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Abstract: Chiral molecules are widely used in many fields of research and so practically simple, accurate methods
to measure their enantiopurities are required. This review’s initial focus is on one such method, the Bull-James
assembly, which employs a three-component protocol combining 2-formylphenyl boronic acid, an amine, and a
diol to self-assemble diastereomeric iminoboronate ester (IBE) complexes whose ratio can be used to measure
the ee's of amine and diol analytes using 1H and 19F NMR spectroscopic analysis. Examples where this
supramolecular IBE assembly approach has been adapted to determine the ee of a range of analytes using other
analytical techniques such as circular dichroism, fluorescence, and electrochemistry that are potentially applicable
to high-throughput ee analysis are also discussed. Selected examples where this orthogonal self-assembly process
has been used as a platform technology to construct boracyles, chiral auxiliaries/ligands, synthesise intelligent
polymers/hydrogels, and prepare labelled peptides/proteins/biomolecules are also be discussed.
Abbreviations: 2-FPBA: 2-formylphenyl boronic acid; IBE: iminoboronate ester; IB: iminoboronate; CDA: chiral
derivatizing agent; 2-APBA: 2-acetlyphenylboronic acid
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Introduction
This review describes the many applications of a three-component self-assembly reaction that occurs when an
amine, a diol, and a 2-formyl-phenyl boronic acid (2-FPBA) template are mixed together to afford stable
iminoboronate ester (IBE) complexes. Development of this versatile supramolecular methodology has been
pioneered in the Bull and James groups at the University of Bath (UK) over the last two decades, with its
widespread use by numerous research groups for different supramolecular applications resulting in this type of
reaction now being termed the “Bull-James assembly”. To date, this self-assembly methodology has found a wide
range of applications, including: use as chiral derivatization agents (CDAs) for determining the enantiomeric excess
(ee) of a range of chiral analytes using NMR, optical and electrochemical techniques; as a supramolecular selfassembly reaction to produce boracycles, chiral auxiliaries and ligands for stereoselective synthesis, and new types
of polymers and stimuli-responsive materials; and as the basis of “click” chemistry methodology for
modifying/functionalising peptides and proteins.
The Bull group have had an interest in the development of asymmetric methodologies for the synthesis of chiral
amines for many years, and have often needed to determine the ee of new types of chiral amines containing single
stereocenters.[1–6] One approach that they have commonly employed involves reaction of a scalemic amine with
a CDA such as Mosher’s acid chloride (expensive, moisture sensitive, multiple steps) to afford diastereomeric
amide derivatives whose diastereomeric ratio (dr) can then be determined by NMR spectroscopic analysis.[7,8]
Alternatively, the ee’s of these chiral amines (or their derivatives) have been determined using chiral HPLC
analysis. The range of structures and functional groups present in the chiral amines meant that different CDAs or
multiple expensive chiral HPLC columns often needed to be screened before a suitable system was identified for
each different class of amine.[9,10] Therefore, the Bull group were interested in identifying a practically simple,
cheap, and rapid CDA approach that could be used to rapidly analyse the ee values of a wide range of chiral amines
using NMR spectroscopic analysis.
The James group have been interested in chemical sensing and supramolecular chemistry for many years, having
developed a wide range of self-assembled fluorescent sensors that employ reversible binding of boronic acids
(planar sp2 boron) to diol fragments to produce boronate ester complexes (tetrahedral sp3 boron) to induce a
change in fluorescence response (Scheme 1a).[11–16] They have described that ortho-aminomethylphenylboronic
acid sensors are particularly effective for the fluorescence, optical, and electrochemical sensing of sugars, with
this class of sensors finding recent commercial application for continuous monitoring of glucose levels in critical
care patients.[17,18] Diol complexation in this class of sensors is favoured by the presence of the proximal Lewisbasic tertiary amino group,[19] which bind to the boron centre to produce stable intramolecular amino-boronate
ester complexes. Orthogonal binding of both the diol analyte and the amine to the boron centre occurs in a
cooperative manner, with complexation of the diol producing a boronate ester with a more Lewis acidic sp2 boron
centre, and the intramolecular N→B interaction increasing the overall stability of the complex. Complexation of
these types of aminoboronic acid sensors to diols in aqueous/alcoholic media has been shown to produce solventinserted aminoboronate complexes, whose formation results in fluorescence “turn-on” through elimination of
“loose-bolt” internal conversion quenching of the fluorescence of the parent boronic acid probe (Scheme
1b).[20,21] The versatility and strength of this type of aminoboronic acid complexation process has been exploited
to produce many sensors for the fluorescence detection of a wide range of diols and sugars, as well as sensors for
pH, anion and reactive oxygen species sensing (Scheme 1c).[11] The added stability of this type of aminoboronate
ester complexes has also been used as the basis of supramolecular assemblies for the generation of a wide range
of hydrogels, boronic acid appended porphyrins, amphiphiles, polymers and covalent organic
frameworks.[14,22,23]
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Scheme 1: (a) Rapid complexation of a boronic acid with a vicinal diol reversibly affords a cyclic boronate ester. (b) Complexation of a diol
to a non-fluorescent o-aminomethylphenylboronic acid sensor in water or an alcohol solvent results in formation of a solvent-inserted
fluorescent boronic ester complex. Diol binding results in fluorescence “turn-on” due to elimination of a “loose-bolt” effect that causes
internal conversion quenching of the fluorescence of the uncomplexed boronic acid probe. (c) Representative o-aminomethylphenylboronic
acid glucose/diol sensors developed by the James group.

Nomikai-inspired[24] conversations during a research trip to Japan in 2002[25] led James and Bull (and Arimori –
PDRA in the groups) to realise that this type of boronate ester complexation chemistry could be exploited to
develop a simple three-component protocol for determining the enantiopurity of chiral amines (and diols). Our
simple idea was to react an achiral bifunctional template that contained a boronic acid and a proximal aldehyde
group (purple) with a chiral 1,2-diol (blue) and a scalemic amine (red) to selectively afford a pair of diastereomeric
IBE complexes, whose dr could then be determined through integration of pairs of diastereomeric signals in their
1
H NMR spectrum. So long as no kinetic resolution occurred during the derivatisation process, this dr value would
be an accurate reflection of the ee of the parent scalemic amine. Moreover, the orthogonal three-component
nature of the protocol meant that it would be easy to adapt this derivatisation approach to determine the ee of
chiral diols (and other chiral analytes) (Scheme 2).

Scheme 2: Design principles for a three-component derivatisation protocol to produce an IBE-based CDA for determining the ee of a
scalemic amine.

Discovery and structural features of the Bull-James assembly
Discovery of the Bull-James assembly CDA for determining the ee of amines
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A review of the literature revealed a promising report by Dunn et al.,[26] who had described the stepwise synthesis
of stable IBEs based on imine condensation of 2-FPBA 1[27] with aniline 2 to afford an iminoboronic acid 3
intermediate that was then reacted with catechol to afford iminoboronate ester 4 (Scheme 3). This precedent
indicated that reaction of 2-FPBA 1 with a chiral diol and a scalemic amine could be used as the basis of a threecomponent derivatisation protocol for determining the ee of chiral amines, as outlined in Scheme 2.

Scheme 3: Stepwise three-component self-assembly of an achiral IBE complex 4 by Dunn et al.

This three-component assembly concept was initially investigated by mixing 2-FPBA 1, (S)-BINOL 5 and (rac)-4methoxy-α-methylbenzylamine 6a in CDCl3 with 4 Å molecular sieves to drive the condensation reactions to
completion. To our delight, this reaction led to quantitative formation of a 50:50 mixture of the diastereomeric
IBE complexes (α-S,S)-7aa and (α-R,S)-7ba within 5 min (Figure 1a),[28] with complexation reactions of scalemic
4-methoxy-α-methylbenzylamine 6a of known ee indicating that no kinetic resolution was occurring. Examination
of the 1H NMR spectra revealed that the ee's of scalemic amines could be easily determined by integration of
corresponding pairs of 1H NMR resonances originating from each of the IBE diastereomers that were formed.
Resonances for the imine (black), α-methine (red), p-methoxy (green), and α-methyl (blue) proton resonances of
each diastereomer were fully baseline-resolved, exhibiting relatively large chemical shift differences ∆δH values of
0.11-0.21 ppm (Figure 1b). The presence of multiple well-resolved diastereomeric peaks in these 1H NMR spectra
enabled the integral ratios of multiple pairs of diastereomeric resonances to be used to accurately measure high
ee values (>95 % ee), thus minimising any risk of inaccuracy caused by baseline noise or the presence of impurities
(Figure 1b).
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Figure 1: (a) Three-component assembly of 2-FPBA 1, (S)-BINOL 5 and (rac)-4-methoxy-α-methylbenzylamine 6a and observed ∆δH’s. (b)
Expanded 1H NMR (500 MHz, CDCl3) spectra of diastereomeric complexes produced from reaction of 2-FPBA 1 with (S)-BINOL 5 and (S)-6a
of 0, 80, 90, 95 and 98% ee.

This three-component derivatisation reaction was attractive from a practical standpoint, as it was moisture
tolerant, employed cheap, commercially available, bench-stable reagents, and proceeded rapidly at room
temperature (5 min) in an NMR solvent with no need for reaction workup or purification. Moreover, it produced
diastereomeric IBEs whose 1H NMR spectra exhibited multiple pairs of baseline-resolved diastereomeric proton
resonances with a large ∆δH, which meant that their dr could be analysed using low field NMR spectrometers (e.g.
250 MHz). Furthermore, the imine signals appeared in a region of the 1H NMR spectrum that was well removed
6

from any other resonances, thus limiting the risk of overlapping peaks resulting in inaccurate integration values.
These initial results indicated that this self-assembling CDA stood a strong chance of being applicable for
determining the ee of a wide range of chiral amines, with its combinatorial three-component nature affording the
opportunity to change the chiral diol component used for derivatisation to maximise the signal resolution of pairs
of diastereomeric peaks as required (vide infra). The modular nature of this CDA also afforded the opportunity to
use an enantiopure amine as a chiral reporter to analyse the ee of chiral diols or any other chiral analyte that might
show orthogonal reactivity for either the boronic acid or formyl groups of the 2-FPBA template.[22]

Structural and mechanistic features of IBE complex formation
Since our initial report describing the use of this three-component method to determine the ee's of amines,
significant structural and mechanistic work has been carried out to understand the efficiency of the selfassembling pathways leading to formation of these stable IBE complexes. X-ray crystallographic analysis of the
diastereomeric IBEs (-S,S)-7ab and (-R,S)-7bb[29] produced in the three-component assembly reaction of (S)BINOL 5, 2-FPBA 1 and enantiopure α-methylbenzylamine 6b (Figure 2) revealed N-B distances of 1.656 Å and
1.642 Å respectively, clearly indicating the presence of strong N→B coordination bonds that confer structural
rigidity. This was further confirmed by 11B NMR spectroscopy which revealed upfield ‘tetrahedral boron’ signals
for both complexes. This rigidity leads to the benzylic C-H bonds being positioned directly above the boronate
centres to minimise steric interaction with the BINOL ligand. Differences in the 1H NMR chemical shifts of the methyl protons of the diastereomers can be explained by the homochiral complex (α-S,S)-7ab experiencing
anisotropic shielding effects from the BINOL naphthyl moiety that are not present in the heterochiral (-S,R)-7bb
complex. Similar variations in local anisotropic shielding effects between diastereomeric complexes are
responsible for the different chemical shifts of multiple pairs of diastereomeric proton resonances observed in the
1
H NMR spectra. The ease of crystallisation of Bull-James-assembled IBEs also provides the opportunity to
determine the absolute configuration of a chiral amine (or diol) analyte through X-ray crystal analysis of a
diastereomerically pure IBE complex prepared from a chiral diol (or amine) of known absolute configuration.

Figure 2: X-ray crystal structures of IBEs (α-S,S)-7ab and (α-R,S)-7bb.

A simplified achiral three-component system using 2-FPBA 1, catechol, and benzylamine 8 was used to explore
the mechanism and kinetics of the stepwise formation of these self-assembled IBE complexes.[30] 1H and 11B NMR
spectroscopic analysis of two- and three-component reactions in acetonitrile-d3 (improved solubility of
reagents/products) revealed the presence of a multistep reaction pathway leading to complex formation (Scheme
4). These studies revealed that the 2-FPBA 1 template exists in equilibrium with its corresponding borate 1’ and
benzoxaborole 1’’ species, with strong intramolecular binding of a lone-pair of its aldehyde group to the boron
centre, activating the aldehyde towards nucleophilic attack.[31,32] Reaction of the aldehyde with an amine
produces hemi-aminals 9’ and 9’’ that then eliminate water to produce iminoboronic acid 10. Subsequent addition
of catechol then leads to formation of the desired achiral iminoboronate complex 11. Interestingly, a small amount
of the (Z)-imine (Z)-10 (no intramolecular N→B coordination) was observed in the two-component complexation
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reaction, which is consumed through equilibration to (E)-IBE 10 upon addition of catechol. Similar reaction
pathways and intermediates have been suggested and observed by others, including important works by
Sporzyński and Yatsimirisky.[33–35]

Scheme 4: Stepwise mechanism of the three-component assembly of 2-FPBA 1, benzylamine 8 and catechol in CD3CN.

In order to further evaluate the nature of the self-assembly processes operating in these complexation reactions,
the observed binding constants for each individual two- and three-component assembly step in methanol were
calculated (Scheme 5). These data clearly revealed that guest binding of the diol and amine to the 2-FPBA host is
a cooperative process, as demonstrated by the dramatic increase in binding affinities when moving from two- to
three-component assemblies. This difference in reactivity was observed when catechol binds to the boron centre,
as equimolar mixtures of the diol and 2-FPBA 1 did not lead to quantitative formation of formyl boronate ester 12
(K2 = 112 M-1), whereas addition of catechol to iminoboronic acid 10 strongly favoured formation of
iminoboronate ester 11 (K3 = 2.45 x 103 M-1). Similarly, addition of benzylamine to boronate ester 12 to give
iminoboronate ester 11 (K4 = 2.40 x 104 M-1) was more favoured than addition of benzylamine to 2-FPBA 1 to afford
imine 10 (K1 = 1100 M-1) by an order of magnitude. This further confirms that the strength of binding of the diol to
the boron centre to produce a boronate ester complex is increased by the presence of a proximal imine
functionality (and vice versa). These complexation results are consistent with results reported by Gillingham et al.
to explain the efficiency of bioorthogonal iminoboronate complexation reactions (vide infra), as well as
explanations provided to explain the reaction pathways present in analogues of o-aminomethylphenylboronic acid
complexes.[36–38]
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Scheme 5:Observed binding constants for intermediates generated in the three-component assembly reaction of 2-FPBA 1, benzylamine 8
and catechol in CD3OD.

Three-component assembly for determining ee by NMR spectroscopic analysis
Primary amines
The optimal conditions (enantiopure BINOL, CDCl3, 4 Å molecular sieves, 5 min) that were established to
determine the ee of 4-methoxy-α-methylbenzene 6a have been applied to determine the enantiopurities of a wide
array of primary chiral amine analytes (Scheme 6).[28] This derivatisation approach shows good scope, affording
a series of diastereomeric IBEs 7 whose 1H NMR spectra all exhibited at least one pair of well-resolved
diastereomeric signals that could be integrated to determine their dr’s. Complexation using scalemic samples
confirmed that none of these chiral amines underwent any kinetic resolution (or epimerisation) during the
derivatisation process, thus allowing this new CDA to be used to accurately measure the ee’s of a wide range of
chiral amine analytes. Interestingly, this derivatisation method was found to be effective for analysing the ee of
primary amines containing remote stereocenters up to 5 carbon atoms removed from the complexed amino
group, whilst direct analysis of chiral ammonium salts could be achieved through incorporation of Cs2CO3
(1.1 equiv.) as a base for neutralisation. A subsequent report by Urriolabeitia and co-workers described that
derivatisation of enantiopure phenylglycine methyl ester salts (more labile α-stereocenter) resulted in formation
of mixtures of diastereoisomeric IBEs when derivatisation reactions were left for extended periods of time
(> 1 h).[39] We subsequently solved this racemisation issue by switching the base used for amine salt
neutralisation from Cs2CO3 to less-soluble K2CO3, which allowed racemisation-free derivatisation of chiral amine
salts containing potentially labile stereocenters to be carried out.[40]
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Scheme 6: Three-component assembly reaction of 2-FPBA 1, (S)-BINOL 5 and (rac)-amines 6 to afford diastereomeric IBEs with 1H NMR
(300 MHz, CDCl3) ∆δH values quoted for selected pairs of diastereomeric resonances.

Since our initial report, this CDA method has been published as a general procedure in Nature Protocols,[41] and
been used by the Bull group to validate the enantioselectivities of a number of new asymmetric methods for the
production of chiral amines. Their first application was to confirm the enantiopurities of (R)-[α-2H]-phenylalanine
methyl esters generated by alkylation of the aza-enolate of deuterated Schöllkopf’s bis-lactim ether 13 (Scheme
7).[42] This CDA method has also been used to confirm the enantiopurities of α- and β-amino esters 14 and 15
prepared using asymmetric Strecker (Scheme 8) and enantioselective aza-conjugate addition reactions,
respectively (Scheme 9).[40,43] It has also been used to confirm the enantiopurity of a chiral α-methylbenzylamine intermediate (R)-16 that was used for the synthesis of a chiral ligand for the preparation of a pseudo-C3symmetric titanium alkoxide propeller-like complex (Scheme 10).[44]

Scheme 7: Three-component CDA method (using enantiopure (R)-BINOL) used to determine the ee’s of -deuterated--amino esters 13
produced in asymmetric enolate alkylation reactions.
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Scheme 8: Three-component CDA (using enantiopure (S)-BINOL) used to determine the ee’s of α-arylglycines 14 produced in asymmetric
Strecker reactions.

Scheme 9: Three-component CDA (using enantiopure (R)-BINOL) used to determine the ee’s of tert-butyl β-amino esters 15 produced in
enantioselective aza-conjugate addition reactions.
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Scheme 10: Three-component CDA (using enantiopure BINOL) used to determine the ee of a tetradentate amine ligand (R)-16 used to
prepare an enantiopure ‘propeller-like’ pseudo-C3-symmetric titanium alkoxide.

Other research groups have also used the Bull-James assembly to determine the ee of amines produced in various
stereoselective protocols. Duggan et al., for instance, reported a novel synthesis of aliphatic α,α-difluoro-β3-amino
esters 17 through addition of zinc enolates to chiral phenylglycine-derived imines (Scheme 11),[45] with the threecomponent CDA approach then used to demonstrate that the N-Boc-deprotected amine products had ee’s of 8092%. The ee of a chiral allyl amine intermediate 18, produced in an enantioselective Overman-rearrangement that
was used to synthesise a transaminase BioA inhibitor (potential antitubercular agent), was also measured in this
manner (Scheme 12).[46]

Scheme 11: Three-component CDA method (using enantiopure (S)-BINOL) used to determine the ee of an α,α-difluoro-β3-amino esters 17
prepared using a sonocatalyzed Reformatsky reactions.
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Scheme 12: Three-component CDA method (using enantiopure BINOL) used to determine the ee of a chiral allylamine 18 produced in an
enantioselective Overman rearrangement reaction.

The Anslyn group have also employed NMR spectroscopic analysis of three-component IBE assemblies to
benchmark the ee’s of amine analytes. These amines were subsequently used to develop a new CD method for
high-throughput ee determination based on formation of diastereomeric chiral copper complexes that produce
different metal-to-ligand charge transfer (MLCT) bands in the visible region of the CD spectrum (Scheme 13).[47]

Scheme 13: Three-component analysis used to benchmark the ee’s of chiral amines used to develop a MLCT CD assay for high-throughput
determination of the ee's of primary amines (using (S)-BINOL).

Suryaprakash et al. have reported the use of the chiral diol fragments of RNA nucleosides as chiral selectors for
determining the ee of a small range of amines,[48] as shown for the complexation reaction of guanosine, 2-FPBA
1 and α-methyl-benzylamine 6b to produce the diastereomeric complexes 19a and 19b shown in Scheme 14.
These complexation reactions required more forcing reaction conditions (DMSO, 110 oC) to proceed to
completion, and whilst the structural complexity of these diastereomeric IBEs afforded multiple resolved
resonance pairs, 800 MHz 1H NMR spectra were required to fully resolve them all.
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Scheme 14: Three-component assembly of 2-FPBA 1, guanosine, and (rac)-α-methylbenzylamine 6b. Pairs of diasteromeric protons that
exhibited resolved resonances in a 800 MHz 1H NMR spectrum are shown in red.

Fossey and co-workers have exemplified the experimental simplicity and reproducibility of this NMR derivatisation
protocol by successfully using it as the basis of a research-informed undergraduate teaching class that was used
to train a cohort of > 100 2nd year undergraduate students at the University of Birmingham (UK).[49] An optimised
iminoboronate protocol using 2-FPBA 1, (R)-BINOL 5, and α-methylbenzylamine 6b was used as an educational
tool to introduce the students to the principles of dynamic covalent supramolecular chemistry and methods of
determining the enantiopurities of chiral molecules, whilst reinforcing their knowledge of carbonyl condensation
chemistry and fundamental Lewis acid/base coordination processes.

Diamines
The Bull-James CDA protocol was then applied to determine the ee's of two widely used trans-diamines: 1,2diphenylethane-1,2-diamine 20 and trans-cyclohexane-1,2-diamine 21.[50] Reaction of diamine (rac)-20 with (R)BINOL 5 and 2-FPBA 1 resulted in the formation of a pair of diastereomeric imidazolidines (R,R,R)-22a and (R,S,S)22b ,[51–53] which exhibited well-resolved pairs of diastereomeric signals for the amino (red) and benzylic (blue)
protons proximal to their BINOL fragments being observed in their 1H NMR spectra (Scheme 15).[50].
Furthermore, these diastereomeric IBE complexes were found to be stable enough for N-H deuteration by addition
of D2O, which resulted in simplified 1H NMR spectra that enabled more accurate determination of dr’s.

Scheme 15: Three-component assembly of 2-FPBA 1, (R)-BINOL 5 and (rac)-trans-diphenylethylenediamine 20 to produce a pair of
diastereomeric imidazolidine boronate esters 22 with 1H NMR (500 MHz, CDCl3) ∆δH of selected resonances.
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Unfortunately, applying this CDA approach to trans-cyclohexane-1,2-diamine 21 proved unsuccessful, with its
derivatisation with (S)-BINOL 5 and 2-FPBA 1 producing a mixture of products (Scheme 16). Although the
heterochiral imidazolidine complex (S,R,R)-23b proved stable, increased steric demands within the homochiral
complex resulted in formation of a dynamically equilibrating mixture of imidazolidine (S,S,S)-23a and its
corresponding imine (S,S,S)-23a’. A simple solution to this problem was achieved, through N-Boc-protection of the
parent diamine 21 to afford mono-N-Boc-diamine 24, which then underwent IBE derivatisation to afford the
desired mixture of IBE diastereomers in the usual manner.

Scheme 16: Three-component derivatisation of 2-FPBA 1, (S)-BINOL 5 with (rac)-trans-cyclohexane-1,2-diamine 21 and (rac)-N-Boc-transcyclohexane-1,2-diamine 24 with 1H NMR (400 MHz, CDCl3) ∆δH of selected resonances.

Amino alcohols
Attempts to apply the CDA methodology to 1,2-amino-alcohols proved similarly problematic, with assembly of (S)phenylglycinol 25, 2-FPBA 1 and (S)-BINOL 5 producing complex equilibrating mixtures of products (Scheme 17),
including the desired IBE 26, oxazolidine boronate ester 27 and a larger polyboracycle 28.[54] Once again, the
problems caused by these competing complexations could be solved using a protection strategy, with O-silylation
of the problematic alcohol functionality prior to assembly resulting in the three-component complexation
proceeding smoothly to give the desired diastereomeric IBEs. A simple diol screen revealed that the best results
were obtained when BINOL was substituted by (rac)-(syn)-methyl 2,3-dihydroxy-3-phenylpropionate 29, which
was subsequently employed for the successful three-component derivatization of ten enantiopure O-silyl amino
alcohol analytes 30.
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Scheme 17: (a) Problematic three-component assembly of (S)-phenylglycinol 25, 2-FPBA 1 and (S)-BINOL 5. (b) Three-component
derivatisation of 2-FPBA 1, (rac)-29 and O-silylated 1,2-amino alcohols 30 with 1H NMR (400 MHz, CDCl3) ∆δH of selected resonances.

Hydroxylamines
Bull-James assembly of hydroxylamines 31 with 2-FPBA 1 and (rac)-BINOL 5 in the presence of Cs2CO3 as base gave
mixtures of diastereomeric nitrono-boronate esters 32 (Scheme 18).[55] Unlike amines, which form fivemembered IBEs containing a relatively labile intramolecular N→B bond, hydroxylamines gave more stable
diastereomeric six-membered nitrono-boronate ester complexes whose formation was favoured by both strong
N-O and O-B bonds.[26,56] These structures were confirmed by X-ray crystallography of (α-S, R)-32bf, which
revealed a bicyclic assembly containing a coplanar zwitterionic -C=N+-O-B— arrangement (Figure 3), which
produces a rigid ring system that produces relatively large chemical shift differences for selected pairs of
diastereomer resonances (up to 0.242 ppm) in their 1H NMR spectra.
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Scheme 18: Three-component assembly of 2-FPBA 1, (rac)-BINOL 5, and hydroxylamines 31 to form diastereomeric nitrono-boronate ester
complexes 32a and 32b with 1H NMR (500 MHz, CDCl3) ∆δH of selected resonances.

Figure 3: X-ray crystal structure of (α-S, R)-32bf, from (S)-4-chloro-α-methylbenzylamine 31f.

Sulfinamides
Chiral sulfinamides (primarily Ellman’s and Davis’) are widely used as chiral auxiliaries and ligands to control
stereoselectivities in a wide range of asymmetric reactions. These sulfinamides are normally prepared in
enantiopure form via either classical resolution of their corresponding racemates or stereoselective synthesis,
which means that robust methods are required to accurately determine their enantiopurities. Application of
standard Bull-James complexation conditions to these sulfinamides proved unsuccessful, with their less
nucleophilic nitrogen atoms only affording small amounts of the desired sulfiniminoboronates, regardless of
reaction conditions or additives employed. Consequently, a stepwise ‘one-pot’ two-component protocol was
developed based on initial reaction of 2-FPBA 1 with a sulfinamide 34 to afford a sulfiniminoboronic acid
intermediate 35, whose boronic acid fragment was then reacted with pinanediol 36 to afford the desired
sulfiniminoboronate ester complexes 37 (Scheme 19).[57] This stepwise protocol was successfully applied to 8
racemic sulfinamides, which resulted in baseline-resolved imine signals for their diastereomeric IBEs in their 1H
NMR spectra in all instances, with no evidence of kinetic resolution.
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Scheme 19: Stepwise three-component assembly of 2-FPBA 1, (1R,2R,3S,5R)-pinanediol 36 and (rac)-sulfinamides 34 with 1H NMR
(500 MHz, CDCl3) ∆δH of selected resonances.

Diols
The role of analyte and chiral reporter in the three-component CDA are broadly interchangeable, and so the BullJames assembly has also been adapted to determine the ee’s of chiral 1,2- and 1,3-diol analytes through use of an
enantiopure amine chiral reporter (Scheme 20).[58] α-Methylbenzylamine (S)-6b was chosen as a cheap readily
available chiral amine reporter for reaction with 2-FPBA 1 and a range of racemic chiral diols 38, which produced
diastereomeric complexes (α-S,S,S)-39a and (α-S,R,R)-39b, which exhibited one or more baseline-resolved pairs of
signals for their IBE diastereomers in their 1H NMR spectra.

Scheme 20: Three-component assembly using 2-FPBA 1, (S)-α-methyl benzylamine 6b and (rac)-diols 38 with 1H NMR (300 MHz, CDCl3) ∆δH
of selected resonances.

This method has also been published as a detailed general procedure in Nature Protocols,[59] and has
subsequently been applied to determine the ee of a range of chiral 1,2-diols by a number of research groups. One
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elegant example is the work by Watkins et al., who employed the CDA (using (S)-α-methylbenzylamine 6b) to
determine the ee’s of a range of chiral furan and thiophene diols (40 and 41, respectively) prepared using Sharpless
enantioselective ADmix dihydroxylation methodology, that were used for the first stereoselective synthesis of (+)armillariol C 40a (Scheme 21).[60] Inoue et al. used enantioselective dihydroxylation reactions of α,-unsaturated
esters to prepare both enantiomers of syn-diol 42 (shown for ADmix-), whose -stereocenters were then
inverted in two steps via cyclic organosulfate intermediates to afford their corresponding anti-diols. The
enantiopurities of all four diol stereoisomers were determined as 96-99% ee using three-component chiral
derivatization (using -methylbenzylamine 6b), with these stereoisomers then transformed into the four
corresponding stereoisomers of resolvin E3 (Scheme 22).[61] Similarly, this CDA approach has been used to
determine the enantiopurity of diol 43 (90% ee, single stereocenter, using both (R)-and (S)-6b) that was also
produced in an enantioselective dihydroxylation reaction and subsequently used to prepare 3-oxo and 3βhydroxytauranin (Scheme 23).[62]

Scheme 21: Three-component CDA method (using enantiopure (S)--methylbenzylamine) used to determine the ee of both enantiomers
of armillariol C and analogues 41 that were produced using a Sharpless asymmetric dihydroxylation reaction.

19

Scheme 22: Three-component CDA method (using enantiopure -methylbenzylamine) used to determine the ee's of syn- and anti-diols 42a
& 42b that were subsequently used to synthesis all four possible stereoisomers of resolvin E3 (shown for ADmix-).

Scheme 23: Three-component CDA method (using enantiopure (R)- and (S)--methylbenzylamine) used to determine the ee of diol 43 that
was subsequently used for total syntheses of 3-oxo- and 3β-hydroxytauranin.

Chopard et al. have used the three-component CDA to determine the enantiopurities of cis-diols 44 and 45,
produced from the microbial cis-dihydroxylation of naphthalenes and pyridinones. In this instance, the chiral
amine reporter used for derivatisation was optimised, which identified phenylglycine tert-butyl ester 46 as the
chiral reporter that gave diastereomeric IBEs with the best ∆δH values (Scheme 24).[63]
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Scheme 24: Three-component assembly for determining the enantiopurity of a cis-diol arene using phenylglycine tert-butyl ester 46 and 2FPBA 1 with 1H NMR (250 MHz, CDCl3) ∆δH of selected resonances.

The three-component CDA was also used to measure the ee’s of cis-diols 47 and 48 produced in Sharpless
dihydroxylations reactions by Anslyn et al. (Scheme 25). The ee’s of these diols were then used to benchmark
indicator displacement UV-Vis assays for the high-throughput determination of yields and enantioselectivities of
Sharpless dihydroxylation reactions, using reversible host/guest assemblies based on an oaminomethylphenylboronic acid sensor, in which the UV-VIS signal intensity is directly determined by the ee and
concentration of the analyte.[64,65]

Scheme 25: Indicator displacement assay used for UV-Vis and colorimetric determination of enantioselectivity and yield of cis-diols 47 and
48 produced in Sharpless dihydroxylation reactions.

The Bull group have applied the CDA method to determine the ee of a range of chiral 1,3-diols 49 synthesised in
moderate to good ee by tandem hydroboration/reduction of β,γ-unsaturated esters (Scheme 26).[66] The threecomponent assembly CDA has also been used by Herzon et al. to determine the ee of 1,3-diol 50 (92%) that was
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synthesised by catalytic reductive hydration of a chiral alkynylsilane by sequential hydration/hydrogenation using
a novel half-sandwich ruthenium complex and formic acid (Scheme 27).[67]

Scheme 26: Three-component CDA method (using enantiopure (S)--methylbenzylamine) used to measure the ee’s of chiral 1,3-diols 49
formed in tandem chiral borane-mediated asymmetric hydroboration/reduction reactions of β,γ-unsaturated esters.

Scheme 27: Three-component CDA (using enantiopure -methylbenzylamine) to measure the ee of a 1,3-diol 50 formed in a stereoselective
reductive hydration reaction of an alkynyl alcohol catalysed by a half-sandwich ruthenium complex.

The three-component CDA has also been used to assess the enantiopurity of polymers containing diol fragments,
with Kressler et al. reporting its application to determine the enantiopurities of poly(glycerol methacrylate)s
(PGMAs, 51) that were prepared from enantiopure solketal methacrylate monomers using atom transfer radical
polymerization (ATRP) reactions.[68] Enantiopure and racemic polymer chains were derivatised with αmethylbenzylamine 6b and 2-FPBA 1 in DMSO-d6, to afford mixtures of iminoboronates (α-S,S)-52a and (α-S,R)52b that exhibited several pairs of distinct diastereomeric resonances in their 1H NMR spectra (Figure 4). Peak
broadening caused by the polymeric backbone meant that baseline resolution was not observed, however the
∆δH’s of the polymer’s methine, exo methylene and endo methylene proton signals (aH, bH, cH, respectively) were
sufficiently different to enable qualitative assessment of the enantiopurity and absolute configurations of the
PGMA side-chains of these polymers.
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Figure 4: (a) Bull-James assembly used for derivatisation of the diol side-chain of poly(glycerol methacrylate)s 51. (b) Inset of 1H NMR
(400 MHz, DMSO – d6) spectra showing chemical shift variation of aH, bH and cH resonances of complexes of (S)-PGMA (red), (R)-PGMA
(blue) and (rac)-PGMA (black). Reproduced from ref. [68] with permission from Elsevier.

Hydroxyacids and diacids
The groups of Chaudhari and Suryaprakash have also expanded the scope of the Bull-James assembly CDA by
demonstrating that it could be used to determine the enantiopurities of hydroxyacids 53/54 and 1,4-diacids
55.[69–71] Treatment of (rac)-α-hydroxyacids (Scheme 28a) and (rac)--hydroxyacids (Scheme 28b) with 2-FPBA
1 and α-methylbenzylamine 6b in MeOD–d4 resulted in mixtures of diastereomeric iminoboronate esters which
showed modest to excellent ∆δH (0.04-0.65 ppm) values in their 1H NMR spectra. As in previous reports, the role
of analyte and reporter in these IBE complexes was found to be interchangeable, and so corresponding use of an
enantiopure hydroxyacid could be used to determine the ee of scalemic amines.
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Scheme 28: Three-component CDA for determining the enantiopurities of (a) α-hydroxyacids 53; and (b) β-hydroxyacids 54 with 1H NMR
(400 MHZ, MeOD – d4) ∆δH of selected resonances.

This methodology was optimised further to improve resolution and sensitivity, with the chiral amine reporter used
for IBE complex formation changed from α-methylbenzylamine 6b to axially chiral diamine BINAM 56.[71] Threecomponent assembly of α-hydroxyacids 53, 2-FPBA 1 and BINAM 56 produced diastereomeric IBEs which exhibited
excellent chemical shift differences for pairs of diastereomeric resonances in their 1H,13C{1H} and 11B NMR spectra
(Scheme 29). Interestingly, the excellent chiral discrimination produced in this self-assembled system resulted in
chemical shift differences being observed in an IBE complex derived from achiral substrate glyconic acid, which
exhibited a ∆δH = 0.04 ppm value for the prochiral α-protons of its IBE complex.
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Scheme 29: Three-component CDA for determining the enantiopurities of hydroxyacids 53 using 2-FPBA 1 and BINAM 56 with selected 1H
NMR (400 MHz, CDCl3) ∆δH of selected resonances.

Simple conformational models of the IBE complexes formed in these systems were developed, allowing the
absolute configuration of hydroxyacids to be predicted using either BINAM 56 or α-methylbenzylamine 53 as a
chiral reporter.[72,73] Following benchmarking, analysis of the relative signs of the ∆δH values, broadness of
signals and 2D nOe interactions enabled the absolute configuration of a range of hydroxyacids and primary amines
to be assigned using BINAM 56 as a chiral reporter. In those cases where assignment was hampered by significant
signal overlap in the 1H NMR spectra, these resonances could be successfully deconvoluted using simple 2D RESTOCSY 1H NMR experiments.[74]
These three-component assembly protocols were also used to determine the ee’s of chiral 1,4-diacids 55 (Scheme
30), resulting in moderate to excellent chemical shift differences (∆δH = 0.08-0.62 ppm) in the 1H NMR spectra of
the diastereomeric IBEs of five diacid analytes.[70] Once again, the components of this assembly could be
switched, enabling chiral diacids to be used to produce diastereomeric IBE complexes to determine the ee’s of
chiral primary amines. In some instances, the large chemical shift differences observed in these diacid/aminederived IBE complexes led to full resolution of certain 13C{1H} NMR signals.

Scheme 30: Three-component CDA for determining the enantiopurity of 1,4-diacids 55 with 1H NMR (400 MHz, MeOD – d4) ∆δH of selected
resonances.
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F NMR spectroscopic analysis

Fluorine was the first NMR-active heteronucleus to be studied for compatibility with the Bull-James assembly, due
to the strength of its signal, its broad range of chemical shifts and the simplicity of 19F NMR spectra, making it an
excellent and widely-used NMR-active reporter. Bull and James first demonstrated incorporation of fluorine into
their three-component assembly in 2009,[75,76] with initial work focusing on using a fluorinated chiral amine
reporter in the three-component protocol (Scheme 31). A range of diols 57, 4-fluoro-α-methylbenzylamine 4-F-6b
and 2-FPBA 1 were derivatized to form 19F NMR-active diastereomeric complexes (α-S,S,S)-58a and (α-R,S,S)-58b,
which exhibited a ∆δF range of 0.05-0.75 ppm. A similar approach was subsequently employed by Suryaprakash
et al. for analysis of hydroxyacid and diacid protocols, with CF3-appended chiral reporters and analytes affording
diastereomeric complexes with non-equivalent 19F NMR signals that could be integrated to determine their
dr.[69,70]

Scheme 31: Three-component protocol using 2-FPBA 1, 4-fluoro-α-methylbenzylamine 4-F-6b and chiral diols 57 to produce fluorinated
diastereomeric complexes with good 19F NMR (400 MHz, CDCl3) F values.

A significant improvement to this fluorous approach was achieved by incorporating the fluorine reporter atom
into the achiral 2-FPBA template to produce a generally applicable method for determining the ee of different
classes of chiral analytes. 4-fluoro-2-formylphenylboronic acid (4-F-2-FPBA, 4-F-1) was synthesised and used in the
three-component assembly protocol, producing fluorinated diastereomeric complexes 60 which afforded
baseline-resolved signals in their 19F NMR spectra, allowing for ee determination of diols by both 19F and 1H NMR
spectroscopic analysis (Figure 5). Similar results were reported by Suryaprakash et al. during their later work on
applying this CDA to determine the enantiopurity of diacids.[70]
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Figure 5: (a) Three-component protocol using 4-F-2-FPBA 4-F-1, (rac)-α-methylbenzylamine 6b and chiral diols 59. (b) Expansion of 1H
(500 MHz, CDCl3)and 19F (470 MHz, CDCl3) NMR spectra of three-component assembly of 4-F-1, (R)-6b and a scalemic diol (red) at 80%, 90%
and 98% ee. Adapted from ref. [75] with permission from the American Chemical Society.

Recently, Oe et al. have also reported the three-component assemblies of fluorinated 2-FPBA derivatives 3-F-1, 4F-1 and 5-F-1 with (S)-BINOL 5 and α-methylbenzylamine 6b with the aim of identifying diastereomeric IBEs with
the greatest ∆δF values (Scheme 32).[77] After establishing that 5-F-1 was the best fluorinated template (93%
conversion, ∆δF = 0.10 ppm for their model system), this system was optimised using excess BINOL and
triethylamine (1.5 equiv. each) to minimize kinetic resolution and/or epimerisation of -amino ester salts 61.
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Scheme 32: Modified Bull-James assembly of amino ester salts 61 with 5-F-1 and (S)-BINOL 5 with 19F NMR (376 MHz, CDCl3) ∆δF of selected
resonances. * CD2Cl2 used as solvent.

Finally, a recent study on all four regioisomers of fluoro-2-FPBA as bifunctional templates for analysis of the ee’s
of sulfinamides revealed that 3-fluoro-2-FPBA 3-F-1 was the optimal template (Figure 6),[57] producing an
impressive chemical shift difference of ∆δF = -2.328 ppm between the IBE diastereomers produced from Ellman’s
sulfinamide (Figure 6b). A stepwise approach was used to derivatise a small range of sulfinamides 34, 3-F-1 and
(1R,2R,3S,5R)-pinanediol 36 which gave large chemical shift differences and full baseline resolution of the imine
and fluorine peaks of their diastereomeric IBE complexes.
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Figure 6: (a) Stepwise three-component assembly of fluorinated 2-FPBA templates, (1R,2R,3S,5R)-pinanediol 36 and sulfinamides 34. (b)
Chemical shift differences in the 19F NMR (470 MHz, CDCl3) spectra of IBEs of the three-component assembly of Ellman’s sulfinamide (R)34a (33% ), (1R,2R,3S,5R)-pinanediol 36 and four fluorinated 2-FPBA isomers (same scale).

Chalcogen NMR spectroscopic analysis
Silva et al. have shown that incorporation of NMR-active chalcogens 77Se and 125Te into the analyte or chiral
reporting unit can also be used to determine ee using three-component assembly protocols.[78,79] Their initial
report focused on derivatising racemic chalcogen-containing amines 62 (Scheme 33) with 2-FPBA 1 and (S)-BINOL
5 to afford pairs of iminoboronate complexes. 77Se{1H} and 125Te{1H} NMR spectroscopy of these complexes
showed excellent chemical shift anisochrony for the diastereomeric IBE complexes formed, with ∆δSe values
ranging from 26.2 – 34.4 ppm and ∆δTe values ranging from 75.6 – 85.7 ppm. Although only racemic samples were
employed in this work, the magnitude of chemical shift differences observed indicates that these systems would
be useful for determining the ee of diol analytes.

Scheme 33: Three-component assembly of 2-FPBA 1, (S)-BINOL 5 and chalcogen containing amines 62, and the ∆δSe (99 MHz, CDCl3) and
∆δTe (132 MHZ, CDCl3) values of their diastereomeric IBE complexes.
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Subsequently, Silva et al. synthesised selenium-containing 3-phenylchalcogen-1,2-propanediol 63 for use as a
chiral reporter with 2-FPBA 1 and chiral amines 64 which gave pairs of diastereomeric IBEs, the majority of which
exhibited baseline-resolved diastereomeric signals in their NMR spectra with chemical shift differences for ∆δSe
and ∆δTe of 0-1.144 ppm and 0.43 ppm, respectively (Scheme 34).[78] Interestingly, the chemical shift differences
observed in this instance were 100-fold smaller than for their previous examples, implying that the chalcogen
atoms occupy positions in space that are relatively remote from the amine stereocenters and so only experience
small anisotropic shielding effects. Nevertheless, integration of diastereomeric 77Se NMR signals could be used to
produce accurate measurements of the ee’s of scalemic samples of known enantiopurites (±4%).

Scheme 34: Three-component assembly of 2-FPBA 1, chalcogen containing diols (R)-63Se/Te and racemic amines 64 with ∆δSe (99 MHz, CDCl3)
and ∆δTe (132 MHz, CDCl3).

Three-component assembly for determining ee by optical methods
The Bull-James assembly has also been applied to the optical sensing of ee using methods that rely on CD, UV-Vis,
or fluorescence spectroscopic analysis, with the aim of developing methods potentially applicable for highthroughput analysis.[80,81] All of these approaches rely on exploiting differences in the spectroscopic response
of diastereomeric IBE complexes, whose dr’s correspond to the ee of the parent chiral analyte used for the IBE
complexation.

Determining the ee of amines and diols using circular dichroism
A collaboration between the Anslyn, Bull and James groups in 2012 reported the use of circular dichroism
spectroscopy to analyse diastereomeric IBE complexes formed from the three-component self-assembly of chiral
amines 66, chiral BINOL derivatives 67/68, and 2-FPBA 1 (Figure 7a).[82] As with many multicomponent host-guest
assemblies, a strong CD signal was observed between 250 and 270 nm (Figure 7b), with a maximum difference in
signal response between diastereomeric complexes produced from the enantiomers of α-methylbenzylamine 6b
observed at 253 nm (98,941 deg.cm2/dmol). This enabled BINOL and two brominated derivatives to be employed
as chiral reporters in an array of sensing ensembles, whose CD signals were processed using Principal Component
Analysis (PCA) and Linear Discriminant Analysis (LDA) to produce chemometric statistical models that were
capable of differentiating between different α-chiral amine analytes and determining their ee’s with an average
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error of ± 5.8% (Figure 7c, d). The use of PCA and LDA is widespread in the field of differential sensing as
multivariate statistical tools which recognise and amplify patterns from large datasets.[83]
b)
(R)-67 host
(S)-67 host
(R)-67 host + (R)-6b
(R)-67 host + (S)-6b
(S)-67 host + (R)-6b
(S)-67 host + (S)-6b

c)

d)

Figure 7: (a) Three-component assembly of 2-FPBA 1, BINOL-derivatives and a chiral amine. (b) CD spectra of diastereomeric IBE complexes
obtained from 2-FPBA 1, 6,6-dibromoBINOL 68 and α-methylbenzylamine 6b. (c) Calibration curve for CD outputs of complexes produced
from mixing (R)-BINOL 5, 2-FPBA 1 and scalemic 6b of known ee. (d) LDA plot of chiral amine analytes. b, c, d Adapted from ref. [82] with
permission from the Royal Society of Chemistry.

Subsequent to this report, Wolf et al. described a self-assembling system based on host complexes derived from
4-methoxy-2-FPBA (4-OMe-1) and non-chiral 2,2’-binaphthol 69 (Figure 8a).[84] Two-component assembly of
chiral amines (1-cyclohexylethylamine 70 and 1-aminoindane 71) with 4-OMe-1 gave iminoboronic acid complexes
with only weak CD signals (dashed lines). However, addition of achiral BINOL-derivative 69 resulted in a large
increase in the Cotton signals of the resultant IBEs, consistent with the self-assembly process controlling the
helicity of its BINOL fragment (solid lines, Figure 8b). Although this system was not used for ee determination, the
amplitude of signal change indicates this type of assembly is likely to be suitable for this purpose.

Figure 8: (a) Three-component assembly of 2,2’-binaphthol 69, 4-OMe-1 and a chiral amine to afford complexes for CD spectroscopic
analysis. (b) CDA spectra produced from complexes derived from amines 70 (left) or 71 (right). Blue and red lines correspond to complexes
produced from the (R)- or (S)- enantiomers of the amines, respectively. Dashed lines correspond to two-component complexes formed
from 4-MeO-1 and the enantiomers of the amines 70 and 71. C = 37.5 μM. Adapted from ref. [81] with permission from the American
Chemical Society.
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Determining the ee of amines, amino-alcohols and diols using fluorescence
Collaborations with Anzenbacher have led to the development of multiple Bull-James assembly-derived
fluorescence assays,[85–88] with the practicality and versatility of this methodology leading to a Nature Protocols,
validating its use as an effective method for the high-throughput analysis of the ee of chiral diols, amino alcohols
and amines produced in stereoselective reactions.[89] Initial reports focused on the development of “turn-off”
fluorescence-based assemblies using fluorescent host systems comprised of 2-FPBA 1 and 3,3’-diphenyl-2,2’-bi-1naphthol (VANOL) or 2,2’-diphenyl-(4-biphenanthrol) (VAPOL) as chiral reporter diols for determining the ee’s of
scalemic amines (Figure 9a).[85–87] Interestingly, these extended aryl systems exhibited the same NMR chiral
shift behaviour as seen in previous BINOL-based systems, with several sets of baseline-resolved signals observed
for each pair of diastereomeric complexes in their 1H NMR spectra. This host system (2-FPBA + chiral fluorescent
diol) was found to be suitable for ee determination of both amines and amino alcohols. In the case of amines (and
amino acids/esters), IBE formation resulted in PeT quenching, leading to a “turn-off” fluorescence response
(Figure 9b). As shown in Figure 9c, fluorescence intensity (FI) was dependent on the chirality of the amine analyte,
which enabled ee values of amine samples to be correlated to changes in fluorescence intensity with good levels
of accuracy (± 1-2%) (Figure 9d).
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b)

c)

d)

Figure 9: (a) Three-component assembly of 2-FPBA 1, a chiral primary amine and a fluorescent diol. (b) Fluorescence (λex=335 nm) of a
mixture of (S)-VANOL (40 μM) and 2-FPBA 1 (40 μM) in dry EtCN decreases on addition of (R)-α-methylbenzylamine 6b (0-80 μM). (c) Binding
isotherms of (S)- and (R)--methylbenzylamine 6b to (S)-VANOL-2-FPBA host. (d) Qualitative LDA of amine, amino alcohol and amino acid
enantiomers in EtCN. b, c, d reproduced from ref. [85] with permission from John Wiley and Sons.
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This type of fluorescence-based three-component self-assembly platform was also applied to the analysis of the
ee’s of amino alcohols, with formation of oxazolidine intermediates resulting in a red-shift of the fluorescence
signal rather than PeT quenching (Figure 10a). Differential changes in fluorescence intensities were once again
observed between the diastereomeric oxazolidine products produced (vide supra), thus allowing for the
measurement of the enantiopurity of the parent amino-alcohol analyte. This enabled ratiometric changes in
fluorescence to be used to determine the ee’s of amino alcohols, as well as providing the ability to distinguish
between amino-alcohol and amine analytes. This is seen clearly in Figure 10b, with LDA revealing large distances
between clusters of enantiomers and functional groups of the parent analytes. Interestingly, these studies found
that addition of polar/protic additives (water, citric acid, ethylene glycol, sucrose, glycerol) had a more
pronounced effect on the equilibrium constants for formation of the heterochiral complexes over the homochiral
complexes, thus indicating that the heterochiral complexes were less stable. This led to the discovery that these
types of additives could be used to further discriminate between analyte enantiomers in these complexation
reactions.
a)

b)

Figure 10: (a) Fluorescence spectra of the three-component assembly of 2-FPBA 1, (S)-VANOL and [(1S,2R)-(-)-cis-1-amino-2-indanol (0-100
μM). (b) Qualitative LDA of chiral amine, amino-alcohol and amino acid analytes. Reproduced from refs. [85,86] with permission from John
Wiley and Sons.

Use of enantiopure L-tryptophan derivatives as fluorescent reporters for three-component complexation meant
that these types of fluorescence assays could be adapted to determine the ee's of scalemic diols (Figure 11).[87]
to within a 2% error limit. As for amines and amino-alcohols, the fluorescence profiles of the diastereomeric
homochiral and heterochiral complexes produced from various classes of diols were sufficiently different to enable
LDA to be used to accurately determine both their structures and ee values (Figure 11).
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b)

Figure 11: (a) Three-component assembly of 2-FPBA 1, a chiral diol and a fluorescent tryptophanol derivative. (b) Qualitative LDA of 16
chiral diols showing 100% correct structural classification. Reproduced from ref. [87] with permission from John Wiley and Sons.

The practicality of this fluorescence methodology for high-throughput screening was demonstrated by measuring
the enantiopurities of 14 samples of Atorvastatin (a hypercholesterolemia drug) of unknown ee’s using a highthroughput assay (Figure 12a), with quantitative linear regression analysis revealing accurate enantiopurity
determination in all cases (R2=0.999). This type of fluorescence assay was also employed to analyse the ee of diols
produced in Noyori asymmetric transfer hydrogenation reactions of benzil to hydrobenzoin (diol). In this case, an
artificial neural network was developed that was used to correctly determine the absolute configuration, ee and
concentration of hydrobenzoin products (both crude and recrystallized) with high levels of accuracy (Figure 12b,
c).
a)

c)

b)

Figure 12: (a) Standard graph of FI vs. ee of L-tryptophanol and 2-FPBA 1 assemblies (1:1, 40 mm) of atorvastatin of known (black) and
unknown (blue and red) ee values. (b) Fluorescence titration profile of L-tryptophanol–2-FPBA (1:1, 40 mm) complexes with hydrobenzoin
standards (inset: Standard curve of FI vs. ee). (c) HT fluorescence assay standard curves for FI readings from mixtures of hydrobenzoin of
known ee in comparison with six hydrobenzoin samples of unknown ee (red, blue circles). Reproduced from ref. [87] with permission from
John Wiley and Sons.
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Most recently, Anzenbacher et al. have reported a dual chromophore indicator displacement assay which proved
to be more sensitive for determining ee than their previously developed “turn-off” systems.[88] This approach
employed a combination of two fluorescent dyes capable of orthogonal binding to the aldehyde and boronic acid
fragments of the 2-FPBA template (Scheme 35). Initial assembly of L-tryptophanol and 6,7-dihydroxycoumarin
produced a bichromophoric oxazolidine-boronate complex, with intramolecular fluorescence resonance energy
transfer (FRET) processes leading to weak fluorescence of its tryptophanol moiety and enhanced fluorescence of
its coumarin fragment. Addition of a scalemic diol (or hydroxyacid) analyte results in displacement of the coumarin
dye and separation of the FRET pair, which leads to fluorescence “turn on” of the tryptophanol fluorophore, and
“turn off” of the dihydroxycoumarin (Scheme 35a). Since assembly of each enantiomer of the parent analyte
proceeds diastereoselectively, each enantiomer leads to a different fluorescence response which can be used to
determine the ee’s of a scalemic analyte.
Alternatively, use of (S)-VAPOL as a chiral reporter produced an IBE system suitable for determining the
enantiopurity of amines and amino alcohols (Scheme 35b). In this case, the fluorescence of both fragments of the
enantiopure oxazolidine sensor is likely to be quenched through PeT donation of the nitrogen lone-pair of the
oxazolidine fragment to the VAPOL fragment, although the exact mechanism of fluorescence and quenching was
not determined. Addition of a scalemic amine analyte results in displacement of the L-tryptophanol unit producing
an IBE complex that results in a fluorescence “turn-on” response, with the fluorescence of the VAPOL remaining
“turned off”. Use of an amino-alcohol analyte to afford an imidazoline-boronate ester complex also results in
displacement and “turn-on” of tryptophanol, however the ensuing PeT process leads to amplification of the (S)VAPOL fluorescence signal which is also “turned-on”. Since addition of the enantiomers of amine, amino ester,
diol and hydroxyacid analytes to these chiral indicator displacement sensors result in different fluorescence
responses, this bichromophoric Bull-James sensing system could be used to successfully classify the structures of
26 different analytes and accurately determine their absolute configurations and enantiopurities (Figure 13).

Scheme 35: Displacement assays using bichromophoric three-component assemblies for determining the enantiopurities of a range of
scalemic analytes: (a) Use of 2-FPBA, L-tryptophanol and 6,7-dihydroxycoumarin for the detection and ee analysis of diols and hydroxyacids.
(b) Use of 2-FPBA, L-tryptophanol and (S)-VAPOL for the detection and ee analysis of amines and amino alcohols.
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a)

b)

Figure 13: (a) Semi-quantitative LDA of fluorescence response data from displacement assays enable simultaneous determination of the ee
values of four different types of amine, amino alcohol, -hydroxy acid and diol analytes. (b) Qualitative LDA of the fluorescence response
of 26 chiral amines, amino alcohols, diols and hydroxyacids (+ controls) in the displacement assay enabled their structures to be predicted
with a 100% success rate. Reproduced from ref. [88] with permission from the Royal Society of Chemistry.

Three-component assembly for electrochemical determination of the ee of
BINOL
Finally, a collaboration with the Tucker group demonstrated that the ee of BINOL could be measured
electrochemically through derivatisation with a redox-active two-component iminoboronic acid complex derived
from a ferrocene amine and 2-FPBA 1 (Figure 14a).[90] It was found that the resultant diastereomeric complexes
(α-R,R)-72a and (α-R,S)-72b exhibited significantly different electropotentials of 614 mV and 665 mV, respectively
(Figure 14b). This difference allowed the ee of BINOL 5 to be determined with an error of ± 3%, thus enabling
minor enantiomers (<5%) to be detected, even at low concentrations. Crystallographic and 1H and 11B NMR
spectroscopic analysis showed that whilst the homochiral diastereomeric complex (α-R,R)-72a formed an
37

intramolecular iminoboronate N→B bond, the more sterically hindered heterochiral complex (α-R,S)-72b did not,
once again indicating that heterochiral IBE complexes are generally less stable (vide supra).[86] This structural
difference is responsible for the differences in their electrochemical behaviour, with the N→B bond of the
homochiral complex resulting in (R)-BINOL 5 being more tightly bound, with a ratio of binding strengths K(α-R,R)/K(α+
+
R,S) of ≈ 19. Electrochemical oxidation of these IBEs results in the binding strength ratio K(α-R,R) /K(α-S,S) dropping to
only 2.5, thus indicating a much larger decrease in stability of the homochiral complex (α-R,R)-72a. This difference
is proposed to be due to weakening of the N→B coordination bond of complex (α-R,R)-72a caused by the proximal
positive charge of its oxidised ferrocene fragment. Evidence for weakening of the N→B coordination bond of the
homochiral (α-R,R)-72a complex was also provided by the larger positive shift in redox potential upon addition of
(R)- or (S)-BINOL 5 to iminoboronic acid (R)-73 (+ 95 mV for (α-R,R)-72a vs. +44 mV for (α-R,S)-72b)). This indicates
that the ferrocene unit of complex (α-R,R)-72a is harder to oxidise than (α-R,S)-72b, in line with its imine-boron
coordination bond withdrawing electron density from the ferrocene redox system.
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b)

c)

Figure 14: (a) Three-component assembly of 2-FPBA 1, redox-active ferrocene amine (R)-73 (pre-assembled) and BINOL 5. (b) Square wave
voltamograms of three-component ferrocene IBEs acquired in CH2Cl2 (0.1 M TBA · PF6); ((α-R,S)-72b shown in blue) and (α-R,R)-72a shown
in purple). (c) Plot of Eobs against % ee for IBE complexes produced from (S)-BINOL 5 showing a linear dependence between 60% and 98%
ee. b, c Reproduced from ref. [90] with permission from the American Chemical Society.

IBE assemblies as synthetic tools
The use of the Bull-James three-component assembly for determining enantiopurity is often credited as one of
the first examples where orthogonal dynamic covalent bond formation was used to construct functional
supramolecular assemblies.[14,91–93] The power of these chiral iminoboronate systems for self-assembly has led
to supramolecular constructs of this type being used to prepare new types of boron-containing materials and as
a mechanism to control reactivity and stereoselectivity.[94–97]
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Self-assembled synthesis of polyheteroatomic boracycles
The three-component assembly reaction of 2-FPBA 1 with (S)-BINOL 5 and (S)-leucinol 74 resulted in a mixture of
imine and oxazolidine boronate products (vide supra),[54] however oxazolidine boronate ester (S, 2R, 4S)-75
fractionally crystallized out of solution after the crude reaction mixture was allowed to stand overnight (Figure
15a).[98] Carrying out a two-component assembly using (R)-valinol 74b and 2-FPBA 1 produced bridged
iminoboronate (R,R)-76b, comprised of two fused boracycle rings containing two tetrahedral boron centres and a
bridging oxygen atom linker (Figure 15b), in the same manner as related systems reported by Westcott et
al.[99,100] Five additional chiral amino alcohols 74a-f were used as substrates in this two-component selfassembly reaction in combination with either 2-FPBA 1 or 2-formyl furanylboronic acid 77, which gave their
respective boracycles in excellent 84-96% isolated yields. Achiral aromatic amino alcohols 74g and 74h were also
shown to form boracycles in quantitative yields, although their decreased reactivity required heating under DeanStark
conditions
for
complexation
reactions
to
proceed
to
completion.

Figure 15: (a) X-ray crystal structure of three-component assembly of (S,2R,2S)-75 formed from reaction of (S)-leucinol 74a, BINOL 5 and 2FPBA 1. (b) Two-component assembly of formyl aryl boronic acids and 1,2-amino alcohols 74. (c) X-ray crystal structures of (R,R)-76b and
76h viewed along and perpendicular to the boron-boron axis (left and right respectively).

Both types of fused bridged bicycles were characterised using X-Ray crystallography (Figure 15c), which revealed
interesting structural variation between the two-component products produced from chiral or achiral amino
alcohols. In the case of (R,R)-76b, the B-O-B linkage is positioned on the opposite face to the two non-bridging
oxo-substituents, which creates a binding pocket walled by the non-bridging oxygens and side-chains that is
40

capped by a bridging B-O-B bond. Alternatively, all of the atoms of the O-B-O-B-O motif are present in the same
plane for complex 76h, with all three oxygen atoms sitting on the same side of the complex. These structural
differences result in the pocket of the chiral complexes containing two potentially coordinating oxygen atoms,
whilst the pocket of the achiral complexes are purely hydrophobic in nature.

Chiral IBE ligands for asymmetric catalysis
Three-component assemblies have also been used by the Taylor group, who employed IBE bond forming reactions
for combinatorial synthesis of a library of chiral phosphine ligands for enantioselective palladium-catalysed allylic
acetate substitution reactions.[101] They permed three achiral formyl boronic acid templates 78a-c, eleven diol
ligands 79a-k (both chiral and achiral), and four chiral aminophosphines 80a-d to create a library of 100
phosphinoiminoboronate ligands 81 (Scheme 36) that were individually screened as chiral ligands in palladiumcatalysed allylic substitution reactions of (rac)-82 with diethyl malonate 83 (Scheme 37). A wide range of
enantioselectivities were observed, with the best results obtained for ligands 81aaa and 81abc which respectively
produced (R)-84 in 90% ee and (S)-84 in 93% ee, which was a significant improvement on the 67% and 69% ee
values obtained using non-iminoboronate aminophosphine ligands 85a and 85b. The sheer volume of data
acquired using this combinatorial approach enabled Taylor and co-workers to rapidly assign trends that would not
have been evident from a conventional stepwise ligand optimisation strategy. For instance, they were able to
show that aliphatic diol ligands gave better stereocontrol as they decreased the Lewis acidity of the boron centre,
which weakened the intramolecular N→B bond, thus facilitating stronger bidentate P,N-coordination of the ligand
to the metal.

Scheme 36: Combinatorial IBE reactions used for the combinatorial synthesis of 100 chiral phosphine ligands.

Scheme 37: Chiral phosphine-iminoboronate ligands afford enhanced enantioselectivities in palladium-catalysed allylic alkylation reactions.

IBE-derived chiral auxiliaries in CuAAc click reactions
Fossey and co-workers have reported use of the Bull-James assembly for asymmetric synthesis, employing it to
construct a chiral auxiliary for the kinetic resolution of alkyne amines using a copper(I)-catalysed azide-alkyne
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cycloaddition (CuAAc) reaction (Scheme 38).[102] In this system, a racemic alkyne-containing primary amine 86
was self-assembled with 2-FPBA 1 and (R)-BINOL 5 to form a mixture of diastereomeric iminoboronate complexes
87 that were subjected to CuAAc conditions using 0.5 equivalents of benzyl azide. This resulted in the alkyne
fragment of the (α-R,R)-87 diastereomer preferentially undergoing a stereoselective click reaction with a
selectivity value of S = 4.1. Subsequent acid-catalysed hydrolysis of the IBE ester complexes then afforded aminoazide (R)-88 in 39% ee and recovered amine (S)-86 in 29% ee. Although only moderate stereocontrol was achieved
in this unoptimized ‘one-pot’ kinetic resolution reaction, the simplicity of installing and removing the chiral
auxiliary (e.g. BINOL) in this type of system is noteworthy, particularly if more stereoselective transformations of
these types of IBE complexes can be identified.

Scheme 38: Formation of diastereomeric IBE complexes from alkyne (rac)-86 enables a CuAAc-catalysed click reaction to be used for their
kinetic resolution.

Reversible radical coupling of iminoboronates
McConnell et al. found that treatment of a pre-assembled N-aryl iminoboronate catechol ester 89 with the single
electron reductant Cp2Co resulted in radical homocoupling of its imino benzylic groups to afford amido-boronates
(rac5)-90, (meso5)-90 and (rac6)-90 (Scheme 39).[103] Kinetic analyses and structural studies revealed that 5membered (rac5)-90 and (meso5)-90 were formed as kinetic products which then rearranged to 6-membered
(rac6)-90 under thermodynamic control, leading to mixed time-, temperature- and substrate-dependent ratios of
product 90. These dimeric homo-coupled products were found to be significantly less stable than their IBE
precursors, with their treatment with trityl cation (Ph3C)+ as an electron acceptor resulting in regeneration of the
original IBE monomers.
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Scheme 39: Reversible radical coupling of iminoboronates 89 to afford amidoboronates 90 (radical-coupled bond in red) under
thermodynamic control.

Iminoboronate complexes for the formation of polymers and hydrogels
Iminoboronate polymers and hydrogels
Following their demonstration that the Bull-James assembly could be used to assess the chirality of polymers (vide
supra), Kressler and co-workers have reported that derivatisation of GMA monomers with 2-FPBA 1 and (S)-αmethylbenzylamine 6b gave iminoboronate GMA-IPB monomers that underwent radical or UV-initiated lowtemperature ATRP polymerisation to afford iminoboronate ester polymers in one pot (Scheme 40).[104] These
polymers could then be decomplexed via treatment with a large excess of catechol to afford simple p(GMA)s
containing free diol units caused by elimination of catechol-iminoboronate (S)-91. A similar process could also be
used to polymerise iminoboronate ester monomers containing two equivalents of 2-hydroxyethyl-methacrylate
(HEMA), affording highly syndiotactic polymers (rr = 70.7−75.5% for pGMAs and 74.9−79.7% for pHEMAs).

Scheme 40: One-pot complexation and polymerisation of 2-FPBA 1, (S)-6b, and GMA to afford iminoboronate ester functionalised polymers
that could be decomplexed by treatment with catechol to afford pGMAs.

Dynamic, self-healing and stimuli-responsive polymers and hydrogels
Iminoboronates have also been incorporated into polymeric systems as a structural element to facilitate crosslinking of polymer and hydrogel materials.[105] For example, Raquez et al. have developed self-assembled iminecoordinated boroxine polymeric systems that are produced from reaction of a diamine, a polyether-containing
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terminal bis-cyclic carbonate unit and a 2-FPBA boroxine trimer 92 (Figure 16a). Ring opening of the terminal cyclic
anhydride groups by one of the diamine amines results in a urethane bond, with the other amino group then
reacting to form a highly cross-linked iminoboroxine complex.[106–108] This self-assembly approach produces
polymers with a high degree of stiffness (Young’s modulus = 551 MPa) and tensile strength (11 MPa) despite the
labile nature of iminoboronates. These dynamic iminoboronate covalent bonds were found to confer self-healing
properties to these materials, with heating/cooling and wetting/drying enabling broken imine or boroxine bonds
to be reformed (Figure 16b). Similarly, changes in temperature and humidity can be used as stimuli to make or
break the bonds used to construct the iminoboronate-boroxine hubs, thus creating stimuli-responsive materials
which are remoldable under mild treatment conditions. This provides a simple alternative to common isocyanatederived polyurethane self-healing and stimuli-responsive polymers, which have been shown to have potential
applications as solid polymer electrolytes.[109] Following these initial reports, functional variants of this core motif
have been developed, based on substitution of the iminoboronate moieties with similar amino- and acrylamidoboronate motifs.[110,111]

Figure 16: Three-component self-assembly of iminoboroxine-containing self-healing polymers and hydrogels. (a) Synthesis of an
iminoboroxine polyurethane network polymer. (b) Self-healing and modular behaviour of iminoboroxine-polyurethane polymers.
Reproduced from ref. [106] with permission from the American Chemical Society.

This concept has been expanded further for the design of self-assembled IBE-containing polymers that are
prepared from supramolecular assembly of 2-FPBA, guanosine (G), aminoglycosides and potassium chloride
(Figure 17). These stimuli-responsive hydrogels contain a large network of hydrogen-bonded K+-centred guanosine
tetramers, whose diol units are crosslinked through formation of iminoboronate ester groups with the amino
groups of aminoglycoside units.[112–116] These hydrogels were found to be responsive to multiple stimuli, with
an increase in temperature or addition of potassium-chelating crown ethers resulting in disruption of the Gquadruplex arrays and release of the aminoglycoside di-iminoboronate guanosine units. The iminoboronate bonds
of these complexes are also responsive to disruption by other stimuli, with addition of aqueous acid leading to
their hydrolysis to afford 2-FPBA, amine and diol components. Alternatively, the addition of glucose results in
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transesterification of the boronate ester, releasing a guanosine fragment and the production of new glucoseiminoboronate-aminoglycoside species. Finally, the reactivity of boronates towards reactive oxygen and nitrogen
species (ROS/RNS)[117–119] may be exploited, with addition of hydrogen peroxide triggering oxidative
deborylation to produce boric acid and release of the guanosine fragment. This multi-responsive behaviour has
been exploited for drug delivery for selective release of antibacterial aminoglycosides and the anticancer drug
Doxorubicin.[112,116] CO2-responsive iminoboronate poly(oligo(ethylene glycol)) polymers have also been
reported by Jiang and co-workers, with bubbling of CO2 reversibly producing carbonic acid that triggers IBE bond
hydrolysis to trigger depolymerisation processes that can be reversed by purging with N2 gas.[120] This CO2dependent behaviour has been demonstrated in multiple systems (vide infra) using both 1H NMR and fluorescence
assays to measure the fragmentation/re-complexation of IBE systems upon sequential CO2/N2 bubbling.

2-FPBA

Figure 17: An aminoglycoside iminoboronate hydrogel assembled from guanosine, K+, an aminoglycoside and 2-FPBA. These materials are
responsive to multiple external stimuli such as acids, glucose, H2O2, heat and crown ethers, all of which act on different structural elements
of the hydrogel network. Reproduced from ref. [112] with permission from John Wiley and Sons.

Stimuli-responsive aggregates and micelles
The Bull-James multicomponent approach has also been used to produce stimuli-responsive iminoboronatecontaining nano-aggregates, micellar assemblies and polymersomes that are stable in aqueous systems. Jiang and
co-workers, for example, have reported the three-component assembly of poly(ethylene glycol) amine with 2FPBA 1 and a nitrophenyl ethanediol (PEG-INEC) to produce amphipathic IBE complexes that self-assemble into
nano-aggregates in aqueous systems (Figure 18).[121] These nano-aggregates were found to be responsive to
three common stimuli: light - which results in release of a nitrosoaryl -hydroxy-ketone and an iminoboronic acid
fragment ; acid - which hydrolyses both the boronate ester and imine bonds to regenerate the original three
components; and hydrogen peroxide which oxidatively cleaves the boronate ester to give boric acid, -hydroxybenzaldehyde and nitrophenyl ethanediol. Therefore, different external stimuli can be used to trigger controlled
decomposition of these aggregates, which is potentially useful for the selective release of encapsulated
hydrophobic guest molecules.
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Figure 18: Self-assembled PEG-iminoboronate polymeric nano-aggregates and their stimuli-responsive degradation by light, acid and H2O2.
Reproduced from ref. [121] with permission from John Wiley and Sons.

The same group have also reported the development of different iminoboronate aggregate systems, whose
disassembly is triggered by the action of nucleophilic ROS or CO2-induced solvent acidification.[122,123] For
example, CO2 responsive N3-(OEG-IBCAPE)4 polymersomes are stable at physiological pH 7.4, however protonation
of their tris-amine cores results in nano-aggregate disassembly at mildly acidic pH levels. This enabled
iminoboronate ester linkers to be used to generate polymersomes attached to the diol unit of caffeic acid
phenethyl ester (CAPE, anti-cancer drug, red) as a CO2-responsive drug delivery system (Figure 19). These
polymersomes exhibited improved transport properties that enabled their delivery to CO2-rich HL-60 leukaemia
cells that exhibit a mildly acidic environment. This acidity results in intracellular hydrolysis of the iminoboronate
bonds of the polymersome aggregates, which leads to their disassembly and release of CAPE as a cytotoxic agent
within the target cancer cells. The same transport principles have also been employed by Shi and co-workers for
pH/GSH-responsive delivery of encapsulated capecitabine to HepG2 liver cancer cells.[124]

Figure 19: Self assembled prodrug N3-(OEG-IBCAPE)4 polymersomes and the stimuli-responsive CO2-triggered release of CAPE in cancer
cells. Reproduced from ref. [123] with permission from the Royal Society of Chemistry.

Iminoboronate derivatives for biological targeting and tagging
IB-type assemblies have also been employed for the functionalisation and tagging of the amino groups of peptides
and proteins, with several recent specialised reviews having covered this topic in detail,[125–127] with only a
general overview of this area provided herein. The majority of bioorthogonal labelling reactions that have been
reported to date are two-component in nature, involving reaction of 2-FPBA (or 2-acetylphenylformyl boronic
acid, 2-APBA) with amine or aminothiol residues of peptides or proteins to form imine/thioxazolidine bonds that
are stabilised by the presence of a proximal boron centre (Scheme 41). These condensation reactions have been
46

found to proceed with rate constants of over 102-103 M-1 s-1,[128] which is orders of magnitude faster than
traditional alkyne-azide ‘click’ coupling reactions. Gois, Gillingham and Anslyn have carried out binding studies
that clearly demonstrate that the proximal boron centre accelerates imine condensation reactions and stabilises
imine complex formation, with additives or external stimuli (e.g. changes in pH, ROS, nucleophiles…) normally
required to achieve hydrolysis, degradation, or decomplexation.[36,37,129,130] For example, computational
studies on the condensation of n-butylamine and 2-APBA 93 have shown that the adjacent boronic acid reduces
the activation enthalpy for imine condensation drastically by 35-36 kcal/mol.[129]

Scheme 41: Diverse biorthogonal IB conjugation chemistries of 2-FPBA- and 2-APBA-derived linkers.

The most commonly employed amine tagging systems involve generation of the two component iminoboronic
acid assemblies A and B (pH interconvertible), both of which have been widely used to label the free -amine
groups of lysine residues in peptides and proteins. This approach was first pioneered in 2012 by Gois et al. who
reported formation of an iminoboronic acid complex between the hormonal neuropeptide Somatostatin and 2APBA 93 in ammonium acetate buffer (20 mM, pH 5.0 - 7.0) (Scheme 42).[129] Following this success, they
demonstrated that 2-APBA could be used to successfully tag lysine groups present in lysozyme, cytochrome C,
ribonuclease A and myoglobin with a range of 2-formylaryl boronic acids. Improvements to this tagging approach
have subsequently been reported based on the use of peptides/proteins containing α-nucleophiles such as
hydrazides, acylhydrazides and alkoxyamines which react more rapidly to afford hydrazone and oxime linkers (C,
D, E, Scheme 41) that are more hydrolytically stable.[128,131–134] Similarly, multidentate coordination of
bifunctional nucleophiles such as α-amino hydrazides or 1,2-aminothiols to 2-FPBA/2-APBA templates have
proved popular for producing stable bioconjugates containing tricyclic azadiborolidine boracycles (F, Scheme 41)
and stabilised thioxazolidine linkers (G, Scheme 41).[131,133,135–137].
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Scheme 42: Reaction of lysine groups in Somatostatin with 2-APBA 93.

Proof of concept studies have shown that stimulus-triggered decomplexation of this type of protein-boracycle
conjugates can be achieved through treatment with fructose, dopamine, glutathione, aqueous acid, ROS/RNS,
etc., with this reversibility exploited to induce partial or complete hydrolysis of intramolecular imine bonds to
control ring-opening of cyclic peptides (Scheme 43). Since their inception, these types of stimuli-responsive twocomponent IB assemblies have been used to derivatise peptides, proteins, aminoglycosides, biological polyamines
and amine-rich membrane lipids for fluorescent tagging, targeted fluorophore, biomolecule and therapeutic
delivery, covalent protein inhibition, and reversible biomolecule functionalization.[138–144]
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Scheme 43: A stimuli-responsive intramolecular iminoboronic acid bond can be used to control the cyclisation of an AF488 fluorophoreappended peptide.

The use of three-component strategies for tagging the amino groups of biomolecules has been less well explored
(e.g. H, Scheme 42), although three recent reports demonstrate the potential of this approach for producing stable
bioconjugates. In 2017, Hall and co-workers reported the bioorthogonal tagging of live cells using a fluorescein
fluorophore attached to a “click” boronate/thiosemicarbazone warhead, where the thiosemicarbazide unit
underwent rapid imine condensation to afford a complex that was stabilised by the presence of a pendant
pinanediol that formed an intramolecular boronate ester bond. This system was employed for live cell imaging
using fluorescence microscopy using a SNAP-tag approach, in which HEK293T cancer cells were transiently
transfected with the pSNAPf-ADRβ2 plasmid, allowing 2-APBA-derivative 95 to be secured on the cell membrane,
enabling ‘click’ fluorescent tagging of these cells with 96 for visualisation using fluorescence microscopy at
concentrations as low as 10 μM (Scheme 44).[145]

Scheme 44: 2-APBA modification of HEK293T cancer cells and subsequent three-component “click” boronate/thiosemicarbazone
fluorescent labelling.
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Most recently, Gois et al. have reported a “boron hot spot” (BHS) approach to selectively target the amino groups
of N-terminal cysteine residues, which was developed to address some of the promiscuity and reversibility issues
that are often observed when two-component iminoboronate acid complexation reactions are used to
functionalise biomolecules (Scheme 45)[146]. They found that attachment of 3-hydroxyquinolin-2(1H)-one
(3HQ)/succinimide groups to the thiol units of N-terminal cysteine residues resulted in selective imine
condensation of the N-terminal amino group with 2-FPBA 1. This was proposed to be due to the IB complex being
stabilised by formation of an intramolecular B-O bond between the boronic acid and the -hydroxy-amide
fragment of the S-appended 3HQ fragment, with further hydrogen bonding stabilisation from the succinimide
(blue, Scheme 45). This boron hot spot approach was used to selectively tag 2-FPBA-modified c-ovalbumin with
an impressive Ka value of 58,128 ±2 M-1, thus allowing for site-selective labelling of its free N-terminal amino
groups in the presence of other lysine residues despite a large excess of 2-FPBA 1. This tagging approach was used
to prepare glutathione-labile boron hot spot fluorescent labelled protein conjugates that were capable of
delivering their fluorescent payloads to HT29 cancer cells.

Scheme 45: Site-selective iminoboronate complexation of an N-terminal boron hot spot-modified c-ovalbumin.

Finally, a collaboration with Anslyn has reported the use of 2-FPBA 1 and hydroxylamine to irreversibly
functionalise the catechol fragment of an L-Dopa-containing peptide derivative. Fluorescent tagging of the peptide
containing a Cu(I) Sharpless-Huisgen ‘click’ appended benzaldehyde group was achieved through imine bond
formation between the O-functionalized hydroxylamine residue of the CF488A dye. Subsequent addition of 2FPBA 1 then templated irreversible three-component formation of a highly stable nitrono-boronate linker (vide
supra) that was formed from incorporation of the catechol unit of the L-Dopa residue and the N-functionalised
hydroxylamine group of the solubilising PEG side-chain (Scheme 46).[147]
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Scheme 46: Dual one-pot labelling of L-Dopa-containing peptide with a fluorescent dye and a solubilising PEG side-chain.

Conclusions and outlook
The body of work presented in this review clearly highlights the versatility and practicality of iminoboronate
assemblies, with potential applications across many fields of chemistry and chemical biology. From its initial
discovery as a CDA for determining the ee's of chiral amines and diols, the Bull-James three-component assembly
has now been developed into a wide-ranging method for the chiral analysis of other analytes using NMR, CD,
fluorescence, and electrochemical methods. Beyond analytical applications, iminoboronate assemblies have also
proven popular as an orthogonal self-assembly tool for preparing boracycles, polymers, hydrogels and aggregates
that exhibit stimuli-responsive properties. Similarly, bioconjugation applications have also been demonstrated,
with ongoing development of two- and three-component dynamic labelling methodologies showing great promise
as a versatile tool for “click” modification of the free amino groups (or diols) of biomolecules. Although the original
application of these IBE assemblies as analytical tools for determining enantiopurities continues to grow both in
scope and popularity, the potential applications of these IB systems are far wider ranging than was originally
anticipated. Although we expect additional analytical IBE methods to be developed, it is clear that the future of
these three-component iminoboronate ester assemblies lies in their innate ability to act as reversible yet highly
rigidified linkers. The prospect of expanding the use of these IBEs as chiral auxiliaries for asymmetric synthesis is
also an exciting one, and should lead to highly versatile and practically simple methodologies. We also anticipate
that the “click” and stimuli-responsive capabilities of these boron-coordination complexes will lead to further
development of wide-ranging bioorthogonal and materials-based systems, with increasingly wide-ranging sensing,
tagging, theranostic, and logic-based applications.
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