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Thermodynamic Analysis of Receptors Based on Guanidinium/Boronic Acid
Groups for the Complexation of Carboxylates, a-Hydroxycarboxylates, and
Diols: Driving Force for Binding and Cooperativity
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Abstract: The thermodynamics of gua-
nidinium and boronic acid interactions
with carboxylates, a-hydroxycarboxy-
lates, and diols were studied by deter-
mination of the binding constants of a
variety of different guests to four dif-
ferent hosts (7-10). Each host contains
a different combination of guanidinium
groups and boronic acids. The guests
included molecules with carboxylate
and/or diol moieties, such as citrate,
tartrate, and fructose, among others.
The Gibbs free energies of binding
were determined by UV/Vis absorption
spectroscopy, by use of indicator dis-
placement assays. The receptor based
on three guanidinium groups (7) was

The receptors that incorporated boron-
ic acids (8-10) had higher affinities for
guests that included a-hydroxycarboxy-
late and catechol moieties over guests
containing only carboxylates or alkane-
diols. Isothermal titration calorimetry
revealed the enthalpic and entropic
contributions to the Gibbs free ener-
gies of binding. The binding of citrate
and tartrate was investigated with hosts
7-10, for which all the binding events
were exothermic, with positive entropy.
Because of the selectivity of hosts 8-

Keywords: boronic acids - coopera-
tivity - guanidinium groups - molec-
ular recognition - thermodynamics

10, a simple boronic acid (14) was also
investigated and determined to be se-
lective for a-hydroxycarboxylates and
catechols over amino acids and alkane-
diols. Further, the cooperativity of 8
and 9 in binding tartrate was also in-
vestigated, revealing little or no coop-
erativity with 8, but negative coopera-
tivity with 9. A linear entropy/enthalpy
compensation relationship for all the
hosts 7-10, 14, and the carboxylate-/
diol-containing guests was also ob-
tained. This relationship indicates that
increasing enthalpy of binding is offset
by similar losses in entropy for molecu-
lar recognition involving guanidinium
and boronic acid groups.

selective for the tricarboxylate guest.

Introduction

One goal of supramolecular chemistry is the development of
general design strategies for selective binding of a target
molecule by a rationally designed synthetic receptor.’! The
targets often include biologically important guests such as
saccharides,*% natural products,”*) metals,””! and ions.!*” Ulti-
mately, the goal is to achieve selectivity and affinity compa-
rable to those attained by natural receptors such as enzymes
and antibodies. The selectivity and affinity of synthetic hosts
is controlled and modulated by careful choice of a scaffold
upon which binding moieties are appended, creating a bind-
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ing pocket. A cleft with strong complementarity to the guest
will improve selectivity,® and higher binding constants are
commonly achieved by preorganization of recognition ele-
ments at the binding site. Here, we use a common scaffold
to impart the same degree of preorganization to all recep-
tors under comparison.

Unlike biological receptors, which function almost exclu-
sively in water, synthetic receptors operate in many solvents,
allowing us to modify or enhance intermolecular interac-
tions, such as hydrogen bonding or charge-pairing.”*!”! Such
interactions can be enhanced by replacing solvents such as
water and methanol with aprotic solvents with lower dielec-
tric constants, such as DMSO or chloroform. Even subtle
differences—an increase in methanol concentration in an
aqueous solution, for instance—can greatly enhance charge-
pairing interactions. Therefore, affinity constants can be
readily tuned so that a receptor or sensor will work in a de-
sired concentration range. The solvent systems used in this
study vary between pure water and 75% methanol to en-
hance binding.
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In the design of a synthetic receptor, recognition elements
complementary to functional groups on the targeted guest
must be incorporated. Our guests of interest contain groups
such as carboxylates and/or diols. From precedent, guanidi-
nium ions and boronic acids, respectively, provide excellent
complementarity to these functional groups. Ammonium
and guanidinium!' ions associate strongly with carboxylates
through hydrogen-bonding and charge-pairing interactions.
Ammonium groups have high charge localization,'” but
their geometries are not as conducive as those of guanidini-
um groups for hydrogen bonding to carboxylates (Fig-
ure 1A). The charge-pairing interactions of guanidinium
groups are more diffuse, but they have a more favorable ge-
ometry for binding of carboxylates, and remain protonated
over a wider pH range (Figure 1B).["’)
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Figure 1. Ammonium groups have geometries less well suited than those
of guanidinium groups for hydrogen bonding to carboxylates.

Schmidtchen and co-workers have extensively investigat-

ed the thermodynamics of anion recognition by guanidinium
groups.'Y They have examined the roles of solvent, counter-
anions, and the functionality around the binding site.'”) The
association of bicyclic guanidinium structure 1 with benzoate
was studied by isothermal titration
N

A counter-anion effects on binding.
/Jﬁ(@ﬂ\\ The binding constant of 1 to ben-
7 1 N zoate in acetonitrile was greatly af-
fected by the guanidinium’s counter-
ion. Larger binding constants result-
ed with the larger, less strongly hy-
phate. Both enthalpy and entropy were determined to be fa-
vorable. Smaller anions resulted in an increase in positive
entropy, showing amplification in the release of solvent mol-
ecules from the binding site. The exothermic component
also decreased with a decrease in the counter-anion size, in-
dicating that the anion was competing with the guest for the
Hamilton!" has also investigated the thermodynamics of
guanidinium/carboxylate interactions. In one study, the bind-
ing of tetrabutylammonium acetate to a series of guanidini-
um derivatives was investigated by ITC.”)
® The association of the bicyclic guanidini-
f JN\j um 2 with acetate had a reasonable affini-

NN
R' R? hydrogens for methyl groups in 3 and 4
2: R'=H, R%=H completely inhibited binding, as found by
3: R'=CH;, R?*=H ITC and 'H NMR, showing the impor-
tance of hydrogen bonding for the associ-

calorimetry (ITC) to determine
drogen-bonding counter-anions such as hexafluorophos-
guanidinium group.
ty in DMSO, but the substitution of the
4: R'=CH3, RZ=CHj,
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ation. The thermodynamic data showed that the guanidini-
um/carboxylate interaction was exothermic and displayed
positive entropy. The binding was therefore attributed pre-
dominantly to hydrogen-bonding interactions, and the affini-
ties were again reduced when the counter-ion was changed
from iodide or tetraphenylborate to chloride.

There have been a variety of studies, primarily concerned
with sugar recognition, aimed at binding of diols."” Some ar-
tificial receptors have been designed to form neutral hydro-
gen bonds to the hydroxy groups of the sugar through
amide or alcohol groups, but these receptors generally only
work in non-polar, non-hydrogen-bonding solvents.**!
Since the binding of saccharides in water is an important en-
deavor, various groups have developed receptors based on
oligosaccharides,'” oligomers of cyclopentane,” and a por-
phyrin-cryptand system!®! to bind sugars in aqueous media.

The use of boronic acids has advanced the molecular rec-
ognition of sugars in aqueous media, because boronic acids
form reversible covalent linkages to 1,2- and 1,3-diols (Fig-
ure 2A). Thanks to their ability to form boronate esters,””!
they have been extensively studied for the binding of sac-
charides and are routinely incorporated into synthetic recep-
tors.””! The formation of the boronate ester is faster when
the boron is tetrahedral, which occurs at high pH. As it is
not always desirable to work at high pH, Wulff® demon-
strated that a tertiary amine adjacent to the boron can add
to the boron center, creating a tetrahedral boron at neutral
pH (Figure 2B).

A) /N
o O, HO  OH ® 8;>
B\ —_— B\ + 2H,0
OH OH
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o OH HO  OH ) \\o/>
B‘AOH —_— B’AO + 2H,0
@L @L
R R
2 2

Figure 2. Formation of reversible covalent linkages to diols by boronic
acids.

Shinkai and co-workers have performed extensive re-
search into the binding and selectivity of boronic acids with
sugars. The fluorescent sensor 5, which has only one bor-

onic acid moiety, was determined to be selective for fruc-
tose. When a second boronic acid is incorporated into the
host, however, the host (6) now exhibits a preference for
glucose.””! This outcome shows that the spatial orientation
of the binding moieties has a significant effect on determin-
ing the selectivity of the receptor. Norrild, though, has
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shown that the sugars isomerize when complexed to the bor-
onic acids.”

Wang and co-workers have also studied the interactions
of boronic acids and diols in detail,?” by using phenylboron-
ic acid and Alizarin Red S as a fluorescent reporter. They
studied buffer effects, pH, and overall affinities of phenyl-
boronic acid for different diols, showing that many common
beliefs may actually be misperceptions. For example, it has
been stated in the literature that binding constants of these
systems are buffer-independent.® In their work, Wang et al.
showed that the binding constant is dependent on the type
of buffer, and in the case of phosphate, the concentration as
well. It was also shown that phenylboronic acid has a stron-
ger affinity for catechol than for other 1,2-alkanediols, and
that all of their binding constants were pH-dependent.

Although the thermodynamic studies of guanidinium/car-
boxylate and boronic acid/diol interactions briefly summar-
ized above have been reported, no studies of the result of
combining these interactions together have appeared. In the
past, our group has designed and studied a series of hosts
for sensing of natural products containing both carboxylate
and diol moieties. Many of these guests are prevalent in
common beverages that humans consume daily, and their
concentrations affect characteristics including color, consis-
tency, and perhaps most importantly, flavor.”>!l The hosts
developed for our previous sensing purposes (reviewed
briefly below) gave us a series of receptors that allowed an
extensive thermodynamic analysis of combinations of guani-
dinium/carboxylate and boronic acid/diol interactions.

All of the receptors described here are based on a scaf-
fold that induces preorganization of the binding sites. The
scaffold is a 1,3,5-trisubstituted 2,4,6-triethylbenzene unit, in
which the substituents attached to the methylene groups al-
ternate up and down around the ring, allowing the binding
sites to be preorganized on one face of the benzene ring.*”)
This steric gearing has been shown to enhance binding in
earlier work."™

Our first receptor (7)P** was designed to bind citrate, a
tris-anionic molecule at neutral pH, found in citrus-contain-
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ing drinks. Selectivity for binding of guests containing three
carboxylate moieties was obtained by incorporating three
guanidinium groups imbedded in imidazoline groups. Signal-
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ing of the binding was achieved by use of an indicator dis-
placement assay (Figure 3),*¥ similar to many antibody-
based biosensors in competitive immunoassays,* and 5-car-

Indicator
Guest

s S _!’_ 3
S

Figure 3. Indicator displacement assay.

Haost

boxyfluorescein (11) was used as the indicator. This host
was shown to be selective for citrate over comparable analy-
tes such as sugars and other anions.

11 12 13

The second receptor 8 was designed to detect tartrate in
wines and grape juices.”” Tartrate contains two carboxylate
groups and one diol, so the receptor was designed with two
imidazoline-imbedded guanidinium groups and a boronic
acid to complex the diol. Alizarin complexone (12) was
chosen as the indicator for the displacement assay. Host 8
was determined to bind selectively to a combination of tar-
trate and malate, over other similar analytes, and quantifica-
tion of a total of these two analytes was achieved in a varie-
ty of grape-derived beverages.

Receptor 9 was designed to target gallate, a tris-hydroxy-
benzoic acid derivative found in Scotch whiskies.” The host
contained one guanidinium group for binding the carboxy-
late and two boronic acids for binding the hydroxyphenyl
groups. Pyrocatechol violet (13) was used as the indicator
for binding, and studies showed that 9 was not selective just
for gallate, but also bound a class of compounds similar to
gallate. All of these analytes are found in Scotch whis-
kies,**3! and are related to the age of the beverage.!
Through the use of an indicator displacement assay, a corre-
lation was made between the age of the beverage and the
response of the sensing ensemble to the class of analytes as
a whole.

As alluded to above, in the study reported here, the selec-
tivity of the hosts 7-9 was studied in greater detail than in
our sensing studies, along with a fourth host (10) containing
three boronic acid moieties. This study therefore focuses
upon a series of receptors with all possible combinations of
guanidinium and boronic acid groups, ranging from three
guanidinium groups to three boronic acids, all with identical
spatial orientations because the scaffold is not altered. The
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binding constants of a variety of guests NHBoc NHBoc NHE
were studied to show the selectivity of
each of the hosts. Cooperativity of hosts HN 2 Heo H i H o
8 and 9 with tartrate was also investigat- NH, C?\“/_' o ~ H
ed, along with ITC analysis of the hosts (Ac0©) ® \\7 NH o HN@a\fb
to determine the components of the 7 2 HN (A7), HN
Gibbs free energies of binding. To deter- 18 18
mine the selectivity of boronic acids for p
more than just diols, a variety of com- Hle lo
pounds including amino acids, a-hydroxy- \ ‘OH
carboxylates, and di- c "o H o
on carboxylates with a <‘"® N ’
@B:‘)OH simplified  boronic HN.__N
@QN@ acid compound (14) (Ac0®), %\}\7
/
H

14 an entropy/enthalpy
compensation effect
was found for all the

hosts and guests. The data provide a uni-
fied picture of how hosts 7-10 recognize and bind guests
containing diol/carboxylate functionalities.

Results and Discussion

Synthesis: The synthesis of receptors 7-10 began with 1,3,5-
tris(aminomethyl)-2,4,6-triethylbenzene (15), which was pre-
pared by a three-step synthesis from commercially available
1,3,5-triethylbenzene.®™ The tris-guanidinium host (7) was
synthesized (Scheme 1) by mixing the triacetate salt of 15
with 2-methylthio-2-imidazoline in a solid melt to obtain 7
as the acetate salt.l*”!

(o
NH, =
N"® NH HN
RO o) >
N
a ” i
HoN
o@
L, (A3
HN
15 <)
HN” "NH
/

7

Scheme 1. a) AcOH, 2-methylthio-2-imidazoline, 80°C, 66 %.

Host 8 was synthesized by protecting one of the nitrogens
of 15 with di-tert-butyl dicarbonate (Scheme 2) to form a
mixture of the di- and monoprotected products (16 and 17).
From there (Scheme 3), the guanidinium groups were
formed by coupling the acetate salt of 17 with 2-methylthio-

NH» NHBoc NHBoc

HoN HaN HoN

NH; NHBoc NH,
15 16 17

Scheme 2. a) (Boc),0, CHCl,, 16 (28%), 17 (18 %).
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Scheme 3. a) AcOH, 2-methylthio-2-imidazoline, 80°C, 64 %; b) TFA, H,O, ion-exchange, 99 %;
¢) 2-formylbenzeneboronic acid (1.1 equiv), MeOH, 3 A sieves, NaBH,, 57 %.

2-imidazoline by means of another solid melt, resulting in
18. After deprotection of the Boc-protected amine with tri-
fluoroacetic acid, the amine 19 was alkylated by reductive
amination with 2-formylbenzeneboronic acid®”! to complete
the synthesis of 8.

For the synthesis of the bisboronic acid/monoguanidinium
host 9 (Scheme 4), the bis-Boc-protected compound 16 was
coupled with an N-Boc-protected imidazoline derivative*!
to form 20. Subsequent deprotection of the amines and the
imidazoline with trifluoroacetic acid (21), followed by reduc-
tive amination with 2-formylbenzeneboronic acid, afforded
9.

Compounds 10 and 14 were both created through reduc-
tive amination with 2-formylbenzeneboronic acid. The tris-
boronic acid compound 10 (Scheme 5) was created by using
the tris-amine compound 15, while the single boronic acid
compound 14 (Scheme 6) was synthesized from benzyl-
amine.

Binding and structural studies: To determine binding con-
stants, a mechanism to signal the binding, such as the modu-
lation of the spectroscopic properties of a chromophore or
fluorophore, needed to be included. In order to signal the
presence of a guest, the “signaling site” must communicate
with the “binding site”. Our group traditionally uses indica-
tor displacement assays to impart the required communica-
tion (Figure 3).3** For example, an indicator with binding
groups complementary to the receptor of choice is
chosen.**1 Upon addition of the receptor to the indicator,
the spectroscopic properties of the indicator change as it be-
comes bound to the receptor. This change is due to altera-
tion of the local microenvironment around the indicator.
Upon addition of a guest that binds the receptor, the indica-
tor is displaced from the binding site, allowing it to revert to
its original spectroscopic properties, and K, values can be
determined from these data.*”

When looking for an indicator for a particular host, two
factors need to be considered. Firstly, in order for the indi-
cator to bind in the cavity, the indicator should have func-
tional groups complementary to the receptor. Secondly, the
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Scheme 4. a) N-(1,1-Dimethylethoxycarbonyl)-2-methylthio-2-imidazoline, 5% AcOH in EtOH (v/v), 60°C,
61%; b) TFA, H,0, ion-exchange, 98 %; c) 2-formylbenzeneboronic acid, MeOH, 3 A sieves, HC(OCHS,),,

NaBH,, 82%.
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Scheme 5. a) 2-Formylbenzeneboronic  acid, MeOH, 3 A sieves,
HC(OCHs;);, NaBH,, 28%.
OH
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Scheme 6. a) 2-Formylbenzeneboronic acid, HC(OCH,);, 3 A sieves,
MeOH, NaBH,, 79 %.

indicator should have a pK, near the working pH, to insure

that the indicator is sensitive to microenvironment changes.
All the host/indicator bind-

ing constants were determined

in the same manner, so only A)

one example of how the associ-

ation constants are determined

is described here. Pyrocatechol

violet (13) was chosen for the

indicator displacement assay

with host 9, due to the catechol ¢ T

and sulfonate moieties, which

n

®
NH3
H H
NEN
NH NH3
)3 21

in which its color is dependent
on its protonation state.*!
Upon addition of 9 to a solution
of 13 at constant concentration
and pH (Figure 4 A), the A, of
the absorbance shifts from 442
to 488 nm. The result was simi-
lar to that expected from an in-
crease in pH, which is what was
anticipated, since the positive
microenvironment of the bind-
ing pocket was expected to
lower the pK, of the phenol of
the indicator. The data was fit
by use of a 1:1 binding algo-
rithm,* in which the interac-
tion of 9 and 13 was defined
through Equation 1, where [ is
the concentration of the indica-
tor and L the host.

(Aco®

I+L = IL (1)

Absorbance is defined by Beer’s law, and through a deri-
vation of equations using the indicator and ligand mass bal-
ance equations and the equilibrium constant, Equation 2 is
obtained. The free ligand concentration (L;) can then be cal-
culated through this quadratic equation, where I, is the total
indicator concentration, K; represents the binding constant,
and L, refers to the total ligand concentration. The free
ligand concentration is then used in the final binding iso-
therm (Eq.3). The calculated delta absorbance and the
actual delta absorbance are plotted against the concentra-
tion of host. The binding constant (K;) and the change in
molar absorptivity (¢) were iterated until the best fit of the
data was obtained (Figure 4 B). This gave a binding constant
of 6.2x10*m ! for 9 and 13 in 75% methanol in water (v/v)
at pH7.4.

bind to the boronic acids and
the guanidinium, respectively.
This indicator is colorimetric
and commonly used for the de-
termination of tin and bismuth,

475
A/nm

pH 7.4).
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Figure 4. A) UV/Vis spectrum of 13 upon addition of 9. B) Curve-fitting analysis of the binding of 9 and 13 by
use of a 1:1 binding algorithm. The data were taken at 510 nm (75 % methanol in water (v/v), 10 mm HEPES,
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Indicators for the remainder of the hosts were chosen,
and all were investigated under the same solvent conditions.
To compliment the guanidinium groups of 7, the pH-sensi-
tive indicator 5-carboxyfluorescein (11) was chosen, since
the carboxylates should hydrogen bond and form charge
pairs to the guanidinium groups, affecting both absorbance
and fluorescence upon binding. The binding constant be-
tween 7 and 11 was determined to be 4.7x10°m™'. Alizarin
complexone (12) turned out to be the best indicator for
both 8 and 10, since the boronic acids can form complexes
with the dihydroxyphenyl groups, and the guanidinium
groups of 8 should interact with the carboxylates on the in-
dicator. The binding constants were calculated to be 2.7 x
10*m~" and 4.6x10*m™! for complexes 8-12 and 10—12, re-
spectively.

To determine the binding constants of the guests to the
receptors we used a competition assay. All the assays work
in a similar manner, so again only one specific example is
discussed here. Upon addition of gallate to a solution of 9
and 13 at constant concentration and pH (Figure 5A), the
absorbance spectra shifted back towards 442 nm as the indi-
cator was displaced from the cavity. The determination of
the binding constant is more complicated, due to the equili-
bria that now exist between the guest (S) and the indicator
host complex (IL) (Eq.4), along with the equilibria from
Equation (1).4%

IL+S = SL+1 (4)

For a graphical approach to determine a binding constant
between gallate and 9 (K;;), the mass balance equations and
the equilibrium constants were used to derive the equations
that define P (Eq. 5) and Q (Eq. 6).2! Q is termed the indi-
cator ratio, and can be obtained through the absorbances of
the free (A;) and bound indicator (A; ). These two equa-
tions are then used to derive Equation 7, which defines the
equation of a line where y is [S]/P, x is Q, b is 1, and the
slope is the ratio of the binding constant of 9-13 (K;) and 9-
gallate (K;;). The data were subsequently fit by varying the
value of Ay until the Yintercept was 1, and K;; was deter-
mined to be 1.0x10*m™! (Figure 5B).

p— Ky [S)]

= K0+K, ®)

A) 4 25

20

St

2520151050

[analyte] / P
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[S] _ K,
P K 2! 7

Each of the hosts 7-10 was tested with a variety of guests
(Figure 6) by the indicator displacement method, and the
binding constants are listed in Table 1. For receptor 7, it was

Table 1. Binding constants [M~'] determined for receptors 7-10 by the
competition assay (75 % methanol in water, 5-10 mm HEPES, pH 7.4).

7 8 9 10
citrate 62x10"  20x10°  1.8x10° 2.7x10*
tartrate 17x10*  55x10°  14x10° 4.0x10*
malate 1.3x10*  48x10*  1.5x10° 8.5x10°
succinate 3.6x10°  35x10> <1.4x10® no binding
gallate <100 2.0x10*  1.0x10* 1.0x10*
3,4-dihydroxybenzoate <100 1.0x10*  4.5x10° 9.0x10°
lactate not 1:1 50x10*>  5.0x10? 1.1x10°
glucose no binding 1.6x10°  1.4x10? 9.0x 10?
fructose no binding 3.0x10°  4.0x10? 6.0x10?
catechin no binding 8.0x10>  5.7x10? 5.0x10%
EGCg no binding 4.5x10°  52x10° 6.0x10°

expected that the guests that were highly anionic would give
the strongest interactions and that the guests that were neu-
tral would not bind with the guanidinium groups. It was
found that citrate, which has three carboxylates, was the
guest with the highest binding constant; one possible bind-
ing motif (A), observed in the obtained crystal structure,
with all three carboxylates of cit-

rate hydrogen-bonded to the HO o

guanidinium groups of 7 is ° 3\/\\\;<OO_,H\
shown. Guests with two carboxy- H S] o GO\H @13
lates, such as tartrate, malate, No H O\\ NN
and succinate, were also strong EN\%N o H
binders with 7. Malate and tar- H NG j
trate, which also have one and N
two hydroxy groups, respectively, A

had binding constants three to
four times weaker than their
three-carboxylate counterpart. Succinate, which has no hy-
droxy groups, had a binding constant with 7 over an order
of magnitude weaker than that of citrate. The binding affini-
ties of 7 with monocarboxy-
late-containing guests such as
3,4-dihydroxybenzoate and gal-
. late were so low that they were
estimated to be less than
100m~". The other monocar-
boxylate guest, lactate, was de-
termined to bind 7 with a
higher stoichiometry, with
more than one guest bound in

arzs 475 575 650 )
Alnm

Figure 5. A) UV/Vis spectrum of the complex 9-13 upon addition of gallate. B) Determination of the binding
constant of 9 to gallate by a competitive binding algorithm [Eq. (7)]. The data were taken at 605 nm (75 %

methanol in water (v/v), 10 mm HEPES buffer, pH 7.4).
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5 M 4 the cavity. Other guests con-
Q taining only hydroxy or cate-
chol functionalities—such as
fructose, glucose, catechin,
and epigallocatechin gallate
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Figure 6. Guests tested for affinities with receptors 7-10.

(EGCg)—were not expected to bind to 7 and indeed had no
detectable binding interactions.

It was expected that guests possessing two carboxylates
and one diol should show optimum binding with receptor 8.
Tartrate was the guest of choice, and indeed bound strongly
to the receptor. Malate, similar in structure to tartrate but
with one hydroxy group fewer, however, had an almost
identical affinity to the receptor. Citrate bound 8 with an af-
finity almost four times stronger than that of tartrate, indi-
cating that the carboxylates of citrate were interacting with
the boronic acid. Succinate, a malate equivalent but without
any hydroxy group, had a significantly decreased affinity for
8, by almost two orders of magnitude. This indicated that
the o-hydroxycarboxylate functionality has a greater affinity
for boronic acids***! than 1,2-alkanediols. The binding of a-
hydroxycarboxylates by boronic acids has been demonstrat-
ed in work by Houston and co-workers with Shinkai’s bor-
onic acid receptor.”) The receptor had a high affinity for
tartrate, the affinity for malate was lower, and no binding
was detected with succinate. The possible binding conforma-

HO

Scheme 7. Binding of the a-hydroxycarboxylate of tartrate to the boronic
acid of 8.
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tion of 8 to an a-hydroxycar-
boxylate versus a diol is depict-
ed in Scheme 7. Here the bind-
ing of the a-hydroxycarboxy-
late of tartrate to the boronic
acid of 8 (B) is depicted in
equilibrium with the formation
of the boronate ester between
the boronic acid and the diol
(C). The fact that tartrate and
malate have very similar bind-
ing constants with 8 gives evi-
dence for B being the more fa-
vorable binding motif for tar-
trate. However, it is likely that
both binding modes exist in
solution. Structure D is pro-

lactate posed for malate bound to 8 in

solution.

The binding constants of gal-
late and 3,4-dihydroxybenzoate
with receptor 8 were also of

the same order of magnitude as those of tartrate and
malate. This similarity is due to the catechol/boronic acid in-
teractions, which are known to be stronger than those of vi-
cinal diols.”?" The larger neutral catechol-containing guests
(catechin and EGCg) had binding affinities with 8 an order
of magnitude weaker than those of the aromatic carboxy-
lates. Simple sugars, such as fructose and glucose, bound
with even lower binding constants, since the interaction with
the receptor is solely with the single boronic acid.

The same guests were tested with receptor 9, which has
two boronic acid moieties and one guanidinium. Citrate and
tartrate had the strongest affinities for the receptor, while
malate’s affinity was an order of magnitude less. Again, this
difference indicates that the boronic acids are preferentially
interacting with the a-hydroxycarboxylates. Scheme 8 de-
picts the possible binding interactions of tartrate and malate
with 9. With tartrate, two a-hydroxycarboxylate interactions
with the two boronic acids can be represented (E), along
with a structure in equilibrium possessing a boronate ester

succinate

H
glucose

0
o 9 60
0, © Ho, ©
~B —~B
a O o} ° 0 HO
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®| H-N 0.7 TSN=y
N Hoy N <
P, H @, o / H®, j
H < = H N<<
H H
E F
VS,
o)
Ho,,,BE>
o O HO™
0
B —o._ 1®
~N<H
®rL O M
H, H\’\T(ﬁ A j
NN
H

Scheme 8. Possible binding interactions of tartrate and malate with 9.
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(F). In F, the interaction between the carboxylate and the
boronic acid could be either hydrogen bonding, or coordina-
tion of the carboxylate to the boron, making a mixed anhy-
dride (not shown). With malate (G), only one a-hydroxycar-
boxylate interaction with a boronic acid can exist, which re-
sults in the lower binding affinity with 9.

Gallate bound 9 with an affinity of the same order of
magnitude as malate, again showing the greater affinity of
1,2-dihydroxyphenyl groups over 1,2-alkanediols. EGCg was
an order of magnitude higher than catechin in its binding
constant with 9, presumably due to the increased number of
hydroxy groups. EGCg’s similar binding affinity to 3,4-dihy-
droxybenzoate again shows the importance of the catechol
functionalities, whereas the affinities of glucose and fructose
were an order of magnitude less.

The tris-boronic receptor 10 again showed selectivity for
the guests with a-hydroxycarboxylate systems, such as tar-
trate. Citrate, which only has one a-hydroxycarboxylate, had
a binding constant with 10 comparable to that of tartrate,
which was attributed to interaction with the boronic acids
by the other two carboxylates of citrate. The affinity of 10
for malate was five times weaker than for tartrate, due to
the one fewer hydroxy group. The possible binding modes
of tartrate are illustrated in Scheme9, showing the forma-

Scheme 9. Possible binding modes of tartrate with 10.

tion of a boronate ester (I) versus the binding of the a-hy-
droxycarboxylates (H). In structure I, the actual interaction
between a carboxylate and boronic acid is not known, but a
mixed anhydride between the carboxylate and the boron is
a possibility. A binding mode for malate similar to those
shown in Scheme 7 and Scheme 8 can be assumed, highlight-
ing the increased number of favorable binding interactions
for tartrate. Importantly, without the alcohol moieties (succi-
nate) no binding to this receptor could be detected, suggest-
ing that the dicarboxylates are not interacting with the bor-
onic acids.

Both gallate and 3.,4-dihydroxybenzoate had affinity con-
stants with 10 of the same order of magnitude as malate,
showing the strong interactions of the boronic acids with the
catechols. The simple alkanediols (glucose and fructose) had
the lowest affinities with 10.

From analysis of all the binding constants discussed
above, it became clear that the boronic acids were playing
more of a role than just binding vicinal diols.[***! We there-
fore turned our attention more closely to the role of the bor-
onic acids. After analysis of the guests tested with hosts 8-
10, a series of simpler guests with a simplified boronic acid
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compound 14 were analyzed. Since 14 does not possess a
signaling site, the competition assay was also employed,
with 12 as the indicator. The determined binding constants
are shown in Table 2, along with the binding constant of 12
with 14. Aliphatic diols have been widely examined with

Table 2. Binding constants [M™'] determined for 14 by competition assay
with the indicator alizarin complexone (75% methanol in water, 10 mm
HEPES, pH 7.4).

14
alizarin complexone (12) 4.4x10°
malonate 8.6 x 107
lactate 3.1x10?
alanine <50
iminodiacetic acid <50
catechol 4.0%10?
cis-1,2-cyclohexanediol <50
diethanolamine 75

boronic acids; however, catechols have not been as widely
tested,”?"! so this was our starting point. Since 12 bound
strongly, the iminodiacetate functionality was tested to de-
termine whether the boronic acid was binding through the
catechol or the side arm of 12. However, the binding of this
guest with 14 was too weak to be determined. Diethanola-
mine, the alcohol equivalent to iminodiacetate, was also
tested, but also had weak binding. Because citrate bound
hosts 8-10 better than expected, the interaction of lactate,
an o-hydroxycarboxylate, was tested, and it was shown to
have an excellent binding affinity for the boronic acid in 14.
The amino acid”! equivalent alanine had very little affinity
with the receptor, showing that the alcohol is preferred over
an amine. Malonate also showed a strong affinity for 14, in-
dicating that binding through the two carboxylates was also
possible,* forming a six-membered ring. When any simple
aliphatic diols such as ethylene glycol or cis-1,2-cyclohexane-
diol were attempted, binding was always too low to deter-
mine. It was therefore determined that a simple boronic
acid (14) has high affinities for a-hydroxycarboxylates, cate-
chols, and dicarboxylates that can form six-membered rings,
over amino acids and simple 1,2-alkanediols.

To investigate the geometry at the boron center, a crystal
structure of 14 was obtained (Figure 7). As can be seen, the
nitrogen has added onto the boron, making the boron tetra-
hedral. The protonated state of the nitrogen exists, as the
hydrogen on the nitrogen is still present,*! allowing the sec-
ondary nitrogen and the boron to form a zwitterionic com-
plex. The use of boronic acids with adjacent amines in sen-
sors is routinely performed with tertiary amines.”>" This
helps to show the potential of incorporation of a secondary
amine for sensor applications.”"

Enthalpy and entropy: Given that the selectivity of the
hosts had been determined, along with some structural in-
sight, we were interested in the driving force for the binding
of hosts 7-10 and 14. The Gibbs free energies of binding can
be calculated from the K, values, but in order to divide AG®
into its parts, enthalpy and entropy, isothermal titration cal-
orimetry (ITC) was used. This method measures the heat
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Figure 7. View of 14, showing the atom labeling scheme. Displacement el-
lipsoids are scaled at the 50 % probability level.

were obtained in 75 % methanol in water. Ion-pairing inter-
actions are reduced in pure water, and in addition the in-
creased buffer concentration lowers binding affinities.

The data show that binding is driven by a combination of
entropy and enthalpy, both being favorable. In many sys-
tems, exothermic enthalpy is associated with charge-pairing
interactions or tight binding interactions that result in struc-
tural tightening, while positive entropy is generally associat-
ed with a release of solvent into bulk solution. Negative en-
tropy can result from the cost of freezing intermolecular
motion. With regard to the binding of 7 and citrate in pure
water with a phosphate buffer, the majority of the driving
force is derived from entropic contributions, indicating a
large release of solvent upon 7 binding citrate.”>>

The binding between 8 and tartrate was determined to be
exothermic with positive entropy. The increase in the en-

Table 3. ITC analysis of 7 (100% water, pH 7.4, 103mm phosphate buffer),® 8-10 (100% water, pH 7.4,

evolved or absorbed upon

50mm HEPES), and 14 (100% water, pH 7.4, 250mm HEPES).

binding, deriving K, AG°,

0 0 - K T-citrate 8-tartrate 9-tartrate 10-tartrate 14-catechol 14-malonate
AH®, and AS” in a single ex- - -

. (52 . AH" [kealmol™'] —0.2 ~16 -29 -15 ~14 0.02
periment.™" The instrument 7o o1 mol] 33 2.1 0.6 18 18 42
measures the change in heat of  AG° [kcalmol ] _36 _37 _35 _33 _32 _42
a system upon addition of an K, [mM'] 4.4%10? 5.2x 10 3.7x10? 2.6x10? 2.2x10? 12x10°

aliquot of guest into a solution

of host. This heat exchange is

shown in Figure 8 (top) for the addition of tartrate into a
solution of 8 at pH 7.4 (100 % water, S0mm HEPES buffer,
25°C). Integration of the exothermic peaks leads to the
binding curve shown at the bottom of Figure 8. Use of a
one-site binding model to fit the data leads to the values
shown in Table 3. The association constant between tartrate
and 8 was found to be significantly lower than that reported
in Table 1. This can be attributed to the performing of the
ITC experiments in 100 % water, while the UV/Vis studies

t/ min
0 20 40 60 80 100 120 140 160
7

0 .

pcal/s

kcal mol~ of injectant

T T T T T T T T
0.0 05 10 15 20 25 30 35
Molar Ratio

Figure 8. ITC analysis of 8 with tartrate (100% water, 50 mm HEPES
buffer, pH 7.4).
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thalpic component versus 7’s binding of citrate indicates
stronger interactions between 8 and tartrate. The covalent
bonds between the boronic acid and tartrate (Scheme 7, B
and C) might contribute to the enthalpic component relative
to the hydrogen-bonding and charge-pairing interactions of
7. Further, the entropic component is still present with 8,
which could result from the release of solvent from the
binding pocket and the guest. The binding of the carboxy-
lates of tartrate to the guanidinium groups of 8 displace
water into bulk solvent. Additionally, two water molecules
are also released for each boronate ester formed from either
the diol or the a-hydroxycarboxylates.

A large enthalpic component with a small entropic com-
ponent was determined for the binding of 9 to tartrate. The
possibility of formation of four reversible covalent bonds to
tartrate exists (Scheme 8, E), making the complexation exo-
thermic, but resulting in a more ordered host/guest complex,
lowering the entropy of binding relative to 7 and 8. The ri-
gidity of the host/guest complex induces a loss of entropy,
which must outweigh the increased entropy from the dis-
placement of solvent from the binding cavity, lowering the
overall entropy of binding.

The binding of 10 with tartrate had a driving force similar
to that of receptor 8’s binding of tartrate, where the enthal-
py and entropy were both favorable. The formation of com-
plex H (Scheme9) has 10 binding tartrate in an orientation
similar to 9 (Scheme 8, E), yet the exothermicity with 10 has
decreased and there is more favorable entropy. Perhaps the
rigidity in the binding of tartrate to 10 is not as pronounced
as for tartrate to 9, due to subtle size and shape differences
in the binding cavities. Without the increase in rigidity, not
as much entropy is lost and the displacement of solvent into
bulk solution has a more pronounced effect.
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With the boronic acid model compound 14, the associa-
tion of catechol, malonate, and lactate were analyzed by
ITC. Catechol was both entropy- and enthalpy-driven, with
exothermic binding and positive entropy. Malonate, on the
other hand, was primarily entropy-driven (positive), with en-
thalpy being slightly endothermic. If these two studies are
viewed in terms of rigidity, it would appear that the forma-
tion of the boronate ester with catechol results in a more
rigid complex than malonate binding 14. This rigidity re-
duces the entropy of the system, even though two solvent
molecules are being released for each boronate ester
formed. Lactate is not reported, due to the fact that no ac-
curate association constant could be obtained, because of
small changes in the heat, which means that the binding is
almost entirely entropy-driven.

If the entropy and enthalpy of binding for each of the re-
ceptors are plotted together (Figure9), the result is a
straight line. This phenomenon is termed enthalpy/entropy

0.5 7

AH=081TAS -3.13
-35 T T T T 1

0 1 2 3 4 5
TAS
Figure 9. Enthalpy (AH®, kcalmol ™) vs entropy (T AS’, kcalmol ') com-

pensation plot for hosts 7-10 and 14, binding different guests; o: 14-malo-
nate, o: 14-catechol, m: 7-citrate, @: 8-tartrate, A: 9-tartrate, o: 10-tartrate.

compensation (EEC), an effect that reflects how increasing
favorable enthalpy is offset by a change in entropy or vice
versa, resulting in a small change in free energy. For exam-
ple, as the rigidities of the host/guest complexes increase,
the disorder in the complexes decreases, resulting in a com-
pensation of the increase in enthalpy. This effect can be
seen in receptors 7-9, as the binding sites of the receptors
change from three guanidinium groups to two boronic acids
and one guanidinium group. The slope of the EEC graph
was determined to be 0.8, which means that the free energy
of binding is more sensitive to changes in entropy.’ A
slope of less than one suggests that in the rational design of
a receptor to bind with better binding contacts to the host,
the increased exothermicity of binding (AH®) would be de-
feated by the compensating entropy (T AS?).

It is interesting that receptors containing both boronic
acids and guanidinium groups lie on the same plot, with the
same slope. This means that the extents to which the in-
creased enthalpies of binding are offset by lower entropy
must be nearly identical for the two molecular recognition
motifs. lon-pairing of a carboxylate with a guanidinium and
reversible binding of a-hydroxycarboxylates with boronic

Chem. Eur. J. 2004, 10, 3792 —3804 www.chemeurj.org

acids act similarly in this regard, at least in the series of re-
ceptors studied. More work is required to see if this is a gen-
eral phenomenon.

Cooperativity: Studies to explore cooperativity of receptors
8 and 9 in binding of various guests were performed. Coop-
erativity, in the case of receptor 8, is defined as enhanced or
diminished binding interactions of the boronic acid and the
two guanidinium groups to the diol and carboxylates of tar-
trate, respectively. The method proposed by Jencks®! was
used to analyze the two receptors. The guest to be studied is
divided into parts A and B, where the receptor can inde-
pendently bind both of these, such that the parts can be
compared to the whole to determine whether the binding is
cooperative when they are connected. Here, the Gibbs free
energy of connection (AG?) is defined as the change that re-
sults from the connection of A and B, and can be deter-
mined from the difference between the Gibbs free energy of
the parts minus the Gibbs free energy of the whole [Eq. (8)]
or the binding constants [Eq. (9)]. Positive cooperativity
would be shown by a positive AG?, which is a gain in free
energy from binding of AB vs. binding of A and B separate-
ly. The opposite is true for a negative AG?.

AG’ = AGY+AG)— AGY, @®)
K
0 _ AB
AG! = RTn -2 )

For receptors 8 and 9, the binding of tartrate was studied.
Two lactates were chosen to study the a-hydroxycarboxylate
interactions with the boronic acids and the guanidinium
groups. Lactate’s binding constant with 8 was determined to
be 500m~', which gave a AG? of —0.9 kcalmol ™' for tartrate,
which is indicative of negative cooperativity.

The cooperativity of binding with regard to receptor 9
and tartrate was also analyzed. The association constant be-
tween 9 and lactate was determined to be 500m~!, which
gave a AG? of —0.3kcalmol™' for tartrate, negative but
close to zero cooperativity.

One must remember that both negative and positive co-
operativity give enhancements in the binding affinities. Neg-
ative cooperativity merely suggests that the enhancement
was not as large as could have been achieved. The fact that
there is only a small negative cooperativity in free energy
with the lactate as the parts suggests equal free energy inter-
actions from each of the a-hydroxycarboxylates of tartrate
when binding to 9.

Conclusion

Guanidinium groups and boronic acids have previously been
investigated for binding carboxylates and diols, respectively.
We have analyzed four receptors 7-10 that incorporate
these functionalities individually and together, examining
the thermodynamics of binding, selectivities, and cooperativ-
ity. The trisguanidinium receptor 7 gave a predictable selec-
tivity for highly anionic analytes. Receptors 8-10, which in-

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 3801


www.chemeurj.org

FULL PAPER

E. V. Anslyn et al.

corporated boronic acids, had higher affinities for guests
that possessed o-hydroxycarboxylate and catechol function-
alities over simple alkane-1,2-diols. The study of a monobor-
onic acid compound 14 confirmed the high affinity for a-hy-
droxycarboxylates and catechols. Isothermal titration calo-
rimetry revealed that the binding of citrate and tartrate with
hosts 7-10 were all exothermic, with positive entropy. The
boronic acids appear to add an enthalpic component to the
thermodynamics of binding, along with an entropy compo-
nent due to the release of water. However, the binding with
boronic acids also leads to more tightly bound complexes,
while the complexes with guanidinium groups are looser
and have larger entropic components related to solvent re-
lease. Our data show that an enthalpy/entropy compensation
phenomenon exists between the guanidinium and the boron-
ic acid hosts. This indicated that the offset of enthalpy for
losses in entropy for guanidinium groups and boronic acids
were essentially the same for our hosts. The cooperativity of
tartrate binding to 8 and 9 was also investigated. It was de-
termined that 9 had a binding pocket that was complemen-
tary for the binding of tartrate, showing only small negative
cooperativity.

Experimental Section

General: All reagents were obtained from Aldrich, and were used with
no further purification unless otherwise noted. Methanol was distilled
from over magnesium, and triethylamine was distilled from one calcium
hydride when noted. Products were placed under high vacuum for at
least 12 h before spectra were obtained. '"H and *C NMR spectra were
obtained on a Varian Unity Plus 300 MHz spectrometer. ''B NMR spec-
tra were obtained on a Bruker AMX 500 spectrometer. A Finnigan VG
analytical ZAB2-E spectrometer was used to obtain high-resolution mass
spectra, UV/Vis spectra were collected on a Beckman DU640 spectro-
photometer, and isothermal titration calorimetry was performed on a
VP-ITC MicroCalorimeter instrument (MicroCal).

UV/Vis titrations of indicator and receptor: All solutions were buffered
at pH 7.4 with HEPES buffer (5mm) in methanol in water (75% v/v). A
solution of 5-carboxyfluorescein (23 um) was prepared in the cuvette, and
a stock solution of 7 (500 um) and 5-carboxyfluorescein (23 um) was titrat-
ed into this, with the indicator concentration being kept constant. The
data was recorded at 498 nm to determine the association constant. The
rest of the host/indicator association constants were determined in a simi-
lar manner with differences in concentrations. Alizarin complexone-8
(10mm HEPES, 150 M of indicator, 1.6mm of 8, 525 nm); pyrocatechol
violet-9 (10mm HEPES, 60 um of indicator, 1.2 mm of 9, 510 nm); alizarin
complexone-10 (10 mmM HEPES, 150 um of indicator, 1.2mm of 10,
525 nm); and alizarin complexone-14 (10 mm HEPES, 150 um of indica-
tor, 2.8 mm of 14, 525 nm).

UV/Vis titrations of receptor/indicator ensemble and guests: All solu-
tions were buffered at pH 7.4 with HEPES buffer (5-10 mm) in methanol
in water (75% v/v). A solution of indicator (11, 14 um) and receptor (7,
74uM) was prepared in the cuvette, and a stock solution of indicator,
host, and guest, was titrated into this, with the indicator and host concen-
trations being kept constant. The data were taken at the appropriate
wavelength to determine the association constant. The guest concentra-
tion in the stock solution varies between 5-80 times the concentration of
host. Alizarin complexone-8 (10 mm HEPES, 150 um of indicator, 170 pm
of 8, 525 nm); pyrocatechol violet-9 (10 mm HEPES, 60 um of indicator,
260 um of 9, 510 or 605 nm); alizarin complexone-10 (10 mm HEPES,
150 um of indicator, 185 um of 10, 525 nm); and alizarin complexone-14
(10 mm HEPES, 150 pm of indicator, 470 um of 14, 525 nm).

Isothermal titration calorimetry of receptors 8, 9, and 10 with tartrate:
All solutions were buffered at pH 7.4 with HEPES buffer (50mm) in
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100% water. The calorimetry cell contained the receptor (1.0mm), and
tartrate (21.4mm) was titrated into the cell. A total of 30 injections were
made at a volume of 6 uL per injection and a spacing of 300 seconds be-
tween injections. The solution was constantly stirred and kept at 25°C.
The heat of dilution was measured by titration of the tartrate solution, in
the same fashion as above, into a solution of just buffer. The heat of dilu-
tion data were subtracted from the raw titration data to produce the final
binding curve. The data were fit with a one-site binding model with
Origin software version 5.0. The other ITC experiments were all per-
formed in a similar manner, with variations in buffers and concentrations.
1-(N-(-ortho-Boronobenzyl))aminomethyl-2,4,6-triethyl-3,5-((2-imidazo-
lin-2-yl-amino)methyl)benzene (8): 1-Aminomethyl-2.4,6-triethyl-3,5-((2-
imidazolin-2-yl-amino)methyl)benzene (300 mg, 0.53 mmol, 1 equiv) was
mixed with 2-formylbenzeneboronic acid (87.6 mg, 0.58 mmol, 1.1. equiv)
in anhydrous methanol. Distilled triethylamine (360 uL, 2.65 mmol,
5 equiv) and 5-10 activated molecular sieves (3 A) were added, and the
solution was stirred at 25°C for 3 h. After this time, sodium borohydride
(20.2 mg, 0.53 mmol) was added, and the solution was stirred for an addi-
tional 1 h. The solution was filtered through a pad of celite to remove the
sieves, the filter cake was washed with methanol and trimethyl orthofor-
mate, and the solvent was removed by rotary evaporation. The resulting
residue was placed under reduced pressure (6 mm Hg) for two days to
remove the trimethylborate. This residue was then dissolved in water and
filtered through a pad of celite to remove the reduced aldehyde. The
water was lyophilized off, resulting in a fluffy white solid (366 mg, 99 %).
M.p. 197°C (decomp); 'H NMR (300 MHz, CD;0D, 25°C): § = 1.12 (t,
6H; CH;); 1.23 (t, 3H; CH;), 1.81 (s, 9H; CHs;), 2.74 (q, 2H; CH,), 2.82
(q, 4H; CH,), 3.75 (s, 8H; CH,), 3.97 (s, 4H; CH,), 3.75 (s, 8H; CH,),
3.97 (s, 2H; CH,), 4.11 (s, 2H; CH,), 443 (s, 4H; CH,), 7.11 (d, 1H; Ph),
7.15-7.23 (m, 2H; Ph), 7.49 (d, 1H; Ph) ppm; “C NMR (75 MHz,
CD;0D, 25°C): 6 = 164, 16.6, 23.1, 24.1, 42.0, 44.1, 53.5, 116.2, 127.9,
128.4, 130.8, 131.4, 146.7, 161.2, 162.8, 178.8 ppm; "B NMR (160 MHz,
CD;0D, 25°C): 0 = 8.2 ppm; HMRS (FAB(gly)) (note; as the glycerol-
boronate ester): m/z: caled for C;;Hy;BN;O5: 576.3833; found: 576.3839
[M+H]*.

1,3,5-Tris[ (2-benzeneboronic acid)aminomethyl]-2,4,6-triethylbenzene
(10): Dry triethylamine (1.0mL) and 2-formylbenzeneboronic acid
(0.33 g, 2.19 mmol) were added to a solution of 15 (0.16 g, 0.63 mmol) in
dry methanol over molecular sieves (3 A) in an inert atmosphere. The re-
action mixture was heated to 45°C for 6 h. Sodium borohydride (0.18 g,
4.76 mmol) was added, and the reaction mixture was allowed to cool to
room temperature. The mixture was filtered through celite and the sol-
vent was removed. The solid was dissolved in water, filtered through
celite, and lyophilized. Trimethyl orthoformate (2 mL) and dry methanol
were then added, the mixture was stirred for 2 h, and the resulting resi-
due was placed under vacuum for an additional 24 h. The final purifica-
tion step involved dissolving of the solid with a mixture of ethyl acetate/
methanol (9:1) and filtration through celite. The solvent was removed to
yield a white solid (0.12g, 28%). M.p. 230°C (decomp); 'H NMR
(CD;OD, 300 MHz): 6 = 7.49 (d, 3H), 7.1-7.2 (m, 9H), 4.05 (s, 6H),
4.02 (s, 6H), 2.98 (q, 6H), 1.07 (t, 9H) ppm; “C NMR (CD;OD,
75MHz): 6 = 157.1, 1482, 143.2, 132.7, 129.2, 128.7, 125.6, 54.8, 45.3,
25.3, 17.6 ppm; "B NMR (CD;OD, 160 MHz, 25°C): 6 = 10.0 ppm;
HRMS-CI*: m/z: caled for C3H,sB3N;0;5: 639.399; found: 639.397 (dehy-
drated methoxy form).

1-(N-(ortho-Boronobenzyl))aminomethylbenzene (14): 2-Formylbenzene-
boronic acid (0.158 g, 1.05 mmol) was dissolved in distilled methanol
(20 mL) under argon. To this were added benzylamine (126 pL,
1.18 mmol), triethylamine (1 mL, 13.84 mmol), and molecular sieves
(3 A). The solution was stirred slowly at 40°C for 4 h. Sodium borohy-
dride (0.098 g, 2.6 mmol) was added, and the reaction mixture was stirred
for another 12 h. The solution was filtered through celite. The filtrate was
stirred with trimethyl orthoformate and a few drops of acetic acid for 5 h,
and the solution was evaporated under reduced pressure. The residue
was stored under reduced pressure (5-10 mTorr) for two days to remove
any remaining trimethoxyborane. The final purification step involved dis-
solving of the solid with a mixture of ethyl acetate/methanol (9:1) and fil-
tration through celite. The resulting solid was dissolved in water and
lyophilized to yield a white fluffy solid (0.2 g, 79%). M.p. (decomp); 'H
NMR (CDCl;, 300 MHz): 6 = 1.94 (s, 3H), 3.86 (s, 2H), 3.98 (s, 2H),
7.07 (m, 1H), 7.18 (m, 2H), 7.43 (m, 6H) ppm; “C NMR (CDCl,,
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75MHz): 6 = 223, 52.1, 54.1, 127.7, 128.3, 129.5, 129.9, 130.8, 131.6,
136.2 ppm; "B NMR (CD;OD, 160 MHz, 25°C): 6 = 10.3 ppm; HR-MS-
CI*: m/z: caled for CyHsBNO: 224.125; found: 224.124 (dehydrated
form).
1,3-Bis[[(1,1-dimethylethoxy)carbonylJaminomethyl]-5-aminomethyl-
2,4,6-triethylbenzene (16): A solution of di-tert-butyl dicarbonate (1.74 g,
7.8 mmol) in chloroform was added dropwise to 15 (2.48 g, 10.0 mmol) in
chloroform. The mixture was allowed to stir for 12 h. The solvent was re-
moved, and separation was performed by column chromatography (silica
gel, gradient of 1-20 % ammonia sat. methanol in CH,Cl,); yield: 1.25 g,
28%; m.p. 150-154°C; '"H NMR (300 MHz, CD;0D): 6 = 4.27 (s, 4H),
3.84 (s, 2H), 2.75 (q, 6H), 1.45 (s, 18H), 1.16 (t, 9H) ppm; “C NMR
(75 MHz, CDCL): 6 = 156.17, 143.41, 138.08, 133.03, 80.17, 40.19, 39.57,
29.17, 23.49, 17.42 ppm; HRMS-CI*: caled for C,sH,;3N;0,: 450.333; m/z:
found: 450.332.
1-[[(1,1-Dimethylethoxy)carbonylJ]aminomethyl]-3,5-aminomethyl-2,4,6-
triethylbenzene (17): A solution of di-fert-butyl dicarbonate (1.74 g,
7.8 mmol) in chloroform was added dropwise to 15 (2.48 g, 10.0 mmol) in
chloroform. The mixture was allowed to stir for 12 h. The solvent was re-
moved, and separation was performed by column chromatography (silica
gel, gradient of 1-20% ammonia sat. methanol in CH,CL,); yield:
0.63 mg, 18%; m.p. 120-125°C; 'H NMR (300 MHz, CDCL): 6 = 4.61
(brs, 1H; NHBoc), 429 (s, 2H), 3.82 (s, 4H), 2.75 (q, 6H), 1.40 (s, 9H),
1.30 (s, 4H), 1.17 (t, 9H) ppm; *C NMR (75 MHz, CDCl;): 6 = 156.17,
141.89, 137.47, 132.38, 79.58, 39.76, 39.08, 28.68, 22.95, 17.05, 16.92 ppm;
HRMS-CI*: m/z: caled for C,)H36N;0, 350.281; found: 350.281.
1-[[(1,1-Dimethylethoxy)carbonylJaminomethyl]-3,5-(4,5-dihydro-1H-imi-
dazol-2-yl)aminomethyl-2,4,6-triethylbenzene (18): The acetate salt of 17
(0.350 g, 0.75 mmol) was ground together with 2-methylthio-2-imidazo-
line (0.18 g, 1.53 mmol) and packed in a conical vial, sealed, and heated
to 100°C for 3 d. The solid was then dissolved in 5% acetic acid (aq.)
and lyophilized. Purification was performed by FPLC (C18 modified
silica gel; particle size 55-105 um) and eluted with an NH,;Ac/CH;CN
gradient from 100 % NH,Ac (25 mm) to neat CH;CN (0.29 g, 64 % ). M.p.
250°C (decomp); 'H NMR (300 MHz, CDCly): 6 = 4.43 (s, 4H), 4.32 (s,
2H), 3.76 (s, 8H), 2.74 (q, 6H), 1.89 (s, 6H), 1.45 (s, 9H), 1.19 (t,
9H) ppm; “C NMR (75 MHz, CD,OD): 180.47, 161.14, 146.04, 134.13,
130.89, 80.24, 44.14, 41.98, 28.81, 24.21, 23.95, 16.54 ppm; HRMS-CI*:
calcd for C,sH,N-0O,: 486.356; m/z: found: 486.357.
1,3-(4,5-Dihydro-1H-imidazol-2-yl) thyl-5-bis(aminomethyl)-
2,4,6-triethylbenzene (19): Trifluoroacetic acid (10 mL) was added to a
solution of 18 (0.27 g, 0.44 mmol) in water, and the reaction mixture was
allowed to stir for 2 h. The solvent was removed, and the anions were ex-
changed with an anion-exchange resin to acetates. The water solution
was then lyophilized to yield a white solid (0.25 g, 100%). M.p. 250°C
(decomp); 'H NMR (300 MHz, CD;0D): 6 = 4.43 (s, 4H), 4.20 (s, 2H),
3.76 (s, 8H), 2.78 (q, 6H), 1.83 (s, 9H), 1.20 (t, 9H) ppm; *C NMR
(75MHz, CD;OD): 6 = 179.04, 160.07, 14527, 130.43, 63.16, 43.01,
40.80, 22.98, 15.31 ppm; HRMS-CI*: m/z: caled for CgHy,N;: 386.303;
found: 386.304.

1,3-Bis[[ (1,1-dimethylethoxy)carbonyl Jaminomethyl]-5-(4,5-dihydro-V-
(1,1-dimethylethoxy)carbonyl-imidazol-2-yl)aminomethyl-2,4,6-triethyl-
benzene (20): N-(1,1-Dimethylethoxycarbonyl)-2-methylthio-2-imidazo-
line (0.72 g, 3.3 mmol) was added to a solution of 16 (1.10 g, 2.5 mmol) in
ethanol (20 mL) and glacial acetic acid (2.5 mL). The mixture was heated
to 60°C for 10 h, and then allowed to cool to room temperature over an
additional 10 h. After removal of the solvent, the mixture was purified by
column chromatography (silica gel, 1-4 % ammonia sat. methanol in di-
chloromethane). An impurity was still present with the compound, so re-
crystallization was performed with dichloromethane (0.77 g, 51%). M.p.
165-167°C; 'H NMR (300 MHz, CDCL): 6 = 6.70 (brs, 1H), 4.44 (s,
2H), 4.40 (brs, 2H), 4.32 (s, 4H), 3.84 (m, 4H), 2.70 (q, 6H), 1.43 (s,
27H), 1.17 (t, 9H) ppm; “C NMR (75 MHz, CDCL): = 155.64, 153.9,
153.3, 144.2, 132.54, 82.80, 48.19, 46.93, 41.37, 39.01, 28.41, 23.21,
16.74 ppm; HRMS-CI": m/z: caled for C;3HyNsO4: 618.423; found:
618.423.
1-(4,5-Dihydro-1H-imidazol-2-yl)aminomethyl-3,5-bis(aminomethyl)-
2,4,6-triethylbenzene (21): Trifluoroacetic acid (15 mL) was added to a
solution of 20 (0.767 g, 1.24 mmol) in dichloromethane, and the solution
was allowed to stir for 2 h. The solvent was removed, and the anions
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were exchanged with an anion-exchange resin to acetates. The aqueous
solution was then lyophilized to yield a white solid (0.610 g, 98 %). M.p.
250°C (decomp); 'H NMR (300 MHz, CD;OD): 6 = 4.46 (s, 2H), 4.26
(s, 4H), 3.78 (s, 4H), 2.80 (q, 6H), 1.84 (s, 9H), 1.21 (t, 9H) ppm; *C
NMR (75MHz, CDCL): 6 = 180.20, 161.42, 147.14, 146.63, 131.83,
130.58, 44.16, 41.86, 37.69, 24.28, 24.12, 16.40 ppm; HRMS-CI*: m/z:
calcd for C,gH5,Nj5: 318.266; found: 318.266.

X-ray crystal structure determination of C,;H,BNO, (14): Crystals grew
as large colorless prisms by crystallization from methanol. The data crys-
tal was cut from a much larger crystal and had approximate dimensions
of 0.1x0.1x0.1 mm. The data were collected on a Nonius Kappa CCD
diffractometer with a graphite monochromator with Moy, radiation (1 =
0.71073 A). A total of 298 frames of data were collected by use of
w scans with a scan range of 1° and a counting time of 51 seconds per
frame. The data were collected at 153 K with an Oxford Cryostream low-
temperature device. Details of crystal data, data collection, and structure
refinement are listed in Table 1 of the CCDC data. Data reduction was
performed with DENZO-SMN.*”! The structure was solved by direct
methods with SIR92P®! and refined by full-matrix, least-squares on F>
with anisotropic displacement parameters for the non-H atoms with
SHELXL-97.%"! The hydrogen atoms on carbon were calculated in ideal
positions with isotropic displacement parameters set to 1.2 x U, of the at-
tached atom (1.5x U,, for methyl hydrogen atoms). The hydrogen atom
bound to the nitrogen atom was found in a AF map and refined with
an isotropic displacement parameter. The function 3w (|F,|’—|F.|%)*
was minimized, where w = 1/[(0(F,))*+(0.0537P)*+(0.4446P)] and P =
(| Fy| 42| F.|?)/3. Ry(F?) refined to 0.119, with R(F) equal to 0.0446 and
a goodness of fit (§) = 1.01. Definitions used for calculation of R (F),
R,(F?), and the goodness of fit (§) are given below.!”! The data were cor-
rected for secondary extinction effects. The correction takes the form:
Fopw = kFJ1+(1.7(4)x107%) x F22%/(sin26)]**, where k is the overall
scale factor. Neutral atom scattering factors and values used to calculate
the linear absorption coefficient are from the International Tables
for X-ray Crystallography.! All figures were generated by use of
SHELXTL/PC.®”! Tables of positional and thermal parameters, bond
lengths and angles, torsion angles, figures and lists of observed and calcu-
lated structure factors are located in the CCDC data.

CCDC-232031 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.a-
c.uk/conts/retrieving.html, or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44)1223-
336033; or email: deposit@ccdc.cam.ac.uk.
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