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Commercially available phenol derivatives were transformed with pyruvate to form a new C–C bond lead-

ing to the corresponding para-coumaric acids and only one molecule of water as an innocent side product

in buffer. The reaction was catalysed by a biocatalytic system consisting of two enzymatic steps, which

were run simultaneously: (i) in the first step catalysed by a tyrosine phenol lyase the C–C coupling of phe-

nol derivatives with pyruvate and ammonia yielded L-tyrosine derivatives, (ii) which were transformed in the

second step to the final product via ammonia elimination catalysed by a tyrosine ammonia lyase. The reac-

tions proceeded with exquisite regio- and stereoselectivity yielding just the para-products with the

(E)-configuration. The method represents an efficient approach for the direct alkenylation of phenols on a

preparative scale (up to 0.6 mmol) affording (E)-para-coumaric acids in excellent isolated yields without

requiring chromatographic purification. Co-expression of the involved enzymes in a single host gave

access to single catalyst preparation.

1. Introduction

α,β-unsaturated carboxylic acids are central compounds in
organic chemistry which are not only widely present in a
broad range of biologically active molecules but also exhibit
outstanding potential1 to be used as building blocks for or-
ganic synthesis.2 Among them, coumaric acid represents a
privileged scaffold being part of a broad range of pharmaco-
logically active compounds widely distributed in the plant
kingdom. For instance, caffeic acid and specially its phenethyl
ester have demonstrated “in vitro” activities such as anti-
inflammatory and anti-tumour effects or provided protection
against UV light.3 Furthermore, p-coumaric acid, the most
abundant isomer of coumaric acid, is known to reduce the
risk of stomach cancer by reducing the formation of carcino-
genic nitrosamines.4 Related compounds such as ferulic acid
have shown remarkable activities against breast and liver can-
cers.5 Additionally, functionalized derivatives such as chloro-
genic acid and cichoric acid have been shown to slow the re-
lease of glucose to the bloodstream and inhibit the HIV
integrase, respectively.6

Traditional methods to prepare p-coumaric acid deriva-
tives are generally based on Knoevenagel7 or Heck8 reactions,
thus requiring a functional group (aldehyde or halogen, re-
spectively) in the para-position to the phenolic hydroxyl. On
the other hand, biocatalytic approaches are limited to the
carboxylation of para-vinylphenol derivatives using carboxyl-
ases,9 which require the corresponding p-hydroxy styrene pre-
cursors to be prepared using Wittig reactions of the corre-
sponding aldehydes.10 Direct C–H alkenylations of phenols
have been reported with (i) Ru-catalysts,11 (ii) Pd-catalysis to
access ortho-coumaric acid derivatives,12 and (iii) Fe-
containing mesoporous aluminosilicates.13 All direct
alkenylation methods lead to ortho products.

2. Results and discussion

We have recently reported a biocatalytic system for the para-
vinylation of phenols (Scheme 1a).14 In the present work, the
biocatalytic system was adapted for the preparation of
p-coumaric acid derivatives from unsubstituted phenols using
only pyruvate as a stoichiometric reagent (Scheme 1b), which
represents a para-selective alkenylation. This contribution rep-
resents the first example of direct para-selective alkenylation,
without requiring an auxiliary group at the p-position (Br,
CHO, etc.) with respect to the phenolic OH moiety.

The cascade15 investigated was designed by combining
two enzymatic reaction steps. In the first step of the cascade,
the C–C coupling between pyruvate, ammonia and different
phenol derivatives 1 should give access to substituted
L-tyrosine derivatives 3 (Scheme 2).16 Subsequent elimination
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of ammonia by a tyrosine ammonia lyase (TAL)17 should give
the (E)-p-coumaric acids 4 in the second step. The overall re-
action requires only pyruvate and phenols as stoichiometric
reagents since ammonia is internally recycled. For the first
step the M379V variant of the recombinant tyrosine phenol
lyase from Citrobacter freundii was used as a cell-free extract
due to its broad scope towards non-natural substrates.16 For
the elimination step the recombinant TAL from Rhodobacter
sphaeroides gave the best results when employed as an E. coli
whole cell catalyst.14

To identify the optimal pH value for the overall biotrans-
formation, the biocatalytic alkenylation of phenol 1a was
studied at pH values between pH 8–10 (Fig. 1) since the TPL
as well as the TAL gave the highest conversions at alkaline
pHs.14 At pH 8 the formation of (E)-4a was observed albeit at
a low rate due to the accumulation of L-3a in the reaction
(see the ESI† for a detailed profile). This is consistent with
the lower activity of the TAL. The highest concentration of
(E)-4a was obtained at pH 10 where TPL and TAL also gave
the highest conversions in the individual reactions. This is in
contrast to the vinylation cascade (Scheme 1A),14 where pH
8 turned out to be optimum due to a compromise with the
last additional step, the decarboxylation, which proceeded
best at pH 6.

Monitoring the alkenylation of 1a over time at pH 10 and
30 °C revealed that under the conditions employed the two
steps were well coupled since the concentration of L-3a never
exceeded 15% of the total amount of products (Fig. 2). Accu-
mulation of 3a would indicate that elimination is the rate-

limiting step of the cascade. The formation of (E)-4a followed
a linear profile for the first two hours, then slowed down
reaching completion after 24 h when the starting materials
and intermediates were below the detection limit. Although
all reactions are reversible, the high conversion resulted from
the thermodynamic preference for the formation of (E)-4a
(−24.0 kcal mol−1 for the transformation of the L-tyrosine
binding state in the enzyme to (E)-coumarate + H2N–MIO).17a

Next, the scope of the cascade was investigated using a set
of 2- and 3-substituted phenols. Phenols bearing halogens
(fluoro, chloro and bromo, 1a–c) in the 2-position were
efficiently transformed with >99% conversion and perfect se-
lectivity towards the E-isomer (Table 1, entries 1–4).
2-Methylphenol (1d) was also transformed achieving in this
case good conversion of the alkenylated product (entry 5).
Higher amounts of (E)-4d were formed at longer reaction
times (48 h, entry 6).

The bioalkenylation protocol was also successfully applied
for 3-substituted phenols (entries 7–8), observing quantitative
conversion of 3-fluorophenol (1e) and high conversion of
3-chlorophenol (1f). Interestingly, a 2,3-disubstituted phenol
(1g) was also efficiently transformed into the corresponding
p-hydroxycinnamic acid (entry 9). However, phenols bearing

Scheme 2 Two-step cascade for the biocatalytic alkenylation of
phenols. TAL: recombinant tyrosine ammonia lyase from Rhodobacter
sphaeroides employed as an E. coli whole cell catalyst; TPL:
recombinant tyrosine phenol lyase from Citrobacter freundii M379V
used as a cell-free extract.

Fig. 1 Conversion of 1a to p-coumaric acid (E)-4a at different pH
values. Reaction conditions: 1a (23 mM), pyruvate (46 mM), NH4Cl
(180 mM), TPL M379V (5 mg cell-free extract, 1.5 U), TAL (20 mg
freeze-dried E. coli/TAL, 0.18 U), buffer (50 mM, potassium phosphate,
pH 8, CHES, pH 9–10), PLP (0.04 mM), Et2O (5% v/v), 30 °C, 850 rpm.

Fig. 2 Time course for the alkenylation of 2-fluorophenol (1a) into
3-fluoro-4-hydroxycinnamic acid (E)-4a. Reaction conditions: 1a (23
mM), pyruvate (46 mM), NH4Cl (180 mM), buffer (50 mM, CHES, pH
10), PLP (0.04 mM), TPL M379V (5 mg cell-free extract, 1.5 U in 1 mL
total volume), TAL (20 mg freeze-dried E. coli/TAL, 0.18 U in 1 mL total
volume), Et2O (5% v/v), 30 °C, 850 rpm.

Scheme 1 a) Vinylation of phenols. b) C–H para-alkenylation of
phenols leading to p-coumaric acid derivatives.
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polar ortho groups such as in catechol or o-aminophenol were
not transformed at all.

Subsequently, para-alkenylation was successfully shown on
a semi-preparative scale (0.6 mmol, 46 mM substrate concen-
tration), isolating for instance the fluorinated derivative
(E)-4a as a single isomer in 96% isolated yield after a simple
extraction protocol without requiring chromatographic purifi-
cation (entry 2). Semi-preparative biotransformations were
also performed for 2-substituted phenols (1b–c), the
3-substituted phenol (1e) as well as for the 2,3-substituted
phenol (1g), demonstrating the potential of the present meth-
odology for the preparation of the corresponding alkenylated
products in excellent isolated yields (80–96%) and complete
stereoselectivity without requiring chromatographic purifica-
tion steps.

Since the cascade requires two enzymes, the next step was
to co-express both enzymes in a single host, which simplifies
enzyme production and handling of the catalysts. Co-
expression of enzymes in a single cell enables the generation
of efficient whole-cell catalysts.18 To identify the most suit-
able construct for the expression of the two enzymes in E.
coli, two bicistronic constructs were designed, wherein in one
case the TPL was first in line followed by TAL (construct 1),
while in the other case the order is reversed, thus the TAL en-
zyme comes first (construct 2) (Fig. 3). The TPL and TAL
genes were assembled under the control of a strong inducible
promoter (T7/lacO). The translation of TAL was driven by the
RBS of pET28a(+) and the gene carried an N-terminal
hexahistidine-tag. TPL was driven by the RBS of the
pET22b(+) vector. The constructs were generated using Gib-
son isothermal assembly.

Initial rates for the overall cascade were measured for
freeze-dried cells of E. coli containing the overexpressed
enzymes encoded by constructs 1–2. A higher activity was
observed for the transformation of 1a to (E)-4a with E.
coli(TPL–TAL) (1.2 mU mg−1) compared to E. coli(TAL–TPL)
(0.23 mU mg−1). The TAL activities for the single step trans-
formation of 3a into 4a were 1.35 mU mg−1 for E. coli(TPL–
TAL) and 0.31 mU mg−1 for E. coli(TAL–TPL). Consequently,
the transformation of 1a into (E)-4a was monitored over time
for the best performing catalyst, that is, E. coli(TPL–TAL)
(Fig. 4). The reaction reached completion after about 19
hours. This may indicate a positive influence of the co-
expression in a single cell, because the TAL activity of the
E. coli(TPL–TAL) catalyst was limiting (intermediate 3a
reached up to 23%). However, only 22% of the units used in
the experiment were employed for the profile in Fig. 2 and
the reaction only took roughly double the amount of time.
Nevertheless, the expression level may be improved for effi-
cient catalyst preparation.

3. Conclusions

In conclusion, phenols have been efficiently para-alkenylated
using a biocatalytic system involving two steps, namely C–C
bond formation19 and NH3-elimination. Only pyruvate is re-
quired as the stoichiometric reagent. Since only one molecule
of water is released in the transformation, the overall

Table 1 Enzymatic alkenylation of phenols to yield p-hydroxycinnamic

acids 4a–ga

Entry 1a–g 1 [mM] 1 [%]b 3 [%]b 4 [%]b,c

1 a 23 <1 <1 >95
2 ae 46 <1 <1 >95Ĳ96)
3 b 23 <1 <1 >95Ĳ85)
4 c 23 <1 <1 >95Ĳ96)
5 d 23 10 20 71d

6 d f 23 2 15 83d

7 e 23 <1 <1 >95Ĳ88)
8 f 23 26 5 69d

9 g 23 <1 <1 >95Ĳ80)

a Reaction conditions: phenol 1, pyruvate (2 equiv.), NH4Cl (180
mM), TPL (50 mg cell-free extract, 15 U), TAL (200 mg freeze-dried E.
coli/TAL, 1.8 U), CHES buffer (pH 10, 10 mL, 50 mM), PLP (0.04
mM), Et2O (5% v/v), 30 °C, 120 rpm, 24 h. b Determined by reverse-
phase HPLC analysis. c Isolated yields are shown in brackets.
d Reactions performed on an analytical scale only. e Double amounts
of the two biocatalysts were used. f Reaction time: 48 h.

Fig. 3 Design of constructs for co-expression of TPL and TAL. t7: IPTG
inducible T7/lacO promoter; tt7: T7 terminator.

Fig. 4 Time course for the alkenylation of 2-fluorophenol (1a) into
3-fluoro-4-hydroxycinnamic acid (E)-4a employing E. coli(TPL–TAL).
Reaction conditions: total volume: 1 mL, 1a (23 mM), pyruvate
(46 mM), NH4Cl (180 mM), buffer (50 mM, CHES, pH 10), PLP (0.04
mM), E. coli(TPL–TAL) (30 mg freeze-dried cells, 36 mU), Et2O (5% v/v),
30 °C, 850 rpm.
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reaction possesses an excellent atom economy (82% for
(E)-4a–e, 83% for (E)-4b, 86% for (E)-4c and 83% for (E)-4g).
p-Alkenylation was successfully performed on a semi-
preparative scale at substrate concentrations of 23–46 mM
obtaining the alkenylated p-coumaric acid products as a
single (E)-isomer in excellent isolated yields (80–96%) without
requiring chromatographic purification. By co-expression of
the two enzymes in a single host, only a single catalyst prepa-
ration may be required for the reaction.

4. Experimental section
4.1 General

Chemical reagents were purchased from different commercial
sources and used without further purification. Melting points
were measured on samples in an open capillary tube and were
uncorrected. 1H and 13C-NMR spectra were obtained using a
Bruker spectrometer (1H, 300.13 MHz; 13C 75.5 MHz). The
chemical shifts are given in delta (δ) and the coupling con-
stants in Hertz (Hz). Mass spectra experiments (MS) were car-
ried out by ESI+ using an Agilent HPLC coupled to a MS.

4.2 Single enzyme preparations

Single biocatalysts were prepared as previously described.14

Tyrosine phenol lyase M379V (TPL) from Citrobacter freundii
(0.30 U mg−1) was used as a freeze-dried cell-free extract and
prepared as previously described.14 Tyrosine ammonia lyase
(TAL) from Rhodobacter sphaeroides (9.2 mU mg−1) was used
as a whole-cell freeze-dried catalyst.14

4.3 Co-expression of TPL and TAL

The coding sequences for tyrosine phenol lyase (TPL) from
Citrobacter freundii M379V and tyrosine ammonia lyase (TAL)
from Rhodobacter sphaeroides were PCR amplified from
pET22bĲ+)-TPL and pET28aĲ+)-TAL14 using the following
primers: TPL with pBP856 (5′-gataacaattccggaattgtgagcggataa-
caattccggaattcaaggagatatacatatgatgaactatccggc-3′) and pBP857
(5′-gctgcccatggtatatctccttatttaaatttattagatataatcgaagcgcgcgg-
taaaaaaac-3′) for construct 1; with pBP939 (5′-gctgcaaca
gagtccggtttaagctagcaaggagatatacatatgatgaactatccggc-3′) and
pBP943 (5′-ggggttatgctagggatcggatccttattagatata atcgaagcgcgcg-
gtaaaaaaac-3′) for construct 2. TAL was amplified with
pBP858 (5′-cgcgcgcttcgattatat ctaataaatttaaataaggagatataccatg-
ggcagcagcc-3′) and pBP866 (5′-caaggggttatgctagggatcggatccttaa-
accggactctgttgcagcaga tg-3′) for construct 1; and with pBP937
(5′-gataacaattccggaattgtgagcggataacaattccggaattcaaggagat-
ataccatgggcagcagccatc-3′) and pBP938 (5′-atagttcatcatatgtatat-
ctccttgctagcttaaaccggactctgttgcagcagatg-3′) for construct 2. The
PCR fragments included the RBSs of pET28a(+) (TAL) and
pET22b(+) (TPL) and TAL carried an N-terminal
hexahistidine-tag.14 pCAS1 (ref. 18c) was linearized with
EcoRI and BamHI and dephosphorylated using alkaline phos-
phatase (Thermo Fisher Scientific, Waltham, MA). All PCR
and DNA fragments were gel purified (Promega, Fitchburg,
WI) before the TPL and TAL genes were inserted into pCAS1

by Gibson isothermal assembly.20 The resulting constructs 1
and 2 were sequence verified.

For the co-expression of the two cascade enzymes, E. coli
BL21-GoldĲDE3) (Agilent Technologies, Santa Clara, CA) was
transformed with constructs 1 and 2. The cells were grown in
LB medium (Carl Roth GmbH, Karlsruhe, Germany) until
they reached a density of OD600 ∼ 0.6–0.8. The expression of
the cascade enzymes was induced with 1 mM IPTG (Sigma-
Aldrich, St. Louis, MO) and the expression was performed at
28 °C overnight. The cells were then harvested by low speed
centrifugation (2800 × g, 4 °C, 20 min), washed once in PBS
(137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4, 2 mM KH2PO4)
and the pellets were stored at −20 °C until lyophilisation in
15 mL of PBS overnight.

4.4 Overall activities for E. coli(TPL–TAL) and E. coli(TAL–TPL)

For better comparison of constructs 1 and 2, the activity for
the transformation of the corresponding phenol 1a into the
cinnamic acid derivative (E)-4a was determined by measuring
the initial rate by HPLC. One unit of activity was defined as
the amount of catalyst prepared that catalysed the formation
of 1 μmol of 3-fluoro-4-hydroxycinnamic acid (4a) per minute
under the following conditions: 30 °C, 850 rpm, pH 10. The
assay mixture contained 2-fluorophenol (1a, 23 mM), pyruvate
(46 mM), NH4Cl (180 mM) and E. coli whole cells
overexpressing TPL and TAL (30 mg). The reaction activities
were determined corresponding to 1.2 mU mg−1 E. coli whole
cells for construct 1 and 0.23 mU mg−1 E. coli whole cells for
construct 2.

4.5 Biotransformations on analytical scale

Recombinant TPL M379V from C. freundii (1.5 U, 5 mg
freeze-dried cell-free extract) and TAL from R. sphaeroides
(0.18 U, 20 mg freeze-dried E. coli/TAL cells) were rehydrated
in a CHES buffer (50 mM, 180 mM NH4Cl, 0.04 mM PLP, pH
1, 1 mL) for 10 min at 30 °C and 120 rpm. The corresponding
phenols 1a–g (0.023 mmol, 23 mM) and pyruvate (0.046 mmol,
46 mM; 11.5 μL of 4 M stock solution in CHES buffer pH 10)
were added to the mixture and the reaction was incubated at
21 °C and 800 rpm for 24 h. Reactions were quenched with a
MeCN/H2O 1 : 1 solution containing 0.1% TFA (1 mL),
centrifuged to remove the cells and the supernatant was
injected in the HPLC system for conversion measurement.

4.6 Biotransformations on preparative scale

Recombinant TPL M379V from C. freundii (15 U, 50 mg
freeze-dried cell-free extract) and TAL from R. sphaeroides
(3.68 U, 400 mg freeze-dried E. coli/TAL cells) were rehydrated
in a CHES buffer (50 mM, 180 mM NH4Cl, 0.04 mM PLP, pH
10, 10 mL) for 10 min at 30 °C and 120 rpm. Then the phenol
(0.23 mmol, 23 mM) and pyruvate (101.2 mg, 0.46 mmol, 46
mM) were added to the mixture and the reaction was incu-
bated for 24 h at 21 °C and 170 rpm. The reaction was
stopped with an aqueous saturated NH4Cl solution (5 mL),
acidified with 2 M HCl (1 mL) and extracted with EtOAc (3 ×
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15 mL). The combined organic phases were dried (Na2SO4)
and the solvent was evaporated under reduced pressure. The
crude product was washed with n-heptane (3 × 5 mL)
obtaining the corresponding p-hydroxycinnamic acids as
white solids (80–96%).

4.7 Reaction scale and isolated yields

1a: (51 mg, 0.46 mmol, 46 mM); isolated yield: (E)-4a: 80.6
mg, 96%. 1b: (30 mg, 0.23 mmol, 23 mM); isolated yield:
(E)-4b: (39 mg, 85%). 1c: (40 mg, 0.23 mmol, 23 mM); iso-
lated yield: (E)-4c: (54 mg, 96%). 1e: (26 mg, 0.23 mmol, 23
mM); isolated yield: (E)-4e: (37 mg, 88%). 1g: (30 mg, 0.23
mmol, 0.23 mM); (E)-4g: isolated yield: (36 mg, 80%).

(E)-3-(3-Fluoro-4-hydroxyphenyl)acrylic acid (4a). White
solid. Mp: 215 (dec.). 1H NMR (CD3OD, 300.13 MHz): δ 6.33
(d, 3JHH = 17.5 Hz, 1H), 6.94 (at, J = 8.7 Hz, 1H), 7.23–7.27 (m,
1H), 7.37 (dd, 3JHH = 12.2 Hz, 3JHH = 2.2 Hz, 1H), 7.57 (d,
3JHH = 17.5 Hz, 1H). 13C NMR (CDCl3, 75.5 MHz): δ 116.6,
116.8, 127.0, 128.5, 145.9, 149.1, 151.9, 155.1, 171.0. 19F NMR
(CD3OD, 282 MHz): δ −140.0. MS (ESI+): 183 [(M + H)+, 100%].

(E)-3-(3-Chloro-4-hydroxyphenyl)acrylic acid (4b). White
solid. Mp: 220 °C (dec.). 1H NMR (CD3OD, 300.13 MHz): δ
6.33 (d, 3JHH = 15.0 Hz, 1H), 6.94 (d, 3JHH = 6.0 Hz, 1H), 7.40
(dd, 3JHH = 8.2 Hz, 3JHH = 2.1 Hz, 1H), 7.54–7.60 (m, 2H).
13C NMR (CDCl3, 75.5 MHz): δ 117.5, 118.0, 122.5, 128.7,
129.9, 131.1, 145.3, 156.7, 170.8. MS (ESI+): 199 [(35ClM + H)+,
100%], 199 [(35ClM + H)+, 100%].

(E)-3-(3-Bromo-4-hydroxyphenyl)acrylic acid (4c). White
solid. Mp: 225 (dec.). 1H NMR (CD3OD, 300.13 MHz): δ 6.33
(d, 3JHH = 14.8 Hz, 1H), 6.92 (d, 3JHH = 8.2 Hz, 1H), 7.45 (dd,
3JHH = 8.0 Hz, 3JHH = 2.0 Hz, 1H), 7.55 (d, 1H, 3JHH = 14.8 Hz),
7.74 (d, 1H, 4JHH = 2.1 Hz). 13C NMR (CDCl3, 75.5 MHz): δ
111.9, 117.7, 129.3, 130.3, 134.7, 145.5, 158.1, 171.0. MS
(ESI+) 243 [(79BrM + H)+, 100%], 245 [(81BrM + H)+, 100%].

(E)-3-(2-Fluoro-4-hydroxyphenyl)acrylic acid (4e). White
solid. Mp: 210 °C (dec.). 1H NMR (CD3OD, 300.13 MHz): δ
6.38 (d, 3JHH = 17.5 Hz, 1H), 6.54–6.59 (m, 1H), 6.64–6.68 (m,
1H), 7.51 (at, J = 8.7 Hz, 1H), 7.72 (d, 3JHH = 17.5 Hz, 1H).
13C NMR (CDCl3, 75.5 MHz): δ 104.3, 113.8, 115.2, 118.4,
132.7, 139.4, 162.7, 164.1, 171.2. 19F NMR (CD3OD, 282
MHz): δ −115.6. MS (ESI+): 183 [(M + H)+, 100%].

(E)-3-(2,3-Difluoro-4-hydroxyphenyl)acrylic acid (4g). White
solid. Mp: 225 °C (dec.). 1H NMR (CD3OD, 300.13 MHz): δ
6.34 (d, 3JHH = 18.0 Hz, 1H), 6.77–6.81 (m, 1H), 7.28–7.33
(m, 1H), 7.67 (d, 3J = 17.3 Hz, 1H). 13C NMR (CDCl3, 75.5
MHz): δ 114.8, 116.5, 120.1, 125.0, 125.1, 138.4, 141.8, 151.5,
170.7. 19F NMR (CD3OD, 282 MHz): δ −142.3, −164.3. MS
(ESI+): 183 [(M + H)+, 100%].

4.8 Analytics

Conversions for substrates were determined with an Agilent
chromatograph UV detector at different wavelengths using a
Luna C18 column (25 cm × 4.6 mm I.D.). Sample preparation:
a MeCN/H2O solution (1 mL, 1 : 1) containing 0.1% TFA was
added to an aliquot of the reaction solution (1 mL). The

protein was removed by centrifugation and the solution was
filtered through VIVAspin membrane polyethersulfone filters.
The resulting solution was analysed by HPLC under the
conditions stated below (see the ESI† for retention times).
Column: Luna C18 5 μm; flow: 1 mL min−1; temperature: 30 °C;
gradient: from 100% H2O (0.1% TFA) to 100% MeCN (0.1%
TFA) in 22 min. Wavelength: 280 nm. The relative amount of
the species was determined by correcting the value with the
response factor of each compound.
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