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on silica gel (E. Merck) with CHC13. Glyoxylic acid monohydrate 
was obtained from Sigma Chemical Co. and desferal meaylate was 
a gift from CIBA Pharmaceutical Co. High-pressure LC analyses 
were achieved by use of Waters Associates Model 6000A solvent 
delivery system, Model 440 absorbance detector (254 nm), and 
Model U6K septumless injector. Melting points were taken on 
a calibrated Thomas-Hoover Unimelt. UV spectra were obtained 
on a Beckman Model 35 spectrophotometer, IR spectra were 
obtained on a Perkin-Elmer Model 180 spectrophotometer, 60- 
MHz NMR spectra were obtained on a Varian EM 360 A spec- 
trometer, and mass spectra were obtained on a Hewlett-Packard 
5980A mass spectrometer. Elemental analyses were performed 
by Galbraith Laboratories. 

Synthesis of p(Dimethy1amino)formanilide (3). To a 
solution of 2.7 g (0.02 mol) of NJV-dimethyl-p-phenylenediamine 
in 50 mL of anhydrous EGO, which was stirred with a magnetic 
stirring bar, was added in a single portion 6.2 g (0.02 mol) of 
dicyclohexylcarbodiimide in 30 mL of anhydrous EhO. A solution 
of 1.5 g (0.03 mol) of 90% formic acid in 10 mL of EhO was then 
added to the reaction over the course of 2 min. Further stirring 
was continued for 20 min and then the reaction mixture was 
fiitered. The fdtxate was dried (Na804) and evaporated in vacuo. 
The residue was purified by chromatography and recrystallized 
as described below to give 1.5 g (46%) of 3 as white plates, mp 
106.5-107.5 O C  (lit.’ mp 104.5-105.5 “C). 

Product from Reaction of N,N-Dimethyl-p-nitniline 
(1 )  with Glyoxylic Acid. To a solution of 18.4 g (0.20 mol) of 
glyoxylic acid monohydrate in 1.0 L of water, adjusted to pH 6.0 
with 10% NaOH, was added 15.0 g (0.10 mol) of 1 dissolved in 
100 mL of 95% ethanol. The reaction mixture was stirred at 
ambient temperature for 4 h and then extracted twice with 500 
mL of EhO. The combined -0 extract was dried (Na804) and 
evaporated in vacuo. The residue was dissolved in 100 mL of 
CHC13 and chromatographed on silica gel (60 X 2.6 cm bed size) 
with 500 mL of CHC13, 500 mL of 1% MeOH/CHC13, and finally 
1.0 L of 2% MeOH/CHCI,. Those fractions containing the single 
reaction product were combined and evaporated to give a yellow 
solid. Repetition of this chromatographic procedure gave 12 g 
of a pale yellow solid that showed a single spot on TLC (5% 
MeOH/CHC13 with silica gel plates). Recrystallization twice from 
benzene/hexane (51) gave 9.6 g (58% based on mol w t  164) of 
fine white plates, mp 106.5-107.5 OC. The UV, IR, NMR, and 
mass spectral data were identical with those found for authentic 
3, which was prepared as described above. The C, H, N analysis 
was consistent with CgHI2N20. 
General Procedure and Analytical Methods for Reaction 

of 1 with Glyoxylic Acid. To 40 mL of 0.05 M K H 3 0 4  buffer 
of the desired pH was added 23 mg (0.25 mmol) of glyoxylic acid 
monohydrate. The pH of the resulting solution was readjusted 
to the desired pH with 0.05 M KzHPOl and the solution then 
brought to 50.0 mL fiial volume with the desired buffer to yield 
a 5.0 mM solution of glyoxylic acid. Aliquots of 5.0 mL were 
placed in test tubes and equilibrated to the desired reaction 
temperature. The title reaction was initiated by the addition of 
50 pL of a solution of either 1.9 mg/mL or 3.8 mg/mL of 1 in 95% 
ethanol to give a reaction concentration of 0.125 or 0.25 mM, 
respectively. At the desired time after the start of the reaction, 
a 10-pL aliquot was injected directly onto a high-pressure LC 
system consisting of a Waters pBondapak CIS column (30 X 3.9 
mm i.d.) with 30% MeOH buffered to pH 3.5 with 0.01 M KH2P04 
and containing 0.01% desferal mesylate as the elution solvent 
at  a flow rate of 1.5 mL/min. For quantitative determination 
of 3, the peak heights at  254 nm were measured and compared 
to those of pure standard. The retention times in this high- 
pressure LC system were as follows: 1, 5.0 min; 2, 4.57 min; 3, 
2.73 min. The investigation of the reaction by UV spectropho- 
tometry was conducted with 1 at 0.125 mM initial concentration. 
Simultaneous high-pressure LC analyses were made to correlate 
high-pressure LC peaks to 1, 2, or 3. Analyses of this reaction 
by TLC were conducted in a similar manner, except that the 
concentration of 1 was generally 5 mM with either 5 or 10 mM 
glyoxylic acid. Rfvalues on silica gel plates with 5% MeOH/CHC13 
were as follows: 1,0.70; 2,0.24; 3,0.37. The zones were visualized 

(7) T. Wagner-Jauregg and L. Zirngibl, Justus Liebigs Ann. Chem., 
668, 30 (1963). 

by ultraviolet quenching; in addition the zone corresponding to 
2 gave an immediate violet color with 1% FeC13 that faded to a 
yellow spot within several minutes. 

Registry No. 1, 13889-6; 2, 75767-78-1; 3, 18606-63-8; NJV-di- 
methyl-p-phenylenediamine, 99-98-9; dicyclohexylcarbodiimide, 
538-75-0; glyoxylic acid, 298-12-4. 
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Samples of 6-aminolevulinic acid (ALA, 
H2NCH2COCH2CH2C02H) with specific isotopic labels 
have long been of use in studies of heme biosynthesis.’ 
While a number of methods are known for specific in- 
corporation of ’% or 15N into ALA,lJ none of the published 
chemical syntheses*-3 lends itself to substitution of hy- 
drogen isotopes specifically at only one position. This is 
especially true because most syntheses terminate with an 
acid-catalyzed hydrolytic removal of an acyl protecting 
group from the amino nitrogen. This procedure exchanges 
the protons at both C-3 and C-5 with the aqueous medi- 
um) thus altering any deuterium or tritium labeling 
pattern that might have been introduced at an earlier step. 
Simple base-catalyzed exchange of ALA with water also 
fails because the protons at C-3 and C-5 exchange at almost 
equal rates with a variety of cataly~ts.~?~ 

We have investigated methods for catalyzing ALA-water 
hydrogen exchange which lead to regiospecific incorpora- 
tion of isotope. The use of a water-soluble aldehyde to 
form a transient Schiff base at  the amino group of ALA 
in situ was anticipated to be effective in accelerating ex- 
change at C-5. Specifically, we turned to pyridoxal, whose 
biochemical functions include acidifying the proton on the 
a carbon of a-amino acids.6 

Results and Discussion 
Incubation of ALA with approximately 0.1 molar equiv 

of pyridoxal in a pyridine buffer at pH 4.4 was found to 
catalyze the exchange of the hydrogens of the C-5 meth- 
ylene with those of the aqueous medium much faster than 
the corresponding exchange at  the C-3 methylene. This 
discrimination results from the transient formation of an 

(1) Shemin, D. In “Methods in Enzymology”; Colowick, S. P., Kaplan, 
N. O., Eds.; Academic Prese: New York, 1957; Vol. 4, p 643. 

(2) (a) Shemin, D.; Russell, C. S. J. Am. Chem. Soc. 1963,75,4873. (b) 
Neuberger, A.; Scott, J. J. Nature (London) 1953,172, 1093. (c) Neu- 
berger, A.; Scott, J. J. J. Chem. SOC. 1954,1820. (d) Shemin, D.; Russell, 
C. S.; Abramsky, T. J. Bbl.  Chem. 1955,215,613. (e) Pichat, L.; Hucleux, 
M.; Herbert, M. Bull. SOC. Chim. Fr. 1956,1750. (f) Neuberger, A.; Scott, 
J. J.; Shuster, L. Biochem. J. 1956, 64, 137. (g) Pichat, L.; Loheac, J.; 
Herbert, M. Bull. SOC. Chim. Fr. 1966,3564. (h) Mitta, A. E. A.; Ferra- 
mola, A. M.; Sancovich, H. A,; Grinstein, M. J. Labelled Compd 1967, 
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Raphael, R. A. J. Chem. Soc. 1958,2624. (d) Tschudy, D. P.; Collins, A. 
J. Org. Chem. 1959,24,556. (e) Hearn, W. R.; Wildfeuer, M. E. A d .  
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Table I. Chemical Shiftsa of ALA Protons in the Presence of  Europium and Praseodymium Chlorides 
M =  EU M = Pr 

[MC1,l/[ALAlb 6 (H-2) S (H-3) S (H-5) S (H-2) S (H-3) 6 (H-5) 

0 2.47 2.77 4.08 2.4 7 2.77 4.08 
0.25 2.26 2.65 4.05 2.93 2.93 4.14 
0.50 2.09 2.56 4.03 3.27 3.27 4.23 
0.7 5 1.94 2.49 4.02 3.67 3.43 4.32 
1 .o 1.79 2.39 3.98 3.96 3.58 4.34 
1.5 1.56 2.25 3.93 4.52 3.88 4.35 
2.0 1.38 2.14 3.90 4.87 4.14 4.54 

average A S  per + 0.54 + 0.32 + 0.09 -1.20 -0.68 -0.23 
equiv of  MClaC 

Chemical shift reference was HOD, taken to be 6 4.70. All spectra were at 90 MHz. 
shifts are reported as positive, downfield shifts as negative. 

[ALA] = 0.01 M. Upfield 
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imine of ALA and pyridoxal and the concomitant stabi- 
lization of the conjugate base at C-5 by the quinonoid 
resonance structure (I). Side reactions of the amino ke- 
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tone moiety5 are minimized by the low pH of the reaction 
mixture. 

Carrying out the reaction with unlabeled ALA in D20 
afforded ALA-5,5-d2 (3, see Scheme I). Conversely, 
ALA-3,3-d2 (5) was prepared by nonspecific deuteration 
at C-3 and C-5 in DC1 to give ALA-3,3,5,5-d4 (4), followed 
by pyridoxal-catalyzed exchange of the deuterons at C-5 
with the protons of H20. The specific deuteration reaction 
has a kinetic isotope effect, k(ALA + D20)/k(ALA- 

The deuterium incorporation at various positions was 
readily monitored by NMR. A problem arises with ALA- 
3,3-d2, however, due,to the overlap of the H-2 and H-3 
signals at 90 MHz or lower frequency. The addition of 
europium or praseodymium chlorides to neutral solutions 
of ALA induces changes in chemical shifts that separate 
these resonances, simplifying analysis, as shown in Table 
I for solutions where [ALA] = 0.01 M. The relative 
magnitudes of the shifts induced on the three resonances 
are consistent with predominant coordination of only the 
carboxylate of ALA with the lanthanide ions. The direc- 
tion of the shifts and the nature of the coordination agree 
with earlier results on similar compounds in aqueous so- 
lutions.' 

3,3,5,5-d4 + H20) = 1.5. 

(7) (a) Moeller, T.; Martin, D. F.; Thompson, L. C.; FerrCis, R.; Feistel, 
G. R.; Randall, W. J. Chem. Rev. 1965,65, 1. (b) Hart, F. A.; Moss, G. 
P.: Staniforth. M. L. Tetrahedron Lett. 1971, 3389. (c) Cockerill, A. F.; 
Davies, G. L. 0.; Harden, R. C.; Rackham, D. M. Chem. Reu. 1973, 73, 
553. (d) Pennington, B. T.; Cavanaugh, J. R. J.  Magn. Reson. 1978,29, 
483. 

For convenient determinations on the relatively insen- 
sitive 60-MHz continuous-wave spectrometer, samples 
were made up to [ALA] = 0.25 M. The induced shifts at 
this high concentration are approximately twice as large 
as those at [ALA] = 0.01 M, presumably due to more 
complete complexation of ALA to metal ion. Europium 
was selected over praseodymium to keep the resonances 
of interest away from the HOD absorption, and the ratio 
[EuCl,]/[ALA] was set at 0.5 for routine analyses, giving 
a separation of 0.92 ppm between the H-2 and H-3 reso- 
nances. This is sufficient to render each resonance a 
first-order triplet instead of the complex AA'BB' pattern 
that appears in the absence of additives, especially at  60 
MHz. 

Samples of the purified solid hydrochlorides of the 
specifically deuterated ALA'S were subjected to analysis 
by NMR in the presence of 0.5 equiv of EuC1, as described 
in the Experimental Section. ALA-5,5-d2 showed no de- 
tectable NMR absorption at the position of the H-5 res- 
onance of ordinary ALA under the same conditions. From 
this we estimate a minimum of 95% deuterium incorpo- 
ration at C-5. The H-2 and H-3 resonances (in the pres- 
ence of EuC13) were 1:21 triplets with equal integrals, and 
we estimate a maximum of 5% deuterium incorporation 
at these two positions. Moreover, since no exchange at C-2 
was expected under the reaction conditions, the equal 
integrations of H-2 and H-3 strongly suggest that the true 
deuterium content at  C-3 is more nearly zero. Corre- 
spondingly, &A-3,3-d2 showed no detectable absorbance 
at the position of the H-3 resonance, and the H-2 and H-5 
signals were both singlets of equal integral, with the H-2 
resonance being slightly broadened due to coupling to the 
deuterium nuclei at  C-3. 

We thus conclude that the workup procedure in acidic 
H20 producea no alteration of the labeling pattern and that 
therefore either isomer can be efficiently synthesized in 
a single pyridoxal/ pyridine-catalyzed exchange. Samples 
that are specifically tritiated rather than deuterated can 
easily be prepared by the same reactions. 

Experimental Section 
NMR spectra were obtained at 60 MHz on a Perkin-Elmer 

R-12B spectrometer or at 90 MHz on a Perkin-Elmer R-32 
spectrometer at Bryn Mawr College. Melting points were mea- 
sured in open capillaries on a Thomas-Hoover apparatus and were 
corrected. The pH measurments on DzO solutions were uncor- 
rected meter readings with electrodes standardid in H20 buffers. 
DzO wm obtained from Sigma or Norell and contained a minimum 
of 99.8 atom % deuterium. Europium and praseodymium chlo- 
rides were purchased from Alfa. 

ALA-5,5-dz. Sigma ALA hydrochloride (110 mg, 660 pmol) 
was dissolved in 1 mL of D20 and then mixed with a solution of 
14 mg (69 pmol) of pyridoxal hydrochloride (Sigma) in 0.5 mL 
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of DzO. The reaction was started by adding 53 p L  (660 pmol) 
of neat pyridine, which made the pH 4.4. 

The loss of protons at  C-5 was monitored by NMR and had 
a half-life of 25 min at 36 "C, the temperature of the NMR probe. 
After 130 min, the reaction was stopped by adding 60 p L  of 38% 
DCl (Norell), which dropped the pH below 2. 

The mixture was applied to a 15.5 X 1 cm diameter column 
of Dowex 50-X8 which had been equilibrated with purified 0.4 
M HCl, made by diluting redistilled concentrated HCI. (The 
azeotropic distillate was titrated and found to be 6.97 M.) Elution 
was carried out at 2.4 mL/min with the same purified 0.4 M HCI 
while 2-min fractions were collected. The effluent was monitored 
continuously at 280 nm with an ISCO UA-5 monitor. The three 
major components of the mixture were well separated and eluted 
in the order ALA, pyridoxal, and pyridine, after the early elution 
of a small peak of absorbance which gave a negative test for amino 
groups with fluorescamine.s 

The ALA fractions were pooled and evaporated under reduced 
pressure at  room temperature, yielding 73.6 mg of ALA-5,5-dz 
hydrochloride (67%), mp 153-156.5 "C dec! The analysis of this 
material by NMR is described under Results and Discussion. 

ALA-3,3,5,5-d4. In our hands, the base-catalyzed exchange 
procedure of Lester and Klein6 produced colored impurities which 
were difficult to remove. We found that acid-catalyzed exchange 
eliminated this difficulty. 

ALA hydrochloride (2.46 g ,  14.7 "01) was refluxed in 40 mL 
of 15% DCl for 2.5 h. The solution was evaporated under reduced 
pressure at room temperature and the residual solid was dissolved 
in a fresh 30-mL portion of 20% DC1 and then refluxed a further 
2.5 h. A second evaporation gave a white crystalline solid, which 
was recrystallized by dissolving in 250 mL of boiling absolute 
ethanol and precipitating by chilling on ice and adding 300 mL 
of anhydrous ether. The yield of recrystaUized ALA hydrochloride 
was low (1.43 g, 58%) due to solubility difficulties and esterifi- 
cation under these conditions. 

NMR analysis of this material showed no signal above noise 
level at the positions of the H-3 and H-5 resonances. 

ALA-3,3-dz  was prepared by the procedure descgibed for 
ALA-5,5-dz above, using ALA-3,3,5,5-d4 as starting material and 
HzO instead of DzO as solvent. The H-5 resonance in the NMR 
is far enough from HOD, even at 60 MHz, that ita growth can 
be monitored in the HzO solution. The reaction had a half-life 
of 38 min at  36 "C; this retardation relative to the isotopically 
inverse reaction is the product of a deuterium kinetic isotope effect 
at the C-5 methylene and a solvent isotope effect. 
NMR Analysis with EuC13. For measurement with a high 

signal-to-noise ratio at  60 MHz, 17 mg (100 pmol) of a sample 
of ALA hydrochloride was dissolved in 340 p L  of DzO and neu- 
tralized with 1 equiv of NaOD (typically 40 p L  of 2.5 M). The 
pH after such neutralization was 6.5. EuC13 (0.5 equiv) in D20 
was then added (typically 33 p L  of 1.5 M) and the spectrum 
recorded. If the europium is added before the base, precipitation 
occurs. 

Analogous procedures were used for the 90-MHz measurementa 
at lower concentrations with EuC13 and PrC13. 
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The measurement of hydrogen-deuterium exchange 
rates usually relies upon NMR or mass spectrometry. 
While the former technique allows the monitoring of 
specific hydrogen atoms undergoing exchange, it can be 
imprecise, especially when the substrate exhibits a complex 
spectrum. On the other hand, mass spectrometry yields 
very precise data on the isotopic composition of the sub- 
strate undergoing exchange, but it is frequently difficult 
to relate the results to the degree of reaction at any par- 
ticular site. For example, consider the two-site exchange 
process in Scheme I where 1 bears diastereotopic protons 
H, and H,. If only do material is present initially, then 

[do] = [dol0 e++ 

and 

kl[dolo +e-kzf) [dl1 = - 
kz - k1 

Present interpretive which rely on equations 
such as those shown above suffer from the drawback that 
the basic exchange rate constants k, and k, are not easily 
available from kl and k2, except when k, = k ,  and the 
exchange is statistically controlled. 

An alternative and simple analysis lies in considering 
the progress of the reaction in terms of exchange at the 
specific sites themselves. Accordingly, if secondary isotope 
effects are neglected in Scheme I, then 

[H,] = [l]  + [2] = [H,]oe-kxt 
and 

[H,] = [l]  = [3] = [Hy]oe-kyt 

Hence, if only do material is present initially, 

where do and dl are fractional isotopic species. General- 
izing for n-site exchange, eq 1 is derived. For symmetrical 

e-kxt + = 2[1] + [2] + [3] = 2do +dl 

substrates with p nonequivalent sites, the above equation 
reduces to eq 2. 

(2) 

Equations 1 and 2 describe most exchange situations and 
may readily be incorporated into a simple and general 
computer program for routine use. We have written an 
iterative program4 based on Kim's procedure: and we have 

P n 

i I 
&+it = C(n + 1 - i)di-l 

(1) 0. Hofer and E. L. Eliel, J. Am. Chem. Soc., 95, 8046 (1973). 
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