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Artificial Transition Metalloenzymes 
 

Photoactive Yellow Protein as a transition metal catalyst 
 
 
 
 
 
 
Abstract 
 
A strategy for the preparation of artificial transition metalloenzymes by site-selective 
incorporation of metal-binding phosphine ligands into the active site of the 
Photoactive Yellow Protein (PYP) is described. Photoactive Yellow Protein is a water-
soluble protein with a relatively low molecular weight that features a hydrophobic 
chromophore-binding pocket with a highly nucleophilic cysteine residue, Cys69, that 
can be covalently modified. Phosphine ligands bearing a carboxylic acid group and 
their corresponding transition metal complexes were coupled to Cys69 of PYP-mutant 
R52G. The successful coupling was shown by 31P NMR spectroscopy and ESI mass 
spectroscopy. The new hybrid catalysts were tested in hydrogenation, hydro-
formylation and allylic substitution reactions. 
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Introduction 
 
Enantioselective catalysis is one of the most efficient strategies for the preparation of 
enantiopure compounds. Catalytic reactions can be achieved by either chemocatalysis 
or biocatalysis. In the field of chemocatalysis, homogeneous catalysis with transition 
metals has received significant attention during the past decades and has proven useful 
and versatile in numerous enantioselective transformations.[1] Both the nature of the 
metal center and the coordinating ligand determine the properties of the catalyst.[2] The 
key to the success of organometallic catalysts lies in the relative ease of catalyst 
modification by changing the ligand environment. In biocatalysis, the use of enzymes 
for organic transformations has received increasing attention.[3] The excellent chemo- 
regio- and enantioselectivity and activity displayed by enzymes, in combination with 
the introduction of directed evolution methodologies for performance optimization[4] 
lie at the basis of this interest. Furthermore, enzymes offer an environment-friendly 
alternative to toxic chemical reagents and the field of green chemistry is, at present, 
enjoying a high level of attention from the scientific community.  

With the aim to combine the best of both homogeneous catalysis and biocatalysis, 
the development of artificial metalloenzymes has received new interest in the last 
decade.[5] The principle of the incorporation of a modified coenzyme analogue or a 
transition metal complex into a protein, was developed by Kaiser[6] and Whitesides[7] in 
the late 1970’s. In artificial transition metalloenzymes the catalytic activity stems 
mainly from the transition metal part, while the selectivity of the catalytic 
transformation is induced by the chiral environment of the protein.  

Phosphine ligands are an attractive class of ligands since the corresponding 
transition metal complexes are able to catalyze efficiently a variety of reactions such as 
olefin hydrogenation, hydroformylation and allylic substitution, as yet reactions not 
catalyzed by enzymes. In recent years several reports have been published on the 
successful non-covalent anchoring of phosphine ligands inside proteins[7,8,9] and 
antibodies[10] and the use of the resulting artificial metalloenzymes in asymmetric 
catalysis. The incorporation of phosphine ligands into the macromolecular host 
through a covalent linkage has been studied to a lesser extent. In 2002, Reetz and 
coworkers reported the covalent anchoring of a phosphine ligand within the active site 
of a lipase, but the obtained hybrid turned out to be hydrolytically unstable.[11] A 
general method for the covalent, site-selective introduction of phosphine ligands is 
desirable, as this would allow the functionalization of structurally diverse proteins with 
this important class of ligands.  

In this Chapter we report the successful site-selective covalent anchoring of a 
number of phosphine ligands and their transition metal complexes within a protein. 
The new artificial metalloenzymes have been evaluated in several types of asymmetric 
catalytic reactions. 
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Results and Discussion 
 

Among the different classes of proteins, (i) transporters and (ii) enzymes are most 
frequently employed for the synthesis of artificial metalloenzymes. (i) Transporters are 
proteins capable of transporting small molecules and ions.[12] Proteins such as 
hemoglobin and myoglobin contain a heme group and are responsible for the transport 
of oxygen. The plasma protein serum albumin is known to transport a variety of metals 
and lipophilic molecules essential for maintaining the osmotic pressure. The proteins 
avidin and streptavidin possess high affinity for the vitamin biotin and are used in 
numerous biological studies. The replacement of these molecules with analogues that 
are catalytically active is the basis for the non-covalent anchoring approach towards 
artificial metalloenzymes. An advantage of this approach is the limited amount of 
protein manipulation required. On the downside, the number of proteins that display 
this kind of binding with sufficiently high affinity to ensure catalyst localization in the 
protein hosts is limited. As a result the design of non-covalent anchored artificial 
metalloenzymes is mainly restricted to the use of biotin- and heme-based ligands, 
posing significant restrictions on the structural diversity of the host proteins.  

(ii) Nearly all chemical transformations in biological systems are catalyzed by 
enzymes.[12] Enzymes have the capacity to specifically bind a very wide range of 
molecules. This binding is often with very high specificity and therefore the substrate 
diversity of many enzymes is low. By employing intermolecular forces, enzymes bring 
substrates together in an optimal orientation in the so-called active site. The active site 
contains catalytic groups which directly participate in the transformation reaction. The 
reactivity of these catalytic groups makes them practical anchors for the covalent 
introduction of transition metal complexes. The host protein should ideally contain 
only a single reactive residue which can be selectively modified, in a cavity large enough 
to accommodate the synthetic catalyst as well as the substrate in subsequent catalysis. A 
particularly attractive functional group to use for the covalent incorporation of 
synthetic catalysts is the thiol moiety originating from cysteine. 

Our study has focused on the use of the Photoactive Yellow Protein as scaffold for 
the preparation of artificial metalloenzymes.[13] Photoactive Yellow Protein is a water-
soluble, yellow protein, originally isolated from the bacterium Ectothiorhodospira (now: 
Halorhodospira) halophila.[14] This protein was found to have a relatively low molecular 
weight (15 kDa) and a strong absorbance peak at 446 nm. Subsequent analysis showed 
that the protein was photoactive, hence it was named Photoactive Yellow Protein 
(PYP).[15] Evidence was presented that in H. halophila PYP may function as the 
photoreceptor in the process of negative phototaxis[16] towards blue light.[17] By 
definition, photoreceptor proteins contain a light-absorbing chromophore, for PYP 
this is p-hydroxycinnamic acid.[18] In 1995, a crystal structure of the protein in the 
ground state was published (Figure 1),[19] revealing two hydrophobic cores: the smaller 
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of these is located at the N-terminus, while the larger contains the chromophore-
binding pocket. In this pocket, the chromophore is covalently bound through a thiol 
ester linkage to the single cysteine of the protein, Cys69.[20] In the following years, 
apoPYP[21] (i.e. the protein without its natural cofactor) has been reconstituted with 
various modified chromophores.[22,23]  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Cartoon representation of the crystal structure of the Photoactive Yellow Protein (PDB ID 
1NWZ) with ♦ : Cys69 and ♠ : Arg52. 
 

In the PYP mutant R52G, the arginine at position 52 is replaced by a glycine.[24] This 
is expected to result in a more accessible cavity, since Arg52 is believed to shield the 
chromophore from the solvent (Figure 1).[25] The highly nucleophilic thiol group of 
Cys69 in combination with the hydrophobic binding-pocket make PYP-R52G an 
attractive scaffold for the covalent anchoring of transition metal complexes.  

In the preparation of artificial metalloenzymes the most commonly used 
thiolselective reagents are activated disulfides,[26] α-halogencarbonyls,[27] benzylic 
bromides[28] and N-alkyl maleimides.[11] The latter method is highly selective towards 
cysteine and results in a very stable thioether linkage, but it is known that phosphine 
compounds can add to the double bond of the maleimide to form ylides which 
complicates the synthesis of phosphine-containing metalloenzymes.[29] In PYP the 
chromophore is covalently bound through a thiol ester to Cys69. The apo-protein can 
be reconstituted in vitro with activated forms of the p-hydroxycinnamic acid 
chromophore; the use of the thiophenyl ester,[30] the anhydride[30] and the 
imidazolide[31] of p-hydroxycinnamic acid all lead to formation of the desired thioester 
linkage with the protein. Therefore we explored the use of carboxylic acid modified 

♠ 
♦
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phosphine ligands. Activation of the carboxyl group should allow the site-selective 
covalent attachment of the phosphine moiety to the protein.  

Among the various methods for the synthesis of tertiary phosphine ligands bearing 
functionalized aromatic substituents such as carboxyl groups, nucleophilic 
phosphination of fluoroaromatic compounds[32] and palladium-catalyzed cross-
coupling of primary and secondary phosphines with iodoaromatic compounds[33] are 
the most favorable procedures. In both cases, no introduction of protecting groups at 
the functionalities and at the phosphorus is necessary. While the nucleophilic 
phosphination reaction of fluoroaromatic compounds often requires the activation of 
the C-F bond by electron-withdrawing substituents in ortho or para position, this is not 
a prerequisite for Pd-catalyzed P-C cross-coupling. Phosphines 1–3 (Figure 2) are 
either commercially available or are readily obtained by palladium-catalyzed cross-
coupling of their iodoaromatic precursors and diphenylphosphine.[34] 
 
 
 
 
 
 
 
Figure 2: The phosphorus ligands 1 – 4. 
 

Since chelating diphosphines are known to display improved selectivities in several 
transition metal catalyzed reactions compared to monophosphine ligands, we also 
included bidentate ligand 4 for the covalent modification of PYP. Ligand 4 can be 
obtained via Whitesides’ procedure[35] or following the synthetic route as desribed in 
Chapter 4.  

We chose to use CDI-activated phosphine ligands for the protein functionalization 
(CDI = N,N’-carbonyldiimidazole). The only byproducts are imidazole and CO2, which 
are easily removed from the protein after coupling. As a test reaction we prepared 
model compound 5 (Scheme 1). Activation of the carboxyl group of benzoic acid 2 
using CDI followed by the addition of N-acetyl-L-cysteine methylester gave phosphine 
5 in high yield. The reaction did not affect the stereogenic center of the cysteine 
derivative and moreover, no oxidation of the phosphine moiety was observed. 
 
 
 
 
 
Scheme 1. Reagents and conditions: i. a) CDI, THF, 0 °C, b) N-Ac-L-Cys-OMe, THF, 92 %. 
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Next, the coupling of benzoic acid 3 with PYP mutant R52G was examined. 
Compound 3 was activated with CDI in DMF at 4 °C and subsequentely added to one 
equivalent of protein in buffered aqueous solution (50 mM Tris·HCl, pH 8.0).[36] The 
mixture was incubated overnight and the protein was purified by centrifugal 
ultrafiltration using a 10 kDa filter (Figure 3). Like dialysis, ultrafiltration can be 
employed for the separation of low-molecular-weight compounds from soluble 
polymers. In contrast to dialysis, much shorter separation times can be achieved with 
ultrafiltration because of the application of pressure.[37] When centrifugation is used to 
generate the required pressure for ultrafiltration this is referred to as 
ultracentrifugation. Ultracentrifugation can directly separate large molecules from 
small molecules using centrifugal filter units; the separation time depends on the 
rotation speed of the centrifuge.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Amicon® Ultra-15 centrifugal filter units used for protein purification and concentration. 
 

As shown in Figure 4, ESI-MS analysis of the purified protein demonstrated the 
clear presence of a PYP-adduct with a mass of 16,050 Da which perfectly matches the 
calculated mass of R52G-[3] (16,050.7 Da). Since the ESI-MS spectrum displayed 
unreacted R52G, the coupling reaction was next performed with two equivalents of 
activated compound 3. As expected, this improved the conversion of R52G, but ESI-
MS analysis showed the formation of an adduct with a mass of 16,338 Da which 
corresponds to the undesired diacylation of PYP-R52G.  

screw cap 
 
filter unit 
 
membrane 
(molecular cut-off 10 kDa) 
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Figure 4: ESI-MS analysis of PYP adduct R52G-[3] obtained after the coupling of R52G with a 
stoichiometric amount of 3 (left) and an excess of compound 3 (right). 

 
The successful coupling of benzoic acid 3 to R52G was also comfirmed with 31P {1H} 

NMR spectroscopy. Protein R52G-[3] displayed a signal at δ = –4.8 ppm which is 
typical of triphenylphosphine derivatives (Figure 5). It appears that in addition to ESI-
MS analysis, 31P NMR spectroscopy is a useful technique for characterizing 
phosphorus-based artificial metalloenzymes. Using the same approach, ligands 1, 2 and 
4 have been successfully covalently anchored to PYP-R52G. We were also able to 
couple transition metal complexes to the protein which will be addressed in more detail 
in the following sections. 

 
 
 
 
 
 
 
 
Figure 5. 31P {1H} NMR (202 MHz, D2O) spectrum of R52G-[3]. 

 
In an attempt to confirm that the modification indeed occurred at the reactive 

Cys69 and not at a lysine residue located outside the active site, protease mediated 
partial digestion was performed on the new phosphine-containing proteins. 
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Subsequent MS analysis should allow the localization of the phosphine ligands, but 
upto now no conclusive results could be obtained. In addition to the biological 
digestion treatment, the location of the phosphine ligands can be determined in a 
chemical fashion. The thioester linkage can be cleaved by treatment with dithiotreitol 
(DTT) or by incubation at pH 12, while the alternative amides resulting from lysine 
coupling can not.[38] Two wild-type PYP-adducts covalently modified with ligand 1 and 
with ligand 4 were subjected to these two methods. MS analysis showed that under 
both conditions the phosphine ligands were removed from the two PYP-adducts. This 
strongly indicates that PYP is modified with the phosphine ligands at Cys69.  

With a method in hand for the site-selective covalent modification of PYP-R52G 
with phosphine ligands, we next explored the use of the new hybrid catalysts in 
hydrogenation, hydroformylation and allylic substitution reactions. 
 
– Hydrogenation 
From the start of the development of artificial metalloenzymes, the rhodium-catalyzed 
hydrogenation of alkenes has been intensively investigated. In 1978, Wilson and 
Whitesides reported the construction of a hydrogenation catalyst based on embedding 
an achiral biotin-functionalized rhodium-diphosphine moiety within the protein 
avidin.[7] The metalloenzyme was applied in the asymmetric hydrogenation of α-
acetamidoacrylic acid, affording quantitative conversion of the substrate with an ee of 
41 % in favour of the (S)-product. In later studies, the groups of Chan[8] and in 
particular Ward[9] further developed this approach and with a combination of chemical 
and genetic optimization enantioselectivities up to 96 % were obtained in the 
hydrogenation of α-acetamidoacrylic acid. In 2005, De Vries and coworkers showed 
that papain, covalently modified at Cys25 with a monodentate phosphite ligand and 
complexed with [Rh(cod)2]BF4, is an active catalyst in the hydrogenation of methyl α-
acetamidoacrylate, but no enantioselectivity was observed.[39] 

Inspired by these studies, we explored the use of the new PYP-based ligands in 
rhodium-catalyzed hydrogenation reactions. In general, rhodium binds preferentially 
to a phosphine rather than to an amino acid side chain or the protein backbone. 
However, according to multiple reported studies on serum albumins, residues such as 
histidine, methionine, cysteine and to some extent tryptophan are believed to be 
residues capable of binding rhodium.[40,41] In consideration of the presence of such 
residues in PYP, unspecific metal binding may occur upon addition of a rhodium-
precursor, which would lead to the undesired presence of metallic rhodium during the 
hydrogenation reaction. To promote rhodium coordination to a phosphine ligand, 
achiral Rh-complex 6 was coupled to R52G to give conjugate R52G-[6] (Scheme 2). 
Complex 6 was obtained by the reaction of CDI-activated ligand 4 with 
[Rh(cod)(MeCN)2]BF4. The successful formation of R52G-[6] was shown by ESI-MS 
analysis. 
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Scheme 2. Reagents and conditions: i. PYP-R52G, 50 mM Tris·HCl, pH 8.0. 
 

Dimethyl itaconate A and methyl α-acetamidoacrylate B were chosen as substrates 
due to their good water solubility. In addition, the use of these substrates allows easy 
work up and subsequent analysis. The reaction mixtures can be extracted with ethyl 
acetate,[42] whereas substrate α-acetamidoacrylic acid C is accessible efficiently only by 
continuous extraction.[9] Initially, the substrates were added from stock solutions in the 
same buffer solution as the protein. The reactions were carried out in a stainless steel 
autoclave with glass inserts at a hydrogen pressure of 5 bar. The results and conditions 
are summarized in Table 1. 
 
Table 1. Rh-catalyzed asymmetric hydrogenation.[a] 

 

 

 

 
entry catalyst Substrate cosolvent [b] conv. (%) [c] ee (%) [d] 

     1 R52G-[6] A - - - 
     2 Rh/tppts A - > 99 - 
     3 R52G-[6] A DMF > 99 6 
     4 R52G-[6] A DMSO > 99 3 
     5 R52G A DMSO - - 
     6  R52G-[6] B DMSO - - 
     7 [e] R52G-[6] C - - - 
     8 [e] R52G-[6] C DMSO - - 

[a] Conditions: [Rh] = 56 μM, substrate/Rh = 100, p(H2) = 5 bar, T = 25 ° C, t = 20 h, total volume: 0.3 
mL. [b] Reactions were performed in MOPS buffer (100 mM, pH 7.0) or HEPES buffer (100 mM, pH 
7.0) or where noted in mixtures (1:1) with organic solvents. [c] Percentage conversion of substrate, 
determined by GC. [d] Enantiomeric excess of product, determined by chiral GC. [e] The substrate 
and product were converted in situ to their methyl esters before GC analysis. Abbreviations: tppts = 
tris(3-sulfophenyl)phosphine trisodium salt, MOPS = 3-(N-morpholino)propanesulfonic acid, 
HEPES = 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid. 
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In the hydrogenation of dimethyl itaconate A using R52G-[6] as catalyst no 
conversion was observed, whereas the catalyst based on the water-soluble sulfonated 
triphenylphosphine (tppts) and [Rh(cod)(MeCN)2]BF4 gave full conversion after 20 h. 
These results might suggest the transition metal center in R52G-[6] is not accesible for 
catalysis. The addition of organic cosolvents such as DMF and DMSO did have a 
positive effect on the activity of the artificial metalloenzyme. When the hydrogenation 
reaction of itaconate A was performed in a mixture of DMF and buffered aqeuous 
solution (1:1) full conversion was observed. We assume that the protein partially 
denatures upon addition of organic solvents resulting in a more accesible transition 
metal complex. 

In the hydrogenation of acrylate B no conversions were obtained, not even when 
organic cosolvents were used. To rule out solubility problems of the substrate, the 
hydrogenation of acrylic acid C was explored. Also with this highly water-soluble 
substrate no conversion was observed. These observations are surprising since acrylate 
B and acrylic acid C are commonly used substrates in hydrogenation reactions using 
artificial metalloenzymes. 

The lack of induction of enantioselectivity points to a catalytic system in which the 
metal site is too far removed from the chiral environment of the protein. This could 
result from the partial denaturation of the protein due to addition of high 
concentrations of organic solvent. The cavity of R52G could have induced chirality by 
forcing the structurally flexible diphosphine backbone of ligand 4 in a preferred 
conformation. Ward and coworkers speculate that in their biotin-streptavidin system, 
upon incorporation in the host protein, the rhodium-bound diphosphine ligand adopts 
an enantioenriched configuration that favors the approach of one of the prochiral faces 
of the substrate.[43] Such an enantioenriched configuration is probably absent in the 
partially denatured R52G-based artificial metalloenzyme. 

In addition, the protein can favor a specific complexation of the substrate to the 
transition metal via interactions with the large bulk of the protein itself. This behaviour 
has also been addressed by Ward. Docking studies on their artificial metalloenzymes, 
and later X-ray structure analysis, revealed that serine S112 is the residue most closely 
located to the transition metal moiety.[44] Streptavidin mutants bearing different amino 
acid side chains at position S112 showed pronounced changes in conversion and 
selectivity in the transfer hydrogenation of acetophenones. It should be noted that these 
interactions between host protein and the catalyst or the substrate are very difficult to 
predict.  
 
– Hydroformylation 
The rhodium-catalyzed hydroformylation of alkenes using artificial metalloenzymes 
has been studied to a much lesser extent than the hydrogenation reaction despite the 
fact that hydroformylation is an interesting transformation since it cannot be achieved 
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by natural enzymes. In addition, hydroformylation can be performed in aqueous 
media.[45] The sulfonated triphenylphosphine (tppts) is probably the most well-known 
water-soluble phosphorus based ligand that has been applied in aqueous biphasic 
hydroformylation reactions. Biphasic hydroformylation reactions are generally 
performed at temperatures of 40-80 °C and under pressures of 50-80 bar of syngas. 
Often used cosolvents are toluene, n-hexane and n-heptane. A very small number of 
chiral water-soluble ligands has been used in the Rh-catalyzed asymmetric 
hydroformylation of styrene.[46] In all cases, the enantioselectivities obtained for the 
branched product were rather low (up to 25 % ee).[47]  

Using rhodium loaded human serum albumin (HSA), Marchetti, Paganelli and 
coworkers reported the hydroformylation of styrene and 1-octene under aqueous 
biphasic conditions.[48] For the hydroformylation of styrene good regioselectivity and 
high turnover numbers were obtained, but unfortunately, no mention of the 
enantioselectivity was made. Notably, the localization of the rhodium catalyst was not 
defined since no site-selective anchoring method was applied. To validate their 
hypothesis that HSA can coordinate the rhodium carbonyl by the numerous sulphur 
atoms present in the primary structure of the protein,[41] Marchetti and coworkers 
performed aqueous biphasic hydroformylation experiments catalyzed by 
[Rh(acac)(CO)2] modified with amino acid fragments.[49] The study showed that amino 
acids containing a thiolic functional group form stable adducts with rhodium. 

Panella and coworkers have explored the use of phosphite-modified papain as 
catalyst in the Rh-catalyzed biphasic hydroformylation of styrene.[50] At 60 °C and 70 
bar of syngas full conversion was observed. At lower pressure (30 bar) the conversion 
decreased drastically to 3 %. However, there was no clear evidence that the reaction was 
indeed performed by rhodium bound to the protein and there was even less evidence 
that it was bound to the phosphite group as no enantioselectivity could be induced in 
all cases.  

With the exception of these two examples, the Rh-catalyzed hydroformylation of 
alkenes using artificial metalloenzymes is still unexplored. We were interested in the 
use of our new hybrid catalysts in hydroformylation reactions. As for the above 
mentioned hydrogenation reactions, we decided to introduce a transition metal 
complex to PYP-R52G in order to promote complex formation. CDI-activated 
diphosphine 4 was reacted with [Rh(acac)(CO)2] to obtain complex 7, which was 
subsequently added to R52G (Scheme 3). After purification and concentration using 
ultracentrifugation, a yellowish solution was obtained. The successful formation of 
rhodium complex R52G-[7] was shown by ESI-MS analysis and 31P MAS NMR 
spectroscopy. 

The 31P {1H} NMR spectrum of R52G-[7], recorded with an indirect detection probe 
operating at a magic angle spinning (MAS) of 2000 Hz, showed a doublet at δ = 36.8 
ppm with 1J(Rh,P) = 121 Hz (Figure 5). Whereas most Rh-complexes with ligand 4 are 
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reported to show two sets of double doublets in 31P NMR spectroscopy, this was not 
observed for R52G-[7]. Harada and coworkers made similar observations in the 
synthesis of antibody based artificial metalloenzymes employing ligand 4.[10]  

 
 
 
 
 
 
 
Scheme 3. Reagents and conditions: i. PYP-R52G, 50 mM Tris·HCl, pH 8.0. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. 31P {1H} MAS NMR (202 MHz, MeOH-d4) spectrum of R52G-[7]. 
 

Next, the new artificial metalloenzyme was evaluated in the biphasic 
hydroformylation of styrene (Scheme 4). Styrene (D) and pentane as cosolvent were 
added to a concentrated protein solution and the hydroformylation reaction was 
performed overnight at 20 bar of syngas (CO/H2 = 1) at 40 °C. Under these relative 
mild conditions no conversion was observed. Increasing the pressure to 40 bar of 
syngas did not have a beneficial effect. 

When the reaction was performed under 40 bar of syngas and at 80 °C still no 
conversion was observed, but the reaction mixture had turned into a white, cloudy 
mixture after 20 hours. The high temperature and pressure of syngas applied might 
cause denaturation of the protein that can result in the formation of the observed 
aggregates. The use of more thermostable proteins in future experiments might solve 
these problems.[51] 
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Scheme 4. Asymmetric hydroformylation of styrene using R52G-[7] as catalyst. 
 

A known problem in the biphasic hydroformylation of higher olefins (five or more 
carbon atoms) is that the olefin solubility in the aqueous phase is too low for high 
conversion rates to be achieved and the presence of a mass transfer promoter is 
required. Among the different approaches known to increase the solubility of higher 
olefins, the use of chemically modified β-cyclodextrins is a promising option for future 
experiments.[52] In addition, the use of substrates that are more water-soluble such as 
vinyl acetate and allyl acetate[53] can be considered. 
 
– Allylic Substitution 
Ward and coworkers demonstrated in 2008 that the hybrid catalysts based on the 
biotin-avidin technology could be used for palladium-catalyzed asymmetric allylic 
alkylation reactions.[54] With a combination of chemical and genetic optimization, the 
product of the substitution reaction of 1,3-diphenylpropenyl acetate and 
dimethylmalonate was obtained with enantiomeric excesses ranging from 90 % (R) to 
82 % (S). This was the first, and so far the only, example of the use of artificial 
metalloenzymes in allylic substitution reactions. Asymmetric allylic substitution is a 
catalytic transformation that has no equivalent in enzymatic catalysis. Similar to the 
hydroformylation reaction, the use of artificial metalloenzymes in the Pd-catalyzed 
allylic substitution reaction is still rather unexplored. In contrast to the aqueous 
biphasic hydroformylation, the allylic substitution can be performed under mild 
conditions in aqueous media.  

 
 
 
 
 
 
 
 
 
 
 
Figure 6. 31P {1H} NMR spectra of R52G-[7]. Top: 121 MHz, D2O and bottom: MAS, 202 MHz, D2O.  
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We first explored the in situ formation of a palladium-allyl-protein complex. A 
mixture of half an equivalent of [Pd(η3-C3H5)Cl]2 in THF and a buffered solution of 
protein adduct R52G-[3] was analyzed by 31P NMR spectroscopy. Despite a low signal-
to-noise ratio, a signal could be observed at δ = 21.5 ppm (Figure 6). For comparison, a 
resin-bound triphenylphosphine derivative treated with half an equivalent of [Pd(η3-
C3H5)Cl]2 to give supported [(Ph3P)Pd(η3-C3H5)Cl] gave a signal at δ = 23.2 ppm in 31P 
gel-phase NMR spectroscopy.[55] When we next measured the same sample with an 
indirect detection nano-probe operating at a magic angle spinning (MAS) of 2000 Hz a 
better signal-to-noise ratio was obtained (Figure 6), but additional signals could now be 
observed. In order to prevent the formation of undesired metal-complexes, we coupled 
complex 9 to PYP-R52G (Scheme 5). 
 
 
 
 
 
 
 
 
Scheme 5. Reagents and conditions: i. CDI, DMF, 0 °C, ii. [Pd(η3-C3H5)Cl]2, iii. PYP-R52G, 50 mM 
Tris·HCl, pH 8.0. 
 

Next, the catalyst was evaluated in the reaction of (E)-1,3-diphenylprop-2-ene-1-yl 
acetate (E) with benzylamine (F). The reaction conditions and results are depicted in 
Table 2.  
 
Table 2. Palladium-catalyzed allylic amination of 1,3-diphenylallylacetate E.[a] 

 
 
 
 

Entry catalyst cosolvent [b] conv. (%) [c] ee (%) [d] 
1 R52G-[9] - - - 
2 R52G-[9] - - - 
3 R52G-[9] DMF > 99 < 1 
4 R52G-[9] DMF > 99 < 1 

[a] Conditions: [Pd] = 60 μM, E/F/Pd = 100/220/1.0, T = 25 ° C, t = 20 h, total volume: 0.1 mL. [b] 
Reactions were performed in bicine buffer (100 mM, pH 8.5) or where noted in a mixture (1:1) with 
DMF. [c] Percentage conversion of acetate E, determined by GC. [d] Enantiomeric excess of product 
G, determined by chiral HPLC. 

[Pd(allyl)Cl]2
ligand+ Ph NH2Ph Ph

OAc

Ph * Ph

HN Ph

E F G

i

Ph2P

COOH

ii

Ph2P

O
N

N

iii

Ph2P

O
N

N

Pd
Cl

Ph2P

O
S-R52G

Pd
Cl

9 R52G-[9]81



Artificial Transition Metalloenzymes 

131 

When the reaction was performed in aqueous buffered solution irreproducable 
conversion was observed, presumably due to solubility problems of the substrate or 
inaccessibility of the metal center. When the reaction was performed in a mixture of 
DMF and buffered aqueous solution (1:1) full conversion was observed. Unfortunately 
no enantiomeric excess was obtained presumably due to the factors described above for 
the hydrogenation reaction. 

At this point, the challenge would be to be able to randomly or specifically modify 
the protein backbone in search for the necessary secondary interactions to guarantee 
stereocontrol.[56] This could also be achieved by screening completely different protein 
structures as scaffold. Proteins that are more thermostable and contain larger cavities 
are recommended for future studies. 
 
 
Conclusions 
 
We have developed a general procedure for the site-selective covalent modification of 
Photoactive Yellow Protein (PYP) with phosphine ligands and their transition metal 
complexes. The thiol group of Cys69 in protein mutant R52G is highly reactive towards 
activated carboxylates. In this manner, carboxylate-containing phosphine ligands and 
their corresponding transition metal complexes were coupled to PYP-R52G. The new 
artificial metalloenzymes were characterized by ESI-MS analysis and 31P NMR 
spectroscopy. 

The new artificial metalloenzymes were active in the rhodium-catalyzed 
hydrogenation and the palladium-catalyzed allylic amination. However, in both 
reactions organic cosolvents were required to obtain reproducible conversions. We 
assume that under fully aqueous conditions the metal center in the R52G adducts are 
not accessible for substrates. The addition of organic solvents denaturates the protein 
which results in a more accessible metal center. This also disrupts the tertiary structure 
of the protein which can explain the lack of induction of enantioselectivity. The new 
artificial metalloenzymes were not active in the aqueous biphasic hydroformylation of 
styrene. The relatively high temperature and pressure of syngas required for this 
reaction appear to be too harsh for the PYP-adducts. 
 
 
Experimental Section 
 
General remarks. Unless stated otherwise, reactions were carried out under an atmosphere of argon 
using standard Schlenk techniques. THF, diethyl ether and hexanes were distilled from 
sodium/benzophenone. Tertiary amines, CH2Cl2 and methanol were distilled from CaH2 and toluene 
was distilled from sodium. Deuterated solvents were distilled from the appropriate drying agents. 
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Unless stated otherwise, all chemicals were obtained from commercial suppliers and used as received. 
Compounds 1 (2-diphenylphosphino-benzoic acid) and 3 (4-diphenylphosphino-benzoic acid) were 
purchased from Aldich. Optical rotations were measured on a Perkin-Elmer 241 polarimeter. NMR 
spectra were recorded on a Varian Mercury 300, a Varian Inova 500 or a Bruker Avance DRX-300 
spectrometer. Chemical shifts are reported in ppm and are given relative to tetramethylsilane (1H, 13C) 
and 85% H3PO4 (31P). The 31P {1H} NMR experiments on the phosphine modified proteins were 
recorded using standard NMR techniques in buffered solution (using a D2O inner tube). 
Alternatively, the protein samples were recorded in D2O or MeOH-d4 as solvent on a Varian Inova 
500 MHz 4 mm gH(X) indirect detection nano-probe, operating at 202.34 MHz and a magic angel 
spinning (MAS) rate of 2000 Hz. The nano-probe provides a sample cavity of 40 microliter. High 
Resolution Mass Spectra were recorded at the Department of Mass Spectrometry at the University of 
Amsterdam using Fast Atom Bombardment (FAB) ionization on a JOEL JMS SX/SX102A four-sector 
mass spectrometer, coupled to a JEOL MS-MP9021D/UPD system program. Elemental analyses were 
carried out by Kolbe Mikroanalytisch Labor, Mülheim an der Ruhr (Germany).  
 
3-Diphenylphosphino-benzoic acid (2): This compound was prepared according to a literature 
procedure.[34] To a solution of m-iodobenzoic acid (10.0 g, 40.3 mmol) and triethylamine (11.5 mL, 
81.6 mmol) in acetonitrile (150 mL) were added palladium(II)acetate (10 mg, 46 μmol) and 
diphenylphosphine (7.50 g, 40.3 mmol). The resulting brown solution was refluxed for 16 h, after 
which all volatiles were removed under reduced pressure. The residue was dissolved in water (100 
mL). After addition of KOH (4.56 g, 81.6 mmol), the solution was washed with diethyl ether (3 × 150 
mL). The aqueous phase was acidified with 2 N HCl and extracted with diethyl ether (3 × 150 mL). 
The collected ethereal phases were washed with water (50 mL), dried over MgSO4, and evaporated to 
dryness. Recrystallization of the residue from a methanol-water mixture gave 2 in 65 % yield (8.07 g) 
as a yellow solid. 1H NMR (300 MHz, CD2Cl2): δ = 8.12-8.03 (m, 2H), 7.58-7.32 (m, 12H); 13C {1H} 
NMR (125 MHz, CD2Cl2): δ = 172.4 (COOH), 139.4 (d, J = 14.5 Hz, C-1), 139.3 (d, J = 18.2 Hz, C-6), 
137.1 (d, J = 11.3 Hz, C-7), 135.6 (d, J = 21.5 Hz, C-2), 134.4 (d, J = 19.9 Hz, C-8), 130.9 (C-4), 130.2 
(d, J = 6.8 Hz, C-3), 129.7 (C-10), 129.4 (d, J = 6.4 Hz, C-5), 129.3 (d, J = 7.3 Hz, C-9); 31P {1H} NMR 
(121 MHz, CD2Cl2): δ = –4.35. 
 
(R)-Methyl 2-acetamido-3-(3-(diphenylphosphino)benzoylthio)-propanoate (5): To a solution of 
3-diphenylphosphino-benzoic acid 2 (0.31 g, 1.0 mmol) in THF (10 mL) was added 1,1’-
carbonyldiimidazole (0.24 g, 1.5 mmol) at 0 °C. After stirring for 1 h at 0 °C, N-acetyl-L-cysteine 
methylester[57] (0.27 g, 1.5 mmol) was added and the reaction mixture was stirred for another 16 h at 
room temperature. All volatiles were removed under reduced pressure and the residue was triturated 
with diethyl ether (10 mL) giving 5 in 92 % yield (0.43 g) as a white solid. [ ]20

Da = +54.1 ° (c 1.0, 
CHCl3); 1H NMR (500 MHz, CDCl3): δ = 7.90 (d, J = 7.5 Hz, 2H, H-arom), 7.50-7.29 (m, 12H, H-
arom), 6.33 (d, J = 7.5 Hz, 1H, NH), 4.86 (m, 1H, Hα), 3.75 (s, 3H, OCH3), 3.55 (dd, J = 14.5 Hz, J = 
5.0 Hz, 1H, Hβ1), 3.50 (dd, J = 14.0 Hz, J = 6.0 Hz, 1H, Hβ2), 1.99 (s, 3H, OCH3); 13C {1H} NMR (125 
MHz, CDCl3): δ = 191.4 (SCO), 170.9 (COO), 170.2 (NCO), 139.3 (d, J = 14.3 Hz, PC), 138.9 (d, J = 
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16.5 Hz, CH), 136.7 (d, J = 6.7 Hz, Cq), 136.3 (d, J = 11.1 Hz, PC), 134.0 (d, J = 19.9 Hz, CH), 132.6 (d, 
J = 22.9 Hz, CH), 129.3 (CH), 129.1 (d, J = 5.5 Hz, CH), 128.9 (d, J = 7.2 Hz, CH), 127.8 (CH), 53.0 
(OCH3), 52.4 (Cα), 30.9 (Cβ), 23.2 (CH3); 31P {1H} NMR (121 MHz, CDCl3): δ = –4.18; HRMS 
(FAB+): m/z calcd. for C25H25NO4PS (M+H+): 466.1242; found: 466.1247; anal. calcd. for 
C25H24NO4PS: C 64.50, H 5.20, N 3.01; found: C 64.47, H 5.18, N 3.02. 
 
Rhodium bis(acetonitrile) 1,5-cyclooctadiene tetrafluoroborate, [Rh(cod)(MeCN)2]BF4: This 
compound was prepared according to a literature procedure.[58] To a solution of [Rh(cod)Cl]2 (40.2 
mg, 0.08 mmol) in methylene chloride (1.2 mL) and acetonitrile (0.2 mL) was added a solution of 
AgBF4 (31.8 mg, 0.16 mmol) in acetonitrile (0.2 mL) and the mixture was stirred for 30 min. After the 
precipitated AgCl was filtered off, the solution volume was reduced in vacuo. Diethyl ether (0.5 mL) 
was added slowly and the precipitate was collected by filtration and dried in vacuo to give 
[Rh(cod)(MeCN)2]BF4 as a yellow powder in 80 % yield. 1H NMR (300 MHz, D2O): δ = 4.06 (s, 4H, 
CH), 2.40 (d, J = 9.0 Hz, 4H, CH2), 2.04 (s, 6H, CH3CN), 1.72 (d, J = 8.1 Hz, 4H, CH2). 
 
PYP mutagenesis and expression: PYP, and site-directed mutants thereof (R52G) were produced and 
isolated according reported procedures.[59] 
 
Activation of phosphino-carboxylic acids with CDI: In a Schlenk-tube, 4-, 3- or 2-diphenylphoshino 
benzoic acid (153.15 mg, 0.5 mmol; ligands 1, 2 and 3 respectively) or 4 (270.78 mg, 0.5 mmol) and 
N,N’-carbonyldiimidazole (162.15 mg, 1 mmol) were dissolved in 10 mL degassed DMF. After stiring 
for 30 min at room temperature, the reactions were stored at –20 °C. Compound 1: 31P {1H} NMR 
(162 MHz, D2O): δ = –5.35; activated 1: 31P {1H} NMR (162 MHz, D2O): δ = –4.89; compound 2: 31P 
{1H} NMR (121 MHz, CD2Cl2): δ = –4.35; activated 2: 31P {1H} NMR (121 MHz, CD2Cl2): δ = –5.30; 
compound 3: 31P {1H} NMR (162 MHz, D2O): δ = –5.17; activated 3: 31P {1H} NMR (162 MHz, D2O): δ 
= –11.05; compound 4: 31P {1H} NMR (121 MHz, D2O): δ = –20.39, –21.00; activated 4: 31P {1H} NMR 
(121 MHz, D2O): δ = –20.53, –21.14. 
 
Synthesis of complex 6: 50 μmol of CDI activated ligand 4 (1 mL of 50 mM solution) was added to an 
HPLC vial containing 38 μmol of [Rh(cod)(MeCN)2]BF4 and the solution was mixed. The yellow 
reaction mixture was left at room temperature for 30 min., after which the solution was used for 
protein modification. 
 
Synthesis of complex 7: 25 μmol of CDI activated ligand 4 (0.5 mL of 50 mM solution) was added to 
[Rh(acac)(CO)2] (5.36 mg, 20.8 μmol) and the solution was mixed. The yellow reaction mixture was 
left at room temperature for 30 min., after which the solution was used for protein modification. 
 
Synthesis of complex 9: 50 μmol (2.6 eq.) of CDI activated ligand (1 mL of 50 mM solution) was 
added to an HPLC vial containing 19 μmol (1 eq.) of [Pd(η3-C3H5)Cl]2 and the solution was mixed. 
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The yellow reaction-mixture was left at room temperature for 30 min., after which the solution was 
used for protein modification. 
 
Synthesis of R52G-[6]: In a Schlenk tube, 2.61 μmol of PYP-R52G (1 eq.) in 50 mM Tris·HCl (10 mL, 
pH 8.0) was degassed by purging with argon for 4 h. While stirring, 26.1 μmol of activated 
[(diphosphine)Rh]BF4 (10 eq., 522 μL of a 50 mM solution) was added slowly. The yellow, cloudy 
reaction mixture was stirred at room temperature for 16 h. The reaction mixture was centrifuged at 
49,000 g at 4 °C for 45 min. to remove unreacted, insoluble rhodium-complex. To remove imidazole 
and any remaining dissolved metal-complex, the yellow supernatant was transferred to a centrifugal 
concentrator (Amicon Ultra 15, 10,000 MWCO) and concentrated to 500 μL followed by dilution to 
10 mL with 50 mM HEPES, pH 7. This was repeated four times, after which the modified protein was 
diluted to 10 mL with 50 mM HEPES, pH 7 and stored at 4 °C. (Final catalyst concentration: 261 μM). 
 
Synthesis of R52G-[9]: In a Schlenk tube, 2.61 μmol of PYP (1 eq.) in 50 mM Tris·HCl (10 mL, pH 
8.0) was degassed by purging with argon for 4 h. While stirring, 26.1 μmol of activated 
[(phosphine)Rh(η3-C3H5)Cl] (10 eq., 522 μL of 50 mM solution) was added slowly. The yellow, cloudy 
reaction mixture was stirred overnight at room temperature. The reaction mixture was centrifuged at 
49,000 g at 4 °C for 45 min to remove unreacted palladium-complex. To remove imidazole and any 
remaining dissolved metal-complex, the yellow supernatant was transferred to a centrifugal 
concentrator (Millipore, MWCO = 10,000) and concentrated to 500 μL followed by dilution with 50 
mM bicine, pH 8.5. This was repeated four times, after which the modified protein was diluted to 10 
mL with 50 mM bicine, pH 8.5 and stored at 4 °C . (Final catalyst concentration: 261 μM). 

 

protein ESI-MS analysis 
expected (Da) 

ESI-MS analysis 
found (Da) 

31P NMR (ppm) 

R52G-[1] 16,050.7 16,050.3 –6.3 
R52G-[2] 16,050.7 16,048.8 - 
R52G-[3] 16,050.7 16,052.9 –4.8 
R52G-[4] 16,286.6 16,287.8 - 
R52G-[7] - - 36.8 (1J(Rh,P) = 121 Hz) 
R52G-[9] 16,234.7 16,199.5 (Δ = 35.2) 21.5 

 
Protein ESI-MS measurements : The protein sample (20 μL, 5 pM/μL) was desalted on-line through 
a XTerra MS C8 2.1 × 10 mm column, eluting with an increasing acetonitrile concentration (2 % 
acetonitrile, 98 % aqueous 1 % formic acid to 98 % acetonitrile 2 % aqueous 1 % formic acid) and 
delivered to an electrospray ionisation mass spectrometer (LCT, Micromass, Manchester, U.K.) which 
had previously been calibrated using myoglobin. An envelope of multiply charged signals was 
obtained and deconvoluted using MaxEnt1 software to give the molecular mass of the protein. 
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General procedure for asymmetric hydrogenation experiments. 
The hydrogenation experiments were carried out in a stainless steel autoclave (total volume is 150 
mL) charged with an insert suitable for 8 or 14 reaction vessels including Teflon mini stirring bars for 
conducting parallel reactions. In a typical hydrogenation run, a glass vial was charged with degassed 
buffer solution containing the artificial metalloenzyme complex R52G-[6] (56 μM) and substrate. 
Before starting the catalytic reactions, the charged autoclave was purged three times with 5 bar of 
dihydrogen and then pressurized to 5 bar H2. The reaction mixtures were stirred at 25 °C for 20 h. 
Next, the autoclave was depressurized and each reaction mixture was extracted with EtOAc (3 × 5 
mL) and the combined organic layers were dried over Na2SO4 and concentrated under reduced 
pressure. The residue was redissolved in ethyl acetate (100 μL) and transfered into a micro-GC vial. 
The conversion was determined by GC measurement and the enantiomeric excess was measured by 
chiral GC using the following columns and conditions: for A: Supelco β-DEX 225 column (T = 70 °C 
for 50 min, then ΔT = 25 °C min-1, tR (S) = 51.7 min, tR (R) = 52.3 min, tR (A) = 53.5 min); and for B: 
Chiralsil DEX-CB column (T = 70 °C for 1 min, then ΔT = 7 °C min-1, tR (B) = 6.4 min, tR (S) = 7.2 
min, tR (R) = 7.4 min). For the reaction with acrylic acid C, the reaction mixture was after the 
appropriate reaction time quenched by adjusting the pH to 2 with 1 M aqueous HCl. The aqueous 
solution extracted with ethyl acetate (6 × 1 mL) and the combined organic layers were concentrated 
under reduced pressure to a minimum volume (0.5 ml). The hydrogenation product was converted in 
situ to its methyl ester using trimethysulfonium hydroxyde (15 μl) before GC analysis. 
 
General procedure for the hydroformylation of styrene.  
The hydroformylation experiments were carried out in a stainless steel autoclave (total volume is 150 
mL) charged with an insert suitable for 8 or 14 reaction vessels including Teflon mini stirring bars for 
conducting parallel reactions. Styrene was filtered over basic alumina to remove possible peroxide 
impurities. In a typical experiment, a reaction vessel was charged with R52G-[7] (6.7 mM in 0.50 
μmol) and water (180 μL). A mixture of styrene (75 μmol) and decane as internal standard (37.5 
μmol) in pentane (75 μL) was added. The autoclave was flushed three times with 15.0 bar of syngas 
(CO/H2 = 1), warmed to 40 °C and then pressurized to 20.0 bar CO/H2. After the appropriate reaction 
time, the magnetical stirrer was stopped, the reactor cooled rapidly and the autoclave was 
depressurized. The organic layer was separated. The conversion was determined by GC using a DB-1 
(J&W) column (70 °C for 1 min, then ΔT1 = 7 °C min–1 to 120 °C and ΔT2 = 13 °C min–1 to 250 °C; 
retention times: 9.0 min for styrene, 11.3 min for decane, 12.9 min for 2-phenylpropanal and 13.8 min 
for 3-phenylpropanal. The enantiomeric purity was determined by chiral GC using a Supelco β-DEX 
225 column (T = 100 °C for 5 min, then ΔT = 4 °C min–1, tR (branched R) = 11.8 min, tR (branched S) 
= 12.1 min, tR (linear) = 15.6 min). 
 
General procedure for the allylic amination of 1,3-diphenylallylacetate.  
Labelled Eppendorf tubes were placed in a parallel reactor and 5 μL (460 nmol) of (E)-1,3-
diphenylprop-2-ene-1-yl acetate[60] stock solution in THF was added to each of the tubes. The THF 
was evaporated or removed under vacuum. A stirring bar was added to each tube and the reactor was 
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closed and degassed. The appropriate volume of buffer (and organic solvent if required) was added. 
Next the Pd/phosphine-protein (6 nmol) was added to the tubes. Finally 5 μL (1.01 μmol) of the 
benzylamine stock was added to all the tubes and the reaction was stirred at room temperature. After 
the appropriate reaction time, a saturated solution of ammonium chloride (50 μL) was added to 
quench the reactions. Next, water (200 μL) was added to increase the volume of the aqueous phase. 
The aqueous phase was extracted with ethyl acetate (3 × 1 mL). The combined organic layers were 
passed over a plug of silica and concentrated under reduced pressure. The residue was redissolved in 
hexane (100 μL) and transfered into a micro-HPLC vial. The conversion was determined by GC. 
Determination of ee values was performed by chiral HPLC (Chiralcel OD-H; n-hexane/2-propanol = 
99.5 : 0.5 at 1.0 ml.min–1; λ = 254 nm; tR (R) = 13.0 min, tR (S) = 13.7 min). 
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