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The enzymatic carboxylation of phenol and styrene derivatives using (de)carboxylases in carbonate buffer proceeded in a highly regioselective
fashion: Benzoic acid (de)carboxylases selectively formed o-hydroxybenzoic acid derivatives, phenolic acid (de)carboxylases selectively acted at

the fB-carbon atom of styrenes forming (E)-cinnamic acids.

In order to alleviate the predominant dependence of the
chemical industry from petroleum-based platform
intermediates,' the development of CO,-fixation reactions
would allow conversion of a problematic waste gas into a
useful carbon source for the production of chemicals.? The
biggest obstacle to surmount is the low energy level of
CO,. Carboxylation is facilitated by using high-energy
starting materials, such as H,, organometallics,3 unsatu-
rated compounds (alkenes, alkynes, allenes), or epoxides.’
Alternatively, carboxylation toward low-energy products
containing carbon at a high oxidation state yields carbon-
ates, carbamates, carboxylic acids, and esters or lactones.
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Although the number of processes based on chemical CO,-
fixation is small, the volumes of production (e.g., urea,
Kolbe—Schmitt reaction for phenol-carboxylation®) are
impressive.” Despite these isolated success stories, the use
of CO, as raw material for organic synthesis is still heavily
underdeveloped.z’8 In this context, the biocatalytic CO,-
fixation catalyzed by (de)carboxylases holds great poten-
tial. Analysis of biological CO,-fixation reveals that the
major high-energy pathways’ are more substrate-specific
and thus are less likely to be adapted to non-natural
organic compounds.'” In contrast, detoxification path-
ways are more promising, because the removal of a multi-
tude of toxins by a single broad-spectrum enzyme enhances
the survival of the living system. Since carboxylation is a
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redox-independent process, it is ideally suited for the
detoxification of phenolics in anaerobic organisms,'*"!
which represents a biocatalytic equivalent to the Kolbe—
Schmitt reaction,® which requires pressurized CO, and
elevated temperatures (120—300 °C) and often suffers from
incomplete regioselectivities.

Although the biodegradation of phenolic compounds
via carboxylation by whole microbial cells is reasonably
well understood,''® the respective enzymes were predomi-
nantly investigated for their (downhill) decarboxylation
activities.'? In contrast, only limited data are available on
the enzymatic carboxylation of (hetero)aromatics using
(de)carboxylases running in the reverse (synthetic)
direction:

(i) p-Carboxylation of phenol yielding p-hydroxyben-
zoic acid is catalyzed by phenylphosphate
carboxylase,'"™!® which requires activation of the
substrate by (energy-consuming) phosphorylation
with ATP prior to carboxylation. In contrast, 4-
hydroxybenzoate decarboxylase was found to cata-
lyze the direct (reverse) carboxylation of phenol at a
slow rate'* (max. conversion 19%").

(i1) The regio-complementary o-carboxylation of phenol
was catalyzed by salicylic acid decarboxylase with a
respectable conversion of 27%.'® Most interestingly,
the carboxylation of m-aminophenol selectively gave
the antituberculostatic agent p-aminosalicylic acid
with 70% conversion.'’

(ii1) 1,2-Dihydroxybenzene (catechol) was selectively
carboxylated at the o-position by 3,4-dihydroxy-
benzoate decarboxylase in up to 28% conversion.'®
The 1,3-analog (resorcinol) was carboxylated at the
2-position by 2,6-dihydroxybenzoate decarboxylase
in up to 48% conversion.'” Although the enzyme was
completely regioselective on its ‘natural’ substrate, it
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was also able to convert phenol, 1,2-dihydroxyben-
zene, and m-aminophenol at very low rates.”

(iv) In contrast to the carboxylases mentioned above,
which strictly depend on the presence of a phenolic
functional group in the substrate, electron-excess
heteroaromatic species (e.g., pyrrole, indole) were
carboxylated at position 2 or 3, respectively, by
pyrrole-2- carboxylate decarboxylase (max. con-
version 80%2") and indole-3-carboxylase (max.
conversion 34%2%) (Scheme 1). Unfortunately, both
enzymes appear to be highly substrate specific and
only tolerate minimal structural variations.

Scheme 1. Regio-complementary Enzymatic Carboxylation of
Phenols and Hydroxystyrene Derivatives

benzoic acid

(de)carboxylase R (de)carboxylase R
®/COZH o-carboxylation B I\ N f-carboxylation /@/\/COZH
E
i KHCOsbuffer  ~F  HoT NF KHCO;buffer  Ho™ ~Z

¢ up to 80% R cup to 30%

phenolic acid

In addition to the benzoic acid (de)carboxylases dis-
cussed above, which catalyze the carboxylation of an
aromatic system, phenolic acid decarboxylases® act on
the side chain of hydroxycinnamic acids yielding styrenes.
The reverse carboxylation activity of the latter enzymes is
unknown. Based on the limited structural data available to
date, both types of enzymes act through completely dif-
ferent mechanisms: Whereas benzoic acid decarboxylases
are metal-dependent and require a catalytically active Zn> "
in the active site,”* the mechanism of phenolic acid de-
carboxylases proceeds via general (metal-independent)
acid—base catalysis.”’

In order to ensure the practical applicability of the
enzymatic carboxylation, we avoided oxygen-sensitive
enzymes! 31419015 and thus selected (de)carboxylases,
which are known to be oxygen-stable.
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Table 1. Enzymatic Carboxylation of Phenols and Styrene Derivatives Using Benzoic and Phenolic Acid Decarboxylases”

substrate / product

product / conversion (%)

2,3-DHBD Ao’ 2,6-DHBD Rs* SAD Tm‘ PAD Lp* PAD Ba’
H
R
é/ ta®=H) 1b/43 1b/<1 1b/43 1b/<1 1b/<1
1b (R = CO,H)
OH
R
2b/54 2b/4 2b/62 2b/<1 2b/<1
OO 2aR=H) b/5 b /46 b/6 b/ b/
2b (R = CO,H)
H
R
3aR=H) 3b/74 3b/5 3b/80 3b/<1 3b/<1
HN 3b (R = CO,H)
H
HO R
4 4 4b/21 4b/<1 4b/<1
4aR =H) b /30 b/35 b/ b/ b/
4b (R = CO,H)
H
2 1 102 -
R Rl 8aR R =H) 5b/22 5b/31 5b/30 5b/<1 5b /<1
5b (R1 = 002'2* R®=H) 5¢/29 5¢/<1 5¢/40 5¢/<1 5¢/<1
OH 5¢ (R' = H, R? = CO2H)
OH
R 6a (R =H)
6b (R = COzH) 6b /39 6b /56 6b/2 6b /<1 6b /<1
HO n-C5H11
R . R?
:©/\/7a (R',R2=H) 7b /58 7b /<1 7b /29 7b /<1 7b/<1
HO 7b (R = COzH, R?=H) Te /<1 7e/<1 Te /<1 Te/2 7e/5
7¢ (R' =H, R2 = CO,H)
R1 - R?
j@/yaa (R11, RZ=H) , 8b/29 8b /<1 8b/17 8b/<1 8b /<1
HO 8b (R'= COzH,R“=H) 8c/<I1 8c/<I1 8c/<1 8c/30 8c/20
OMe 8¢ (R' =H, R2 =CO,H)
MeO X R?
, BRLRE=H) 9b /<1 9b /<1 9b /<1 9b /<1 9b /<1
HO R 9b (R' =COyH, R = H) 9¢ /<1 9¢ /<1 9¢ /<1 9¢/3 9¢/5
OMe 9c¢c (R'=H, R2=CO,H)

“Reaction conditions: whole lyophilized E. coli cells containing overexpressed (de)carboxylase (30 mg), substrate (10 mM), KHCOj3 (3 M), P; buffer
(pH 8.5, 100 mM), 30°C, 120 rpm, 24 h. £2,3-DHBD_Ao = 2,3-dihydroxybenzoate decarboxylase (Aspergillus oryzae).*® “2,6-DHBD_Rs = 2,6-
dihydroxybenzoate decarboxylase (Rhizobium sp}.).27 YSAD_Tm = salicylic acid decarboxylase (Trichosporon moniliiforme).® “PAD_Lp = phenolic
acid decarboxylase (Lactobacillus plantarum).>>PAD_Ba = phenolic acid decarboxylase (Bacillus amylolique.{ﬁzciens).30

The following candidates were cloned and (over)
expressed in E. coli BL21 (DE3) as host: 2,3-Dihydroxy-
benzoate decarboxylase from Aspergillus oryzae (2,3-
DHBD_Ao0),% 2,6-dihydroxybenzoate decarboxylase from
Rhizobium sp. (2,6-DHBD_Rs),”’ salicylic acid decarbox-
ylase from Trichosporon moniliiforme (SAD_Tm),?® pheno-
lic acid decarboxylases from Lactobacillus plantarum and
Bacillus amyloliquefaciens (PAD_Lp,” PAD_Ba).*° Car-
boxylation reactions were performed in glass vials using
whole lyophilized E. coli cells (showing activities of 1.3 U/mg
(PDC_Lp)) in phosphate buffer. After addition of sub-
strate (10 mM) and KHCOj; (3 M, pH 8.5), the samples
were shaken at 30 °C and 120 rpm. After extractive workup
(24 h) reversed-phase HPLC was used to determine the
conversion. Blank-experiments using empty E. coli host

1976

cells ensured the absence of competing (de)carboxylation
activities (see Supporting Information).

For the mapping of the substrate tolerance, the candi-
date enzymes were tested using a representative set of
phenols (1a—3a), as well as dihydroxybenzene (4a—6a)
and styrene derivatives (7a—9a) bearing electron-donating
or -withdrawing groups. Since the application of CO,-
pressurized reaction conditions (up to 2 bar) did not have
any significant effects on the conversion, it was assumed

(26) NCBI Reference GI: 94730373. Santha, R.; Appaji Rao, N.;
Vaidyanathan, C. S. Biochim. Biophys. Acta 1996, 1293, 191-200.

(27) NCBI Reference GI: 116667102; see ref 19a.

(28) NCBI Reference GI: 225887918; see ref 16.

(29) NCBI Reference GI: 300769086; see ref 25c.

(30) NCBI Reference GI: 308175189.

(31) Lindskog, S. Pharmacol. Ther. 1997, 74, 1-20.
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that the cosubstrate more likely is (bi)carbonate rather
than CO,, which equilibrates rather slowly. Attempts
to speed up CO,/(bi)carbonate equilibration using car-
bonic anhydrase failed, which was most likely caused
by inhibition of carbonic anhydrase by the phenolic
substrates.! Variation of the (hydrogen) carbonate
concentration within a range of 0.1—4.0 M revealed
that a 3 M KHCOs; solution buffered at pH 8.5 gave an
optimum in terms of reaction rate and conversion. All
products were identified by comparison with authentic
reference materials via coinjection on HPLC/UV and/
or NMR.

The results depicted in Table 1 reveal the following
trends: overall, all benzoic acid decarboxylases showed
an exclusive regioselectivity for the carboxylation of the
aromatic system in the o-position of the ’directing’ pheno-
lic group;** no trace of regioisomeric p-carboxylation
products, which are often formed in the Kolbe—Schmitt
reaction, could be detected. In the absence of a free
o-position (9a), no reaction occurred. Surprisingly, no clear
preference for the corresponding 'natural’ substrates (1a
with SAD _Tm, 4a with 2,3-DHBD_Ao, 5a with 2,6-
DHBD_Rs) could be detected, and several cross-activities
within the same range of conversion (la with 2,3-
DHBD_Ao, 4a with 2,6-DHBD_Rs and SAD_Tm, Sa
with 2,3-DHBD_Ao and SAD_Tm) suggest that the sub-
strate tolerance of these enzymes was remarkably broad.
Only 2,6-DHBD_Rs was inactive on phenol (1a). Fortu-
nately, also non-natural substrates, such as I-naphthol
(2a) and m-aminophenol (3a), were regioselectively car-
boxylated to the corresponding o-products 2b and 3b in up to
62 and 80% conversion, respectively. Surprisingly, even olive-
tol (6a) bearing a sterically demanding Cs-alkyl chain was
regioselectively carboxylated to yield 6b in up to 56% conver-
sion. In contrast, steric effects seem to play a major role for the
o-carboxylation of styrene-type substrates: whereas 7a was
carboxylated in up to 58% conversion, 8a gave 29% conver-
sion at best with 2,3-DHBD Ao and SAD Tm; 2,6-
DHBD_Rs was unreactive. In the absence of a free o-position

(32) Preliminary data indicate that the phenolic moiety seems to play
an important role in catalysis, since the nonphenolic substrates tested
were unreactive (data not shown).

(33) (a) Williams, C. M.; Johnson, J. B.; Rovis, T. J. Am. Chem. Soc.
2008, /30, 14936-14937. (b) Zhang, Y .; Riduan, S. N. Angew. Chem., Int.
Ed. 2011, 50, 6210-6212.
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(9a), no reaction took place, and the vinylic group always
remained untouched. Overall, whereas 2,6-DHBD_Rs
showed a clear preference for dihydroxybenzene derivatives,
2,3-DHBD_Ao also accepted simple phenols.

In contrast to benzoic acid decarboxylases, both phe-
nolic acid decarboxylases PAD_Lp and PAD_Ba showed
complete regio-complementary behavior: The aromatic
system remained completely unaffected, and carboxyla-
tion selectively occurred at the S-carbon atom of the side
chain by forming the corresponding (E)-cinnamic acid
derivatives (7¢—9¢) in low to modest conversion (¢pax.
30%). This biocatalytic transformation is remarkable,
because (to the best of our knowledge) it does not have
any direct counterpart in the arsenal of chemical catalysis,
the closest analogue being the Ni-catalyzed hydrocarbox-
ylation of styrenes,®* which forms 2-arylpropionic acids,
rather than cinnamic acid derivatives. Detailed studies on
the exploitation of the regio-complementary carboxylation
of styrene derivatives are underway.
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