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1 Organolithiums

1.1 Carbanions

“Carbanion” as a term was introduced by Wallis &u@ms in the year 1932nd it is used for
compounds that have a negative charge on a catbom &arbanions can be found in several

hybridization state@igure 1.1
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Figure 1.1 -Hybridization states of carbanions
1.1.1 Stability

The stability of a carbanion increases vgttharacter and is influenced by the substituenthen

carbon atom — the order of stability tert > sec > prim due to stabilization through
polarisability? Heteroatom-substituted functional groups dnposition greatly increase the
stability of carbaniorfsthrough resonance (groups like CN, NGOR) and polar (F, OH) effects
(Figure 1.2

Figure 1.2- Stabilization through resonance

Carbanions that are $hybridized are tetrahedral and therefore can béigurationally stablé.



1.2 Organolithiums

Organometallic derivatives of very electropositigetals like lithium have the same properties as
salts of carbaniorfs.

Organolithiums exist as aggregates — dimers (bukyanolithiums), tetramersp-pranched
primary, secondary and tertiary organolithiums)xamers (primary organolithiunfs)and
higher® in solution (Figure 1.3). The degree of aggregatitepends on the solvent and the

organic groug.

Li—R R

. AN A
L A N/

Li—R
Dimer Tetramer Hexamer

Figure 1.3 -Aggregates of organolithiums

Various ligands have the abilty to dissolve thesaggregates — N,N,N,N'-
tetramethylethylenediamine (TMEDA) is a very comnure, but others may be used as well.
The order of activation is: hexamethylphosphoramiqeiIMPA) > N,N,N,N”,N"-
pentamethyldiethylenetriamine (PMDTA) > (-)-spanti> N,N-dimethyldN,N-propylene urea
(DMPU) > 1,2-Dimethoxyethane (DME) > TMEDA > THFELO*

1.2.1 Preparation

1. Preparation of organolithiums using metallic litniu

It is the simplest way to prepare organolithiumikyA aryl, and alkenyl halides can be used but

the stereochemical integrity is mostly 14st.

R—X +2Li ——» RLi+LiX



2. Preparation of organolithiums by lithiation (hydreg-metal exchange, metalation)

It is the method of choice in many cases. The osif lithiation depends on the directing effect

of the substituents and the acidity of the hydregarthe substrate.

R'—H + R2—Li —» R!'—Lj +R*>—H

3. Preparation by halogen-metal exchange

It proceeds in the direction of the more stableanddithium that is formed from the more acidic

compound. It is very useful for converting aryl aillenyl halides to aryl and alkenyl lithiurhs.
RI—X + R2—Li —» R!—Lj +R?—X

4. Preparation by metal-metal exchange (transmetafgtio

It proceeds in the direction of the more electrifpasmetal on the more acidic carbon atbm.

R'—M + R2—]j —» R!—1j +R2—M

1.2.1.1Tin-Lithium Exchange

Tin-lithium exchange is the most important way adkimg salt free organolithiums. Most of the
evidence shows that it proceeds stereospecificaillly retention of configuration towards the
formation of the most stable organolithium, espécia case of a stabilized organolithium. It is a
great way of synthesizing organolithiums that contyl or vinyl groups or heteroatoms dn
position because they are more stable than akkiylfits like MeLi or BuLi®

Still® and Seebach proposed a mechanism for tin-lithium exchange \ithate complet.2 as
an intermediate (Scheme 1.1). If there is a hetenoan o position it can work as an anchor for

the lithium and thus lead to the overall retentivechanism.
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Scheme 1.1 Proposed mechanism for the tin-lithium exchange

If this intermediate ate complex is stable enoutgtan be characterized by NMR spectroscopy as
is the case in a mixture of tetramethylstannaneMeld in THF after the addition of HMPA. At
first, only one peak representing the tetramethpisane at 0 ppm was present in't8n NMR
spectrum but when HMPA was added, another pealkesponding to a stannate complex at -277
ppm showed ul (Scheme 1.2).

o
H3C CH3 H3C @
~ ~
H,C—Li + /Sn< _THE o /Sne—CHz + L
H;C CH; HMPA H;C
CH;
1.4 1.5 1.6

Scheme 1.2 Formation of the ate complex after the additiotHbfPA

1.2.2 Classes of Organolithiums

1. Unfunctionalized organolithiums

They do not contain any heteroatomaiposition and are not synthetically interestinge Tinst
chiral, nonracemic organolithium, that was formeahf (-)-2-iodooctane 60 years ago, belongs to
this class. It was quenched with carbon dioxide78C to give the optically active (-)-2-

methyloctanoic acid in enantiomeric excess of Z0@&cheme 1.3).

1 Li COOH
= sBuLi = CO, =
- 78°C - -
C6Hl3/\ C6HI3/\ C6Hl3/\
1.7 1.8 1.9

Scheme 1.3 Formation of the (-)-2-methyloctanoic acid
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The configurationally most stable ones are cyclppildhiums (due to the ring strain) followed
by vinylic, tertiary, secondary, primary and berizylrganolithium$.

2. a-Heteroatom-substituted organolithiums

They contain heteroatoms like oxygen, nitrogenfusudnd halogens. They can be divided into
two groups based on their stabilization.

* Non-stabilized organolithiums

They contain a tetrahedral centre that also costéthium. Their reactions usually proceed
through retention of configuration which makes themseful for the syntheses of chiral,

nonracemic compounds.

+ Dipole-stabilized organolithiums

If the group Y is capable of inducing a formal pive charge on the heteroatom X, then the
heteroatom can produce a local inductive effect tam promote the removal of the hydrogen

from the carbom to it (Scheme 1.4

® ®
1 +MB Y 2 M/Ye M Y@
/
Y BH g TN - NP
7~ 7~ ®
X X
1.10 111 L12 113

X=0,N,S

Scheme 1.4 Stabilization of carbanions by a dipole
A good stabilizing effect is observed if there ther heteroatom (oxygen, nitrogen) in the

position to the carbanion — lithium can coordintatehis heteroatom and form a five membered
chelate rin§® (Scheme 1.5).
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Scheme 1.5 Stabilization through heteroatom

1.2.3 Configurational Stability

Configurational stability is a relative concepttth@pends very much on external conditions like

temperature, solvent, timescale of interest anddhetion itself-* **

1. Macroscopic configurational stability

It is characteristic for compounds that racemipsvkt, over the period of minutes and hours. It is
examined by quenching a single pure enantiomerrgarmlithium with an electrophile after

various periods of time and determining the enaméioc excess of the product.

2. Microscopic configurational stability

It is characteristic for compounds that racemizéhiwi seconds or less. It refers to the rate at
which the organolithium adds to an electrophilealhis usually present in the reaction mixture

or to the rate at which it undergoes an intramdaearrangement.

For compounds that racemize in a matter of 1/10/D00 of a second there is a test that employs
variable temperature NMR spectroscopy. It is basedhe line shape analysis of peaks of the

interconverting diastereotopic signals at differmbperatures.

1.2.4 Inversion of Configuration (Enantiomerization)

With the development of NMR spectroscopy it hasnbpessible to determine barriers for the
inversion of configuration and thus draw conclusi@amout the possible mechanism. So far three

mechanisms for enantiomerization have been prop8sed

12



1. Dissociative mechanism

At first a solvent-separated ion pair (SSIP) forfobowed by planarization of the carbanion,
flipping of the substituents and ion-pair recombima (Scheme 1.6). The rate-determining step is

the dissociation of the lithium cation from thelzamionic carbon atom.

Li R! R!
2 =
2 :
Rl\\y\R3 . Rl\\&\ = R‘|II’-8—R3‘—R \f
R2
1.16 1.17 1.18 1.19 1.20

Scheme 1.6 Enantiomerization through dissociative mechanism
2. Conducted tour mechanism

The lithium ion coordinates to a Lewis base likeitaogen atom and is so delivered to the other
side of the carbanion. This mechanism has beerestegjon the basis of the crystal structure of

a-lithio-N,N-dimethylbenzylamine (Scheme 1.7).

Li ‘ ‘
H \ H b H////, Li H////,

~ — T/—> Ph N/—>ph N

1.21 1.22 1.23 1.24

Scheme 1.7 Enantiomerization through conducted tour mechanism
3. Bond rotation
The rate-determining step of this mechanism is rbtation about the C-X bond which is

influenced by the bulkiness of the substituentsisitcharacteristic for the organolithiums

containing sulfur or selenium mposition (Scheme 1.8).
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Scheme 1.8 Enantiomerization through bond rotation

1.2.5 Hoffman test

This test was developed by Hoffman et al. for teeednination of the configurational stability of
chiral organolithiums and is based on kinetic neoh during the electrophilic substitution
step*® '

It consists of two reactions — in the first oneg ttontrol reaction, the racemic organolithium
compound reacts with a chiral racemic electrophihel the ratio of diastereomeric products
should lie between 1.5 and 3.0. In the second imathe racemic organolithium reacts with a
single enantiomer. If the resulting ratio of diastamers is the same as in the control reaction, the
organolithium is configurationally labile, but ift iis different, it is at least partially
configurationally stable. If the resulting ratio éxjual to 1, the organolithium is completely

configurationally stablé®

RS SR RS

Figure 1.4 -Energy diagram for a reaction of a configurationédbile organolithium

Figure 1.4 shows the energy diagram for a readigiween a) a configurationally labile racemic
organolithium and a racemic electrophile and b)phee §)-enantiomer of the electrophile. The

outcome in this situation is only dependent on ttamsition state energy differenceAG*
14



because the inversion barrier betweBhdnd §), which is represented by the smallest peak, is
much smaller than the transition state energiethoformation of both product§.

RS R RS

Figure 1.5 -Energy diagram for a reaction of a configurationatible organolithium

In Figure 1.5, a configurationally stable orgaruolitn reacts with c) a chiral racemic electrophile
and d) the $-enantiomer. Since the inversion barrier betweBnand © is bigger that the
transition state energy differenadG", it is theAAG* that determines the ratio of diastereomers
when the organolithium reacts with the racemic tedghile. If however only one enantiomer is
present, only one pathway is possible becausentrersion barrier which is represented by the

biggest peak is much bigger that the transitiotestaergies for the formation of both produtéts.

1.2.6 Reactions of Organolithiums with Electrophiles

Organolithiums readily undergo substitution reacsiovith electrophiles with both retention
(Se2ret) and inversion @&inv) of configuration (Scheme 1.9). The non-siabd ones react
preferentially with retention of configuration. Tke&abilized organolithiums can react either way

since both pathways are energetically and symnadiowed?®

15



1.30 1.31

Sg2ret Sg2inv

Scheme 1.9 Possible reaction mechanisms of organolithiums eligictrophiles

Sometimes the reaction follows a radical mechamarth results in a mixture of products that
are formed by inversion and retention of configiorat (stepwise single-electron transfer

pathway) (Scheme 1.18).

R! R! R! R! R‘\ R!
+
}Li —> Li E >© =S C_>< — f E + E <
H S H > H > ="H H S ="H
R R R R R R
+Li"+E
1.34 1.35 1.36 1.37 1.38 1.39

Scheme 1.10 Stepwise single-electron transfer pathway

1.2.7 a-Oxyalkylllithiums

a-Oxyalkyllithiums are the most important group efétionalized organolithiurfis but their
formation is not easy. An oxygen atom deactivabesrhetalation of the adjacent carbon atom
because the electron pair repulsion between oxgdene pair and the C-Li bond overcome the
inductive effect of the oxygen atoh.

a-Silyloxyalkyllitiums are non-dipole stabilized agolithiums that undergo a retro-Brook

rearrangement with retention of configuration argltaus synthetically usef§l(Scheme 1.11).
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OSiMe; 0

nBuLi SiMe; |+
'/, _7Qo ]
CsHy, 4 e Iy
SnBuj CsHy,
1.40 1.41
OLi OH
_H
"/// "///
SiMe; SiMe;
1.42 1.43

Scheme 1.11 Retro-Brook rearrangement of arsilyloxyalkyllitium

Dipole-stabilized organolithiums are consideredo&one of the most configurationally stable
organolithiums and their research has attracted af lattention. The majority of it has been spent
on alcohols protected by carbamoyl groups like Cltsx and Cby which activate thehydrogen

atoms for removal by a strong base (Fugure£.6).

O
) 0 /”
j g \
O N
iPr,N © \ﬁ
Cb Cbx Cby

Figure 1.6 -Carbamoyl protecting groups for alcohols

There are a lot of examples of tertiaryoxyorganolithiums with alkyl, heteroalkyl, vinyind
phenyl substituents that are stable over long gerio EtO in the absence of THE.
1.2.8 a-Aminoalkyllithiums

a-Aminoalkyllithiums are less configurationally stalthan theu-oxyalkyllithiums because the

destabilizing effect of the lone pairs is bigger.drder to obtain the same results they require
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lower temperature and absence of chelating agrtee only exceptions to this rule are the
lithiated N-methyl pyrrolidines and piperidines which can tabke up to -40°CG!

Dipole-stabilized a-aminoalkyllithiums are synthetically useful andeyhhave been used in

asymmetric alkylations as chiral auxiliarf@sMost of the non-dipole-stabilized and the acyclic
organolithiums racemize very quickly. Thereforeyttae not very interesting for asymmetric

synthese$.

1.2.9 a-Thioalkyllithiums

Non-dipole stabilized organolithiums derived fromlfisles are usually only microscopically
configurationally stable. This observation is usé&bu intramolecular rearrangements or reactions
where the electrophile is already present whentigoalkyllithium is generated.

Tertiary a-thioalkyllithium 1.44 a dipole-stabilized one is the most stabfnioalkyllithium so

far known (Figure 1.7%?

1.44

Figure 1.7 -Tertiary dipole-stabilized-thioalkyllithium

Sulfoxides and sulfones can be macroscopicallyigordtionally stable at low temperatufes.

1.2.10 a-Haloalkyllithiums

Most of these species are chemically very unstablerefore the determination of their
configurational stability is a challenging task. elthstability is dependent on the number of
halogen atoms that they contain and also on whialogen they contain. In case of
bromoorganolithiums, the more bromine atoms theamogthium contains the more stable it is.
In case of chloroorganolithium, the disubstitut@gaes is more stable than the trisubstituted

organolithium and the monosubstituted organolithisrthe least stable of all thrée.
18



1.3 Chiral heteroatom-substituted methyllithiums

The term chiral methyllithium corresponds to a mg#iinium being chiral by virtue of two

isotopes of hydrogen and a heterodto(Rigure 1.8).

Li Li
)V/ H )V/ D
X D X H

(R)-1.45 (S)-1.45
X = heteroatom

Figure 1.8 -Chiral methyllithiums containing a heteroatom

1.3.1 Chiral Oxymethyllithium

Research of the Hammerschmidt group has showed {Hasopropyloxy)phosphinyl
methyllithium derived from tributylstannylmethyl psphate 1.46 is microscopically
configurationally stable up to 0°C and isomerizesroigh a phosphate-phosphonate
rearrangement ta-hydroxymethylphosphonate.47 with retention of configuraticit (Scheme
1.12).

O O
“ nBuLi, TMEDA - “
P HO P
Bu3Sn/\O/ \\OiPr 78%%/%0(: ~ \\OiPr
OiPr - OiPr
1.46 1.47

Scheme 1.12 Phosphate-phosphonate rearrangement
All of the compounds in Figure 1.9 were found torberoscopically configurationally stable.

Compounds1.48 1.49 and 1.50 undergo a retro-Brook rearrangement and compdlbd
isomerizes through a [2,3]-sigmatropic rearrangertegive a homoallylic alcohdf.

19



D H D H
Me,PhSi \ (iPr3)Si <
o Li o Li
1.48 1.49
D H /
D D H
e o | Li X
C,Hy 0 Li
1.50 1.51

Figure 1.9 -Microscopically configurationally stabteoxymethyllithiums

N,N-diisopropylcarbamoyloxymethyllithium, the intermat in the reaction given in Scheme
1.13, is macroscopically configurationally stabte-28°C in E§O/TMEDA for at least 10 min

and in E$O and THF for 3 h but its chemical instability ieases with increasing temperattire.

0
e} 1. nBuLi, TMEDA, Et,0/ )J\
BuLi, THF
nBuli, - Ph
PN 2. PhCHO 0 NiPr,
BU3SH (@) NiPl'z
1.52 OH 153

Scheme 1.13 Test for the macroscopic configurational stabiifyN,N-

diisopropylcarbamoyloxymethyllithium

The (2,4,6-triisopropropylbenzoyloxy)-fPbnethyllithiums shown in Figure 1.10 are
macroscopically configurationally stable, but ldkan the carbamoyloxy-[[Imethyllithiums.

The configurationally most stabdeoxymethyllithiums are the ethets55andl1.56

0]
(iPr);H,Cq o) Li PMBO Li THPO Li
1.54 1.55 1.56

Figure 1.10 -Macroscopically configurationally stabdeoxymethyllithiums

1.3.2 Chiral Aminomethyllithium

Research of the Hammerschmidt group showed phosplidate 1.57 to be microscopically
configurationally stable up to 0°C for a rearrangemto the aminomethylphosphonate. The

compoundsl.58 and 1.59 were found to be at least partially macroscopjycatinfigurationally
20



stable but less than their oxygen analogue88 was the least stable of the two, giving
enantiomeric excess of 65% at -95°C after aging3fbs while the enantiomeric excessld9

was 90% at the same temperature after aging fonit§Figure 1.11}°

O D H
” D ///’ H - >§ D . \\\H
(PP g ~ . )
N Li Noe Li  Bn,N Li
1.57 1.58 1.59

Figure 1.11 -Microscopically and macroscopically configuratidgatableo-

aminomethyllithiums

1.3.3 Chiral Chloromethyllithium

Kapeller found that chloromethyllithiuh60is macroscopically configurationally stable up @ 3
s at -78°C in THF but chemically very labile (Figur.12)*

Cl Li
1.60

Figure 1.12 -Chiral chloromethyllithium

1.3.4 Fluoromethyllithium

Some research on the configurational stabilityl@bfomethyllithium was already carried out by
Kapeller. Many calculations for the (configuratibnstability have been performed for it, but it
has never been prepared. In a recent révigvhas been stated, that fluoromethyllithium canno
be analyzed spectroscopically because of its ctarmstability. Chiral fluoromethyllithium is

the smallest chiral organometallic compound possitdllowing only stable isotopes as

substituents (Figure 1.13).

21



(8)-1.61
Figure 1.13 -(R)-fluoro[D,]Jmethyllithium

Kapeller accessed chiral tributyl(fluoro-{Ilnethyl)stannane from the respective stannylmethano
and DAST'® The enantiomeric excess could not be determinedause it was assumed that
fluoride cannot be substituted by a sulfur-contagnnomochiral derivatizing reagent to generate
diastereomers for the evaluation of the enanticrrextess byH NMR spectroscopy. She found
that chiral fluoromethyllthium can be formed froladromethylstannane by tin-lithium exchange
with MeLi at -78 °C and intercepted by benzaldehwptleady present in the reaction mixture
(Scheme 1.14).

k
H3C—Ll + BU3SI’1/\F ]—> /\

1.62 1.61
©)LH " ©)L

Scheme 1.14 Test of the microscopic configurational stabilifyfloioromethyllithium done by

1.63
Kapeller

It was found that chiral fluoromethyllithium is mnascopically configurationally stable, but
chemically less stable than chloromethyllithium. rtRarmore, transmetalation was also
significantly slower than with chloromethylstannaared a large amount of 1-phenylethanol was
formed as side product. Therefore, in all experitag@erformed with various ligands the yield of
2-fluoro-1-phenylethanol 1(64 was 43% at best. However, 50% or more of the
fluoromethyllithium which was generated decomposger likely by elimination of LiF. When
Kapeller tried to determine the macroscopic comfgjonal stability of chiral
fluoromethyllithium, the yield dropped to only 25&b best. The amount of starting material in

22



the crude product increased and losses due to gesiion increased as well, even if
benzaldehyde was added shortly (10 or 30 sec) thitenddition of MeLi for transmetalation, and
decreasing the temperature to -100 °C.

The reaction raté, of the addition ofMeLi to benzaldehyde was greater than the katef
transmetalation. Thereforeot much of the fluoromethyllithium was formed. §et around this
problem, | replaced benzaldehyde by acetophenoaa &bectrophile, because it is less reactive
than benzaldehyde. The reaction riteshould get smaller whil& remains the same. Before
doing any experiment in the labeled series, prelan experiments were performed in the

unlabeled series (Scheme 1.15).

. ki
H3C_Ll + BU3SI‘I/\F —_— Ll/\

F
1.62 1.61
0]

o jo*

OH
©/\\/ F
2-phenyl-2-propanol (1.65) 1-fluoro-2-phenyl-2-propanol (1.66)

Scheme 1.15 Preliminary experiments with the unlabeled fluordimy#ithium

The fluoromethylstannane was prepared in 66% yasdording to the method developed by
Kapeller (Scheme 1.185.

Deoxo-Fluor
Bussn” OH " Bugsn” F
1.67 6% 1.62

Scheme 1.16 Preparation of fluoromethylstannah&?2
To test whether fluoromethylstannane does or de¢geact with the lithium salt ofR}-1-(2-

naphthyl)ethylthiol, the reaction in Scheme 1.17swearried out. Surprisingly, fluoride was

replaced by the thiol (& reaction) to give sulfideRj}-1.69 which can be used in the labeled

23



series to determine the enantiomeric excess. Haw#we reaction rate of fluoromethylstannane
was much slower than that of chlormethylstannaBeh(12.5 h respectively).

1. nBuLi

: 2. Bu3Sn/\ F
THF
37%

(R)-1.68 (R)-1.69

Scheme 1.17 Alkylation of (R)-1-(2-naphthyl)ethylthiol with fluoromethyllithium

The first preliminary experiment to evaluate acbtmwne as electrophile for the determination
of the microscopic configurational stability of ddi fluoromethyllithium was performed at
-95°C. Fluoromethylstannane (1 equiv.) and acetophe (2 equiv.) in dry THF were used and
MelLi (2 equiv., 1M, in THF/diethoxymethane, preghfeom 3M in diethoxymethane by dilution
with dry THF) was added drop wise (one drop eves).BAfter the addition of the last drop of
MelLi, stirring was continued for 5 min before wank (addition of 2M CECO,H in CHyCly).
The crude product was a mixture of the startingemiat [tributyl(fluoromethyl)stannanel62)],

the desired product [1-fluoro-2-phenyl-2-propanbl6@)], the product of addition of MeLi to
acetophenone [2-phenyl-2-propandlgd], and tributylmethylstannane (used as interrathdard

in the '"H NMR spectrum) in a molar ratio of 1.16:1.03:1100, respectively. Flash
chromatography furnished an inseparable mixtureo82ontaining a small amount of an
impurity) of racemic 1-fluoro-2-phenyl-2-propanatda2-phenyl-2-propanol in a molar ratio of
1.00:0.80, respectively. When the experiment wagated at -78°C, the ratio of compounds in
the crude product changed to 2.56:1.13:2.39:1.0@. diastereomericR)-Mosher esters of the
tertiary 1.65and racemic alcohol 1-fluoro-2-phenyl-2-propanblbg were prepared as well, to
see whether it could be derivatized to determiree ghantiomeric excess in the labeled series
(Scheme 1.18).
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F (S)-MTPACI,
+ DMAP

dry dioxane

90°C

1.65 1.66

OMTPA-(R) OMTPA-(R)

F

+
1.70 1.71

Scheme 1.18 Perivatization of the mixture of tertiary alcohalgth (S-MTPACI

The esterification had to be performed under fgcaonditions (DMAP, 50 °C, 9 h) The
combined vyield of the diastereomeric esteigl was 44% and their ratio was 3.00:1.88, caused
by kinetic resolution. ThéH NMR spectrum displayed two AB systems (couplirighviluorine)

for the CHF groups (Figure 1.14).

1
1
1744. 585

) JJ’LJ:'L

1:9 4:3 -1:F -1.IE -1.I:- -1:-1 -1:5
BB BT R W E
Figure 1.14 -Partially overlapping AB-systems of the g@Hgroups in théH NMR spectrum
(400.27 MHz, CDGJ) of 1.71

These two experiments show that the fluorometlmtlin is long-lived enough to be intercepted
by acetophenone instead of benzaldehyde. For theerged tributyl(methyl)stannane an

equivalent amount of FCHi was formed and added to acetophenone. Chemms#hbility of
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FCH,Li does not seem to account for losses of produmbirary to the results of Kapeller. |
would have expected decomposition to a larger éxt@&s the rate for the addition of
fluoromethyllithium to acetophenone should be slothan that for the addition to benzaldehyde,
the increased half-life should increase decompmositiFurthermore, still only about one half of
the starting material was consumed at -95 °C (aB0%i at -78 °C). Consequently, an even more
hindered ketone than acetophenone has to be usel@asophile to secure full conversion of
starting material by transmetalation. It is possithlat at temperatures lower than -95 °C even the
macroscopic configurational stability of fluoromgliithium can be addressed. More experiments

in the labeled and unlabeled series are necessalgrify the open questions.
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2 Stille Reaction

The Stille reaction is a cross-coupling reactioimeen organostannanes and halides in presence

of a Pd catalyst with various ligands on it (Scheme 2.1).

/R" . R’
‘ \ Pd , .
R—X + R—Sn—R L» R—R T R —Sn—X
\ /
R R
2.1 2.2 2.3 2.4

Scheme 2.1 Stille coupling with a halide and an organostannane

It is very popular because organostannanes argvedjastable and readily available with many
functional group$® The first successful experiments were publishetidn6 by Eaborfi’ % but
Stille and his groufd made it to a standard method that is widely useddyt. Stille reaction is a
very versatile method of coupling that can be dameer relatively mild condition®.

The coupling is influenced by the ligands on pallad the solvent, the additives and by the
substrates themselves. Various groups can be ¢éraedffrom the tin with different effectiveness
(Figure 2.1)*

RC==C > RHC=CH > Aryl > Alkyl

Figure 2.1 -Order of decreasing effectiveness of the groupsfean

The reaction consists of 3 steps that can all be-datermining and depend on the reaction

conditions and substrates (Figure 2.2).

ArX

PdL,

Ar-Ar'
oxidative addition
reductive elimination
ArPd"L, X
ArAr'PdL,
Ar'SnR5
R3SnX

transmetalation

Figure 2.2 -Catalytic cycle of the Stille coupling
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The first step is the oxidative addition of theoglephile (halides in my case) to a’Rbmplex.
At first, a cis complexX2.8 is formed which isomerizes to a more stable amdntiodynamically
favored trans complex (phosphane ligand and R gasegransy unless there is a destabilizing

interaction between the ligands, transphobia (Seh2m)*?

1|~ ¥
R L R L R
NS N~
Pd + | —— pal{| ——= P
| X L X L X
L
2.5 2.6 2.7 2.8

Scheme 2.2 €is complex formed during the oxidative additiortlué electrophile

If anionic ligands (halides, acetate) are preserthé reaction mixture, the electrophile does not
add to the neutral Pd complex, but to an anionie ofstructure [PXL,] .** The oxidative

addition goes then through a five-coordinated imtstiate2.10(Scheme 2.3§?

PhsP PPh,
Pd—Cl Arl L pd N
_ o
—_—
| Vi
Ph3P PPh3
2.9 2.10

Scheme 2.3 Five-coordinate intermediated formed from an araamplex

The second step in the Stille coupling is the tnagtslation. Its mechanism is influenced by the
polarity of the nucleophile (low in case of alkylganotin reagentsf. The process is a ligand
substitution on the PccomplexX® that can go through two pathwdys® ¢ associative through
an 18-electron trigonal bipyramidal comp@x2and2.13and dissociative through a 14-electron
T-shaped intermediat214 The substitution takes place trans to the ligartd the greatest trans
effect (Scheme 2.4).
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Nu L ;\Iu L
L N -
~ ', ' Pd 18e, tbp
Pd:lL + P
7 L T2
2.12 2.13 L
L N
L L ~ -~ L\ /L
N, S Pd + Pd
Pd P <N
T L .
16e, sqp N\ /
2.11 L
N
/Pd\
T L
14e, T-shaped
2.14

Scheme 2.4 Associative and dissociative pathway for the ligaobstitution

It seems more likely that most of the substitutigmsthrough the associative pathway either
through direct substitution or through solvent-stesi substitution (Scheme 2?8)The reason is
that it is unlikely that this unsaturated 14-elentrspecies could have a long lifetime in a

condensed staf8.

L Nu
| Nu |
X—Pld—X — X—Pld—X
L L
2.17 2.19
) V
(T)
X—Pld—X
L
2.18

Scheme 2.5 Two substitution mechanisms for the associativeyay where (S) stands for

solvent

Transmetalation can follow a retentive or invertiveurse. Due to this fact, two different
mechanisms, containing an acyclic transition s2a2® (proceeds through inversion) or a cyclic
transition state?.21 (proceeds through retention), have been proposeBspynet and Casado

(Figure 2.3)%%3°
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Pd--C----SnBuy; ~  ——C-— Pd,
/ \Xl | | L
L Bu;Sn - X

220 221
acyclic cyclic

Figure 2.3 -Acyclic and cyclic transition states for transmatigin

The third and last step is the reductive eliminatibhe simplest mechanism occurs directly from
the cis derivative without ligand dissociation @saciation - unassisted mechanism. Another
mechanism is more difficult because the cis compdses one ligand which makes the alkane

elimination very favorable - dissociative mechani@oheme 2.6

|
L R R
N~
P —— P ¥ |
L R’ | R
L
2.22 223 2.24
Unassisted mechanism
L R L R R
N _ N
Pd\ . Pd\ —_—
L/ ]{y R‘ Rl
2.22 2.25 2.24

Dissociative mechanism

Scheme 2.6 Two possible mechanisms for the reductive elimorati

After everything has been put together, the folllgvimechanism should represent the entire

catalytic cycle of the Stille coupling (Scheme 2%)
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RN

PdL
[ o] oxidative X—PdT-L

addition |
L
Rl
2V |
- isomerization
C----- Pd“\
| |
. BU3SH """ X
reductive
elimination
Rl
Rl
I |

L—Il’dH—L Rz—Il’dH—L

R2 L

Scheme 2.7 The entire catalytic cycle for the Stille coupling

There are a few ways how to accelerate the couplimgorce unreactive species to react. One
way is to add Cusalts like CUCN to [Pdj] catalysts’* The “copper effect” consists of two
different mechanisms that are both dependent ofigheds and the solvent. If there is a “hard”

ligand such as PRion palladium then Cican act as its scavenger when it is releasedagdtth
cannot inhibit the transmetalation any more (Scharg"
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L (S)

PdL, | Cul
Ar—X ————» Ar—Pd—X +L ——= CulxL,+ Ar—Pd—X

L L
2.26 2.27 2.28

Scheme 2.8 Copper acting as a scavenger for a “hard” ligand

In a donor solvent like dioxane, transmetalatietween Sn and Cu can occur at least partially

(Scheme 2.9). This step has a potential to affecgtoup transfer selectivify.

L L
Cul
RSnBu3; ————» RCu + Ar—Pd—X ——» Ar—Pd—R
-ISnBuj | |
L L
2.29 2.27 2.30

Scheme 2.9 Transmetalation between tin and copper

Another way to activate the organostannane is ®aisluoride like CsF as an additive. It is
postulated that a pentacoordinated tin speciesacong fluoride as ligand forms. This species is

more reactive towards transmetalatféri®

2.1 Configurational stability of chiral methylpalladium complexes
formed during the Stille coupling

Chiral methyllithiums cover a wide range of configtional stabilities, depending mainly on its
heteroatom-substituent and the reaction temperafimey add to aldehydes and ketones to give
alcohols. To expand the scope of the reactions shital methylmetals, Stille couplings were
performed with various stannanes as precursors.thése reactions are normally done at
temperatures between room temperature and 100 K€, configurational stability of the
intermediate chiral methylpalladium complexes iswfical importance. Before doing a reaction
with the chirally labeled methylpalladium species,was tested first with the unlabeled

compound.
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2.1.1 Stille  coupling  with  tributylstannylmethanol -  microscopic
configurational stability of chiral hydroxymethylpa lladium complexes

First, | wanted to examine the microscopic confagianal stability of hydroxymethylpalladium

complexes 2.31 that form during the direct transformation of brdmozene and

tributylstannylmethanol using the Stille couplifgdure 2.4).

RZ L
Ry =
>—Pd—Ph
HO L

231:R'=R>=H
(R)-[D;]2.31: R'=D,R?>=H

Figure 2.4 -Hydroxymethylpalladium complexes

It was not necessary to derivatize tributylstanretimanol, a well known precursor in our grddp,
because it was used for the coupling. As this &tilaction with tributylstannylmethanol has
already been performed by Japanese researche®8%y llcould simply repeat these experiments

with tributylstannylmethanol andSf-tributylstannyl-[DiJmethanol at 80 °C for 18 #.The low
yield was of no major concern in the first placel{&me 2.10).

1 2
R >{\\R PhBr, Pd(PPh;), . R‘>\\\\R2
BusSn OH iigyhdloxane, 80°C Ph OH

1.67: R'=R2=H

2.32:R'=R%?=H, 57%
(S)-[D{]1.67:R' =D,R?>=H

(R-[D;]2.32: R' =D, R?>=H, 38%
Scheme 2.10 Stille coupling with unlabeled and labeled tribstgihnylmethanol and

bromobenzene

The only necessary step after the coupling wasisa¢ion of the labeled phenylmetharia32
with (S-MTPACI to determine its configuration and enant&ric excess (Scheme 2.11).
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(S)-MTPACI,

1 2
RI>\\\\R2 dry pyridine R >QR
dry CH2C|2

Ph OH Ph OMTPA-(R)

2.32:R'=R?=H

R)-[D;]2.33: R' =D, R?=H, 53%
(R)-[D;]2.32:R' =D,R?>=H (R)-[D] ) ,53%

Scheme 2.11 Esterification of labeled phenylmethanol wit)-MTPACI

The'H NMR spectra of theR)-Moser esters ofR)- and §)- phenyl-[D.Jmethanol were recorded
some time ago so they were used as reference ap@tie segment of thed NMR spectrum
displaying the CHD group shows that the phenylpfiethanol derived fromS)-tributylstannyl-

[Di]Jmethanol is R)-configured and has an enantiomeric excess of @9gtire 2.5).

1134. 02

T T T T T T 1
536 ads A3 ni3 532 s Al

Figure 2.5 -Signal of CHD group ofR)-phenyl-[Dijmethanol fromH NMR spectrum

Therefore, the Stille coupling proceeds with neteméon of configuration. Consequently,
transmetalation and reductive elimination haverteed either by retention or inversion. As the
enantiomeric excess of the phenyk]iethanol underlaying theRf-Mosher ester was greater
than 99%, the various palladium complexes formathduhe Stille coupling are microscopically

configurationally stable until reductive eliminatiof the product.
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2.1.2 Stille coupling with tributylstannylmethyl benzoate — microscopic
configurational stability of chiral benzoyloxymethylpalladium complexes

In this part of my practical work | wanted to examithe microscopic configurational stability of

palladium complexe2.34 derived from R)- or (§-1-tributylstannyl[D]methyl benzoate and
benzoyl chloride during the Stille coupling (Fig@®).

R” L ¢

Ry = |

(@) ——Pd
>~o oy,

(R)-[D]2.34:R' =H,R>=D
(S)-[D;12.34:R' =D,R>=H

Figure 2.6 -Chiral methylpalladium complexes formed during 8tg#le coupling

| first performed all of the reactions with the aipéled species to determine whether they could
be done in reasonable yields and to see if it wassiple to spectroscopically determine the

configuration of the product and its enantiomercess.

In order to do the coupling | had to prepare thecprsor2.35 by a simple esterification of
tributylstannylmethanoll(67) with benzoyl chloride (Scheme 2.12).

| 2 O
R >\\\\R PhC(O)CI R! \\\RZJJ\
BuSn oH dry CH.C >\

Bu3Sn O Ph
1.67:R'=R>=H 2.35:R'=R?=H, 84 %
(R)-[D]1.67:R' =H,R?>=D (R)-[D{12.35:R' =H,R?>=D, 82%
(S)-[Dy]1.67:R' =D, R?*=H (S)-[D;]2.35: R' =D, R>=H, 90 %

0
PhC(O)CI, Pd(PPhs), Rl (R
CuCN )J\ ™ ph
> h 0
toluene, 70°C P
18h )

2.36:R'=R?=H, 67%
(S)-[D;]2.36: R =D, R>=H, 53%
(R)-[D;]2.36: R' =H, R? =D, 94%

Scheme 2.12 Preparation of the precursors and the Stille cogpli
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For the coupling | used the procedure reported hiteSet al. for the coupling ofa-
tributylstannylalkyl benzoates with benzoyl! chl@fd
Since it was impossible to spectroscopically deteenthe enantiomeric excess of the product of

this reaction directly, two further transformatiomsre necessary (Scheme 2.13).

iy R2 OH
\\\ .
)J\ Q Ph  LiAlH, ou
Ph ¢} dry THF Ph .
J RIY “IR2
2.36:R'=R>=H 2.37:R'=R%>=H, 32%
(R)-[Dy]2.36:R' =H,R>=D (R)-[D,]2.37:R' =H,R?>=D, 37%
(S)-[Dy]2.36: R' =D, R*>=H (S)-[D;]2.37: R = D, R? = H, 59%
(S)-MTPACI, OMTPA-(R)
dry pyridine OMTPA-(R)
—_— -
dry CH2C12 Ph '/,/
Rl /RZ

(R)-[D;]2.38: R' =H, R?>=D, 70%
(S)-[D;]2.38: R' =D, R*=H, 61%

Scheme 2.13 Berivatization of the product of the Stille cougin

The resulting benzoat@36were reduced with LIALE to give a mixture of a racemic diBl37

in the unlabeled series and a mixture of diastesgmmdiols in the labeled series beside
phenylmethanol derived from the benzoyl group. €hefiguration of the labeled carbon atom
did not change. The last step was the esterificatiothe diols with §-MTPACI to give two
diastereomericR)-Mosher ester®.38 which was only done with the labeled species bsea
reference spectra of the unlabeled esters wereknow

The'H NMR spectra were compared to the reference speetorded by Kapeller to determine
the absolute configuration and the enantiomeriesx@t the labeled carbon atom of the ester.
Since all of the steps before and after the coggiiowed a retentive course, | proved that the
coupling proceeded with net retention of configiarat This means that the transmetalation and
reductive elimination both go through either rei@mtor inversion, but the retentive mechanism
is the more feasible one. It was further prover tha palladium complexe®.34 derived from
(R)- or (9-tributylstannyl-[D]Jmethyl benzoate and benzoyl chloride are microsedy
configurationally stable during the Stille coupliag 70 °C, because the enantiomeric excess of

the labeled carbon atom in each case was equalg@ater than 99% (Figure 2.7).
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% R 5 g

(R) ©)
Figure 2.7 -Signals of CHD groups of th&|-Mosher esters of labeled dids37in *H NMR
spectra (400.27 MHz, CDgJl

Furthermore, the Stille coupling has to go throagtiosed transition sta239 here to account

for net retention of configuration for the couplisgep (Figure 2.8).

Ph ﬁ
O:< R! R2C—Ph
15 |
O—C-~--Pd"'-PPh,
Bu;Sn——Cl
2.39:R'=R>=H

(R-[D;]2.39:R'=D,R?>=H
(S)-[D;12.39: R! =H,R?=D

Figure 2.8 -Closed transition state of the Stille coupling

2.1.3 Stille coupling with (benzylthiomethyl)tributylstannane and §)-
tributylstannylmethyl thioacetate - Microscopic corfigurational stability
of chiral thiomethylpalladium complexes

The biggest challenge of my practical work turnetito be the preparation and determination of
the configurational stability of various palladiwomplexes containing sulfur (Figure 2.9).
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L L

L 0
| { | Pd—Ph
—Pd —Pd—Ph /
—S { Ph —S { >
Ph Ph

2.39 2.40 2.41

Figure 2.9 -Palladium complexes that were studied

In principle, everything was supposed to work geead the steps that had to be performed after
the coupling in order to determine the enantiomexcess were well established. Preliminary
experiments for the determination of the enantiaenexcess of the labeled-benzylthio-
acetophenone were performed with the unlabeled oamp 2.42a accessed from
phenylmethanthiol and-bromoacetophenone by a literature procedtiReduction with LiAIH,

in dry THF furnished the desired alcol®#3in 96% vyield. Esterification with§-MTPACI was

not performed but was expected to furnish a mixtofediastereomeric Mosher este2s44
(Scheme 2.14).

LIAIH
S dry THF,
96%
¢}

2.42a
(S)-MTPACI,
dry pyridine
dl'y CH2C12 S
OMTPA-(R)

2.44

Scheme 2.14 DPerivatization of the keton2.42aobtained from the Stille coupling

The problems turned up when | tried to do the é&tikoupling of the unlabeled
(benzylthiomethyDtributylstannan@.459 and later with the labeled species, because |uainfo
the unlabeled material, with benzoyl chloride oorhobenzene. Finally, the benzyl group in the

stannaneavas replaced by an acetyl group as protecting g(8apeme 2.15).
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SnBu3

S 2
RTINS + R>—X — R,/S\/R +  SnBusX

2.42a: R' = PhCH,; R? = PhCO
2.47a: R' = PhCH,; R?> = Ph 2.48
2.47b: R! = CH;CO; R? = Ph

2.45a: R' = PhCH, 2.46a: R =PhCO, X = Cl
2.45b:R'=CH;CO  2.46b: R?>=Ph, X = Br

Scheme 2.15 Stille coupling of the benzoyl chloride or bromobene and the stannane
| tried various solvents, Pd catalysts and ligakaswn from the literatur&: ** *® “’However,

none of them were tried on compounds containinfusin thea-position to the carbon that was
to be coupled (Table 2.1).

Entry | R'in2.45| Rin2.46 Catalyst Conditions Yield
Pd(PPBR).Cl, (5 mol %), product
1 CuCN (10 mol %) Toluene, 75°C, 24'h | gone
a Pd(PPB).Cl, (5 mol %), | Toluene, RF~40-75°C,
2 CUCN (10 mol %) 2—2—-3 h! n.r.
3 a Pd(PPH)4 (5 mol %) Dioxane, 80°C, 18h n.r.
4 b Pd(PPH).Cl, (5 mol %) HMPA, 80°C, 18 n.r.
Pd(P(Bu)s)2 (3 mol %), wrong
5 CsF (2.2 eq) Dioxane, 90°C, 28°h | product
Dioxane, 46-70—100°C,
6 a® b Pd(P¢Bu)s). (3 mol %) 3418 H° n.r.
Dioxane, RF»80—100°C,
7 Pd(PPB). (5 mol %) 2—22—3 h** n.r.
b b Dioxane, RF»50—100°C,
8 Pd(P(Bu)s), (3 mol %) 4—3—18 H® n.r.

" no reaction?(S)-[D4]2.45a
Table 2.1 -Overview of all of the experiments performed acamgdo Scheme 2.15 and their

results

As can be seen from the table the desired prodexmtrnformed. Only in the first experiment
(Entry 1) was the starting material consumed, butcaupling product could be detected. It
seemed that the product was formed, but underwelficendensation under these reaction
conditions. Therefore, the Stille coupling was wpd starting from room temperature (Entry 2).
The progress of the reaction was monitored by Th@ r@ference samp42awas also applied
to the plate. Unfortunately, no coupling productnied and the starting material did not

disappear at all this time even though the tempezavas raised to the same temperature as in

the previous experiment.
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At that point it was decided to try the couplingiwbromobenzene using different catalysts to see
if this would result in the desired produitd7a The reference sample was prepared according to
literature(Scheme 2.16¥

SH  phcH,CI, KOH S
EtOH B
96%
2.49 2.47a

Scheme 2.16 Preparation of the product of the Stille coupliygam independent method

The conditions that | tried next — addition of ess€€sF (Entry 5) - were very promising as they
were successfully used on many unreactive orgametigents and aryl halides. This time, a
product was formed that on first sight looked grdntt integration in théH NMR spectrum

showed, that it was not the desired disulfitié7g but one which was evidently formed by a

sulfur-carbon coupling (Figure 2.16).

2.50

Figure 2.16 -Product of sulfur-carbon coupling

It is possible that the fluoride additive caused farmation of a phenylmethylthiol which got
coupled with the bromobenzene so | tried the reactbtnce more time without CsF but
unfortunately this did not result in the desireddurct either (Entry 6).

| decided to give the Stille coupling with a thiaimg@stannane two last tries with an acetyl
protecting group on the sulfur atom. The precurgas made from tributylstannylmethanol and

thioacetic acid by a Mitsunobu reaction (Schem@)?°1

O o

BU3S“/\OH : )k topAp d—PhﬁFIP)I_F> )j\
SH P Bu3Sn/\S

84%
1.67 2.51 2.52 2.45b

Scheme 2.17 Preparation of the thioaceté2et5b
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enough to be consumed.

However, even this precursor was not to be couplgd bromobenzene. It was not reactive

2.1.4 Stille  coupling with  N-protected
complexes

tributylstannylmethylamines
Microscopic configurational stability of chiral aminomethylpalladium

At last, the microscopic configurational stabilitgf N-protected aminomethylpalladium
complexes derived fromR}-N-tributylstannyl-[D)Jmethylphthalimide and benzoyl chloride was
addressed (Figure 2.17).

grop
2, =
o7

N i Ph

2.53:R'=H,R%2=H

(R)-[D;]2.53:R'=H,R?>=D

Figure 2.17 -Studied aminomethylpalladium complexes

As in all other cases, the labeled and unlabeledyrsors were made by a simple Mitsunobu

reactiorf® between unlabeled and labeled tributylstannylmeshél.67) and phthalimide which
proceeded with inversion of configurationy& (Scheme 2.18).

1 2
i 1 Phthalimide, R, AR
R %R PhsP, DEAD _  By,sn N
BusSn OH dry THF
92%
6
1.67:R'=R?>=H
(S)-[Dy]1.67:R' =D, R?*=H

2.54:R'=R?=H

(R-[D;]2.54:R'=D,R?>=H
Scheme 2.18 Preparation of the phthalimide54
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The conditions used for the Stille coupling were #ame as used for simiral substrates, which
were also coupled with benzoyl chloride (Schem®y.1

PhC(O)CI,
R, AR Pd(P(Ph)3)2, R, AR 7

Bu;Sn N CuCN N

dry toluene

0
0 0

2.54:R'=R?*>=H 2.55:R'=R?*=H, 78%
(R)-[D;]2.54: R'=H,R?>=D (S)-[Dy]2.55: R' =H, R =D, 77%

Scheme 2.19 Stille coupling of phthalimid@.54with benzoyl chloride

The yields for the reactions performed in the pneseof CUCN were virtually the same, 77% and
78%, for the labeled and unlabeled substrate. €hetion was monitored by TLC, using the
literature known compoun2l55as a reference sampfe.

In order to determine the enantiomeric excess ef lHbeled product two easy steps were
necessary (Scheme 2.20).

0 0
2 1 2 1
////: R R ////, R
0
N 10% Pd/C N
dry ethyl
0 acetate OH
o) o)
2.55:R'=R?>=H 2.56:R' =R>=H, 77%
(S)-[2-Dy]2.55: R =H,R?>=D (28)-[2-D,]2.56: R' =H,R>=D, 41%
0
(S)-MTPACI, R, AR
dry pyridine N
dry CH,Cl,
(R)-MTPAO
0

2.57:R!'=R?*=H, 91%
(25)-[2-Dy]2.57: R =H, R?=D, 71%

Scheme 2.20 Berivatization of the product of Stille couplingdetermine its enantiomeric

excess
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The ketone2.55was catalytically reduced to the alcoRdb6with a large amount of catalyst in a
Parr apparatus. Although the yields suffered from low reprodudilyil even the low ones were
acceptable, because only about 10 mg were suffitoerthe next step, the esterification with)-(
MTPACI, resulting in a mixture of diastereomerseTdnantiomeric excess was greater than 98%
as determined byH NMR spectroscopy (Figure 2.18). Therefore, theerimediate palladium
complexes2.53 of the Stille coupling, formed from a Pdomplex and R)-N-tributylstannyl-
[Di]Jmethylphthalimide and benzoyl chloride are micagscally configurationally stable at
75°C. As there was no reference sample availablgas not possible to determine the absolute

configuration at the nitrogen bearing carbon atom.

ZIEZ. OB

1E21.08
1
ZZE1.
£7.1

1811.T4
1
— 133, TE

B0 sBe  3Be M 3@ B0 Av@ 36 i aBs 3w 3Bz 380 arm  are
| H | W R EM OTEC
a) b)
Figure 2.18 -Segments ofH NMR spectra (400.27 MHz, CDglof (R)-Mosher esters: a) GN
group of unlabled species; b) CHDN group of labalpédcies derived frong)(-N-tributylstannyl-
[D1]methylphthalimide

In order to determine the absolute configuratiorgecided to use the analogous palladium
complexes2.58 assuming that the Stille coupling with benzoylocide and bromobenzene
follows the same stereochemical course (Figure)2.19
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2.58:R'=H,R’>=H
(R)-[D;12.58: R =H,R?>=D
(S)-[D;]2.58:R' =D,R?>=H

Figure 2.19 -Palladium complex analogous to comp&&3

These complexes were generated from unlabeledadredeld2.54 and bromobenzene to prepare
the phthalimide2.59(Scheme 2.21).

. O

O 2
78" 52
0
Bu;Sn N + Ph—Br % N
o O

2.54:R'=R?’=H 2.59:R'=R?’=D
(R)-[D;]2.54:R' =H,R>=D (S)-[D;12.59: R' =H,R?=D
(S)-[Dy]2.54:R' =D,R?*=H (R-[D;12.59:R'=D,R?>=H

Scheme 2.21 Stille coupling of2.54and bromobenzene

This Stille coupling was much more sluggish tha tme with benzoyl chloride and the results
are compiled in Table 2.2. Despite the low yieldsthe unlabelled series, the reaction in the
labeled series was performed with both enantionoérthe amino-[Q]methylstannane in dry
toluene and dioxane, to study the influence ofedéht solvents. The configuration of the labeled
products could be determined by chemical correfatio

The reference sample of known configuration wapgmed from R)-phenyl-[Di]jmethanol by the

Mitsunobu reactioff that proceeded with inversion of configurationi{Sme 2.22).
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R? R!
) | Phthalimide, ,
R //}<R Ph;P, DIAD N
Ph OH dry THE
e}
(R)-[D;]2.60: R' =D, R?=H (S)-[D{]12.59: R' =H,R?>=D, 72%

Scheme 2.22 Preparation of the labeled phthalim2&9of known configuration

The N-substituted phthalimide was then deblocked andexed to the R)-Mosher amide in the
same way as the product of the Stille coupling.

Various conditions for the Stille coupling wereetfi- ** “to find the one that produced the best
yield. In summary, this coupling did not work aslives the one with benzoyl chloride. However,
the yield was good enough so that | could deterntivee configuration and the enantiomeric

excess of the product.

Entry | Stannane | Halide Catalyst Conditions | Yield
Pd(PPh).Cl, (4 mol %), | Toluene,80°C,
1 CUCN (8 mol %) 20 H* 13%
Dioxane,80°C,
2 (PPh)4Pd (5 mol %) 20 H* 14%
Dioxane,
Pd(P(Bu)s). (3 mol %), | 80—100°C,
3 2.54 PhBr CsF (2.2 eq) 233 H*® n.r.
Dioxane, 80°C,
4 Pd(P(tBw), (3 mol %) 20 H® n.r.
Pd(PPB).Cl, (8 mol %), Toluene,
5 CUuCN (16 mol %) 110°C, 6 B* | 37%
Pd(PPh).Cl, (8 mol %), | Dioxane,100°C
6 CUuCN (16 mol %) 6 h*' 37%
Pd(PPB).Cl, (8 mol %), | Toluene, 90°C,
7 | (R-[D1]2.54 | PhBr CuCN (16 mol %) 3 h! 53%
(9-[D1]2.54 Pd(PPh).Cl, (8 mol %), | Dioxane, 90°C,
8 CUuCN (16 mol %) 3 ht 29%

* no reaction
Table 2.2 -Overview of all of the experiments performed acaoydo Scheme 2.18 and their

results

The best conditions as found with unlabeled sutesttaned out to be Pd(PH4CI, (8 mol %),
CuCN (16 mol %) in toluene or dioxane at 100 °Ct(ies 5 and 6). The enantiomers of labeled

phthalimides2.54were coupled in toluene and dioxane (Entries 7&nd
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To determine the absolute configuration of tNegphenyl-[Di)methylphthalimides and their
enantiomeric excesses, the phthalimiddés were deprotected and transformed iri@p-Nosher
amides (Scheme 2.23). The sequence was optimizbdivei unlabeled phthalimidz59

Rz/ Rl 2 R2 Rl
“n, hydrazine ",
N hydIate NH2
dry EtOH
o reflux

2.59:R'=R>=H 2.61:R'=R>=H,21%

(R)-[D]2.59: R'=D,R>=H (R)-[D,]2.61: R' =D, R>=H, 55%

(S)-[Dy]2.59: R! =H,R>=D (S)-[Dy]2.61: R! = H, R> =D, 100%

R? R!

(S)-MTPACI, N,
dry pyridine N~ MTPA~(R)
dry CH,Cl, H

2.62:R'=R>=H, 61%
(R)-[D,]2.62: R' =D, R>=H, 65%
(S)-[Dy]2.62: R! =H,R>=D, 13%

Scheme 2.23 €onversion of phthalimidez.59to (R)-Mosher amides

The isolation of the small amounts of phenylmetimtee after deprotection of the amino group
with hydrazine hydrate proved to be rather trickg.the amine was also soluble in water, it took
many tries and modifications of the literature kmowork-up? to remove the hydrazide of
phthalic acid and hydrazine hydrate that was usexkcess for the deprotection. Once | managed
to do that, even though | could not completely reenthe hydrazine hydrate, the conversion to
the R)-Mosher amide.62was easy. Both of these steps did not touch tkelale configuration.
The 'H NMR spectrum of R)-Mosher amide2.62 derived from R)-N-tributylstannyl-
[Di]Jmethylphthalimide and bromobenzene was compaveithé spectra of the amides derived
from phenylmethylamine andR)-phenyl-[D;jmethanol. It was found that th&®¢Mosher amide
obtained by the Stille coupling was a mixture obgiereomers (enantiomeric excess of
underlying amine 52%), the major one havir®) ¢onfiguration. This implies that the Stille

coupling follows a predominantly retentive courseg(re 2.20).
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a) b)
Figure 2.20 -Signals of the CHD group itH NMR spectra (400.27 MHz, CDg}lof (R)-
Mosher amides af-[D1]2.62derived from the product of the Stille couplingld) -
[D1]2.62derived from R)-phenyl-[D;Jmethanol

Analogously, | assume that the previous Stille diogpbetween the R)-N-tributylstannyl-
[Di]Jmethylphthalimide 2.54 and benzoyl chloride also proceeds with net teian of
configuration, but exclusively.

The two differences with the previous Stille conpgliwere the solvent used and replacing
benzoyl chloride by bromobenzene. To figure out twee the partial racemization has to be
attributed to the dioxane used as a solvent, thitbapmide §-[D;]2.54 was Stille coupled
similarly to the R)-enantiomer, except that toluene replaced dioxaree result was not
significantly different. The coupling proceededgominantly with retention of configuration and
the enantiomeric excess of the product increasé8%b (Figure 2.21).
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1306.55

d.l:-d d.I:E d.I:IZI -1.:19 d.:!E 4.:1-1
TR TE
Figure 2.21 -Signal of CHD group itH NMR spectrum (400.27 MHz, CDg}lof the R)-
Mosher amide derived fronR)-[D;]2.61

Therefore, the main factor for partial enantiomatizn does not seem to be the solvent. There are
two options left to explain it:

Either the intermediateN-protected chiral aminomethylpalladium complex@s58 are
microscopically configurationally labile or transtakation proceeds by a combination of a
predominating closed transition staété4 (with retention of configuration) and a minor open

transition stat®.63 (with inversion of configuration) (Figure 2.22). &loverall stereochemistry
is therefore net retention of configuration.

NR. 1 R2
" W
Pd--------C---SnBu; R,N—C--Pd
/| \ | | “PPh
Ph;P By H D Bu;Sn---Br
263 (R)-[D;12.64:R'=D,R?>=H

(S)-[D;12.64:R' =H,R?>=D

Figure 2.22 -Two possible transition states for the transmatailaduring Stille coupling

To see if yields for the Stille coupling with statmethylamines could be improved by using a

different protecting group for the amino group, tBec protecting group was tested as an
alternative to the phthalimide group (Table 2.3).
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Entry Stannane Halide Catalyst Conditions| Yield
Pd(PPh).Cl, (8
0 mol %), CUCN | Toluene, | wrong
1 Boc (16 mol %) | 80°C, 3 ' | product
Bussn” N cl | Pd(PPR).Cl, (8 | Toluene,
H mol %), CUCN | RT—50°C, | wrong
2 2.65 (16 mol %) 4—20 ' | product
Pd(PPh).Cl, (8
mol %), CUuCN | Toluene, | wrong
3 Boc Br (16 mol %) | 80°C, 3 #* | product
Bu3Sn/\N/ Pd(PPR).Cl, (8 | Toluene,
H mol %), CUCN | RT—50°C, | wrong
4 2.65 (16 mol %) 4—20 ' | product

Table 2.3 -Overview of the performed experiments with nitrogeatected by a Boc group

The first experiment did not yield the desired proig but one that was identical with the starting

material, except that it had lost one butyl grobptfy 1). Hoping that this side reaction could be

suppressed, the experiment was repeated, buhgtartat room temperature and then increasing

the temperature to 50°C. The result was basicadlysame as before.

This same side reaction was also noticed in Stdaplings with the phthalimide protecting

group, but always to a much lesser extent. It issfipe that the carbonyl oxygen from the Boc

group coordinates to the tin atom thus making taesfer of a butyl group more favorable than

that of the protected aminomethyl group. The reasby it was not observed so much with the

phthalimide group could be that coordination oftonthe oxygen atom is less favorable than in

the Boc-protected precursor (Figure 2.23).

>l

O—> SnBu3

M

N
H

2.66

O—»SnBu;

2.67

Figure 2.23 -Coordination of tin to the oxygen atom in Boc amdhalimide protected

tributylstannylmethylamine
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3 Phosphonic and phosphinic acids

Phosphonic acids contain one P-C bond and phospbimés two in place of P-O bonds.
Phosphonic acids are widely distributed in nat@@b to 30% of all of the available phosphorus
in the oceans is stored in 2-aminoethylphoshonid &8EP)>* Phosphonates can be found in
lipids, polysaccharides, proteins, and phosphoragiy. Their functions in living organisms have
not been determined yet but it was suggested hlegtrhay be involved in cell-cell signaling and
phosphorus storagé.

Naturally occurring phosphonic and phosphinic a@ds bioactive compounds. Two of them,

fosfomycin @.1) and phosphinothricir(2), are of commercial importance (Figure 3.1).

How o °
~7 I
HO™ =2 NI //P
. < H-C ‘Ala-Ala
7 TRd
0 NH,
3.1 32

Figure 3.1 -Commercially important natural products containgng-C bond

Fosfomycin is a clinically used antibiotic that tks the first step in the biosynthesis of the
bacterial cell wall. Phosphinothricin and the tppde bialaphos containing it are marketed as
herbicides for agricultur®’

Because small phosphonic and phosphinic acids tewetwrally similar to various carboxylic
acids and phosphate esters which are substratadifferent enzymes they can act as enzyme
inhibitors. Fosfomycin is an example of an irreudes inhibitor of the UDPGIcNAC
carboxyvinyltransferas®.

2-Aminoethylphosphonic acid (AEB,3), the first known natural phosphonic acid, wadateax

in 1959 by Horiguchi and Kandat3ult is a faminophosphonic acid. This aminophosphonic

acid is found in a large number of lower organigfigure 3.2).
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o )
HO @
3.3

Figure 3.2 -2-Aminoethylphosphonic acid (AEP)

Aminophosphonic acids are structural analogs ohaoarboxylic acids and present low toxicity
against mammalf¥.

It was postulated that phosphonic acids were ptdssfiore phosphates as the first forms of life
evolved. They were even discovered in the Murchinsoeteorité® found near the town

Murchinson in Victoria, Australia on Septembef"28969.

3.1 Biosynthesis of natural products containing a P-C bnd

All of the biosyntheses of phosphonic and phospghatids start with the same initial steps that
lead to 2-aminoethylphosphonate (AEP) (Scheme®3.1).

C)
OPOsH 9 Q
_ PEPmutase ° ”\)J\ Decarboxylase
_gyy— P
/
0~/ CO,H i
CO,H HO o,
3.4 Phosphoenolpyruvate (PEP) 3.5 Phosphonopyruvate (PnPy)
0] 0] g 0]
| | Transaminase _ | |
o - C)
0" LS 07 N
HO g HO ® 3
3.6 Phosphonoacetaldehyde (PnAA) 3.3 AEP

Scheme 3.1 nitial steps that lead to AEP

The carbon-phosphorus bond is formed by an intraocubar rearrangement of

phosphoenolpyruvate (PEP) by PEP mutase givinghamapyruvic acid.5(Scheme 3.2)’
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J\ I i I
P I P Enzyme

X —Enzyme

HO,C

0] O
" . ﬂ\)}\ X—Enzyme
HO// CO,H
HO

Scheme 3.2 Formation of the carbon-phosphorus bond

3.2 Phosphinothricin

Phosphinothricin is a non-proteinogemieamino acid with a phosphinic acid group in theesid
chain (Figure 3.35°

HO HO
H;C \\P /O H;C \\P /O
OH Ala-Ala
H,N HyN
0) 0]
Phosphinothricin (3.7) Bialaphos (3.2)

Figure 3.3 -Structure of phosphinothricin and its tripeptidalaphos
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It is produced and coupled with two L-alaninesSigeptomyces hygroscopicasdStreptomyces
viridochromogenesThe tripeptide formed is called bialphos andaksl s a herbicide. Synthetic
phosphinothricin is the active ingredient in a g#riof commercial herbicides like Basta and

Liberty that are used with transgenic plants likenc cotton and canof4.

3.2.1 Mechanism for inhibition of glutamine synthetase byphosphinothricin

Phosphinothricin is a structural analog of glutamatvhich inhibits glutamine synthetase.
Glutamine synthetase is an important enzyme redperfer the binding of ammonia in plants. If
the concentration of ammonia increases, the plad. @Bialaphos is taken up by plants and
hydrolysed by cytoplasmatic peptidases to reledsesghinothricin, the actual inhibitor. The
tripetide is a “Trojan Horse” for phosphinothricthThe biosynthesis of glutamine is given in
Scheme 3.3.

I I
(S}
(S]
CO, P. CO
ATP + 2
ATP + NHg + HO)‘\/Y HsC//\/\‘/
HO
NH3
38 ©

aop <| Mg ADP Mg

O H NHs

®
0 i« O
I © o _P \P// co
P co 2
(e)// \o 2 o// \O/ \/\‘/ :
0 %%
e NH3

3.9 g“"s 3.10

L

(S]
co,
H,N
®
3.11 NH3

Scheme 3.3 Mechanism for inhibition of glutamine synthetaseptysphinothricin
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Glutamate 8.8) is activated with ATP at thg carboxyl group to generate a mixed anhydride,
which is attacked by ammonia. The tetrahedral méetiate 3.9 formed collapses and yields
glutamine 3.11 and inorganic phosphate. However, phosphinothrisirphosphorylated, but
cannot be attacked by ammonia. The phosphorylapesties 3.10 mimics the tetrahedral
intermediated.9 and remains bound to glutamine synthase, whibloisked®*

Certain transgenic plants are resistent to phosytiicin, because they contain a gene that
encodes an acetyltransferase that acetylates theoagroup of phosphinothricin and so
deactivates it (Scheme 3.4).

(|) o

P CO,H Acetyltransferase P CO,H
~ > e 2

H5C H;C
HO \/Y /N HO \/\‘/
AcetylSCoA  CoASH
NH, NHAc
3.7 3.12

Scheme 3.4 Deactivation of phosphinothricin

3.2.2 Biosynthesis of phosphinothricin

The biosynthesis of phosphinothricin starts with same two steps giving phosponoacetaldehyde
as in the already mentioned biosynthesis of AEPe H®idehyde3.6 is reduced by a
dehydrogenase to 2-hydroxyethylphosphonate (HBBR,3, which is degraded by 2-
hydroxyethylphosphonate dioxygenase (HEPD) to pidroxymethylphosphonate (HMB,14)

and formic acid. This transformation is mechanalc very interestingWithout going into
details, the hydroxymethylphoshonate is furtherabelized to finally yield phosphinothricin
(3.7), whereby only the phosphorous atom ends up iretigeproduct (Scheme 33).
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T i
Dehydrogenase
O//P\)J\H NADPIH" NADP' 077 ™>"on
HO NADP HO
3.6 (Phosphonoacetaldehyde, 3.13 (HEP)
PnAA) \ J
s ~ O
i |
— > P CO,H
HEPD o Ll og THCOH| ——= C/ 2
— —»
go/ ~ HO
NH,
3.14 (HMP) 37

Scheme 3.5 First steps in the biosynthesis of phosphinothricioluding the HEPD-catalyzed

reaction

3.2.3 2-Hydroxyethylphosphonate dioxygenase (HEPD)

2-Hydroxyethylphosphonate dioxygenase (HEPD) igayct of thephpD gene isolated from
Streptomyces viridochromoger@slt belongs to a group of dioxygenases which aoxe
enzymes that incorporate both oxygen atoms,ah® the substrate (Scheme 38).

Sub-H + O, M Sub-0-0-H —Reduction ¢\ 1y

Scheme 3.6 Typical reaction catalyzed by a dioxygenase

In a typical reaction a highly reactive peroxidedps is formed that can then be either reduced
to an alcohol or can react further to form otherdurcts. In case of HEPD, the mechanism is still
unknown and the result of the reaction is the gmang of the HEP chain with the release of
formic acid and hydroxymethylphosphonate (HMP). &xpents that have been performed with
labeled @ and with labeled carbons of HEBhow that C-1 of HEP remains the C-1 of HMP and
C-2 ends up as formic acid. One oxygen atoms oOthmolecule is found in HMP, the other one

in formic acid (Scheme 3.75.
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| Cl) 180
@ P X HEPD 18 =+
2 e N
OH 18 0/ N~ .
HO ¥ 0, ho” . H OH
3.13 (HEP) 3.14 (HMP) 3.15

Scheme 3.7 begradation of HEP to HMP and formic acid by HEPD

HEPD needs besides Fe(ll) and & co-substrate no other cofactors to perforrfuitstion. It is
a non-haem iron protein that contains Fe(ll) tigltbund to the side chains of two histidines and

one glutamate (Figure 3.4).

E = Glutamate
H = Histidine

Figure 3.4 -Amino acids from HEPD and water act as ligandgtierFe(ll) at the active site of

the enzyme

The crystal structure solved by Higgins et“ahows that its active site and tertiary strucane
similar to 2-hydroxypropylphosphonate epoxidasepBypthat is involved in the biosynthesis of
the antibiotic fosfomycifi®

Two different mechanisms have been proposed foadtien of HEPD? First, substrate and the
O, are bound to the octahedrally coordinated Feflydplacing three water molecules. Both of
the mechanisms start with the same two steps ioshwiradical complex is formed and Fe(ll) is
oxidized to Fe(lll) (Scheme 3.7).

O H OH
2-HEP
(l)Hz o o~ o~
Eis AOH, 2 E 0 Ei7s a0 \/

; FE:“V A—» 178 ///I, Fem‘ E— . ; ]l;-emV

H182 H] 82 / O 182 / O

HO HO
3.16 3.17 3.18

Scheme 3.7 First two steps of the proposed mechanisms
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The first contains an oxygen-centered radical Htateospecifically abstracts a hydrogen atom
from C-2 of HEP, generating a carbon-centered eddicd a hydroperoxide ligand at Fe(lll).

It is proposed that afterwards an alkylhydroperexisl formed and Fe(lll) is reduced to Fe(ll)
again in the next step. Compl&<19 undergoes a Bayer-Villiger type reaction yieldiag O-
formyl-HMP bound to Fe(ll). Cleavage of the formaiees HMP and formic acid. Surprisingly,
it has been postulated that a hydroxide ion repglate formate group with inversion of
configuration ({2 reaction). The chemical Bayer-Villiger oxidatifmllows a retentive course. If

this is also true for this enzymatic version hemaains to be determined (Scheme 3.8).

(0]
o—OH
L
E, 7 4 \O | L H O
(/”Te“‘\ —_— E178//, | &L
Hino O0—Px
Hig /\O H‘29(| O_P\
HO 182 / )
HO
3.19 3.20
L OH
E178,,/| aH:0 J o)
— >
leo(l O_P\ )L
™ /| o H OH
HO
3.21 3.15

Scheme 3.8 Proposed formation of an alkylhydroperoxide andeéayilliger oxidation in the

first mechanism
The second mechanism outlined in Scheme 3.9 ingadvEe(IV)=0 species containing an oxy

anion, which is assumed to fragment to formic amd a carbanion attacking the electrophilic
oxygen of Fe(IV)=0. The HMP bound to Fe(ll) is r&ptd by water molecules as ligands.
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O OH O
o) Ei7s 7, || aOH, ° o)
El78 / || ‘OH ! Fe'v
n, — ~
Ak ¥ | Yo—e
Hyog | 0— P\ 18 / ¢} H OH
His, / ) HO
HO
3.22 3.23 3.15
O L OH
Ei7s4, l HV&OHz Eisy, 1|? aH0 J
— ¢ — = ¢
H129(| Yo—r Hm(l "I
Higo / O Higo / O
HO HO
3.24 3.21

Scheme 3.9 Alternative mechanism that goes through a putdte@V)=0 intermediate

3.2.4 Aminomethylphosphonic acid (AMPA)

Aminomethylphosphonic acid (AMPA3.26 along with glyoxalate3.27) is a major metabolite
of the biodegradation dN-phosphonomethylglycine3(25, a broad spectrum herbicide called
Glyphosate (Scheme 3.10)t was also found that it inhibits the growth ob&zco rootlet§®

3.25 3.26 3.27

Scheme 3.10 Biodegradation of Glyphosate

Furthermore, it was produced as a shunt metabdiye a strain of Streptomyces
viridochromogenesontaining a mutatedphpJgene. As it codes for the aldehyde dehydrogenase
that converts phosphonoformaldehy®2@ to phosphonoformic acid3(39, the aldehyde is
accumulated and transformed into the amine by dnairansferase (Scheme 3.£1).
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P OH —————> P /O —» 0O
hpJ 0"/
907 S5 7 NF php HO
S

(@)
3.14 3.28 3.29
(@)
I e,
3
HO
3.26

Scheme 3.11 Production of AMPA byStreptomyces viridochromogenamntaining a mutated

AphpJgene

3.2.5 Synthesis of the R)- and (S)-hydroxy-[D ;]Jmethylphosphonic acids

In order to be able to determine the mechanism EPB, both enantiomerically pur&y¢ and
(9-hydroxy-[DiJmethylphosphonic acids had to be prepared as emder samples. Their
synthesis was based on previous work in our grdime. acids could then be compared to the
labeled HMP obtained from the enantiomers of 2-bygi{1-D;]ethylphosphonic acid by the
action of HEPD. | first started with the synthesighe unlabeled species so that all of the steps
were optimized and only when that was done | mowmedo the labeled compounds (Scheme

3.12).
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] 5 (iPrO),P(O)Br R g © 1.nBuLi, TMEDA
R >§R dry pyridine >§ Il 2.AcOH .
~ ﬁ ~
Et,0
Bu;Sn OH CH,Cl Bu;Sn o™ \Noipr 2
OiPr
1.67:R'=R?=H 3.30: R'=R?=H, 38%
(R)-[D]1.67:R'=H,R?>=D (R)-[D4]3.30: R' =H,R?>=D, 61%
($)-[Dy]1.67:R' =D, R*=H ($)-[D;13.30: R' =D, R*=H, 74%
0 S 0
(iPrO)2I|’| oH TMSBr, X" 1M _ (HO)2I|’| o
>,,/ dry dichloroethane >//
1 ,// 2 1 7, 2
R R R R
331:R'=R?=H, 77% 3.14:R'=R?>=H,99%
(R)-[D;13.31: R' =D, R?=H, 64% (R)-[D;13.14: R' =D, R?=H, 99%
(S)-[Dy]13.31: R'=H, R?=D, 54% (S)-[D;]3.15: R'=H, R?= D, 99%

Scheme 3.12 Preparation of unlabeled and labeled HMP

The first step of the synthesis was the phosphooylaof tributylstannylmethanol with
diisopropyl bromophosphate that was formed fronsdgropyl phosphite and a solution of
bromine in dry dichlorometharfé Phosphat&.30was treated with BuLi/TMEDA in EO at -78
°C to induce a phosphate-phosphonate rearrangertiett resulted in the diisopropyl
hydroxymethylphosphonate. At  first,  transmetalationgenerated  dipole-stabilized
oxymethyllithium 3.32 that rearranged to the lithiated hydroxymethylgitmsate3.33 that was
hydrolyzed to the desired produ:81during work up. The rearrangement was proven ¢oged
with retention of configuration (Scheme 3.13).
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R! R2 (ﬁ 1.nBuLi, TMEDA Li— O
N

>\ AP e "l /jll\
BusSn o~ \>oipr Ety R? 07 \\oipr
OiPr -78°C A/ OiPr
3.30:R'=R?’=H 3.32:R'=R*’=H
(R)-[D;]3.30: R' =H,R?>=D (R)-[Dy]3.32: R'=D,R?>=H
(8)-[D,]3.30: R'=D,R?=H (S)-[Dy]3.32: R'=H,R>=D
el I
— P o _ACOH P OH
. // iPrO / 7
iPrO s iPrO 7
PrO | 1 /R2
RZ R R
3.33:R'=R?’=H 331:R'=R?>=H
(R)-[D;]3.33: R'=D,R>=H (R-[D;]3.31: R'=D,R>=H
(S)-[D;]3.33: R'=H,R?=D (S)-[Dy]3.31:R'=H,R?=D

Scheme 3.13 Mechanism of the phosphate-phosphonate rearrangemen

The only thing left to do to obtain the desired topgymethylphosphonic acid was the removal of
the isopropyl groups from the ester with bromottimyésilane and allyltrimethylsilane in dry 1,2-
dichloroethane according to a literature procedfirSimilarly, the syntheses of the labeled
enantiomers were performed, except tRt and §-tributylstannyl-[DiJmethanols were used as
starting materials (Scheme 3.12).

To determine the enantiomeric excess of Re and §-hydroxy-[D;Jmethylphosphonic acids
the phosphonic acid group was esterified with &lldid ethereal solution of diazomethane in dry
methandi® to give the dimethyl ester and as a side prodincethyl methoxymethylphosphonate
(6% of the unlabeled and 12% of the labeled spetigsH and 3P NMR). It resulted from
etherification of the hydroxymethyl group by diazetimane as side reaction. The crude ester was
esterified with §-MTPACI in dry pyridine and dry dichloromethanec{feme 3.14).

61



0 0
CH,N,

HO),P OH — 22 MeO),P OH
(HO), >/ dry MeOH (MeO), >/

R! //’RZ R! //’RZ
3.14:R'=R?=H 3.34: R'=R?=H, 100%
(R)-[D;]3.14: R' =D, R>=H (R)-[D,]3.34: R' = D, R>= H, 100%
(S)-[Dy]3.14: R'=H,R?=D (S)-[D;]3.34: R'=H, R?=D, 100%

0
(S)-MTPACI, pyridine - (MeO),P OMTPA-(R)
dry CH,Cl, >/
R! ///Rz

3.35:R'=R2=H, 86%
(R)-[D,]3.35: R' =D, R?=H, 82%
(S)-[D;]3.35: R'=H, R?=D, 45%

Scheme 3.14 Perivatization of HMP for the determination of etiameric excess

The 'H NMR spectrum of Mosher est&:35 displayed a nice AB system coupling with the
phosphorous atom for the diastereotopic hydrogemstof the PCH group (Figure 3.5).
Therefore, theR)-Mosher esters of the labeled compounds are aneet@abhe determination of

the enantiomeric excess by NMR spectroscopy.

1871.397
1857 .54
18459.04
1832 .52
1823.91
1A18.11
LEOS.

I

U

Ta Ild.:}‘a -1:3-.-, I -1.:1--1 I -1.:1-2 I -1.:2-12! I d.IE-SI -1.IE--3 I -1.I5-1 I -1.IE-2J. -1.|5-III I
Rl
Figure 3.5 -Segment ofH NMR spectrum (400.13 MHz, CDg}lof the PCH group of

unlabeled R)-Mosher esteB.35
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If one deuterium atom was present in place of adyeh atom sterespecifically, one half of this
AB-system would be missing and the enantiomeriesgavould be equal to or greater than 99%.
As can be seen from théH-NMR spectra below, both Rj- and ©-hydroxy-
[Di]Jmethylphosphonic acids were synthesized with eoardric excesses greater that 99%
(Figure 3.6).

1
1863.08
1857.28
1248.69
182z.01
1819.93
1811.37
1872.03
1863 .35
1857.11
1848.62
l832.50
18231 .88
l8le.12
180 i)

1871.67

T T T T T T T T T T T T T T T T T T T T T T T
1 468 466 464 462 460 458 456 454 452 450 448  pp 468 466 4.64 462 460 458 456 454 452 450 4.

- TR I -
(R) 3
Figure 3.6 -Segments ofH NMR spectra (400.13 MHz, CD§}lof the PCHD groups of)-
Mosher esters oR)- and §-hydroxy-[D;Jmethylphosphonic acids

They served as reference samples to determineotifegarations and the enantiomeric excesses
of the labeled HMP derived fronR)- and §)-hydroxyl-[1-D;]ethylphophonic acids by the HEPD
catalyzed reaction. Both samples of labeled HMPvigel by van der Donk’s group were
converted to the R)-Mosher esters of the dimethyl phosphonates. Tweye purified by
preparative thin layer chromatography. It is clehat both samples are virtually racemic, which
is not compatible with an enzymatic version of Bager-Villiger oxidation as model reaction for
the HEPD catalyzed transformation (Figure 3.7).
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Figure 3.7 -Segment ofH NMR spectrum (400.13 MHz, CD§}lof the PCHD group from the

derivatized samples from the van der Donk’s group

3.2.6 Synthesis of the R)- and (S)-amino-[D;]Jmethylphosphonic acid

Parallel to the synthesis of thB){ and §)-hydroxy-[Di]Jmethylphosphonic acids based on the
previos work in our groupR)- and §-amino-[DyJmethylphosphonic acids were prepared, which
could also be used to elucidate enzyme mechani8gen | started with the synthesis of the
unlabeled species and then | moved on to the sgistbéthe labeled aminophosphonic acids.
The first step of the synthesis was a Mitsunobuctied® (Sy2 reaction) to couple
tributylstannylmethanol with a Boc-protected phampimidate to obtaifl-tributylstannylmethyl
phosphoramidate in 82% yield (Scheme 32£5).
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Boc-NH-P(O)(OEt), Rl (R ﬁ
W

R2>\\\\R' PPh, DEAD _ >\ P
THF BusSn N~ \ OEt

\

BusSn OH | OFt
Boc
1.67:R'=R?*=H 3.36:R'=R?=H, 82%
(S)-[Dy]1.67:R' =H,R?>=D (R)-[D;]3.36: R' =H,R?>=D, 78%
- 1% . = ) = - . N = s = N (1)

(R)-[D]1.67:R' =D, R?>=H (8)-[D;]3.36: R = D, R? = H, 84%

1. MeLi, TMEDA ﬁ

2. AcOH H

N P\
Et,O Boc” NS OEt

Rz\\\\‘ R] OEt

3.37:R' =R?=H, 66%
(R)-[D;13.37:R'=H,R?>=D, 91%
(S)-[Dy]3.37: R =D, R?=H, 73%

Scheme 3.15 First three steps of the AMPA synthesis

The phosphoramidate was prepared from diethoxygtiogpisocyanate and-butanol by a

literature procedure (Scheme 3.16).

Oxe. _+BuOH _ Il
SN N\Nopt v THF R N
OFt 98% H Ot

338 3.39

Scheme 3.16 Preparation of Boc-protected phosphorami®as®

TheN-stannylmethyl phosphoramida&@e36was transmetalated with MeLi at low temeperature to
generate chemically labile dipole-stabilized amietimyllithium 3.40 which isomerized
immediately  (phosphoramidate-aminophosphonate aegement) with retention of
configuration. Work up furnished the protected amniethlyphosphonat®.38 which had to be
deprotected (Scheme 3.17).
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1 2 Q
R \\\\\R ”
BusSn N7 \NOEt
| OEt
Boc

3.36:R'=R?>=H
(R)-[D;13.36: R' =H,R?>=D
(5)-[D;13.36: R' =D, R?>=H

Li<«=—O

| I

N P

Boc/ R \\OEt
N OEt

R? TR

341:R'=R>=H
(R)-[D;]13.41: R'=H,R?>=D
(S)-[Dy]3.41: R' =D,R?>=H

Li=—O

1
MeLi, TMEDA R /y\/'\{al
> XN

R? N, OFt
60 f’ OEt
-78°C Boc
3.40:R'=R?*=H
(R)-[D,]13.40: R' =H,R?>=D
(S)-[D,]3.40: R' =D, R>=H
I
H
AcOH N P
—>
Boc/ R \\OEt
N OEt
R R!

337:R'=R>=H
(R)-[D;13.37:R'=H,R?>=D
(S)-[Dy]3.37:R' =D,R?*=H

Scheme 3.17 Mechanism of the phosphoramidate-aminophosphoerateangement

To get an appreciable amount of unlabled aminonigtiegphonic acid, dimethyIN-
(triphenylmethyl)aminomethylphosphonat® 42 was accessed from tritylamine, formaldehyde
and dimethyl phosphit by a literature procedirt.was deprotected by refluxing with 6 M HCI
for 6 h. The hydrochloride salt was transformead ithie free aminomethylphosphonic acid by ion
exchange chromatography (Dowex 50, tater as eluent). The labeled aminomethylphosighon

acids were deprotected and purifed similarly (Sch&m.8).

0]
(g
ph,c” T Some ———— o
OMe
3.42 Il
H,N P
o 6M HCI 2 \< \\OH
reflux W 1 OH
. o o
- S OEt
Boc RZKR‘ OFEt

3.26: R' =R%Z=H, 60%
(R)-[D,]3.26: R' =H,R>=D, 41%

(R)-[D,]3.37:R'=H,R?=D (8)-[D;]3.26: R = D, R? = H, 20%

(S)-[Dy]3.37:R' =D,R?>=H

Scheme 3.18 Sequence leading to the free AMPA

As with the hydroxymethylphosphonic acid, it waspossible at this stage to determine the

enantiomeric excess without derivatization. Thecpdure that was used was very similar to the
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one used with the hydroxymethylphosphonic acid, inuteverse order of the steps (Scheme
1.19).

O TMSCI, O
N H (S)-MTPACI H |I!
2 ~ —_— > ~
X . OH dry pyridine - ‘ \."OH
3.26:R;=R,=H 343:R;=R,=H
(R)-[D,13.26: R, =H,R,=D (R)-[D,]13.43: R, =H,R,=D
(S»-[D;]3.26: R, =D, R, =H (S)-[D;]3.43: R, =D,R,=H
0]
CH,N, b
dry MeOH - S OMe
MTPA RZKRI OMe

3.44:R, =R, =H, 39%
(R)-[D,]3.44:R' =H,R>=D, 62%
(S)-[Dy]3.44: R' =D, R?> = H, 66%

Scheme 3.19 Perivatization of AMPA for the determination of eTtEbmeric excess

At first, in pyridine insoluble aminomethyl- andR)¢amino-[D;Jmethylphosphonic acids, not
recrystallized after ion exchange chromatographsrevsilylated to give the soluble species with
TMSCI, which then reacted withSFMTPACI to (R)-Mosher amides. These amides were
esterified in dry methanol with a distilled ethdrsalution of diazomethane. Similarly, th§){
amino[D;Jmethylphosphonic acid was converted to tBeNMosher amide withR)-MTPACI and
finally esterified with diazomethane. Thg-{Mosher amide was used here, because the signal of
the PCHD group of theR)-Mosher amide overlapped with the resonanceseMBO groups at
phosphorous, prohibiting the determination of thargiomeric excess (Figure 3.8).
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T TR W
Figure 3.8 -Segment ofH NMR spectrum (400.13 MHz, tolueng)avith the AB-system of the
PCH: group overlapping with the MeO signal of th®-Mosher amide derived from AMPA

The enantiomeric excesses of both enantiomers oahcaf®;]methylphosphonic acids were
found to be greater than 94%. The absolute cordtguns of the enantiomers were assigned on

the basis of the known stereochemistry of the wewlisteps (Figure 3.9).

TN

/-""
f/ /
J i
\_|_'\_\_|§|_'7_~ 355 450 3AE 340 I_‘_.%\!S_l:-[il'_'_!.i_trjp
(R)-Mosher amide ®)-[D1]3.49 9-Mosher amide §-[D,]3.44)

Figure 3.9 -Segment ofH NMR (400.13 MHz, Toluene) of PCHD peaks Bj-Mosher amides
derived from labeled AMPA
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4 Experimental

4.1 General Remarks

Flash chromatography was performed with Merck aily@l 60 (230-400 mesh). Reactions and
flash (column) chromatography were monitored by Tdaried out on 0.25 mm thick, silica gel
60, k54 Merck plates. The spots were visualized, unle$erotise specified, by UV and/or
dipping the plate into a solution of (N}gM0,0.4-4 H,0O (23.0 g) and Ce(S®-4 H,O (1.0 g) in
10% aqueous 50O, (500 ml) and heating with a heat gun.

'H/*C NMR spectra were measured at 300 K on Bruker s@dbRX 400 fH: 400.13 MHz,
13C: 100.61 MHz*'P: 161.98 MHz), AV 400%d: 400.27 MHz,**C: 100.65 MHz*'P: 162.03
MHz) and DRX 600 {H: 600.13 MHz,**C: 150. 92 MHz3'P: 242.94 MHz). The spectra were
referenced to residual CHC(oy = 7.24)/toluene-gl (CHD,: oy = 2.09)/HOD ¢y = 4.80) or
CDCl; (6c = 77.00)/toluene-4l(CHD,: oc = 21.04).

IR spectra were recorded on a silicon disc (Siadterkin-Elmer 1600 FT-IR spectrometer or by
using ATR on a Bruker VERTEX 70 IR spectrometerParkin-Elmer Spectrum 2000 FT-IR
spectrometer.

Optical rotations were measured atQ@n a Perkin-Elmer 141 polarimeter in a 1 dm cell.
Melting points were measured with a Reichert Therananstrument and are uncorrected.

Dry THF (over K) and EOD (over LiAIH;) were used right after distillation. TMEDA was
refluxed over Cak distilled and stored over molecular sieves (4 A).

All of the other chemicals were used as suppliechfAldrich, Fluka, Merck or Acros.

4.2 Chapter 1

Tributyl(fluoromethyl)stannane (1.62)

—_— >
Bu3Sn/\OH BU3S]1/\ F
1.67 1.62

A solution of bis(2-methoxyethyl)aminosulfur trifitide (Deoxo-Fludt, 7.2 mmol, 3.06 ml,
~50% in toluene) and tributylstannylmethanble{/, 1.173 g, 3.6 mmol) in dry THF (20 ml) was

stirred at room temperature for 1 h and concertrateler reduced pressufeThe residue was
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purified by flash chromatography (hexake,= 0.84) to yield stannarie62(0.770 g, 66%) as a
colorless oil.

'H NMR (400.13 MHz, CDG): ¢ = 5.07 (d,J = 47.3 Hz, 2H, FCh), 1.60-1.48 (m, 6H,
3xSNCHCHy), 1.29 (sext]) = 7.3 Hz, 3xSn(Ch)CHy,), 1.03-0.93 (m, 6H, SnCGi{ 0.88 (t,J =
7.3 Hz, 9H, 3xCH).

(R)-Tributylstannylmethyl 1-(2-naphthyl)ethyl sulfide [(R)-1.69]

S " 8nBus

Bussn” p >

1.62 (R)-1.69

nBuLi (0.2 mmol, 0.125 ml, 1.6M in hexane) was addeda stirred mixture of R)-1-(2-
naphthyl)ethylthiol [R)-1.68 0.038 g, 0.2 mmol] in dry THF (3 ml) at 0°€After stirring for 15

min, tributyl(fluoromethyl)stannanel 62 0.043 g, 0.13 mmol) was added and stirring was
continued for 18 h at room temperature. The satuti@s concentrated under reduced pressure
and water was added. The mixture was extractee times with E{O and the combined organic
layers were washed with water, dried §8@y) and concentrated under reduced pressure. The
residue was purified by flash chromatography (hex@iohloromethane = 10: R = 0.42) to give
sulfide R)-1.69(0.023 g, 37%) as a colorless oil.

The'H NMR spectrum was identical to the spectrum regzbim the literaturé

1-Fluoro-2-phenyl-2-propanol (1.66)
OH

Bu3Sn/\F EE——

1.62 1.66

Methyllithium (0.92 mmol, 0.92 ml, 1M, prepared tyxing a 3M solution in diethoxymethane

with dry THF) was added in drops (1 drop every fo0sa solution of acetophenone (0.92 mmol,

0.46 ml, 2M in dry THF) and tributyl(fluoromethytgnane 1.62 0.149 g, 0.46 mmol) in dry
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THF (3 ml) under argon at -95°C. After stirring fsmin trifluoroacetic acid (1.012 mmol, 0.506
ml, 2M in CHCl,) and water were added. The mixture was extradtezbttimes with CECl..

The combined organic layers were dried {8&;) and concentrated under reduced pressure. The
residue (ratio of tributyl(fluoromethyl)stannané.g2:1-fluoro-2-phenyl-2-propanol 1(66):2-
phenyl-2-propanol 1.65:tributylmethylstannane = 1.16:1.03:1.09:1.00, By NMR) was
purified by flash chromatography (hexane:ethyl aieet= 10:1,R; = 0.19 for both alcohols) to
give a mixture of the racemic 1-fluoro-2-phenyl#®panol and 2-phenyl-2-propanol, (0.059 g,

82%) in a molar ratio of 1.00:0.80 as a colorlegs o

1-Fluoro-2-phenyl-2-propanol (66

'H NMR (400.27 MHz, CDG): 6 = 7.50-7.20 (m, 5H, Ck), 4.43 (AB-system that couples with
F,Jas = 9.2 Hz,Jar = Jgr = 48.1 Hz, 2H, FCH), 1.59 (d,Jr.y = 2.1 Hz, 3H, CH), 1.90 (br. s, 1H,
OH).

2-Phenyl-2-propanoll(65
'H NMR (400.27 MHz, CDG)): 6 = 7.50-7.20 (m, 5H, CHar), 1.58 (s, 6H, 2x§}HL.90 (br. s,
1H, OH).

The same reaction was performed at -78°C with tyiffluoromethyl)stannanel(62 0.122 g,
0.38 mmol) with the resulting ratio trfibutyl(fluoromethyl)stannanel(62):1-fluoro-2-phenyl-2-
propanol 1.66):2-phenyl-2-propanoll(65):tributylmethylstannane = 1.00:0.44:1.16:0.39,bly
NMR). Purification by flash chromatography yield@anixture (0.049 g, 83%) as a colorless oil:
racemic 1-fluoro-2-phenyl-2-propandl.66) and 2-phenyl-2-propanol (65 in a molar ratio of
1.00:2.90.

(R)-Mosher esters of 1-fluoro-2-phenyl-2-propanol (1)

OH OMTPA-(R)
F F

—>

1.66 1.71

A solution of §-MTPACI (0.18 mmol, 0.342 ml, 0.53M in dry dioxgné.-fluoro-2-phenyl-2-
propanol .66 containedl1.65 14 mg, 0.09 mmol), DMAP (0.044 g, 0.36 mmol) ahty

dioxane (2 ml) was stirred under argon for 9 h@&C5 HCI (2M) was added and it was extracted
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three times with CKCl,. The combined organic layers were washed withtarated agueous
solution NaHCQ, dried (NaSQ,) and concentrated under reduced pressure. The guadiuct

was purified by flash chromatography (hexane:etitdtate = 10:1R = 0.35) to give a mixture
of diastereomeric Mosher estdrg1(14.6 mg, 44%) in a ratio of 3.00:1.88/(NMR, signals for

OCH; at 3.59 and 3.53 ppm) as a colorless oil.

'H NMR (400.27 MHz, CDG): 6 = 7.70-7.10 (m, Ckj), 4.71 (AB-system, that couples with F,
Jas = 9.8 Hz,Jyr = 47.7 Hz, 2H, FCHK minor diast.), 4.56 (AB-system that couples VHtldas =
9.9 Hz,Jyr = 45.6 Hz, 2H, FCH major diast.), 3.59 (¢,= 1.2 Hz, 3H, OChl major diast.), 3.53
(9, J = 1.0 Hz, 3H, OCHK minor diast.), 2.04 (dJur = 2.3 Hz, 3H, CH major diast.), 1.94 (d,
Jur = 2.3 Hz, 3H, CH, minor diast.).

4.3 Chapter 2

Phenyl- and R)-phenyl-[D;]Jmethanol [2.32 and R)-[D,]2.32]

1 2
> I
Bu;Sn OH Ph OH
1.67:R'=R>=H 2.32:R'=R>=H
(S)-[D{]11.67:R'=D,R?>=H (R)-[Dy]2.32:R'=D,R*>=H

Dry 1,4-dioxane (4 ml) and bromobenzene (0.141 ., fdmol, 0.094 ml) were added to
tributylstannylmethanol 1(67, 0.435 g, 1.35 mmol) and Pd(RRhunder argon at room
temperaturé’ The mixture was stirred for 18 h at 80°C. Aftepliog to room temperature it was
concentrated under reduced pressure and purifidthdly chromatography (hexane:ethyl acetate
=5:1,R=0.32) to yield phenylmethan®.82 0.055 g, 57%) as a colorless liquid.

'H NMR (400.13 MHz, CDG): 6 = 7.36-7.32 (m, 4H, Ck), 7.30-7.25 (m, 1H, CH), 4.67 (s,
2H, CHy).

13C (100.61 MHz, CDG): § = 140.90 (G), 128.56 (2xCH}), 127.66 (CH;), 127.01 (2xCH),
65.35 (CH).

(R-Phenyl-[D]methanol [R)-[D4]2.32
Similarly, (§-tributylstannyl-[DiJmethanol [§-[D1]1.67, 0.312 g, 0.97 mmol] was converted to
(R)-phenyl-[DiJmethanol [R)-[D1]2.32 0.040 g, 38%.
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'H NMR (400.27 MHz, CDG)): 6 = 7.38-7.33 (m, 4H, Ck), 7.32-7.25 (m, 1H, CK), 4.66 (t,J
= 1.8 Hz, 1H, CHD).

(R)-Mosher ester of R)-phenyl-[D;]Jmethanol [(R)-[D1]2.33]

1 2
R] \\\\\RZ } R>\\\\\\R
Ph OH Ph OMTPA-(R)
(R)-[D;12.32:R'=D,R?>=H (R)-[D;12.33:R'=D,R?>=H

A mixture of dry pyridine (0.480 g, 6.1 mmol, 0.49), (9-MTPACI (0.295 mmol, 0.60 ml,
0.53M in CHCIl,) and R)-phenyl-[Djjmethanol [R)-[D1]2.32 0.021 g, 0.19 mmol] in dry
CH.Cl, (4 ml) was stirred for 18 h under argon at roomgerature. After the addition of water
(5 ml) stirring was continued for another 5 min. L and HCI (1M) were added and the phases
were separated. The aqueous layer was extracteag twith CHCIl,. The combined organic
layers were washed with a saturated aqueous solufo NaHCQ, dried (NaSQ,) and
concentrated under reduced pressure. The crudeigiragis purified by flash chromatography
(hexane:ethyl acetate = 10R;, = 0.38) to yield Mosher esteR)-[D1]2.33(0.033 g, 53%, ee

99%) as a colorless oil.

'H NMR (400.27 MHz, CDGQ): 6 = 7.46-7.41 (m, 2H, Ck), 7.40-7.30 (m, 8H, CH), 5.33
(broadened s, 1H, CHD), 3.50 (= 1.3 Hz, 3H, OCHh).

1-Tributylstannylmethyl-, (R)- and (S)-tributylstannyl-[D ;Jmethyl benzoate [2.35, R)- and
(S)-[D1]2.35]

0
1 2
A ST
Bu;Sn OH Bu;Sn o) Ph
1.67:R'=R?>=H 2.35:R'=R?=H
(R)-[D{11.67:R'=H,R?>=D (R-[D;]2.35:R'=H,R?>=D
(S)-[D;]1.67:R' =D,R?>=H (S)-[D;12.35:R' =D,R?=H

A mixture of dry CHCI, (4.6 ml), dry pyridine (0.487 g, 6.16 mmol, 0.496, benzoyl chloride
(0.433 g, 2.08 mmol, 0.358 ml) and tributylstanngthanol (1.67, 0.496 g, 1.54 mmol) was
stirred for 20 h under argon at room temperatufeerAhe addition of water (2 ml) it was stirred

for another 10 min. HCI (1M) and GBI, were added and the phases were separated. The
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agueous layer was extracted with £ and the combined organic layers were washed with a
saturated solution of NaHGQdried (MgSQ) and concentrated under reduced pressure. The
crude product was purified by flash chromatografigxane:CHCI, = 1:1, R = 0.80) to yield
benzoate.35(0.551g, 84%) as a colorless oil.

IR (ATR): v = 2955, 2922, 1708, 1315, 1290, 1105.

'H NMR (400.27 MHz, CDGQ): 6 = 8.01-7.95 (m, 2H, CK), 7.54-7.49 (m, 1H, CKJ), 7.43-7.37
(m, 2H, CHy), 4.41 (sJ(*"*5n) = 11.8 Hz, 2H, Ch), 1.61-1.41 (m, 6H, 3x SNGBH,), 1.27
(sext,J = 7.3 Hz, 6H, 3xSn(CH,CH,), 1.03-0.86 (m, 6H, 3xSnGl 0.85 (t,J = 7.3 Hz, 9H,
3XCHg).

13C NMR (100.61 MHz, CDG): ¢ = 132.53 (CH}), 129.36 (2xCH), 128.16 (2xCH), 56.41
(CHy), 29.00 ¢(**™%n) = 21.2 Hz, 3xSnCi€H,), 27.29 ((*"™%n) = 53.4 Hz,
3xSn(CH),CHy), 13.68 (CH), 9.69 (**"**%Sn) = 319.3 Hz, SNCH, C=0 and gn.d.

(R)-Tributylstannyl-[D]Jmethyl benzoate R)-[D4]2.35

Similarly, (R)-tributylstannyl-[DiJmethanol [R)-[D1]1.67, 0.327 g, 1.01 mmol] was converted to
(R)-tributylstannyl-[DiJmethyl benzoate R)-[D1]2.35 0.369 g, 90%, d]p*° = -1.24 (c = 18.5),
acetone].

(9-Tributylstannyl-[DJmethyl benzoate §)-[D1]2.39
Similarly, (9-tributylstannyl-[D1]methanol §)-[D,]1.67, 0.334 g, 1.00 mmol] was converted to
(9-1-tributylstannyl-[Q]Jmethyl benzoate §)-[D;]2.35 0.351 g, 82%)].

'H and™*C NMR spectra forR)- and ©)-1-tributylstannyl-[D]methanyl benzoate were identical:
'H NMR (400.27 MHz, CDG): 6 = 8.01-7.95 (m, 2H, CK), 7.54-7.48 (m, 1H, CK), 7.43-7.38
(m, 2H, CH,), 4.39 (broadened s, 1H, CHD),1.61-1.41 (m, 6HSBCHCH,), 1.27 (sextJ =
7.3 Hz, 6H, 3xSn(ChJ.CH,), 1.03-0.86 (m, 6H, 3xSnGl 0.85 (t,J = 7.3 Hz, 9H, 3xCh).

¥C NMR (100.61 MHz, CDG): 6 = 132.52 (CH,), 129.34 (2xCH;), 128.27 (2xCH), 56.11 (t,
J = 22.3 Hz, CHD), 29.003(**"**%n) = 21.2 Hz, 3xSnCi€H,), 27.30 ¢(**"**Sn) = 53.4 Hz,
3xSn(CH),CHy), 13.65 (CH), 9.66 0(**"**%Sn) = 319.3 Hz, SNCH, C=0 and ¢n.d.
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2-Phenyl-2-oxoethyl-, R)- and (S)-2-phenyl-2-oxo-[1-D]ethyl benzoate [2.36, R)- and (S5)-

[1-D1]2.36]
Q 1 2
@) R R
R 1 \\\ R2 )k \\\\\ Ph
N > 6]
O
O

Ph SnBuy
2.35:R'=R?=H 2.36:R'=R?=H
(R-[D;12.35:R'=D,R?>=H (S)-[1-D;12.36:R' =D, R?>=H
(S)-[Dy]2.35:R' =H,R?>=D (R)-[1-D,]2.36: R' =H,R>=D

A mixture of benzoyl chloride (0.116 g, 0.82 mm0I095 ml) tributylstannylmethyl benzoate
(2.35 0.366 g, 0.86 mmol), (PRRPACL (25.3 mg, 0. 039 mmol, 4.5 mol %) and CuCN (8.1 mg
0.09 mmol, 10.5 mol %) in dry toluene (8 ml) waisretl under argon at 70°C for 18"hAfter
cooling to room temperature it was concentratedeumdduced pressure and purified by flash
chromatography (hexane: ethyl acetate = B15 0.53) to yield benzoat2.36 (0.138 g, 67%,
contained 28 mol % of an impurity possibly formedni the staring material losing a butyl

group) as a crystalline solid.

IR (Si):v = 2956, 2926, 1720, 1701, 1284.

IH NMR (400.13 MHz, CDG)): 6 = 8.15-8.11 (m, 2H, Ck), 8.09-8.03 (m, 1 H, Ck), 7.97-7.93
(m, 1H, CH,)), 7.65-7.55 (m, 2 H, Ck, 7.52-7.43 (m, 4H, Ck, 5.56 (s, 2H, Cb), significant
signals of impurity: 4.14 (s)(**"*%n) = 27.5 Hz, 2H, OC}$n), and signals for two butyl

groups on Sn.

(R)-2-Phenyl-2-oxo-[1-Blethyl benzoate R)-[1-D,]2.36
Similarly, (§-1-tributylstannyl-[Q]methyl benzoate §)-[D;]2.35 0.188 g, 0.44 mmol] was
converted to R)-2-phenyl-2-oxo-[1-B]ethyl benzoate [)-[1-D1]2.36 0.100 g, 94%, contained

18 mol % of BySnX and 2 mol % of the unlabeled species].

(9-2-Phenyl-2-oxo0-[1-Blethyl benzoate §)-[1-D1]2.34

Similarly, (R)-1-tributylstannyl-[Q]methyl benzoate R)-[D;]2.35 0.188 g, 0.44 mmol] was
converted to §-2-phenyl-2-oxo-[1-Blethyl benzoate [)-[1-D;]2.36 0.100 g, 94%, contained
26 mol % of the same impurity as the unlabelediggeand 2 mol % of the unlabeled species].

'H NMR spectra forR)- and §)-2-phenyl-2-oxo-[1-B]ethyl benzoate were identical:
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'H NMR (400.27 MHz, CDGQ): 6 = 8.16-8.10 (m, 2H, CK), 7.98-7.93 (m, 2H, CK), 7.62-7.55
(m, 2 H, CH)), 7.52-7.42 (m, 4H, CkJ, 5.56 (s of the unlabeled species), 5.54 #,2.3 Hz, 1H,
CHD).

1-Phenyl-, (RS,2R)- and (1RS,25)-1-phenyl-1,2-[2-D]ethanediol [2.37, (RS,2R)- and (1RS,
25)-[2-D4]2.37]

0
Rl RZ OH
/U\ N
—>
Ph 0 OH
Ph “

O Rl /R2
2.36:R'=R?=H 2.37:R'=R>=H
(R)-[1-D;]2.36: R' =H,R?>=D (2R)-[2-D;12.37:R'=H,R?>=D
(S)-[1-Dy]2.36: R' =D, R?>=H (29)-[2-Dy]2.37:R!' =D, R*=H

A solution of 2-phenyl-2-oxoethyl benzog2 36 0.132 g, 0.50 mmol) in dry THF (2 ml) was
added drop wise to LiAllH(2 ml, 2M in THF) under argon at 0°C. It was theitred at room
temperature for 1 h. After cooling to 0°C, ethyktate (2 ml) was carefully added followed by
more ethyl acetate and HCI (2M) were added aftemirtbat 0°C and the phases were separated.
The aqueous layer was extracted twice with ethglteie. The combined organic layers were
washed with a saturated aqueous solution of Nagl@@ed (NaSO,) and concentrated under
reduced pressure. The residue was purified by fthsbmatography (hexane:ethyl acetate = 1:1,
R = 0.24) to yield a crystalline di@.37(0.022 g, 32%).

'H NMR (400.13 MHz, CDG)): d = 7.37-7.34 (m, 8H, CkJ), 7.31-7.28 (m, 2H, CK), 4.82 (d,J
= 4.7 Hz, 1H, OCH), 4.82 (d,= 11.5 Hz, 1H, OCH), 3.76 (dd,= 11.6, 4.0 Hz, 2H, C§), 3.66
(dd,J = 11.2, 8.2 Hz, 2H, C}).

(1RS,2R1-Phenyl-1,2-[2-Bethanediol [LRS,2R[2-D;]2.37
Similarly, (R)-2-phenyl-2-oxo-[1-DBlethyl benzoate [R)-[1-D,]2.36 0.095 g, 0.39 mmol] was
converted toR)-1-phenyl-1,2-[2-B]ethanediol [LRS,2R[2-D1]2.37, 0.032 g, 59%].

(1RS,2%1-Phenyl-1,2-[2-Blethanediol [LRS,2$[2-D,]2.37
Similarly, (§)-2-phenyl-2-oxo-[1-Dlethyl benzoate [)-[1-D1]2.36 0.104 g, 0.43 mmol] was
converted to$)-1-phenyl-1,2-[2-B]ethanediol [{RS,2¥[2-D,]2.37,0.02 g, 37%].
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'H and**C NMR spectra for)- and §)-1-phenyl-1,2-[2-B]ethanediol were identical:

'H NMR (400.27 MHz, CDG)): § = 7.37-7.34 (m, 8H, CK), 7.31-7.28 (m, 2H, C¥), 4.80 (d,J

= 8.0 Hz, 1H, OCH), 4.80 (d,= 3.7 Hz, 1H, OCH), 3.73 (td,= 1.6 Hz, 3.3 Hz, 1H, CHD), 3.63
(td,J = 1.5 Hz, 8.2 Hz, 1H, CHD).

3C NMR (100.65 MHz, CDG): § = 140.49 (G), 128.55 (2xCH), 128.02 (CH), 126.04
(2xCH,), 74.62 and 74.61 (CH of the two diastereomerg){® (t,J = 20.8 Hz) and 67.69 (@,=
22.7 Hz) (CHD of the two diastereomers).

(R)-Mosher esters of {RS,2R)- and (1RS,2S)-1-phenyl-1,2-[2-O]ethanediol [(1RS,2R)- and
(ARS, 29)-[2-D1]2.38]

OH OMTPA
h/%>/0H B }yOMTPA—(R)
P R] ’1///R2 Ph R| I,///Rz
(2R)-[2-D;]2.37:R' =H,R*=D (2R)-[2-D,]2.38: R' =H,R?=D
(29)-[2-Dy]2.37:R' =D, R?>=H (28)-[2-D,]2.38: R' =D, R>=H

A mixture of dry pyridine (0.40 ml),§-MTPACI (1.14 ml of a 0.53M solution in dry GBI,)

and (RS,2R1-phenyl-1,2-[2-D]ethanediol [{RS,2R[2-D;]2.37, 0.019 g, 0.14 mmol] in dry
CHCl, (3 ml) was stirred under argon at room temperdhurd 8 h. After the addition of water
(0.40 ml) and stirring for 5 min, Gi&l, and HCI (2M) were added. The phases were separated
and the aqueous layer was extracted twice withhGIH The combined organic layers were
washed with a saturated aqueous solution of Nagl@@ed (NaSQ,) and concentrated under
reduced pressure. The residue was purified by ftasbmatography (hexane:ethyl acetate = 10:1,
R = 0.38) to yield a 1:1 mixture of diastereome®}-Mosher estersiRS,2R[2-D,]2.38(0.049

g, 61%, ee > 99%, contained 2% of the unlabeledisgeas a colorless oil.

'H NMR ( 400.27 MHz, CDG): 6 = 7.45-7.41 (m, 2H, Ck), 7.39-7.26 (m, 26H, CkJ, 7.20-
7.16 (m, 2H, CH), 6.26 (dJ = 3.9 Hz, 1H, CH), 6.14 (d, = 8.7 Hz, 1H, CH), 4.63 (broadened
d, J = 3.9 Hz, 1H, CHD), 4.47 (broadenedXz= 8.7 Hz, 1H, CHD), 3.45 (gl = 1.0 Hz, 3H,
OCHs), 3.38 (g.J = 1.0 Hz, 3H, OCH), 3.34 (g,J = 1.0 Hz, 3H, OCH), 3.32 (q,J = 1.3 Hz, 3H,
OCH).

77



(R-Mosher esters ofilRS,2%1-phenyl-1,2-[2-Dlethanediol [LRS,2$[2-D,]2.39

Similarly, 1RS,2¥%1-phenyl-1,2-[2-B]ethanediol [LRS,2$[2-D4]2.37, 0.010 g, 0.07 mmol]
was converted to a 1:1 mixture oR){Mosher esters of thelRS,2¥%1-phenyl-1,2-[2-
DjJethanediol [LRS, 2$[2-D,]2.38 0.028 g, 70%, ee > 99%, contained 2% of the w@htab

species].

'H NMR ( 400.27 MHz, CDG): ¢ = 7.45-7.41 (m, 2H, CK), 7.39-7.26 (m, 26H, C&), 7.20-
7.16 (M, 2H, CH), 6.26 (dJ = 7.4 Hz, 1H, CH), 6.15 (d, = 2.8 Hz, 1H, CH), 4.64 (broadened
d, J = 2.8 Hz, 1H, CHD), 4.46 (broadenedXz= 7.4 Hz, 1H, CHD), 3.45 (gl = 1.1 Hz, 3H,
OCHs), 3.39 (gJ = 1.1 Hz, 3H, OCH), 3.35 (g,J = 1.0 Hz, 3H, OCH), 3.34 (q,J = 1.1 Hz, 3H,
OCH).

2-Benzylthio-1-phenylethanone (2.42a, reference sphe)

2.49 2.42a

A mixture of 2-chloroacetophenone (0.773 g, 5.0 Mympotassiumt-butylate (0.617 g, 5.5
mmol) and benzyl mercaptan2.49 0.621 g, 5.0 mmol) in dry methanol (20 ml) wasretl at
room temperature for 188 HCI (2M, 2 ml), water and C}€l, were added and the phases were
separated. The aqueous layer was extracted twitte @kLCl,. All three organic layers were
combined and washed with water, dried {8l&;)) and concentrated under reduced pressure. The
crude product was purified by flash chromatografitexane:ethyl acetate = 10R;,= 0.51) and
recrystallized from ethanol to give the ketdhd2a(0.839 g, 69%) as colorless crystals; mp. 87-
88°C (lit.: " 89°C).

'H NMR (400. 27 MHz, CDG): 6 = 7.94-7.89 (m, 2H, CY), 7.58-7.52 (m, 1H, CK), 7.47-7.40
(m, 2H, CH,), 7.36-7.26 (m, 4H, CK), 7.25-7.23 (m, 1H, CK), 3.75 (s, 2H, C(O)Ch), 3.66 (s,
2H, SCH).
13C NMR (100.65 MHz, CDG): § = 194.43 (C=0), 137.30 (§, 135.47 (@), 133.31 (CH),
129.26 (2xCH), 128.69 (2xCH), 128.64 (2xCH), 128.53 (2xCH), 127.23 (CH), 36.17
(C(O)CHy), 35.95 (SCH)).
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(¥)-2-Benzylthio-1-phenylethanol (2.43, referenceasnple)

2.42a 2

A mixture of LiAlH4 (0.056 g, 1.5 mmol) and 2-benzylthio-1-phenyletirem @.423 0.242 g, 1
mmol) in dry THF (13 ml) was stirred under argon 2ch at room temperature. After the addition
of acetone (0.15 ml) stirring was continued forrai. HCI (2M, 2ml) and water (30 ml) were
added and the mixture was extracted three timés @bCl,. The combined organic layers were
washed with water, dried (M&aQO,) and concentrated under reduced pressure. Thduessvas
purified by flash chromatography (GEl,, R; = 0.53) and recrystallized from diisopropyl ether
and hexane to yield the alcothl3(0.234 g, 96%) as colorless crystals; mp. 4925Qit.:" 47-
48C)

IR (ATR): 3351, 2919, 1453, 1198, 1053, 987.

'H NMR (400. 27 MHz, CDG): ¢ = 7.35-7.21 (m, 10H, C4J, 4.66 (dd,J = 9.2, 3.7 Hz, 1H,
CHOH), 3.71 (AB systemlag = 14.2 Hz, 2H, PhC§8), 2.71 (AB part of ABX-systendas = 14.

0 Hz,Jax = 3.7 Hz,Jgx = 9.2 Hz, 2H, SCbh), 2.45 (br.s, 1H, OH).

3C NMR (100.65 MHz, CDG): § = 142.50 (G), 137.89 (G), 128.94 (2xCH), 128.64
(2XCHay), 128.49 (2xCH), 127.85 (CH), 127.26 (CH), 125.74 (2xCH), 71.76 (CH), 40.97
(CHCH,), 36.20 (SCH).

Dibenzylsulfide (2.47a, reference sample)

Sl sane

2.49 2.47a

A solution of benzyl chloride (0.253 g, 2.0 mmaKOH (0.133 g, 2.37 mmol) and benzyl
mercaptane(49, 0.248 g, 2.0 mmol) in ethanol (16 ml) was refldxer 2 h, cooled and diluted
with water?” The mixture was extracted twice with @H,. The combined organic layers were

washed with a warm aqueous solution of KOH (25%tewwand a saturated aqueous solution of

79



NaCl, dried (NaSQy) and concentrated under reduced pressure. The gnadiuct was purified
by flash chromatography (hexane:ethyl acetate %, ):= 0.68) to give the sulfid2.47a(0.410

g, 96%) as a colorless oil.
'H NMR (400. 27 MHz, CDG): 6 = 7.29-7.16 (m, 10H, C&J, 3.56 (s, 4H, 2xSCH).

S-Tributylstannylmethyl thioacetate (2.45b)
0

PN )k
Bu;Sn OH —————>»
Bu3Sn/\S

1.67 2.45b

A mixture of triphenylphosphane (0.882 g, 3.36 mnasid DIAD (0.680 g, 3.36 mmol, 0.662
ml) in dry THF (8 ml) was stirred for 30 min undargon before a solution of
tributylstannylmethanol 1(67, 0.864 g, 2.69 mmol) and thioacetic acid (0.40%&8 mmol,
0.385 ml) in dry THF (3 ml) was addé8The solution color changed from yellow to greed an
then turned back to yellowish brown after a few m@s. Stirring was continued for 16 h and then
the reaction mixture was concentrated under redpoessure. The residue was purified by flash
chromatography (hexane:dichloromethane = 1B:F 0.11) to give the thioaceta?e45b (0.852

g, 84%) as a colorless oil.

IR (ATR): 2956, 2921, 1738, 1692, 1675, 1457, 1378,7, 1131.

'H NMR (400. 27 MHz, CDG): 6 = 2.29 (s, 3H, Ch), 2.04 (s,J**"**Sn) = 34.4 Hz, 2H,
SCH), 1.59-1.38 (m, 6H, 3xSnGBH,), 1.29 (sext) = 7.3 Hz, 6H, 3xChCHs), 1.00-0.82 (m,
6H, 3xSnCH), 0.88 (t,J = 7.3 Hz, 9H, 3xCH).

¥C NMR (100.65 MHz, CDG): § = 198.96 (C=0), 29.83 (C(O)GH 28.92 (J{*"*'%n) = 28.0
Hz, 3xSNCHCH;), 27.28 §(**"*'%Sn) = 56.1 Hz, 3xCkCHs), 13.68 (3xCH), 10.01 ¢(**"**%5n)

= 341.6, 321.2 Hz, 3xSnGH 4.99 0(**"**Sn) = 216.7 Hz, SCH.

Anal. calcd. for GsH30SSn: C 47.51%, H 8.51%, S 8.46%; found: C 47.4B0@.44%, S
8.57%.
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Preparation of N-Tributylstannylmethyl- and ( R)-N-tributylstannyl-[D ;]Jmethylphthalimide
[2.54 and R)-[D1]2.54]

R'///ll R?
RY, AR »  Busn N
Bu;Sn OH
o)
1.67:R'=R>=H 2.54:R'=R?>=H
(S)-[Dy]1.67:R' =D, R?>=H (R-[D;]2.54:R'=D,R?>=H

DEAD (0.982 g, 5.64 mmol, 0.888 ml) was added stiried mixture of tributylstannylmethanol
(1.67, 1.497 g, 4.7 mmol), triphenylphosphane (1.48.645nmol), phthalimide (0.830 g, 5.64
mmol) in dry THF (23.5 ml) under argon at 0°C atidrisg was continued at room temperature
for 16 h™® After the addition of water (few drops), it wasncentrated under reduced pressure
and purified by flash chromatography (hexane:e#ltgtate = 15:1R = 0.57) to give phthalimide
2.54(1.955 g, 92%) as a yellow oil.

'H NMR (400.27 MHz, CDG)): 6 = 7.80-7.75 (m, 2H, CK), 7.67-7.62 (m, 2H, CH), 3.22 (s,
J(*M8n) = 13.3 Hz, 2H, NC}), 1.50-1.45 (m, 6H, 3xSnGBH,), 1.25 (sext,) = 7.3 Hz, 6H,
3xSn(CH),CH,), 0.95-0.90 (m, 6H, 3xSnGH 0.83 (t,J = 7.3 Hz, 9H, 3xCHh).

¥C NMR (100.65 MHz, CDG): ¢ = 168.80 (2xC=0), 133.57 (2xG} 132.40 (2x@), 122.77
(2xCHa), 28.90 0(**"**Sn) = 20.9 Hz, 3xSnCi€H,), 27.26 J(*"**Sn) = 54.4 Hz,
3xSn(CH),CH;), 21.21 (NCH), 13.62 (3xCH), 10.46 §(**"**Sn) = 318.1 Hz, 3xSnCMH

(R)-N-Tributylstannyl-[DiJmethylphthalimide [R)-[D1]2.54
Similarly, (§-tributylstannyl-[DJmethanol [§)-[D4]1.67, 0.385 g, 1.2 mmol] was converted to
(R)-N-tributylstannyl-[DiJmethylphthalimide [R)-[D1]2.54 0.496 g, 91%, contained 2% of the

unlabeled species].

14 NMR (400.27 MHz, CDG): 6 = 7.80-7.75 (m, 2H, CK), 7.67-7.62 (m, 2H, CH), 3.22 (s,
unlabeled species), 3.20 (broadened(5"*'%n) = 26.1 Hz, 1H, NCHD), 1.50-1.45 (m, 6H,
3xSNCHCH}), 1.25 (sext] = 7.3 Hz, 6H, 3xSn(CH.CH,), 0.95-0.90 (m, 6H, 3xSnGh 0.83
(t, J= 7.3 Hz, 9H, 3xCh).

13C NMR (100.65 MHz, CDG): ¢ = 168.83 (2xC=0), 133.56 (2xGM 132.37 (2xG), 122.76

(2xCHa), 28.90 0(**"**Sn) = 20.9 Hz, 3xSnCi€H,), 27.28 J(*"**Sn) = 54.4 Hz,
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3xSn(CH),CH;,), 20.98 (t,J = 21.6 Hz, NCH), 13.62 (3xCH), 10.44 ¢(**"**Sn) = 318.1 Hz,
3xSnCH).

1-Phenyl-2-phthalimidoethan-1-one (2.55, referenceample)
o o)

Cl

2.55

A mixture of a-chloroacetophenone (0.773 g, 5 mmol) and potasghthalimide (0.926 g, 5
mmol) in dry acetonitrile (10 ml) was refluxed f6rh>° After the addition of water it was
extracted three times with GEl,. The combined organic layers were washed with nvateed
(N&xSOy) and concentrated under reduced pressure. Thaueesias recrystallized from ethanol
to yield the keton€.55(1.235 g, 93%) as colorless crystals; mp. 163-164tC"* 165-166°C).

'H NMR (400.27 MHz, CDG)): 6 = 8.04-7.97 (m, 2H, Ck), 7.91-7.86 (m, 2H, CK), 7.77-7.71
(m, 2H, CH,), 7.64-7.60 (m, 1H, CKl), 7.53-7.48 (m, 2H, CkJ), 5.11 (s, 2H, ChH).
13 NMR (100.65 MHz, CDG): 6 = 190.97 (C=0), 167.88 (2xC=0), 134.48,JC134.12

(2xCHy), 134.03 (CH), 132.30 (2xG), 128.91 (2xCH), 128.15 (2xCH), 123.57 (2xCH),
44.20 (NCH).

1-Phenyl-2-phthalimido- and §)-1-phenyl-2-phthalimido-[2-D,]ethan-1-one [2.55 and %)-
[2-D1]2.55]

0
2 1
R ///,’ R 2// R] 7
/,
Bu3Sn N , N
¢}
o 0
2.54:R'=R*=H 2.55:R'=R>=H
(R-[D;]2.54: R'=H,R?>=D (S)-[D;]2.55:R' =H,R>*=D

A mixture of benzoyl chloride (0.067 g, 0.475 mm@l,054 ml), N-tributylstannylmethyl
phthalimide(2.54 0.336 g, 0.5 mmol), (PRRPd (23.1 mg, 0.02 mmol, 4 mol%) and CuCN (4.7
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mg, 0.04 mmol, 8 mol%) in dry toluene (6 ml) waisret under argon at 75°C for 20*hAfter
cooling it was concentrated under reduced presauck the residue was purified by flash
chromatography (C¥Cl,, Rr = 0.31) to yield the substituted phthalimi2l®5 (0.104 g, 78%) as

colorless crystalline solid.
The'H and**C NMR spectra were identical to the ones of thevabreference example.
(9-1-Phenyl-2-phthalimido-[2-Bethan-1-one [§)-[2-D;]2.59

Similarly, (R)-N-tributylstannyl-[DiJmethylphthalimide [R)-[D]2.54 0.242 g, 0.53 mmol] was
converted to$)-1-phenyl-2-phthalimido-[2-Elethan-1-one [§-[2-D1]2.55 0.109 g,77%].

'H NMR (400.27 MHz, CDG): d = 8.02-7.97 (m, 2H, CK), 7.90-7.86 (m, 2H, CK), 7.79-7.71
(m, 2H, CH,), 7.64-7.59 (m, 1H, Ck), 7.55-7.48 (m, 2H, CK), 5.10 (t,J = 2.1 Hz, 1H, CHD).
3C NMR (100.65 MHz, CDG): § = 190.96 (C=0), 167.89 (2xC=0), 134.48,jC134.11
(2XCHy), 134.03 (CH), 132.29 (2xG@), 128.90 (2xCH), 128.15 (2xCH), 123.55 (2xCH),
49.97 (t,J = 21.4 Hz, NCHD).

2-Phthalimido-1-phenyl- and (@RS,2S)-2-phthalimido-1-phenyl-[2-D;]Jethanol [2.56 and
(1RS,295)-[2-D4]2.56]

—>

2.55: R] =H 2.56: RI R2 —
(S)-[2- D|]2 55:R'=H,R?’=D (28)-[2-D,12.56: R' =H,R*>=D

A mixture of 1-phenyl-2-phthalimidoethan-1-or55 0.133 g, 0.5 mmol) and 10% Pd/C (66.3
mg, 50 weight %) in dry ethyl acetate (p. A., 15 mbs hydrogenated in a Parr apparatus (4 h,
60 psi, room temperatur&).The mixture was filtered and concentrated undeuced pressure.
The residue was recrystallized from dichlorethaisdgropyl ether to give the alcoh@.56
(0.103 g, 0.39 mmol, 77%) as colorless crystals; b6p-167°C (lit.”> 164-165°C).
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'H NMR (400.27 MHz, CDG)): 6 = 7.87-7.81 (m, 2H, CK), 7.73-7.68 (m, 2H, CK), 7.47-7.40
(m, 2H, CH,), 7.37-7.32 (m, 2H, CK), 7.30-7.25 (m, 1H, CK), 5.06 (ddJ = 8.4, 3.7 Hz, 1H,
OCH), 3.97 (AB part of the ABX-systerlyg = 14.2 Hz Jax = 8.4 Hz, Jgx = 3.7 Hz, 2H, NCH),
2.80 (br. s, 1H, OH).

3%C NMR (100.65 MHz, CDG): 6 = 168.75 (2xC=0), 141.06 {§, 134.14 (2xCH), 131.91
(2xCs), 128.62 (2xCH}), 128.13 (CH)), 125.87 (2xCH}), 123.48 (2xCH), 72.71 (CH), 45.79
(NCHy).

(1RS,2%2-Phthalimido-1-phenyl-[2-Pethanol [(RS,2¥%[2-D1]2.56

Similarly, (§-1-phenyl-2-phthalimido-[2-EJethan-1-one [§-[2-D;]2.55 0.052 g, 0.20 mmol]
was converted tolRS,2$2-phthalimido-1-phenyl-[2-Eethanol[(1RS,2%[2-D1]2.56 0.021 g,
41%).

'H NMR (400.27 MHz, CDG)): ¢ = 7.87-7.81 (m, 4H, CKl), 7.73-7.68 (m, 4H, Ci), 7.47-7.40
(m, 4H, CHy), 7.37-7.32 (m, 4H, C§), 7.30-7.25 (m, 2H, C}), 5.05 (d,J = 3.7 Hz, 1H,
CHOH), 5.05 (d) = 8.3 Hz, 1H, CHOH), 3.99 (d,= 8.8 Hz, 1H, CHD), 3.92 (bs, 1H, CHD).
13C NMR (100.65 MHz, CDG): J = 168.74 (2xC=0), 141.05 (, 134.13 (2xCH}), 131.91
(2XCa), 128.61 (2xCHY), 128.11 (CH), 125.86 (2xCH}), 123.46 (2xCH}), 72.65 (CH), 45.49 (t,
J=21.6 Hz, NCHD).

(R)-Mosher esters of 2-phthalimido-1-phenyl- and IRS,2S)-2-phthalimido-1-phenyl-[2-
Di]ethanol [2.57 and (RS,25)-[2-D,]2.57]

(R)-MTPAO

2.56:R'=R*=H 257:R'=R*=H
(28)-[2-D;]2.56: R' =H,R*=D (28)-[2-D;]2.57:R' =H,R*=D

A solution of §-MTPACI (0.09 mmol, 0.171 ml of a solution 0.53M dry CHCl,), 2-
phthalimido-1-phenylethangl.56 11.9 mg, 0.045 mmol), dry GBI, (0.5 ml) and pyridine (3
drops) was stirred under argon at room temperdturé8 h. It was concentrated under reduced

pressure and water was added. The mixture wasceadrahree times with Gi&l, and the
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combined organic layers were washed with HCI| (2M3¥aturated aqueous solution of NaHCO
dried (NaSQ,) and concentrated under reduced pressure. The product was purified by flash
chromatography (hexane:ethyl acetate = B15x 0.32) to give a 1.1 diastereomeric mixture of
(R)-Mosher ester2.57(19.8 mg, 91%) as colorless oil.

'H NMR (200.27 MHz, CDG)): 6 = 7.85-7.80 (m, 2H, Ck), 7.77-7.68 (m, 5H, CK), 7.51-7.46
(m, 2H, CHy), 7.42-7.30 (m, 8H, Ci), 7.28-7.20 (m, 6H, CK), 7.15-7.08 (m, 3H, Ck), 7.07-

7.00 (m, 2H, CH), 6.34 (ddJ = 10.2, 4.1 Hz, 1H, OCH), 6.28 (ddi= 9.8, 4.3 Hz, 1H, OCH),
4.27 (ddJ = 14.4, 9.8 Hz, 1H, NCH), 4.26 (ddl= 14.4, 10.2 Hz, 1H, NCH), 3.86 (dii= 14.4,

4.2 Hz, 1H, NCH), 3.79 (dd] = 14.4, 4.2 Hz, 1H, NCH), 3.39 (4,= 1.1 Hz, 3H, OCH), 3.36

(g,Jd= 1.1 Hz, 3H, OCHh).

(R)-Mosher esters oflRS,2$2-phthalimido-1-phenyl-[2-EJethanol [ARS,2$[2-D;]2.57]
Similarly, ARS,2$2-phthalimido-1-phenyl-[2-EJethanol [(RS,2¥%[2-D;]2.56 0.010 g, 0.038
mmol] was converted to th&®)f-Mosher esterslRS,2$[2-D4]2.57(0.013 g, 71%, de > 98%).

'H NMR (600.13 MHz, CDG)): d = 7.85-7.80 (m, 2H, Ck), 7.77-7.68 (m, 5H, CK), 7.51-7.46
(m, 2H, CHy), 7.42-7.30 (m, 8H, Ci), 7.28-7.20 (m, 6H, CK), 7.15-7.08 (m, 3H, CkJ), 7.07-
7.00 (M, 2H, CH), 6.33 (dJ = 10.2 Hz, 1H, OCH), 6.28 (d,= 4.2 Hz, 1H, OCH), 4.24 (d,=
10.2 Hz, 1H, NCH), 3.79 (d} = 4.2 Hz, 1H, NCH), 3.39 (d,~ 1 Hz, 3H, OCH), 3.36 (q,J ~ 1
Hz, 3H, OCH).

N-Phenylmethylphthalimide (2.59, reference sample)

O
O/\Br O/\N
—
O
2.59

A mixture of benzyl bromide (0.513 g, 3 mmol) aratgssium phthalimide (0.741 g, 4 mmol) in
dry acetonitrile (10 ml) was refluxed for 3 h. Afteooling, water was added and the mixture was
extracted twice with CkCl,. The combined organic layers were washed with Nd@W) and

water, dried (Ng5O;) and concentrated under reduced pressure. Thee cpudduct was
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recrystallized from ethanol to give the substitypathalimide2.59(0.6742 g, 2.8 mmol, 95%) as
colorless crystals; mp. 116-117°C (I{£115-116°C).

'H NMR (400.27 MHz, CDG): 6 = 7.86-7.80 (m, 2H, CK), 7.70-7.65 (m, 2H, CK), 7.42-7.38
(m, 2H, CH,), 7.32-7.20 (m, 3H, CK), 4.83 (s, 2H, Ch)

3C NMR (100.65 MHz, CDG): 6 = 168.01 (2xC=0), 136.36 {§, 133.94 (2xCH), 132.15
(2xCa), 128.65 (2xCHY), 128.59 (2xCH}), 127.80 (CH), 123.32 (2xCH}), 41.60 (NCH).

N-Phenyl-, R)- and (S)-N-phenyl-[Di]Jmethylphthalimide [2.59, (R)- and (S)-[D1]2.59]

RZ//, . R! Rz///,, R
Bu;Sn N > N
6] 6]
2.54:R'=R?=H 2.59:R'=R>=H
(R-[D;]2.54: R' =H,R?>=D (S)-[D;]2.59: R' =H,R?>=D
(S)-[D;]2.54: R' =D, R>=H (R)»-[Dy]2.59:R'=D,R>=H

A mixture of bromobenzene (0.117 g, 0.75 mmol, 9.0ml), N-tributylstannylmethyl
phthalimide 2.54, 0.225 g, 0.5 mmol), Pd(PB§CI, (28 mg, 0.04 mmol, 8 mol %) and CuCN
(7.1 mg, 0.08 mmol, 16 mol %) in dry dioxane (6 mBs stirred under argon at 100°C for ' h.
After cooling it was concentrated under reducedgsguee and a 5% aqueous solution of KF was
added. The mixture was extracted twice with,CHl The combined organic layers were dried
(N&SOy) and concentrated under reduced pressure. Thee @ratuct was purified by flash
chromatography (C¥Cl,, R = 0.44) to yield theN-phenylmethylphthalimide2.59, 0.043 g,
37%] as colorless crystals.

The'H and**C NMR spectra were identical to the ones of thevalveference compound.
(R)-N-Phenyl-[D]]methylphthalimide [R)-[D;]2.59

Similarly, (§-N-tributylstannyl-[D]Jmethylphthalimide [§)-[D;]2.54 0.301 g, 0.67 mmol] was
converted in dry toluene t&)-N-phenyl-[DJmethylphthalimide [R)-[D1]2.59 0.084 g, 53%.
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(9-N-Phenyl-[D]methylphthalimide [§)-[D1]2.59
Similarly, (R)-N-tributylstannyl-[D]Jmethylphthalimide [R)-[D]2.54 0.206 g, 0.46 mmol] was
converted in dry dioxane t&¢EN-phenyl-[D)]Jmethylphthalimide [§)-[D1]2.59 0.031 g, 29%].

The'H NMR spectra of ®)- and ©)-N-phenyl-[Dijmethylphthalimide were identical:
'H NMR (400.27 MHz, CDG)): 6 = 7.86-7.80 (m, 2H, CK), 7.71-7.66 (m, 2H, Ck), 7.44-7.39
(m, 2H, CH,), 7.32-7.22 (m, 3H, CH), 4.83-4.80 (broadened s, 1H, CHD).

(S)-N-Phenyl-[D;Jmethylphthalimide (2.59, reference sample)

2
R ,
2 1
R , R
Ph OH

(R)-[D]2.60: R' =D, R>=H (S)-[D{12.59: R =H, R*=

DIAD (1.03 mmol, 0.203 ml) was added to a stirrecktare of (R)-phenyl-[DiJmethanol [R)-
[D4]2.60, 0.094 g, 0.86 mmol], triphenylphosphane (0.2701@,03 mmol) and phthalimide
(0.150 g, 1.03 mmol) in dry THF (8 ml) under argar0°C and stirring was continued for 2 days
at room temperatur®. After water (0.5 ml) was added it was concentratiedler reduced
pressure. The crude product was purified by fldsbrmatography (hexane:ethyl acetate = &1,
= 0.73) to give the phthalimideg)-[D1]2.59 0.148 g, 72%] as colorless crystals.

The'H NMR spectra were identical to the compound pregéry the Stille coupling.

Phenyl-, R)- and (S)-phenyl-[D;]methylamine [2.61, R)- and (S)-[D1]2.61]

R? R! 7
n,, R, AR
N > NH,
o)
2.59:R'=R>=H 2.61:R'=R>=H
(R-[D;]2.59:R'=D,R?>=H (R)-[D;12.61:R'=D,R>=H
(S)-[D;]2.59: R' =H,R?>=D (S)-[D;]2.61: R' =H,R?>=D
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A mixture of hydrazine hydrate (0.327 g, 5.03 mn806 ml) andN-phenylmethylphthalimide
(2.59 0.194 g, 0.8 mmol) in dry ethanol (7 ml) was ugéd for 2 h. After cooling it was
centrifuged to remove the crystalline byproducteTpellet was washed with &£ and the
combined organic layers were concentrated underceztipressure. gD (10 ml) and NH (25%,

3 drops) were added and the mixture was first wastith a half saturated aqueous solution of
NaCl (2 ml) and then with a saturated aqueous isolatf NaCl (2 ml)>? After the addition of dry
ethanol (5 ml) to the organic layer it was concatel under reduced pressure. Then dry
dichloroethane (5 ml) was added, the mixture wiesréid and the filtrate was concentrated under
reduced pressure and dried in vacuo (0.5 mbar,n3 tmigive the amin2.61(18 mg, 21%) as a

colorless liquid which was immediately derivatiseith (S-MTPACI in case of labeled species.

(R)-Phenyl-[DiJmethylamine [R)-[D1]2.61]
Similarly, (R)-N-phenyl-[Dijmethylphthalimide [R)-[D1]2.59 0.148 g, 0.62 mmol] was
converted toR)-phenyl-[D]methylamine [R)-[D4]2.61, 0.037 g, 55%].

(S-Phenyl-[D]methylamine [§)-[D;]2.61]
Similarly, (S-N-phenyl-[Di]methylphthalimide [§-[D.]2.59 0.030 g, 0.12 mmol] was
converted to$)-phenyl-[Di)methylamine [§)-[D1]2.61, 0.014 g, 99%].

(R)-Mosher amides of phenyl-, R)- and (S)-phenyl-[D;Jmethylamine [2.62, R)- and (S)-
[D4]2.62]

RY, ~ gR! Ry, R
z : _MTPA-(R)
NH, ——» g
2.61:R'=R>=H 2.62:R'=R?>=H
(R)-[D;12.61:R'=D,R?>=H (R-[D;12.62: R' =D,R?>=H
(S)-[D;]2.61: R =H,R2=D (S)-[Dy]2.62: R' =H,R?*=D

A mixture of phenylmethylamine2(61, 12.8 mg, 0.12 mmol), dry pyridine (6 drops) as (

MTPACI (0.24 mmol, 0.45 ml of a 0.53M solution imydCH,Cl,) in dry CHCl, (2 ml) was

stirred under argon at room temperature for 18 lateWwas added after it was concentrated

under reduced pressure. The mixture was extrabieg times with CkCl, and the combined

organic layers were washed with HCI (2M) and arsééa solution of NaHC$) dried (MgSQ)

and concentrated under reduced pressure. The eesids purified by flash chromatography
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(hexane:ethyl acetate = 58, = 0.44) to yield theR)-Mosher amide2.62 (23.5 mg, 61%) as a
colorless solid.

'H NMR (400.27 MHz, CDQ)): 6 = 7.55-7.49 (m, 2H, Ck), 7.41-7.36 (m, 3H, CK), 7.35-7.23
(m, 5H, CHy), 7.08 (br. s, 1H, NH), 4.51 (AB part of ABX-sysieJas = 14.8 Hz,Jax = 6.0 Hz,
Jex = 8.8 Hz, 2H, NCh), 3.37 (q,J = 1.5 Hz, 3H, OCH).

(R)-Mosher amide ofR)-phenyl-[D;]jmethylamine [R)-[D1]2.64
Similarly, (R)-phenyl-[Dijmethylamine [R)-[D1]2.61, 0.012 g, 0.11 mmol] was converted to the
(R)-Mosher amideR)-[D1]2.62(0.023 g, 65%, de > 69%).

'H NMR (400.27 MHz, CDG)): d = 7.55-7.49 (m, 2H, CkJ), 7.41-7.36 (m, 3H, CK), 7.35-7.23
(m, 5H, CHy), 7.08 (br. s, 1H, NH), 4.52 (td,= 5.8, 2.0 Hz, 0.83H, NCHD) 4.46 (= ~5.8,
~2 Hz, 0.15H, NCHD), 3.37 (d,= 1.4 Hz, 3H, OCH).

(R-Mosher amide of)-phenyl-[DiJmethylamine [§)-[D;]2.62
Similarly, (§-phenyl-[Di]methylamine [§)-[D]2.61, 0.013 g, 0.12 mmol] was converted to the
(R)-Mosher amide)-[D1]2.62(0.005 g, 13%, de > 52%).

'H NMR (400.27 MHz, CDG)): d = 7.55-7.49 (m, 2H, CkJ), 7.41-7.36 (m, 3H, CK), 7.35-7.23
(m, 5H, CHy), 7.08 (br. s, 1H, NH), 4.52 (td,= 5.8, 2.0 Hz, 0.24H, NCHD), 4.46 (ifl= ~5.8,
~2 Hz, 0.76H, NCHD), 3.37 (d,= 1.4 Hz, 3H, OCHh).

(R)-Mosher amide of)-phenyl-[Dijmethylamine [§)-[D,]2.62 (reference sample)
Similarly, (§-phenyl-[Dimethylamine [§)-[D]2.61, 0.011 g, 0.10 mmol] was converted to the
(R)-Mosher amide$)-[D1]2.62(0.005 g, 15%, de > 99%).

'H NMR (400.27 MHz, CDG)): d = 7.55-7.49 (m, 2H, Ck), 7.41-7.36 (m, 3H, CK), 7.35-7.23
(m, 5H, CHy), 7.08 (br. s, 1H, NH), 4.46 (td,= 5.6, ~2 Hz, 1H, NCHD), 3.37 (d,= 1.4 Hz,
3H, OCH).
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4.4 Chapter 3

Diisopropy! tributylstannylmethyl-, (R)- and (S)-diisopropyl tributylstannyl-[D j;]methyl
phosphate [3.30,R)- and (S)-[D4]3.30]

R! R? R! R?
Mo T oS
BusSn OH BusSn o~ \Noipr
OiPr
1.67: R'=R?=H 330:R'=R?>=H
(R)-[D]1.67:R'=H,R?>=D (R)-[D;13.30: R' =H,R>=D
(S)-[Dy]1.67:R'=D,R?>=H (S)-[D;13.30:R'=D,R?>=H

Bromine (3.15 mmol, 3.18 ml of a 1.01M solutiondry CH,Cl,) was added to a stirred solution

of triisopropyl phosphite (0.703 g, 3.38 mmol, 088 in dry CHCI, (9 ml) under argon at
-50°C®" After stirring for 30 min at 0°C it was cooled t&60°C and a mixture of
tributylstannylmethanoll(67, 0.723 g, 2.25 mmol) and dry pyridine (0.72 midiny CHCI, (4.5

ml) was added. After stirring for 1 h at room temgtere water (10 ml) and GBI, (10 ml) were
added and stirring was continued for another 15 ifive phases were separated and the aqueous
layer was extracted twice with ethyl acetate. Thsmlgined organic layers were washed with HCI
(2M) and a saturated aqueous solution of NaklCfied (NaSO,) and concentrated under
reduced pressure. The residue was purified by tthsbmatography (hexane:ethyl acetate = 5:1,
R = 0.32) to give the phospha&e80(0.412 g, 38%) as a colorless oil.

'H NMR (400.27 MHz, CDG): § = 4.57 (oct,J = 6.3 Hz, 2H, 2xCH), 4.17 (d] = 6.2 Hz,
I8Ny = 12.8 Hz, 2H, PCH 1.60-1.38 (m, 6H, 3xSnGBH,), 1.29 (d,J = 6.3 Hz, 12H,
4XCHg), 1.27 (sext) = 7.2 Hz, 6H, 3xChCHs), 1.02-0.82 (m, 6H, 3xSnG 0.86 (t,J = 7.3 Hz,
9H, 3xCHCHs).

(R)-Diisopropyl tributylstannyl-[Q]methyl phosphate K)-[D,]3.30
Similarly, (R)-tributylstannyl-[DiJmethanol [R)-[D1]1.67, 0.389 g, 1.21 mmol] was converted to
(R)-diisopropyl tributylstannyl-[R]methylphosphate R)-[D1]3.30 0.359 g, 61%].

(S-Diisopropyl tributylstannyl-[R]methyl phosphate §)-[D;]3.30
Similarly, (§-tributylstannyl-[DiJmethanol [§-[D1]1.67, 0.421 g, 1.31 mmol] was converted to
(9-diisopropyl tributylstannyl-[Rlmethylphosphate §)-[D1]3.30 0.469 g, 74%)].
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'H NMR spectra for R)- and ©-diisopropyl tributylstannyl-[Blmethyl phosphate were
identical:

'H NMR (400.27 MHz, CDG)): é = 4.57 (octJ = 6.3 Hz, 2H, 2xCH), 4.15 (broadenedld; 6.2
Hz, J(*™%n) = 12.8 Hz, 2H, PCHD), 1.60-1.38 (m, 6H, 3xSACH,), 1.29 (d,J = 6.3 Hz,
12H, 4xCH), 1.27 (sext]) = 7.2 Hz, 6H, 3xChCHj3), 1.02-0.82 (m, 6H, 3xSnGH 0.86 (t,J =
7.3 Hz, 9H, 3XxCHCHs).

Diisopropyl hydroxymethyl-, (R)- and (S)-diisopropyl hydroxy-[D iJmethylphosphonate
[3.31, R)- and (S)-[D41]3.31]

e}
R! \R2 “
N P —_— (iPrO),P OH
Bu;Sn o~ \Noipr >/,/

OiPr Rl RZ
3.30:R'=R?>=H 331:R'=R?>=H
(R)-[D4]3.30: R' =H,R?>=D (R)-[Dy]3.31: R'=D,R?>=H
(S)-[D;]3.30: R'=D,R?=H (S)-[D;13.31: R'=H,R?>=D

nBuLi (0.68 mmol, 0.42 ml of a 1.6M solution in heveg was added in drops to a stirred solution
of diisopropyl tributylstannylmethyl phosphat8.30 0.366 g, 0.75 mmol) and TMEDA (0.68
mmol, 0.102 ml) in dry BEO (5 ml) under argon at -78°C and stirring was itwed for 30 mirf*
After the addition of acetic acid (1.5 ml of a 2Mlion in EtO) and water (4 ml) stirring was
continued for 5 min. The phases were separatedhendrganic phase was extracted four times
with ELO. The combined organic layers were dried &) and concentrated under reduced
pressure. The residue was purified by flash chrography (ethyl acetat® = 0.22) to yield the
phosphonat&.31(0.103 g, 77%) as a an oil.

'H NMR (400.27 MHz, CDG): J = 4.72 (octJ = 6.2, 1.2 Hz, 2H, 2xCH), 3.81 (d,= 6.1 Hz,
2H, CH), 1.31 (dd,J = 6.2, 1.2 Hz, 12H, 4xC#)l

(R)-Diisopropyl hydroxy-[D]methylphosphonate R)-[D4]3.31]

Similarly, (R)-diisopropyl tributylstannyl-[@methyl phosphate R)-[D1]3.30 0.359 g, 0.74
mmol] was converted td=j-diisopropyl hydroxy-[Q]methylphosphonate R)-[D1]3.31, 0.093 g,
64%.
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(S-Diisopropyl hydroxy-[D]methylphosphonate §-[D4]3.31]

Similarly, (S§-diisopropyl tributylstannyl-[Dimethyl phosphate §)-[D1]3.30 0.241 g, 0.50
mmol] was converted td5[-diisopropyl hydroxy-[Q]methylphosphonate §-[D1]3.31, 0.048 g,
54%].

The 'H NMR spectra for R)- and ©-diisopropy! tributylstannyl-[Blmethylphosphonate were
identical:

'H NMR (400.27 MHz, CDG)): = 4.72 (octJ = 6.2 Hz, 2H, 2xCH), 3.81 (broadenedld; 4.2
Hz, 1H, CHD), 3.23 (br.s, 1H, OH), 1.31 (dbk 6.2, 0.7 Hz, 12H, 4xCHjl

1-Hydroxymethyl-, (R)- and (S)-1-hydroxy-[Di]methylphosphonic acid [3.14, R)- and (S)-
[D4]3.14]

c|> 0
(iPrO)2P>/0H e (HO)2P>/OH
R! ’///Rz R! ”/’RZ
331:R'=R?>=H 3.14:R'=R?’=H
(R-[D;]3.31:R'=D,R>=H (R-[D]3.14:R'=D,R*=H
(S)-[Dy]3.31: R'=H,R?=D (S)-[Dy]3.14: R'=H,R?=D

Allyltrimethylsilane (0.71 g, 6.25 mmol, 0.99 mlhé bromotrimethylsilane (3.83 g, 25 mmaol,
3.25 ml) were added drop wise to a solution ofagirepyl hydroxymethylphosphonat8.81,
0.98 g, 5 mmol) in dry 1,2-dichloroethane (18.79 umider argon at 0 °€ After heating for 18

h at 50 °C and then cooling to room temperaturéatite components were removed in vacuo
(0.5 mbar) at room temperature. The residue wasetdissolved in dry C¥Cl, (5 ml each time)
and concentrated again in vacuo as before (0.5,nabdirst at room temperature, then 40 °C).
Water (10 ml) was added and the mixture was stifoedc min and then concentrated under
reduced pressure. Water (20 ml) was added againeamoived by lyophilisation. The phosphonic

acid3.14(0.668 g, contained water; yield was assumed @B86) was a colorless oil.
'H NMR (400.27 MHz, RO): 6 = 3.76 (dJ = 7.2 Hz, 2H, PCH).

¥C NMR (100.65 MHz, BO): 6 = 56.78 (d,) = 159.9 Hz, PCh).
3P NMR (162.03 MHz, BO): 6 = 22.01.
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(R)-1-Hydroxy-[Dy]methylphosphonic acid R)-[D;]3.14
Similarly, (R)-diisopropyl hydroxy-[@Q]methylphosphonate R)-[D1]3.31, 0.083 g, 1.42 mmol]
was converted toR)-1-hydroxy-[Di]methylphosphonic acid R)-[D1]3.14 0.069 g, contained

water]. It was converted to the ammonium salf forage: The acid was dissolved in water and a

few drops of concentrated ammonia were added. dlutien was concentrated by lyophilization.

(9-1-Hydroxy-[Dy]Jmethylphosphonic acid §-[D;]3.14
Similarly, (§-diisopropyl hydroxy-[Q]methylphosphonate §-[D;]3.31, 0.037 g, 0.19 mmol]
was converted to§-1-hydroxy-[DiJmethylphosphonic acid §-[D1]3.14 0.027 g, contained

water]. It was converted to the ammonium salf forage: The acid was dissolved in water and a
few drops of concentrated ammonia were added. dlutien was concentrated by lyophilization.

The NMR spectra forR)- and §)-1-hydroxy-[DiJmethylphosphonic acid were identical:

'H NMR (400.27 MHz, DO): 6 = 3.83 (broadened d,= 7.1 Hz, 1H, PCHD), (R)-enantiomer
contained 2% of unlabeled species.

3C (100.65 MHz, RO): 6 = 56.31 (tdJ = 157.1, 22.9 Hz, PCHD).

%P NMR (162.03 MHz, BO): d = 21.97.

Dimethyl hydroxymethylphosphonate (3.34, referenceample)

(ﬁ 0
P —®  (MeO),P OH
MeO// \H ( )2 \/
MeO
3.34

DBU (5 drops) was added to a mixture of dimethybghite (2.20 g, 20 mmol, 1.83 ml) and
paraformaldehyde (0.66 g, 22 mmol) at room tempeedf It was stirred for 20 min in a cold
water bath. The crude product was purified by flabhomatography (ethyl acetate: hexane:
methanol = 40:20:1R = 0.25) to yield the phosphon&84(1.77 g, 63%) as a colorless oil.

IR (ATR): v = 3303, 2959, 2854, 1450, 1227, 1184, 1018.
'H NMR (400.13 MHz, CDGQ): 6 = 4.23 (brq,J = 6.0 Hz, 1H, OH), 3.91 (1] = 6.0 Hz, 2H,
PCHp), 3.78 (dJ = 10.5 Hz, 6H, 2xOCH}.
3C (100.61 MHz, CDG): 6 = 56.38 (d,J = 161.9 Hz, PCh), 53.12 (d,J = 7.0 Hz, OCH)).
%P NMR (161.97 MHz, CDG): ¢ = 27.81.
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Dimethyl hydroxymethyl-, (R)- and (S)-dimethyl hydroxy-[D j]methylphosphonate [3.34,
(R)- and (S)-[D1]3.34]

I I
(HO)2P>/0H . (MeO)2P>/OH
R! ’//’RZ R! ’///RZ
3.14:R'=R?>=H 3.34:R'=R?>=H
(R)-[D,]3.14:R'=D,R?>=H (R)-[D;]3.34:R'=D,R>=H
(S)-[Dy]3.15: R'=H,R?=D (5)-[D;13.34:R'=H,R*>=D

A distilled ethereal solution of diazomethane wasddel to a solution of
hydroxymethylphosphonic aci®.0l4 0.053 g, 0.47 mmol) in dry methanol (5 ml) uygéliow
color persisted for a few secorfdsThe solvent was then evaporated under reducedyeso

give 3.34(contained 6% of dimethyl methoxymethylphosphopasgea colorless oil.

The *H, *C and®P NMR spectra were identical to the spectra ofaheve reference sample
except for the following peaks corresponding toetimyl methoxymethylphosphonate:

'H NMR (400.13 MHz, CDG): 6 = 3.75 (d,J = 8.5 Hz, 2H, PCH), 3.45 (d,J = 1.0 Hz, 3H,
OCH).

%P NMR (161.97 MHz, CDG): d = 23.67.

(R)-Dimethyl hydroxy-[D]methylphosphonate R)-[D4]3.34

Similarly, (R)-1-hydroxy-[Dijmethylphosphonic acid R)-[D1]3.14 0.023 g, 0.20 mmol] was
converted to R)-dimethyl hydroxy-[Q]methylphosphonate R)-[D,]3.34 0.021 g, contained
12% of the dimethyl methoxy-[{pmethylphosphonate].

(S-Dimethyl hydroxy-[D]methylphosphonate §-[D1]3.34
Similarly, (§-1-hydroxy-[Dijmethylphosphonic acid §-[D,]3.14 0.027 g, 0.20 mmol] was
converted to$)-dimethyl hydroxy-[Q]methylphosphonate §-[D;]3.34, 0.023 g].

'H and *P NMR spectra for R)- and ©-dimethyl hydroxy-[Q]methylphosphonate were
identical:
'H NMR (400.27 MHz, CDG): = 4.50 (br. s, 1H, OH), 3.90 (td,= 5.5, 2.0 Hz 1H, CHD),
3.79 (d, J = 10.6 Hz, 6H, 2xOCp§), significant signals for dimethyl methoxy-
[Di]Jmethylphosphonate: 3.71 (td= 8.5, 2.0 Hz, 1H, CHD), 3.43 (d= 1.3 Hz, 3H, OCH).
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3P NMR (162.03 MHz, CDG): d = 26.59.

(R)-Mosher esters of dimethyl hydroxymethyl-, R)- and (S)-dimethyl hydroxy-[1-
Di]methylphosphonates [3.35,R)- and (S)-[D4]3.35]
0 o)

l |
(MeO)2P>/OH —_— > (MeO)2P>/OMTPA—(R)
: ,

RI ’///RZ Rl i RZ
334:R'=R’=H 3.35:R'=R?>=H
(R)-[Dy]3.34:R'=D,R?>=H (R)»-[D]13.35:R'=D,R?>=H
(S)-[D;13.34:R'=H,R?>=D (S)-[D;13.35:R'=H,R?>=D

(9-MTPACI (0.25 mmol, 0.47 ml of a 0.53 M solutiomdry CHCI,) and dry pyridine (5 drops)
were added to a solution of dimethyl hydroxylmepiysphonate3(34, 0.017 g, 0.12 mmol) in
dry dichloromethane (1 ml) under argon at room terare’> After 20 h at 4°C it was
concentrated under reduced pressure. Water angClehvere added and the phases were
separated. The organic layer was first washed Wih (2M), then with a saturated solution of
NaHCQ;, dried (MgSQ) and concentrated under reduced pressure. Thidueesias purified by
flash chromatography (ethyl acetai,= 0.62) to yield Mosher est&.35 (0.037 g, 86%) as

colorless ail.

'H NMR (400.13 MHz, CDQ): 6 = 7.55 — 7.49 (m, 2H, C4J, 7.42 — 7.36 (m, 3H, C4J, 4.60
(AB part of ABX-systemgp o = 4.55,0 g = 4.64,Jp5 = 14.3 Hz,Jap = Jgp = 8.6 Hz, 2H, PCH),
3.75 (d,J = 10.8 Hz, 3H, POCH), 3. 72 (d,J = 10.9 Hz, 3H, POC}), 3.55 (q,J = 1.2 Hz, 3H,
COCHy).

3P NMR (161.97 MHz, CDG): d = 20.74.

(R)-Mosher ester off)-dimethyl hydroxy-[1-Q]methylphosphonateR)-[D;]3.35

Similarly, crude R)-dimethyl hydroxy-[Q]methylphosphonate R)-[D;]3.34 0.021 g, 0.15
mmol] was converted tdR)-Mosher ester ofR)-dimethyl hydroxy-[Q]methylphosphonate R)-
[D41]3.35 0.044 g, 82%, ee > 99%, contained 2% of the @whbabspecies].

'H NMR (400.13 MHz, CDG): J = 7.55 — 7.49 (m, 2H, CH, 7.42 — 7.36 (m, 3H, C§), 4.54
(td, J = 8.6 Hz, ~ 1.5 Hz, 1H, CHD), 3.75 (@= 10.9 Hz, 3H, POCH}, 3.72 (d,J = 10.9 Hz, 3H,
POCH), 3.55 (g0 = 1.2 Hz, 3H, COCH).
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3P NMR (161.97 MHz, CDG): d = 20.74.

(R)-Mosher ester of)-dimethyl hydroxy-[Q]methylphosphonate $§-[D4]3.39

Similarly, crude $)-dimethyl hydroxy-[Q]methylphosphonate §-[D1]3.34 0.023 g, 0.17
mmol] was converted tdR)-Mosher ester of)-dimethyl hydroxy-[Q]methylphosphonate $-
[D4]3.35 0.024 g, 40%, ee > 99%, contained 2% of the @whbabspecies].

'H NMR (400.13 MHz, CDG): = 7.55 — 7.49 (m, 2H, CYJ, 7.42 — 7.36 (m, 3H, Ck), 4.63
(td,J = 8.5 Hz, ~ 1.5 Hz, 1H, CHD), 3.75 @z= 10.9 Hz, 3H, POCH), 3.72 (d,J = 10.9 Hz, 3H,
POCH;), 3.55 (q,J = 1.2 Hz, 3H, COCHh).

3P NMR (161.97 MHz, CDG): d = 20.75.

Diethyl N-tributylstannylmethyl-, (R)- and (S)-diethyl N-tributylstannyl-[D ;Jmethyl- N-(t-
butoxycarbonyl)phosphoramidate [3.36, R)- and (S)-[D1]3.36]

1 2 Q
R R Ria Rl
N — R
BusSn OH BusSn Tl\I ooEt
Boc
1.67:R'=R*=H 3.36:R'=R>=H
(S)-[Dy]1.67:R' =H,R?*=D (R-[D;13.36: R' =H,R?>=D
(R-[D{]1.67:R'=D,R?>=H (S)-[D;]3.36: R' =D,R>*=H

DEAD (0.435 g, 2.5 mmol, 0.393 ml) was added tdimesl mixture of tributylstannylmethanol
(1.67, 0.678 g, 2.1 mmol), diethi-(t-butoxycarbonyl)phosphoramidate (0.647 g, 2.5 mrang
triphenylphosphane (0.655 g, 2.5 mmol) in dry THB (l) under argon at 0°€.Stirring was
continued for 30 min at 0°C and then at room temipee for 24 h. After the addition of water (7
drops), it was concentrated under reduced presshine. residue was purified by flash
chromatography (hexane:ethyl acetate = B;E 0.37) to give the phosphoramid@&&6 (0.953
g, 82%) as a colorless oil.

'H NMR (400.27 MHz, CDG): § = 4.18-4.00 (m, 4H, 2xPOGH 3.18 (d,J = 8.2 Hz,
J(*M5n) = 23.8 Hz, 2H, NCEBn), 1.55-1.40 (m, 6H, 3xSnGEH,), 1.45 (s, 9H, 3xCh), 1.31
(td,J = 7.1, 0.9 Hz, 6H, 2xPOGEH,), 1.27 (sext,) = 7.3 Hz, 6H, 3xSn(Ck,CH,), 0.95-0.75
(m, 6H, 3xSnCH), 0.86 (t,J = 7.3 Hz, 9H, 3xCh).
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(R)-Diethyl N-tributylstannyl-[D]methyl- N-(t-butoxycarbonyl)phosphoramiddidR)-[D;]3.36
Similarly, (§-tributylstannyl-[DJmethanol [§)-[D,]1.67, 0.366 g, 1.14 mmol] was converted to
(R)-diethyl N-tributylstannyl-[D)]Jmethyl-N-(t-butoxycarbonyl)phosphoramidate [(R)4]B.36
0.493 g, 78%).

(S-Diethyl N-tributylstannyl-[DJmethyl- N-(t-butoxycarbonyl)phosphoramidd{&)-[D,]3.36
Similarly, (R)-tributylstannyl-[D1]methanol R)-[D1]1.67, 0.412 g, 1.28 mmol] was converted to
(9-diethyl N-tributylstannyl-[DiJmethyl-N-(t-butoxycarbonyl)phosphoramidate S{{D4]3.36
0.599 g, 84%).

The 'H NMR spectra for R)- and @©-diethyl N-tributylstannyl-[DJmethyl-N-(t-
butoxycarbonyl)phosphoramidate were identical:

'H NMR (400.27 MHz, CDG): § = 4.20-4.00 (m, 4H, 2xPOGH 3.16 (d,J = 8.1 Hz,
JM%n) = 19.7 Hz, 1H, CHD), 1.50-1.40 (m, 6H, 3xSnCH,), 1.46 (s, 9H, 3xCh), 1.31
(td, J = 0.9 Hz,J = 7.1 Hz, 6H, 2xPOC}CHs), 1.27 (sext]) = 7.3 Hz, 6H, 3xSn(Ck,CHo),
0.95-0.75 (m, 6H, 3xSnCi{ 0.86 (t,J = 7.3 Hz, 9H, 3xCh).

Diethyl N-(t-butoxycarbonyl)aminomethyl- , R)- and (S)-diethyl N-(t-
butoxycarbonyl)amino-[D;]Jmethylphosphonate [3.37,R)- and (S)-[D4]3.37]

1 2 0]
o g
PN —_— N P
Bu;Sn N~ \ OEt ~ OFt
| OEt Boc RZKR‘\OEt
Boc
3.36:R'=R>=H 337:R'=R’=H
(R)-[D,]3.36: R' =H,R>=D (R)-[D]3.37:R'=H,R*=D
(5)-[Dy]13.36: R' =D,R?>=H (5)-[Dy13.37:R' =D,R?>=H

Methyllithium (0.81 mmol, 0.27 ml, 3M in diethoxyri@ane) was added drop wise to a stirred
solution of diethyIN-tributylstannylmethyIN-(t-butoxycarbonyl)phosphoramidatg.36 0.450 g,
0.81 mmol) and TMEDA (0.89 mmol, 0.133 ml) in dris@ (5 ml) under argon at -78"€ After
stirring for 5 min, acetic acid (2 mmol, 2 ml, 1M H,O) was added. The layers were separated
and the aqueous layer was extracted twice wit® EThe combined organic layers were dried
(MgSQOy) and concentrated under reduced pressure. Thelueeswas purified by flash
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chromatography (ethyl acetatg, = 0.35) to give the aminophosphondt87 (0.143 g, 66%) as
colorless oil.

'H NMR (400.27 MHz, CDG): 6 = 4.76 (brs, 1H, NH), 4.20-4.00 (m, 4H, 2xO§+B.53 (dd,)
= 11.1, 6.0 Hz, 2H, NCHP), 1.42 (s, 9H, 3xC#), 1.31 (t,J = 7.1 Hz, 6H, 2xPOCHCHy).

(R)-Diethyl N-(t-butoxycarbonyl)amino-[EdmethylphosphonatER)-[D1]13.37

Similarly, (R)-diethyl N-tributylstannyl-[DiJmethyl N-(t-butoxycarbonyl)phosphoramidafér)-
[D4]3.36 0.419 g, 0.75 mmol] was converted t®)-fiethyl N-(t-butoxycarbonyl)amino-
[D1]Jmethylphosphonate R)-[D,]3.37, 0.134 g, 73%)].

(S-Diethyl N-(t-butoxycarbonyl)amino-[EJmethylphosphonatl S)-[D1]3.37

Similarly, (§-diethyl N-tributylstannyl-[DiJmethyl N-(t-butoxycarbonyl)phosphoramidaféS)-
[D4]3.36 0.573 g, 1.03 mmol] was converted t&)-diethyl N-(t-butoxycarbonyl)amino-
[D1]Jmethylphosphonate §-[D4]3.37, 0.252 g, 91%)].

The 'H NMR spectra for R)- and ©)-diethyl N-(t-butoxycarbonyl)aminomethylphosphonate
were identical:

'H NMR (400.27 MHz, CDG): 6 = 4.75 (brs, 1H, NH), 4.20-4.00 (m, 4H, 2xOgH3.51
(broadened dd) = 10.6, 6.0 Hz, 1H, NCHD), 1.42 (s, 9H, 3xgH1.31 (t,J = 7.0 Hz, 6H,
2XCH,CHj).

Diethyl N-(triphenylmethylamino)methylphosphonate (3.42)
NN —— i
PhsC Phie” T \oMe

OMe
3.42

Dry toluene (10 ml) was added to a mixtureNsftriphenylmethyl)methylimine (2.165 g, 8.0
mmol) and dimethyl phosphite (4.40 g, 4.0 mmolg3:@) at 100°C* The mixture was refluxed
for 5 min and concentrated under reduced pres&ixeess dimethyl phosphite was removed in
vacuo (20 mm Hg, 100°C). The crude phosphoBa2 (3.49 g) still contained some dimethyl

phosphite and was immediately deprotected withoytfarther purification.
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Aminomethylphosphonic acid (3.26)

O O
N H — ® un H
<N NUOEt 2N~ OH
Ph;C OEt o
3.42 3.26

A mixture of diethyIN-(triphenylmethylamino)methylphosphong®&42 3.49 g, 9.1 mmol) and
HCI (6M, 22 ml) was refluxed for 2 h. After coolifrg room temperature the reaction mixture
was extracted three times with gF,. The organic layer was discarded and the aquees |
was concentrated under reduced pressiie.residue was dried in a vacuum dessicator (KOH)
for 18 h and purified by ion-exchange chromatogyagfbowex 50x8, Hwater as eluent).
Fractions containing product (detected by usinglat®n of 0.2% ninhydrin in 96% EtOH and
heating) were pooled and concentrated under redpressure to give crystalline product that
was recrystallized from water and ethanol to yietdorless crystals of aminophosphonic acid
3.26(0.608 g, 60%, contained 8 mol % of EtOH); mp. 338°C (decomp) (lit’! 342-345C).

'H NMR (400.27 MHz, RO): 6 = 3.15 (d,J = 12.7 Hz, 2H, NCH).
3C NMR (100.65 MHz, BO): 6 = 36.16 (dJ = 141.4 Hz).

31p (162.03 MHz, BO): 6 = 10.82.

(R)- and (S)-Amino-[D jJmethylphosphonic acid [R)- and (S)-[D1]3.26]

0 0
gl Nl b
—> 5 —
- SCOEt ~C N OH
Boc Rz\\\\<Rl OFt RzKR' OH
(R-[D;13.37:R'=H,R?>=D (R)-[D;13.26: R'=H,R?>=D
(S)-[Dy]3.37:R' =D,R?>=H (S)-[D;]3.26: R' =D, R?>*=H

A mixture of ®)-diethyl N-(t-butoxycarbonyl)amino-[EJmethylphosphonate R)-[D;]3.37,
0.106 g, 0.37 mmol] and HCI (6M, 3 ml) was refluxied 6 h. The mixture was concentrated
under reduced pressure and dried over KOH in vacdassicator for 18 h. The residue was
purified by ion-exchange chromatography (Dowex 50kB, water as eluent) to give the
phosphonic acidR)-[D;]3.26 (0.017 g, 41%) as colorless crystals that werel iee Mosher
amide.
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(S-Amino-[D;]methylphosphonic acif{S)-[D1]3.26

Similarly, (§-diethyl N-(t-butoxycarbonyl)amino-[EJmethylphosphonate §-[D1]3.37, 0.218 g,
0.81 mmol] was converted tdS)famino-[DiJmethylphosphonic acid(S)-[D1]3.26 0.018 g,
20%].

Analytical samples of bothRj- and G)amino-[D;Jmethylphosphonic acid were recrystallized
(water: ethanol = 1:1) and their NMR spectra wdentical:

'H NMR (400.27 MHz, DO, 4.8):6 = 3.13 (dJ = 12.4 Hz, 1H CHD).

¥C NMR (100.61 MHz, BO): 6 = 36.26 (tdJ = 142.1, 21.6 Hz, CHD).

3lp (162.03 MHz, BO): 6 = 10.78.

(R)-Mosher amides of dimethyl aminomethyl- and R)-dimethyl
amino[D;]Jmethylphosphonate and §)-Mosher amide of §)-dimethyl amino-
[D41]methylphosphonate [3.44,R)- and (S)-[D1]3.44]

0 0
Nl g 0
2 — E—— S—
\ SSOH - SOMe
RZKRI OH MTPA RZ\\}<RI OMe
326:R'=R?>=H 344:R'=R?=H
(R)-[D,]3.26: R' =H,R>=D (R)-[D]13.44:R'=H,R?>=D
(S)-[D;]3.26: R' =D,R?>=H (S)-[Dy]3.44:R' =D,R?>=H

Trimethylchlorosilane (0.105 g, 0.97 mmol, 0.123)mkas added to a mixture of
aminomethylphosphonic aci®.6 13.5 mg, 0.12 mmol) and dry pyridine (2 ml) undegon. It
was heated to 100°C for 3 min to dissolve the phosjz acid and then cooled to ambient
temperature. After the addition d){MTPACI (0.24 mmol, 0.453 ml, 0.53 M in dry G&l,)
stirring was continued for 18 h. Water (5 dropskwdded and the mixture was stirred for 5 min
and then concentrated under reduced pressure. 24CI15 ml) and water (5 ml) were added and
the mixture was extracted with,Bx. The organic layer was discarded and the aqueyeas was
concentrated under reduced pressure. The resideedissolved in water and passed through
Dowex 50x8, H (water as eluent). The eluate was concentratedrineduced pressure and dried
in vacuo. Dry methanol (5ml) was added and a tbstiethereal solution of diazomethane was
added until the solution remained yellow. It wasa@antrated under reduced pressure and
purified by flash chromatography (ethyl acet@®es 0.23) to yield R)-Mosher amide3.44(16.5
mg, 39%) as a colorless oil.
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'H NMR (600.13 MHz, tolueneght 6 = 7.64 (d,J = 7.7 Hz, 2H, CH), 7.09-7.01 (m, 3H, CH),

6.91 (br. s, 1H, NH), 3.50 (ddd,= 15.7, 11.9, 6.7 Hz, 1H, NCH), 3.33 @z= 10.8 Hz, 3H,
POCH;), 3.28 (d,J = 10.8 Hz, 3H, POC¥), 3.28 (ddd, overlaps with signals from PO B =

6.0 Hz, 1H, NCH), 3.22 (g} = 1.5 Hz, 3H, OCHh).

'H NMR (400.27 MHz, Tol)s = 7.64 (d,J = 7.6 Hz, 2H, CH), 7.09-7.01 (m, 3H, Ck), 6.87
(br. s, 1H, NH), 3.49 (ddd} = 15.8, 11.8, 6.5 Hz, 1H, NCH), 3.33 (= 10.8 Hz, 3H, POCHj,

3.29 (d,J = 10.8 Hz, 3H, POCH¥), 3.29 (ddd, overlaps with signals from POLB = 6.0 Hz —
only this one could be determined, 1H, NCH), 3@1E 1.5 Hz, 3H, OCHh).

%P NMR (161.98 MHz, CDG): d = 25.40.

(R)-Mosher amide ofR)-dimethyl amino-[Q]methylphosphonateR)-[D;]3.44
Similarly, (R)-amino-[D;Jmethylphosphonic acid R)-[D;]3.26 0.012 g, 0.11 mmol] was
converted to theR)-Mosher amideR)-[D,]3.44(0.024 g, 62%, de > 94%).

(S-Mosher amide of)-dimethyl amino-[Q]methylphosphonate §-[D1]3.44

Similarly, (§-amino-[DiJmethylphosphonic acid §-[D1]3.26 0.011 g, 0.10 mmol] andR}-
MTPACI (0.050 g, 0.2 mmol) were converted to tig-Nosher amide -[D;]3.44 (0.023 g,
66%, de > 94%).

The'H and**P NMR spectra forR)- and §)-Mosher amides were identical:

IH NMR (400.13 MHz, toluenegt & = 7.64 (d,J = 7.6 Hz, 2H, CH), 7.09-7.01 (m, 3H, CH,
6.87 (br. s, 1H, NH), 3.34 (d,= 10.8 Hz, 3H, POCH, 3.29 (d,J = 10.8 Hz, 3H, POCH, 3.29
(dd, overlaps with signals from POgHH, NCH), 3.23 (qJ = 1.5 Hz, 3H, OCHh).

%1p (161.98 MHz, CDG): 6 = 25.35.
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6 Summary

(R)- and ©)-tributylstannyl-[DiJmethanol were transformed into a variety of chirathylmetals
to determine their reactivity and configurationtltslity. The transformations were optimized in
the unlabelled series. Tributyl(fluoromethyl)staneavas transmetalated with methyllithium. The
fluoromethyllithium formed in the presence of agdtenone reacted with it at -T8and -95°C to
give a tertiary alcohol. Surprisingly, fluoromethiylium is chemically stable for its short
lifetime. This information justifies later experimis in the labelled series.

The Stille coupling was performed with enantiomeo$ tributylstannyl-[D]methanol,
tributylstannyl-[DiJmethyl benzoate andN-protected amino-[EJmethylstannanes and benzoyl
chloride or bromobenzene in toluene and 1,4-dioxahdemperatures ranging from room
temperature to 100 °C. Palladium(0) in combinatiaith triphenylphosphane or tris(
butyl)phosphane was used as catalyst, sometiméscefper(l) cyanide as additive. According
to the generally accepted mechanism for the Stdlection, Pd(ll) complexes containing a
benzoyl or a phenyl group and phosphane ligandstagavith the various stannanes to give
chiral methylpalladium complexes, which undergo uaive elimination to form coupling
products. These were converted to compounds, wbosiguration at the deuterium bearing
carbon atom could be determined By NMR spectroscopy. It was found that the oxygen-
substituted chiral [EJmethylpalladium complexes are configurationallaldé relative to the
reductive elimination. Furthermore, the C-C bondsfarmed with retention of configuration at
the stereogenic centrid-Protected chiral aminomethylstannes can be Sfiligled with benzoyl
chloride giving products with the enantiomeric esses of 99%, but with bromobenzene with
partial razemisation. Sulfur-substituted methyladilim complexes could not be formed.
Phosphinothricin, a glutamine synthetase inhibiaduced by various strains 8treptomyces

is a commercially important herbicide, used esplgciaith certain transgenic plants. Its
biosynthesis is very challenging. To unravel theerexsichemistry of the 2-
hydroxyethylphosphonate dioxygenase (HEPD), thatveds 2-hydroxyethylphosphonate to
hydroxymethylphosphonate and formic acid, the eoamrs of R)- and §-hydroxy-
[Di]Jmethylphosphonate were prepared using microsclyiconfigurationally stable chiral
phosphinyloxy-[Q]methyllithiums as intermediates. The cooperaticarter converted the
enantiomers of 2-hydroxy-[1-[ethylphosphonate using HEPD to Ilabelled hydroxy-
[D1]methylphopshonates. The samples were derivatinedf@nd by'H NMR spectroscopy to

be racemic.
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Finally, the enantiomers of amino-{[nethylphosphonic acid with the enantiomeric exesss
at least 94% were synthesized via phosphoramidaieegphosphonate rearrangement of chiral

N-phosphorylated amino-[{methyllithiums.
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7 Zusammenfassung

(R- und ©-Tributylstannyl-[DJmethanol wurden in verschiedene chirale Methyldheta
Verbindungen Uberfuhrt, um ihre Reaktivitat und figurative Stabilitdt zu untersuchen. Die
Umwandlungen wurden in der nicht markierten Segpénaiert. Tributyl(fluormethyl)stannan
wurde mit Methyllithium transmetalliert. Das Flucethyllithium wurde in Gegenwart von
Acetophenon gebildet und reagierte damit bei’G78nd -95C zu einem tertiaren Alkohol.
Uberraschenderweise ist Fluormethyllithium wahreather Lebensdauer chemisch stabil. Diese
Information rechtfertigt spatere Experimente in aherkierten Serie.

Die Stille-Kupplung wurde mit Enantiomeren von Tstannyl-[Di]jmethanol,
Tributylstannyl-[D)Jmethylbenzoat und N-geschitzten Amino-[@methylstannanen und
Benzoylchlorid oder Brombenzol in Toluol oder 1,#6kan bei Temperaturen von
Raumtemperatur bis 100 durchgefiihrt. Palladium(0) in Kombination mit @menylphosphin
oder Tris{-butyl)phosphin wurde als Katalysator verwendetnammal auch mit Kupfer(l)cyanid
als Additiv. Gemal3 des allgemein akzeptierten Meidmaus der Stille-Reaktion reagierten
Pd(Il)-Komplexe mit einer Benzoyl- oder Phenyl-Gpep und Phosphinliganden mit den
verschiedenen Stannanen zu chiralen Methylpalladlomplexen, die eine reduktive
Eliminierung zu Kopplungsprodukten eingingen. Dieagden in Verbindungen Uberfiihrt, deren
Konfiguration am Deuterium-tragenden Kohlenstoffatomittels *H-NMR-Spektroskopie
bestimmt wurde. Es wurde festgestellt, dass die eStff-substituierten chiralen
[Di]Methylpalladium-Komplexe relativ zur reduktiven iBinierung konfigurativ stabil sind.
AulRerdem wurden die C-C-Bindungen mit RetentionKlanfiguration am stereogenen Zentrum
gebildet.N-Geschutzte chirale Aminomethylstannane konntenBuaitzoylchlorid zu Produkten
mit einem Enantiomereniberschul? von 99% Stille-gpklt werden, aber mit Brombenzen zu
partiell racemischen Produkten. Schwefel-substitiiglethylpalladium-Komplexe konnten nicht
gebildet werden.

Phosphinothricin, ein Inhibitor der Glutaminsynts, das von verschieden8treptomyceten
Stammen produziert wird, ist ein kommerziell wigets Herbizid, insbesondere bei bestimmten
transgenen Pflanzen. Seine Biosynthese ist selprwisvoll. Um die Stereochemie der 2-
Hydroxyethylphosphonat-Dioxygenase (HEPD), die dasHydroxyethylphosphonat in
Hydroxymethylphosphonat und Ameisensaure umwandelt, untersuchen, wurden die
Enantiomere vonR)- und §)-Hydroxy-[D;]Jmethylphosphonat mit der Hilfe von mikroskopisch

konfigurativ ~ stabilen chiralen Phosphinyloxy4]Bhethyllithium-Verbindungen als
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Zwischenprodukte synthetisiert. Der Kooperationspgar wandelte die Enantiomere von 2-
Hydroxy-[1-Dj]ethylphosphonat mit der Hilfe der HEPD in die marten Hydroxy-
[D1]methylphopshonate um. Die Proben wurden derivatisind mittelsH-NMR-Spektroskopie
untersucht. Beide Proben waren racemisch.

Zuletzt wurden die Enantiomere der Aminogethylphosphonsaure mit einem
Enantiomereniuberschul3 von mindestens 94% mit idéfePhosphoramidat-Aminophosphonat-
Umlagerung von chiralen N-phosphorylierten  Amino-[EJmethyllithium-Verbindungen
sythetisiert.
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