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The composition of technical DDT was investigated using 
achiral and chiral high-resolution gas chromatography 
(HRGC) and electron-ionhation mass spectrometry (EI- 
MS). 2,4-DDT and 2,4-DDD, two important components 
of technical DDT, were enantiomerically resolved by chird 
HRGC with silylated P-cyclodextrin and by chiral high- 
performance chromatography (HPLC) with permethylated 
y-cyclodextrin as chiral selectors. The (+)- and (-)- 
enantiomers were assigned by chiral HPLC using chirop- 
tical measurements. Enantiopure isolates were then used 
to identify these enantiomers in chiral HRGC analyses. 
Previous data indicated (+)- and (-)-2,4-DDTto have S- 
and R-configuration, respectively, but the absolute con- 
figurations for (+)- and (-)-2,4'-DDD were hitherto un- 
known. They were now assigned via the reductive dechlo- 
rination of the individual 2,4-DDT enantiomers which 
proceeded stereoselectively to the corresponding 2,4- 
DDD enantiomers. The results showed (+)- and (-)-2,4- 
DDD to have R- and $-configuration, respectively. The 
enantiomers of 2,4'-DDD thus have reversed signs of 
rotation for polarized light compared to the enantiomers 
of 2,4-DDTwith the same conilgwation. The enantiomer 
resolution of several additional chiral compounds in 
technical DDT is reported; enantiomeric ratios of w1.0 
indicated all chiral compounds to be present as racemates 
in the technical and in the synthetic reference materials. 
We report the first enantioselective determinations of 
technical DDT; the methods presented should also be 
applicable to the analysis of environmental and biological 
samples. 

DDT was one of the most important pesticides used in 
agriculture, forestry, and public health, but it was also probably 
one of the most controversial. DDT was first introduced in the 
1940s, and production and usage increased to a maximum around 
1960 (US. production in 1963, 80 500 tons).' The cumulative 
world production so far has exceeded 1 million tons. DDT was 
obviously valuable in combatting vector-transmitted deseases such 
as malaria with spectacular success, with millions of human deaths 
averted.2 DDT is rather nontoxic to humans, but it is highly 
accumulating and persistent in the e n v i r ~ n m e n t . ~ , ~  Following the 

(1) Rapaport, R. A,; Eisenreich, S. J. Environ. Sci. Technol. 1988, 22, 931- 
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discovery of its widespread occurrence, it was eventually banned 
in the United States in 1972, and since then in most industrialized 
countries. Nevertheless, DDT continues to be an important 
vector-control product in developing c0untries.j 

In the technical production of DDT, chlorobenzene is con- 
densed with l,l,l-trichloroacetaldehyde (chloral) in the presence 
of concentrated sulfuric acid or chlorosulfonic acid to yield ~ 7 0 %  
l,l,l-trichloro-2,2-bis(4-chlorophenyl)ethane (4,4'-DDT), up to 25% 
1,1,l-trichloro-2-(2chlorophenyl)-2-(4chlorophenyl)ethane (2,4'- 
DDT) , and other c0mpounds.4~~~~ 4,4'-DDT is the only isomer with 
insecticidal properties. 

2,4'-DDT, the second major component in technical DDT, is 
estrogenically active in both avian and mammalian systems8 and 
presumably is one of the compounds responsible for the eggshell 
thinning in predatory avian species. It was suggested to decrease 
the content of this poorly insecticidal isomer in technical DDT, 
thereby increasing the efficacy of the latter and reducing the 
amount of a known estrogen being deployed in the b i ~ s p h e r e . ~  
l,l-Dichloro-2,2-bis (khlorophenyl) ethane (4,4'-DDD, also known 
as 4,4'-TDE) is an additional constituent of technical DDT but was 
also a pesticide itself.1° The 2,4'-isomer has medicinal purposes,lI 
and it is also an enzyme-inducing compound.8 

The biodegradation of DDT is different under anaerobic and 
aerobic conditions. It has been extensively reviewed. Briefly, 1,l- 
dichloro-2,2-bis(4chlorophenyl)ethene (4,4'-DDE), the principal 
stored DDT metabolite, and 4,4'-DDD are formed in anaerobic 

(2) Spindler, M. DDT Health Aspects in Relation to Man and Risk/Benefit 
Assessment Based Thereupon. In Residue Reviews; Gunther, F. A, Gunther, 
J. A, Eds.; Springer Verlag: Berlin, Germany, 1983; Vol. 90, pp 1-30. 

(3) FAO. Pesticide Residues in Food-I984 FA0 Plant Production and Protection 
Paper 67; Food and Agriculture Organization of the United Nations: Rome, 
Italy, 1985; pp 585-601. 

(4) Smith, A G. Organic Hydrocarbon Insecticides. In Handbook of Pesticide 
Toxicology; Hayes, W. J., Jr., Laws, E. R ,  Jr., Eds.; Academic Press: New 
York, 1991; Vol. 2, Chapter 15. 

(5) WHO. Vector Resistance to Pesticides; WHO Technical Report Series 818; 
World Health Organization: Geneva, Switzerland, 1992; pp 1-24. 

(6) Melnikov, N. N. Halogen Derivatives of Aromatic Hydrocarbons. In Residue 
Reviews; Gunther, F. A., Gunther, J. A, Eds.; Springer Verlag: Berlin, 
Germany, 1971; Vol. 36, Chapter VI. 

(7) Sittig, M. Pesticide Manufacturing and Toxic Materials Control Encyclopedia; 
Noyes Data Corp.: Park Ridge, NJ, 1980. 

(8) Kupfer, D. Crit. Rev. Toxicol. 1975, 4 ,  83-124. 
(9) McBlain, W. A,; Cume, R. W.; Wolfe, F. H.J. Agric. Food Chem. 1977,25, 

(10) Rippen, G. Handbuch Umweltchemikalien, 2nd ed.; Ecomed-Verlag: Lands- 

(11) Straw, J. A.; Hart, M. M. Handb. E*p. Phamzakol. 1975, 38, 808-819. 
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Chart I. Structural Formulas of DDT Compounds 
Mentioned in the Texts 

cI/c,cI 
a Left: 44'- (and 2,4'-) DDT. For DDD, DDMS, and DDA, CCI3 

would be replaced by CHCI2, CH2CI, and COOH, respectively. 
Right: 4,4'- (and 2,4'-) DDE. 

reactions.12 Aerobic reactions yield mainly bis(4chlorophenyl)- 
acetic acid (4,4'-DDA), the principal urinary excretion product of 
DDT in mammals, and dichloroben~ophenone.~~-~~ 

DDT and its metabolites are still among the most prevalent 
environmental contaminants. The 2,4'-isomers of DDT and DDD 
are chiral and thus exist in two enantiomeric forms. As pointed 
out for other chiral contaminants, biotic processes (uptake, 
metabolism, excretion) may be different for enantiomers, whereas 
abiotic processes (chemical, photochemical, distribution, trans- 
port) will be the same.I6 Since 2,4'-DDT is a major chiral 
contaminant of technical DDT, changes in its enantiomeric ratios 
(ERs) (and those of other chiral contaminants) would point to 
biological degradation rather than degradation via abiotic path- 
ways. So far, the environmental fate of the two enantiomers of 
2,4'-DDT has not been fully delineated. 

Detailed analyses of technical DDT and the enantioselective 
determination of chiral components are required to investigate 
the biological and environmental fate of this important pesticide. 
In this study, we report the first enantioselective analyses of 
technical DDT. We describe the enantiomeric resolution of 2,4'- 
DDT and 2,4'-DDD using chiral high-performance chromatogra- 
phy (HPLC) and of these and other chiral DDT components using 
chiral high-resolution gas chromatography (HRGC). Further- 
more, the (+)- and (-)-enantiomers of l,l-dichloro-2-(2-chloro- 
phenyl)-2-(4chlorophenyl)ethane (2,4'-DDD) and 2,4'-DDT were 
identilied via chiroptical measurements and the absolute configu- 
rations of the 2,4'-DDD enantiomers assigned by chemical analogy 
to those known for the 2,4'-DDT enantiomers. 

EXPERIMENTAL SECTION 
Materials and Reference Compounds. Synthetic racemic 

1,l-dichloro-2-(2-chlorophenyl)-2-(4chlorophenyl)ethene (2,4'- 
DDE) were from Promochem (Wesel, Germany) (for structures, 
see Chart 1). Other chemicals (dimethyl sulfoxide, NaBH4) were 
from Fluka (Buchs, Switzerland). Two samples of technical DDT 
were from Promochem and Maag (Dielsdorf, Switzerland), 
respectively. The latter sample was obtained in the 1950s and 
has been archived in Wadenswil, and it is now used for compara- 
tive analyses. Solutions of the reference compounds (1-10 ng/ 
pL) and the technical products (100 ng/pL) in n-hexane were 
prepared and used in the HRGC analyses. Solutions at 0.1-1% 
in methanol were used for analysis by HPLC. 

(f)-2,4'-DDT, (i)-2,4'-DDD, 4,4'-DDT, 4,4'-DDD, 4,4'-DDE, and 

(12) Walker, C. H. Life Sci. 1969, 8, 1111-1115. 
(13) Fishbein, L. J. Chromatogr. 1974, 98, 177-251. 
(14) Aizawa, H. Metabolic Maps ofpesticides; Academic Press: New York, 1982; 

(15) Kujawa, M.: Macholz, R. M.; Engst, R Die Nahrung 1984,28, 1065-1080. 
(16) Buser, H. R.; Muller, M. D.; Rappe, C. Enuiron. Sci. Technol. 1992, 26, 

p 39. 

1533-1540. 

HRGC Mass Spectrometric Analyses. A VG Tribrid double 
focusing magnetic sector mass spectrometry (MS) instrument was 
used. The ion source was operated in the electron-impact mode 
@I, 70 eV, 180 "C). Full-scan mass spectra (mlz 35-435; 1.16 
s/scan; resolution M l h M  = 500) were recorded. Analyses were 
also carried out with selected-ion monitoring (SIM) for optimum 
resolution (0.5 s/scan), e.g., by using the ions at m/z  201, 235, 
237,246,248,316,318, and 354 to detect the various compounds. 
A lock-mass of mlz 207.033 from the silicone bleed of the HRGC 
columns was used in SIM. Concentrations were determined from 
SIM analyses in comparison to those of known quantities of the 
reference compounds (where available) or using average response 
values. Enantiomeric compositions (ER values) were determined 
from peak area ratios in SIM analyses." Retention indexes (RI) 
were calculated relative to the n-alkanes (C14-C26; RI 1400-2600) 
co-injected with the samples; linear interpolation was used in the 
temperature-programmed runs. 

Achiral HRGC was carried out with a 25-m SE54 or a 60-m 
OV1701 fused silica (0.25 mm id.) HRGC column. Chiral HRGC 
was carried out with a 20-m or a 28-m OV1701IBSp-CD fused 
silica column (0.25 mm id.) (BSp-CD = tert-butyldimethylsilyl- 
pcyclodextrin; 30% w/w) (see ref 18). These columns were 
temperature programmed as follows: 50 "C, 2 min isothermal, 
20 "C/min to 160 "C, 3 "C/min to 240 "C. On-column injection 
(1-2 pL) at 50 "C was used to prevent thermal decomposition of 
DDT to DDE in a heated injector. Additionally, a 16-m OV1701/ 
TB-p-DM column (TB-p-DM = &tert-butyldimethylsily1-2,3-di- 
methyl-/3cyclodextrin; ~ W O  w/w) was also used. In some analyses, 
these columns were temperature programmed as slow as 0.5 "C/ 
min and with lower intermediate temperatures (80 "C) for 
optimum resolution. This resulted in retention times (tR) as long 
as 3-4 h. 

Chiral High-Performance Iiquid Chromatography 0IpI.C) 
and Fractionation of DDT Compounds. Chiral reverse-phase 
HPLC was carried out with permethylated a- , b-, or ycyclodextrin 
(PM-a-CD, PM-p-CD, or PMy-CD) columns (all 200 x 4 mm, 
5-pm particle size; Macherey-Nagel, Diiren, Germany) operated 
with 0.8 mL/min 80% methanol/20% water and 0.5% triethylamine 
acetate (PH = 4.5) at room temperature. A Spectra-Physics (San 
Jose, C& Model 8800 pump was used. Samples (5-20 pL of 0.1- 
1% solutions in methanol) were injected via a Rheodyne (Cotati, 
CA) Model 7125 injector and a 20-pL loop. Analyte detection was 
either by a Knauer (Berlin, Germany) variable wavelength UV 
detector set at 250 nm or with an IBZ (Hannover, FRG) polari- 
metric detector with a 300-pL cell. Optical rotation (OR) was 
monitored using both polychromatic and monochromatic light 
(interference filter, 589 f 15 nm) as in a previous study; no 
difference in the sign of rotation for polarized light was observed 
in the two modes of operation. The 1% solutions were used to 
improve signal-to-noise ratios in these analyses. 

Enantiopure fractions of 2,4'-DDT and 2,4'-DDD were collected 
from the PM-y-CD column at the outlet of the UV detector while 
observing the UV absorbance, taking a time lag of ~ 1 6  s between 
detection and elution into account. Approximately 100 pg of a 
racemate was injected. The analytes were recovered from the 
eluates (x1 mL) by extraction with n-hexane (three portions, 1 
mL each). After the extracts were dried over anhydrous NaZS04, 
they were directly analyzed using chiral HRGC/MS. 

(17) Buser, H. R.; Muller, M. D. Anal. Chem. 1992, 64, 3168-3175. 
(18) Muller, M. D.: Buser, H. R. Anal. Chem. 1994, 66, 215552162, 

2692 Analytical Chemistry, Vol. 67, No. 15, August 1, 1995 



Reductive Dechlorination of Racemic and Enantiopure 
2,4'-DDT. (f)-2,4'-DDT (32 mg) was dissolved in 1 mL of DMSO 
under slight warming. After cooling, this solution was added to 
1 mL of DMSO containing 30 mg of NaBH4 in a vial (see ref 19). 
After 1 h at room temperature, a 2WpL sample was removed, 
and the mixture was further reacted at 60 "C. After 1 and 2 h at 
this temperature, further samples were removed. The mixture 
was then left overnight at room temperature before a final sample 
was taken. All samples were immediately mixed with an equal 
volume of distilled water, carefully acidified with 0.5 M HCl to 
destroy excess NaBH4 (caution: gas evolution), and then extracted 
with 1-2 mL of n-hexane. The extracts were washed 3-4 times 
with small amounts of distilled water until neutral, dried over 
anhydrous NaZS04, and analyzed after suitable dilution with 
n-hexane. 

The reactions were then carried out with (+)- and (-)-2,4'- 
DDT (x50 pg  each) isolated from the chiral HPLC (PM-y-CD) 
system. The individual enantiomers were extracted from the 
HPLC eluates with 12-hexane and then passed with 4 mL of 
n-hexanelmethylene chloride (1:l) through small columns of silica 
(0.5 g of silica gel 60, from Merck, Darmstadt, Germany, in 5"- 
i.d. Pasteur pipettes) topped with anhydrous Na2S04. The eluates 
were carefully brought to dryness, redissolved in 100 pL of DMSO, 
and combined with an equal volume of NaBH4 solution. The 
mixtures were allowed to react for 14-40 h at room temperature. 
The extraction and cleanup were continued as for (f)-2,4'-DDT, 
and the formation of dechlorinated products was followed using 
chiral HRGC analysis. 

RESULTS AND DISCUSSION 
Achiral and Chiral Components in Technical DDT and 

Structural Considerations. The reaction of chlorobenzene with 
chloral leads to 4,4'-DDT as the major product and a number of 
additional components in a Bayer conden~at ion.~,~ 4,4'-DDT is 
achiral (prochiral; see Chart l ) ,  but the two chlorophenyl groups 
are enantiotopic and thus may behave differently in a chiral 
environment. Metabolic action thus may affect the two groups 
differently, and the two enantiomers of the chiral metabolites need 
not be formed in equal amounts. This may be the case in 
situations such as ring hydroxylation leading to chiral hydroxy- 
DDT metabolites.2°s21 

There are six possible DDT isomers with bis(chloropheny1) 
substitution: 2,2'-, 2,3'-, 2,4'-, 3,3'-, 3,4'-, and 44'-DDT. 2,4'-DDT, 
the second most abundant component in technical DDT, has an 
asymmetrically substituted C atom (C-7, see Chart 1) and is chiral; 
2 3 -  and 3,4'-DDT are also chiral, but we do not know to what 
level they are present in technical DDT. X-ray crystallographic 
analysis has revealed that (-)-2,4'-DDT has R-con6guration,22 and 
in Chart 2 we show the exact structures of both 2,4'-DDT 
enantiomers. Further components in technical DDT are 4,4'-DDD 
and 4,4'-DDE; both compounds are also metabolic products of 
4,4'-DDT.12-15 4,4'-DDD is achiral. Semiempirical MNDO calcula- 
tions (courtesy F. Muller-Plathe, Zurich) indicated energy barriers 
of 15-30 kJ M-' for the hindered rotation about the C-7 to C-8 

(19) March, J. Advanced Organic Chemistv, 3rd ed.; John Wiley and Sons: New 

(20) Masse, R.; LaIanne, D.: Messier, F.; Sylvestre. M. Biomed. Environ. M a s  

(21) Nadeau, L. J.; Menn, F. M.; Breen, A; Sayler, G. S. Appl. Environ. Microbial. 

(22) Smith, R. A.; Bennett, M. J. Acta Cystullagr. 1977, B33. 1126-1128. 

York, 1985: p 390. 

Spectram. 1989, 18, 741-752. 

1994, 60, 51-55. 
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Figure 1. HPLC chromatograms (chiral immobilized PM-y-CD 
column; UV detection) of (a) 4,4'-DDT, (b) 4,4'-DDD, (c) 4,4'-DDE, 
(d) (f)-2,4'-DDT, (e) (f)-2,4'-DDD, and (f) 2,4'-DDE. Note the 
enantiomer resolution of 2,4'-DDT and 2,4'-DDD (R  = 4.4 and 4.7, 
respectively). The assignment of the (+)- and (-)-enantiomers is 
based on chiroptical measurements at 589 f 15 nm. 

Chart 2. Absolute Configurations of the (+)= and 
(-)=Enantiomers of 2,4=DDT and 2,4=DDD 

I CI 
H H 

&--Qc, cc13 &2- "i.-.e cc13 

S-(+)-2,4'-DDT R-(-)-2,4'-DDT 

H 
I 

H 
CI I ec(-Oc, c,mc(& CHC12 

CHCl2 

S-(-)-2,4'-DDD R-(+)-2,4'-DDD 

bond. These low-energy barriers between the achiral anti (trans) 
and the chiral gauche conformations are not expected to lead to 
stable stereoisomers of 4,4'-DDD at ambient temperatures. 2,4'- 
DDD is chiral; however, the two enantiomers have so far not been 
resolved, and their absolute codgurations are hitherto unknown. 

Separation and Isolation of 2,4'-DDD and 2,4'-DDT 
Enantiomers Using Chiral HPLC. The DDT reference com- 
pounds were analyzed on three chiral HPLC systems. The 
systems varied in the chiral selectors (PM-a-CD, PM-P-CD, and 
PM-yCD) but used the same mobile phase. Varied isomer and 
enantiomer resolution was observed. Whereas no enantiomer 
resolution was observed for (&)-2,4'-DDD and (&)-2,4'-DDT on 
the PM-D-CD column and only marginal resolution (R x 0.1) on 
PM-a-CD, both compounds were enantiomerically resolved (R 
4-5) when the PM-y-CD column was used (see Figure 1 and 
Table 1). Chiroptical detection indicated dextrorotation @) for 
the earlier- and levorotation (L) for the later-eluted enantiomers 
of 2,4'-DDDT, whereas this sequence was reversed for the 
enantiomers of 2,4'-DDD (see Figure ld,e). 

Achiral and Chiral HRGC of DDT Reference Compounds. 
The 2,4'- and 4,4'-isomers of DDT, DDD, and DDE each showed 
a single peak when analyzed using achiral HRGC (25m SE54 and 
6Gm OV1701; data not shown). The 2,4'-isomers eluted prior to 
the 4,4'-isomers, and the elution order was DDE < DDD < DDT. 
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Table 1. Retention Times (Retention Indexes, RI), Enantiomer Resolutlon ( R  Values), Enantlomer Elution Sequence, 
and Relative Responses (El-SlM) of DDT Reference Compounds Uslng Chlral HPLC and Chlral HRGCMS 

chiral HPLCn,b chiral HRGCb~d 
(PM-y-CD) (OV1701lBSP-CD) EI-SIM' 

compound t R  (min) R ORc RI R ER re1 respns m / z  

2,4'-DDE 9.8 
4,4'-DDE 12.0 

2219 
2309 

1.33 f 0.01 246 
1.00 246 
1.53 f 0.01 235 

Loo * 0'02 1.53 f 0.01 235 
R-(+)-2,4'-DDDi 12.3 (2) 

1.16 & 0.01 235 
"0° * 0'02 1.16 f 0.01 235 

R- (-) -2,4'-DDP 11.7 (2) 
S- (+) -2,4'-DDTe 9.6 (1) 
4,4'-DDD 11.0 2517 1.52 f 0.01 235 
4,4'-DDT 13.0 2614 1.00 235 

a Chiral silica/PM-y-CD HPLC column. No enantiomer resolution with PM-P-CD, and only marginal resolution with PM-a-CD, see text. 
Enantiomer elution sequence in parentheses: 1, first-eluted; 2, secondeluted enantiomer. Optical rotation measured. Chiral 28m OV1701/ 

BSP-CD HRGC column. Temperature programming rate, 3 "C/min; intermediate temperature 160 "C. RI values relative to n-alkanes. e Responses 
relative to 4,4'-DDT (mlz  235; relative response, 1.00) and 4,4'-DDE (m/z  246; relative response, 1.00; relative response to 4,4'-DDT is 1.19 f 0.02), 
respectively; average and range reported. f Enantiomer assignment from chiroptical data and ref 24. g Enantiomer assignment from this study, see 
text. 

1.4 

2.8 

D 2360 (1) 
L 2366 (2) 
L 2475 (1) 
D 2487 (2) 

4.7 

4.4 
S-(-)-2,4'-DDDf 10.2 (1) 

Different SIM chromatograms (e.g., at mlz 352, 354, and 356 for 
DDTs, and at mlz  318, 320, and 322 for DDDs) indicated signal 
coincidence and thus no resolution of isotopomers (isomers with 
different 35Cl and 37Cl contents), even at very slow temperature 
programming rates (0.5 'Clmin). Partial resolution of isoto- 
pomers is commonly known for all-I2C and allJ3C isotopomers 
and deuterated analogues of other environmental contaminants. 
Apparently, the column efficiencies required for the resolution of 
35Cl and 37Cl isotopomers are higher than those available from 
the columns used (200 000 theoretical plates for the 6Gm OV1701 
column). 

However, when these reference compounds were analyzed 
using the chiral OVl'IOlIBS/3-CD HRGC column, 2,4'-DDD and 
2,4'-DDT were enantiomerically resolved (R = 1.4 and 2.8, 
respectively, see Figure 2), whereas the other compounds still 
eluted as single peaks. Despite the fact that 2,4'-DDD is eluting 
at a lower column temperature, its resolution is less than that of 
2,4'-DDT eluting at a higher temperature. Both compounds 
showed ERs of =LO, thus indicating racemic mixtures. In Table 
1, we list the chromatographic data for the DDT reference 
compounds. Under similar conditions, a l&m OV1701/TB;B-DM 
column enantiomerically resolved 2,4'-DDT but not 2,4'-DDD (data 
not shown). 

Depending on the actual column temperature program, the 
order of elution of 4,4'-DDD and 2,4'-DDT changed. 4,4'-DDD 
was eluted either before or after both of the 2,4'-DDT enantiomers 
or right on top of one or the other (see Figure 2). It is clear that 
the exact elution orders need to be determined for a particular 
column and conditions, since there is obviously the possibility 
for interference. Enantiomer resolution generally increased with 
slower temperature programming (lower elution temperatures), 
but the enantiomer elution sequences were not changed. A 
reversal of elution sequences was discussed in previous s t u d i e ~ ~ ~ . ~ ~  
and was actually observed in some cases. The chromatograms 
in Figure 2 indicated no increase in peak width for 4,4'-DDD 
(compared to that of 4,4'-DDT) and thus gave no indication for 
the presence of additional conformational isomers. Increased peak 
widths are often observed in chiral HRGC for incompletely 
resolved enantiomers. 

(23) Armstrong, D. W.; Li, W. Y.; Pitha, J. Anal. Chem. 1990, 62, 214-217. 
(24) Kobor, F.; Schomburg, G. J. High Resolut. Chromatogr. 1993, 16, 693- 

699. 
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Figure 2. El-SIM chromatograms (m/z235) showing elution of 4,4'- 
DDD, 4,4'-DDT, and the enantiomers of 2,4'-DDD and 2,4'-DDT, 
analyzed using the chiral20-m OV1701/BS-/3-CD HRGC column: (a) 
intermediate temperature 160 "C, 3 "C/min; (b) intermediate temper- 
ature 80 "C, 3 "C/min; (c) intermediate temperature 80 "C, 1 Wmin; 
and (d) intermediate temperature 80 "C, 0.5 "C/min; for other 
conditions, see text. Note the changing elution order of 4,4'-DDD with 
respect to the 2,4'-DDT enantiomers. Enantiomer resolutions (R) for 
2,4'-DDD and 2,4'-DDT were 1.39 and 2.78 (a), 1.45 and 2.81 (b), 
1.69 and 4.1 7 (c), and 1.76 and 4.06 (d), respectively. Enantiomer 
elution sequence, see text. Time scaTe, h:min:s. 

Enantiomer Assignment Using Chiral HRGC. HPLC 
isolates from the first- and secondeluted enantiomers and 
reanalysis by chiral HRGC showed the isolates to be virtually 
enantiopure (> 99%), as shown by the EI-SIM chromatograms in 
Figure 3. The isolates allowed the unambiguous assignment of 



Table 2. Components and Composition of Technical DDT 

compound 
4,4'-DDT 
4,4'-DDD 
X6 (2)d 
2,4'-DDT (2)d 
x 5  
x 4  (2)d 
x 3  (2)d 
2,4'-DDD (2)d 
4,4'-DDE 
x2 
x1 (2)d 

R P  

2614 
2517 
2496,2507 
2475,2487 
2467 
2391,2406 
2373,2376 
2360,2366 
2309 
2302 
2267,2276 

ELMS datab 
Me+ (M - R)+ Maag Promochem 

wt % of total mixturec 

352 (5), 235 (2) 
318 (4), 235 (2) 
352 (5), 235 (2) 
352 (5), 235 (2) 
352 (5), 235 (2) 
318 (4), 201 (1) 
352 (5), 235 (2) 
318 (4), 235 (2) 
316 (4), 246 (2)e 

unknown, 201 (1) 
284 (3), 201 (1) 

79.0 f 0.2 
2.1 f 0.2 
0.8 f 0.05 

15.6 f 0.3 
0.7 i 0.05 
0.6 f 0.05 
0.2 f 0.05 
0.6 i 0.05 
0.2 f 0.05 
0.1 f 0.05 
0.2 f 0.05 

79.0 f 1.0 
1.2 f 0.2 
0.7 i 0.05 

17.5 i 0.5 
0.75 f 0.05 

0.2 f 0.03 
0.35 i 0.05 
0.2 f 0.05 

40.03 

< 0.02 
40.03 

Retention indexes on OV1701/BS -CD; €Us of both enantiomers listed, if applicable. MS data, mlz values of M +  and (M - R)+, respectively; 
number of Cl's in parentheses. EI-S P M data relative to reference cpmpounds, if available; average and range of two replicate determinations 
listed. Summed concentrations of both enantiomers. e (M - Clz)'+ ion. 

Figure 3. El-SIM chromatograms (mIz248) showing elution of the 
(+)- and (-)-enantiomers of 2,4'-DDD and 2,4'-DDT isolated from 
the chiral PM-y-CD HPLC column and analyzed using the chiral20-m 
OV1701IBS-P-CD HRGC column: (a) HPLC fraction 1 with (-)-2,4'- 
DDD, (b) HPLC fraction 1 with (+)-2,4'-DDT, (c) HPLC fraction 2 with 
(+)-2,4'-DDD, and (d) HPLC fraction 2 with (-)-2,4'-DDT. 4,4-DDE 
added as an internal standard to each sample (tR = 20.1 min). Note 
that enantiomeric purities are >99%. Time scale, min:s. 

these enantiomers using chiral HRGC. For 2,4'-DDT (absolute 
configurations known), the R-(-)-enantiomer was earlier and the 
S-(+)-enantiomer later eluted. For 2,4'-DDD, the elution order 
was reversed, with the (+)-enantiomer earlier and the (-)- 
enantiomer later eluted (see Table 1). The chromatograms 
indicated little if any enantiomerization during HRGC analysis. 

Absolute Configuration of the 2,4'-DDD Enantiomers. 
The absolute configurations of the 2,4'-DDD enantiomers were 
hitherto unknown, but we were able to deduce these configura- 
tions via chemical analogy to the 2,4'-DDT enantiomers. In an 
initial experiment with (f)-2,4'-DDT, the reduction with NaBH4 
caused reductive dechlorination of the CCls group, leading to 2,4'- 
DDD (CHC12 group) and lchloro-2-(2-chlorophenyl)-2-(4-chlo- 
rophenyllethane (2,4'-DDMS; CHzCl group), leaving the chlo- 
rophenyl groups unaffected. The reaction was then repeated with 
isolates of the individual 2,4'-DDT enantiomers and shown to 
proceed stereoselectively. Reduction of the later-eluted S-(+)- 
2,4'-DDT led to the later-eluted (-)-enantiomer of 2,4'-DDD (see 

100% r i  
s-(-)-2p -DDDJ Li 

DDMS 

Figure 4. El-SIM chromatograms (mlz 235) of NaBH4 reaction 
products of the individual 2,4'-DDT enantiomers, analyzed using the 
28-m OV1701IBS-P-CD HRGC column. (a) Reaction of (+)-2,4'-DDT 
yielding (-)-2,4'-DDD and 2,4'-DDMS. (b) Reaction of (-)-2,4'-DDT 
yielding (+)-2,4'-DDD and 2,4'-DDMS. Note the presence of unre- 
acted 2,4'-DDT enantiomers in both chromatograms. Time scale, min: 
S. 

Figure 4a), which therefore has Sconfiguration. Correspondingly, 
the earlier-eluted R-(-)-2,4'-DDT led to the earlier-eluted (+)-2,4'- 
DDD, which therefore has R-configuration (see Figure 4b). Both 
2,4'-DDT enantiomers also gave 2,4'-DDMS [M+, mlz 284; (M 
- R)+, m/z 235; RI 22171, but the two enantiomers were not 
resolved on OV1701lBSp-CD. They were, however, later re- 
solved on an OV1701ITB;B-DM column (data not shown). The 
above reactions established that the enantiomer elution sequences 
for 2,4'-DDT as well as for 2,4'-DDD were the same (R- prior to 
the S-) when the OVl'IOl/BSp-CD HRGC column was used (see 
Table 2). 

E1 Mass Spectra of DDT Compounds. The E1 mass spectra 
of the DDT compounds have been de~cribed.2~ Briefly, all the 
2,2-diphenylethane derivatives show weak to medium intensity 
molecular ions [M+,  m / z  284 (Cld, 318 (CW, and 352 (Cls) for 
DDMS, DDD, and DDT, respectively] and higher mass fragment 

(25) Damico, J. N. Pesticides. In Biomedical Applications of Mass Spectromety; 
Waller, G. R., Ed.; Wiley-Interscience: New York, 1972; Chapter 23. 

Analytical Chemistry, Vol. 67, No. 15, August 1, 1995 2695 



Figure 5. El mass spectra of the 4,4'-isomers of DDD and DDT and the two enantiomers of the 2,4'-isomers, analyzed using the chiral 20-m 
OV1701/BS-p-CD HRGC column: (a) 4,4'-DDD (Ma+, mlz 318, C14), (b) 4,4'-DDT (M*+, m/z 352, CIS), (c) (+)-2,4'-DDD, (d) (-)-2,4'-DDT, (e) 
(-)-2,4'-DDD, and (f) (+)-2,4'-DDT. Note the mass spectral differences between isomers but the virtually identical mass spectra of the enantiomers 
of 2,4'-DDD and -DDT. Note also the vertical expansion ( 5 ~ )  in mass range m/z 240-385. 

ions, with the typical clustering due to the 35C1 and 37Cl isotopes. 
The mass spectra are usually dominated by abundant (M - R)+ 
type ions (R = CC13, CHC12, CHZCl, respectively) at mlz 235 for 
2,2-bis(chlorophenyl) compounds such as DDT and DDD. The 
corresponding ion for the 2-phenyl-2-chlorophenyl analogues is 
at m/z  201. Further fragmentations are via loss of C1, HCl, Clz, 
and consecutive losses from the M +  and the (M - R)+ ions. The 
mass spectra of the two isomers of DDE showed intense M +  and 
major fragment ions (M - Cl&+ at m/z 246. 

The mass spectra of positional isomers showed only minor and 
quantitative differences, as shown in Figure 5 for the 2,4'- and 
4,4'-isomers of DDD and DDT (M'+ - HCl ions more intense in 
the 2,4'-isomers). However, enantiomers have the same chemical 
and physical properties, and hence the mass spectra are truly 
identical. As also shown in Figure 5, the mass spectra of the (+)- 
and (-)-enantiomers of 2,4'-DDD and of 2,4'-DDT respectively 
are virtually identical. 

The SIM responses of isomers varied to some degree (see 
relative response values in Table 1). However, the relative 
responses of enantiomers are identical, and therefore ERs are 
independent of detection mode. ERs can thus be determined 
without the availability of the individual enantiomers, as long as 
the enantiomers are sufticiently resolved and detection is selective 
(absence of interfering compounds). Enantiomer assignment, 
however, must be derived from (chiral) chromatographic data. 

Analysis of Technical DDT Using Chiral HRGC and MS. 
Achiral HRGC analysis of the technical products showed the 
presence of 4,4'-DDT and 2,4'-DDT as well as a number of minor 
components including 44'- and 2,4'-DDD, particularily in the Maag 
sample from the 1950s. The analyses were then repeated using 
a chiral28m OV1701/BSP-CD HRGC column. In Figure 6, we 
show combined EI-SIM chromatograms (m/z 201 and 235) for 

the two samples. These analyses confirmed the data from the 
achiral analyses and showed (beside 2,4'-DDT and 2,4'-DDD) four 
additional minor components el, X3, X4, and X6) enantiomeri- 
cally resolved (see also Table 2). The ERs for all (chiral) 
compounds were x1.0 and indicated their presence as racemates 
in both samples. The compounds were tentatively identifed by 
ELMS as a 1,l-dichloro-2-phenyl-2-(chlorophenyl)ethane [Xl, 
chiral; M + ,  m/z 284; @I - R)+, m/z 2011, an unknown component 
[X2, achiral or enantiomerically unresolved; M + ,  unknown; (M 
- R)+, mlz 2011, a minor DDT isomer 1x3, chiral; M + ,  mlz  352; 
(M - R) +, mlz 235; 2,2-bis(chlorophenyl) or 2-phenyl-2-dichlo- 
rophenyl substitution], a 1,1,l-trichloro-2-phenyl-2-(chlorophenyl)- 
ethane [X4, chiral; M + ,  m/z 318 (M - R)f, m/z 2011, a minor 
DDT isomer [X5, achiral or enantiomerically unresolved; M t  m/z  
352; (M - R)+, mlz  2351, and another minor DDT isomer [X6, 
chiral; M + ,  m/z 352; (M - R)t, m/z 2351. The actual isomerism 
of these compounds remained unknown. The 28-m OVl701/BS 
g-CD column showed better resolution between S-(-)-2,4'-DDT 
and 4,4'-DDD than the 2@m column earlier used (compare to 
Figure 2). The analyses indicated the same content (79%) of 4 4 -  
DDT in the two samples but a larger number of contaminants in 
the Maag sample (see Table 2). In particular, the compounds 
X1, X2, and X4 with an (M - R)+ ion of m/z 201 were missing in 
the other sample. 

CONCLUSIONS 
Chiral HRGC/EEMS was used to analyze two samples of 

technical DDT. The samples contained 4,4'-DDT (79%), 2,4'-DDT 
(15-18%), and several minor components. The chiral OV1701/ 
BSg-CD HRGC columns enantiomerically resolved 2,4'-DDT, 2,4'- 
DDD, and four additional chiral DDT components. All chiral 
components showed ERs of -1.0, indicating the presence of 
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Figure 6. El-SIM chromatograms (mlz 201, 235) showing elution of DDT-related compounds in (a) technical DDT, Promochem, and (b) 
technical DDT, Maag, analyzed using the 28-m OV1701/BS-b-CD HRGC column. Abbreviations, see text and Table 2. Artifact signals marked 
by asterisks. Time scale, min:s 

racemates. The data presented are for the first chiral analysis of 
technical DDT. 

The reference compounds were also analyzed using chiral 
HPLC with three immobilized permethylated CDs. PM-I/-CD 
showed good enantiomer resolution for 2,4'-DDT and 2,4'-DDD. 
This allowed the isolation of these enantiomers in high purity and 
the assignment of the (t)- and (-)-enantiomers via chiroptical 
measurements. The isolates were then used to determine the 
enantiomer elution orders in chiral HRGC. 

The absolute configurations of the 2,4'-DDD enantiomers, 
hitherto unknown, were determined by chemical analogy to those 
of the 2,4'-DDT enantiomers. Reductive (NaBH4) dechlorination 
of the individual 2,4'-DDT enantiomers, for which the absolute 
configurations were known, led to one or the other 2,4'-DDD (and 
2,4'-DDMS) enantiomer. The results indicated (+)-2,4'-DDD to 
have R-configuration and (-)-2,4'-DDD to have S-configuration, 
and thus to have reversed signs of rotation for polarized light 
compared to the enantiomers of 2,4'-DDT with the same config- 
uration. This change in the direction of rotation must arise from 
a change in priority (polarizability, see ref 26) of the CC13 and 
CHCh groups with respect to the chlorophenyl group. The 
priority sequence thus must be in an order such as CC13 > 
chlorophenyl > CHClz > H. For both compounds, the enantiomer 
elution orders were S prior to R using the chiral HPLC (PM-I/- 
CD) system, and R prior to S using the chiral OV1701/BSP-CD 
HRGC column. There seems to be a common principle in the 
chiral recognition of the 2,4'-DDD and 2,4'-DDT enantiomers, and 
it is different for the two different chiral selectors (systems). 

The enantiotopic chlorophenyl substituents in 4,4'-DDT and 
4,4'-DDD may behave differently in metabolic processes. Me- 

(26) Testa, B. Grundlagen der Organischen Stereochemie; Verlag Chemie: Wein- 
heim, Germany, 1983. 

tabolites such as the hydroxyphenyl derivatives, important conver- 
sion products in bacteria and mammals,2°,21 are chiral, and their 
enantiomers need not be formed in equal amounts. In the present 
study, such metabolites were not investigated; however, they 
should be amenable to the chiral methods described. 

Some adverse effects of technical DDT seem to be related to 
2,4'-DDT. This compound reportedly binds to steroid hormone 
receptors and thus mimics the action of natural estrogens.8 
Significant levels of 2,4'-DDT have been detected in some species, 
particularily in fish.27528 Metabolic studies of 2,4'-DDT in mam- 
m a l ~ ~ ~ ~ ~ ~  have demonstrated that the ortho chloro ring was 
extensively metabolized in 2,4'-DDT, whereas the para chloro ring 
remained intact. These results would suggest that 2,4'-DDT is 
less resistant to metabolism than 4,4'-DDT and may explain why 
2,4'-DDT is less abundant, particularily in warm-blooded organ- 
isms, than expected on the basis of its presence in the technical 
material. 

The two enantiomers of 2,4'-DDT were reported to differ in 
estrogenic activity, with (-)-2,4'-DDT being far more estrogeni- 
cally active.31 In a preliminary study, we observed an ER of m0.8 
for 2,4'-DDT in a sample of human adipose tissue (unpublished 
data). Similarily, an ER of s0.7 was found for 2,4'-DDT in cod 
liver Since in both these studies OV1701IBSP-CD columns 
were used, we can now assign the less abundant, first-eluted 

(27) Ballschmiter, IC; Buchert, H.; Bihler, S.; Zell, M. Fresenius 2. Anal. Chem. 

(28) Muir, D. C. G.; Norstrom, R. J.; Simon, M. Enuiron. Sci. Technol. 1988, 

(29) Feil, V. J.; Lamoureux, C. J. H.; Styrvoky, E.; Zaylskie, R G.; Thacker, E. J.; 

(30) Feil, V. J.; Lamoureux, C. J. H.; Zaylskie, R G.J. Agric. Food Chem. 1975, 

(31) McBlain, W. A; Lewin, V.; Wolfe, W. H. Can. J Physiol. Pharmacol. 1976, 

1981,306, 323-339. 

22, 1071-1079. 

Holman, G. M. J. Agric. Food Chem. 1973, 21, 1072-1078. 

23, 382-388. 

54. 629-632. 
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enantiomer to R-(-)-2,4'-DDT. Our data thus indicate that the 
estrogenically more potent R-(-)-enantiomer is less abundant in 
human adipose tissue and in cod liver oil. 

The question of whether 4,4'-DDT and the two enantiomers 
of 2,4'-DDT undergo different fates in the various environmental 
compartments remains unanswered. We feel, however, that the 
methods presented here should be valuable in investigating this 
important question. We recommend reanalysis of biota (wildlife) 
using the chiral analytical techniques outlined, possibly with 
previously achirally analyzed extracts. Enantiomeric compositions 
(ER values) of 2,4'-DDT and other chiral contaminants are 
independent of extraction and cleanup procedures (no optically 
active reagents involved) or partial chemical decomposition, and 
thus valid results should be obtained even if not fully adequate 
methods were previously used. 
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