g dat beide
spi egel beel den van profen-voorlopers afzonderlijk kunnen
wor den verkregen met één en hetzel fde asymmetri sche |igand -
af hankel ijk van het wel of niet toevoegen van een zinkzout. De
i nvl oed van zinkzouten op de organomagnesi unver bi nding en de
natuur van de organonetaal verbinding die de cross coupling
onder gaat, was één van de onder zoeksdoel en.

Hoof dstuk 3 gaat nader in op een ander onderzoeksdoel, de
ontw kkel ing en synt hese van asymmetri sche |iganden voor de N
en Pd katalysatoren in de asymmetrische cross coupling. In
onze researchgroep i s veel expertise opgedaan nmet het gebruik
van am nofosfine-liganden die zijn afgeleid van am nozuren.
Dt betreft zowel |iganden afgeleid van natuurlijke am nozuren
al s van synthetisch verkregen am nozuren. De asymetrische
kat al ysator wordt gevornd door de anmi no- en de fosfinogroep
van een asymetrisch am nof osfine met een netaal als nikkel of
pal l adium te | aten conpl exeren. Een ni euwe inval shoek vonden
wij in de oneetting tot |iganden van synthetisch verkregen
asymetri sche o-met hyl am nozuren, waarbij het proton, dat zich
bij natuurlijke am nozuren op het chirale centrum bevindt,
vervangen i s door een net hyl groep. Van deze «-nethyl am nozuren
hebben we zowel a- met hyl am nof osfi nes al s o-
met hyl am nosul fi des afgel eid. Een ander type |igand betreft
am nof osfines di e naast een am no- en een fosfinegroep ook een
sulfidegroep in een zijarmbezitten. Het is al eerder in onze
researchgroep gevonden dat een dergelijk zwavel bevattende
zijarmde enantioselectiviteit in de cross coupling verhoogt.



Verl engi ng van deze zij-arm nmet een één-kool st of -eenheid, en
het di entengevol ge het opschuiven van het zwavel atoom net één
positie zou nmeer informatie over de optimale |engte van deze
zijarm kunnen geven. Ver der hebben we een | i gand
gesyntheti seerd waarbij de zwavelgroep in de zij-arm
ruimelijk mnder toegankelijk is genmmnakt door deze te
voorzien een nmeer omvangrijk substituent.

In hoofdstuk 4 worden twee onderwerpen behandel d.
Al | ereerst de synthese van een van de uitgangsstoffen, het
or ganomagnesi unr eagens of ' Grignard-reagens’'. Verschill ende
met hodes worden behandeld om het oppervlak van magnesiumte
aktiveren vé66r de vorm ng van het Grignhard-reagens. Chem sche
aktiveringsnmet hodes van nagnesium die tot nu toe gebruikt
werden om dit Grignard-reagens te nmmken voor asymmetrische
cross couplings, blijken niet zonder stereochem sche gevol gen
voor de volgende reactiestap, de cross coupling-reactie.
Chem sche toevoegi ngen zoal s bijvoorbeeld een jodiunkristal om
het oppervliak van magnesiunkrullen vooraf chem sch te
aktiveren, blijkt nu van invloed te kunnen zijn op de ee van
het uiteindelijke produkt van de <cross coupling. Deze
aktiveri ngsnet hode werd veel vul di g gebrui kt voor de synthese
van het Grignard-reagens, dat weer gebruikt werd in
asymretri sche cross coupling-reacties. De activeringsnmethode
verliep nmet wi sselend succes. Echter, nechani sche activering
door het roeren van magnesi unkrull en nmet gl assplinters zonder
opl osm ddel blijkt in hoge reproduceerbaarheid een Gignard-
reagens op te leveren. De reactie gaat in goede opbrengst en
in de oplossing van het Gignard-reagens bevinden zich geen
resten van aktiveringschem calien: zeer geschi kt voor
asymretri sche cross coupling reacties.

Verder worden in hoofdstuk 4 asymmetrische cross
coupling-reacties beschreven, waarbij chirale |iganden uit
hoof dst uk 3 zijn gebr ui kt voor ni kkel - en
pal | adi unkat al ysat or en. De «-nethyl am nof osfines | eiden,
wanneer ze gebrui kt worden als |iganden van de katal ystor in
de cross coupling-reactie, niet tot hoge enantioselectiviteit.
Van de o- met hyl am nosul fides als |igand noet hel aas hetzel fde
gezegd worden. Het am nofosfine dat in hoofdstuk 3 werd

bespr oken, waar bi | het zwavel atoom één positie werd
opgeschoven door de zijarm net een één-kool stof-eenheid te
ver | engen, | everde nagenoeg het zel fde stereochem sche

resultaat in de cross coupling-reactie als nmet het |igand



zonder deze verlenging. Een optimale positie voor zwavel in
deze zijarmis niet duidelijk.

Door zinkzout aan een organomagnesi unverbinding toe te
voegen wordt in het al geneen een organozi nkverbi ndi ng gevor md
en magnesi uneout. Om de oorzaak van het voornoende fenoneen,
de onkering van enanti oselectiviteit, vast te stellen besloten
we organozi nkver bi ndi ngen direkt te maken, zonder tussenkonst
van de organomagnesi umverbinding. In hoofdstuk 5 wordt
ui teengezet welk drietal nmethoden zijn gebruikt om de
or ganozi nkverbinding direkt wuit =zink en organohalide te
vormen. Echter, onder dezelfde onstandi gheden als gebruikt

voor de cross couplings net organomagnesium - zinkzout
mengsel s, bl eek geen van de di r ekt gevor nde
or ganozi nkver bi ndi ngen aktief te zijn in de cross coupling-
reactie. Dit maakt de aard van de verbinding die
verant woordelijk is voor het fenoneen, de onkering van de
enanti osel ectiviteit, niet duidelijker. Dit, en andere

factoren heeft ons er toe doen besluiten om het onderzoek aan
de asymmetrische cross coupling-reacties af te sluiten en om
te kijken naar een alternatieve aanpak om profen-type
ver bi ndi ngen te maken via asymmetri sche katal yse.

I n hoof dstuk 6 wordt een katal ytische reactie beschreven
waar nee dezel fde profen-voorl oper kan worden verkregen: de
S2' -reactie. Deze reactie was bij de aanvang van ons onderzoek
nog niet op een enantioselectief-gekatalyseerde manier
uitgevoerd. Het verschil nmet de cross coupling-reactie zit in
de aanpak: wordt bij de cross coupling een vinylgroep
gei ntroduceerd op het benzylische centrum bij de S2'-reactie
is het de nethylgroep, onder vorm ng van een eindstandige
dubbel e bi ndi ng. De reactie wor dt ui t gevoerd met
or ganocupraten of verloopt koper(l)-gekatal yseerd. Door deze
koper(1)-katal ystatoren te voorzien van een asymetrische
ongevi ng met chirale | i ganden noet , In begi nsel
enanti osel ectiviteit nogelijk zijn. Koper(l)-gekatalyseerde
S\'-reacties net nethylzink-verbindingen op kaneel broni de,
~chloride en ~acetaat zijn uitgevoerd. Deze | eidden nmet succes
tot het gewenste product, dat in racem sche vorm werd
verkregen. Doordat de S2'-reacties net organozi nkverbi ndi ngen
ni et volledig katal ysator-afhankelijk bleken te zijn., werd
overgegaan op organotitani umverbi ndi ngen. Hoewel deze
titani unver bi ndi ngen wel Kkatalysator-afhankelijk bleken te
zijn, werd nmet asymetrische |iganden geen product in



enanti onere overmaat verkregen.
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STELLINGENbehorend bij het proefschrift van Henk van der Worp

Ibuprofen veraangenaamt het leven van een promovendus.
Dit proefschrift.

Het getuigt van onzorgvuldigheid om landkaarten niet te voorzien van het jaar van registratie.

Deze omissie op autokaarten leidt ongetwijfeld tot een hoger brandstofverbruik.
Onder andere: Falkplan autokaart 19??, ANWB kaarten 19?? en 19?77.

Het plegen van plagiaat lijkt een vorm van kleptomanie te kunnen aannemen.

De zinspreuk "Meer blauw op straat" lijkt tot nu toe meer te slaan op de constatering van de
toename van geweldsdelicten dan op de realisering van het streven naar meer uniformen op
straat.

De eenvoud van iets dat "voor de hand ligt", kan mede athankelijk zijn van welke hand bedoeld
wordt.

Verkeerd gebruik van het woord "enigste" is meestal het enigst voor de oplettende toehoorder.
Het verschil tussen een flex-werknemer en een ex-werknemer is niet groot.

Vrouwen die tijdens de zwangerschap rookwaar blijven gebruiken, nemen de kwalificatie
aanstaande moeder wel erg letterlijk op.

Zonder referentiekader impliceren "pH neutrale" lichaamsverzorgingsmiddelen een valse
veiligheidsgarantie.
Oil of Olaz, Sanex, Unicura, Badedas, e.a.

De bewering dat Rietvelds "rood-blauwe stoel" verstoken zou zijn van zit-comfort is, door de
bank genomen, gestoeld op gebrek aan zit-ervaring met deze stoel.

Groningen, 24 januari 1997



