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Which Is Reactive in Alkaline Solution, Boronate lon or Boronic Acid?
Kinetic Evidence for Reactive Trigonal Boronic Acid in an Alkaline Solution
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That boronic acid is a reactive species toward a diol moiety even
in an alkaline solution and that the boronate ion is not very reactive
were demonstrated by the estimated upper limit of the rate
constants for the reactions of some boronic acids with 2,2'-biphenol
and 2,3-dihydroxynaphthalene in a neutral-alkaline solution, which
will correct a common misunderstanding in boron chemistry and
would renew the idea of effective boronic acid sensor design for
carbohydrates.

Almost all of the researchers working in the field of boron
chemistry believe that a tetrahedral boronate ion [RBEH)
is the reactive species in the alkaline solution of trigonal
boronic acid [RB(OHy, pKy, = 6.4—10.7F because the
reactions of boronic acid with bidentate ligands such as 1,2-
diol occur in a substantially alkaline solution in which the
boronate ion exists overwhelmingly. For example, it is
believed in the area of molecular design of boronic acid

that many kinetic studies have been carried out for the
complex formation reactions of boric and boronic acids with
bidentate ligands (L) (eq 1)372¢
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There are some difficulties in detailed kinetic analyses for
the boronic acid/boronate ion complexation reactions. The
main problem is that most of the reactions of boronic acids
with bidentate ligands are generally accompanied with no
explicit spectral change in the UWis region during the
reaction, so that kinetic studies have been carried out only
in an acidic agueous solution by a relaxation method with
the aid of a pH indicator for monitoring 40" in eq 1, as
reported by Pizer et d8'*1 Their kinetic results can
provide only the upper limit of the rate constant for the
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Table 1. Rate Constants for the Reactions of RB(@Mjth 4.0
2,2-Biphenol and 2,3-Dihydroxynaphthalene in a Neutral-Alkaline
Solutiort
3.0f
RB(OH), RB(OH)~
RB(OH), PKL  kyM-1st k/M-tslc  kyM-lsle T
~, 2.0F
2,2-Biphenol 2
HaL HL - Hal =
2,4-RPhB(OH)  7.12 1100+ 100 480+ 40 160+ 20 1.0k-
3-CRPhB(OH)  7.87 590+ 30 170+ 10 390+ 30
PhB(OH) 8.72 130+ 10 29+ 1 850+ 20
2,3-Dihydroxynaphthalene 0 L L
2,4-RPhB(OH) 7.12 3600+ 100 (3.8+£0.1)x 10° 7800+ 100 Cy/ mM
4-1sopropyltropoloné Figure 1. Dependence of,ps 0n Cg for the reaction of 2,4-4PhB(OH)
HL L- HL with 2,2-biphenol (1x 10-5 M) in an alkaline solution at = 0.10 M and
m-NO,PhB(OH) 7.04 790 170 150 T=25°C: [H')/M = 6.76 x 1078 (circle), 4.47x 1078 (square), 2.88

o ) 1078 (triangle), 1.91x 1078 (upside down triangle).
a] = 0.10 M andT = 25 °C. P Reference 1¢Upper limit estimated.

dReference 10. Scheme 1. Possible Reaction Pathways for the Present Systems

reaction of the boronate ion because of so-called “proton
ambiguity” 1922 This ambiguity mainly comes from the

opposite trend in the reactivity of H toward boronic acids RB(OH), + +H*
(HoL > HL™ > L?7) to that toward metal ions, which is

H,L

[

RB(OH)L) + H,0%

J ofs -

. S . . HL- RB(OH)L)~ + H,0
explained by effective intramolecular hydrogen bondings in Oy = T
themonaoordinated intermediate, as reported previodly. +H*| K,

Therefore, in the case of boronic acid reactions, it is very H,L RBOH)L) + 2H,0
hard to perform a kinetic study on the systems without proton ks
ambiguity. RB(OH);™ + +H+1LK31L
4
Recently, we have obtained an interesting result for the HL™ % RB(OH)L)" + H0 + OH-
—4

reaction of 3-nitrophenylboronic acidnfNO,PhB(OH}]
with 4-isopropyltropolone in a neutral solution; i.e5NO,-
PhB(OH)~ was at least 5 times less reactive tharNO,-
PhB(OH) (Table 1) which suggests that the upper limit
of the rate constant for the RB(O#f)reaction varies largely
depending on both of the acidities oflHand RB(OH).
Further, more recently, it is reported that diol functional
groups react with boric acid rather than the borate?fei.

In this situation, specifying the reactive species in an alkaline
solution is essential. No directly accessible technique is
available for specifying the reactive species except for
kinetics, though there are some difficulties to overcome even
in kinetics. Therefore, at present, the second best way to
estimate the reactivity of RB(Okt) must be to lower the

lene having higher I§a; (pKa1 = 8.81; Koz = 12.6)2in a
self-buffered solution (pH= 6.5-9.0).

The rate constants for the reaction systems were measured
with a stopped-flow spectrophotometer under the pseudo-
first-order conditions oCg > C., whereCg andC, denote
the total concentrations of boronic acid [RB(QHand the
ligand (H.L), respectively (experimental details are given in
the Supporting Information). The reactions were exactly first-
order with respect to the total concentration of free ligand
[L'] (d[RB(OH)(L)")/dt = kopdL'], where [L'] = [HaL] +
[HL ] in the present conditions). The rate constants obtained
(ko9 Were dependent on botiz and [H'] for all of the
- . systems (e.g., see Figure 1). Therefdegsis expressed by
upper limit of the rate constant of RB(O#) making use eq 2 at a given [H]. There are four possible parallel reaction

of suitable reaction systems with proton ambiguity. e .
. ] . pathways under the present conditions, as shown in Scheme
In this study, we adopt the following reaction systems for 1 EFor ‘Scheme kebs iS given by eq 3, wherel,2 =

the present purpose: the reactions of 2,4-difluorophenylbo- |rg(OH), ][H *][RB(OH)] 2, Kat- = [HL][H *][H-L] 2 K*
ronic acid [2,4-EPhB(OH), pK, = 7.12], 3-(trifluorometh- = (Kot [H*]™ + 1)(KL[HH! + 1), andKw is the ion
yl)phenylboronic acid [3-C#PhB(OH), pKa = 7.87], and  roquct of water. A comparison between egs 2 and 3 gives
phenylboronic acid [PhB(OH) pKa = 8.72] with 2,2- eqs 4 and 5. Linearity in the plots &K* vs [H*]~1 andkg
biphenol having high Kai (pKa1 = 7.6; a2 = 13.7f°and 5 [4+] (Figure 2) indicates negligible participation of the
the reaction of 2,4-fPhB(OH) with 2,3-dihydroxynaphtha- ke (k_s) path as well as participation of thke (k_1), k» (k_2),
and/or ks (k-3) path(s). The rate constants in eq 3 were

(22) Jordan, R. BReaction Mechanisms of Inorganic and Organometallic i i i _ i
Systems2nd ed.: Oxford University Press. Oxford, UK. 1998, p determined by applying a nonlinear least-squares fit to the

88. Kobs VS Cg plot (Table S1 in the Supporting Information).

(23) Rietjens, M.; Steenberger, P. Bur. J. Inorg. Chem2005 1162~ Obviously, thek, and ks (k- and k—3) paths are indistin-
1174 and references cited therein. ishable ki icall biqui h h

(24) Bishop, M.; Shahid, N.; Yang, J.; Barron, A. Balton Trans.2004 guishable kinetically (prOton am lgwty), so that the upper
2621-2634.

(25) Jonsson, M.; Lind, J.; Merenyi, G. Phys. Chem. 2002 106, 4758- (26) At 20°C andl = 0.10 M (NaClQ): Poluektov, N. S.; Alakaeva, L.
4762. A.; Tischenko, M. A.Russ. J. Inorg. Chenl973 18, 40—43.
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Figure 3. Dependence of,ps 0n Cg for the reaction of 2,4-4PhB(OH)
1.0 with 2,3-dihydroxynaphthalene (1 10-° M) in a neutral-alkaline solution
(b) atl = 0.10 M andT = 25°C: [H*]J/M = 3.02 x 1077 (circle), 1.48x
08l 1077 (square), 7.5% 1078 (triangle), 4.57x 1078 (upside down triangle).
_ o6k comparable with or less than that of boronic acighich
K affects profoundly the future sensor design for carbohydrates.
~ 04l Whether the reaction of RB(Okyvith H,L occurs or not
simply depends on the conditional formation constant for
02 the following reaction at a given condition because trigonal
o ) . . boronic acid is reactive even in an alkaline solution (cf.
0 2 4 6 8 Scheme 1):
108 [H']/M
Figure 2. Plots ofkK* against [H"] 1 (a) andky against [H] (b) for the B’ + L' ==RB(OH)(L) (6)
reaction of 2,4-EPhB(OH) with 2,2-biphenol att = 0.10 M andT = 25
°C. where [B] = [RB(OH);] + [RB(OH)s7] and [L'] = [HlL]

+ [HL"]. That is, the amount of [RB(OH)(L] depends on

limits of k, andks were calculated, assuming that only one the acidity of the solution and the formation constaft) (

of the two paths is relevant to the reacti@Mhe upper limits . X
. for eq 1. For systems with smafl; such as the reactions
of the rate constants{ andks) estimated from the results . . L ; . . !
. . with aliphatic diols, higher pH is necessary in order to shift
of nonlinear least-squares analyses (Table S1 in the Sup'the formation equilibrium to the right, but excessive pH
porting Information) are tabulated in Table 1 together with q gnt, P

. : s enhancement results in a decrease of the product due to a
thek; value. It is obvious from Table 1 that the reactivity of decrease in the concentration of reactive RB(ORiis is

Kops= KCg + ky ) the reason why the reaction proceeds only in an alkaline
solution and the concentration of the product changes with
Kops = (K; + KK THTT T+ kK SHTT T+ a maximum as the pH increases.

In the present kinetic study, we evaluated for the first time

Ly Brg+1—2\w«—1 +
KeKar Ko THTT IR 7Co - Keg[HT] ke, + the reactivity of the boronate ion toward diols to be low and

K_g+ K KyH T (3) showed that boronic acid is reactive even in an alkaline
solution, which will alter a common misunderstanding in
kK* = k; + (Ko~ + kK H T+ kK KLBHT] ‘(24) boron chemistry.
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biphenol is much lower than the values previously re-

ported?®1415and the upper limit of thés value decreases . :
with decreasin of RB(OH. It is worth noting that for rate constants obtained by nonlinear least-squares analyses (Table
9 Ka ' 9 S1), and the kinetic data for the reactions of 2;R#B(OH), 3-Cks-

all of the 2,2-biphenol systems the slopes of tk@svsCs ~ ppg(oH), and PhB(OH)with 2,2-biphenol (Table S2 and Figures
plots (Figures 1 and S1 and S3 in the Supporting Information) S1-S4) and for the reaction of 2,4/FhB(OH) with 2,3-dihy-
increase with decreasing pH, whereas those for the 2,3-groxynaphthalene (Table S3 and Figure S5). This material is
dihydroxynaphthalene system increase with increasing pH available free of charge via the Internet at http://pubs.acs.org.
(Figure 3), indicating that the boronate ion also must be
reactive in the latter systefd.These results lead to an
important conclusion thdtigonal boronic acid is always a  (27) Although the order of the estimated rate constants for the 2,3-
reactive species irrespecte of the pH of the solutign dihydroxynaphthalene system dee(upper limit)> ks (upper limit)
because th&; path took part in all of the reactions studied, - ki, we believe that the reactivity of RB(Okf) toward HL would

“ > - be comparable with that of RB(OHpn the basis of our previous
and the reactiity of the tetrahedral boronate ion is studies (see ref 1).
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