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Abstract

A series of meta.or péra éubstitutgd phenylglyoxals, including

H, EECHa, p-OCHz, p-Br, p-Cl, p-phenyl, m-OCHz, p-NOo and'E-OH,'were
examined for Linear Free Energy Relationships between chémical reactivity
and substituent constants, and between chemical reactivit§ and carbonyl
stretching freqﬁencies of the getone and aldehyde carbonyls. At pH 12,
the hydroxide ion cafalyzed diéproportionation of the phenylglyoxals into
the.corresponding mandeli§>acids follows the Hammett:relationship with
<'= 2.0, indicative of a transitiop state stabilized by electron with-
drawing groups, Thege rates of disproportionation also correlate quite
well with the carbonyl étretcbing frequencies-éf the ketone ;arbqnyls, both
fof the hydrated aﬁd the anhydrous phenylglyo#als. The aldehyde carﬁonyl
stretching frequencies are essentially independent 6f ring substituents, -
-Qc;o = 1727t 2 em”l., The dispropqrtionation.of a-ketoaldehydes is known
to .involve intraﬁolecular hydride migration. Tﬁe results of the present'
stﬁdy suggest that hydride migration is the rate determining step iﬁ the

disproportionation of this series of substituted phénylglyoxalS{



‘Intfoduction.

Ihe glyoxalase system is égmpoéed of two enzymes, glyoxaiase-l .
Awhich.utilizes glutathibne (GSH) as coenzyme and catalyéesvtﬁe disproportiona-
tion of methylglyéxal into the thiol ester of lactic acid and GSH, and gly-
okalaée-II which hydrolyzes this thiol.esﬁér to regenerate GSH and liberate
lactié acid.g’3 Scheme 1 suﬁmarizes thé feactions.of the glyoxalase system,. .
Reactions 1 and 2 of Scheme 1 are pre-enzymic‘reactions.to form a hemiﬁerééptal
which is the actual enzyme suﬁstrateh’s. The nét reaction ih’the élyoxaiase
system is the conversion of an a-ketoaldehyde intq an a—hydroxycafboxylic
acid, This is analogous to an intramblecﬁlar Cannizzaré reaction invélving‘
hydride migration from the aldehydic gfoub to the a-carBon.‘ The glyoxalase-I
reaction (reacti&h 3 of Scheme 1) ié»known to occur without solvent exchange |
of the aldehydic hydrogen6f7, as in the Cannizzaro reaction, The importance
of the glyoxalase system is not yet clear. It is ubiéuitous}in nétdre, and
there have been suggestions that the system may play an important role in the .
regulatioﬁ of ceil'growth8. The general ability of methylglyoxal aﬁa other
a-ketoaldeﬁers td.inﬁibit the grbwth of both bacte;ia and hémmalian cells

9’10

is well established and has resulted in the specific suggestion that the

glyoxalase system may. function in a regulatory capacity by monitoring intra-

cellular methylglyoxal (or other_a—ketoaldehydes) concentrations.11

The disproportionation of d-ketoaldehydes in alkaline sdlution is

also an intramolecular Cannizzaro reaction, This reaction has been studied

12;15:1h, and also involves migra-

13

extensively, especially for phenylglyoxal
tion of the aldehydic hydrogen without exchange with solvent -, Furthermore,
Hine and Koserl!‘L have established that the disproportionétion of phenylglyoxal

involves intramoleccular hydride migration as the rate determining step.

A summary of their purposed reaction sequence'is given in Scheme 2, Comparison



, ,3
bfifhe two reaction Scheme§~$hows the forméi similarity between tﬂe enzyme
catal&zed'reacgion (3) and'the.hydroxidé'catalyzéd reactions (T'and;8),

We have examined the effects.bf“substi;uentsvon the hydroiidé‘
éatélyzed disproportionation of é se}ies of substituted phenylglyoxals in:

order. to 1). test whether reactions 7 and 8 involve rate determining hydride

migration for a broad séries of meta or para substituents; 2) examine this

reaction for Linear Free Energy Rélationships between reactivity and substi- .

tuent conétants; 3) attempt to e#plain thé observed reactivity by analyzing
the cafbonyl stretching freqqencies of the aldehydé and keténe'carbcﬁyls;

L) and obtain an understanding of reactions 7 and 8 as models for the g}y-
oxalase-I reaction (3). We recen£1y obsérved'thaf the glyoxalase-I' catalyzed
dispropértiohation of substitﬁted phenylglyoxals is insensitive to ring sub-

15

stituents ’, This raises the question of whethér reaction 3 involves rate
determining hydride migration or whether hydride migration simply shows a
very small substituent effect. Reactions 7 and 8 thus become critical models

for reaction 3,

Aer
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Result; and Discussion

| The rates of disproportionation of a series ;f substituted‘
" phenylglyoxal hydrates, including H, p-CHs, p-OCHs, p-Br, p-Cl, p-phenyl,
E~OCH3 and'R-Nog wére measured at pH 12 by following the change§ in the
u.v. absorbances at the MAX of the hydrates, 'Eggg-hydroxyphenylglyoxal
was also‘eQamined. - This member of the series disproportionated slowly at
pH 12 and, consequently, was reacted at higher pH, The p-OCHj derivafive
‘was also'disproportionafed.at this higher pH (ca.'O.l M NaOH‘solution) and
the factor kE;chs = 39 was assumed valid at pH 12, The p-OH derivative

¥p-0” | |

exists asnthe p-0~ anion at high pH. The pseudo first orderlrate cbnstants
obtained and the wavelengthé émployed arelistgd in TABLE I. There is a 3600
fold raﬁge in rate constants between the p-NOo and p-0~ derivatives, indicative’
of tramsition sﬁate stabilizationAby electron wifhdrawing groups. Figure 1

shows a Hammett plot of log k zg.Ofk16

-for this series of compounds,. A
fairly good Linear Free Energy Relationship is observed. The slope,€ , is .
2.0, comparable in size and magnitude to the OH™ catalyzed hydrolysis of

17

substituted methylbenzoates” ', The linear relationship over'this wide range

of substitﬁents suggests a common mechanism for this series of disproportionations,
In thei? study on the mechanism of disproportionation of phenyl-

glyoxal hydrate, Hine and.KoserU+ reported that the rate determining step is.

the intramolecular hydride migration (reaction 7 or 8 of Scheme 2) and that_

reaction 8 pre&ominates at hydroxide concentrations above 3 mM.. At pH 12,

both the mono- and dianion should'contribute to the observed rate with the

majority of reaction occurring via the dianion., The existence of a linear

relationship for the entire series of substituted phenylglyokals examined in



.the p;esent s;udy,,at pH 12, appeaf#lsﬁrprising, if both reacﬁions T Qnd.
8 are'ihvol§ed. ‘However, if the‘acidities.df the hydrates (i.e., re-
‘actions 5 and .6 of Scheme 2) are insénsitiye to ring substituents, then
the contributions of re;ctions.T gnd 8,,respective1y, would be insgnsitive
to substituents, and a lineafnrelationship might be anticipated, "To
- examine this question, the c;rbonyl stretphing-frequencies of the sub-
stituted phenylglyoxals were detefmined for the ketones in the hydrate§
compounds and for both the'aldehfdes and the ketones inithe unhydrated
compounds, The values are listed in TABLE I1I. The>a1dehydeAcarbony1
stfetchihg frequency is 1727 to cm-l, éotally insensitive t6 ring sub-
stituents, while the ketone carbonyls are quite sensi tive to ring Sub-‘-
st;tuents, both for the h&drétes and the unhydrated pﬁénylglyoials. If
one assumes that the carbonyl stretching frequency reflects sensitivity
gb nucleophilic ;ddition, one might expect that the extent of hydration
of the aldehyde in aqueous solution and the‘ﬁKa values of the hydrates
will be similar for this entire_seriés of phenyiglyoxals. This would help
explain the linear relationship observed in fhe rates 6f disproportionation
_ af pH 12. . This conclusion that the éhémistry éf.thé'éidéhyde group 1s
inseﬁsitivé to‘substituenfs agrees wi;h earlier observations that the
_rafes of addition of giutathione‘to the aldehyde grodps of subéti}uted‘
phenylglyoxals (reaction 2, Scheme 1) and the dissociat;on constants of ‘
the resulting hemimercaptals are insensitive to ring substituentsls.

If hydride migratidn is rate détermining, and 1if the ketone
carbonyl stretching frequencies feflect the influence of the ring sub-
stituents, linear rela;ionshipé might be e#pected.in ploté of log

k vs,-Q c=0° Figures 2 and 3 show plots of log k vs. the ketone carbonyl



7
Hé#retcﬁing fréquencies of the hfdrafes'and-thelﬁnhydrated phenylgiyoxals,
féspecéibélf; fairiy.good Lihear:F?ee’Energy Relationships are obse??ed
'in_bOth'céSeé.‘ The sensiti&itylof the reaction is aBout one log unif'qf
k féf a An)czo.of 13 cm-l,i Thesevrésults ag;ée with the genéral cénciusion
that the carbonyl stretching‘frequency can be a good indicator of chemical
reactivity? Previbus studies have shown that ketone carbonyl Stretbﬁing
frequencies can also bg good modeis‘for prédicting.reacti§ities df estef
solvolyses proceeding 5y carbonium ion interﬁediateélg’lg.

The u;efulness of.reactions 7 and 8 as models_fdr thé glyo%alase-l
reaction (reaction 3, Scheme 1) is 1imited.' The high sensitivity of the OH~
catélyzed disproportionation of substituted phenflglyoxals to substituents
compared to the lack of Sensi'tiviﬁyl5 in the glyckalﬁseki reaction éﬁggests

that hydride migration may not be the rate determining step in the enzyme

reaction,



1 Experimental

The substituted phénylglyoxals used in thisjsgudy'wereAsyn:hesized'
by the fpllo%ing geherai procedures. | | -
Procedure A:20 A substituted acetophenone és al-2M solutioﬁ'in dioxane
containing an equivalent a@ount‘bf selénogs acid was refluxed for 4 hours.
The mixtu;e was concent:ated By rota;y evaporation, énd the residue Qas
vacuum dis;illed. fhe'reSUItihg 0il was added to hot water to form the
crystélline substituted phenylglyoxal hydrate.which was recrystallized from
chloroform,_acetoné. | |

Procedure B:21

A slurry of a éubsti;uted phenacylbromide in acefonﬁtriie

was treated wifh a slight excess of AgNOs, Tﬁe rééulting mixfure was stirred
for 24-LU8 hours at room teﬁperature, filtered, and the solvent removed by
rotary evaporation. The residue (a phenacylnitrate) was dissolved in diethyl-
ether and Qashed with watgr. After dryidg over MgSO4, the solvent Qas removed,b
and the residue was added to dimethylsulfoxide containing abouﬁ 1% éo&ium
acetate., The mixture was stirred é£ room temperature for 30 minutes and then
was poured into ice-water satu%ated with NéCl.- The ;esuiting mixture was
extracted with diethyl ethér, washed with water, dried over MgSO, and then“
the solvent évaporaﬁedvoff. The resultingléubstituted'phéﬁylgiyoxal hydraFe was
recrystallized as in procedure A,

The substitu;ed<pheny1g1yoxa1 hydrates prepared 5y either procedure
were colorless solids except for the p-NOp derivative which did not form a |
.crystalline hydrate.” The mélting ?oints, however, were ébserved to be |
somewhaf variaﬁle during'the recrystallization procedures, This pfesumably
is a reflection of the exteﬁt of hydration ana has also been qbserved by
otherélh. All of the substituted phenylglyoxals were converted into the

dioxime derivatives for elemental analysis, The data for characterization of



the series of phenylglyoxals are given in TABLE III.

Rates of Disproportionation: ‘Phosphate buffers, pH 12, u = 0.6, were pre-.

péred using distilled, deionized water and.reagent grade chemicals;'

Reaétion rétes were moni#ofed at thé iMAX values pf the substituted phenYi—
glyoxals obtained from u,v, épectra recordgd in pH 7 phospha;e buffef ﬁéing
a‘Cary 15 recording spectrqphotbmetér. ‘In all ;aées, the substituted phenfi-
glybxéls have molar extinctién éoefficiénts.ca. th M’lcm'1 at the )ﬁAX whereas
the substituted mandelate products show low ébsorption at these wgvelengths.
fhe reaction rates were measured on a Gilford 222 recording spectrophotomefer
employing Beckman DU optics, The temperature was controlled with a circulaﬁing
water bath. First order rafg constants wére obtained‘frdm coﬁputer calculated
least .squares slopes of~§1ots of 1oé absorbance change vs. time, Correlation'
léoefficients were generally better than 0,999. Reactions were initiated by
addition of small quantitiés (10-20 ul.) of 1:1 ethanol, Héo_stbck solution

of ;ﬁe substituted phenylglyoxals. These small quantities were placed on the
end of a flattened stirring rod and introduced directly intq'the spectro-
photoﬁeter cell containing 3.0 ml. 6f témperatufe equilibrated buffer, The
ethanol was generally useful for preparing stock sqlutions of convenient

. concentrations, Use of stock sblutioﬁs withnut ethanol gave the same rate

data, The initial concentrations of substituted phenylglyoxals in the reaction

cell were generally ca. _10'u M.

Carbonyl Stretching Frequencies: The ketone and aldehyde éarbonyl stretching’
frequencies weremeasured on a Perkin-Elmer 621 rec;rding spectrophotometér

using very slow scan rates and expanded scales. Generélly, the range 1800-

1600 cm” was scanned err a one hour period, and a polystyrene standard was added
to fhe cell holder immediately after the carbonyl band was péséed in order to

accurately locate the carbonyl stretching frequency.  This procedure gave
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‘values reprodﬁcible to f,lfs cm-l;

1The kefone carbonyl streféhing frequepciés of the subsgitufed
;phenylglyoxal.hydrates»were méasﬁréd in Nujol mulls, ‘The_ketone and
aldehydé carbonyl stretching f;equencies of the'unhydrated compoundSFWere
determined in dilute acétonitrile solﬁ#ioﬁé. -Altﬁough carbonyl frequencies
are generally measured in carBon tetrachlqride solutions, it wasﬂfound
that tﬁe unhydrated pheﬁylglyoxals in carbon tetrachloride rapidly o
deteriorate; presuﬁably by polyﬁerization.‘ Only a trace of water 1s rea
quired to initiate polymerization, Acetonitrile solutions were sufficienfly
stable to éllow slow scanning rates to be. used, The anﬁydrous solutions
were prepared by warming acetonitrile solutions of the hydrétes over

‘molecular seives, with repeated transfers to fresh molecular seives.
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TABLE I Rate Constants for- the Dlsproportlonatlon of Substituted

Phenylglyoxals, pH 12, 25°,2

o

x X (1O'hsec-,1)‘» _log k_ AMom)d

H 7.60 £ 0.13 10.881 0.0 ~ 2si
p-CHa 3.05 £ 0,05 0. 48l -0.170 263
. p-OCHs 1.37 T o.04 - 0.137 | -0.268 - 287
p-Br 13.9 T 0.1 1.143 40,232 261
p-Cl 12. 2 0,3 1,086 | - 40. 227 260
p-¢ 7.91 % 0.08 - 0.808 -0.01 292
m-OCHz 10.1 % 1,00k +0.115 255
p-NOz 1251 5 2.097 +0. 778 268
p-0~ 0.035° -1.46 -1.00" 28l

Rates measured spectrophotometrically in.phosphate buffer, w = 0,6.

p-OH phenylglyoxal exists as the p-0~ derivative at hlgh pH. Since
this substituted phenylglyoxal is quite stable at pH 12, it was dispro-
portlonated at higher pH along with the p-OCHg compound, and the factor
E-OCHS = 39 was assumed applicable at pH 12. .

R-

Values forG, obtained from reference (16).

values of the substituted phenylglyoxal hydrates; pH T. 'The rates
-of isproportionation were monitored at these wavelengths, :
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TABLE II Infrared Carboﬁyl Stretching Frequencies of the Ketone and .-
Aldehvde Carbonyls of Substituted Phenylglyoxals and ‘
Their Hydrates. :

Substitu_ént S -' N (cmt .
| " ketone - :aidehxde B : v»ketone(h‘vdrated- series)
H o 1676 4 1727 ' }‘1699 |
p-CHs 167k s 1688
p-OCHg . = -~ 1666 1728 . . . 1681
p-Br 1680 . 1729 - 1605
p-cl 679 1729 1695
p-¢ | 675 126 160k
m-ocm; 167k 16 | 1693
p-NO2 S 1688 1729 | 1708

p-OH 166k - 1728 1681



. - substituent .

;“—TABLE;III"“Characteriza;tonfcf'Substituted;Phenylglyoxals_

.15 }

M.Po(hvdra;e) M. P. (dioxime). Elemental Analysis(dioxime)

synthetic
procedure - °C _
‘ . e 'H "N
H A 76 - 77 174 - 176 58.53- 4.91 17.06 calculated
58,70 5.10 17.0k4 observed -

p-CHs A 98 - 99 166.5 - 168.2 60.67 5.66. 15.96 -
| - o 60.81 5.63 15.87
p-OCH B 126 - 127.5 152 - 153 . . 55.67 ° 5.19 1L 43
' 55.85 - 5.14 14,26
p-Br B 133.5 - 1349 167.5 - 168.5 29.53 2.96 11.52
‘ ’ . 39.7h 3.1k 11.39
p-Cl B 120 - 122 159 - 160 48,38 3,55 1k,10
« _ | 48.28 3.73 1k.33
 p-6 B 116 - 118 216 - 218 69.99 . 5.03 11.66
- . 70.02  L.94 11.59
m-0CH; B 77 - 785 1635 - 1608 55.67 '5.19 1h.b3
©.55.73 . 5.10 1kh.55
p-NOp A xp/zm  © 186 - 188 45,94 3,37 20,09

131-132/3mn | 45.92 3.5k 20.k0
p-OH A i 190 - 19% 53.33 - L.48 15.55
. : 8.5-87.5 - 53.15 b, 73 15.86

a

Boiliﬂg point

of p-NOo derivative.
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FIGURE LEGENDS

FIGURE 2

" FIGURE g

- "FIGURE 1 ‘Hammett plot of log 'k,  the rate'éonstants for the disproportionation
-.of the substituted phenylglyoxals, pH 12, vs.(jy. Slope, Q,_is 2.0.

Plot of log k, the rate constants for the disproportionatiéu of the
substituted phenylglyoxals, pH 12, vs. the ketone carbonyl stretchlno

. frequencies of the hydrated phenylglyoxals

Plot of log k, the rate constants for the disproportionation of the
substituted phenylglyoxals, pH 12, vs, the ketone carbonyl stretching
frequencies of the anhydrous phenylglyoxals .





