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Abstract:
the ligand is displaced by boron.
and found to be 3.7 X 1073 (+=10%).

Phenylboronic acid, PhB(OH),, forms a 1:1 complex with lactic acid in which the hydroxyl proton of
The stability constant for the reaction was determined by pH titration methods
The kinetics were studied by the temperature-jump relaxation technique.

The rate constant for the reaction of fully protonated lactic acid with PAB(OH), is 140 M~ sec~! (£10%); the rate

constant for the reaction of the acid anion is 1500 M-!sec=! (+=10%).

This is discussed in terms of a mechanism

in which the interaction of the electron-rich carboxylate anion with the phenyl ring on PhB(OH); is reflected in the
relatively greater rate constant for the reaction of the acid anion.

Boric acid forms complexes with a-hydroxy carboxylic
acids in which the hydroxyl proton of the ligand
is displaced by boron.! On this process boron under-
goes a change in coordination number from three to
four, the ligands being bidentate and forming five-
membered chelate rings. The overall reaction is then

o]
7
OH HO 0—C
J NS
B(OH); + RCCOOH = B + H;0*
[ 7N
R’ HO O——C{—R
RI

The existence of the proposed five-membered chelate
rings in solution has recently been demonstrated by
vibrational spectroscopy for both a-hydroxy carboxylic
acid complexes? and polyol complexes. ?

There are a few studies in the literature on fast boric
acid reactions. Eyring* has shown that polyborate
formation is quite rapid. In his interpretation of the
kinetics, it was assumed that the reaction of B(OH);
with OH~ to produce the tetrahedral B(OH),~ is dif-
fusion controlled. The assumption has been questioned
recently.® In either case, this process is faster by several
orders of magnitude than the overall complexation of
boric acid with tartaric acid® and is clearly not responsi-
ble for the differences in rate observed among various
ligands.

The results of the study of the tartaric acid complexa-
tion suggest that at least two factors are important in
accounting for differences in reaction rate among
ligands. One is the acidity of the ligand and the other

(1) N. Vermaas, Recl. Trav. Chim. Pays-Bas, 51,955 (1932).

(2) R. Larssonand G. Nunziata, Acta Chem. Scand., 24, 2156 (1970).

(3) R.P.Oertel, Inorg. Chem., 11, 544 (1972),

(4) J. L. Anderson, E. M. Eyring, and M. P. Whittaker, J. Phys.
Chem., 68, 1128 (1964).

(3) E. Yeager, F. H. Fisher, J. Miceli, and R, Bressel, J. Acoust.

Soc. Amer., 53,1705 (1973),
(6) K. Kustin and R. Pizer, J. Amer. Cheni, Soc., 91,317 (1969).

is the notion that any interaction of ligand with boric
acid which stabilizes a four-coordinate species would be
reflected in an increased rate.

The present study, the reaction of phenylboronic
acid, PhB(OH),, with lactic acid, was undertaken to
examine further the effect of ligand donor atom proto-
nation on the reaction rates. Secondly, a first study of
the effect on reaction of substitution on boron can be
carried out.

Experimental Section

Phenylboronic acid (Alfa) and lactic acid (minimum 859,
Mallinkrodt Analytical Reagent) were used without further purifica-
tion. Stock solutions of lactic acid were prepared by dilution.
They were refluxed for at least 12 hr to effect complete hydrolysis of
the anhydride present in the 85 % solution.” Stock solutions were
standardized by pH titrations using a Corning Model 12 research
pH meter. pH was accurate to +=0.01 pH unit. Titrations were
carried out in a nitrogen atmosphere in a double-walled beaker
which was maintained at 25° by a circulating water bath. All
solutions were made up to an ionic strength of 0.1 M by addition of
KNO;.

Stability constants were also determined by pH titration methods.
The activity coefficient of Ht ion was calculated using the Davies
equation.®

Iog Yy = ""0.5[2.*_2__{ {_\/i: b 03/.1.}
' I+ Vu

All kinetic experiments were carried out on a temperature-jump
instrument which utilizes the method of Joule heating. The
temperature jump is produced by the discharge through the solution
of a 0.1 uf high voltage capacitor charged to 30 kV. The ionic
strength of the solution is maintained at a minimum of 0.1 M.
Under these conditions the resistance of the cell is about 100 Q.
The rise time is of the order of a few microseconds. About | ml of
solution is heated, the temperature rise being 10°. Reactions are
monitored spectrophotometrically and recorded on a storage
oscilloscope. Relaxation times are measured from photographs of
the reaction traces.

The experimental reaction traces were plotted semilogarithmically.
In all cases simple exponentials were observed. The relaxation

(7) W.D.Bancroftand H. L. Davis, J. Phys. Chem., 35,2508 (1931).
(8) C. W. Davlies, J. Chem. Soc., 2093 (1938).
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Table I. Titration of PhB(OH), with H,Ls

H.L

added [PhB(OH):]o, [PhB(OH)L"],

(ml) pH M [HeL]o, M [HL"Jo, M [AH*], M M K
10 1.817 0.0969 0.1248 0.0020 0.0026 0.0030 3.94 X 1078
20 1.787 0.0895 0.2288 0.0037 0.0037 0.0046 3.90 x 107¢
30 1.772 0.0835 0.3167 0.0052 0.0043 0.0057 3.92 X 1073
40 1.766 0.0767 0.3922 0.0064 0.0045 0.0063 3.90 X 1073

s Both solutions are initially at pH 1.900 and u = 0.1 M KNOj;, Initial volume of the PhB(OH); solution is 100 ml,

times were taken as the average of at least three traces. The error
is at most £=10%,.

Blank solutions of phenylboronic acid with indicator and lactic
acid with indicator were prepared. No effect was observed in any
time range at any pH with either reactant. The time range ex-
amined was from 10 usec to 1 sec (the long time is limited by the
onset of convective cooling of the cell), The pH range examined
was from 1.5 to 9.4, Under these conditions the solutions possess
widely varying ratios of acid anion to neutral acid. Depending on
the pH of the solution either Orange IV (Allied Chemical) or Bromo-
phenol Blue (Fisher) was used to monitor the reactions. For the
high pH blanks, phenolphthalein was used as the indicator.

Stability Constants

Solutions of both PhB(OH), and lactic acid were pre-
pared and made up to 0.1 M ionic strength with KNO;.
They were titrated with standard 0.1 N NaOH. Inboth
cases the measured pX was in close agreement with the
literature value: pK, (PhB(OH),) = 8.72 (lit.* 8.70
at 25.5°, u = 0.107 M NaNO;); pK. (lactic acid) =
3.69(lit.193.74at 20°, u = 0.2 M KC1).

Mixtures of PAB(OH), and lactic acid of varying con-
centration ratios were then titrated with base. The
following reactions are possible

PhB(OH): + H:L Z PhB(OH)L- + H;0* 1)
PhB(OH); + H,O Z PhB(OH);~ + H* 2)
HL > HL- + H* (3)
where
(o]
7
Ph O0—C
N-
PhB(OH)L™ = B
AN
HO O_(J:_H
CH;

H.L is fully protonated lactic acid and HL~ is the lactate
anion. Assuming that these are the only reactions
which take place, it can easily be shown that the con-
centration of complex is given by the following equation

[PhB(OH)L-] =

ey + e - 1B — b romg}

i3

where [B], = PhB(OH), + PhB(OH);~ 4+ PhB(OH)L-,
[Lls = H,.L + HL- 4+ PhB(OH)L-, 4 = 1| 4+ H*/
Keupoony,, and B = 1 + H*/Ky,. The results are

(9) J. O, Edwards and R, J. Sederstrom, J. Phys. Chem., 65, 862
(1961).

(10) R, K. Cannan and A. Kibrick, J. Amer. Chem. Soc., 60, 2314
(1938).

that only one complex is formed and its formation is
described by eq 1. The stability constant for this
reaction is 3.7 X 10-3 (%= 10%).

In this method a systematic error of =0.01 pH unit
results in an error of at least 1097 in the calculated
stability constant. This type of error can be avoided
by titrating a solution of PhB(OH), made up to a given
pH and ionic strength with a solution of H.L adjusted to
the same initial pH and ionic strength., Assuming that
eq I-3 describe the system, it can be shown that

[PhB(OH)L-} = [AH*] + [HL"], -

{{H:L — [AHF)} Knar
(H*)

where [AH+] = change in hydrogen ion concentration
on titration, [H*)}y = final hydrogen ion concentration,
[HL-]s = concentration of HL- at the initial pH before
reaction, and [H;L], = concentration of H,L at the
initial pH before reaction. From this the stability
constant can be calculated. One set of data is given in
Table I. A similar method was used by Edwards in a
study of the PhB(OH),~polyol complexes.!!

The principal disadvantage of this method is that the
ionic strength changes during the titration. The
average ionic strength for the titration in Table I is
0.12 M. However, this method does support the
previous conclusions. In particular, it is important to
note that the hydroxyl proton of the ligand is displaced
even in acidic media below pH 2.

Kinetic Results and Treatment of Data

The following is the complete reaction scheme
(Scheme I).

Scheme I

ke
PhB(OH), + H.,L ';___') PhB(OH)L- +~ H* + H.O

1l =

PhB(OH); -+ H* + HL-

H* + In- == HiIn

This reaction scheme possesses two relaxation times
(neglecting the indicator) only one of which is charac-
teristic of the complexation of PhB(OH),. This relaxa-
tion time can be calculated under the assumption that
the indicator and lactic acid equilibria are very fast
protolytic reactions.® These reactions are always in
equilibrium and they adjust in response to the much
slower processes involving PAB(OH)..

(11) J. P, Lorand and J. O. Edwards, J. Org. Chem., 24, 769 (1959).
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The relaxation time is given by

!~ k{(PRBIOFD)) + [FEL) +
~(dPRB(OHDL™] + [HT])} +
'3 BIPHB(OH). T - Ko
k' { SIPRBOHD. + (HL] + _K_}
where

o = Ko + [H7] + [In7]
KHIn + [I'T+]

3 Kur + [HL )/«
Kua + [HL-)a + [H¥]
[HY]
Ky + [EIF]/OC + [—HTL]

7

The concentrations are all equilibrium concentrations
of the various species.

At low pH (~2), the first term is dominant, allowing
ks to be accurately determined. At higher pH (~4),
the second term is dominant, allowing k;’ to be ac-
curately determined. The best fit over the entire pH
range is obtained with ks = 140 M~-! sec! and ki’ =

1500 M—!sec-!. The results are presented in Table Il

Table II. Relaxation Spectra of PhB(OH),-H,L Solutions
[PhB- Toxptl Tealed

(OH))o, M [L)o* M [HInlet M pH (msec) (msec)
0.0258 0.1550 4.4]1 X 10°® 3.20 5.0 4.9
0.0258 0.1550 4.41 X 10® 3.49 4.5 4.7
0.0118 0.3875 1.57 X 10°¢ 1.96 1.6 1.7
0.1030 0.5430 1.67 X 10—+ 2.59 2.0 2.1
0.1030 0.5430 1.67 X 10-¢ 2.39 1.8 1.7
0.103C 0.5430 1.67 X 10~¢ 2.19 1.4 1.3
0.0484 0.0775 4.00 X 1073 3.19 5.0 4.8
0.0973 1.1600 1.64 x 10—+ 2.57 1.8 1.7
0.0973 1.1600 1.64 X 10-¢ 1.88 0.80 0.83
0.0430 0.3880 5.50 x 103 1.90 1.2 1.3
0.0430 0.3880 5.50 X 103 2.18 2.0 1.9
0.0430 0.3880 5.50 x 1075 1.59 0.75 0.83
0.0241 0.1550 2.25 X 1075 3.70 4.0 4.4
0.0362 0.0155 5.5C X 105 2.11 2.7 2.5
0.0973 1.1600 1.64 X 10-4 2.39 1.5 1.5
0.0973 1.1600 1.64 X 10—+ 2.19 1.2 1.2
0.0779 0.031C 2.17 X 1073 3.48 4.7 4.5
0.0779 0.6310 2.17 X 1073 3.79 5.0 4.8
0.0779 0.0310 2.17 X 107% 4.17 5.0 5.¢
0.0763 0.0608 2.13 X 10—3 3.49 4.5 4.5
0.0763 0.0608 2.13 X 10— 4.21 5.0 4.9
0.0853 0.0316  5.50 X 10— 1.98 1.8 1.9

« This is the total initial concentration of lactic acid in solution
as H,L and HL-, ? All solutions below pH 2.59 contain Orange
1V as the indicator. All those above pH 3.19 contain Bromophenol
Blue as the indicator.  All reactions were followed at A 580 nm.

with the experimental and calculated relaxation times
reported to two significant figures. In all cases 7 could
be calculated to within 10%;.

Discussion

In an earlier paper® the mechanism of the reaction of
tartaric acid with boric acid was discussed. The mecha-
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nism proposed involved the attack of the ligand hy-
droxyl oxygen on boron and chelate ring closure in-
volving water loss in the case of the fully protonated
acid and loss of hydroxyl in the case of the acid anion.
Intramolecular hydrogen bonding to a hydroxyl on
boron to form a leaving water molecule was advanced
as a possible explanation for the greater (by a factor of
two) rate constant observed for the fully protonated
ligand. Although it is very difficult to argue the relative
importance of various factors in discussing a difference
of only a factor of two in rate, the basic point is that
any interaction which stabilizes the four-coordinate
species will be reflected in an increased rate constant.
In this case the four-coordinate species must exist long
enough to permit loss of the ligand hydroxyl proton.
Much less acidic diols do not complex with boric acid, !?
possibly because transfer of the hydroxyl proton on the
ligand to the hydroxyl group on boron is too slow rela-
tive to the rate of reversion to the planar structure.
The rate constants from this study and the B(OH);~

tartaric acid study are presented in Table III. Since
Table III. Rate Constants for the B(OH);-Tartaric Acid
Reaction and for the PhB(OH),-Lactic Acid Reaction
Reaction k, M~ sec™!
B(OH); + tartaric acid® 475
B(OH); + tartrate anion® 215
PhB(OH): + H:L 140
PhB(OH): +~ HL~ 1500

tartaric acid has two equivalent sites for reaction, the
rate constants should be divided by a factor of two for
comparison.

Consider first the rate constants for the fully pro-
tonated ligands. The corrected rate constant for the
B(OH); reaction with tartaric acid is 240 M-! sec™'.
If one site on boron is blocked, as in PhB(OH),, this
could be further decreased by a statistical factor of one-
third. Making these statistical corrections, the two rate
constants are 160 M~! sec~! for the B(OH);-tartaric
acid reaction and 140 M-! sec! for the PhB(OH).,~
lactic acid reaction. Given errors of at least =102,
these rate constants are the same within experimental
error.

In the case of the acid anions, markedly different
results are apparent. Applying the same statistical
factors to the tartrate anion the result is 70 M—! sec™!.
The rate constant for lactate anion reacting with PhB-
(OH), is 1500 M-! sec—!, greater by a factor of 20.
Without even making a direct comparison of the two
systems, it is clear that in one system the acid anion
reacted more slowly than the protonated acid by a factor
of about two and in the other reacted faster by a factor
of about ten. Clearly a number of factors are important
in determining reactivities, ligand acidity being one of
them. However, the great similarity of the PhB(OH ).~
lactic acid and the statistically corrected B(OH)s-
tartaric acid rate constants suggests that this is not the
factor responsible for the difference in the anion rate
constants.

It is possible that the interaction of the delocalized
w-system of the carboxylate anion with the 7-system of

(12) T. P. Onak, H. L. Landesman, R. E. Williams, and [. Shapiro,
J. Phys. Chem., 63, 1533 (1959).
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the phenyl ring in PhB(OH), is significant. This
interaction is not possible in reactions with unsubsti-
tuted B(OH); or in the reactions of fully protonated acids.
In support of this, there is evidence that the vacant p
orbital of boron can participate in = bonding to an ad-
jacent carbon in a w-bond system.!® In this case, there
could be an association!* between the carboxylate anion
and the phenyl ring in PhB(OH), which is bound to the
electron-withdrawing boron substituent. This is cer-
tainly not a strong association;!® an interaction of
approximately 2 kcal/mol is all that is required to ac-
count for an order of magnitude difference in rate
constant at 25°.

A comparison can be made here with labile metal
substitution reactions. The general mechanism for
these processes involves water loss as the rate-determin-
ing step.!®* The overall forward rate constant is then
given by the product of the ion pairing constant!’!
and the rate constant for water exchange of the metal.
Recently, it has been emphasized that the orientation
of the ligand in the ion pair is important.!®=2! That is,
it must be properly oriented in order to compete success-
fully with water for a vacant coordination site on the
metal ion. In addition, the ion pairing constant is in-

(13) D. S. Matteson in “Progress in Boron Chemistry,” Vol III,
R. J. Brotherton and H. Stcinberg, Ed., Macmillan, New York, N. Y.,
1970, pp 117-177.

(14) B. R. Baker, “Design of Active-Site Directed Irreversible En-
zyme Inhibitors,” Wiley, New York, N. Y., 1967, Chapter 2.

(15) L. J. Andrews and R, M. Keefer, “Molecular Complexes in
Organic Chemistry,”” Holden-Day, San Francisco, Calif., 1964,

(16) M, Eigen and R. G. Wilkins, Advan. Chem, Ser., No. 49 (1965).

(17) M. Eigen, Z. Phys. Chem. Neue Folge, 1, 176 (1954),

(18) R. Fuoss, J. Amer. Chem. Soc., 80, 5059 (1958).

(19) R, L. Karpel, K, Kustin, and R. F. Pasternack, J. Amer. Cheni.
Soc., 93,1085 (1971).

(20) K. Kustin and S-T. Liu, J. Chem. Soc., Dalton Trans., 278
(1973).

(21) C.T.Linand D, B. Rorabacher, Inorg. Chem., 12,2402 (1973).

creased by non-Coulombic terms such as hydrogen
bonding. This has been advanced as one possible
interpretation of the relatively large rate constants ob-
served in simple polyamine complexations. 22

The reaction of lactate anion with PhB(OH), is a
system in which both of these effects are possible. The
mechanism can be written as

PhB(OH): 4+ HL- > PhB(OH),, HL- == PhB(OH)L~ + H,0

The first step represents the rapid, reversible association
of PAB(OH), and HL-. The second represents the (rate
determining) loss of ligand proton and the chelation
process. The association of the carboxylate anion with
the phenyl ring is reflected in an increase in the associa-
tion constant represented by the first step in the mecha-
nism. Further, considering the notion that reaction
occurs vig attack of the hydroxyl oxygen on boron,®
this association orients the carboxylate properly for
chelation.

These two problems, the magnitude of association
constants of rapid, reversible processes and the factors
which influence the orientation of the reactants, are
encountered in relatively simple substitution processes
as well as more complex interactions such as inhibitors
with enzymes.!* The result here indicates that, in
kinetic systems of this kind, small interactions which
cause an increase in association constant and/or provide
the proper orientation for reaction may lead to a
significant increase in rate of reaction compared with
very similar systems in which such interactions are not
possible.
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