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“It’s as close as chemists can ever come to magic” 

Benjamin List on the science of catalysis 
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Introduction 

The ester functionality is a prominent structural motif in nature. It gives many plants and 
fruits their pleasant aroma, and it is present in our bodies a.o. in the form of fatty acids 
esters such as glycerides. Moreover, these lipids are a crucial source of animal fats and 
vegetable oils.1,2 Besides esters of natural origin, also man-made organic molecules 
containing the ester linkage find widespread use in our society (Figure 1.1).3,4 The ester 
bond can be found in pesticides, herbicides and pharmaceuticals such as aspirin, 
fenofibrate and tamiflu.5–7 In addition, the ester moiety is essential in the food and 
cosmetic industry as it is a structural element in preservatives, flavoring agents and 
fragrances.8–12 Apart from fine chemicals, esters are ubiquitous structural motifs in 
lubricants, surfactants, biofuels and solvents.13–16 Furthermore, polymers based on the 
ester moiety form another important class of ester-containing products. Polyesters for 
instance, are versatile polymers that are indispensable for the production of plastics, 
fibers, packaging, elastomers, coatings and paints.17–20  
 

 
Figure 1.1. Ester- and polyester-containing products.  
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1.1 Ester synthesis 
 
Given the omnipresence of ester-containing molecules in our society, the development of 
sustainable industrial routes to manufacture them is important. This requires an efficient 
utilization of materials, as well as the elimination of waste products and hazardous 
substances.21–25 To meet this demand, the following aspects during ester synthesis need 
to be avoided: 1) the generation of side products that are considered waste, 2) the need 
for stoichiometric amounts of coupling reagents, 3) a non-equimolar stoichiometry of the 
substrates. Other factors that need consideration are: 4) the type of solvent used or 
solvent-free conditions, 5) the amount of energy required for the reaction and 6) the use 
of a catalyst, which can reduce the reaction time, the reaction temperature and direct 
selectivity when required. 

In general, esters are synthesized via the coupling of two functional groups, which 
results in the ester product and a side product. The nature of this side product determines 
to a large extent how sustainable the reaction is. For example, the use of activated 
substrates, such acyl chlorides and acid anhydrides, results in the formation of side 
products that are considered waste. To separate these from the desired ester product 
requires undesirable additional purification steps (Figure 1.2A).3  
 

Figure 1.2. Methods for ester synthesis. 
 

The formation of ester bonds with the help of stoichiometric coupling reagents, to in situ 
form activated substrates, is another important synthetic organic methodology. A wide 
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variety of different stoichiometric coupling reagents such as dicyclohexylcarbodiimide 
(Steglich esterification)26, triphenylphosphine in combination with an azodicarboxylate 
(Mitsunobu reaction)27, benzoic anhydrides (Shiina esterification)28 or 2,4,6-
trichlorobenzoylchloride (Yamaguchi esterification)29 are commonly applied for small-
scale ester synthesis. However, the application of stoichiometric coupling reagents also 
leads to the formation of unwanted waste products (Figure 1.2B).30,31 The poor atom 
economy of these reactions makes them unviable as routes for the production of bulk 
chemical on an industrial scale. In contrast, the direct coupling of carboxylic acids and 
alcohols has the advantage that only water is formed as a side product (Figure 1.2C, D and 
E), resulting in a significantly lower environmental impact. The unfavorable 
thermodynamics of these reactions, however, lead to a reaction equilibrium. In order to 
drive the equilibrium towards ester formation, several strategies can be employed: 1) 
usage of an excess of carboxylic acid or alcohol, 2) the application of dehydrating agents 
such as NaH, MgSO4, SiO2, (Me2SiO)4 or molecular sieves to sequester the 
stoichiometrically formed reaction water, or (3) evaporation or azeotropic distillation to 
drive the formed reaction water out of the reaction mixture.  

The utilization of an excess of substrate or dehydrating agent is often undesirable 
as it results in additional waste products and/or contamination of the ester product. 
Evaporation or azeotropic distillation is therefore the preferred route to remove water 
from the reaction mixture at an industrial scale. Hereby, the equilibrium is shifted towards 
the reaction products and complete conversion of the carboxylic acid and alcohol 
substrate can be achieved. Elevated temperatures are however required to enable 
evaporation or distillation conditions. To sustain high reaction temperatures a 
considerable amount of energy is required. In addition, the harsh reaction conditions 
required for removal of water are not compatible with sensitive substrates and esters 
products. Overall, direct esterification provides a sustainable route towards the ester 
functionality. The applicability of this reaction is however impeded due to the requirement 
for harsh reaction conditions to ensure dehydration via evaporation or azeotropic 
distillation.   
 
 
1.2 Polyester synthesis 
 
For the synthesis of polyesters, the step-growth polymerization of diols with diacids or the 
self-condensation of hydroxyl acids is a frequently used method (Figure 1.3).32 These 
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monomers can also be readily obtained from biomass, providing a route towards 
renewable polyesters.18,33–35 Similar to ester synthesis, the unfavorable equilibrium 
conditions require a strategy to enable the complete transformation of substrates into the 
desired polyester. For the synthesis the use of a large excess of one of the substrates or a 
dehydrating agent is not viable. Therefore, high temperatures and additionally reduced 
pressure are often required to remove the formed water from the reaction mixture. Due 
to these harsh conditions, certain problems commonly appear. More specifically, the 
volatility of monomers, the thermal instability of monomers and polyesters and the 
formation of side products can cause a disbalance in the stoichiometry.18 To circumvent 
these difficulties, a two-step procedure is often followed. In the initial step, esterification 
is performed to obtain oligomers and the water side product is distilled off. In the 
subsequent polycondensation step, the oligomers form the desired polyester by 
increasing the temperature and reducing the pressure (Scheme 1.3A and B). Alternatively, 
polyesters can be obtained via a transesterification reaction starting from the dimethyl 
ester and an excess of diol to obtain oligomers with an alcohol end group. In the 
subsequent polycondensation step the polyester is then formed via transesterification 
reactions. Thereby any esterification steps and the formation of water are avoided 
(Scheme 1.3C). High temperatures are required for all these step-growth polyester 
synthesis routes which hampers the development of complex architectures and highly 
functionalized polymers with controllable properties.  
 

Figure 1.3. Step-growth polyester synthesis. 
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2. Catalysis 

Given the demanding conditions required for the direct esterification of carboxylic acids 
and alcohols, catalysts that can enable mild reaction conditions are highly desirable 
(Figure 1.2D and E). The literature offers numerous examples of different direct 
(poly)esterification catalyst, which can be categorized as: 1) Brønsted acids, 2) Lewis acids, 
3) Enzymatic catalysts.36–40 Although a wide variety of different direct (poly)esterification 
catalysts is reported,  there is still a need for novel catalysts. Since they can enable mild 
reaction conditions, shorten reaction times and steer selectivity. Ideally, these catalyst 
need to be based on abundant and non-toxic materials.  Besides the search for novel 
catalysts there is also a need for strategies to overcome the unfavorable equilibrium 
conditions without the need for dehydration methods, as such ensuring a complete 
conversion of equimolar amounts of reactants into products under mild reaction 
conditions.41 Therefore significant efforts have been directed towards the development 
of such direct (poly)esterification protocols. This has resulted in various catalytic methods 
where the catalytic center is protected from the formed reaction water, for example via 
the application of hydrophobic pockets, micelles or biphasic systems.42–49  Importantly, in 
these systems the catalyst is designed as such that it is involved in creating the desired 
reaction environment. Lewis or Brønsted acidic catalysts decorated with long alkyl or even 
fluoroalkyl tails are prime examples, as these additional groups can provide a hydrophobic 
environment around the catalytic center or make the catalyst reside in the apolar solvent 
in biphasic systems.50 
 
2.1 Brønsted Acids 

In the initial phase of the reaction the direct esterification reaction is catalyzed by the 
carboxylic acid itself. However, this effect rapidly decreases when the reaction progresses 
and the concentration of carboxylic acid reduces. Consequently, long reaction times are 
required to reach equilibrium. As early as 1895, Fischer and Speier reported on direct 
esterification catalyzed by strong Brønsted acids.51 Nevertheless, Brønsted acid such as 
H2SO4, HCl, triflic acid, p-toluenesulfonic acid (PTSA), H3PO4 and polyphosphoric acid are 
still relevant catalysts in industry.3,18 Operational concerns however arise due to the 
corrosive nature of the strong Brønsted acids. Therefore the in situ generation of strong 
Brønsted acids via more benign precursors such as tert-butyl-nitrite52 or CBr4 (via the 
photoirradiation)53 is more desirable.  
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Figure 1.4. Brønsted acid-catalyzed esterification of carboxylic acid and alcohol. 

The catalytic role of the strong Brønsted acid starts by activation of the carbonyl moiety 
of the carboxylic acid, to make it more susceptible to the nucleophilic attack of the alcohol 
(Figure 1.4A). After this nucleophilic attack (Figure 1.4B), proton transfer to one of the 
hydroxy groups provides a new oxonium ion (Figure 1.4C). Subsequent loss of water 
(Figure 1.4D) and deprotonation affords the ester product (Figure 1.4E). Although strong 
Brønsted acids are very effective (poly)esterification catalysts, they also catalyze side 
reactions. This could result in the unwanted dehydration of alcohols, self-condensation of 
alcohols and ester decomposition.54  
In the quest of catalytic methodologies that can operate without dehydration, Tanabe and 
co-workers reported in 2000 on an ammonium triflate ([Ph2NH2]+[OTf]-) catalyst. Besides 
functioning as a Brønsted acidic direct esterification catalyst, the ammonium triflate is also 
able to form a hydrophobic pocket around the catalytic center (Figure 1.5A).42 This 
strategy enabled esterification at a reaction temperature of 80 oC without removal of 
water from the reaction mixture.  In 2005, Ishihara and co-workers further extended 
Tanabe’s concept with a series of  bulky N,N-di-arylammonium 
pentafluorobenzenesulfonates. Interestingly, while these type of catalysts were milder, 
less Brønsted acidic, they displayed a higher activity. Yet, for effective catalysis a non-polar 
solvent, such as heptane was required.55–57 Another method to overcome the unfavorable 
equilibrium conditions was developed by Kobayashi and co-workers. They explored the 
use of dodecylbenzenesulfonic acid (DBSA) as a surfactant-type Brønsted acid catalyst 
(Figure 1.5B).43,44 Here, the alkyl tail of the catalyst assembles with the substrates to a 
micelle, affording a hydrophobic interior. Consequently, water formed during the reaction 
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is readily expelled. This strategy proved to be very effective even permitting direct 
esterification in water.  
 

Figure 1.5. Approaches for Brønsted acid catalyzed esterification without dehydration. 
 

2.2 Lewis acidic metals 

To overcome the disadvantages related to the use of strong Brønsted acids, the search for 
more benign catalysts primarily focused on Lewis acidic metals. The number of different 
metals that have been applied as (poly)esterification catalyst is overwhelming and covers 
a significant part of the periodic table.3,58–60 Similar to Brønsted acids, Lewis acidic metals 
activate the carbonyl function of the carboxylic acid to enable the nucleophilic attack of 
the alcohol. This step is followed by proton transfer and carbon-oxygen bond breaking to 
furnish the ester product together with water (Figure 1.6).  

 
Figure 1.6. Simplified mode of carbonyl activation by a Lewis acidic metal. 

 

However, Lewis acidic metals are more sterically congested than simple Brønsted acids. 
As a consequence, the exact mode of activation of the carboxylic acid, and the subsequent 
bond-making and -breaking steps are expected to be more complex. In this overview, 
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Lewis acidic catalysts based on tin, titanium, zirconium, hafnium, zinc and antimony will 
be reviewed, since these form the majority of catalysts that are reported and are of 
industrial relevance. In addition, the metal triflates will be discussed because of the 
profound activity of these type of Lewis acids. In general, there will be a focus on studies 
that have attempted to provide structural elucidation of the catalyst and mechanistic 
insight in Lewis acidic metal-based direct (poly)esterification catalysts.   

 

2.2.1 Tin 

Lewis acidic SnIV compounds are widely used in industry as (trans)esterification 
catalysts.61,62 Despite their Lewis acidic character simple SnIV halides tend to be ineffective 
as catalyst. Interestingly, the milder SnCl2 is known to be an effective catalyst.63–65 For SnIV 
complexes, the presence of one or two electron-donating alkyl groups (typically n-butyl) 
is required to afford an active catalyst.66 Examples of this type of SnIV catalysts are: n-
BuSnOOH67, n-BuSnCl2OH68, n-Bu2SnO67, dibutyltindilaurate62 and distannoxanes.69 The 
addition of these alkyl groups is proposed to moderate the Lewis acidity of the SnIV center. 
Moreover, for distannoxanes, which have a ladder like structure with SnIV–O–SnIV 
connectivity, the alkyl groups also create a hydrophobic shield around the active site.70 
Extensive work on these distannoxanes in relation to (trans)esterification reactions has 
been performed by Otera and co-workers. Although they are primarily known as 
transesterification catalysts,71 (poly)esterification reactions are also reported.72,73 The 
unique structure of the 1,3-disubstituted tetraalkyldistannoxanes enables direct 
esterification without the need for water removal at mild temperatures. Nonetheless, 
these reactions were performed with a large excess of the alcohol substrate since it also 
functioned as the solvent. To achieve equimolar esterification, Otera and co-workers 
decorated a distannoxane with fluoroalkyl tails and performed (trans)esterification 
reactions in a biphasic systems.45–49 In such a system the catalyst resides in a fluorocarbon 
solvent, where also the ester and water are formed and subsequently expelled to the 
organic layer. This fluorous biphasic technique enabled full conversion of equimolar 
amounts of carboxylic acid and alcohol without dehydration. In addition, the catalyst 
could be quantitively recovered from the fluorocarbon solvent or directly used in the next 
reaction without diminished catalytic activity.46 The profound catalytic activity of the 
distannoxanes has been attributed to two SnIV atoms being in close proximity. This enables 
an interaction between the bound alkoxy groups and the activated carbonyl group of the 
carboxylic acid (Figure 1.7).74 However, this so-called template effect was questioned after 
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particular distannoxanes proved to be unstable in the presence of carboxylic acid. 
Alternatively, it was proposed that monotin-carboxylate compounds of the formula 
R2Sn(OAc)X (X = Br, Cl, OAc) are the actual catalysts. Moreover, for distannoxanes 
possessing tin-bromide or -chloride bonds the in situ formation of HBr and HCl has also 
been considered.75 In summary, the mode of operation of dialkyltin compounds as 
(trans)esterification catalysts has been the topic of multiple studies over the past decades. 
Yet, the origin of their activity is still under debate. For both mono- and dialkyltin 
compounds the stoichiometric chemistry, with carboxylic acids and alcohols, is dominated 
by the formation of multinuclear assemblies.76  The existence of these multinuclear tin 
complexes under catalytically relevant conditions remains to be investigated. 

 

Figure 1.7. Proposed reaction mechanism for 1,3-disubstituted tetraalkyldistannoxane-catalyzed 
esterification. Adapted from reference 74. 

 

2.2.2 Group(IV) metals 

The high valent nature of the group(IV) metals provides a Lewis acidic metal center that 
can enable the direct (poly)esterification of carboxylic acids and alcohols. This beneficial 
characteristic, in combination with their abundancy, has resulted in TiIV compounds, such 
as titanium alkoxides69,77–79, TiCl480 and TiCl(OTf)3,81 being commonly reported catalysts. 
However, titanium compounds generally suffer from a poor selectivity due to pronounced 
transesterification activity.80 Another disadvantage of TiIV compounds is their low ability 
to withstand water. Consequently, the protection by chelating agents has become a 
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widely patented method. The merger of a TiIV alkoxide with an additional ligand such as 
acetylacetonate,82,83 lactic acid,84 diethanolamine,85 triethanolamine,86–88 α-
hydroxycarboxylic acid,89 tetrakis(2-hydroxyethyl)ethylenediamine90 or phosphoric 
acid59,91 has resulted in a broad selection of TiIV catalysts with improved water stability. 
They mainly find their application in polyester synthesis. Although the application of a 
ligand provides a more robust titanium catalyst, hydrolysis and thermal degradation 
remain of concern, since these processes result in retarded activity and unwanted 
discoloration of the polyester.58,59 Extensive work on hafnium- and zirconium-catalyzed 
direct (poly)esterification has been performed by the group of Yamamoto. Starting from 
the year 2000, they reported on HfIV- and ZrIV-catalyzed direct esterification of equimolar 
amounts of carboxylic acids and alcohols.54,80,92,93 From the group(IV) metal salts 
evaluated, HfCl4·2THF proved to be a very effective catalyst. The effectiveness of 
HfCl4·2THF was partially attributed to the improved moisture stability of HfCl4·2THF over 
HfCl4 and Hf(OtBu)4, which generally perform less well. In addition, HfIV salts are also more 
hydrolytically stable than ZrIV salts. Nevertheless, these reactions were almost exclusively 
performed in a hydrocarbon solvent with azeotropic dehydration of the reaction mixture 
over NaH or molecular sieves. Importantly, HfIV and ZrIV salts were found not to be active 
in transesterification reactions which is in contrast to common TiIV catalysts. Due to this 
profound selectivity for esterification, it was proposed that the active catalyst is a metal 
carboxylate. These metal carboxylates would form in situ via exchange reactions with the 
carboxylic acid substrate.  

 
Figure 1.8. Zirconocene complex with perfluorooctanesulfonate tails for Lewis acid catalyzed 
esterification without dehydration. Adapted from reference 50.  
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In 2004, the same group also demonstrated that HfOCl2·8H2O, ZrOCl2·8H2O and 
Zr(OAc)x(OH)y are useful direct esterification catalysts.94 The authors mentioned that 
ZrOCl2·8H2O can form the ionic cluster [Zr4(OH)8(H2O)16]Cl8·12H2O], from which ligand 
exchange reactions with alcohols and carboxylic acids can occur. Nevertheless, the exact 
mechanism for direct esterification still remains unclear. In 2017, the group of Au designed 
a zirconocene complex decorated with perfluorooctanesulfonate groups (Figure 1.8) to 
enable equimolar direct esterification without the need for dehydration under solvent-
free conditions.50 The authors claim to have a micro-catalytic system that combines the 
advantages of the Kobayashi and Otera systems, where the water side product readily 
leaves the catalyst due to the hydrophobic exterior of the complex. Consequently, the 
equilibrium conditions are obscured. However, in 2020 Lundberg and co-workers 
demonstrated that Zr(Cp)2(OTf)2·THF is also an effective direct esterification catalyst in the 
absence of any water scavengers, although this catalyst was not active under solvent-free 
conditions but required benzotrifluoride as a solvent.95 To investigate whether the 
reaction is truly catalyzed by Lewis acidic ZrIV, the possibility of hydrolytic decomposition 
of Zr(Cp)2(OTf)2·THF with the release of triflic acid was investigated. But a different 
response from triflic acid and the zirconocene complex made the authors conclude that 
the reaction was zirconium-catalyzed. 

 

Figure 1.9. Proposed reaction mechanism for Zr(Cp)2(OTf)2·THF catalyzed esterification. Adapted 
from reference 95.  
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To further elucidate the catalytic mechanism, various spectroscopic and kinetic 
experiments were performed. Coordination of the carboxylic acid via the carbonyl 
function to the Lewis acidic zirconium was demonstrated by 13C NMR spectroscopy with 
BzOH-α-13C as substrate. In addition, kinetic experiments revealed a positive rate 
dependence on zirconium and a close to zero order in both alcohol and carboxylic 
substrate. Furthermore, the absence of any product inhibition indicated that the collapse 
of the tetrahedral intermediate, formed after nucleophilic attack of the alcohol, is the rate 
determining step (Figure 1.9).  
Taken together, the group(IV) metals remain a prominent class of direct 
(poly)esterification catalysts. Titanium-based catalysts are widely patented but their 
application has several disadvantages: 1) poor selectivity due to activity in 
transesterification reaction, 2) hydrolytic degradation of the catalyst, and 3) discoloration 
of the reaction product.96 In the past two decades HfIV and ZrIV compounds have emerged 
as effective catalysts with a remarkable selectivity for direct esterification over 
transesterification. Although the potential of these catalysts is evident, the price of 
zirconium and hafnium compounds hampers their industrial application. 
 

2.2.3 Zinc 

Due to their availability and non-toxic nature, many ZnII catalyst such as ZnO,97,98 ZnCO3,97 
Zn(BF4),97 Zn(OTf)2,97,99,100 Zn(ClO4)2,97,101 ZnCl2,97,102 Zn(oleate)2,103 Zn(laurate)2,103,104 
Zn(NO3)2,97,102 ZnSO4,102,105 and Zn(OAc)297,102,106 have been applied in the direct 
esterification reaction. For these catalysts, methods based on azeotropic distillation, as 
well as solvent-free protocols with a dehydrating agent have been explored.107 Lewis 
acidic Zn(OTf)2 proved to be a very effective direct esterification catalyst, especially in 
combination with microwave radiation. Although the decomposition of Zn(OTf)2 into triflic 
acid could be the origin of the catalytic activity, this transformation was not observed 
during IR spectroscopy studies.100 In order to improve the activity and recyclability, ZnII 
salts also have been heterogenized on different supports.108–113 The differences in activity 
for ZnII salts have been ascribed to the nature of the counterion: poorly coordinating 
anions such as perchlorate or triflate leave a more accessible Zn center for catalysis, while 
anions such as nitrate result in a more coordinatively saturated complex.97,107  
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2.2.4 Antimony 

Despite concerns about the scarcity and toxicity for humans, antimony-based compounds 
are still prominent polycondensation catalysts, in particular for the synthesis of 
polyethylene terephthalate (PET).96,114–118 For PET synthesis, common antimony catalysts 
are Sb2O3 and Sb(OAc)3, with distinct activity in the polycondensation of 
bis(hydroxyethyl)terephthalate (BHET).  
 

 
Figure 1.10. Antimony-catalyzed polyethylene terephthalate synthesis. Adapted from reference 
120. 
 
Regarding the mode of activation, the antimony catalysts is proposed to coordinate the 
ester carbonyl group of BHET and promote nucleophilic attack of the alcohol group of 
another molecule.119 Parkin and co-workers structurally characterized a series of 
antimony ethylene glycolate compounds.120 They found that Sb2O3 and Sb(OAc)3 catalysts 
are transformed in situ via a reaction with ethylene glycol to form antimony glycolates 
with the formula [Sb2(OCH2CH2O)3]n or [Sb(OCH2CH2O)(OAc)]n (Figure 1.10). The molecular 
structure of both [Sb2(OCH2CH2O)3]n and [Sb(OCH2CH2O)(OAc)]n were determined to be 
polymeric with either a one-dimensional chain or a two-dimensional sheet. Yet, the 
presence of these polymeric catalysts in solution at the required elevated temperatures 
for polycondensation remains unelucidated. Additionally, BHET can also be obtained via 
the antimony-catalyzed esterification reaction of terephthalic acid with an excess of 
ethylene glycol.118 While it can be expected that the presence of carboxylic acid will 
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structurally alter the catalyst, the exact structure of antimony-based catalysts during a 
direct esterification reaction is still unknown.  
 
 
2.2.5 Metal triflates 
 
Metal triflates, being strong Lewis acids, have become a popular class of catalysts since 
they can enable (poly)esterification reactions at very mild temperatures (< 100 oC).18,121 
Takasu and co-workers reported on the use of rare earth metal triflates and Sc(OTf)3 in 
the synthesis of aliphatic polyesters based on succinic acid and a variety of diols, under 
reduced pressure at temperatures as low as 35 oC.122 These mild reaction conditions 
allowed the use of thermally unstable monomers containing carbon-carbon double bonds 
and bromo functionalities.123 In addition, polyesters containing hydroxyl groups could be 
obtained via a single step polycondensation of dicarboxylic acids and diols having 
secondary hydroxyl groups under kinetic control (Figure 1.11).124  
 

 
Figure 1.11. Chemoselective dehydrative polycondensation of dicarboxylic acids and diols having 
pendant hydroxyl groups. Adapted from reference 124. 

This direct route towards functionalized polyesters enables the construction of new 
advanced materials as well as the application of monomers derived from biomass.  More 
recently, Kricheldorf and co-workers reported on the synthesis of poly(butylenesuccinate) 
from sebacic acid and various diols at 80 °C under reduced pressure catalyzed by 
Bi(OTf)3.125 Although metal triflates were found to be very efficient (poly)esterification 



578155-L-bw-Wolzak578155-L-bw-Wolzak578155-L-bw-Wolzak578155-L-bw-Wolzak
Processed on: 30-5-2022Processed on: 30-5-2022Processed on: 30-5-2022Processed on: 30-5-2022 PDF page: 22PDF page: 22PDF page: 22PDF page: 22

Metal-catalyzed (poly)esterification reactions 

22 
 

catalysts, the exact role of the triflate anion in catalysis is often not well-studied and the 
activity is fully ascribed to the metal cation. For Bi(OTf)3 it was found that the catalytic 
activity, in the esterification of various carboxylic acids with methanol, was completely 
suppressed in the presence of molecular sieves or a base. Therefore the authors 
concluded that the reaction was actually catalyzed by triflic acid which is formed in situ 
from Bi(OTf)3.126  
 
 
2.2.6 Effect of reaction conditions on Lewis acidic metals  
 
Many different Lewis acidic metals display activity in direct (poly)esterification reactions. 
Drawing parallels between protocols is however challenging because of the variety in 
applied reaction conditions. This diversity is mainly caused by the need for dehydration 
which can be achieved via either dehydrating agents, azeotropic reflux or evaporation. 
Moreover, differences in polarity of the reaction mixture, reaction temperature, type of 
solvent or application of reduced pressure are observed. All these reaction parameters 
are expected to have a distinct effect on the catalytic performance of Lewis acidic metals. 
For example, for group(IV)-based direct (poly)esterification catalysts it is known that 
effective dehydration is necessary to prevent hydrolytic degradation of the catalyst. 
Therefore reaction conditions that have an influence on the water concentration in the 
reaction mixture are expected to affect the catalytic performance of these group(IV)-
based direct (poly)esterification catalysts 

 

3. Mechanistic insight 

Although the Lewis acidic metals are the most prominent class of (poly)esterification 
catalysts, the origin of their catalytic activity remains elusive. Often, this is simply ascribed 
to the Lewis acidic nature of the metal center. However, not all Lewis acidic metals are 
active (poly)esterification catalysts. In general, the structure of the active species that is 
formed in situ remains unclear. Lewis acidic metal salts are transformed in the reaction 
mixture via ligand coordination and ligand exchange reactions. The alcohol, carboxylic 
acid, and ester can all coordinate neutrally to the metal center (Figure 1.12A, B and C). 
Moreover, ligand exchange reactions with the carboxylic acid and alcohol can be expected 
for metals with monodentate ligands. For carboxylic acids, this provides a metal 
carboxylate with either a monodentate (η1), chelating (η2) or bridging (μ) mode (Figure 
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1.12D). while for the alcohol substrate such a reaction results in a metal alkoxide with 
either a monodentate (η1) or bridging (μ) mode (Figure 1.12E). These multiple 
coordination possibilities permit a wide variety in possible geometries and severely 
complicates the structural prediction of the active catalyst.  

 
Figure 1.12. Ligand coordination and exchange reactions at Lewis acidic metals. 

To illustrate what type of elaborate structures can form in situ in a protic environment, 
we refer to the work of Lundberg and co-workers.127  They concluded, based on extensive 
spectroscopic and computational studies, that ZrCl4 is altered to a dinuclear zirconium 
complex in a direct amidation reaction (Figure 1.13). In summary, the variety of possible 
transformations of Lewis acidic metal salts in the reaction medium makes mechanistic 
studies into poly(esterification) catalysts a challenging endeavor.  

 

Figure 1.13. ZrCl4-catalyzed amidation reaction. Adapted from reference 127. 
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4. New routes for ester synthesis 

While the direct condensation of carboxylic acids and alcohols remains a very important 
route towards ester formation, significant advances in the synthesis of esters from other 
functional groups have been made. Transition metal catalysis has enabled the direct 
oxidative esterification of alcohols to esters128, the alkoxycarbonylation of C-H bonds to 
esters129, dehydrogenation of alcohols to esters130 and the addition of carboxylic acids into 
alkynes and alkenes to form esters bonds.131 Thus far, the cross-coupling reaction of aryl 
halides and carboxylic acids to form O-aryl esters has remained a challenging 
transformation. Although the palladium-catalyzed Caryl–Oacyl bond formation is reported, 
these protocols require an excess of silver salt at elevated temperatures.132,133 In general, 
palladium-catalyzed Caryl-hetero bond formations are hampered by a high barrier for 
reductive elimination from PdII intermediates. Therefore catalytic protocols, for example 
Buchwald-Hartwig amination, require specialized ligands or high reaction 
temperatures.134,135 Compared to palladium, nickel has a lower electronegativity making 
it more nucleophilic. As a result, reductive elimination from NiII intermediates is 
energetically even more unfavorable compared to their palladium counter parts.136,137 
Furthermore palladium catalysis are dominated by two oxidation states (Pd0 and PdII), 
while for nickel there are four different oxidation states accessible (Ni0, NiI, NiII, NiIII). This 
makes nickel a very versatile metal with remarkable possibilities in terms of catalytic 
mechanisms. In 2016 MacMillan, Buchwald and co-workers made use of this characteristic 
of nickel by combining a NiII precatalyst with an iridium photocatalyst 
(Ir[dF(CF)3ppy]2(dtbbpy)PF6) to enable the amination of aryl halides under very mild 
reaction conditions.138 In their approach the photocatalyst was proposed to play a dual 
role: 1) it reduces the NiI intermediate, via single electron transfer (SET), to a Ni0 state. 
Subsequently the Ni0 intermediate can undergo oxidative addition to form a NiII state and 
2) it facilitates the generation of a NiIII intermediate, again via SET (Figure 1.14, mechanism 
A). This NiIII complex, which is more electrophilic than NiII, can undergo facile reductive 
elimination. In 2017 MacMillan and co-workers further extended their concept and 
demonstrated that the merger of nickel with photoredox-catalysis also enabled the 
synthesis of O-aryl esters.139 Here the photocatalyst (Ir(ppy)3) was proposed to have a 
different role since it facilitates the generation of an excited NiII intermediate via energy 
transfer (EnT) (Figure 1.14, Mechanism B). Also this excited NiII intermediate can undergo 
facile reductive elimination. The combination of photoredox and nickel catalysis proved 
to be a key discovery that enabled the synthesis of Caryl-hetero bond formations under 
mild conditions. Therefore the seminal work by MacMillan attracted considerable 
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attention and the field of nickel-catalyzed cross coupling reactions has grown enormously 
in recent years. Besides methodologies that make use of photocatalysts, also protocols 
that combine nickel catalysis with electrocatalysis have been developed to construct Caryl-
hetero bonds.140–144 In addition, significant advances in the understanding of the 
mechanisms by which nickel-catalyzed cross coupling reactions occur have been 
made.145,146   

 

Figure 1.14. Overview of mechanisms to enable nickel catalyzed Caryl-heteroatom bond 
formations. Adapted from references 136 and 150.  

Next to the proposed Ni0/NiII/NiIII and Ni0/NiII/NiII* catalytic cycles another mechanistic 
possibility was considered by Nocera and co-workers after photodriven nickel-catalyzed 
cross-coupling reactions revealed quantum yields of ΦNi > 1.147–149  These findings ruled 
out the requirement for an excited NiII intermediate and are indicative for a self-sustained 
mechanism. For that reason a NiI/NiIII catalytic cycle was proposed (Figure 1.14, 
mechanism C). In this mechanism the photocatalyst only serves to continuously reactivate 
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formed NiII species. The formation of these inactive NiII states is facile via exergonic 
comproportionation pathways of NiIII with NiI. The proposed self-sustained NiI/NiIII 
catalytic cycle only requires a suitable reducing agent and has no need for photons. The 
group of Nocera showed that a self-sustained NiI/NiIII catalytic cycle is indeed a relevant 
mechanism by performing nickel-catalyzed Caryl-hetero bond formations, including 
carboxylate O-arylation, in the dark with zinc as heterogeneous reducing agent.148 In 
summary, nickel catalysis in combination with photoredox catalysis, electrocatalysis or 
heterogeneous reducing agents have emerged as an efficient route to construct O-aryl 
esters.  Various approaches have been developed to facilitate the demanding reductive 
elimination step via the generation of either excited NiII or NiIII intermediates (Figure 1.14, 
Mechanism A, B and C).136,150 For the nickel-catalyzed synthesis of O-aryl esters, recent 
developments primarily focused on replacing iridium- and ruthenium-based 
photocatalysts for organic photocatalysts.151–155  
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Outline of this thesis 

In the past decades, significant progress has been made towards the direct 
(poly)esterification of carboxylic acids and alcohols catalyzed by Lewis acidic metals. 
Furthermore, various elegant strategies to overcome the unfavorable equilibrium 
conditions and to enable ester formation with equimolar amounts of reactants, without 
the need for dehydration, have been reported. Nevertheless, insights in the origin of the 
catalytic activity of Lewis acidic metal remains limited. In this dissertation we present 
studies on commonly used TiIV- and SnIV-based Lewis acidic catalysts, to elucidate the 
structure of the in situ formed catalyst, potential intermediates and provide mechanistic 
understanding. Moreover, to expand the number of catalytic strategies that can 
manufacture ester bonds at mild conditions, we investigated the cross-coupling reaction 
of aryl halides with carboxylic acids to form O-aryl esters.  

In Chapter 2 a mechanistic study of titanium aminotriphenolate esterification catalyst is 
described. We found that the application of the tetradendate aminotriphenolate ligand 
prevents the uncontrolled exchange reactions with carboxylic acids, alcohols and esters 
commonly associated with titanium alkoxide catalysts. This strategy affords a well-defined 
monomeric catalyst. Moreover, mechanistic understanding is obtained via stoichiometric 
reactions combined with kinetic experiments and density functional theory (DFT) 
calculations. We show that Lewis acidity is not the sole factor determining catalytic 
activity.  

In Chapter 3 the well-known monoalkyltin(IV) catalysts for (poly)esterification are 
discussed. With the help of various spectroscopic techniques as well as stoichiometric and 
catalytic reactions, the transformation of these complexes at relevant reaction 
temperatures was studied. We demonstrate that only monomeric and dimeric tin 
complexes are present during catalysis, whereas the stoichiometric chemistry of n-
butyltin(IV) carboxylates is dominated by the formation of multinuclear tin assemblies. In 
addition, a reaction mechanism is proposed based on kinetic experiments and DFT 
calculations. 

The mechanistic studies, described in Chapters 2 and 3, provide new insights in the type 
of titanium and tin complexes that are formed in situ under direct esterification conditions 
and into their mode of operation. To gain a better understanding of the observed catalytic 
activity, the deactivation of the catalyst under catalytic conditions is studied in Chapter 4. 
Via kinetic analysis of polyesterification reactions, we show that catalytic performance for 
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Lewis acidic catalysts is crucially determined by the robustness against hydrolytic 
degradation. 

In the search of more efficient routes to obtain O-aryl esters, the nickel-catalyzed cross-
coupling of aryl halides with carboxylic acids is explored in Chapter 5. We perform a 
mechanistic examination of carboxylate O-arylation under thermal conditions, in the 
presence and absence of an exogeneous 2,2’-bipyridine-ligand. The obtained results 
provide insights into the competition between productive catalysis and deleterious 
pathways (comproportionation and protodehalogenation) that exist for all fundamental 
elementary steps. Moreover, via spectroscopic and catalytic studies we unveil the resting 
state of the nickel catalyst, the crucial role of  the alkylamine base, and the formation of a 
NiI-NiIII dimer upon reduction. 
 
Overall, the findings acquired in the research presented in this thesis, provide valuable 
insights in the structure of in situ formed catalysts, reaction intermediates and reaction 
mechanisms. Thereby, the obtained knowledge will be of use for the development of 
novel (poly)esterification catalyst, based on abundant and non-toxic materials. 
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Titanium-catalyzed esterification reactions: 
beyond Lewis acidity 

 

 

Abstract: Esterification is a key reaction and used in many synthetic and industrial processes, yet the detailed 
mechanism of operation of often-used (Lewis acid) catalysts is unknown and subject of little research. Here, we report 
on mechanistic studies of a titanium aminotriphenolate catalyst, using stoichiometric and catalytic reactions 
combined with kinetic data and density functional theory (DFT) calculations. While often only the Lewis acidity of the 
Ti-center is taken into account, we found that the amphoteric nature of this catalyst, combining this Lewis acidity 
with Brønsted basicity of a Ti-bound and in situ formed carboxylate group, is crucial for catalytic activity. Furthermore, 
hydrogen bonding interactions are essential to pre-organize substrates and to stabilize various intermediates and 
transition states and thus enhancing the overall catalytic reaction. These findings are not only applicable to this class 
of catalysts, but could be important for many other esterification catalysts. 

This work is based on: L.A. Wolzak, J.I. van der Vlugt, K.J. van den Berg, J.N.H. Reek, M. Tromp, T.J. Korstanje, 
ChemCatChem, 2020, 12, 5229-5235. 
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Introduction 

Esterification is one of the most important reactions in organic synthesis and widely 
applied in industry, ranging from the production of aspirin to polyesters.1 Although the 
direct, uncatalyzed transformation of a carboxylic acid and an alcohol to an ester is 
possible, it requires temperatures up to 250 oC to achieve full conversion under 
equilibrium conditions.1 As early as 1895, Fischer and Speier described the first catalytic 
esterification reaction using sulfuric acid as a strong Brønsted acid.2 In general, for 
Brønsted acid catalyzed esterification the active species is the protonated carboxylic acid 
and nucleophilic attack by the alcohol and water formation are the rate limiting steps.3 

Despite being very effective esterification catalysts, strong Brønsted acids also give rise to 
unwanted side reactions such as the dehydrative etherification of alcohols. The activation 
of the carbonyl function of the carboxylic acid substrate and subsequent nucleophilic 
attack by the alcohol onto the electron-deficient carbonyl carbon can also be promoted 
by Lewis acidic metal ions (Figure 1), which typically allow for milder reaction conditions 
and a wider substrate scope.4–9 As such, recent developments in esterification catalysis 
have relied heavily on optimizing the Lewis acidity of the metal center.10–14 

 
Figure 2.1. Schematic representation for Lewis acid (LA) catalyzed esterification. 
 
This does, however, not need to be the sole factor that controls activity, as mildly Lewis 
acid metal alkoxides, carboxylates, and oxides are also active esterification catalysts.15,16 
Mechanistic proposals that take other factors besides Lewis acidity into account are 
scarce. Hydrogen bonding interactions between the hydroxyl group of the carboxylic acid 
and a Lewis basic oxygen bound to the metal center have been proposed, but only in a 
qualitative description of the reaction mechanism. 17–19 Titanium(IV) compounds, 
especially titanium alkoxides, are often employed as esterification catalyst due to their 
inherent Lewis acidity and non-toxic nature.20–23 Mechanistic insight into the role of these 
titanium derivatives is, however, hampered by the rapid uncontrolled exchange reactions 
with carboxylic acids, alcohols and esters (Figure 2).24,25 In addition, facile hydrolysis leads 
to very complex reaction mixtures consisting of titaniumdioxide, oxo-alkoxides and 
oligomeric structures.26–28 Here, we report a mechanistic investigation on the use of 
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titanium aminotriphenolate complexes showing the amphoteric nature of the catalyst. 
Both the Lewis acidity and Brønsted basicity are important for the overall performance in 
esterification reactions. The catalysts based on the tetradentate aminotriphenolate 
ligands are robust, display remarkable stability to hydrolysis and are stable under acidic 
conditions.29–32  This can be of importance for the application of these complexes, and the 
stability also allows the isolation of relevant reaction intermediates. The steric and 
electronic properties of the tetradentate aminotriphenolate ligand can be modified, 
making it a perfect platform for optimization of catalyst properties and a detailed 
mechanistic study (Figure 2).33 

 

 

Figure 2.2. Comparison between titanium(IV) alkoxides and the titanium aminotriphenolate 
catalyst studied here. 

 

Results and Discussion 
Aminotriphenols 1–5 (Figure 2.3) are readily available via electrophilic aromatic 
substitution of the corresponding phenol with hexamethylenetetramine or reductive 
amination of the appropriate salicylic aldehydes.34–36 The reaction of Ti(iOPr)4 with one 
equiv. of 1–5 yielded the mononuclear, C3-symmetric complexes 6–10.37 Ligand exchange 
of the apical isopropoxide group is facile under acidic conditions.32 Reaction of complex 6 
with 20 equivalents of acetic acid resulted in complex 11, which was isolated as an orange 
powder. 1H NMR analysis revealed a sharp singlet corresponding to the six methylene 
hydrogens in the ligand framework, a broad singlet corresponding to six hydrogens of two 
acetate fragments and also a strongly deshielded signal at 14.5 ppm, integrating for one  
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Figure 2.3. Aminotriphenol ligands 1 – 5 and corresponding titanium complexes 6 – 13. 
 

hydrogen (Figure 2.14). This indicates that besides apical exchange of the isopropoxide for 
an acetate ligand, an intact acetic acid molecule has also entered the coordination sphere 
of TiIV, resulting in an overall octahedral coordination. Upon addition of D2O to species 11, 
the strongly downfield signal disappeared, demonstrating facile exchange of the acidic 
hydrogen of acetic acid (Figure 2.15). The singlet for the methylene hydrogens is 
remarkable, as it reveals that the barrier for inversion of the rotor-shaped ligand is 
significantly lower than in complex 6.37  

 

Figure 2.4. ORTEP view of solid state structure of complex 11. Ellipsoids are given at 50% 
probability level. H atoms, except for H1 in between O7 and O5, and disorder in C3 and O7 are 
omitted for clarity. Selected bond distances (Å): Ti1-O1 = 1.864(1), Ti1-O2 = 1.823(1), Ti1-O3 = 
1.878(1), Ti1-O4 = 1.947(1), Ti1-O6 = 2.120(1), Ti1-N1 = 2.239(1), C3-O6 = 1.24(1), C3-O7 = 1.29(2), C1-
O4 = 1.287(2), C1-O5 = 1.237(2). Selected angles (o): N1-Ti1-O4 = 176.07(5), O4-Ti1-O6 = 92.33(5), O1-
Ti1-O2 = 98.13(5).   Colors correspond to titanium (light gray), oxygen (red), nitrogen (purple), and 
carbon (gray). 
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In addition, a variable temperature 1H NMR experiment further supported that both an 
acetate and an acetic acid group are coordinated to the titanium center: six doublets 
corresponding to three different methylene groups are observed at -65 oC, indicating loss 
of C3 symmetry of this complex (Figure 2.19). Suitable crystals for single crystal X-ray 
diffraction were obtained via slow evaporation of a benzene solution of complex 11. The 
molecular structure (Figure 2.4) displays a slightly distorted octahedral complex with an 
O1 – Ti – O2  angle of 98.13(5)o. The difference in C – O bond lengths of the two carboxylate 
moieties indicates coordination of both an acetate and an acetic acid group to titanium, 
with the proton (H1) sandwiched between both groups. 
To demonstrate that the apical exchange of the isopropyl group is also possible for 
sterically less encumbered ligands, the unsubstituted complex 10 was treated with an 
excess of acetic acid. Attempts to isolate the newly formed complex proved to be 
cumbersome, but in situ formation of the acetic acid/acetate complex 12 was 
demonstrated by 1H NMR spectroscopy (Figure 2.20). We studied the catalytic activity of 
complexes 6 – 10 (1 mol%) in a model esterification reaction between benzoic acid and 
heptanol in a 1:10 ratio (Table 2.1).  
 

 

Table 2.1. Catalyst screening in model esterification reaction. 

Entry[a] Complex Conv. [%] 

Benzoic acid 

Yield [%] 

Heptylbenzoate 
1 no cat. 10 6 
2 6 31 26 
3 7 40 36 
4 8 19 19 
5 9 48 48 
6 10 62 62 
7 Ti(iOPr)4 79 79 

[a] All reactions were performed with benzoic acid (5 mmol), heptanol (50 mmol), and Ti-catalyst (1 mol%, 
0.05 mmol), at 150 oC for 6 h. Yield and conversion were determined by GC analysis with pentadecane as 
internal standard. 
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An excess of the alcohol was used in order to drive the reaction to completion without the 
need for dehydrating agents or azeotropic distillation. The uncatalyzed reaction hardly 
provided any heptylbenzoate (entry 1), while the presence of catalytic amounts of 
complexes 6 – 8 gave a moderate increase in the efficiency of the reaction (entries 2 – 4). 
The reaction with the sterically less hindered complexes 9 – 10 resulted in a further 
increase in yield (48% and 62%, entries 5 and 6), although they could not match the activity 
of Ti(iOPr)4 (79% yield, entry 7). The trend in activity for catalysts 6 – 8 (8 > 6 > 7), related 
to the electronic properties of the phenoxy ligands (OMe > H > NO2), suggesting that a 
more Lewis acidic titanium center leads to higher activity. In addition, the steric bulk in 
the ortho-position of the phenol motif of complexes 6 and 9 clearly impedes activity in 
catalysis (entries 2 and 5). Full conversion of benzoic acid was achieved with complex 10 
after 24 h (>99% yield heptylbenzoate) demonstrating the non-equilibrium conditions of 
the model reaction (Figure 2.8). Furthermore, the addition of molecular sieves as 
dehydrating agent only gave a slight increase in the formation of heptylbenzoate at 
reaction times > 6 h (Figure 2.8). To investigate the reaction mechanism underlying the 
titanium aminotriphenolate-catalyzed esterification, initial kinetic and stoichiometric 
experiments were performed.  

For complex 10 an order in catalyst of 0.80 was found in the concentration range 1.56 to 
9.33 mM (0.25 to 1.5 mol%) (Figure 2.9, Table 2.3), which lends support to a mononuclear 
mechanism.38 The activation energy was experimentally determined via an Arrhenius plot 
of the different rates of the reaction between 150 – 180 oC (Figure 2.10, Table 2.4). We 
found an energy of 20.1 kcal mol-1, which is in good agreement with other titanium based 
esterification catalysts.25 In order to establish the resting state during catalysis, an aliquot 
was taken from the model esterification reaction catalyzed by complex 6 after 30 minutes 
reaction time, and studied with mass spectrometry. The two observed species have an 
experimental mass of 669.3291 m/z and 663.4111 m/z which correlates to complexes 
where the apical isopropoxide group is exchanged for a heptoxy or a benzoate group 
(Figure 2.26). To further deduce the exact structure of the resting state, complex 6 was 
treated with 10 equiv. of acetic acid and 100 equiv. of ethanol in toluene at 110 oC. After 
24 h, at which point the reaction had not yet reached completion, the mixture was 
evaporated and complex 11 was isolated with only minor impurities, suggesting that in 
the resting state both a carboxylate and a carboxylic acid are coordinated to titanium.39 
To demonstrate the facile formation of the alkoxy-substituted complex, complex 11 was 
dissolved in an excess of dry ethanol and stirred for 15 min. at RT. After evaporation of 
the solvent the new complex 13 was isolated (Figure 2.3), bearing an ethoxy group in the 
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apical position, as determined by NMR spectroscopy and mass spectrometry. Given these 
results, we conclude that complex 11 is the resting state during catalysis, while complex 
13 is the end-of-catalysis state when an excess of alcohol is used, and possibly also an off-
cycle complex. 

The reaction mechanism for the most active titanium aminotriphenolate complex 10 was 
further examined with DFT-D3 calculations at the BP86/TZ2P level of theory (Figure 2.5, 
see experimental section for other, energetically less favorable calculated reaction 
pathways (Figure 2.7)).40,41 The reaction starts with the acetic acid/acetate complex A, 
which is an analogue of the well characterized complex 11, followed by transition state 
TSAB, involving a rotation of the apical acetic acid. Intermediate B is significantly higher in 
energy than complex A (ΔG = 7.6 kcal mol-1), due to the loss of the favorable hydrogen 
bonding interaction between the acetic acid and the acetate group.  

 

Figure 2.5. Proposed reaction pathway for the esterification reaction catalyzed by complex 10 (in 
the catalytic cycle hydrogen bonds are indicated with black dashed lines). 

Nucleophilic attack of the alcohol is facile with a ΔΔG‡ of 6.9 kcal/mol for TSCD. This step is 
favorable because the alcoholic hydrogen is hydrogen bonded to the acetate group that 
can also accept the proton and thus acts as an internal base. The combined action of a 
Brønsted basic acetate group and a Lewis acidic titanium center, results in overall 
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amphoteric character for this catalyst. The beneficial effect of using an amphoteric 
catalyst for esterification reactions has already been observed for metal hydroxides and 
alkoxides in the 1960s,42 but is rarely mentioned in more recent studies. A 
counterclockwise rotation of intermediate D, TSDE, involves a rotation and requires the 
cleavage of two hydrogen bonds, in order to pre-organize intermediate E for water 
formation. The third transition state, TSEF, concerns the actual cleavage of the carbon-
hydroxyl oxygen bond in structure E in order to form the ester. Consecutive loss of water 
and the ester product results in an overall slightly exergonic process (ΔG = -2.0 kcal mol-
1). The total energy profile shows that two transitions states (TSDE and TSEF) are close in 
free energy (1.3 kcal mol-1), showing that both these transitions state can be the rate 
determining transitions state. 

The optimized structures for the transition states TSDE and TSEF reveal the presence of 
hydrogen bonding interactions (Figure 2.6). During TSDE, hydrogen bonds are formed 
between HA and OB of the ligand framework as well as between the acetic acid hydrogen 
(HB) and OA. These interactions pre-organize the complex for water formation 
(intermediate E) and are thus necessary to enhance the next step in the reaction, where 
water is expelled.  

                    

Figure 2.6. Calculated transition states TSDE and TSEF (optimized with DFT-D3 at the BP86/def-
TZ2P level of theory) and ChemDraw representations thereof. All hydrogen atoms have been 
omitted for clarity (except hydrogens A and B involved in hydrogen bonds, indicated with black 
dashed lines).  

Hydrogen bonding interactions between both water hydrogens (HA and HB) and the ligand 
oxygen (OB) and the substrate oxygen (OA) respectively, remain in TSEF, showing that these 
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contribute to a lower energy of this rate determining transition state, thus enhancing the 
overall reaction rate.  
Additional DFT calculations were performed to evaluate the catalytic activity of Ti-
complexes based on C3-symmetric tetradentate ligand with different para-substituents on 
the aromatic rings within (Table 2.2). These calculations show that for the transition states 
TSCD, TSDE and TSEF the relative barrier, ΔΔG‡ (the free energy difference between the 
transition state and its preceding intermediate), is indeed lowered by an electron-
withdrawing nitro-substituent (entry 1), which leads to a more Lewis acid metal center. 
However, the effect of a para-substituent on the overall activation energy of the reaction 
is small, with only 0.6 kcal mol-1 difference between the methoxy- or nitro-substituted 
versions and the unsubstituted ligand, thus showing that here the Lewis acidity of the 
metal center is only a minor factor to modulate the overall activation energy and reaction 
rate. 

Table 2.2. Influence of the para-substituent of the ligand on the relative barrier and the overall 
barrier of transition states TSCD, TSDE and TSEF. 

  TSCD TSDE TSEF 

Entry[a] Para-substituent ΔΔG‡ ΔG‡ ΔΔG‡ ΔG‡ ΔΔG‡ ΔG‡ 

1 -NO2 6.1 16.4 5.1 21.2 3.5 22.6 
2 -H 6.8 16.8 5.3 21.9 3.7 23.2 
3 -OMe 7.5 16.1 6.1 22.6 4.0 22.6 

[a] Values are given in kcal mol-1. 
 

Based on these kinetic experiments and DFT calculations, we propose a catalytic pathway 
as depicted in Figure 2.5. In all geometries, including transition states, hydrogen bonding 
interactions are present between the ligand, the acetate/acetic acid group and the 
alcohol. Nucleophilic attack by the alcohol has a moderate energy barrier due to favorable 
preorganization of both the alcohol and the titanium-bound acetic acid via hydrogen 
bonding interactions with the acetate group and an oxygen of the ligand framework. As a 
result, proton transfer from the alcohol to the acetate group, which acts as a proton 
reservoir for water formation, is facile. TSDE is a rotation, which requires the breakage of 
a hydrogen bond, in order to have the adequate geometry for water formation. The 
subsequent carbon-oxygen bond breaking, TSEF, therefore has a notably low barrier for a 
bond-breaking step. Overall, this mechanism shows that there are three essential 
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prerequisites for an active catalyst: Lewis acidity of the Ti metal, favorable hydrogen 
bonding interactions between both reactants and the ligand, and a Brønsted basic group 
to facilitate proton transfer. This is in strong contrast with the common assumption that 
the Lewis acidity of the metal is the sole crucial (rate determining) factor for catalytic 
activity. The generality of our findings is demonstrated by the fate of many esterification 
catalysts under reaction conditions. The acidic reaction medium results in ligand exchange 
reactions, leading to the in situ formation of amphoteric metal carboxylates,24 which could 
well have a similar mode of operation as the titanium aminotriphenolates presented in 
this study. 

Conclusions 

In summary, we have shown that the amphoteric nature of Ti-aminotriphenolate 
complexes, combining a Lewis acidic metal center with a Brønsted basic ligand site, in 
combination with preorganization via hydrogen bonding interactions, is essential for the 
catalytic activity of titanium aminotriphenolate complexes in the esterification reaction. 
Experimental and computational findings demonstrate that Lewis acidity is not the only 
key factor for catalytic activity, contrary to what often is assumed in literature. DFT 
calculations support favorable pre-organization via hydrogen bonding interactions with 
the ligand and elucidate the role of the additional acetate group as internal base. This 
acetate group enhances the nucleophilicity of the alcohol and subsequently stores the 
proton of the alcohol, which later on in the reaction is expelled in the form of water. We 
believe that these insights do not only apply to this particular class of titanium complexes, 
but are also important for other esterification catalysts, including often-used titanium 
alkoxides, and as such can help the rational design of new catalysts for esterification 
reactions. 
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Experimental Section 

General Experimental Details 

Dichloromethane and acetonitrile were distilled from CaH2, n-pentane and Et2O from 
sodium/benzophenone and toluene from sodium under argon atmosphere. Ethanol was degassed and 
dried over 3Å molecular sieves. All other chemicals were obtained from Merck or Fluorochem and were 
used without further purification. All air-sensitive materials were manipulated using standard Schlenk 
techniques or by the use of an argon-filled glovebox (MBraun Unilab). The NMR solvents CD2Cl2, toluene-
d8 and C6D6 were dried over molecular sieves and degassed via three cycles of freeze-pump-thaw. 1H and 
13C NMR spectra were recorded on a 300 or 400 MHz Bruker AVANCE spectrometer . Spectra were 
referenced against residual solvent signal. FD-HRMS spectra were collected on an AccuTOF GC v 4g, JMS-
T100GCV Mass spectrometer (JEOL, Japan) equipped with a Carbotec emitter. A typical current rate of 
51.2 mA/min over 1.2 min and a flashing current 40 mA on every spectra of 30 ms was used. High 
resolution ESI-HRMS spectra were recorded on a JEOL AccuTOF LC-Plus JMS-T100LP spectrometer in 
CH3CN. IR spectra were recorded on a Bruker Alpha FTIR machine. GC analysis for heptylbenzoate and 
benzoic acid was performed on a Thermo Scientific Trace GC Ultra equipped with a Restek stabilwax-DA 
column (30 m x 0.25 mm x 0.25 μm). Temperature program: initial temperature 50 °C, heat to 200 °C with 
20 °C min-1, hold for 10 min, heat to 250°C with 50 °C min-1, hold for 3 minutes. Inlet temperature 250 °C, 
split ratio of 30, 1.0 mL min-1 helium flow, FID temperature 250 °C. Esterification reactions were performed 
in a Radley 

 

Single crystal x-ray diffraction 

X-ray Crystal Structure Determination of complex 11: X-ray intensities were measured on a Bruker D8 
Quest Eco diffractometer equipped with a Triumph monochromator (l = 0.71073 Å) and a CMOS Photon 
100 detector at a temperature of 150(2) K. Intensity data were integrated with the Bruker APEX3 
software.43 Absorption correction and scaling was performed with SADABS.44 The structures were solved 
using intrinsic phasing with the program SHELXT.45 Least-squares refinement was performed with SHELXL-
201446 against F2 of all reflections. Non-hydrogen atoms were refined with anisotropic displacement 
parameters. The H atoms were placed at calculated positions using the instructions AFIX 13, AFIX 43 or 
AFIX 137 with isotropic displacement parameters having values 1.2 or 1.5 times Ueq of the attached C 
atoms. CCDC 1941519 contain the supplementary crystallographic data for this paper. These data can be 
obtained free of charge from The Cambridge Crystallographic Data Centre via 
www.ccdc.cam.ac.uk/data_request/cif.  

 

Computational details 

Geometry optimizations were carried out with the Amsterdam Density Functional (ADF) program package 
using version 2017.201.40,41 We used the BP86 functional in combination with the TZ2P basis set and a 
large frozen core.47–49 Grimme’s dispersion corrections (version 3, disp3) were used to include Van der 

https://www.ccdc.cam.ac.uk/data_request/cif.
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Waals interactions.50 All minima (no imaginary frequencies) and transition states (one imaginary 
frequency) were characterized by calculating the Hessian matrix. ZPE and gas-phase thermal corrections 
(enthalpy, 298 K) from these analyses were calculated.  

 

Figure 2.7: Alternative, higher lying, reaction pathways for the esterification of acetic acid and ethanol catalyzed by 
complex 10. 
 

Synthesis and catalysis 

The triphenolamines 1-5 and titanium complexes 6-10 were synthesized via literature procedures.34–37 

Complex 7 

Under nitrogen atmosphere ligand 2 (100 mg, 0.16 mmol) was dissolved in 10 
mL dry Et2O. This solution was slowly added to Ti(iOPr)4 (46 µL, 0.16 mmol) in 5 
mL dry Et2O. The reaction mixture immediately changed to orange and over a 
period of 12 h a pale yellow precipitate formed. After filtration the solid material 
was dissolved in a minimum amount of DCM and precipitated with Et2O (15 mL). 
Subsequent filtration afforded complex 7 (76 mg, 64%). 1H NMR (300 MHz, 

CD2Cl2): δ 8.19 (d, J = 2.8 Hz, 3H, HAr), 8.01 (d, J = 2.8 Hz, 3H, HAr), 3.58 (br s, 6H, NCH2), 1.58 (d, J = 6.2 Hz, 
6H, OCHCH3), 1.51 (s, 27H, tBu), the OCH(CH3)2 proton overlaps with the solvent peak (δ 5.32). 1H NMR 
(300 MHz, C6D6): δ 8.32 (d, J = 2.8 Hz, 3H, HAr), 7.77 (d, J = 2.7 Hz, 3H, HAr), 5.18 (h, J = 6.0 Hz, 1H, OCH(CH3)2), 
2.88 (br s, 3H, NCH2), 2.19 (br s, 3H, NCH2), 1.47 (d, J = 6.1 Hz, 6H, OCHCH3), 1.35 (s, 27H, tBu). 13C NMR 
(100 MHz, CD2Cl2): δ 167.20 (CAr), 141.22 (CAr), 138.32 (CAr), 125.33 (CAr), 124.05 (CHAr), 123.62 (CHAr), 84.03 



578155-L-bw-Wolzak578155-L-bw-Wolzak578155-L-bw-Wolzak578155-L-bw-Wolzak
Processed on: 30-5-2022Processed on: 30-5-2022Processed on: 30-5-2022Processed on: 30-5-2022 PDF page: 45PDF page: 45PDF page: 45PDF page: 45

Chapter 2 

45 
 

(CH(CH3)2), 58.13 (NCH2), 35.61 (C(CH3)3), 29.34 (C(CH3)3), 26.40 (OCH(CH3)2). FD-HRMS (m/z, pos): 
Calculated for [C36H46N4O10Ti] 742.2697; found 742.2679 [M]+. 

Complex 11 

Under nitrogen atmosphere complex 6 (100 mg, 0.165 mmol) was dissolved in 5 mL 
dry toluene and 20 equivalents of acetic acid (188 µL, 3.29 mmol) were added 
dropwise to give an orange reaction mixture. After stirring at room temperature for 
10 min the solvent was removed in vacuo. The remaining orange powder was 
triturated three times with 10 mL dry acetonitrile and dried under vacuum. Yield 102 
mg (93 %). 1H NMR (400 MHz, CD2Cl2): δ 14.51 (s, 1H, O-H-O), 7.21 (d, J = 6.2 Hz, 3H, 

HAr), 7.02 (d, J = 7.4 Hz, 3H, HAr), 6.77 (t, J = 7.6 Hz, 3H, HAr), 3.74 (s, 3H, NCH2), 1.85 (br s, 6H, CH3), 1.39 (s, 
27H, C(CH3)3). Addition of D2O resulted in the disappearance of the singlet at δ 14.51 and a new singlet at 
δ 4.76 (HDO). 13C NMR (125 MHz, CD2Cl2): δ 178.28 (br s, OOCCH3), 161.66 (CAr), 136.69 (CAr), 127.83 (CHAr), 
126.88 (CHAr), 125.55 (CAr), 120.33 (CHAr), 60.89 (NCH2), 35.01 (C(CH3)3), 29.87 (C(CH3)3). The methyl 
carbons of the acetate and acetic acid group were not observed due to their fluxional behavior. FD-HRMS 
(m/z, pos): Calculated for [C36H48NO4Ti] 607.2777; found 607.2948 [M-CH3COOH]+. ESI-HRMS (m/z, pos): 
Calculated for [C33H42NO3Ti] 548.26475; found 548.26665 [M-CH3COO-CH3COOH]+. IR-ATR (cm-1): 1658 (s, 
νas COO). Crystals suitable for X-ray analysis were grown via slow evaporation of a concentrated benzene 
solution.  

C37H49NO7Ti, Fw = 667.67, plate, 0.560×0.537×0.267 mm, monoclinic, P21/c (No: 14)), a = 17.7368(10), b = 
11.9329(6), c = 18.0144(10) Å, β = 110.227(2)°, V = 3577.6(3) Å3, Z = 4, Dx = 1.240 g/cm3, m = 0.287 mm-
1. 132094 Reflections were measured up to a resolution of (sin q/l)max = 0.77 Å-1. 8199 Reflections were 
unique (Rint = 0.0399), of which 7049 were observed [I>2s(I)]. 452 Parameters were refined with 105 
restraints. R1/wR2 [I > 2s(I)]: 0.0382/0.0922. R1/wR2 [all refl.]: 0.0482/ 0.0989. S = 1.076. Residual electron 
density between -0.402 and 0.318 e/Å3. CCDC 1941519.  

Complex 12 

Complex 10 (5 mg, 0.01 mmol) was reacted with acetic acid (10 µL, 0.18 mmol) in dry 
C6D6 in an NMR tube under nitrogen atmosphere. 1H NMR (400 MHz, C6D6): δ 7.12 – 6.55 
(m, 12H, HAr), 3.74 (br s, 1H, free CHOH(CH3)2), 3.38 (s, 6H, NCH2), 0.99 (d, J = 5.8, 6H, 
free (CHOH(CH3)2). The methyl groups of the coordinated acetic acid and acetate group 
are not observed due to exchange with free acetic acid.  

 

Complex 13 

Complex 11 (34 mg, 0.05 mmol) was dissolved in 2 mL dry EtOH under nitrogen 
atmosphere to give a yellow suspension after 30 minutes of stirring at room 
temperature. Removal of ethanol and residual acetic acid in vacuo resulted in the 
isolation of complex 13 as a pale yellow powder (28 mg, 92%). 1H NMR (400 MHz, C6D6): 
δ 7.38 (d, J = 7.7 Hz, 3H, HAr), 6.92 (d, J = 7.5 Hz, 3H, HAr), 6.85 (d, J = 7.3 Hz, 3H, HAr), 

5.20 (q, J = 7.0 Hz, 2H, OCH2CH3), 3.98 (br s, 3H, NCH2), 2.57 (br s, 3H, NCH2), 1.74 (t, J = 6.9 Hz, 3H, 
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OCH2CH3), 1.72 (s, 27H, C(CH3)3).  13C NMR (100 MHz, C6D6): δ 167.76 (CAr), 136.16 (CAr), 126.26 (CHAr), 
125.06 (CAr), 120.24 (CHAr), 73.14 (OCH2CH3), 58.23 (C), 34.71 (C), 29.44 (C(CH3)3), 19.46 (OCH2CH3). One of 
the aromatic carbons, CHAr, overlaps with the C6D6 signal at δ 128.06, see cross peak in HSQC (6.85; 128.06). 
FD-HRMS (m/z, pos): Calculated for [C35H47NO4Ti] 593.2988; found 593.2982. 

 

Reaction of complex 6 with acetic acid and ethanol 

To examine the formation of complex 15 during catalysis, a solution of complex 6 (30 mg, 0.05 mmol) in 5 
mL dry toluene was reacted with 20 equivalents acetic acid (57 µL, 0.97 mmol) and ~200 equivalents of 
ethanol (575 µL, 9.86 mmol). The reaction mixture was brought to reflux and stirred for 24 h. An aliquot 
was taken and ethyl acetate was detected by GC analysis. About 2.5 mL of the reaction mixture was 
evaporated to dryness which resulted  in the isolation of complex 11 with minor impurities (~10 mg, 61%). 
1H NMR (300 MHz, CD2Cl2): δ 7.21 (d, J = 6.2 Hz, 3H, HAr), 7.02 (d, J = 7.4 Hz, 3H, HAr), 6.77 (t, J = 7.6 Hz, 3H, 
HAr), 3.74 (s, 6H, NCH2), 1.83 (br s, 6H, CH3), 1.39 (s, 27H, C(CH3)3). The COOH proton at δ 14.51 was not 
observed. 

Catalytic esterification of benzoic acid with heptanol 

In a carousel reaction station under a nitrogen atmosphere benzoic acid (610.6 mg, 5 mmol) was dissolved 
in heptanol (7.14 mL, 50 mmol). Two different runs were performed, for the catalyzed reactions 1 mol% 
catalyst was used. To half of the reaction mixtures 1 g of activated powdered 4 Å molecular sieves were 
added and for all samples pentadecane (0.41 mL, 1.5 mmol) was used as internal standard. Samples for 
GC analysis were taken after 3 h, 6 h, 10 h and 24 h (averaged over 2 runs). 

 

Figure 2.8. Heptylbenzoate formation. 
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Determination of order of reaction  

In a carousel reaction station under a nitrogen atmosphere benzoic acid (610.6 mg, 5 mmol) was dissolved 
in heptanol (7.14 mL, 50 mmol). Two different runs were performed with complex 10 added as a powder 
(0.25, 0.5, 1 and 1.5 mol%) and pentadecane (0.41 mL, 1.5 mmol) as internal standard. Samples for GC 
analysis were taken after 1 h and 2 h. The rate (K) was determined via a tangent line of the heptyl benzoate 
concentration between 1 h and  2 h.  
 
 
Table 2.3. Reaction rate between 1 h and 2 h                              
at various catalyst loadings.     
 

Catalyst (mol%) K (mol/L*s) 
0.25 0.426 10-2 
0.25 0.484 10-2 
0.50 0.680 10-2 
0.50 0.670 10-2 
1.00 1.478 10-2 
1.00 1.549 10-2 
1.50 1.743 10-2 
1.50 1.708 10-2 

 

 

 

Figure 2.9. Order in catalyst. 
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Determination of activation energy 

In a carousel reaction station under a nitrogen atmosphere benzoic acid (610.6 mg, 5 mmol) was dissolved 
in heptanol (7.14 mL, 50 mmol). Complex 10 was added as a powder (21,97 mg, 1 mol%) and pentadecane 
(0.41 mL, 1.5 mmol) as internal standard. Four different runs were performed in duplo at 150 oC, 160 oC, 
170 oC and 180 oC and samples for GC analysis were taken after 1 h and 2 h. The rate (K) was determined 
via a tangent line of the heptyl benzoate concentration between 1 h and 2 h. The activation energy is given 
by 10108 * 8.3145 = 84.04 KJ*mol-1 or 20.09 Kcal*mol-1. 

 

Table 2.4. Reaction rate between 1h and 2h at                             
various temperatures.                                                                            
 

T (K) K (mol/L*s) 
423 1.478 10-5 
423 1.674 10-5 
433 3.263 10-5 
433 2.094 10-5 
443 5.865 10-5 
443 5.217 10-5 
453 6.811 10-5 
453 7.439 10-5 

 

 
Figure 2.10. Arrhenius plot. 
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Spectra 

 

Figure 2.11. 1H NMR of 7, CD2Cl2. 

 

 

Figure 2.12. 13C NMR of 7, CD2Cl2. 
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Figure 2.13. 1H 13C HSQC NMR of 7, CD2Cl2. 

 

 

 

Figure 2.14. 1H NMR of 11, CD2Cl2. 
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Figure 2.15. 1H NMR of 11 upon addition of D2O, CD2Cl2. 

 

 

 

Figure 2.16. 13C NMR of 11, CD2Cl2. 
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Figure 2.17. 1H 13C HSQC NMR of 11, CD2Cl2. 

 

 

Figure 2.18. ATR IR spectrum of 11. 
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Figure 2.19. VT 1H NMR (193 to 293 K) of 11, tol-d8. Methylene protons indicated with a red dot. 

 

 

 

Figure 2.20. 1H NMR of 12, C6D6. Acetic acid signals indicated with a red dot.  
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Figure 2.21. 1H NMR of 13, C6D6. 

 

 

 

 

Figure 2.22. 13C NMR of 13, C6D6. 
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Figure 2.23. 1H 13C HSQC NMR of 13, C6D6. 

 

 

Figure 2.24. 1H COSY NMR of 13, C6D6. 
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Figure 2.25. 1H NMR of 6 after reaction with acetic acid and ethanol, CD2Cl2. 

 

 

 

Figure 2.26. FD-HRMS of esterification reaction catalyzed by complex 6 (after 30 min reaction time). 
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Chapter 3 
 

Mechanistic elucidation of 
monoalkyltin(IV)-catalyzed esterification 

 

 

Abstract: Monoalkyltin(IV) complexes are well-known catalysts for esterification reactions and polyester formation, 
yet the mode of operation of these Lewis acidic complexes is still unknown. Here, we report on mechanistic studies 
of n-butylstannoic acid in stoichiometric and catalytic reactions, analyzed by NMR, IR and MS techniques. While the 
chemistry of n-butyltin(IV) carboxylates is dominated by formation of multinuclear tin assemblies, we found that 
under catalytically relevant conditions only monomeric n-BuSn(OAc)3  and dimeric (n-BuSnOAc2OEt)2 are present. 
Density functional theory (DFT) calculations provide support for a mononuclear mechanism, where n-BuSn(OAc)3  
and dimeric (n-BuSnOAc2OEt)2 are regarded as off-cycle species, and suggest that carbon-oxygen bond breaking is 
the rate determing step. 

This work is based on: L.A. Wolzak, J.J. Hermans, F. de Vries, K.J. van den Berg, J.N.H. Reek, M. Tromp, T.J. Korstanje, 
Catal. Sci. Technol., 2021, 11, 3326-3332 (front cover).  
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Introduction 

The synthesis of esters from alcohols and carboxylic acids is an important reaction in 
organic synthesis of small molecules and polymers.1,2 Although strong Brøndsted acids are 
efficient esterification catalysts, often the milder Lewis acids are preferred since they 
provide less unwanted side products.3 Therefore over the past decades, a variety of Lewis 
acidic organotin derivatives have been developed and these catalysts are frequently used 
in industry.4,5  The inherent Lewis acidity of tin(IV) complexes in combination with facile 
ligand exchange are considered the origin of their catalytic performance in the 
esterification reaction.6 Especially organometallic mono- and dialkyltin(IV) complexes 
display good catalytic performance and stability in many transesterification, esterification 
and polyesterification reactions.7  

 

Figure 3.1. Stoichiometric reactions of monoalkyltin complexes with carboxylic acids compared 
to their behavior under catalytic esterification conditions. 
 
The presence of the alkyl tails, generally n-butyl or n-octyl, appears to be pivotal for the 
catalytic behavior of these tin-based catalysts, since strong Lewis acids such as SnCl4  are 
not considered good esterification catalysts. The dialkyltin(IV) compounds form distinct 
ladder-like structures, distannoxanes, which can incorporate an alcohol and activate the 
carbonyl function of the carboxylic acid.8–11 Although still under debate, the catalytic 
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activity of these distannoxanes is often attributed to the unique cooperative behavior of 
the tin atoms in the distannoxanes.12,13,14 For applications of distannoxanes as catalysts in 
transesterification reactions see the work of Otera and co-workers.15,16,17 

Monoalkyltin(IV) catalysts have received far less attention than the distannoxanes. 
Nevertheless the chemistry of n-butyltin(IV) complexes with carboxylic acids has been well 
studied by X-ray crystallography (Figure 3.1).18,19 The complex with the highest carboxylate 
to tin ratio, 3:1, is n-butyltin tricarboxylate and is synthesized from n-butyltin trichloride 
and the appropriate silver carboxylate (Figure 3.2).20  
 

 

Figure 3.2. Reaction of mono-alkyltin complexes with carboxylic acids. 

This hydrolytically unstable complex decomposes in the presence of water to undefined 
polymeric material or to a ladder-shaped complex, [(n-BuSn(O)OOCR)2-n-BuSn(OOCR)3]2, 
with a tin to carboxylate stoichiometry of 3:5.21 Further hydrolysis results in the formation 
of a drum-shaped cluster with a tin to carboxylate stoichiometry of 1:1. This [n-
BuSn(O)OOCR]6 cluster can also be obtained from the reaction of polymeric n-
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butylstannoic acid with a carboxylic acid in the appropriate ratio.22,23 Although all of these 
multinuclear tin complexes have been synthesized and spectroscopically analyzed, their 
relevance under catalytic conditions remains largely unexplored. It is well possible that 
under catalytic conditions these tin clusters disintegrate, in contrast to the distannoxanes, 
and esterification happens via a mononuclear mechanism. Here, we report on our 
mechanistic investigation of mono-n-butyltin(IV)-catalyzed esterification. This class of 
catalysts was studied under catalytically relevant conditions with a variety of 
spectroscopic techniques complemented with DFT calculations. 

Results and discussion 
We started our investigation by establishing the catalytic activity of various tin(IV) 
compounds. Also n-butylstannoic acid and acetic and benzoic acid derivatives thereof 
were examined in a model esterification reaction between benzoic acid and heptanol (in 
a 1:10 ratio) in the presence of 1 mol% catalyst (Table 3.1). An excess of alcohol was used 
in order to exclude the need of dehydrating agents or azeotropic distillation. There is a 
clear difference in catalytic activity between the tin(IV) compounds and the n-butyltin(IV) 
substituted derivatives, with the latter being more active.  

 

Table 3.1. Catalyst screening in model esterification reaction. 

Entry[a] Complex Conv. [%] 
Benzoic acid 

Yield [%] 
Heptylbenzoate 

1 no cat. 10 6 
2 Sn(OAc)4 23 26 
3 SnCl4.5H2O 31 36 
4 n-BuSnCl3 52 19 
5 (n-BuSnOOH)n (1) 82 48 
6 [n-BuSn(O)OAc]6 (2) 87 62 
7 n-BuSn(OAc)3 (3) 63 79 
8 n-BuSn(OBz)3 (4) 89 87 

[a] All reactions were performed with benzoic acid (5 mmol), heptanol (50 mmol), and Ti-catalyst (1 mol%, 
0.05 mmol), at 150 oC for 6 h. Yield and conversion were determined by GC analysis with pentadecane as 
internal standard. 
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The polymeric n- butylstannoic acid (1), the drum-shaped [n-BuSn(O)OAc]6 (2)  and 
monomeric n-BuSn(OBz)3 (4) display the highest activity (Table 3.1, entries 5, 6 and 8). 
These three compounds have comparable activity, suggesting that catalytic activity is not 
related to unique properties of the n-butylstannoic acid polymer. Counter-intuitively, n-
BuSn(OAc)3 (3) shows inferior performance, which we ascribe to the slow displacement of 
the tin-bound acetates for benzoate groups. In addition, an order of 0.74 in catalyst (Figure 
3.12) was found for 1 (vide infra for interpretation). 

In order to study the behavior of n-butyltin(IV) complexes under catalytically relevant 
conditions we investigated solutions of 1, 2 and 3 by NMR spectroscopy. With three NMR-
active nuclei with spin ½, 119Sn being the most sensitive, Sn NMR provides a valuable tool 
for examining the coordination environment of tin complexes in solution.24 Various 
organotin complexes retain their geometry in anhydrous organic solvents, as 
demonstrated by 119Sn NMR experiments.18,20  In anhydrous CDCl3 a singlet in the 119Sn 
NMR spectrum at -480 ppm is observed for the cluster 2  and from 1H NMR a 1:1 ratio of 
the acetate groups and the n-butyl tails can be deduced.22,25 For monomer 3 in anhydrous 
CDCl3 a signal at -532 ppm is present, which is in the expected range of a seven-coordinate 
tin complex. The 1H NMR spectrum displays the expected 3:1 ratio of the acetate groups 
and the n-butyl tail. For polymeric 1 no 1H NMR spectra could be obtained due to its 
insoluble nature in common organic solvents.  

After establishing the NMR shifts in CDCl3 we switched to acetic acid-d4 as solvent and 
measured the tin precursors at various temperatures (Table 3.2). At 298 K complex 3 
shows a singlet at -528 ppm. This minor upfield shift compared to 3 in CDCl3 indicates that 
the seven-coordinate geometry of n-BuSn(OAc)3 is retained in acetic acid (AcOH). Upon 
increasing the temperature to 363 K a downfield shift to -518 ppm, Δδ 10.5 ppm, is 
observed which is caused by a decreased temperature-induced shielding (Table 3.2, 
Column 2).26 Upon dissolving 2 in AcOD-d4 at 298 K a singlet at -528 ppm, corresponding 
to monomer 3, and a peak at -553 ppm is observed (Table 3.2, Column 3). Upon heating 
to 363 K we again only observe a singlet at -517 ppm indicative for complex 3. In addition, 
this process turned out to be reversible upon lowering the temperature to 298 K. For 1 
three peaks at -529, -554 and -592 ppm are present at 298 K (Table 3.2, column 4). 
Likewise, heating to 363 K resulted in a single signal at -517 ppm. In addition, in 1H and 13C 
NMR we observed a similar trend with identical spectra for complexes 1, 2 and 3 (Figure 
3.30 – 3.33) at elevated temperatures. 
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Table 3.2. 119Sn NMR chemical shifts in acetic acid-d4 at various temperatures[a] 

T (K) n-BuSn(OAc)3 (3) [n-BuSn(O)OAc]6 

(2) 
(n-BuSnOOH)n (1) 
 

298 -528 -528 
-553 

-529 
-554 
-592 

333 -523 -523 
-553 

-524 
-554 

363 -518 -517 -517 
[a] 119Sn chemical shifts are given in ppm relative to Sn(CH3)4. All samples are 0.4 M in Sn and measured 
in AcOD-d4. 

These results indicate that these precursors in acetic acid at catalytically relevant 
temperatures (≥363 K) rapidly form a mononuclear tin tricarboxylate in situ (Figure 3.3).  
To obtain more insight into the origin of the two high-field signals around -554 and -591 
ppm, which appear upon solvation of 2  and 3 in AcOD-d4 at 298 K, we treated complex 1 

with various equivalents of D2O (Figure 3.4). The addition of D2O resulted in identical 119Sn 
chemical shifts, which reveals that the formation of these species is dependent on the 
concentration of water, rather than Sn atoms. 

 

Figure 3.3. Formation of n-butyltin triacetate upon dissolution of multimetallic n-butyltin 
complexes in carboxylic acid at catalytic relevant temperatures. 

Upon dissolution in AcOD-d4, the oxo- and hydroxo-moieties in [n-BuSn(O)OAc]6 and n-
butylstannoic acid become protonated and subsequently water is formed in situ. 
Therefore, we propose that these two shifts emerge from 3 with either one (-554 – -556 
ppm) or two (-591 – -592 ppm) D2O molecules coordinated. Similar chemical shifts are 
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observed for the addition of D2O to 3 dissolved in a 1:1 mixture of AcOH and EtOH (Figure 
3.35). 

 

Figure 3.4. 119Sn{H} NMR spectra (186 MHz, 298 K) of the reaction of 3 (0.4 M) with various 
equivalents of D2O in AcOD-d4 at 298 K. 119Sn chemical shifts are given in ppm relative to 
Sn(CH3)4. 

More structural information on the formed tin complexes was accessed via 119Sn NMR DFT 
calculations on a B3LYP/TZVPP all electron level of theory.27,28 Evaluation of the 119Sn NMR 
chemical shift of various conformers of 3 with one (Figure 3.14) and two water (Figure 
3.15) molecules coordinated to the central tin atom resulted in two structures with a good 
match between experimental and calculated 119Sn NMR chemical shift (Figure 3.5).  

 

Figure 3.5. Formation of adducts 3A and 3B from n-BuSn(OAc)3 with H2O in AcOH. Experimental 
(green) and calculated (red) 119Sn chemical shifts (in ppm).  
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For the monohydrate complex 3A, one water molecule is bound trans to the n-butyl group 
and one of the acetate groups has changed coordination mode from bidentate to 
monodentate in order to accommodate a hydrogen bond between the carbonyl oxygen 
and the proton of water.  For structure 3B a second water molecule is bound to the central 
tin core which results in two of the acetate groups adopting a monodentate coordination 
mode. The coordination of water to structure 3A and 3B proved to be reversible upon 
increasing the temperature, resulting in the sole formation of 3 (Figure 3.36 – 3.37). 

The effect of water on 3 in AcOH was further studied by ATR-FTIR spectroscopy via the 
addition of various equivalents of H2O to 3 in AcOH. Vibrations at 1588 (νCOO), 660 (νSn-
O) and 568 cm-1 (νSn-O) appeared to be correlated to the H2O concentration (Figure 3.38 
– 3.39). Similar experiments using H218O resulted in a small shift in one of the Sn-O 
vibrational modes from 568 to 554 cm-1 (Figure 3.6). This isotope effect further underlines 
the interaction between 3 and the oxygen atom from the water molecule(s). Furthermore, 
experiments with D2O instead of H2O resulted only in a minor shift in the COO vibrational 
mode from 1588 to 1575 cm-1 (Figure 3.40).  

 

Figure 3.6. ATR-FTIR spectra of 3 in AcOH with 2, 5 and 10 equivalents of H216O (dashed lines) 
and H218O (solid lines). 

Knowing its behavior in AcOH in both the presence and absence of water, we turned our 
attention to the 119Sn NMR spectrum of 3 in anhydrous EtOH at 298 K. Under these 
conditions two signals at -532 and -541 ppm were observed, revealing the partial 
conversion of 3 into another seven-coordinate tin complex (Figure 3.41). The structure of 
this complex was further elucidated with ATR-FTIR which gave a strong vibration at 1020 
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cm-1, indicative of a C-O stretching vibration (Figure 3.44).29 In addition, a vibration at 1711 
cm-1 revealed the presence of uncoordinated AcOH. Only minor isotope effects were 
observed upon changing EtOH to EtOD-d6 (Figure 3.45). These findings indicate the 
exchange of one of the acetate groups for an ethoxy group. Subsequently, an aliquot of 
this mixture was studied with LIFDI-HRMS which resulted in the detection of the fragments 
[SnOAc3]+ and [n-BuSnOAc2OEt-n-BuSnOAcOEt]+ (Figure 3.46 – 3.47). The in situ formation 
of the dimer (n-BuSnOAc2OEt)2 (5) is in agreement with a seven-coordinate environment 
around the tin core as indicated by 119Sn NMR. In addition, the dimer 5 was independently 
synthesized via the reaction of n-BuSn(OAc)3 and n-BuSnOEt3, and has a 119Sn NMR 
chemical shift of -544 ppm in CDCl3.30 The bridging mode of the ethoxy groups in (n-
BuSnOAc2OEt)2 (5) becomes apparent from the distinct quaternary carbon signal at 182.61 
ppm observed for the acetate groups in the 13C NMR spectra at 233 K, indicating that all 
acetate groups are in a terminal position (Figure 3.48). Discrimination between the 
different conformers is possible upon comparison of the experimental and DFT-calculated 
119Sn NMR chemical shift together with the calculated free energy differences (Figure 3.7).  

 

Figure 3.7. Conformers of 5 with their 119Sn NMR chemical shift (green, in ppm) and calculated free 
energies (blue, in kcal mol-1 relative to n-BuSn(OAc)3). 

These data together point to the formation of the isomer with both n-butyl occupying the 
trans-position with respect to the bridging ethoxy groups and transoid with respect to the 
other n-butyl group (complex 5A). Solvation of 5 in AcOH resulted in a 119Sn NMR chemical 
shift at -529 ppm, which indicates complete conversion to 3 (Figure 3.49). We thus 
propose the partial formation of the dimer 5A when 3 is dissolved in EtOH, while addition 
of AcOH results in the backwards reaction to 3.  

With the knowledge of the behavior of the components under various conditions in hand, 
we turned our attention to following the catalyst under catalytically relevant conditions. 
The catalytic esterification of acetic acid and ethanol at 363 K, in the presence of molecular 
sieves to mimic the azeotropic distillation conditions commonly applied, was monitored 
over time (18.7 %  yield ethyl acetate after 1 h, Figure 3.53). During catalysis, aliquots of 
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the catalytic reaction mixture were examined by 119Sn NMR spectroscopy. At 363 K a single 
119Sn chemical shift is observed which moves upfield from -525 to -539 ppm over a time 
period of 60 minutes (Figure 3.51), which we attribute to a shift in equilibrium between  
monomer 3 and dimer 5A. 119Sn NMR measurements of the same samples at 298 K 
revealed two broad signals with a chemical shift of -535 and -555 ppm after 5 minutes 
reaction time (Figure 3.8). These two signals can be assigned to 3 and monohydrated 
complex 3A respectively. After 30 minutes reaction time three broad signals at -545, -553 
and -590 ppm were observed. The two upfield signals originate from n-BuSn(OAc)3 with 
either one or two water molecules coordinated (structures 3A and 3B), while the signal at 
-545 ppm is consistent with the dimer 5A. After 60 minutes reaction time two new 
unidentified signals at -550 and -553 are present but the main contributions are still from 
structures 3A, 3B and 5A. The adducts of 3 with H2O (structure 3A and 3B)  are only 
observed at 298 K, at elevated temperatures water is expected to be expelled from these 
complexes and monomeric 3 is formed, vide supra. 

 

Figure 3.8. Time dependent 119Sn{H} NMR spectra (186 MHz, 298 K) of complex 3  in a 1:1 
mixture of AcOH and EtOH. All samples are 0.4 M in Sn and measured unlocked. 

To complement our experimental findings under catalytically relevant conditions, we have 
further examined the reaction mechanism for the n-BuSn(OAc)3-catalyzed esterification 
by DFT calculations at the BP86-D3/def2-TZVP//M06-2X/def2-TZVP/def2-QZVP level of 



578155-L-bw-Wolzak578155-L-bw-Wolzak578155-L-bw-Wolzak578155-L-bw-Wolzak
Processed on: 30-5-2022Processed on: 30-5-2022Processed on: 30-5-2022Processed on: 30-5-2022 PDF page: 69PDF page: 69PDF page: 69PDF page: 69

Chapter 3 

69 
 

theory (Figure 3.9).31 The observed off-cycle resting states, monomer 3 and dimer 5A, are 
equal in free energy, and both can lead to the formation of Intermediate D (∆G = 4.5 kcal 
mol-1) which is the starting points of the catalytic cycle.  

 

Figure 3.9. Proposed catalytic cycle for the esterification of ethanol and acetic acid catalyzed by 
3. Hydrogen bonds are indicated with black dashed lines and free energy values are given in kcal 
mol-1 relative to 3.  

The tin-bound ethoxy group can subsequently accommodate another ethanol molecule 
via a hydrogen bond (structure E). Next, nucleophilic attack (ΔG‡ = 18.0 kcal mol-1) results 
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in intermediate F, where the hydrogen atom of the ethanol is accepted by the Lewis basic 
ethoxy group. A rotation (ΔG‡ = 17.3 kcal mol-1), which requires the breakage of a 
hydrogen bond, pre-organizes intermediate G for the carbon-oxygen bond breaking step. 
The actual carbon-oxygen bond breaking has the highest barrier with ΔG‡ = 20.0 kcal mol-
1 and can be regarded as the rate determining step. The collapse of the tetrahedral 
intermediate G as turn-over limiting step is consistent with previously reported metal-
catalyzed esterification and amidation reactions.32,33 From structure H water is expelled, 
which was bound via two hydrogen bonds, and finally the ester is replaced by a new acetic 
acid molecule. Overall the reaction is slightly exergonic with Δ∆G = -1.9 kcal mol-1. The 
experimentally observed off-cycle resting states 3 and 5A can both form the amphoteric 
mixed alkoxide/carboxylate (structure D) which is the starting point of the monomeric 
catalytic cycle. Furthermore, a monomeric catalytic cycle, with two off-cycle resting states 
one monomeric and the other dimeric in equilibrium with each other, is in agreement with 
the experimentally determined catalyst order of 0.74, vide supra. The in situ formation of 
this amphoteric catalyst is essential since it can act as a Lewis acid to activate the 
carboxylic acid, and as a Brønsted base to deprotonate the alcohol during nucleophilic 
attack. The importance of having an amphoteric catalyst in esterification reactions is not 
only restricted to tin-based catalysts as we have recently demonstrated for titanium-
based esterification catalysts.34 Furthermore, the function of the n-butyl tail on the tin 
catalyst is to enforce a seven-coordinate tin center which remains during the whole 
catalytic cycle as established by DFT calculations.  

 

Conclusions 
We have demonstrated here that n-butyl substituted tin(IV) complexes have a unique 
coordination chemistry which results in a monomeric tin catalyst under catalytic 
conditions. Although the commonly applied esterification catalyst n-butyl stannoic acid is 
a polymer in the solid state, it transforms to monomeric 3 and dimeric 5A as off-cycle 
resting states under catalytically relevant conditions, as proven by NMR, ATR-FTIR and MS 
measurements. DFT calculations lend support to a monomeric mechanism where 
structures 3 and 5A are regarded as off-cycle species. In this mechanism the carbon-
oxygen bond breaking step is the rate determining step. Furthermore, water formed 
during the esterification reaction has limited effect on the active catalyst, since the water 
adducts 3A and 3B where only observed at 298 K. These findings shed new light on the 
role of the n-butyl tail and the nuclearity of the class of mono-n-butyl tin esterification 
catalysts. 
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Experimental Section 

General Experimental Details 

Dichloromethane was distilled from CaH2, n-pentane from sodium/benzophenone and toluene from 
sodium under argon atmosphere. Ethanol was degassed, by bubbling nitrogen through for >30 min, and 
dried over 3Å molecular sieves. All other chemicals were obtained from Merck and were used without 
further purification. All air-sensitive materials were manipulated using standard Schlenk techniques or by 
the use of an argon-filled glovebox (MBraun Unilab). The NMR solvent CDCl3 was dried over molecular 
sieves and degassed via three cycles of freeze-pump-thaw. Acetic acid-d4 and Ethanol-d6 were used 
without further purification. 1H (500 or 400 MHz) and 13C (125 or 100 Mhz) spectra were recorded on a 
Bruker DRX 500 MHz or a Bruker AVANCE 400 MHz spectrometer. 119Sn NMR spectra were recorded on a 
Bruker DRX 500 MHz at 186 MHz and measured in the range of 100 to -700 ppm. 1H  and 13C spectra were 
referenced against residual solvent signal, while 119Sn spectra were externally calibrated against an 5% 
(v/v) solution of SnMe4 in acetone. 2D 1H DOSY spectra were recorded on a Bruker DRX 300 MHz 
spectrometer. FD-HRMS spectra were collected on an AccuTOF GC v 4g, JMS-T100GCV Mass spectrometer 
(JEOL, Japan) equipped with a Carbotec emitter or a LiFDi probe (FD) equipped with an FD Emitter, Linden 
CMS GmbH. A typical current rate of 51.2 mA/min over 1.2 min and a flashing current 40 mA on every 
spectra of 30 ms was used. ATR-FTIR spectra were recorded on a Bruker Alpha-P. GC analysis for 
heptylbenzoate and benzoic acid was performed on a Thermo Scientific Trace GC Ultra equipped with a 
Restek Stabilwax-DA column (30 m x 0.25 mm x 0.25 μm). Temperature program: initial temperature 50 
°C, heat to 200 °C with 20 °C min-1, hold for 10 min, heat to 250°C with 50 °C min-1, hold for 3 minutes. Inlet 
temperature 250 °C, split ratio of 30, 1.0 mL min-1 helium flow, FID temperature 250 °C. Esterification 
reactions were performed in a Radley Discoveries 12 plus reaction station allowing a maximum of 12 
simultaneous reactions under a nitrogen atmosphere. 

 

Synthesis and Catalysis 

The tin complexes: [n-BuSn(O)OAc]6, n-BuSnOAc3 and (n-BuSnOEt3)4 were synthesized according to 
literature procedures.18,20,35  

Complex 1: [n-BuSn(O)OAc]6 

1H NMR (500 MHz, CDCl3): δ 2.09 (s, 3H, OOCCH3), 1.67 (m, 2H, CH2CH3), 1.36 (m, 2H, 
CH2CH2), 1.24 (m, 2H, SnCH2), 0.91 (t, J = 7.4 Hz, 3H, CH2CH3).  13C NMR (125 MHz, 
CDCl3): δ 179.88 (CH3COO), 27.24 (3J 13C - 119/117Sn = 57.5 Hz, CH2CH3), 26.93 (1J 13C - 
119Sn = 1185.0 Hz, 1J 13C - 117Sn = 1131.3 Hz, SnCH2CH2), 26.73 (2J 13C - 119/117Sn = 191.3 
Hz,  CH2CH2), 24.48 (OOCCH3), 13.72 (CH2CH3). 119Sn{H} NMR (186 MHz, CDCl3): δ -
484.91. IR-ATR  (cm-1): 1595, 1593, 1448, 1421, 608. FD-HRMS (m/z, pos): Calculated 
for [C31H75O18Sn6] 1446.9101; found 1446.8201 [M-C4H9]+ 
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Complex 3: n-BuSnOAc3 

 1H NMR (500 MHz, CDCl3): δ 2.15 (s, 9H, OOCCH3), 1.77 (m, 2H, CH2CH3), 1.66 (m, 2H, 
SnCH2), 1.39 (s, 2H, CH2CH2), 0.90 (t, J = 7.4 Hz, 3H, CH2CH3). 13C NMR (125 MHz, CDCl3): δ 
184.16 (CH3COO), 29.19 (3J 13C - 119/117Sn = 61.3 Hz, CH2CH3), 26.53 (1J 13C - 119Sn = 1001.3 
Hz, 1J 13C - 117Sn = 957.5 Hz, SnCH2CH2), 25.64 (2J 13C - 119/117Sn = 166.3 Hz, CH2CH2), 18.93 
(OOCCH3), 13.67 (CH2CH3). 119Sn{H} NMR (186 MHz, CDCl3): δ -531.51. IR-ATR  (cm-1): 1565, 

1542, 1428, 1395, 1349, 699, 627. 

 [n-BuSn(O)(OAc)2n-BuSn(OAc)3]2 

 
Efforts to synthesize [(n-BuSn(O)OAc)2n-BuSn(OAc)3]2 via a literature 
procedure21 did not result in the isolation of [(n-BuSn(O)OAc)2n-
BuSn(OAc)3]2 but rather [n-BuSn(O)OAc]6. Instead, freeze drying of a 
solution of [n-BuSn(O)OAc]6 (100 mg, 0.066 mmol) in 1 mL acetic acid gave 
[(n-BuSn(O)OAc)2n-BuSn(OAc)3]2  (113 mg, quantitative).  

1H NMR (400 MHz, CDCl3): δ 2.17 – 1.92 (m, 30H, OOCCH3), 1.81 – 1.15 (m, 34H , CH2), 0.96 – 0.79 (m, 18H, 
CH3). 119Sn{H} NMR (186 MHz, CDCl3): δ -521.72, -554.17, -640.64. These 119Sn NMR signals do not 
correspond to the -486, -522, -533 and -549 ppm reported in literature.21 However, the signals at -486 and 
-533 ppm should not be assigned to  [(n-BuSn(O)OAc)2n-BuSn(OAc)3]2 but rather to [n-BuSn(O)OAc]6 and 
n-BuSnOAc3, which are decomposition products. Due to this decomposition a pure 13C NMR spectrum 
could not be recorded. In the 119Sn{H} NMR spectrum obtained after the 13C NMR measurement, additional 
peaks corresponding to decomposition products [n-BuSn(O)OAc]6 (-484.84 ppm) and n-BuSnOAc3 (-532.16 
ppm) were observed. 

Complex 4: n-BuSnOBz3 

Under a nitrogen atmosphere AgOBz (6.48 g, 28.3 mmol) was suspended in 20 mL 
anhydrous DCM. Subsequently n-BuSnCl3 (1.2 mL, 7.1 mmol) was slowly added and the 
reaction mixture was brought to reflux for 24 h. Filtration over celite and evaporation 
of the solvent resulted in a white solid material which was recrystallized from 
toluene/pentane to afford n-BuSnOBz3 (3.15 g, 82% yield).  
1H NMR (400 MHz, CDCl3): δ 8.17 (d, J = 7.5 Hz, 6H, ArH), 7.61 (t, J = 7.4 Hz, 3H, ArH), 

7.45 (t, J = 7.4 Hz, 6H, ArH), 2.04 (m, 2H, CH2), 1.83 (m, 2H, CH2), 1.45 (sext, J = 7.4 Hz, 2H, CH2), 0.90 (t, J = 
7.3 Hz, 3H, CH2CH3). 13C NMR (100 MHz, CDCl3): δ 178.50 (C6H5COO), 134.02 (C6H5), 131.26 (C6H5), 128.37 
(C6H5), 127.58 (C6H5) 29.58 (CH2), 26.47 (CH2), 25.56 (CH2), 13.48 (CH3). 119Sn-13C couplings were not well 
resolved. 119Sn{H} NMR (186 MHz, CDCl3): δ -535.56. IR-ATR (cm-1): 1596, 1539, 1509, 1450, 1397, 1162, 
1068, 1021, 827, 717, 681. FD-HRMS (m/z, pos): Calculated for [C18H19O4Sn1] 419.0309; found 419.0349 
[M-OBz]+; Calculated for [C21H15O6Sn1] 482.9895; found 482.9856 [M-C4H9]+. 

Single crystals suitable for XRD analysis were obtained via the slow vapor diffusion of n-hexane in a toluene 
solution. C25H24O6Sn, Fw = 539.17, colorless block, 0.565×0.299×0.116 mm, orthorhombic, Pbca (No: 61)), 
a = 11.9618(3), b = 16.8603(4), c = 23.0411(6) Å, V = 4646.9(2) Å3, Z = 8, Dx = 1.541 g/cm3, m = 1.138 mm-
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1. 54938 Reflections were measured up to a resolution of (sin q/l)max = 0.63 Å-1. 4751 Reflections were 
unique (Rint = 0.0813), of which 3599 were observed [I>2s(I)]. 290 Parameters were refined without any 
restraints. R1/wR2 [I > 2s(I)]: 0.0277/0.0497. R1/wR2 [all refl.]: 0.0478/ 0.0553. S = 1.049. Residual electron 
density between -0.362 and 0.517 e/Å3. CCDC 2049109 contains the supplementary crystallographic data 
for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre 
via www.ccdc.cam.ac.uk/data_request/cif. 

 

Figure 3.10. ORTEP view of solid state structure of n-BuSnOBz3. Ellipsoids are given at 50% probability level. H atoms 
are omitted for clarity. Selected bond distances (Å): Sn-O1 = 2.373(2) , Sn-O2 = 2.133(2) , Sn-O3 = 2.242(2)  , Sn-O4 = 
2.135(2) , Sn-O5 = 2.328(2) , Sn-O6 = 2.156(2) , Sn-C1 = 2.118(3). Selected angles (o): C1-Sn-O1 = 93.94(8), C1-Sn-O5 = 
96.39(8). Colors correspond to tin (green), oxygen (red) and carbon (gray).  

Complex 5: (n-BuSnOAc2OEt)2 

Under a nitrogen atmosphere n-BuSnOAc3 (345 mg, 0.987 mmol) and (n-
BuSnOEt3)4 (42 mg, 0.122 mmol ) were both dissolved in 2.5 mL anhydrous DCM. 
Afterwards the n-BuSnOEt3 solution was transferred via a syringe and slowly 
added to the n-BuSnOAc3 solution. After stirring for 1h the solvent was removed 
in vacuo, providing a yellowish oil (512 mg, quant.). Since the complex slowly 

decomposes at room temperature the 13C NMR spectrum was recorded at 233 K. 
 1H NMR (500 MHz, CDCl3): δ 3.99 (br s, 4H, CH3CH2O), 2.10 (s, 12H, CH3COO), 1.61 (m, 8H, CH2CH2), 1.34 
(sext, J = 6.9 Hz, 4H, CH2), 1.18 (t, J = 6.8 Hz, 6H, OCH2CH3), 0.89 (t, J = 7.3 Hz, 6H, OCH2CH3). 13C NMR 233 
K (125 MHz, CDCl3): δ 182.61 (CH3COO), 61.37 (OCH2CH3), 27.74 (CH2), 27.06 (CH2), 26.27 (CH2), 20.06 
(CH3COO), 18.44 (CH3CH2O), 14.03 (CH3CH2CH2). 119Sn-13C couplings were not well resolved. 119Sn{H} NMR 
(186 MHz, CDCl3): δ -543.73. IR-ATR  (cm-1): 1560, 1411, 1048, 1021, 877, 662, 613, 546. LIFDI-HRMS (m/z, 
pos): Calculated for [C16H31O10Sn2] 620.9963; found 620.9983 [M-C4H9]+. 

 

 

 

https://www.ccdc.cam.ac.uk/data_request/cif.
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Procedure for esterification of benzoic acid and heptanol 

In a carousel reaction station under a nitrogen atmosphere benzoic acid (610.6 mg, 5 mmol) was 
suspended in heptanol (7.14 mL, 50 mmol). Subsequently, the catalyst (1 mol%) and pentadecane (0.41 
mL, 1.5 mmol) as internal standard were added. After 6h (at 150 oC) the conversion and yield were 
determined with GC analysis via the integration of the peak area of benzoic acid and heptylbenzoate. 

Procedure for determination of the catalyst order 

In a carousel reaction station under a nitrogen atmosphere benzoic acid (600 mg, 4.9 mmol) was 
suspended in heptanol (7 mL, 49 mmol). Subsequently, n-BuSnOOH (0.5, 1, 2 or 3 mol%), o-xylene (2 mL) 
and pentadecane (0.40 mL, 1.45 mmol) as internal standard were added. After 15, 30, 45 and 60 min (at 
150 oC) samples were taken for GC analysis. The rate (K) was determined via a tangent line of the heptyl 
benzoate concentrations. 

 

 
Figure 3.11. Initial rate at different catalyst loadings (n-BuSnOOH [1]). 
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Figure 3.12. Order in catalyst (n-BuSnOOH [1]). 
 

Procedure for esterification of acetic acid and ethanol 

Activated molecular sieves (3Å, 2.0 g) and 1.2 mmol of tin catalyst (0.4 M) were loaded in a Schlenk reaction 
tube and placed under a nitrogen atmosphere. Anhydrous EtOH (1.5 mL) and acetic acid (1.5 mL) were 
added and the reaction mixture was heated to 90 oC in an oil bath. Aliquots (0.5 mL) for NMR analysis were 
taken after 5, 30 and 60 min and 119Sn NMR spectra were directly measured at 90 oC (in a pre-heated NMR 
machine) and at 25 oC (sample cooled outside NMR machine). The conversion was monitored by 1H NMR 
spectroscopy from the relative intensities of the methylene protons of EtOH at 3.68 ppm and ethylacetate 
at 4.09 ppm.  

Computational details 

Density functional theory calculations were performed using the TURBOMOLE software package, version 
7.3.1,36 coupled to the PQS Baker optimizer37 via the BOpt package.38-40 All structure optimizations were 
performed at the BP8641-43/def2-TZVP44,45 level of theory on an m5 grid using Grimme’s version 3 
dispersion corrections (disp3)46, with the corresponding effective core potential (def2-ECP) for Sn. This 
functional/basis set combination was found to be a good trade-off between accuracy in the geometric 
parameters of Sn(OAc)4 compared to the known crystal structure47, and computational costs (Table 3.3). 
All minima were characterized by no imaginary frequency in the Hessian matrix, while transition states 
had a single imaginary frequency. Energies were further refined using the M06-2x functional,48,49 
implemented via the XCFun library,50 in combination with the def2-QZVPP basis set for Sn (with ECP) and 
def2-TZVP for all other elements, a very fine grid (7) and disp3 dispersion corrections. The M06-2x 
functional is optimized for main group elements is used for Sn-containing complexes.51  
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Table 3.3. Comparison of average geometric parameters of Sn(OAc)4 versus published crystal structure, using 
different functionals. 

Functional[a] Deviation in average  

Sn-O bond length 

Absolute deviation in  

O-Sn-O angles 

BP86  0.01839325 1.132 

B3LYP -0.0017655 1.225 

M06-L  -0.03221675 0.7425 

M06-2x  -0.01011175 0.9652 

[a] All calculations were performed with the def2-TZVP basis set and grid size m5. 

Isotropic NMR shielding constants were calculated using the Gauge Including Atomic Orbital (GIAO) 
method52 as implemented in TURBOMOLE, using the B3LYP functional53-56 (with grid size 5) in combination 
with the TZVPPall basis set for Sn and def2-TZVP for all other elements. For comparison to experiment, 
relative chemical shifts were calculated by referencing to Sn(CH3)4. The calculated relative chemical shifts 
were compared to the experimentally obtained chemical shifts for three known compounds, measured at 
25 °C in CDCl3: n-BuSn(OAc)3, [n-BuSn(O)OAc]6 and [(n-BuSn(O)OAc)2n-BuSn(OAc)3]2. Linear regression was 
performed to fit the calculated chemical shifts to the experimental values. The B3LYP/TZVPPall 
combination gave a good fit (R2 = 0.9933). Using the thus obtained fit parameters, other calculated 
chemical shifts were compared to the experimental shifts of unknown compounds. 

 

 

Figure 3.13. Correlation between experimental and calculated 119 Sn chemical shifts for B3LYP/TZVPPall. 
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Figure 3.14. DFT calculated 119Sn NMR chemical shifts (in red, in ppm) of adducts of 3 with a single H2O molecule. 

 

 

 
Figure 3.15. DFT calculated 119Sn NMR chemical shifts (red, in ppm) of adducts of 3 with two H2O molecules. 
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Spectra 

 

Figure 3.16. 1H NMR of [n-BuSn(O)(OAc)2n-BuSn(OAc)3]2, CDCl3 at 298 K. 

 

 

 

Figure 3.17. 13C NMR of [n-BuSn(O)(OAc)2n-BuSn(OAc)3]2, CDCl3 at 298 K. 
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Figure 3.18.119Sn NMR of [n-BuSn(O)(OAc)2n-BuSn(OAc)3]2, CDCl3 at 298 K. 

 

 

 

Figure 3.19.119Sn NMR of [n-BuSn(O)(OAc)2n-BuSn(OAc)3]2 after 13C NMR (Figure 17), CDCl3 at 298 K. 
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Figure 3.20. 1H NMR of 4 (n-BuSnOBz3), CDCl3 at 298 K. 

 

 

 

 

Figure 3.21. 13C NMR of 4 (n-BuSnOBz3), CDCl3 at 298 K. 
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Figure 3.22. 119Sn NMR of 4 (n-BuSnOBz3), CDCl3 at 298 K. 

 

 

 

Figure 3.23. 1H-13C HSQC NMR of 4 (n-BuSnOBz3), CDCl3 at 298 K. 
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Figure 3.24. IR-ATR spectrum of 4 (n-BuSnOBz3). 

 

 

 

 

Figure 3.25. 2D 1H DOSY spectrum of monomer 3 (purple trace), dimer 5A (blue trace, with 1H NMR on horizontal 
axis) and cluster 2 (red trace) in CDCl3 at 298K. 
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Figure 3.26. VT 119Sn{H} NMR of 3 (0.4 M in Sn), Acetic acid-d4 at 298 K. 
 
 
 
 
 

 

Figure 3.27. VT 1H NMR of 3 (0.4 M in Sn), Acetic acid-d4. 
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Figure 3.28. VT 119Sn{H} NMR of 2 (0.4 M in Sn), Acetic acid-d4. 
 
 
 
 
 

 

Figure 3.29. VT 119Sn{H} NMR of 1 (0.4 M in Sn), Acetic acid-d4. 
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Figure 3.30. VT 1H NMR of 2 (0.4 M in Sn), Acetic acid-d4. 

 

 

 

 

Figure 3.31. VT 1H NMR of 1 (0.4 M in Sn), Acetic acid-d4. 
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Figure 3.32. 1H NMR of [n-BuSn(O)OAc]6 , n-BuSnOAc3 and BuSnOOH (0.4 M in Sn) at 363 K, Acetic acid-d4. 

 

 

 

Figure 3.33. 13C NMR of [n-BuSn(O)OAc]6  and n-BuSnOAc3 (0.4 M in Sn) at 366 K, Acetic acid-d4 at 298 K. 
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Figure 3.34. 119Sn{H} NMR of 3 (0.4 M in Sn) with 1, 5 and 10 equivalents D2O at 298K , Acetic acid (measured 
unlocked). 

 

 

 

 
Figure 3.35. 119Sn{H} NMR of 3 (0.4 M in Sn) with no, 1 and 5 equivalents D2O at 298K , Acetic acid/EtOH 1:1 (measured 
unlocked)  
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Figure 3.36. 119Sn{H} NMR of 3 (0.4 M in Sn) with 1 equivalent D2O at 298K, 333K and 363K, in acetic acid (measured 
unlocked). 
 
 
 

 

Figure 3.37. 119Sn{H} NMR of 3 (0.4 M in Sn) with 10 equivalents D2O at 298K, 333K and 363K, Acetic acid (measured 
unlocked). 
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Figure 3.38. IR-ATR spectrum of 3 with 0, 2, 5 and 10 equivalents of H2O. 

 
 
 
 
 

 
Figure 3.39. IR-ATR spectrum of 3 with 0, 2, 5 and 10 equivalents of H2O. 
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Figure 3.40. IR-ATR spectrum of 3 with 0, 2, 5 and 10 equivalents of H2O or D2O 
 
 

 

 
Figure 3.41. 119Sn{H} NMR of 3 (0.4 M in Sn) in EtOH at 298 K (measured unlocked). 
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Figure 3.42. 119Sn{H} NMR of 3 (0.4 M in Sn) in EtOH at 298, 333 and 363 K (measured unlocked). 

 

 

 

 
Figure 3.43. 119Sn{H} NMR of 3 (0.4 M in Sn) in AcOH:EtOH 1:1 at 298, 333 and 363 K (measured unlocked). 
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Figure 3.44. IR-ATR difference spectrum of 3 in EtOH (minus EtOH). 
 
 
 
 

 
 
Figure 3.45. IR-ATR difference spectrum of 3 in EtOD-d6 (minus EtOD-d6). 
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Figure 3.46. LIFDI-HRMS spectrum of 3 in EtOH.   
 
 

 
Figure 3.47. LIFDI-HRMS spectrum of 3 in EtOH. 
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Figure 3.48. 13C NMR of (n-BuSnOAc2EtO)2, CDCl3 at 233 K. 

 
 
 
 
 

 

Figure 3.49. 119Sn{H} NMR of 5A in acetic acid (measured unlocked) at 298 K.  
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Figure 3.50. 119Sn{H} NMR of 3 (0.4 M in Sn) with 1, 5 and 10 equivalents EtOAc at 298K , Acetic acid/EtOH 1:1 
(measured unlocked). 
 

 

 

Figure 3.51. 119Sn{H} NMR of esterification reaction catalyzed by 3 (0.4 M in Sn) at 5, 30 and 60 min., Acetic 
acid/Ethanol ratio 1:1 (measured unlocked at 363 K). 
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Figure 3.52. 119Sn{H} NMR of esterification reaction catalyzed by 3 (0.4 M in Sn) at 5, 30 and 60 min., Acetic 
acid/Ethanol ratio 1:1 (measured unlocked at 298 K). 
 

 

 

Figure 3.53. 1H NMR of esterification reaction catalyzed by 3 (0.4 M in Sn) at 5, 30 and 60 min, CDCl3 at 298 K. 
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Figure 3.54. Alternative pathways and structures from catalytic cycle. Free energy values are given in kcal mol-1 
relative to n-BuSn(OAc)3. 
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Chapter 4 
 

Kinetic Studies on Lewis Acidic Metal 
Polyesterification Catalysts – Hydrolytic 
degradation is a Key Factor for Catalytic 

Performance  
 

 

 

 

 

Abstract: Kinetic analysis of polyesterification reactions using Lewis-acidic metal catalysts have been performed. 
While Sn-based catalysts are superior to Ti-based catalysts under neat polycondensation conditions (high [H2O]), the 
result is inverted under azeotropic conditions (low [H2O]). These findings show that the catalytic activity is crucially 
determined by the robustness of the catalyst against hydrolytic degradation.  

 

This work is based on: L.A. Wolzak, R. van Gemert, K.J. van den Berg, J.N.H. Reek, M. Tromp, T.J. Korstanje, Catal. Sci. 
Technol. 2022, 12, 2056-2060. 
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Introduction 

In the past decades, extensive advances in the production of monomers for polyesters, 
derived from renewable resources, have been made.1–7  Nevertheless, the synthesis of 
polyesters itself still heavily relies on well-known condensation reactions, such as the 
direct esterification of alcohols and carboxylic acids. This route remains a highly 
sustainable method to obtain polyesters, given the high atom efficiency and water being 
the only by-product.8 However, due to the harsh reaction conditions required for this 
reaction, the use of a catalyst that can reduce the reaction temperature is preferred. High-
valent Lewis acidic metal catalysts based on group 4 metals (Ti, Zr and Hf), Sn and Sb have 
displayed distinct activity in direct polyesterification reactions.9–13 Yet, potent Lewis acidic 
metal catalysts based on abundant and non-toxic metals, that are active in direct 
polyesterification are still highly desired. Next to the ability to lower the activation energy 
of a reaction, an effective catalyst should be fairly robust, since deactivation of the catalyst 
can dominate the observed activity. Lewis acidic metal catalysts are typically deactivated 
by water, which is formed during the initial esterification step. The reaction with water 
affords the formation of metal-oxo-clusters with reduced catalytic activity (Figure 4.1).  

 

Figure 4.1. The effect of water on Lewis acidic polyesterification catalysts. 
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Hydrolysis of both group 4 metal alkoxides, and mono- and di-alkyl tin(IV) complexes is 
well-known and results in the formation of a wide variety of metal-oxo-clusters.14–18 It 
remains however unclear to date to what extent these metal-oxo-clusters also form 
during polyesterification reactions. Polyesterification reactions catalyzed by group 4 
metals are predominantly reported under azeotropic conditions in combination with 
removal of water by a scavenger.19,20 Such dehydrating agents drive the equilibrium 
towards the ester product, and prevent prolonged exposure of the catalyst to water 
formed during polyesterification. Furthermore, multidentate ligands are employed to 
reduce the number of hydrolysable terminal ligands, which hampers uncontrolled cluster 
formation.21–25 Although it is clear that hydrolytic degradation of Lewis acidic catalysts can 
be problematic, the degree of deactivation will depend on the applied reaction conditions 
such as polarity of the reaction mixture, reaction temperature, use of solvent and reduced 
pressure.26–29 This prompted us to investigate the robustness of different commercially 
applied polyesterification catalysts through analysis of the reaction profile.29 Herein, we 
report our kinetic investigations on  titanium- and n-butylstannoic acid-catalyzed 
polyesterification reactions under neat polycondensation and azeotropic conditions.  

 

Results and discussion 
We started our investigation with the neat polyesterification of 1,6-hexanediol, in excess, 
and adipic acid in the presence of 0.1 mol% catalyst (relative to -OH groups) at 170 oC to 
synthesize polyester-diols. All formed water was collected in a Dean-Stark apparatus 
(Figure 4.5). In order to obtain kinetic profiles, the reaction progress was followed via the 
Acid Value (AV) determined by titration. Three different catalysts were selected: n-
BuSnOOH, Ti(OiPr)4 and titanium(triethanolaminato)acetate (Ti-atrane) (Figure 4.2). In 
general, catalysts were added after 1 hour reaction time at 170 oC to ensure effective 
removal of formed reaction water before catalyst addition. Under neat conditions, n-
BuSnOOH (Figure 4.2A, blue trace) displays catalytic activity, with an AV = 13.3 mg KOH g-

1 after 6 hours. This in contrast to Ti(OiPr)4 (Figure 4.2A, green trace) and Ti-atrane (Figure 
4.2A, orange trace) which are not catalytically active, and perform comparable to the 
reaction without metal catalyst (blank reaction). To obtain insight in the robustness of n-
BuSnOOH under neat polycondensation conditions we turned to Reaction Progress Kinetic 
Analysis (RPKA).30 More specifically, same-excess experiments can help to disclose 
deactivation of the catalysts via the overlay of kinetic reaction profiles.  
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Figure 4.2. (A) Neat polyesterification of 1,6-hexanediol and adipic acid in the presence of 0.1 
mol% catalyst (relative to -OH groups) at 170 oC. (B) Time adjusted kinetic profile of n-BuSnOOH-
catalyzed reaction. 

Because the polyesterification reaction is also catalyzed by the carboxylic acid, which 
results in a background reaction, catalyst deactivation via same-excess conditions can be 
determined via the addition of catalyst at a later reaction point in time (Figure 4.2B). Next 
to the initial n-BuSnOOH-catalyzed polyesterification (Figure 4.2B, blue trace), a similar 
reaction was performed, but now with addition of n-BuSnOOH  after 2 hours reaction time 
(Figure 4.2B, grey trace). Upon catalyst addition, a clear increase in rate is observed and 
within 5 hours the AV resembles the value observed in the initial n-BuSnOOH catalyzed 
reaction (Figure 4.6A). 
The time-adjusted profile of the second experiment (Figure 4.2B, yellow trace) gives a 
good overlay with the initial experiment and is indicative for the absence of catalyst 
deactivation. Next, we turned to the neat polyesterification of oligomers analogue to a 
two-step polycondensation method (Figure 4.3). Starting from oligomers (AV = 105 mg 
KOH g-1) the high water concentrations present in the initial stage of the polyesterification 
reaction were circumvented. Under these reaction conditions the Ti(OiPr)4  (Figure 4.3A, 
green trace) catalyst still performed comparable to the blank reaction (Figure 4.3A, red 
trace). For the Ti-atrane (Figure 4.3A, orange trace) catalyst minor catalytic activity is 
observed. In order to obtain a more apolar reaction mixture, oligomers based on adipic 
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and pripol 1009, instead of  1,6-hexanediol, were synthesized. However, also the 
application of these oligomers (AV = 60 mg KOH g-1) resulted only in minimal activity for 
the titanium-based catalysts (Figure 4.3B).  
 

Figure 4.3. (A) Polyesterification of oligomers (AV = 105 mg KOH g-1) of 1,6-hexanediol and adipic 
acid in the presence of 0.1 mol% catalyst (relative to -OH groups) at 170 oC. (B) Polyesterification 
of oligomers (AV = 60 mg KOH g-1) of 1,6-hexanediol and Pripol 1009 in the presence of 0.2 mol% 
catalyst (relative to -OH groups) at 170 oC. 

We hypothesize that the lack of catalytic activity for the titanium-based catalysts results 
from deactivation by water, hence a harmful water concentration is present in the 
reaction mixture (Table 4.1). We therefore turned to azeotropic reaction conditions, 
which enable the effective continuous removal of stoichiometrically formed water. Under 
these conditions, the polyesterification of 1,6-hexanediol and adipic acid was performed 
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with the inclusion of xylene as high-boiling solvent, in the presence of 0.25 mol% (relative 
to -OH groups) of catalyst (Figure 4.4). The course of the reaction was followed with in-
situ infrared spectroscopy via the decrease of the νC=O vibration of the carboxylic acid over 
time (Figure 4.4A), which correlates well with determined Acid Values (Figures 4.13). We 
observed that under azeotropic reaction conditions at 140 oC,  n-BuSnOOH (Figure 4B, 
blue trace) still has the highest activity after 6 hours. 
However, the Ti-atrane (Figure 4.4B, orange trace) and Ti(OiPr)4 (Figure 4.4B, green trace) 
catalysts perform significantly better than the blank reaction (Figure 4.4B, red trace). 
Remarkably, the Ti-atrane catalyst outperforms n-BuSnOOH in the first two hours of the 
reaction. In addition, after 1 hour the reaction mixture became turbid, which is indicative 
for the formation of titanium-oxo-clusters and thus the deactivation of Ti(OiPr)4 (Figure 
4.7). Analysis of the H2O concentration revealed water levels between 2286 – 4669  ppm  
after 6 hours reaction time (Table 4.2). An increase in the reaction temperature to 150 oC 
proved to be effective to ensure an azeotropic reflux over the whole reaction period, i.e. 
the  water concentrations were significantly diminished to 158 - 523 ppm for all metal-
catalyzed reactions (Table 4.2).31 Performing the reaction at 150 oC resulted in Ti(OiPr)4 
(Figure 4.4C, green trace) and Zr(OiPr)4-iPrOH (Figure 4.4C, pink trace) being very active 
catalyst. The improved activity of Group 4 alkoxides encouraged us to investigate the 
robustness of Ti(OiPr)4 under azeotropic reflux conditions at 150 oC. An additional same 
excess experiment was performed, with catalyst addition at a later point in time (Figure 
4.4D, grey trace). The time-adjusted profile of the second experiment (Figure 4.4B, yellow 
trace) gives a good overlay with the initial Ti(OiPr)4 catalyzed reaction (Figure 4.4B, green 
trace) which is indicative for the absence of catalyst deactivation.  
Overall, the robustness of the catalyst tends to be crucial, which is highlighted by the 
superior performance of n-BuSnOOH, which has the ability to the withstand high water 
concentrations that accumulate under neat polyesterification conditions. To further test 
the robustness, against hydrolytic degradation, of the different catalysts we investigated 
the hydrolysis of a polyester (AV = 24.6 mg KOH g-1) of 1,6-hexanediol and adipic acid.32-38 
After 2 hours reaction time, in an autoclave at 150 0C (Figure 4.15), an AV of 81.9 mg KOH 
g-1 was found for the n-BuSnOOH catalyzed reaction. Whereas the blank reaction and Ti-
atrane catalyzed reaction resulted in significantly lower AV’s with 35.3 and 33.4 mg KOH 
g-1 (Table 4.3). These results unveil that n-BuSnOOH has indeed the ability to the withstand 
high water concentrations that accumulate under neat polyesterification and polyester 
hydrolysis conditions.  
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Figure 4.4. Polyesterification of 1,6-hexanediol and adipic acid in the presence of 0.25 mol% 
catalyst (relative to -OH groups) in the presence of xylene at 150 oC. (A) Peak height of νc=o 

vibration of the carboxylic acid (1712 cm-1) and ester (1736 cm-1) followed over time. (B) Peak 
height at 1712 cm-1 (νc=o vibration of the carboxylic acid) and Acid Value (derived from peak height 
via correlation presented in Figure 13) of catalyzed reactions at 140 oC.  (C) Peak height at 1712 
cm-1 and Acid Value (derived from peak height via correlation presented in Figure 13) of catalyzed 
reactions at 150 oC. (D) Time adjusted kinetic profile of TiOiPr4 catalyzed reaction at 150 oC. 
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Moreover, these findings are in agreement with our recent spectroscopic study on n-
BuSnOOH catalyzed esterification, in which we demonstrated that at a relevant reaction 
temperature (90 oC), the polymeric n-BuSnOOH forms a monomeric n-
butyltintricarboxylate and remains unaffected by water.39 In contrast to n-BuSnOOH, the 
titanium catalysts greatly suffer from hydrolytic degradation under neat polyesterification 
conditions. The Ti-atrane complex shows only minor activity for example. However, when 
the water concentrations are significantly lowered via azeotropic removal, the group 4 
metal alkoxides turned out to being very active catalysts, outperforming n-BuSnOOH in 
terms of activity. Nevertheless, deactivation via hydrolytic degradation is facile for all 
titanium-based catalysts as demonstrated by the azeotropic experiments at 140 oC. The 
utilization of a multidentate ligand, i.e. in the Ti-atrane complex, resulted in a slightly 
improved water tolerance. On the other hand, the Ti-atrane performs worse than Ti(OiPr)4 
under optimal azeotropic conditions (150 oC), presumably because the ligand effectively 
shields the active metal center which hampers catalysis. 
 
 
Conclusions 
We have demonstrated, that n-BuSnOOH is an active and robust catalyst under neat 
polyesterification conditions. This is in contrast to Ti(OiPr)4  and Ti-atrane, which only gave 
minor initial activity. Low water concentrations (<550 ppm), which can be achieved via 
azeotropic removal, proved to be pivotal for group 4 metal alkoxides to be active and 
robust catalysts. These findings reveal the detrimental effect of water on titanium-based 
catalysts, even for complexes that bear  multidentate ligands. This demonstrates that the 
robustness of the Lewis acidic metal catalyst dictates the performance in many 
polyesterification reactions. We believe that these insights will propel the sustainable 
production of (biobased) polyesters via catalysis by non-toxic and abundant Lewis acidic 
metals. 

 

 

 



578155-L-bw-Wolzak578155-L-bw-Wolzak578155-L-bw-Wolzak578155-L-bw-Wolzak
Processed on: 30-5-2022Processed on: 30-5-2022Processed on: 30-5-2022Processed on: 30-5-2022 PDF page: 109PDF page: 109PDF page: 109PDF page: 109

Kinetic Studies on Lewis Acidic Metal Polyesterification Catalysts – Hydrolytic 
degradation is a Key Factor for Catalytic Performance  

109 
 

Experimental Section 

General Experimental Details 

Chemicals were obtained from Merck or Acros Organics and were used without further purification. For 
experiments with an azeotropic reflux, xylenes (mixture of isomers) 99% ACS with b.p. 136 – 140 oC was 
applied. Titanium(triethanolaminato)acetate was synthesized following a reported procedure.40 Acid 
values (AV) were determined via titration, with samples dissolved in a 1:1 mixture of xylene/ethanol, and 
titrated with a 0.1 M KOH in MeOH solution on a Metrohm 716 DMS Titrino station. The AV is proportional 
to the carboxylic acid concentration and is defined as milligrams of potassium hydroxide (KOH) required 
to neutralize one gram of sample. The AV (in mg KOH g-1) was calculated via the formula:  

AV =  5.611 ∗ V
m  

where V is the required volume (in mL) of a 0.1 M KOH solution and m the mass of the sample (in g). In-
situ infrared spectra were collected with a Mettler Toledo ReactIR 15 equipped with an air-cooled Art 
Photonics FlexiSpec® diamond in-situ FTIR-ATR probe for harsh conditions. Conversion was followed by 
the peak height of the νc=o of the carboxylic acid (1712 cm-1) with a two point baseline from 1790 to 1630 
cm-1. Water concentrations measurements were performed on a Metrohm 831 KF coulometer without 
diaphragm.  

 

Neat polyesterification 

Polyesterification of 1,6-hexanediol and adipic acid  

In a 1 L four-necked round bottom flask, equipped with an overhead stirrer and thermocouple, 1,6-
hexanediol (327.77 g, 2.77 mol)  and adipic acid (322.22 g, 2.20 mol) were heated to 170 oC while the 
stirring speed was slowly increased to 200 rpm. Water formed during polyesterification was collected in 
an empty Dean-Stark receiver.  After 1 h reaction time at 170 oC, catalyst (5.5 mmol, 0.1 mol% relative to 
-OH groups) was slowly added to the reaction mixture and samples for acid value determination were 
taken every 30 minutes.  

 

Polyesterification of oligomers of 1,6-hexanediol and adipic acid 

In a 1 L four-necked round bottom flask, equipped with an overhead stirrer and thermocouple, oligomers 
(650.00 g, AV = 105 mg KOH g-1) of 1,6-hexanediol (1.26 eq) and adipic acid (1.0 eq) and catalyst (5.5 mmol, 
0.1 mol% relative to -OH groups) were heated to 170 oC while the stirring speed was slowly increased to 
200 rpm. Water formed during polyesterification was collected in an empty Dean-Stark receiver. Samples 
for acid value determination were taken every 30 minutes.  
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Polyesterification of oligomers of 1,6-hexanediol and Pripol 1009 

In a 1 L four-necked round bottom flask, equipped with an overhead stirrer and thermocouple, oligomers 
(589.94 g, AV = 60 mg KOH g-1) of 1,6-hexanediol (1.47 eq) and Pripol 1009 (1.0 eq) and catalyst (2 mmol, 
0.2 mol% relative to -OH groups) were heated to 170 oC while the stirring speed was slowly increased to 
200 rpm. Water formed during polyesterification was collected in an empty Dean-Stark receiver.  Samples 
for acid value determination were taken every 30 minutes.  

 

Azeotropic polyesterification 

Polyesterification of 1,6-hexanediol and adipic acid 

In a 250 mL five-necked round bottom flask, equipped with an overhead stirrer, thermocouple and in-situ 
ATR-IR probe, 1,6-hexanediol (49.62 g, 0.42 mol), adipic acid (48.71, 0.33 mol) and xylene (80 mL) were 
heated to 140 oC or 150 oC while the stirring speed was slowly increased to 285 rpm. When the reaction 
mixture reached 130 oC, catalyst (2.1 mmol, 0.25 mol% relative to -OH groups)  was slowly added and the 
ATR-IR measurement was started (5 minutes waiting time, 250 spectra averaged). Water formed during 
polyesterification was collected in a pre-filled (10 mL of xylene) Dean-Stark receiver.   

 

                                  
Figure 4.5. (A) Reaction set-up for neat polyesterification. (B) Reaction set-up for azeotropic polyesterification and 
in-situ FTIR-ATR.  
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Figure 4.6. (A) Polyesterification of 1,6-hexanediol and adipic acid in the presence of 0.1 mol% n-BuSnOOH (on -OH 
groups) at 170 oC with n-BuSnOOH added after 1 h (blue trace) and 2 h (grey trace). (B) Time adjusted kinetic profile 
(yellow trace).  

 

Table 4.1. Water concentrations of neat polyesterification reactions. 

Entry[a]  H2O concentration (ppm) 
Polyesterification of  

1,6-hexanediol and adipic acid 

H2O concentration (ppm) 
Polyesterification of oligomers of 
1,6-hexanediol and Pripol 1009 

1 
2 
3 
4 

blank 
Ti(OiPr)4 
n-BuSnOOH 
Ti-atrane 

15077 
8378 
1527 
5523 

5320 
4308 

- 
3870 

[a] Water concentrations of the reaction mixture after 6 h reaction time. 

 

Table 4.2. Water concentrations of azeotropic polyesterification reactions. 
Entry[a]  H2O concentration (ppm) 

Polyesterification of  
1,6-hexanediol and adipic acid 

at 140 oC 

H2O concentration (ppm) 
Polyesterification of  

1,6-hexanediol and adipic acid 
at 150 oC 

1 
2 
3 
4 
5 

blank 
Ti(OiPr)4 
n-BuSnOOH 
Ti-atrane 
Zr(OiPr)4-iPrOH 

4669 
4382 
3772 

2286; 2690[b] 

- 

1866 
523 
514 
158 
293 

[a] Water concentrations of the reaction mixture after 6 h reaction time. [b] Duplo experiment. 
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Figure 4.7. Polyesterification of 1,6-hexanediol and adipic acid in the presence of 0.25 mol% Ti(OiPr)4 (relative to -
OH groups) at 140 oC (left) and 150 oC (right) with xylene after 2 h.  

 

 

 

Figure 4.8. Kinetic profile of polyesterification of 1,6-hexanediol and adipic acid in the presence of 0.25 mol% Ti(OiPr)4  
(relative to -OH groups) at 150 oC (green trace), Ti(OiPr)4  added after 1 h (grey trace) and black (red). (B) Time adjusted 
kinetic profile (yellow trace). (Peak height given is by peak height of νc=o vibration of the carboxylic acid (1712 cm-1)). 
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Figure 4.9. Reproducibility of polyesterification of reaction of 1,6-hexanediol and adipic acid of blank reaction (in the 
absence of a Lewis acidic metal catalyst) at 170 oC.  

 

 

 

Figure 4.10. Reproducibility of polyesterification reaction of 1,6-hexanediol and adipic acid in the presence of 0.25 
mol% Ti(OiPr)4 (relative to -OH groups) with xylene at 140 oC. Peak height at 1712 cm-1 (νc=o vibration of the carboxylic 
acid). 
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Figure 4.11. Reproducibility of polyesterification reaction of 1,6-hexanediol and adipic acid in the presence of 0.25 
mol% Ti-atrane complex (relative to -OH groups) with xylene at 140 oC. Peak height at 1712 cm-1 (νc=o vibration of the 
carboxylic acid). 

 

Figure 4.12. Acid Values of azeotropic polyesterification reactions of 1,6-hexanediol and adipic acid in the presence 
of 0.25 mol% catalyst (relative to -OH groups).  
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Figure 4.13. Correlation between peak height at 1712 cm-1 (νc=o vibration of the carboxylic acid) and Acid Value. 

 

Figure 4.14. Peak height at 1712 cm-1 (νc=o vibration of the carboxylic acid) and peak height at 1736 cm-1  (νc=o vibration 

of the ester) of TiOiPr4 catalyzed reactions at 150 oC. 

The intensity (peak height) of the νc=o vibration of the carboxylic acid (at 1712 cm-1) has a minimum at 3.12 
hours. However, the increase in peak height, after this point in time is caused by an increase in the intensity 
of the 1736 cm-1  vibration (νc=o vibration of the ester) (see Figure 4.4A for the overlap between the νc=o 
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vibration of the carboxylic acid and ester). Since this effect is rather small, we performed analysis on the 
peak height at 1712 cm-1 (νc=o vibration of the carboxylic acid) without peak deconvolution.  

 

 

 

Table 4.3. Hydrolysis of polyester of 1,6-hexanediol and adipic acid. 
Entry[a]  Acid Value[b] 

(mg KOH g-1) 

1 
2 
3 

blank 
Ti-atrane 
n-BuSnOOH 

35.3 
33.4 
81.9 

[a] Acid value of the reaction mixture at 0 h was 20.5 mg KOH g-1.  [b] Acid value of the reaction mixture after 2 h reaction time. 

 

 

 
Figure 4.15. Reaction set-up for hydrolysis of polyester experiments. 
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Chapter 5 
 

Ligand-free Nickel-catalyzed  
Carboxylate O-arylation: Mechanistic insight 

in NiI/NiIII cycles 
 

                                
Abstract: Nickel-catalyzed cross-coupling reactions have become a powerful methodology to construct C–heteroatom bonds. 
However, many protocols suffer from competitive off-cycle reaction pathways and require non-equimolar amounts of 
coupling partners to suppress them. Here, we report on mechanistic examination of carboxylate O-arylation under thermal 
conditions, in both the presence and absence of an exogeneous bipyridine-ligand. Furthermore, spectroscopic studies of the 
novel ligand-free carboxylate O-arylation reaction unveiled the resting state of the nickel catalyst, the crucial role of the 
alkylamine base and the formation of a catalytically relevant NiI–NiII dimer upon reduction. This study provides insights into 
the competition between productive catalysis and deleterious pathways (comproportionation and protodehalogenation) 
that exist for all elementary steps in the commonly proposed self-sustained NiI/NiIII catalytic cycle. Thereby we show that for 
productive nickel-catalyzed carboxylate O-arylation a choice must be made between either mild conditions or equimolar 
ratios of substrates. 

This work is based on: L.A. Wolzak, F.J. de Zwart, J.H. Oudsen, S.A. Bartlett, B. de Bruin, J.N.H. Reek, M. Tromp, T.J. Korstanje. 
Manuscript in preparation. 
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Introduction 
In recent years, nickel catalysis has enabled the formation of challenging C–heteroatom bonds, 
resulting in previously elusive cross-coupling reactions that can now be performed under mild 
conditions.1–3 An example hereof is the coupling of carboxylic acids and aryl halides to form O-
aryl esters enabled by (dtbbpy)NiX2 under photochemical4–8, electrochemical9 or thermal 
reaction conditions10 (Figure 5.1A). This cross-coupling reaction is notably demanding due to the 
low nucleophilicity of the carboxylate group. Although analogous O-aryl ester bond formation 
reactions catalyzed by palladium have been reported, these protocols are far from mild and 
efficient, and are relying on stoichiometric amounts of silver salts.11,12 Mechanistically, nickel-
catalyzed C–heteroatom bond formations under thermal conditions were proposed to proceed 
via a self-sustained NiI/NiIII catalytic cycle.10 In addition, the relevance of this catalytic mechanism 
was also demonstrated under photochemical13–17 and electrochemical14 reaction conditions.  
 

 

Figure 5.1. Nickel Catalyzed Cross-Coupling between aryl halides and carboxylic acids using: A) 
(dtbbpy)NiX2 system or B) Ligand-Free system. (dtbbpy = 4,4’-di-tert-butyl-2,2’-bipyridine, AP = 
alternating polarity). 
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From these catalytic studies it became apparent that in order to successfully engage a self-
sustained NiI/NiIII catalytic cycle the continuous reduction of NiII to NiI  is required, as NiI is prone 
to deactivation via an exergonic comproportionation reaction with NiIII forming inactive NiII. 
Besides catalytic studies, another important approach to elucidate catalytic pathways has been 
provided by the synthesis, characterization and in situ generation of NiI complexes and the study 
of their reactivity. Investigations have unveiled that specific NiI complexes bearing a bipyridine 
(bpy) based ligand14,18–20 are indeed able to activate aryl halides14,19 and that the required NiIII 
state can be accessed via oxidative addition of a NiI complex.21,22 So far mechanistic insights 
through catalytic studies and stoichiometric reactions have demonstrated the validity of the 
elementary steps proposed in the self-sustained NiI/NiIII catalytic cycle. However, they do not 
account for the non-equimolar ratios of substrates often required for productive C – heteroatom 
bond formations. Therefore, to further develop the field of nickel cross-coupling and enable 
more efficient reactions, a better understanding of the competition between productive 
fundamental elementary steps and off-cycle reaction pathways is required. 
Here, we report on a detailed mechanistic study, where carboxylate O-arylation is performed 
under thermal and photocatalytic conditions in both the presence and absence of a dtbbpy-
ligand and show ligand-free conditions (i.e. no exogeneous dtbbpy-ligand) enable an equimolar 
ratio of coupling partners (Figure 5.1B). In addition, the nickel complexes prior and after 
reduction have been studied with a variety of spectroscopic techniques, which show the first 
observation of a NiI–NiII dimer after reduction under ligand-free conditions. Moreover, a scope 
of coupling of carboxylic acids with aryl bromides is displayed using substoichiometric amounts 
of earth-abundant zinc as reductant and nickel(II) bromide as catalyst. Overall, we provide insight 
into self-sustained NiI/NiIII catalytic cycles including deleterious off-cycle reaction pathways and 
show that for nickel-catalyzed carboxylate O-arylation a choice must be made between either 
mild conditions or equimolar ratios of substrates. 

Results and discussion 
Approach. Ligand-free protocols have been reported for nickel-catalyzed C–N cross-coupling 
reactions,23,24 and therefore a similar approach to carboxylate O-arylation could be feasible. After 
initial optimization (Table 5.2–5.5) we arrived at optimal reaction conditions furnishing O-aryl 
ester, 4’-benzoyloxyacetophenone (2) in 81% yield without use of an exogeneous ligand (Table 
5.1, entry 1). First, a hypothesis (Figure 5.2) on the mechanism of this reaction and the structure 
of nickel complexes relevant to it was developed through catalytic studies as described in the 
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following section, after which the proposed mechanism was corroborated through spectroscopic 
studies (Figure 5.3) in the last section. 
Catalytic studies. To establish that ligand-free carboxylate O-arylation indeed operates via a self-
sustained NiI/NiIII catalytic cycle, dependency on photons was excluded (Table 5.1, entry 2). 
Furthermore, the bulk of nickel is proposed to remain in a dormant NiII oxidation state 
(precatalyst, Figure 5.2) which was supported experimentally by a dependency of the rate of 
product formation on the reduction by zinc (Figure 5.6).  

 

Table 5.1. Nickel-catalyzed carboxylate O-arylation. 

Entry[a] Change in condition 1[a] 
Conv. 
[%] 

2[a] 
Yield 
[%] 

3[a] 
Yield 
[%] 

1 - 100 81 9 
2 In dark 100 76 13 
3 2 eq. BzOH + 2eq.  tBuNHiPr  100 89 6 
4 5 mol% dtbbpy 100 61 38 
5 40 oC 15 12 2 
6 Ni(OBz)2 100 83 15 
7 DMF as solvent 21 19 2 
8 Bu4NOBz as substrate 21 7 5 
9 2 eq. tBuNHiPr 100 90 10 

Conditions: Bromoacetophenone (200 mM) Benzoic Acid (200 mM), tBuNHiPr (200 mM) Nickel(II)bromide (5 
mol%), Zinc (50 mol%), DMAc (6 mL), 20 hours, 70 oC. [a] Determined by GC analysis.  

To indicate oxidative addition as an elementary step in the mechanism a strong rate dependency 
on the electronic parameter of the aryl bromides (Hammett Plot, Figure 5.7) was found, similar 
to (dtbbpy)NiBr2-catalyzed reactions. Interestingly, increasing the equivalents of BzOH and 
tBuNHiPr only gave a slight increase in the yield for ester 2 to 89% (Table 5.1, entry 3), in fair 
contrast to (dtbbpy)NiBr2-catalyzed reactions which require non-equimolar ratios of carboxylic 
acid, base and aryl halide.4,5,7,8,10,25–27 Addition of dtbbpy-ligand under optimized conditions 
showed a declined yield of ester 2 and an increased yield in acetophenone (3) as byproduct 
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(Table 5.1, entry 4). Therefore, it is proposed that the addition of ligand slows down ligand 
exchange as elementary step causing the formation of protodehalogenated side product 3 
(Figure 5.2, LE kdtbbpy < kLF). Nickel catalyzed carboxylate O-arylation using dtbbpy as ligand 
operate at mild temperatures (25–40 °C), but for the ligand-free reaction lowering the 
temperature to 40 °C had a detrimental effect on the formation of ester 2 (Table 5.1, entry 5), 
presumably due to the slower oxidative addition at a less electron-rich nickel center (Figure 5.2, 
OA: kdtbbpy > kLF). Further attempts to enable equimolar substrate ratios using the (dtbbpy)NiBr2 
system by changing the ligand (Table 5.6) or conditions (Table 5.9) were unproductive and lead 
us to pursue investigation of the ligand-free system. To gain structural insight into the complexes 
relevant to catalysis, the precursor was exchanged for nickel(II) benzoate, resulting in a 
comparable yield for ester product 2 (Table 5.1, entry 6), indicating that at least for the initial 
reduction and oxidative addition a bromide ligand is not essential. Moreover, when DMAc (N,N-
dimethylacetamide) as solvent is exchanged for DMF (N,N-dimethylformamide), greatly 
diminished yields are obtained (Table 5.1, entry 7). Due to the slight increase in steric bulk of 
DMAc, nickel halide systems in this solvent are significantly more dynamic than in DMF.28 
Furthermore, the pivotal role of an aliphatic alkylamine base in catalysis, especially tBuNHiPr, was 
demonstrated by the use of other nitrogen-containing bases, which all provide inferior results 
with yields under 10% (Table 5.3, entries 4-6).  

 

Figure 5.2. Mechanistic hypothesis of productive catalysis, protodehalogenation (side product 
formation) and comproportionation. OA, oxidative addition; LE, ligand exchange; RE, reductive 
elimination; PD, protodehalogenation; COM, comproportionation; k, rate; dtbbpy, 4,4’-di-tert-butyl-2,2’-
bipyridine; LF, ligand-free. 
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Likewise, the use of tetrabutylammonium benzoate (Bu4NOBz), rather than tBuNHiPr and benzoic 
acid, gave only 7 % yield for ester 2 (Table 5.1, entry 8). This result varies from (dtbbpy)NiBr2-
catalyzed reaction, with zinc as reducing agent, which does tolerate this substrate.10 Adding an 
additional equivalent of tBuNHiPr increased the yield of ester 2 to 90% (Table 5.1, entry 9).  
These results clearly indicate a more elaborate role for tBuNHiPr than solely functioning as a 
Brønsted base, and therefore the catalytically active complex is proposed to be of the form 
[(tBuNHiPr)NiI(L)n] (Figure 5.2, where L = Br–, BzO–, DMAc). Summarizing the catalytic 
experiments, we propose that in absence of the dtbbpy-ligand, protodehalogenation and 
deleterious comproportionation reactions are prevented because of facile ligand exchange and 
reductive elimination steps (Figure 2). This enables the formation of O-aryl esters from equimolar 
amounts of coupling partners. In contrast, for the (dtbbpy)NiBr2-catalyzed reaction an excess of 
carboxylate substrate is required to enhance the rate of ligand exchange and prevent 
unproductive comproportionation of NiI and NiIII. However, for this reaction the rate of oxidative 
addition is expected to be higher due to the electron-donating effect of the dtbbpy ligand, and 
hence catalysis can be performed at a lower reaction temperature (Table 5.9).10 Therefore, the 
ligand-free system shows diminished activity at 40 oC (Table 5.1, entry 2) whereas the 
(dtbbpy)NiBr2-catalyzed reaction is less effective at elevated temperatures. 
 

Spectroscopic investigation. To elucidate the nature of the NiII precatalyst and catalytic 
intermediates under ligand-free conditions we performed spectroscopic studies.  UV-Vis spectra 
of the catalytic reaction mixture (Figure 5.3A, orange trace) and a DMAc solution containing 
NiBr2, tBuNHiPr and BzOH (Figure 5.3A, green trace) proved to be identical, disclosing a NiII resting 
state. Additionally, a DMAc solution containing NiBr2 and tetrabutylammonium benzoate 
(Bu4NOBz) also gave a fairly similar UV-Vis spectrum (Figure 5.3A, purple trace), indicating the 
amine base does not coordinate to nickel. That the amine base primarily exists in the protonated, 
and the benzoic acid in the deprotonated form was further demonstrated via 1H and 13C NMR 
studies using 13C-labeled benzoic acid (Figure 5.18, 5.19 and Figure 5.4B). Comparison of the 
chemical shifts of BzOH-α-13C (167.0 ppm), BzO--α-13C (168.9 ppm) and a mixture of NiBr2, 
tBuNHiPr and BzOH in DMAc (~169.2 ppm) indicates that during catalysis the nucleophile is 
present as benzoate (Figure 5.3B; I, III and IV). The line broadening of the signal at ~169.2 ppm 
can be explained by the benzoate molecule being in close proximity to the paramagnetic NiII 
center and/or exchange between free and coordinated benzoate (Figure 5.3B; IV). Additionally, 
the chemical shift of the DMAc-α-C provides information about the role of DMAc as a ligand.  
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Figure 5.3. Spectroscopic investigations on the nickel system. [A] UV-Vis spectra in DMAc, catalytic 
reaction after 2h (at 9% yield of 2). [B] 13C NMR spectra in DMAc. [C] X-Band EPR spectra at 10K. [D] Ni 
K-edge k2-weighted Fourier transform EXAFS spectrum of frozen DMAc solution. 
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While coordination of DMAc was observed for solely NiBr2 (~171 ppm) in DMAc, DMAc serves a 
minor role as a ligand (169.2 ppm) for the mixture containing all components (Figure 5.3B; II and  
IV). For further structural characterization we turned to X-ray absorption spectroscopy (XAS), 
since Ni K-edge XAS has shown to be a valuable spectroscopic tool for the elucidation of the local 
structure including geometry of molecular coordination complexes as well as their electronic 
structures.29–31 For a DMAc solution containing NiBr2, tBuNHiPr and BzOH the X-ray absorption 
near edge structure spectrum (XANES) (Figure 5.22) reveals a distinct pre-edge peak at 8333 eV 
which can be assigned to a 1s → 3d electronic transition, while the 1s → 4pz electronic transition 
(expected at 8337 eV) is absent thereby excluding the formation of complexes lacking one or 
more axial ligands (square planar and square pyramidal geometries).32 More structural 
parameters were determined by Extended X-ray absorption fine structure (EXAFS) analysis, with 
figure 5.3D providing the Fourier Transform (FT) EXAFS function. The absence of any remote 
nickel shell, as observed for a DMAc solution containing only NiBr2 and tBuNHiPr (Figure 5.25), is 
indicative for monomeric nickel complexes present in solution with 1.9(1) Ni–O/Ni–N at 2.08(2) 
Å (Figure 5.3D, green trace, for details see S.I.). However, solely based on nickel K-edge EXAFS 
data an exact coordination number of the bromide shell cannot be determined reliably due to 
the almost complete anti-phase behavior of different Ni–Br contributions, when present at 
slightly different distances (Figure 5.26 – 5.28).33 This means that these EXAFS data suggest that 
either no Ni–Br contributions are present, or that an even number of Ni–Br contributions (at 
different distances) are present. In order to provide more detail hereon, follow-up studies could 
include additional bromine K-edge XAS measurements.31,34 To summarize, tBuNHiPr was found 
to be essential in catalytic experiments, while our spectroscopic investigations indicate that the 
Brønsted base primarily exists in the protonated form (tBuNH2iPr+). We therefore propose that 
the bulk of the nickel that forms the precatalyst is present as a mixture of monomeric complexes 
of the type [Ni(Br)x(OBz)y].   
More insight into the reduction of the formed NiII species was obtained stirring a NiII-precursor 
solution (a DMAc solution containing NiBr2, tBuNHiPr and BzOH) in the presence of excess zinc.35 
The in situ reduced NiII-precursor solution was studied by UV-Vis, EPR and XAS spectroscopy. In 
the UV-Vis spectrum a new band at 541 nm is observed, as well as a shoulder at ~415 nm 
originating from non-reduced NiII (Figure 5.17, pink trace). EPR spectroscopy on this solution 
provided a spectrum with a characteristic S = 3/2 signal (Figure 5.3C, pink trace, for simulation 
details see Figure 5.20). Based on Ni K-edge XANES data the formation of complexes deprived of 
axial ligands (square pyramidal or square planar geometries) can be excluded (Figure 5.22). 
EXAFS analysis indicates an increase in the Ni–O/Ni–N shell (3.1(3)) at a bond distance of 2.04(1) 
Å and, more importantly, the emergence of a Ni–Ni shell at 3.10(3) Å with a coordination number 
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of 0.6(5) (Figure 5.3D, pink trace, for details see SI). Overall, it can be rationalized that NiII is 
reduced by zinc to NiI which subsequently forms a bimetallic nickel intermediate. The trapping 
of formed NiI by excess NiII in solution leading to a NiI–NiII dimer was also reported by Nocera 
and co-workers in the nickel-catalyzed aryl etherification by (dtbbpy)NiCl2 in the presence of 
quinuclidine and a photocatalyst or zinc.14 Dimeric nickel complexes have been identified before 
as important intermediates in nickel-catalyzed cross-coupling, but this represents the first 
observation of a NiI–NiII dimer under ligand-free conditions.14,20,21 
Next, the reactivity of the in situ formed NiI–NiII dimer was examined. Therefore we treated the 
pink-colored nickel solution, obtained after reduction, with 5 equiv. of 4’-bromoacetophenone 
and heated to 70 °C which resulted in a yellow-colored reaction mixture after 30 min (no color 
change was observed at R.T.). UV-Vis and EPR spectroscopy revealed the complete disappearance 
of the UV-Vis band at 541 nm (Figure 5.17, red trace) and the S = 3/2 signal in the EPR spectrum 
(Figure 5.3C, red trace). The catalytic relevance of the NiI–NiII dimer was further evaluated in an 
experiment, where NiBr2 in the presence of tBuNHiPr and BzOH, was first reduced with zinc for 
3 hours (see Figure 5.16 for UV-Vis spectrum). Next, this solution was filtered, to remove zinc, 
and 20 equiv. of bromoacetophenone were supplied and the mixture was stirred at 70 °C for 30 
min. Subsequent GC analysis revealed minor formation of O-aryl ester 2 (yield <2%). Diminishing 
the reduction time to 30 min. (see Figure 5.16 for UV-Vis spectrum), resulted in no ester product 
2 formation. Moreover, this experiment was repeated but now besides bromoacetophenone 
also another 0.5 equiv. of zinc was added after filtration. After 20 hours reaction time at 70 °C 
ester product 2 was obtained in 80% yield. These results are notable since it contrasts with other 
studies into nickel-catalyzed C-heteroatom bond formations, where: 1) dimeric nickel complexes 
proved to be unreactive towards aryl halides19,20 or 2) high concentrations of low-valent nickel 
had a detrimental effect due to the facile formation of inactive states such as nickel black, NiII or 
NiI–NiI dimers.14,24 This is also highlighted by the numerous literature reports on successful 
marriages between photocatalysis and nickel catalysis, as photocatalytic reduction of nickel 
ensures a low absolute concentration of NiI, suppressing deleterious pathways.  
To demonstrate the applicability of the developed protocol for ligand-free nickel-catalyzed ester 
bond formation with equimolar amounts of aryl halide, carboxylic acid and base we examined 
the scope of this reaction (Figure 5.4). Changing the aryl bromide from 1 (81%) to 4’-
iodoacetophenone 5 gave the corresponding ester product 2 in a good yield (87%). Even when 
using aryl chloride 6, catalytic product formation was observed albeit with lowered yields (21%). 
Aryl halides lacking sufficient electron-withdrawing groups show low reactivity (8, 9, 10) 
presumably because of a slow rate for oxidative addition. A variety of electron-poor aryl 
bromides were found to be effective coupling partners (11-15). For the carboxylic acid coupling 
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partner, sterically hindered pivalic acid and cyclohexanecarboxylic acid (16, 17) furnished the 
corresponding ester efficiently, as well as various aromatic carboxylic acids (19-21). Only acetic acid 
hampered catalysis and afforded the ester product (18) in poor yield (<10%). 

 

 

Figure 5.4. Substrate scope of NiBr2-catalyzed esterification of carboxylic acids and aryl bromides. [a] 
Yield determined by GC with mesitylene as internal standard after 20 hours reaction time. [b] Isolated 
yield. [c] Yield determined by 1H NMR with 1,3,5-Tri-tert-butylbenzene as internal standard after 24 hours 
reaction time.  

To provide an opening for future studies into photocatalyzed nickel carboxylate O-arylation, we 
investigated the herein developed ligand-free system under photocatalytic conditions. Zinc was 
replaced by the competent photocatalyst (Ir(ppy)3) which only furnished ester product 2 in 
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moderate yields, also for a reaction with excess BzOH and tBuNHiPr (Table 5.7, entries 1 and 2) 
which is in contrast to the (dtbbpy)NiBr2-catalyzed reaction (Table 5.7, entry 3).4 Previous studies 
showed that in ligand-based systems, (dtbbpy)NiBr2 directly quenches the excited photocatalyst 
and that tBuNHiPr has no function in the photocatalysis.36,37 Moreover, in ligand-free C–N cross-
coupling 1,4-diazabicyclo[2.2.2]octane (DABCO) is employed as a base and serves also as a 
quenching agent for the excited IrIII* photocatalyst, being oxidized to generate IrII which 
consecutively reduces NiII.17 However, for ligand-free carboxylate O-arylation the addition of 
DABCO diminished the formation of ester product 2 (Table 5.7, entry 4). The incompatibility of 
DABCO with ligand-free conditions was also displayed in a reaction with zinc as reducing agent, 
which resulted in no formation of ester product 2 (Table 5.7, entry 5). This is presumably caused 
by coordination of DABCO inhibiting catalysis, similar to inhibition we observed by addition of 
COD as poison (Table 5.8, entry 6). Furthermore, photoinitiation with visible light (405 nm) 
afforded ester 2 only in moderate yields (Table 5.7, entries 6 and 7). These results show that it 
could be possible to enable equimolar photocatalytic ligand-free nickel-catalyzed carboxylate O-
arylation, if a compatible quencher which preferably also serves as the base is found.  

 

Conclusions 

In summary, the presented mechanistic studies of nickel-catalyzed carboxylate O-arylation have 
uncovered the competition between productive catalysis and off-cycle pathways 
(comproportionation and protodehalogenation) that exists for all fundamental elementary 
steps. In the absence of an exogenous dtbbpy-ligand these deleterious reactions where 
significantly suppressed allowing equimolar amounts of coupling partners. Spectroscopic 
investigation of the novel ligand-free catalytic system revealed that during catalysis the bulk of 
NiII is present in the form of [Ni(Br)x(OBz)y], yet for catalysis an alkylamine base was essential. 
Studies into the reduction of the NiII-precursor identified a bimetallic pathway resulting in a 
catalytically relevant NiI-NiII dimer under ligand-free conditions. The presented insights into the 
reaction pathways of the commonly proposed self-sustained NiI/NiIII catalytic cycle and the in 
situ formed nickel complexes offer valuable knowledge that will be relevant for the design of 
novel nickel-catalyzed C-heteroatom bond formations under mild conditions. 
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Experimental Section 
General Experimental Details 

Chemicals were obtained from Fluorochem or Merck and used without further purification, unless noted 
otherwise. Anhydrous N,N-Dimethylacetamide 99 % (abbreviated DMAc) was degassed by bubbling argon 
through for > 60 min, and dried over 4Å molecular sieves. All air-sensitive materials were manipulated using 
standard Schlenk techniques (under argon) or by the use of a nitrogen-filled glovebox (MBraun Unilab). 
Ni(OBz)2·3H2O (abbreviated NiOBz2) was synthesized and zinc was activated following literature procedures.38,39 
NiBr2·2-methoxyethylether (abbreviated NiBr2), tetrabutylammoniumbenzoate (Bu4NOBz) and activated zinc 
were stored and weighed in a nitrogen-filled glovebox. The NMR solvent C6D6 was dried over molecular sieves 
and degassed via three freeze-pump-thaw cycles. 1H (500 or 400 MHz) and 13C (125 or 100 MHz) spectra were 
recorded on a Bruker DRX 500 MHz or a Bruker AVANCE 400 MHz spectrometer and referenced against residual 
solvent signal. UV-Vis spectra were collected on a double beam Shimadzu UV-2600 spectrometer in a 1.0 cm 
quartz cuvette with DMAc as reference. GC analysis was performed on a Thermo Scientific Trace GC Ultra 
equipped with a Rxi-5ms fused silica column (30.0 m x 0.25 mm x 0.25 μm). Temperature program: initial 
temperature 50 °C, heat to 200 °C with 8.0 °C min-1, heat to 250 °C with 50 °C min-1, hold for 6 minutes. Inlet 
temperature 250 °C, split ratio of 30, 1.0 mL min-1 helium flow, FID temperature 250 °C. For GC measurements 
mesitylene was used as internal standard and GC calibration curves were  composed for 4-‘bromoacetophenone 
(1), acetophenone (3), 4’-benzoyloxyacetophenone (2) and 4’-hydroxyacetophenone (4) (Figure 5.38). GC-HRMS 
(HRMS) measurements were performed on a Jeol AccuTOF GC v 4g, JMS-T100GCV Mass spectrometer equipped 
with a field desorption (FD) / field ionization (FI) probe, fitted with a 10 µm tungsten FI emitter. Samples were 
diluted with acetone and mesitylene was used as an internal calibrant. Here, GC analysis was conducted on a 
Thermo Scientific Trace GC Ultra equipped with an Agilent 19091S-433 column (30.0 m x 0.25 mm x 0.25 μm). 
Temperature program: initial temperature 50 °C, heat to 315 °C with 15 °C min-1, hold for 5 min. Inlet temperature 
230 °C, split ratio of 15:1, 1.0 mL min-1 helium flow and GC interface at 250 oC. For the field ionization (FI) a flashing 
current of 40 mA on every spectrum of 30 ms was applied. EPR measurements were performed in air-tight J.Young 
quartz tubes in an atmosphere of purified argon. Frozen solution EPR spectra were recorded on a Bruker EMX-
plus CW X-band spectrometer equipped with a Bruker ER 4112HV-CF100 helium cryostat. The spectra were 
obtained on freshly prepared solutions of nickel compounds and simulated using EasySpin40 via the cwEPR GUI.41  

General experiment for catalysis 

In a nitrogen-filled glovebox, NiBr2 (21.2 mg, 0.06 mmol) and zinc (39.2 mg, 0.6 mmol) were weighed and 
transferred to a Schlenk flask (20 mL). The flask was removed from the glovebox, the atmosphere changed to 
argon, and the solids 4-bromoacetophenone (239 mg, 1.2 mmol) and benzoic acid (147 mg, 1.2 mmol) were 
added. Directly thereafter, DMAc (6 mL) and tBuNHiPr (190 µL, 1.2 mmol) were supplied via a syringe and the 
temperature was increased to 70 oC with stirring at 1400 rpm. After 20 h reaction time, 60 µL mesitylene (internal 
standard) was added and approximately 10 µL of the reaction mixture was diluted with 2 mL acetone, filtered 
over a 45 µm syringe filter and analyzed with GC. 
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General experiment for substrate scope 

In a nitrogen-filled glovebox, NiBr2 (21.2 mg, 0.06 mmol) and zinc (39 mg, 0.6 mmol) were weighed and transferred 
to a Schlenk flask (20 mL). The flask was removed from the glovebox, the atmosphere changed to argon, and the 
arylhalide (1.2 mmol) and carboxylic acid (1.2 mmol) were added. Directly thereafter, via a syringe DMAc (6 mL) 
and tBuNHiPr (190 µL, 1.2 mmol) were supplied and the temperature was increased to 70 oC and stirring speed to 
1400 rpm. After 24 h reaction time 1,3,5-Tri-tert-butylbenzene (24.6 mg, 0.1 mmol) was added as internal 
standard and the reaction was quenched with 5 mL of aqueous LiCl solution (50 % saturated aqueous LiCl, 50 % 
water).  This solution was extracted three times with 10 mL EtOAc. The combined organic phases were dried over 
Na2SO4 and concentrated. Approximately 20 µL of the concentrated reaction mixture was used to determine yield 
by 1H NMR in CDCl3 (in cases of inhomogeneous 1H NMR samples, 1 mL of DMAc was added to the concentrated 
reaction mixture). In addition, 10 µL of the 1H NMR sample was taken and diluted with 1.5 mL acetone for GC-
HRMS analysis.  

 

Reduction of NiII 

Spectroscopy 

Experiment A. In a nitrogen-filled glovebox, NiBr2 (10.6 mg, 0.03 mmol) and zinc (118 mg, 1.80 mmol) were 
weighed and transferred to a J. Young type Schlenk flask (10 mL). The flask was removed from the glovebox, the 
atmosphere changed to argon and benzoic (73 mg, 0.6 mmol) was added. Directly thereafter, tBuNHiPr (95 µL, 0.6 
mmol) and 3 mL DMAc were supplied via a syringe. This suspension was vigorously stirred (1400 rpm) at 70 oC for 
3 hours to obtain a pink colored solution. The flask was transferred back to the glovebox and zinc was removed 
via filtration over a 45 µm syringe filter providing samples for UV-Vis, EPR and XAS spectroscopy (Attempts to 
remove Zn via filtration outside the glovebox all resulted in rapid discoloration).  

Experiment B. To study the reactivity, towards aryl halides, of reduced NiII (described in the experiment above) 
we supplied bromoacetophenone (29.9 mg, 0.15 mmol) to 3 mL of the pink-colored solution (after filtration) and 
stirred this for 15 minutes in a glovebox (no color change was observed). Subsequently, the vial was taken outside 
the glovebox and heated to 70 oC. Over a period of 30 minutes the pink color disappeared and a yellow-colored 
solution was obtained.  Subsequently, samples for UV-Vis and EPR spectroscopy were prepared.  

 

Catalysis 

Experiment A: The reduction experiment (A) described above was repeated twice with a reduction time of 30 min. 
and 3 hours (on a 6 mL scale). Next, in a nitrogen-filled glovebox the obtained solution was filtered over a 45 µm 
syringe filter and 3 mL was transferred to a 10 mL vial charged with bromoacetophenone (119.5 mg, 0.6 mmol). 
Outside the glovebox this reaction mixture was stirred for 30 min at 70 oC. Subsequently 30 µL mesitylene (internal 
standard) was added and approximately 10 µL of the reaction mixture was diluted with 2 mL acetone, filtered 
over a 45 µm syringe filter and analyzed with GC.  



578155-L-bw-Wolzak578155-L-bw-Wolzak578155-L-bw-Wolzak578155-L-bw-Wolzak
Processed on: 30-5-2022Processed on: 30-5-2022Processed on: 30-5-2022Processed on: 30-5-2022 PDF page: 132PDF page: 132PDF page: 132PDF page: 132

Chapter 5 

 

132 
 

Experiment B: The reduction experiment (A) described above was repeated with a reduction time of 3 hours (on 
a 6 mL scale). Next, in a nitrogen-filled glovebox the obtained solution was filtered over a 45 µm syringe filter and 
3 mL was transferred to a Schlenk flask (20 mL) charged with bromoacetophenone (119.5 mg, 0.6 mmol) and zinc 
(19.5 mg, 0.3 mmol). Outside the glovebox this reaction mixture was stirred for 20 h at 70 oC. Subsequently 30 µL 
mesitylene (internal standard) was added and approximately 10 µL of the reaction mixture was diluted with 2 mL 
acetone, filtered over a 45 µm syringe filter and analyzed with GC.  

Catalytic studies 

 

Table 5.2. Solvent screening 

Entry[a] Solvent 1[a] 

Conv. [%] 

2[a] 

Yield [%] 

3[a] 

Yield [%] 
1 DMAc 87 68 19 
2 DMSO 17 0 2 
3 DMF 21 19 2 
4 DMI 27 23 4 

[a] Determined by GC analysis. 

 

 

Table 5.3. Base screening 

Entry[a] Base 1[a] 

Conv. [%] 

2[a] 

Yield [%] 

3[a] 

Yield [%] 
1 tBuNHiPr 100 81 9 
2 tBuNHiPr (400 mM) 100 90 10 
3 NEt3 87 68 19 
4 DBU 8 n.d. 5 
5 DABCO 6 <1 5 
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6 DMAP 23 10 11 
7 K3PO4 21 17 4 
8 K3PO4 + Bu4NI (200 mM) 16 5 11 
9 Bu4NOBz 21 7 5 
10 Bu4NOBz + tBuNHiPr (20 mM) 60 27 16 

[a] Determined by GC analysis.   

 

Table 5.4. Reducing agent screening 

Entry[a] Reducing agent 1[a] 

Conv. [%] 

2[a] 

Yield [%] 

3[a] 

Yield [%] 
1 Zn 87 68 19 
2 Mn 42 23 16 
3 Mn + Et4NI (0.5 eq) 64 49 15 
4 CoCp2 13 n.d. 12 
5 CoCp*2 9 n.d. 9 

[a] Determined by GC analysis.  

 

Table 5.5. Concentration screening 

Entry[a] Conc. [mM] 1[a] 

Conv. [%] 

2[a] 

Yield [%] 

3[a] 

Yield [%] 
1 50 67 53 n.d. 
2 100 60 47 2 
3 200 100 81 9 
4 500 100 72 15 
5 1200 100 40 10 

[a] Determined by GC analysis.  
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Figure 5.5. Reaction mixtures after 20 h reaction time at a concentration of 200 and 100 and mM. Concentrations below 200 
mM resulted in the reaction mixture turning black, indicative for nanoparticle formation. 

 

 
Figure 5.6. Rate dependency of rate on stirring speed for NiBr2-catalyzed reaction (initial rate was determined after 2 hours 
reaction time). 
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Figure 5.7. Hammett plot for NiBr2-catalyzed esterification of bromobenzene derivatives with benzoic acid (initial rate was 
determined after 2 h reaction time). 

 

 

Table 5.6. Ligand screening. 

Entry[a] Ligand 1[a] 

Conv. [%] 

2[a] 

Yield [%] 

3[a] 

Yield [%] 
1 No ligand 100 81 9 
2 dtbbpy 85 50 32 
3 Bipy 87 68 19 
4 6,6 dimethyl-2,2 dipyridyl 8 n.d. 5 
5 4,4 dimethoxy-2,2 dipyridine 6 <1 5 
6 4,4 trifluoromethyl-2,2 dipyridine 23 10 11 
7 Phenantroline 21 17 4 
8 Neocuproine 16 5 11 

[a] Determined by GC analysis.  
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Table 5.7. Photocatalytic nickel-catalyzed carboxylate O-arylation. 

Entry[a] Light source Change in condition Additive 1[a] 
Conv. 
[%] 

2[a] 
Yield 
[%] 

3[a] 
Yield 
[%] 

4[a] 
Yield 
[%] 

1 CFL1, 24W 1 eq. BzOH + 1 eq. tBuNHiPr - 35 14 14 n.d. 
2 CFL1, 24W - - 59 37 15 n.d. 
3 CFL1, 24W BzOH (400 mM) + tBuNHiPr (400 mM) dtbbpy (5 mol%) 92 86 5  
4 LED, 460 nm Ir[dF(CF3)ppy]2(dtbbpy))PF6 DABCO (1 eq.) 12 n.d. 12 n.d. 
5 None Zn instead of Ir(ppy)3 

1 eq. BzOH + 1 eq. tBuNHiPr 
DABCO (1 eq.) 12 n.d. 12 n.d. 

6 LED, 405 nm 1 eq. BzOH + 1 eq. tBuNHiPr  77 38 26 12 
7 LED, 405 nm   89 39 24 22 

Conditions: Bromoacetophenone (200 mM) Benzoic Acid (400 mM), tBuNHiPr (400 mM) Nickel(II) bromide (5 mol%), Ir(ppy)3 (1 mol%), 
DMAc (6 mL), 20 hours, 70 oC. [a] Determined by GC analysis.  
 

 

 
Figure 5.8. Reaction set-up for photoinitiation with 405 nm light at 70 oC. 
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Table 5.8. Control experiments. 

Entry[a] Deviation Base 1[a] 

Conv. [%] 

2[a] 

Yield [%] 

3[a] 

Yield [%] 
1 Aerobic tBuNHiPr 6 n.d. n.d. 
2 No Zn tBuNHiPr 1 n.d. <1 
3 No NiBr2 tBuNHiPr 36 <1 35 
4 NiCOD2, no Zn NEt3 6 4 2 
5 NiCOD2 NEt3 46 34 6 
6 10 mol% COD NEt3 42 36 5 

[a] Determined by GC analysis.  

 

 

Table 5.9. (dtbbpy)NiBr2- and NiBr2-catalyzed reaction. 

Entry[a] Ligand Base Acid : Base 
Conc. [mM] 

Solvent Temp. 
[oC] 

1[a] 

Conv. 
[%] 

2[a] 

Yield 
[%] 

3[a] 

Yield 
[%] 

1 dtbbpy NEt3 200 
200 
400 
200 
200 
200 
200 
400 
200 
200 

DMF 40 39 21 18 
2 dtbbpy NEt3 DMAc 40 33 15 18 
3 dtbbpy NEt3 DMAc 40 99 63 27 
4 dtbbpy NEt3 DMAc 70 85 50 32 
5 dtbbpy tBuNHiPr DMAc 70 100 61 38 
6 none NEt3 DMAc 40 12 10 2 
7 none NEt3 DMF 40 2 2 0 
8 none NEt3 DMAc 40 22 14 8 
9 none NEt3 DMAc 70 87 68 19 
10 none tBuNHiPr DMAc 70 100 81 9 

[a] Determined by GC analysis.  
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Spectroscopy 

UV-Vis Spectroscopy 

 

Figure 5.9. UV-Vis spectra of catalytic reaction after 2 h (orange) and DMAc solutions containing: NiBr2 (10 mM), tBuNHiPr 
(200 mM) and BzOH (200 mM) (green); NiBr2 (10 mM) (blue); NiBr2 (10 mM) and tBuNHiPr (200 mM) (yellow); NiBr2 (10 mM) 

and BzOH (200 mM) (light green); NiBr2 (10 mM) and Bu4NOBZ (200 mM) (purple); NiOBz2 (10 mM) (turquoise); NiOBz2 (10 
mM), tBuNHiPr (200 mM) and BzOH (200 mM) (pink); bromoacetophenone (200 mM) (black). 

 

Formation of [NiBrx(DMAc)y] 

While single crystals with the formula [Ni(DMAc)6][NiBr4] can be obtained from a concentrated DMAc solution 
containing NiBr2, Isiguro and co-workers demonstrated that in a DMAc solution a variety of complexes of the type 
[NiBry(DMAc)x] exists depending on the bromide concentration.28,42 The following species were identified: five 
coordinated [NiBr(DMAc)4]+ (460 nm), five coordinated [NiBr2(DMAc)3] (490 nm), four coordinated [NiBr2(DMAc)2] 
(600 nm)  and four coordinated [NiBr3(DMAc)]- (660 nm with a shoulder at ~700 nm). These assigned peaks 
correlate well with the observed UV-Vis bands at 470 and 656 nm and shoulders at ~625 and ~710 nm for NiBr2 

(10 mM) in DMAc (Figure 5.9, blue trace).  

 

UV-Vis Titration of [NiBrx(DMAc)y] with tBuNHiPr or Bu4NOBz 

Titration of experiments were performed under argon by mixing solutions of NiBr2 (stock solution A) with various 
equivalents a solution of NiBr2 and tBuNHiPr or Bu4NOBz (stock solution B). For stock solution A: NiBr2 (14.1 mg, 
0.04 mmol) was suspended in 4 mL DMAc and stirred at 70 oC at 15 min to obtain a homogeneous solution. For 
stock solution B: NiBr2 (35.3 mg, 0.1 mmol) was dissolved in 9.7 mL DMAc and stirred at 70 oC at 15 min, 
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subsequently tBuNHiPr (317 µL, 2 mmol) or Bu4NOBz (727.16 mg, 2 mmol) was added forming a yellow solution 
(this solution was immediately used for titration experiments). From stock solution A, 3 mL was transferred to a 
1.0 cm pathlength J. Young type square quartz UV-Vis cuvette with an additional mixing reservoir (total volume 
20 mL) and thereafter distinct equivalents of stock solution B were added via syringe (see Table 5.10, for the 
titration experiment with tBuNHiPr). Before every UV-Vis measurement the solution was extensively mixed in the 
connected reservoir. For the sample with 20 eq. of tBuNHiPr or Bu4NOBz, 3 mL of a freshly prepared stock solution 
B was transferred to the empty J. Young type UV-Vis cuvette and measured. Over a time period of 30 minutes the 
sample with 20 eq. of tBuNHiPr became turbid. 

Table 5.10. UV-Vis titration of NiBr2 with 0 to 20 equivalents of tBuNHiPr 

Equiv. 
tBuNHiPr 

Stock solution B ( µL)          Ni (mmol) tBuNHiPr (mmol) 

0 - 0.0300 - 
0.1 15 0.0302 0.0030 
0.2 15 0.0303 0.0060 
0.3 16 0.0305 0.0091 

0.4 16 0.0306 0.0121 
0.5 17 0.0308 0.0153 
0.6 17 0.0309 0.0186 
0.7 17 0.0311 0.0219 
0.8 17 0.0312 0.0249 
0.9 17 0.0314 0.0283 
1.0 17 0.0316 0.0317 
1.5 85 0.0324 0.0487 
2.0 89 0.0333 0.0666 
3.0 196 0.0353 0.1060 
4.0 221 0.0375 0.1500 
5.0 250 0.4000 0.2000 
7.5 800 0.4800 3.6000 
10 1210 0.6010 6.0100 
20 Only stock solution B   
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Figure 5.10. J. Young type UV-Vis cuvette with additional mixing volume. 

 

 

Figure 5.11. UV-Vis titration of a DMAc solution containing NiBr2 (10 mM) with 0 to 2.0 equiv. of tBuNHiPr. 
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Figure 5.12. UV-Vis titration of a DMAc solution containing NiBr2 (10 mM) with 3.0 to 20.0 equiv. of tBuNHiPr. 

UV-Vis titration of a DMAc solution containing NiBr2 with up to 20 equiv. of tBuNHiPr led to the formation of nickel 
species with an increasing number of amine as ligand  (Figures 5.11 - 5.12). However, at 20 equivalents of tBuNHiPr 
the solution slowly turned turbid over a period of 30 minutes (Figure 5.12, brown trace). 

 

 

Figure 5.13. UV-Vis titration of a DMAc solution containing NiBr2 (10 mM) with 0 to 1.0 equiv. of Bu4NOBz. 
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Figure 5.14. UV-Vis titration of a DMAc solution containing NiBr2 (10 mM) with 1.0 to 20.0 equiv. of Bu4NOBz. 

 

 

Figure 5.15. UV-Vis spectra of a DMAc solution containing NiBr2 (10 mM), tBuNHiPr (200 mM), BzOH (200 mM) and zinc (600 
mM) stirred at 70 oC for 3 h (filtered to remove zinc). The solution was kept under nitrogen atmosphere in a J. Young type 
quartz cuvette. 
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Figure 5.16. UV-Vis spectra of a DMAc solution containing NiBr2 (10 mM), tBuNHiPr (200 mM), BzOH (200 mM) and zinc 
(600 mM) stirred at 70 oC for 30 min. (gray) and 3 h (pink) (filtered to remove zinc). 

 

 

Figure 5.17. UV-Vis spectra of a DMAc solution containing NiBr2 (10 mM), tBuNHiPr (200 mM) and BzOH (200 mM) (green); 
NiBr2 (10 mM), tBuNHiPr (200 mM), BzOH (200 mM)  and zinc (600 mM) stirred at 70 oC for 3 h (pink); NiBr2 (10 mM), tBuNHiPr 
(200 mM), BzOH (200 mM)  and zinc (600 mM) stirred at 70 oC for 3 h then filtered to remove zinc and 5 equivalents 
bromoacetophenone added. 
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NMR spectroscopy  

In a nitrogen-filled glovebox, NiBr2 (10.6 mg, 0.03 mmol) was weighed and transferred to a Schlenk flask (10 mL). 
The flask was removed from the glovebox, the atmosphere changed to argon and benzoic acid-α-13C 99% (72 mg, 
0.6 mmol) was added. Afterwards, tBuNHiPr (95 µL, 0.6 mmol) and 3 mL DMAc were supplied via a syringe. This 
solution was stirred at 70 oC for 15 min. to obtain a homogeneous mixture. For 1H and 13C NMR measurements, 
0.05 mL anhydrous C6D6 was mixed with 0.45 mL of the reaction mixture in an NMR tube. Additional samples, 
were prepared in a similar fashion.  

1H NMR spectroscopy 

 

Figure 5.18. 1H NMR spectra (aromatic region) of DMAc solutions containing: [1] BzOH (200 mM); [2] NiBr2 (10 mM) and 
BzOH (200  mM) (blue); [3] BzOH (200 mM) and tBuNHiPr (200 mM); [4]  NiBr2 (10 mM); tBuNHiPr (200 mM) and BzOH (200  
mM) (green). 
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Figure 5.19. 1H NMR spectra (0 to 5 ppm) of DMAc solutions containing: [1] tBuNHiPr (200 mM); [2] NiBr2 (10 mM) and BzOH 
(200  mM) (blue); [3] NiBr2 (10 mM) and tBuNHiPr (200 mM);  [4] BzOH (200 mM) and tBuNHiPr (200 mM); [5]  NiBr2 (10 mM), 
tBuNHiPr (200 mM) and BzOH (200  mM) (green). 
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EPR Spectroscopy 

 

Figure 5.20. Experimental and simulated X-band EPR spectra of a frozen (9 K) DMAc solution containing NiBr2 (10 mM), 
tBuNHiPr (200 mM) and BzOH (200 mM) that was reduced with zinc (600 mM) (black trace) and simulated spectrum (red 
trace). S=3/2, g=[2.18 2.09 2.28], lw=10, D= 105 MHz, E/D = 0.032, gStrain=[0.139 0.0496 0.0367]. (MW freq.=9.65, MW 
power=3.170 mW, Mod. amp.=8 G). 

 

X-ray Absorption Spectroscopy 

Ni K-edge XAS measurements were performed at B18 (Diamond) in Didcot, United Kingdom. Measurements were 
conducted with a Si(111) double crystal monochromator in fluorescence mode, where fluorescence from the 
sample was detected with a 36 element Ge solid State detector. A typical measurement required 3 minutes and 
25 scans were required to obtain good signal-to-noise. Samples (10 mM in Ni) were measured as frozen DMAc 
solutions in a 5 mm Kapton® tube, and kept frozen with a Cryojet which was set at 100 K during the measurement. 
All spectra were calibrated to a Ni foil. The amplitude redaction factor was determined using the Ni foil and found 
to be 0.8. XAS data processing was performed in Athena, and EXAFS analysis was conducted in Artemis.43 
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XANES 

 

Figure 5.21. Ni K-edge XANES spectrum for DMAc solutions containing: NiBr2 (10 mM) (blue), NiBr2 (10 mM) and tBuNHiPr 
(200 mM) (yellow); NiBr2 (10 mM), tBuNHiPr (200 mM) and BzOH (200 mM) (green); NiBr2 (10 mM), tBuNHiPr (200 mM) and 
BzOH (200 mM) reduced with zinc (600 mM) (pink). 

 

Figure 5.22. Ni K-edge XANES spectrum (pre-edge region) for DMAc solutions containing: NiBr2 (10 mM) (blue), NiBr2 (10 mM) 
and tBuNHiPr (200 mM) (yellow); NiBr2 (10 mM), tBuNHiPr (200 mM) and BzOH (200 mM) (green); NiBr2 (10 mM), tBuNHiPr 
(200 mM) and BzOH (200 mM) reduced with zinc (600 mM) (pink). 
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Figure 5.23. First derivatives of the Normalized Ni K-edge XANES spectra. 

 

 

Figure 5.24. First derivatives of the Normalized Ni K-edge XANES spectra for (with a moving average (size 4)). 
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EXAFS 

 

Figure 5.25. Ni K-edge k2 weighted Fourier transform EXAFS for DMAc solutions containing: NiBr2 (10 mM) (blue), NiBr2 (10 
mM) and tBuNHiPr (200 mM) (yellow); NiBr2 (10 mM), tBuNHiPr (200 mM) and BzOH (200 mM) (green); NiBr2 (10 mM), 
tBuNHiPr (200 mM) and BzOH (200 mM) reduced with zinc (600 mM) (pink). 

Ni K-edge EXAFS fitting parameters  

For a DMAc solution containing solely NiBr2 required one oxygen shell with a coordination number of 2.50(17) at 
a corresponding distance of 2.05(1)Å (Table 5.11, entry 1). For a DMAc solution containing NiBr2 and tBuNHiPr 
(Figure 5.25, yellow trace), two independent shells are required to obtain a satisfactory fit for the data. The first 
shell, composing of a indistinguishable, nitrogen or oxygen shell has a coordination number of 1.79(17) at a 
distance of 2.05(1)Å. The second shell is a nickel shell, containing 1.65(50) atoms at 3.10(1)Å (Table 5.11, entry 2). 
Entries 3 and 4 of Table 5.11 are discussed in the main text. 

Table 5.11. Ni K-edge EXAFS fitting parameters for all components with N = coordination number, σ2 = Debye Waller factor 
[Å2], RFit = fitted bond length [Å]. 

Entry[a] Sample Shell N σ2 (Å2) RFit (Å) σ2 (Å2) 
1 Ni(Br)x(DMAc)y[a] Ni-O 2.50(17) 0.0066(8) 2.05(1) 2.05(1) 
2 NiBr2 + tBuNHiPr [b] Ni-O/N 1.79(17) 0.005(2) 2.05(1) 2.05(1) 
  Ni-Ni 1.65(50) 0.006(2) 3.10(1) 3.10(1) 
3 NiBr2 + tBuNHiPr + BzOH[c] Ni-O/N 0.95(10) 0.006(6) 2.054(6) 2.054(6) 
  Ni-O/N 0.95(10) 0.001(1) 2.10(2) 2.10(2) 
4 NiBr2 + tBuNHiPr + BzOH + Zn[d] Ni-O/N 3.0(3) 0.006(1) 2.04(1) 2.04(1) 
  Ni-Ni 0.6(5) 0.009(9) 3.10(3) 3.10(3) 

[a] k range = 3–13 Å-1, R range = 1–3 Å; k-weighted fit = 1,2,3 E0 = 2.8(7) eV, S02 = 0.80 R-factor fit: 0.006. 
[b]  k range = 3–11.6 Å-1, R range = 1–3 Å; k-weighted fit = 1,2,3 E0 = 1(1) eV, S02 = 0.80 R-factor fit: 0.016. 

[c]  k range =  3–12 Å-1, R range = 1–2.9 Å; k-weighted fit = 1,2,3 E0 = -6(1) eV, S02 = 0.80 R-factor fit: 0.005. 
[d]   k  range = 3–13.25 Å, R range = 1–3.1 Å; k-weighted fit = 1,2,3 E0 = -4(1) eV, S02 = 0.80 R-factor fit: 0.021. 



578155-L-bw-Wolzak578155-L-bw-Wolzak578155-L-bw-Wolzak578155-L-bw-Wolzak
Processed on: 30-5-2022Processed on: 30-5-2022Processed on: 30-5-2022Processed on: 30-5-2022 PDF page: 150PDF page: 150PDF page: 150PDF page: 150

Chapter 5 

 

150 
 

Formation of Ni clusters  

For a DMAc solution containing NiBr2 and 20 equivalents of tBuNHiPr a prominent contribution of a back scatterer 
emerges in the FT EXAFS spectrum (Figure 5.25, yellow trace). This coordination shell can be assigned to a Ni-Ni 
interaction and is indicative for the formation of Ni clusters. Moreover, this result is in agreement with the turbid 
solution obtained during at the end of the UV-Vis titration experiment (Figure 5.12). Formation of multinuclear 
species is indicative for a more elaborate ligand exchange process than only associative coordination of the amine 
substrate. The displacement of the bromide ligand, for the amine base, is a potential pathway. This ligand 
exchange reaction was also proposed as protodehalogenation pathway in energy transfer mediated 
photocatalytic O-arylation with (dtbbpy)NiBr2 and diisopropylamine (DIPA) as base.8   

 

Determination of coordination number of the bromide shell  

The Ni-Br contributions were surprisingly difficult to fit. We expected anti-phase behavior could play a role, as 
previously observed for Cu organometallic compounds.30 To study this, simulations of a Ni-Br bond were 
performed within Artemis (Parameters: S0

2 = 0.80 fixed, σ2 = 0.003 fixed and E0 = 0 fixed). In figures 5.26 – 5.28 
the simulated Ni K-edge EXAFS data (chi, for different k-weightings) for a Ni-Br contribution as a function of Ni-Br 
bond length is plotted (starting from a Ni-Br bond length of 2.40 Å). It is clear from these simulations that, in all 
k-weightings, the Ni-Br contributions are strong. However, from about a difference of 0.1-0.15 Å  in Ni-Br bond 
length, the paths are completely in anti-phase, cancelling each other out when they are both present in equal 
amounts (i.e. similar coordination number). This anti-phase behavior is very similar for all k-weightings, such that 
a careful plot in different k-weighting, as was performed for Cu30, does not solve the problem. Therefore, if in 
single nickel complex or a mixture of nickel complexes, multiple Ni-Br contribution are present at different 
distances, the antiphase behavior of the different paths, can result in a seemingly absence of Ni-Br at all; or in 
fact, only part of the Ni-Br contributions are analyzed (i.e. the Ni-Br contributions are underestimated). For the 
data in this paper, we therefore can only say with confidence that either no Ni-Br contributions are present, or 
that a similar amount of Ni-Br contributions are present at different distances, resulting in an even number of Ni-
Br contributions.    
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Figure 5.26. k-weighted Fourier transforms of the EXAFS data of the Ni-Br bond, starting from 2.40 Å. 

 

 

 

 

Figure 5.27. k2-weighted Fourier transforms of the EXAFS data of the Ni-Br bond, starting from 2.40 Å. 
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Figure 5.28. k3-weighted Fourier transforms of the EXAFS data of the Ni-Br bond, starting from 2.40 Å. 

 

 

EXAFS fits 

 
Figure 5.29. k2 -weighted Fourier transforms of the EXAFS data of a DMAc solution containing NiBr2 (10 mM). The data is 
represented by the solid trace (black), whereas the corresponding fit is the dotted line (red).  
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Figure 5.30. k2 -weighted EXAFS data of a DMAc solution containing NiBr2 (10 mM). The data is represented by the solid 
trace (black), whereas the corresponding fit is the dotted line (red).  
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Figure 5.31. k2 -weighted Fourier transforms of the EXAFS data of a DMAc solution containing NiBr2 (10 mM) and tBuNHiPr 
(200 mM). The data is represented by the solid trace (black), whereas the corresponding fit is the dotted line (red). 
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Figure 5.32. k2 -weighted EXAFS data of a DMAc solution containing NiBr2 (10 mM) and tBuNHiPr (200 mM)HiPr. The data is 
represented by the solid trace (black), whereas the corresponding fit is the dotted line (red). 

 

 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

-0.4

-0.2

0.0

0.2

0.4

0.6

|X
R

| (
Å

-3
)

Radial distance (Å)

 NiBr2 + tBuNHiPr + BzOH
 Fit

 
Figure 5.33. k2 -weighted Fourier transforms of the EXAFS data of a DMAc solution containing NiBr2 (10 mM), tBuNHiPr (200 
mM)  and BzOH (200 mM). The data is represented by the solid trace (black), whereas the corresponding fit is the dotted line 
(red). 
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Figure 5.34. k2 -weighted EXAFS data of a DMAc solution containing NiBr2 (10 mM), tBuNHiPr (200 mM) and BzOH (200 mM). 
The data is represented by the solid trace (black), whereas the corresponding fit is the dotted line (red). 
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Figure 5.35. k2 -weighted Fourier transforms of the EXAFS data of a DMAc solution containing NiBr2 (10 mM), tBuNHiPr (200 
mM)  and BzOH (200 mM) reduced with zinc (600 mM). The data is represented by the solid trace (black), whereas the 
corresponding fit is the dotted line (red). 
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Figure 5.36. k2 -weighted EXAFS data of a DMAc solution containing NiBr2 (10 mM), tBuNHiPr (200 mM)  and BzOH (200 mM) 
reduced with zinc (600 mM). The data is represented by the solid trace (black), whereas the corresponding fit is the dotted 
line (red). 
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GC analysis 

 
Figure 5.37. Typical GC-trace for cross-coupling of bromoacetophenone with benzoic acid.  
 

 

         

                                       

Figure 5.38. GC calibration curves for 4’-bromoacetophenone (1), acetophenone (3), 4’-benzoyloxyacetophenone (2A) and 
4’-hydroxyacetophenone (4). 
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Summary 
The ester bond is an important structural motif in organic molecules, that among others 
find application as pharmaceuticals, fragrances or coatings. Although the direct coupling 
of carboxylic acids and alcohols is known for more than a century, it is still the most 
prominent route to synthesize the ester moiety. This chemical transformation affords the 
desired ester bond and water as the only by-product. However, the unfavorable 
equilibrium conditions of this reaction require a non-equimolar stoichiometry of 
substrates or a dehydration technique to drive the reaction to completion. Dehydration 
via evaporation or azeotropic distillation is often, especially at an industrial scale, the 
preferred route to obtain (poly)esterification products. This method allows equimolar 
ratios of substrates, but high reaction temperatures are still required. Therefore, the use 
of a catalyst that can lower the reaction temperature and enable mild reaction conditions 
is highly desirable. Strong Brønsted acids are well-known to efficiently catalyze the direct 
esterification reaction, but their application has several disadvantages since they are 
highly corrosive and facilitate unwanted side reactions. In contrast, Lewis acidic metals 
are less corrosive and exclusively catalyze the desired esterification reaction. As a result, 
Lewis acidic metals have been intensively explored as catalysts in the direct esterification 
reaction. Although a wide variety of different metal salts were found to be effective 
catalysts, understanding the origin of their catalytic activity is still limited. Mechanistic 
studies are severely complicated due to in situ transformation of the catalyst, since all 
reaction components (carboxylic acid, alcohol and ester) have the ability to coordinate to 
the Lewis acidic metal center. This transformation does not exclusively lead to monomeric 
species but also dimeric and multinuclear complexes have been identified.   
Besides the direct (poly)esterification, many other ester-forming reactions have been 
explored by chemists. One notable example is the nickel-catalyzed carbon-oxygen bond 
forming reaction between an organic (pseudo)halide and a carboxylic acid, which has 
received much attention in recent years. Also here, mechanistic understanding of the 
catalytic cycle is hindered by many side reactions, either by reaction with one of the 
reaction components, or by other (deactivation) reactions.  
 
In this thesis, we have shed light on the structure of various in situ formed catalysts, 
potential intermediates and have provided deeper mechanistic understanding of the 
catalytic cycle. This knowledge contributes to the development of novel efficient 
esterification catalysts based on abundant and non-toxic metals. 
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In Chapter 1 an overview of different Lewis acidic homogeneous catalysts applied in the 
direct (poly)esterification reactions is provided. Studies that have attempted to elucidate 
the structure of the in situ formed catalytically active complex and investigations that 
provide mechanistic insights are discussed. Moreover, new routes for ester synthesis are 
reviewed with a focus on the nickel-catalyzed cross-coupling of aryl halides and carboxylic 
acids. 

In Chapter 2 a mechanistic study into titanium(IV)-catalyzed direct esterification reactions 
is described. Since mechanistic investigations into common titanium alkoxides 
(poly)esterification catalysts are troublesome due to uncontrolled ligand exchange 
reactions, we selected the class of titanium-aminotriphenolate complexes for our 
investigations. The combination of the tetradentate aminotriphenolate ligand and 
Ti(iOPr)4 afforded a variety of robust C3-symmetric titanium complexes with only an 
exchangeable isopropoxide group in the apical position (Figure S1). During catalytic 
studies we found that steric bulk in the ortho-position was hampering catalysis. As a result, 
the titanium-aminotriphenolate complex lacking steric bulk in this position was found to 
be the most active catalyst, albeit with a lower activity than Ti(iOPr)4. Based on in situ and 
stoichiometric experiments, we concluded that the amphoteric octahedral titanium-
aminotriphenolate acetic acid/acetate complex is the resting state during catalysis. With 
the help of kinetic experiments and DFT calculations a mononuclear reaction mechanism 
was proposed, which revealed three essential prerequisites for an active catalyst: Lewis 
acidity of the titanium(IV) metal, favorable hydrogen bonding interactions between both 
reactants and the ligand, and a Brønsted basic group to facilitate proton transfer.  

 

Figure S1. Synthesis of titanium aminotriphenolate complexes. 

In Chapter 3, we have investigated n-butyltin(IV) complexes using a variety of 
spectroscopic techniques (ATR-FTIR, 119Sn NMR, 1H NMR) under catalytically relevant 
conditions. The profound activity of this class of (poly)esterification catalyst was 
demonstrated in a model esterification reaction. Here, the mono-alkylated tin(IV) 
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complexes readily outperformed other tin(IV)-based catalysts (e.g. SnCl4 and Sn(OAc)4). In 
order to elucidate the structure of various mono-alkylated tin(IV) complexes (polymeric 
n-BuSnOOH and hexameric [n-BuSn(O)OAc]6) in solution we studied their transformation 
in acetic acid at various temperatures. At an elevated temperature (90 oC), all complexes 
formed monomeric n-BuSn(OAc)3 (Figure S2), while at reduced temperatures also water 
adducts of this complex were detected. In ethanol monomeric n-BuSn(OAc)3 was partially 
converted into dimeric (n-BuSnOAc2OEt)2 (Figure S2). During catalytic experiments using 
a 1:1 mixture of acetic acid and ethanol, an equilibrium between the previously identified 
monomeric n-BuSn(OAc)3  and dimeric (n-BuSnOAc2OEt)2 emerged. These findings reveal 
that while the stoichiometric chemistry of n-butyltin(IV) carboxylates is dominated by the 
formation of multinuclear tin assemblies, during catalysis only monomeric and dimeric 
complexes are present. Additional DFT calculations provided support for a mononuclear 
mechanism, where n-BuSn(OAc)3  and dimeric (n-BuSnOAc2OEt)2 are regarded as off-cycle 
species, and suggested that carbon-oxygen bond breaking is the rate determining step.  

 

Figure S2. Reaction of mono-alkyltin complexes with acetic acid and ethanol. 

In Chapter 4, the reaction kinetics of titanium- and tin-catalyzed polyesterification are 
studied under different reaction conditions. Under neat conditions (polyesterification of 
1,6-hexanediol and adipic acid at 170 oC, with removal of water via evaporation) the n-
BuSnOOH catalyst displayed remarkable activity. Moreover, under these reaction 
conditions catalyst deactivation was not observed for n-BuSnOOH. In contrast, both the 
titanium-based catalysts (Ti(OiPr)4  and Ti-atrane complex) performed comparable to the 
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reaction without metal catalyst. We also performed the same polyesterification reaction 
under azeotropic conditions (via the addition of xylene). At a reaction temperature of 140 
oC, n-BuSnOOH still  has the highest activity, but is outperformed in the initial phase of the 
reaction (first 2 hours) by the Ti-atrane complex. Further elevation of the temperature (to 
150 oC) provided an effective azeotropic reflux over the whole reaction period and the 
water concentrations were significantly diminished. Under these conditions, Ti(OiPr)4 was 
the most active catalyst and no catalyst deactivation was observed. These findings show 
that the catalytic performance is crucially determined by the robustness of the catalyst 
against hydrolytic degradation.  

In Chapter 5, we focused on the cross-coupling reaction of aryl halides and carboxylic 
acids. This reaction is a prime example of a challenging C-heteroatom bond formation that 
has been enabled by nickel catalysis. Similar to other nickel-catalyzed protocols for the 
synthesis of C-heteroatom bonds also this reaction is hampered by off-cycle pathways. In 
order to suppress these unwanted side reactions non-equimolar ratios of coupling 
partners are typically required. To gain mechanistic insight, including off-cycle pathways, 
we performed the nickel-catalyzed carboxylate O-arylation reaction in the presence and 
absence of an exogeneous 2,2’-bipyridine-ligand. We demonstrate that for the reaction in 
the absence of an exogeneous ligand, facile ligand exchange and reductive elimination 
steps exists (Figure S3).  

 
Figure S3. Mechanistic hypothesis for nickel-catalyzed carboxylate O-arylation. 
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Moreover, deleterious off-cycle protodehalogenation and comproportionation pathways 
are circumvented. Thereby this strategy enabled the formation of O-aryl esters from 
equimolar amounts of carboxylic acid and aryl halides. In contrast, for the (dtbbpy)NiBr2-
catalyzed reaction an excess of the carboxylic acid substrate is required to enhance the 
rate for ligand exchange and prevent unproductive comproportionation of NiI and NiIII. 
Our subsequent spectroscopic investigation of the novel ligand-free (no exogeneous 
dtbbpy-ligand) catalytic system revealed that during catalysis the bulk of NiII is present in 
the form of [Ni(Br)x(OBz)y], yet for catalysis an alkylamine base was essential. Therefore 
the catalytically active complex is likely a minor nickel complex where the base functions 
as ligand. For the reduction of the NiII-precursor, in the absence of aryl halides, we 
identified a NiI-NiII dimer as the reaction product. Moreover, this bimetallic complex was 
found to be reactive towards aryl bromides. 

In Chapters 2, 3 and 4 we performed spectroscopic, computational and kinetic studies to 
unveil the relationship between catalytic activity and structure of the in situ formed 
catalyst in direct esterification reactions. Our investigations show that catalytic 
performance is not solely determined by the Lewis acidity of the metal center. Ligands 
proved to play an important role in catalysis since they were found to function as an 
internal base and to form hydrogen bonds with substrates. Even ligands that are 
considered spectators have a distinct effect on the in situ formation of the active catalyst, 
as was demonstrated for the n-butyltin(IV) complexes, where the alkyl tail enforces a 
favorable seven-coordinate environment around the tin center. In the case of the 
titanium-based catalyst, the application of a multidentate ligand affords a catalyst that 
has a slight improved ability to withstand hydrolytic degradation. However, for these type 
of complexes the catalytic activity was generally lower because the ligand effectively 
shields the active metal center. Although it remains challenging to provide clear design 
rules for the development of novel Lewis acid catalyst based on abundant and non-toxic 
materials, we identified the following factors as requisite: 1) Lewis acidity of the metal 
center; 2) Facile ligand exchange reactions, hence a sterically uncongested metal center; 
3) Robustness of the catalyst, particularly the ability to withstand hydrolytic degradation.  
Similar to the preceding chapters, Chapter 5 provides fundamental insight into the 
catalytic cycle of an esterification reaction. Our studies uncover the competition between 
productive catalysis and deleterious off-cycle reaction pathways that exist for all 
fundamental elementary steps. These findings provide a better understanding of the 
commonly proposed self-sustained NiI/NiIII catalytic cycle and are therefore relevant to 
many nickel-catalyzed C-heterobond formation reactions. 
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Samenvatting 
De esterbinding is een belangrijke binding in organische moleculen die toepassing vinden 
als medicijnen, geurstoffen of plastics. Ondanks dat de directe koppelingsreactie van 
carbonzuren en alcoholen al meer dan een eeuw bekend is , is dit nog steeds de meeste 
gebruikte manier om de esterfunctionaliteit te synthetiseren. Deze chemische 
transformatie levert naast de gewenste esterbinding alleen water als bijproduct op. 
Echter, de ongunstige evenwichtscondities van deze reactie vragen om een overmaat van 
een van de reactanten of om dehydratatie van het reactiemengsel. Om 
(poly)esterificatieproducten te verkrijgen, vooral op industriële schaal, heeft dehydratatie 
via verdamping of azeotropische distillatie de voorkeur. Deze methode maakt het mogelijk 
om equimolaire reactanten te gebruiken maar vereist nog wel een hoge reactie 
temperatuur.  Daarom is het gebruik van een katalysator, die de reactietemperatuur kan 
verlagen en daarmee milde reactieomstandigheden mogelijk maakt, zeer gewenst. Sterke 
Brønstedzuren zijn goede katalysatoren in de directe esterificatiereactie, maar hun 
toepassing heeft ook nadelen omdat deze zuren zeer corrosief zijn en ongewenste 
zijreacties kunnen katalyseren. De Lewiszuren daarentegen zijn milder en katalyseren 
enkel de koppeling van alcoholen en carbonzuren. Vanwege deze gunstige eigenschappen 
zijn Lewiszure metalen intensief onderzocht als katalysatoren in de directe 
esterificatiereactie. Ondanks dat vele metaalzouten effectieve katalysatoren zijn, blijft het 
begrip van hun katalytische activiteit beperkt. Mechanistische studies worden bemoeilijkt 
door de transformatie die de katalysator ondergaat in het reactiemengsel doordat alle 
reactiecomponenten (carbonzuur, alcohol en ester) kunnen coördineren aan het 
Lewiszure metaal. Deze verandering van de katalysator resulteert niet alleen in 
metaalcomplexen met een  monomere structuur maar ook dimeren en clusters zijn 
bekend. Naast de directe (poly)esterificatiereactie hebben chemici een verscheidenheid 
aan reacties verkend die de esterbinding kunnen vormen. Een voorbeeld hiervan is de 
nikkel-gekatalyseerde vorming van een koolstof-zuurstofbinding uit een organische 
(pseudo)halide en een carbonzuur. Ook voor dit type reactie wordt het begrip van de 
katalytische cyclus gehinderd door vele zijreacties, bijvoorbeeld met de substraten, of 
(deactivatie)reacties. 

In dit proefschrift hebben we de structuur van verschillende katalysatoren opgehelderd 
en intermediairen bestudeerd om zo een beter begrip van de katalytische cyclus te krijgen. 
Deze kennis draagt bij aan de ontwikkeling van nieuwe efficiënte 
esterificatiekatalysatoren gebaseerd op veelvoorkomende en niet-giftige metalen. 
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In hoofdstuk 1 wordt een overzicht gegeven van verschillende Lewiszure homogene 
metaalkatalysatoren die in (poly)esterificatiereacties worden toegepast. Studies waarin 
getracht is de structuur van de katalysator op te helderen en onderzoeken die inzicht 
hebben geven in de katalystische cyclus worden besproken. Daarnaast worden nieuwe 
routes voor de synthese van de esterbinding behandeld met de nadruk op de nikkel-
gekatalyseerde koppelingsreactie tussen arylhalides en carbonzuren. 

In hoofdstuk 2 wordt een mechanistische studie naar titanium(IV)-gekatalyseerde directe 
esterificatiereacties beschreven. Doordat onderzoek naar de veelgebruikte 
titaniumalkoxides bemoeilijkt wordt door ongecontroleerde ligand-uitwisselingsreacties, 
hebben wij voor deze studie de titanium-aminotrifenolaat complexen geselecteerd. De 
combinatie van een tetradentaat ligand en Ti(iOPr)4 resulteerde in verschillende robuuste 
C3-symmetrische titaniumcomplexen met enkel een uitwisselbare isopropoxide groep in 
de apicale positie (Figuur 1). Tijdens de katalytische studie vonden we dat sterische hinder 
in de ortho-positie de katalyse vertraagd.  

 

Figuur S1. Synthese van titanium aminotrifenolaat complexen. 

Hierdoor is het titaniumaminotrifenolaat complex zonder sterische groep in deze positie 
de meest actieve katalysator, maar nog wel met een lagere activiteit dan Ti(iOPr)4. Op 
basis van in situ en stoichiometrische experimenten, concluderen we dat een 
amfoterische octahedraal titanium-aminotrifenolaat zuur/acetate complex de 
rusttoestand is tijdens katalyse. Op basis van kinetische experimenten en 
dichtheidsfunctionaaltheorie (DFT) berekeningen wordt een mononucleair 
reactiemechanisme voorgesteld. In dit mechanisme komen drie vereisten voor een 
actieve katalysator naar voren: de Lewiszuurgraad van het titanium(IV) metaal, gunstige 
waterstofbruginteracties tussen de reactanten en het ligand, en een Brønstedbasische 
groep die kan faciliteren bij protonoverdracht. 
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In hoofdstuk 3, hebben we n-butyltin(IV) complexen onderzocht onder katalytisch 
relevante condities met behulp van verschillende spectroscopische technieken (ATR-FTIR, 
119Sn NMR, 1H NMR). De uitzonderlijke activiteit van deze groep van 
(poly)esterificatiekatalysatoren wordt getoond in een modelesterificatiereactie. Hier 
hebben de mono-alkyl tin(IV) complexen een veel hogere activiteit dan andere op tin(IV) 
gebaseerde katalysatoren (zoals SnCl4 of Sn(OAc)4). Om de structuur in oplossing, van 
verschillende mono-alkyl tin(IV) complexen (polymerisch n-BuSnOOH en hexamerisch [n-
BuSn(O)OAc]6) op te helderen hebben we hun transformatie in azijnzuur bij verschillende 
temperaturen bestudeerd. Bij een verhoogde temperatuur (90 oC) vormen alle complexen 
het monomerische n-BuSn(OAc)3 (Figuur S2), terwijl bij een lagere temperatuur ook 
wateradducten van dit complex werden gevonden. In ethanol wordt het monomerische 
n-BuSn(OAc)3 complex gedeeltelijk omgezet in het dimerische (n-BuSnOAc2OEt)2 complex 
(Figuur S2). Voor een equimolair mengsel van azijnzuur en ethanol, ontstond er een 
evenwicht tussen het monomerische n-BuSn(OAc)3 en dimerische (n-BuSnOAc2OEt)2. 
Deze bevindingen laten zien, dat ondanks dat de stoichiometrische chemie van n-
butyltin(IV) carboxylaten wordt gedomineerd door de vorming van multinucleaire tin 
clusters, tijdens katalyse enkel monomerische en dimerische complexen aanwezig zijn in 
het reactiemengsel. Aanvullende DFT-berekeningen ondersteunen een mononucleair 
mechanisme, waar n-BuSn(OAc)3  en (n-BuSnOAc2OEt)2 complexen zijn die buiten de 
katalytische cyclus liggen, en het breken van de koolstof-zuurstofbinding de 
reactiesnelheidsbepalende stap is.  

 

Figuur S2. Reactie van mono-alkyltin complexen met azijnzuur en ethanol. 
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In hoofdstuk 4 wordt de reactiekinetiek van titanium en tin gekatalyseerde 
polyesterificatiereacties beschreven bij verschillende reactieomstandigheden. Bij 
oplosmiddelvrije condities (polyesterificatie van 1,6-hexaandiol en adipinezuur bij 170 oC 
met dehydratatie via verdamping) is de n-BuSnOOH katalysator bijzonder actief. Ook is er 
onder deze reactiecondities geen sprake van deactivatie van de n-BuSnOOH katalysator. 
Dit in tegenstelling tot de beide op titanium gebaseerde katalysatoren (Ti(OiPr)4  en Ti-
atrane complex) welke een vergelijkbare activiteit hadden als de reactie zonder 
metaalkatalysator. Naast onder oplosmiddelvrije condities hebben we dezelfde reactie 
uitgevoerd onder azeotropische condities (door de toevoeging van xyleen). Bij een 
reactietemperatuur van 140 oC heeft n-BuSnOOH nog steeds de hoogste activiteit maar in 
de initiële fase van de reactie (eerste 2 uur) heeft het Ti-atrane complex een hogere 
activiteit. Verhoging van de reactietemperatuur (naar 150 oC) gaf een effectieve 
azeotropische reflux over de gehele reactie waardoor de waterconcentratie in het 
reactiemengsel significant werd verlaagd. Onder deze condities was Ti(OiPr)4 de meest 
actieve katalysator en werd geen deactivatie van de katalysator waargenomen. Deze 
bevindingen laten zien dat katalytische activiteit sterk wordt bepaald door de robuustheid 
van de katalysator tegen hydrolytische degradatie. 

In hoofdstuk 5 onderzoeken we de koppelingsreactie van arylhalide en carbonzuren. Deze 
reactie is een voorbeeld van een lastig te vormen C-heteratoombinding,die mogelijk is 
geworden door nikkel-katalyse. Gelijk aan andere nikkel-gekatalyseerde protocollen voor 
de synthese van C-heteratoom bindingen, wordt ook deze reactie bemoeilijkt door 
reactiepaden buiten de katalytische cyclus. Om deze ongewenste zijreacties te 
onderdrukken zijn niet-equimolaire ratios van reactanten vaak vereist. Om inzicht te 
verkrijgen in de katalytische cyclus en zijreacties, hebben wij de nikkel-gekatalyseerde 
carboxylaat O-arylatie reactie uitgevoerd met en zonder de toevoeging van een exogeen 
2,2’-bipyridine-ligand. We laten zien dat voor de reactie in de afwezigheid van een 
exogeen ligand er gemakkelijke liganduitwisseling en reductieve eliminatie stappen 
bestaan (Figuur 3). Bovendien worden protodehalogenering en comproportionering als 
ongewenste zijreacties onderdrukt.  Dit in tegenstelling tot de (dtbbpy)NiBr2-
gekatalyseerde reactie waar een overmaat van het carbonzuur-substraat is vereist om de 
reactiesnelheid van ligand uitwisseling te verhogen en de onproductieve 
comproportioneringsstap van NiI met NiIII te voorkomen. Ons daaropvolgende 
spectroscopische onderzoek van het nieuwe ligandvrije (geen exogeen dtbbpy ligand) 
katalytische systeem laat zien dat tijdens katalyse het grootste gedeelte van NiII aanwezig 
is in [Ni(Br)x(OBz)y] als rusttoestand. Voor katalyse bleek echter de alkylamine-base 
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essentieel. Daarom wordt het katalytisch actieve complex waarschijnlijk gevormd door 
een kleine hoeveelheid van een nikkel complex waar de base als ligand functioneert. Voor 
de reductie van de NiII rusttoestand, in de afwezigheid van arylhalogenide, hebben wij een 
NiI-NiII dimeer als reactieproduct geïdentificeerd, welke ook arylbromides kon activeren. 

 

Figuur S3. Mechanistische hypothese voor nikkel-gekatalyseerde carboxylaat O-arylatie. 

In de hoofdstukken 2, 3 en 4 hebben we spectroscopische, computationele en kinetische 
studies uitgevoerd om de relatie tussen de katalytische activiteit en de structuur van de 
in situ gevormde katalysator in directe (poly)esterificatiereacties te onthullen. Ons 
onderzoek laat zien dat katalytische activiteit niet enkel wordt bepaald door de 
Lewiszuurgraad van het metaalcentrum. Liganden spelen een belangrijke rol tijdens 
katalyse omdat zij kunnen functioneren als interne base of waterstofbruggen kunnen 
vormen met de substraten. Zelfs liganden die traditioneel worden gezien als 
toeschouwers kunnen toch een effect hebben op de in situ vorming van de actieve 
katalysator. Zoals we laten zien voor de n-butyltin(IV) complexen waar de alkylstaart een 
gunstige zevengecoördineerde omgeving om het tinatoom forceert. Voor de op titanium 
gebaseerde katalysatoren geeft de toepassing van een multidentaat ligand een 
katalysator licht verhoogde stabiliteit tegen hydrolytische degradatie. Echter, voor dit 
type complex is de katalytische activiteit over het algemeen lager omdat het ligand het 
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actieve metaal centrum afschermt. Ondanks dat het een uitdaging blijft om heldere 
ontwerpregels voor de ontwikkeling van nieuwe Lewiszure katalysatoren gebaseerd op 
veelvoorkomende en niet-giftige metalen te geven, hebben we de volgende factoren 
geïdentificeerd als vereiste: 1) Een Lewiszuur metaalcentrum; 2) Gemakkelijke ligand-
uitwisselingsreacties, een sterisch ongehinderd metaalcentrum; 3) Robuustheid van de 
katalysator, specifiek het vermogen om hydrolytische degradatie te weerstaan.  
Gelijk aan de voorgaande hoofdstukken geeft hoofdstuk 5 fundamentele inzichten in de 
katalytische cyclus van een esterificatiereactie. Onze studie laat zien dat er competitie 
bestaat tussen productieve katalyse en ongewenste zijreacties voor alle fundamentele 
elementaire stappen. Deze bevindingen geven een beter inzicht in de vaak voorgesteld 
zelfvoorzienende NiI/NiIII katalytische cyclus en zijn daarmee relevant voor veel nikkel-
gekatalyseerde C-heteroatoom binding-vormende reacties. 
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