CHAPTER III

RESULTS AND DISCUSSION

3.1 Analytical methods for the determination of enantiomeric purity of

o-hydroxyphosphonates.

31.1 ‘ (//

Enantiomers cannot be listing ishe h1ral medium by their NMR
spectra because their resa S ar ' quuwalent (isochronous). In
contrast, diastereomers may bedisis i \ rtain resonances are chemical
shift non-equivalent (amsd f ). ; enantiomeric purity using
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chemical shift non-equivalgi ff , : ine resolution, integration of
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There are three types o chl‘f‘gfgu;cil"' 3 y used. Chiral derivatizing agents
(CDAs) form diastereomers while #’aﬁml (CSAs) and chiral
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3.1.1.1 Chiral derivatizing agents (CDAs). An enantiomeric mixture
can be converted to a pair of diastereomers prior to NMR analysis by the reaction
with a chiral derivatizing agent. A CDA forms discrete diastereomers free from the
effect of chemical exchange, unlike chiral solvating agents and chiral lanthanide shift

reagents which form diastereomeric complexes via reversible equilibria. The
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magnitude of the chemical shift non-equivalence, A8, is typically five times larger
than that observed in the presence of a chiral solvating agents (CSA).

The method using optically active o-methoxy-a-(trifluoromethyl)phenylacetic
acid (51, MTPA; Mosher’s acid) as a chiral derivatizing agent has been employed
most widely. This procedure, however, is not applicable when the '"H NMR signals of
the respective diastereomers are not sufficiently separated, or when the crucial signals

overlap with other resonances. In such cases, the presence of CF; group allows the use

of ’F NMR which is much less ¢ f)therefore baseline separation is more
likely. SN ‘///,

(R)- or (S)-MTPA Mosher’s ester
51 52
(a: R=Me; b: R=Et)

Figure 3.1  Preparation of diastereomeric Mosher’s esters.
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Alternatively, Spilling and co-workers determined the absolute configuration
of a-hydroxyphosphonates by NMR spectroscopy of the O-methyl mandelate ester
derivatives (54).> The O-methyl mandelate ester diastereomers were cleanly
separated by chromatography on silica gel and were distinguishable by their "H NMR
and *'P NMR.
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3.1.1.2 Chiral solvating agents (CSAs). When a chiral solute
dissolves in a chiral solvating agent a stereochemical interaction must be involved.
Chiral solvating agents form diastereomeric solvation complexes with the substrate
enantiomers via rapidly reversible equilibria in competition with the bulk solvent. The
advantage of the CSA technique is that it is quick and simple, requiring no separate

derivatizing reaction prior to NMR assay. There is no problem with accidental
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enrichment or racemization of the sample due to differential reaction rates, provided
that the sample remains in solution in the presence of CSA. The enantiomeric purity
of CSA is not crucial. If a CSA of less than 100% ee is used, the magnitude of the
chemical shift non-equivalence is reduced but the relative signal intensities are not
affected. In general, the magnitude of the chemical shift non-equivalence is smaller
than when using CDAs, but with the advent of high modern field NMR spectrometers
widely available nowadays, this advantage is no longer crucial. In addition, the
limitation of this method is that o

Nonpolar solvents (CDC13, nm

ited range of cosolvents may be used.

end to minimize the observed

anisochrony between the om ic cOiiaplexes while more polar solvents

preferentially solvate the, seluté”an

the A5 . Lejczak and co-workers
Sutes oarmqg“metermination of a-

reported an example
hydroxyphosphonates by ne was employed as a

chiral solvating agent.**

metal is being used. Ihe size of the shlﬁs is det yi the distance of the given

type of proton from the'donor group. S thanide complexes form
weak addition comple)‘t} with a large va

exchange with unbond ogﬂc substrate on@e NMR time scale. The association

complexes forﬁdﬂe%@% E}%ﬁ%ﬁ "})‘Iﬁ'e] %advantage of this

technique is thef$evere line broademng which occurs as a result of paramagnetic
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3 1 2 Chromatographic methods.

organig};ompound that is in fast

3.1.2.1 Gas chromatography. An attractive method for the analysis
of mixtures of enantiomers is chiral gas chromatography (GC). This sensitive method
is unaffected by trace impurities, and quick and simple to carry out. The premise
upon which the method is based is that molecular association may lead to sufficient

chiral recognition that enantiomer resolution results. The method uses a chiral
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stationary phase, which contains an auxiliary resolving agent of high enantiomeric
purity. The enantiomers to be analyzed undergo rapid and reversible diastereomeric
interactions with stationary phase and hence may be eluted at different rates. The
limitations of this method are that samples should be sufficiently volatile and

thermally stable, and should be quantitatively resolved on chiral GC phase.

3.1.2.2 High performance liquid chromatography. The principle of
enantiomeric  separation by chro phic method involves short-term
diastereomeric interactions of the twbéq ) ith a chiral stationary phase. The
diastereoisomeric complexes m w111 haé’enﬁcal stabilities and hence

elute at different times.

fathwo components in HPLC
/&{ld erectly to the efficiency of

an iEty of packing. Efficient
components having o > 1.05. In
HPLC technique, pre- , ' ati _f € l;he\n& of racemization) with a
chiral derivatizing agenifmay be re ” ed- atographically separable

eluant. Most of reported d= iomeric chromatographic analysis
techniques on chiral HPLC colum‘nﬁh s Dai ChiralPak AD®, or ChiralPak AS®
to determine the optlc@‘punty of a-hydro:(&phosph ?‘

3.2  Theresults of a letlcalm tion of enantiomeric

purity of a-hydrogy&hosphonates

o 4 SRS o s

o-hydroxyphosphgnates, two analytlcal techniques were compared in this study,

/
namely i m »3 Ym ugh chiral
HPLC mﬂ ﬁa m 11d or enantiomeric separation, the

technique requires expensive columns, solvents, and other accessories. We, therefore,

D3

intended to focus first on rapid, convenient, yet reliable methods available at hands.
Initial experiments involved a search for a suitable analytical technique to

separate enantiomers of model substrates for the study. Herein the separation

techniques for determination of enantioselectivity of a-hydroxyphosphonates were

studied. Results from NMR spectroscopy and chiral GC analyses will be reported.
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3.2.1 NMR spectroscopic analysis.

In theory, determination of enantioselectivity of reaction by 'H NMR
spectroscopy can be achieved by monitoring the integral ratios of the proton at the o
position to the phosphonyl group. For a-hydroxyphosphonic acid derivatives, the
methine proton resonance in CDCI; appears as a doublet due to the phosphorus-proton
coupling (*Jpy = 9-12 Hz, 8y ~ 5 ppm), with no interference by the alkyl proton of the
alkoxy groups. This doublet of enantiomeric protons should split in to 2 sets of

doublet under chiral environmen{.\_&‘# ot it will split and its magnitude

depends on the type of chiral g\ 1 derivatizing agents employed

which will be discussed nexte -

—
32.1.1 R/ )

agents offer a more difect

enantiomeric compositi | ie.- rder s%n for an effective chiral
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alcohols and amines by NMR ‘taethod, i
acid (MTPA or Mosher’s acid, 51, was {ested as
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observed. Additional amounts of the chiral solvating agent were added at a 0.5 equiv
increments. However, even after 3 equivalents of 51 were added to, no separation of
the peak of enantiomeric proton was observed. Therefore, the use of another CSA
was investigated as an alternative. An attempt to separate enantiomeric isomers of
S0b was carried out by using (1S)-(+)-camphor-10-sulfonic acid (57). Unfortunately,
an addition of up to 2 equivalents of 57 to the NMR solution of 50b did not result in
any peak separation in the 'H NMR spectra.
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It was speculated that the failure tojobserve signal resolution in the 'H NMR

)

spectra even after the chiral s i e added may be due to a low
magnitude of the chemical no \% ‘ ssible alternative explanation
include a slow chemical €xchange rate etw%ompound of interest and the

3212% sis/ emp hira rivatizing agents.  As
mentioned previously, ifal /derivafizing agent form discrete diastereomers free

from the effect of chemigal e ‘henceitypically giving larger magnitude of the
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Figure 3.4 (a) shows a 'H NMR spectrum of racemic phosphonate 50b prior to
derivatization with Mosher’s acid. The inset illustrates the doublet peak of the o
proton. A 'H NMR spectrum of the isolated MTPA esters of 50b is shown in Figure

3.4 (b).
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hydroxyphosphonate 50b before derivatizing with Mosher’s acid; (b)
(R)-MTPA ester of 50b.
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It can be seen that the o protons of the previously two enantiomers can now be
distinguished as they now have diastereomeric relationship. This results in an
appearance of two sets of doublet peaks with different chemical shifts. Although the
two sets are not completely resolved, reliable determination of peak integral should
still be possible.

The determination of the enantiomeric composition phosphonate 50b was also

performed employing *'P NMR spectroscopy using the same set of samples. Figure

3.5 (a) shows a *'P NMR specmtw racemic phosphonate 50b prior to
derivatization with Mosher’s % corresponding to S0b was
observed. The spectrum m” s @r& (b)) appears as 2 peaks of
equal intensity corresponding () _:as,_. ‘mfthe esters.

‘was also explored for its

Alternatively,

use as a chiral derivati ge -H ospl S0b was treated with 58

Augangninegans -
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As illustrated above, enantiorfieric compositions of the hydréphosphonylaing
produciat Ve deabitge sty o 9 of ' NOIR pdkdoy o
Mosher’s” esters converted from the a-hydroxyphosphonates. However, this
technique requires an equimolar amount of the chiral derivatizing agent at high optical
purity, the cost of which is relatively high. Besides, a full step of reaction including
work up and purification of the esters, which would obviously lengthen the entire
process, prior to NMR analysis is also required. Therefore, this method, although can
be used in principle, is of lower priority if a more direct and facile method is

available.
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The °'P NMR spectra (CDCl;, 20235 MHz) of (a) o-
hydroxyphosphonate 50b before derivatizing with Mosher’s acid; (b)

(R)-MTPA ester of 50b.
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3.2.4 Chiral GC analysis

While determination of enantiomeric purity by means of NMR spectroscopy
was explored, an alternative method employing chiral gas chromatographic analysis
was also investigated in parallel. It is precedent that determination of 1-phenylethanol
and its derivatives by chiral gas chromatography on chiral column containing
modified B-cyclodextrins was successful.® The chiral stationary phase used was
heptakis(2,3-di-O-methyl-6-O-tert-butyldimethylsilyl)cyclomaltoheptaose (BSiMe). It

was then envisaged that enantiomeric'f hydroxyphosphonates 50, possessing

structurally similar chiral moi ight separate on such a chiral

column. Therefore, sep@ace?ic @a-hydroxyphosphonates on
chiral gas chromatograp ich w ‘\Gq\de in OV-1701 and 10%
BSiMe in PS255 were edl ipate of the enantiomeric pair

of most of the a-hydro od to excellent baseline
separation under both isg onditions. Figure 3.6 (a)
shows a representative ¢ eaks corresponding to the
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Figure 3.6  GC chromatograms on a 15.092 m long, 0.25mm i.d., capillary, coated
with 0.25um film of 10% BSiMe in PS255. Temperature program:
140°C (12.5 min) 15°C/min 240°C of: (a) racemic mixture of 50aa; (b)
product mixture of 50aa obtained from a catalytic asymmetric reaction.
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Good to excellent baseline separations were observed for almost all of the
racemic a-hydroxyphosphonate 50 tested. Apparently, chiral gas chromatography on
the specified stationary phase under the conditions explored offers itself as a reliable
and speedy method of choice with high accuracy. Therefore, all of the determination

for enantiomeric compositions were performed using this technique by Miss Jirawit

Yanchinda under the supervision of Dr. Aroonsiri Shitangkoon.
3.3  The synthesis of a-hydro

S.
3.3.1 Synthesis of HK : %honates.

Racemic a-hymoxgmtesihavemesized through both base-

catalyzed hydrophospho!ﬂ'.——' ( \mwl phosphite (Pudovik
reaction) and acid-ca ed v reaction) where trialkyl phosphites
were used as nucleophi Jitis y accepted that dialkyl

\
fi "@osphite, 5) and the keto

is the unreactive form, and

phosphites exist in two

4
-

conditions of the Pudovik reactiof. '~ ' VA

Q
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reference compounds for verification and comparison purposes where enantiomeric
analyses are concerned. In our approach, dialkyl phosphite was used as a
phosphonylating agent because it is more easily handled than trialkyl phosphite. In
general, dialkyl phosphite is commercially available. Unfortunately, such phosphorus
compounds could not be obtained in Thailand due to the strict exporting 1egulations
by the US government and the EU. Therefore, they need to be synthesized by the
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reaction of phosphorus trichloride and alcohol in the presence of triethylamine. In
general, dialkyl phosphite was added to an aldehyde in the presence of triethylamine
under a solvent free condition following the method of Pudovik.”® For most of the
compounds prepared by this method, the reaction was quite slow and low chemical
yields of the desired products were obtained. The data are summarized in Table 3.1.
Firstly, 50b was synthesized from benzaldehyde and diethyl phosphite by
using triethylamine at 80 °C, the product was obtained in 78% (entry 1). To synthesize

'w including aliphatic and aromatic

J

other a-hydroxyphosphonates, vari

entry  Product I mm }% (°C) time yield (%)

1 50b 8d
2 50c 44 7
3 50m 1d .
4 50e 3d 29
= | 50g _._'____ =3 44d -
6 50i ﬁ‘ | 1d

7 50a e CeHs 7h 4
8 ﬁ 7d 14
_—GL) mﬂmwmm o
10 50d Me 4-NO,CéH; CHyClhes 1t 26
1 QW a»aenww'n wmw 5
12 Me 4-CICe¢H,4 20
13 50h Me Ce¢HsCH=CH - 75 1 17

The progress of the reaction was determined by TLC, the reaction was allowed
to stir until the consumption of all substrate was observed. As shown in Table 3.1, the
aldehydes with electron donating substituents on aromatic ring, such as methoxy

group (entry 2), gave a low yield of the product (7%). Changing the substrate to a
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more electrophilic one, containing electron withdrawing substituent such as a nitro
group, only marginally improved the yield (29%, entry 4) but the reaction time is
significantly shortened.

After several attempts, dimethyl phosphite, a more reactive nucleophile than
diethyl phosphite was examined. Several other a-hydroxyphosphonates were
synthesized, still in rather low yields. Attempts to use alumina as a catalyst for the

reaction following a report by Foucaud and Texier-Biullet,”” in the synthesis of o-

hydroxyphosphonates were carrie \‘E’lr low yields were still obtained, for
instance 18 % for 50a and 16% & //
It was hoped that &the@ormutomer trialkyl phosphite,

the desired product with

would improve the chemi

trimethyl phosphite pr examined. Due tc the

sensitivity to oxygen eaction was carried out
under an inert atmosphegé. ng i ields obtained from the

reaction of benzaldehydes imef yl till low (23%). Anyway, the

3.3.2.1 Pudovik™ réacﬁ’onsr’ ";’:* noted

X I— ——

p.ﬂ.‘t'lg‘dlvl«"‘imnnm-’?'\’m-‘i 0 Sition metal catalyst

YR
such as titanium comﬁ erived fror ﬁnd binaphthol-modified

lanthanoid alkoxide (61)in the asymmetric Pudovik affor

and enantloseleﬁ (u EJ /g tn EJ nj}j{* EJ r] ﬂ ‘j
Sednal S

61

products in good yields

As mentioned earlier, phosphonates exist in two tautomeric forms, the
phosphonates 4 and phosphite 5, with the latter being the predominating species
under neutral condition (Figure 3.7).%° It was, however, assumed that the phosphite

tautomer S, bearing non bonding electrons, would be more nucleophilic and would
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play an important role in the formation of the carbon-phosphorus bond under basic
conditions of the Pudovik reaction.® In addition, it is well known that transition
metal catalysts such as titanium alkoxides and lanthanoid alkoxides can act as weak
bases.”” Shibuya and co-workers, therefore, proposed that these catalysts can also
perform as the activator to dialkyl phosphite towards the Pudovik reaction through a
ligand-exchange mechanism as shown in Figure 3.7.°° The resulting organometallic

phosphorus species 63 would add to aldehyde to form a-hydroxyphosphonate 50. In

this reaction, the high coordinatio; ability o ium and lanthanoid atoms would
tween the aldehyde and the

organometallic phospho PECIES™E 3 uﬂ tr@e such as 64. Therefore,

introduction of chiral li .

an enantioselective of a-

hydroxyphosphonates.
0
H-P(OR),
4 R2-CHO
(l)H Step-2
*P(OR),
o b . : X' (OR")p-1
M
m 7\
82 A\ /O

OHﬂ‘L!EI ugmwm \°R
/k OM(OR ")ge
B QWH’/&W

65

R'OH

M = Ti or lanthanoid metals

n=4or3

Figure 3.7  Schematic representation for the catalytic Podovik reaction catalyzed
by metal alkoxides.
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In accordance with the strategy outlined in Figure 3.7 for enantioselective
hydrophosphonylation of aldehydes with dialkyl phosphites, the possibility of using
titanium isopropoxide, Ti(OiPr)4, as a catalyst of the Pudovik reaction was examined.
In theory, only one equivalent of dialkyl phosphite should be sufficient for the
reaction. However, the result reported by Shibuya® showed that 2.2 equivalents of
diethyl phosphite were needed in order to obtain the desired compound in high yields
(80-90%). In addition, a reaction condition used by Shibasaki required a much higher

amount of diethyl phosphite (5.0
reactive nitrogen analogs of aldehydes,
good yields (albeit long @ﬁo@.

preliminary study in ordessto"Searet for sui -‘Ms which do not require a

1 lower amount of the

in most cases) to imines, the less
ilitate the reaction to proceed in

ed sensible to perform a

stoichiometric amoun

phosphonylating agent. e influence of various

NE - 2ird
Table 3.2 Hydrophosphonylatlon Qﬁﬁethj ! phite (DMHP) and benzaldehyde
b ‘_,..-,,l:f, JA T -

in THF under various f.xlount of DMHP and

3 ﬂﬁmwmﬁmm 22

{7 a‘\‘iﬂim UM NN A Bl

“Reaction fime: 2 days. ° Isolated yield.

Next, the reactions were performed at room temperature at various amounts of
dimethyl phosphite from 2.2 equivalents to 3.1 and 5.0 equivalents (entries 1, 3, and
4, Table 3.2) giving product 50a in 31, 29, and 42%, respectively. It can be seen that
although an increased amount of dimethyl phosphite was added, chemical yields did
not increase significantly (compare entries 1, and 4). As a result, it can be implied that

higher amount of phosphorus nucleophile could not significantly drive the equilibrium
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further in the forward direction in this case. In addition, the effect of amount of
catalyst was also studied. The amount of catalyst was increased from 20 mol% to 50
mol%. The yield has improved. However, a lower amount was a preferred condition
considering that catalytic condition is our ultimate goal. Therefore, the preliminary
condition of the hydrophosphonylation under the study required the use of 20 mol%
of Ti(O'Pr)s, 2.2 equivalents of dialkyl phosphite at room temperature in THF. This

developed condition was used for the rest of the reactions of aldehydes and diethyl

phosphite. : '
Following the optimize%,.,_

obtained in 96% yield from@nen‘t’of
T —— -

the presence of 20 mol?

-hydroxyphosphonate 50b was
) xde with diethyl phosphite in

i %t room temperature. In
'Pr)s. TiCL, $aCL, A(OPr);, Sc(OTH,
S 2C8vaRINGe

addition, various metal

Yb(OTH)3, and InCl; wer tions in various solvents.

As shown, in
metal salts, no product
the product in 96% (entry
which is more electrophilic

more reactive than diethyl phospm;-Wﬁs employe

T ol

may be pointed out th,_) no product was rﬂatected M§ here metal ions in the
lanthanide series were Used. Another observ S the results from reactions

-

where Al(O'Pr)3 was utiged No produe rved w@ benzaldehyde was used
in the presence of Al(O' Pg-)ﬁentnes 5-7 and, 1 ) whereas, moderate yields of 50d

were obtained ﬂ&utﬂ .Gg %1%}%@‘ w%jerrﬁﬁenzaldehyde was

employed (entrieg| 13-15). So far the Lewis acid appropriate for catalyzmg the

RN AL, .

being a donating solvent, could facilitate the reaction quite cleanly yielding the
product in 96%. Relatively non polar solvent with no donating ability such as toluene
gave low product yields. THF seemed to be the best choice of solvent and would be

used throughout the rest of the experiments.
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Table 3.3 Hydrophosphonylation of benzaldehyde with diethyl phosphite by

various Lewis acid catalysts at room temperature.”

OH
_ry Hﬁ (OR), 20 mol% Lewis acid R .'? (OR),
50o
entry product R R’ Lewis acid solvent  time® yield (%)°

1 50b Et THF 14 h 96
2 50b Et toluene 14h 29
3 50b Et 14h 70
- 50b Et 14 h 65
3 50b Et 3d -
6 50b Et 3d -
4 50b Et 3d -
8 50b Et 4d E
9 50b Et 4d -
10 50b Et 4d -
11 50a Me 2d a1
12 50a Me 4d -
B 50d Me 4 2d 68
149 50d  Me ¥ AN Cobr———AKOPE: Sdede?!  2d 44
15 50d Me “ 2d 62
16 50d Me 4°NO,CeHy Sc(CF3S803)3 2d -
17 50d ﬁﬁ W .
o so0 Fudhbodat] ?;I’Iﬁ‘i |
19 50d Me 4-NO,C¢H; ¢ TiCls - -
20 ammmm we] ] WEH ﬂa&l :
21 Me 4-CIC¢H,4 Al(O'Pr); -
22 50h Me C¢HsCH=CH AI(O'Pr); THF 3d 18

“ Reaction performed by using 2.2 equivalents of dialkyl phosphite . * The reaction was
carried out to the total consumption of the substrate. ‘ Isolated yields. ¢ toluene was used
without drying.

Next, preliminary experiments on catalytic asymmetric synthesis of

a-hydroxyphosphonates 50 were carried out in the presence of organometallic
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complexes of Ti(O'Pr); or Al(O'Pr); Lewis acids with chiral ligands. Optically active
ligands of interest are shown in Figure 3.8. In reports by Mansawat and co-workers,
complexes formed from Ti(O'Pr)4 and chiral amino alcohols* or peptide Schiff base™®
have shown to be efficient catalysts in asymmetric Strecker reaction. Therefore, it is
envisaged that these ligands might also be efficient catalysts for asymmetric
hydrophosphonylation.

Altematlvely, ligands which are commerclally available such as BINOL (66)

e most efficient catalyst.
The reactions were carzie@ : of Ti(IV)-chiral ligands
such as (R)-(+)-1,1'-bi(2#haphthol) BINOL, 66), ( opropyl tartrate (DIPT, 67),
[ 169, "peptide Schiff base 70 and
| were obtained from Ms.

The optimized ca

amino alcohol 71a (7

Woraluk Mansawat, wherez Vis. Siriporn Jiwpanich.*’

al=

®66 ¢ (67

A m‘wﬂmwmm

%ﬁm u@gwm

70

Figure 3.8  Various interesting chiral ligands.
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R = 'Pr, ‘Bu, (CH3)(CH,CHa),
H Ph, and Bn
R’ =H and 3,5-di-Bu, 3-Ph

OH OH OH
(S)-71a
OH OH OH
S)-71c

@Cﬁ | OH  ¢a ‘ f OH
sool U TN AT NE N Tom

rasngaiunghean

(S)-711

Figure3.9  Amino alcohol ligands synthesized in this laboratory.
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The reactions of dialkyl phosphite and two representative aldehydes namely,
benzaldehyde and 4-nitrobenzaldehyde, were carried out in THF at room temperature
to screen for potential catalysts. Selected results are shown in Table 3.4. The catalysts
were prepared in situ by the addition of the metal salts to a solution of ligand and

allowed to stir for 1 h under nitrogen atmosphere for the complex to form.

Table 3.4 Asymmetric hydrophosphonylation of dimethyl phosphite to aldehyde

with titanium-complex catalyst.

OH

*

P(OR)2

"'MMe R'=Ph

S0h R =Et, R" =Ph
' =Et, R' =4-NO,C¢H4

R'CHO +

entry product Chl ﬁ i’

s .aj . yield ee
7T \1\ il

1 50d Al(O'Bf); “tol uene | 2d 41 0
2 s50d  AlOPr) e W\ 2d 31 0
3 50d ' 2d - .
4 50d 5d = .
5 5o0d ,, ~2d 0 0
6 50b i(O'PD; S)- y3 Xl1d 38 0
7 50b i(O' ' ()j_f] 1d 39 0
8 50b Tl(O'Pr)‘. (5)-67 THF, | 34 0
9 50b fJ )ﬂmw EJ q ﬂ ? 34 0
o w TRE T :
11 ‘P gﬁ ¢
: ﬁim&‘im mﬁ'n 1& Ma Ei :
13 Ti(O'Pr)s .
14 50a  Ti(OPr) 70 THF rt 2d - .
15 50a  Ti(O'Pr), (S)-71a THF . 2d - .
16 50a  Ti(OPr), (S)-71a THF . 3d - -

? Isolated yield.
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As shown, the yield of 50d obtained from the reaction in the presence of
Al(OiPr)3 were moderate, however, no enantioselectivity was observed. Several
attempts to utilize Ti(OiPr)4 to screen for good ligands were also performed, but none
of the reactions yielded the enantioselective products. It can be deduced at this stage
that these catalysts are not suitable for enantioselective induction in Pudovik reaction.
There is a need to find catalyst systems which can efficiently facilitate the reaction

while inducing asymmetry in the product.

promoted by

‘has been recognized that the
Pudovik reaction is a b wpoint of methodology, an
enantioselective Pudovi ic amount of chiral base
. t, Wynberg examined an
asymmetric Pudovik re “chir ' d from quinine as chiral

% ough this method was

base.”® However, the en
ient asymmetric catalysts
reported the catalytic

sing the Al-Li-BINOL complex
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Figure 3.10 The heterobimetallic complex of aluminium lithium BINOL (ALB).

According to Shibasaki’s work, it can be implied that the use of a
heterobimetallic catalyst exhibiting both Lewis acid and Lewis base character was an

effective method for Pudovik reaction. An additional report by Narashimhan and co-
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workers revealed heterobimetallic complexes of amino alcohol chiral ligands 72 and
73 which were shown to be effective catalysts in the Michael addition reaction
resulting in the production of the products in good chemical and enantiomeric yields
(65-86%, 37-84% ee) (Figure 3.11). In his report, Narasimhan also stated that
different lithium aluminium hydride (LAH):ligand ratios of 1:1 and 1:2, giving
proposed active catalyst structures of 72 and 73, respectively, would yield products

with different stereochemistry.

i | w/@;
72, THF, rt 3 THF, rt
( n'—_ H : : ‘ lllH
CH(CO5R), AR CH(COZR)Z
(R)-isomer (S)-isomer
Figure 3.11 one and malonate.
With the basis (gShibas ! an’s @robimetallic results, we

would like to find other lptg)bimetallic catﬂ‘y;t systems bearing different kinds of

metals or chiralﬂa% BWWEIQM especially of high

interest since thememployed chiral ammo alcohols, structurally similar to the systems
A AT T
catalyst ap §'

Synthesis of racemic a-hydroxyphosphonates using lithium aluminium hydride.
We first examined the possibility of using lithium aluminium hydride, LiAlHy,

LAH, as an activator for the Pudovik reaction. Although, the reaction proceeded

rather slowly, after a completion in 2 days the racemic a-hydroxyphosphonates was

obtained in 84% yield on the treatment of benzaldehyde with diethyl phosphite in the
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presence of 10 mol% of LiAlH4 in THF at room temperature. This reaction under the
condition used was far more efficient than what had been observed thus far.
Preliminary investigation of solvent effects was performed to screen for the
best medium. As shown in Table 3.5, the reaction proceeded smoothly in many
solvents including tetrahydrofuran, toluene, dichloromethane, and diethyl ether. All
reactions gave comparable yields with that in diethyl ether at a slightly lower yield.
As the result, slightly higher chemical yield was obtained when used tetrahydrofuran

as solvent. Tetrahydrofuran was chosilﬁ Wt in this reaction.

Table 3.5 Hydrophosph@t)f diethy ite and benzaldehyde in

difference solvents. "‘-._-_
% LAF -
NN P(OEt)
4 \\= (@)
entry Yield (%)*

1 84 o

2 83

3 83

4 73
* Isolated yield.

y he reaction of diethyl
phosphite with various ?Behy - phatic a@ aromatic ones using the

reaction condition mentlonl?d earlier. In1t1a11y, eneral scope of reaction with regard to

effect of subsﬂﬁﬁd???rﬁﬁj mﬁ(ﬂ ﬂiﬁ the absence of a
chiral ligand. e condition which t ydrofuran as solvent and reaction
perform. Q mp ﬁ ﬁ(ﬁimed. The
results ﬁ.ﬁ: }Jﬁ“‘ﬁ mm ﬁl myt’ ubstituted

aromatic aidehydes were subjected to the LAH-catalyzed reaction. In general product

yields in the case where R is an electron withdrawing group were slightly higher than
the yield product from aldehyde having electron-donating groups at the para position.
The lower chemical yield was obtained (36%) when cinnamaldehyde was a substrate.
One explanation may be that 1,4-addition of phosphorus nucleophile to the aldehyde
had occurred. An alternative is a possibility of an LAH reduction at the unsaturated

moiety of the molecule.



69

Table 3.6 Synthesis of racemic o-hydroxyphosphonates using LiAIHj,.

OH
10 mol% LAH )\

THF. it 2d R g (OEt)2

0
RCHO + HP(OEY),

50
entry Product R yield (%)”

1 50b CeHs 84°
2 50i | 36
3 50c N 75
4 ' 71
5 62
6 49
7 6
8 76
9 67
10 42
11 58
12 70
13 66
14 59
15 77
16 | | 79
17 ‘BuCsH, 83
. ﬂﬂﬂﬁﬂﬂﬂﬁﬂﬁﬂﬂi "

13

wwmmmumﬁﬂmaﬁ

50aa (CH3)2CHCH2
23 S50bb (CH3),CH 43
23 50cc (CH;)sC 48

“Isolated yield. ” Reaction time 7 h.

One general trend which can clearly be observed is that reactions of aromatic

aldehydes were consistently more efficient than those of aliphatic aldehydes (13-
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83%). It is noticeable that lower yields were observed when aliphatic aldehydes were
used except for the case where R was a tertiary butyl group. Self-Aldol condensation
in the presence of hydride or lithium base may account for a lower degree of o-
hydroxyphosphonate formation in the case of these aliphatic aldehydes.

All the preliminary results show a good sign that a catalytic Pudovik reaction
catalyzed by lithium aluminium hydride can be an efficient alternative method for the

synthesis a-hydroxyphosphonates, especially, for aromatic aldehydes.

Asymmetric Pudovik reaction using inoalcohol complexes.
The moderate to h&n the fo@a—hydroxyphosphonates via

the possibility of catalytic

an LAH catalyzed rea
asymmetric hydrophos of chiral ligands to such a
system.
Ligand screening.
The ligand in t ) group which can be
synthesized by a reduction o 0 alcohols and a salicyladehyde
derivatives were of the main 1T sy 1etrie S udies. These ligands which
form chelating complexes wi&ﬁ“'_‘als sucH’

heterobimetallic Li-Al complmeé—fﬂif*éédx_ 73 were

as lithium and aluminium as

reported to catalyze Michael

addition reaction of eyclic enone 1ii0n, these ligands also can
. '
catalyze an asymmetric*Streck , ) neric excess (>98% ee).

In order to inveI gate the effect of the ligand strucéare on the introduction of

enantioselectivi nylation réaétion, reactions of benzaldehyde and
diethyl phosphlﬁn wmgo;l)aejvere carried out at
various temperat\wes Representatlve data are summarized in Table 37,

’QW'WMF]?EHN‘WT]WEH@EI
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Figure 3.12 racemic a-hydroxyphosphonates.
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Table 3.7  Reactions of benzaldehyde and diethyl phosphite with various catalysts.
o] 0 OH
©/U\H b HpgEy, oviEend 1w \ P(OEt);
THF 5
50b
entry ligand” ratio  temp (°C)  time” yield (%) ee (%)°

1 (5)71a 1:1 it 7h 70 0
2 (R)}Tla 1:1 7h 65 0
3 (S)-Tla 1:1 d 85 1
4 (S)-71a . § 78 4
5 (R)-Tla 77 -4
6 (R)-T1a 84 4
7 (S)-71b 83 0
8 (S)-Tlc ' 80 9
9 (S)-Tlc 87 2
10 (S)-71d 67 0
11 (S)-Tle 81 3
12 (S)-Tle 91 0
13 (S)-71f 3
14 (S)-TIf 0
15 (SR)-Tli ,f;- 3
16 (SR 1:2 1
17 ()71 m 1
18 ()M fj | 3
s oUWy
20 -7

: qﬁmmmmmmﬂmam
22 -71k 17h

23 (S)-71k 1:d 0 4d 78 54
24 (S)-T1k 1:1 .78 2d 47 59

“ligand starting from derivative of salicylaldehydes and amino alcohols, 71a-i were obtained
from salicylaldehyde, 71j was obtamed from biphenylsalicyladehyde, and 71k was obtained

from 3,5-di-tert-butylsalicyladehyde. ° The reactlon progress was monitored by TLC until the
consumption of all aldehyde. ° Isolated yield. ¢ Enantiomeric excess determined by chiral gas

chromatography.



73

At the beginning, the LAH complexes of ligands derived from L-
phenylalaninol (S)-71a and D-phenylalaninol (R)-71a were used as catalysts, no
enantiomeric excess was detected.

In order to study any substituent effect of the ligand on the enantioselectivity
of the reaction, changing of the R group at the alpha position to the nitrogen atom was
carried out. Starting from different aminoalcohols, the ligands were synthesized and

employed in the reaction. In the case where R was benzyl (entry 1) and phenyl (entry

7) no enantioselectivity was observed: tioselectivity was slightly improved
when the more steric group s \Q in (S)-71c ligand was employed.
Disappointingly, in an atte e tk‘xi mt& substituents, such as isobutyl

moiety and methyl grou in low enantloselectmty

group ((S)-71d, entry 1 uty‘ gr m entries 11, and 12), no

enantioselectivity was q:\!qmup on the aminoalcohol
‘ r§§

(3% ee, entry 18). More i

substituents on aromatic

R' group from H (entry

observed.

orded the highest

at ligands bearing a

position of the arg))\anc nng of the

enantioselectivity of reaction at '

V-

relatively sterically hin@edméu icyl m@ty provide much higher

enantioselectivity in the ,geation In order to, prove the effect of the substituent

bulkiness on ﬂ;ﬂ Eﬂ !% Iﬁ"&j ﬂﬁ Jwgﬁjd"‘iﬂ from 3,5-di-tert-

butylsalicylaldehyide and L-tert-leucmol aiming to magnify the bulkiness to the

TN I TAY. ...

largely depends on the reaction temperature, many asymmetric reactions are carried
out well below room temperature in order to achieve maximum selectivity. Therefore,
an effect of temperature on the outcome of the reaction was also studied. In addition
to reactions performed at room temperature, the reactions in the presence of ligands
71a and 71k were subsequently screened at 0 °C and —78 °C. The results are also

presented in Table 3.7. As for 71a, low enantioselectivity were obtained in all cases.
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Even with very low percent enantioselectivity, entries 4 and 5 illustrate the fact that
ligands with opposite stereochemistry gave opposite (relative) enantiomers. — As
observed in the case of 71k, comparable yields and enantioselectivities were obtained
even at lower temperatures. The suitable temperature which will be used throughout
the rest of the reactions is, therefore, the room temperature.

As far as the LAH-ligand ratio is concerned, the 1:1 ratio seems to have given
the products in a shorter reaction time and, in some cases higher yields, while
qined. Therefore, the higher ratio of 1:2,

t necessary.

where more costly ligands Woul@%% S0
The most 1mp0rtammhon.;s tlm_!"@H-N-sahcyl -B-aminoalcohol

complex is capable of i reaction and that (S)-71k

was the best ligand in

The effects of the metal: . 3\
As observed by ar ».= \H- oalcohol complexes 72 and 73,
proposed to have be med. fr : } : 2. of the LAH:ligand ratios,

respectively, gave Michae

One trend wh ‘can be observed is tt t of ligand increased
(entries 1-4), both chengal yiéiZfan ' ectivity d@eased. It may be deduced
that when the amount of the-ligand increases the non-coordinated ligand, present in

Highee concenuﬂ %Bc@k%q the %@aﬁ chﬁ%}ﬂ ;%)sphjte and lithism

complex, popula%g the non-actlvateg, phosphite than when the 1:1 ratlo is used. An

e R 2815
observedg This could very well be because hiral ed by the

substrates is low.

In order to investigate the effect of amount of catalyst on the outcome of the
reaction, an experiment in the presence of 20 mol% of the catalyst was also
performed, the enantioselectivity was lower when compared with that resulting from a
reaction with 10 mol% catalyst. One possible rationale could be that the high amount

of LAH present in the reaction mixture may have caused the reaction to proceed at a
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Table 3.8 Enantioselective additions of diethyl phosphite to benzaldehyde with
the complex of LAH and (S)-71k ligand.

O o Ol-i
©/U\H +  HP(OEH), LAk 2 (S)-T K dﬁ(OEt)z
t, 17 h, THF o)
50b
catalyst . ok .
entry : yield (%)” ee (%)
1 12
2 60
3 51
4 40
5 46
6 3
“the reaction progress w. nption of all aldehyde.
? Isolated yield. ° Enantiom: gas chromatography.
higher rate, hence enantiodi fation oceu a lesser degree. Therefore, the
appropriate amount of catal : %,

It is obvious that the _ was observed when the LAH
and ligand ratio o similar observation to
Narasimhan’s report duct when 1:1 and 1:2
ratios were compared l nantiomer with the same

relative stereochemistry Wassalways observed regardless of the LAH:ligand ratios.

Since the issuﬂ%ﬂ{i} w Hﬁdwty {a ﬂ‘ilecided to carry out

experiments w1a'] the catalyst presence in both 1 1 and 1:2 ratlos when available.
o QAR T HATIN BT o
was encountered.

To fine-tune the condition, possible solvent effect in the presence of chiral
ligand was also determined. It may affect reaction yields. This was performed to
ensure that THF was the best choice available. The reactions were carried out in the
presence of a representative ligand 71k in THF, toluene, dichloromethane, and diethyl
ether, respectively. The yields as well as enantiomeric compositions of the products

were determined and the results are presented in Table 3.9.
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Table 3.9 Hydrophosphonylation of diethyl phosphite and benzaldehyde in

difference solvents in the presence of chiral ligand (S)-71k.

0 OH
9 LAH :(S)-71k 10 mol % .
H + HP(OEt), P(OEt);
i, 17 h o
entry” solvent yield (%)° ee (%)°
1 60
2 toluene \’ ,///51 31
30
4 < 46
“The reaction progress was moni .-","/; LC ur ""w sumption of all aldehyde.
? Isolated yield. ¢ Enantiom 3 s'Was determined by chiral.gas chromatography.
When the reaction wés gonduc: in toluen 1S a low polar solvent, low
enantioselectivity accompanying'the low ch al yie 0, 31 % ee, entry 2) was
observed. When higher pola ‘suchyas di ; e, was used, the same

level of both chemical yie cré observed. Changing solvent

to an electron donor solvent ,gﬁ'}sﬂ} thyl ether and tetrahydrofuran, the
enantioselectivity was slightly u;l‘g;wed : .: thyl ether was used (46% ee, entry
4). When THF was ried the cﬁ'@glf'égl “ { antjeselectivity increased to
89% and 60% ee, respectivety: = ppeared 10 be the- ‘solvent giving highest
yield and selectivity. e data sho tion of the chiral catalyst

into diethyl phosphite by 1ncreasmg the basicity of catalyst through tuning the donor

ARl ka0 L3 o 120014
hydrophosphon' ction n S;J‘ the studies of

ymmetric Pudovik reaction using ftitanium alkekide as catalystiwhich enantio-

dlscnmﬂt ARSI HBIIRETA

Order of addition of reagents.

As Shibasaki and co-workers proposed in their mechanism of catalytic
asymmetric Pudovik reaction catalyzed by heterobimetallic catalysts, the
enantioselectivity was greatly dependent on the incorporation of the substrate
aldehyde and phosphonylating agent to the catalyst.® As previously proposed in
Figure 3.7, the favorable aldehyde that afforded good enantioselectivity in the product
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was the aldehyde which coordinates with the aluminium atom. On the other hand, no
enantioselectivity was observed when the activated phosphite reacted with the
unactive aldehyde which not coordinate with aluminium complex.

In light of this concept, the order of addition of reagents was also investigated
in this preliminary study. The hydrophosphonylation using the representative catalyst,
the complex of LAH-71Kk, prepared in situ from N-salicyl-B-aminoalcohol and lithium
aluminium hydride was examined. It was found that the change in the order to which

the substrate and the nucleophile ere added to the solution of the catalyst indeed

were comparable.
preformed in THF by a LAH ar W stirred for 0.5 h. In the
case where the dialkylp ite . ny, _, Non to the solution of the
complex prior to an add the Yo\ b product yi i

with a relatively high endhtigf i A e)' gn contrast, the reaction in
which the aldehyde was
yield but with much lower énz e). Therefore, we chose to
add the phosphite before!

enantioselectivity is not clear at pt%t g .

N ”-"':——‘;“"? . }j% -
Effect of ligand on ﬁbgreactmn !ﬂﬂlﬂ!i@ﬂ&&% ;

The substratdgf; era_llity of (S)-71k
zactions o vanou{,hldehydes including both
aromatic and aliphatic onésewere examined under the best conditions using the LAH

Samglem ol (sﬂluﬂa 'ﬂ 'ﬂ:&}% ?f%e&]lés]aﬂ &ﬁthyl phosphite were

reacted in the pusence of 10 mol% ‘.of LAH: (S) 71k ligand (at 1 1 ratio) at room

A4
ving 1mprove ectlve catalytic asymmetric hydrophosphonylation of

aromatic aldehydes, we then turned attention to hydrophosphonylation of aliphatic

to why this gives higher

sand obtained thusfar, was

investigated. Hydroph hon)_'_l-a_tion

and cyclic aldehyde. First, the reaction of butyraldehyde was examined (entry 11).
Unexpectedly, the reaction yielded slightly higher enantiomeric excess than aromatic
aldehyde (63% ee). Moreover, reactions of other aliphatic aldehydes such as 1-

heptaldehyde and isovaleraldehyde were also examined, affording same level of
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Table3.10  Catalytic asymmetric hydrophosphonylation of various aldehydes

catalyzed by LAH -(S)-71k complex.
LAH : (S)-71k 1:1 OH

RCHO + HP(OE), Liiss SN R)\*f"(OEt)z
THF, rt (0]
50
entry R product no. time yield (%)*° ee (%)
I~ Ceis 17h 89 60
2 4-MeOC¢H, ' , 69 72
3 2-MeCeHs § / 79 d
4 4MeCH, S0l 59 54
5 4-Me2Nc6H4..—-"""" . 2 55
6 4-'BuC6H4 54 60
7 4-FCeH, 59 41
§ O, 47 34
9  4-NCCeHs 66 39
10  CeHsCH=C 72 57
11 CHs(CHa) 49 63
12 CHs(CHy)s 15 65
13 (CH;),CHCH, 20 63
14 (CHs)pCHA 55 70
1S (CHy):C &7 54 70
16 cyclohexyl = D 2" m 15 66

“the reaction progress wa.rtngmtored by TLCngl the consumptlon of all aldehyde.

b Isolated yiel omatography.’ No
separation by ¢ r l ‘ﬂ’lﬂI ﬂ

. mz{/ p b MM§Q oo
more :til ﬁﬂ Ig 1t (70% ee,

entry 15). Saturated aldehyde such as cyclohexanecarboxaldehyde was converted to
the corresponding o-hydroxyphosphonates in good enantiomeric excess (66% ee,
entry 16).

To our surprise, reactions of aliphatic aldehydes gave the corresponding o-

hydroxyphosphonates in comparable, or in some cases higher, enantioselectivities

compared to results from the aromatic counterparts, albeit with low chemical yield
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ranging from 15 to 55%. The results from the aliphatic series are very satisfying since
the only report in the literatures on hydrophosphonylation of aliphatic aldehydes
showed only marginal enantioselectivities (3-24% ee).>® Apparently, multifunctional
heterobimetallic catalysts, bearing N-salicyl-B-aminoalcohol ligand, in which two
different metals play different roles to enhance the reactivity and selectivity of both

substrate and nucleophile can be efficiently applied to our system.

AU INENTNEINS
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