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Abstract: The binding of magnesium ion to acetyl phosphate, acetonylphosphonate, and related compou ids 
potentiometric and spectrophotometric procedures. The free energy of binding of magnesium ion to re u 
a linear correlation with the basicity of the compounds. However, the lack of correlation between th; first a 
dissociation constants (free energies) and the unique deviation of phosphate ion from the correlation LI bisi 
indicate that factors other than inductive effects are of significance. One major factor suggested is e' i -
ous species. The value obtained for the binding constant of magnesium ion and acetyl phosphy e 1 
strength (30°, pH 8) is 6 Jl/ -1. This is in close agreement with a corrected value extrapolated from I u t 
treich and Jones. The value had been disputed by other workers. Infrared and phosphorus NMR srei*i< s. 1 
sented which indicate that consideration of protonation state simplifies interpretation of carbonyl I *nr *> 
infrared and phosphorus NMR chemical shift effects due to magnesium ion. It is proposed that the fa lurt. 
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The role of magnesium ion in the reactions of phosphates 
in aqueous solution is of particular interest because of the 
large number of cases of enzymatic catalysis which involve 
magnesium.3 Hydrated magnesium ion alone does not com­
pare in effectiveness as a catalyst for phosphate transfer 
with the combination of an enzyme and magnesium ion and 
may even hinder reaction.3'4 It would appear that, if mag­
nesium ion is to participate in enzymic catalysis, it must be 
involved in a way that differs in some respects from the 
nonenzymic case. However, since in many cases the magne­
sium ion becomes associated with the enzyme as a complex 

of the substrate,5 one might expect ih; 
relevant mode of binding between melt, 
can be brought about as a perturbation . 
solution. The association of magnesium 
Iy important phosphate compounds has ' 
sively,6~" resulting in uncertainty in eo> 
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structure than the nucleotides. To help in clarifying the 
problem, we have examined the binding of magnesium to a 
series of acyl phosphates and phosphonate analogs by sever­
al independent physical procedures. This series permits the 
comparison of results to be made between compounds and 
methods. A consistent pattern of affinity and catalysis ap­
pears to be probable. 

Experimental Section 

Materials. Lithium acetyl phosphate was prepared by the meth­
od described by Avison.'4 The material was further purified by dis­
solving in water, removing suspended material by centrifugation, 
and precipitating by addition of ethanol. Acetonylphosphonate15 

and sodium methyl acetonylphosphonate16 were prepared by pub­
lished procedures. Tris(hydroxymethyl)aminomethane, 8-hydroxy­
quinoline sulfate, and phenylphosphonic acid were obtained from 
the Aldrich Chemical Co. Sodium methyl methylphosphonate was 
prepared by refluxing dimethyl methylphosphonate (Aldrich) in 
acetone saturated with sodium iodide. The sodium salt was recrys-
tallized from an ethanol-ether mixture. Methanephosphonic acid 
was prepared from dimethyl methylphosphonate by refluxing in 4 
TV HCl for 12 hr. The product was recrystallized from ethanol-
ether. Reflux of trimethyl phosphate (Matheson Coleman and 
Bell) with sodium iodide in acetone, followed by recrystallization 
from hot ethanol, yielded the sodium salt of dimethyl phosphate. 
Passage of sodium dimethyl phosphate in water through a Dowex 
5OW ion exchange column (acid form) yielded dimethylphosphoric 
acid on evaporation which was subsequently refluxed with sodium 
iodide in acetone to yield sodium monomethylphosphoric acid. 

All water was redistilled in an all-glass apparatus. The pK 
values were determined by titration in a thermostated apparatus. 

Methods. Specific Ion Electrode. An Orion divalent cation elec­
trode Model 92-32 was used with a Radiometer meter PHM 26 
and Radiometer K 401 calomel reference electrode. All measure­
ments were made of solutions contained in 250-ml beakers im­
mersed in a jacketed beaker through which circulated water from a 
constant-temperature bath (Cole Parmer Versitherm controller, 
GIo Quartz immersion heater, Fisher circulating pump). The pH 
of the solution was monitored simultaneously with a Radiometer 
pH meter PHM 28 and GK 232IC combined pH electrode. Read­
ings of the divalent ion electrode were made on the expanded milli­
volt scale of the meter. It is necessary to assume that the electrode 
responds only to unbound ions. The electrode is selective but not 
exclusive; it is most sensitive to Ca2+ and Mg2+ but also responds 
to Na+, K+, Li+, H+ , NH4

+, and other cations. In the 250-ml bea­
ker, 200 ml of a 10 -3 M solution of the sodium or lithium salt of 
the compound being studied was placed. The solution was brought 
to a pH greater than 9.5 (so addition and complexation of Mg2+ 

would not lead to sizeable changes in hydrogen ion concentration) 
but less than 10 (to avoid excessive formation of magnesium hy­
droxide). The solution was stirred with a magnetic stirrer. Magne­
sium chloride solution was added from a Radiometer SBU-I mi­
crometer-driven syringe. Small portions of magnesium chloride 
were added and readings taken after addition of each portion and a 
standard wait of 5 min. For comparison, magnesium chloride was 
added to a solution identical with that of the compound being stud­
ied except that sodium chloride or lithium chloride, as appropriate, 
was substituted for the compound being studied. Readings for this 
blank on addition of magnesium chloride gave the value of the re­
sponse of the electrode to "free" magnesium ion. A plot of the 
reading of the meter vs. the logarithm of the total concentration of 
magnesium ion added for the standard and the sample was then 
made. In regions where the curves are parallel, the difference be­
tween the curves reflects the amount of complexed magnesium ion 
present (see Figure 1). At the beginning of the curves, where only 
small amounts of magnesium are present, nonparallel plots are 
presumably due to the relatively large amount of interference from 
sodium ion. Beyond the central region, the ionic strength has be­
come perturbed significantly, and thus linearity is again perturbed. 

Spectral Competition. The use of 8-hydroxyquinoline as an indi­
cator for magnesium ion in solution and further use of the indica­
tor to determine indirectly binding constants between magnesium 
ion and other species has been developed and discussed by Bur­
ton.17 This procedure was followed in detail with the exception 
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Figure 1. Potential of "divalent ion" electrode (Orion 92-32) with calo­
mel reference in presence of 5 X 10-3 M sodium acetonylphosphonate 
(O) and 5 X 1O-3 M -sodium chloride (•) as a function of magnesium 
ion concentration. 

that the temperature used was 30°. All spectral measurements 
were performed with a Unicam SP1800A uv-visible spectropho­
tometer equipped with an AR25 recorder and constant-tempera­
ture cell holder. 

Magnetic Resonance. Phosphorus NMR spectra of acetonyl­
phosphonate at a probe temperature of 30° were obtained by a 
double resonance method.18 A Varian HA 100 NMR spectrometer 
was used to observe the proton resonance signals of the compound. 
A tuneable 40-MHz crystal oscillator (constructed by C. Arnow, 
Micro-Now Electronics) was used to generate decoupling signals 
at resonance frequencies of the phosphorus nucleus. The decou­
pling frequency was varied by a dc voltage ramp from a Nicolet 
1080 computer. A voltage-controlled oscillator was set to the reso­
nance position of a peak in the proton spectrum that was coupled 
to the phosphorus nuclear resonance and the oscillator frequency 
range swept. The effect of the frequency sweep on the proton reso­
nance signal was stored in the computer and then plotted on the re­
corder bed, yielding a phosphorus spectrum of high resolution in a 
single sweep of a relatively dilute solution. Sample solutions were 
typically of 0.2 M concentration. Those solutions in which magne­
sium was absent were brought to the same ionic strength, i.e., 0.9 
M, as those with the metal ion by addition of potassium chloride. 

Phosphorus NMR chemical-shift determinations for acetyl 
phosphate in the presence and absence of magnesium ion in deute­
rium oxide were determined by pulsed Fourier transform methods 
at 36 MHz using a Bruker HX90E Fourier transform NMR spec­
trometer with broad band decoupling. Peak positions were deter­
mined relative to an external reference of 85% phosphoric acid. 

Infrared spectra were taken using a Beckman IR-10 instrument. 
Solutions of the various phosphorus compounds were prepared at 1 
M concentrations in deuterium oxide at differing pD levels, ensur­
ing spectral analysis of both monoanionic and dianionic forms. 
Wilks minicells (silver chloride) were used for all determinations. 

Results 

Binding constants of magnesium ion to acetonylphospho­
nate, acetyl phosphate, their esters, and related compounds 
were determined by methods described in the Experimental 
Section. Results obtained using the specific ion electrode 
were consistently different from those obtained by the 
method involving observation of spectral perturbations of 
8-hydroxyquinoline (see Tables I and II), but the orders of 
affinity were identical. The values obtained by the specific 
ion electrode method (see Table II and Figure 1) are much 
higher (tighter complexation) than those that were obtained 
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Table I. Association Constants for Magnesium Ion with Phosphates 
and Phosphonates (Ionic Strength 0.3 M 30°, pH 8.0, Determined 
by Competitive Complex Formation with 8-Hydroxyquinoline.17 

Values Are Average of at Least Five Trials) 

Compd 

C6H5PO3
2" 

CH3PO3
2-

CH3OPO3
2" 

CH3COCH2PO3
2-

HOPO3
2" 

CH3CO2PO3
2-

CH3OPO2(OCH3)-
CH3PO2(OCH3)-

CH3COCH2PO2(OCH3)-

K 
(apparent), 

M~l 

40 
30 
22 
20 
14 
6 
6 
3 
1 

P*2 

7.5 
7.1 
6.3 
6.3 
7.2 
4.8 

P * , 

1.7 
2.3 
1.5 
1.2 
2.1 
1.2 
1.3 
1.6 
0.7 

^(cor­
rected)," 

AT' 

53 
34 
22 
20 
16 

C
T

v 

6 
3 
1 

a Taking account of actual concentration of indicated species 
based on pA". 

Table II. Association Constants for Magnesium Ion with 
Phosphates and Phosphonates (Ionic Strength 1O-2M1 23°, 
pH 9.7 ± 0.2, Determined by Measurements with Specific Ion 
Electrode. Values are Reproducible to ±10%) 

Compd K,M-

CH3COCH2PO3
2-

HOPO3
2-

CH3CO2PO3
2" 

CH3COCH2PO2-(OCH3) 

345 
331 
108 
55 

by the specific method (see Table I). Since the specific ion 
electrode must necessarily operate in solutions of low ionic 
strength, while the spectral procedure is done under condi­
tions of high ionic strength, the results obtained are expect­
ed to be considerably different and are generally consistent 
with known solution effects.19 Furthermore, complications 
introduced by the presence of indicator and the low sensitiv­
ity of the spectral competition method for species with low 
affinity for magnesium make uncertainties greater for the 
weakly associating species. The overall trend and relative 
order of affinity of the various anions for magnesium are 
certain, however. 

In order to test the factors controlling association com­
pared with those controlling acidity, a plot of p ^ vs. the 
logarithm of the observed binding constant to magnesium 
ion of that species was made (Figure 2). If the association 
of magnesium ion is a linear function of the free energy of 
proton association with the most basic form of the dissocia­
ble phosphate compound, then a straight line should be ob­
tained. This is observed, with phosphate ion being the nota­
ble exception. A plot of the first dissociation constant, pA"i, 
vs. the second dissociation constant, pA^, for the com­
pounds that can undergo two protonic dissociations, how­
ever, gave no such correlation (see Figure 3). Thus, by ex­
tension, binding of magnesium ion to the phosphate deriva­
tives depends on the factors affecting the second dissocia­
tion constants. 

Phosphorus NMR was also used to probe the binding of 
magnesium to acetonylphosphonate and acetyl phosphate. 
In order to examine solutions of low concentration of mag­
nesium ion and acetonylphosphonate, a double resonance 
method18 was employed (see Figure 4). When the chemical 
shift of the phosphorus atom of acetonylphosphonate was 
plotted as a function of pH in the presence and absence of 
magnesium ion, two curves were obtained (see Figure 5). 
The curves are similar to those obtained by potentiometric 
titration, using glass and calomel electrodes, under the same 
conditions. In the region of the curve where the phospho-
nate exists as a dianion, the shifts in the presence and ab-
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Figure 2. The p^2 vs. logarithm of magnesium ion association constant 
(from spectral competition method). See Table I. 
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Figure 3. The p/fa for first proton dissociation vs. second p̂ fa for com­
pounds in Table I. 

sence of magnesium ion are identical. In the pAT region, the 
curves are markedly shifted. In the region where monoanion 
is predominantly present, there is a slight difference in 
chemical shifts. A further test was performed using acetyl 
phosphate as a probe molecule. However, since no strongly 
coupled protons are available (Jp-CH3

 = 1 Hz) a pulsed 
Fourier transform system20 requiring many accumulations 
had to be used. Results similar to those obtained for aceton­
ylphosphonate by double resonance were observed. 

Discussion 
Both the studies using the specific ion electrode and those 

utilizing the spectral competition procedure were done 
under conditions where the predominant form of the com­
pounds analyzed was anionic. The fact that the methyl ester 
of acetonylphosphonate has a much lower affinity for mag­
nesium ion than the corresponding dianion and that the di­
anion of methylphosphonate has a greater affinity for mag­
nesium than does acetonylphosphonate indicates that bind­
ing energy depends primarily on the nature of the phospho-
nate functional group, without significant secondary effects 
due to the presence of a carbonyl group. Whether this con­
dition is true at hydrogen ion concentrations at which the 
predominant form of the nonesterified compounds is mo-
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Figure 4. Phosphorus NMR spectrum at nominal frequency of 40.48 
MHz by double resonance procedure of acetonylphosphonate in water. 
Chemical shift is in parts per million relative to trimethyl phosphate (J 
= 22 Hz). 

noanionic cannot be ascertained from these data; one might 
expect bidentate coordination to become significant at 
lower pH since binding to the phosphonate rrtonoanion ester 
is weaker than to the dianion, permitting perturbations to 
be more noticeable. Unfortunately, both procedures are 
limited to the higher pH regions. 

The plot of the logarithm of the binding constants, K, vs. 
p#2 (corresponding to the equilibrium between monoanion-
ic and dianionic species) (Figure 2) is linear with phosphate 
deviating significantly. The values of K are corrected to re­
flect the concentration of dianion in view of the result that 
the metal ion binds relatively poorly to the monoanionic es­
ters. This linear correlation indicates that the compounds 
containing carbonyl groups do not acquire a significantly 
stronger basicity through hydrogen bonding between the 
carbonyl oxygen and the P-OH group. The binding con­
stant studies indicate magnesium does not bind predomi­
nantly to the carbonyl group; if the proton did, then log K 
vs. p^2 would probably not be linear. 

Infrared spectroscopy of acetyl phosphate and acetonyl­
phosphonate is consistent with this finding. (We have con­
firmed earlier results.) For acetyl phosphate, a pD change 
from 6.9 to 3.8, corresponding to a change from the di­
anionic to monoanionic form, leads to a shift toward higher 
energy for the C-O stretching vibration (1707 to 1732 
cm"1).10 Similarly, changing the pD of a solution of aceton­
ylphosphonate from 9.0 to 4.0 (dianionic to monoanionic 
forms) leads to stretching frequencies being observed at 
1671 and 1685 cm -1 , respectively. One would predict that, 
if anything, hydrogen bonding between the phosphoryl pro­
ton and carbonyl group would lead to the requirement of 
lower energies for the carbonyl stretch, not the opposite.21 

However, the effect of hydrogen bonding to the solvent 
complicates matters22 and may be the predominant factor. 
Therefore, the criterion of carbonyl frequency shifts in the 
infrared region cannot positively answer the question of 
whether or not hydrogen bonding as depicted above does in 
fact occur. For example, there have been a number of in­
stances where hydrogen bonding exists but where the car­
bonyl peak shift is very small,23 less than 10 cm -1, or not 
even detectable.24 At least, however, shifts that did occur 
were in the predicted direction, i.e., toward lower energy.24 

It thus appears reasonable that, because solution effects are 
unknown, the conclusion that metal ion coordination does 
not occur at the carbonyl group because no large shift in 
frequency is observed in the infrared spectrum is unjusti­
fied.10 
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Figure 5. Chemical shift of phosphorus NMR triplet (central peak) of 
acetonylphosphonate (0.2 M) as a function of pH in presence (•) and 
absence (•) of 0.3 M magnesium chloride. 

Another way in which hydrogen bonding might perturb 
the pK of the phosphonate involves stabilization of the enol: 

H - O 

0 p+ 

/ \ 

0" 

CH3C=CH or 

This possibility, however, would probably not affect the lin­
ear relationship for the plot of binding constant vs. pK since 
the perturbation by the hydrogen bonding to the phospho­
nate group is in the same direction for proton binding as for 
magnesium binding. In this case, hydrogen bonding would 
tend to make the acetonylphosphonate molecule a better 
acid (and lead to poorer magnesium binding) by stabiliza­
tion of the negative charge. The infrared spectra indicate no 
major contribution from this structure since the carbonyl 
peak is evident and there is no large frequency shift in the 
P-O stretching vibration or enol absorption. (The infrared 
spectrum of acetonylphosphonate was compared with that 
of monomethyl methylphosphonate, which contains no car­
bonyl group so a hydrogen bond cannot be formed; the P-O 
peaks were in the same position as in the carbonyl com­
pound, 1200 cm-1.) Hydrogen bonding of the phosphoryl 
can be expected to lead to shifts of 50 to 80 cm"'.25-27 

We have observed that a plot of the pK of a series of 
phosphates and phosphonates against the logarithms of the 
binding constants of the conjugate bases to magnesium ion 
gives a linear relationship with a slope of 0.35 (see Figure 
2). The linearity indicates that factors controlling the acidi­
ty of the compounds are similar to those controlling the dis­
sociation of magnesium ion from a complex with the conju­
gate base, but that the sensitivity is lower. In addition, other 
modes of complexation such as dimers may exist. The par­
ent phosphate ion does not fall on the correlation line, indi­
cating that these factors are not uniform, especially when 
the ion in question is of different symmetry and therefore 
solvated quite differently than the compounds containing 
hydrophobic substituents. The fact that there is no correla­
tion between the first and second pK's of the compounds ca­
pable of undergoing two dissociations in the solutions we 
examined (Figure 3) confirms the fact that pK depends on 
factors besides the inductive effect of substituents, and at­
tempts to predict metal ion affinity based only on inductive 
effects necessarily are inadequate. Some other factors of 
obvious importance include overall charge changes, steric 
bulk, and relative effectiveness of solvation of the various 
species involved in the equilibrium. 
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Examination of Table I reveals that the binding constant, 
K1 for the magnesium ion-acetyl phosphate dianion com­
plex is approximately 6 M~x at 30° and ionic strength 0.3 
M. Kinetic studies by Oestreich and Jones28 on the effect of 
magnesium ion on the rate of hydrolysis of acetyl phosphate 
dianion led those authors to calculate an apparent binding 
constant of 5.7 Af-1 (39° and ionic strength 0.6 M). The 
higher ionic strength of that system compared with ours 
would tend to decrease the value obtained for the formation 
constant, but the higher temperature would tend to increase 
that value so the factors are partially compensating. These 
values agree with the values we have determined directly. 
Satchell and coworkers29 pointed out that Oestreich and 
Jones28 made an error in the analysis of the kinetic plots 
used to determine K; redetermination of K by Satchell et 
al.,29 utilizing the same spectral competition method of 
Burton17 as we have used in the present study, yielded a 
value of 140 Af-1 at 0.6 M ionic strength and extrapolated 
to 39° (which is larger by a factor of over 20 than the value 
we determined). Recalculation of the data of Oestreich and 
Jones by Klinman and Samuel13 led to a value of K of 8.2 
M - 1 , a value close to the originally determined value of 
Oestreich and Jones.28 Our work clearly indicates that an 
error occurred in the earlier spectral study of Satchell et 
al.29 As pointed out by Klinman and Samuel, one conse­
quence of the lower K value is the conclusion that cleavage 
of the acetyl phosphate-magnesium complex by O H - ap­
parently occurs by CO cleavage rather than by PO cleavage 
of the anhydride.13 

Studies on the magnesium ion catalyzed deuteration of 
the 2-position of acetonylphosphonate indicated the pres­
ence of a kinetic term which is dependent on the concentra­
tion of metal ion, acetonylphosphonate monoanion, and ace­
tonylphosphonate dianion.15 Based on our finding that ace­
tonylphosphonate dianion has a very high affinity relative 
to the monoanionic ester, we would reformulate that kinetic 
term as resulting from abstraction of a proton from the mo­
noanion of acetonylphosphonate by the dianion-magnesium 
ion complex. A more complete study of that system is in 
progress. 

The results of our present NMR study indicated that 
there is a small difference in the chemical shift for the phos­
phorus resonance of acetonylphosphonate (Figure 5) in the 
presence and absence of magnesium from pH 2 to 5, a larg­
er perturbation from pH 5 to approximately 6.5 (the pAf2 
region of acetonylphosphonate), and almost no perturbation 
from pH 7 to 8.5. From the binding constant studies, we 
conclude that magnesium binds much more strongly to the 
dianion than it does to the monoanion of acetonylphosphon­
ate, perturbing the pK. By affecting the protonation state of 
the phosphonate, magnesium ion causes a shift in the ap­
parent absorption resonance in the vicinity of the pÂ . In the 
higher pH region, the dianionic form of acetonylphosphon­
ate is the predominant form. In the presence and absence of 
magnesium ion, the same resonance frequency is observed, 
although coordination must occur. (It has previously been 
shown that the absence of a perturbation cannot be taken as 
proof of lack of binding of magnesium ion to a phosphate.30 

This further confirms that observation.) The dominating ef­
fect of the state of protonation on the chemical shift of 
other systems has been noted31,32 and appears to apply in 
this case. The small perturbation in the pH 2-5 region may 
be due to some magnesium in bidentate coordination with 
acetonylphosphonate (carbonyl to phosphonate monoan­
ion); since the dominating effect of the dianion is no longer 
present, the carbonyl becomes relatively more important, 
but the concentration is low. This may give rise to special 
contact shift effects. However, in essence, the curves in Fig­

ure 5 fit two titration curves which differ only in the p ^ re­
gion. 

These studies, in summary, indicate that, consistent with 
earlier considerations,10 the association of magnesium ion 
with acetyl phosphate involves the phosphate portion of the 
anhydride. This type of coordination should convert the 
phosphate into a superior leaving group since the p f̂ of that 
group will be lowered.33 The finding that magnesium ion 
assists the C-O cleavage of acetyl phosphate13 is consistent 
with this view since it has been shown that charge neutral­
ization via esterification leads to a markedly enhanced hy­
drolysis rate involving attack at the acyl carbon atom.33 

The relatively low affinity for magnesium ion shown by the 
acetyl phosphate dianion and the involvement of higher 
order kinetic terms in the metal ion promoted hydroly-
sjsi3,28,29 SUggest that enzymic systems must have special 
binding modes to enhance P-O cleavage if such binding is 
to be a catalytic component of the reaction. Charge neutral­
ization should not promote attack by neutral water. The en­
counter of the species is not facilitated except by dipole in­
teractions, although stabilization of the polar transition 
state may occur. It would be reasonable to expect that the 
catalytically useful mode of magnesium binding would not 
be radically different from the thermodynamically favor­
able mode since this would minimize formation of high-en­
ergy species. For the case of acetyl phosphate, the rapid 
nonenzymatic hydrolysis rate34 is the result of the availabil­
ity of a favorable pathway for the expulsion of metaphos-
phate ion.35 Any metal ion assisted reaction then must facil­
itate metaphosphate expulsion or promote a favorable alter­
nate mechanism. The expulsion of metaphosphate would be 
assisted if the metal ion coordinated at the carboxyl moiety 
enhanced the leaving ability of acetate; however, as long as 
the metal ion remains coordinated to phosphate, it will hin­
der elimination and favor C-O cleavage. Thus, for the elim­
ination of metaphosphate to be facilitated by the metal ion, 
this barrier must be overcome. An alternative mode of ca­
talysis of phosphate transfer has been suggested by Farrell 
et al.36 and by Mildvan.37 This involves coordination of the 
metal to phosphate in a way that promotes formation of the 
pentacoordinate state of phosphorus by converting binding 
energy to strain energy which provides a new, energetically 
favorable catalytic pathway. However, this requires creat­
ing an unfavorable energetic situation to favor a route that 
overcomes the newly created barrier. It is unlikely that the 
binding energy is sufficient to produce enough steric strain 
to accomplish this. Another model proposed by Steffens et 
al.38 is that the role of the catalytic metal ion involves stabi­
lizing charges in unfavorable positions of a trigonal bipyra-
midal hydrolysis intermediate. This model does not require 
creation of new barriers by binding of magnesium but rath­
er causes catalysis by stabilization of transition states essen­
tially along the original path. 

It is clear that enzymes should be capable of directing the 
binding of the metal ion to provide assistance in catalysis by 
small geometric perturbations. We feel that it is reasonable 
to consider that the binding of magnesium ion to substrates 
which undergo reactions as magnesium complexes occurs in 
solution in a manner which does not necessarily promote 
nonenzymic catalysis. However, upon binding to an en­
zyme, the position of coordination is readily perturbed to 
promote reaction. Thus, control and catalytic efficiency are 
maximized. Furthermore, the ready dissociability of the 
complexes we have studied indicates that, in the enzymic 
systems, rapid turnover can be achieved. This advantage is 
shared by magnesium ion and hydronium ion. Since hydro-
nium ion concentration is controlled mainly by the bulk pH 
of the solution, metal ions can serve to provide mobile elec-

Journal of the American Chemical Society / 97:15 / July 23, 1975 



4303 

trophilic catalysis without pH limitations. 
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In the simplest mechanism involving reversible abstrac­
tion, the alkyl radicals generated by abstraction of a hydro­
gen atom from an alkane by bromine atoms have two fates: 
transfer with molecular bromine to give substitution prod­
uct, or transfer with hydrogen bromide to regenerate the 
substrate. 

RH + Br ' =̂ == R- + HBr — -̂ RBr + Br- (1) 
*.i -

The importance of the reversal reaction relative to product 
formation is related to the ratio kijk-\. This ratio may be 
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Abstract: The role of reversible hydrogen abstraction in the bromination of cyclohexane has been investigated by a study of 
the kinetics of the bromination of perdeuteriocyclohexane in the presence of large amounts of hydrogen bromide and molecu­
lar bromine. By a determination of the relative rate constants for transfer of the radical with the two transfer agents, bro­
mine (A )̂ and hydrogen bromide (/c-i), a ratio of rate constants k^Jk-i could be obtained. In solution at 30° k-i]k-\ varied 
depending upon the concentration of molecular bromine and hydrogen bromide, while in the vapor phase, 20-28°, (kz/k-]) 
= 2.81 ± 0.06 at all concentrations. The change in the ratio of transfer rates in solution and their difference from the vapor 
phase value is attributed to a complex formation between hydrogen bromide and molecular bromine, the complex acting as a 
transfer agent at a faster rate (fc'-i) than hydrogen bromide itself. The ratio of transfer rates for the solution reaction of 
bromine relative to HBr3, k^k'-i, is approximated, (k-Jk-x)^ I (k' -\/k-\) = 0.13, and found to be in good agreement with 
the values obtained at high bromine concentration. Cage return of the radical with hydrogen bromide as a kinetically masked 
process in the bromination reaction is also discussed. 
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