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Abstract

An already established synthetic pathway for the synthesis of 2-(ethoxy(hydroxy)phosphoryl)-3-
phenylpropyl ethanethioate was scaled up and an effort was made to optimize the first reaction
step to yield low amounts of the byproduct ethyl 2-benzyl-2-(diethoxyphosphoryl)-3-phenylpropanoate
due to difficult purification of the desired product ethyl 2-(diethoxyphosphoryl)-3-phenylpropanoate.
For optimization satisfactory ratio between the product and byproduct was achieved by running
the reaction at −60oC. The ratio achieved in the optimization failed to carry over to the upscaling,
but was still higher than observed in previous work. Optimization tests showed low amount of
the byproduct, but incomplete conversion of the starting material due to the limited energy in the
reaction. Already established purification procedures could not be improved upon.
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Abbreviations

DCM - Dichloromethane

DME - Dimethoxy Ethane

DEAD - Diethyl Azidocarboxylate

EtOAc - Ethyl Acetate

eq. - Equivalent

HMBC - Heteronuclear multiple-bond correlation

HSQC - Heteronuclear single-quantum correlation

LC - Liquid chromatography

LC-MS - Liquid chromatography mass spectrometry

MeOH - Methanol

NMR - Nuclear magnetic resonance

rt - Room temperature

tBuOK - Potassium tert-Butoxide

THF- Tetrahydrofuran

TLC - Thin layer chromatography

UV - Ultra violet
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Nomenclature of Compounds in Synthetic Pathway
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1 Introduction

1.1 Background

Figure 1:
A molecule of
penecillin including
a β-lactam ring.

Antibiotic resistent bacteria are expected to kill up to 300 million people pre-
maturely by the year 2050. Being a rising issue there is therefore large in-
centive to find counter measures.1 One mechanism of antibiotic resistance
is the modification or degradation of the antibiotics by enzymes in the bac-
teria. One class of these enzymes are called metallo-β-lactamases (or MβLs)
as they efficiently degrade the β-lactam ring, which is the bioactive group
in many antibiotics (figure 1).2,3 Derivatives of compound 6 (scheme 1) has
previously shown bioactivity as an inhibitor towards MβLs. Thus, this project
deals with the upscaling of an already established synthetic pathway (scheme
1) and optimization of the first reaction in the pathway, reaction a (scheme
1).

1.2 Aim of Project

Scheme 1, a: Benzyl bromide, NaH/KO-tBu, THF/DME, -60oC, yield: compound 2 19%, compound 3 2%,
b: LiBH4, THF, yield: 59-62%, c: Thioacetic acid, PS-Ph3P, DEAD, THF, not isolated d: LiBr, 2-butanone, not
run.

Upscaling of a previously run synthetic pathway (scheme 1) was carried out with optimisation of
the first reaction step. Reaction a was an alkylation of compound 1 yielding both the monoalky-
lated compound 2 and the dialkylated compound 3. Compound 2 was reduced in reaction b yield-
ing compound 4. Compound 4 then underwent a Mitsunobu reaction in step c yielding compound
5. Reaction d was a hydrolysis yielding compound 6. Previously all steps in the pathway have been
performed with good yield, except for reaction a giving a mixture of compound 2 and 3 which do
not readily separate. Thus, this thesis deals with upscaling of the synthetic pathway with focus on
optimizing reaction step a to yield compound 2 as a pure product.
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2 Description of Synthetic Pathway

2.1 Alkylation of Triethyl Phosphonoacetate

Compound 2 was obtained in an alkylation reaction which occurs through an SN2 mechanism
(scheme 2). In the first step theα-carbon is deprotonated by sodium hydride, resulting in the evo-
lution of hydrogen gas. Theα-carbon is the one deprotonated as the resulting negative charge can
be stabilized by dislocalisation to the ester group and the phosphorous analogue of an ester group.
The remaining electrons on theα-carbon as a lone pair carry out a nucleophilic attack on the halo-
genated carbon of benzylbromide (intermediate 2), where bromide is a leaving group. Compound
2 can undergo second alkylation creating compound 3. The activation energy for the second sub-
stitution have been experimentally observed to be higher than for the first by steric hindrance of
the first added benzyl group, thus, lower temperature should yield more of compound 2 in re-
spect to compound 3. At lower temperature the reaction will go overall slower and therefore the
temperature should not be lower than necessary. Similar reactions have previously been reported
with good yields in THF,4,5,6 DMF7,8,2 and DME.9,10,11 Commonly used bases for the deprotona-
tion are tBuOK (potassium tert-butoxide)2 and sodium hydride.4,9,10,8,11 Deprotonation occur at
0oC or at r.t. and then letting the reaction reflux for at least 24 h in either room temperature or
with heating.9,10,2 The reported yields in literature are in the 39-65% range. As above mentioned
the reaction will be run at low temperature to push the reaction towards the formation of com-
pound 2, contrary to heating as in some of the literature. Finding a better method of purification
is also of interest as that would decrease the importance of obtaining low amount of compound
3. Compound 2 is commonly purified through column chromatography. Mobile phase reported
in literature and previously used in the lab is 6:4 hexane:ethyl acetate. Optimization of the first
reaction was made in terms of temperature, solvent, base and duration, as well as purification
procedure.

Scheme 2. Alkylation reaction.

2.2 Reduction of Ethyl 2-(Diethoxyphosphoryl)-3-Phenylpropanoate

The next step is a reduction by LiBH4 (scheme 1, b). The mechanism is shown in scheme 3. In
the first step a hydride ion makes a nucleophilic attack on the carbonyl and the free electrons of
the carbonyl bond instead binds to the boron. Ethanol is eliminated from intermidiate 8 and the
carbonyl group reforms. Intermidiate 9 is the subject to a second nucleophilic attack of a hydride
ion. The reaction is quenched with acid to form an alcohol group (compound 4). Only the organic
ester is reduced as the phosphonic ester is stable under these conditions.12 For this reaction THF
as solvent and LiBH4 as reducing agent are commonly used as reagents for this step with high
yield.5,13,5,2
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Scheme 3. Mechanism for reduction by LiBH4.

2.3 Mitsunobu Reaction

Reaction c is a Mitsunobu reaction. The Mitsunobu reaction is an SN2 reaction supported by
the reagents diethyl azodicarboxylate (DEAD) acting as oxidation agent, and triphenylphosphine
(Ph3P) acting as reducing agent.14 The Mitsunobu reaction often involves the substitution of pri-
mary or secondary alcohols with an acidic nucleophile with a pKa<13, otherwise DEAD would

Figure 2: Diethyl
azidocarboxylate
(left) and triph-
enylphosphine
(right).

compete as the nucleophile. Common nucleophiles in the reaction are thus
carboxylic acids, phenols, hydrazoic acids, amines, amides, and in this case
thiols.14,15 The mechanism for the Mitsunobu reaction is shown in scheme
4. In the first step the free electron pair of phosphorus in Ph3P makes a nu-
cleophilic attack on one of the nitrogens in DEAD, upon which intermediate
12 (scheme 4) is obtained, which deprotonates thioacetic acid. Next is a nu-
cleophilic attack of the hydroxyl group of compound 4 on phosphorus and
the bond between Ph3P and DEAD is broken. The thioacetic acid ion then
makes a nucleophilic attack with elimination of the phosphoric acid through
a SN2 substitution. The reaction requires one equivalent of DEAD and one
equivalent of Ph3P as they are consumed.
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Scheme 4. Mitsunobu reaction.

2.4 Hydrolysis of (2-(Diethoxyphosphoryl)-3-Phenylpropyl) Ethanethioate

Step d is a hydrolysis, mechanism shown in scheme 5. The bromide ion makes a nucleophilic
attack on one of the ethoxy group, creating bromoethane and lithium salt of the product (inter-
midiate 19) which is protonated in the work up step by addition of HCl leading to compound 6
(scheme 1). The reaction provide good yields with LiBr in various solvents16,17,18,19 and butan-2-
none with several different salts20,16,17 with high yields. Heating the reaction is also common and
is documented to decrease the reaction time to only a few hours.17,18,19

Scheme 5. Hydrolysis of phosphonic ester.

3 Results and Discussion

3.1 Optimization of Synthesis of ethyl 2-(diethoxyphosphoryl)-3-phenylpropanoate

The alkylation reaction (scheme 1, a) was run under eight different conditions (table 1). Anhy-
drous THF and DME was chosen as solvents and potassium t-BuOK (potassium tert-butoxide)
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and NaH as bases based on giving high yields for similar reactions in the literature. THF was fi-
nally chosen as a solvent for the larger scale reaction by giving the lowest amount of compound 3.
The best combination was NaH in THF in terms of ratio between compound 2 and 3 followed by
NaH in DME. The worst was tBuOK in DME. NaH and THF was thus chosen for further optimisa-
tion. Because of the lower temperature not all of compound 1 reacted. By liquid chromatography
mass spectrometry (LC-MS) monitoring about two thirds of compound 1 remained for reaction
a5 which was model for the larger scale. While not optimal, lower yield is acceptable if avoiding
formation of the byproduct. The reaction was tested at −50oC and at −60oC. Ratio between com-
pound 2 and 3 was significantly higher at −60oC. Compound 3 at this temperature was almost
non present, further decrement in temperature was thus redundant. This decrease in tempera-
ture should theoretically not be enough to increase the ratio between the compounds that much.
The molecular sieves added to the reaction are unlikely to be a contributing factor as their purpose
is only to eliminate water from consuming NaH.

31P NMR (162 MHz) of a purified mixture of compound 2 and 3 showed that the ratio obtained
between compounds 2 and 3 by LC-MS was inaccurate, most likely because the compounds differ
in how readily they ionize and in UV-activity. The same argument can be made for compound
1 and its conversion to compound 2. While LC-MS is a quick way to get estimations of the ratio
between the compounds, NMR should be used to obtain ratios in further experiments. The ratio
between compounds 2 and 3 in tables 1 and 2 are from LC-MS integration and multiplied by a
factor calculated by how much larger the ratio between the compounds was in 31P NMR. This was
not done for the ratio between compound 1 and 2 due to no NMR spectra was available.

To investigate if the yield would improve with time reaction a6 was let run for a total of 9 days. The
temperature during this time was increased in increments starting on the fourth day with 10oC a
day and then ending at - 25oC on the eighth day (last increment being only 5oC). Judging visually
from the LC-MS the peak of compound 2 looks like it increases day by day in relation to the peak of
compound 1 (table 2). However, that is not what the ratio of the integral peaks indicate. For pre-
vious stated reasons LC-MS is not the most exact method of monitoring, along with integration
errors of automated baseline correction for the instrument, thus this should be further investi-
gated by NMR. The byproduct peak became visible from day 7 onward. As the aim was to obtain
low amounts of compound 3 the conditions of reaction 6 are counter productive.

Reaction a7 tried running with an excess of compound 1 by first adding 0.5 eq. of benzylbromide
and another 0.5 eq. after 24 h to decrease the amount of compound 3 formed, and reaction a8 let
the deprotnation of the α-carbon occur for 24 h before the benzyl bromide was added. In none of
these cases any difference could be observed from adding 1.0 eq. benzylbromide and letting de-
protonation occur for 1 h respectively. Reactions a1 - a4 run at −50oC have quite low ratio between
compound 2 and 3 compared to the rest of the reactions. The two general things that differ is that
reactions a5 - a8 utilize molecular sieves and are carried out at a lower temperature. The most
likely differencing factor is the temperature. Reaction a6 did not show such low ratio between the
compounds, thus it is likely initial temperature when adding the benzylbromide is the deciding
factor.

The conditions chosen for the upscaling of the reaction was NaH in THF at −60oC because even
though the conversion of compound 1 is lower at -60oC, purification is avoided due to less for-
mation of compound 3. The ratio of compound 2 and compound 3 was proven to be able to be
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manipulated by decreasing the temperature, thus limiting the energy available in the reaction.
Crude product resulting from optimisation runs were combined due to difficult and time con-
suming separation, therefore no individual yield can be reported and no NMR measured for the
individual reactions.

Table 1: Reaction a optimisation runs results. Ratios between compound 2 and 3 are from LC-MS integra-
tion multiplied by a factor calculated from how much larger the ratio was for NMR. Ratios between com-
pound 1 and 2 are from LC-MS integration.

Reaction Solvent Base Temperature (oC) Notes 2 to 3 ratio 1 to 2 ratio
a1 DME NaH −50 - 6:1 1:1
a2 DME tBuOK −50 - 7:1 3:2
a3 THF NaH −50 - 9:10 5:2
a4 THF tBuOK −50 - 10:1 3:2
a5 THF NaH −60 Molecular sieves 1:0 2:1

a6 THF NaH −60 - −25
Run for 9 day

with increasing temperature
42:1 2:1

a7 THF NaH −60 Excess of compound 1 62:1 3:2

a8 THF NaH −60 24 h deprotonation step 42:1 3:1

Table 2: Ratio between compound 2 and 3 and compound 1 and 2 on different days for reaction a5. Ratios
between compound 2 and 3 are from LC-MS integration multiplied by a factor calculated from how much
larger the ratio was for NMR. Ratios between compound 1 and 2 are from LC-MS integration.

Day Temperature(oC) 2 to 3 ratio 1 to 2 ratio
2 −60 1:0 5:1
5 −50 1:0 5:2
6 −40 1:0 5:1
7 −30 7:1 4:1
8 −25 11:1 2:1
9 −25 5:1 5:1

3.2 Upscaling, Synthesis of ethyl 2-(diethoxyphosphoryl)-3-phenylpropanoate

Ratio of compound 2 and 3 was for the upscaling about 2:1 by LC-MS, but turned out to actually
be 10:1 by 31P NMR. This confirms the previous statement that the LC-MS monitoring is not rep-
resentative of the actual ratio between the compounds. The yields for the compound 2 was 19%
and for compound 3 2%. The ratio obtained is much better than that of previous work, but falls
short in comparison to the optimization runs. For the optimisation runs and for the upscaling
the concentration of the added benzylbromide diluted in THF was 0.045 M. The addition time for
the optimization runs was 2 h and for the upscaling 5 h. Disregarding the larger vessel for the up-
scaling and the effect of dilution, a larger amount of the benzyl bromide was added with respect to
time. It is thus possible that a local excesses of benzyl bromide in the reaction mixture favoured the
formation of compound 3. To achieve lower levels of compound 3 the benzyl bromide should be
added at the same speed as for the optimization runs, resulting in a total addition time of around
50 h.
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3.3 Purification of ethyl 2-(diethoxyphosphoryl)-3-phenylpropanoate

Purification was made with flash chromatography for the optimization runs and with manual sil-
ica columns for the larger scale. Previous work used 6:4 hexane:EtOAc as eluent and is also com-
monly reported in literature. A 6:4 DCM(dichloromethane):EtOAc mixture was also tested as mo-
bile phase, being slightly more polar than the 6:4 hexane:EtOAc mobile phase. 6:4 Hexane:EtOAc
and 6:4 DCM:EtOAc showed about the same separation efficiency. Some runs with TLC and flash
chromatography suggested that the separation with 6:4 DCM:EtOAc maybe more efficient, but the
evidence was not strong enough for a definite conclusion. On the TLC complete separation be-
tween starting material and product was observed, but only partial separation for compound 2
and 3 for both 6:4 hexane:EtOAc and 6:4 DCM:EtOAc. 6:4 hexane:EtOAc was the solvent used in
previous work. No solvent mixture were found to be more effective. No other solvent mixtures
able to separate the product was found.

Flash chromatography for compound 2 and 3 from the optimisation runs with both the 6:4 DCM:EtOAc
and 6:4 hexane:EtOAc proved insufficient in the separation of the two compounds, but also of the
remnants of compound 1. By decreasing the flow rate to 25 ml/min (100 ml/min standard) more
separation between the starting material and the product was observed. The most likely explana-
tion is that the compounds did not have enough time to equilibrate between the stationary phase
and the mobile phase at the higher flow rate resulting in poor separation. Several different gradi-
ents were used, all starting under 10% EtOAc and finishing at 40%, 50% and 60%. No significant
difference was observed between them.

For the upscalings manual column 6:4 hexane:EtOAc mixture was used based on giving the best
results with TLC and flash chromatography. How effective this mixture really was is not sure as
compound 2 and 3 first eluted when the column was washed with a 7:3 EtOAc:MeOH. While the
interaction with the silica was too strong for the 6:4 hexane:EtOAc mixture to elute in a reasonable
time. Almost all of the product eluted before the starting material when flushed with methanol,
indicating that the column had some measure of separation. When washing with the methanol
mixture the eluting solvent was collected in E-flasks, it is possible that complete separation be-
tween the product and starting material occured but was not observed.

For the flash chromatography the compounds did not have enough time to equilibrate between
the stationary phase and the mobile phase resulting in unresolved peaks. In the future one should
use a much lower flow rate or a less polar solvent when running flash chromatography. For the
manual column the amount of silica used were too much in relation to the compounds and hence
the compounds did not elute in a reasonable time. For the future one should run the manual
silica column either with less silica or a more polar mobile phase to get the compounds to elute
in a reasonable time. This will however give less separation to some degree, but should still be
sufficient to separate the product from the starting material. Since it was not possible to isolate
compound 2 from compound 3, a mixture of the two was used for reaction b.

3.4 Synthesis of (1-hydroxy-3-phenylpropan-2-yl)phosphonate

Reaction b in the synthetic pathway is the a reaction that has proven to give consecutively good
yields in previous work. Three different reactions were set up in the same way. All of them resulted
in low yield of 59%, 57% 62%. Previous work have shown yield in the span 50% - 90%. LC-MS
monitoring of all reactions showed complete, or almost complete, conversion of compound 2 to
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compound 4. It is thus likely the loss of compound 4 occurred in the purification stage. In one
reaction a small amount compound 1 was still present, but was easily separated during purifica-
tion. The lower yield may result from unidentified product in some fraction or that some product
remained on Na2SO4 after drying the organic phase after extraction. Purification of waste from
flash chromatography showed that the majority of the compounds there was in fact compound 4.
It is not that surprising as the compounds was almost entirely pure (measured by LC-MS) before
the separation. The purified products where put together for reaction c.

3.5 Synthesis of (2-(diethoxyphosphoryl)-3-phenylpropyl) ethanethioate

For reaction c, the Mitsunobu reaction, very low conversion of compound 4 to compound 5 were
shown by LC-MS after 54 h, even though LC-MS indicated that all DEAD had been reduced. Nei-
ther could any change between 17 h and 54 h be seen with LC-MS. The triphenylphosphine is very
sensitive to water, thus both the reaction vessel and vessel with compound 4 was evacuated and
flushed with N2 four and five times respectively so equipment and the product should have been
dry. Complete reduction of DEAD (monitored by LC-MS) also suggests that the Ph3P fulfilled its
purpose by reducing DEAD, but water could still have been acting as the nucleophile instead of
thioacetic acid. The compound could not be purified due to time limitations, the same goes for
the synthesis of compound 6.

4 Conclusion

The first reaction step a was able to be optimised on a smaller scale through limiting the energy
in the reaction by decreasing the temperature, but also resulted in incomplete conversion of the
starting material. For the upscaling 19% yield for the product and 2% yield for the product was
obtained. More byproduct were produced in relation to the product than for the optimization
runs, but the ratio between the compounds was still higher than what was observed in previous
work. The lower ratio of product:byproduct in the upscaling might depend on the faster addition
of benzyl bromide leading to larger amounts of compound 3 being formed due to the stoichiom-
etry. Already existing purification procedures could not be improved upon, but some evidence
suggests that 6:4 DCM:EtOAc may have better separation efficiency than the previously used sol-
vent 6:4 hexane:EtOAc. For separation of compounds 2 and 3 use of manual silica column was
established to be superior to flash chromatography. For the larger scale reaction b showed yields
above 50% which is in the lower range of the yields observed for previous work. Reaction c showed
low conversion of compound 4 to 5. Purification of compound 5 and synthesis of compound 6
were never made due to time limitations.

5 Experimental

Instrumentation and chemicals. All chemicals were purchased from commercial suppliers and
used without further purification except THF which was distilled over molecular sieves and stored
under argon. For LC-MS analysis Agilent 1100 Series HPLC system with C8 column (GRACE Gene-
sis Lightn) and Waters micromass ZQ mass spectrometer was used. Mobile phase was Acetonitrile
and 1% formic acid in MQ-water utilizing a gradient between 5-95%. TLC:s was analysed by Ad-
vion Plate Express. Fractions from purification were analysed by Advion expression CMS. Flash
chromatography was run on Biotage Isolera One Flash Chromatograph with a Biotage SNAP-KP-
sil 50 g column. 1H, 13C and 31P NMR spectra were recorded on an Agilent MR-400 (1H at 400 MHz,
13C at 125 MHz, 31P at 162 MHz) with an OneNMR probe and a Bruker Avance Neo 500 (1H at 500
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MHz, 13C at 125 MHz) with a TXO cryogenic probe was used. The NMR spectra was processed in
MestReNova 12.0 and reported on the δ (ppm) scale with residual solvent signal of CDCl3 as inter-
nal standard for 1H and 13C NMR. The 31P NMR chemical shifts were indirectly referenced to 85%
H3PO4 via the lock signal.

General procedure for synthesis of ethyl 2-(diethoxyphosphoryl)-3-phenylpropanoate, com-
pound 2, optimization. Triethyl phosphonoacetate (0.9 ml, 1 equiv.) was added dropwise to NaH
(0.2 g, 1.1 equiv.) suspended in anhydrous THF ( 2.0 ml) with molecular sieves under N2 atmo-
sphere at 0oC. Temperature was then lowered to -60oC after 15 min were the mixture equilibrated
for about 60 minutes. Benzyl bromide (0.5 ml, 1 equiv.) diluted in dry THF (1.0 ml) was then added
by syringe pump with flow rate 0.010 ml/min. The mixture then reacted for 48 h at -60oC. The re-
action was monitored by LC/MS and TLC/MS. Product was extracted with EtOAc and washed with
brine. The organic solvent was dried with Na2SO4. The crude product was purified by flash chro-
matography utilising a gradient of either 6:4 hexane:EtOAc or 6:4 DCM:EtOAc. NMR assignments
made with help of 1H-13C HSQC and 1H-13C HMBC.
1H(500 MHz, Chloroform-d) δ 7.26 (m, 2H, Ar-H), δ 7.18 (m, 3H, Ar-H), δ 4.17 (m, H, P-O-CH2-
CH3), δ 4.09 (m, 2H, CO-O-CH2-CH3), δ 3.23 (m, 2H, Ar-CH2), δ 3.17 (m, 1H, P-CH), δ 1.33 (td, J =
7.1, 7.1, 0.5 Hz, 3H, CH3-CH2-O-P), δ 1.33 (td, J = 7.1, 7.1, 0.6 Hz, 3H, CH3-CH2-O-P), δ 1.12 (t, J =
7.1, 7.1 Hz, 3H, CH3-CH2-O) 13C(125 MHz, Chloroform-d) δ 168.7 (d, 2J C,P = 4.8 Hz, CH-CO-CH2),
δ 138.7 (d, 3J C,P = 15.9, Ar-C-CH2), δ 128.7 (d, 4J C,P = 13.4 Hz, Ar), δ 126.9 (s, Ar), δ 63.2 (d, 2J C,P =
6.5 Hz, CH3-CH2-O-P), δ 62.9 (d, 2J C,P = 6.7 Hz, CH3-CH2-O-P), δ 61.5 (s, CH3-CH2-O-CO), δ 47.9
(d, 1J C,P = 129.1 Hz, P-CH-CO), δ 33.0 (d, 2J C,P = 4.3 Hz, Ar-CH2-CH), δ 16.6 (d, 3J C,P = 4.4 Hz,
P-O-CH2-CH3), δ 16.5 (d, 3J C,P = 5.2 Hz, P-O-CH2-CH3), δ 14.2 (s, CH3-CH2-O-CO). 31P (162 MHz,
Chloroform-d) δ 21.83 (s).

Synthesis of ethyl 2-(diethoxyphosphoryl)-3-phenylpropanoate, upscaling, compound 2. Tri-
ethyl phosphonoacetate ( 5.7 ml, 1 equiv.) diluted in anhydrous THF (20 ml) was added drop-
wise to a mixture of NaH (1.0 g, 1.1 equiv.) suspended in anhydrous THF (80 ml) with molecular
sieves under N2 atmosphere at 0 C. The mixture were let equilibrate for 4 h after temperature
was lowered to -60oC where the mixture equilibrated for about 2 h. Benzyl bromide (0.5 ml, 1
equiv.) diluted in dry THF (50 ml) was then added by syringe pump with flow rate approximate
0.10 ml/min. The mixture then reacted for 48 h at -60oC. The reaction was monitored by LC/MS
and TLC/MS. The product was extracted with EtOAc and washed with brine. The Organic phase
was dried with Na2SO4. The crude product was then purified by silica column with mobile phase
6:4 hexane:EtOAc. The column was washed with 7:3 EtOAC:MeOH.

Synthesis of diethyl (1-hydroxy-3-phenylpropan-2-yl)phosphonate, compound 4. Compound
2 and 3 (1.0 equiv.) was added to a suspension of LiBH4 (2.0 equiv) in THF at -20oC and N2 atmo-
sphere during a period of 10 min. After 20 min the cold bath was removed and mixture reacted at
rt for 48 h. The reaction was monitored by LC-MS. The reaction cooled to -30oC and was quenched
with MeOH. The product was extracted with EtOAc and was washed with brine. The organic phase
was dried with Na2SO4. The crude product was purified by flash chromatography utilising 9:1
EtOAc:MeOH solvent with gradient. NMR assignments made with help of 1H-13C HSQC and 1H-
13C HMBC. 1H (500 MHz, Chloroform-d) δ 7.23 (ddd, J = 8.7, 6.5, 0.8 Hz, 2H, Ar-H ), δ 7.17-7.13
(tt, 2H, Ar-H ), δ 4.15-4.03 (m, 4H, O-CH2-CH3), δ 3.71 (ddd, J = 23.3, 11.6, 3.4 Hz, 1H, CH 2-OH),
δ 3.60 (ddd, J = 24.5, 11.7, 6.8 Hz, 1H, CH2-OH ), δ 2.98 (ddd, J = 14.2, 10.0, 4.4 Hz, 1H, Ar-CH 2), δ
2.70 (ddd, J = 14.0, 10.8, 9.6 Hz, 1H, Ar-CH 2), δ 2.16 (ddddd, J = 18.7, 11.1, 6.8, 4.4, 3,4 Hz, 1H, CH
-P), δ 1.3 (t, J = 7.1, 7.1 Hz, 3H, O-CH2-CH 3), δ 1.26 (t, J = 7.1, 7.1 Hz, 3H, O-CH2-CH 3)13C (125
MHz, Chloroform-d) δ 137.7 (d, 3JC,P, = 15.1 Hz, Ar-C), δ 128.0, 127.5, 125.6 (Ar-C), δ 61.2 (d, 2JC,P,
= 6.8 Hz, P-O-CH2), δ 61.0 (d, 2JC,P, = 6.9 Hz, P-O-CH2), δ 58.7 (d, 2JC,P = 5.9 Hz, HO-CH2-CH-P) δ

14



Uppsala University
Tor Eriksson

Synthesis of 2-(ethoxy(hydroxy)phosphoryl)-3-phenylpropyl ethanethioate

40.0 (d, 1JC,P = 135.9 Hz, HO-CH2-CH-P), δ 30.2 (d, 2JC,P = 2.7 Hz, Ar-CH2-CH-P), δ 15.5 (d, 3JC,P =
5.7 Hz, P-O-CH2-CH3), δ 15.4 (d, 3JC,P = 5.8 Hz, P-O-CH2-CH3)

Synthesis of (2-(diethoxyphosphoryl)-3-phenylpropyl) ethanethioate, compound 5. Ph3P (1.44
g, 2.2 equiv.) was added to a round bottom flask and evacuated for 30 min and flushed with nitro-
gen 4 times. Compound 4 (1.0 equiv.) was put in heart shaped flask and evacuated for 30 min and
then flushed with nitrogen 5 times. Anhydrous THF (45 ml) was added to Ph3P and stirred at -20 C
for 10 min. DEAD (2.5 ml, 2.2 equiv.) was added drop wise and then stirred for 30 min. Compound
4 was diluted with anhydrous THF (2 ml) and added dropwise. The flask was then washed 3 times
with a total of 4 ml anhydrous THF. Thioacetic acid (0.4 ml, 1.0 equiv) was added dropwise during
7 min. The mixture turned from yellow to deep maroon in color and then to dark orange. Reaction
is stirred at -5oC - 0oC for 2h, then for 54 h at rt. The reaction mixture was filtered and the filter
then washed with EtOAc. The solvent was removed from filtrate in vacuo and the product was
purified through silica column with mobile phase 3:7 hexane:EtOAc.

Notes on Previous Work. Reaction a (scheme 1) has previously been run in DME with NaH as a
base. Non anhydrous THF has also been tested. Deprotonation has been done at 0oC, and the
rest of the reaction have been carried out at either room temperature or refluxing at 70oC. The
reaction have at this temperature taken 24-48 h. The yield have been reported to be 40%-60% for
compound 2 and 16%-25% for compound 3. Compound 2 and 3 have been separated by manual
silica column with solvent mixture of 6:4 hexane:ethylacetete (EtOAc). Compounds 2 and 3 have
really similar polarity and does not separate easily. Reaction bhas consecutively been performed
in the lab with yields ranging between 51% to 100%. The purification of compound 4 have been
done with silica columns using a gradient with a final solvent composition of 9:1 EtOAc:MeOH.
The separation of compound 4 and the analogue of compound 3 have been reported to have
much better separation than compounds 2 and 3 themselves, thus, the compounds have been
separated after reaction b. Mitsunobu reaction (reaction c) have been documented as the most
sensitive step in the synthetic pathway due to one of the reagents, triphenylphosphine sensitivity
to moisture. The reaction have been documented with yields ranging between 60%-100%. Purifi-
cation of compound 5 are done with flash chromatography with mobile phase 7:3 hexane:EtOAc
without complications. Reaction d has been reported with a yield often above 80%. As they yield
is quantitative no need for other purification than extractions have been necessary.
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7 Appendix

7.1 LC-MS Chromatograms and Spectra

Figure S1. LC of ethyl 2-(diethoxyphosphoryl)-3-phenylpropanoate synthesis optimization, reaction a1.
DME as solvent and NaH as base at -50oC. Peak 3.87 is compound 2, peak 4.28 is benzyl bromide and the
peak at 4.73 is compound 3.

Figure S2. LC of ethyl 2-(diethoxyphosphoryl)-3-phenylpropanoate synthesis optimization, reaction a2.
DME as solvent and tBuOK as base at -50oC. Peak 3.88 is compound 2, peak 4.28 is benzyl bromide and the
peak 4.76 is compound 3.
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Figure S3. LC of ethyl 2-(diethoxyphosphoryl)-3-phenylpropanoate synthesis optimization, reaction a3.
THF as solvent and NaH as base at -50oC. Peak 3.88 is compound 2, peak 4.28 is benzyl bromide and peak
4.76 is compound 3.

Figure S4. LC of ethyl 2-(diethoxyphosphoryl)-3-phenylpropanoate synthesis optimization, reaction a4.
THF as solvent and tBuOK as base at -50oC. Peak at 3.86 is compound 2, peak 4.28 benzyl bromide and the
peak at 4.75 is compound 3.
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Figure S5. LC of ethyl 2-(diethoxyphosphoryl)-3-phenylpropanoate synthesis optimization, reaction a5.
Run with THF, NaH and molecular sieves -60C. Peak 2.57 is compound 1, peak 3.86 compound 2 and peak
4.30 is benzyl bromide.

Figure S6. LC of ethyl 2-(diethoxyphosphoryl)-3-phenylpropanoate synthesis optimization, reaction a6.
Run with THF, NaH and molecular sieves at -60C. Day 2 of 9 days. Peak 2.24 is compound 1 and peak 4.31 is
benzyl bromide.
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Figure S7. LC of ethyl 2-(diethoxyphosphoryl)-3-phenylpropanoate synthesis optimization, reaction a6.
Run with THF, NaH and molecular sieves at -60C. Day 5 of 9 days. Peak 2.24 is compound 1, peak 3.94 is
compound 2 and peak 4.31 is benzyl bromide.

Figure S8. LC of ethyl 2-(diethoxyphosphoryl)-3-phenylpropanoate synthesis optimization, reaction a6.
Run with THF, NaH and molecular sieves at -60C. Day 6 of 9 days. Peak 3.89 is compound 2 and peak 4.29 is
benzyl bromide.
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Figure S9. LC of ethyl 2-(diethoxyphosphoryl)-3-phenylpropanoate synthesis optimization, reaction a6.
Run with THF, NaH and molecular sieves at -60C. Day 7 of 9 days. Peak at 2.55 is compound 1, peak 3.91 is
compound 2 and peak 4.31 is compound benzyl bromide.

Figure S10. LC of ethyl 2-(diethoxyphosphoryl)-3-phenylpropanoate synthesis optimization, reaction a6.
Run with THF, NaH and molecular sieves at -60C. Day 8 of 9 days. Peak 2.55 is compound 1, peak 3.84 is
compound 2 and peak 4.30 is benzyl bromide.
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Figure S11. LC of ethyl 2-(diethoxyphosphoryl)-3-phenylpropanoate synthesis optimization, reaction a6.
Run with THF, NaH and molecular sieves at -60C. Day 9 of 9 days. Peak 2.54 is compound 1, peak at 3.84 is
compound 2 and peak 4.31 is benzyl bromide.

Figure S12. LC of ethyl 2-(diethoxyphosphoryl)-3-phenylpropanoate synthesis optimization, reaction a7.
Run with THF, NaH and molecular sieves at -60C. Peak at 2.55 is compound 1, peak 3.85 is compound 2 and
peak 4.28 benzyl bromide.

22



Uppsala University
Tor Eriksson

Synthesis of 2-(ethoxy(hydroxy)phosphoryl)-3-phenylpropyl ethanethioate

Figure S13. LC of ethyl 2-(diethoxyphosphoryl)-3-phenylpropanoate synthesis optimization, reaction a8.
Run with THF, NaH and molecular sieves at -60C. Peak at 2.49 is compound 1, peak 3.81 is compound 2 and
peak 4.25 is benzyl bromide.

Figure S14. LC of ethyl 2-(diethoxyphosphoryl)-3-phenylpropanoate synthesis large scale, reaction a9. Run
with THF, NaH and molecular sieves at -60C. Peak 3.87 is compound 2, peak 4.30 isbenzyl bromide and peak
4.74 is compound 3.
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Figure S15. LC of (1-hydroxy-3-phenylpropan-2-yl)phosphonate synthesis, reaction b1. Peak at 3.13 is
compound 4, peak 3.91 is compound 2 and peak 4.76 is compound 3.

Figure S16. LC of (1-hydroxy-3-phenylpropan-2-yl)phosphonate synthesis, reaction b2. Peak at 3.13 is
compound 4 and peak 4.75 is compound 3.
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Figure S17. LC-MS of (1-hydroxy-3-phenylpropan-2-yl)phosphonate synthesis, reaction b3. Peak at 3.12 is
compound 4, peak 4.21 is compound 2 and peak at 4.75 is compound 3.

Figure S18. LC of ((2-(diethoxyphosphoryl)-3-phenylpropyl) ethanethioate synthesis, reaction c. Peak at
3.07 is compound 4 and peak at 3.98 is compound 5.
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7.2 NMR Spectra

Figure S19. 1H NMR spectrum of compound 2 with assignments. 500 MHz, 25oC. Impurities of water,
EtOAc and compound 3

Figure S20. 13C NMR spectrum of compound 2 with assignments. 125 MHz, 25oC. Impurities of EtOAc.
Carbon peaks of compound 2 are doublets due to C-P coupling.
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Figure S21. 31P NMR spectrum of compound 2. 162 MHz, 25oC. Impurity at δ 24.04 is compound 3.

Figure S22. 1H-13C HSQC spectrum of compound 2. 500 MHz, 25oC. Impurity cross peaks from EtOAc and
compound 3.
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Figure S23. 1H-13C HMBC spectrum of compound 2. 500 MHz, 25oC.

Figure S24. 1H spectrum of compound 4 with assignments. 500 MHz, 25oC.

Appendix 7
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Figure S25. 13C spectrum of compound 4 with assignments. 125 MHz, 25oC. Carbon peaks of compound 4
are doublets due to C-P coupling.

Figure S26. 1H-13C HSQC spectrum of compound 4. 500 MHz, 25oC.

29



Uppsala University
Tor Eriksson

Synthesis of 2-(ethoxy(hydroxy)phosphoryl)-3-phenylpropyl ethanethioate

Figure S27. 1H-13C HMBC spectrum of compound 4. 500 MHz, 25oC.
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