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and Biphasic Media
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After its discovery in the early 1980s and successful application on an industrial scale
(Ruhrchemie/Rhone-Poulenc process) [1–4], water phase and biphasic catalysis have been the subject
of fundamental studies in a relatively limited number of research laboratories around the world [5],
almost at a curiosity level. During the last 15 years, however, this topic has witnessed a true renaissance,
mainly due to the increased attention of industry and academia to more environmentally friendly
processes. Water is the green solvent par excellence, and a great deal of research has been carried out to
convey the properties of known transition metal catalysts to their water-soluble analogs, maintaining
high activity and selectivity [6]. The keys to success have been, among others, the discovery of
synthetic pathways to novel molecular metal-based catalysts [7], new mechanistic insights into the role
of water as a non-innocent solvent [8], the identification of reaction pathways through experimental
and theoretical methods, the application of novel concepts for phase transfer agents in biphasic
catalysis and advances in engineering and related techniques applied to various reactions carried out
in aqueous media.

Some of the approaches currently used to tackle these problems are described in the present
Special Issue, that collects three review articles and six original research papers. The main cutting-edge
approaches developed in the field of aqueous biphasic catalysis using cyclodextrins as a supramolecular
tool [9] are discussed and compared in the first review [10]. In the second review [11], the topic
of the metal-catalyzed addition of carboxylic acids to alkynes [12,13] as a tool for the synthesis
of carboxylate-functionalized olefinic compounds is reviewed, with an emphasis on processes run
in water. The synthesis of β-oxo esters by the catalytic addition of carboxylic acids to terminal
propargylic alcohols in water is also discussed. The third review article [14] describes the use of an
advanced analytical method, high-resolution ultrasonic spectroscopy [15], for the non-destructive
real-time monitoring of chemical reactions in complex systems such as emulsions, suspensions and
gels. This method has the advantage of being applicable to the monitoring of reactions in continuous
media and in micro/nano bioreactors (e.g., nanodroplets of microemulsions), enabling measurements
of concentrations of substrates and products over the whole course of reaction, evaluation of kinetic
mechanisms, and the measurement of kinetic and equilibrium constants and reaction Gibbs energy.

Two research articles [16,17] describe the use of water-soluble Ru(II) complexes [18] for reactions
such as C=C and C=N bond transfer hydrogenation [19], and how to minimize the production of CO
during HCOOH dehydrogenation reactions in water media, respectively [20]. Other articles describe
applications in speciality reactions and materials, for example the use of chitosan aerogel-catalyzed
asymmetric aldol reaction of ketones with isatins in the presence of water [21], the use of bismuth
oxyhalide as an activator of peroxide for water purification to degrade carbamazepines [22], the study
of catalytic activities of nucleic acid enzymes in dilute aqueous solutions [23], the use of iminodiacetic
acid-modified Nieuwland catalysts [24] for acetylene dimerization, and the selective conversion of
acetylene to monovinylacetylene (MVA) [25].

In summary, this Special Issue provides an uncommon and multifocal point of view on different
fields of application where water can be used as a green solvent and/or has implications in the

Catalysts 2018, 8, 543; doi:10.3390/catal8110543 www.mdpi.com/journal/catalysts1
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reaction mechanism, the engineering of a process or an analytical technique. These readings can be
of interest and help to colleagues working in related research areas, and stimulate the curiosity of
others who may think of water processes as viable—albeit sometimes more difficult—alternatives to
traditional approaches.

Finally, I would like to express my deepest gratitude to all authors for their valuable contributions
that made this book possible.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: A chitosan aerogel catalyzed asymmetric aldol reaction of ketones with isatins in the
presence of water is described. This protocol was found to be environmentally benign, because it
proceeds smoothly in water and the corresponding aldol products were obtained in excellent yields
with good enantioselectivities.

Keywords: chitosan aerogel; aldol reaction; water; isatin

1. Introduction

The 3-substituted-3-hydroxy-2-oxindoles have a stereogenic quaternary center at the C-3 position and
a core unit that appears in many natural products and biologically active compounds [1–8]. Representative
examples are: TMC-95A [9,10], Dioxibrassinine [11,12], SM-130686 [13], 3′- Hydroxygluoisatisin [14], and
Convolutamydines (Figure 1) [15]. Consequently, the 3-substituted-3-hydroxy-2-oxindole framework
has been an intensively investigatedsynthetic target. To construct 3-substituted-3-hydroxy-2-oxindoles,
asymmetric aldol reaction has been considered one of the most powerful and efficient measures for the
formation of carbon–carbon bond at C-3 position [16–21]. In this context, the asymmetric aldol reaction
between isatin and carbonyl compounds has attracted much attention. As a pioneering work in this
field, Tomasini and coworkers demonstrated the enantioselective aldol reaction of isatin with acetone
catalyzed by a dipeptide-based organocatalyst [22]. Along these lines, Toru et al. employed sulfonamides
as catalysts for the enantioselective aldol reaction of acetaldehyde with isatin, and successfully achieved
the first highly enantioselective crossed-aldol reaction of acetaldehydes with ketones [23]. Later on,
Zhao et al. described the utilization of quinidine thiourea for the highly enantioselective synthesis of
3-alkyl-3-hydroxyindolin-2-ones [24]. Lin et al. disclosed the enzymatic enantioselective aldol reaction
of isatin derivatives with cyclic ketones, which produced products in high yields with moderately good
stereoselectivity [25]. Very recently, natural amino acid salts were successfully developed to catalyze
direct aldol reactions of isatin with ketones [26]. Despite this reported success, it is still important and
desirable to develop new catalysts with operational simplicity and high catalytic efficiency for asymmetric
aldol reactions.

Catalysts 2016, 6, 186; doi:10.3390/catal6120186 www.mdpi.com/journal/catalysts4
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Figure 1. Representative examples of 3-substituted-3-hydroxy-2-oxindoles.

Recently, considerable focus has been placed on environmentally-friendly and sustainable
resources and processes. In this regard, natural materials have been used directly as supports
for catalytic applications, which has made this approach a very attractive strategy. In particular,
biopolymers are a diverse and versatile class of materials that are inexpensive and abundant in
nature [27]. Chitosan is a very abundant biopolymer obtained from the alkaline deacetylation of
chitin, which is ubiquitous in the exoskeletons of crustaceans, the cuticles of insects and the cell
walls of most fungi [28]. Chitosan functionalization is based on the presence of amino groups,
which easily react with electrophilic reagents such as aldehydes, acid chlorides, acid anhydrides and
epoxides [29–32]. Chitosan is a chiral polyamine and exhibits good flexibility, insolubility in many
solvents and an inherent chirality and affinity for metal ions [33–36]. On the other hand, chitosan is
an excellent candidate for building heterogeneous catalysts, since it can act as a support for chiral
organic frameworks [37,38]. In addition, there are various advantages to using chitosan to catalyze
reactions in water, which is a universally environmentally-friendly solvent.

Although chitosan possesses these properties, the direct use of chitosan in base catalysis has
been very poorly investigated. In 2006, Kantam et al. reported the use of chitosan hydrogels as
a green and recyclable catalyst for the aldol and Knoevenagel reactions [39]. Since then, as an
ideal alternative to organocatalysts, chitosan aerogels were utilized to catalyze the asymmetric
aldol reaction in water, giving the desired products in high yields with good stereoselectivity and
recyclability [40]. Not long ago, chitosan-supported cinchonine was developed as an organocatalyst
for the direct asymmetric aldol reaction in water and this catalyst could be easily recovered and reused
several times without a significant loss in activity [41]. In continuation of our previous efforts on
asymmetric direct aldol reaction of isatins with ketones [26], herein, we report on the synthesis of
3-substituted-3-hydroxy-2-oxindoles catalyzed by chitosan aerogel in the presence of water.

2. Results and Discussion

The direct asymmetric aldol reaction of isatin and hydroxyacetone was selected as a template
reaction to optimize the conditions for the reaction catalyzed using the chitosan aerogel. Using the
optimized conditions, the desired product was obtained in high yield with excellent stereoselectvity
and relative configurations assigned by comparison with previously reports [42,43].
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Initially, the aldol reaction with hydroxyacetone 2a was examined as the donor substrate and
isatin 1a as the acceptor using 10 mol % catalyst at room temperature and the results of this reaction
are shown in Table 1.

Table 1. Screening of the solvents for the enantioselective aldol reaction of isatin and hydroxyacetone
catalyzed by chitosan aerogel a.

Entry Solvent Time (h) Yield (%) b syn:anti c ee (%) d

1 EtOAc 3 92 71:29 11 (16)
2 MeCN 2 90 72:28 21 (20)
3 Et2O 3 94 52:48 7 (4)
4 CHCl3 2 92 65:35 31 (30)
5 PhMe 3 95 52:48 35 (22)
6 DCM 2 97 65:35 34 (10)
7 Hexane 1.5 93 65:35 40 (20)
8 H2O 2 90 73:27 37 (57)
9 EtOH 2 80 70:30 17 (20)
10 MeOH 2 88 67:33 29 (20)
11 Dioxane 7 70 61:39 20 (13)
12 i-PrOH 6 70 57:43 18 (5)

a Unless otherwise indicated, all reactions were carried out with isatin 1a (0.5 mmol), hydroxyacetone 2a

(2.5 mmol), and 0.05 mmol chitosan aerogel (10 mol %) at room temperature for the specified time; b Isolated
yields after purification by flash column; c Determined by chiral HPLC analysis or 1H NMR analysis of the crude
mixture; d Determined by chiral HPLC analysis (results in parentheses refer to the minor diastereoisomer).

The data in Table 1 showed that the catalytic activity and stereoselectivity of the reaction were
influenced by the reaction media. The solvents employed included EtOAc, MeCN and Et2O which
produced the product 3a with 90%–94% yields, but with poor enantiomeric excess (ee) (Table 1,
entries 1–3). Other solvents that were also tested produced 3a in excellent yields (90%–97%) and with
good ee (31%–40%) (Table 1, entries 4–8), but also produced high diastereoselectivity (syn:ant = 73:27)
with water as the solvent (Table 1, entry 8). Although physical properties between hexane and water
are greatly different, the product 3a in yield and enantioselectivity in hexane were similar to that
in water, this might be because the chitosan aerogel exhibited higher catalytic activity in water and
hexane. In addition, compared to water, the solvents MeOH and EtOH exhibited lower yields (88%
and 80%) and enantioselectivity (29% ee and 17% ee) (Table 1, entries 9–10). In addition, when dioxane
and i-PrOH were used as the solvents, the results were unsatisfactory. Therefore, water was chosen as
the solvent due to its good performance in this reaction.

After screening the solvents, the effect of the donor (hydroxyacetone) on the model aldol reaction
was investigated. As summarized in Table 2, increasing the amount of hydroxyacetone from 5 to
20 equivalents led to a significant increase in the yields (88% up to 99%) and enantioselectivity
(33% ee up to 44%) (Table 2, entries 1–3). A further increase in the hydroxyacetone dosage to over
20 equivalents resulted in a decrease in the enantioselectivity, albeit with excellent yields (99%) (Table 2,
entry 4). This suggested that the donor dosage within a certain range can improve the chemoselectivity.
Accordingly, 20 equivalents of hydroxyacetone was used as the optimum dosage.

6
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Table 2. Effect of the amount of isatin for the enantioselective aldol reaction in the presence of water a.

Entry Hydroxyacetone (Equivalents) Time (h) Yield (%) b syn:anti c ee (%) d

1 5 2.5 88 71:29 33 (43)
2 10 2 96 72:28 40 (51)
3 20 2 99 57:43 44 (59)
4 40 1.5 99 53:47 31 (30)

a Unless otherwise indicated, all reactions were carried out with isatin 1a (0.5 mmol), hydroxyacetone 2a
and 0.05 mmol chitosan aerogel (10 mol %) in water (0.5 mL) stirred at room temperature for the specified
time; b Isolated yields after purification by flash column; c Determined by chiral HPLC analysis or 1H NMR
analysis of the crude mixture; d Determined by chiral HPLC analysis (results in parentheses refer to the
minor diastereoisomer).

To further enhance the yield and enantioselectivity of 3a, the effect of different types of additives
was investigated (Table 3). The results showed that 2,5-dihydroxybenzoic acid was the most effective
additive, producing product 3a in a 96% yield with 66% ee (Table 3, entry 16). By contrast, compared
to 2,5-dihydroxybenzoic acid, some additives such as sulfamic acid, formic acid and 1,1′-bi-2-naphthol
exhibited higher yields but lower enantioselectivity (Table 3, entries 1, 2 and 15). It is also conceivable
that the 2,5-dihydroxybenzoic acid that exhibited higher enantioselectivity might also provide
an additional asset for chitosan, favoring the recognition of this reagent by the catalyst. Other additives
were also tested using the template reaction, which produced product 3a in good yields along with
lower enantioselectivity (Table 3, entries 3–14). Moreover, considering that the reaction temperature is
related to the enantioselectivity, the reaction was conducted at 0 ◦C. Fortunately, it was found that the
enantioselectivity of the product was significantly increased by maintaining the reaction temperature
at 0 ◦C (Table 3, entry 17). Hence, the optimum conditions for this reaction were found to be the use of
2,5-dihydroxybenzoic acid as an additive and maintaining the reaction at 0 ◦C.

Using these optimized conditions, the scope of this reaction was studied and the results are
summarized in Table 4.The results showed that the isatin and hydroxyacetone gave the corresponding
aldol product 3a in high yield and good ee (Table 4, 3a). Isatin containing weaker electron-withdrawing
groups such as halogens, also gave excellent yields, but lower enantioselectivity (Table 4, 3b and 3e).
Unfortunately, although the product 3c was obtained inexcellent yield, the ee could not be determined.
Interestingly, isatin containing strong electron-withdrawing substituents, such as 5-nitroisatin, reacted
easily with hydroxyacetone to give 3d in high yield (92%) and good enantioselectivity (92% ee),
along with excellent diastereoselectivity (Table 4, 3d). Subsequently, N-benzylisatins with various
substitution patterns were studied, and the corresponding products 3f–3i were obtained in better
yields (93%–97%) and good enantioselectivity (72%–94% ee) (Table 4, 3f–3i). However, the product 3j

showed lower enantioselectivity (Table 4, 3j). N-methylisatin was also employed to produce product
3k in higher yield and ee (Table 4, 3k). When N-boc and N-acethylisatins were used, the corresponding
products 3l and 3m exhibiting an enantiomeric excess could not be clearly identified. Finally, using
methoxyacetone as the donor substrate, the resulting products 3n–3p were obtained in excellent yields
and enantioselectivity (Table 4, 3n–3p).
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Table 3. Effects of additives for the enantioselective aldol reaction in the presence of water a.

Entry Additive Time (h) Yield (%) b syn:anti c ee (%) d

1 sulfamic acid 2.5 98 56:44 2 (1)
2 formic acid 4 97 68:32 38 (47)
3 p-toluenesulfonic acid 2.5 93 60:40 11 (20)
4 4 Å molecular sieves(10 mg) e 2.5 90 54:46 11 (26)
5 4 Å molecular sieves(20 mg) e 2.5 93 61:39 10 (12)
6 4 Å molecular sieves(30 mg) e 4.5 96 72:28 31 (56)
7 acetic acid glacial 2.5 94 59:41 17 (22)
8 L-proline 2.5 95 64:36 24 (29)
9 benzoic acid 2.5 97 57:43 16 (18)
10 stearic acid 5 94 51:49 11 (4)
11 3-nitrobenzoic acid 4 92 61:39 29 (25)
12 2,4-dinitrophenol 4 94 69:31 47 (60)
13 polyethylene glycol 6 87 65:35 34 (41)
14 oxalic acid 2.5 82 58:42 46 (50)
15 1,1′-bi-2-naphthol 3 98 68:32 63 (62)
16 2,5-dihydroxybenzoic acid 2.5 96 69:31 66 (72)

17 f 2,5-dihydroxybenzoic acid 48 90 53:47 75 (80)

a Unless otherwise indicated, all reactions were carried out with isatin 1a (0.5 mmol), hydroxyacetone 2a
(10 mmol), 0.05 mmol chitosan aerogel (10 mol %) and 0.05 mmol additive (10 mol %) in water (0.5 mL) stirred
at room temperature for the specified time; b Isolated yields after purification by flash column; c Determined by
chiral HPLC analysis or 1H NMR analysis of the crude mixture; d Determined by chiral HPLC analysis(results in
parentheses refer to the minor diastereoisomer); e Pulverized without activation; f The reaction was conducted
at 0 ◦C.

Table 4. Asymmetric aldol reaction between various isatins and ketones catalyzed by chitosan aerogel
under optimized conditions a,b,c,d.
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Table 4. Cont.

a All reactions were carried out with isatin 1a (0.5 mmol), hydroxyacetone 2a (10 mmol), 0.05 mmol chitosan
aerogel (10 mol %) and 0.05 mmol 2,5-dihydroxybenzoic acid (10 mol %) in water (0.5 mL) stirred at 0 ◦C for
48 h; b Isolated yields after purification by flash column; c Determined by chiral HPLC analysis or 1H NMR
analysis of the crude mixture; d Determined by chiral HPLC analysis.

3. Materials and Methods

3.1. General Methods

All solvents and reagents in this work were acquired from different commercial sources and
used without further purification. Chitosan aerogel microspheres were prepared as in previous
literature [32]. Thin layer chromatography (TLC) was conducted on GF254 silica gel plates, which
were visualized by UV at 254 nm. Column chromatography separations were performed using silica
gel 300–400 mesh. Chiral High-performance liquid chromatography (HPLC) analysis was conducted
with a Waters Alliance 2695 instrument (Waters corporation, Milford, MA, USA), using a UV–visible
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light (Vis) Waters PDA 2998 detector (Waters corporation), and working at 254 nm. 1H NMR spectra
were recorded on a Bruker AM400 NMR spectrometer (Bruker corporation, Karlsruhe, Germany),
and NMR spectra were obtained as CDCl3 solutions (reported in ppm), using chloroform as the
reference standard (7.26 ppm) or dimethyl sulfoxide-d6 (DMSO-d6) (2.50 ppm). High-resolution
mass spectrometry (HRMS) data were recorded using a Waters Q-Tof premier mass spectrometer
(Waters corporation).

3.2. General Procedure for the Asymmetric Aldol Reaction of Isatins with Ketones

A reaction mixture of isatin (0.5 mmol), ketone (10 mmol), chitosan aerogel beads (10 mol %)
and 2,5-dihydroxybenzoic acid (10 mol %) in water (0.5 mL) was stirred at 0 ◦C until the complete
conversion of the starting material. Then the solvent was removed in vacuo to give the crude product
and purified by column chromatography on silica gel (petroleum ether/ethyl acetate) or crystallization
from petroleum ether/ethyl acetate to afford the desired compounds.

4. Conclusions

In conclusion, an environmentally-friendly enantioselective aldol reaction to construct the
3-substituted-3-hydroxy-2-oxindoles is established by using isatins and ketones as starting materials.
In this reaction, chitosan aerogel is successfully employed as a green organocatalyst and
works smoothly in the presence of water. The reaction has a large substrate scope and the
corresponding products are all produced in high yields and with high chemoselectivity. Moreover,
2,5-dihydroxybenzoic acid was found to be an effective additive to modulate the asymmetric aldol
reactions. Further studies of this system can broaden the scope of this reaction to other ketone donors.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4344/6/12/186/s1,
Figures S1–S16: 1H NMR and 13C NMR analysis of compound 3a–3p, Figures S17–S29: Chiral High-performance
liquid chromatography (HPLC) analysis of compound 3a–3p.
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Abstract: Aqueous biphasic catalysis is a convenient approach to convert organic, partially soluble
molecules in water. However, converting more hydrophobic substrates is much more challenging
as their solubility in water is extremely low. During the past ten years, substantial progress has
been made towards improving the contact between hydrophobic substrates and a hydrophilic
transition-metal catalyst. The main cutting-edge approaches developed in the field by using
cyclodextrins as a supramolecular tool will be discussed and compared in this short review.
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1. Introduction

The 21st century has seen the emergence of new organometallic catalytic systems involving
multiple components held together by weak interactions (hydrogen bonding, metal–ligand, π–π
stacking, electrostatic and Van der Waals interactions, and hydrophobic and solvatophobic effects).
A subdiscipline of catalysis thus emerged aiming at tackling the higher complexity of catalyst
design using the tools of supramolecular chemistry. This new disciplinary field is referred to as
“supramolecular catalysis” [1,2]. The two key concepts underlying this discipline are molecular
recognition and self-organization. Molecular recognition deals with the mutual affinity of two or
more components. Enzymes proceed via molecular recognition as they fulfill multiple functions at
the same time through a network of non-covalent interactions spanning from hydrogen bonds to
much weaker Van der Waals forces. Additionally, they surround the substrate to force it to react in the
desired manner in an organic pocket where hydrophobic forces are exerted. The term self-organization
refers to a process in which the internal organization of a system, usually a non-equilibrium system,
increases automatically without being directed by an external source. The spontaneous emergence
of a spatial structure results from the interactions at work between elements of the system under
consideration. The global properties of the obtained system are often very different from those of the
individual elements.

From molecular recognition and self-organization, novel catalytic supramolecular systems have
emerged. For example, the use of “host” receptors capable of supramolecularly recognizing guest
molecules (substrates and/or catalyst) within their cavity showed that benefits could be gained in
terms of catalyst implementation and catalytic performances (turnover, chemo- and stereoselectivities,
product inhibition, etc.) [3]. Concurrently, weak interactions also proved to be effective to access
novel self-assembled catalysts able to adjust their three-dimensional structure to provide good
complementarity to the transition state, thus contributing to the chemo-, regio-, and stereoselectivity of
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the reaction. Most of the strategies developed so far in supramolecular catalysis have been implemented
in organic solvents [4,5]. However, aqueous catalytic systems have also been developed. This short
review is focused on cyclodextrin (CD)-based, self-assembly-driven catalytic processes taking place
in water in the presence of organometallic catalysts. Emphasis is on CD-based self-assembled
organometallic catalysts, micellar aggregates, and host–guest catalysis developed during the past
10 years. Through chosen examples, the role of CDs as second-sphere ligands of organometallic
catalysts (and first-sphere ligands if applicable) will be discussed. Catalytic processes for which CDs
are exclusively considered as first sphere ligands are not discussed herein [6,7]. The cited references are
not intended to be an exhaustive list of all the works on the topic but are portals to other publications.

2. CD-Based Organometallic Catalysts Self-Assembled via Hydrophobic Effects

Countless novel supramolecular catalysts have been elaborated using the tools of supramolecular
chemistry. Compared to the standard covalent approach, the synthesis of such catalysts was
straightforward as the components self-assembled in situ during the catalytic process. Figure 1
depicts the most effective strategies developed to access self-assembled catalysts.

Figure 1. Strategies to elaborate supramolecular catalysts (MS: structural metal).

Breit introduced one of the first strategies based on hydrogen bonding (Figure 1a) [8].
Concurrently, Reek and van Leeuwen developed supramolecular assemblies through coordination of
bidentate ligands (Figure 1c) [9,10]. Takacs elaborated metal-directed self-assemblies (Figure 1d) [11]
while Ooi developed the synthesis of ion-paired chiral ligands for organometallic catalysis
(Figure 1e) [12]. In aqueous media, one of the most relevant strategy relies on hydrophobic effects
(Figure 1f) [13,14]. Our group used CDs as platforms to elaborate new water-soluble bidentate ligands
(Figure 2). Innovative water-soluble catalysts are obtained upon inclusion of water-soluble phosphanes
in the cavity of modified β-CDs. First described in 2007 for platinum-complexes hydrogenation of
water-soluble alkenes [15], the concept of supramolecular CD-based bidentate ligands was extended to
the synthesis of rhodium-complexes using mono-N,N-dialkylamino-β-CD derivatives and sulfonated
phosphanes having a strong affinity for the CD cavity (Ka = 40,000 M−1 at 25 ◦C) [16]. Upon inclusion,
the resulting supramolecular phosphorus-nitrogen (PN) bidentate acted as a first-sphere ligand via
coordination of both a phosphane and an amine onto the metal and as a second-sphere ligand due to
the inclusion of a phosphane inside the CD cavity. In hydroformylation (HF) of styrene under biphasic
conditions, such Rh–PN complexes mainly yielded branched aldehydes (95% conversion within 2 h,
branched/linear ratio up to 91/9) [17]. CD-based bidentates also acted as first- and second-sphere
ligands in aqueous hydrogenation of unsaturated and allylic derivatives [18], and in a domino reaction
implying nitrobenzene derivatives subjected consecutively to Pt-catalyzed reduction, Paal–Knorr
cyclization and Pt-catalyzed hydrogenation [19].
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Figure 2. Supramolecular cyclodextrin (CD)-based phosphorus-nitrogen (PN) and phosphorus-
nitrogen-nitrogen (PNN) ligands for aqueous catalysis. M: metal; S: substrate; P: Product.

Concurrently to supramolecular systems acting as second- (and possibly first-) sphere ligands,
self-assembled systems where CDs only acted as a second-sphere ligand were also developed.
For example, CD dimers acted as molecular platforms capable of supramolecularly interacting with
both catalyst and substrate through multiple recognition in a confined environment [20]. Compared to
monotopic β-CD, the closeness of the involved entities in the surrounding of the dipotic β-CD platform
greatly enhanced both the conversion and the chemoselectivity in Rh-catalyzed HF of 1-decene. CDs
also helped to convert hydrophobic substrates comprising from 8 to 12 carbons. However, the CD
efficacy is significantly reduced when substrates comprising more than 12 carbons are considered.
In collaboration with Gonsalvi, Peruzzini and coworkers, our group also developed new phosphanes
having both surface activity and ability to coordinate to metals [21]. 1,3,5-triaza-7-phosphaadamantane
(PTA) ligand was N-substituted by a chemical motive (para-tert-butylbenzyl) capable of interacting
with the cavity of randomly methylated β-CD (RAME-β-CD) (Figure 3). Contrary to the above
supramolecular CD-based PN and phosphorus-nitrogen-nitrogen (PNN) ligands, the supramolecular
interaction between the CD host and the PTA ligand should not be too high (Ka = 5440 M−1 at
25 ◦C) as both components should separate easily when increasing the temperature. Depending
on the temperature, the amphiphilicity of the phosphane was exalted or reduced upon addition of
RAME-β-CD in water. Increasing the temperature resulted in lower CD–phosphane association and
subsequent higher concentration of phosphanes in the interfacial layer. For example, in Rh-catalyzed
HF of higher olefins, the catalytically active species mostly remained in water at 80 ◦C due to inclusion
of the PTA-ligand within the RAME-β-CD’s cavity, thus resulting in a poor catalytic performance.
Above 100 ◦C, the association constant between RAME-β-CD and the PTA ligand greatly decreased,
resulting in higher concentrations of “free” species (non-interacting amphiphilic PTA ligand and
RAME-β-CD). The availability of the CD cavity was enhanced and the surface activity of the ligand
greatly improved, with beneficial effects on the catalytic activity. For example, 98% of 1-decene were
converted within 6 h at 120 ◦C under 50 bar of CO/H2 (substrate/Rh = 500). Additionally, both the
aqueous and the organic phases could be simply recovered by cooling down the catalytic system.
Indeed, upon cooling, the PTA-ligand accommodated the CD cavity to form a supramolecular complex,
which provoked the decantation of both phases.

Adamantyl substituted compounds were also chosen as CD-interacting guests.
For example, Leclercq et al. showed that methylated-β-CDs acted as second-sphere ligands
of di(1-adamantyl)benzylphosphine to significantly increased the regioselectivity in homogeneous
and biphasic HF of allyl alcohol and 1-octene, respectively [22]. The ability of their catalytic system
to operate either under homogeneous or biphasic conditions was dictated by the hydrophobic or
hydrophilic balance of the catalysts, which itself was defined by the β-CD methylation degree. Another
supramolecular complex approach was recently developed which consists in a water-insoluble
palladium(II)–dipyrazole complex substituted by an adamantyl moiety [23]. Upon host–guest
inclusion of the adamantyl group into the cavity of heptakis(2,6-di-O-methyl)-β-CD, high catalytic
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activity were measured in Suzuki–Miyaura coupling involving hydrophilic aryl bromides and aryl
boronic acids in a series of water–organic solvent mixtures. Moreover, using tetrabutyl ammonium
bromide as stabilizer, the catalyst was recycled and reused several times. Following a similar
approach, a water-soluble glutathione peroxidase mimic was constructed based on the supramolecular
host–guest interaction existing between the mono-amino-β-CD and a tellurium compound substituted
by two adamantyl groups [24]. The supramolecular system formed hollow vesicle-like aggregates in
water, which exhibited enzyme-like catalytic activity and specific recognition ability in the reduction
of cumene hydroperoxide by 3-carboxyl-4-nitrobenzenethiol.

Figure 3. Thermocontrolled catalysis using randomly methylated β-CD (RAME-β-CD) and
appropriate phosphane.

3. Control of Micelle Dynamics

Micelles are surfactant-based nano-aggregates acting as nanoreactors by virtue of the confinement
of substrates and/or catalyst inside their self-assembled structure [25]. The catalytic performance was
significantly improved as the local concentrations in catalyst and substrates were significantly increased
at the micelle interface. For example, CDs and imidazolium surfactants were combined to promote the
formation of micelles in thermoregulated Rh-catalyzed HF of alkenes [26]. More precisely, the alkyl
chain of surfactants such as [C12MIM][X] and [C16MIM][X] (X = Br or TfO) included into the α-CD’s
cavity at room temperature while both components dissociated at 80 ◦C to trigger self-aggregation of
imidazolium salts into micelles. In Rh-catalyzed HF of allyl aromatics or styrene, such micelles hosted
the substrate into their core while the Rh concentration increased at the micelle surface upon interaction
of the imidazolium with the rhodium catalyst, resulting in enhanced conversions (100% conversion
at 80 ◦C under 50 bar of CO/H2). Upon cooling down the solution once the reaction was complete,
the inclusion of the imidazolium alkyl chain into the α-CD’s cavity provoked the destabilization of
the micelles. Through temperature control, the catalytic performance was improved and the rhodium
catalyst was recovered.

Grafting dodecyl-imidazolium onto β-CDs was also an effective strategy to access supramolecular
hosts capable of self-assembling in neat water [27]. The catalytic properties of the resulting micelles
were assessed in Suzuki–Miyaura reaction implying aryl halides and boronic acid derivatives.
Interestingly, the dodecyl-imidazolium CD-based micelles allowed converting sterically hindered
substrates having strong hydrophobic character into hetero coupling products. Additionally, the system
was recycled more than 10 times without significant loss of catalytic activity.
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Our group developed the synthesis of amphiphilic phosphanes featuring both surface-activity
and ability to coordinate to metal precursors. To overcome the formation of stable emulsions resulting
from mixtures of amphiphilic molecules, water and organic substrate, we made use of modified
β-CDs. We especially found that addition of stoichiometric proportions of ionic β-CD into amphiphilic
phosphane-containing micellar solutions unexpectedly improved the performances of Rh-catalyzed HF
of 1-decene while addition of neutral β-CDs resulted in the destructuring of micelles in the post-micellar
concentration range [28]. Using ionic β-CDs, an average fourfold rise in catalytic activity was measured
(65% conversion of 1-decene within 6 h under 50 bar of CO/H2 at 80 ◦C, substrate/Rh = 260) without
any influence on the regioselectivity (linear/branched ratio up to 8.6). In that case, complementary
properties of the ligand and the surfactant were expressed in a single material. Additionally, the main
advantage of the ionic β-CD-based catalytic system relied on the recovery of the aqueous and organic
phases once the reaction was complete, especially if randomly methylated β-CD (RAME-β-CD)
was used as additives. Amphiphilic phosphane-based aggregates also acted as substrate reservoir
in a palladium-catalyzed Tsuji–Trost reaction [29]. The presence of RAME-β-CD in the aqueous
compartment improved dynamics of phosphane-based aggregates by supramolecular means (Figure 4).
Exchanges between the hydrophobic aggregate core (which contained the substrate) and the aqueous
phase (which contained the Pd-catalyst) were significantly favored. Accordingly, the catalytic
performance was boosted in a narrow concentration range. RAME-β-CD acted as fluidifier of the
phosphane-based micelles. Note that the catalytic performances are dependent on the strength of
the supramolecular interaction between the phosphane and the CD. For Ka values over 200,000 M−1,
high turn-over frequencies (TOF) are measured for 1:1 RAME-β-CD/phosphane ratio as the aggregate
dynamics are favored. Increasing the RAME-β-CD/phosphane ratio results in the formation of
stable RAME-β-CD/phosphane complexes. Micelles are then destructured, resulting in a lower TOF.
Conversely, weak Ka values (300–600 M−1) lead to a lower amplitude between the highest and the
lowest TOF.

Figure 4. Dynamics of exchange between the hydrophobic micelle core and the aqueous compartment
in the presence of RAME-β-CD. S: substrate; P: product; C: organometallic catalyst.
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4. Self-Emulsifying Catalytic System

We recently implemented a novel catalytic system involving CD/substrate supramolecular
interactions. More precisely, naturally occurring triglycerides were hydroformylated through
supramolecular means in the presence of CDs in aqueous medium. During the course of the reaction,
a transient supramolecular complex was formed in a well-defined concentration range between
triglyceride alkyl chains and CRYSMEB, a methylated β-CD substituted on C2 hydroxyl groups
(Figure 5). The triglyceride/water interface was then greatly extended, thus favoring contacts between
the triolein carbon–carbon double bond and the rhodium catalyst. In fact, upon inclusion of its alkenyl
chain into the CD cavity, the substrate drove its own transformation as the resulting CD/triglyceride
supramolecular complexes acted as emulsifiers and helped to convert the triglyceride C=C double
bonds in biphasic conditions using a water-soluble organometallic catalyst. At the end of the reaction,
the low affinity between the hydroformylated products and CRYSMEB triggered the decantation
of products and catalytic solution. The catalytic system was recycled and successfully extended to
rhodium-catalyzed HF of commercial oils.

 

Figure 5. Triglyceride droplets stabilized in water by modified CDs.

4.1. CD-Based Pickering-Like Emulsions

Another approach involving CD-based polymers relies on a thermoresponsive
poly(N-isopropylacrylamide) (PNIPAM) substituted at its end with RAME-β-CD (Figure 6) [30].
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The lower critical solution temperature (LCST) of the resulting modified PNIPAM was 36.6 ◦C
(transition between hydrophilic and hydrophobic state). Its average molecular weight was
16,000 g mol−1 (Ð = 1.38) and its hydrodynamic radius was 368 nm at 80 ◦C. A coil-to-globule
transition took place above the LCST, with the formation of micrometer-sized aggregates. In rhodium
catalyzed HF of 1-decene and 1-hexadecene, the CD-substituted polymer appeared to be more effective
than the separated PNIPAM and RAME-β-CD components. It was shown that RAME-β-CD-based
polymer aggregates formed a Pickering-like emulsion (emulsion stabilized by particle) upon
adsorption at the aqueous/organic interface. Over time, the aggregates covered the interface to such
an extent that the mass transfer was greatly reduced. To overcome the issue, we applied successive
heating/cooling cycles to recover the interface fluidity. Cooling down the system below the LCST
induced disassembly of the polymer particles. The polymer chains then regained their fluidity and
water solubility. The vanishing of the Pickering-like emulsion resulted in the rapid decantation
of the biphasic system. Reheating the mixture over the LCST regenerated the Pickering-like
emulsion. Complete HF of 1-decene and 1-hexadecene could be implemented through the above
step-by-step process.

Figure 6. Formation of Pickering emulsion from thermoresponsive poly(N-isopropylacrylamide)
(PNIPAM) functionalized at the terminal position with RAME-β-CD.

Supramolecular hydrogels consist of three-dimensional networks with non-covalent bonds. They
were recently considered as aqueous media likely to contain organometallic catalysts. Interestingly,
supramolecular hydrogels consisting of CD-based pseudo-polyrotaxanes resulted from the threading
of α-CDs along poly(ethylene glycol) (PEG) chains. Upon threading, α-CDs align to form columnar
domains, which subsequently arrange into nanocrystallites. In the presence of an organic phase, the
nanocrystallites’ adsorption at the water–oil interface resulted in Pickering-like emulsions (Figure 7).
For example, the catalytic performance in Rh-catalyzed HF of 1-decene in the sol phase was significantly
improved in the presence of α-CD/PEG nanocrystallites (PEG molecular weights of 20,000 g·mol−1

(PEG20000) or 35,000 g·mol−1 (PEG35000)) [31]. As observed previously, an interface saturation
occurred over time. The saturation phenomenon was easily overcome by cooling down the system
below the sol–gel temperature and partially depressurizing the autoclave. The Pickering emulsion
being broken, dynamics of exchange within the interfacial layer were then greatly improved. Upon
temperature and pressure changes, the carbon–carbon double bonds were fully hydroformylated.
Addition of RAME-β-CD in well-defined proportion into the hydrogel also substantially improved
both the catalytic activity and chemoselectivity [32]. RAME-β-CD also acted as fluidifier of the
Pickering-like emulsion and prevented the interface saturation. Dynamics of exchange at the interface
were greatly accelerated.
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Figure 7. Interfacial catalysis in emulsion using CD/poly(ethylene glycol) (PEG) combination:
(a) supramolecular hydrogel consisting of nanocrystallites; (b) stabilization of substrate droplets
in the hydrogel phase via oil-in-water Pickering emulsion. S, substrate; P, product; C, aqueous
organometallic catalyst.

4.2. Multivalency with CD Dimers and CD Polymers

Multivalency is a powerful self-assembly pathway that confers unique molecular recognition
between polytopic hosts and guests [33,34]. Large hosts with extended cavities are then highly
desirable to fully accommodate hydrophobic substrates through multivalency. CD dimers interact
more strongly with linear substrates than simple CD receptors owing to their multiple interactions and
binding properties. Additionally, the spacer linking the β-CD together supplies additional binding
towards the guest molecule upon inclusion complexation. Such cooperative effects were powerful
enough to favor the mass transfer in aqueous catalytic systems. RAME-β-CD dimers synthesized by
Cu(I)-catalyzed azide–alkyne cycloaddition (CuAAC) proved to be very effective in the Pd-catalyzed
Tsuji–Trost reaction [35]. The ‘extended’ cavity accommodated hydrophobic substrates that were too
long to be recognized into a single CD cavity.

Multivalent CD-based polymers were also used as interfacial additives in Rh-catalyzed HF
of long-alkyl-chain alkenes (Figure 8) [36]. RAME-β-CD-NH2 was grafted to size-controlled
poly(N-acryloyloxysuccinimide) (polyNAS) to give water-soluble CD-based polymers (800 g·L−1 at
20 ◦C) with surface activity (50–60 mN·m−1). Their catalytic performance was assessed in Rh-catalyzed
HF of 1-decene and 1-hexadecene. While RAME-β-CD allowed converting 1-decene, polyNAS highly
substituted by RAME-β-CD proved to be more efficient than RAME-β-CD to favor the conversion of
1-hexadecene through multivalent interactions. Two close CDs substantially favored the molecular
recognition of 1-hexadecene. The local concentration of the latter was significantly increased at the
interface, thus favoring contacts with the water soluble rhodium catalyst.

Figure 8. Hydroformylation (HF) of long alkyl chain alkenes using CD-based polymers.
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The multivalency concept was then further extended to CD-grafted polyNAS (degree of polymerization
of 45) functionalized with the water-soluble sulfonated 2-(diphenylphosphino)ethanamine [37].
The remaining succinimide functions reacted with aminoethanol to give trisubstituted water soluble
polymers. Such polymers benefited from both the supramolecular properties of CDs and the
capability of phosphanes to coordinate organometallic species. In comparison with sulfonated
2-(diphenylphosphino)ethanamine, the phosphane-grafted, CD-grafted polyNAS gave better activities
and aldehyde selectivity in rhodium catalyzed HF of 1-hexadecene at 80 ◦C under 50 bar of CO/H2

pressure. As the CD-included substrate and the catalyst were very close, the reaction took place rapidly.
For example, 1-hexadecene was fully converted within only 1 h using a 2:1 CD-to-phosphane ratio.

5. Conclusions

Cyclodextrin-based, self-assembly-driven processes have provided compelling evidence that
they are powerful tools to improve the catalytic performance of organometallic reactions under
biphasic conditions. Such self-assembly-driven processes open fascinating opportunities in the area of
organometallic catalysis. The art of self-assembling CDs and ligands, substrates, or other components
of the catalytic system promotes both activity and selectivities through molecular recognition and
self-organization. The role of CDs in such systems is manifold. They favor contacts between the
substrate and the catalyst, modify the aqueous/organic interface, or control the second-sphere of the
metal with beneficial effect on the catalytic activity and the selectivities of the reaction. Moreover,
CD-based, self-assembly-driven processes appear to be a relevant approach as a rapid screening of
the catalytic system can be implemented by just mixing the different components. In this context, we
anticipate that CD-based self-assemblies will be used increasingly in the near future to develop more
active and more selective catalytic systems. While we still have a long way to fully define the potential
of CD-based self-assemblies, the authors hoped this review will inspire the reader to imagine novel
approaches involving CD-based, self-assembly-driven processes.
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Abstract: Bismuth oxyhalide, usually employed as a photocatalyst, has not been tested as an
activator of peroxide for water purification. This work explores the potential application of
bismuth oxyhalide (BiOX, X = Cl, Br, I)-activated peroxide (H2O2; peroxymonosulfate (PMS) and
peroxydisulfate) systems for the degradation of carbamazepine (CBZ) in water destined for drinking
water. BiOBr showed the highest activity toward the peroxides investigated, especially toward
PMS. The most efficient combination, BiOBr/PMS, was selected to further research predominant
species responsible for CBZ degradation and toxicity of transformation products. With repeated use
of BiOBr, low bismuth-leaching and subtle changes in crystallinity and activity were observed.
CBZ degradation was primarily (67.3%) attributable to attack by sulfate radical. Toxicity test
and identification of the oxidation products indicated some toxic intermediates may be produced.
A possible degradation pathway is proposed. Besides substitution of the hydroxyl groups on the
surface of the catalyst particles, PMS’s complexation with the lattice Bi(III) through ion exchange with
interlayer bromide ion was involved in the decomposition of PMS. The Bi(III)–Bi(V)–Bi(III) redox
cycle contributed to the efficient generation of sulfate radicals from the PMS. Our findings provide a
simple and efficient process to produce powerful radicals from PMS for refractory pollutant removal.

Keywords: advanced oxidation technologies; bismuth oxybromide; carbamazepine; peroxide; toxicity

1. Introduction

Carbamazepine (CBZ) is a typical pharmaceutically-active compound widely used to control
epilepsy and neuropathic pain [1]. Due to its improper disposal after use, CBZ is frequently detected in
wastewater treatment plant effluents [2,3], surface water [4] and even drinking water [5] at nanogram-
to milligram-per-liter concentrations. CBZ’s persistence in the ecosystem has urged researchers to
investigate effective treatment technologies. Researchers have previously reported a general removal
rate of CBZ below 10% for conventional biological wastewater treatment processes [6]. Even a popular
membrane bioreactor removes less than 20% [1,7–9]. Conventional water-treatment processes cannot
sufficiently eliminate CBZ [10,11]. More-efficient treatment technologies are urgently needed.

Advanced oxidation technologies (AOTs) have been extensively explored as an alternative solution
for degrading and detoxifying bio-recalcitrant and toxic organic pollutants in water. Among AOTs,
semiconductor photocatalytic oxidation, which can use UV and visible light energy, has generated
much interest [12]. Recently, a relatively new and promising photocatalytic material—bismuth
oxyhalide (BiOX, X = Cl, Br, I)—has drawn considerable attention. The bandgap energies for BiOCl,

Catalysts 2017, 7, 315; doi:10.3390/catal7110315 www.mdpi.com/journal/catalysts24



Catalysts 2017, 7, 315

BiOBr and BiOI are about 3.2, 2.7 and 1.7 eV [13], respectively. Thus, BiOX can be driven by UV/visible
light irradiation to degrade pollutants. For liquid-phase photocatalytic BiOX processes, hydroxyl
radicals (HO·), superoxide radicals and photoinduced holes have been considered to play important
roles [14]. Notably, rare effort has been devoted to producing reactive radicals such as HO· through
BiOX-catalyzed decomposition of radical precursors like peroxides.

It is well established that BiOX compounds crystallize in layers in which double slabs of halogen
atoms are interleaved with [Bi2O2] slabs [13]. Once metal oxides are added into water, dissociative
adsorption of water molecules results in the formation of surface hydroxyl groups (–OH) [15].
Peroxides can complex with the metal ions on the surface of metal oxides by replacing part of the
surface –OH, generating HO· and SO·−

4 radicals through electron transfer [16]. Therefore, besides
acting as a photocatalyst, BiOX may activate peroxides and thus induce the degradation of organic
pollutants. A preliminary study in our laboratory has found that BiOBr is indeed able to activate
peroxymonosulfate (PMS). In addition, peroxides are usually applied as scavengers of photoinduced
electrons rather than as radical precursors to increase the degradation rate of organic compounds
through a semiconductor photocatalytic processes [17]. To date, CBZ degradation by BiOX-induced
peroxide activation has not yet been documented.

In this study, the BiOX-enhanced degradation of CBZ was investigated using peroxide (H2O2,
PMS and peroxydisulfate (PS)) addition with clean and natural water. Active species contributing to
CBZ degradation were identified and those contributions were quantitatively analyzed. A mechanism
for active species formation was proposed. Any changes in the biotoxicity of the reaction mixtures
during the degradation process were monitored using Vibrio fisheri bioassays. Finally, the intermediates
involved were characterized using high-performance liquid chromatography coupled with mass
spectrometry (HPLC–MS) to elucidate the degradation pathway for CBZ.

2. Results and Discussion

2.1. CBZ Degradation

2.1.1. Degradation of CBZ under Pure Water Background

CBZ adsorbed weakly onto the surface of the three types of BiOX (X = Cl, Br, I) microspheres
(Figure 1a), and it was barely oxidized by the peroxides studied (H2O2, PS and PMS) alone without the
BiOX catalyst (Figure 1b–d). The degradation of CBZ required synergistic action of the peroxides and
the BiOX. As shown in Figure 1b,c, the combination of BiOX with H2O2 or PS generated only rather
slow CBZ degradation. By contrast, the rate with BiOX and PMS was much better (Figure 1d).

Among the three BiOX compounds, BiOBr showed the best degradation effectiveness, exhibiting
100% degradation of the CBZ in less than 5 min. Such catalytic performance was comparable with
that of CuFe2O4 ferrite catalysts (Figure S3, Supplementary Materials). BiOBr was much more efficient
than CuFe2O4 as a PMS activator.

The molecular structure of the peroxides and the physicochemical properties of the BiOX are
important to the efficiency of peroxide activation by BiOX. The dissociation energy of the peroxide
(O–O) bond in the three peroxides and their ability to bind with BiOX are two key factors. The lower
O–O bond energy and easier availability of free persulfate ion under neutral pH compared with
H2O2 (Table 1) explain why either persulfate (PS or PMS) was easier to activate than H2O2 by the
same oxyhalide. The observed performance difference between PS and PMS can be attributed to the
asymmetrical structure of PMS (compared with the symmetrical structure of H2O2 and PS) [18].
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Figure 1. The catalyzed PMS oxidation of CBZ by (a) BiOX, (b) H2O2, (c) PS and (d) PMS. The initial
concentration of CBZ ([CBZ]0) = 5.0 μM, [H2O2]0 = [PS]0 = [PMS]0 = 4.0 mM, [BiOX]0 = 1.0 g/L,
pH = 7.0, T = 24 ◦C.

Table 1. Physicochemical properties of H2O2, PS and PMS.

Chemical
Structure

O–O Bond Energy
(E, kJ·mol−1)

pKa Ref.

H2O2 213.3 H2O2 → HO−
2 + H+ pKa = 11 [19,20]

PS 140 no change in dissociation form pH > 3 [19]
PMS 140 < EPMS < 213.3 HSO−

5 → SO2−
5 + H+ pKa = 9.4 [16,19]

The structure and surface chemistry of the BiOX would of course be expected to affect its activation
of peroxides and thus the overall degradation effectiveness. Brunauer Emmett Teller (BET) surface
area is one important determinant. The average pore size, particle size and pHpzc were also influential
(Table S1, Supplementary Materials). One can find correlation between degradation effectiveness
of CBZ and BET surface area of BiOX (Figure S4, Supplementary Materials). The specific surface
area of BiOBr was 10% larger than that of BiOCl. That corresponds with more accessible active
sites, such as surface hydroxyl groups and Bi(III) ion, which may explain the superior activation
with BiOBr. The BiOI had a much-larger specific surface area than the BiOBr, but its activation
performance was poorer. That may have reflected the impact of halide released through BiOX
hydrolysis (Equation (1), [21]) and ion exchange (Equations (2) and (3), [14]). Interfacial reactions may
shed some light on this interesting phenomenon.

BiOX (X = Cl, Br, I) + H2O
hydrolysis−−−−−→ BiO+-−OH + X− + H+ (1)

BiOX (X = Cl, Br, I) + HSO−
5

ion exchange−−−−−−−→ BiO+-HSO−
5 + X− (2)

2BiOX (X = Cl, Br, I) + S2O2−
8

ion exchange−−−−−−−→ 2BiO+-S2O2−
8 + 2X− (3)

When Cl−, Br− or I− is present in an HO· or SO·−
4 -based process, halogen radicals such as X· and

X·−
2 and nonradical X−

3 , HOX and X2 halogen species with weaker oxidizing power may be formed [22].
Besides its involvement in radical chain reactions with species such as Cl− and Br− [22] and direct
reaction with peroxides (Equations (4)–(6)), I− may undergo special reactions with metal ions (Mnn+)
when persulfate is present to act as a mediator of electron-transfer reactions (Equations (7)–(10), [23]).
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Such reactions will slow the redox cycling of the surface bismuth ions of the BiOI particles (a color
change was observed, as shown in Figure S5 of the Supplementary Materials), which would hinder
activation of peroxides, tending to cancel out the enhancement caused by a large specific surface area.

S2O2−
8 + 2I− → I2 + 2SO2−

4 k =∼104 M−1·s−1 (4)

HSO−
5 + 2I− + H+ → I2 + SO2−

4 + H2O slow (5)

H2O2 + 2I− → I2 + 2OH− slow (6)

S2O2−
8 + Mn+ → S2O8Mn−2 (7)

S2O8Mn−2 + I− → I+ + Mn+ + 2SO2−
4 (8)

I+ + I− → I2 (9)

I2 + H2O → I− + HIO + H+ (10)

For convenience, the system PMS with BiOBr, which was the most-effective combination of a
peroxide and a BiOX, was used in the subsequent stability tests, kinetics studies, investigation of the
effects of water quality parameters and elucidation of the CBZ degradation pathway.

2.1.2. Degradation of CBZ under Actual Water Background

To examine CBZ degradation in more realistic conditions, effluent of sand filter from a drinking
water plant (ESF), and tap water of Hangzhou (TP) and Qizhen Lake (QZL), were collected. Before the
reaction, the water samples were pretreated by static deposition and membrane filtration (0.45 μm
filter). The water quality parameters of the samples are listed in Table 2. The pH values were nearly
the same, but the other parameters of the various samples were different. Interestingly, the CBZ
degradation differed considerably in the different field samples (Figure 2) and from that observed with
the MilliQ water. For the tap water, 10 min of reaction was required to achieve complete removal of
CBZ. However, the reaction time for complete removal was 20 min when QZL was used, indicating
that CBZ degradation was inhibited by some background solutes, presumably inorganic salts and
dissolved organic matters (DOM) specific to Qizhen Lake.

Table 2. Water quality of the waters collected from tap water (TP), Qizhen Lake (QZL) and effluent of
sand filter (ESF).

DOM
(mg/L)

Bicarbonate
(mg/L)

Cl−
(mg/L)

pH
NO3

−-N
(mg/L)

UV254

(cm−1)

TP 3.73 107.06 3.43 7.84 0.24 3.38
QZL 6.61 97.95 2.80 7.83 0.25 4.99
ESF 3.17 100.11 2.36 7.82 0.01 3.10

Figure 2. The effects of water matrix on the degradation performance of CBZ. BiOBr dose 0.5 g·L−1,
[CBZ]0 = 5 μM, [PMS]0 = 4.0 mM, T = 24 ◦C.
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2.2. Stability of BiOBr as a PMS Activator

To test the durability and stability of the BiOBr catalyst, the particles were reclaimed and reused
seven times. The mass-loss during the recycling process was kept within 2.0 ± 0.5% (Figure 3). The CBZ
degradation rate remained almost constant, displaying very stable activation activity for BiOBr with
respect to PMS. After seven reaction cycles the specific surface area of the BiOBr had not decreased
significantly (virgin, 17.6 m2·g−1; used, 16.8 m2·g−1) (data not shown). In addition, the crystallinity of
the BiOBr as characterized by XRD showed no apparent change after seven reaction cycles (Figure S6,
Supplementary Materials). Moreover, any bismuth ion leaching during the degradation process was
found to be minor, not exceeding 120 μg of bismuth ion per gram of BiOBr over 55 min of reaction
time (Figure 4). These leaching bismuth ions may result from interaction of non-lattice surface Bi with
PMS, given that BiOBr suspension in the absence of PMS almost did not release bismuth ion, and a
subtle change of BiOBr crystallinity was observed during repeated use. Generally, this BiOBr catalyst
was very stable.

Figure 3. CBZ degradation in repeated experiments with the same BiOBr particles. BiOBr dose
0.5 g·L−1, [CBZ]0 = 5 μM, [PMS]0 = 1.0 mM for all cycles, pH = 7.0, T = 24 ◦C, reaction for 30 min.

Figure 4. Leaching of Bi and Br− during the degradation process. BiOBr dose 0.5 g·L−1, [CBZ]0 = 5 μM,
[PMS]0 = 4.0 mM, pH = 7.0, T = 24 ◦C.
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2.3. Reactive Species

H2O2 and PMS have been reported to generate radicals such as HO· and SO·−
4 in the presence

of some metal oxides (ferrites [15], iron-cobalt mixed oxide [24] and Co3O4 [25]). Since adsorption
(Figure 1a), direct oxidation by peroxides (Figure 1b), and leached bismuth ions (Text S4 and Figure
S7, Supplementary Materials) make little contribution to CBZ degradation, the CBZ degradation
decrease likely resulted from the attack of SO·−

4 and/or HO· generated from the activation of PMS
by BiOBr. For a direct observation, 5,5-dimethyl-1-pyrroline n-oxide (DMPO) was used to trap the
radicals formed in BiOCl/H2O2 and BiOBr/PMS systems (Figure 5). The hyperfine coupling constants
of DMPO radical adducts shown in Figure 5a (a(N) 1.48 mT, a(H) 1.47 mT) are consistent with the
assignment of an HO· adduct, proving the formation of HO· in the BiOCl/H2O2 system. The signal of
an SO·−

4 adduct (a(N) 1.36 mT, a(H) 1.02 mT, a(H) 0.15 mT, a(H) 0.08 mT, [26]), as well as the signal of
an HO· adduct, were detected in the BiOBr/PMS system (Figure 5b), indicating that both SO·−

4 and
HO· were generated during the reaction. These rapidly degraded CBZ in the BiOBr/PMS system.
These results confirm that radical reactions on the BiOBr catalyst–water interface indeed dominated
the CBZ degradation in peroxide/BiOX systems.

Figure 5. Electron paramagnetic resonance (EPR) spectra obtained from (a) BiOBr/H2O2 and
(b) BiOBr/PMS systems in the presence of DMPO. BiOBr dose 0.5 g·L−1, [DMPO]0 = 100 mM,
[CBZ]0 = 5 μM, [PMS]0 = 4.0 mM, pH = 7.0, T = 24 ◦C.

The widely-accepted mechanism for SO·−
4 formation in PMS heterogeneous catalysis with metal

oxides involves the initial substitution of PMS for −OH with the consequent oxidation of metal ions
from a low to a higher valence [16]. The high-valence metal ions are then reduced and thus regenerated
by PMS. This mechanism requires that the Mx+/My+ redox couple of the metal oxide has a higher
reduction potential than that of PMS (HSO−

5 ).
BiOBr can form surface −OH (≡ Bi(III)-−OHs) and interlayer −OH (≡ Bi(III)-−OHinter) through

dissociative adsorption of water (Equation (11), [15]) and hydrolysis (Equation (12), [21]). This is
evidenced by the increasing concentration of bromide in the BiOBr slurry (Figure 3). PMS can undergo
direct ion exchange with Br atoms (−Br) (Equation (13), [14]) and complexation with Bi atoms in the
[Bi2O2] layer through substitution of −OH (Equation (14)). It has been reported that surface Bi(III) in
BiOCl can be oxidized to a high-valence state [27]. Furthermore, the accumulation of bismuth ion in the
solution as the reaction proceeds (Figure 4) and promotion of CBZ degradation by homogeneous Bi(III)
(Text S4 and Figure S7, Supplementary Materials) suggest that Bi(III) on the surface of BiOBr particles
might be the active sites. Additionally, the reduction potential of Bi(V) to Bi(III) has been reported to
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be 2.0 V [28], which is higher than that of PMS. Thus, the possible surface reactions generating SO·−
4 in

the BiOBr/PMS process can be specified as follows:

Bi(III)OBr + H2O
dissociative adsorption−−−−−−−−−−−−→ Br−-[ Bi

↑
OH−

O
↑

H+

]+ → Br−-[O(H+)Bi]+-−OHS (11)

Br−-[O(H+)Bi]+ − −OHs + H2O
hydrolysis−−−−−→ HO−

inter-[O(H+)Bi]+-−OHs + Br− + H+ (12)

Br−-[O(H+)Bi]+-−OHs + HSO−
5 → −SO3O(HO)-[O(H+)Bi]+-OHs + Br− (13)

≡ Bi(III)-−OHs/−OHinter + HSO−
5 → ≡ Bi(III)-(HO)OSO−

3 + OH− (14)

≡ Bi(III)-(HO)OSO−
3 → ≡ Bi(IV)-−OHs/−OHinter + SO·−

4 (15)

≡ Bi(IV)-−OHs/−OHinter + HSO−
5 → ≡ Bi(IV)-(HO)OSO−

3 + OH− (16)

≡ Bi(IV)-(HO)OSO−
3 → ≡ Bi(V)-−OHs/−OHinter + SO·−

4 (17)

≡ Bi(V)-−OHs/−OHinter + HSO−
5 → ≡ Bi(IV)-·OOSO−

3 + H2O (18)

2 ≡ Bi(IV)-·OOSO−
3 + 2H2O → 2 ≡ Bi(IV)-−OHs/−OHinter + 2SO·−

4 + O2 + 2H+ (19)

≡ Bi(IV)-−OHs/−OHinter + HSO−
5 → ≡ Bi(III)-·OOSO−

3 + H2O (20)

2 ≡ Bi(III)-·OOSO−
3 + 2H2O → 2 ≡ Bi(III)-−OHs/−OHinter + 2SO·−

4 + O2 + 2H+. (21)

The complexation of BiOBr and PMS was directly confirmed by the ATR–FTIR data (Figure 6).
The infrared bands at around 1249 cm−1 have been reported as arising from S–O bond stretching
vibrations of PMS [29]. This band (peaking at 1257 cm−1 in Figure 6a and at 1250 cm−1 in Figure 6b)
obviously weakened when BiOBr was introduced into the PMS solution. Meanwhile, BiOBr caused the
S–O vibration band of the PMS to shift by 7 cm−1; conversely, PMS decreased the band of the surface
–OH of BiOBr (peak at 3165 cm−1) (Figure 6c). These two points support Equation (14).

Figure 6. Attenuated total reflectance Fourier transform infrared (ATR–FTIR) spectra of (a) mixture of
PMS and BiOBr, (b) PMS solution and (c) BiOBr suspension. Initial pH of the pure water was 5.7; the
PMS solution was adjusted to pH 5.7.
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The changes in the metal’s valence during the reaction were identified by X-ray photoelectron
spectroscopy (XPS). As Figure 7a shows, there were two strong peaks (at 159.60 and 164.95 eV) in the
Bi region, indicating that Bi(III) was present [30]. Peaks with higher binding energies at 159.69 and
159.77 eV (Figure 7b,c, respectively) can be attributed to Bi(III+x) ions (Bi(IV) or Bi(V)) [27]. The XPS
data thus help to elucidate the possible electron-transfer reactions on the surface of the BiOBr particles
(Equations (15)–(21)).

Figure 7. XPS spectra of the Bi4f region for (a) BiOBr virgin, (b) BiOBr collected after 30-min reaction
time and (c) BiOBr collected after 60-min reaction time. BiOBr dose 0.5 g·L−1, [CBZ]0 = 5 μM,
[PMS]0 = 4.0 mM, pH = 7.0, T = 24 ◦C.

Two more issues must be addressed to quantitatively explain the excellent performance observed:
(1) the reaction rate constants of CBZ with HO· and SO·−

4 and (2) the respective contribution of the
two radicals.

The CBZ degradation was mainly induced by HO· and SO·−
4 attack. These are both strong

one-electron oxidants. The kinetics of CBZ degradation are therefore likely to be second-order, as in
Equation (22). Equation (23) is the result of the integration of Equation (22) as follows:

− d[CBZ]
dt

= (k1

∫
[SO·−

4 ]dt +
∫
[HO·]dt)[CBZ], (22)

− ln
[CBZ]
[CBZ]0

= (k1

∫
[SO·−

4 ]dt + k2

∫
[HO·]dt)dt, (23)

where k1 and k2 are the reaction rate constants of CBZ with HO· and SO·−
4 , respectively, and [CBZ]0

and [CBZ] are the CBZ concentrations at the start of the reaction and at time t, respectively. Assuming
pseudo-steady state, Equation (23) can be simplified to Equation (24):
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− ln
[CBZ]
[CBZ]0

= (k1[SO·−
4 ]ss + k2[HO·]ss)t = (k∗1 + k∗2)t, (24)

where [SO·−
4 ]ss and [HO·]ss are the quasi-stationary concentrations of SO·−

4 and HO·, respectively, and
k∗1 and k∗2 are k1[SO·−

4 ]ss and k2[HO·]ss, respectively. Thus, the contribution of SO·−
4 can be expressed

as k∗1/(k∗1 + k∗2).
HO· has been reported to attack CBZ with a kinetic constant of 2.05 × 109 M−1·s−1 [31], and a

second-order rate constant of 1.62 × 109 M−1·s−1 can be determined for SO·−
4 (Text S5 and Figure S8 in

the Supplementary Materials). Both radicals showed nearly diffusion-controlled reactivity with CBZ,
which suggests reasonably efficient degradation. The degradation at low initial CBZ concentration
(≤5 μM) was well fitted with a pseudo first-order kinetic model, with high values of the correlation
coefficient during the initial 7 min of the reaction time (Figure 8). This finding suggests that k∗1 + k∗2 can
be assumed to be constant. To determine the contribution of each radical, tertiary butanol (TBA) was
added and k∗1 + k∗2 was estimated by fitting a pseudo first-order constant (Figure S9, Supplementary
Materials). HO· was considered to be scavenged by the TBA; thus k∗2 can be ignored. k∗1/(k∗1 + k∗2) was
calculated to be 67.3% (k∗2 = 0.302, k∗1 + k∗2 = 0.449) at neutral pH. This result tends to confirm that the
67.3% CBZ degradation was due primarily to SO·−

4 -mediated oxidation.

Figure 8. The degradation performance of CBZ by BiOBr/PMS process at different initial concentration
of CBZ. BiOBr dose 0.5 g·L−1, [PMS]0 = 4.0 mM, pH = 7.0, T = 24 ◦C.

2.4. Bromate Formation

Bromate formation in bromide-containing solution in the presence of SO·−
4 or HO· has been

reported [32]. As for the BiOBr/PMS system, bromide-ion releasing (Figure 4) and radicals (SO·−
4 and

HO·, Figure 5) have been detected, and bromate formation should be given concern. Therefore,
bromate formation during treatment of three actual waters (ESF, TP and QZL) was compared with
that of ultrapure water (Figure 9). Within a 30-min reaction time, no detectable bromate formation
(<0.002 μg·L−1) for ESF and QZL has been observed, while significant bromate formation happened
for ultrapure water (14.3 μM) and TP (1.2 μM). Suppression of bromate formation by natural organic
matters in AOTs has been reported [32,33], which is ascribed to scavenging of reactive bromine species
and radicals by natural organic matter. A similar effect caused by DOM in ESF, TP and QZL is expected.
It is important to highlight that the scavenging of reactive bromine species by natural organic matter
or CBZ would pose a risk of yielding organobromated byproducts.
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Figure 9. Formation of bromate in three real waters treated by PMS/BiOBr. BiOBr dose 1.0 g·L−1,
[CBZ]0 = 5 μM, [PMS]0 = 4.0 mM, pH = 7.0, T = 24 ◦C.

2.5. Detoxification Performance

The system’s acute toxicity was tested using BiOBr as the PMS activator (Figure 10). The toxicity
toward Vibrio fisheri decreased as the CBZ was eliminated, but over the entire course of the degradation
the toxicity decreased more slowly than the CBZ concentration. That suggests that some degradation
byproducts also displayed toxicity. Similar to the toxicity, the total organic carbon (TOC) also decreased
more slowly than the CBZ concentration. For a 78.2% degradation of CBZ, only 39.7% of the TOC was
removed. These results indicate that a long reaction time may be needed to treat CBZ to a safe level.
The toxicity evolution can be explained to some extent by exploring CBZ’s degradation pathway.

Figure 10. The toxicity evolution of CBZ solution degraded by PMS/BiOBr process. BiOBr dose
0.5 g·L−1, [CBZ]0 = 40 μM, [PMS]0 = 4.0 mM, pH = 7.0, T = 24 ◦C.

2.6. Degradation Mechanism

To elucidate the mechanism of CBZ degradation, the formation of intermediate products in the
degradation of 0.1 mM CBZ in the presence of 4 mM PMS and 0.5 g·L−1 BiOBr was detected using
high-performance liquid chromatography with tandem mass spectrometric detection (HPLC–MS)
(Figure 11). In the figure, the CBZ signal corresponds to the positive ion at m/z 237 generated after
H+ addition during the electrospray ionization process. The mass-to-charge peak observed at m/z
259 was contributed by sodium. Meanwhile, intermediates were noted at m/z 180, 196, 210, 224, 239,
251, 253 and 267. Possible molecular structures for these intermediates can be proposed on the basis
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of the specific m/z values, CBZ’s chemical structure and the reaction characteristics of SO·−
4 and HO·.

The inferred intermediates suggest the probable degradation pathway for CBZ shown in Figure 12.

Figure 11. LC–MS spectra of (a) CBZ and the possible intermediates; (b) m/z 180; (c) m/z 196;
(d) m/z 210; (e) m/z 224; (f) m/z 239; (g) m/z 251; (h) m/z 253; (i) m/z 267.

Figure 12. Tentative degradation pathway of CBZ.
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The mass peak at 253 was assigned to hydroxy-CBZ (P1 and P3) or 10,11-epoxide-CBZ (P2) on the
basis of a report from Sun’s group [34]. The further attack of HO· radicals on the hydroxy-CBZ (P1
and P3) induced the formation of 10,11-epoxy-CBZ (P4) and carbamazepine-o-quinone (P5) [35,36].
Subsequently, ring contraction in the 10,11-epoxy-CBZ caused the loss of a –CONH2 group. The
deamidation produced 9-acridine-9-carboxaldehyde as an intermediate and acridine (P6) as the final
form, consistent with previous reports [37,38]. C–N cleavage on the side chains results in the formation
of P7 from P2, followed by the formation of P8. Similarly, the ring contraction could also form P11,
which could further be degraded to P10. Based on these intermediates, many transformation products
retain the functional structure of CBZ and may retain some of its biological toxicity. This effect could
partly explain the observed lag in detoxification relative to the degradation of the CBZ parent molecule.

3. Materials and Methods

3.1. Materials and Reagents

Sources of chemicals and reagents are provided in the Supplementary Materials Text S1 .
All chemicals were used as received.

3.2. Synthesis and Characterization of BiOX Microstructures

The synthesis of BiOX (X = Cl, Br, I) microstructures was carried out through a solvothermal
procedure [14]. This process yielded BiOX microspheres as shown in the scanning electron micrograph
which is provided in Figure S1 in the Supplementary Materials. X-ray diffraction (XRD) analysis of a
typical BiOBr specimen was conducted using a Rigaku Dmax-2000 diffractometer (Rigaku Co., Tokyo,
Japan). A Bruker Optics Matrix-MF spectrometer (Bruker Optics, Ettlingen, Germany) was used for
attenuated total-reflection Fourier transform infrared spectroscopy (ATR–FTIR). X-ray photoelectron
spectroscopy (XPS) analysis was carried out with an ESCALAB 250Xi spectrometer (Thermo Scientific,
Waltham, MA, USA). The specific surface area and average pore size were measured using an
ASAP2020HD88 analyzer (Micromeritics, Norcross, GA, USA). The particle-size distribution was
quantified using a Mastersizer 2000 laser particle size analyzer (Malvern Instruments Ltd., Malvern,
UK). Acid–base titration was employed to determine the point of zero charge (pHpzc).

3.3. Experimental Procedures

The CBZ degradation experiments were performed in a room thermostated 24 ◦C and under dark
conditions. The 0.02 mM CBZ stock solution was stirred for 30 min before use. Except for the best
peroxide-activator screening experiments where 1 mM peroxide (PS, PMS or H2O2) was used, the CBZ
concentration was set at 5 μM and the initial concentration of peroxide (PS, PMS or H2O2) was kept
at 4 mM in the reaction solution. Subsequently, 0.10 g of the BiOX microspheres was dispersed into
200 mL of the reaction solution, and the pH was adjusted with 10 mM Michaelis buffer (to pH 4.0 or
5.0) or borate buffer (to pH 7.0, 9.0 or 11.0) as necessary. The anions (tartrate ion and tetraborate ion) in
the buffer showed weak ion exchange (Figure S2, Supplementary Materials), which means they had
little influence on the BiOX-catalyzed peroxide oxidation. During the reaction, samples were collected
using a syringe at predetermined time intervals and transferred to vials containing a quencher (100 μL
of 0.2 M NaNO2 [16]). The mixture was then filtered immediately for analysis of the CBZ concentration
and to evaluate any toxicity.

3.4. Analysis

The CBZ content in the samples was determined using an Agilent 1200 HPLC (Agilent, Palo Alto,
CA, USA) equipped with a UV–vis detector. The degradation intermediates were concentrated on a
Gilson GX-271 ASPEC apparatus (Gilson, Middleton, WI, USA) and analyzed with an Agilent 6460
triple-quad HPLC–MS (Agilent, Palo Alto, CA, USA). The release of bromide (Br−) from the BiOBr
materials and possible bromate formation were monitored using a Dionex ICS-2000 ion chromatograph
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(Dionex, Sunnyvale, CA, USA). The bismuth leaching during the degradation process was detected
using a PE NexION 300Q inductively-coupled plasma mass spectrometer (Perkin Elmer, Oak Brook,
IL, USA). The detailed parameters are shown in Text S2 of the Supplementary Materials.

4. Conclusions

This study evaluated catalytic peroxide (PMS, PS and H2O2) oxidation of CBZ using BiOX as the
catalyst. The results show that the BiOX microsphere catalyst activated PMS most efficiently. BiOBr
generated the best kinetics and it was found to be both efficient and stable for CBZ degradation.
Sulfate radical was determined to be the primary oxidative species in the BiOBr/PMS system.
The high reduction potential of Bi(V)/Bi(III) facilitates the efficient formation of the sulfate radical.
The degradation intermediates of CBZ retain some biotoxicity and a relatively long reaction time may
be necessary to detoxify CBZ completely. Bromide is released from BiOBr in the process through
hydrolysis and ion exchange, so bromate produced by the radical oxidation of bromide must be
examined. Presence of dissolved organic matter acts as an inhibitor of bromate formation. Deposit of
BiOBr onto materials with strong ion-exchange ability to locate bromide ions may relieve such concern.
In addition, bismuth leaching, although very slow, is expected to shorten the catalyst’s lifespan.
Modifications, such as metal doping, may be necessary to improve the stability and recyclability
of BiOBr.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4344/7/11/315/s1,
Text S1: Chemicals, Text S2: Parameters of analysis, Text S3: Toxicity evaluation of samples, Text S4: Effect
of leaching bismuth ion, Text S5: Determination of k(SO·−

4 +CBZ), Figure S1: SEM images of BiOX microspheres:
(a) BiOCl, (b) BiOBr, (c) BiOI, Figure S2: Effect of anions in buffer on the releasing of bromide ion, Figure S3:
Comparison of CBZ degradation by PMS/BiOBr and PMS/CuFe2O4, Figure S4: Normalized degradation rate
of CBZ based on specific surface area for PMS/BiOBr, Figure S5: Color change of BiOI suspension during
the degradation process, Figure S6: XRD spectra of BiOBr particles before and after the repeated catalytic
PMS oxidation (7 cycles), Figure S7. Effect of leaching bismuth ion on the degradation of CBZ, Figure S8:
-ln ([CBZ]/[CBZ]0) vs. -ln ([pCBA]/[ pCBA]0), Figure S9: CBZ degradation in the presence or absence of TBA,
Table S1: BET surface area, average pore and particle size, and pHpzc of BiOX (X = Cl, Br, I).

Acknowledgments: This work was financially supported by the National Natural Science Foundation of China
(Grant No. 51408539 and 51478417), the Public Projects of Zhejiang Province (Grant No. 2017C33174), the Major
International (Regional) Joint Research Program of China (No.51761145022), and the National Key Research and
Development Program of China (No. 2016YFC0400601, 2016YFC0400606). The authors also greatly appreciate the
additional support from Jiyang College of Zhejiang A & F University (Grant No. 04251700010) and the special
S&T project on the treatment and control of water pollution (Grant No. 2017ZX07201-003).

Author Contributions: X.L. and M.Y. conceived and designed the experiments; T.Z., S.C., J.L., and L.W. performed
the experiments and analyzed the data; R.C. and Y.S. contributed reagents/materials/analysis tools; L.W. wrote
the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Miao, X.; Metcalfe, C.D. Determination of carbamazepine and its metabolites in aqueous samples using liquid
chromatography−electrospray tandem mass spectrometry. Anal. Chem. 2003, 75, 3731–3738. [CrossRef]
[PubMed]

2. Ternes, T.A. Occurrence of drugs in german sewage treatment plants and rivers. Water Res. 1998, 32,
3245–3260. [CrossRef]

3. Heberer, T. Tracking persistent pharmaceutical residues from municipal sewage to drinking water. J. Hydrol.
2002, 266, 175–189. [CrossRef]

4. Ginebreda, A.; Muñoz, I.; de Alda, M.L.; Brix, R.; López-Doval, J.; Barceló, D. Environmental risk assessment
of pharmaceuticals in rivers: Relationships between hazard indexes and aquatic macroinvertebrate diversity
indexes in the Llobregat River (NE Spain). Environ. Int. 2010, 36, 153–162. [CrossRef] [PubMed]

5. Benotti, M.J.; Trenholm, R.A.; Vanderford, B.J.; Holady, J.C.; Stanford, B.D.; Snyder, S.A. Pharmaceuticals and
endocrine disrupting compounds in us drinking water. Environ. Sci. Technol. 2008, 43, 597–603. [CrossRef]

36



Catalysts 2017, 7, 315

6. Zhang, Y.; Geißen, S.U.; Gal, C. Carbamazepine and diclofenac: Removal in wastewater treatment plants
and occurrence in water bodies. Chemosphere 2008, 73, 1151–1161. [CrossRef] [PubMed]

7. Clara, M.; Strenn, B.; Kreuzinger, N. Carbamazepine as a possible anthropogenic marker in the aquatic
environment: Investigations on the behaviour of carbamazepine in wastewater treatment and during
groundwater infiltration. Water Res. 2004, 38, 947–954. [CrossRef] [PubMed]

8. Joss, A.; Keller, E.; Alder, A.C.; Göbel, A.; McArdell, C.S.; Ternes, T.; Siegrist, H. Removal of pharmaceuticals
and fragrances in biological wastewater treatment. Water Res. 2005, 39, 3139–3152. [CrossRef] [PubMed]

9. Radjenovic, J.; Petrovic, M.; Barceló, D. Analysis of pharmaceuticals in wastewater and removal using a
membrane bioreactor. Anal. Bioanal. Chem. 2007, 387, 1365–1377. [CrossRef] [PubMed]

10. Carballa, M.; Omil, F.; Lema, J.M.; Llompart, M.; Garcia-Jares, C.; Rodriguez, I.; Gómez, M.; Ternes, T.
Behavior of pharmaceuticals, cosmetics and hormones in a sewage treatment plant. Water Res. 2004, 38,
2918–2926. [CrossRef] [PubMed]

11. Suárez, S.; Carballa, M.; Omil, F.; Lema, J.M. How are pharmaceutical and personal care products (PPCPs)
removed from urban wastewaters? Rev. Environ. Sci. Biotechnol. 2008, 7, 125–138. [CrossRef]

12. Wang, X.; Yang, W.; Li, F.; Zhao, J.; Liu, R.; Liu, S.; Li, B. Construction of amorphous TiO2/BiOBr
heterojunctions via facets coupling for enhanced photocatalytic activity. J. Hazard. Mater. 2015, 292, 126–136.
[CrossRef] [PubMed]

13. Cheng, H.; Huang, B.; Dai, Y. Engineering BiOX (X = Cl, Br, I) nanostructures for highly efficient
photocatalytic applications. Nanoscale 2014, 6, 2009–2026. [CrossRef] [PubMed]

14. Li, J.; Sun, S.; Qian, C.; He, L.; Chen, K.; Zhang, T.; Chen, Z.; Ye, M. The role of adsorption in photocatalytic
degradation of ibuprofen under visible light irradiation by BiOBr microspheres. Chem. Eng. J. 2016, 297,
139–147. [CrossRef]

15. Guan, Y.; Ma, J.; Ren, Y.; Liu, Y.; Xiao, J.; Lin, L.; Zhang, C. Efficient degradation of atrazine by magnetic
porous copper ferrite catalyzed peroxymonosulfate oxidation via the formation of hydroxyl and sulfate
radicals. Water Res. 2013, 47, 5431–5438. [CrossRef] [PubMed]

16. Zhang, T.; Zhu, H.; Croué, J.P. Production of sulfate radical from peroxymonosulfate induced by a
magnetically separable CuFe2O4 spinel in water: Efficiency, stability, and mechanism. Environ. Sci. Technol.
2013, 47, 2784–2791. [CrossRef] [PubMed]

17. Wang, Y.; Hong, C. Effect of hydrogen peroxide, periodate and persulfate on photocatalysis of
2-chlorobiphenyl in aqueous TiO2 suspensions. Water Res. 1999, 33, 2031–2036. [CrossRef]

18. Rastogi, A.; Al-Abed, S.R.; Dionysiou, D.D. Effect of inorganic, synthetic and naturally occurring chelating
agents on Fe(II) mediated advanced oxidation of chlorophenols. Water Res. 2009, 43, 684–694. [CrossRef]
[PubMed]

19. Yang, S.; Wang, P.; Yang, X.; Shan, L.; Zhang, W.; Shao, X.; Niu, R. Degradation efficiencies of azo dye acid
orange 7 by the interaction of heat, uv and anions with common oxidants: Persulfate, peroxymonosulfate
and hydrogen peroxide. J. Hazard. Mater. 2010, 179, 552–558. [CrossRef] [PubMed]

20. Von Sonntag, C. Advanced oxidation processes: Mechanistic aspects. Water Sci. Technol. 2008, 58, 1015–1021.
[CrossRef] [PubMed]

21. Taylor, P.; Lopata, V.J. Some phase relationships between basic bismuth chlorides in aqueous solutions at
25 ◦C. Can. J. Chem. 1987, 65, 2824–2829. [CrossRef]

22. Yang, Y.; Pignatello, J.J.; Ma, J.; Mitch, W.A. Comparison of halide impacts on the efficiency of
contaminant degradation by sulfate and hydroxyl radical-based advanced oxidation processes (AOPs).
Environ. Sci. Technol. 2014, 48, 2344–2351. [CrossRef] [PubMed]

23. House, D.A. Kinetics and mechanism of oxidations by peroxydisulfate. Chem. Rev. 1962, 62, 185–203.
[CrossRef]

24. Yang, Q.; Choi, H.; Al-Abed, S.R.; Dionysiou, D.D. Iron–cobalt mixed oxide nanocatalysts: Heterogeneous
peroxymonosulfate activation, cobalt leaching, and ferromagnetic properties for environmental applications.
Appl. Catal. B Environ. 2009, 88, 462–469. [CrossRef]

25. Anipsitakis, G.P.; Stathatos, E.; Dionysiou, D.D. Heterogeneous activation of oxone using Co3O4. J. Phys.
Chem. B 2005, 109, 13052–13055. [CrossRef] [PubMed]

26. Furman, O.S.; Teel, A.L.; Watts, R.J. Mechanism of base activation of persulfate. Environ. Sci. Technol. 2010,
44, 6423–6428. [CrossRef] [PubMed]

37



Catalysts 2017, 7, 315

27. Zhang, L.; Wang, W.; Jiang, D.; Gao, E.; Sun, S. Photoreduction of CO2 on BiOCl nanoplates with the
assistance of photoinduced oxygen vacancies. Nano Res. 2015, 8, 821–831. [CrossRef]

28. Bard, A.J.; Parsons, R.; Jordan, J. Standard Potentials in Aqueous Solution; Marcel Dekker, Inc.: New York, NY,
USA, 1985; pp. 180–187.

29. Gonzalez, J.; Torrent-Sucarrat, M.; Anglada, J.M. The reactions of SO3 with HO2 radical and H2O . . .
HO2 radical complex. Theoretical study on the atmospheric formation of HSO5 and H2SO4. Phys. Chem.
Chem. Phys. 2010, 12, 2116–2125. [CrossRef] [PubMed]

30. Ye, L.; Jin, X.; Liu, C.; Ding, C.; Xie, H.; Chu, K.; Wong, P. Thickness-ultrathin and bismuth-rich strategies
for BiOBr to enhance photoreduction of CO2 into solar fuels. Appl. Catal. B Environ. 2016, 187, 281–290.
[CrossRef]

31. Vogna, D.; Marotta, R.; Andreozzi, R.; Napolitano, A.; d’Ischia, M. Kinetic and chemical assessment of the
UV/H2O2 treatment of antiepileptic drug carbamazepine. Chemosphere 2004, 54, 497–505. [CrossRef]

32. Lutze, H.V.; Bakkour, R.; Kerlin, N.; von Sonntag, C.; Schmidt, T.C. Formation of bromate in sulfate radical
based oxidation: Mechanistic aspects and suppression by dissolved organic matter. Water Res. 2014, 53,
370–377. [CrossRef] [PubMed]

33. Fang, J.; Shang, C. Bromate formation from bromide oxidation by the UV/persulfate process. Environ. Sci.
Technol. 2012, 46, 8976–8983. [CrossRef] [PubMed]

34. Guan, Y.; Ma, J.; Li, X.; Fang, J.; Chen, L. Influence of pH on the formation of sulfate and hydroxyl radicals in
the UV/peroxymonosulfate system. Environ. Sci. Technol. 2011, 45, 9308–9314. [CrossRef] [PubMed]

35. Monsalvo, V.M.; Lopez, J.; Munoz, M.; de Pedro, Z.M.; Casas, J.A.; Mohedano, A.F.; Rodriguez, J.J.
Application of Fenton-like oxidation as pre-treatment for carbamazepine biodegradation. Chem. Eng. J.
2015, 264, 856–862. [CrossRef]

36. Rao, Y.F.; Qu, L.; Yang, H.; Chu, W. Degradation of carbamazepine by Fe(II)-activated persulfate process.
J. Hazard. Mater. 2014, 268, 23–32. [CrossRef] [PubMed]

37. Daghrir, R.; Drogui, P.; Dimboukou-Mpira, A.; El Khakani, M. Photoelectrocatalytic degradation of
carbamazepine using Ti/TiO2 nanostructured electrodes deposited by means of a pulsed laser deposition
process. Chemosphere 2013, 93, 2756–2766. [CrossRef] [PubMed]

38. Tran, N.; Drogui, P.; Zaviska, F.; Brar, S.K. Sonochemical degradation of the persistent pharmaceutical
carbamazepine. J. Environ. Manag. 2013, 131, 25–32. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

38



catalysts

Review

Metal-Catalyzed Intra- and Intermolecular Addition
of Carboxylic Acids to Alkynes in Aqueous Media:
A Review

Javier Francos and Victorio Cadierno *

Laboratorio de Compuestos Organometálicos y Catálisis (Unidad Asociada al CSIC), Centro de Innovación en
Química Avanzada (ORFEO-CINQA), Departamento de Química Orgánica e Inorgánica, IUQOEM, Facultad de
Química, Universidad de Oviedo, Julián Clavería 8, E-33006 Oviedo, Spain; francosjavier@uniovi.es
* Correspondence: vcm@uniovi.es; Tel.: +34-985-103453

Received: 19 October 2017; Accepted: 2 November 2017; Published: 6 November 2017

Abstract: The metal-catalyzed addition of carboxylic acids to alkynes is a very effective tool for the
synthesis of carboxylate-functionalized olefinic compounds in an atom-economical manner. Thus,
a large variety of synthetically useful lactones and enol-esters can be accessed through the intra- or
intermolecular versions of this process. In order to reduce the environmental impact of these reactions,
considerable efforts have been devoted in recent years to the development of catalytic systems able
to operate in aqueous media, which represent a real challenge taking into account the tendency of
alkynes to undergo hydration in the presence of transition metals. Despite this, different Pd, Pt, Au,
Cu and Ru catalysts capable of promoting the intra- and intermolecular addition of carboxylic acids
to alkynes in a selective manner in aqueous environments have appeared in the literature. In this
review article, an overview of this chemistry is provided. The synthesis of β-oxo esters by catalytic
addition of carboxylic acids to terminal propargylic alcohols in water is also discussed.

Keywords: aqueous catalysis; alkynes; carboxylic acids; alkynoic acids; hydrocarboxylation reactions;
cycloisomerization reactions; enol esters; lactones; β-oxo esters

1. Introduction

The transition metal-catalyzed heterofunctionalization of alkynes by addition of nucleophiles
to the C≡C bond has emerged in recent years as a versatile synthetic tool in organic chemistry [1–3].
In particular, the addition of carboxylic acids to alkynes, reaction also referred in the literature as
hydro-oxycarbonylation or hydrocarboxylation of alkynes, represents a straightforward way to obtain
different types of olefinic esters with atom economy [4–6]. Thus, the intramolecular version of the
process, i.e., the cycloisomerization of alkynoic acids, produces unsaturated lactones (Scheme 1) which
are common structural motifs found in natural products and biologically active molecules, as well as
valuable synthetic intermediates [7–10]. A large variety of transition metal complexes have been used
to catalyze these reactions through the π-activation of the carbon-carbon triple bond of the alkynoic
acid, the regioselectivity (exo or endo addition of the carboxylate to the C≡C bond leading to lactones A

or B, respectively) and stereoselectivity of the process being dependent on the metal employed, the
length of the hydrocarbon chain connecting the acid and alkyne units, and the terminal or internal
nature of the alkyne functionality [1–6]. Among the most commonly employed metals are Pd, Ag, Au
and Rh, including examples of heterogeneous systems [11], which have shown a high efficacy for the
selective preparation of 5-, 6-, and to a lesser extent, 7-membered ring lactones [1–6].

Catalysts 2017, 7, 328; doi:10.3390/catal7110328 www.mdpi.com/journal/catalysts39
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Scheme 1. The catalytic cycloisomerization of alkynoic acids.

The intermolecular addition of carboxylic acids to alkynes also presents enormous interest since
the reaction products, i.e., enol esters (C or D in Scheme 2), are versatile building blocks in organic
synthesis and material science. For example, to name just a few of their myriad applications, they
are widely employed as mild acylating reagents [12,13], as monomers in diverse polymerization
reactions [14–16], as substrates in asymmetric hydrogenation for the generation of enantioenriched
alcohols [17–19], or as starting materials for different cross-coupling processes [20–22]. As for the
cycloisomerization of alkynoic acids, a huge number of catalytic systems involving late transition
metals have been described, with those based on ruthenium playing a prominent role [1–5]. However,
for a long time, this reaction was limited to terminal alkynes, since most catalysts failed to enable
the hydrocarboxylation of internal alkynes as a consequence of their greater steric hindrance, which
disfavours their coordination to the metal catalyst. At this point, it should be noted that a reduced
reactivity of internal vs. terminal C≡C bonds is also commonly observed in the cyclization reactions
of alkynoic acids, although in this case the problem is not so marked as the intramolecular process is
much more favoured from a thermodynamic point of view. Fortunately, recent works focused in the
design of increasingly active catalysts have made possible to overcome this limitation and some Ru-,
Pd-, Ag- and Au-based systems active with internal alkynes are now available [23].

Scheme 2. The intermolecular addition of carboxylic acids to alkynes.

On the other hand, the increasing awareness of environmental concerns has stimulated the
development of metal-catalyzed reactions in aqueous media, since water is cheaper, safer and benigner
compared to the traditional petroleum-derived organic solvents [24–26]. In addition, the use of
water (or aqueous biphasic mixtures) allows in many cases an easy catalyst/product separation, thus
allowing the effective recycling of the catalytically active species, which is another key aspect in the
Green Chemistry context [27]. However, despite the growing interest in aqueous catalysis, the use of
this environmentally benign solvent in the hydrocarboxylation of alkynes been for long time neglected,
probably due to the concerns of a competing hydration of the alkyne substrates to form carbonyl
compounds, a process that is also catalyzed by transition metals [1–6,28]. In fact, in a general review
on the “catalytic reactions of alkynes in water”, published by Chen and Li in 2006, no examples of
hydrocarboxylation reactions were collected [28]. Catalytic systems able to operate selectively in
aqueous environments have only appeared in the literature in recent years, and are the subject of
the present review article. Intra- and intermolecular processes are covered, including examples of
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sequential transformations of synthetic interest. The access to β-oxo esters by the catalytic addition of
carboxylic acids to terminal propargylic alcohols in water is also discussed.

2. Intramolecular Processes

2.1. Cycloisomerization of Preformed or In Situ Generated Alkynoic Acids

The first example of such reactions in an aqueous environment was described by Hidai and
co-workers in 1996 employing the mixed-metal cubane-type cluster complex [PdMo3S4(tacn)3Cl][PF6]3

(1; tacn = 1,4,7-triazacyclononane) as catalyst [29]. Thus, they found that, in combination with NEt3,
1 was able to transform dipropargylmalonic acid 2 into the enol lactone 3 in water at room temperature
(Scheme 3). Unfortunately, although the rate and yield of the reaction were very similar to those
observed in acetonitrile, this latter solvent was selected by the authors to study the scope of the process.
In this regard, different 5-, 6- and 7-membered ring lactones could be obtained from the corresponding
alkynoic acids with complex 1, which showed an enhanced reactivity in comparison with classical
mononuclear Pd(II) sources, such as [PdCl2(PhCN)2] or Na2[PdCl4]. In line with this, despite the
presence of three molybdenum atoms in the structure of 1, the catalytic reactions were assumed to
proceed only at the palladium center.

Scheme 3. Cyclosiomerization of dipropargylmalonic acid 2 in water using a cluster catalyst.

More recently, other palladium-based catalysts for the cyclization of alkynoic acids in aqueous
media have been described. In particular, García-Álvarez and co-workers disclosed that transformation
of γ-alkynoic acids into five-membered ring enol-lactones (5-exo-dig cyclization) can be conveniently
and selectively achieved in pure water, and under aerobic conditions, by using catalytic amounts
of the dinuclear Pd(II) derivative trans-[PdCl2{μ2-N,S-(PTA)=NP(=S)(OEt)2}]2 (4) (Scheme 4) [30].
This catalyst features a bridging iminophosphorane-type ligand derived from the well-known
hydrophilic phosphine PTA (1,3,5-triaza-7-phosphaadamantane) [31,32], which facilitates its solubility
in water.

 

Scheme 4. Cycloisomerization of different γ-alkynoic acids in water catalyzed by a dinuclear
Pd(II) complex.
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As shown in Scheme 4, the reactions proceeded cleanly at r.t. (room temperature) without
formation of any by-product derived from the hydration of the C≡C bond of the substrates or
from the hydrolysis of the (Z)-γ-alkylidene butyrolactone products. The process was operative with
γ-alkynoic acids containing both terminal and internal C≡C bonds, although for the latter a much
longer reaction time was needed (24 instead of 0.5–2 h). It is also worth noting that (i) this catalytic
system could be recycled up to 10 consecutive runs for the cyclization of the model 4-pentynoic acid
(cumulative TON (turnover number) of 982), and (ii) it could be applied in the desymmetrization of
bispropargylic carboxylic acids 5, affording enol-lactones 6 containing an intact propargylic side arm
in excellent yields.

Although in a limited number of examples (only six substrates were explored), the group
of Nakamura also demonstrated the capacity of the NCN-pincer Pd(II) derivative 7 (Figure 1) to
promote the high-yield formation of five-membered ring lactones from both γ- and β-alkynoic acids
(5-exo-dig and 5-endo-dig cyclization, respetively) in pure water [33]. Complex 7 easily generates
hydrogen-bonding-based supramolecular gels, with well-organized Pd-arrays, in organic solvents.
For the catalytic reactions, which were performed at 70 ◦C and in the presence of Et3N (3 mol %),
a water-insoluble xerogel prepared from 7 in toluene was employed (0.5 mol % Pd content).
Interestingly, the Pd-gel catalyst could be recovered by filtration and reused three times in the
cyclization of 4-pentynoic acid without loss of catalytic activity. However, it should also be mentioned
that, contrary to the case of the dinuclear Pd(II) complex 4, when a bispropargylic carboxylic acid
was employed as substrate, partial hydration of propargylic side arm of the enol-lactone product
was observed.

Figure 1. Structure of the pincer palladium(II) complexes 7 and 8.

Selective 5-exo-dig cyclization of pentynoic acids RC≡CCH2CH2CO2H (R = aryl or heteroaryl
group) to afford the corresponding (Z)-γ-alkylidene butyrolactones could also be achieved, in water at
50 ◦C, using the related amphiphilic NCN-pincer Pd(II) complex 8 (2 mol %) (Figure 1) in combination
with Et3N (6 mol %) (yields in the range 38–94% after 1–6 h) [34]. Complex 8 self-assembles in aqueous
solution forming bilayered vesicles which were found to be essential for the promotion of the catalytic
process (markedly lower yields were obtained when the same reactions were performed in organic
solvents or employing the amorphous complex 8 in water).

On the other hand, despite the well-known ability of platinum compounds to promote the
cycloisomerization of polyunsaturated organic molecules [35,36], this metal has been much less
used than palladium to catalyze the cyclization of alkynoic acids [37]. In this regard, the work
published by Alemán, Navarro-Ranninger and co-workers merits highlighting [38]. These authors
evaluated the catalytic behaviour of a broad family of anticancer platinum(II) and platinum(IV)
amino-complexes (9a–j and 9k–o, respectively; see Figure 2) in the cycloisomerization of 4-pentynoic
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acid into 5-methylene-dihydrofuran-2-one (5-exo-dig cyclization), finding that both the oxidation
state of the metal and the stereochemistry of the complex are key factors for the reaction to proceed
efficiently. Thus, while the cis-platinum(II) derivatives 9a–e showed a high reactivity in acetone at
r.t., their trans-platinum(II) counterparts 9f–j and the Pt(IV) species 9k–o (regardless of their cis or
trans configuration) turned out to be practically inactive.

Figure 2. Structure of the platinum complexes 9a–o.

In addition, they also demonstrated the possibility of using water (or even blood plasma) as
solvent. In fact, the scope of the catalytic reaction was explored in water using complexes 9a,b [38,39].
Thus, as shown in Scheme 5, different 5- and 6-membered ring lactones could be synthesized with
these complexes, although mixtures of regioisomers were systematically formed starting from internal
alkynes. On the other hand, it is also worth noting that the attempt made to generate a seven-membered
ring lactone with this type of catalysts failed.

Scheme 5. Cyclization of different alkynoic acids in water using Pt(II) complexes.
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Gold compounds are currently recognized as the most effective systems for the electrophilic
π-activation of unsaturated carbon–carbon bonds [40,41], and, in 2006, Michelet and co-workers
demonstrated for the first time their usefulness in the cycloisomerization of acetylenic acids [42].
The same group was also a pioneer in the use of gold catalysts in aqueous environments.
In particular, in 2008, they reported on the tolerance of the heterogeneous system Au2O3

towards the presence of water during the cycloisomerization of 2-phenyl-4-pentynoic acid into
5-methylene-3-phenyl-dihydrofuran-2-one (92% yield performing the reaction in MeCN-H2O (6:1)
at r.t. with 2.5 mol % of Au2O3 for 3 h; 95% yield when acetonitrile was employed alone under
identical reaction conditions) [43]. Since then, a number of gold-based catalysts capable of operating
in pure water or in aqueous biphasic mixtures have been described, most involving functionalized
N-heterocyclic carbenes (NHC) as auxiliary ligands. In this regard, the groups of Michelet, Cadierno
and Conejero developed the zwitterionic Au(III)-NHC complex 10b which proved to be active in the
cycloisomerization of a broad range of γ-alkynoic acids under biphasic toluene/water conditions
(Scheme 6) [44]. Remarkably, the participation of a silver(I) co-catalyst, usually employed in catalytic
gold chemistry to generate vacant coordination sites on the metal through chloride ligands abstraction,
was not required. Also of note is the fact that, despite the well-known ability of gold complexes
to promote the hydration of alkynes, competitive hydration processes were not observed under
the biphasic conditions employed, even during the cycloisomerization of bispropargylic substrates.
However, it should be noted that, if pure water is used as solvent, partial hydrolysis of the lactone
products takes place, making the use of biphasic conditions more advantageous. In general, the
reactions proceeded in air under very mild temperature conditions (r.t.), except with those substrates
containing internal C≡C bonds which showed a markedly lower reactivity and required of heating at
80 ◦C. Concerning the regioselectivity of the process, 5-membered ring enol-lactones were selectively
formed when terminal C≡C bonds were involved in the cyclization process. On the other hand,
although the 5-exo-dig cyclization was also the preferred reaction pathway with internal alkynes,
mixtures containing the corresponding 5- and 6-membered ring lactones were in some cases obtained.

Scheme 6. Cyclosiomerization of different γ-alkynoic acids catalyzed by the Au(III)-N-heterocyclic
carbenes (NHC) complex 10b.
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This initial work with 10b was subsequently extended to other Au(III) and Au(I) complexes
containing related zwitterionic NHC ligands bearing 3-sulfonatopropyl, and 2-pyridyl, 2-pycolyl or
pyridylethyl substituents (10a,c and 11a–c in Figure 3) [45]. All of them proved to be catalytically
active, even with Au loadings of only 0.1 mol %, showing in general performances similar to that
of 10b. Interestingly, all these gold-carbenes showed a very high recyclability (up to 10 consecutive
runs) by simple phase separation (the gold catalyst remained in the aqueous phase while the lactone
product was completely dissolved in the toluene one). In this regard, some differences were observed
between the Au(I) and Au(III) species, the recyclability of the latter being much more effective due to
their higher stability in the aqueous medium (the Au(I) derivatives 11a–c undergo with time partial
decomposition into catalytically inactive Au(0) nanoparticles; a process also observed with 10a–c but
which takes place much more slowly).

Figure 3. Structure of the zwitterionic Au(III)- and Au(I)-NHC complexes 10,11a–c.

A good recyclability was also reported by Pleixats and co-workers for the sol-gel immobilized
Au(I)-NHC complex 12 (Scheme 7) [46]. This organometallic hybrid silica material proved to be active
in the cycloisomerization of different γ-alkynoic acids at room temperature using, as in the previous
example, a toluene/water biphasic system and in the absence of silver salts. However, due to the
heterogeneous nature of 12, longer reaction times and a wrist-type shaker stirring (which allows a
good mixing of the immiscible layers and the insoluble catalyst) were in this case required to obtain the
enol-lactone products in high yields (no reaction was observed using conventional magnetic stirring).
Concerning the regioselectivity of the process, five-membered enol-lactones were selectively formed
starting from substrates with terminal alkyne units, while a mixture of the 5- and 6-membered ring
lactone products was obtained from an internal diyne (Scheme 7).

For its part, the group of Krause described the preparation of the ammonium salt-tagged
Au(I)-NHC complexes 13a–f (Figure 4) and their application in the selective 5-exo-dig cyclization
of γ-alkynoic acids bearing a terminal alkyne unit in pure water, or in aqueous triethylammonium
buffer solution [47]. The catalytic reactions proceeded cleanly at r.t., in short time spans (0.5–6 h),
employing 2.5 mol % of these complexes, with yields higher in general when the buffer solution was
employed as the reaction medium (partial decomposition of the gold complexes was observed in
pure water). Once again, no Ag(I) co-catalysts were needed and the catalysts could be reused after
extraction of the lactone product from the aqueous solution with diethyl ether (up to 5 times).
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Scheme 7. Cyclosiomerization of γ-alkynoic acids using a sol-gel immobilized Au(I)-NHC complex.

Figure 4. Structure of the water-soluble gold(I)-NHC complexes 13a–f.

Interestingly, starting from the internal alkynoic acid 14, a synthetic route to obtain the
furanocoumarin-functionalized lactone 15, an epimer of the natural product clausemarine A, could be
developed by Krause and co-workers [47]. As shown in Scheme 8, formation of the lactone ring was
successfully achieved by cycloisomerization of 14 with 1 mol % of 13b in an aqueous triethylammonium
buffer solution containing THF (tetrahydrofuran) as co-solvent.
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Scheme 8. Synthesis of 2-epi-clausemarine A.

Besides the Au-NHC complexes commented above, the PTA-derived iminophosphorane-Au(I)
derivative 16 (Figure 5) proved to be also an active and selective catalyst for the 5-exo-dig cyclization
of 4-pentynoic acid in water (89% yield after 30 min at r.t. with 1 mol % of 16) [48]. However, this
particular catalyst showed a higher reactivity in the eutectic mixture 1ChCl/2Urea (ChCl = choline
chloride; 99% yield after 15 min under identical reaction conditions) and, consequently, its scope was
explored only in this alternative and biorenewable reaction medium.

Figure 5. Structure of the iminophosphorane-gold(I) complex 16.

In addition to palladium, platinum and gold, cheaper copper catalysts have also been used in
the cycloisomerization of alkynoic acids in aqueous media. Thus, while studying the CuBr-catalyzed
cycloaddition of alkynes with azides in tBuOH/H2O mixtures, Mindt and Schibli observed the
formation of enol-lactone by-products when employing γ-alkynoic acids as substrates, so they decided
to explore separately the cyclization of these compounds [49]. Their results are shown in Scheme 9.
Performing the reactions with 10 mol % of CuBr at r.t., different γ-alkynoic acids containing both
terminal and internal C≡C units could be efficiently transformed into the corresponding γ-alkylidene
butyrolactones. However, in some cases, γ-keto acids were selectively obtained due to the rapid
hydrolysis of the lactone products under the aqueous conditions employed. On the other hand,
the attempts made to extend the scope of this aqueous protocol to six- and seven-membered ring
enol-lactones by cyclization of 5-hexynoic acids and 6-heptynoic acids, respectively, failed. It should
be noted, however, that the former could be cyclizated by carrying out the reactions in acetonitrile
instead of the tBuOH/H2O mixture.
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Scheme 9. CuBr-catalyzed transformations of different γ-alkynoic acids in aqueous medium.

More recently, CuBr was also employed to promote the cyclization of a variety of
β-hydroxy-γ-alkynoic acids 17 [50]. As shown in Scheme 10, the reactions proceeded cleanly in pure
water under microwave (MW) irradiation at 100 ◦C, leading to the regio- and stereoselective formation
of the five membered ring Z-enol-lactones 18 without observing hydrolysis products. In addition,
the beneficial effect of water was evidenced by the authors, who obtained markedly lower yields when
performing the same reactions in classical organic solvents such as THF or acetonitrile. The same
must be said of the use of MW irradiation, since lower yields were also observed when conventional
oil-bath heating or ultrasound irradiation was employed. The process was quite general, tolerating
a broad range of substitution patterns on the substrate skeleton. However, it should be noted that
when an alkynoic acid featuring a hydrogen atom and a phenyl group, as the R3 and R4 substituents,
was employed in this reaction, the spontaneous dehydration of 18 to form a 5-alkylidene-furan-2-one
product took place.

Scheme 10. Cu(I)-catalyzed cyclization of β-hydroxy-γ-alkynoic acids in water under microwave
(MW) irradiation.

For its part, the group of Jiao described the cyclization of the propargylic Meldrum´s acids 19

into the (Z)-γ-alkylidene butyrolactones 20, in a basic aqueous environment, through the combined
use of Cu(OAc)2 and FeCl3 (Scheme 11) [51]. A clear cooperative effect of the two metals was
observed, the yields decreasing drastically when Cu(OAc)2 or FeCl3 was used as the sole catalyst.
The process most probably involves the in situ generation of a γ-alkynoic acid intermediate through
a hydrolysis/decarboxylation sequence. On the other hand, although the mechanism could not
be unambiguously established, it was assumed that the Cu2+ ion is the one responsible for the
activation of the alkyne unit during the final cycloisomerization step, with Fe3+ probably facilitating
the intramolecular nucleophilic addition of the carboxylate on the C≡C bond by coordination to the
carbonyl group.
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Scheme 11. Cu/Fe-cocatalyzed synthesis of lactones from propargylic Meldrum’s acids.

Further studies by the same group showed that the same catalytic reactions can be more
conveniently carried out employing AgNO3 (5 mol %) instead of the Cu/Fe system [52]. The reactions,
performed at 100 ◦C in a H2O/DMF (N,N-dimethylformamide) mixture under air, afforded regio- and
stereoselectively the (Z)-γ-alkylidene butyrolactone products 20 in 45–87% isolated yields after ca. 1 h.
Remarkably, no co-catalysts or bases were in this case needed. On the other hand, transformation of
the related Meldrum´s acids 21 into lactones 22, containing an all-carbon quaternary center at the C-4
position, was also described by Ahmar and Fillion using catalytic amounts of Ag2CO3, and mixtures
THF/H2O or toluene/H2O as the reaction media (Scheme 12) [53]. Again, the 5-exo-dig cyclization
products were exclusively formed and the reactions proceeded cleanly in the absence of base. However,
we must note that mixtures of E/Z isomers were in most cases obtained starting from those substrates
containing an internal C≡C bond.

Scheme 12. Silver-catalyzed cyclization of the propargylic Meldrum’s acids.

2.2. Tandem and Cascade Processes Involving the Cycloisomerization of an Alkynoic Acid

The aminolysis of lactones is a common transformation in organic synthesis which allows
their direct conversion into linear amides [54,55]. The combination of this reaction with the
cycloisomerization of alkynoic acids has been extensively studied in the last years giving access to a
huge number of nitrogen-containing heterocyclic compounds, through different cascade processes, by
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appropriate selection of the functionalized amine partner [56–59]. In this context, Liu and co-workers
developed an efficient and broad scope gold-catalyzed reaction for the synthesis of fused polycyclic
indoles 23 in water, starting from 2-(1H-indol-1-yl)alkylamines and alkynoic acids (Scheme 13) [60].

Scheme 13. Gold-catalyzed synthesis of fused polycyclic indoles in water.

The process involves the aminolysis of the in situ formed enol-lactones E to generate the
linear keto-amides F, which subsequently evolve into G via a gold-catalyzed N-acyliminium ion
formation/cyclization. Final intramolecular nucleophilic attack of the C-2 carbon of the indolic unit to
the iminium carbon yields the products 23. To facilitate the cyclization step leading to G, the addition
trifluoroactic acid was in some cases required. As shown in Scheme 13, the reactions proceeded in
short times under microwave irradiation, tolerating the presence of different functional groups.

The same group also described the coupling of 4-pentynoic acid with o-aminophenylmethanol in
water catalyzed by the cationic gold(I) complex [Au{PtBu2(o-biphenyl)}(MeCN)][SbF6] (Scheme 14) [61].
The reaction afforded the pyrrolo[2,1-b]benzo[d][1,3]oxazin-1-one 24 in 50% yield. However, we must
note that this value was much lower to that obtained in THF under identical reaction conditions
(91% yield), so it is not surprising that the generality of the process was studied in the latter solvent.
As in the precedent case, the reaction is initiated by the cycloisomerization of the alkynoic acid,
subsequent aminolysis of the enol lactone intermediate, and final cyclization of the resulting keto
amide catalyzed by the gold complex.

Scheme 14. Gold-catalyzed synthesis of the pyrrolo[2,1-b]benzo[d][1,3]oxazin-1-one 24 in water.
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In another vein, the group of Jiang developed an aqueous protocol for the one-pot synthesis of
phthalides 26 from terminal alkynes and o-iodobenzoic acid (Scheme 15) [62]. The process, which
involves the initial Sonogashira coupling of the substrates and subsequent stereoselective 5-exo-dig
cyclization of the resulting ethynyl-benzoic acid intermediates 25, was catalyzed by palladium
immobilized on carbon nanotubes (CNTs) in a DMF:H2O mixture. Unlike previous examples of
this tandem reaction, formation of isocoumarin by-products (6-endo-dig cyclization) was in this case
not observed, and no additives such as phosphine ligands or CuI were needed.

Scheme 15. Catalytic synthesis of phthalides from terminal alkynes and o-iodobenzoic acid.

Taking advantage of the ability of the dinuclear iminophosphorane-palladium(II) complex 4 to
promote the fast and selective transformation of bispropargylic carboxylic acids 5 into enol-lactones 6

(Scheme 4), García-Álvarez and co-workers could set up an unprecedented one-pot tandem process
combining the aforementioned reaction with a copper-catalyzed 1,3-dipolar cycloaddition of azides
with the terminal alkyne arm of the enol-lactone products (Scheme 16) [30]. To promote the 1,3-dipolar
cycloaddition step the polymeric Cu(I) catalyst [Cu{μ2-N,S-(PTA)=NP(=S)(OEt)2}]x[SbF6]x (27)
containing the same hydrophilic iminophosphorane ligand [63], in combination with the 2,6-lutidine
base, was employed. The tandem process proceeded in pure water under mild conditions, affording
the bicyclic triazol-enol-lactones 28 in excellent yields after a simple extraction with diethyl ether
(no chromatographic purification was needed).

Scheme 16. Access to bicyclic triazol-enol-lactones from of bispropargylic carboxylic acids and azides.

On the other hand, based on the capability of copper salts to promote the conjugate alkynylation
of electron-deficient olefins, the (Z)-γ-alkylidene butyrolactones 30 could be synthesized in a one-pot
manner starting from the corresponding terminal alkynes and the 5-alkylidene-Meldrun’s acids 29,
via in situ formation of the corresponding propargylic Meldrun’s acids (Scheme 17). The process
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was promoted by the Cu(OAc)2/FeCl3 combination discussed above for the cyclization of Meldrun´s
acids 19 (Scheme 11) [51].

Scheme 17. Cu/Fe-cocatalyzed synthesis of lactones from alkynes and 5-alkylidene-Meldrum’s acids.

Finally, the combination of metal catalysis and biocatalysis has emerged in recent years as a
powerful tool for developing new synthetic methodologies merging the advantages of both disciplines
in terms of reaction scope and selectivity [64–66]. In this context, García-Álvarez, González-Sabín
and co-workers described very recently the one-pot conversion of 4-pentynoic acid into enantiopure
γ-hydroxyvaleric acid in aqueous medium, through the combined use of KAuCl4 and ketoreductases
(KREDs) (Scheme 18) [67]. The process involves the initial gold-catalyzed cycloisomerization of the
substrate, concomitant hydrolysis of the lactone to form levulinic acid, and final bioreduction of the
keto group of the latter. Remarkably, no isolation or purification steps were required, the reaction
medium coming from the metal-catalyzed reaction being directly employed in the enzymatic step. Also
of note is the fact that, just by selecting the adequate KRED, both enantiomers of the γ-hydroxyvaleric
acid could be obtained with excellent ee values.

Scheme 18. Chemoenzymatic one-pot conversion of 4-pentynoic acid into enantiopure
γ-hydroxyvaleric acid.
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3. Intermolecular Processes

3.1. Catalytic Addition of Carboxylic Acids to Terminal and Internal Alkynes

Although the intermolecular hydro-oxycarbonylation of alkynes has been widely studied in
organic media [1–6], to date there are very few examples of this catalytic transformation described in
water. In this regard, Cadierno, Gimeno and co-workers evaluated in 2011 the catalytic potential of a
diverse family of ruthenium(IV) complexes, of general composition trans-[RuCl2(η3:η3-C10H16)(L)]
(31a–s in Figure 6), for the hydro-oxycarbonylation of terminal alkynes in aqueous medium [68].

Figure 6. Structure of the bis(allyl)-ruthenium(IV) complexes 31a–s.

All these compounds were found to be active catalysts in the addition of benzoic acid to 1-hexyne
in pure water, providing the corresponding enol esters nBuC(OBz)=CH2 (Markovnikov addition
product) and (E/Z)-nBuCH=CH(OBz) (anti-Markovnikov addition products) in moderate to good
yields after 3–24 h of heating at 60 ◦C (with a Ru loading of 2 mol %). A high selectivity towards
the Markovnikov addition product was in general observed, except in the case of catalysts 31m–p

containing a labile amine or nitrile ligand which generated preferentially (E/Z)-nBuCH=CH(OBz),
albeit only in moderate yields. The best results in terms of activity and regioselectivity were obtained
with [RuCl2(η3:η3-C10H16)(PPh3)] (31a), which was able to generate the enol ester nBuC(OBz)=CH2

in 96% yield (by gas chromatography) after only 3 h of heating. However, from the data obtained,
no relationships between the steric and/or electronic nature of the auxiliary ligand L and the catalytic
activity observed could be drawn. On the other hand, it must be also highlighted that, with the
exception of [RuCl2(η3:η3-C10H16)(TPPMS)] (31b; TPPMS = 3-(diphenylphosphino)benzenesulfonate
sodium salt) and [RuCl2(η3:η3-C10H16){P(OR)3}] (R = Me (31i), Et (31j), iPr (31k)), these Ru(IV)
complexes are completely insoluble in water. Accordingly, in most of the reactions the catalyst
remained dissolved in the organic phase, forming an emulsion with water under stirring. In other
words, the reactions proceeded under the so-called “on-water” conditions [69,70]. In addition, when
the same reactions were carried out under homogeneous conditions using organic solvents, the results
were much worse in terms of yields (the regioselectivity remained unaffected), pointing out the marked
positive effect of water in the process. Although to a lesser extent, the beneficial effect of water in the
catalytic addition of carboxylic acids to terminal alkynes promoted by tethered arene-ruthenium(II)
complexes was also observed by Demonceau and co-workers, who obtained higher yields when
performing the reactions in moist vs. dry toluene [71].

The most active catalyst of the series, i.e., [RuCl2(η3:η3-C10H16)(PPh3)] (31a), showed also a wide
scope allowing the preparation of a large variety of enol esters 32 by selective Markovnikov addition
of different carboxylic acids to both aliphatic and aromatic terminal alkynes, as well as to 1,3-enynes
(Scheme 19) [68,72,73]. As a general trend, the reactions proceeded faster, and with higher yields,
when aliphatic terminal alkynes were employed as substrates. Also notable are the high functional
group compatibility showed by complex 31a and the absence of competing processes of hydration of
the alkynes.
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Scheme 19. Ruthenium(IV)-catalyzed Markovnikov addition of carboxylic acids to terminal alkynes.

Further evidence of the versatility of [RuCl2(η3:η3-C10H16)(PPh3)] (31a) was gained in the
reactions of the terminal diynes 33 with benzoic acid. Thus, as shown in Scheme 20, the corresponding
enynes 34 or the diesters 35 could be selectively synthesized with 31a just by adjusting the
diyne/benzoic acid ratio employed [68,72,73].

Scheme 20. Ruthenium(IV)-catalyzed Markovnikov addition of benzoic acid to terminal diynes.

The only limitation encountered with the ruthenium catalyst 31a is that it is completely inactive
with internal alkynes; substrates which, as commented in the introduction of this article, show a
much lower reactivity in these intermolecular hydrocarboxylation reactions. For this particular class
of alkynes, Cadierno, García-Garrido and co-workers developed very recently a protocol in water
employing the catalytic system [AuCl(PPh3)]/AgOAc [74]. Thus, as depicted in Scheme 21, a broad
range of trisubstituted enol esters 36 could be synthetized in good yields by addition of different
aromatic, aliphatic, heterocyclic and α,β-unsaturated carboxylic acids to internal alkynes symmetrically
substituted with aliphatic groups. Concerning the use of aromatic alkynes, they showed only a
residual reactivity towards benzoic acid and, when an aliphatic carboxylic acid was employed, a higher
temperature and catalyst loading were required to obtain the corresponding products in moderate
yields. Interestingly, compounds 36 were obtained in a stereoselective manner (only Z isomers) as the
result of the exclusive anti addition of the O-H bond of the carboxylic acid to the alkyne.

54



Catalysts 2017, 7, 328

Scheme 21. Gold-catalyzed addition of carboxylic acids to symmetrically substituted internal alkynes.

The reactivity of some unsymmetrically substituted internal alkynes towards benzoic acid in
water was also explored using the catalytic system [AuCl(PPh3)]/AgOAc, the reations leading in most
of the cases to mixtures of regioisomers derived from the attack of acid to both carbon atoms of the
alkyne (complete Z-selectivity was again observed for both regioisomers). Only when the activated
internal alkynes 37 and 38 were employed as substrates a complete regioselectivity to enol esters 39

and 40, respectively, was observed (Scheme 22) [74].

Scheme 22. Regio- and stereoselective addition of benzoic acid to unsymmetrically substituted alkynes.

3.2. Catalytic Addition of Carboxylic Acids to Terminal Propargylic Alcohols

β-Oxo esters are useful intermediates in organic chemistry. For example, they have been
employed in the synthesis of different pharmaceuticals [75–77], and can be easily transformed
into the corresponding α-hydroxy ketones, which are structural units present in a large variety of
biologically active molecules [78,79]. Among the different synthetic approaches to β-oxo esters [80],
the ruthenium-catalyzed addition of carboxylic acids to terminal propargylic alcohols has emerged
as one of the most straightforward and atom-economical routes (Scheme 23). The process involves
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the Markovnikov attack of the carboxylic acid to an initially formed π-alkyne-ruthenium complex H,
which is followed by the intramolecular transesterification of the resulting intermediate I to form an
alkenyl derivative J. The final protonolysis of J releases the β-oxo ester product and regenerates the
catalytically active ruthenium species.

Scheme 23. Mechanism of the Ru-catalyzed β-oxo esters formation reactions.

Since the pioneering work by Mitsudo and Watanabe in 1987 [81], a number of ruthenium catalysts
for this transformation have been developed [80,82]. Among them, the bis(allyl)-ruthenium(IV)
complex [RuCl2(η3:η3-C10H16)(PPh3)] (31a) (Figure 6) proved to be active in water [68]. Thus, as shown
in Scheme 24, starting from different propargylic alcohols and benzoic acid, a family of β-oxo esters 41

could be synthetized in moderate to good yields employing identical experimental conditions to
those applied in the preparation of the enol esters 32 (Scheme 19). Although the scope of the reaction
concerning the carboxylic acid partner was not studied in much detail, the authors showed that it is not
restricted to benzoic acid since the addition of 2-chlorobenzoic acid, pentafluorobenzoic acid, heptanoic
acid and 3-cyclopentylpropionic acid to 1-phenyl-2-propyn-1-ol also afforded the corresponding β-oxo
esters in 47–90% yield.

Scheme 24. Synthesis of β-oxo esters in water catalyzed by the ruthenium(IV) complex 31a.
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In an independent work, Cadierno, Gimeno and co-workers also explored the catalytic potential
of a series of arene-ruthenium(II) complexes containing different water-soluble phosphine ligands
(42–45a–d in Figure 7) [83]. All of them proved to the active in the addition of benzoic acid to
1-phenyl-2-propyn-1-ol in pure water, leading to the desired β-oxo ester, i.e., 1-phenyl-2-oxopropyl
benzoate, as the major reaction product. Among them, best results in terms of activity and
selectivity were obtained with the benzene derivative [RuCl2(η6-C6H6)(TPPMS)] (45a) (88% yield
of 1-phenyl-2-oxopropyl benzoate after 3 h of heating at 100 ◦C using a ruthenium loading of
2 mol %). Concerning the scope of this complex, a variety of secondary propargylic alcohols, as well as
prop-2-yn-1-ol, could be efficiently transformed. In contrast, tertiary propargylic alcohols resulted to
be more challenging substrates and only those featuring low sterically-demanding substituents led to
high conversions. On the other hand, 45a was operative with a large variety of aromatic carboxylic
acids, bearing different functional group such as halide, alkoxy, ketone or sulfonamide. The use
of heteroaromatic acids, with tetrahydrofuran, pyrrole, thiophene, indole or 2-oxo-2H-chromene
fragments, as well as aliphatic acids was also tolerated.

Figure 7. Structure of the water-soluble arene-ruthenium(II) complexes 42–45a–d.

4. Conclusions

Great attention is currently devoted to synthetic organic chemistry in water and research,
particularly in the field of aqueous catalysis, is increasing exponentially since water is the most
environmentally benign substitute for the volatile and toxic organic solvents commonly used in
laboratories and industries. In this contribution, we have summarized the developments achieved in
the field of metal-catalyzed additions of carboxylic acids to alkynes in aqueous media. Such processes
now represent powerful tools for the construction of synthetically useful lactones, enol esters and
β-oxo esters in an atom-economical manner. Throughout this review article, we have presented
different catalytic systems based on Pd, Pt, Au, Cu and Ru, capable of promoting selectively these
reactions in aqueous environments without observing the competing hydration of the alkyne substrates.
The vast majority of the works discussed herein have been published during the last ten years,
demonstrating clearly the current interest in this research field, which obviously remains open, with
many opportunities for new discoveries.
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Abstract: The rapidly growing field of chemical catalysis is dependent on analytical methods for
non-destructive real-time monitoring of chemical reactions in complex systems such as emulsions,
suspensions and gels, where most analytical techniques are limited in their applicability, especially
if the media is opaque, or if the reactants/products do not possess optical activity. High-resolution
ultrasonic spectroscopy is one of the novel technologies based on measurements of parameters
of ultrasonic waves propagating through analyzed samples, which can be utilized for real-time
non-invasive monitoring of chemical reactions. It does not require optical transparency, optical
markers and is applicable for monitoring of reactions in continuous media and in micro/nano
bioreactors (e.g., nanodroplets of microemulsions). The technology enables measurements of
concentrations of substrates and products over the whole course of reaction, analysis of time profiles
of the degree of polymerization and molar mass of polymers and oligomers, evolutions of reaction
rates, evaluation of kinetic mechanisms, measurements of kinetic and equilibrium constants and
reaction Gibbs energy. It also provides tools for assessments of various aspects of performance
of catalysts/enzymes including inhibition effects, reversible and irreversible thermal deactivation.
In addition, ultrasonic scattering effects in dispersions allow real-time monitoring of structural
changes in the medium accompanying chemical reactions.

Keywords: ultrasonic spectroscopy; HR-US; ultrasonic velocity; ultrasonic attenuation; biocatalysis;
enzymes; metal surface catalysis; degree of polymerization; average molar mass; microemulsions

1. Introduction

The availability of efficient methods for real-time non-destructive monitoring of catalytic
transformation between reactants and products in different reaction media, from solutions to emulsion,
suspensions, or gels, is an important factor in the modern development of catalysis and its applications
in industrial processes [1,2]. A variety of ‘electromagnetic’ spectroscopic techniques such as infrared,
Raman, fluorescence, and UV-Vis, can provide real-time data on concentrations of reactant and
product under varying reaction conditions [1,3–7]. However, the efficiency of these techniques is
dependent on the optical transparency of medium and can be affected by light scattering in dispersions.
In general, these techniques have a limited dynamic (concentration) range. In addition, UV-Vis and
fluorescence spectroscopies require an optical activity of the reactants or products and, in their
absence, the analysis is more complicated as chromogenic and fluorogenic substrates are needed [8–10].
Therefore, discontinuous methods are widely used for the monitoring of chemical reactions, including
chromatography, mass spectrometry (MS) and capillary electrophoresis [9]. These methods involve
the collection of samples from a reaction mixture, and often include invasive procedures of stepwise
extractions or sample pretreatments [11], which is time-consuming and costly.

This paper describes applications of an alternative to ‘electromagnetic’ spectroscopy-ultrasonic
spectroscopy for precision real-time non-invasive monitoring of chemical reactions in solutions
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and complex dispersions. Ultrasonic spectroscopy employs high-frequency (MHz range) waves
of compressions and decompressions (longitudinal deformations), which probe the elastic
properties of materials determined by the intermolecular interactions/forces and the microstructural
organization [12–14]. The two major parameters measured in ultrasonic spectroscopy are ultrasonic
attenuation, α, and ultrasonic velocity, u. Attenuation represents the exponential decay of the amplitude
of the ultrasonic wave, A, of the oscillations of pressure (or longitudinal deformation) with distance
travelled, z:

A = A0e−αz cos[2π f (
z
u
− t)] (1)

where t is time and f is the frequency of the wave. The attenuation, α, is determined by the
energy losses in compressions and decompressions in ultrasonic waves. Monitoring of ultrasonic
attenuation provides information on fast (relaxation time is the order of (2π f )−1) dynamics of
molecular processes [15] and microstructural (down to nm scale) organization of materials, including
particle sizing in emulsions and suspensions (nm and μm scales), as well as characterization of
aggregation, gelation, crystallization and creaming [12,16–19].

In liquids with a limited level of ultrasonic attenuation, the ultrasonic velocity is determined by
the adiabatic compressibility βS = − 1

V

(
∂V
∂P

)
S
, where V is the volume, P is the pressure and S the

entropy, and by the density, ρ, of the medium:

u =
1√
βSρ

(2)

Compressibility, βS, is extremely sensitive to the molecular organization and intermolecular
interactions in the medium. This can be applied in analysis of a broad range of molecular processes,
including catalyzed chemical reactions, if the measurements of ultrasonic velocity are performed
with sufficient accuracy [2,13,20,21]. Although ultrasonic spectroscopy has been utilized for material
analysis for a long time and has demonstrated various successful applications [12,14,22], the capability
of this technique in analysis of chemical reactions has been restricted by a number of factors.
These include limited resolution/precision in measurements of ultrasonic parameters, the requirement
for large sample volumes and often complicated measuring procedures. The development of
high-resolution ultrasonic spectroscopy (HR-US), based on advances in the principles of ultrasonic
measurements, electronics and digital signal processing, surpass these limitations [23]. HR-US
instruments (Figure 1) enable ultrasonic measurements with exceptionally high precision, down
to 0.2 mm/s for ultrasonic velocity, in a broad range of sample volumes, 0.03 mL (droplet size) to
several mL with a typical frequency range 1 to 20 MHz [23,24]. High precision of this technique allows
for the monitoring of small changes in the concentrations of substrates and products in chemical
reactions [5,8,25,26]. In addition, the geometry of HR-US ultrasonic cells is optimized for easy filling,
refilling, cleaning and sterilization. They can accommodate aggressive liquids such as strong acids
or volatile organic solvents, without evaporation throughout the course of measurements. HR-US
measurements can be performed in a wide range of temperatures (−40 to 130 ◦C), at ambient or
elevated pressures, in static and flow-through regimes, and in different media ranging from dilute
solutions to semisolid materials [23]. The measurements can include automated precision titrations of
the analyzed liquids with a titrant [27], and also programmable temperature ramps for temperature
profiling [2,28]. These qualities enable the application of HR-US technique for non-destructive real-time
monitoring of chemical reactions in a broad range of media and environmental conditions.

The paper reviews the underlying principles and outcomes of application of HR-US technique for
real-time monitoring of chemical reactions in continuous media and in nano-bioreactors (nanodroplets)
of complex dispersions such as milks, suspensions of protein nanoparticles and microemulsions.
This includes precision real-time measurements of concentrations of reactants and products (reaction
progress curves), time profiles of the average degree of polymerization and of molar mass of polymers
and oligomers, time profiles of the reaction rates, the monitoring of structural rearrangements
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(particle size) in a course of reactions, evaluation of kinetic mechanisms, measurements of kinetic
and equilibrium constants of reactions and reaction Gibbs energy. It also discusses the tools
provided by this ultrasonic technology for assessment of various aspects of the performance of
catalysts/enzymes including inhibition effects and reversible and irreversible thermal deactivation.
Although, most of the examples discussed are the reactions catalyzed by enzymes, the detection
principles and the methodologies described shall be applicable for a variety of catalysts in aqueous
and non-aqueous liquids.

Figure 1. Illustration of operation of high-resolution ultrasonic spectrometers.

2. Monitoring of Chemical Reactions with Ultrasonic Velocity

2.1. Detection Principles. Reactions Progress Curves

Chemical reactions in a liquid mixture are accompanied by a change in the intrinsic properties
of molecules involved in the reaction and by a change in their interactions with the environment,
which includes solvation effects (hydration in aqueous solutions). This changes the compressibility
and density of the mixture, and affects the ultrasonic velocity in the mixture. Thus, monitoring of the
evolution of ultrasonic velocity, u(t), with reaction time, t, shall provide real-time information on the
concentration of reactants transferred to products. For a chemical reaction:

a1 A1 + a2 A2 + . . . . + ak Ak → b1B1 + b2B2 + . . . . + bl Bl (R1)

involving a1, a2, . . . , ak moles of reactants A1, A2, . . . , Ak and producing b1, b2, . . . , bk moles of products
B1, B2, . . . , Bk the change of ultrasonic velocity within time interval δt, δu(t), caused by the reaction
can be presented as:

δu(t) = −u0Δarδc(t) (3)

where δc(t) is the change of concentration of one of the reactants during time interval δt and Δar is the
concentration increment of ultrasonic velocity of the reaction defined as:

Δar = − 1
u0

du
dc

(4)

here u0 is the ultrasonic velocity in the reaction medium without reactants and products, and the
derivative is taken at the conditions determined by Reaction (R1). The negative sign in the above
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equation is introduced to compensate for the negative sign of δc over the reaction. In non-concentrated
mixtures, in an absence of specific interactions between the reactants and products, the value of Δar

is expected to be constant during the reaction, especially if the physico-chemical properties of the
products are similar to the properties of the reactants. In this case the concentration c(t) and the
reaction extent ζ(t) can be obtained as:

c(t) = c0 − u(t)− u0

u0Δar

ζ(t) =
u(t)− u0

u0Δarc0

(5)

where u0 and c0 are ultrasonic velocity and the concentration of the reactant in the mixture at the
reaction time zero (Reaction (R1) fully shifted to the left) and u(t) is ultrasonic velocity in the mixture
at the reaction time t. As all concentrations of reactants and products are linked with each other by
the stochiometric relationships of Reaction (R1), the concentration of any of the reactants or products
or other parameter defining them (e.g., reaction extent) can be utilized in the above relationships.
Although the choice of parameter representing the change of concentration of reactants and products
(reaction progress) affects the concentration increment of ultrasonic velocity of the reaction, Δar, the
value of Δar determined for a particular reactant or product can be recalculated into the value of Δar

for any other reactant or product using the stochiometric relationships of Reaction (R1).
The parameter Δar can be presented as the difference of concentration increments of ultrasonic

velocity of the reactants, aR, and products, aP:

Δar = aP − aR

aP =
uP − u0

u0c0 ; aR =
uR − u0

u0c0

(6)

here uR and uP are the ultrasonic velocities in the reaction mixture where the equilibrium in the
analyzed reaction is shifted fully to the left (ζ = 0) and to the right (ζ = 1), respectively. The presence
of the parameter u0 in Equations (3)–(6) provides direct relationships linking aR and aP with apparent
compressibility and volume of the reactants and products (see for example Reference [13]). ‘Libraries’
of these properties can be used for estimations of aR, aP and Δar (see Discussion in [25] as example).
Although the concentration c(t) can be expressed in different units, such as molarity or molality, it is
useful to use moles per kg of mixture. In this case, c(t) can be easily obtained from the weight fraction
of the relevant component of the reaction, w, often utilized in preparations of mixtures: c = w

M , where
M is the molar mass in kg/mol. If required, the molarity of a component Ai (or Bi) can be calculated
from the concentration ci (mol per kg of mixture) as:

[Ai] = ρci (7)

where ρ is the density of the mixture in kg/m3. The reaction rate, r, can be obtained as a slope of the
time profile of c or ζ:

r = −dc
dt

= −c0 dζ

dt
(8)

The reaction rate expressed in molarity units at time t can be obtained through multiplication of r
by the density of the mixture at that time (t).

For some reactions the value of Δar can change in the course of the reaction due to a strong
dependence of concentration increments of ultrasonic velocity of reactants and products on their
concentration, or other reasons (example: decomposition of H2O2). For a broad range of solutions
the concentration increments of ultrasonic velocity of solutes show a linear dependence on their
concentration, c(t). In this case, the parameter Δar can be presented as: Δar = Δa0 + Δa1c(t), where
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Δa0 and Δa1 are constants, which do not depend on c(t). In this case integration of Equation (3)
with subsequent solution of the resulted quadratic equation, and selection of an appropriate
solution (c(t = 0) = c0) provides the following relationship for calculation of c(t) from ultrasonic
velocity profile:

c(t) =
Δa0

Δa1
(

√
(1 +

Δa1

Δa0
c0)

2
− 2

Δa1

Δa0

u(t)− u0

Δa0u0
− 1) (9)

At Δa1 → 0 this relationship is reduced to Equation (5).

2.2. Reactions Involving the Same Type of Covalent Bonds in Multiple Reactants and Products

For reactions in mixtures with multiple reactants and products involving formation or breaking of
the same type of covalent bonds it is often beneficial to represent the reaction progress curves through
the dependence of concentration of the bonds in the mixture as a function of time. Examples could
be reactions of the hydrolysis of oligosaccharides (glycosidic bonds) and proteins (peptide bonds)
discussed in subsequent chapters. The hydrolysis of these bonds can be presented as:

R1 − O − R2 + H2O → R1 − OH + HO − R2 (R2)

and the reaction progress can be described through the evolution of concentration of the −O− bonds
in the mixture. In this case, the parameter c(t) in Equations (3)–(8) represents the concentration of
−O− bonds, hydrolysable in Reaction (R2). Consequently, the concentration increment of ultrasonic
velocity of reaction, Δar, represents the relative change of ultrasonic velocity caused by hydrolysis of
one mole of −O− bonds in one kg of the mixture. Following Equation (5) the concentration of bonds
hydrolyzed, cbh(t) = c0 − c(t), can be calculated as:

cbh(t) =
u(t)− u0

u0Δar
(10)

The parameter Δar is mainly determined by the difference in the hydration (solvation) level and
in the intrinsic properties of the atomic groups of the reactants and of the products affected by the
reaction [25]. Therefore, for sizable oligomers and for polymers the contribution of the atomic groups
of reactants and products positioned outside of the local environment of −O− bond to Δar is expected
to be very small. Consequently, the value of Δar for hydrolysis of these molecules should not depend
on the extent of hydrolysis. An exception to this are polymers with well-defined compact structure and
high level of cooperativity of structural rearrangements caused by hydrolysis, affecting the hydration
characteristics of their atomic groups and the intrinsic compressibility of these molecules.

The concentration of bonds hydrolyzed can be expressed in molarity units (moles of bonds
hydrolyzed in one L of mixture, [bh]), if the density of the mixture, ρ, is known: [bh] = ρcbh(t).
The ultrasonically measured [bh] could be employed in estimations of the change of osmolarity of
solutions caused by the reaction, which is required in various applications. Another usage of the
parameter cbh(t) is calculations of the average degree of polymerization and molar mass, discussed in
the following chapter.

2.3. Degree of Polymerization and Molar Mass of Linear Polymers or Oligomers

In the case of hydrolysis of a linear polymer or oligomer, the measured concentration of
bonds hydrolyzed at any time t of reaction, cbh(t), can be recalculated into the average degree of
polymerization at this time, DP, as well as into the average molar mass, M (see Appendix A.1 for
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definitions). The relationships for calculations of the average degree of polymerization and of molar
mass are discussed in Appendix A.1 and are the following:

DP =
DP0

1 + cbh(t)DP0−1
cb

0

; M =
M0 − MH2O

1 + cbh(t) M0

wp0

+ MH2O (11)

where DP0 and M0 are consequently the average degree of polymerization and the average molar
mass at time zero (t = 0) and wp

0 is the weight fraction of the polymer or oligomer (kg in one kg of the
mixture) at time zero, MH2O is the molar mass of water. For the concentration cbh(t) in Equation (11)
taken in moles per kg (of mixture), the molar mass shall be expressed in kDa (kg per mole). The ratios
DP0−1

cb
0 and M0

wp0 are related to each other as: DP0−1
cb

0 = M0

wp0 .

2.4. Calibration for Ultrasonic Velocity

Calibration of HR-US technique requires determination of the concentration increment of
ultrasonic velocity of reaction, Δar, which allows calculations of the reaction progress curves
(evolution of concentrations of reactants and products with time) from the measured time profiles of
ultrasonic velocity using Equation (5), or (9), or (10). Four major methods of determination of Δar are
outlined below.

2.4.1. Method 1

The concentration increment of ultrasonic velocity of reaction, Δar, can be obtained by measuring
the ultrasonic velocity in the mixture containing reactants only, uR, and velocity in the mixture
containing products only, uP, from which aR and aP can be obtained, and Δar calculated according to
Equation (6). Examples of such measurements are illustrated in Figure 2A–C for hydrolysis of lactose in
water and in infant milk, and for decomposition of hydrogen peroxide in water. Such measurements can
be utilized for the evaluation of the dependence of Δar on the concentration of reactants (or products),
which, however, is often small and can be neglected especially in dilute solutions.

In hydrolysis in aqueous solutions water acts as one of the reactants. Therefore, measurements
of concentration increment of ultrasonic velocity of reactants, aR, shall include water added to the
reactant in an appropriate equimolar (consumed by the reaction) amount.

In this case, the contribution of reactants to ultrasonic velocity in the mixture, uR, can be presented
as a sum of the addition of other than water reactants (R1) to the solvent ΔuR1 plus the effect of
subsequent addition of water, Δuw: uR − u0 = ΔuR1 + Δuw. Consequently, aR = aR1 + aw and
Δar = (aP − aR1) − aw, where aw = Δuw

u0c0 . The parameter Δuw represents the effect of dilution of
the mixture with water. For non-concentrated aqueous solutions, aw is normally small and can
be neglected.
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Figure 2. Application of Method 1 for measurements of concentration increments of ultrasonic velocity
of reaction, Δar.

Figure 2A. Hydrolysis of lactose in infant milk.

Reaction (R4). Concentration increments of ultrasonic velocity of reactants, aR, diamonds, (lactose,
0.198 mol/kg, plus equimolar amount of water), and products, aP, circles, (glucose, 0.198 mol/kg, plus
equimolar amount of galactose), in Cow & Gate First Infant Milk with added lactose at 20 ◦C at 5 MHz
(no significant frequency dependence detected within 2 to 15 MHz). cL denotes the concentration of
lactose in milk prior to the addition of reactants or products. The lowest cL (0.198 mol/kg) represents
milk without added lactose. Concentration increment of ultrasonic velocity of hydrolysis, Δar was
calculated using Equation (6). The linear dependence of Δar on cL (triangles) was extrapolated to cL

= 0 to account for minor effects of lactose present in milk prior addition of reactants and products
producing Δar = (0.0147 ± 0.0004) kg/mol [8]. Adapted with permission from Reference [8] Copyright
© 2016 American Chemical Society.

Figure 2B. Decomposition of hydrogen peroxide in water.

Reaction (R7). The concentration increment of ultrasonic velocity of hydrogen peroxide, aH2O2 ,
in aqueous solution of different concentration, c, of H2O2 at 20 ◦C, 30 ◦C, 40 ◦C and 50 ◦C at
12 MHz (no significant frequency dependence detected within 2 to 12 MHz) calculated according
to Equation (6). As oxygen gas produced in the decomposition of H2O2 is removed from the solution
and the contribution of the second product, water, is negligibly small (see text) Δar ∼= −aH2O2 . Adapted
from Reference [5] with permission from The Royal Society of Chemistry. The linear fit parameters were
obtained by fitting of the dependence of aH2O2 on concentration of H2O2, which provides slightly better
extrapolation of aH2O2 to infinite dilution than the direct fitting of ultrasonic velocity vs. concentration
utilized in [5].
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Figure 2C. Examples of temperature dependence of Δar.

Red diamonds: hydrolysis of lactose in infant milk and in water [8]. Blue circles: hydrolysis of lactose in
water [8]. Green triangles: decomposition of hydrogen peroxide in water at infinite dilution (calculated
from plots (B)). For illustrative purposes, the negative value of concentration increment of ultrasonic
velocity of decomposition of hydrogen peroxide, −Δar, is plotted (see Discussion in Section 6.5).

2.4.2. Method 1 in Hydrolysis of Oligomers and Polymers

For Reaction (R2) of hydrolysis of the same type of covalent bond (and same Δar) in a polymer
and an oligomer, the concentration increment of ultrasonic velocity of the reaction (expressed through
relative change of ultrasonic velocity in hydrolysis of one mole of bonds hydrolyzed in one kg of
mixture) can be obtained through the measurements of ultrasonic velocity uP in the mixture containing
the products R1 − OH and HO − R2 only (Reaction (R2) is fully shifted to the right) and the velocity,
uR, in the mixture containing the reactants only, (polymer or oligomer) R1 − O − R2 plus equimolar
amount of water (Reaction (R2) is fully shifted to the left). The concentration c0 in Equation (6) shall
represent the concentration of the −O− bonds at time zero.

Figure 3. Concentration increments of ultrasonic velocity of maltodextrins, aGn , in aqueous solution
and in isopropilmiristate microemulsion at 25 ◦C.
Blue circles: aGn of glucose oligomers in water at 25 ◦C at concentration 0.02 kg/kg calculated according
to Equation (6) from ultrasonic velocities at 8 MHz (no significant frequency dependence detected
within the analyzed frequency range 5 to 8 MHz).
Triangles: Same as above at concentration 0.01 kg/kg.
Red squares: aGn of glucose oligomers in the aqueous droplets of IPM microemulsion system (water
(24% kg/kg), oil (isopropilmiristate (IPM), 38% kg/kg), cosurfactant (n-propanol, 19% kg/kg),
surfactant (E200, 19% kg/kg)) at concentration 0.025 kg per kg of the aqueous phase (overall
concentration 0.06 kg/kg), calculated according to Equation (6) from ultrasonic velocities at 8 MHz
(no significant frequency dependence detected within the analyzed frequency range 3 to 8 MHz). Details
of preparation of the microemulsion were described earlier [29–31]. n = 1—glucose, n = 2—maltose,
n = 3—maltotriose, n = 4—maltotetrose, n = 5—maltopentose, n = 7—maltoheptaose, and average
n = 7.55—maltodextrin (provided by manufacturer and confirmed with bicinchoninic acid (BCA)
assay [32,33]).

For oligomers and polymers consisting of the same monomeric units another approach can be
utilized if the concentration increments of ultrasonic velocity for homologous series are available.
An example of such data for maltodextrin (oligomers of glucose) is illustrated in Figure 3. According to
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the figure the concentration increment of an oligomer Gn, composed of n molecules of glucose is
represented as: aGn = b0 + b1n, where b0 and b1 are constants. Accordingly, the change of concentration
increment of ultrasonic velocity per one bond hydrolyzed in the reaction Gk+l + H2O → Gk + Gl is
given as Δar = (aGk + aGl )− (aGk+l + aw), which produces:

Δar = b0 − aw (12)

The parameter b0 in this equation represents the intercept of the line drawn trough the points aGn

vs. n with the Y axis at n = 0 (Figure 3). The results of the application of Method 1 for hydrolysis of
maltodextrin in aqueous solution and in aqueous droplets of microemulsion are outlined in Table 1.

Table 1. Examples of concentration increments of ultrasonic velocity of reaction, Δar, kg/mol.

Reaction Method 1 Method 2 Method 3 Conditions

Hydrolysis of lactose,
Reactions (R2, R4)

∼=0.018119
−2.003388 × 10−4 T
+1.47128 × 10−6 T2

- - Infant milk, temperature, T, 10 to
50 ◦C a

Hydrolysis of lactose,
Reactions (R2, R4)

0.0144
±0.0002

0.0136
±0.0006 - Dilute aqueous solutions (0 to

0.2 kg/kg), 20 ◦C a

Synthesis of ATP,
Reaction (R6) - −0.0306

±0.0009
−0.0310
±0.0003

Dilute aqueous solutions, of ADP,
15 mM of phosphocreatine in
50 mM gly-gly buffer, 0.02% BSA,
5 mM Mg acetate, 25 ◦C, pH 7.4

Hydrolysis of
maltodextrin, Reactions
(R2, R3)

0.0240
±0.0002 - - Dilute aqueous solutions (0.01 and

0.02 kg/kg), 25 ◦C

Hydrolysis of
maltodextrin, Reactions
(R2, R3)

−0.0093
±0.0008 - - IPM microemulsion, 25 ◦C,

0.025 kg/kg in aqueous phase

Hydrolysis of protein,
β-lactoglobulin, by
α-chymotrypsin,
Reactions (R2, R5)

- 0.0700
±0.0015 -

Dilute aqueous solutions (0 to
0.01 kg/kg), 25 ◦C, 0.1 mol/L
potassium phosphate buffer, pH 7.8

Decomposition of
hydrogen peroxide,
Reaction (R7)

∼=−5.74685 × 10−3

+1.61885 × 10−4 T
−1.0225 × 10−6 T2

- -

Infinite dilution in water (for
concentrated solutions see
Figure 2B), temperature, T, 20 to
50 ◦C

Hydrolysis of cellobiose,
Reactions (R2, R8)

0.0126
±0.0002

0.013
±0.001 - Dilute aqueous solutions (0 to

0.1 kg/kg), 50 ◦C b

T is temperature in Celsius; a Reference [8]; b Reference [25].

2.4.3. Method 2

An alternative way to determine Δar involves simultaneous measurements of the change of
ultrasonic velocity during the analyzed reaction and the measurements of the concentration c(t),
using an appropriate discontinuous technique at different reaction times. In this case according to
Equation (5) the slop of the line representing the plot of u(t)− u0 vs. cP(t) = c0 − c(t), S, provides:

Δar =
S
u0

(13)

Examples of the application of discontinuous techniques for hydrolysis of peptide bonds of
β-lactoglobulin, hydrolysis of lactose and synthesis of ATP are given in Figure 4A. The figure shows
an increase of ultrasonic velocity with the reaction extent for the first two reactions. The primary
reason for this is the higher level of hydration of atomic groups of the products when compared with
the reactants [8,25,35]. The hydration effects reduce the compressibility of the water surrounding the
atomic groups of reactants and products during reactions (see for example [13,25,35]) and increase
the ultrasonic velocity. The opposite effect, negative S and Δar is observed in the synthesis of ATP
accompanied by conversion of phosphocreatine to creatine, which could be explained by the lower
level of hydration of products of this reaction, when compared with the reactants.
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Figure 4. Application of discontinuous techniques (Method 2) for measurements or verification of Δar.

Figure 4A. Change of ultrasonic velocity, u(t)− u0, with concentration cP(t) in different reactions: hydrolysis
of peptide bonds, hydrolysis of lactose and synthesis of ATP.

Red squares: Reaction (R5), hydrolysis of β-lactoglobulin (0.543 mM) catalyzed by α-chymotrypsin
from bovine pancreas (0.1 g/L) in 0.1 M phosphate buffer at pH 7.8, 25 ◦C. The ultrasonic velocity was
measured at frequency 15.5 MHz. cP(t) represents the concentration of peptide bonds hydrolyzed, as
determined by 2,4,6-Trinitrobenzenesulfonic acid (TNBS) method following Adler-Nissen protocol [34].
Blue triangles: Reaction (R6), synthesis of ATP (adenosine 5′-triphosphate) from ADP (adenosine
5′-diphosphate, 3.6 mM, 6.2 mM and 9.0 mM) and phosphocreatine (14.8 mM) by creatine
phosphokinase from rabbit muscle (0.02 g/L) in an aqueous buffer solution (50 mM gly-gly buffer,
0.02% BSA, 5 mM Mg Acetate) at pH 7.4 and 30 ◦C. cP(t) represents the concentration of creatine
(and ATP) formed, as determined with colorimetric hexokinase assay by monitoring the production
of NADPH measured at 340 nm (hexokinase/glucose-6-phosphate dehydrogenase assay, Megazyme
Int. Ltd., Bray, Ireland). For this reaction u(t)− u0 < 0, however, for illustration purposes the sign of
u(t)− u0 was changed to positive. The ultrasonic velocity was measured at frequency 9.0 MHz.

71



Catalysts 2017, 7, 336

Green circles: Reaction (R4), hydrolysis of lactose (47.9, 19, 9.83 and 5.65 mM) catalyzed by
β-galactosidase (Escherichia coli, 369 U/g) at 20 ◦C in 50 mM phosphate buffer (10 mM MgCl2, 10 mM
mercaptoethanol) at pH 7.3. cP(t) represents the concentration of β-galactosidic bonds hydrolyzed
(glucose formed) as determined with colorimetric hexokinase assay by monitoring the production of
NADPH measured at 340 nm (Hexokinase/Glucose-6-phosphate dehydrogenase assay, Megazyme
Int. Ltd.) [8]. The ultrasonic velocity was measured in the frequency range 2 to 16 MHz, no effect of
frequency was observed.
Ultrasonic measurements were performed with HR-US 102P ultrasonic spectrometer (Sonas
Technologies, Dublin, Ireland).

Figure 4B. Comparison of ultrasonic and hexokinase assay profiles of hydrolysis of lactose by β-galactosidase in
aqueous solution.

Reaction (R4), hydrolysis of lactose (47.9 mM) by β-galactosidase (Escherichia coli, 369 U/g) at 20 ◦C in
50 mM phosphate buffer (10 mM MgCl2, 10 mM mercaptoethanol) at pH 7.3. The concentration of
hydrolyzed β-galactosidic bonds of lactose was calculated from the ultrasonic velocity profile (HR-US
102 ultrasonic spectrometer) using Equation (5) and Δar = 0.0144 kg/mol [8]. The circles represent the
concentration of glucose determined with hexokinase assay in the aliquots taken from the reaction
vessel at different reaction times. Frequency 5 MHz (no significant frequency dependence detected
within the analyzed range 2 to 15 MHz). Adapted with permission from Reference [8]. Copyright ©
2016 American Chemical Society.

Figure 4C. Comparison of ultrasonic and volumetric (oxygen gas released) monitoring of decomposition of
hydrogen peroxide in water at 25.0 ◦C catalyzed by an iron surface.

Reaction (R7). Frequency 2 to 12 MHz, HR-US 102SS ultrasonic spectrometer. The samples were taken
at different reaction time from the reaction vessel connected to a Hempel gas burette. No significant
frequency dependence was detected within the analyzed frequency range. The ultrasonic velocity
was converted to the concentration of hydrogen peroxide in the mixture using equation equivalent to
Equation (9) as described earlier [5].

For reactions progressed in buffers and accompanied by a release/consumption of H+ ions
(e.g., −NH3

+/ − NH2 end groups of polypeptides in hydrolysis of proteins and −OH/ − O− groups
of phosphates in synthesis of ATP) the hydration effects of protonation/deprotonation of molecules of
buffer also contribute to Δar. This contribution can be quantified through measuring the change of
ultrasonic velocity caused by the protonation/deprotonation of buffer (acid or base titration of buffer).
Such data can be used for recalculations of value of Δar obtained in a particular buffer into the value
for another buffer.

Figure 4A shows linear dependence of the change in ultrasonic velocity in solutions of
β-lactoglobulin with concentration of peptide bonds hydrolyzed. This agrees well with the kinetic
mechanism of hydrolysis of globular proteins (including β-lactoglobulin) catalyzed by proteases.
The hydrolysis of these proteins follows the so-called ‘one-by-one’ mechanism, in which the first step,
demasking, represents the hydrolysis of one or several peptide bonds on protein surface that allow an
enzyme to attack other bonds. Demasking is a limiting (slow) stage of the reaction. When the protein
globule is ‘opened’ by demasking, the protein is hydrolyzed at a significantly higher rate. Therefore,
polypeptides with intermediate degree of hydrolysis are nearly absent in the reaction mixture [36,37].

Figure 4B,C show good correlation between the ultrasonic reaction progress curves (parameter
Δar obtained by Method 1) and the progress curves obtained with a discontinuous technique for
hydrolysis of lactose and decomposition of hydrogen peroxide [5,8]. The results of the application of
Method 2 are outlined in Table 1.
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2.4.4. Method 3

For reactions with constant (over the reaction) Δar achieving saturation (plateau on the reaction
progress curve), the value of Δar can be obtained from the values of u(t)− u0 and cP(t) at saturation
(t = ∞) according to the following relationship derived from Equation (5):

Δar =
u(t = ∞)− u0

u0cP(t = ∞)
(14)

An example of this is the synthesis of ATP (Reaction (R6)) illustrated in Figure 8A. For the
conditions at which the reaction was carried out, the equilibrium of the reaction is shifted to the
products [38]. Therefore, at saturation cP(t = ∞) represents the known concentration of the reactant
(ADP) at time zero. According to Table 1 obtained by Method 3 Δar = −0.0310 ± 0.0003 kg/mol for
this reaction is in good agreement with the result of Method 2, Δar= −0.0306 ± 0.0009 kg/mol.

2.4.5. Method 4

For dilute mixtures in the absence of specific interactions between the components of reactants
and products, the parameters aR and aP or Δar can be estimated from the available databases of
ultrasonic or thermodynamic characteristics of the relevant atomic groups of substrates and products
(see as example discussion in [25]). This could be utilized in development of ‘libraries’ of concentration
increments of ultrasonic velocity of different reactions.

3. Monitoring of Chemical Reactions with Ultrasonic Attenuation

Ultrasonic attenuation, α, which represents the energy losses in compressions and decompressions
of medium in ultrasonic wave, contains several contributions: classical, αclass, scattering, αscatt, and
intrinsic, αin. In non-concentrated mixtures with limited level of attenuation these contributions are
expected to be additive:

α = αclass + αin + αscatt (15)

In non-concentrated dispersions, αin is an additive sum of the intrinsic attenuation in the particles
and in the continuous medium weighted by their volume fractions.

The classical contribution, αclass, represents the energy loses in the shear ‘portion’ of the
longitudinal deformation of the medium (reaction mixture) in the wave, αη , and also the energy
losses caused by the heat flow between the parts of ultrasonic wave of different temperature, αTH :

αclass = αη + αTH

αη = 8π2

3
η

ρu3 f 2; αTH = 2π2 Tρκe2

ucP2 f 2 (16)

where η is the viscosity (Pa s), ρ is the density (kg/m3), u is the ultrasonic velocity, e = − 1
m

(
∂V
∂T

)
P

is

the specific thermal expansion (m3/(K kg)) of the medium, V is the volume of the medium and m is
its mass (kg), cP is the specific thermal capacity (J/(K kg)), κ is the thermal conductivity (W/(m K))
of the medium and T is the temperature in the medium (K) [39]. The physical properties of the
medium (viscosity, specific thermal expansion, specific thermal capacity and the thermal conductivity)
in the above relationships represent the properties corresponding to the ultrasonic frequencies (MHz
frequency range), which sometimes may be different to those measured at low frequencies or at
thermodynamic limit (zero frequency).

In non-concentrated dispersions, the intrinsic contribution to ultrasonic attenuation, αin, is an
additive sum of the contribution of the structural relaxation in solvent/mixture [40] and (if it exists)
of the relaxation processes in fast chemical reactions. If components of the analyzed reaction are
involved in a relaxation process, which time scale is comparable with the period of oscillations in the
ultrasonic wave, perturbations of the equilibrium in the process caused by the oscillating pressure and
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temperature in the ultrasonic wave produce a relaxation contribution to the ultrasonic attenuation,
αrel , and to the ultrasonic velocity, urel . For a relaxation process described by Reaction (R1) and
characterized by the relaxation time τ, or by the relaxation frequency frel =

1
2πτ , the contribution

to attenuation caused by this process in dilute solutions is given by Equations (A11) and (A12) of
Appendix A.2. According to these equations the dependencies of the relaxation contributions αrel

f 2

and urel on the frequency have an S-shape profile with plateaus at low ( f � frel) and high ( f � frel)
frequencies and half transition point at f = frel . At frequencies close to frel , the absolute value of
both contributions decreases with frequency and vanishes at frequencies far above frel . At these high
frequencies, the relaxation process is ‘frozen’ as its relaxation time is much longer than the period of
oscillations of pressure and temperature in the ultrasonic wave. Measurements of the contribution of
relaxation processes to ultrasonic parameters, especially to attenuation, provide additional tools for
the monitoring of the chemical reaction.

The scattering contribution, αscatt, is originated by non-homogeneity of the medium. It is
discussed Appendix A.3. For particles of micron and submicron size at frequencies below 100 MHz
(i.e., the wavelength of ultrasound is much longer than the particle radius), the incident ultrasonic
wave is ‘scattered’ into the thermal and the viscous waves, originated at the border between the particle
and the continuous medium. The thermal wave is produced by the oscillations of temperature gradient
between the particle and the surrounding continuous medium, and the shear wave by the relative
oscillatory motion of particles and of the continuous medium. In this case the ultrasonic velocity, u, and
the ultrasonic attenuation, α, in a mixture consisting of the continuous medium (1) and the particles
(2) of radius r can be obtained as the real (Re) and imaginary (Im) parts of the complex propagation
constant K of the mixture outlined by Equation (A13) of Appendix A.3. The classical and intrinsic
contributions to ultrasonic attenuation and velocity are included in the parameters α1, α2, u1 and u2 of
this equation. According to Equations, for dispersions of solid particles of micron and submicron size,
the dependence of the scattering contributions αscatt measured at ultrasonic frequencies on the size of
the particle has a ‘bell’ shape profile. The ‘bell’ has two, normally unresolved, maxima at the particle
sizes close to (comparable with) the wavelength of the shear wave in the continuous medium and with
the wavelength of the thermal wave in the particle and in the continuous medium (examples of the
profiles are given in references [29,31,41]). The scattering contribution to ultrasonic velocity produces
an increase of velocity with size following the S-shape profile with plateaus at small and large sizes
and the transition sizes around the maxima of ultrasonic attenuation. Equations (A13) can be used in
calculations of particle size in dispersions and its change during the analyzed chemical reactions.

4. Measuring Procedures

The commercially available HR-US spectrometers are comprised of at least two identical ‘fill-in’
or ‘flow-through’ ultrasonic cells (sample compartments), which volume ranges from 0.03 to several
mL. Precision measurements of reaction progress often require the differential measuring regime of
HR-US spectrometers. In this case, one of the cells is used as a measuring cell and the second as a
reference cell. The ultrasonic parameters of media in both cells are monitored simultaneously during
the reaction analysis. The measuring cell is filled with a medium close in composition to the reaction
mixture. For example, for precision profiling of enzyme reactions in milks, milk can be used as a
reference liquid, while for reactions carried out in non-concentrated aqueous solutions water can be
placed in the reference cell. The measuring procedures are outlined below.

4.1. Procedure 1

Ultrasonic monitoring of the progress of analyzed reactions is carried out directly in the ultrasonic
cells of HR-US spectrometers. The cells are preset to a required temperature using embedded
temperature controller. The measuring cell is filled with the solution/dispersion containing the
reactant and the reference cell (if differential regime is required) with an appropriate medium.
The measurements of ultrasonic parameters are initiated, and the catalyst/enzyme is added to
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the measuring cell. The mixture is stirred using an embedded or externally controlled stirrer.
The measurements of the ultrasonic velocity and attenuation are constantly performed during
the reaction.

4.2. Procedure 2

The reference cell (if differential regime is required) is filled with an appropriate medium.
The reaction is activated in a container by mixing of the reactants and catalyst/enzyme. The mixture
is placed in the measuring ultrasonic measuring cell preset to a required temperature and the
measurements are performed as in Method 1. A disadvantage of this method is the time interval (up to
several minutes) required for thermal equilibration in the sample placed in the measuring cell, during
which the evolution of ultrasonic velocity is affected by the changing temperature. This time interval
can be shortened by bringing the temperature of reactants, catalyst and the mixing container to the
temperature of the ultrasonic cell prior the mixing.

4.3. Procedure 3. Measurements in Flow

The measuring flow-through cell of the HR-US spectrometer and the external reaction container
(reactor) are connected with tubing. The reference cell (if differential regime is required) is filled with
an appropriate medium. The reaction is activated in the reactor and the reaction mixture is constantly
pumped through the ultrasonic cell and returns back to the reactor. The ultrasonic measurements are
performed in flow. The volume of the commercially available flow-through cells ranges from 0.03 to
several mL.

HR-US spectrometers allow simultaneous monitoring of chemical reactions at several
frequencies [23]. Although the ultrasonic velocity profiles for a significant number of reactions
in solutions do not depend on frequency, this is not always the case, especially if the reactants
or products are involved in a relaxation process contributing to ultrasonic velocity (see Section 3).
A representative example is the hydrolysis of proteins in phosphate buffer outlined below. In this case
the multifrequency measurements allowed evaluation of the effects of frequency on the measured
evolution of ultrasonic velocity during the reaction, as well as provided additional information
on the reaction mechanism. The scattering contributions to ultrasonic parameters as well as
reactions accompanied by the formation of gel could also produce a dependence of ultrasonic
velocity on frequency, which can be quantified using multifrequency measurements. In addition
to this, the ultrasonic particle sizing normally requires measurements of the attenuation at several
frequencies. Also, the multifrequency measurements can be utilized for assessments of the formations
of non-homogeneities during catalyzed reactions, caused by phase separation, aggregation, etc., which
have a pronounced effect on the profiles of velocity and attenuation measured at different frequencies.

5. Add-On Capabilities

HR-US spectrometers are equipped with precision temperature controllers, which can be utilized
for the monitoring of reactions during preprogramed temperature profiles. This can be applied for
assessment of the effects of temperature and various temperature profiles on the reaction progress.
In this case the reaction in the ultrasonic cell is started (Procedure 1 or Procedure 2) simultaneously with
the activation of the desired temperature profile during which the ultrasonic velocity and attenuation
are monitored in real time.

Another useful capability includes the application of titration accessories for changing the
concentration of reactants, or catalysts/enzyme, or reaction inhibitors during the reaction. In this
case the reaction in the ultrasonic cell is started simultaneously with the activation of the desired
concentration (titration) profile during which the ultrasonic velocity and attenuation are monitored
in real time. If required, the contribution of the titrant to ultrasonic parameters can be measured
separately and subtracted from the reaction curves.
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6. Examples of Ultrasonic Reaction Progress Curves

This chapter discusses examples of the application of the outlined methodology of ultrasonic
real-time monitoring of the evolution of concentrations of reactants and products in various reactions
(reaction progress curves). The majority of the reactions were catalyzed by enzymes, however, catalysis
by metal surfaces is also illustrated. The discussed reactions were carried out in aqueous solutions,
in the continuous phase of complex dispersions (milks) and in nano bioreactors (nanodroplets of water
in w/o microemulsion).

6.1. Hydrolysis of Maltodextrin

Figure 5 shows the real-time ultrasonic profile of hydrolysis of maltodextrin, a mixture of linear
saccharides, Gn, composed mainly of 7 and 8 glucose units with average degree of polymerization
7.55 catalyzed by α-amylase (Bacillus amyloliqu efaciens). α-amylases are enzymes that hydrolyze the
α-(1-4) linkages of such polymers as starch, amylose, amylopectin, glycogen, and dextrins [42–44].
The hydrolysis can be represented as:

Gk+l + H2O → Gk + Gl (R3)

where α-(1-4) glycosidic bonds (−O−) of Gk+l are hydrolyzed, producing oligomers of glucose with
lower degree of polymerization, Gk and Gl .

Figure 5. Real-time ultrasonic profile of hydrolysis of maltodextrin catalyzed by α-amylase.
Monitoring of Reaction (R3) of hydrolysis of maltodextrin (average degree of polymerization 7.55)
catalyzed by α-amylase from Bacillus sp. in 10 mM phosphate buffer at pH 6.94 at 25 ◦C.

Figure 5A. Concentration profile of α-glycosidic bonds hydrolyzed.

Calculated from the measured increase of ultrasonic velocity (HR-US 102SS spectrometer) using
Equation (10) and the concentration increment of ultrasonic velocity of hydrolysis Δar = 0.024 kg/mol,
determined by Method 1 as shown in Figure 3. Frequency 8 MHz. No effect of frequency on velocity
profile was detected in the analyzed frequency range 5 to 8 MHz.

Figure 5B. Change in ultrasonic attenuation during hydrolysis of maltodextrin catalyzed by α-amylase.

Frequencies 5 and 8 MHz.

76



Catalysts 2017, 7, 336

The reaction was started by addition of a small amount (several μL) of concentrated solution of
the enzyme to the measuring ultrasonic cell of HR-US 102SS ultrasonic spectrometer preloaded with
1.4 mL of 0.025 kg/kg of maltodextrin in 10 mM phosphate buffer at pH 6.94 at 25 ◦C as described
by Procedure 1. The concentration of the enzyme after its addition was 0.016 g/kg. The observed
change in ultrasonic velocity was recalculated into the concentration (molarity) of α-glycosidic bonds
hydrolyzed by applying Equations (7) and (10) and Δar = 0.0240 kg/mol, determined by Method 1
(Figure 3) using Equation (12), where the term aw was neglected. The measurements were performed
at frequencies 5 and 8 MHz. The ultrasonic velocity profiles at both frequencies coincide with each
other within the thickness of the line on Figure 5.

The average degree of polymerization, DP, and the molar mass, M, were calculated according
to Equation (11) and plotted in Figure 11. The degree of polymerization and the average molar
mass decrease during the reaction from 7.55 and 1.224 kDa respectively to 3.31 and 0.537 kDa at
reaction time of 1000 min. It is less than half of the degree of polymerization for the unhydrolyzed
maltodextrin. This level of polymerization is in good agreement with the previous results on the
mechanism of hydrolysis of oligosaccharides by α-amylase from Bacillus amyloliqu efaciens [42–44].
They demonstrated that the α-amylase cannot hydrolyze short oligomers, such as G5, G4, G3 or G2 and
the hydrolysis of oligomers with 6 units, G6, proceeds very slowly to G5 + G1 [43], while oligomers
with 8 units, G8 are mainly degraded to G6 + G2 and G5 + G3, and oligomers with 7 units, G7 produce
G6 + G1 and G5 + G2.

Overall the results presented in Figure 5 and Figure 11 (discussed below) demonstrate the
capability of the HR-US technique for precision monitoring of reaction progress in the hydrolysis of
oligosaccharides, which includes the real-time profiling of the average degree of polymerization and
the molar mass of these molecules.

6.2. Hydrolysis of Lactose

Figure 6 illustrates the ultrasonic profiles of hydrolysis of lactose (a milk sugar) by enzyme
β-galactosidase (Kluyveromyces lactis) in infant milk (Cow & Gate First Infant milk, 0.198 mol/kg or
6.8% kg/kg of lactose). The hydrolysis is described as:

Gal − O − R2 + H2O → Gal − OH + HO − R2 (R4)

where Gal and R2 represent the galactose and glucose moieties, and −O− represents β-galactosidic
linkage. The hydrolysis catalyzed by the β-galactosidase is accompanied by the production of
galacto-oligosaccharides, GOS, which are prebiotics, described as β-linked chains of galactose units
usually with terminal glucose. The term GOS includes the disaccharide galactose−galactose, however,
excludes lactose. The majority of GOS produced by Kluyveromyces lactis β-galactosidase are di and
tri-saccharides [8,45]. In the case of GOS R2 represents galactose, or glucose, or disaccharide moieties
of galactose-glucose or galactose-galactose. The GOS are produced at intermediate stages of the
hydrolysis and are subsequently hydrolyzed. Small amount (0.7% kg/kg) of GOS are also present
in infant milk as health benefit additives. For this type of hydrolysis, with multiple reactants and
intermediate products, the reaction progress can be described by the evolution the concentration
of β-galactosidic bonds hydrolyzed in the mixture (left Y scale on Figure 6A,B, molarity units).
This parameter represents the difference between the concentration of the linkages removed from
(hydrolysis of lactose and GOS) and added to (synthesis of GOS) the mixture. The presented in
Figure 6 concentration of β-galactosidic bonds hydrolyzed was calculated using Equations (7) and
(10). The concentration increment of ultrasonic velocity of hydrolysis of the −O− linkage, Δar, was
measured directly in milk using Method 1 (Figure 2A,C) and verified in aqueous solution using Method
2 (hexokinase assay, Figure 4) [8]. The reaction extent (supplementary Y axis) represents the ratio of the
concentration of β-galactosidic bonds in the milk hydrolyzed at time t, cbh(t), to the amount of bonds
at time zero hydrolysable by the enzyme, cb

0 (0.198 mol/kg of the bonds of lactose and 0.025 mol/kg
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of the bonds of galactooligosaccharides). The ultrasonic measurements were collected in the frequency
range 2 to 15 MHz. As no significant effects of frequency on the ultrasonic velocity profiles were
observed, only the data at 5 MHz are presented. Within the limits of experimental uncertainty (1% of
attenuation α) no significant changes of ultrasonic attenuation were observed during the hydrolysis,
thus, indicating an absence of effects of hydrolysis on microstructural characteristics of the dispersion.

The illustrated reaction progress curves allow assessment of the impact of temperature and
concentration of enzyme on performance of β-galactosidase in formulations for the reduction of levels
of lactose in infant milks [8]. These formulations are added to infant’s milk bottles prior to baby
feeding in order to overcome the frequently observed intolerance to lactose, a serious issue in the
healthy development of infants.

Figure 6. Real-time ultrasonic profiles of hydrolysis of lactose in infant milk by β-galactosidase.

Figure 6A. Monitoring of Reaction (R4) of hydrolysis of lactose by enzyme in infant milk.

β-galactosidase from Kluyveromyces lactis, Cow & Gate First Infant milk, 5 ◦C, 20 ◦C, 35 ◦C, 40 ◦C
and 50 ◦C, enzyme concentration 3.42 UU/g.

Figure 6B. Hydrolysis at 20 ◦C and enzyme concentrations 5.59, 3.42 and 1.39 UU/g.

The concentration (molarity) profiles of β-galactosidic bonds hydrolyzed by β-galactosidase were
calculated from the measured increase in ultrasonic velocity (HR-US 102PT) using Equations (7)
and (10), and the concentration increment of ultrasonic velocity of hydrolysis calculated from the
relationship obtained earlier [8]: Δar(T) = 0.01812 − 2.0034 × 10−4T + 1.4713 × 10−6T2 kg/mol.
One ultrasonic activity unit, UU, represents the amount of enzyme, which hydrolyses 1 μmol of
β-galactosidic bonds in Cow & Gate First Infant milk per min at 20 ◦C and reaction extent equal
to zero [8]. The ultrasonic measurements were collected in the frequency range 2 to 15 MHz. As
no significant effects of frequency on the ultrasonic reaction profiles were observed only the data at
5 MHz are presented. Adapted with permission from Reference [8]. Copyright © 2016 American
Chemical Society.

Figure 6C. Average degree of polymerisation and molar mass of the oligosaccharides (lactose +GOS) present in
the infant milk during the hydrolysis of lactose by β-galactosidase.

Calculated from the data of Figure 6A using Equation (11). The initial degree of polymerization was
obtained from UPLC-HILIC-FLD profiles of the milk published earlier [8]).

According to Figure 6A the time required for the reduction in concentration of the β-galactosidic
bonds to a particular level depends significantly on the temperature of the milk. A reduction of
50% is achieved at 14 min for 40 ◦C and 226 min for 5 ◦C. At 50 ◦C the reaction extent levels off at
45.6% [8]. This demonstrates the fast deactivation of the enzyme at 50 ◦C, which is in general agreement
with the results obtained for this enzyme in aqueous solutions [46]. The outlined dependence of the
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enzyme activity on temperature represents one of the key challenges for practical applications of
β-galactosidase in household environments.

The inset of Figure 6B shows that the time required for a particular level of hydrolysis at 20 ◦C is
inversely proportional to enzyme concentration.

Figure 6C shows the evolution of the average degree of polymerization and the average molar
mass of the oligosaccharides (lactose + GOS) present in the infant milk during hydrolysis of lactose
calculated according to Equation (11). The degree of polymerization at time zero was obtained from
the concentrations of lactose and added GOS (calculated from Table 1 and UPLC-HILIC-FLD profiles in
Caras Altas et al. [8]) is 2.08. At temperature 40 ◦C and reaction time 14 h, the degree of polymerization
is approximately 1.06, indicating almost fully complete hydrolysis to monomers glucose and galactose,
which is in good agreement with previously obtained conclusions on the high level of hydrolysis at
this temperature [45,47]. At 50 ◦C the degree of polymerization is approximately 1.4 at 14 h of reaction,
which is explained by the fast deactivation of the enzyme at this temperature.

6.3. Hydrolysis of Proteins

Figure 7 shows real-time ultrasonic profiles of hydrolysis of globular protein β-lactoglobulin
(from bovine milk) at different concentrations (0.547 and 0.273 mmol/kg) catalyzed by α-chymotrypsin
in 0.1 M potassium phosphate buffer at pH 7.8 at 25 ◦C. The hydrolysis is described by the
following reaction:

P1 − C(O)− NH − P2 + H2O → P1 − COO− +−NH+
3 − P2 (R5)

where P1 − COO− and −NH+
3 − P2 represent the protein hydrolysates with C-terminal group and

protein hydrolysates with N-terminal group, respectively, and C(O)− NH represents the peptide bond.

Figure 7. Real-time ultrasonic profiles of hydrolysis of protein β-lactoglobulin by proteolytic enzyme
α-chymotrypsin. Reaction (R5), hydrolysis of β-lactoglobulin, in 0.1 M potassium phosphate buffer at
pH 7.8 at 25 ◦C catalyzed by protease α-chymotrypsin from bovine pancreas 0.0021 kg/kg.

Figure 7A. Time profiles of ultrasonic velocity at frequency 15 MHz and concentration of peptide bonds hydrolyzed.
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Concentrations of β-lactoglobulin 0.55 and 0.27 mmol/kg. The concentration of peptide bonds
hydrolyzed calculated using Equation (10), and Δar = 0.070 kg/mol.

Figure 7B. Real-time profiles of average degree of polymerization and molar mass.

Calculated from the concentration of bonds hydrolyzed profile shown in Figure 7A according to
Equation (11).

Figure 7C. Time profiles for ultrasonic velocity and attenuation measured at different frequencies.

The hydrolysis was activated by addition of several μL of concentrated solution of enzyme
(α-chymotrypsin from bovine pancreas) to 1.1 mL solution of β-lactoglobulin in 0.1 M phosphate
buffer at pH 7.8 preloaded into the ultrasonic cell of HR-US 102 ultrasonic spectrometer as described
by Procedure 1. The concentration of enzyme in the ultrasonic cell was 0.0021 kg/kg. The ultrasonic
velocity profiles were recalculated into the profiles of concentration of peptide bonds hydrolyzed, by
applying Equation (10) and using Δar = 0.070 kg/mol determined by Method 2 (Table 1).

In contrary to the majority of reactions covered in this paper, the amplitude of the change of
velocity caused by the hydrolysis of β-lactoglobulin in phosphate buffer is dependent on frequency,
as illustrated by Figure 7C. The origin of this dependence is the relaxation process associated with the
proton transfer between −NH3

+ and −NH2 terminal amino groups of the protein hydrolysates and
the phosphate ions as discussed in the Section 9.2. According to Figure 7C, the amplitude of velocity
rise becomes to be frequency independent above 10 MHz (approximately). This result agrees with
the profiles of ultrasonic attenuation shown in the inset of Figure 7C (Section 9.2), thus, indicating
the ‘freezing’ of the relaxation process (see Section 3 and Appendix A.2) at frequencies above 10 MHz.
Therefore, the velocity profiles obtained at frequencies 15 MHz were used for determination of Δar

utilizing Method 2 (Figure 4), and for the subsequent calculations of the concentration of peptide
bonds hydrolyzed according to Equation (10) from the measured change in ultrasonic velocity.

Figure 7B shows the change of the average degree of polymerization, DP, and the molar mass, M,
during the hydrolysis calculated from the concentration of peptide bonds hydrolyzed, cbh(t), according
to Equation (11). The degree of polymerization at time zero, DP0, was taken as 162, which corresponds
to the number of amino acid residues in β-lactoglobulin. Accordingly, the molar mass at time zero was
taken as 18.4 kDa, which represents the molar mass of the 162 amino acids linked with the peptide
bonds between them. At our experimental conditions (pH and ionic composition), β-lactoglobulin
in solution is expected to exist in the forms of single molecules and the molecules aggregated into
dimers [48]. Therefore, the average molar mass plotted in Figure 7B could be different to that measured
with light or neutron scattering techniques or other methods, which probe the size of aggregated
protein structures.

For concentration of 0.27 mmol/kg (0.005 kg/kg approx.) the average degree of polymerization,
DP, and the molar mass, M, change from 162 and 18.4 kDa for unhydrolyzed protein to 5.5 and
0.64 kDa respectively at 1200 min. For concentration of 0.55 mmol/kg (0.01 kg/kg approx.) those
values change to 6.2 and 0.70 kDa at 1200 min respectively.

The enzyme α-chymotrypsin cleaves peptide bonds selectively on the carboxyl-terminal side of
the large hydrophobic aromatic amino acids such as tryptophan, tyrosine, phenylalanine, with high
catalytic efficiency [49,50]. Apart from these amino acids, α-chymotrypsin also hydrolyses, although
more slowly, the peptide bonds on the carboxyl-terminal side of the leucine and methionine [51,52].
Therefore, the primary structure of β-lactoglobulin allows hydrolysis by α-chymotrypsin of 36 peptide
bonds of 162 amino acids present. This corresponds to the limiting value of the degree of polymerization
of 4.4, which is lower, however, close to the values obtained at long reaction times.

Hydrolysis of proteins into protein hydrolysates catalyzed by proteases is utilized in a broad
range of industries, from food to effective therapeutics, since the products of this reaction have
additional nutritional and functional value. Enzymatic protein hydrolysates containing short-chain
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peptides with characteristic amino acid composition and defined molecular size are highly desired
for specific formulations, since they possess higher solubility, heat stability and valuable bioactive
properties [53,54]. These hydrolysates play important roles in various aspects of health being,
such as mineral binding, immunomodulatory, antioxidative, antithrombotic, hypocholesterolemic,
antihypertensive function, and others [55]. Development and production of protein hydrolysates is
dependent on efficient tools for real-time monitoring of the hydrolysis of peptide bonds under different
environmental conditions in bioreactors. The results discussed in this chapter illustrate the potential of
application of HR-US technology for this task.

6.4. Synthesis of ATP

Figure 8 illustrates ultrasonic real-time profile of synthesis ATP by the transphosphorylation of
phosphocreatine to ADP catalyzed by creatine kinase at 30 ◦C described by reaction:

ADP + phosphocreatine → ATP + creatine (R6)

Figure 8. Real-time ultrasonic profiles of synthesis of ATP.

Figure 8A. Ultrasonic profile of concentration of ADP during synthesis of ATP.

Reaction (R6). Synthesis of ATP from ADP (3.6, 6.2 and 9.0 mmol/kg) accompanied by conversion
of phosphocreatine to creatine by enzyme creatine phosphokinase from rabbit muscle. The reaction
was performed in a buffer solution (50 mM gly-gly buffer, 0.02% BSA, 5 mM Mg Acetate at pH 7.4)
at 30 ◦C. The concentration profile was calculated from the measured change in ultrasonic velocity at
9.0 MHz (HR-US 102 spectrometer), using Equation (5) and the concentration increment of ultrasonic
velocity of hydrolysis, Δar = 0.031 kg/mol. For illustration purposes the decrease of ultrasonic velocity
during reaction is presented as Δu = u(t) − u(t = ∞) were u(t = ∞) is the ultrasonic velocity at
reaction completion.

Figure 8B. Evolution of reaction extent in synthesis of ATP.

Calculated from the ultrasonic velocity profile using Equation (5).

The reaction was activated by mixing of enzyme and the solutions of ADP and phosphocreatine
in 50 mM gly-gly buffer, 0.02% BSA, 5 mM Mg acetate at pH 7.4 and loaded into the measuring
ultrasonic cell of the HR-US 102 ultrasonic spectrometer pre-equilibrated at temperature 30 ◦C,
following Procedure 2. The reaction was carried out at three different concentrations of ADP,
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3.6 mmol/kg, 6.2 mmol/kg and 9.0 mmol/kg, and at same concentration of phosphocreatine,
15 mmol/kg. The concentration of the enzyme was 0.18 μg/mL (185 U/mg). The ultrasonic velocity
profiles were recalculated into the profiles of concentration of ADP and the reaction extent by applying
Equation (5) and using Δar = −0.0310 kg/mol determined by Method 3 and verified by Method 2
(Table 1). The concentration of ATP synthesized during the reaction at time t is equal to the difference
of the initial concentration of ADP and the concentration of ADP at time t. According to Figure 8B,
which represents the reaction extent, the reaction reaches completion (reaction extent = 100%) after
approximately 10 h when the lowest concentration of ADP (3.6 mmol/kg) is used.

The enzyme creatine kinase occupies an important place in the regulation of muscle
bioenergetics by providing rapid replenishment of the concentration of ATP from the reservoir of
phosphagens [56,57]. A variety of methods have been applied for monitoring this reaction, including
direct and indirect colorimetric assays. The major benefits of application of HR-US technique is the
ability to monitor it precisely during the whole course of the reaction, without optical markers and/or
secondary reactions, and in various media including opaque mixtures.

6.5. Decomposition of Hydrogen Peroxide Catalyzed by Metal Surfaces

Figure 9 illustrates real-time ultrasonic monitoring of the decomposition of hydrogen peroxide
at 25.0 ◦C catalyzed by iron surface at two concentrations of hydrogen peroxide (2.81 mol/kg for the
main frame and 0.0743 mol/kg for the inset) [5]. Hydrogen peroxide is used in a variety of applications,
such as wastewater treatment, preparation of semiconductor materials and cleaning liquids for printed
circuit boards. The decomposition of hydrogen peroxide dissolved in water can be presented as:

H2O2 → 1
2

O2 + H2O (R7)

Prior to the measurements, water was saturated with nitrogen at the measuring temperature
to provide the consistency of its composition, and to prevent solubilization of CO2 and formation
of carbonic acid. After placing the aqueous solution of hydrogen peroxide into the temperature
controlled reaction container (100 mL) the reaction was activated by adding the catalyst, bare iron wire
(2 × 50 cm, 1 mm diameter, purity 99%+) precleaned with hydrochloric acid. The reaction vessel was
connected with the measuring cell of HR-US 102SS ultrasonic spectrometer using a flexible tubing
passing a peristaltic pump, as described in Procedure 3, and ultrasonic measurements were performed
in flow-through regime [5]. The ultrasonic velocity profile during the reaction is given as the change of
the relative ultrasonic velocity, which represents the difference between the ultrasonic velocity in the
solution and in pure water. As no significant dependence of ultrasonic velocity on frequency within
the frequency range 2 to 12 MHz was observed, only the data collected at 12 MHz are represented in
the figure.

As the solubility of oxygen in water is very low, most of the oxygen produced in this reaction
is released from the solution, with the exception of the initial stages (first minutes) when the
produced oxygen substitutes nitrogen in the solution. The change in ultrasonic velocity in water
caused by this substitution is at a level of 0.002 m/s and can be neglected when compared with the
observed changes of ultrasonic velocity in the analyzed reaction [5]. Therefore, when considering the
concentrations of reactants and products in the solution the reaction can be presented as: H2O2 → H2O .
Consequently, the concentration increment of ultrasonic velocity of the reaction, Δar, can be expressed
through concentration increments of ultrasonic velocity of water, aw, and hydrogen peroxide, aH2O2 :
Δar = aw − aH2O2 . As aw represents the effect of addition of water to water on ultrasonic velocity it
is equal to zero. According to Figure 2B aH2O2 = a0 H2O2 + a1 H2O2 cH2O2 , where a0 H2O2 and a1 H2O2

are constants. Thus, for the Reaction (R7) Δar = −aH2O2 = −a0 H2O2 − a1 H2O2 cH2O2 (see Reference [5]
for details). Following this, the concentration profile of hydrogen peroxide (secondary Y axis in
Figure 9) during the reaction was calculated from the ultrasonic velocity profile using Equation (9)
where Δa0 = −a0 H2O2 and Δa1 = −a1 H2O2 .
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Figure 9. Real-time ultrasonic profiles of decomposition of hydrogen peroxide catalyzed by iron surface.

Concentrated (2.81 mol/kg main frame) and diluted (0.0743 mol/kg, inset) aqueous solutions of
hydrogen peroxide at 25 ◦C. The concentration profile of hydrogen peroxide was calculated from the
relative ultrasonic velocity using Equation (9), and the concentration increment of ultrasonic velocity
obtained earlier [5]. Adapted from Reference [5], with permission from The Royal Society of Chemistry.

At high initial concentration of hydrogen peroxide (2.81 mol/kg at time zero) the reaction rate
progressively decreases with time. It is interesting to note that the time profile of the concentration of
hydrogen peroxide does not correspond to the pseudo-first order reaction often applied for catalysis on
surfaces [5]. This can be explained by a complex multistep nature of the reaction [58,59], which is also
suggested by the ultrasonic results at the low initial concentration of hydrogen peroxide, 0.0743 mol/kg.
For this concentration, an approximately 50 min delay between the introduction of the iron surface in
the solution and the beginning of decomposition of hydrogen peroxide is observed. One of the possible
reasons for this delay is the ‘activation’ of the iron surface, which could include surface oxidation
(formation of Fe2+ ions catalyzing the decomposition [60–66]).

6.6. Encapsulation of Substrates and Enzymes. Monitoring of Reactions in Nano-Droplets

Enzymes are conventionally used in aqueous solutions. However, water is often a poor solvent
for applications in synthetic and industrial chemistry [67]. Water-in-oil microemulsions (w/o ME)
provide a favorable hydrophilic environment for enzyme activity [68]. In addition to this, the confined
environment inside the ME droplets affects the mobility of the enzyme atomic groups and their
hydration level, which can be applied for changing/controlling the enzymatic catalytical activity [67].
Examples of applications of microemulsions for enzyme catalysis of reactions include hydrolytic and
reverse hydrolytic reactions, esterifications and transesterifications, resolution of racemic amino acids,
oxidation and reduction of steroids, and synthesis of phenolic and aromatic amine polymers [68].

6.6.1. Microemulsion Phase Diagrams. Optimal Conditions for Encapsulation of Enzymes
and Reactants

The desired functioning of enzymes encapsulated in aqueous nanodroplets is significantly
determined by the level of hydration of enzyme molecules and of the molecules of substrates and
products. Therefore, successful encapsulation of enzymes and of the components of reactions involves
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identification of the parts of the w/o microemulsion phase diagrams where nanodroplets contain the
required for the hydration of enzyme and substrate/product amount of free water. HR-US titration
analysis allows for identification of these parts of microemulsion phase diagrams [31].

Figure 10. Ultrasonic pseudo-ternary phase diagram of IPM microemulsion.

Ultrasonic pseudo-ternary (concentration scale, % kg/kg) phase diagram of water/isopropyl
myristate (IPM)/epikuron 200 (E200) and n-propanol (1:1) at 25 ◦C. The transition lines between
different sub-phases (hydration of surfactants, swollen micelles, microemulsion and coarse emulsion)
represent the ‘break’ points on the ultrasonic (velocity and attenuation) titration profiles of
surfactant/cosurfactant and oil mixture with water. The red point shown in the phase diagram
corresponds to the conditions (water (24% (kg/kg)), IPM (38% (kg/kg)), n-propanol (19% (kg/kg)),
E200 (19% (kg/kg)) utilized in the hydrolysis of maltodextrin catalyzed by α-amylase in the aqueous
droplets of this microemulsion system shown in Figure 11 (HR-US 102SS) ultrasonic spectrometer.

Figure 10 represents the ultrasonic phase diagram for microemulsion composed on
pharmaceutically acceptable ingredients: isopropyl myristate (IPM) microemulsion (oil-IPM,
surfactant-Epikuron 200 (E200)/cosurfactant-n-propanol (1:1), and water) at 25 ◦C. The diagram was
obtained from titration profiles of ultrasonic velocity and attenuation, performed by automatic stepwise
additions of water to 1.5 mL of a mixture of oil, surfactant and cosurfactant in the ultrasonic cell of
HR-US 102SS ultrasonic spectrometer. An example of an ultrasonic titration profile in 20:80 kg/kg
oil:surfactant/cosurfactant mixture is given in Figure 10. Overall, the ultrasonic titration profiles
provide a number of parameters reflecting different levels of microstructural organization of the
system [29,30,69]. The transitions between different states of the system are clearly identified by
an abrupt change of concentration profile of ultrasonic velocity, attenuation and their frequency
dependence. This includes the end of microemulsion phase represented by the blue line, above which
the mixture becomes opaque (phase IV). In addition to this, the ultrasonic titration profiles demonstrate
a range of transitions below the blue line, which allows distinguishing different ‘sub phases’, Ia, Ib,
II and III. The nature of these ‘sub phases’ is related to the state of water and surfactant, including
hydration water in the dispersed phase, hydration water in swollen reverse micelles and water in
aqueous nano-size droplets surrounded by surfactant, realized in ‘sub phase’ III [31]. According
to Figure 10 the sub-phase III shall provide a reasonable hydration level for hydrophilic enzymes,
substrates and products (see more discussions in [29–31,69]).
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6.6.2. HR-US Monitoring of Enzyme Catalyzed Reactions in Nanodroplets

Figure 11 compares the real-time ultrasonic profiles of hydrolysis of maltodextrin catalyzed by
α-amylase from Bacillus sp. in aqueous solution (discussed in the Section 6.1) and in the described
above w/o microemulsion consisting of oil (isoproprylmyristate, 38% kg/kg), cosurfactant (n-propanol,
19% kg/kg), surfactant (Epikuron 200, 19% kg/kg) and water (24% kg/kg). This composition of
microemulsion was ‘good’ for the hydrolysis of maltodextrin, since it corresponds to the phase III
of the diagram where ‘free’ water in macroemulsion droplets of approximately 10 nm diameter [29].
The water in the droplets shall provide a substantial hydration of the substrate (maltodextrin), of the
enzyme (α-amylase) and of the products of the Reaction (R3). The concentrations of the substrate and
of the enzyme in the aqueous phase of the microemulsion were close to those in the aqueous solution.
The reaction in the microemulsion was started by adding of small amount (40 μL) of concentrated
solution of the enzyme to the measuring ultrasonic cell of HR-US 102SS ultrasonic spectrometer
preloaded with 1.4 mL of microemulsion, which aqueous phase contained 0.025 kg/kg of maltodextrin
in 10 mM phosphate buffer at pH 6.94 at 25 ◦C according to Procedure 1.

Figure 11. Real-time ultrasonic profile of hydrolysis of maltodextrin by α-amylase in aqueous solution
and in nano-droplets of IPM microemulsion.
Comparison of ultrasonic profiles of hydrolysis of maltodextrin catalyzed by α-amylase (Bacillus sp.)
in aqueous solution (conditions are outlined in the legend of Figure 5) and in microemulsion (oil
(IPM, 38% kg/kg), cosurfactant (n-propanol, 19% kg/kg), surfactant (E200, 19% kg/kg) and water
(24% kg/kg)).

Figure 11A. Ultrasonic velocity profile of hydrolysis of maltodextrin catalyzed by α-amylase in aqueous solution
and in microemulsion.

Maltodextrin with concentration 0.025 kg/kg at 25 ◦C in 10 mM of phosphate buffer at pH 6.94.
The concentrations of enzyme are 0.016 g/kg for aqueous solution and 0.015 g/kg for the aqueous
phase of microemulsion system. HR-US 102SS spectrometer. Frequency 8 MHz. No effect of frequency
on velocity profile was detected in the analyzed frequency range, 5 to 8 MHz for aqueous solution and
3 to 8 MHz for microemulsion. The concentrations of maltodextrin and the enzyme in microemulsion
are given per kg of aqueous phase (buffer).

Figure 11B. Real-time profiles of average degree of polymerization and of molar mass in aqueous solution and
in microemulsion.

Calculated from ultrasonic velocity profiles shown in Figure 11A according to Equation (11).

The ultrasonic velocity profiles were recalculated into the average degree of polymerization
and the molar mass of oligosaccharides in the reaction mixture using Equation (11). The value of
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Δar = −0.0093 kg/mol in the microemulsion was determined according to Method 1 and Equation (12)
using the data shown in Figure 3 (b0 = −0.0062 kg/mol) and the concentration increment of ultrasonic
velocity of water, aw = 0.0031 kg/mol measured by additions of small amounts of water to the
microemulsion. For microemulsions aw represents the slope of the plot of ultrasonic velocity vs.
concentration of water illustrated in Figure 10. The negative value of Δar in microemulsion looks
unusual, if compared with aqueous solutions. However, this can be explained by the effects of the heat
exchange between the aqueous and oil phases of microemulsion during the compression cycle in the
ultrasonic wave on the apparent compressibility of solutes solubilized in microemulsion nano-droplets
as discussed previously [31]. The ultrasonic measurements in microemuslion were collected in the
frequency range 3 to 8 MHz. As no significant effects of frequency on the ultrasonic reaction profiles
were observed, only the data at 8 MHz are presented.

According to Figure 11, the reaction in microemulsion proceeds significantly faster than in solution,
which could be explained by a super-activity of the enzyme, often observed in microemulsions [70–72].
This conclusion is in agreement with the previous observations of the increase in the hydrolytic
activity of the α-amylase against the oligomer substrates in a presence of surfactants [42]. The average
degree of polymerization and the molar mass of maltodextrin at 100 min of reaction in microemulsion
are 3.3 and 0.56 kDa respectively, which is close to the values obtained in solutions at significantly
longer reaction time, 1000 min, as illustrated by Figure 11B. It is interesting that in microemulsion,
the decrease in ultrasonic velocity and in the degree of polymerization within 100 min of the reaction
is followed by a slow increase over a longer period of time. The increase could be attributed
to the previously observed alternative synthetic activities of α-amylase in restricted conditions
of encapsulated state. The activities include: (1) synthesis of −O− bonds between moieties of
glucose (G) in maltodextrin at the initial stage of reaction forming molecules with high degree
of polymerization ( Gn + Gk → Gn+k + H2O ); (2) synthesis of −O− bonds between the moieties of
glucose and n-propanol (P) present in microemulsion as cosurfactant and formation alkyl glucosides
( Gn + kP → GnPk + H2O ) [73,74].

7. Ultrasonic Reaction Rates and Advance Chemical Kinetics

High precision of ultrasonic measurements of concentration of substrates and products during
analyzed reactions can be utilized in obtaining the reaction rates using Equation (8) and appropriate
digital differentiation (concentration vs. time) procedures. This provides the detailed ‘reaction rate vs.
concentration of reactant/product’ profiles over the whole course of reaction. Typically, the advanced
modeling of kinetic mechanisms of chemical reaction is based on functional relationships between
the reaction rate and the concentrations of reactants and products. The ultrasonic ‘reaction rate vs.
concentration of reactant/product’ profiles can be applied for verification of these relationships and
determination of the underlying kinetic and thermodynamic constants, including those involved in
complex mechanisms of inhibition as illustrated below.

Figure 12 represents an example of the ultrasonic reaction rate vs. concentration of reactant profiles
for hydrolysis of cellobiose (glucose disaccharide) at its different initial concentrations catalyzed by
cellobiase (β-glucosidase from Aspergillus niger (Novozyme 188)), in 10 mM acetate buffer (pH 4.9) at
50 ◦C measured using Procedure 2 [25]. The overall reaction can be expressed as:

G2 + H2O → 2G (R8)

where G represents the molecule of glucose and G2 the molecule of cellobiose. The ‘reaction
rate vs. concentration of reactant’ profiles were calculated from the measured ultrasonic reaction
curves (Δar = 0.0126 kg/mol) by averaging the slopes of two adjacent points in combination with the
Savitzky–Golay smoothing method [25].
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Figure 12. Ultrasonic reaction rate profile in hydrolysis of cellobiose by enzyme cellobiase. Evaluation
of reaction inhibition mechanism.
Squares: Experimental reaction rates per unit of concentration (g/L) of enzyme, during hydrolysis of
cellobiose, Reaction (R8).
50 ◦C in 10 mM acetate buffer at pH 4.9. Initial concentrations of cellobiose (curves from left to right in
the inset): 8.41, 18.30, 28.79, 35.71, and 53.96 mM [25].
Lines: Fittings applied to the reaction rates for verification of two kinetic Models 1 and 2.
Orange lines: Model 1: uncompetitive substrate (cellobiose, C) and competitive product (glucose, G)
inhibitions. Green lines: Model 2: uncompetitive substrate (cellobiose, C) and two sites for competitive
product (glucose, G) inhibitions. Adapted with permission from Reference [25]. Copyright © 2011
Elsevier Inc.

Previous studies of kinetics of the hydrolysis of cellobiose catalyzed by β-glucosidase from
A. niger have shown that the reaction follows uncompetitive cellobiose and competitive glucose
inhibitions [25,75,76]. The proposed model of such inhibition is illustrated in Figure 12 (Model 1).
According to this model, glucose binds to the free enzyme decreasing the apparent affinity of the
substrate, whereas cellobiose inhibits hydrolysis by binding to the enzyme–substrate complex, thus
reducing its effective concentration. The parameter Km = k−1+k2

k2
represents the Michaelis constant,

k1 and k−1 are the rate coefficients for the formation of complex EC, and k2 is the catalytic coefficient
(see Figure 12). The inhibition constants are presented by the parameters KcG and KcG (constants
of dissociation of GE to G + E and CEC to EC + C). The expression for the reaction rate, r, for this
model [77] is given as:

r =
2k2C

Km

(
1 + G

KcG

)
+ C

(
1 + C

KuC

) (17)

where C is the concentration of cellobiose and G is the concentration of glucose in the reaction mixture.
Figure 12 shows the ultrasonic reaction rate profiles (squares) over the course of reaction for different
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initial concentrations of cellobiose (8.41, 18.30, 28.79, 35.71, and 53.96 mM) and their fitting (combined
fitting of all curves) using Equation (17).

Although Model 1 describes reasonably well the profiles for low initial concentrations of cellobiose
(8.41, 18.30 and 28.79), a significant deviation of this mathematical model from the experimental data
can be noticed at the highest initial concentration of cellobiose (53.96 mM, main frame of Figure 12).
More importantly, at a high initial concentration of cellobiose, the experimental reaction rate curve
exhibits an S-shape profile that cannot be reproduced by Equation (17) [25]. Thereby, a new, updated
kinetic inhibition model was proposed as illustrated in Figure 12 (Model 2). Model 2 suggests two
(instead of one) binding sites for glucose on the enzyme. For simplicity, it was suggested that both
sites are characterized by the same dissociation constant, KcG. Additionally, it was speculated that the
second site for glucose binding may be related to the known secondary, transgalactosylation, activity
of the enzyme [25]. The equation for the rate representing Model 2 is given as:

r =
2k2C

Km

(
1 + G

KcG

)2
+ C

(
1 + C

KuC

) (18)

Figure 12 shows the fitting (combined fitting of all curves) of the experimental data with
Equation (18) at different initial concentrations of cellobiose. This fitting describes the experimental
results very well and provides the kinetic and thermodynamic constants of the reaction, k2, Km, KcG
and KuC [25].

8. Application of Extended Capabilities of Ultrasonic Spectroscopy

8.1. Dynamic Range

One of the important features of HR-US technique is its capability to work with solutions of low
and high concentrations (e.g., dynamic range). This includes precision monitoring of changes in small
fraction of reactants presented in large concentration. Applications of this feature are illustrated by the
two following examples.

8.1.1. Ultrasonic Monitoring of Reverse Reactions

Figure 13A illustrates the ultrasonic reaction progress curve of hydrolysis (Reaction (R8)) of
disaccharide cellobiose consisting of two molecules of glucose catalyzed by β-glucosidase from
Aspergillus niger in 10 mM acetate buffer at pH 4.9 at 50 ◦C measured using Procedure 2 [25]. The parameter
Δar = 0.0126 kg/mol was obtained by Method 1, and verified by Method 2 (hexokinase assay).

Figure 13B illustrates the ultrasonic reaction progress curve of the reverse Reaction (R8), synthesis
of cellobiose from glucose, catalyzed by the same enzyme. The synthesis was initiated by adding the
enzyme β-glucosidase to the solution of glucose in 10 mM acetate buffer at pH 4.9 at 50 ◦C using
Procedure 2 [25]. At equilibrium in Reaction (R8) the concentration of cellobiose represent only small
fraction of concentration of glucose. Therefore, relatively high concentrations of glucose (0.56 mol L−1

for the profile presented in the Figure 13B,C) were used. The presented ultrasonic velocity profile
was obtained at frequency 5.3 MHz, however, no significant effect of frequency on the profiles were
observed in the analyzed frequency range 2 to 20 MHz [25]. The change in the concentrations of glucose
was calculated from the ultrasonic velocity profiles using Equations (5) and (7) and the parameter
Δar corrected for small deviation from the above value caused by high concentration of glucose [25].
As can be seen from the Figure 13C less than 3% of glucose present in the solution reacted at the
saturation level. In spite of this small fraction of glucose consumed by the synthesis, the reaction profile
is well resolved by the HR-US technique. The obtained saturation level provides the equilibrium
concentration of glucose in the solution for Reaction (R8), which allows calculations of the equilibrium
constant of the reaction, Keq. The equilibrium constants Keq (expressed through mole fractions of
cellobiose, water and glucose) obtained in this way in solutions of different concentration of glucose
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are shown in Figure 13D and correspond to the average value of 1.8 ± 0.1. The obtained equilibrium
constants allowed the calculations of the standard Gibbs energy of reaction ΔGo = −8 kJ/mol, which
agrees with the results obtained by other techniques [25].

Figure 13. Real-time ultrasonic profile of hydrolysis and of reverse reaction of synthesis of cellobiose
by enzyme β-glucosidase. Evaluation of reaction equilibrium constant and Gibbs energy.

Figure 13A. Ultrasonic reaction profile of hydrolysis of cellobiose by β-glucosidase.

Reaction (R8). 15.6 mmol/kg of cellobiose and 0.32 g/L of β-glucosidase. Squares represent the
concentration of β-glycosidic bonds hydrolyzed (glucose formed) determined by colorimetric
hexokinase assay by monitoring the production of NADPH measured at 340 nm (Megazyme Int.
Ltd.) [8]. Δar = 0.0126 kg/mol was applied in calculations of the profile of concentration of glucose.

Figure 13B. Time profile of concentration of glucose during reverse reaction (glucose condensation) catalyzed
by β-glucosidase.

20.3 g/L of β-glucosidase in aqueous solution of glucose at concentration 0.56 mol/kg, at 50 ◦C in
10 mM acetate buffer at pH 4.9. The change in concentration of glucose was calculated from the
ultrasonic velocity profile [25].

Figure 13C. Time profile of the overall concentration of glucose present in the reactional mixture during the
reverse reaction catalyzed by β-glucosidase.

Figure 13D. Equilibrium constant, Keq, of reaction of glucose condensation obtained at different concentrations
of glucose.

50 ◦C in 10 mM acetate buffer at pH 4.9. The presented ultrasonic velocity profiles were obtained at
frequency 5.3 MHz with HR-US 102 ultrasonic spectrometer. No significant effect of frequency on the
profiles were observed in the analyzed frequency range 2 to 20 MHz [25].
The concentrations of enzyme are given as mass (g) of Novozyme 188 liquid preparation (concentration
of protein 184 mg/mL, density 1.23 g/mL at room temperature) per liter of solution.
Adapted with permission from Reference [25]. Copyright © 2011 Elsevier Inc.

8.1.2. Assessment of Enzyme Deactivation during Long-Time Reactions

Quantitative assessment of deactivation of enzyme during catalyzed processes is an important,
however, often difficult and expensive task [78]. Figure 14 illustrates a direct ultrasonic assessment
of stability of β-galactosidase in Cow & Gate First Infant milk at 20 ◦C during hydrolysis of lactose
catalyzed by this enzyme over 24 h. The small concentration of enzyme utilized in the test was chosen to
provide small (however measurable) change of concentration of the substrate (3% or 13 cm/s increase
in ultrasonic velocity over 24 h), so that the hydrolysis occurred at nearly constant concentration of
the substrate (as shown in the inset of Figure 14) [8]. The reaction was started by injection of a small
(several μL) of diluted solution of enzyme (0.005 UU/g) to the measuring ultrasonic cell of HR-US 102
spectrometer containing 1.2 mL of infant milk, as described by Procedure 1. The concentration profile
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shown in Figure 14 was calculated from the measured ultrasonic velocity by applying Equations (5)
and (7). The mainframe of Figure 14 also shows the reaction profile expected in an absence of enzyme
deactivation (see [8] for details).

Figure 14. Ultrasonic assessment of deactivation of enzyme β-galactosidase during long time hydrolysis
of lactose in milk.

Main frame. 24 h evolution of concentration of β-galactosidic bonds in Cow & Gate First Infant Milk during
hydrolysis of the bonds by β-galactosidase.

Reaction (R4). β-galactosidase from Kluyveromyces lactis, 0.005 UU/g, at 20 ◦C. The concentration
(molarity) profile was calculated from the monitored change of ultrasonic velocity using Equations (7)
and (10) and Δar = 0.0147 kg/mol. The black line represents the measured (HR-US 102 spectrometer)
profile. The blue line represents the reaction profile expected in an absence of enzyme deactivation
(see [8] for details).

Inset. Total concentration of β-galactosidic bonds present in the reactional mixture during hydrolysis in Cow
& Gate First Infant Milk.

Calculated from the same as in the main frame ultrasonic profile according to Equation (5), where c0

represent the concentration of β-galactosidic bonds of lactose and GOS in milk.
The ultrasonic measurements were collected in the frequency range 2 to 15 MHz. As no significant
effects of frequency on the ultrasonic reaction profiles were observed, only the data at 5 MHz are
presented. Adapted with permission from Reference [8]. Copyright © 2016 American Chemical Society.

According to the figure, at times above 16 h the reaction profile deviates from the one predicted
in an absence of enzyme deactivation, which could be interpreted as a beginning of progressive
enzyme deactivation.

8.2. Titrations in Analysis of Effects of Enzyme Concentration

The effect of concentration of enzyme on its activity is an important factor in the design of enzyme
based formulations. It is commonly assessed by measuring the initial reaction rates in a set of samples
containing enzyme of different concentrations. Figure 15 illustrates an alternative methodology
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for the assessment of the effects of concentration of enzyme β-galactosidase on its activity in milk.
The methodology utilizes titration capabilities of HR-US technique. The measurements were performed
by titrating the infant milk in the ultrasonic cell with concentrated solution of β-galactosidase at 20 ◦C
using pre-programmed precision injections by HR-US 102 titration accessory. Each injection was
followed by a short period of stirring and a period without stirring. The mainframe of the figure
represents ultrasonic velocity profiles (secondary Y axis) during time intervals between the stirring
periods and subsequent injections. The circles on the inset in Figure 15 represent the initial rates
of hydrolysis, r0, calculated from the slopes of linear parts of the dependences at each step of the
titration (see [8] for details). According to the figure, the initial reaction rate, r0, increases linearly with
concentration of the enzyme, thus, indicating that the specific activity of the β-galactosidase in the
milk does not depend on its concentration within the analyzed concentration range.

Figure 15. Ultrasonic assessment of effects of enzyme (β-galactosidase) concentration on its activity in
hydrolysis of lactose in milk.

Main frame. Time profiles of ultrasonic velocity in Cow & Gate First Infant Milk after automatic stepwise
additions of β-galactosidase (Kluyveromyces lactis) at 20 ◦C.

The change in the concentration (molarity) of β-galactosidic bonds (lactose and GOS, Reaction
(R4)) hydrolyzed was calculated from the measured increase in ultrasonic velocity (HR-US102PT
spectrometer) according to Equations (10) and Δar = 0.0147 kg/mol.

Inset. The initial rates of hydrolysis.

The circles represent the initial rates of hydrolysis, obtained from the slopes shown in the mainframe
corrected for ‘inhibition’ effects [8]. Triangles represent the initial reaction rates obtained from separately
measured ultrasonic progress curves as those shown in Figure 6B.
The ultrasonic measurements were collected in the frequency range 2 to 15 MHz. As no significant
effects of frequency on the ultrasonic reaction profiles were observed, only the data at 5 MHz are
presented. Adapted with permission from Reference [8]. Copyright © 2016 American Chemical Society.

8.3. Temperature Profiling

Reversible and irreversible effects of temperature on activity of enzymes is one of the key
properties determining the enzymes applicability. They are commonly assessed by measuring the
initial reaction rates in a set of samples at different temperatures. Figure 16 illustrates an alternative
methodology, based on the measurements in a single sample utilizing the programmed temperature
profiling capabilities of HR-US technique for the enzyme β-galactosidase (Reaction (R4)) in milk [8].
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Figure 16. Ultrasonic assessment of reversible and non-reversible effects of temperature on activity of
β-galactosidase in milk.
Effect of temperature on the rate of hydrolysis of β-galactosidic bonds (lactose and GOS, Reaction (R4))
in Cow & Gate First Infant Milk catalyzed by β-galactosidase (concentration 0.042 UU/g), reversible
and irreversible deactivation of enzyme.

Figure 16A. Temperature of the milk in ultrasonic cell in during single sample programmed temperature profiling.

Figure 16B. Ultrasonic velocity profiles at time intervals of constant temperature.

HR-US-102PT ultrasonic spectrometer.

Figure 16C. Irreversible loss of enzyme activity with temperature.

Diamonds: The fractions of deactivated enzyme measured at subsequent (to the indicated temperatures)
20 ◦C time intervals, and presented as % of activity at the precluding 20 ◦C interval. Circles.
The fractions of deactivated enzyme at each elevated temperature, calculated as the average of the
fractions for the precluding and the subsequent 20 ◦C interval.

Figure 16D. Effect of temperature on activity of active enzyme.

Triangles: Calculated from the slopes ultrasonic velocity vs. time (B). Squares: the enzyme activities
obtained from separately measured reaction profiles (Figure 2) [6]. Adapted with permission from
Reference [8]. Copyright © 2016 American Chemical Society.

The measuring and the reference cells of HR-US 102 spectrometer were filled with 1.1 mL of infant
milk. After equilibration at temperature 20 ◦C, 2 μL of β-galactosidase from Kluyveromyces lactis
(aqueous solution, 21.6 UU/g, see figure legend for details) was added to the ultrasonic measuring
cell, using Procedure 1. After the stirring of the sample using a mechanical mini stirrer for 30 s, the
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temperature profile (20 min time intervals at 20–30–20–40–20–50–20 ◦C, Figure 16A) was activated.
The measured ‘ultrasonic velocity vs. time profiles’ (Figure 16B) provided the concentration of
β-galactosidic bonds hydrolyzed, and the reaction rates r0, calculated from the slopes ultrasonic
velocity vs. time using Equations (8) and (10) with correction for inhibition effects (see [8] for details).
The diamonds on Figure 16C illustrate the fraction of non-reversibly deactivated enzyme caused
by heating from 20 ◦C to a particular temperature and subsequent cooling to 20 ◦C measured as a
reduction of r0 at 20 ◦C. The circles represent the fractions of deactivated enzyme at each elevated
temperature, estimated as the average of the fractions for the precluding and the subsequent 20 ◦C
interval. Figure 16D represents the level of activity of active enzyme at each elevated temperature
interval calculated as a ratio of r0 to the concentration of active enzyme expressed with ultrasonic
activity units, UU (see Figure 6 legend for UU definition). The enzyme activities obtained from
separately measured reaction profiles (e.g., Figure 6A) were added to the figure as opened squares.
The highest specific activity was observed at 50 ◦C, which exceeds by approximately 2.5 times the
activity at 30 ◦C. This agrees with previous results in buffers for chromogenic substrate ONPG [79].
Figure 16 shows that an exposure of the reaction mixture to temperature of 40 ◦C and above causes
progressive irreversible deactivation of enzyme, which is particularly fast at 50 ◦C. The ultrasonic
attenuation, measured during the test, has decreased with temperature, however, recovered to the
original values at each 20 ◦C interval, thus, indicating an absence of irreversible effects of temperature
on the milk microstructure during the test. The illustrated results allow optimization of the efficiency
of commercial enzyme formulations for lactose-intolerant infants (see [8] for details).

9. Monitoring of Ultrasonic Attenuation

9.1. Structural Rearrangements and Particle Sizing

Figure 17 represents real-time ultrasonic monitoring of enzymatic removal of the ‘hairy’ layer
of hydrated protein nanoparticles (casein micelles, 120 nm diameter approx.), followed by particle
aggregation and gelation in milk at 30 ◦C [80]. The κ-casein ‘hairy’ layer provides steric stability of the
particle dispersion. Its enzymatic removal leads to particle aggregation and formation of particle gel,
which is utilized in cheese making (renneting process).

The measurements were performed according to Procedure 2 using HR-US 102 ultrasonic
spectrometer in multifrequency regime in which the data measured at several pre-selected frequencies
between 2 and 15 MHz were collected simultaneously. The enzyme (rennet, chymosin) was added to
milk reconstituted from skim milk powder. The volume fraction of micelles, composed of casein and
water, was 0.1. The ultrasonic attenuation profiles for different frequencies are presented in the inset
and the profile for frequency 14.5 MHz is plotted in the main frame. This profile was recalculated into
the evolution of the ‘average’ (over ultrasonic scattering profile, attenuation vs. size, see examples
of the profiles in [30,41,81]) size of the protein particles during the process using the particle sizing
module of HRUS 102 software, which utilized the equations as those discussed in Appendix A.3.
The volume fraction of casein micelles was assumed to be constant. The physical parameters of
the casein micelles and of the continuous medium utilized in these calculations were taken from
data published by Griffin et al. [82]. Minor amendments of some parameters were introduced to
account for small differences in temperature to which the parameters were originally attributed and
the temperature at which the measurements were performed [80].

The particle size scale is presented on the right Y axis of the figure. According to the figure the
average size of the particles decreases within first 8 min of reaction. The decrease in diameter from the
initial size (120 nm [83]) is approximately 20 nm, which corresponds to the expected size of the particle
‘hairy’ layer [83]. This is followed by the increase of the size, which demonstrated the beginning of the
aggregation of ‘bald’ particles. At the reaction time 30 min, further aggregation of particles results in a
formation of gel network, as indicated by rheological (rise of shear storage modulus) data [80].
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Figure 17. Ultrasonic real-time monitoring of evolution of size of protein nano particles during
enzymatic ‘haircut’.

Main frame. Ultrasonic attenuation and particle size profile at 14.5 MHz in milk during enzymatic (chymosin)
hydrolysis of the hairy layer of hydrated protein nanoparticles.

Casein micelles, volume fraction 0.1 in milk at 30 ◦C. The average particle size was calculated using
HR-US particle size software module.

Inset. Effect of frequency on ultrasonic attenuation profiles of the hydrolysis.

Measurements with HR-US 102 spectrometer (Ultrasonic Scientific, Dublin, Ireland). Adapted with
permission from Reference [80]. Copyright © Proprietors of Journal of Dairy Research 2005.

9.2. Fast Chemical Kinetics

Figure 7C (inset) represents the attenuation profile of hydrolysis of peptide bonds of
β-lactoglobulin (Reaction (R5)) catalyzed by protease α-chymotrypsin in 0.1 M phosphate buffer
at pH 7.8) measured with HR-US 102 ultrasonic spectrometer using Procedure 1. As described in the
Section 6.3 at pH 7.8 this reaction results in production of protonated, −NH3

+, and deprotonated,
−NH2 terminal amino groups of oligopeptides. The ionization constant, pKa, of these groups is 7.7 [84].
Consequently, these groups can participate in the reaction of proton transfer between them and the
ions of the phosphate buffer: −NH3

+ + HPO4
−2 � −NH2 + H2PO4

− [85–87]. Ionizable groups of
amino acid side chains with pKa values close to pH 7.8, which are exposed to contact with water
as a result of hydrolysis, can also participate in the proton exchange with the ions of the phosphate
buffer [85–87].

For common experimental conditions the relaxation frequency of the process of proton transfer is
expected to be within low MHz range [85–89]. This agrees with our results presented in Figure 7C
according to which at frequencies below 10 MHz (approximately) the amplitude of velocity rise during
the process depends on the frequency, and a substantial increase of α

f 2 during the reaction is observed.
It is interesting to note that in contrary to the phosphate buffer, Tris, Bis-tris, Tes or Tricine and similar
buffers do not show similar excessive attenuation in solutions of proteins at neutral pH in the low
MHz frequency range [85]. When Equations (A11) and (A12) are considered, the observed frequency
dependence of the rise of velocity and of α

f 2 during the reaction indicates that the relaxation frequency
frel of the proton transfer is at the lower side of the analyzed frequency range (2.7 MHz to 15.5 MHz),

94



Catalysts 2017, 7, 336

or below it. At frequencies above 10 MHz (approximately), the frequency dependence of the rise of
ultrasonic velocity and the amplitude of the rise of α

f 2 vanish. At these high (relative to frel) frequencies,
the relaxation process is ‘frozen’ as the period of oscillation of pressure and temperature in ultrasonic
wave is significantly shorter than the relaxation time of the proton transfer. Although quantitative
analysis of the evolution of frequency dependence of ultrasonic velocity and α

f 2 during hydrolysis of
β-lactoglobulin is outside of the scope of this paper, it shall be stated that such analysis provides new
insights into the mechanisms of protein hydrolysis and can be used as a tool for real time monitoring
of this reaction in phosphate buffer as well as real-time measurements of production of terminal amino
groups of oligopeptides during hydrolysis of proteins.

Figure 5B illustrates the attenuation profile during the hydrolysis of maltodextrin. The decrease
in attenuation cannot be explained only by the decrease in classical contribution to attenuation
if ‘low’ frequency viscosities, η, of solutions maltodextrins maltodextrins [90–93] are applied
to Equation (16). A relaxation process associated with conformational rearrangements within
maltodextrins (see discussion of ultrasonic attenuation in aqueous solutions of carbohydrates in [94])
could be a reason for the observed attenuation decrease. Detailed analysis of this phenomenon
shall provide additional capabilities for ultrasonic monitoring and analysis of hydrolysis of oligo
and polysaccharides.

10. Conclusions

High-resolution ultrasonic spectroscopy can be successfully employed for real-time,
non-destructive analysis of reactions catalyzed by enzymes and other catalysts in solutions and
complex liquid dispersions. This technique provides precision reaction progress curves (concentration
of reactant/product vs. time) over the whole course of reaction, and also can be utilized for analysis
of structural rearrangements (change of particle size, aggregation) during reactions. It does not
require optical transparency or optical markers and is applicable for reactions in continuous media
and in micro/nano bioreactors (e.g., nanodroplets of microemulsions). The accuracy of commercial
high-resolution ultrasonic spectrometers in measurements of change of ultrasonic velocity (down to
0.2 mm/s [23]) corresponds to μM level of precision in monitoring of the evolution of the concentrations
of reactants and products [5,8,25]. This precision stands for mixtures with low and high concentration
of substrates, which allows efficient assessment of stability of enzymes/catalysts and analysis of ‘low
yielding’ reactions. The high precision can be used for measurements of the detailed ‘reaction rate
vs. concentration’ profiles over the course of reaction, utilized in advanced modelling of reaction
kinetics and inhibition effects. Other useful capabilities of the technique include measurements
with programmable temperature profiles for assessments of reversible and non-reversible effects of
thermal history on enzyme activity in a single sample. As ultrasonic measurements characterize the
properties of the bulk medium, the unwanted effects of surfaces, often associated with reflectance
spectroscopies and electrode techniques, are excluded. Since most of the chemical reactions in liquids
are accompanied by hydration or solvation effects the described methodology should be applicable
to a variety of reactions catalyzed by enzymes and other catalysts in various media. Importantly, the
ultrasonic analysis can be carried out directly on intact samples with native substrates, thus allowing
optimal application of catalysts in targeted media. Overall, the capabilities of this technique could
make it a valuable tool in the field of catalysis based technologies.
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Appendix A.

Appendix A.1. Degree of Polymerization and Average Molar Mass

For a mixture of polymers consisting of monomers linked with the same covalent bond the
average degree of polymerization, DP, and the average molar mass, M are defined as:

DP =

k
∑

n=1
cnn

k
∑

n=1
cn

; M =

k
∑

n=1
cn Mn

k
∑

n=1
cn

(A1)

where cn is the concentration (number of moles in 1 kg of mixture) of molecules consisting of n
monomeric units, Mn is their molar mass, and k is the maximum number of monomeric units in the
polymer molecules. For linear polymers, the total concentration (number of moles in 1 kg of mixture)
of bonds, cb(t), between the monomers at time t is given as:

cb(t) =
k

∑
n=1

cn(n − 1) =
k

∑
n=1

cnn −
k

∑
n=1

cn (A2)

The total number of monomer units in all polymer molecules in 1 kg of the mixture, cm, is given as:

cm =
k

∑
n=1

cnn (A3)

The parameter cm is not affected by the breaking of the bonds between monomeric units within
the molecules of polymer and, therefore, is constant over time. Following the above Equation (A2) can
be rearranged as:

k

∑
n=1

cn = cm − cb(t) (A4)

The concentration cb(t) can be presented as:

cb(t) = cb
0 − cbh(t) (A5)

where cb
0 is the concentration of the bonds at time zero (t = 0) and cbh(t) is the concentration of bonds

broken during the time interval between time zero and time t. At t = 0 cbh(t) = 0. Application of
Equations (A3)–(A5) to the first of Equation (A1) results in:

DP =
DP0

1 + cbh(t)DP0−1
cb

0

(A6)

where DP0 is the average degree of polymerization at time zero (t = 0).

96



Catalysts 2017, 7, 336

The sum
k
∑

n=1
cn Mn in the second Equation (A1) represents the total mass of the molecules of the

polymer in 1 kg of the mixture, which is the polymer weight fraction in the mixture, wp:

k

∑
n=1

cn Mn = wp (A7)

This and Equations (A1)–(A5) provide the following useful relationship:

DP0 − 1
cb

0 =
M0

wp0 (A8)

where wp
0 and M0 are the polymer weight fraction and the average molar mass at time zero (t = 0).

Derivation of an equivalent to Equation (A6) relationship for average molar mass, M, requires an
appropriate relationship between the weight fraction of polymer, wp, and the concentration of bonds
broken by the reaction, cbh(t). For reactions of hydrolysis, which are accompanied by a consumption of
one mole of water molecule per one mole of bonds hydrolyzed, wp = wp

0 + MH2Ocbh(t), where MH2O
is the molar mass of water. Application of this relationship to Equations (A1)–(A5) and (A7) provides:

M =
M0 − MH2O

1 + cbh(t) M0

wp0

+ MH2O (A9)

For hydrolysis of polymers composed of the monomer units of the same molar mass the following
relationship is correct Mn = (M1 − MH2O)n + MH2O, where M1 is the molar mass of the free monomer.
Application of this relationship to Equation (A1) results in:

M = (M1 − MH2O)DP + MH2O

M0
= (M1 − MH2O)DP0

+ MH2O
(A10)

These equations allow easy recalculations of the average degree of polymerization of such
polymers to their average molar mass, which is especially useful for calculations of DP0 or M0.

Appendix A.2. Relaxation Contribution to Ultrasonic Velocity and Attenuation

For a relaxation process described by Reaction (R1) and characterized by the relaxation time τ,
the contribution to attenuation caused by this process in dilute solutions is given by the following
relationship [17,18]:

αrel
f 2 =

πρu
RT

ΔVS
2Γ

frel

frel
2

frel
2 + f 2 (A11)

where R is the gas constant, Γ = (
k
∑

i=1

ai
2

cAi
+

l
∑

i=1

bi
2

cBi
)
−1

is the term representing the equilibrium

concentrations of the reactants, cAi , and products, cBi , and the stoichiometric coefficients ai and
bi of Reaction (R1), frel =

1
2πτ is the relaxation frequency of the process, determined by the kinetic

constants of the reaction and the concentrations of the reactants and products, ΔVS is the volume effect
of the reaction at adiabatic conditions given by: ΔVS = ΔVT − e

cP
ΔH, where ΔVT is the volume effect

of the reaction (change of volume of the solution as a result of transferring of a1, a2, . . . , ak moles of
reactants A1, A2, . . . , Ak to b1, b2, . . . , bk moles of products B1, B2, . . . , Bk) at constant temperature and
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ΔH is the enthalpy of reaction. The contribution of the relaxation process to ultrasonic velocity, urel , at
|urel | � u (e.g., dilute solution) is given as:

urel = − ρu3

2RT
ΔVS

2Γ
frel

2

frel
2 + f 2 = − frelu2

2π

αrel
f 2 (A12)

According to Equations (A11) and (A12) the relaxation contribution αrel
f 2 is positive and the

contribution urel is negative. The dependencies of both contributions on the frequency have an S-shape
profile with plateaus at low ( f � frel) and high ( f � frel) frequencies and half transition point at
f = frel . At measuring frequencies significantly lower than frel the relaxation contribution to the

ultrasonic attenuation is given as αrel
f 2 = πρu

RT
ΔVS

2Γ
frel

and to the ultrasonic velocity as urel = − ρu3

2RT ΔVS
2Γ.

At frequencies close to frel the absolute value of both contributions decreases with frequency and
vanish at frequencies far above frel . At these high frequencies, the relaxation process is ‘frozen’ as
its relaxation time is much longer than the period of oscillations of pressure and temperature in the
ultrasonic wave.

Appendix A.3. Ultrasonic Particle Sizing

Heterogeneous dispersions produce ‘scattering’ contribution to ultrasonic velocity and
attenuation, which is a function of the particle’s size and the volume fraction [95–98]. Generally,
analysis of the scattering from particles requires numerical solutions. Nevertheless, in the long
wavelength regime, (i.e., when the wavelength of ultrasound is much longer than the particle
radius), explicit expressions for the ultrasonic scattering in dispersions could be utilized [99].
The basic mechanism of the interaction of ultrasonic wave with particles in dispersions in this regime
can be illustrated with two major scattering contributions, thermoelastic and viscoinertial [22,99].
These contributions result from the ‘scattering’ of the incident ultrasonic waves into the thermal and
viscous waves on the border between the particle and the continuous medium. The thermoelastic
and viscoinertial mechanisms normally dominate the scattering contribution to ultrasonic attenuation
in dispersions of micron and submicron size range and for the operational frequency range of
high-resolution ultrasonic spectrometers (1 to 20 MHz). For the long wavelength regime, the
approximation formulas describing the ultrasonic velocity and attenuation in dispersions of spherical
particles can be presented as [100,101]:

K2 = k1
2
(

1 − 3φiB0

k1
3r3

)(
1 − 9φiB1

k1
3r3

)
(A13)

where:
K = ω

u + iα is a complex propagation constant of the dispersion,
u is the ultrasonic velocity and α is the ultrasonic attenuation coefficient in the dispersion,
φ is the volume fraction of the dispersed phase,

i =
√−1,

r is the particle radius,
ω = 2π f is the angular frequency, f is the ultrasonic frequency,
k1 = ω

u1
+ iα1 is the complex propagation constant of the continuous phase,

u1 is the ultrasonic velocity and α1 is the attenuation in the continuous phase,

B0 = ik1
3r3

3

(
ρ1k2

2

ρ2k1
2 − 1

)
− ik1

3r3ξH
z1

2

(
1 − β2ρ1cp1

β1ρ2cp2

)2
,

B1 =
−ik3

1r3

9

(
(ρ1−ρ2)(1+Tν+is)
(ρ2+ρ1Tν+iρ1s)

)
,

1
H = 1

(1−iz1)
− κ1

κ2

tan(z2)
tan(z2)−z2

,

s = 9δ
4r

(
1 + δ

r

)
,
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Tν = 1
2 + 9δ

4r ,

z1 = (1 + i) r
δ1

, z2 = (1 + i) r
δ2

,

ξ = Tβ1
2u1

2

cp1
,

δ =
√

2η1
ωρ1

, δ1 =
√

2κ1
ωcp1ρ1

, δ2 =
√

2κ2
ωcp2ρ2

,

k2 = ω
u2

+ iα2 is the complex propagation constant of the dispersed phase,
u2 is the ultrasonic velocity and α2 is the attenuation coefficient in the dispersed phase,
η1 is the viscosity of the continuous phase,
β1 = ρ1e1, β2 = ρ2e2 are the coefficients of volume expansion for the continuous phase and the

dispersed phase,
cp1, cp2 are the specific heat capacities of the continuous and dispersed phase at constant pressure,
ρ1, ρ2 are the densities of the continuous and dispersed phases,
κ1, κ2 are thermal conductivities of the continuous and dispersed phases,
T is temperature in K.

Appendix A.4. Materials and Instruments Utilized in Previously Unpublished Illustrations

All aqueous solutions were prepared by weight using purified water (Milli-Q gradient ultrapure
purification system, conductivity 0.056 μS/cm, resistivity 18 MΩ cm, TOC max. value 100 μg/L).
Phosphate buffers were prepared from dibasic (anhydrous BioUltra cat. 60353) and monobasic
(anhydrous BioUltra cat. 60218) potassium phosphate.

Ultrasonic measurements were performed with HR-US 102 range spectrometers and their
accessories from Sonas Technologies Ltd. (Dublin, Ireland).

Figures 3 and 7.
β-lactoglobulin from bovine milk from Sigma-Aldrich Co. (St. Louis, MO, USA), cat. L3908,

lyophilized powder. α-chymotrypsin from bovine pancreas, Sigma-Aldrich Co, cat. C3142, Type VII,
lyophilized powder, with a declared activity of ≥64 U/mg protein. 2,4,6-Trinitrobenzenesulfonic acid
(TNBS) from Sigma-Aldrich Co., cat. P2297.

Figures 3 and 8.
ADP, adenosine 5′-diphosphate sodium salt, from Sigma-Aldrich Co., cat. A2754. Phosphocreatine

disodium salt hydrate from Sigma-Aldrich Co., cat. P7936. Creatine phosphokinase from rabbit muscle,
Sigma-Aldrich Co., cat. C3755, type I, lyophilized powder, with a declared activity of ≥150 U/mg
protein. Gly-gly (diglycine) from Sigma-Aldrich Co., cat. G1002, BSA from Sigma-Aldrich Co., cat.
B4287. Magnesium acetate Sigma-Aldrich Co., cat. 22864-8.

Figures 5 and 11.
Maltodextrin from Sigma-Aldrich Co., cat. 419680, 14.5 dextrose equivalents (corresponds to

average degree of polymerization 7.55). α-amylase from Bacillus sp., Sigma-Aldrich Co., cat. A6380,
Type II-A, lyophilized powder, with a declared activity of 2680 U/mg protein, concentration 0.016 g/L.
BCA assay: Bicinchoninic acid (4,4′-dicarboxy-2,2′-biquinoline) from Sigma-Aldrich Co., cat. 391778;
Na2CO3 anhydrous powder from Sigma-Aldrich Co., cat. 451614; aspartic acid from Sigma-Aldrich
Co., cat. A93100; CuSO4 anhydrous powder from Sigma-Aldrich Co. cat. 451657.
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Abstract: Formic acid (FA) is considered as a potential durable energy carrier. It contains ~4.4 wt %
of hydrogen (or 53 g/L) which can be catalytically released and converted to electricity using a
proton exchange membrane (PEM) fuel cell. Although various catalysts have been reported to be very
selective towards FA dehydrogenation (resulting in H2 and CO2), a side-production of CO and H2O
(FA dehydration) should also be considered, because most PEM hydrogen fuel cells are poisoned
by CO. In this research, a highly active aqueous catalytic system containing Ru(III) chloride and
meta-trisulfonated triphenylphosphine (mTPPTS) as a ligand was applied for FA dehydrogenation
in a continuous mode. CO concentration (8–70 ppm) in the resulting H2 + CO2 gas stream was
measured using a wide range of reactor operating conditions. The CO concentration was found to
be independent on the reactor temperature but increased with increasing FA feed. It was concluded
that unwanted CO concentration in the H2 + CO2 gas stream was dependent on the current FA
concentration in the reactor which was in turn dependent on the reaction design. Next, preferential
oxidation (PROX) on a Pt/Al2O3 catalyst was applied to remove CO traces from the H2 + CO2 stream.
It was demonstrated that CO concentration in the stream could be reduced to a level tolerable for
PEM fuel cells (~3 ppm).

Keywords: formic acid; dehydrogenation; dehydration; ruthenium; carbon monoxide; preferential
oxidation; PROX

1. Introduction

Currently, many methods to store and/or to transport energy in a green and durable way are
being investigated in order to transition to an environmentally friendly economy. Examples include
mechanical storage, batteries, superconductors, chemical storage (hydrogen and other high energy
molecules) [1,2]. Formic acid (FA) containing ~4.4 wt % of H2 has been considered a potential energy
carrier since 1978 [3]. Essentially, H2 could be chemically combined with carbon dioxide (CO2) to form
liquid FA [4], which is more easily stored and transported than gaseous H2 considering practical and
safety issues. FA can then be catalytically decomposed back to H2 and CO2 in a 1:1 ratio, closing a
loop for CO2 and providing H2 for fuel cell technology to generate electricity. Thus, FA would simply
function as an intermediate to store and to transport energy in a clean way (Figure 1).
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Figure 1. Formic acid as an energy carrier providing a closed loop for CO2.

Recently, FA has sparked interest again, because catalysts highly effective in FA dehydrogenation
in reasonable conditions have been found [5–9]. This fact in combination with easy and safe handling
opens a route of using FA in applications such as energy storage and transport [10].

Although very high catalyst selectivities have been reported in literature [7,9,11], a side-reaction
of FA dehydration takes usually place, next to FA dehydrogenation, due to a still insufficient catalyst
selectivity and/or thermal decomposition of FA:

HCOOH → H2 + CO2, (1)

HCOOH → H2O + CO. (2)

It is very important to consider this side-reaction, because a CO content, even at ppm-levels,
is poisonous for many fuel cells [12,13]. FA thermal decomposition was investigated both
computationally and experimentally. However, most of the experiments were conducted in
supercritical water [14–17].

Mitigating strategies such as improving CO-tolerance of fuel cells showed that Pt–Ru alloying,
for example, can weaken the binding of CO to Pt catalysts, decreasing the poisoning effect [18,19].
Air-bleed—injecting a small amount of air or oxygen into the fuel feed stream—is also applied to lessen
CO poisoning. Here, CO oxidation takes place directly on a fuel cell membrane as an oxidation catalyst.
The method can recover up to 90% of the fuel cell performance at 200 ppm CO [20,21]. However,
air-bleed was shown to cause long-term degradation of the membrane where O2 is reduced to H2O2

which corrodes the catalyst [22]. To avoid this problem, preferential oxidation (PROX) could be used
to decrease CO concentration. In this approach, CO is removed from the H2 stream through injecting a
small amount of O2 and selective CO oxidation over a heterogeneous catalyst prior to entering the fuel
cell. Nowadays, PROX is mainly applied to bulk production of H2 where a significant CO amount
(0.5–1%) is produced through steam reforming and water gas shift reactions [23]. Several catalysts
such as noble metals supported on alumina or ceria as well as transition metals on similar supports are
available [24]. The catalysts are designed to work in gas streams containing at least 85% of H2. In H2

rich gas streams, Equations (3) and (4) are of importance

2CO + O2 → 2CO2 (3)

2H2 + O2 → 2H2O (4)

To minimize H2 loss and H2O emittance (Equation (4)), the catalyst selectivity towards CO
oxidation needs to be as high as possible. An important factor is the amount of supplied O2,
because selective catalysts start converting H2 after complete CO conversion [24]. Moreover,
FA dehydrogenation gas mixtures contain much more CO2 (~50%) which could possibly effect the
conversion of CO.
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Other methods to remove CO from gas streams are adsorption and methanation. However, it is
hard to implement pressure swing CO adsorption in compact applications [25]. Methanation is usually
mentioned as an option next to PROX:

CO + 3H2 → CH4 + H2O, (5)

CO2 + 4H2 → CH4 + 2H2O. (6)

Supported Ni and Ru methanation catalysts are well investigated [26]. Fuel cells are tolerant to
methane [12]. No gas needs to be added to the stream. However, significant amount of H2 could be lost
in this process depending on the CO concentration and catalyst selectivity towards CO methanation.
Next to that, most of the methanation catalysts become active only at temperatures over 250 ◦C.

In the present study, a H2 + CO2 gas mixture (reformate) resulted from catalytic FA
dehydrogenation carried out in a continuous-flow gas–liquid bed reactor was analyzed. The liquid
reaction phase was comprised of an aqueous solution of Ru(III) chloride and mTPPTS used as catalyst
precursors. mTPPTS was chosen as a phosphine-ligand because of its high stability and water solubility
of the resulting catalytically active complex [7]. Previously, it was reported that this catalyst was stable
over more than one year of intermittent use, while being kept in air [27]. The turnover frequencies
(TOF’s) reached in a continuous mode were 210 h−1 and 670 h−1 at 100 ◦C and 120 ◦C, respectively [27].
CO content in the resulting gas mixture was not measured in a continuous mode, but batch experiments
performed using the same reactant concentrations showed no CO traces (detection limit ~3 ppm) [7].

In the present study, FA was fed to the reactor continuously. The CO concentration (ppm level) in
the H2 + CO2 gas streams was measured as a function of the reaction temperature and FA feed flow.
Quantification of such low CO concentrations (especially in CO2-rich gas mixtures) is an extremely
difficult task. In this research, gas chromatography (GC) coupled with sample methanation was used
to achieve a good CO/CO2 separation and sensibility of the measurements, while it was also possible
to measure a H2 concentration.

Next, CO removal from H2 + CO2 gas streams by PROX was tested using a commercially available
Pt/Al2O3 catalyst placed downstream from the FA dehydrogenation reactor. The PROX catalyst was
not heated. A controlled amount of O2 (in air) was injected into the gas stream before the PROX catalyst.
The considered parameters were the CO concentration in the gas stream and the amount of added O2.
A combination of these numbers can be expressed through the O2 excess parameter λ (Equation (7)),
representing the O2 excess, relatively to its amount required for total CO oxidation. At λ = 1, the O2

concentration in a gas mixture is exactly enough to convert all CO (catalyst selectivity ~100%)

λ =
2CO2

CCO
=

2pO2

pCO
(7)

2. Results and Discussion

2.1. CO Side-Production in FA Dehydrogenation

The CO concentration in H2 + CO2 gas mixtures was measured in the reaction temperature range
of 60–80 ◦C. Below 60 ◦C, the Pt/Al2O3 catalyst activity was too low for the application, while at 80 ◦C
and higher, water evaporation became quite intensive constantly reducing the catalyst solution volume.
At a steady-state, the total gas flow rate was found to be the same for the all measured temperatures
(Table 1) indicating that in this temperature range the reaction rate was limited by the FA feed flow rate.
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Table 1. Total H2 + CO2 gas flow as a function of FA feed measured at 60, 70 and 80 ◦C.

FA Feed (mL/min) Total Gas Flow (L/min)

0.3 0.43
0.6 0.86
0.9 1.29

As can be seen in Figure 2, the CO concentration in the gas mixture was below 10 ppm at the FA
feed flow rate of 0.3 mL/min but increased with increasing FA feed. It was supposed that, due to an
imperfect reactant mixing in the reactor, at the high FA feed flow rates the size of injected FA droplets
is bigger and hence their lifetime is longer. At higher temperatures, it leads to more pronounced
side-reaction of FA thermal dehydration and higher CO content in the reformate.

Figure 2. CO concentration in H2 + CO2 gas mixtures as a function of FA feed flow and temperature.

2.2. PROX

Figure 3 shows CO concentrations in H2 + CO2 gas mixtures treated on the PROX catalyst.
Varying the FA feed flow at constant reaction temperature, both the total gas flow rate and CO
concentration were varied. It was observed during the experiments that the catalyst container became
warm (50–60 ◦C) due to the exothermic oxidation of CO and H2. It was found for all reformate flow
rates that at high concentrations of injected O2 (λ = 3–14), the PROX treatment led to a drop in the
CO concentrations to ~3 ppm. At λ = 1–2 a small increase of the resulting CO concentration up to
4–6 ppm was observed. Surprisingly, at λ < 1, a high CO conversion was observed as well (Figure 3).
This fact was explained by the presence of a considerable amount of O2 adsorbed on the catalyst
surface. After an N2 purge of the PROX catalyst for three days, the CO concentration decreased under
the same conditions (λ < 1) from initial 35 to 16 ppm indicating O2 strongly adsorbed on the catalyst
that could not be removed by a simple purge.
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Figure 3. CO concentration after PROX oxidation in H2 + CO2 gas mixtures as a function of initial CO
concentration, total flow rate, and injected O2.

It is worth noticing that at the total H2 + CO2 gas flow rate of 0.86 L/min and high O2

concentrations (λ > 5), water condensation in the PROX catalyst container and drop of the CO
conversion were detected (Figure 3) indicating a blockage of the catalyst surface by water.

This effect was previously reported for PROX catalysts [24]. For the lower gas flow rates, water
clogging was observed only after a long period of catalyst exposure. The activity of the catalyst
deactivated by the water clogging could be completely recovered by an air or nitrogen purge at
room temperature.

3. Materials and Methods

A homogeneous Ru-mTPPTS catalyst (mTPPTS: meta-trisulfonated triphenylphosphine, Figure 4)
solution (33 mM, 700 mL) was prepared by combining an aqueous solution of RuCl3 (5.6 g) and
mTPPTS (2.8 equivalent) with FA (128 g) and Na formate (30 g). The catalyst was activated prior to its
placing into the reactor by steering the solution at 60 ◦C for 4 h under a N2 flow.

Figure 4. TPPTS.

109



Catalysts 2017, 7, 348

FA was dehydrogenated in a 1 L continuous-flow gas–liquid bed reactor (Figure 5). A cylindrical,
non-stirred reactor vessel of a 7.0 cm inner diameter and 40 cm length was heated by means of an
internal heating element connecting to an oil circulator (Huber Pilot One). The temperature inside
the reactor was varied in the range of 60–80 ◦C. FA was injected into the reactor (0.3–0.9 mL/min)
at the reactor bottom through a HPLC pump (HPLC Pump 422, Kontron Instruments, Montigny
Le Bretonneux, France). The gas bubbles produced due to the reaction rose, mixing the reaction
solution. Outside the reactor, a H2 + CO2 gas mixture was passed through a condenser and an adsorber
(activated carbon) to remove FA and water vapors. The total gas flow was measured using a bubble
flowmeter. In separate experiments, a H2 + CO2 gas mixture was passed through a container of 2.8 cm
inner diameter, containing a PROX catalyst (50 g). A commercial 0.5 wt % Pt supported on alumina
(spheres of 1.8–3.5 mm diameter, Johnson Matthey, Royston, UK) was used as a PROX catalyst. An air
flow controlled by a mass flow controller was injected into the gas stream before the PROX catalyst.

Gas samples were collected at a steady state before and after the PROX catalyst using a rubber
balloon flushed with nitrogen and vacuumed. The collected gas samples were analyzed by a GC
method using an Agilent 7890B gas chromatograph (Agilent, Santa Clara, CA, USA) equipped with
a CarboPlot P7 column (25 m × 0.53 mm × 25 μm), a Nickel Catalyst Kit (to convert CO (CO2) to
CH4), flame ionization (FID), and thermal conductivity (TCD) detectors. At least three samples were
taken for every point. At least three GC measurements were done for every gas sample. The GC was
calibrated using standard (50% H2 + 40 ppm CO + CO2) and (50% CO2 + 100 ppm CO + N2) mixtures
(Carbagas, Lausanne, Switzerland). The detection limit of the GC method was ~3 ppm.

Figure 5. Scheme of the setup.

4. Conclusions

1. It was found that unwanted CO concentrations in H2 + CO2 gas streams catalytically produced
through FA dehydrogenation over a homogeneous Ru-mTPPTS catalyst in a continuous-flow
gas–liquid bed reactor (60–80 ◦C) was too high (8–70 ppm) to be used directly in a fuel cell.
The CO concentration was dependent on the FA feed flow rate and reaction design (mixing).

2. It was shown that the Pt/Al2O3 catalyst can be easily implemented to clean H2 + CO2 gas
streams from CO by PROX. It was shown that the O2 supply should be fine-tuned well to prevent
both a water clogging of the PROX catalyst and a H2 loss due to its oxidation. Experimentally,
CO concentration was confidently decreased by PROX at O2 concentrations close to stoichiometry
(0.008–0.065 v % O2) to the level acceptable for fuel cell applications (<5 ppm). To our knowledge,
this is the first example of successful CO removal from a FA reformate by PROX.
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Abstract: Catalytic nucleic acids are regarded as potential therapeutic agents and biosensors.
The catalytic activities of nucleic acid enzymes are usually investigated in dilute aqueous solutions,
although the physical properties of the reaction environment inside living cells and that in the
area proximal to the surface of biosensors in which they operate are quite different from those
of pure water. The effect of the molecular environment is also an important focus of research
aimed at improving and expanding nucleic acid function by addition of organic solvents to aqueous
solutions. In this study, the catalytic activities of RNA and DNA enzymes (hammerhead ribozyme,
17E DNAzyme, R3C ribozyme, and 9DB1 DNAzyme) were investigated using 21 different mixed
aqueous solutions comprising organic compounds. Kinetic measurements indicated that these
enzymes can display enhanced catalytic activity in mixed solutions with respect to the solution
containing no organic additives. Correlation analyses revealed that the turnover rate of the reaction
catalyzed by hammerhead ribozyme increased in a medium with a lower dielectric constant than
water, and the turnover rate of the reaction catalyzed by 17E DNAzyme increased in conditions that
increased the strength of DNA interactions. On the other hand, R3C ribozyme and 9DB1 DNAzyme
displayed no significant turnover activity, but their single-turnover rates increased in many mixed
solutions. Our data provide insight into the activity of catalytic nucleic acids under various conditions
that are applicable to the medical and technology fields, such as in living cells and in biosensors.

Keywords: ribozyme; DNAzyme; rate constant; melting temperature; molecular crowding;
polyethylene glycol

1. Introduction

The catalytic activities of RNA enzymes (ribozymes) and DNA enzymes (DNAzymes) are useful
in the development of medical and biotechnology tools. Several types of nucleic acid enzymes have
been found in living cells or were artificially made through in vitro selection using libraries of random
sequence [1]. Specifically, the hammerhead ribozyme and the 8–17 DNAzyme, which effectively
catalyze the site-specific cleavage of the phosphodiester bond of an RNA substrate, have been used
as inhibitors of intracellular gene expression [2,3] and as biosensors for detecting target metal ions,
molecules, or specific DNA and RNA sequences [4–9]. The flexibility in nucleic acid sequence design
enables to convert these enzymes into ligand-responsive aptazyme systems regulating gene expression
levels and into sensitive electrochemical sensors [10–13].

Nucleic acid enzymes are highly negatively charged, so they exhibit catalytic activity in the presence
of metal ions, like Mg2+. In general, cation binding is required for the hybridization of the enzyme with
its substrate strand, for the formation of a catalytically active complex, and for the catalytic chemical
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process to take place [14–19]. Studies using simple aqueous solutions have provided detailed information
regarding the catalytic activity of many types of ribozymes and DNAzymes and the metal ion conditions
necessary for catalysis. However, the environment inside living cells and that in the area proximal to
the surface of biosensors, where nucleic acid enzymes exert their therapeutic and diagnostic activity,
are quite different from the aqueous solutions commonly used for in vitro evaluation of catalytic activity.
In these particular cases, nucleic acid interactions occur under sterically-restricted conditions that alter
the diffusion, dynamics, and effective concentration of molecules. Moreover, intracellular water and that
in the vicinity of the surface of a biosensor have different physical properties (e.g., dielectric constant
and water activity) from pure water. The characteristics of these environments are known to affect
the thermodynamics and kinetics of nucleic acid interactions [20]. The molecular environment of an
aqueous solution is also substantially affected by addition of organic solvents. Solvents like ethanol,
methanol, dimethyl sulfoxide (DMSO), and N,N-dimethylformamide (DMF) have been employed to
improve oligonucleotide function in the polymerase chain reaction [21,22], molecular beacon assays [23],
DNA strand exchanges [24], and to assist DNAzyme functionalization [25–28]. The presence of organic
solvents changes the physical properties of a solution, and the organic molecules themselves may interact
with nucleic acids. Understanding the effects of the molecular environment on the activity of nucleic
acid enzymes is helpful for the use of the enzymes in practical applications.

Aqueous solutions containing water-soluble organic compounds at a concentration of a few to
several tenths of a percent have been used to investigate how environmental factors influence nucleic
acid behavior. These types of studies have shown that the solution composition influences base-pair
interaction energy, RNA folding, hydration status, and nucleic acid–metal ion interactions [20,29].
Polyethylene glycol (PEG) is a commonly used reagent in these studies. This polymer is water-soluble,
and highly purified PEGs of different molecular weights are commercially available. Notably,
low-molecular-weight PEGs exist as liquids and high-molecular-weight PEGs as solids at room
temperature. Mixed solutions, PEG-containing solutions in many cases, have been reported to increase
the rate of RNA cleavage by ribozymes, such as the group I intron ribozyme, human delta virus-like
ribozyme, hairpin ribozyme, leadzyme, and hammerhead ribozyme (see the references in [30]). Several
reports also exist on the catalytic activity of DNAzymes; in these cases, the reaction rates in mixed
solutions containing ethanol or other organic solvents were higher than those in the solution containing
no organic solvents [26–28]. These studies suggest the possibility of using mixed solutions to enhance
the activity of nucleic acid enzymes. However, the effects of solution composition on nucleic acid
behavior have been explained by a variety of different environmental factors: excluded volume
interactions (molecular crowding environment), reduced water activity (dehydrating environment),
and reduced dielectric constant (stronger electrostatic interaction environment) [31]. This uncertainty is
partly the result of the limited use of mixed solutions to discuss the major environmental factor in these
studies. In addition, most of the reported studies evaluated the catalytic activity under single-turnover
conditions. In contrast to the case of protein enzymes, the turnover of nucleic acid enzymes is
intrinsically difficult to achieve, because of the stable base-pairing interactions that are established
with substrate strands and because of the slow kinetics of Watson-Crick base-pair opening. Methods
for enhancing the turnover number would be useful to increase the effectiveness of technologies based
on the catalytic activity of nucleic acid enzymes.

The hypothesis can be made that organic solvents that reduce the strength of base-pairing
interactions facilitate the release of reaction products and thus increase the catalytic turnover of the
reactions catalyzed by ribozymes and DNAzymes. Here, we investigated the activities of several
types of RNA-cleaving and RNA-ligating nucleic acid enzymes under single- and multiple-turnover
conditions, using 21 different mixed aqueous solutions containing PEGs with an average molecular
weight ranging from 2 × 104 to 2 × 102, ethylene glycol derivatives (ethylene glycol (EG), glycerol
(Glyc), 1,3-propanediol (PDO), 2-methoxyethanol (MME), and 1,2-dimethoxyethane (DME)), small
primary alcohols (methanol (MeOH), ethanol (EtOH), and 1-propanol (PrOH)), amide compounds
(urea, formamide (FA), DMF, and acetamide (AcAm)), aprotic compounds (acetonitrile (AcCN), DMSO,
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and 1,4-dioxane (DOX)), or dextran with an average molecular weight of 1 × 104 (Dex). These solutions
have different dielectric constant, water activity, and viscosity. Furthermore, the additives may
directly interact with nucleic acids, and additives of large size occupy large volumes from which other
molecules are excluded. These factors potentially influence the thermodynamics and kinetics of nucleic
acid interactions [20]. Results show that the ribozymes and DNAzymes used in this study remain
active in many mixed solutions, and they may even display enhanced catalytic activity. Although
destabilization of base pairing between the enzyme and substrate was expected to beneficial for the
catalytic turnover, the mixed solutions did not increase the turnover rate of the enzymes having
extended base pairing. Our data provide insight into the catalytic activity of nucleic acid enzymes in
the presence of organic compounds. This insight can improve the quality of medical and technological
applications of nucleic acid enzymes, such as their use in living cells or as biosensors.

2. Results

2.1. Substrate Cleavage by Ribozymes

The hammerhead ribozyme is a small RNA-cleaving ribozyme found in nature. Because of its
small size and high nuclease activity, this ribozyme is an attractive candidate for therapeutic and
diagnostic uses [2]. HH(S) and HH(L) investigated in this study are hammerhead ribozymes having
different number of base pairs formed with the substrate RNA (Figure 1a). HH(S) is a small sequence
motif that can form the catalytic core. HH(L) has the extended base pairing that allows the ribozyme to
form loop-loop tertiary interactions required for fast cleavage of the substrate [32,33]. Both ribozymes
exhibited high RNA cleavage activity under single-turnover condition in the presence of 10 mM
MgCl2, but the kinetic traces associated with substrate cleavage differed for the two systems. The time
course of substrate cleavage by HH(S) was closely approximated by a single-exponential function [34],
whereas HH(L) showed a biphasic kinetic behavior, whereby ~10% of the substrate was cleaved at a
fast rate (within less than a few seconds) and ~70% of it was cleaved at a slow rate (taking a few tens
of minutes), so that 80% substrate conversion was achieved after completion of the slow phase of the
reaction (Figure 1b). This observation is consistent with a previous report that an extended ribozyme
having a similar sequence to HH(L) showed a biphasic kinetic behavior [32]. It is regarded that
substrate cleavage by the extended ribozyme proceeds through multiple reaction pathways: the fast
phase of the reaction reflects the cleavage of the catalytically active complex, whereas its slow phase
reflects the contribution of the slow conversion of kinetically trapped conformations, such as those
due to misfolding or interfering secondary structures, to the active complex.

The presence of 20% PEG8000 (with an average molecular weight of 8 × 103) or PEG200 (2 × 102)
influenced the single-turnover reaction rate. We have previously reported the enhancement of the
rate of cleavage catalyzed by HH(S) in mixed solutions containing PEG8000 or PEG200 [34,35].
When HH(L) was investigated, the effects of PEG on the fast and slow phases of the reaction were
different: the amplitude of the fast phase conversion increased 9.8-fold with PEG8000 and 5.3-fold with
PEG200, although the rates were too fast for the rate constants to be determined. The rate of the slow
phase was not affected by the addition of PEGs, and the amplitude after completion of the slow phase
reached ~80% conversion, the same level observed in the absence of PEG (Figure 1b). These results
suggest that the molecular environment made up of PEG-containing aqueous solutions increases the
amount of the catalytically active complex with respect to the case of the solution containing no organic
additives; however, it does not significantly affect the rate of the conformational change necessary for
the formation of the active complex.
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Figure 1. (a) Structures of the hammerhead ribozymes and their substrates used in this study.
The cleavage sites are indicated by arrowheads. (b) Kinetic traces for substrate cleavage catalyzed
by HH(L) under single-turnover conditions in the presence of 10 mM MgCl2 and in the absence
(black circles) and presence of PEG8000 (red squares) or PEG200 (blue triangles). The data relative to
the first 5 min of the reaction are enlarged in the inset. (c) Kinetic traces for substrate cleavage catalyzed
by HH(S) (closed symbols) and HH(L) (open symbols) under multiple-turnover conditions in the
presence of 10 mM MgCl2 and in the absence (black circles) and presence of PEG8000 (red squares)
or PEG200 (blue triangles). (d) Increments of the turnover rate of the reactions catalyzed by HH(S)

(closed symbols) or HH(L) (open symbols) in the presence of 10 mM MgCl2 plotted against the amount
of PEG8000 (red squares) or PEG200 (blue triangles) in solution. (e) Plot of the increments of the
turnover rate of the HH(S)-catalyzed reaction in the presence of 10 mM MgCl2 against the inverse
of the relative dielectric constant of solutions. The data obtained using 10% or 30% PEG solutions
(PEG8000 and PEG200) are also included (triangles). The correlation coefficient of a linear fit is 0.94.

The cleavage rates of HH(S) and HH(L) under multiple-turnover conditions were investigated using
a 20-fold excess of substrate RNA to ribozyme. In principle, at least two kinetic stages exist for the reaction:
the first round of substrate cleavage (accounting at most for 5% of the reaction yield) and the subsequent
rounds of cleavage. The kinetic data showed that HH(S) had high turnover activity in the presence of
10 mM MgCl2 (the turnover number was greater than 10 after 1.5 h), and the turnover rate increased 5.1-fold
after addition of PEG8000 and 2.4-fold after addition of PEG200 (Figure 1c). By contrast, the extended
ribozyme HH(L) displayed lower turnover activity than HH(S), both in the presence and absence of PEGs
(the turnover number was less than three after 6 h). The turnover rate of the HH(S)-catalyzed reaction
increased linearly with the amount of PEG (5–30%), but the turnover rate of the HH(L)-catalyzed reaction
did not change significantly even when using 30% PEG solutions (Figure 1d).

To identify the environmental factor causing the observed effect of PEGs on HH(S), we investigated
the effects of other mixed solutions having various physical properties. The kinetic data showed
that the turnover rate increased in many mixed solutions with respect to the solution containing no
organic additives (Table 1). Analysis of the correlation with the values of solution properties revealed
that the turnover rate was highly correlated with the dielectric constant of the medium (Figure 1e),
but the rate was not correlated with water activity, viscosity, or the additives’ molecular weight
(Figure S1). These results suggest that the rate enhancement in mixed solutions was predominantly
caused by electrostatic effects. These same correlations were previously reported for the single-turnover
rates [35], suggesting that reaction rate enhancements resulted from the same mechanism in both reaction
conditions. The decrease in dielectric constant observed as a result of the formation of mixed solutions
may strengthen the binding interaction between nucleic acids and Mg2+ ions, which is a required process
for the formation of the active complex and for catalysis. Consistent with the strengthening of Mg2+

binding to the ribozyme, the increase in turnover rate was more pronounced when MgCl2 concentration
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decreased to 1 mM. In particular, the turnover rate increased more than 10-fold in mixed solutions
containing PEG20000, PEG8000, and PEG2000 (13, 17, and 10-fold, respectively) with respect to the
solution containing no organic additives (Table 1).

Table 1. Fold increase in the rate of the HH(S)-catalyzed turnover reaction in mixed solutions over the
rate in the absence of organic additives.

Solution 1 10 mM
MgCl2

1 mM
MgCl2

Solution 1 10 mM
MgCl2

1 mM
MgCl2

Solution 1 10 mM
MgCl2

1 mM
MgCl2

PEG20000 3.4 13 PDO 1.7 2.8 FA 0.32 <0.02
PEG8000 5.1 17 MME 2.4 3.9 DMF 1.3 <0.02
PEG2000 3.3 10 DME 4.4 11 AcAm 1.0 <0.02
PEG600 2.5 6.8 MeOH 2.4 4.9 AcCN 2.7 6.5
PEG200 2.4 5.5 EtOH 2.5 4.8 DMSO 1.4 1.2

EG 2.0 1.3 PrOH 3.2 6.0 DOX 1.9 4.6
Glyc 1.1 1.3 Urea 0.10 <0.02 Dex 1.4 2.5
1 Abbreviations: PEG (polyethylene glycol with an average molecular weight ranging from 2 × 104

to 2 × 102); EG (ethylene glycol); Glyc (glycerol); POD (1,3-propanediol); MME (2-methoxyethanol);
DME (1,2-dimethoxyethane); MeOH (methanol); EtOH (ethanol); PrOH (1-propanol); FA (formamide);
DMF (N,N-dimethylformamide); AcAm (acetamide); AcCN (acetonitrile); DMSO (dimethyl sulfoxide);
DOX (1,4-dioxane); and Dex (dextran with an average molecular weight of 1 × 104).

2.2. Substrate Cleavage by DNAzymes

The DNA enzyme named 17E DNAzyme is a variant of the 8–17 DNAzyme obtained through
in vitro selection [36,37]. This enzyme is relatively small in size and can cleave a substrate sequence
in the presence of Mg2+ or other metal ions. Notably, it can be engineered to have nuclease activity
in various situations, including in vivo, in blood serum, and when anchored on the surface of a
biosensor [7,38–40]. Notably, this enzyme is being tested in clinical trials [3]. 17E(S) and 17E(L) are
DNAzymes having different number of base pairs formed with the substrate DNA–RNA chimeric
strand, and substrate hydrolysis occurs at a single RNA nucleotide (rA) site (Figure 2a). With these
DNAzymes, rapid substrate cleavage was observed, reaching ~90% efficiency under single-turnover
conditions in the presence of 10 mM MgCl2. The reaction rates of both enzymes were approximated
by single exponential functions characterized by similar rate constants (0.39 min−1 and 0.50 min−1,
for 17E(S) and 17E(L), respectively) in the solution containing no organic additives. This observation
indicates the absence of kinetically trapped alternate conformations of the extended DNAzyme 17E(L).
In contrast to the hammerhead ribozyme, 17E(S) did not show an increase in the single-turnover rate
in the presence of PEG8000 (0.20 min−1) and showed a decreased rate in the presence of PEG200
(0.097 min−1), as shown in Figure 2b. The same effects of the presence of PEGs in solution were
observed for 17E(L) (0.39 min−1 with PEG8000 and 0.11 min−1 with PEG200).

The rate of the substrate cleavage catalyzed by 17E(S) under multiple-turnover conditions did
not show any marked change in the presence of PEG8000, and it showed a reduction in the presence
of PEG200 (Figure 2c). When other mixed solutions were investigated, all mixed solutions, except
those containing PEG20000 and Dex, substantially decreased the cleavage rate (Table 2). Specifically,
addition of amide compounds almost completely eliminated the catalytic activity and addition of
primary alcohols or aprotic compounds greatly decreased the turnover rate. The decreases in turnover
rate observed in mixed solutions were characterized by the decreases in single-turnover rate (Table S1).
This result suggests that the turnover rate is primarily determined by the single-turnover activity and
that the effect of mixed solutions on product release is unlikely to be important. Correlation analyses
revealed that the turnover rate (and also the single-turnover rate) had no significant correlation with the
values of solution properties (Figure S2a–c). In addition, although the catalytic activity was observed
to increase with the size of the additives, only a weak correlation was determined to exist with the
additives’ molecular weight (Figure S2d). It was also found that the effects of large PEGs and Dex
were particularly pronounced in the presence of 1 mM MgCl2, with 16-, 11-, 8.2-, and 5.1-fold rate
enhancements in the presence of PEG20000, PEG8000, PEG2000, and Dex, respectively (Table 2).

117



Catalysts 2017, 7, 355

Figure 2. (a) Structures of the 17E DNAzymes and their substrates used in this study. The cleavage
sites are indicated by arrowheads. (b) Kinetic traces for substrate cleavage catalyzed by 17E(L) under
single-turnover conditions in the presence of 10 mM MgCl2 and in the absence (black circles) and
presence of PEG8000 (red squares) or PEG200 (blue triangles). (c) Kinetic traces for substrate cleavage
catalyzed by 17E(S) (closed symbols) and 17E(L) (open symbols) under multiple-turnover conditions in
the presence of 10 mM MgCl2 and in the absence (black circles) and presence of PEG8000 (red squares)
or PEG200 (blue triangles). (d) Tm values of the DNA structure presented in the inset evaluated in
solutions containing 10 mM MgCl2 (black) or 1 mM MgCl2 (gray), with and without EG, PEGs, or Dex.
(e) Plot of the increments of the turnover rate of the 17E(S)-catalyzed reaction against ΔTm in the
presence of 10 mM MgCl2 (black) or 1 mM MgCl2 (gray), excluding the data for reactions characterized
by a very slow rate. The data obtained using 10% or 30% PEG solutions (PEG8000 and PEG200) and
EtOH solution are also included (triangles). The correlation coefficient of a linear fit is 0.97.

Table 2. Fold increase in the rate of the 17E(S)-catalyzed turnover reaction in mixed solutions over the
rate in the absence of organic additives.

Solution
10 mM
MgCl2

1 mM
MgCl2

Solution
10 mM
MgCl2

1 mM
MgCl2

Solution
10 mM
MgCl2

1 mM
MgCl2

PEG20000 1.8 16 PDO 0.14 0.073 FA <0.001 <0.03
PEG8000 1.2 11 MME 0.0041 <0.03 DMF <0.001 <0.03
PEG2000 1.0 8.2 DME 0.052 0.28 AcAm <0.001 <0.03
PEG600 0.27 0.49 MeOH 0.022 0.076 AcCN <0.001 <0.03
PEG200 0.095 0.064 EtOH 0.0026 0.041 DMSO 0.0051 <0.03

EG 0.11 0.040 PrOH <0.001 <0.03 DOX 0.0029 <0.03
Glyc 0.083 0.040 Urea <0.001 <0.03 Dex 1.6 5.1

To understand the effects of the mixed solutions on the turnover rate of the 17E(S)-catalyzed
reaction, the thermal stability of the complex between the DNAzyme and its substrate was studied using
a model DNA sequence of base pairs that gave the thermal melting temperature (Tm) of a two-state
transition. Analysis of the melting curve indicated that the DNA structure was destabilized in the
presence of small PEGs or EG, but it was slightly stabilized in the presence of large PEGs or Dex
(Figure 2d). When MgCl2 concentration decreased to 1 mM, the stabilization effects of large PEGs
increased. These results are in agreement with previous reports according to which small PEGs reduce
the stability of DNA base pairing [41–43] and large PEGs are able to increase the stability at low salt
concentrations [44]. Figure 2e shows the turnover rate increments plotted against the Tm changes (ΔTm)
obtained in the mixed solutions, excluding the data for reactions characterized by a very slow rate (with
a rate constant smaller than 1 × 10−3 h−1) as a degree of uncertainty exists for them. The turnover rate
decreased as the Tm decreased, and the correlation plots for the solutions containing 10 mM MgCl2 and

118



Catalysts 2017, 7, 355

those containing 1 mM MgCl2 overlapped with each other. Furthermore, the data obtained with different
PEG8000, PEG200, or EtOH concentrations (10% and 30%) fell on the correlation line. The high level of
correlation between the increments of the turnover rate and the ΔTm of a model DNA sequence of base
pairs indicates the importance of the stability of DNA interactions for the catalytic activity. In addition,
the analysis using the free energy change (ΔG◦) associated with complex formation inferred from the
melting curve showed that the turnover rate constant is also correlated with the value of ΔG◦ (Figure S2e).
These correlation plots may be useful for predicting the turnover rate in other mixed solutions or in
solutions containing Mg2+ at concentrations not employed in this study. They may also be used to find
the conditions that can enhance the turnover activity of the DNAzyme. Conversely, the presence of
organic additives did not increase the turnover rate of the reaction catalyzed by the extended DNAzyme
17E(L), as shown in Figure 2c, regardless of the ability of the mixed solutions to cause changes in the
single-turnover rate comparable to those of 17E(S) (Figure S2f).

2.3. Substrate Ligation by Ribozyme and DNAzyme

Several types of RNA-ligating ribozymes exist that catalyze the formation of covalent bonds
between two RNA strands. This study investigated the ligase ribozyme derived from the R3C ribozyme
obtained through in vitro selection [45,46]. This ribozyme catalyzes the formation of a phosphodiester
bond between the 5′-triphosphate and 3′-hydroxyl termini of substrate RNAs in the presence of
Mg2+. R3C(H) catalyzes the ligation of the ribozyme with a substrate RNA, and R3C(T) catalyzes the
ligation of two substrate RNAs (Figure 3a). R3C(H) was used for the analysis of single-turnover rate,
and R3C(T) was used to analyze the turnover rate. We also investigated 9DB1 shown in Figure 3a,
derived from the 9DB1 DNAzyme obtained through in vitro selection [47]. This DNAzyme catalyzes
the formation of a 3′,5′-phosphodiester bond of two substrate RNAs in the presence of Mg2+, and it
was designed to catalyze the ligation of the same substrates as the ligase ribozymes.

Figure 3. (a) Structures of the ligase ribozymes and DNAzyme and their substrates used in this study.
The ligation sites are indicated by arrowheads. (b) Kinetic traces for substrate ligation catalyzed
by R3C(H) under single-turnover conditions in the presence of 10 mM MgCl2 and in the absence
(black circles) and presence of PEG8000 (red squares) or PEG200 (blue triangles). (c) Kinetic traces for
substrate ligation catalyzed by 9DB1 under single-turnover conditions in the presence of 10 mM MgCl2
and in the absence (black circles) and presence of PEG8000 (red squares) or PEG200 (blue triangles).
(d) Kinetic traces for substrate ligation catalyzed by R3C(T) (closed symbols) and 9DB1 (open symbols)
under multiple-turnover conditions in the presence of 10 mM MgCl2 and in the absence (black circles)
and presence of PEG8000 (red squares) or PEG200 (blue triangles).
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Kinetic data showed that the single-turnover rate of the reaction catalyzed by R3C(H) in the
presence of 10 mM MgCl2 was comparable to the rates obtained for the nuclease enzymes. Addition of
PEGs to the solution increased the ligation rate (Figure 3b); and the same effect was observed for many
organic additives, but addition of amide compounds greatly decreased the rate (Table 3). When the
MgCl2 concentration decreased to 1 mM, almost no reaction was observed either with or without
organic additives. Similar results were observed for 9DB1, although the increments of the ligation rate
with respect to the solution containing no organic additives were, in most cases, greater than those
observed for R3C(H) (Figure 3c and Table 3). Correlation analyses showed a less significant correlation
between the single-turnover rates and the values of solution properties, the additives’ molecular
weight, or base-pair stability (data not shown), suggesting that the activity of these enzymes is not
simply determined by a single environmental factor. On the other hand, experiments with R3C(T) and
9DB1 showed no turnover activity whether or not organic additives were present (Figure 3d). In the
case of these ligase enzymes, therefore, mixed solutions are not useful to enhance turnover activity,
but they are when it comes to the single-turnover activity.

Table 3. Fold increase in the rates of the R3C(H)-catalyzed and 9DB1-catalyzed single-turnover
reactions in mixed solutions in the presence of 10 mM MgCl2 over the rates in the absence of
organic additives.

Solution R3C(H) 9DB1 Solution R3C(H) 9DB1 Solution R3C(H) 9DB1

PEG20000 1.6 4.2 PDO 1.2 2.6 FA <0.001 <0.001
PEG8000 2.0 4.6 MME 1.9 3.3 DMF 0.26 <0.001
PEG2000 1.6 6.8 DME 1.2 1.9 AcAm 0.30 <0.001
PEG600 1.3 4.2 MeOH 1.5 4.5 AcCN 1.8 4.5
PEG200 2.0 4.1 EtOH 2.2 2.4 DMSO 1.7 2.5

EG 1.0 2.8 PrOH 1.8 3.9 DOX 1.3 3.8
Glyc 1.2 1.1 Urea <0.001 <0.001 Dex 1.3 0.89

3. Discussion

3.1. Classification of the Mixed Solutions Based on the Effects on Nucleic Acids

In this study, we investigated the single- and multiple-turnover kinetics of nucleic acid enzymes
in various mixed aqueous solutions that contain water-soluble organic cosolvents or cosolutes.
These organic additives may alter the physical properties of solution, interact with nucleic acids,
and introduce areas of excluded volume [20,31]. Most mixed solutions have lower dielectric constant
values than pure water, and the additives, such as large PEGs, MME, DME, EtOH PrOH, and DOX,
significantly lowers the dielectric constant of solution. The dielectric constant affects the strength of
electrostatic interactions, including metal ion binding to nucleic acid phosphate groups. Hydrophilic
additives, such as EG, small primary alcohols, and AcCN significantly reduce the water activity of
solution. Water activity affects base pairing and tertiary folding accompanied by water association or
release (hydration changes). In addition, preferential binding to or exclusion of additives from nucleic
acid surface also affects the stability of nucleic acid interactions. The additives, such as MME, PrOH,
amide compounds, AcCN, and DOX, significantly reduce the stability of base-pairing interactions.
On the other hand, large PEGs and Dex occupy large volumes and increase the viscosity of solution.
Viscosity affects the rate of substrate hybridization and the excluded-volume effect facilitates nucleic
acid hybridization and folding into a compact structure by increasing effective concentration and
restricting conformational dynamics. Accordingly, the molecular environment of mixed solutions is
assumed to influence the activity of the nucleic acid enzymes through a combination of mechanisms.

The data shown in Tables 1–3 suggest the possibility to employ mixed solutions as reaction media
of these enzymes. The solutions containing large PEGs increased the catalytic activity of all tested
ribozymes and DNAzymes, even although these enzymes have different catalytic core sequences,
tertiary interactions, roles of metal ions, and mechanism of catalysis. The solutions containing small
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PEGs, ethylene glycol derivatives, small primary alcohols, and aprotic compounds increased the
turnover rate of the reactions catalyzed by HH(S) and the single-turnover rates catalyzed by R3C(H)

and 9DB1, but they reduced the turnover rate catalyzed by 17E(S). The solutions containing amide
compounds greatly reduced the catalytic activity of these enzymes, particularly at the low MgCl2
concentration of 1 mM. This classification based on the chemical structure and size of additives
can provide some explanation for the effects on the activity of the nucleic acid enzymes, and the
correlation analyses have further determined the environmental factors causing the observed effect
of the additives on HH(S) and 17E(S). Conversely, the mixed solutions did not increase the turnover
rate of the extended nuclease enzymes HH(L) and 17E(L) and the ligase enzymes R3C(T) and 9DB1.
These observations were attributed to the reduced tendency to allow the dissociation of the long
reaction products, due to the high stability of base-pairing interactions.

3.2. Comparison of the Effects of Mixed Solutions on the Nucleic Acid Enzymes

3.2.1. Effects on the Hammerhead Ribozyme

The turnover rate of the HH(S)-catalyzed reaction increased in many mixed solutions with respect
to the solution containing no organic additives. This result indicates that many kinds of organic
additives are useful for enhancing the turnover activity of the hammerhead ribozyme. It has been
reported that the stability of base pairing and tertiary folding is reduced in the presence of organic
solvents, particularly amide compounds that are known to substantially destabilize nucleic acid
structures [31,44]. However, this destabilization effect seemed not to cause a disruption of interactions
necessary for the formation of the active conformation, such as a network of hydrogen bonds [48],
in the presence of 10 mM MgCl2. The correlation plot of Figure 1e suggests that the dielectric constant
influences the turnover rate. A simple interpretation of this correlation is that the transition state is
electrostatically stabilized in less-polar media. However, our previous study identified an apparent
increase in Mg2+-binding affinity to HH(S) in mixed solutions with a low dielectric constant [34,35].
The substrate cleavage catalyzed by the hammerhead ribozyme requires the involvement of several
Mg2+ ions, and at least one Mg2+ ion binds to the site with highly negative electrostatic potential
located near the scissile phosphate of the substrate [49]. This mechanism is consistent with the
dielectric constant effect that facilitates electrostatic Mg2+ binding and allows greater enhancement of
the turnover activity observed at the low Mg2+ concentration of 1 mM. In the cellular environment,
the dielectric constant is relatively low [50,51] and the concentration of Mg2+ is as low as 1 mM or
less [52]. Thus, it is speculated that the hammerhead ribozyme is suitable for use in living cells,
for example to achieve intracellular mRNA cleavage and in vivo sensing.

3.2.2. Effects on the 17E DNAzyme

The activity of 17E(S) was not enhanced in the presence of many organic additives under both
single- and multiple-turnover conditions, in contrast to the case of HH(S). The result shows that
increasing the activity of the 17E DNAzyme is difficult to achieve using mixed aqueous solutions.
Correlation analysis revealed no significant contribution of the dielectric constant to the catalytic
activity of 17E(S). Conversely, the correlation plot shown in Figure 2e suggests that the stability of
DNA interactions strongly influences the turnover rate. However, the effects of mixed solutions on
the single-turnover rate of the reaction catalyzed by the extended DNAzyme 17E(L) were similar
to those measured for 17E(S). Thus, the destabilization effect on base pairing between the enzyme
and substrate is unlikely to be an important factor. It is possible that the mixed solutions reduce the
stability of DNA interactions important for formation of the catalytically active complex. Although
the detailed structure and enzymatic mechanism of the 17E DNAzyme have not been elucidated,
biophysical studies have shown the importance of Mg2+ binding and non-canonical hydrogen bonding
in the catalytic core for catalysis [53–55]. It is noted that an RNA-cleaving DNAzyme exhibiting high
activity in the presence of high ethanol concentration have been reported [27,28]. The active complex

121



Catalysts 2017, 7, 355

of this enzyme might be stable enough to overcome the destabilization effect of ethanol, unlike the
case of 17E(S). The turnover activity of 17E(S) was enhanced in the presence of large PEGs and Dex,
which increased the stability of DNA interactions. As the large-sized additives are characterized by an
excluded-volume effect, this DNAzyme might be suitable for use as a probe anchored on the surface of
a sensing material, where the excluded volume of immobilized molecules is large.

3.2.3. Effects on the R3C Ribozyme and 9DB1 DNAzyme

The turnover of the reactions catalyzed by ligases is assumed to be more difficult to achieve than
it is for nucleases, because ligation leads to an increase in the number of base pairs, thus strengthening
the bonding between the enzyme and reaction products. As expected, no turnovers were observed
in the reactions catalyzed by R3C(T) and 9DB1 even in mixed solutions that greatly reduced the
stability of base-pairing interactions. By contrast, many mixed solutions increased the single-turnover
rates. The result indicates that the active complexes of these enzymes are stable enough to overcome
the destabilization effect of the organic solvents. However, addition of amide compounds greatly
decreased the ligation activity, suggesting the importance of the stability of catalytic active complex in
the mixed solutions for catalysis. Enhancements of the rate of the ligation catalyzed by 9DB1 DNAzyme
in mixed solutions containing ethanol, methanol, isoamyl alcohol, acetone, DMSO, or DMF have been
previously reported [26]. Our results exhibited that many other organic compounds also have an
ability to enhance the activity of this DNAzyme, although the activity was completely abolished at
the low MgCl2 concentration of 1 mM. Although the detailed mechanism and structure of the R3C
ribozyme have not been elucidated, the crystal structure of 9DB1 DNAzyme has been reported, and it
shows the presence of tertiary interactions in the catalytic domain; however, the role of metal ions in
the reaction remains unclear [56]. The mixed solutions enhanced the catalytic activities of both R3C(T)

and 9DB1, implying a similar mechanism by which the environmental factors influence the activity of
these enzymes, whereas correlation analyses suggested that changes in the activity of these enzymes
was not determined by a single environmental factor. It is mentioned that the cleavage and ligation of
RNA strands are related to RNA evolution and the RNA world, where the prebiotic environment is
likely to contain organic compounds. It is fascinating to speculate on the contribution of environmental
factors to the evolution of functional RNAs.

4. Materials and Methods

4.1. Materials

The hammerhead ribozyme, ligase ribozyme, and substrate RNAs having a 5′-triphosphate group
were prepared by in vitro transcription using T7 RNA polymerase and purified by polyacrylamide gel
electrophoresis, as described previously [34]. Other RNAs, DNAs, and a DNA–RNA chimeric strand,
purified by high performance liquid chromatography, were purchased from Hokkaido System Science
(Sapporo, Japan) or Fasmac (Atsugi, Japan). All reagents used for preparing buffer solutions were
purchased from Wako Chemicals (Osaka, Japan) with the following exceptions: 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES), 3-[4-(2-hydroxyethyl)-1-piperazinyl]propanesulfonic acid
(HEPPS), and the disodium salt of ethylenediaminetetraacetic acid (Na2EDTA) were purchased from
Dojindo (Kumamoto, Japan); PEG with an average molecular weight of 8 × 103 was purchased from
MP Biomedicals (Tokyo, Japan); 2-methoxyethanol and 1,2-dimethoxyethane were purchased from
TCI (Tokyo, Japan); and dextran with an average molecular weight of 1 × 104 from Sigma-Aldrich
(St. Louis, MO, USA). Values of solution properties (relative dielectric constant, water activity,
and viscosity) were determined, as described previously [44].

4.2. Kinetic Studies on the Ribozymes and DNAzymes

Kinetics of the reactions catalyzed by hammerhead ribozymes and 17E DNAzymes were measured
in buffer solutions comprising 50 mM HEPES, 50 mM NaCl, and 0.1 mM Na2EDTA. The pH of this
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solution was adjusted to 7.0 at 37 ◦C. Kinetics of the reactions catalyzed by R3C ligase ribozymes
and 9DB1 DNAzymes were measured in buffer solutions comprising 50 mM HEPPS, 50 mM NaCl,
and 0.1 mM Na2EDTA. The pH of this solution was adjusted to 8.0 at 37 ◦C. Mixed aqueous solutions
were prepared by adding a cosolvent or cosolute at a concentration of 20% by weight, unless
otherwise stated.

Substrate strands were fluorescently-labeled either with carboxyfluorescein (FAM) or
carboxytetramethylrhodamine (TAMRA) at the 5′-end. For single-turnover reactions, substrate cleavage
was measured using a 2 μM concentration of ribozyme (or DNAzyme) and a 0.1 μM concentration of
substrate, and substrate ligation was measured using a 1 μM concentration of ribozyme (or DNAzyme)
and a 0.1 μM concentration of substrate. For multiple-turnover reactions, substrate cleavage was
measured using a 5 nM concentration of ribozyme (or DNAzyme) and a 0.1 μM concentration of substrate,
and substrate ligation was measured using a 10 nM concentration of ribozyme (or DNAzyme) and a
0.1 μM concentration of substrate or a 0.1 μM concentration of fluorescently-labeled 5′-fragment substrate
and a 1 μM concentration of non-labeled 3′-fragment substrate to be used for the ligation of two substrate
RNAs. Before initiating the reaction by adding MgCl2 at 37 ◦C, the enzyme and substrate(s) were annealed
in the buffer solution at 60 ◦C, in the case of the nuclease enzymes, or 80 ◦C, in the case of the ligase
enzymes. The reactions were quenched by mixing the reaction mixture with a 90% formamide solution
containing 100 mM Na2EDTA. The quenched solutions were then loaded onto a 20% polyacrylamide
gel containing 7 M urea. After gel electrophoresis, the fluorescence emission from fluorescently-labeled
strands was quantified using a fluorescence scanner (FLA-7000, Fujifilm, Tokyo, Japan).

The rate constant (k) for substrate cleavage or ligation was determined from a plot
of the fraction of the reaction product against time, fitted to a single-exponential equation
f = f 0 + (f max − f 0){1 − exp(−kt)}, where f 0 is the fraction at time zero and f max is the fraction at
the end of the reaction. A linear approximation was used to calculate the k value of very slow reactions.

4.3. Thermal Stability Measurements

Thermal melting curve of a DNA structure was obtained by monitoring absorption at 260 nm
using a spectrophotometer (UV1800, Shimadzu, Kyoto, Japan) equipped with a temperature controller.
Oligonucleotides at a strand concentration of 2 μM were prepared using a buffer solution comprising
50 mM HEPES, 50 mM NaCl, 10 mM MgCl2, and 0.1 mM Na2EDTA. The pH of this solution was
adjusted to 7.0. Mixed solutions were prepared at a concentration of organic additives of 20% by
weight, unless otherwise stated. The solutions were placed in a cuvette sealed with an adhesive sheet.
After annealing at a cooling rate of 2 ◦C min−1, the melting curve was measured at a heating rate of
0.5 ◦C min−1. The value of Tm, defined as the temperature at which half of the structure was denatured,
and ΔG◦ at 37 ◦C were determined from the shape of the melting curve, as described previously [43].

5. Conclusions

The molecular environment of mixed aqueous solutions that contain organic compounds can
enhance the catalytic activity of the hammerhead ribozyme, 17E DNAzyme, R3C ribozyme, and 9DB1
DNAzyme. In particular, the addition of large PEGs to aqueous reaction media effectively increased the
rate of the reactions catalyzed by these enzymes, but systematic investigation using different kinds of
mixed solutions and correlation analyses revealed that the effect of PEGs on the catalytic reaction rates
had different origins with different enzymes. The activity of the hammerhead ribozyme was enhanced
by a decrease in dielectric constant of the medium, because such decrease led to stronger Mg2+

binding interactions with the ribozyme. The activity of the 17E DNAzyme increased in the presence
of large-sized additives, as these compounds caused an increase in the stability of DNA interactions.
Although destabilization of base pairing between the enzyme and substrate was expected to beneficial
for the catalytic turnover, the mixed solutions did not increase the turnover rate of the hammerhead
ribozyme and 17E DNAzyme having extended base pairing. The ribozyme and DNAzyme ligases
evaluated in this study also showed no significant turnover activity, but their single-turnover rates
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increased in many mixed solutions with respect to the solution containing no organic additives. In this
case, however, the effects did not seem to be determined by a single environmental factor. These results
suggest that the mixed solutions can be widely used to enhance the activity of nucleic acid enzymes,
such as by modulating the physical properties of a solution and the stability of nucleic acid interactions.
The correlation analysis data appears to be a useful tool for predicting the effect of mixed solutions,
including those not evaluated in this study, on the activity of these enzymes. These findings provide
insight into the catalytic activity of nucleic acid enzymes under various conditions that are applicable
to the medical and technology fields, for example in living cells and in biosensors.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4344/7/12/355/s1, Table S1:
Increments of the single-turnover rates of the 17E(S)-catalyzed reaction, Figure S1: Correlation plots of the turnover
rates of the HH(S)-catalyzed reaction, Figure S2: Correlation plots of the turnover rates of the 17E(S)-catalyzed
reaction, and the increments of the single-turnover rates of the reactions catalyzed by 17E(S) and 17E(L).
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Abstract: The iminodiacetic acid-modified Nieuwland catalyst not only improves the conversion of
acetylene but also increases the selectivity of monovinylacetylene (MVA). A catalyst system containing
4.5% iminodiacetic acid exhibited excellent performance, and the yield of MVA was maintained at
32% after 24 h, producing an increase in the yield by 12% relative to the Nieuwland catalyst system.
Based on a variety of characterization methods analysis of the crystal precipitated from the catalyst
solution, it can be inferred that the outstanding performance and lifetime of the catalyst system was
due to the presence of iminodiacetic acid, which increases the electron density of Cu+ and adjusts the
acidity of the catalytic solution.

Keywords: acetylene dimerization; selectivity; performance; monovinylacetylene; iminodiacetic
acid-modified Nieuwland catalyst

1. Introduction

As one of the seven main synthetic rubber materials, chloroprene (CR) possesses good mechanical
properties and chemical stability [1] and is widely used in the adhesive and automobile industries
and also in other fields [2,3]. Acetylene dimerization facilitated by the Nieuwland catalyst to produce
monovinylacetylene (MVA) is the key step in the acetylene-based process for CR synthesis [4]. The main
process of this reaction is shown in the Scheme 1. CuCl, NH4Cl (or KCl) and water constitute the
traditional Nieuwland catalyst, which has several advantages, such as being environmentally friendly,
convenient to prepare, and low reaction temperature [5,6]. However, the drawbacks of this catalytic
system include low acetylene conversion rates and low MVA selectivity. Thus, much effort is still
needed to develop a more stable and efficient Nieuwland catalytic system to further improve the
activity and selectivity of the acetylene dimerization reaction.

Scheme 1. Acetylene-based process for 2-chloro-1,3-butadiene production.

Because of the practical importance and the long history of the Nieuwland catalyst, recent
studies on the reaction mechanism [1,6–9], catalyst structure [10,11], and factors affecting the catalytic
performance [11–19] have attracted significant attention. In general, it catalyzes a homogenous
transition metal-catalyzed organic transformation; the addition of a second metal and ligand/additive

Catalysts 2017, 7, 394; doi:10.3390/catal7120394 www.mdpi.com/journal/catalysts127



Catalysts 2017, 7, 394

results in changes in the electronic structure of the active metal, thus causing change in the performance
of the catalyst; the change in the electronic structure of the active metal may be due to an electron
transfer between the active metal and second metal or ligand/additive. In the catalytic recycling
of acetylene dimerization, the electron transfer from Cu in CunCl−n+1 (the active component in the
Nieuwland catalyst) to the π* orbital of the C≡C bond is an important step, which acts as an activating
C≡C bond. Additionally, when the electron density of Cu(I) is higher, a higher catalytic activity
is obtained. Consequently, several groups have successfully improved the acetylene dimerization
reaction using this strategy. For example, Tao et al. reported that the addition of urea [20], phosphine
ligands [21], LaCl3 [22,23], and CeCl3 [24] to a Nieuwland catalyst solution can effectively enhance
the acetylene conversion or MVA selectivity. Han et al. reported that the addition of DL-alanine
to the Nieuwland catalyst can reduce the activity of acetylene dimerization and improve the MVA
selectivity [25]. We also found that the addition of SrCl2 [26], ZnCl2 [27], PEGs [28], and CuCl2 [9] can
improve the selectivity of MVA or the lifetime of the catalyst. However, these modified catalysts can
only improve either the acetylene conversion or MVA selectivity, and simultaneous improvements in
conversion and selectivity have not been reported in the literature.

In this paper, we report iminodiacetic acid as an efficient ligand, which can simultaneously
improve acetylene conversion and MVA selectivity, for acetylene dimerization catalyzed using the
Nieuwland catalyst. With the iminodiacetic acid-modified Nieuwland catalyst, a 38.0% yield for
acetylene conversion and 84.2% yield for MVA selectivity were obtained; the yields are comparatively
higher than that obtained with the traditional Nieuwland catalyst. Moreover, the structures and
reaction mechanism of the catalysts are also discussed. These results provided a new idea for improving
the performance of Nieuwland catalyst, and this method is viable for use in both laboratory research
and large industrial scales for acetylene-based CR production in the future.

2. Results and Discussion

2.1. Catalytic Activities of NC and L-NC

Initially, the catalytic performances of NC and L-NC were tested under fixed reaction conditions
(space velocity of acetylene = 105 h−1, reaction temperature = 80 ◦C, L: CuCl = 0.03:1), and the results
are shown in Figure 1 and Table 1. For acetylene conversion, all five ligands promoted the initial
catalytic activity of NC and enhanced the catalyst stability for acetylene dimerization. The order of
the catalyst activity is L4-NC > L1-NC > L3-NC > L2-NC > L5-NC ≈ NC. For MVA selectivity, all the
L-NCs exhibited good selectivity in the range of 76–87%, whereas there was only 76% MVA selectivity
for NC. This was surprising given the previous findings that a higher acetylene conversion resulted
in lower MVA selectivity. Taken together, L1 is the most efficient ligand in this reaction with 29.3%
acetylene conversion and 84.6% MVA selectivity. Subsequently, the results of the effect of the amount
of L1 showed that an optimal catalytic performance for acetylene dimerization was achieved when
4.5% of L1 was used, which is shown in Figure 2 and Table 2. The acetylene conversion and MVA
selectivity were 38% and 84.2%, respectively, with a 12% increase in yield in comparison with the
NC system.

Table 1. Effect of L1–L5 (3%) for acetylene dimerization.

Catalysts Acetylene Conversion (%) MVA Selectivity (%) Yield (%)

NC 26.4 76.4 20.1
L1-NC 29.3 84.6 24.8
L2-NC 27.3 87.5 23.8
L3-NC 28.8 79.4 22.9
L4-NC 29.7 78.5 23.3
L5-NC 26.3 87.1 22.9

Note: Space velocity of acetylene was 105 h−1 and reaction temperature was 80 ◦C. The data is the average of three
independent runs.
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Figure 1. (a) Conversion of C2H2 and (b) selectivity to monovinylacetylene (MVA) in acetylene
dimerization over NC and L-NC. (Reaction conditions: Space velocity of acetylene 105 h−1, reaction
temperature 80 ◦C, 3% of L1–L5).

Figure 2. (a) Conversion of C2H2 and (b) selectivity to MVA in acetylene dimerization over 0–7.5%
of L1. (Reaction conditions: Space velocity of acetylene 105 h−1, reaction temperature 80 ◦C).

Table 2. Effect of the amount of L1 for acetylene dimerization.

L1 (%) Acetylene Conversion (%) MVA Selectivity (%) Yield (%)

0 26.4 76.4 20.1
1.5 29.7 82.3 24.4
3.0 29.2 84.7 24.7
4.5 38.0 84.2 32.0
6.0 32.5 85.5 27.8
7.5 31.0 86.0 26.7

Note: Space velocity of acetylene was 105 h−1 and reaction temperature was 80 ◦C. The data is average of
independent three runs.

2.2. Stability Tests

Long-term stability experiments were conducted to compare the catalytic stabilities and performances
of NC, L1-NC, and HCl-NC (Figure 3 and Table 3). L1-NC exhibited an excellent catalytic performance
and stability, and the acetylene conversion and MVA selectivity remained stable with no obvious
decline observed within 24 h. In contrast, NC and HCl–NC exhibited distinctly lower catalytic
performances and stabilities.
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Figure 3. Catalytic performance of NC, 4.5% L1-NC and 0.8% HCl–NC. (Reaction conditions: Space
velocity of acetylene 105 h−1, reaction temperature 80 ◦C).

Table 3. Lifetime testing for three catalysts of NC, 4.5% L1-NC and 0.8% HCl–NC.

Catalysts Acetylene Conversion (%) MVA Selectivity (%) Yield (%)

NC 25.5 76.1 19.4
HCl-NC 27.2 80.5 21.9
L1-NC 37.5 84.4 31.7

Note: Space velocity of acetylene was 105 h−1 and reaction temperature was 80 ◦C. The data is average of
independent three runs.

2.3. Structures of Crystals A and B

Considering the high efficiency of L1, we investigated the relationship between the structure of
NC/L1-NC and the catalytic activity. Then, we separated crystals A and B from solutions of NC and
L1-NC via a freezing crystallization method, and we identified the composition of the crystals using
FT-IR, TG, TPD-MS, XRD, XRF, and XPS analysis.

The FT-IR spectrum of crystal A is shown in Figure 4a. The peaks at 3169 cm−1 and 1393 cm−1 are
characteristic peaks of O–H, and peaks representing N–H appeared at 3445 cm−1 and 1643 cm−1 [18].
In the catalyst solution, NH+

4 was hydrolyzed to produce NH3 (NH+
4 + 2H2O = NH3 · H2O + H+

3 O);
thus, we concluded that the crystal A contains H2O and NH3. As shown in Figure 4b, compared with
L1, the N–H stretching absorption peak blue-shifted by approximately 70 cm−1, which indicated that
N–H was likely coordinated with Cu(I) in the copper complex. The peaks at 3161 cm−1, 1400 cm−1,
and 904 cm−1 were identified as the characteristic peaks of O–H in the carboxyl group. The peak at
1718 cm−1 is due to the C=O stretching vibration. The band located at 1064 cm−1 can be assigned
to the C–N stretching vibration. Therefore, crystal B may contain H2O, NH3, and L1. These results
were also confirmed by the TPD-MS spectrum (Figure 5) because a peak for the m/z = 17 curve in the
temperature range of 200 ◦C–350 ◦C was obtained, which suggested that the weight loss corresponded
to NH3.

To further determine the composition of the catalyst, we performed thermal analysis (TG) on
crystals A and B (Figure 6). There were three weight losses for crystal A during the heating process.
The first weight loss began at 100 ◦C, which was mainly due to the loss of crystal water [10]. Obviously,
the second weight loss was due to the loss of NH3 [18]. We calcined crystal A and crystal B in a
tube furnace with nitrogen for 1 h at 450 ◦C; XRD studies of the residues showed that they contained
CuCl and CuCl2 (Figure 7). According to the TGA study for crystal A, three parts of the lost mass
percentages were 0.28%, 30.04%, and 69.68%. However, there was one additional part of the weight loss
between 375 ◦C and 405 ◦C for crystal B, and for crystal B, the four parts of the lost mass percentages
were 1.42%, 30.40%, 3.58%, and 64.6%. XRF examination of crystals A and B showed that their Cu/Cl
atomic ratios were both 2:3. Consequently, we can conclude that the compositions of crystal A and B
are Cu2Cl3·6NH3·1/20H2O and Cu2Cl3·1/10C4H7NO4·13/2NH3·3/10H2O, respectively.
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Figure 4. IR spectra of the crystal A (a), crystal B and L1 (b).

Figure 5. TPD-MS spectra of desorption of crystal A and B.

 
Figure 6. TG/DTG thermograms for the crystal A and crystal B.
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Figure 7. XRD pattern of heating product of the crystals A (a), B (b).

2.4. Action of the Ligand

As shown in Figure 8, the XPS results revealed that the binding energy of Cu 2p3/2 for crystal B
exhibited a 0.26 eV higher negative shift compared with crystal A. This negative shift is attributed to
the interaction between L1 and copper ions, which increases the electron density of Cu+ due to the
transfer of electrons from L1 to the Cu+ center. This result was also supported by the TG analysis
results of crystal B, whereas a higher desorption temperature for L1 in crystal B was required.

Figure 8. XPS spectra of Crystals A, B and CuCl for Cu 2p.

As mentioned above, the higher electron density of Cu(I) lead to a higher catalytic performance
in acetylene dimerization. Therefore, L1-NC exhibited the best catalytic performance (higher acetylene
conversion and MVA selectivity) and stability as described in Figures 1 and 3, which was due to
the strongest electronic donating and coordination capability of L1 with Cu(I) among the five tested
ligands [11]. Recently, Han et al. reported that the addition of a certain amount of hydrochloric
acid to the Nieuwland catalyst can inhibit the formation of the polymer and improve the catalyst
lifetime and acetylene conversion [18]. Fukuzumi et al. also reported that the addition of 2.86 mol %
diethylenetriaminepentaacetic acid (DTPA) can increase the maximum yield of MVA and improve the
product ratio of MVA to DVA, which may be due to the coordination of DTPA to the copper(I) active
species affected the stability of the copper(I)-MVA and copper(I)-DVA complexes [1]. However, the
present used additive L1, which has a similar structure to DTPA but with more weak chelating ability
and acidity, demonstrated higher catalytic performance. Therefore, both appropriate coordinate ability
and acidity are important factors for an additive to enhance the catalytic activity and catalyst lifetime.
At this point, L1 is more suitable than DTPA for acetylene dimerization in large-scale application
in industry.
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2.5. Relationship between the Valence of Copper and Catalytic Activity

The Cu+ ion is generally considered to be the main active component in the NC system. However,
our previous studies found that Cu2+ also plays an important role in the acetylene dimerization
reaction, and the deactivation of the anhydrous NC was caused by the transformation of Cu+ to
Cu2+ [9]. Hence, valence changes for copper species in fresh and used NC and L1-NC were evaluated
via high-resolution XPS, and the results are shown in Figure 9 and Table 4.

 
Figure 9. High-resolution XPS spectra of fresh NC, L1-NC and used NC, L1-NC.

Table 4. Relative content and binding energy of Cu+ and Cu2+ in fresh catalyst.

Catalyst

Area%, Binding Energy (eV)

Cu+ Cu2+

Fresh Used Fresh Used

NC 79.09 (932.53) 32.85 (932.51) 20.91 (934.87) 67.15 (934.88)
L1-NC 83.14 (932.31) 48.50 (932.30) 16.86 (934.51) 51.50 (934.56)

In fresh NC, peaks at 932.53 and 934.87 eV represented Cu+ and Cu2+, which had relative contents
of 79.09% and 20.91%, respectively, whereas the peak positions of Cu+ and Cu2+ were at 932.31 and
934.51 eV, respectively, with relative contents of 83.14% and 16.86% for fresh L1-NC. However, the
contents of Cu+ in the used NC and L1-NC were 32.85% and 48.50%, respectively. The higher content
of Cu+ in used L1-NC in comparison with that in the NC may be because L1 inhibited the reduction of
Cu2+ to Cu+. These results explain why L1-NC possesses a higher initial catalytic activity and has a
longer long-term lifetime than NC.
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3. Experimental

3.1. Materials and Catalyst Preparation

Reagent-grade CuCl (99%), NH4Cl (purity ≥ 99.5%), iminodiacetic acid (L1), 2-(1H-pyrazol-1-
yl)acetic acid (L2), 1H-tetrazole-1-acetic acid (L3), diglycolic acid (L4), and guanidineacetic acid (L5)
were purchased from Adamas (Shanghai, China).

The traditional Nieuwland catalyst was labeled as NC. The Nieuwland catalysts containing L1,
L2, L3, L4, and L5 were denoted as L1-NC, L2-NC, L3-NC, L4-NC, and L5-NC, respectively. The initial
amounts of L1–L5 are 3.0 mol % based on cuprous chloride (0.60 g, 0.56 g, 0.57 g, 0.60 g and 0.53 g,
respectively). The structure of the five ligands was shown in Figure 10.

Figure 10. The structure of the five ligands.

3.2. The Structure of the Reactor

The reaction was performed in a self-designed glass reactor with a length of 400 mm, an outer
diameter of 40 mm, an inner diameter of 20 mm. The reactor inner diameter contains the catalyst
solution. A sand core baffle was used at the lower end of the reactor to increase the contact area
between acetylene and the catalyst solution. The outer diameter was filled with circulating water to
control the temperature of the reactor.

3.3. Catalyst Preparation and the Dimerization Reaction of Acetylene

The flow diagram of acetylene dimerization device is shown in Figure 11. Before the start of
the reaction, the air in the pipe was removed by nitrogen during 30 min of continuous nitrogen flow.
Then, 8 g of NH4Cl and 15 mL of deionized water were added to the bubbled bed reactor at 80 ◦C
under nitrogen atmosphere. After the mixture bubbled for approximately 10 min, 14.81 g of CuCl
and a quantity of L1–L5 was added to the reactor under nitrogen atmosphere for at least 15 min
until these solids got completely dissolved; then, the catalyst was obtained. The flow of C2H2 was
regulated by a mass flowmeter. The gases in C2H2, such as H2S, PH3, and O2, were destroyed by
K2Cr2O7 and Na2S2O4 solutions. The acid gas and water were eliminated using a NaOH solution and
a drying tube, respectively. Then, the purified C2H2 flowed into a preheated catalyst-containing glass
reaction vessel. The gas mixture at the outlet of the reactor was analyzed via chromatography using a
Shimadzu (Suzhou, China) GC-2014C equipped with a GDX-301 chromatography column and a flame
ionization detector.
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Figure 11. Schematic diagram of the C2H2 dimerization system: 1 C2H2; 2 N2; 3, 4 partial pressure
valve; 5, 6 check valve; 7, 9 gas filter; 8, 10 mass flow controller; 11 K2Cr2O7 solution; 12 Na2S2O4

solution; 13 NaOH solution; 14 drying tube; 15 reactor; 16 Gas Chromatograph (GC-2014C).

3.4. Analytical Methods

The conversion of C2H2 (X) and the selectivity to MVA (S) as the criteria of catalytic performance
were defined as following equations, respectively.

X = [(λ2 + 2λ3 + 2λ4 + 3λ5)/(λ1 + λ2 + 2λ3 + 2λ4 + 3λ5)] × 100%

S = [2λ3/(λ2 + 2λ3 + 2λ4 + 3λ5)] × 100%

where, λ1, λ2, λ3, λ4 and λ5 are considered as the volume fraction of acetylene, acetaldehyde, MVA,
2-chloro-1,3-butadiene and 1,5-hexadien-3-yne (DVA) in the gas product.

3.5. Separation of Crystals A and B from the NC and L1-NC Solutions

Crystal A was obtained by gradually cooling the NC at 3 ◦C. It was filtrated and was washed
thrice with deionized water, and then, it was dried in a vacuum oven at 55 ◦C. The L1-NC was treated
using the same method to obtain crystal B.

3.6. Treatment of the Used Catalyst Solutions

After the acetylene dimerization reaction occurred, the polymer in the catalyst solution containing
NC or L1-NC was filtered, and the catalyst solution was dried in a vacuum oven at 55 ◦C.

3.7. Catalyst Characterization

FT-IR spectra of the samples in the range of 500 to 4000 cm−1 were obtained using a Bruker
(Karlsruhe, Gemany) Vertex70.

TG-DTG of the samples was carried out using a NETZSCH (Bavaria, Germany) STA 449 F3 Jupiter
under a nitrogen atmosphere. The temperature was increased from 50 ◦C to 900 ◦C at a rate of 10 ◦C min−1.

135



Catalysts 2017, 7, 394

X-ray diffraction (XRD) patterns were collected using a Bruker (Karlsruhe, Germany) D8
Advanced X-ray diffractometer with Cu–Kα irradiation (λ = 1.5406 Å) at 40 kV and 40 mA at wide
angles (10◦–90◦ in 2θ).

A Kratos AXIS Ultra DLD spectrometer (Manchester, UK) with a monochromatized, Al–Kα X-ray
source (225 W) was used to record the XPS data.

Elemental analysis of the crystals was carried out via X-ray fluorescence (XRF) using a Shimadzu
(Tokyo, Japan) XRF-1800 system (Rh target) at 40 kV and 1 mA with HS Easy software.

TPD-MS experiments were carried out using a Micromeritic (Atlanta, GA, USA) ASAP 2720
apparatus equipped with a TCD detector.

4. Conclusions

We demonstrated an iminodiacetic acid-assisted aqueous Nieuwland catalyst for the acetylene
dimerization reaction that can achieve a 38.0% yield for acetylene conversion and an 85% yield for
MVA selectivity with an increase in yield of 12% relative to the Nieuwland catalyst system. In this
transformation, iminodiacetic acid not only provides proper acidity of the catalyst solution but also
prevents Cu+ oxidation to Cu2+, which are beneficial for the catalytic activity and stability. Further
investigations on acetylene dimerization using this strategy are ongoing in our laboratory and will be
reported in the future.
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Abstract: The neutral Ru(II) complex κP-[RuCl2(η6-p-cymene)(CAP)] (1), and the two ionic complexes
κP-[RuCl(η6-p-cymene)(MeCN)(CAP)]PF6 (2) and κP-[RuCl(η6-p-cymene)(CAP)2]PF6 (3), containing
the water-soluble phosphine 1,4,7-triaza-9-phosphatricyclo[5.3.2.1]tridecane (CAP), were tested
as catalysts for homogeneous hydrogenation of benzylidene acetone, selectively producing the
saturated ketone as product. The catalytic tests were carried out in aqueous phase under transfer
hydrogenation conditions, at mild temperatures using sodium formate as hydrogen source. Complex
3, which showed the highest stability under the reaction conditions applied, was also tested for C=N
bond reduction from selected cyclic imines. Preliminary NMR studies run under pseudo-catalytic
conditions starting from 3 showed the formation of κP-[RuH(η6-p-cymene)(CAP)2]PF6 (4) as the
pivotal species in catalysis.

Keywords: 1,4,7-triaza-9-phosphatricyclo[5.3.2.1]tridecane; water-soluble phosphines; ruthenium
arene complexes; ketone and imine transfer hydrogenation; aqueous phase catalysis

1. Introduction

The importance of ruthenium compounds as homogeneous catalysts for the synthesis of fine
chemicals and pharmaceutical intermediates has been widely demonstrated [1–5]. Some of them
display high reactivity and selectivity in many catalytic transformations and, in particular, in the
hydrogenation of different unsaturated compounds, such as α,β-unsaturated ketones and imines, using
molecular H2 and transfer hydrogenation (TH) protocols as reducing agents [6–9]. The employment
of these last methodologies offers attractive advantages including the use of inexpensive and easy
to handle hydrogen donors instead of explosive hydrogen gas, mild reaction conditions, and the
possibility of using environmentally friendly solvents such as water [10–12]. The development of
metal complexes containing water soluble ligands is the most common strategy to perform catalytic
hydrogenations in water or under aqueous biphasic conditions and many organophosphines have
been prepared for this purpose [13,14].

The water soluble phosphine 1,3,5-triaza-7-phospaadamantane (PTA, Figure 1) and its derivatives
found large use as ligands for transition metal complexes active in homogeneous aqueous phase and
biphasic catalysis and in the course of last decade many reports concerning Ru-PTA catalysts appeared
in the literature [15–17]. For example, cyclopentadienyl (Cp) and pentamethylcyclopentadienyl
(Cp*) Ru(II) complexes such as [RuCpCl(PTA)2], [RuCp(MeCN)(PTA)2](PF6), [RuCp*Cl(PTA)2],
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and [RuCp*(MeCN)(PTA)2](PF6) were proven to be active catalysts for the hydrogenation of
benzylidene acetone (BZA) under H2 pressure in a biphasic water/octane solvent mixture
showing a high chemoselectivity to C=C double bond reduction [18,19]. Another class of
catalytically active compounds is represented by [RuCl2(η6-p-cymene)(PTA)] (RAPTA-C) and
[RuCl(η6-p-cymene)(PTA)2](BF4), which were shown to be active catalysts for the full hydrogenation
of various substituted arenes into the corresponding cyclohexanes under biphasic conditions [20].
Some Ru(II) complexes bearing ‘upper rim’ PTA derivatives—i.e., pending arms on the C atom adjacent
to the P donor (Figure 1)—were also tested in catalytic hydrogenation of acetophenone giving good
conversions even at room temperature using protocols based on the presence of both H2 gas and
tBuOK/iPrOH [21].

Figure 1. PTA ligand and Ru(II)-arene complexes bearing ‘upper rim’ PTA derivatives.

Recently, we reported on the synthesis of a new class of half-sandwich ruthenium arene complexes
bearing a higher homologue of PTA, namely 1,4,7-triaza-9-phosphatricyclo[5.3.2.1]tridecane, CAP [22].
As PTA, this compound is a white, air-stable solid under standard conditions, and it is moderately
water soluble with S(H2O)25 ◦C = 20 g L−1, about one order of magnitude lower than for PTA. Although
structurally very similar to PTA, CAP has a higher cage flexibility due to the presence of two CH2

spacers between the N atoms instead of one [23,24]. The Ru(II) complex κP-[RuCl2(η6-p-cymene)(CAP)]
(1, Figure 2) was obtained by reacting [RuCl2(η6-p-cymene)]2 with 2 equiv. of CAP in CH2Cl2 at
room temperature. The two cationic complexes κP-[RuCl(η6-p-cymene)(MeCN)(CAP)](PF6) (2) and
κP-[RuCl(η6-p-cymene)(CAP)2](PF6) (3, Figure 2) were synthesized by chloride abstraction from 1 with
TlPF6 either in the presence of MeCN or a second equivalent of CAP, respectively. These compounds
were tested in vitro for their cytotoxic activity against selected cancer cell lines with good results [22].

Figure 2. Ru(II)-arene complexes 1–3 bearing ligand CAP [22].

Based on the good catalytic properties shown by Ru(II) arene PTA complexes, we tested
complexes 1–3 as catalysts for the reduction of α,β-unsaturated compounds by a mild TH protocol
(HCOONa/H2O/MeOH), choosing BZA as model substrate. Complex 3 was also tested under
the same conditions for the C=N bond hydrogenation of selected cyclic imines to produce the
corresponding amines.
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Finally, in order to clarify the nature of catalytically active species involved in the hydrogenation
process, some preliminary mechanistic NMR experiments under pseudo-catalytic conditions were run
starting from 3 and the results are presented below.

2. Results

2.1. Catalytic Transfer Hydrogenation of BZA

As discussed above, several Ru(II) complexes including PTA and derivatives have been used
as homogeneous catalysts for hydrogenation of a wide variety of unsaturated substrates [15–17].
We selected benzylidene acetone (BZA) as model substrate for α,β-unsaturated ketones hydrogenation
(Scheme 1) and tested compounds 1–3 as catalysts using a TH protocol involving HCOONa/H2O with
a standard catalyst/substrate/formate ratio of 1:100:1000.

 

Scheme 1. Hydrogenation of benzylidene acetone (BZA).

Sodium formate was chosen as it is one of the mildest reducing agents with large compatibility
with various functional groups, also having good water solubility. To facilitate the formation of
a homogeneous liquid phase and to ensure complete solubility of all reagents, the tests were carried
out in a water/methanol 1:1 mixture. The results are summarized in Table 1.

Table 1. Catalytic transfer hydrogenation of benzylidene acetone (BZA) with complexes 1–3 a.

Entry Catalyst T (◦C) % Conv. Time (h) Yield A (%) b Yield B (%) b Yield C (%) b

1 1 60 60.0 24 45.3 13.0 1.7
2 c 1 60 18.7 24 14.2 4.4 0.1
3 1 80 99.4 4 82.0 5.2 12.2
4 c 1 80 76.3 4 61.7 12.8 1.8
5 2 80 82.6 4 68.9 11.5 2.2
6 c 2 80 51.9 4 40.4 10.8 0.7
7 3 80 71.8 24 52.3 15.8 3.7

96.0 48 68.7 13.5 13.8
8 c 3 80 66.5 24 46.6 17.8 2.1

92.5 48 73.5 13.0 6.0
9 RAPTA-C 80 99.5 24 93.2 3.2 3.1
10 c RAPTA-C 80 30.0 24 23.8 6.0 0.2
a General conditions: catalyst, 9.8 × 10−3 mmol; BZA, 0.98 mmol; HCOONa, 9.8 mmol; MeOH:H2O (1:/1),
6 mL. b GC values based on pure samples, except B (see Experimental Section): A = 4-phenyl-2-butanone;
B = 4-phenyl-3-buten-2-ol; C = 4-phenyl-2-butanol. c Hg(0) added (one drop).

At first, the catalytic run was carried out at 60 ◦C in the presence of complex 1 (entry 1) showing
a conversion of 60% after 24 h and a ca. 3.5:1 ratio between the saturated ketone (A) and the unsaturated
alcohol (B). When the temperature was raised to 80 ◦C (entry 3), the conversion reached 99.4% after 4 h
only. A high conversion of 82.6% was also observed with 2 after 4 h reaction under the same conditions
(entry 5), also in this case with high selectivity (83.4%) towards the saturated ketone. However,
darkening of the reaction mixture and the appearance of a black precipitate during tests run either
at 60 ◦C or 80 ◦C with both catalysts 1 and 2 suggested that these complexes were at least partially
decomposing under these conditions. This was confirmed by repeating the runs using the standard
Hg(0) poisoning test which resulted in the reduction of the catalytic activity. This was particularly
evident for complex 2, with an important decrease of conversion after 4 h at 80 ◦C (51.9%, entry 6, vs.
82.6%, entry 5).

For comparison, we tested complex RAPTA-C, i.e., the PTA analogue of 1, under the same reaction
conditions as in Table 1, entry 3. Also in this case a substantial drop of conversion was observed in the
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presence of Hg (30%, entry 10, vs. 99.5% without Hg, entry 9), indicating that a significant degree of
decomposition leading to undefined catalytically active phosphine-free species was probably occurring
also in the case of RAPTA-C.

Complex 3 was then tested and showed to be more stable than 1 and 2 under the catalytic
conditions applied as no black precipitate was observed during the catalytic runs even after 48 h at
80 ◦C. The catalytic activity was only slightly reduced in the presence of Hg(0), giving 92.5% BZA
conversion after 48 h at 80 ◦C (entry 8) compared to the 96.0% achieved in the test run without addition
of mercury (entry 7). The higher stability was accompanied by a lower reaction rate to have almost
complete conversion that was reached only after 48 h at 80 ◦C. On the other hand, the choice of
this higher temperature resulted to be essential to achieve good activity with 3, as only 7.7% BZA
conversion was obtained after 24 h in tests run at 60 ◦C.

As with 1 and 2, complex 3 also proved to be a rather chemoselective catalyst for C=C bond
hydrogenation, converting BZA mainly to the saturated ketone 4-phenyl-butan-2-one (A) with
a selectivity of 71.5% at 92.5% conversion after 48 h.

As an example of cyclic α,β-unsaturated ketone, 2-cyclohexen-1-one was used as substrate.
In the case of complex 1, after 4 h at 80 ◦C using the standard conditions for TH described above,
the almost complete conversion was observed. However, mainly cyclohexanol (62.9%) was obtained,
demonstrating poor chemoselectivity to either C=C or C=O bond reduction. Moreover, a non-negligible
amount of cyclohexanone dimethyl ketal (ca. 36.6%) was identified in solution by GC-MS at the end
of the run, suggesting that C=O bond protection was competing with hydrogenation under these
conditions. When the tests were performed with catalyst 3, low yields (ca. 1%) of hydrogenation
products were observed after 24 h at 80 ◦C. The formation of the corresponding ketal was again
observed (ca. 27%).

2.2. Transfer Hydrogenation of Cyclic Imines

Hydrogenation of imines and, in particular, cyclic imines is a worthy synthetic tool to obtain
amines, that in turn are synthetic intermediates of great importance especially in pharmaceutical
industry [25]. Among Ru catalysts described in the literature for this class of homogeneously
catalyzed reaction, outstanding performances were obtained for example with Noyori’s complex
[RuCl(η6-p-cymene)(TsDPEN)] (TsDPEN=N-(p-toluene-sulfonyl)-1,2-diphenylethylenediamine), using
a formic acid-triethylamine azeotropic mixture as reducing agent [26,27]. Examples of water soluble
ruthenium–arene catalysts for TH of imines in aqueous phase with HCOONa are also known [28,29].
For cyclic imines hydrogenation, we also described an efficient system based on a heterogenized Ir(I)
complex bearing PTA supported into an ion-exchange resin, using water and H2 pressure [30].

On the basis of the higher stability demonstrated by complex 3 compared to 1 and 2 under the
catalytic conditions previously discussed, this compound was selected as a catalyst for tests in TH of
the cyclic imines shown in Table 2.

Table 2. Catalytic transfer hydrogenation of cyclic imines with 3 a.

Entry T (◦C) Solvent Substrate Product b Yield c Time (h)

1 80 H2O 39.9 24

3,4-dihydroisoquinoline 1,2,3,4-tetrahydroisoquinoline

2 60 MeOH/H2O
1:1 10.9 24

3 80 MeOH/H2O
1:1

74.1
92.5

24
48
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Table 2. Cont.

Entry T (◦C) Solvent Substrate Product b Yield c Time (h)

4 80 MeOH/H2O
1:1  

0.4 24

2-methylquinoxaline 2-methyl-1,2,3,4-tetrahydroquinoxaline

5 80 MeOH/H2O
1:1

  

0.0 48

5-methylquinoxaline 5-methyl-1,2,3,4-tetrahydroquinoxaline

6 80 MeOH/H2O
1:1  

1.5
3.0

24
48

quinoline 1,2,3,4-tetrahydroquinoline
a General conditions: catalyst, 1.0 × 10−2 mmol; substrate, 1.0 mmol; HCOONa, 10.0 mmol; solvent, 6 mL. b Products
confirmed by GC and GC-MS analyses. c GC values based on pure samples where available.

The catalytic tests were at first performed with 3,4-dihydroisoquinoline to obtain selectively
1,2,3,4-tetrahydroisoquinoline, a moiety often present in pharmaceutical drugs [31]. As for TH of BZA,
a catalyst/substrate/HCOONa ratios of 1:100:1000 were used. The first experiment was carried out
in neat water, but as in the case of BZA a MeOH/H2O (1:1) mixture was required to guarantee the
formation of a homogeneous phase. In fact, a conversion of only ca. 40% was obtained after 24 h
at 80 ◦C in neat water (Table 2, entry 1). On the other hand, when the reaction was carried out in
MeOH/H2O (1:1) mixture, the conversion to 1,2,3,4-tetrahydroisoquinoline reached 74.1% after 24 h
and 92.5% after 48 h at 80 ◦C (Table 2, entry 3). As already noted for BZA, a temperature of 80 ◦C was
required to achieve high conversions, as demonstrated by the test performed at 60 ◦C (Table 2, entry 2)
that gave only ca. 11% conversion after 24 h.

The optimized test conditions were used with 3 and three cyclic imines, namely 2-methylquinoxaline,
5-methylquinoxaline, and quinoline (Table 2, entries 4–6). Disappointingly, these tests showed only
minor or no substrate conversion even after 48 h at 80 ◦C.

As an example of acyclic imine reduction, N-(1-phenylethylidene)aniline was tested with 3 under
the conditions described above (see Table 2 caption), but in this case extensive substrate decomposition
was observed, in agreement with previous studies with Ir-PTA catalysts [30].

2.3. NMR Mechanistic Studies under Pseudo-Catalytic Conditions

Preliminary mechanistic studies were carried out by NMR spectroscopy with complex 3 under
pseudo-catalytic conditions. Firstly, 20 equiv. of HCOONa were added to compound 3 dissolved in
MeOH and the resulting orange solution was immediately analyzed by 31P{1H} NMR. The spectrum
showed a singlet at 52.56 ppm, corresponding to unreacted 3, and an accompanying septet at
−143.76 ppm due to the PF6 anion. No changes were observed after heating the solution to 60 ◦C
for 2 h; thus, an additional 30 equiv. of HCOONa were added to the reaction mixture and the NMR
tube was left standing at 60 ◦C for 24 h. After this time, the 31P{1H} NMR spectrum showed complete
conversion of 3 to a new species (4) characterized by a singlet at 74.34 ppm and a septet at −143.79 ppm
(PF6). The 1H NMR spectrum gave a triplet in the negative region at −11.43 ppm (2JHP = 35.3 Hz),
as expected for the formation of a Ru-H bond. In another test, 3 was reacted directly with 50 equiv.
of HCOONa in MeOH/H2O (1:1) at 80 ◦C. After 3 h, in addition to the singlet at 55.77 ppm and the
septet at −144.45 ppm due to 3 (slight differences in the chemical shift values derive from the use of
MeOH/H2O mixture instead of pure MeOH), the singlet due to 4 was detected in the 31P{1H} NMR
spectrum at 78.26 ppm, in 4:1 ratio with 3. Complete conversion of 3 to 4 was reached after leaving
the tube standing at 80 ◦C for 17 h. Upon solvent removal in vacuo, and dissolving the obtained solid
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in CD2Cl2, the 31P{1H} NMR spectrum of 4 showed a singlet at 67.66 ppm and a septet at −149.50
(1JPF = 711 Hz) ppm due to PF6. The corresponding 1H NMR spectrum showed in the negative region
a triplet at −12.23 ppm (2JHP = 35.5 Hz) which became a singlet in the corresponding P-decoupled 1H
{31P} NMR spectrum (Figure 3).

Based on this evidence and by comparison with data reported for [RuCp(H)(PTA)2],
whose hydride signal was identified by 1H NMR as a triplet at −14.36 ppm (2JHP = 36.6 Hz) in
CD2Cl2 [32], we attribute the new pattern to the formation of the cationic monohydrido complex
κP-[RuH(η6-p-cymene)(CAP)2](PF6) (4, Scheme 2). A confirmation of this attribution came from the
independent synthesis of 4 (see Experimental Section).

A final NMR scale experiment was carried out with 3 and HCOONa (1:50 ratio) under the
same conditions of solvents (MeOH/H2O 1:1) and temperature (80 ◦C) described above, adding
3,4-dihydroisoquinoline (5 equiv. to 3) to the mixture before heating. The pattern due to 4 was observed
initially after 4 h, to become the only P-containing species after 24 h. The conversion of the imine to the
corresponding amine 1,2,3,4-tetrahydroisoquinoline was confirmed by GC-MS analysis of the crude
mixture after 24 h.

Scheme 2. Conversion of 3 to 4 by reaction with HCOONa in H2O/MeOH.

  
(a) (b) 

Figure 3. 1H (a) and 1H {31P} NMR (b) spectra (negative region only, CD2Cl2) showing the change
from triplet to singlet for the Ru-H signal in 4.

3. Experimental Section

3.1. Materials and Methods

All manipulations were carried out under a purified N2 atmosphere using standard Schlenk
techniques unless otherwise noted. Deuterated solvents and other reagents were bought from
commercial suppliers and used without further purification. Doubly distilled water was used. All
solvents were distilled, dried, and degassed prior to use. Compounds κP-[RuCl2(η6-p-cymene)(CAP)]
(1), κP-[RuCl(η6-p-cymene)(MeCN)(CAP)](PF6) (2), κP-[RuCl(η6-p-cymene)(CAP)2](PF6) (3) [22],
RAPTA-C [33] and [RuCl2(η6-p-cymene)]2 [34] were prepared as described in the literature. 1H and
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31P{1H} NMR spectra were recorded on a Bruker DRX300 spectrometer (operating at 300.13 and
121.50 MHz, respectively). The 31P spectra were normally run with proton decoupling and are
reported in ppm relative to an external H3PO4 standard, with downfield positive shifts. For catalytic
tests, all substrates were bought from Aldrich and used without further purification, with the
exception of benzylidene acetone which was recrystallized from hot toluene. 3,4-dihydroisoquinoline
and BZA together with their reduction products—namely 1,2,3,4-tetrahydroisoquinoline (95%,
Sigma-Aldrich S.r.l., Milan, Italy), 4-phenyl-2-butanone (98%, Sigma-Aldrich S.r.l., Milan, Italy),
and 4-phenyl-2-butanol (97%, Sigma-Aldrich S.r.l., Milan, Italy,)—were used as standards for GC
analyses; on the contrary, compound 4-phenyl-3-buten-2-ol has been identified by GC-MS: m/z (%)
148 [M]+ (50), 129 (100) [35]. All GC analyses were performed on a Shimadzu GC 2010 Plus (Shimadzu
_Italia S.r.l., Milan, Italy) gas chromatograph (carrier gas: He; injection mode: split at 250 ◦C,) equipped
with flame ionization detector and a Supelco (part of Sigma-Aldrich Inc., St. Louis, MO, USA)
SPBTM-1 capillary column (30 m, 0.25 mm ID, 0.25 μm film thickness). In the case of hydrogenation
of BZA, the GC method started from a column temperature of 110 ◦C (hold time: 12 min) to increase
12 ◦C/min up to 240 ◦C (hold time: 5 min); The initial pressure was 111.8 kPa and the split ratio
80.0; the linear velocity was set at 30.0 cm/s. All products were identified at different retention times
(rt) as indicated here in detail: 4-phenyl-2-butanone, rt = 8.38 min; 4-phenyl-2-butanol, rt = 9.21 min;
4-phenyl-3-buten-2-ol, rt = 12.26 min; BZA, rt = 13.54 min. In the case of 3,4-dihydroisoquinoline,
the GC method started from a column temperature of 115 ◦C (hold time: 12 min) to increase 5 ◦C/min
up to 250 ◦C (hold time: 5 min); the initial pressure was 120.8 kPa and the split ratio 80.0; the linear
velocity was set at 32.0 cm/sec. Compound 3,4-dihydroisoquinoline and 1,2,3,4-tetrahydroisoquinoline
showed retention times of 6.72 min and 7.52 min, respectively.

GC-MS analyses were performed on a Shimadzu GCMS-QP2010S apparatus (Shimadzu _Italia
S.r.l., Milan, Italy) equipped with a flame ionization detector and a Supelco (part of Sigma-Aldrich Inc.,
St. Louis, MO, USA) SPBTM-1 fused silica capillary column (30 m, 0.25 mm ID, 0.25 μm film thickness),
mass analyzer metal quadrupole mass filter with pre-rod, ionisation mode EI, split 250 ◦C, ion source
temperature 200 ◦C, and interface temperature 280 ◦C. The specific analysis parameters where chosen
to match those used for the corresponding GC method.

3.2. Transfer Hydrogenation Tests

All reactions were carried out in a Schlenk tube under an inert atmosphere of nitrogen using
degassed solvents. In a typical experiment, HCOONa was dissolved in 2.0 mL of water and added
by syringe to the solution of the catalyst in MeOH/H2O (1:1, 2.0 mL). The temperature was set and
when reached, the solution of the substrate in MeOH (2.0 mL) was added to the reaction mixture.
Both during the sampling and at the end of the catalytic runs, an aliquot of the reaction mixture
(0.1 mL) was taken by syringe, diluted with methanol (0.4 mL), and analyzed by GC. The products of
the tests were confirmed by GC-MS analyses. Each catalytic test was repeated at least twice to check
for reproducibility.

3.3. NMR Scale Experiments

In a first experiment, a Schlenk tube was charged under an inert atmosphere of nitrogen with
complex 3 (4.0 mg, 0.005 mmol) and HCOONa (17.0 mg, 0.25 mmol), which were dissolved in 1.0 mL
of degassed solvent (MeOH or MeOH/H2O 1:1 mixture). Then, 0.7 mL of the resulting clear solution
was trasferred by syringe into a NMR tube containing a C6D6 capillary for deuterium lock. In a second
experiment, the same procedure was repeated, also adding solid 3,4-dihydroisoquinoline (3.3 mg,
0.025 mmol) to the solution before heating. In both cases, the solutions were first analyzed at room
temperature, then the NMR tubes were placed in a oil bath set at the desired temperature, taking 1H
and 31P{1H} NMR spectra at room temperature and different intervals of time to monitor the course of
the reactions.
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3.4. Synthesis of κP-[RuH(η6-p-cymene)(CAP)2](PF6) 4

A Schlenk tube was charged under an inert atmosphere of nitrogen with complex 3 (30 mg,
0.037 mmol) and HCOONa (125.3 mg, 1.84 mmol), adding 8 mL of degassed MeOH/H2O (1:1 mixture).
The resulting orange mixture was left stirring at 80 ◦C for 28 h. After this time, the solvent was
removed in vacuo and the solid residue dissolved in CH2Cl2. After filtration, to the resulting solution,
diethylether was added to precipitate the product as a light orange solid, that was finally dried under
vacuum (isolated yield ca. 50%).

Analysis: 1H NMR, negative region: δ(ppm, CD2Cl2) −12.23 ppm (2JHP = 35.5 Hz); 31P{1H} NMR:
δ(ppm, CD2Cl2) 67.51 (s); −149.53 (sept, 1JPF = 711.1 Hz, PF6).

4. Conclusions

The half-sandwich ruthenium(II) arene complexes 1–3 bearing the water soluble ligand CAP were
tested in homogeneous catalytic transfer hydrogenations of some selected unsaturated substrates.
Whereas the monophosphine complexes 1 and 2 showed poor overall stability under the reaction
conditions applied for the tests, the bisphosphine complex 3 proved to be more stable and active in
the hydrogenation of benzylidene acetone and 3,4-dihydroisoquinoline using a very mild reduction
protocol such as transfer hydrogenation with sodium formate. NMR studies in solution performed
with 3 under pseudo-catalytic conditions clearly showed the formation of the monohydride derivative
4, which is likely the active form of the catalyst during the reaction.
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