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ratings were taken 4 weeks after application. Plants were kept 
at good growing conditions at a temperature regime of 24 “C/ 
18 “C (day/night). 

RESULTS 
As results of preemergence applications indicate (Table 

I), compound la very effectively controlled grassy weeds 
a t  a rate of 150 g of AI/ha. la is very well tolerated by 
broadleaf crops like rapeseed, beets, soybean, or cotton 
a t  high rates of 600 g of AI/ha. Broadleaf crops were 
not controlled a t  all. Graminaceous crops proved to be 
very susceptible even a t  low dosage rates of 150 g of AI/ 
ha. Herbicidal activity of compound la is superior to 
that of sethoxydim and comparable to that of fluazifop- 
butyl. 

Following postemergence application (Table 11) com- 
pound la showed excellent activity against annual and 
perennial grassy weeds a t  a rate of 150 g of AI/ha. 
Broadleaf crops demonstrated high tolerance to the her- 
bicide, while graminaceous crops were rather suscepti- 
ble. Broadleaf weeds were not controlled. In compari- 
son with commercial herbicides 7 and 8, compound la 
showed superior herbicidal activity particularly with respect 
to perennial grassy weeds. 

In summary, compound la may be considered a very 
effective herbicide that can be used to selectively con- 
trol a broad range of annual and perennial grassy weeds 
in broadleaf crops, such as sugarbeet, soybean, or cot- 
ton. 
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Improved Synthesis of [ 3’,5’-2H,]Folic Acid: Extent and Specificity of 
Deuterium Labelingt 
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As an extension of research concerning stable-isotopic labeling of folates, this report describes a mod- 
ification of our previous procedure for the preparation of folic acid labeled with deuterium a t  the 
3’,5’-positions. The major procedural changes were (a) preliminary removal of exchangeable protons 
from the substrate, 3’,5’-dibromofolate, and (b) the catalytic dehalogenation reaction conducted in 
an aprotic solvent of NaOD in D,O. Proton NMR examination of the resulting [3’,5’-2H,]folic acid 
indicated complete labeling of the 3’,5’-positions. Labeling of other positions of the folate molecule 
was not detected. 

The development of stable-isotopic methods has greatly 
facilitated research concerning the absorption, metabo- 
lism, and turnover of many nutrients in humans. Appli- 
cation of stable isotopes permits in vivo isotopic studies 
with no radiation hazard to human subjects and pro- 
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vides useful options in experimental design and analysis 
(Hachey e t  al., 1987; Bier, 1987). We have recently devel- 
oped methods for the synthesis of deuterium-labeled forms 
of folic acid and related folates and have devised mass 
spectral methods for analysis of urinary folates (Grego- 
ry and Toth, 1988a,b, 1989). 

To permit studies of dual-label design, methods were 
developed for synthesizing folates in either [3’,5’-’H,]- 
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(d,) or [*H,]glutamyl (d,) form (Gregory and Toth,  
1988a,b). While these compounds have been shown to 
be suitable for simultaneous in vivo use (Gregory et al., 
1990), a limitation of the original preparation of [3’,5’- 
‘H,]folate was incomplete labeling of the 3’,5’-positions. 
The originally published procedure, in which 3’,5’- 
dibromofolate was catalytically dehalogenated in 0.1 M 
NaOH, yielded approximately 75% labeling of the 3’,5’- 
positions (Gregory and Toth,  1988a). Although we 
observed that a t  least 90% labeling could be achieved 
with this reaction when using 0.1 M NaOD in D,O rather 
than 0.1 M NaOH as the solvent (Gregory and Toth, 1989), 
complete labeling of the 3’,5’-positions has not been pre- 
viously achieved. Alternatively, Hachey et al. (1978) 
reported a procedure for the preparation of [3’,5’- 
2H,]folic acid by trifluoroacetic acid catalyzed exchange 
in D,O. This procedure yielded approximately 90% label- 
ing of the 3’,5’-sites and, due to the slow rate of isotopic 
exchange, required several weeks to conduct. 

Contradictory results have been obtained in research 
concerning the specificity of isotopic labeling obtained 
using catalytic dehalogenation of 3’,5’-dibromofolate. In 
studies of tritium labeling, Zakrzewski e t  al. (1970) reported 
that only 35542% of labeling was at  the 3’,5’-positions 
with the remainder of the isotope incorporated at  C-7 
and C-9. In later research, Evans et al. (1979) observed 
similar isotopic distributions although 3’,5’-labeling ranged 
from 42 to 73% of the total tritium. Gregory and Toth 
(1988a, 1989) reported that the preparation of [3’,5’- 
2H,]folic acid by catalytic dehalogenation yields little or 
no incorporation of the isotope at  C-7 or C-9. 

This paper describes modifications of our previous cat- 
alytic dehalogenation procedure that permits complete 
deuterium labeling of folic acid at  the 3’,5’-positions. In 
addition, studies are presented concerning specificity of 
deuterium labeling by this method. 

MATERIALS AND METHODS 

Materials. Unlabeled folic acid (Sigma Chemical Co., St. 
Louis, MO) was converted to 3’,5’-dibromofolic acid by the method 
of Cosulich et al. (1951). Complete bromination was verified 
by reversed-phase high-performance liquid chromatography 
(HPLC) and UV spectrophotometry. Sodium deuteroxide 
(NaOD), deuterium chloride (DCl), and deuterium oxide were 
also obtained from Sigma; their respective isotopic enrich- 
ments were reported by the manufacturer to be 99+, 99+, and 
99.8 atom %. 

Synthesis  of [3’,5’-2H2]Folic Acid. [ 2H2]Folic acid was pre- 
pared as previously described, with the following modification 
involving (a) preliminary treatment to remove exchangeable pro- 
tons (Le., of OH, COOH, NH, and NH, groups) from 3’,5’-di- 
bromofolic acid, (b) catalytic dehalogenation of 3’,5’-dibromo- 
folate in NaOD in D,O, to provide an aprotic reaction medium, 
and (c) shorter reaction time during catalytic dehalogenation. 

A 2-g portion of dry 3’,5’-dibromofolic acid was suspended in 
60 mL of D,O and then dissolved by mixing with 2.0 mL of 
40% (w/w) NaOD. After approximately 5 min, the 3’,5’-dibro- 
mofolic acid was precipitated by addition of 1.6 mL of 35% 
(w/w) DC1, which yielded an approximately pH 2 solution by 
indicator paper, followed by centrifugation for 15 min at  5000g 
(4 “C).  The pellet was suspended in 200 mL of D,O and dis- 
solved by addition of 2.5 mL of 40% (w/w) NaOD. The cata- 
lyst (0.25 g of 10% Pd on carbon; Kodak, Rochester, NY) was 
added without prior hydration, followed by bubbling with nitro- 
gen gas to exclude dissolved oxygen. Catalytic dehalogenation 
was performed a t  room temperature (ca. 22 “C) with use of a 
Parr hydrogenation apparatus (Model 3911; Moline, IL) with a 
500-mL reaction bottle agitated at  175 cycles/min. Deuterium 
gas (99.5 atom % deuterium, grade 2.5; Airco Industrial Gases, 
Riverton, SJ) was employed a t  an initial pressure of 42 psig. 
Deuterium gas pressure was monitored throughout the reac- 
tion period of 5-6 h. 
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At the end of the reaction period, the mixture was filtered 
under vacuum (Whatman No. 1 paper) to remove the catalyst. 
Crude [*H,]folic acid was recovered from the filtrate by 
acidification to pH 2 with HC1 followed by centrifugation. 
[ 2H,]Folic acid was purified by ion-exchange chromatography 
on a column containing DEAE-Sephadex A-25 (35 X 2.5 cm 
(i.d.); Pharmacia Fine Chemicals, Piscataway, NJ) with a 2-L 
gradient of 0.1-0.8 M NaCl in 0.05 M sodium phosphate buffer 
(pH 8.5). Fractions containing pure [2H,]folic acid, as deter- 
mined by HPLC, were pooled. The orange product was precip- 
itated by acidification with HCl, recovered by centrifugation, 
and desiccated over P,O,. 

This product was analyzed by HPLC, proton NMR, and micro- 
biological assays as described below. 

Analytical Procedures. HPLC was used to determine the 
purity of folic acid preparations essentially as described by Gre- 
gory et al. (1984) monitoring absorbance at 280 nm. Microbi- 
ological evaluation of the relative folate activity of unlabeled 
folic acid and [2H2]folic acid was performed with Lactobacillus 
casei as the assay organism (Phillips and Wright, 1982). The 
growth medium was Folate Casei Medium (Difco, Detroit, MI) 
adjusted to an initial pH of 6.2 (Phillips and Wright, 1982). 

Proton NMR spectra were determined at 25 “C with 0.1 M 
NaOD in D,O as solvent (Poe, 1980) on a 300-MHz instrument 
(Model NT-300; Nicolet Instrument Corp., Madison, WI). The 
concentration of each folate sample was 3 mg/mL. 

Investigation of Nonspecific Labeling of Folic Acid. To 
investigate further the potential for deuterium labeling a t  posi- 
tions other than the 3’,5’-carbons, folic acid rather than 3’,5’- 
dibromofolate was also carried through the above synthetic pro- 
cedures. After purificiation, this product (catalytic exchange 
folate) was analyzed by proton NMR. 

RESULTS 

This research was conducted to extend methods for 
the preparation of deuterium-labeled folates for in vivo 
examination of folate absorption, metabolism, and turn- 
over. Preliminary removal of exchangeable protons from 
the substrate (3’,5’-dibromofolate), along with the use of 
an aprotic solvent for catalytic debromination, provided 
[‘H,]folate in 35% yield after purification. HPLC anal- 
ysis of the crude product of catalytic dehalogenation indi- 
cated that the main components were folic acid and its 
reduction product, 7,8-dihydrofolic acid. As shown pre- 
viously, optimization of the yield of [‘H,]folate involves 
balancing the debromination process against subse- 
quent reduction to dihydrofolate (Gregory and Toth, 
1988a). The 5-6-h reaction period employed in this method 
represents a reasonable compromise. Dehalogenation 
occurred much more rapidly under the conditions of this 
reaction (5-6 h in NaOD) than the previous 66-h reac- 
tion in NaOH. 

As with [,H,]folate and other preparations of [,H2]- 
folate, this form of [‘H,]folate exhibited UV spectra, micro- 
biological assay response, and HPLC behavior identical 
with those of unlabeled folic acid (data not shown). Micro- 
biological dose-response curves for deuterium-labeled and 
unlabeled folic acid were superimposable, which indi- 
cated full biological activity of the labeled compound. 

NMR analysis provided a direct indication of the extent 
of deuterium labeling of the 3’,5‘-positions and other sites 
within the molecule (Figure 1). The spectrum of [‘H2]- 
folic acid, i n  which no signal was detected for 3’,5’-pro- 
tons, indicates complete deuterium labeling of these posi- 
tions. Replotting the [2H,]folate spectrum at approxi- 
mately 10-fold greater sensitivity also yielded no significant 
3’,5‘-proton signal. Further evidence of 3’,5’-labeling of 
[ ‘H,]folate is found in the 2’,6’-proton signal, which exists 
as a doublet for unlabeled folate but collapses to a sin- 
glet for [‘H,]folate in the absence of 3’,5’-protons. 

The relative intensity of the various proton signals was 
evaluated to determine whether proton-deuterium 
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Figure 1. Proton NMR spectra of (a) unlabeled folic acid, (b) 
[2H,]folic acid, and (c) folic acid subjected to  catalytic exchange 
(catalytic exchange folate). 

exchange had occurred. When compared to unlabeled 
folic acid, ['H,]folate and the catalytic exchange folate 
preparations exhibited no quantitative spectral differ- 
ences with respect to signals other than 3'3'- and 2',6'- 
positions. It should be recognized that minor labeling 
may not be readily detectable by examination of the dis- 
appearance of proton signals. However, these results 
clearly indicate the absence of significant labeling by pro- 
ton-deuterium exchange under the conditions of the cat- 
alytic dehalogenation reaction. In addition, the inten- 
sity of 3',5'-signal of the catalytic exchange folate prep- 
aration indicates that deuterium labeling of this position 
does not occur by simple isotopic exchange under the 
conditions of this synthesis. 

The time course of the catalytic dehalogenation reac- 
tion was examined by monitoring changes in deuterium 
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Figure 2. Consumption of deuterium gas during catalytic 
exchange of folic acid (catalytic exchange folate preparation) 
and catalytic dehalogenation of 3',5'-dibromofolic acid. 

gas pressure (Figure 2). When folic acid was employed 
in the catalytic exchange folate preparation, slow con- 
sumption of deuterium occurred over the reaction period. 
This presumably corresponded to formation of dihydro- 
folic acid, which was the major byproduct detected by 
HPLC. In contrast, 3',5'-dibromofolic acid yielded a rapid 
uptake in deuterium gas over the first 1-1.5 h, followed 
by a slower consumption parallel to that observed in the 
catalytic exchange folate. Estimation based on the equa- 
tion of state for an ideal gas (PV = nRT) indicated 2.2 
mol of D, gas consumed/mol of dibromofolate within 90 
min. This suggests that catalytic dehalogenation as well 
as reduction of the pteridine ring system was occurring 
during the initial stages of reaction. Subsequent gas con- 
sumption presumably involved continued reduction of 
the pteridine moiety to form dihydrofolate and poten- 
tially tetrahydrofolate. 

DISCUSSION 

The procedure reported here is a significant improve- 
ment in stable-isotopic methods because it permits the 
synthesis of [3',5'-'H2]folic acid with complete labeling 
of the 3',5'-positions and no detectable labeling else- 
where on the folate molecule. Other advantages of this 
method, compared to the previous procedure (Gregory 
and Toth, 1988a), include a shorter reaction time than 
previously observed (6 vs 66 h) and a greater yield (35% 
vs 1 5 2 0 % ) .  The factors responsible for the markedly 
increased rate of the reaction are unclear in view of the 
fact that the catalyst used in each study was from the 
same lot. The comparatively low yields in these meth- 
ods are partially due to formation of dihydrofolate and 
incomplete separation of the [2H2]folate from dihydro- 
folate during preparative ion-exchange chromatography. 
In view of the inexpensive nature of folic acid and the 
small quantity of deuterium gas employed, this yield is 
acceptable. 

Potential racemization of the glutamyl a-carbon is of 
concern when alkaline conditions are employed in syn- 
thetic reactions. The NMR signals for the a-protons do 
not exhibit any significant difference, which is consis- 
tent with the retention of the chirality of this carbon. 
The results of the microbiological assay, which responds 
only to pteroyl-L-glutamates, further support the stere- 
ochemical purity of the ['H,]folate product. 

The NMR spectral data of this study confirm the high 
degree of specificity of labeling of the 3',5'-positions, which 
is in contrast to the distribution of tritium obtained under 
analogous reaction conditions (Zakrzewski et  al., 1970; 
Evans et al., 1979). Although Evans et al. (1979) observed 
that the extent of tritium labeling of C-7 and C-9 varied 
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markedly among batches of palladium/CaCO, catalyst 
employed, consistent labeling of these positions was 
observed. The NMR spectra reported here (Figure 1) 
for [2H2]folic acid and the catalytic exchange folate con- 
firm previous observations that little or no labeling of 
C-7, C-9, or other positions occurs by deuterium-proton 
exchange under the conditions of this reaction. Whether 
the difference in labeling specificity between tritium and 
deuterium reflects a true isotopic effect or a difference 
in the nature of the catalysts employed is unclear. 

In summary, this method of synthesis represents a sig- 
nificant improvement in the preparation of [2H2]folic acid 
for in vivo use with human subjects. This form of [2H2]- 
folic acid is also suitable as a substrate in chemical and/ 
or enzymatic synthesis of other [2H2]folate compounds 
having a comparably high degree of deuterium labeling. 
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