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Abstract 

 

The application of MIDA boronates  (MIDA = N-methyliminodiacetic acid) in Suzuki-

Miyaura reactions has increased over the last years. This is mainly because in many 

cases, the replacement of the boronic acid for the respective MIDA boronate has a 

positive result in the reaction yield. The key feature that makes MIDA boronates 

efficient coupling partners is that they can undergo a slow hydrolysis reaction under 

Suzuki-Miyaura conditions, which generates the boronic acid in situ. The control of 

the hydrolysis rate is crucial to keep a low concentration of the boronic acid to avoid 

some of the side reactions frequently observed.  

 

The kinetics of the hydrolysis reaction from a range of alkyl, aryl, and heteroaryl 

MIDA boronates have been determined under different reactions conditions. In 

addition, competition experiments and computational calculations have resulted in 

the proposal of three distinct mechanisms for the hydrolysis of MIDA boronates: 

‘base-promoted’, ‘water-promoted’, and ‘acid-promoted’. The base and acid 

mediated processes occur at faster rates than the neutral pathway and involves a rate-

limiting addition at the MIDA carbonyl carbon by hydroxide or water, respectively. 

Whilst the 'neutral' hydrolysis requires neither base nor acid and involves rate-

limiting B-N bond cleavage by a water cluster.  Under certain conditions the neutral 

mechanism can operate in parallel with the base or with the acid mediated 

mechanism; relative rates are easily quantified by 18O incorporation in the MIDA, 

after this is released from the hydrolysis reaction. This insight is expected to assist 

informed application and optimisation of MIDA boronates in synthesis as well as the 

design of new MIDA boronate derivatives. 
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Lay Summary 

 

One of the most important aims in organic synthesis is to develop new synthetic 

routes to produce polymers, medicines, and other materials that are necessary and 

beneficial to society. But making a specific molecule can be a challenge not only for 

the process itself but also for the isolation of the final product and the treatment of 

the waste generated in these processes. Different variables can be modified in a 

chemistry reaction to reduce the amount of undesired products, for instance: 

pressure, temperature, solvents, reaction times, and reagents. Although it is difficult 

to change every variable in every reaction, the number of alternatives to modify in 

order to get the desired outcome can be reduced based on the understanding of the 

reaction mechanism, a sequential step-wise description on how the product is formed 

from the starting materials. However, elucidating reactions mechanisms sometimes 

is not a straightforward task, and many experiments are often required to support or 

disprove a mechanistic proposal. 

 

This work shows experimental evidence for three mechanistic proposals to account 

for the observations from the hydrolysis of ‘MIDA boronates’, a type of organic ester, 

under different aqueous media to form ‘boronic acids’. The previous reaction has 

been successfully applied in the formation of a new carbon-carbon bond between two 

organic fragments (cross-coupling reaction), an invaluable reaction in synthesis. 

Parameters such as solubility, alkalinity, and homogeneity play a crucial role at 

controlling how fast or slow the hydrolysis of MIDA boronates occurs. This control is 

essential during a cross-coupling reaction using MIDA boronates to avoid the 

formation of other products. The final aim of this study is helping to fully develop the 

industrial and lab application of MIDA boronates in organic synthesis. 
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1.1 Metal-Catalysed Cross Coupling: Suzuki-Miyaura Reaction 

 

The formation of new carbon-carbon bonds has been one of the most important 

reactions in chemistry, in particular, the coupling between two aryl groups to form 

biaryls (Ar-Ar’). This is mainly because of the presence in an extensive range of 

natural products, pharmaceuticals, agrochemicals, dyes, and catalysts.1  However, 

before 1970, the synthesis of biaryls was limited to few reactions, which were based 

on organocopper reagents (Eq. 1.1)2 or alkali/alkali-earth organometallic reagents (Eq. 

1.2 and 1.3)3. Two major disadvantages of these methods were the low selectivity 

because of the harsh reaction conditions, and that they were only practical to prepare 

symmetrical biaryls (Ar-Ar).  

 

 

 

Due to the importance of the synthesis of unsymmetrical biaryl compounds under 

relative mild conditions, the discovery of transition metal-catalysed cross-coupling 

reactions is considered as a breakthrough in the organic synthesis of the XXth 

century.4,5 These reactions typically make use of aryl halides, an organometallic 

reagent, and a transition metal catalyst to yield the unsymmetrical biaryls (Eq. 1.4). 

Generally, transition metal-catalysed cross couplings are conducted under lower 

temperatures than the initial Ullmann reaction conditions (Eq. 1.4).  
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Within these transition-metal catalysed cross-coupling reactions, palladium based 

catalysts have been particularly effective and have been explored with a wide range 

of organometallic and organic reagents.6 Fig. 1.1 displays several common palladium-

catalysed cross-coupling reactions applied in synthesis. 

 

 

Figure 1.1 Common palladium-catalysed cross-coupling reactions. (X= halide) 

 

The utility of palladium-catalysed cross-coupling reactions for the formation of C-C, 

C-N, and C-O bonds have increased significantly during the last years. These 

coupling protocols are very appealing for the preparation of compounds with highly 

functionalized and complex molecular structures, for example natural products, this 

is because often palladium-catalysed coupling reactions can be carried out under mild 

conditions.7,8 Among the palladium-catalysed reactions, there is one reaction that 

stands out as the most recurring strategy in organic synthesis to form biaryls, this is 

the Suzuki-Miyaura reaction9. In this palladium-catalysed coupling, an organoboron 

reagent, such as an aryl boronic acid reacts with an aryl halide in presence of a 

palladium (II) or palladium (0) complex to produce the biaryl product (Fig. 1.2).  
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Depending on the palladium based catalyst, the addition of ligands (L) is often 

observed in Suzuki-Miyaura reactions; in fact an intensive interest on ligand design 

is still ongoing.10–13  Ligands usually help to stabilise and activate the metal atom and 

fine-tuning the selectivity of cross-coupling reaction. One of the best known class of 

ligands are phosphines, many of them are commercially available and they have 

played a key role in catalyst design for Suzuki-Miyaura couplings.14,15 

 

The popularity of Suzuki-Miyaura reactions in synthesis is not fortuitous, there are a 

few aspects that make this reaction particularly popular. For instance it is highly 

chemoselective,  moderate temperatures are often required to perform the reaction, it 

is also scalable, the starting materials are relatively benign, good yields are achieved 

frequently, and the by-products are non-toxic or non-harmful to the  environment. It 

has also been demonstrated to be relative tolerant to air and moisture9,16–20  

 

 

Figure 1.2 General representation of a Suzuki-Miyaura cross-coupling reaction with a boronic acid 

and an organic halide or pseudo-halide. 

 

As a specific example of industrial application, pharmaceutical companies have used 

Suzuki-Miyaura couplings for preparing drug candidates on a small scale as well as 

the manufacturing of approved drug substances on a commercial scale (Fig. 1.3). In 

the field of Suzuki-Miyaura couplings, many different investigations are ongoing, all 

of them with a common aim: to develop simple, suitable, and more efficient 

methodologies. This includes the use of cheaper metal catalysts, the use of less 

activated organic halide (like organic chlorides), lower catalyst loadings, better 

chemoselectivity, and milder conditions. 
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Figure 1.3 Examples of chemical products that are synthesized by using the Suzuki-Miyaura 

reactions at industrial scale, (C-C bond formed is highlighted in red).21 

 

1.2 Reaction Mechanism of Suzuki-Miyaura Coupling 

 

There is currently a general accepted mechanism for the Suzuki-Miyaura reaction, 

which consists of three main steps: 1) oxidative addition (OA), 2) transmetalation 

(TM), and 3) reductive elimination (RE), shown in Fig. 1.4. Each major step of the 

mechanism is discussed in this chapter, vide infra.  

  
 Figure 1.4 Standard proposed mechanism for the Suzuki-Miyaura cross-coupling reaction with a 

boronic acid and an organic halide. 
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Oxidative addition (OA) 

 

The oxidative addition of the C-X bond of aryl halide (Ar-X) to a palladium (0) species 

is the first step in the proper catalytic cycle and it generates a palladium (II) 

intermediate complex with a higher coordination number (Eq. 1.5).  

 

 

 

The oxidative addition is often the turnover-limiting step (TLS) in the catalytic cycle, 

particularly when an aryl chloride is one of the coupling partners.22,23 With regards to 

aryl halide, the general reactivity order for the Ar-X bond in oxidative addition is as 

follows: I > OTf > Br >> Cl. In addition, the presence of electron-withdrawing groups 

(EWG) by the proximity of the C-X bond makes them more accessible to oxidative 

addition than those with electron-donating groups (EDG).16 

 

Due to the facilitated oxidative addition of aryl iodides to palladium (0) species,24 

mechanistic studies on oxidative addition have been conducted with aryl iodides and 

[LnPd(0)] complexes. The experimental results were consistent with a bimolecular 

aromatic nucleophilic substitution on the aryl moiety.25  

 

The coordination of the ligand to the palladium centre often facilitates the oxidative 

addition and determines the geometry around the palladium (II) species. When 

monodentate ligands are used, the intermediates that are commonly observed after 

oxidative addition are trans-complexes (thermodynamically stable species). Whereas 

bidentate ligands tend to form cis-complexes after oxidative addition. This is because 

bidentate ligands coordinate to palladium with a cis- geometry, whereas 

monodentate ligands keep a linear trans- distribution. As a consequence of the 

geometry, the frontier orbitals that interact with the electrophile (Ar-X) are more 

accessible in cis-palladium (0) species, thus reactions are generally faster. After 
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oxidative addition, a cis-palladium (II) complex is generated in both scenarios. 

However, isomerization occurs in cis-palladium (II) species with monodentate 

ligands, which ultimately leads to the formation of the trans-palladium (II) species 

(Fig 1.5a). This process does not occur when bidentate ligands are coordinated to the 

palladium centre (Fig. 1.5b).6 

 

A wide range of palladium catalysts and precatalysts can be used for cross-coupling 

reactions, and many of them are commercially available. Palladium complexes that 

form coordinatively unsaturated palladium species, are often highly reactive for 

oxidative addition. For example Pd(PPh3)4, is a common catalyst in case of palladium 

(0), whereas PdCl2(PPh3)2 and Pd(OAc)2 are among the most common palladium (II) 

precatalysts, which can be reduced in situ.9,14 More recently, Buchwald palladium 

precatalysts were synthesized and showed advantages in terms of both stability and 

reactivity. These precatalysts are bench-stable complexes that can be activated under 

mild basic conditions providing an easy way to generate palladium (0).26 

 

 

 

 
Figure 1.5 Proposed transition states for the oxidative addition a) cis –trans isomerization observed 

when monodentate ligands are present in the palladium catalyst. b) cis – trans isomerization is not 

possible in presence of bidentate ligands coordinated to the palladium. 
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Transmetalation (TM) 

 

The transmetalation step involves the transfer of a ligand between the palladium (II) 

complex and the organoboron reagent (Eq. 1.6). Among the steps in catalytic cycle of 

the Suzuki-Miyaura coupling, the transmetalation is likely the least explored and 

understood of the  major steps.27   

 

The transmetalation of an organoboron compound with palladium (II) halide 

complexes does not occur easily in absence of base. This is due to the low 

nucleophilicity of the organic group bonded to the boron atom. However, this 

nucleophilicity can be increased significantly by making the respective boron-ate, 12, 

complex, which holds a negative charge that is partially distributed to the ipso-carbon 

on the aryl ring (Fig. 1.6).16,28 

 

Figure 1.6 Boronic acid, 2, activation by forming the boronate complex, 12. 

 
 

For many years chemists have considered two pathways (A and B) to explain how 

the transmetalation occurs. The difference between the two proposals lies in the role 

that the base plays in the Suzuki-Miyaura coupling. In pathway A, the base 

coordinates to the palladium (II) complex and then, this ligand acts as Lewis base 

toward the boronic acid, 2, before the transfer of the organic moiety occurs. Whereas 

in pathway B, it is proposed that a tetracoordinate organoboron species ,12, generated 

by the in situ equilibrium between the base and boronic acid, transfers its organic 

moiety to the palladium (II) species (Fig. 1.7).29,30 
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Figure 1.7 Proposed transmetalation pathways in Suzuki-Miyaura coupling.31 

 

 

The difficulty in knowing which of the two pathways is more favourable under 

specific conditions comes from the complexity of the system, as phase-transfer 

processes, acid-base, and solubility equilibria are present under cross-coupling 

conditions. But in any case, both proposals converge into a common  intermediate 

species, 13, specific examples of this type of intermediate have been recently 

identified for first time.31 

 

Reductive elimination (RE) 

 

The reductive elimination is the bond-forming step in the catalytic cycle that leads to 

the cross-coupled product and at the same time regenerates the catalyst (Eq. 1.7). This 

could be seen as the microscopic reverse of an oxidative addition. 
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Important reactivity trends have been proposed for the C-C bond formation via 

reductive elimination of biaryl palladium (II) complexes containing bidentate or 

monodentate phosphines.32 Firstly, the reductive elimination is faster from 

tricoordinate than from tetracoordinate palladium complexes. This is in agreement 

with the experimental observation that  the rate of reductive elimination of palladium 

(II) species, with two phosphine ligands,  has an inverse dependence on the 

concentration of the added phosphine, suggesting that reactions proceeds via a 

tricoordinate palladium (II) intermediate (Y- or T- shaped) (Fig. 1.8a).33,34 In cases of 

palladium with bidentate ligands, the reductive elimination often occurs slower 

because they cannot dissociate a phosphine to generate a tricoordinate intermediate 

(Fig. 1.8a).35 Additionally, bidentate ligands with large bite angles forces the aryl 

groups to assume a close proximity, therefore favouring the RE (Fig 1.8b).36–38 

 

                      
Figure 1.8 a) Stepwise mechanism for the reductive elimination of two types of palladium (II) 

species. b) Distortions along the reductive elimination pathway in [cis-Pd(dppf)RR’] complexes. 
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With respect to the directionality of the orbitals involved, the reductive elimination 

follows this trend to generate the product: H-H > C-H > C-C and in case of C-C bond 

formation the reductive elimination is faster when the product leads to the generation 

of product with a stronger bond, accordingly  sp > sp2 > sp3..39 

 

The fact that there is not a unified mechanism for such an important reaction as 

Suzuki-Miyaura coupling, may highlight that investigation on this particular reaction 

is far from being fully understood and exploited. 

 

1.3 Side Reactions in Suzuki-Miyaura Cross-Couplings 

 

The amount of the examples of high-yielding Suzuki-Miyaura couplings as well as 

the high diversity of possible coupling partners available might mislead to the idea 

that all kinds of C-C bond formation are possible using Suzuki-Miyaura reactions. 

However, even the most robust palladium-catalysed reaction has limitations such as 

catalyst deactivation, side reactions, or low chemoselectivity. Regarding the Suzuki-

Miyaura reaction, the formation of by-products could be a problem because it might 

complicate the isolation of the desired cross-coupled product and certainly more 

waste is generated. Additionally, by-products could also poison the catalyst. 

 

Apart from catalyst and ligand decomposition, the main common side reactions 

observed in Suzuki-Miyaura couplings are homocoupling or reduction of the organic 

halide, and homocoupling, protodeboronation, or oxidation of the organoboron 

reagent.40 For purposes of this work, only side reactions associated with the boronic 

acid will be mentioned in the coming sections. It is worth mentioning that the 

presence or absence of side reactions depends entirely on the system and reaction 

conditions. For instance, there are many reactions which have quantitative yields of 

cross-coupled product (more than 98 %)41  and there are also reported examples of 

Suzuki-Miyaura couplings with very low yields (less than 3 %), with the majority of 

the boronic acid being consumed in off-cycle processes.42 
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1.3.1 Oxidative Homocoupling and Oxidation of Boronic acids 

 

 

The two major undesired processes of boronic acids in Suzuki–Miyaura couplings are 

the oxidative homocoupling (Eq. 1.8) and the peroxide-promoted oxidation (Eq. 1.9).43  

                                   
  

Regarding the oxidative homocoupling, several studies have been carried out using 

experimental and theoretical evidence to support that the key step in the palladium-

catalysed homocoupling of aryl boronic acids, ArB(OH)2 in aerobic conditions, is the 

formation of the peroxo palladium (II) species, 15.44 This latter complex is able to 

coordinate through one oxygen to the oxophilic boron atom in 2 to afford 16. Then, 

the adduct reacts with a second equivalent of 2 to generate a cis-[ArPd(OOB(OH)2)L2] 

species, 17. After hydrolysis and isomerization of 17 the stable intermediate trans-

[ArPd(OOB(OH)2)L2], 18, undergoes transmetalation with another molecule of 

boronic acid to generate a trans-[PdL2Ar2] species, 19, which then reductively 

eliminates the homocoupled product, Ar-Ar, alongside one equivalent of perboric 

acid, HOOB(OH)2, this mechanistic proposal is displayed in Fig. 1.9.44,45  

 

In the context of Suzuki-Miyaura couplings, fortunately oxidative homocoupling can 

be supressed by a rigorous exclusion of dissolved oxygen in the system or adding a 

mild reducing agent that does not interfere with the catalytic cycle. 43,46  It is important 

to mention that phosphine oxidation is also likely to occur in competition with the 

oxidative homocoupling when oxygen is present in the medium.47  
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Figure 1.9 Mechanistic proposal for oxidative homocoupling of aryl boronic acids, 2, under Suzuki-

Miyaura conditions. 

 

As THF is a common solvent in Suzuki-reactions, and like many other ethers, in 

absence of inhibitors is prone to autoxidation on exposure to air, forming the 

respective 2-hydroperoxide.48 It is expected that, under Suzuki-Miyaura conditions in 

THF, these ether hydroperoxides will readily oxidise the ArB(OH)2 to Ar–OB(OH)2, 

and then the respective phenol ArOH, 14, will be generated together with boric acid 

via hydrolysis. However, this side reaction can be diminished if the cross-coupling 

reaction is conducted under oxygen-free conditions or by adding hydroperoxide 

quenching reagent to solvents such as THF or dioxane.43 

  

 

1.3.2 Protodeboronation  

 

The protodeboronation, also known as protodeborylation, is the substitution of the 

boronic acid function from the organoboron reagent, RB(OH)2, with a proton to form 

R-H alongside boric acid (Eq. 1.10).  
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In case of Suzuki-Miyaura couplings, the reaction efficiency can be decreased 

dramatically since some boronic acids such as 2-heteroaryl- and polyfluoroaryl 

boronic acids are particularly prone to protodeboronate.43 Investigations have been 

conducted by different research groups in order to understand how the 

protodeboration proceeds and how to mitigate it to make more efficient reactions 

with those unstable boronic acids.49–52  

 

In a recent publication by Cox and Lloyd-Jones,53 a robust model that contains five 

different general mechanisms has been described thoroughly to account for DFT and 

experimental data on protodeboronation of a wide selection of boronic acids. This 

model includes an acid-catalysed, a base-catalysed, an uncatalysed, an autocatalysis, 

and a disproportionation process. The rate of protodeboration (kPB) across the whole 

range of pH is a combination of the five mechanisms and it depends on variables such 

as pH, temperature, and substrate. Interestingly, cyclopropyl, and vinyl boronic acid 

undergo protodeboronation very slowly even at high pH and high temperatures.  

 

However, in case of 2-heteroaryl boronic acids, like 2-pyridyl-, 2i, and 2-thiazolyl 

boronic acid, 2j, protodeboronation is particularly fast (t1/2 = 25-50 s) at 70 oC in neutral 

conditions. Fascinatingly, it was found that the presence of H+ or OH- in the media 

acts as protodeboronation inhibitor on 2i. This inhibition is related to the speciation 

of 2i acid that occurs at different pH, since each of these species has its own activation 

energy for the protodeboronation process (Fig. 1.10). Experimental results also 

showed that in some cases protodeboronation can be mitigated to a certain extent by 

Lewis acids , e.g. 2i, the opposite effect can also be seen in other systems  such as 2j.53 
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Figure 1.10 pH-rate profile for pseudo-first order protodeboronation and speciation equilibrium of 

2-pyridyl boronic acid, 2i, in 1:1 H2O / Dioxane at 70 OC (top) and transition states for the most reactive 

species (bottom), TS-22 and TS-23. 

 

Although protodeboronation has been primarily considered a side reaction in cross-

coupling reactions, it has also been used as the second step in an ortho-

functionalization technique of electron-rich arenes developed recently (Eq. 1.11).54 
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1.4  Organoboron Reagents in Suzuki-Miyaura Reactions 

 

Since the first publication in 1979,55 significant improvements to the Suzuki-Miyaura 

have been reported. These include the development of new catalysts, increases in 

chemoselectivity, use of different solvents, and a wider substrate scope.56 Regarding 

one of the coupling partners, the organoboron reagent, a diverse range of boronic acid 

derivatives and organic boronate complexes have been demonstrated to be effective 

coupling partners in Suzuki-Miyaura reactions. The development of new boron 

reagents for cross-coupling reactions has been driven mainly by the desire to decrease 

their side reactions such as the protodeboronation and oxidative processes. 

Additionally, physical properties that makes them easier to handle,  purify, and store 

are desirable.9,16,57 

  

Currently, it is not simple to determine which organoboron reagent is the best for 

Suzuki-Miyaura couplings because they tend to be system dependent. Some of the 

most frequently applied organoboron reagents in Suzuki-Miyaura reactions are 

displayed in Fig. 1.11.58 

 

                                  
Figure 1.11 Common types of organoboron reagents for Suzuki-Miyaura reactions. 
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Boronic acids tend to be the first choice in Suzuki-Miyaura reactions, because in 

general they are shelf-stable, often commercially available or they are relatively easy 

to make. In presence of base, they are reactive in the transmetalation step. On the 

downside, they are susceptible to side reactions and some boronic acids are difficult 

to purify or they decompose during isolation steps. In addition, many boronic acids 

are known to form aggregates such as boroxines in anhydrous conditions alongside 

water. Boronic acids are also difficult to distinguish between a mixture of the 

boroxines and water, therefore the precise determination of the stoichiometry can 

thus be difficult.28 

 

Alkyl and alkenyl boranes (like 9-BBN borane) are prepared easily through 

hydroboration of alkenes and alkynes, respectively59. However, in terms of their 

stability, they are prone to facile oxidation under aerobic conditions and 

protodeboronate in presence of alcohols.58 

 

Trialkoxy and trihydroxy boronates have been shown to be effective coupling 

partners in Suzuki-Miyaura reactions.60 Many of them are crystalline solids and they 

are able to couple under in base-free conditions. Additional stability can be achieved 

using triols, which avoids protodeboration, even in the case of 2-heteroaryl systems.61 

Unfortunately not many of these organoboronate complexes are commercially 

available and their synthesis and isolation might be difficult in some cases.58 

 

A combination of steric and electronic effects often makes boronic esters more stable 

than the corresponding boronic acid, and thus suitable coupling partners for Suzuki-

Miyaura reactions. Within this category, the popular examples are pinacol, catechol, 

and neopentyl glycol boronic esters. One major advantage to the use of boronic esters 

is that boronic esters can be synthesised under mild conditions through Miyaura 

borylation (Eq. 1.2)62 and many of them are commercially available. In addition, they 

do not form aggregates and are less prone to side reactions and frequently stable 

enough to be purified by standard column chromatography. The stability of boronic 
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esters includes an attenuation in reactivity to transmetalate, therefore usually longer 

reaction times and higher temperatures are often necessary to perform a Suzuki-

Miyaura coupling using boronic esters compared to boronic acids. Interestingly, it is 

still unknown whether these boronic esters transmetalate in presence of base or the 

nascent boronic acid, generated after hydrolysis, is the transmetalating species.28,58,63 

 

 

 

The application of boronamides in organic synthesis, particularly 1,8-

diaminonaphthyl boronamides, has been proposed and studied initially by Suginome 

and co-workers.63–65 In general, boronamides are monomeric and stable compounds, 

compatible with silica-gel, and they do not transmetalate under Suzuki-Miyaura 

conditions. This low reactivity allows controlled functionalization, for example 

through iterative cross-coupling. However, to be used as coupling partners for 

Suzuki-Miyaura reactions, boronamides need an extra deprotection step, which is 

conducted under acidic conditions. 

 

Another kind of organoboron reagents used in Suzuki-Miyaura reactions, proposed 

by Molander, containing a tetrahedral boron atom are the potassium 

organotrifluoroborate salts, 24, (R-BF3K), which hold three strong B-F bonds in a salt-

like structure.66–68 Thus, valuable properties like thermal stability and crystallinity are 

often observed in these systems. With respect to their synthesis, high yielding 

reactions starting from boronic acids or other organoboron reagents have been 

reported using KHF2 or KF/tartaric acid to afford the desired organotrifluoroborate 

salts. Their purification is mainly achieved by recrystallization because purification 

by silica gel chromatography might lead to decompsition.58,66,69,70  
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Once in solution, organotrifluoroborates salts, 24, are stable under anhydrous 

conditions however, in the presence of aqueous or acidic media, a hydrolytic process 

takes place to form the corresponding boronic acid and HF (Fig. 1.12). Because of the 

formation of HF via hydrolysis, etching of the glassware can occur if there is not 

enough base present to quench it. Additionally, the solubility of 

organotrifluoroborates in organic media is often a problem when performing Suzuki-

Miyaura couplings with them.70  

 

 

Figure 1.12 Representation of the general process of hydrolysis of organotrifluoroborates salts: (i) 

acid-catalysed (ii) direct equilibrium dissociation (iii) ligand exchange in aqueous conditions  

 

In Suzuki-Miyaura reactions, potassium organotrifluoroborates undergo hydrolysis 

prior to transmetalation. This has been demonstrated by competition experiments 

between the organotrifluoroborate salt and the respective boronic acid, suggesting 

than the former has a higher energy of activation for the transmetalation with respect 

to the boronic acid.71 A higher yield of cross-coupled product is often obtained when 

Suzuki-Miyaura couplings are conducted with the organotrifluoroborate salt instead 

of the boronic acid. This outcome does not arise from a faster transmetalation but a 

suppression of the side reactions commonly associated with the boronic acids. The 

role of the organotrifluoroborate salt is to work as a protected in situ reservoir of 

boronic acid, which is released slowly. However the rate of hydrolysis can be variable,  

depending on the organic moiety, which might complicate their application .58,71 
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1.5  MIDA Boronates Esters 

 

1.5.1 Properties 

 

In the search for new strategies to expand the application of the Suzuki-Miyaura 

coupling to more challenging and synthetically interesting substrates. Burke and co-

workers proposed the use of N-methyliminodiacetic acid (MIDA) boronate esters in 

place of boronic acids.72 What initially started as an idea to mitigate side reactions 

associated with boronic acids, as previously mentioned, has been evolved to become 

a powerful and useful strategy for the synthesis of complex organic molecules.73 

MIDA boronate esters can be defined as the product of the condensation between 

boronic acids, 2, and MIDA, 3. They were synthesized for first time in 1986 and 

described as bench-top stable crystalline solids.74 Over the last years it has been 

reported that they are also stable to silica and easy to purify by column 

chromatography or recrystallization.28,73,75,76 

 

 

 

A MIDA boronate consists of an organic moiety (vinyl-, alkyl-, aryl-, or heteroaryl-) 

and a sp3 boron center which holds the MIDA ligand as a tridentate ligand.  What is 

probably the main characteristic of these complexes is the presence of the tetrahedral 

boron center in both solution and solid state, therefore the Lewis acidic property of 

the boron is attenuated. The characterization of the structure of many MIDA 

boronates has been reported using NMR spectroscopy and X-ray single crystal 

diffraction. As a representative example, in the X-ray structure of the 2-pyridyl MIDA 

boronate, 1i, bond angles and bond distances are consistent with the presence of a 

distorted tetrahedral boron center, which contains a N-B bond (Fig 1.13a).77 
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Figure 1.13 Experimental data of 2-pyridyl MIDA boronate, 1i: a) X-ray structure, showing the 

pseudo-tetrahedral geometry on boron.77 b) Diasterotopic protons (4.06-4.40 ppm) observed in the 1H 

NMR (400 MHz) spectrum in DMSO-d6.  c) Common chemical shift in 11B NMR (128 MHz) spectrum in 

DMSO-d6. 

 

In addition, using NMR spectroscopy it can be appreciated that the tetrahedral 

structure remains intact in solution. In case of 11B NMR the chemical shift observed 

(between 9 - 10 ppm) supports the presence of a sp3 hybridized boron in the 2-pyridyl 

MIDA boronate, 1i. In case of 1H NMR, the presence of an AB coupling pattern is 

observed for the methylene protons. These protons are diasterotopic as long as the 

ring inversion is slower than the NMR time scale (Fig. 1.13 b). Variable temperature 

NMR experiments on a different system, 4-HOCH2PhB(MIDA) (1k), showed no 

change in AB splitting pattern, while the same experiment with the analogous N-

methyldiethanolamine boronates, 26k, (MDEA boronate) shows coalescence at 60 oC, 

(Fig. 1.14).74,75,78 

 

 

 

1.589 Å 

114.2 o  

https://en.wikipedia.org/wiki/%C3%85
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Vibrational spectroscopic studies of methyl MIDA boronate, 1a, have been conducted 

and results suggest that the B-N stretching mode in this molecule lies in the range 

560-650 cm-1, making it among the lowest energy vibrations observed to date. This 

supports the surprising stability of the N-B bond in a molecule of MIDA boronate, 

which has been attributed to two effects. Firstly, the strong polarization on the boron 

creates a loss of electron density, making the boron center more Lewis acidic and 

prone to coordinate to Lewis base. And secondly, the presence of a planar center 

(C=O) reduces the flexibility of the bicyclic system, creating a rigid and very stable 

structure.74,79 

 

 

                

 

 

 

 

 

 

 

 

Figure 1.14 Variable temperature 1H NMR spectra in DMSO-d6, zoom in methylene proton 

signals of 1k (top) and 26k (bottom). (Ar= 4-HOCH2Ph-).76 
 

 

 

 

23 oC                                                                                               150 oC 

23 oC                                                                                         60 oC 
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1.5.2 Synthesis 

 

For purposes of this work, reported procedures in the literature have been classified 

into two major categories, as follows: 

 

a) Type I synthesis: reactions in which the MIDA ligand is coordinated to boron 

(Eq. 1.14). 

 

b) Type II synthesis: derivatization of a MIDA boronate to generate a more complex 

MIDA boronate  (Eq. 1.15) 

 

 

 

a) Type I synthesis 

 

Reactions in which the MIDA ligand, 3, is coordinated to a boron center are included 

in this category. The C-B bond in the MIDA boronate is either present in the starting 

material or the C-B is formed prior coordination of the ligand, in one-pot strategies. 

General examples of this type of reactions are displayed in Fig. 1.15. 
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Figure 1.15 Examples of type I synthesis of MIDA boronates. 

 

 

i. Condensation of boronic acid with MIDA 

 

This was the first reported method and it is probably the best known by synthetic 

chemists. It consists of the reaction of the boronic acid with the free ligand MIDA (3) 

in approximately stoichiometric amounts to yield the MIDA boronate ester and 

water. As 3 is a nontoxic, biodegradable, and commercially available regent it is often 

seen that an excess of the ligand is used to increase reaction yields. This procedure is 

performed in presence of very polar solvents, such as DMSO, this is presumably to 

partially dissolve the MIDA ligand.72,74–77 
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In the condensation strategy, thermal heating is necessary over several hours to 

promote high conversions as well as the use of toluene or benzene is required to 

azeotrope the water. The desired product can be easily separated from the starting 

materials either by crystallization or by column chromatography, selected examples 

are displayed in Table 1.1. 

 
Although the procedure is simple and oxygen-free conditions are not required, the 

above mentioned method is not feasible to use with boronic acids which are unstable 

under thermal conditions. An alternative procedures have been used in order to avoid 

the use of high temperatures (> 100 °C) and for long periods of time. For example, 

adding molecular sieves or using other solvents like DMF at 85 °C (Table 1.2) and 

heating with microwave have proven to work for different types of aryl boronic acids 

(Table 1.3).80–82 The analogous procedure can be performed with boric esters, like 

pinacol boronic esters, in this case, the transesterification reaction leads to the 

formation of pinacol alcohol.83 

 

 
Table 1.1 Isolated yield of MIDA boronates using the condensation strategy between boronic acid 

and MIDA72,74 
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Table1.2 Isolated yield of some MIDA boronates using the condensation strategy between boronic 

acid and MIDA.84  

 

Table 1.3 Isolated yield of some MIDA boronates using the condensation strategy between 

boronic acid and MIDA.81 
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ii. Formation of the organoboron compound  follow by transesterification with 

MIDA 

 

MIDA boronates can also be prepared from the respective aryl or alkyl bromide. 

Treatment of the organic halide with n-butyllithium at low temperatures followed by 

addition of B(OR’)3  yields the formation of the trialkoxy boronate complex. Upon 

completion, the solution is mixed with 3 at high temperatures. After few hours under 

thermal conditions and purification by column chromatography, the MIDA boronate 

is isolated.85 This methodology cannot be used when base-sensitive or thermally labile 

functional groups are present in the organic halide. It is worth pointing out that this 

procedure allows the synthesis and isolation of MIDA boronates such as 2-

heterocyclic systems as stable crystalline solids (Table 1.4). 

 

  
Table 1.4 Synthesis of MIDA without isolation of the boronic acid.85 
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iii. Haloboronation followed by complexation with MIDA 

 

Burke and co-workers have also developed the synthesis of vinyl MIDA boronates by 

reacting acetylene, 28, with boron tribromide to form the highly reactive 

dibromoborane and trapping it in situ with 3 (Eq 1.16).  Alternatively, vinyl MIDA 

boronate, 1bb,  can be formed by reacting vinyl-TMS, 30, with boron tribromide, 

followed by the addition of the disodium salt of MIDA, [Na2]-3, (Eq. 1.17).86,87 

 

iv. Conversion of organotrifluoroborate salts 

 

Two general protocols for the conversion of trifluoroborate salts to MIDA boronates 

have been developed independently by Hutton,88 and Bode.89 In one case (a) the 

procedure employs TMS-Cl as fluorophile, K2CO3, and the MIDA ligand whilst the 

second procedure uses TMS2MIDA and BF3Et2O. Reaction yields range from low to 

high (Table 1.5).  

 

v. Electrophilic borylation and protection with TMS2MIDA 

 

This strategy was developed by Ingleson90 and co-workers, it consists in reacting an 

arene with an in situ geterated electrophilic borenium cationic species, which yields 

and aryl dichloroborane. The latter reacts with TMS2MIDA, [TMS]2-3, to afford the 

aryl MIDA boronate in moderate to good yields (Table 1.6). 
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Table 1.5 Representative examples of synthesis of MIDA boronates from organotrifluoroborate 

salts (-boryl compounds were synthesized by using procedure b).88,89 

 

 

  
Table 1.6 Representative examples of synthesis of MIDA boronates trapping in situ the aryl boron 

species with [TMS2]-3.90  
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a) Type II synthesis 

 

Due to the high stability of the MIDA borates under different reactions conditions, 

such as highly acidic or oxidizing media,75 a wide range of reactions can be performed 

on the organic moiety of the MIDA boronate without degradation of the stable B-

MIDA fragment. This has allowed the synthesis of a large range of complex and stable 

MIDA boronates, some of them can be used in synthesis. Reactions in which there is 

a transformation on the aryl, alkyl, or heteroaryl moiety but the B-MIDA fragment 

remains intact throughout the reaction, have been included in this class. Within this 

type of reaction it possible to find cyclization reactions, rearrangements, and cross-

couplings. 

 

i. Cyclization reactions  

 

Given that vinyl MIDA boronates are relative simple to synthesise,91 as was discussed 

in previous sections, and some of them are already commercially available92 their 

reactivity has been explored to generate cyclic systems. The synthesis heteroaryl- and 

aryl MIDA boronates was possible to achieve via cycloadditions and carbonyl 

condensation reactions. For example, the formation of cyclopropyl MIDA boronates 

can be completed using 1bb and diazomethane in presence of a palladium catalyst 

under anhydrous conditions with moderate to good yields.91,93 Similarly, the 

epoxidation of 1bb can be to carried out with m-CPBA, to afford the epoxy-MIDA 

boronate, 1bs, in good yield (Fig 1.16).91,94  

                                                            
Figure 1.16 Examples of formation of 3-membered ring MIDA boronates using 1bb.91,93,94 
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Cycloadditions with ethynyl MIDA boronate, 1az, and an in situ generated aryl nitrile 

oxides to afford isoxazolyl MIDA boronates can be achieved under mild conditions 

with moderate yields and high regioselectivity. Additionally, 1az reacts with organic 

azides to form substituted triazolyl MIDA boronate (Fig. 1.17a). It is worth 

mentioning that higher selectivity is obtained when  MIDA boronates are used 

compared with other vinyl boron reagents, this has attributed to the higher steric 

demand of the tetrahedral boron system compare to trigonal boron compounds.95 

 

In the case of 5-membered-ring heterocyclic MIDA boronates, such as 3-furanyl-, the 

reagents can be prepared by double condensation of 1,4-dicarbonyl MIDA boronates 

in presence of trifluoroacetic acid (TFA). The analogous reaction in presence of 

amines affords the pyrrolyl MIDA boronates (Fig. 1.17b).96 The facile access to -

bromocarbonyl MIDA boronates has allowed examination of their application in 

downstream transformations leading to heterocyclic derivatives, such as substituted 

thiazolyl MIDA boronates (Fig. 1.17c).97  

 

The formation of borooxazinyl MIDA boronate has been reported to occur via [4+2] 

cycloaddition between 1-dienyl MIDA boronates and nitrosoarene compounds with 

higher regioselectivity compared to other organoboron substrates, (Fig. 1.18a). The 

carbonyl condensation strategy with 1,4-dicarbonyl MIDA boronates and hydrazine 

in presence of acetic acid at room temperature for 16 hours affords the formation of 

pyridazine derivatives (Fig 1.18 b).96  

 

In summary, the formation of heterocyclic MIDA boronates can be achieved via 

cycloaddition reactions or standard condensation of carbonyl MIDA boronates. These 

strategies offer a very useful alternative that avoids the use of reactions at high 

temperature for long periods of time. 
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Figure 1.17 Examples of formation of 5-membered ring MIDA boronates using ethynyl MIDA, 

1az, or 1,4-dicarbonyl MIDA boronates.95,96,98 

 

 

                                               
Figure 1.18 Examples of formation of 6-membered ring MIDA boronates using dienyl MIDA 

boronates or 1,4-dicarbonyl MIDA boronates.96 
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ii. Migration 

 

In 2011 Yudin’s group reported the synthesis of a new class of -boryl aldehydes 

arising from Lewis acid-catalysed 1,2-boryl migration in oxiranyl MIDA boronates 

(Fig. 1.19a).94 The analogous reaction was also observed by Burke’s group at studying 

pinene-derived iminodiacetic acid (PIDA) boronates99. In both cases, the same 

conclusions were drawn from the respective systems: that the coordination of the 

MIDA ligand, 3, to a boronic acid, 2, transforms the electron-deficient sp2-hybridized 

boron center to an electron-rich sp3-hybridized boron center, enabling the 1,2-boryl 

migration. Gevorgyan and co-workers found that these 1-2 boryl migrations are also 

strongly favoured by phosphite gold complexes with a triflate counterion. This 

method has been used to produce the C3-borylated furans (Fig. 1.19b).100 The 

occurrence of a Baeyer-Villiger transformation when acyl MIDA boronates were 

treated with m-CPBA to afford the acyloxyboronate product confirmed the strong 

migratory aptitude of the tetracoordinate MIDA boron centre (Fig 1.19c).97  

 

Importantly, investigation of the reactivity of -boryl aldehydes, obtained via 1,2-

boryl migrations, has increased substantially because the synthesis of this type of 

carbonylic compounds is possible to achieve using commercially available reagents 

and, once again, products are easy to isolate and purify (Fig. 1.20).73,94,96–98,101,102 
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Figure 1.19 Examples of boryl migrations in MIDA boronates.94,98,100  

 

 

 

Figure 1.20 Examples of new types of Csp3boronates that can be derived from α-boryl aldehydes.73 
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iii. Cross-coupling  

 

Initial investigations by Burke and co-workers suggested that boron 

pyramidalization inhibits the transmetalation of MIDA boronates and therefore they 

do not cross-couple under Suzuki-Miyaura conditions. To confirm the hypothesis, 

stoichiometric quantities of a boronic acid and a MIDA boronate were reacted with 

and aryl bromide under Buchwalds’s anhydrous Suzuki-Miyaura conditions. Strong 

preferential reactivity for the boronic acid was observed, analogous experiments with 

the respective MDEA boronate and boronic acid showed no selectivity. This set of 

experiments confirmed the reactivity attenuation from sp3-hybridisation of the 

boronate ester. Besides the stability observed in MIDA boronates (1), deprotection 

was achieved easily using NaOH in THF/H2O at 23 °C.72 

 

Burke also proposed the use small halogenated MIDA boronates as building-blocks 

to synthesize complex boronic acids, which ultimately have led to the total synthesis 

of many natural products 72,75,76,86,103–105 and scaffolds for organic synthesis106–110 (Fig. 

1.21). This particular property is mainly because the stability of MIDA boronates to a 

broad range of common reactions alongside the unique compatibility with column 

chromatography. The iterative cross-coupling approach using Suzuki-Miyaura cross-

coupling reactions has also been widely studied by Suginome and co-workers but 

using haloarylboramides (Fig. 1.22a).63–65,111,112  

 

In 2014, using only 12 building blocks, through iterative Suzuki-Miyaura coupling 

reactions, Burke’s group could prepare a range of polyene motifs that are found in 75 

% of all known polyene natural products (Fig. 1.22b).113 More recently, this flexible 

and powerful iterative coupling strategy has evolved into a computer-controlled, 

fully automated process.114 
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Figure 1.21 Examples of synthesis of natural products using the iterative crooss-coupling strategy 

with MIDA boronates.75 

 

 

 

Figure 1.22 (a) General representation of the Iterative cross-coupling with MIDA boronates.             

(b) Examples of small building-blocks used in the synthesis of natural products and materials.113 
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1.5.3 The Slow-Release Strategy  in Suzuki-Miyaura Couplings 

 

Hydrolysis of MIDA boronates to form the boronic acid can be easily achieved with 

NaOH aqueous solution in THF or dioxane at 23 °C within 10 minutes (fast release). 

On the other hand, when a weak inorganic base, like K3PO4, is employed the boronic 

acid is released over several hours (slow release); conveniently the hydrolysis rate 

can be adjusted from 24 hours to 30 minutes by temperature control.77   

 

The slow-release hydrolysis enables in situ generation of the reactive boronic acid, 

which can then transmetalate, leading to a productive cross-coupling product. As the 

concentration of  nascent boronic acid is determined by the hydrolysis rate, the slow-

release strategy offers the option to keep this concentration low at any time and 

consequence off-cycle irreversible processes are reduced efficiently 

(protodeboronation, homocoupling, and oxidation of the boronic acid) allowing a 

higher yield of the desired cross-coupled product, as shown in Table 1.7.43,58,75 

 

                            
Table 1.7 Isolated yields of cross-coupled products using the slow-release strategy with MIDA 

boronates and in brackets using the corresponding boronic acid.77 
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Probably the most remarkable example of the advantage of the slow-release strategy 

has been its application to the 2-pyridyl systems.115 For many years is been known 

that 2-pyridyl boronic acid undergoes protodeboronation during coupling reactions. 

However, because the importance of heterocyclic boronic acids in Suzuki-Miyaura 

couplings,116 several examples of protected boronic acids are reported in the literature, 

examples are shown in Fig. 1.23. Among the available options, the 2-pyridyl MIDA 

stands out as a unique example due to the accessible purification and storage and its 

efficiency as a coupling partner has been studied in reactions with aryl chlorides, 

proving that now those “challenging” couplings are accessible via slow-release 

strategy, the isolated yields of selected examples are displayed in Table 1.8.   

 

 

 

Figure 1.23 2-pyridyl boron reagent and reaction conditions for Suzuki-Miyaura couplings.57 
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Table 1.8 Isolated yield of cross-coupled products from 2-pyridyl MIDA, 1i, boronate and aryl 

chlorides under Burke’s conditions.115 

 

The applications of MIDA boronates are not limited to alkyl or heteroaryl systems, 

cross-coupling reaction of primary alkyl MIDA boronates have also been reported 

recently.117 In addition, the slow-release strategy has been incorporated into one-pot 

reactions, where the hydrolysis reaction operates either at the beginning or at the end 

of the sequence.80,84 Remarkable examples have also been reported by Watson’s group 

who reported experimental conditions to achieved speciation control between MIDA 

boronate and pinacol boronic esters under Suzuki-Miyaura couplings conditions.118–

120 

 

In summary, with the slow-release strategy as a tool for synthesis, chemists are able 

to move away from the idea that Suzuki-Miyaura reactions are not accessible to 

perform with 2-heteroaryl, cyclopropyl-, and vinyl boron compounds. The success of 

this general solution is that it employs air-stable and unreactive organoboron 

compounds and transforms them into highly effective cross-coupling partners, even 

under non-conventional cross-coupling conditions.121–123 Additionally, the 

applicability of the slow-release has not been limited to Suzuki-Miyaura reactions, for 

example of rhodium-catalysed additions of aryl boronic acids to  

alkenylheteroarenes124 and enones125 using MIDA boronates have been reported.  
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1.6 Aims  

 

Many years after its discovery, the Suzuki-Miyaura coupling is still likely to be the 

most important cross-coupling reaction in synthesis. As coupling partners in Suzuki-

Miyaura reactions, MIDA boronates have been distinguished as unique and powerful 

organoboron reagents. Their application is still on going beyond Suzuki-Miyaura 

couplings and new organic scaffolds are now accessible to synthesize, purify, and 

store. Yet, despite wide-spread use, only empirical knowledge has been reported 

regarding how to control the hydrolysis rate to form the boronic acid (reactive species 

in cross-coupling reactions). Additionally, despite the success of the use of MIDA 

boronates in automated iterative cross-coupling,114 the mechanism of the hydrolytic 

process is still not fully understood, with two main processes described in the 

literature: the slow-release and the fast-release hydrolyses.77  

 

As the main part of this project, the initial conditions reported to hydrolyse MIDA 

boronate in basic media were investigated, to account for the large difference in rate 

between fast and slow release, (Fig. 1.24) Furthermore, it was foreseen that kinetic, 

free-energy relationships, Eyring analysis, and kinetic isotope effects would provide 

experimental insight into the mechanism. To this end, reaction kinetics were collected 

by diverse techniques to determine temporal concentrations for both MIDA boronate 

and the respective boronic acid, thereby providing a quantitative way to compare the 

hydrolysis rate under different reactions conditions. Collecting all this information 

provided a rational way to choose reactions conditions to carry out reactions with 

MIDA boronates more efficiently. 
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Figure 1.24 Reaction conditions for slow-release and fast-release hydrolysis proposed by 

Burke for Suzuki-Miyaura couplings.77 
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2. Results and Discussion 
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2.1 Previous Mechanistic Studies on Boric and Boronic Esters 

Although MIDA boronates esters were first synthesised about 30 years ago,74 esters 

of orthoboric acid,  (H3BO3), have been known since 1846.126 Thus it is not surprising 

that some of the first mechanistic studies on the hydrolysis of organoboron 

compounds were performed using borate ester derivatives. 

In 1950, pioneering kinetics experiments were reported by Brown and Fletcher on the 

hydrolysis of triethanolamine borate.127 These experiments were used to support their 

proposal that the structure of the triethanolamine borate, 55, contains a B-N bond, 

where the boron has a tetrahedral hybridization (Fig. 2.1a). This structure generated 

some controversy at the time, because such structure would require the loss of the 

resonance energy that oxygen brings to boron (Fig. 2.1b).A  

Figure 2.1 (a) Formation of triethanolamine borate and X-ray structure. (b) Resonance structure of 

boronic esters (c) Mechanistic proposals for the reaction of 55 with methyl iodide.127 

                                                 
A The X-ray structure of the triethanolamine borate has been reported and it confirms the 

presence of a B-N bond.154 
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To investigate the availability of the electron-pair on the nitrogen, triethanolamine 

borate, 55, was reacted with methyl iodide and also titrated with acid. The former 

showed simple second order kinetics, meaning that the rate is dependent on the 

concentration of both substrates. Two mechanisms were proposed to explain the 

experimental outcome. The first involves a direct nucleophilic addition to the methyl 

iodide on the nitrogen atom whereas the second includes a prior breaking of the B-N 

bond before addition of methyl iodide (Fig. 2.1c).  Both of these mechanisms were 

consistent with the observed kinetics. Many years later, the hydrolysis reaction of this 

system was studied using NMR techniques, which allowed detection of an 

intermediate, which contains a NCH2CH2OH as a pendant group, suggesting that the 

B-N cleavage occurs before the nucleophilic addition. 128  

Kinetics of the hydrolysis of different trialkoxy borates under basic conditions were 

measured by Steinberg and Hunter.129 Titration of the nascent boric acid after 

hydrolysis of the ester was employed to quantify the formation of products and 

calculate the rate constants, a few selected examples are shown in Table 2.1.  

 

Entry Ester 
Initial concentration / M Half-life 

(t1/2) / s 

khyd / s-1  

/x 10-4 Ester NaOH 

1 B(OMe)3 58 0.0238 0.0117   

2 B(OEt)3 59 0.0216 0.0106 Too fast >6930 

3 B(O-nPr)3 60 0.0246 0.0123   

4 B(O-iPr)3 61 0.0231 0.0116   

5 B(O-nC5H10)3 62 0.0238 0.0117 1.0 6930 

6 B(O-nC6H12)3 63 0.0238 0.0117 2.9 2390 

7 B(O-nC8H16)3 64 0.0238 0.0117 16 433 

8 B(O-nC12H24)3 65 0.0128 0.0064 21.3 326 

9 B(O-tBu)3 66 0.0235 0.0118 428 16.2 

10 B[O-CH(CH2CH3)2]3 67 0.0228 0.115 1220 16.2 

Table 2.1 Rate of hydrolysis of boric acid ester in dioxane/H2O (60 % v/v) at 21 °C.129 
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The relative rates of hydrolysis of the esters are in agreement with predictions based 

on the steric requirements of the nucleophilic addition of water (or hydroxide) on the 

central boron atom (Fig. 2.2). Conclusions from these experiments allowed the 

establishment  of some of the qualitative rules that are currently used to predict the 

stability of other organoboron esters.129  

 

 Figure 2.2 Representation of the addition of water on the central boron in the hydrolysis of boric 

acid ester. 

 

The hydrolysis of cyclic esters of phenyl boronic acid, 1e, (Fig. 2.3a) was studied in 

1963 by Bowie and Musgrave.130 The kinetics of the hydrolysis of these boronic esters 

were studied by measuring the increase in weight of the starting materials after 

contact to air saturated with water vapour. They concluded that the rate of hydrolysis 

depends on the size of the heterocyclic ring and the number of alkyl substituents in 

the boronic ester which this ring has. In case of five-membered ring boronic esters, 

the rate of hydrolysis decreases as the hydrogen atoms in the ring are replaced by 

alkyl groups. They proposed that the hydrolysis of boronic esters requires 

coordination of water to boron. This coordination creates axial-axial interactions in 

cases of a boronic ester with a six-membered ring, which makes these species typically 

less reactive than the five-membered ring analogues. The flexibly of seven membered-

ring boronic esters makes little obstruction to water for the coordination to boron and 

they are therefore more prone to hydrolysis (Fig. 2.3b). 
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 Figure 2.3 (a) Structure of cyclic ester of phenyl boronic, 1e, studied by Bowie and Musgrave. (b) 

Overview of the axial-axial interactions caused by coordination of water to the central boron in cyclic 

esters of boronic acids.130  

More recently, Brown and co-workers studied the thermodynamic stability of a wide 

range of esters. To do so, they measured the equilibrium position of the 

transesterification reaction between 2-(phenyl)-1,3,2-dioxaborolane, 68, with 1,3-  and 

1,5-diols (Fig. 2.4).131,132 The rate of transesterification and the concentrations of all the 

species at the equilibrium were obtained by using 11B NMR and 1H NMR 

spectroscopy. Fast reaction occurs when the diol contains a nitrogen. In the absence 

of a nitrogen, diols with a cis configuration tend to be faster to reach the equilibrium 

position. The comparative study of transesterification suggested that factors such as 

chelation, conformation, steric effects, and size of the heterocycle influence the rate of 

transesterification as well as the stability of the boronic ester. A general trend of 

relative rates of hydrolysis is displayed in Fig. 2.4.  

Additionally, equilibrium constants for the stability of aryl boronic acid-diol esters 

have been measured using potentiometric techniques at different pH.133,134 This study 

also showed that the stability of the aryl boronic esters also depends on the 

substituent in the aryl group and the pKa of the diol. 
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Figure 2.4 Relative rate of hydrolysis for different boronic esters.131,132 

 

 

 

 

2.2 Effect of pH on Hydrolysis of Methyl MIDA Boronate: pH-rate Profile  

The hydrolysis reaction of MIDA boronates under basic conditions has been 

documented and applied in organic synthesis.75,76 It has also been reported that the 

strength of the base has an impact on the rate of hydrolysis of MIDA boronates.77 It 

was observed that strong inorganic bases promote faster hydrolysis, known as “fast-

release” hydrolysis whereas weak inorganic bases tend to hydrolyse MIDA boronates 

gradually, process also referred as “slow-release” hydrolysis. As the concentration of 

base as well as its strength have an impact on the pH of the solution, the effect of pH 

on the hydrolysis of methyl MIDA boronate, 1a, was investigated as a first approach 

to get an insight. This substrate was chosen because of its relative high solubility in 

water compared to others aryl and alkyl MIDA boronates.  



 

-49- 

 

Analysis by in situ 11B NMR spectroscopy of the hydrolysis of 1a (0.040 M), under 

buffered aqueous solutions, provided a suitable homogenous system for monitoring 

the consumption of 1a, formation of methyl boronic acid, 2a, and N-methyl 

imodiacetic acid/acetate, 3, at 50 °C (Fig. 2.5). The addition of a buffer solution was 

required since the formation of 2a and 3 induces a change in pH due to the acidity of 

the products (Fig. 2.5a). No intermediate species were detected by 11B NMR and 2a 

did not undergo further reactionB (Fig. 2.5b).  

 

Temporal concentrations for both [1a] and [2a] are displayed in figure (Fig. 2.5c). The 

pseudo-first order rate constant was calculated from the slope of the linear analysis 

by plotting ln{[1a]/[1a]0] versus time; a good correlation was observed in all cases (R2 

> 0.90). This is indicative that in the hydrolysis reaction, the consumption of 1a follows 

a pseudofirst-order decay up to high conversions (Fig. 2.5d).  

 

The analogous procedure was performed with 1a, across a wide range of the pH scale 

(0.75 - 11.75). In all experiments the consumption of 1a followed a pseudofirst-order 

decay. Pseudo-first order rate constants (kobs) were calculated for each experiment, 

and these were used to build up a pH-rate profile, displayed in Fig. 2.6. Further 

experiments demonstrated that the rate constant (kobs) is independent of the nature of 

the buffer concentration. Suggesting that the hydrolysis of 1a is an example  of 

specific-acid and specific base catalysed hydrolysis.135 

 

 

 

 

                                                 
B Minimum threshold of detection defined by a signal-to-noise ratio of 1.5. 
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Figure 2.5 Reaction conditions for the hydrolysis of 1a at 50 °C. (a) Change of pH of the solution as 

the reaction procced in H2O in absence of buffer. (b) Set of 11B NMR spectra collected during the 

hydrolysis of 1a, red and blue circles indicate the signal of 2a and 1a respectively. (c) Graph of 

temporal concentration of 1a and 2a (pH= 9 at 50 °C). (d) First-order decay of 1a with slope (kobs) and 

correlation factor (R2) with the first 6 points, poor fitting at high conversion suggests that the 

hydrolysis is reaching equilibrium. 
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The pH- rate profile (Fig. 2.6) shows three different section across the pH scale. Each 

upward or downward bend is indicative of a change in mechanism.136 Therefore, the 

graph suggests the presence of three distinct reaction mechanisms. Specifically, there 

is evidence of an acid-catalysed (kH), an uncatalysed (k0), and a base-catalysed (kOH) 

process.  

 

Figure 2.6 Experiment (circles) and theoretical (dotted line) pH-rate profile of hydrolysis of 1a at   

50 °C under buffered aqueous conditions. 

A simple model to predict the hydrolysis rate constant of 1a at any pH was 

developed.  As the rate is the addition of the three above mentioned processes, 

thus rate of hydrolysis (r) can be calculated as: 

r = -d[1a]/dt= kH[1a][H+] + k0[1a] + 𝑘OH[1a][OH-]                         (Eq. 2.1) 

Rearranging Eq. 2.1:  

r = -d[1a]/dt = {kH[H+] + k0 + 𝑘OH[OH-]}[1a]                          (Eq. 2.2) 

kobs can be defined as: 

kobs = kH[H+] + k0 + 𝑘OH[OH-]                                  (Eq. 2.3) 

Using Eq. 2.3 in Eq. 2.2, rate can be expressed as: 

r = -d[1a]/dt = kobs [1a]                                          (Eq. 2.4) 
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Then, Eq. 2.4 can be integrated to express temporal concentrations of 1a, as a function 

of time 

ln{[1a]/[1a]0} = -kobst                                              (Eq. 2.5) 

 

According to Eq. 2.5 the consumption of 1a follows a pseudo-first order decay at any 

pH.  Additionally, because the rate constant (kobs) depends on both [H+] and [OH-] (Eq. 

2.3), one of these terms can be expressed in terms Kw:   

 

Kw = [H+][OH-]                                                  (Eq. 2.6) 

or    [OH-] = Kw/[H+]                                                 (Eq. 2.7) 

 

Using Eq. 2.7 in Eq. 2.3, kobs can be expressed as a function of [H+]: 

 

kobs = kH[H+] + k0 + kOHKw/[H+]                                (Eq. 2.8) 

 

To calculate kobs from Eq. 2.8, further approximations can be made depending on the 

pH. For instance, in acidic conditions, (pH < 2), when the concentration of [OH-]  << 

[H+], Eq. 2.8 can be approximated to: 

 

kobs =  kH[H+]                                                       (Eq. 2.9) 

 

Eq. 2.9 can also be expressed as a logarithmic function: 

 

log(kobs) = log(kH[H+])                                                (Eq 2.10) 

 

log(kobs) = log(kH) + log([H+])                                         (Eq 2.11) 

 

Therefore, the rate constants of the acid-catalysed hydrolysis, kobs, can be expressed as 

function of the pH of the solution: 
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log(kobs) = log(kH) - pH                                       (Eq. 2.12) 

 

The second process (uncatalysed hydrolysis) is observed when 2 < pH < 7.5 and in 

this pH range kobs is independent of the pH. Thus Eq. 2.8 can be reduce to: 

 

kobs = k0                                                         (Eq. 2.13) 

 

log(kobs) = log(k0)                                                   (Eq. 2.14) 

 

The third region, basic-catalysed hydrolysis can be defined when 7.5 < pH, this occurs 

when [H+] << [OH-], therefore kH[H+] << kOHKw/[H+]  and Eq. 2.8 can be reduced to: 

 

kobs = kOH Kw/[H+]                                                (Eq. 2.15) 

 

log(kobs) = log(𝑘OH Kw/[H+])                                  (Eq. 2.16) 

 

log(kobs) = log(k
OH

) + log(K
w

/[H+])                               (Eq. 2.17) 

 

log(kobs) =  log(k
OH

) + log(K
w

) - log([H+])                          (Eq. 2.18) 

 

log(kobs) = log(𝑘OH) - pK
w

+ pH                                 (Eq. 2.19) 

 

With Eq. 2.12, Eq. 2.14, and Eq. 2.19 suggests that the pH-rate profile has three 

different sections, with different slopes (-1, 0, or +1). And graphical determination of 

the rate constants kH, k0, and kOH is possible by looking at the Y-intercepts in the pH-

rate profile. To calculate the values of the individual rate constants (kH, k0, and kOH) 

the experimental data (kobs) were used alongside the theoretical rate constant values 

for the hydrolysis of 1a calculated with Eq. 2.8  and a theoretical value for Kw = 5.48 x 

10-14 at 50 °C.137  By fitting the data, the rate constants for the hydrolysis of 1a are as 

following: kH = 8.0 x 10-4 M-1s-1, k0 = 7.1 x 10-5 s-1, and kOH = 2.5 M-1s-1. 
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Studies on the hydrolysis of 1a showed two additional points that are worth 

mentioning. First, the hydrolysis reaction proceeds under neutral conditions and 

secondly, there is an enhancement on the rate of hydrolysis by adding an external 

source of H+, such as a strong acid. The acid-promoted hydrolysis (kH) has little 

contribution to the overall rate of hydrolysis, even at pH=1, the reaction is 

approximately two times faster than the uncatalysed process (k0) under neutral 

conditions. On the other hand, the base-promoted hydrolysis (kOH) becomes the 

predominant process when pH is above 9. 

 

In case of the acid and base-promoted hydrolysis, at this point, it could be considered 

that there is a rapid pre-equilibrium followed at some stage, by the rate-determining 

step. Therefore the proton-transfer step is not rate determining. Any mechanism that 

fits this condition is consistent with the rate law, and any mechanism that does not 

can be ruled out. 

 

In the acid-promoted hydrolysis, the transition state of the rate-limiting step contains 

1a, one proton, and solvent. On the other hand, the transition state of the rate-

determining step in the base-promoted hydrolysis consists of 1a solvent, and 

hydroxide instead of a proton.  

 

It is worth nothing that due to the fact that MIDA boronates are often hydrolysed 

under Suzuki-Miyaura conditions (aqueous-organic solvent mixtures), a pH-rate 

profile in purely aqueous conditions does not likely represent the common scenario 

encountered during cross-coupling reactions. 
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2.3 Distinction of Limiting Mechanisms for “Fast” and “Slow” Release  

 

After preliminary investigations into the hydrolysis of a wide range of MIDA 

boronates, 4-fluorophenyl MIDA boronate, 1b, was chosen as a model substrate.  

Upon hydrolysis, 1b generates 4-fluorophenyl boronic acid, 2b, and N-

methyliminodiacetic acid, 3, also referred in this text as “free ligand” or “MIDA”. 

This simple aryl system (1b -2b) is easily monitored in situ by 19F NMR or 11B NMR 

spectroscopy, and other techniques such as UV spectroscopy. 

 

2.3.1 Titrations of 1b with NaOH  

 

Under the fast-release conditions to hydrolyse MIDA boronates (1) to boronic acids 

(2) established by Burke72,77, the hydrolysis of 1b to produce 2b was accelerated with 

NaOH at such a rate that the reaction was no longer possible to be followed by 

conventional in situ NMR spectroscopic techniques. As an alternative to measure the 

impact of the NaOH on the hydrolysis of 1b, a set of titrations of 1a with 

substoichiometric amounts of NaOH in a mixture of THF/H2O (5:1 v/v) at 21 °C were 

performed (Eq. 2.20).  

 

 

Titrations were completed by the addition of aqueous solutions of NaOH to aliquots 

of 1b (0.1 M) in THF. The conversion of 1b to 2b after addition of NaOH within the 

first few minutes was determined by 19F NMR spectroscopy (less than 10 min after 

addition of NaOH). Alongside formation of 2b, small amounts (less than 5 %) of 4-

fluorophenol, 14b, were also observed. This is presumably formed due to the 

oxidation of 2b and promoted by the presence of peroxides in the THF.  



 

-56- 

 

A linear relationship between the amount of NaOH added and amount of 1b 

consumed was observed by plotting the conversion as a function of the amount of 

NaOH added (Fig. 2.7a). However, the gradient of the line of best fit (0.39) is smaller 

than the value expected for a reaction that requires two equivalents of base (0.5). This 

was suggesting that the base was being sequestered by another process, for example 

the formation of the boronate complex 12b, which requires an extra equivalent of base 

(Eq.  2.21). 

 

 

 

 

 

Figure 2.7 Titration of 1b (0.1 mmol) with NaOH in THF/H2O a (5:1 v/v) at 21 oC: (a) Conversion 

after approximately 10 min as a function of NaOH added. (b) Conversion over several hours at 

different concentrations of NaOH, equivalents are expressed as percentages. 
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During titrations, it was observed that a metastable solution was formed immediately 

after mixing the aqueous solution of NaOH with the solution of 1b in THF. A few 

seconds later, phase-splitting in the solvent mixture was observed, when [NaOH] was 

approximately higher than 10 mM.  

 

The samples were monitored for several hours to find if the hydrolysis stops after the 

consumption of the base. However, the hydrolysis of 1b carried on and it did not stop 

even after 10 h. It is also interesting that the rate of hydrolysis in this stage of the 

reaction was faster in samples that contained less base (Fig. 2.7b). In addition, the 

analysis of the consumption of 1b in this slower process, also showed a clean 

pseudofirst-order decay in all cases.   

 

2.3.2 Titrations of 1b with K3PO4  

 

Titrations of 1b with K3PO4 were also performed under slow-release conditions (Fig. 

2.8).C Aliquots of 1b (0.10 mol) in THF were titrated with aqueous solutions of K3PO4. 

The consumption of 1b and formation of 2b were followed by in situ 19F NMR 

spectroscopy (Fig. 2.8a). In this case, solvent phase-splitting was observed 

immediately, and low conversion (less than 3 %) was detected after approximately 5 

minutes. Subsequent hydrolysis was monitored over the course of several hours. 

Analysis of the temporal concentration of 1b and 2b indicated that the consumption 

of 1b follows a pseudo-first order (kobs) decay in all cases (Fig. 2.8b). On plotting kobs 

against the number or equivalents of base added, an unexpected profile was observed 

(Fig. 2.9). Interestingly, it was noticed that an increase in the amount of K3PO4 added 

induces a decrease in the rate of hydrolysis of 1b, the opposite effect to that expected. 

In fact, the fastest reaction occurred in absence of any exogenous base, although this 

might initially be counter-intuitive (kOH; k0; Fig 2.6), there is a simple explanation to 

account for this result.  

                                                 
C The original slow-release conditions of MIDA boronates requires thermal conditions 

(usually 50 -60 oC) 77 however, to facilitate the study the temperature was changed. 
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Figure 2.8 (a) Set of 19F NMR spectra of hydrolysis of 1b to form 2b under “slow-release” 

conditions. (b) Example of first order decay of 1a under “slow-release” hydrolysis.  
 

 

Figure 2.9Rate constants (kobs) of hydrolysis of 1b (0.083 M) in THF/H2O (5:1 v/v) at room 

temperature in presence of K3PO4. (Dotted line is a guide to eye). 
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Based on these titration experiments it was found that the heterogeneity of the 

reaction media plays a key role in the hydrolysis reaction for both fast-release and 

slow-release hydrolysis. For instance, the addition of aqueous solution of NaOH to a 

solution of 1b in THF generates a metastable emulsion in which the hydrolysis occurs 

very quickly (fast-release hydrolysis). Once the concentration of NaOH in the THF-

H2O mixture is higher than approximately 10 mM, a phase separation occurs that 

leads to a significant reduction in the hydrolysis rate, because hydroxide is no longer 

in significant concentration in the bulk organic solvent, where 1b is soluble (Fig. 

2.10a). 

 

Due to the high ionic character of the K3PO4, under slow-release conditions, rapid 

phase separation is induced with less than 3 % of hydrolysis of 1b occurring prior to 

this. Then a smooth hydrolysis occurs in the upper organic layer, with attenuation in 

rate compared to hydrolysis in the absence of base. This phenomenon arises from 

partial dehydration of the organic phase by the K3PO4. In cases where there is phase 

separation, 1b remains soluble almost exclusively in the organic phase, and likely it 

is in this layer that the hydrolysis reaction takes place; the solubility of 1b in water is 

negligible (Fig. 2.10b). 

 

Titration results suggested that what catalyses the hydrolysis reaction of MIDA 

boronates is the presence of hydroxide in a homogenous solution. The formation of 

hydroxide comes from the dissociation of NaOH or from the acid-base equilibrium of 

PO43-. However, if the phase-transfer process of hydroxide, between the aqueous and 

organic layer (in heterogeneous conditions) is not efficient enough the hydrolysis will 

keep on going due to the water remaining in the bulk solvent, but significantly slower.  

Therefore from now onwards, slow-release hydrolysis refers to the reaction promoted 

by neutral water. Similarly, the base-catalysed hydrolysis will also be referred as the 

fast-release hydrolysis. 
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Figure 2.10(a) Formation of metastable solution between NaOH(aq) and 1b in THF where the 

reaction is sensitive to base concentration. Phase separation under fast-release conditions promoted by 

high concentrations of NaOH, the rate of hydrolysis is decreased because of the phase splitting.          

(b) Homogeneous solution of THF/H2O where the 1b reacts slowly only promoted by the presence of 

water. Addition of K3PO4 creates a biphasic system, under these conditions the base works a drying 

agent of the upper layer, therefore the hydrolysis reaction gets slower. 

 

 

 

2.4 Rate Laws  

 

2.4.1 Water-Promoted Hydrolysis (k0) 

 

As demonstrated previously, the hydrolysis of 1b in THF/H2O at 21 °C does not 

require base to proceed, and its presence decreases the hydrolysis rate because of the 

phase splitting of the solvent mixture. Thus, to study the water-promoted hydrolysis 

(k0) of 1b (0.1 M), a set of kinetic experiments were conducted across a wide range of 

water concentrations (0.5 to 20 M) at 21 °C (Fig. 2.11). Consumption of 1b and 

formation of 2b were monitored by 19F NMR spectroscopy. Under these reaction 

conditions, formation of no intermediates or oxidation products, such as 14b, were 

detected. 

 

    a)                                                         b)                         
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Figure 2.11(a) First order decay of 1b under water-promoted hydrolysis ([1b]0= 0.10 M, [H2O]= 20 

M) at 21 °C. (b) Effect of water concentration on the rate of hydrolysis under “slow-release” conditions. 

 

 

At any water concentration, it was observed that the temporal concentration of 1b 

decreases following a clean first-order decay (Fig. 2.11a). In an attempt to establish 

the reaction order in water concentration, the pseudo-first order rate constant values 

were plotted against water concentrations (Fig. 2.11b). An enhancement of the rate of 

hydrolysis (kobs) was observed as the water concentration was increased but, there 

was not a linear relationship between kobs and [H2O] or [H2O]2. In fact, the reaction 

seemed to reach kinetic saturation between 5 M and 12 M of water concentration. This 

might suggest that there is change in rate-determining step, as might occur if a pre-

dissociation equilibrium of the B-N in 1b to give “open-1b” intermediate was 

involved (Eq. 2.22). But, the reaction was faster when water concentration was 

increased ([H2O] > 10 M) suggesting that the apparent kinetic saturation arises from 

a different source.  
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A linear correlation was obtained between rate constant (kobs) and the respective 

calculated value of water activityD (aw,) for each water concentration studied in the 

experiment above described (full description in experimental section). The best 

correlation between kobs and order in aw was found to be 2.8, shown in Fig 2.12. It was 

then proposed that this value arises because water in organic solutions is able to form 

aggregates or clusters (i.e. non-ideal solutions). As a consequence of this aggregation, 

there is not a linear dependence between rate and water concentration, but by 

including the water activity term the kinetic dichotomy is resolved. It is important to 

mention than this is not the first time that the effect of  aw has been used to analyse 

kinetics data, for example this term has been applied to study reactions catalysed by 

enzymes.138 

 
Figure 2.12 Hydrolysis rate of 1b correlation with water activity, kobs= 2.27 x 10-5 s-1 (aw)2.8. 

                                                 
D The activity of a particular component i in a given mixture relative to that in the pure liquid, 

ai, is the simple ratio of its vapour pressure in the pure liquid at the same temperature, pio: 
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As the water activity was crucial to hydrolyse 1b, the hydrolysis under neutral 

conditions (no exogenous base) at 21 oC was studied in different solvents using an 

initial concentration of water of 9 M. Kinetics were measured by in situ 19F NMR 

spectroscopy. In all cases, pseudofirst-order decays in 1b were observed. Rate 

constants (kobs) were determined in each solvent, the values are displayed in Table 2.2.  

 

It was found that there is a difference in the hydrolysis rates across the selection of 

solvents. Fastest reactions occur in non-polar solvents (dielectric constant from 2 to 8) 

whereas in polar solvents (dielectric constants higher than 35) the hydrolysis tend to 

be slower. A correlation between rates (kobs) and solvents parameters such as dielectric 

constants and Dimroth-Reichardt parameters, ET(30), showed no clear trend. This was 

not totally surprising because water is not only acting as a co-solvent but also a 

reagent in the hydrolysis. This supports the idea that the rate of hydrolysis in neutral 

conditions depends mostly on water activity rather than water concentration. 

Therefore, to complete a solvent screen it would be necessary to use solvent mixtures 

with the same water activity,  because it changes from solvent to solvent even at the 

same water concentration or mol fraction.139  

 

 entry solvent kobs / s-1 krel 

1 1,4-dioxane 1.36 x 10-5 5.51 

2 THF 1.72 x 10-5 6.96 

3 acetone 5.41 x 10-6 2.19 

4 DMF 5.70 x 10-5 2.31 

5 MeCN 2.47 x 10-6 1.00 

6 DMSO 4.82 x 10-6 1.95 

Table 2.2.Pseudo-first order rate constants (kobs) of water-promoted hydrolysis at 21 °C in different 

solvents ([1b]0=0.10 M,  [H2O] = 9 M). 
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2.4.2 Base-Promoted Hydrolysis (kOH)  

 

Since the hydrolysis of 1b was too fast to be measured under fast-release condition 

using conventional NMR techniques, the kinetics were measured by stopped-flow 

UV spectrometry.  This method allows fast mixing of reagents and almost immediate 

data acquisition (dead time < 8 ms). The hydrolysis of 1b with NaOH to form 2b and 

[Na2]-3 was conducted in freshly prepared peroxide-free THF/H2O solution (5:1 v/v)  

at 21 °C (Fig. 2.13). The concentrations of both substrate 1b and base (NaOH) were 

decreased to slow down the reaction and to keep the homogeneity in the system 

throughout hydrolysis. The hydrolysis rate was quantified by the formation of 2b, 

which was observed as an increase in absorbance at 264 nm in the UV spectra. Initial 

rates of reaction across a range of concentrations of [1b]0 (0 – 2.5 mM) and [NaOH]0= 

5 mM  showed that the hydrolysis reaction is first order in [1b] (Fig. 2.13a). The 

analogous experiment was performed at different [NaOH]0 (0 - 7.5 mM) and [1b]0= 

1mM, and they showed a first order dependence on [NaOH] (Fig. 2.13b). 

 

 

 

Figure 2.13 (a) First order dependence on [1b] when [NaOH]0= 5 mM. (b) First order dependence 

on [NaOH] when [1b]0= 1 mM.  
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To obtain the second-order rate constant of the base-promoted hydrolysis (kOH) 

additional experiments were conducted under pseudo-first order conditions, this is 

with an excess of [NaOH] respect to [1b]. The kinetics were measured using the 

stopped-flow UV. Upon analysis, the formation of 2b showed a very clean pseudo-

first order profile at 264 nm throughout hydrolysis (Fig. 2.14a). Determination of the 

pseudo-first order constant, kobs, was achieved by fitting the change in absorbance to 

a first-order reaction model. Similar experiments were carried out at different initial 

concentration of NaOH (6.25 and 7.5 mM) to yield the respective pseudo-first order 

rate constants.  A linear correlation between kobs and base concentration was observed, 

confirming that the reaction is first order in [NaOH] in this range of concentrations. 

The gradient of the line of best fit on the data of kobs vs [NaOH]0 gave a value for the 

second order rate constant, kOH= 6.1 M-1s-1 (Fig. 2.14b). 

 

 

 

  

Figure 2.14 (a) Increase in absorbance due to formation of 2b under base-promoted hydrolysis and 

theoretical plot ([1b]0=0.5 mM, [NaOH]0=5 mM, =264 nm at 21 °C).  (b) Determination of kOH with 

pseudo-first order rate constants at different base concentration ([1b]0= 1 mM at 21 °C). 
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2.4.3 Acid-Promoted Hydrolysis (kH)  

 

After preliminary tests with different organic and inorganic acids, hydrochloric acid 

was chosen to investigate the effect of the acid concentration on the acid-promoted 

hydrolysis (kH) of 1b. The consumption of 1b and formation of 2b were monitored 

using in situ 19F NMR spectroscopy, and in this case the systems were homogenous 

throughout hydrolysis. Kinetics experiments were conducted in THF/H2O (5:1 v/v) at 

21 °C at different concentrations of HCl and [1b]0= 0.083 M (Fig. 2.15). The temporal 

concentration of 1b followed a pseudo-first order decay profile, until high 

conversions (> 98 %), no intermediates or side products were detected in the 19F NMR 

or 11B NMR spectra. The experimental rate constant, kobs, was calculated for each 

experiment at different concentration of HCl (Fig. 2.15a).  An approximately linear 

correlation between [HCl]0 (0.2 - 1 M) and the kobs values was observed (Fig. 2.14b), 

this is indicative that the reaction is first order in [HCl]. However, even in very acidic 

conditions ([HCl]0 = 1 M) the reaction is only four-fold faster than under neutral 

conditions (k0). 

 

 

Figure 2.15 (a) First-order decay in [1b] in acid-promoted hydrolysis ([1b]0=0.083 M, [HCl]0= 1.0 

M) at 21 °C  in THF/H2O (5:1 v/v). (b) Determination of kH with pseudo-first order rate constants at 

different acid concentrations ([1b]0= 0.083 M). 
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2.5 Free-Energy Relationship and Activation Parameters 

 

More information was obtained from investigation of the substituent on the aryl ring. 

To do so, the rate of hydrolysis of a selection of aryl MIDA boronates was measured 

under the three already established regimes: acid-promoted (kH), water-promoted 

(k0), and base-promoted conditions (kOH).  

 

Independent rate measurements of the hydrolysis of a range of substituted aryl MIDA 

boronates, 1, were conducted using in situ 11B NMR spectroscopy for both acid-

promoted ([1]0=0.083 M, [HCl]0= 1 M) and water-promoted hydrolysis ([1]0=0.1 M) in 

THF/H2O (5:1 v/v) at 21 °C (Fig. 2.16). Results for the water-mediated hydrolysis (k0) 

showed that MIDA boronates appended with electron-donating groups (4-

MeOPhB(MIDA), 1c, and 4-MePhB(MIDA) ,1d, have attenuated rates of hydrolysis 

(kobs) compared to phenyl MIDA boronate ,1e, and electron-poor counterparts. A good 

correlation (R2= 0.98) was obtained between neutral Hammett values ()140 and the 

logarithm of the relative rate constants giving a ρ value of 0.82 (Fig. 2.16a). 

 

A similar analysis was performed for the acid-promoted hydrolysis. Under acidic 

conditions ([HCl]0=1 M), MIDA boronates containing electron-donating groups 

showed a small enhancement on the observed hydrolysis rate (kobs). A modest linear 

correlation between the Hammett values (R2= 0.78) was obtained with a ρ value of 

0.19 for this process (kH + kH) (Fig. 2.16b). However, taking into account the individual 

contribution from the water-promoted hydrolysis to the observed rate constant for 

each system, a new Hammett plot arises (Fig. 2.16c). With the previous analysis, the 

corrected ρ value of 0 that only accounts for acid-promoted hydrolysis (kH) shows that 

the rate of hydrolysis is independent of the substituent on the aryl ring. This last result 

might suggest that the negative charge that builds up at the rate determining step 

(RDS) is too small or it occurs too far from the aryl ring.  Alternatively, a second 

scenario where a fast step, with opposite ρ value, precedes the rate determining step 

which ultimately leads to an overall ρ value of zero is also possible. 
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Figure 2.16 Hammett plots of hydrolysis of aryl MIDA boronates 1, kinetic experiments 

measured by 11B NMR: (a) water-promoted hydrolysis ([1]0=0.1 M) k0 (blue). (b) experimental 

graph under acid-promoted hydrolysis ([1]0=0.083 M, [HCl]0= 1M), k0 + kH (purple). (c)  

calculated graph for acid-promoted hydrolysis, kH (red). (d) base-promoted hydrolysis, kinetic 

experiments measured by stopped-flow UV ([1]0= 1mM, [NaOH]= 5 mM) 
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Independent rate measurements of the hydrolysis were also conducted for aryl MIDA 

boronates, 1, by stopped-flow UV under base-promoted hydrolysis conditions (kOH). 

The increase in absorbance was followed at a specific wavelength () for each 

substrate (see experimental section). Regular correlation (R2= 0.90) was found  

between neutral Hammett values ()140 and the logarithm of the relative rate constants 

for hydrolysis (krel) (Fig. 2.16d). Substrates containing electron-withdrawing groups 

promote faster reactions compare to electron-donating groups. Although there is 

negative charge building up at the RDS, the ρ value of 0.53 suggests that this takes 

place relatively far from the aryl group. Therefore, direct addition of hydroxide to the 

central boron atom is not likely, since this would involve a much bigger ρ value. The 

rate of hydrolysis of 1b (0.083 M) at a variety of temperatures was measured under 

water-promoted and acid-promoted hydrolysis. Reactions were performed at 

temperatures between 21 °C and 50 °C inclusive. The activation parameters (ΔH‡ and 

ΔS‡) were calculated when rate constants were analysed according to the Eyring 

equation (Table 2.3).141 Hydrolysis of 1b gives a negative value of the entropy of 

activation for the two studied mechanisms (k0 and kH), this suggests that reactions go 

through associative transition states at the rate determining step. These results, in 

addition to the previously discussed Hammett analysis, and the rate laws rule out 

unimolecular mechanisms (SN1-like processes). The experimental evidence points 

towards a SN2-like mechanism where a nucleophilic species (H2O) is added to a 

molecule of 1b. However, no further information about the site where the nucleophile 

interacts with the substrate can be fully supported based on kinetics evidence alone. 

 

 

 

 

                             

                                                                                                

Table 2.3. Activation parameters for hydrolysis of 1b under water and acid-promoted conditions 

([HCl]0= 1 M). 

Conditions ΔH‡ / kcal mol-1 ΔS‡ / cal K-1 mol-1 

water-promoted 80 -16 

acid-promoted 73 -19 
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2.6 Hydrolysis in 18OH2/ THF 

 

As two molecules of H2O are necessary to hydrolyse a molecule of MIDA boronate 1 

to generate the boronic acid 2 and the MIDA ligand 3, the hydrolysis with 18OH2 offers 

a straightforward option to detect where the nucleophilic additions take place. 

Although both products 2 and 3 can be analysed by mass spectrometry or other 

techniques to determine the incorporation of 18O after hydrolysis, the analysis of 2 

was excluded because the fast 18O exchange would distort the hydrolysis outcome.142 

Fortunately, 3 undergoes a slow 18O exchange in aqueous conditions at room 

temperature (less than 1.4 % of mono 18O incorporation was measured after 48 h 

under neutral conditions), thus allowing conclusive analysis of 3 after its isolation.  

 

The possible outcomes from these experiments are: no incorporation, mono 

incorporation or double incorporation of 18O in 3, these are displayed in Fig. 2.17.   

 

 

 

Figure 2.17 Potential outcomes (i-iv) and 18O labelled products obtained after hydrolysis of MIDA 

boronates with 18OH2 (oxygen is in blue in the figure). Both reactions (ii) and (iii) form same 

isotopologues through a different sequence in the nucleophilic additions. 
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Quantitative analysis of 18O incorporation in [18Ox]-3 can be achieved by 13C{1H} NMR 

spectroscopy. This is because there are only three possible patterns for the signals of 

the carbonyl carbons of [18Ox]-3 in the 13C{1H} NMR spectraE, which are displayed 

schematically in Fig. 2.18. The relative integration of the signals for 13C-16O and 13C-

18O (DC= 0.03 ppm)143 in the 13C{1H} NMR spectra allow calculation of the relative 

amount of each species. 

 

 

Figure 2.18Theoretical representation of the 13C NMR spectra (carbonyl region) of 3 (no 18O 

incorporation), [carbonyl-18O]-3, and [carbonyl-18O2]-3. The 18O is represented with O in blue. 

 

The above method was used to study the hydrolysis of the carbonyl-13C labelled 4-

flurophenyl MIDA boronate,F [carbonyl-13C2]-1b, to form [18Ox]-2b and [carbonyl-13C2, 

18Ox]-3 under different reaction conditions (A-G) using 18OH2 (98 %). The isolation of 

[carbonyl-13C2, 18Ox]-3 from the reaction mixture was achieved by filtration and/or 

crystallization. Upon purification, the recovered [carbonyl-13C2, 18Ox]-3 was 

redissolved in H2O and analysed by 13C{1H} NMR spectroscopy (Fig 2.19).  

 

Only two distinct reactivity patterns of the carbon signal in the C=O group were 

observed in the spectra. Under fast-release homogeneous and under acidic 

homogeneous conditions (A and G), hydrolysis in THF/18OH2 (5:1 v/v) leads to the 

mono 18O incorporation to the MIDA ligand [13C2, 18O]-3b. The carbon signal pattern 

                                                 
E This is assuming that the 18OH2 is 100 % pure. 
F [carbonyl-13C2]-1b was used to increase the signal to facilitate the 13C{1H} NMR experiment.  
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consists of two singlets with a ratio very close to 1:1,G (Fig. 2.19a, spectra A and G).  

The second pattern, one singlet, was observed when [13C2]-3 is released under neutral 

conditions (F), no significant 18O incorporation was observed (Fig. 2.19a, spectrum F). 

Therefore under conditions of A and G (base-promoted and acid-promoted) there is 

mono 18O incorporation. Whereas under water-promoted conditions there is no 18O 

incorporation at all in 3. 

 

For conditions B to E, the patterns observed in the 13C{1H} NMR spectra are the result 

of a combination of the patterns observed in conditions A, G and F.  The amount of 

18O incorporation decreases, from conditions B to E, suggesting a partitioning of the 

substrate between the two different mechanisms. 

 

Importantly, it can be seen that in “slow-release” hydrolysis with K3PO4 present in the 

media (conditions D and E) predominantly, but not exclusively, proceeds via neutral 

hydrolysis. The mixing efficiency establishes the base transport rates into the upper 

organic phase, and in turn, the extent of 18O incorporation (6–25%). This suggests that 

under Suzuki-Miyaura coupling conditions, there are two processes that operate 

competitively; the base-promoted (kOH) and the water-promoted hydrolysis (k0). The 

former is significantly faster however, and it is only predominant in homogeneous 

systems with OH- present or when there is an efficient phase transport of OH- from 

the aqueous layer to the bulk solvent. These conditions result in C–O cleavage in just 

one of the two esters in [13C2]-1b, as identified by single 18O incorporation in [13C,18O]-

3. In case of neutral hydrolysis, the two [B–OC(O)] bonds are cleaved, which results 

in no 18O incorporation in [13C]-3. This process is the predominant in heterogeneous 

mixtures with low or no concentration of hydroxide in the bulk solvent. 

 

 

                                                 
G This is because the 18OH2 used in these experiments is has 98 % of 18O. 
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Figure 2.19(a) 13C{1H}-NMR spectra (170.7-178.85 ppm,  DC= 0.03 ppm) of [13C2,18On]-3 formed 

from the hydrolysis of [13C2]-1b under conditions A-G  at 21 °C in THF/H2O 5:1 v/v. (b) Summary of 
18O incorporation in [13C2,18On]-3 (rpm = revolutions per minute). 

 
 

In acid-promoted hydrolysis (conditions G) there is also C-O cleavage, confirmed by 

the pattern observed in the respective spectra of [13C2,18O]-3 (Fig. 2.19a, spectrum G). 

However an 18O exchange in [13C2]-1b prior to hydrolysis to form [13C2,18On]-1b (n= 1-

4) was detected when the hydrolysis was followed by in situ 13C NMR. Thus, mono 

18O incorporation in [13C2,18O]-3 is detected at the beginning of the hydrolysis (25 % of 

conversion, G25%). But, multi 18O incorporation was detected in [13C2,18On]-3 (n= 1-4) 

towards the end of the hydrolysis, because 18O was present in [13C2]-1b  before 

hydrolysis. 

 

Mechanism 

Nucleophilic 

attacks at 

boron 

Nucleophilic 

attacks at 

carbon(C=O) 

Reversibility 

Base promoted (kOH) 1 1 No detected  

Water promoted(k0) 2 0 No detected 

Acid promoted (kH) 1 1 Observed 

Table 2.4 Summary of hydrolysis experiments conducted with [13C2]-1b and of 18OH2 under different 

reaction conditions. Reversibility outcome was proposed based on analysis of recovered [13C2,18OX]-3  

(kOH and k0) or  in situ (kH). 

A NaOH 1000 rpm 10 min 0.02 0.98 

B NaOH/NaCl 1000 rpm 24 h 0.05 0.95 

C NaOH/NaCl 100 rpm 24 h 0.24 0.76 

D K3PO4 1000 rpm 24 h 0.75 0.25 

E K3PO4 100 rpm 24 h 0.94 0.06 

F No base Hom. 24 h 0.97 0.03 

G HCl Hom. 4 h 0.02 0.98 

a)                                                         b)                                                                   

  A        B        C        D        E        F         G25%   G98%                                                                                                                                   

[13C2]-3   [13C2, 18O]-3                                                     
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2.7 Kinetic Isotope Effects  

 

2.7.1 Determination of Heavy-Atom KIEs 

 

Information regarding the sites of nucleophilic addition on 1b (at C or at B) during 

the rate-determining step was obtained from kinetic isotope effect (KIE) 

measurements under the three defined conditions (base-, water-, acid-promoted 

hydrolysis). The heavy-atom KIEs determination was achieved by intermolecular 

competition between the two respective isotopologues.H As the kinetic experiments 

of the hydrolysis of 1b were mainly measured by using 19F NMR spectroscopy, the 

competition experiments were designed to be monitored with the same technique.  

To solve the problem of distinguishing two isotopologues, such as 1b and [15N]-1b, 

using 19F NMR spectroscopy, it was necessary to fully label the aryl ring of one of the 

isotopologue with deuterium. By doing this, the fluorine signal of the [aryl-2H4]-1b is 

a singlet shifted downfield (ΔδF = 0.56 ppm) with respect to multiplet signal observed 

for the isotopologue 1b in the 19F NMR spectra. Using the deuterium labelling 

strategy, it was then possible to distinguish, in the 19F NMR spectra, the respective 

fluorine signals of a pair of isotopologues, like [aryl-2H4, 15N]-1b and 1b, thus, 

allowing in situ 19F NMR monitoring as it was performed previously for kinetic 

experiments (Fig 2.20).  

 

Competition experiments were conducted by mixing approximately equimolar 

amounts of a pair of isotopologues, [LX]-1b and [aryl-2H4, HX]-1b, (X=B, C, or N and 

H=heavy isotope, L = light isotope) and following the hydrolysis under acid, neutral 

or basic conditions. The concentration of all the species were calculated based on the 

integration with respect to an internal standard (IS) in the 19F NMR spectra. First-

order competitive rates (krel), between each pair of isotopologues, were obtained by 

nonlinear regression analysis and corrected by taking into account the effect of the 

                                                 
H Isotopologue: a molecular entity that differs only in isotopic composition 
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deuterium on the hydrolysis rate (H/Dk) to yield 11/10kB, 12/13kC, 14/15kN. For both slow 

processes (k0 and kH) competitions were followed by using in situ 19F NMR. Whilst for 

the base-promoted hydrolysis (kOH) the competitions were performed by making 

individual samples.I 

 

 
 

Figure 2.20Example of pair of isotopologues used to determine heavy-atom KIE and set of 19F NMR 

spectra showing consumption of starting materials ([1b] and [aryl-2H4]-1b,  DF= 0.56 ppm) and 

formation of products ([2b] and [aryl-2H4]-2b,  DF= 0.56 ppm) in THF/H2O (5:1 v/v) at 21 °C. 

  

In the case of the water-promoted hydrolysis (k0), the kinetic isotope effect values 

(10/11kB= 1.032 and 10/11kN= 1.017) indicate that the B-N bond is broken at the rate-

determining step. Additional information was obtained from a proton-inventory 

study with 1b,144 which was performed under neutral hydrolysis in THF/ H2O-D2O 

mixtures and it indicated the presence of two types of kH/D, a primary kH/D = 1.59 and a 

secondary kH/D = 0.84 (Fig. 2.21b). Determination of four KIE’s, the rate law, and the 

negative entropy of activation calculated for the neutral hydrolysis are consistent 

with a nucleophilic addition of a water cluster, (H2O)n at the tetrahedral boron during 

the rate-determining step. This coordination of water to boron occurs alongside a 

protonation of the N (normal kH/D), and by consequence with the B-N cleavage at this 

stage. The inverse kH/D can be attributed to the solvation and hydrogen bonding 

interactions of the proton that remains attached to the oxygen. 

                                                 
I This was done to avoid phase-splitting and high local concentration of NaOH, which 

ultimately would have an impact on the measured KIE. 

isotopologues 

isotopologues 

IS 
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Figure 2.21(a) Summary of values of KIEs (B, C, N) for hydrolysis of 1b, correction has been 

applied to the experimental values taking into account the respective kH/D. (b) Experimental  KIE and 

proton inventory for water-promoted hydrolysis, k0 (c) Experimental KIE for acid-promoted 

hydrolysis, kH, they contained a contribution (approximately 18 %) of water-promoted hydrolysis. 

(d)Experimental KIE for base-promoted hydrolysis, kOH.  
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b)                                                                   

a)                                                                                                                     
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Regarding the hydrolysis under acidic conditions (kH), the competition experiments 

showed small values for 10/11kB and 14/15kN but, a significant 12/13kC value was observed 

(Fig. 2.21c). The contribution of the water promoted hydrolysis as well as the effect of 

deuterium (kH/D) were considered to calculate the KIEs values for the acid-promoted 

hydrolysis (Fig. 2.21a).  The corrected 12/13kC= 1.041, rate law, negative entropy of 

activation, and the  value of zero are consistent with a stepwise mechanism 

involving at least one tetrahedral-carbon intermediate. In this process, it is likely that 

there is a rapid protonation of the oxygen in the carbonyl group ( > 0) followed by a 

water nucleophilic addition at the carbon of the protonated carbonyl group ( < 0).  

Concerted protonation of the nitrogen and coordination of water to boron in 1b, at 

the rate determining step has been ruled out for the lack significant of 10/11kB and 14/15kN. 

In addition, as 18O exchange occurs in 1b under the reaction conditions prior 

hydrolysis to form 2b suggesting that the tetrahedral-intermediate formation is 

reversible and the rate-determining step is the B-OC(OH)+ cleavage. 

 

For the base-promoted hydrolysis (kOH), substantial tests were conducted to ensure 

that conditions yielded KIEs that reflect only the fast-release mechanism.  Additions 

of aqueous solutions of NaOH to aliquots of the isotopologues in THF were 

performed with a syringe pump under vigorously stirring conditions over 10 

minutes. Heavy-atom KIEs were calculated from the experimental values and 

corrected with the respective kH/D= 1.005. The final KIEs are: 12/13kC = 1.049, 10/11kB = 0.999 

and 14/15kN = 0.999 (Fig. 2.21d). Combining this information together with the rate law 

and the Hammett analysis, indicates that hydroxide is added to the carbonyl group 

in 1a, without direct involvement of either B or N, in the rate-determining step.  
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2.7.2 Cross-Over Experiment 

 

The consumption of the isotopologues during the measurement of kinetic isotope 

effects by in situ 19F-NMR was followed until very high conversions (> 97 %). A 

general trend was observed in all cases, under acid- and water-promoted hydrolysis 

the isotopologue ratio tended to revert to the initial ratio (r0), irrespective of the 

magnitude of the KIE. This suggested that the hydrolysis of MIDA boronates reaches 

equilibrium and the position is favourable towards products, boronic acid and ligand. 

To confirm the reversibility of the hydrolysis reaction under these conditions, the 

hydrolysis of [aryl-2H4]-1b (0.05 M) in presence of 2b (0.05 M) in THF/H2O (5:1 v/v) at 

21 °C was monitored using in situ 19F-NMR (Eq. 2.23).  

 

 

As expected, the respective boronic acid [aryl-2H4]-2b was formed and [aryl-2H4]-1b 

was consumed following a first-order decay. Formation of 1b was clearly detected 

([1b] < 0.25 mM) after 70 % of hydrolysis of [aryl-2H4]-1b (Fig. 2.22). Concentration of 

all the species at the equilibrium were calculated as following: [2b]eq= 49.5 mM, [[aryl-

2H4]-2b]eq = 49.6 mM, [1b]eq = 0.5 mM, [[aryl-2H4]-1b]eq =0.4 mM.  Assuming the water 

concentration as a part of the equilibrium constant expression and negligible 

equilibrium isotope effect, the equilibrium constant (Keq= ([2b]eq[3]eq)/[1b]eq) for the 

hydrolysis of 1b is approximately 3 - 6. 

 

In the presence of base and biphasic systems, often seen in Suzuki-Miyaura coupling, 

the hydrolysis of MIDA boronate equilibrium can be shifted towards products by 

sequestering the boronic acid, 2, with hydroxide to form the respective boronate 

complex, 5. Because the formation of the ionic species in aqueous solution is expected 
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to be thermodynamically favourable, almost irreversible hydrolysis will be observed 

in the organic layer.  

 

            

Figure 2.22 Set of 19F NMR spectra of the cross-over experiment between [aryl-2H4]-1b (0.05 M) and 

2b (0.05 M) in THF/H2O (5:1 v/v) at 21 °C. The expansion of the spectra where the signal of 1b (-114.4 

to -114.6 ppm, multiplet) appears on the right hand side of the figure. 

 

 

2.8 Mechanistic Proposals for kOH, k0, and kH 

 
Substantial insight into the fast-release and slow-release hydrolysis was gained by 

computed calculations, performed in Gaussian 09 at the M06-2X/6-31G*/PCM(THF) 

and M06L/6-311++G** level of theory for the base-mediated and water mediated 

process respectively. The experimental data and computed mechanisms are fully self-

consistent, in both pathways. DFT calculations on the water-promoted hydrolysis (k0) 

were conducted in collaboration with Dr Andrew Leach at Liverpool John Moores 

University and DFT calculations on the base-promoted hydrolysis were completed in 

collaboration with Dr Paul Cheong at Oregon State University. 

 

1b 1b [aryl-2H4]-1b 
[aryl-2H4]-2b 2b [aryl-2H4]-2b 

(13C satellite) 
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2.8.1 Fast-Release or Base-Promoted Hydrolysis, (kOH) 

 

Based on the experimental evidence, along with the computed minimum energy 

pathway (Fig. 2.23), it is possible to propose a reaction mechanism that operates under 

basic conditions. The first reaction step in this proposal, also rate limiting, consists of 

a facile and irreversible hydroxide addition of OH- to the carbonyl carbon in 1b via 

TS-79 (∆G‡ = 2.2 kcal/mol) to form the first tetrahedral-carbon intermediate, 80. This 

is consistent with the experimental and computed 12/13kC (1.044 and 1.03), the relatively 

low sensitivity to aryl substituents ( = 0.5), and the absence of experimentally 

observable 14/15kN or 10/11kB KIEs. The reaction carries on with the collapse of the 

intermediate 80 to form the partially-hydrolysed MIDA boronate 82 (∆G = -29.9 

kcal/mol), this step is particularly fast (∆G‡ < 5 kcal/mol), irreversible, and it also leads 

to a labialisation of the B-N bond.  

 

     

 
Figure 2.23  Computed minimum-energy pathway for transitions states (TS) and intermediate in 

the base-promoted hydrolysis, kOH of 1b. Free energies (DG) are expressed in kcal mol-1 and are for 

reagent concentrations of 1 M.  
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Then, the second nucleophilic addition on 9 takes place via a frontside SN2-like 

mechanism at the boron TS-83 (∆G‡ =10.6 kcal/mol) and not at the remaining carbonyl 

carbon in the B-OC=O fragment. The reason of this is because neutral water is not 

nucleophilic enough to react with the carbonyl carbon however, the nucleophilic 

addition at the central boron is facilitated by the lability of the B-N bond and the 

presence of the pendent carboxylate, which stabilises the tetrahedral-boron 

intermediate 84. After B-O cleavage by collapse of 84, TS-85 (∆G‡= 14.2 kcal/mol), both 

final products 2b and [Na2]-3 are released. This proposal is consistent with the 

experimental observed mono 18O incorporation in 3.  

 

2.8.2 Slow-Release or Water-Promoted Hydrolysis, (k0) 

 

The proposed mechanism, supported by experimental and computed calculations, 

for water-promoted hydrolysis 1b, in slow-release conditions is displayed in Fig. 2.24. 

It commences with a concerted nucleophilic addition (frontside-SN2 like) of water at 

central boron and simultaneous protonation of nitrogen in 1b via TS-86 (∆G‡= +26 

kcal/mol) to form the boron-tetrahedral intermediate 87. The first step is predicted to 

be the rate-limiting step and the calculated kinetic isotope effects agree with the 

experimental values of 10/11kB, 14/15kN, and the presence of a solvent kinetic isotope effect 

(primary and secondary contributions). The formation of the TS-86 also implies a 

significant decrease in the degrees of freedom in the system (DS‡ < 0) and a build-up 

of a negative charge, consistent with the experimental results from the Eyring and 

Hammett analysis on 1b respectively. Then, the intermediate 87 collapses by B-O 

cleavage and recoordination of the nitrogen to the central boron (TS-88)  to yield 89, 

which contains a pendant carboxylic group and a labile N-B bond.  
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Figure 2.23  (a) Computed minimum-energy pathway for transitions states (TS) and intermediate 

for the water-promoted pathway, k0, of 1b. Free energies (DG) are expressed in kcal mol-1 and are for 

reagent concentrations of 1 M.  

 

A second nucleophilic addition on 89, backside-SN2 like (TS-90), by neutral water at 

boron forms a second tetrahedral intermediate 91. It is important to point out that the 

frontside-SN2 like substitution by water is only favourable when there is functional 

group that is able to capture a proton from the water molecule that coordinates to 

boron, such as a nitrogen or a carboxylate group. If not, like in this case, the proton 

transfer process occurs via TS-92 (∆G‡= +1.9 kcal/mol) to generate the zwitterionic 

species 93. Once the B-O in 93 is cleaved, the boronic acid, 2b and the free ligand 3 

are released in solution. This mechanism proposes two sequential nucleophilic 

substitutions of water (frontside-SN2 like and backside-SN2 like) at the boron centre, 

consistent with no 18O incorporation in 3 at all. 
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2.8.3 Acid-Promoted Hydrolysis, (kH) 

 

The mechanistic proposal for the acid-promoted hydrolysis is based on the 

experimental evidence and analogies with the previously discussed mechanisms (Fig. 

2.24). The mechanism is proposed to begin with a fast reversible protonation of 1b to 

form 95, this protonation generates a more electrophilic site in the carbonyl group. In 

the next step of the mechanism, 95 undergoes a reversible fast nucleophilic addition 

at the activated carbonyl carbon to form the intermediate 96 followed by a proton 

transfer process that generates 97 as a neutral species. Now, the collapse of 96 via B-

O cleavage to yield 89 is proposed to be the rate-determining step of the reaction. This 

is consistent with the presence of a 12/13kC, the rate law, negative entropy of activation, 

a fast 18O exchange in 1b, and a null effect of the substituents in aryl ring on the rate 

of hydrolysis (= 0).  

 

Although it is difficult to obtain experimental data for the steps that occur after the 

rate-determining step, it is conceivable that the last stages of the mechanism are very 

similar to the last steps of water-promoted hydrolysis. This assumption is because in 

both cases the intermediate 89 is generated, the nucleophile (H2O) is the same, and 

the pendent carboxylic group in 89 is protonated. Therefore, the second molecule of 

water is added to the central boron (backside SN2-like) to form the boron-tetrahedral 

intermediate 91, which then collapses to form 2b and the protonated ligand [H+]-3. 

According to the mechanistic proposal, one equivalent of acid gets consumed by 

protonation of 3 and only mono 18O incorporation in 3 should be observed, 

consistently with experimental results. 
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Figure 2.24 Reaction mechanism of hydrolysis of 1b under acid-promoted conditions.  

 

 

2.9 B-N Dissociation: SN1-Like Pathway 

 

 

Additional experiments were conducted to study the feasibility that a dissociative 

mechanism, where the B-N is cleaved before the rate-determining step (SN1-like), 

operates in the hydrolysis of MIDA boronates. In this case, the formation of an 

intermediate, “open”-1b, precedes the nucleophilic addition, as shown in Eq. 2.24.  

 
 
The rate of hydrolysis of the SN1-like mechanism can be easily calculated with the 

Eq. 2.25 

𝑟 =  
k1k2[1b][Nu]

k2 [Nu]+k-1
                                                  (Eq. 2.25) 

 

If k-1 >> k2[Nu], that is if the rate constant for the reverse reaction is greater than the 

rate of reaction of the nucleophile with “open”-1b,  the kinetic expression can be 

expressed as: 
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r =  
k1k2[1b][Nu]

k-1
                                                (Eq. 2.26)  

 

Finally, Eq. 2.26 can also be expressed as: 

r =  kobs[1b][Nu]                                                (Eq. 2.27)  

 

Eq. 2.27 shows that this proposal is kinetically indistinguishable from the proposals 

discussed in previous sections, because there is a first order dependence in both [1b] 

and [Nu]. Therefore, if this mechanism operates during hydrolysis, the magnitude of 

the equilibrium constant between “open”-1b and 1b dictates the overall rate of 

hydrolysis. 

 

The first studies on the stability of the B-N bond in MIDA boronates by 1H NMR at 

variable temperatures, particularly looking at the coalescence of the signal of the 

methylene hydrogens, suggested that B-N dissociation is a highly endothermic 

process.72,74,78 However, the variable temperature experiments do not rule out that the 

ring-flipping equilibrium is happening (Eq. 2.28), these only suggest that population 

of “open”-1b is too low to be detected or that the equilibrium is slower than the NMR 

timescale or a combination of both events.  

 

 

 

A way to confirm that the equilibrium is occurring is by detecting the formation of  

“flipped”-1b but, the main difficulty to do this is that two conformers, 1b and 

“flipped”-1b, are identical by 1H NMR. It was then envisioned that partial deuteration 

in one of the methylene position in a MIDA boronate would be enough to detect 

[methylene-2Hx]-1b and the respective “flipped”-[methylene-2Hx]-1b. Thus, by breaking 
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the symmetry in the system it is possible to detect when the “ring-flipping” 

equilibrium has occurred. 

 

Based on this idea and the fact that MIDA boronates undergo a H/D exchange via 

enolization promoted by strong bases such as potassium tert-butoxide and n-

butylithium,80,145 preliminary tests were performed with different bases and under 

different conditions. It was then decided to study the base-catalysed H/D exchange 

in 1a using in situ 1H NMR, at 21 °C and pD=8 in D2O (Eq. 2.29).  

 

 

  

The H/D exchange was clearly observed under basic conditions as well as the 

formation of 2a and 3 (kexc > khyd).J  As  result of the H/D exchange in 1a, disappearance 

of the diasterotopic proton signals was expected in the 1H NMR spectra as more 

deuterium gets incorporated in 1a (Fig. 2.25a). The experimental spectra resulted in a 

combination of the individual spectrum of four different species (Fig. 2.25b). 

Interestingly it was observed that under this condition, one proton is exchanged faster 

than the other. Relative temporal concentration of the four different species (1aA-1aD) 

were calculated and a profile was fitting using a kinetic simulation software to 

calculate the rate constants as following: kexc1=1.48 x 10-4 M-1s-1, kexc2= 4.25 x 10-5 M-1s-1 

and kRF= 1.04 x 10-5 s-1 (Fig. 2.25c). Confirmation that the H/D exchange is pH 

dependent was obtained by addition of DCl to a partially deuterated solution of 1a 

and base (Fig. 2.25d). 

 

                                                 
J Analysis of recovered 3 from the hydrolysis of 1b showed no 2H incorporation at all under acidic or 

neutral conditions.   
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Figure 2.25 (a) Model proposed to study the base-catalysed H/D exchange of 1a and theoretical 

patterns in the 1H NMR for the methylene signal in the four different cases of deuteration: no 

deuteration (1aA), monodeuteration (1aD, 1aC), and bideuteration (1aD). (b) Example of the 1H 

NMR(D2O) obtained during the base-promoted H/D exchanged of 1a at 27 °C, pD= 8. Integration are 

referred to the three protons in the methyl groups in 1a. (c) Theoretical fitting of experimental relative 

concentrations with ring-flipping equilibrium (solid lines) and without with ring-flipping equilibrium 

(dash lines). (d) H/D exchange of 1a at pD=8 stopped by addition of DCl. 

 

The diasteroselective partial deuteration strategy was performed with 1b in a mixture 

of THD/D2O (5:1 v/v) at 21 °C to prepare iso-[2H1.6]-1b, as a crystalline pure solid. 

Analysis by 1H NMR confirmed differential deuterium incorporation in the 

methylene positions (Fig. 2.26).   
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Figure 2.26 H/D exchange of 1b to give under buffered conditions. 

 

Samples of iso-[2H1.6]-1b (0.1 M) were prepared in NMR tubes and dissolved in 

different deuterated solvents. The samples were heated and the 1H NMR spectra 

recorded at variable temperatures at different times. Equilibration of the methylene 

signals was observed after several hours at 100 °C (Eq 2.30), the relative 

concentrations of the isotopologues were calculated and the rate of equilibration (kRF) 

was calculated by simulation for each system. The equilibration in DMSO-d6 is 

displayed in Fig. 2.27.K The calculated rates of equilibration, kRF, are displayed in 

Table 2.5. 

 

 
                                                 
K Change in the relative amounts of 1bA and 1bD was not detected, confirming that no external sources 

of H or D in the equilibration process. 
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Figure 2.27 Ring-flipping equilibration of iso-[2H1.6]-1b via thermal heating in DMSO-d6 at 100 °C 

and calculation of experimental energy of activation (DG‡) based on rate of equilibration (kRF). 
 

The ring-flipping equilibration of iso-[2H1.6]-1b was observed to occur in different 

solvents at similar rates. But, interestingly, it did not happen, or it is too slow to be 

detected, in MeCN-d3 . This might be because the isomerisation is promoted by 

solvent coordination to boron, and because of the oxophilicity of boron only solvents 

that contain an oxygen are able to enable the ring-flipping equilibrium. Further 

experiments were conducted to rule out that the equilibration is a consequence of an 

intermolecular process or an effect of the hydrolysis reaction, which occurs with the 

residual water in the solvent. Additionally, the hydrolysis of iso-[2H1.6]-1b under 

water-promoted hydrolysis was monitored by in situ H1 NMR in THF-d8/D2O (5:1 v/v) 

at 21 °C and the hydrolysis occurred as expected but with no ring-flipping observed 

(less than 1 %). 

 

Solvent 
kRF / s-1 

DMSO-d6 4.48 x 10-6 

THF-d8 8.30 x 10-6 

MeCN-d3 Not detected 

Dioxane-d8 6.27 x 10-6 

Table 2.5 Ring-flipping rate constant (kRF / s-1) of 1b 

 in different solvents. 
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Finally, using the rate constant of the ring-flipping equilibration, it was possible to 

calculate the energy of activation, DG‡RF, for the ring-flipping process, the calculated 

valued was found to be 31 kcal mol-1, in contrast to the experimental value of 24 kcal 

mol-1 for the hydrolysis process, DG‡hyd, in the water-promoted hydrolysis. 

Additionally, DFT calculation performed by Dr Andrew Leach predicted a DG‡RF of 

29-31 kcal mol-1, which was in a very good agreement with the experimental value. 

Therefore the possibility of unassisted B-N dissociation, SN1-like pathways for the 

hydrolysis of MIDA boronates were ruled out.  

 

 

2.10 Hydrolysis of Methyldiethanolamine (MDEA) Boronate Esters  

 

 
The boronates formed with boronic acids and  N-methyldiethanolamine 25, referred 

in this text as MDEA boronates, are known to be conformationally more flexible than 

MIDA boronates.78 Presumably this is due to a combination of a relative weak N-B 

bond and the less rigid structure that in the MDEA ligand. To compare the stability 

of MDEA boronates versus MIDA boronates, the hydrolytic stability of 4-

fluorophenyl MDEA boronate, 26b, was studied under base-free conditions in 

mixtures of THF/H2O (5:1 v/v) at 21 °C (Eq 2.23). 

 

 

 

A fast equilibration between 26b and 2b was detected by using 11B NMR and 19F NMR 

spectroscopy. Further experiments demonstrated that the equilibrium position can be 

shifted by the addition of products (2b or 25) or by changing the amount of water in 

the solvent. The equilibrium constant (Keq) of the hydrolysis was calculated under 

different conditions using Eq. 2.32, a value of 1.05± 0.05 x 10-3 was calculated from four 

different experiments (Table 2.6). 
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Keq= 
[2b]eq[25]eq

[26b]eq[H2O]eq
2                                                         (Eq 2.32) 

 

Entry [26b]0   

/M 

[H2O]0   

/M 

[2b]0       

/M 

[25]0       

/M 

[26b]eq 

/M 

[H2O] eq 

/M 

[2b]eq    

/M 

[25]eq              

/M 

Keq                   

/ x 10-3 

1 0.0979 9.25 0 0 0.0395 9.14 0.0584 0.0584 1.03 

2 0.508 9.25 0 0 0.341 8.93 0.167 0.167 1.03 

3 0.104 9.25 0.0924 0 0.0618 9.12 0.134 0.0418 1.08 

4 0.107 9.25 0 0.0958 0.0657 9.18 0.0414 0.137 1.03 

Table 2.6 Determination of hydrolysis equilibrium constants of 26b in THF/H2O (9.25 M) at 21 °C . 

 

Determination of the hydrolysis equilibrium constant in THF/H2O from a range of 

MDEA boronates was conducted at room temperature. A good correlation between 

the relative equilibrium constants (log10Keqrel) and the neutral sigma values () was 

found. The  value of -1.4 indicates that the presence of electron-donating groups in 

the aryl ring in MDEA boronates favours the hydrolysis equilibrium whereas the 

electron-withdrawing counterparts have the opposite effect (Fig. 2.28a). It is likely, 

although not conclusive, because electron-rich substituents are better to stabilise the 

boronic acid, through -conjugation, than the electron-deficient systems, thus 

lowering the energy (DGproducts) of the products.  A different way to explain the 

negative  value is by considering that the presence of an EWG in the aryl ring makes 

the boron more Lewis acidic, therefore the coordination of 25 to boronic acids is more 

favourable, lowering the energy of the ground state (DGreagents), and therefore 

decreasing the absolute value of DGhyd. This idea is supported by the linear correlation 

found in the Bronsted Relationship-type plot, which shows a linear relation between 

log10Keq and pKa of the boronic acidL (Fig. 2.28b). 

                                                 
L pKa’s values were experimentally measured at 70 oC in a mixture of 1,4-dioxane/H2O (1:1).53  
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Figure 2.28 Hydrolysis of aryl MDEA boronates 26 in THF/H2O (5:1 v/v) at 21 °C (a) Hammett 

plot. (b) Brønsted Relationship-type plot. 
 

Kinetics experiments to measure the rate of hydrolysis of 26b were performed using 

stopped-flow UV spectrometry. Hydrolysis of 26b was monitored by measuring the 

change in absorbance at 263 nm. The decrease in absorbance was fitted to a first-order 

profile, confirming that the reaction is pseudofirst-order in [26b] and under these 

conditions, ([26b]0= 0.5mM, [H2O]0=9.22 M) the half-life time was calculated to be 1.2 

s (Fig. 2.29). However, further experiments are necessary to find the reaction order in 

water concentration or water activity. 

 

Variable temperature 1H NMR spectra were recorded for 26b in DMSO-d6 (27-80 °C) 

and the coalescence of the methylene signals was clearly observed above 60 °C (Fig 

2.30). This suggest that a SN1-like mechanism, where the B-N is cleaved before the rate 

determining step might be occurring. However, more mechanistic information is 

necessary to prove or refute this proposal. Nevertheless, the hydrolytic stability of 

MDEA boronates has been confirmed to be remarkably different to MIDA boronates. 
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Figure 2.29 Change in absorbance at 263 nm measured for the hydrolysis of aryl 26 (0.5 mM) in 

THF/H2O (5:1 v/v) at 21 °C and fitting (solid line) using a pseudo-first order profile. 

Absorbance was measured using stopped-flow UV spectroscopy.  
 

 

 

 

 

 
 

Figure 2.30 1H NMR (400 MHz) spectra of 26b in DMSO-d6 at: (a) 27 °C. (b) 40 °C. (c) 60 °C. (d) 80 

°C. Aromatic signals (6.5 – 8.00 ppm) were used a reference. 
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3. Conclusions  
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Mechanistic investigation into the hydrolysis of MIDA boronates has been 

performed. The experimental evidence collected from the hydrolysis of 4-F-

PhB(MIDA), 1b, kinetics and isotope labelling, supports the presence of three distinct 

mechanisms operating across standard pH scale: acid-promoted (kH), water-

promoted (k0), and base-promoted  hydrolysis (kOH). It was found that the addition of 

the nucleophile (H2O or HO-) to 1b occurs in two sequential stages following a 

combination of concerted nucleophilic addition at boron (frontside and backside) or 

at the carbonyl carbon (Fig. 3.1). Studies of reaction progress as a function of reagent 

concentration under acidic, neutral, and basic conditions on a series of aryl MIDA 

boronates suggest that in all cases the rate-limiting step, a bimolecular process, is the 

first nucleophilic addition of hydroxide (kOH) or water (kH and k0) to 1b.  

In the water-promoted hydrolysis, the reaction proceeds without any exogenous base 

and it is the mechanism that operates in heterogeneous system with an inefficient 

mass-transfer between the two phases. Under these conditions, the rate of hydrolysis 

is proportional to the water activity (aw) in the organic-aqueous solvent. Although 

neutral water is not nucleophilic enough to react with the most electrophilic site in 1b 

(the carbonyl carbon), the addition of water at the central boron (frontside SN2-like) is 

facilitated by the concomitant protonation of the nitrogen, which ultimately promotes 

the B-N cleavage. An associative process with a small build-up of a negative charge 

is supported by the DS (negative) and value (0.88) respectively and kinetic isotope 

effects are consistent with N-H formation and B-N cleavage during the rate limiting 

step. In the second stage, the nucleophilic addition occurs at boron but, in this case 

waters approaches from a different direction (backside SN2-like) due to the lack of 

intramolecular-assisted deprotonation. In addition, consistently with the proposal, 

18O does not incorporate to 3. Computed calculations by Dr Andrew Leach are in good 

agreement with the experimental data.  

The addition of strong bases, such as NaOH, generates significant concentrations of 

hydroxide, a more nucleophilic species than water, and it is able to react with one of 

the carbonyl carbons in 1b.  The base-promoted hydrolysis was studied under 



 

-97- 

 

homogenous conditions, and the rate of hydrolysis was found to be directly 

proportional to both [1b] and [NaOH]. As a result of the first nucleophilic addition 

on 1b, also rate limiting, a tetrahedral-carbon intermediate is generated, which then 

collapses to cleave the first O-Cacyl bond, a BAC2 pathway. This is supported by 

presence of 12/13C kinetic isotope effect and the small  value (0.53). In the second stage, 

and intramolecularly assisted by the carboxylate fragment, water is added at the 

boron (frontside SN2-like). The mono 18O incorporation in 3 after hydrolysis of 1b 

alongside theoretical studies performed by Dr Paul Cheong support this insight. 

The first stage of the pathway proposed for the acid-promoted hydrolysis of 1b 

consists in the protonation of the oxygen, in the carbonyl group, prior to nucleophilic 

addition of water at the carbonyl carbon. As a result, a tetrahedral-carbon 

intermediate is formed and the first C-OAcyl bond is cleavage, an AAC2 pathway, 

consistent with the presence of a 12/13C kinetic isotope effect. Although the hydrolysis 

rate depends on concentration of [H+] and [1b], the enhancement on rate is much less 

significant compared to basic hydrolysis. The negative entropy of activation is 

consistent with the proposed associative process. 

 
 

Figure 3.1 Overview of proposed mechanisms in operation in the hydrolysis of MIDA boronates: kH 

(top), k0(middle), and kOH(bottom). 
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The possibility that a dissociation of the B-N bond or protonation of the nitrogen in 

1b occur before the rate-limiting step was ruled by computed and experimental data. 

The latter were obtained from kinetics on the ring-flipping equilibrium of [methylene-

2H2]-1b. Additionally, by study of the hydrolysis of MDEA boronates, the importance 

of the carbonyl groups in MIDA boronate was evident. It is clear that a combination 

of electronic and structural factors make MIDA boronates particularly hydrolytic 

stable. 

Cumulative, from these results emerges a clearer picture on how boronic acids are 

generated from the hydrolysis of MIDA boronates, which is a combination of three 

different pathways (Fig. 3.2). Also important is the fact that the contribution of each 

process to the overall outcome is measurable by determining the 18O incorporation in 

the free ligand. 

The hydrolysis of MIDA boronates is also a process that can reach equilibration, this 

was confirmed using cross-over and 18O exchange experiments. The equilibrium 

position as well as the rate of hydrolysis can be controlled easily by reaction 

conditions such as water concentration, temperature, solvents, etc. This work shows 

how that control can be predicted and ultimately achieved. 

 
 

 

 

Figure 3.2 Three different processes to hydrolyse MIDA boronates to boronic acids. Two of them 

(kH and k0) are slow and one is fast (kOH) 

Slow 

Fast 
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4. Future Work 
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 4.1 Application of MIDA Boronates in Suzuki-Miyaura Couplings 

 

The kinetic and thermodynamic data obtained in this mechanistic insight provide 

guidelines on reaction conditions for MIDA boronates hydrolysis, specifically 

estimation of hydrolysis rates, which are crucial in Suzuki-Miyaura cross-coupling 

reactions. However, further work can be done to optimize the cross-coupling of 

MIDA boronates based on this understanding.  

 

For example, in the context of Suzuki-Miyaura couplings with MIDA boronates, it is 

possible to propose that the hydrolysis of the MIDA boronate is the rate-limiting 

step.M Therefore the use of expensive catalysts, pre-catalysts, and ligands might not 

be necessary. The rationalised physical-chemical control on the hydrolysis rate can be 

achieve by control of the solvent homogeneity, temperature, and basicity of the 

solvent. Addition of higher amounts of base might result beneficial since the rate of 

hydrolysis will decreased while the transmetalation potentially will be increased; 

although a cost-benefit analysis is necessary to avoid the waste generated. Thus, in 

order to prove the above hypothesis, a rational optimization of biaryl synthesis, 

especially with 2-heteroaryl MIDA boronates would expand scope and applications 

of this work. 

 

4.2 Application of the Acid-Promoted Hydrolysis, kH 

 

The hydrolysis of MIDA boronates under acidic conditions was investigated 

mechanistically in this work. It was showed that there is a small enhancement on the 

rate of hydrolysis, ever in very acidic conditions. This makes it possible to consider 

that the slow in situ generation of boronic acids is also possible under acidic 

conditions, which could be beneficial in cases where acidic conditions are necessary. 

This approach might offer a protection against acid-catalysed protodeboronation.53  

                                                 
M Formally the hydrolysis reaction should not be called turnover-limiting step because it is not part of 

the catalytic cycle. 
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For example, the C-H arylation reaction of pyridines with arylboronic acids 

developed by Baran’s group(Eq 4.1)146 could be an option to apply the acid-catalysed 

slow-release hydrolysis.  

 

 

 

4.3 Ligand Design to Mask Boronic Acids 

 

The effect of different experimental variables on the rate of hydrolysis of MIDA 

boronates was extensively studied in this work. The drastic difference in hydrolytic 

stability between MIDA boronates and MDEA boronates highlighted how important 

the presence of the carbonyl groups in the system is to generate a stable structure with 

unique characteristics.  However, it is possible to imagine that other types of ligand 

can offer the stability that 3 confers when coordinated to boronic acids. A rational 

design of new MIDA boronate analogues in which both “slow” and “fast-release” 

hydrolysis can then be achieved. For example, replacement of the methyl group in 3 

for a larger organic groups, might increase the solubility of the ligand in organic 

solvents, avoiding the use of solvents like DMSO or DMF for the synthesis, without 

any significant loss of chemical properties.  

 

 

4.4 Investigation on the Base-Promoted H/D Exchange in MIDA Boronates 

 

 
The partial deuteration of the methylene protons in 1b via H/D exchange 

demonstrated a distinct rate for each of the protons. However, experimental and 

computational evidence are required to distinguish between the two options and 

propose a difference in energy of activation (DDG‡) to account for the difference in 

reactivity. 
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5. Experimental Section 
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5.1 General Methods 

 

Materials and Experimental Methods 

 

Reactions which are specified in the text below as having been carried out under 

nitrogen were conducted using conventional Schlenk-line technique, purging three 

times with nitrogen vacuum cycles in oven- or flame-dried glassware. When 

anhydrous solvents were used (Et2O, THF, DCM, PhMe, MeCN, EtOH), these were 

obtained from a MBRAUN solvent purification system (MB-SPS-800). H2O was 

freshly distilled without further treatment, except where specified. 

 

Reagents and materials purchased from commercial suppliers were used without 

further purification except where specified. Flash chromatography was carried out 

on columns packed with E. Merck silica gel (40-63 µm). Compounds were detected 

by UV lamp or KMnO4. Melting points were measured using a Stuart Digital SMP10 

apparatus in open capillaries. 

 

Kinetic simulations were performed with Dynochem 2011 v4 

 

Stopped-Flow UV-vis Spectroscopy  

 

UV spectra were recorded on an Ocean-Optics USB400 Miniature Fiber Optic 

Spectrometer fitted with a DH2000-BALUV lamp (deep-UV deuterium and tungsten 

halogen lamps), solarised resistant grade optical fibres. A Hi-Tech Scientific SFA-20 

rapid kinetics stopped-flow accessory attached alongside a quartz 1.0 cm-path 

cuvette were used for rapid mixing. Reagents were loaded in two independent 2.5 

mL syringes and mixed with a pneumatic drive at constant air pressure (5 bar). UV-

vis analysis were performed with a 200-600 nm spectral window. Data were analysed 

with 3.5 version kinetic studio software.  
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NMR Spectroscopy  

NMR spectra were acquired on JEOL Lambda 300, JEOL Eclipse Bruker and JEOL 

Eclipse 400 spectrometers at School of Chemistry, University of Bristol, and Bruker 

AVIII 400, AVIII 500 and AVIII 600 spectrometers with nitrogen or helium cryoprobes 

at School of Chemistry at the University of Edinburgh. The following format is used 

to report each resonance: chemical shift in ppm (multiplicity, J values (coupling 

constant(s)) in Hz, integral value). The following abbreviations are used to describe 

multiplicities: s (singlet), d (doublet), t (triplet), q (quartet). Temperature on the NMR 

spectrometer was calibrated against methanol or ethylene glycol and instrument 

room is considered as 21 °C (±3  °C)147 Chemical shifts are quoted in parts per million 

(ppm) or parts per billion (ppb). 1H spectra are referenced to residual protonated 

solvent (e.g. CHCl3 in CDCl3) and 13C NMR spectra are referenced to deuterated 

solved (e.g. C in CDCl3).148 2H spectra were externally referenced to neat Si(CD3)4, 10B 

and 11B spectra to BF3.OEt2 in CDCl3, 15N spectra to CH3NO2 in CDCl3, and  19F spectra 

to neat CFCl3, 15N spectra to CH3NO2 in CDCl3 

 

 

Mass spectrometry 

 

High resolution mass spectra were recorded on a Bruker microTOF II spectrometer 

by the internal service at the University of Edinburgh. 

 

pH meter 

 

pH measurements were carried out using a Hannah Instruments portable pH meter 

(HI 9125), equipped with a Sigma-Aldrich® micro pH combination electrode 

(Z113441, 183 mm length, 3.5 mm O.D.). The pH meter was calibrated to FIXANAL® 

buffer concentrate solutions at pH 4, 7, and 10 using automatic temperature 

compensation 
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5.2 Synthesis of Precursors and MIDA Boronate Esters  

 

 

 

Benzyl bromoacetate, S1 

 

As a general procedure to make S1, a flame-dried, 50 mL, three 

neck round-bottomed flask equipped with a magnetic stirrer bar 

was charged with AcOH (1.00 g, 16.7 mmol, 1.00 equiv), TFAA 

(5.72 g, 27.2 mmol, 1.63 equiv), and DMAP (0.020 g, 0.16 mmol, 

0.010 equiv). The system was adapted with: a thermometer, a dropping funnel with 

pressure compensation, and a condenser in reflux position before stirring and 

warming at 60 °C for 10 min in an oil bath. Then, Br2 (2.75 g, 17.2 mmol, 1.03 equiv) 

was added dropwise over 90 min through the dropping funnel. The reaction was 

heated for extra 90 min, before cooling to room temperature.  A flow of N2 was used 
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to flush out the HBr produced and remaining Br2, which were quenched with a gas 

trap (NaOH and Na2S2O3). Then, BnOH (10.3 g, 95.2 mmol, 5.95 equiv) was added 

and the reaction mixture was stirred for 19 h at 60 °C. After cooling to room 

temperature, the reaction mixture was poured into a solution of NaHCO3 (10 mL). 

Et2O (20 mL) was added to reaction mixture and the phases were separated. The 

aqueous layer was extracted with Et2O (3 x 15 mL). The combined organic phases 

were washed with saturated aqueous solution of NaHCO3 (10 mL), saturated Na2S2O3 

(10 mL), and distilled H2O (10 mL). Combined organic layers were dried over MgSO4, 

filtered, and the solvent was removed under reduce pressure. The residue was 

purified on silica column (Hexanes/ AcOH 95:5) to afford benzyl bromoacetate, S1, as 

a pale yellow liquid (3.28 g, 14.3 mmol, yield 86 %). The 1H and 13C NMR data were 

consistent with the structure of this compound.149  Rf  (Hex/AcOEt 6:1 v/v)= 0.50 (UV 

lamp).  1H NMR (500 MHz, CDCl3): δ(ppm)= 7.40-7.34 (m, 5H), 5.21 (s, 2H), 3.88 

(s,2H). 13C{1H} NMR (126 MHz, CDCl3): δ(ppm)= 167.2 (s), 135.1 (s), 128.81 (s), 128.75 

(s), 128.5 (s), 68.1 (s), 25.9 (s). 

 

 

Benzyl [carbonyl-13C]-bromoacetate, [carbonyl-13C]-S1 

 

The general procedure to prepare S1 was used with [1-13C]-

AcOH (3.00 g, 49.2 mmol, 1.00 equiv), DMAP (0.060 g, 0.49 

mmol, 0.010 equiv), and TFAA (17.2 g, 81.7 mmol, 1.66 equiv). 

Br2 (8.24 g, 51.6 mmol, 1.05 equiv) was added dropwise over 90 

min at 60 °C. Upon complete addition, the mixture was stirred for 90 min, BnOH (31.4 

g, 290 mmol, 5.89 equiv) was added and heated at 60 °C for 18 h and subsequently 

quenched with saturated NaHCO3 aqueous solution (10 mL). After addition of Et2O 

(45 mL) and extraction of the aqueous layer with Et2O (3 x 30 mL), the organic phase 

was dried with MgSO4. The solvent was distilled under reduced pressure to give a 

yellow liquid. The crude mixture was purified on silica column (Hexanes/AcOH 95:5) 

to give benzyl, [carbonyl-13C]-S1 as a pale yellow liquid (8.83 g, 38.4 mmol, yield 78%) 
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The 1H and 13C NMR data were consistent with the structure of this compound.150 This 

material was carried forward into later reactions. Rf (Hex:AcOEt 6:1 v/v)= 0.5 (UV 

lamp). 1H NMR (500 MHz, CDCl3): δ(ppm)= 7.40-7.33 (m, 5H), 5.21 (d, 3JH-C= 3.2 Hz, 

2H), 3.88 (d, 2JH-C= 4.8 Hz, 2H). 13C{1H} NMR (126 MHz, CDCl3): δ(ppm)= 167.20 (s), 

135.12 (d, 3JC-C= 2.0 Hz), 128.81 (s), 128.76 (s), 128.5 (s), 68.1 (d, 2JC-C= 2.4 Hz), 25.9 (d, 

1JC-C= 65.5 Hz). 

 

 

Dibenzyl [carbonyl-13C2] N-methyliminodiacetate, [carbonyl-13C2]-S2 

 

As a general procedure to prepare S2, a flame-dried, 100 

mL, two necks, round-bottomed flask equipped with a 

magnetic stirrer bar was charged with MeNH2.HCl 

(0.911 g, 13.5 mmol, 1.00 equiv), K2CO3 (11.1 g, 80.0 

mmol, 5.93 equiv). The flask was sealed with a rubber septum and subsequently 

purged three times with nitrogen and vacuum. Then, dry MeCN (25 mL) was added 

to the flask before starting the stirring. In a separate vial, [1-13C]-S1 (5.67 g, 24.7 mmol, 

1.83 equiv) was dissolved with MeCN and sealed with a septum, this solution was 

then transferred via cannula to the reaction mixture. The system was lowered into a 

50 °C oil bath and stirred overnight for 20 h. After cooling down to room temperature, 

the crude mixture was vacuum filtered through celite and rinsed with AcOEt (3 x 10 

mL). The filtrate was concentrated under reduce pressure. The crude mixture was 

absorbed onto celite in vacuo. The celite pad was loaded on silica column and eluted 

with hexanes/AcOEt (5:2 v/v) to afford [carbonyl-13C2]-S2 (3.57 g, 10.8 mmol, yield 

88%) as a pale yellow liquid. The 1H and 13C NMR data were consistent with the 

structure of this compound. Rf (AcOEt)= 0.71(UV lamp). 1H NMR (500 MHz, CDCl3): 

δ(ppm)= 7.38-7.31 (m, 10H), 5.15 (d, 3JH-C= 3.1 Hz, 4H), 3.58 (d, 2JH-C= 5.3 Hz, 4H), 2.56 

(s, 3H). 13C{1H} NMR (126 MHz, CDCl3): δ(ppm)= 170.7 (s), 135.8 (d, 3JC-C= 2.0 Hz), 

128.7 (s), 128.50 (s), 128.48 (s), 66.5 (d, 2JC-C= 2.4 Hz), 57.2 (dd, 1JC-C= 59.7, 2JC-C= 2.0 Hz), 

42.3 (t, 3JC-C= 1.4 Hz). 
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Dibenzyl [15N]-N-methyliminodiacetate, [15N]-S2  

 

The general procedure to prepare S2 was followed using 

S1 (3.11 g, 13.6 mmol, 2.47 equiv), K2CO3 (4.60 g, 33.7 

mmol, 6.13 equiv), CH315NH2.HCl (0.380 g, 5.55 mmol, 

1.00 equiv) and MeCN (20 mL). The reaction was heated 

at 50 °C for 18 h. The crude mixture was filtered through celite and rinsed with AcOH 

(3 x 10 mL). The solvent was distilled off under reduce pressure and the liquid 

purified on silica column and eluted with hexanes/AcOEt (5:2) to afford [15N]-S2 (1.80 

g, 5.49 mmol, yield 98 %) as a pale yellow liquid. The 1H and 13C NMR data were 

consistent with the structure of this compound.  Rf (AcOEt)= 0.69 (UV lamp). 1H NMR 

(400 MHz, CDCl3): δ(ppm)= 7.38-7.30 (m, 10H), 5.16 (s, 4H), 3.58 (s, 4H), 2.56 (s, 3H). 

13C{1H} NMR (100 MHz, CDCl3): δ(ppm)= 170.7 (d, 3JC-N= 2.5 Hz ), 135.8 (s), 128.7 (s), 

128.5 (s), 128.47 (s), 66.5 (s), 57.3 (d, 1JC-N= 6.8 Hz), 42.3 (d, 1JC-N= 5.9 Hz). 15N NMR (126 

MHz, CDCl3): δ(ppm)= 171 (s). 

 

 

[carbonyl-13C2]-N-methyliminodiacetic acid, [carbonyl-13C2]-3 

 

As a general procedure to prepare 3, in an oven-dried, 100 

mL, round-bottomed flask fitted with a magnetic stirrer 

and sealed with a rubber septum was charged with 

[carbonyl-13C2]-S2 (2.76 g, 8.40 mmol, 1.00 equiv) and EtOH 

(50 mL). An outlet and an inlet needle were adapted to bubble N2 through the solution 

for 15 minutes. Then, 10 % w/w Pd/C (0.315 g, 0.296 mmol, 0.0352 equiv) was added 

quickly to the reaction mixture. With vigorous stirring, a balloon full with H2 was 

used to bubble H2 through the suspension with a needle immersed in the solution 

alongside an outlet needle for 10 minutes. The outlet needle was removed and the 

inlet needle was moved above the mixture. The reaction was stirred for 24 hours at 

room temperature. The H2 balloon was removed and N2 was used to purge the 
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remaining hydrogen. The mixture was vacuum filtered, rinsing with EtOH (3 x 5 mL) 

and the solid was dissolved in 30 mL of H2O, and the solution was filtered  to remove 

the Pd and C, and then concentrated under reduce pressure to reach approximately 

3-5 mL of solution. Then, 20 mL of acetone were added and the flask was cooled in a 

water-ice bath to precipitate a white solid. The solid was vacuum filtered and dried 

overnight. [carbonyl-13C2]-3 (1.13 g, 7.59 mmol, yield 91%) was obtained as a white 

solid. m.p.: 213-215 °C (dec). 1H NMR (500 MHz, D2O): δ(ppm)= 4.02 (d, 2JH-C= 5.4 Hz, 

4H), 3.04 (s, 3H). 13C{1H} NMR (126 MHz, D2O): δ(ppm)= 169.10 (s), 57.26 (d, 1JC-C = 

55.3 Hz), 42.6 (s). HRMS (m/z): [M]+ calcd. for C313C2H9O4N, 149.0593; found, 149.0606. 

1H and 13C NMR shifts are consistent with those of the unlabelled compound.151 

 

 

[15N]-N-methyliminodiacetic acid. [15N]-3 

 

The general procedure for synthesis of 3 was used using 

[15N]-S2 (1.30 g. 3.90 mmol, 1.00 equiv), 10 % w/w Pd/C 

(0.171 g, 0.161 mmol, 0.0412 equiv), and EtOH (25 mL). 

The reaction was vigorously stirred under H2 atmosphere 

for 24 h at room temperature. Then, the crude mixture was vacuum filtered and the 

solid was dissolved in water and once again vacuum filtered. The aqueous solution 

was concentrated down to 2-3 mL and then 10 mL of acetone was added. After cooling 

down in an water-ice bath, the solid was filtered and dried in vacuo overnight to afford 

[15N]-methyliminodiacetic acid] [15N]-3 (0.354 g, 2.39 mmol, 60 % yield). m.p.: 213-215 

°C (dec). 1H NMR (500 MHz, D2O): δ(ppm)= 4.00 (s, 4H), 3.02 (s, 3H). 13C{1H} NMR 

(126 MHz, D2O): δ(ppm)= 169.11 (s), 57.24 (d, 1JC-N= 6.6 Hz), 42.5 (d, 1JC-N= 5.6 Hz). 15N 

NMR (500 MHz, D2O): δ(ppm)= 43.5 (s). HRMS (m/z): [M]+ calcd. for C5H9O415N, 

148.0496; found, 148.0508. 1H and 13C NMR shifts are consistent with those of the 

unlabelled compound.151 
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[aryl-2H4]-4-bromoflurophenyl, [aryl-2H4]-S4 

 

The reported procedure was used with 4-fluorobenzene-d5 (2.62 g, 

25.9 mmol, 1.00 equiv), FeCl3 (0.125 g, 0.771 mmol, 0.030 equiv), and 

DCM (2.5 mL). At approximately 12 °C, a mixture of Br2 (4.34 g, 

27.2 mmol, 1.05 equiv) and DCM (3.5 mL)  was added dropwise for 

60 min with vigorous stirring. After 4 h, the reaction was stopped. 

The crude mixture was washed with water (3 x 6 mL), saturated 

aqueous Na2S2O3 (3 x 6 mL), and water again (3 x 6 mL). The 

aqueous layer were extracted with DCM (3 x 10 mL) and the combined organic phase 

was dried over MgSO4. Solvent was distilled off under reduce pressure for 1 h (760 

mbar at 40 °C) for 1h. The crude material was distilled at 450-450 mbar, the fraction 

obtained from 60-67 °C as a pale yellow liquid was characterized as [aryl-2H4]-S4 

(3.450 g, 19.3 mmol, yield 74%).2H NMR (61.4 MHz, CDCl3): δ(ppm)= 7.52 (s, 2D), 7.04 

(s, 2D). 13C{1H} NMR (101 MHz, , CDCl3): δ(ppm)= 162.0 (d, 1JC-F = 246.7 Hz), 132.70 

(td, 1JC-D= 25.9 Hz, 3JC-F = 8.6 Hz), 117.01 (td, 1JC-D= 25.9 Hz, 2JC-F= 22.9 Hz), 116.4 (s). 19F 

NMR (377 MHz, CDCl3): δ(ppm)= -115.9 (s). HRMS (m/z): [M] + calcd. for C62H479BrF, 

177.9726; found, 177.9718.  2H, 19F and 13C NMR shifts are consistent with those 

reported in the literature.152 

  

 

4-[aryl-2H4, 11B]-fluorophenylboronic acid, [aryl-2H4, 11B]-2b 

 

The reported procedure was used with [aryl-2H4]-S4 (1.10 g, 

6.12 mmol, 1.00 equiv) and Et2O (10 mL). The mixture was 

cooled down to -78 °C. Then, n-BuLi (2.70 mL, 2.38 M, 6.43 

mmol, 1.05 equiv) was added over 15 minutes and stirred for 

extra 35 min.  To this solution 11B(O-iPr)3 (1.260 g, 6.69 mmol, 

1.08 equiv) was added before being allowed to warm to -20 °C, 

at which point HCl (15 mL of 2 M solution) was added. The organic phase was 
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separated and the aqueous layer extracted with Et2O (3x20 mL), the combined organic 

layer was dried with MgSO4 and the solvent was distilled off under reduce pressure. 

The solid was recrystallized from water and vacuum dried to afford the [aryl-2H4, 11B]-

2b (0.712 g, 5.7 mmol, yield 93 %). 2H, 11B, 13C and 19F NMR shifts are consistent with 

the published data for the unlabelled compound, 10B/11B (20/80).152 2H NMR (61.4 

MHz, DMSO): δ(ppm)= 7.9 (s, 2D), 7.2 (s, 2D).  11B NMR (160 Hz, DMSO-d6): δ(ppm)= 

28.2 (s, 1B). 13C{1H} NMR (126 MHz, DMSO-d6): δ(ppm)= 163.7 (d, 1JC-F= 245.5 Hz), 

broad C-B and C-D signals not observed. 19F NMR (471 MHz, DMSO-d6): δ (ppm)= -

111.5 (s). 

 

 

4-[aryl-2H4]-fluorophenylboronic MIDA boronate, [aryl-2H4]-1b 

 

As a general procedure of synthesis of MIDA boronates, 

[aryl-2H4]-2b (0.274 g, 1.90 mmol, 1.00 equiv) and 3 (0.316 

g, 2.15 mmol, 1.13 equiv) were put in a 50 mL round-

bottomed flask with a magnetic stirrer. Then, toluene (30 

mL) and DMSO (3 mL) were added. A Dean-Stark 

apparatus was connected to the reaction flask alongside a 

condenser in the reflux position and the mixture heated to 115-120 °C. The reaction 

was stirred under these conditions overnight. After approximately 16 h the reaction 

was cooled to room temperature. The toluene was distilled off under reduce pressure, 

and the crude mixture was poured into a flask with cold water (10 mL, 5-10 °C). The 

solid formed was filtrated in vacuo, dissolved in MeCN and then loaded onto a 

chromatography column (SiO2) eluting with Et2O/MeCN (4:1 v/v). The solvent was 

distilled off and the product recrystallized from MeCN/Et2O. The product, [aryl-2H4]-

1b, was obtained as a crystalline white solid (0.419 g, 1.64 mmol, yield 86 %).  m.p.: 

218-221 °C.  Rf (AcOEt)= 0.33 (UV lamp). 1H NMR (500 MHz, DMSO-d6): δ(ppm)= 4.33 

(d, 2JH-H= 17.2 Hz, 2H), 4.11 (d, 2JH-H= 17.2 Hz, 2H), signal of CH3- is obscured by the 

residual solvent peak. 13C{1H} NMR (101 MHz, DMSO-d6): δ(ppm)= 163.7 (d, 1JC-F= 243 
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Hz), 134.4-134.(m), 114.4-113.9 (m), 61.78 (s), 47.54 (s), broad C-B signal not observed. 

11B NMR (160 MHz, DMSO-d6): δ(ppm)=  11.1 (s). 15N NMR (50.7 MHz, DMSO-d6): 

δ(ppm)= 49.3 (s). 19F NMR (471 MHz, DMSO-d6): δ(ppm)= -113.6 (s). HRMS (m/z): 

[M]+ calcd for C11H72H4O4N11BF, 255.1011; found, 255.1010. Data were consistent with 

the structure of this compound. 

 

 

4-fluorophenylboronic MIDA [10B]-boronate, [10B]-1b  

 

The general procedure was followed with [10B]-2b (0.549 g, 

3.95 mmol, 1.00 equiv), 3 (0.780 g, 5.30 mmol, 1.34 equiv), 

toluene (40 mL), and DMSO (4 mL). After purification, 

[10B]-1b (0.807 g, 3.27 mmol, yield 83 %) was obtained as a 

white crystalline solid. m.p.: 218-221 °C. Rf (AcOEt)= 0.33 

(UV lamp). 1H NMR (500 MHz, DMSO-d6): δ(ppm)=  7.47 

(dd, 3JH-H= 8.6 Hz, 4JH-F= 6.3 Hz, 2H), 7.17 (dd, 3JH-F= 9.5 Hz, 3JH-H= 8.6, 2H), 4.33 (d, 2JH-

H= 17.2 Hz, 2H), 4.11 (d, 2JH-H= 17.2 Hz, 2H), signal of CH3- is obscured by the residual 

solvent peak. 13C{1H} NMR (126 MHz, DMSO-d6): δ(ppm)= 169.3 (s), 162.9 (d, 1JC-F= 

245.2 Hz), 134.6 (d, 3JC-F= 7.8 Hz), 114.5 (d, 2JC-F= 19.7 Hz), 61.8 (s), 47.6 (s), broad C-B 

signal not observed. 10B NMR (54 MHz, DMSO-d6): δ(ppm)= 11.2 (s). 19F NMR (471 

MHz, DMSO-d6): δ(ppm)= -113.0 (s). HRMS (m/z): [M] + calcd. for C11H11O4N10BF, 

250.0796; found, 250.0791. Data were consistent with the structure of this compound. 

 

 

 4-[aryl-2H4]-fluorophenylboronic MIDA [11B]-boronate, [aryl-2H4,11B]-1b 

 

The general procedure was followed with [aryl-2H4,11B]-2b (0.517 g, 3.60 mmol, 1.00 

equiv), 3 (0.703 g, 4.78 mmol, 1.33 equiv), toluene (40 mL), and DMSO (4 mL). After 

purification, [aryl-2H4,11B]-1b (0.700 g, 2.74 mmol, yield 76 %) was obtained as a white 
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crystalline solid. m.p.: 218-221 °C. Rf (AcOEt)= 0.33 (UV 

lamp). 1H NMR (500 MHz, DMSO-d6): δ(ppm)=  4.34 (d, 2JH-

H= 17.2 Hz, 2H), 4.11(d, 2JH-H= 17.2 Hz, 2H), signal of CH3- 

is obscured by the residual solvent peak.  13C{1H} NMR 

(126 MHz, DMSO-d6): δ(ppm)= 169.3 (s), 162.9 (d, 1JC-

F=246.5 Hz), 134.4-134.0 (m), 114.5-113.8 (m), 61.8 (s), 47.5 

(s), broad C-B signal not observed. 11B NMR (160 MHz, DMSO-d6): δ(ppm)= 11.1 (s). 

19F NMR (471 MHz, DMSO-d6): δ(ppm)= -113.6 (s). HRMS (m/z): [M] + calcd. for 

C11H72H4O4N11BF, 255.1011; found, 255.1014. Data were consistent with the structure 

of this compound. 

 

 

4-fluorophenylboronic [1-13C2]-MIDA boronate, [carbonyl-13C2]-1b 

 

The general procedure was followed with 2b (0.554 g, 3.90 

mmol, 1.03 equiv), [1-13C2]-3 (0.562 g, 3.77 mmol, 1.00 

equiv), toluene (40 mL), and DMSO (4.5 mL). After 

purification, [1-13C2]-1b (0.692 g, 2.46 mmol, yield 63 %) 

was obtained as a white crystalline solid. m.p.: 217-220 °C. 

Rf (AcOEt)= 0.35 (UV lamp).1 1H NMR (500 MHz, DMSO-d6): δ(ppm)= 7.47 (dd, 3JH-H= 

8.3 Hz, 4JH-F= 6.3 Hz, 2H), 7.17 (dd, 3JH-F= 9.5 Hz, 3JH-H= 8.6), 4.33 (dd, 2JH-H= 17.2 Hz, 2JH-

C= 5.0 Hz, 2H),   4.11 (dd, 2JH-H= 17.2 Hz, 2JH-C= 5.0 Hz, 2H), signal of CH3- is obscured 

by the residual solvent peak.13C{1H} NMR (126 MHz, DMSO-d6): δ(ppm)= 169.3 (s), 

163.0 (d, 1JC-F= 245.2 Hz), 134.6 (d, 3JC-F= 7.8 Hz), 114.5 (d, 2JC-F= 20.0 Hz), 61.8 (d, 1JC-C= 

53.1 Hz), 47.6 (t, 2JC-C= 1.9 Hz). 11B NMR (160 MHz, DMSO-d6): δ(ppm)= 11.1 (s). 19F 

NMR (471 MHz, DMSO-d6): δ(ppm) = -113.6 (s) HRMS (m/z): [M] + calcd. for 

C913C2H11O4N11BF, 253.0827; found, 253.0840. Data were consistent with the structure 

of this compound. 
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4-[aryl-2H4]-fluorophenylboronic [15N]-MIDA boronate, [aryl-2H4,15N]-1b 

 

The general procedure was followed with [aryl-2H4]-2b 

(0.334 g, 2.32 mmol, 1.07 equiv), [15N]-3 (0.322 g, 2.17 mmol, 

1.00 equiv), toluene (40 mL), and DMSO (4 mL). After 

purification, [aryl-2H4,15N]-1b (0.419 g, 1.63 mmol, yield 75 

%) was obtained as a white crystalline solid. m.p.: 219-222 

°C. Rf (AcOEt) =0.36 (UV lamp). 1H NMR (500 MHz, 

DMSO-d6) δ(ppm)=  4.33 (d, 2JH-H= 17.5 Hz, 2H) 4.11 (d, 2JH-H= 17.5 Hz, 2H), signal of 

CH3 is obscured by the residual solvent peak. 13C{1H,2H} NMR (101 MHz, DMSO-d6): 

δ(ppm)= 169.3 (d,2JC-N=3.0 Hz), 162.9 (d, 1JC-F= 245.0 Hz), 134.2 (d, 3JC-F= 7.9 Hz), 114.2 

(d, 2JC-F=19.7 Hz), 61.8 (d, 1JC-N= 5.8 Hz), 47.5 (d, 1JC-N= 5.6 Hz), broad C-B signal not 

observed. 11B NMR (160 MHz, DMSO-d6): δ(ppm)= 11.1 (s). 15N NMR (51 MHz, 

DMSO-d6): δ(ppm)=  49.3 (s). 19F NMR (471 MHz, DMSO-d6): δ(ppm)= -113.6 (s). 

HRMS (m/z): [M] + calcd. for C11H72H4O415N11BF, 256.0981; found, 256.0986. Data were 

consistent with the structure of this compound. 

 

 

4-fluorophenylboronic [methylene- 2H2.7]MIDA boronate, [methylene- 2H2.7]-1b  

 

In a 50 mL round bottom flask with a magnetic stirrer, 1b 

(1.50 g, 5.98 mmol), THF (30 mL). A premade solution of 

K2DPO4  in D2O (6 mL, pD=9.2) was added to the flask. The 

system was stirred for 20 minutes (500 rpm, 21o C) and 

then HCl (2 M) was added until pD=7 (measured with pH 

paper). The system was saturated with NaCl until the 

phase splitting was observed. Organic and aqueous layers were separated and the 

aqueous layer was extracted with Et2O (3 x 10 mL). The combined organic layer was 

dried over MgSO4, filtered, and the solvent was distilled off under reduce pressure. 

The remaining solid was purified by column in silica gel using Et2O/MeCN (1:1 v/v) 
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as eluent. The product was recrystallized from Et2O/MeCN, vacuum filtrated and 

obtained as a white crystalline solid. Rf (AcOEt) =0.36 (UV lamp). 1H NMR (500 MHz, 

DMSO-d6): δ(ppm)=  7.47 (dd, 3JH-H= 8.3 Hz, 4JH-F= 6.3 Hz, 2H), 7.17 (dd, 3JH-F= 9.5 Hz, 

3JH-H= 8.6, 2H), 4.33 (m, 0.81H) 4.11(m,  1.6H), signal of CH3- is obscured by the residual 

solvent peak. 

 

 

4-fluorophenylboronic MIDA boronate, 1b 

 

The general procedure was followed using 1b (0.701 g, 5.00 

mmol, 1.00 equiv), 3 (0.741 g, 5.04 mmol, 1.00 equiv), 

toluene (20 mL), and DMSO (2 mL). Heated at 110-115 °C 

for 24 h, after workup and purification on silica column, 1b 

was obtained as a white solid (1.04 g, 4.14 mmol, yield, 82 

%). Rf(AcOEt)=0.28 (UV lamp). 1H NMR (400 MHz, DMSO-d6) δ(ppm): 7.47 (dd, 3JH-

F= 8Hz, 4JH-F= 6Hz, 2H), 7.17 (dd, 3JH-F= 8 Hz, 3JH-H= 8 Hz, 2H), 4.33 (d,2JH-H=17 Hz, 2H), 

4.11 (d,2JH-H= 17 Hz, 2H), H signal of CH3- is obscured by the residual solvent peak. 

13C NMR (101 MHz, DMSO-d6): δ(ppm)= 169.4(s), 163.0 (d, 1JC-F= 245 Hz), 134.68 (d, 

3JC-F=8Hz), 129.4 (d, 2JC-F=20 Hz), 61.8 (s), 47.6 (s), C-B signal not observed. 11B NMR 

(128 MHz, DMSO-d6): δ(ppm)= 10.3 (s). 19F NMR (377 MHz, DMSO-d6): δ(ppm)= -

112.9 (s); IR (solid, cm-1): 3016 (w), 2969 (w), 1743 (s), 1659 (w), 1602 (m), 1590 (m), 

1508 (m), 1460 (m), 1394 (w), 1338(m), 1297(s), 1244(m), 1212(s). Data were consistent 

with the structure of this compound. 
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4-methoxyphenylboronic MIDA boronate, 1c 

 

The general procedure was followed using 4-

methoxyphenylboronic acid (2c), (0.679 g, 4.47 mmol, 1 

equiv), 3 (0.736 g, 5.00 mmol, 1.12 equiv), toluene (15 

mL), and DMSO (1.5 mL). The mixture was heated at 

110-115 °C for 18 h. 1c was obtained as a white solid 

(0.894 g, 3.40 mmol, yield 76%). Rf(AcOEt)= 0.22 (UV lamp). 1H NMR (400 MHz, 

DMSO-d6):  δ(ppm)= 7.34 (d, 3JH-H= 8 Hz, 2), 6.92 (d, 3JH-H= 8 Hz, 2), 4.30 (d,2JH-H=17 Hz, 

2), 4.07 (d,2JH-H=17 Hz, 2), 3.75 (s, 3), 2.47 (s, 3). 13C NMR (101 MHz, DMSO-d6): 

δ(ppm)= 169.5 (s), 133.8 (s), 113.3 (s), 61.7 (s), 54.9 (s), 47.5 (s), C-B signal not observed. 

11B NMR (96 MHz, DMSO-d6): δ(ppm)= 10.5 (s). IR (solid, cm-1): 3011 (w), 2958 (w), 

2935 (w), 2834 (w), 1741 (s), 1605 (m), 1570 (w), 1457 (m), 1338 (m), 1298 (s), 1244 (m), 

1181 (m), 1027 (s), 1010 (s), 994 (s), 984 (s), 965 (s), 865 (s), 816 (s). Data were consistent 

with the structure of this compound. 

 

4-tolyl MIDA boronate, 1d 

 

The general procedure was followed using tolylboronic 

acid (1d), (0.342g, 2.52 mmol, 1.00 equiv), 3 (0.370 g, 2.51 

mmol. 1.00 equiv), toluene (15 mL) and DMSO (1.5 mL). 

The mixture was heated at 110-115 °C for 20 h. After 

workup and purification, 1c was obtained as a white solid (0.541 g, 2.19 mmol, yield 

87 %). Rf (AcOEt)=0.30, (UV lamp). 1H NMR (400 MHz, DMSO-d6): δ(ppm)= 7.31(d, 

3JH-H= 8Hz, 2), 7.16(d, 3JH-H= 8Hz, 2), 4.31 (d,2JH-H=17 Hz, 2), 4.08 (d, 2JH-H=17 Hz, 2), 2.47 

(s, 3) 2.30 (s, 3). 13C NMR (101 MHz, DMSO-d6): δ(ppm)= 169.5 (s), 138.0(s), 132.4(s), 

128.4 (s), 61.6 (s), 47.5 (s), 21.0 (s), C-B signal not observed. 11B NMR (128 MHz, DMSO-

d6): δ(ppm)= 10.3 (s). IR (solid, cm-1): 3046 (w), 3008 (w), 2957 (w), 2918 (w) 2836 (w), 

1784 (m), 1741 (s), 1612 (m), 1455 (m) 1333 (m), 1300 (m), 1227 (m), 1186 (m), 1151 (w), 

1024 (s), 989 (s). Data were consistent with the structure of this compound. 
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phenylboronic MIDA boronate, 1e 

 

The general procedure was followed using phenylboronic acid 

(2e), (1.219 g, 10.0 mmol, 1.00 equiv), 3 (1.471 g, 10. 0 mmol, 1.00 

equiv), toluene (35 mL), and DMSO (3.5 mL). The mixture was 

heated at 110 -115 °C for 18 h. After purification on silica 

column, 1e was obtained as a crystalline white solid (1.771 g, 

7.60 mmol, yield 76 %). Rf (AcOEt)=0.33 (UV lamp). 1H NMR 

(400 MHz, DMSO-d6): δ(ppm)= 7.43 (m, 2), 7.36 (m,3), 4.33 (d,2JH-H=17 Hz, 2), 4.11 

(d,2JH-H=17 Hz, 2), 2.49 (s, 3). 13C NMR (101 MHz, DMSO-d6): δ(ppm)= 169.5 (s), 132.4 

(s), 128.9 (s), 127.7 (s), 61.8 (s), 47.6 (s), C-B signal not observed. 11B NMR (128 MHz, 

DMSO-d6): δ(ppm)= 10.3 (s). IR (s, cm-1) 3040 (w), 2998 (w), 2957 (w), 1759 (s), 1743 (s), 

1734 (s), 1602 (w), 1456 (m),1434 (w), 1349 (m), 1335 (m), 1303 (s), 1249 (m), 1220 (s), 

1078 (m), 1041 (s), 1022 (s), 992 (s), 856 (s), 754 (s), and 706 (s). Data were consistent 

with the structure of this compound. 

 

3,5-bis(trifluoromethy)phenylboronic MIDA boronate, 1h 

 

The general procedure was followed with 3,5-bis-

trifluoromethylphenylboronic acid (2h), (0.375 g, 1.45 

mmol, 1.00 equiv), 3 (0.221g, 1.50 mmol, 1.03 equiv), toluene 

(10 mL), and DMSO (1 mL). The reaction was heated at 100-

115 °C for 20 h, after purification, 1h was obtained as a white 

solid (0.443 g, 1.20 mmol, yield 83%). Rf(AcOEt)=0.5 (UV lamp). 1H NMR (400 MHz, 

DMSO-d6): δ(ppm)= 8.06 (s, 2), 8.04 (s, 1), 4.36 (d,2JH-H=17 Hz, 2), 4.18 (d,2JH-H=17 Hz, 

2), 2.59 (s, 3). 13C NMR (101 MHz, DMSO-d6): δ(ppm)= 169.3 (s), 133.28 (s), 129.38 (q, 

2JC-F= 33 Hz), 123.7(q, 1JC-F= 272 Hz), 122.7(s), 62.7(s), 48.1(s), C-B signal not observed. 

11B NMR (128 MHz, DMSO-d6) δ(ppm): 9.3(s) 19F NMR (377 MHz, DMSO-d6): 

δ(ppm)= -61.0(s). Data were consistent with the structure of this compound. 
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5.3 General Kinetic Procedure for Hydrolysis of MIDA Boronates 

 

Procedure A : H2O-Promoted Hydrolysis, (k0)  

 

For the reactions carried out in mixture of THF/H2O (5:1 v/v), stock solutions of the 

MIDA boronate (0.1 M) with bis[4-(trifluoromethyl)phenyl] (as internal standard) 

were prepared in THF and water respectively. Aliquots (0.500 mL) of the latter 

solution were placed in NMR tubes. Then, distilled H2O (0.100 mL) was added to the 

NMR tube, the solution was shaken, a glass capillary filled with DMSO-d6 was 

inserted, and either a 19F NMR or 11B NMR experiment was run immediately. 

 

 For those reaction carried out in THF/H2O mixtures at specific H2O or D2O 

concentrations, a stock solutions was made up by weighting out the amount of water 

and topping up the volumetric flask with THF.  Substrate was weighed out and 

placed in an NMR tube and the solvent solution (0.500 mL) was added to the solid. 

The NMR tube was vigorously shaken for about a minute before inserting a capillary 

filled with DMSO-d6. An NMR experiment was run just after mixing.In both set of 

experiments, samples were kept at room temperature (21 °C ± 3 °C) while these were 

outside of the spectrometer.  

 

For experiments at higher temperatures, samples were prepared at room temperature 

but, they were kept in the spectrometer at a constant temperature. 11B NMR or 19F 

NMR experiments were run at specific time intervals until the hydrolysis was 

complete. NMR spectra were processed and analysed using MestReNova. Phase and 

baseline were corrected manually, backward linear prediction was applied, and 

signals were integrated manually. Temporal concentrations were calculated 

comparing with the internal standard integration. Pseudo-first order rate constants 

(kobs) were calculated at plotting ln{[ArB(MIDA)]0/[ArB(MIDA)]} vs time. 
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Procedure B: Base-Promoted Hydrolysis, (kOH) 

 

Kinetics experiments were completed 

using a stopped-flow UV equipment, the 

general diagram in displayed in Fig 5.1. 

Freshly prepared stock solutions of the 

MIDA boronate (1) and NaOH were made 

up in THF/H2O (5:1 v/v) at room 

temperature (21 °C ± 3 °C). Blank solvent 

was flushed through the system several 

times. Then, one reservoir syringe was 

filled with the NaOH solution and a five-

second shot (pneumatic drive pressure: 5 

bar) with blank solvent and NaOH was 

performed to record the background. The 

blank solvent syringe was evacuated and 

filled with the substrate solution. The system was purged three times with both 

boronate and base solution. Reagents were injected to the system using a pneumatic 

drive with compressed air (80 psi). 

 

The change in absorbance was followed from 230 – 450 nm, 500 data points were 

recorded over different periods of time (5 s - 1000 s). Each experiment was repeated 

until three concordant measurements were obtained. 

 

The data were analysed using kinetic studio software using the change in absorbance 

at a specific wavelength for each system. The solvent baseline was used to correct the 

measurements within the first 250 mS. Initials rates and rate constants were fitted 

independently for each experiment and the mean was calculated for each set of 

experiments. 

 

Figure  5.1Graphical representation of 

the stopped-flow equipment. 
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Procedure C: Acid-Promoted Hydrolysis, (kH) 

 

Stock solutions of the MIDA boronate (0.1 M) with bis[4-

(trifluoromethyl)phenyl] (as internal standard) were prepared 

in THF. Aliquots of the THF solutions (0.500 mL) were placed 

in NMR tubes. Solutions of HCl at different concentrations 

were prepared in water and then an aliquot of this solution 

(0.100 mL) was added to the NMR tube, the solution was 

vigorously shaken for approximately for 1 minutes. A glass 

capillary filled with DMSO-d6 was inserted in the NMR tube 

and the sample was analysed by in situ 19F NMR or 11B NMR 

spectroscopy at specific time intervals. The sample was kept at room temperature (21 

°C ± 3 °C) until the experiment was completed. 

 

NMR spectra were processed and analysed using MestReNova. Phase and baseline 

were corrected manually, backward linear prediction was applied, and signals were 

integrated manually. Temporal concentrations were calculated by comparison to the 

internal standard integration. 

 

Pseudo-first order rate constants (kobs) were calculated at plotting 

ln{[ArB(MIDA)]0/[ArB(MIDA)]} vs time at different acid concentrations. 
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5.4 pH-Rate Profile 

 

5.4.1 pH Monitoring 

 

 Methyl MIDA boronate, 1a (27.8 mg, 1.64 x 10-4 mol), was put in a 10 mL round-

bottom flask with a magnetic stirrer.  Distilled water (4.6 mL) was added with a 

syringe. The system was immersed in a preheated water bath at 50 °C and the stirring 

rate was set at 750 rpm. The pH probe was immersed in the solution and the pH was 

recorded every 5 minutes for 140 min.  

 

5.4.2 Buffer Preparation 

 

0.5 M Stock solutions of CH3COOH, H3PO4, HCOOH, K3PO4, CH3COOK were 

prepared and used to prepared buffers solutions at different pH’s. The acid-base pair 

was chosen based on the pKa of the system and the required pH.153 

 

5.4.3 Kinetics 

 

Methyl MIDA boronate, 1a (2.4 x10-5 mol) was weighed out and transferred into a 5 

mm J-Young valve NMR tube. Then, the buffer solution (0.6 mL) was added with an 

Eppendorf pipette, the tube was shaken and injected into the NMR spectrometer at 

50 °C. The hydrolysis reaction was monitored by in situ 11B-NMR spectroscopy. The 

number of scans was set to 200 and spectrum were recorded every  5, 10 or 20 minutes 

until approximately 90 % conversion of methylMIDA boronate was observed. 

 

The NMR spectra were analysed using the Mestrenova. The phase of the spectra was 

corrected manually, an exponential apodization of 2 Hz was applied to the spectra, 

and a value of 10 was used for the backward linear prediction. The boron signals were 

integrated manually and the molar ratio was used to calculate temporal 

concentrations. The rate constant values, kobs, at different pH the buffer used is 

displayed in Table1. 
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Table 5.1Summary of pseudo-first order rate constants for hydrolysis of 1a at 50 °C under buffered 

aqueous conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

Entry pH kobs  /s-1 log kobs buffer  

1 1 7.15  x 10-5 -3.73  

2 1.5 9.33  x 10-5 -4.03 CF3COOH/CF3COO 

3 2.5 7.4  x 10-5 -4.13  

4 3 5.01  x 10-5 -4.3 

CH3COOH / 

CH3COO- 

5 3.9 7.15  x 10-5 -4.15 

6 4.0 7.01  x 10-5 -4.15 

7 4.1 6.77  x 10-5 -4.17 

8 4.2 6.28  x 10-5 -4.20 

9 4.3 6.59  x 10-5 -4.18 

10 4.4 6.65  x 10-5 -4.18 

11 4.5 6.78  x 10-5 -4.17 

12 5.0 7.75  x 10-5 -4.11 

13 6.0 1.03  x 10-4 -3.99 

H2PO4- / HPO42- 

14 7.0 1.37 x 10-4 -3.86 

15 7.5 2.03  x 10-4 -3.69 

16 8.0 2.35 x 10-4 
 

-3.63 

17 8.5 1.98 x 10-4 -3.70  

18 9.0 6.53 x 10-4 -3.19 NH3/NH4+ 

19 9.5 1.55 x 10-3 -2.81  

20 10 2.07  x 10-3 -2.68  

21 10.5 4.20 x 10-3 -2.38 HPO42-/ PO43- 

22 11 4.25 x 10-3 -1.96  
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5.5 Base Titrations 

 

5.5.1 NaOH titrations  

 

For each sample, 1b (0.012 g, approximately 4.8 x 10-2 mmol) and THF (0.400 mL) were 

added to a J-Young valve NMR tube. It was then vigorously shaken until complete 

dissolution of the starting material was observed. An aqueous solution of NaOH (0.08 

mL, x equiv) was added with a syringe and a rapid shaking was used to mix the 

solution. The general procedure A was used to follow the consumption of starting 

material. Samples were analysed by 19F NMR spectroscopy, the first data point was 

acquired roughly 9 min after addition of NaOH and then, a spectrum was recorded 

approximately every 2 h. 

 

Signals of starting material and products in the 19F NMR spectra were integrated and 

the molar ratio of  1b and 2b was used to calculate temporal concentrations. Less than 

2% oxidation of the boronic acid was also observed.  

 

 

5.5.2 K3PO4 titrations 
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A 10.0 mL solution was made up 1b (0.251 g, 1.00 mmol), with bis[4-

(trifluoromethyl)phenyl] (0.0133 g, 0.0459 mmol) as internal standard, and topped up 

with THF. Aliquots of the stock solution (0.500 mL) were put into a J-Young valve 

NMR tube along with an aqueous solution of K3PO4 (0.100 mL), and a capillary filled 

with DMSO-d6. The tube was vigorously shaken before putting in the spectrometer. 

19F NMR spectra were recorded every 4 hours, the NMR tubes were kept at 21 °C 

between NMR measurements. Reactions were followed until approximately 90 % of 

conversion of the MIDA boronate was observed. Temporal concentrations were 

calculated by comparison of the integration to the integral of the internal standard. 

Pseudo-first order rate constants, kobs, were calculated for each experiment, values are 

displayed in Table 5.2. 

 

Entry K3PO4 / mmol Equivalents kobs  / s-1 R2 

1 0 0 1.75 x 10-5 0.999 

2 0.025 0.50 1.74 x 10-5 0.999 

3 0.050 1.0 1.74 x 10-5 0.999 

4 0.075 1.5 1.69 x 10-5 0.999 

5 0.10 2.0 1.68 x 10-5 0.999 

6 0.15 3.0 1.52 x 10-5 0.999 

7 0.20 4.0 1.37 x 10-5 0.998 

8 0.30 6.0 7.01 x 10-6 0.997 

Table 5.2 Summary of pseudo-first order rate constants for hydrolysis of 1b at room temperature in 

THF-H2O (5:1 v/v) at different K3PO4 concentrations. 
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5.6 Rate Laws and Hammett Plots 

 

5.6.1 H2O-promoted Hydrolysis, k0 

 

 

Order in [H2O] 

 

Solutions of different water concentrations were prepare as follows: degassed and 

distilled water was weighed out in 10.0 mL volumetric flask, then THF was added to 

complete the volume and the total weight of the solution was recorded. A sample of 

the H2O-THF solution (0.500 mL) and 1b (12.5 mg, 0.0498 mmol) were put in a young’s 

tap NMR tube. Formation of 2b was followed according to the general kinetics 

procedure A. 

Table 5.3Effect of [H2O] on hydrolysis rate, kobs, of 1b in mixtures THF-H2O at 21 °C 

Entry [H2O] / M 
% w/w 

 H2O 

% w/w 

THF 
XH2O XTHF kobs / s-1 

1 0.000 0.00 0.00 0.000 1.000 0 

2 0.528 1.08 98.9 0.042 0.958 8.29 x10-7 

3 0.986 2.00 98.0 0.076 0.924 2.59 x10-6 

4 2.00 4.05 96.0 0.144 0.856 8.98 x10-6 

5 2.99 6.02 94.0 0.204 0.796 1.25 x10-5 

6 3.02 6.07 93.9 0.206 0.794 1.33 x10-5 

7 4.99 10.0 90.0 0.204 0.692 1.65 x10-5 

8 7.05 14.1 86.0 0.396 0.604 1.69 x10-5 

9 9.06 18.0 82.0 0.467 0.533 1.72 x10-5 

10 11.0 21.7 78.3 0.525 0.475 1.69 x10-5 

11 19.9 38.1 61.9 0.711 0.289 1.86 x10-5 
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Temporal concentrations of 1b and 2b were calculated based on molar ratio. A 

pseudo-first order decay model was used to calculate kobs. Data are display in Table 

5.3 and plotted in Fig. 5.2. 

 

 

Figure 5.2Effect of [H2O] on hydrolysis rate, kobs, of 1b in mixtures THF-H2O at 21 °C. 

 

 

Water activity in THF-H2O mixtures 

 

The reported water activity (aw) was plotted against molar ratio (XH2O), and a 

polynomial trend line fitted in excel to obtain the theoretical Eq. 5.7. This was then 

used to calculate the water activity values in the mixtures of THF-H2O, which were 

used to hydrolyse 1b (Fig 5.3) 

 

aH2O = -3.1378x6 + 23.635x5 - 53.676x4 + 56.232x3 - 30.272x2 + 8.2124x + 0.0068  (Eq. 5.7) 

Where x = water mol fraction  
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The calculated water activities for the different H2O-THF solutions are shown in Table 

5.4. 

 

Figure 5.3 Water activity (aW as a function of water mol fraction (XH2O) in mixtures with THF at 21 

°C. Reported data (  ) were used to calculate a polynomial equation to fit reported data (---), 

the equation was used to estimate water activity in other aqueous THF mixtures (  ).  

 

 

Table 5.4 Summary of kobs and calculated water activity (aw). 

y = -3.1378x6 + 23.635x5 - 53.676x4 + 56.232x3 - 30.272x2 + 8.2124x + 0.0068

R² = 0.9991
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Entry [H2O] / M XH2O aH2O calculated kobs / s-1 

1 0.000 0.000 0.0 0 

2 0.528 0.042 0.30 8.29 x10-7 

3 0.986 0.076 0.48 2.59 x10-6 

4 2.00 0.144 0.71 8.98 x10-6 

5 2.99 0.204 0.81 1.25 x10-5 

6 3.02 0.206 0.81 1.33 x10-5 

7 4.99 0.204 0.89 1.65 x10-5 

8 7.05 0.396 0.90 1.69 x10-5 

9 9.06 0.467 0.91 1.72 x10-5 

10 11.0 0.525 0.91 1.69 x10-5 

11 19.9 0.711 0.91 1.86 x10-5 
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Activation Parameters 

 

 

 

1b (approximately 15.3 mg, 0.0601 mmol) was put in a young’s tap NMR tube and 

diluted with 0.600 mL of the THF/H2O (5:1 v/v). The sample was inserted into a 

preheated NMR spectrometer to monitor the reaction by 19F NMR. The spectra were 

collected every half hour, and the sample was kept in the spectrometer at a constant 

temperature. Reactions were followed up to 50-95 % of conversion. This procedure 

was repeated with a mixture of water in THF (0.5 M). Temporal concentrations of 1b 

and 2b were calculated based on molar ratio. Activation parameters were calculated 

from the gradient and y-intercept of the Eyring plots, using the following constants: 

kB=1.38 x 10-23 J K-1, h = 6.63 x10-34, and R = 8.314 J mol K-1 Data are shown in Table 5.5 

and displayed graphically in Fig. 5.4. 

 

 

 

 

 

 

 

 

 

Table 5.5 Summary of rate constants (kobs) for hydrolysis of 1b in THF/H2O ([H2O]0=9 M). 

 

Entry T / K T-1 / K-1 
[H2O]=9 M [H2O]=9 M 

kobs /s-1 kobs /s-1 

1 298.15 0.00335 2.22 x10-5 - 

2 303.15 0.00330 4.08 x10-5 - 

3 308.15 0.00325 6.92 x10-5 3.39 x10-6 

4 313.15 0.00319 1.20 x10-4 5.39 x10-6 

5 318.15 0.00314 1.86 x10-4 8.09 x10-6 

6 323.15 0.00309 2.90 x10-4 1.15 x10-5 
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Figure 5.4Eyring plots for the hydrolysis of 1b in THF / H2O ([H2O]0=9 M, in purple and   

[H2O]0=0.5 M in green). 

 

Hammett Plot 

 

 

 

Approximately 5 x10-5 mol of the aryl MIDA 1(b-h) was put in a J-Young valve NMR 

tube and then a mixture of THF/H2O solution (5:1 v/v) (0.5 mL) was added. The tube 

was sealed and vigorously shaken for few seconds. A capillary filled with DMSO-d6 

was inserted and a 11B NMR experiment was immediately run. Then, the sample was 

kept at 21 °C and the reaction was followed by in situ 11B NMR spectroscopy.  

 

Concentrations of the MIDA boronate, 1, and the respective boronic acid, 2, were 

calculated based on molar ratio. For each experiment kobs was calculated from the 

linear correlation between ln{[ArB(MIDA)]0/[ArB(MIDA)]} and time. In all cases R2 

was greater than 0.95, rate constants and the log(kobsX/kobsH) versus   values are 

shown in Table 5.6. 
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Substrate R- Hammett kobs / s-1 log (kobsX/kobsH) 

1c 4-CH3O- -0.29 6.57 x10-6 -0.37 

1d 4-CH3- -0.14 1.11 x10-5 -0.14 

1e H- 0 1.53 x10-5 0 

1b 4-F- 0.15 1.79 x10-5 0.069 

1f 4-CF3- 0.53 4.17 x10-5 0.44 

1g 3-NO2- 0.71 4.73 x10-5 0.49 

1h 3,5-(CF3)2- 0.92 7.39 x10-5 0.69 

Table 5.6Pseudo-first order rate constants for aryl MIDA boronates in THF/H2O at 21 °C.  

 

5.6.2 Base-promoted Hydrolysis, kOH 

 

Rate law  

 

Order in [1b] 

 

 

Following the general kinetics procedure B, a 50 mL NaOH stock solution (10 mM) 

was prepared by diluting aqueous NaOH (1.00 mL, 0.50 M) with THF/H2O (5:1 v/v) 

A set of solutions at different substrate concentrations was prepared with 1b (1-5 mM, 

10.00 mL). THF/H2O (5:1 v/v) and NaOH solution (10 mM) in THF/H2O (5:1) were 

loaded in the stopped- flow reservoir syringes and mixed before acquiring the 

reference UV spectra. The blank solvent syringe was replaced with the fresh prepared 

substrate solution syringe. After flushing the system, the change in absorbance was 
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recorded from 230 - 450 nm. 500 data points were collected within 5 seconds. 

Absorbance at 264 nm was used for analysis and fitting, the change in absorbance 

over time at different base concentration is shown in Table 5.7 and graphs are 

displayed in Fig. 5.5. 

 

Entry [1b]0 / mM 
[NaOH]0 / 

mM 

Initial absorbance 

change / s-1 

1 0.50 5.0 7.94 x 10-3 

2 1.0 5.0 1.46 x 10-2 

3 1.5 5.0 2.23 x 10-2 

4 2.0 5.0 2.93 x 10-2 

5 2.5 5.0 3.43 x 10-2 

Table 5.7Effect of [1b] on initial absorbance rate in base promoted hydrolysis, [NaOH]0 =5.0 mM in 

THF/H2O (5:1 v/v) at 21 °C. Absorbance measured at 264 nm. Initial concentrations are 

expressed taking into account the dilution 1:1 that occurs after mixing in the system. 

 

 

 

 

Figure 5.5 Initial rate of absorbance change of 1a at 264 nm in base-promoted hydrolysis. [NaOH]0 

=5.0 mM in THF/H2O (5:1 v/v) at 21 °C.  In each case, the initial absorbance was subtracted to 

have the origin as the starting point for all set of data. Gradients were calculated based on a 

linear model. 
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Order in [NaOH] 

 

 

Following the general kinetics procedure B, a 50 mL solution was made up with 1b 

(25.4 mg, 0.101 mmol) in THF/H2O (5:1 v/v). The same solvent mixture was used to 

prepare NaOH solutions at different concentrations. Background spectra were 

recorded from 250 - 450 nm, the stopped-flow system was purged a filled with freshly 

prepared reagent solutions. The absorbance was measured at different wavelengths 

(250 - 450 nm) and at time intervals of 5 seconds (500 data points) or 250 seconds (500 

data points). Each experiment was performed three times.  The change in absorbance 

over time was analysed at 264 nm and 400 nm (following a baseline correction). The 

short experiments were used to calculate the initial change in absorbance, whereas 

the long experiments were used to get to obtain the plateau (A∞) and normalize the 

initial absorbance change. Results are shown in Table5.8. 

 

Entry 
[NaOH] / 

mM 

Initial rate / 

Abs s-1 
Abs∞ 

Initial rate/ 

Abs∞  

s-1 

1 2.5 4.85 x 10-3 0.333 1.45 x 10-2  

2 3.8 9.28 x 10-3 0.373 2.49 x 10-2 

3 5.0 1.31 x 10-2 0.399 3.28 x 10-2 

4 6.3 1.83 x 10-2 0.440 4.16 x 10-2 

5 7.5 2.37 x 10-2 0.477 4.98 x 10-2 

Table 5.8Base promoted hydrolysis: effect of [NaOH] on hydrolysis rate, [1b]0 =1.0 mM in THF/H2O 

(5:1 v/v) at 21 °C. Absorbance measured at 264 nm. Initial concentrations are expressed taking 

into account the dilution 1:1 that occurs after mixing in the system. 
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Hammett Plot 

 

Following the general kinetics procedure B, 1.0 mM solutions were prepared with 

aryl MIDA boronates 1 in THF/H2O (5:1 v/v) at room temperature. The same solvent 

composition was used to make up a 10 mM NaOH solution. Reagents were loaded in 

the reservoir syringes. The system was purged 5 times with base and substrate 

solution. Then, the change in absorbance was measured between 230 nm and 450 nm 

from 0 to 250 s,  500 data points were collected. The experiment was repeated until 

three concordant results were obtained. For data analysis, the wavelength with the 

maximum absorbance change over the course of the reaction chosen for each 

substrate.  Kinetic studio software was used to calculate rate constants for one or two 

sequential exponential decays.  Relative rate constants were used to get a Hammett 

plot, as shown in Table 5.9. 

 

Entry Substrate R Hammett  / nm k1 /s-1 k2 /s-1 logkrel 

1 1c CH3O- -0.29 243.1 1.17 x 10-2 - -0.33 

2 1d CH3- -0.14 302.8 1.74x 10-2 9.21 x10-3 -0.16 

3 1e H- 0 251.6 2.59 x 10-2 6.08x10-3 0.00 

4 1a 4-F- 0.15 264.5 2.96 x 10-2 - 0.073 

5 1f 4-CF3- 0.53 - - - - 

6 1g 3-NO2- 0.71 307 5.88 x 10-2 - 0.37 

7 1h 
3,5-

(CF3)2- 
0.92 262.3 5.31 x 10-2 - 0.33 

Table 5.9Base promoted hydrolysis: effect of [NaOH] on hydrolysis rate, [1b]0 =1.0 mM in THF/H2O 

(5:1 v/v) at 21 °C. Absorbance measured at 264 nm. Initial concentrations are expressed taking 

into account the dilution 1:1 that occurs after mixing in the system. 
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Figure 5.6Fitting and UV spectra of base-promoted hydrolysis of aryl MIDA boronates in THF/H2O 

(5:1 v/v) at 21 °C. [1]0 =1.0 mM and [NaOH]0= 5.0 mM.  
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abs= -0.248*e-k1*t +  0.447 
k1= 2.96 x 10-2 s-1   

abs= -0.909*e-k1*t + 1.62 

k1= 5.88 x 10-2 s-1   

abs= -0.172*e-k1*t + 0.346 

k1= 5.31 x 10-2 s-1   

abs= -0.170*e-k1*t − 0.578*e-k2*t + 0.509 
k1= 5.31 x 10-2 s-1 and k2= 6.08 x 10-2 s-1   

 

abs= -0.992*e-k1*t + 1389 
k1= 1.17 x 10-2 s-1   

abs= 0.336*e-k1*t − 0.581*e-k2*t + 0.255 
k1= 1.74 x 10-2 s-1 and k2= 9.21 x 10-2 s-1   
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5.6.3 Acid-promoted Hydrolysis, kH 

 

Rate law 

Order in [HCl] 

 

 

Following the general kinetics procedure C, the experiment was performed using 1b 

(0.131 g, 0.523 mmol), 4-CF3PhBr (0.0182 mg, 0.0810 mmol), and THF to make up a 5.0 

mL stock solution. Aliquots were prepared with the stock solution of 1b (0.500 mL) 

and the solution of HCl (0.1 mL). Reaction were followed by in situ 19F NMR 

spectroscopy and temporal concentrations of 1b and 2b were calculated by 

comparison to the integral of the internal standard. Pseudo-first order rate constants 

(kobs) are shown in Table 5.10.  

 

 

Entry [HCl] / M kobs / s-1 R2 

1 0 1.76 x 10-5 0.99 

2 0.051 1.59 x 10-5 0.99 

3 0.102 1.73 x 10-5 0.99 

4 0.203 2.05 x 10-5 0.99 

5 0.407 3.30 x 10-5 0.99 

6 0.813 7.62 x 10-5 0.99 

7 1.017 9.38 x 10-5 1.00 

Table 5.10Pseudo-first order rate constants (kobs) for hydrolysis of 1b at different HCl 

concentrations, [1b]0 = 0.0830 M THF/H2O (5:1 v/v) at 21 °C. 
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Hammett Plot 

 

 

 

Following the general kinetics procedure C, the aryl MIDA boronate 1 (0.05 mmol) 

was dissolved in THF (0.5 mL) and added to a Young’s tap NMR tube. The sample 

was vigorously shaken and then an aqueous HCl solution (0.100 mL, 6.0 M) was 

added to the reaction. The NMR tube was shaken again for 30 seconds after which a 

capillary filled with DMSO-d6 was inserted, and the hydrolysis reactions were 

tracked by 11B NMR. Samples were kept at room temperature (21 °C ± 3 °C) while 

they were outside of the spectrometer.  Pseudo-first order rate constants (kobs) were 

calculated at plotting ln{[ArB(MIDA)]0/[ArB(MIDA)]} vs time. The kobs values are 

shown in Table 5.11, the value of k0 (water-promoted hydrolysis) was substrate to 

calculate kHrel. 

 

Substrate R- Hammett 
kobs= k0 + 

kH[H+] / s-1 
k0 / s-1 

kH[H+] / 

s-1 

log 

(kHrel) 

1c 4-CH3O- -0.27 8.46 x10-5 6.6 x 10-6 7.8 x 10-5 -0.016 

1d 4-CH3- -0.14 1.17 x 10-4 1.2 x 10-5 1.1 x 10-4 0.12 

1e H- 0 9.63 x 10-5 1.5 x 10-5 8.1 x 10-5 0 

1b 4-F- 0.15 1.18 x 10-4 1.8 x 10-5 1.0 x 10-4 0.10 

1f 4-CF3- 0.53 1.52 x 10-4 4.2 x 10-5 1.1 x 10-4 0.13 

1g 3-NO2- 0.71 1.39 x 10-4 4.7 x 10-5 9.2 x 10-5 0.05 

1h 3-(CF3)2- 0.92 1.52 x 10-4 7.4 x 10-5 7.8 x 10-5 -0.02 

Table 5.11Pseudo-first order rate constants (kobs) for acid-promoted hydrolysis of aryl MIDA 

boronates in THF/H2O (5:1 v/v) at 21 °C, [1]0 = 0.083 M and [HCl]0= 1 M.  The respective background 

rate constant was subtracted to calculate kH[H+].  
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5.7 Kinetic Isotope Effect Measurements 

 

5.7.1 T1 Measurements for 1b and [aryl-2H4]-1b 

 

A solution of both isotopologues 1b (0.0123 g, 0.0490 mmol) and [aryl-2H4]-1b (0.0123 

g, 0.0482 mmol) was made up in an NMR tube with THF (0.500 mL). Then, a capillary 

filled with DMSO-d6 was placed in the tube. The T1 relaxation time was measured 

using an inversion recovery experiment, this consists of a long relaxation delay, an 

180o inversion pulse, delay period τ, a 90o pulse, and an acquisition time where the 

data is collected. Upon completion, water (0.100 mL) was added to the sample and 

then a second inversion recovery experiment was conducted to measure T1 under 

these conditions (THF/H2O 5:1 v/v). Experiments were performed at 21 °C. The 

logarithmic decay of z-magnetisation against time was plotted to calculate the slope 

of the gradients (Fig 5.7) 

 

 

Figure 5.7Inversion recovery experiments on 1b (O) and [aryl-2H4]-1b. (X). In THF (blue data) and 

in THF/H2O (5:1 v/v) (red data) 

 

T1 was calculated from the slope of the gradient at plotting ln(It-I0) vs . T1 was used 

to estimate the fraction of the magnetisation recovered (f) (Table 5.12) using the 

standard 19F NMR experiment with a 30o pulse (Ø) and a relaxation delay of 7.5 s (Tr). 
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Isotopologue 
THF THF (5:1 v/v) 

T1 f T1 f 

1b 3.00 s 0.99 2.18 0.99 

[aryl-2H4]-1b 3.95 s 0.98 2.99 0.99 

Table 5.12Fractional population of isotopologue pair that is quantified by standard 19F NMR 

experiment.  
 

 

5.7.2 Experimental KIEs Measurements 

 

 

 

H2O-Promoted Hydrolysis, (k0) 

 

1b (0.050 mmol) and the respective isotopologue reagent [aryl-2H4]-1b (0.050 mmol), 

and 4-CF3PhBr as internal standard were put in a young’s tap NMR. Then, a mixture 

of THF/H2O (5:1 v/v) (0.500 mL) was added and the tube was vigorously shaken. A 

capillary filled with DMSO-d6 was inserted and 19F NMR spectra were recorded 

approximately every 3 h. 

 

NMR spectra were processed and analysed using MestReNova. Phase and baseline 

were corrected manually, backward linear prediction was applied, and signals were 

integrated manually. Temporal concentrations were calculated comparing integrals 
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with the internal standard integration. Isotopologue ratio of starting materials and 

fractional conversions were calculated, and the data were fitted to a pseudo-first 

order competition.  Experimental values are shown in Table 5.13.  

 

Entry Isotopologue KIE Measured Corrected 

1 [10B]-1b / [aryl-2H4,11B]-1b 10B/11B 1.049 1.032 

2 [1-13C2]-1b / [aryl-2H4]-1b 12C/13C 1.015 0.999 

3 1b / [aryl-2H4,15N]-1b 14N/15N 1.033 1.016 

4 1b / [aryl-2H4]-1b 1H/2H 1.016 1.000 

Table 5.13H2O-promoted kinetic isotope effects. 1/2kH =1.016 (entry 3) was used to account for the 

effect of deuterium on the other experiments. 
 

 

Base-Promoted Hydrolysis, (kOH) 

 

A 50.00 mL stock solution was made up with approximately 1b (0.25 mmol), [aryl-

2H4]-1b (0.25 mmol), and bis[(4-CF3Ph)2] (0.020 mmol) as internal standard in THF. 

An aliquot (5.0 mL) was transferred to a 10 mL round-bottomed flask previously 

charged with a magnetic stirrer. The system was put in a water bath at 21°C and 

stirred at 1000 rpm.  

 

A solution of NaOH (1.0 mL, 0-3 equiv.) was loaded in a glass syringe adapted with 

a fine needle. The needle tip was collocated on the surface of the vortex generated due 

to the stirring. The aqueous hydroxide solution was added slowly with a syringe 

pump (0.20 mL min-1). After complete addition, the system was put in an ice-water 

bath and then enough MgSO4 was added to dry the solution. 

 

The solution was then filtered through a cotton plugged glass Pasteur pipette and 

received in a round-bottom flask. The solution was subsequently concentrated under 

reduce pressure (40 °C, 150 mbar) up to roughly 0.5 mL. This concentrated solution 
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was transferred to an NMR tube and a capillary filled  with DMSO-d6 was inserted, 

sample was analysed by the standard 19F NMR experiment. 

 

NMR spectra were processed and analysed using MestReNova. Baseline and phase 

were corrected manually, backward linear prediction was applied, and signals were 

integrated manually. Temporal concentrations were calculated comparing 

integrations against internal standard integration. 

 

The kinetic isotope value was determined by fitting the experimental data to a 

theoretical first order competition between two isotopologues. The experimental 

value was calculated by reducing the error between experimental and theoretical 

values of the isotopologue ratios. The theoretical model consists in standard first-

order competition (krel) to correlate the change in isotopologue ratio, as a function of 

overall fractional conversion (0 to 1). Results are shown in Table 5.14. 

 

 

Entry Reagents KIE Measured Corrected 

1 [10B]-1b / [aryl-2H4,11B]-1b 10B/11B 1.004 0.999 

2 [1-13C2]-1b / [aryl-2H4]-1b 12C/13C 1.043 1.049 

3 1b / [aryl-2H4,15N]-1b 14N/15N 1.004 0.999 

4 1b / [aryl-2H4]-1b 1H/2H 1.005 1.000 

Table 5.14Base-promoted kinetic isotope effects. 1/2kH =1.005 (entry 4) was used to account for the 

effect of deuterium on the other experiments. 
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Acid-Promoted Hydrolysis, (kH) 

 

A 25.00 mL solution was made up with 4-CF3PhBr (0.0415 g, 0.184 mmol) in degassed 

THF. Then, a sample of the solvent solution with the internal standard (0.50 mL) was 

transferred to a young’s tap NMR containing a mixture of the isotopologues of 1b 

(approximately 0.024 mmol of each isotopologue). The sample was vigorously shaken 

and a capillary filled with DMSO-d6 was place in the tube before running the initial 

19F NMR experiment.  

An aqueous solution of HCl (0.10 mL, 6.0 M) was added to the solution in the NMR 

tube and shaken again for 30 seconds. The sample was inserted in the spectrometer 

at 21 °C and followed by in situ 19F NMR. Spectra were recorded every 15 minutes for 

12 h. NMR spectra were processed as described for the analogous experiments and 

the data were fitting by using the same model. Similar procedure was done for each 

pair of isotopologues. Results are shown in Table 5.15. 

 

Entry Reagents KIE Measured Corrected 

1 [10B]-1b / [aryl-2H4,11B]-1b  10B/11B 1.008 0.999 

2 [carbonyl-13C2]-1b / [aryl-2H4]-1b    12C/13C 1.036 1.041 

3 1b / [aryl-2H4,15N]-1b         14N/15N 1.004 0.999 

4 1b / [aryl-2H4]-1b             1H/2H 1.001 0.997 

Table 5.15Acid-promoted kinetic isotope effects. Correction was applied using KIEs for the H2O-

promoted hydrolysis, since 19 % of the overall hydrolysis is generate by the background reaction 

(k0=1.75 x 10 -5 s-1).  
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Figure 5.8Example of determination of 13/12kC under acid-promoted conditions. Experimental and 

theoretical data with different values of 13/12kC. Competition experiment between [carbonyl-13C2]-1b and                 

[aryl-2H4]-1b.    

 
 

5.7.3 Proton Inventory Experiment in Water-promoted Hydrolysis, k0 

 

 

A 5 mL solution (A) was made up with distilled H2O (812.0 mg, 45.1 mmol) and THF 

to give a 9.01 M solution. A second solution (B) was prepared with D2O (0.904 g, 45.1 

mmol) and THF to give a total volume of 5.0 mL. 1b (0.05 mmol) was  put in a young’s 

tap NMR tube along with 0.5 mL of a mixture of solutions A and B. The hydrolysis of 

1b was tracked following the general kinetics procedure A.  Temporal concentrations 

1b 2b were calculated based on molar ratio. Pseudo-first order rate constants are 

shown in Table 5.16. Ratios between kobsL (mixtures D2O-H2O) and kobsH (pure H2O) 

were calculated. Individual KIEs, Ø1 and Ø1, were calculated at fitting the 
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experimental data with a theoretical graph using Eq. 5.17, the sum of square errors 

between experimental and theoretical data was reduced using the excel solver. (Note: 

repeating the fitting with and additional coefficient, Ø3, gave Ø2=Ø3) 

 

kobs L

kobs H
=(1 - XL2O + XL2OØ1)(1 -  XL2O + XL2OØ2 )                                        (Eq. 5.17) 

 

Entry XD 
kobsL2O/kH2O kobsL2O/kH2O 

Error2 
experimental calculated 

1 0.00 1.00 1.00 0 

2 0.10 0.976 0.980 2.035 x 10-5 

3 0.20 0.955 0.950 2.422 x 10-5 

4 0.30 0.941 0.937 1.061 x 10-5 

5 0.40 0.903 0.914 1.057 x 10-4 

6 0.50 0.887 0.889 2.368 x 10-6 

7 0.60 0.865 0.862 6.849 x 10-6 

8 0.70 0.842 0.834 5.066 x 10-5 

9 0.80 0.812 0.805 6.642 x 10-5 

10 0.90 0.774 0.775 3.876 x 10-7 

11 1.00 0.736 0.743 5.144 x 10-5 

Table 5.16 Experimental ratios of kobsL2O and kobsH2O at different D2O molar ratios (XD) . kobsH2O= 1.6 x 10 -5 s-1 

[H2O]=9.0 M,  kobsD2O= 1.2 x 10 -5 s-1 [D2O]=9.1 M in THF at 21 °C, Ø1=0.63 , Ø2 = 1.18.  

 

5.7.4 Cross-Over Experiment in Water-promoted Hydrolysis, k0 
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Following the general kinetics procedure A, [aryl-2H4]-1b (0.0073 g, 0.0288 mmol, 1 

equiv), 2b (0.0041 g, 0.0297 mmol, 1.031 equiv), dry THF (0.5 mL), and H2O (0.1 mL) 

were mixed in a Young’s tap NMR tube. Reaction was tracked using the standard 19F 

NMR experiment. The tube was kept at room temperature (21 °C) when it was not in 

the spectrometer. Hydrolysis of [aryl-2H4]-1b was observed after few minutes 

however, formation of 1b was observed after 20 h, as show in the Fig. 5.9.  

 

 

Figure 5.9Set of 19F NMR spectra of an initial mixture of the [aryl-2H4]-1b and 2b (bottom spectrum) 

in THF/H2O (v/v), after 20 h (top spectra) formation 1b was observed (shown on the right hand side). 

 

 

 

[aryl-2H4]-2b [aryl-2H4]-1b 

1b 2b       1b 
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5.8 Hydrolysis in 18OH2 

 

 

 

As general procedure, reactions were performed in a 2 mL glass vial charged with a 

magnetic stirrer. For each experiment, a solution of [carbonyl-13C2]-1b (0.500 mL, 0.1 

M) in dry THF was measured with a syringe and place in the vial. Then, the aqueous 

solution (0.100 mL, 18OH2 97.7 % isotopic enrichment) was added. The system was 

sealed with a plastic cap, and put in a water bath at 21 °C   Consumption of starting 

material was confirmed by TLC (Rf = 0.3, AcOEt, UV lamp). Recovered MIDA ligand, 

[carbonyl-13C2]-3 was dissolved in H2O (0.5 mL) and transferred to an NMR tube 

alongside a capillary filled with D2O. Experiment G was followed by using in situ 

13C{1H} NMR spectroscopy. 

 

In all cases (experiments A-F), the carbonyl peak was tracked by a 13C NMR 

experiment.  Molar ratio of the 13C-16O and 13C-18O (D=30 ppb) was calculated based 

on the integration of the respective peak. The standard 13C{1H} NMR (101 MHz) 

experiment consists of an inverse gated decoupled 10o pulse, 2 seconds of relaxation 

time, 32.55 seconds of acquisition time, and 10 ppm of spectral width. 13C NMR 

spectra with the relative integration of the 13C-16O and 13C-18O are shown in Fig. 5.10. 

 

Experiment A (3 equivalents NaOH, 1000 rpm, 10 min) 

 

NaOH (5.8 mg, 0.15 mmol, 3.0 equiv) was dissolved 18OH2 (0.100 mL) in a vial and 

then added over 20 seconds via fine-needle syringe to the solution of [carbonyl-13C2]-

1b, stirred at 1000 rpm. The mixture was stirred for an additional 10 min. The upper 
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organic layer of the heterogeneous mixture was removed via syringe and transferred 

to a round-bottomed flask and the solvent removed under reduce pressure. Residual 

[13C2]-1b was analysed by 13C{1H} NMR. The remaining THF was removed from the 

aqueous layer by flushing with a flow of N2 for 40 minutes. The white solid thus 

obtained was dissolved in H2O (0.400 mL) and transferred to a NMR tube. A capillary 

filled with D2O was placed in the tube before acquiring a 13C{1H} NMR spectrum of 

[13C2]-3 (sodium salt). 

  

Experiment B (3 equivalents NaOH, 100 rpm, saturated NaCl, 24 h) 

 

A saturated solution of NaCl in 18OH2 (0.050 mL) was added to the substrate solution. 

Then, a solution of NaOH in 18OH2 (0.050 mL) was added to the reaction. The system 

was stirred at 100 rpm for 24 h. The organic layer was removed by syringe, the 

remaining organic solvent was removed from the aqueous layer with a flow of 

nitrogen for 2 h. The white solid, [carbonyl-13C2, 18Ox]-3,was dissolved in H2O (0.400 

mL), a capillary filled with D2O added and the sample analysed by 13C{1H} NMR 

spectroscopy. 

 

Experiment C (3 equivalents NaOH, 1000 rpm, saturated NaCl, 24 h) 

 

Experiment C was run in parallel with experiment B with a faster stirring rate (1000 

rpm). The isolation of [carbonyl-13C2, 18Ox]-3 was achieved following the procedure 

describe for experiment B. 

 

Experiment D (5 equivalents K3PO4, 100 rpm, 24 h) 

 

A solution of K3PO4 in 18OH2 (0.10 mL, 2.5 M, 5.0 equiv) was added to the substrate 

solution. The vial was sealed with a plastic cap and stirred for 24 h at room 

temperature. After this time, no substrate was detected by TLC. The upper organic 

layer was removed from the vial via syringe, and nitrogen was used to flush out the 



 

-148- 

 

remaining organic solvent over a period of 2 hours. The remaining white solid was 

dissolved, [carbonyl-13C2, 18Ox]-3 , in H2O (0.400 mL) a capillary filled with D2O added 

and the sample analysed by 13C{1H} NMR. 

 

Experiment E (5 equivalents K3PO4, 1000 rpm, 24 h) 

 

Experiment E was run in parallel with experiment c under same conditions, with a 

faster stirring rate (1000 rpm). The isolation of [carbonyl-13C2, 18Ox]-3 was achieve 

following the procedure describe for experiment D. 

 

Experiment F (initially homogenous, 1000 rpm, 24 h) 

 

18OH2 (0.100 mL) was added to the vial with the substrate [13C2]-1b in THF (0.500 mL). 

The vial was sealed with a plastic cap. The initially homogeneous solution was stirred 

at 1000 rpm for 24 h. The white precipitated formed was recovered by vacuum 

filtration, and washed with THF (1 mL) before being dissolved in H2O (0.4 mL) 

transferred to a NMR tube, a capillary filled with D2O added and analysed by 13C{1H} 

NMR. 

 

Experiment G (homogenous, HCl, 7 h) 

 

To prepare the concentrated HCl solution in 18OH2, a two-necked round-bottomed 

flask (100 mL) was charged with CaCl2 (30.0 g) and a magnetic stirrer. A dropping 

funnel with pressure compensation was adapted to the flask, and on the second neck: 

a gas adaptor, a piece of tubing, and a glass Pasteur pipette were connected to bubble 

the HCl generated through a vial containing 18OH2 (97 % enrichment). The dropping 

funnel was charged with HCl (20 mL, 36 % w/w) and the system was sealed with a 

rubber septum. The concentrated solution of acid was added slowly (over 3 h) to the 

CaCl2, and the HCl gas generated was circulated. A positive overpressure of N2 was 

maintained throughout. The solution formed was titrated (3 times) against a standard 
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solution of NaOH using phenolphthalein as indicator. The final concentration of HCl 

in 18OH2 was found to be 12.3 M. 

 

The hydrolysis experiment was performed by dissolving [carbonyl-13C2]-1b (12.8 mg, 

0.0506 mmol) in THF-d8 (0.500 mL) in a J-Young valve NMR tube and adding the HCl 

solution (0.100 mL, 12.3 M, in 18OH2). The sample was shaken for 30 seconds and 

inserted in the spectrometer. The hydrolysis reaction was followed by in situ 13C{1 H} 

NMR spectroscopy at 21 °C.  

 

Incorporation of 18OH2 was calculated with the early conversion data since a fast 18O 

exchange occurs before hydrolysis and a second exchange equilibrium was observed 

in the free ligand, [carbonyl-13C2]-3, under the reaction conditions. 

 

 

 

 Figure 5.1013C{1H} NMR spectra in H2O (carbonyl peaks) of recovered [13C2]-3 in H2O after complete 

hydrolysis of [13C2]-1b at room temperature in THF/18OH2 (5:1) under different conditions. From left to 

right (experiments A-F). In situ 13C{1H} NMR spectra under conditions G. 

(A)                     (B)                   (C)                 (D)                   (E)                    (F)              (Gearly)              (Glate) 
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Figure 5.11In situ 13C{1H}spectra of experiment G (carbonyl peaks); spectra (top to bottom) run 

every 20 minutes, showing 18O-exchange into [carbonyl-13C2]-1b (169 ppm) but not 3 (167 ppm). 

 

 

5.9 Ring-Flipping Equilibrium: 1b – “open” 1b 

 

 
 

 

As a general procedure, iso-[2Hn]-1b (0.50 mmol) was dissolved in the deuterated 

solvent (0.500 mL) and added to a J-Young valve NMR tube. The equilibration was 

followed using 1H-NMR. Samples were kept either in the spectrometer or in an oil 

bath at 100 °C. Molar ratio of all species were calculated based on the integration of 

the methylene protons and using the aromatic proton signal as internal control. 

[carbonyl-13C2]-1b                          ([carbonyl-13C2]-3                     
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Dynochem was used to fit and calculate the rate constant of interconversion (kint) from 

B to C (Fig. 5.12). Different reactions conditions and control experiments were 

studied, as shown in table 4.12.2. 

 

 
Fig 5.12Interconversion of iso-[2Hn]-1b in THF-d8. The relative amounts of the 1b (A) and iso-[2H4]-

1b (D) remain constant whilst molar ration of iso-[2Hn]-1b (B and C) decreases and increases 

respectively. Dashed lined are the fitted lines were calculated with Dynochem. 

 

Solvent effect  

 

Entry Solvent kexc / s-1 

1 DMSO 4.48 x 10-6 

2 THF 8.30 x 10-6 

3 1,4-dioxane 6.27 x 10-6 

4 MeCN No detected 

5 MeCN + D2O No detected 

6 MeCN + 2b No detected 

Table 5.17Set of 19F NMR spectra of an initial mixture of the [aryl-2H4]-1b and 2b (bottom spectrum) 

in THF/H2O (v/v), after 20 h (top spectra) formation 1b was observed (shown on the right hand side). 
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Additional experiments on the ring-flipping were conducted following the general 

procedure in mixtures of DMSO-d6 and MeCN-d3 (Table 5.18). 

 

 

Entry VDMSO-d6/ mL VMeCN-d3/ mL kexc / s-1 

1 0.5 0 7.61 x 10-6 

2 0.375 0.125 1.95 x 10-5 

3 0.250 0.250 1.07 x 10-5 

4 0.125 0.375 6.88 x 10-6 

5 0 0.500 9.12 x 10-8 

Table 5.18Rate constants (kexc) of ring-flipping equilibration of iso-[2Hn]-1b in a mixture of         

DMSO-d6 and MeCN-d3 at 100 °C. 

 

 

 
Table 5.18Set of 1H NMR (400 MHz) spectra of iso-[2Hn]-1b in THF-d8 after heating the sample for 

several minutes. 
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