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A series of O,0-dialkyl-1-phenoxyacetoxy- 1-methylphosphonate analogues (1~22) as a new class of potent inhibitors
of pyruvate dehydrogenase were synthesized and 3D-QSARs (three dimensional gantitative structure-activity relation-
ships) models on the pre-emergency herbicidal activity against the seed of cucumber (Cucumus Sativa L.) were derived
and discussed quantitatively using comparative molecular field analysis (CoMFA) and comparative molecular similarity
indeces analysis (CoMSIA) methods. The statistical values of COMSIA models were better predictability and fitness than
those of CoOMFA models. The inhibitory activities according to the optimized CoMSIA model I were dependent on the
electrostatic field (41.4%), the H-bond acceptor field (26.0%), the hydrophobic field (20.8%) and the steric field (11.7%).
And also, it was found that the optimized CoMSIA model I with the sensitivity to the perturbation (d,”/dr’,y = 0.830) and
the prediction (q° = 0.503) produced by a progressive scrambling analyses were not dependent on chance correlation.
From the results of graphical analyses on the contour maps with the optimized CoOMSIA model I, it is expected that
the structural distinctions and descriptors that subscribe to herbicidal activities will be able to apply new an herbicide
design.
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Introduction

Proline'™ is one of the known amino acids necessary for a
plant’s osmotic pressure during the germination, the pollen
tube’s germination as well as the flower’s growth. The study5 on
aminomethylene bisphosphonic acids that inhibits pyrroline-5-
carboxylate reductase (PSC:EC 1.5.1.2), which is known as the
catalyst to the last stage of proline biosynthesis necessary for
the integration of such proteins and cells walls, is in progress.
Also, imidazoleglycerolphosphate dehydratase (IGPD:EC 4.2.
1.19), which affects the sixth level of the histidine biosynthesis
pathway and is known to play an important role in the develop-
ment of herbicides, produces’ imidazoleacetolphospate (IAP)
through the hydration of imidazoleglycerolphospate (IGP). The
mechanism of such enzymes has not yet been fully identified.
Still, researches’ on the phloem mobile herbicides using triazo-
lephosphonate derivatives that progress through IGPD’s diaza-
fulvene intermediate are being performed. Most importantly,
the pyruvate dehydrogenase complex (PDHc) is already known
to be the center of the representative inhibition reaction.® The
PDHc is constituted a total of three types of enzymes and one
cofactor.” The phosphonate compounds undergo competitive
reactions with the pyruvate in the plant body and show the inhi-
bitory activity against the selective pyruvate dehydrogenase
(PDH)."’ Specifically, the PDH enzyme is produced Acetyl-
CoA from the pyruvate through the thiamine pyrophosphate
(TPP) enzyme by the oxidative decarboxylation.11'12 Among
those, PDHc E1 component (E.C. 1.2.4.1) is the constituent
structure that first affects the production of Acetyl-CoA using
PDHc’s TPP enzyme and cofactor’s Mg2+ metal as opposed to

the other various procedures.'* Therefore PDHc Elenzyme is
a target of the pesticide design and the research was planned
for the purpose of inhibiting this enzyme.15

For the past few years, it was observed that phenoxyacetoxy-
alkylphosphonates derivatives showed high herbicidal activity
as a PDH inhibitor.'*"” Also, the phosphonate monosalt has a
structure that resembles the pyruvate, which is a substrate of
the PDHc, and is reported to show higher herbicidal effect."®
In this study, a series of O,0-dialkyl-1-phenoxyacetoxy-1-
methylphosphonate analogues as substrate molecules (1~22)
were synthesized and the herbicidal activitylg’zo by a change in
the substituents (R;-R4) against the seed of cucumber (Cucumis
sativus L.) in the pre-emergence step was measured. Based
upon those findings, the three dimensional quantitative structure-
activity relationships (3D-QSAR)21 results on the herbicidal
effect of several compounds predicted22 by the authors were
discussed quantitatively.

Materials and Methods

Reagents and general. All commercial reagents and solvents
were used without further purification unless otherwise specifi-
ed. Solvents and reagents were purchased from Sigma-Aldrich
and Fluka. Thin layer chromatography (TLC) was performed
on Merck 60 F-254 silica plates and visualized by UV. Flash
column chromatography was performed on silica gel (Merck,
230 - 400 mesh). 'H NMR spectra were obtained using Inova
600 model (600 MHz) under the conditions of adding TMS as
an internal standard material to the CDCls solvent. Mass spectra
were obtained using API 3000+1100 series LC mass spectro-
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meter.
General synthetic procedure for substrate molecules (1~22).
A solution of Ry,R,-phenoxyacetyl chloride"™*’ (5.2 mM) in
trichloromethane (10 mL) was added dropwise to stirred mixture
of O,O-1-R4-hydroxymethyldimethylphosphate18’20 (5 mM) and
triethylamine (0.53 g, 5.0 mM) in trichloromethane (15 mL) at
0 °C. The reaction mixture was stirred at an ambient temperature
for 3 hours, washed with hydrochloric acid (0.1 M solution,
25 mL) and brine (25 mL) separately; dried; and evaporated.
The residue was chromatographed on silica with ethylacetate
and n-hexane solution to give 0,0-R3,R3-1-(R;,R2-phenoxy-
acetoxy)-1-(R4)-methylphosphonates (1~22) as a yellow liquid.
0,0-Dimethyl-1-(2-fluoro-4-chlorophenoxyacetoxy)-1-(2-
chlorophenyl)methylphosphonate (1): yellow liquid; R,= 0.68
(EtOAc : n-Hex =4:1); 'HNMR (CDCI3/TMS) 6 3.64 (d, Jur =
10.8 Hz, 3H, OCHj3), 3.79 (d, Jur= 10.8 Hz, 3H, OCH3), 4.75-
4.83 (m, 2H, OCH2CO), 6.73-6.75 (d, Jup = 13.2 Hz, 1H, OCHP),
6.83-7.53 (m, 7H, phenyl-H); ESI-MS m/z (%) 459 [M+Na]"
(100), 233 (25), 155 (8), 124 (3).
0,0-Dimethyl-1-(2-chloro-4-bromophenoxyacetoxy)-
1-(2-chlorophenyl)methylphosphonate (2): yellow liquid; R,=
0.68 (EtOAc : n-Hex = 4:1); '"H NMR (CDCl:/TMS) 8 3.65 (d,
Jur=10.8 Hz, 3H, OCH3), 3.79 (d, Jup= 10.8 Hz, 3H, OCH3),
4.77-4.84 (m, 2H, OCH,CO), 6.68-7.53 (m, 8H, OCHP and
phenyl-H); ESI-MS m/z (%) 521 [M+Na]" (82), 499 (25), 273
(14), 233 (100), 194 (10), 159 (15), 141 (38), 117 (39).
0,0-Dimethyl-1-(3,4-dichlorophenoxyacetoxy)-1-(2-chlo-
rophenyl)methylphosphonate (3): yellow liquid; Ry= 0.63
(EtOAc : n-Hex =4:1); 'H NMR (CDCL/TMS) & 3.64 (d, Jip=
10.8 Hz, 3H, OCH3), 3.79 (d, Jur= 10.8 Hz, 3H, OCH3), 4.68-
4.77 (m, 2H, OCH»CO), 6.74-7.53 (m, 8H, OCHP and phenyl-
H); ESI-MS m/z (%) 475 [M+Na]" (89), 455 (22), 273 (48), 233
(100), 198 (12), 155 (24), 141 (66).
0,0-Dimethyl-1-(3-fluoro-4-chlorophenoxyacetoxy)-1-(2-
chlorophenyl)methylphosphonate (4): yellow liquid; R,=0.68
(EtOAc : n-Hex =4:1); 'HNMR (CDCI/TMS): 6 3.64 (d, Jup=
10.8 Hz, 3H, OCHs), 3.79-3.80 (d, Jup= 10.8 Hz, 3H, OCHs),
4.68-4.77 (m, 2H, OCH,CO), 6.61-7.54 (m, 8H, OCHP and
phenyl-H); ESI-MS m/z (%) 441 (10), 439 (65), 438 (15), 437
[M]" (100), 251 (10), 235 (17), 234 (5), 233 (48).
0,0-Dimethyl-1-(4-cyanophenoxyacetoxy)-1-(2-chloro-
phenyl)methylphosphonate (5): yellow liquid; R= 0.55 (EtOAc:
n-Hex =4:1); 'HNMR (CDCL/TMS): & 3.62 (d, Jup= 10.8 Hz,
3H, OCHs), 3.80 (d, Jup= 10.8 Hz, 3H, OCHj3), 4.76-4.85 (mm,
2H, OCH,CO), 6.74-7.59 (m, 9H, OCHP and phenyl-H); ESI-
MS m/z (%) 432 [M+Na] (100), 410 (12), 233 (74), 198 (8), 157
(8), 155 (21), 141 (66).
0,0-Dimethyl-1-(3-cyanophenoxyacetoxy)-1-(2-chloro-
phenyl)methylphosphonate (6): yellow liquid; R/= 0.58 (EtOAc:
n-Hex =4:1); 'HNMR (CDCL/TMS): § 3.64 (d, Jup=10.8 Hz,
3H, OCH3), 3.80 (d, Jup= 10.8 Hz, 3H, OCH3), 4.74-4.83 (m,
2H, OCH,CO), 6.74-7.56 (m, 9H, OCHP and phenyl-H); ESI-
MS m/z (%) 432 [M+Na]' (100), 410 (21), 331 (4), 273 (5), 233
(74), 198 (4), 155 (14), 141 (19), 117 (12).
0,0-Dimethyl-1-(4-cyanomethylphenoxyacetoxy)-1-(2-
chlorophenyl)methylphosphonate (7): yellow liquid; R,= 0.62
(EtOAc : n-Hex =4:1); 'H NMR (CDCL/TMS) & 3.64 (d, Jip=
10.8 Hz, 3H, OCH3), 3.68 (s, 2H, CH2CN), 3.79 (d, Jup= 10.8
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Hz, 3H, OCH3), 4.70-4.80 (m, 2H, OCH,CO), 6.74-7.55 (m, 9H,
OCHP and phenyl-H); ESI-MS m/z (%) 446 [M+Na]" (100), 424
(38),411 (6), 247 (6), 233 (82), 198 (6), 158 (6), 155 (18), 141
(32), 124 (36).
0,0-Dimethyl-1-(4-mothoxyphenoxyacetoxy)-1-(2-
chlorophenyl)methylphosphonate (8): yellow liquid; Ry =
0.67 (EtOAc : n-Hex =4:1); '"H NMR (CDCI3/TMS) 5 3.65 (d,
Jur=10.8 Hz, 3H, OCH3), 3.66 (d, Jup=10.8 Hz, 3H, OCH3),
3.76 (s, 3H, OCH3), 4.65-4.74 (m, 2H, OCH,CO), 6.74-7.54
(m, 9H, OCHP and phenyl-H); ESI-MS m/z (%) 437 [M+Na]"
(100), 415 (34), 233 (20), 155 (8), 141 (13).
0,0-Dimethyl-1-(3-mothoxyphenoxyacetoxy)-1-(2-
chlorophenyl)methylphosphonate (9): yellow liquid; R; =
0.69 (EtOAc : n-Hex = 4:1); '"H NMR (CDCl3/TMS) & 3.64 (d,
Jur= 10.8 Hz, 3H, OCHz), 3.76 (d, Jup= 10.8 Hz, 3H, OCHs),
3.78 (s, 3H, OCH3), 4.68-4.80 (m, 2H, OCH>CO), 6.44-7.54
(m, 9H, OCHP and phenyl-H); ESI-MS m/z (%) 437 [M+Na]"
(100), 415 (31), 305 (22), 273 (25), 233 (36), 198 (6), 163 (9),
155 (13), 141 (42).
0,0-Dimethyl-1-(4-propylphenoxyacetoxy)-1-(2-chloro-
phenyl)methylphosphonate (10): yellow liquid; R, = 0.76
(EtOAc : n-Hex =4:1); 'H NMR (CDCI3/TMS) 6 0.91 (t, Jun=
3.0 Hz, 3H, CH,CH,CHs), 1.56-1.61 (m, 2H, CH,CH,CHy),
2.51 (t, Jun= 7.2 Hz, 2H, CH,CH>CHy), 3.64 (d, Jup= 10.8 Hz,
3H, OCHs), 3.78 (d, Jup= 10.8 Hz, 3H, OCH3), 4.63-4.76 (m,
2H, OCH,CO), 6.74-7.53 (m, 9H, OCHP and phenyl-H); ESI-
MS m/z (%) 449 [M+Na]" (100), 427 (31), 233 (19), 155 (4), 100
4).
0,0-Dimethyl-1-(4-isopropylphenoxyacetoxy)-1-(2-
chlorophenyl)methylphosphonate (11): yellow liquid; R=0.78
(EtOAc : n-Hex =4:1); 'HNMR (CDCI/TMS) 8 1.21 (d, Jun=
7.2 Hz, 6H, CH(CHa)), 2.85 (m, Jun= 7.2 Hz, 1H, CH(CH3),),
3.64 (d, Jup=10.8 Hz, 3H, OCH3), 3.77 (d, Jur= 10.8 Hz, 3H,
OCHj3), 4.63-4.77 (m, 2H, OCH,CO), 6.74-7.53 (m, 9H, OCHP
and phenyl-H); ESI-MS m/z (%) 429 (35), 428 (18), 427 [M+H]"
(100), 250 (14), 233(15).
0,0-Dimethyl-1-(4-ethylphenoxyacetoxy)-1-(2-chloro-
phenyl)methylphosphonate (12): yellow liquid; R/=0.73 (Et-
OAc : n-Hex =4:1); '"HNMR (CDCl/TMS) & 1.19 (t, Ju= 7.2
Hz,3H, CH.CHz), 2.58 (q, Jun= 7.2 Hz, 2H, CH>CHs), 3.64 (d,
Jur=10.8 Hz, 3H, OCHz), 3.78 (d, Jur= 10.8 Hz, 3H, OCHs),
4.67-4.77 (m, 2H, OCH,CO), 6.74-7.54 (m, 9H, OCHP and
phenyl-H); ESI-MS m/z (%) 415 (33), 414 (20), 413 [M+H]"
(100), 235 (5), 233(15).
0,0-Dimethyl-1-(2-fluoro-4-chlorophenoxyacetoxy)ethyl-
phosphonate (13): yellow liquid; R/= 0.48 (EtOAc : n-Hex =
4:1); 'HNMR (CDCIy/TMS) & 1.50 (d, Jum=7.2 Hz, 3/2H, PCH-
CH3), 1.52 (d, Jun= 7.2 Hz, 3/2H, PCHCH3), 3.78 (d, Jup=10.8
Hz,3H, OCHs), 3.81 (d, Jur= 10.8 Hz, 3H, OCHs), 4.73 (s, 2H,
OCHxCO), 5.39(q, Jun= 7.2 Hz, |H, OCHP), 6.87-7.14 (m, 3H,
phenyl-H); ESI-MS m/z (%) 343 (38), 342 (10), 341 [M+H]"
(100), 235 (5), 233(15).
0,0-Dimethyl-1-(2-chloro-4-bromophenoxyacetoxy)ethyl-
phosphonate (14): yellow liquid; R/= 0.52 (EtOAc : n-Hex =
4:1); 'HNMR (CDCIy/TMS) & 1.50 (d, Jum=7.2 Hz, 3/2H, PCH-
CH,), 1.52 (d, Jun= 7.2 Hz, 3/2H, PCHCHj3), 3.77 (d, Jup=10.8
Hz,3H, OCHs), 3.79 (d, Jur= 10.8 Hz, 3H, OCHs), 4.75 (s, 2H,
OCH,CO), 5.39 (q, Jun=7.2 Hz, 1H, OCHP), 6.73-7.53 (m, 3H,
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phenyl-H); ESI-MS m/z (%) 404 (23), 403 (10), 402 [M+H]"
(100), 401 (72).
0,0-Dimethyl-1-(3,4-dichlorophenoxyacetoxy)ethyl-
phosphonate (15): yellow liquid; R/= 0.52 (EtOAc : n-Hex =
4:1); "H NMR (CDCI3/TMS) & 1.50 (d, Jus = 7.2 Hz, 3/2H,
PCHCH3), 1.53 (d, Jun= 7.2 Hz, 3/2H, PCHCH3), 3.78 (d, Jup=
10.8 Hz, 3H, OCH3), 3.80 (d, Jur=10.8 Hz, 3H, OCH3), 4.67
(s, 2H, OCH»CO), 5.40 (q, Jun = 7.2 Hz, 1H, OCHP), 6.77-
7.35 (m, 3H, phenyl-H); ESI-MS m/z (%) 359 (67), 358 (12),
357 [M]" (100).
0,0-Dimethyl-1-(3-fluoro-4-chlorophenoxyacetoxy)ethyl-
phosphonate (16): yellow liquid; Ry=0.52 (EtOAc : n-Hex =
4:1); "H NMR (CDCI3/TMS) & 1.50 (d, Jus = 7.2 Hz, 3/2H,
PCHCHs), 1.53 (d, Jun= 7.2 Hz, 3/2H, PCHCHs), 3.77 (d, Jup=
10.8 Hz, 3H, OCH3), 3.80 (d, Jup=10.8 Hz, 3H, OCH3), 4.65 (s,
2H, OCH2CO), 5.40 (q, Jun= 7.2 Hz, 1H, OCHP), 6.65-7.31 (m,
3H, phenyl-H); ESI-MS m/z (%) 343 (35), 342 (14), 341 [M+H]"
(100), 262 (5), 260 (17).
0,0-Dimethyl-1-(4-cyanophenoxyacetoxy)ethylphospho-
nate (17): yellow liquid; R,=0.55 (EtOAc : n-Hex = 4:1); 'H
NMR (CDCl3/TMS) 6 1.50 (d, Jun= 7.2 Hz, 3/2H, PCHCH3),
1.53 (d, Jun= 7.2 Hz, 3/2H, PCHCH3), 3.76 (d, Jup= 10.8 Hz,
3H, OCH3), 3.78 (d, Jup= 10.8 Hz, 3H, OCH3), 4.66 (s, 2H,
OCH,CO), 5.41 (q, Jun= 7.2 Hz, 1H, OCHP), 6.82 (d, Jun="7.8
Hz, 2H, phenyl-H), 7.09 (d, Jun= 7.8 Hz, 2H, phenyl-H); ESI-
MS m/z (%) 336 [M+Na]’ (10), 315 (14), 314 [M+H]" (100).
0,0-Dimethyl-1-(3-cyanophenoxyacetoxy)ethylphospho-
nate (18): yellow liquid; Ry=0.45 (EtOAc : n-Hex = 4:1); 'H
NMR (CDCI3/TMS) 6 1.51 (d, Jun= 7.2 Hz, 3/2H, PCHCH3),
1.52 (d, Jun= 7.2 Hz, 3/2H, PCHCH3), 3.78 (d, Jup= 10.8 Hz,
3H, OCH3), 3.81 (d, Jup= 10.8 Hz, 3H, OCH3), 4.72 (s, 2H,
OCH»CO), 5.40 (q, Jun="7.2 Hz, 1H, OCHP), 7.13-7.42 (m, 4H,
phenyl-H); ESI-MS m/z (%) 336 [M+Na]’ (16), 315 (14),314
[M+H]" (100).
0,0-Dimethyl-1-(4-cyanomethylphenoxyacetoxy)ethyl-
phosphonate (19): yellow liquid; Ry=0.43 (EtOAc : n-Hex =
4:1); '"H NMR (CDCIy/TMS) & 1.50 (d, Jun = 7.2 Hz, 3/2H,
PCHCHj3), 1.53 (d, Jun= 7.2 Hz, 3/2H, PCHCH3), 3.69 (s, 2H,
CH:CN), 3.78 (d, Jur= 10.8 Hz, 3H, OCH3), 3.81 (d, Jup=
10.8 Hz, 3H, OCH3), 4.69 (s, 2H, OCH,CO), 5.40 (q, Jun="7.2
Hz, 1H, OCHP), 6.90-7.27 (m, 4H, phenyl-H); ESI-MS m/z (%)
377 [2M+Na]’ (5), 656 (14), 655 [2M+Na]" (53), 350 [M+Na]"
(8), 329 (15), 328 [M+H]" (100).
0,0-Dimethyl-1-(4-mothoxyphenoxyacetoxy)ethyl-
phosphonate (20): yellow liquid; R/= 0.44 (EtOAc : n-Hex =
4:1); '"H NMR (CDCIy/TMS) & 1.50 (d, Jun = 7.2 Hz, 3/2H,
PCHCH,), 1.53 (d, Jun= 7.2 Hz, 3/2H, PCHCH3), 3.77 (d, Jup=
10.8 Hz, 3H, OCH3), 3.78 (s, 3H, phenyl-OCH3), 3.79 (d, Jup=
10.8 Hz, 3H, OCH3), 4.64 (s, 2H, OCH,CO), 5.40 (q, Jun="7.2
Hz, 1H, OCHP), 6.82-7.26 (m, 4H, phenyl-H); ESI-MS m/z
(%) 659 [2M+Na]" (5), 638 (18), 637 [2M+H]" (65), 600 (10),
320 (15), 319 [M+H]" (100).
0,0-Dimethyl-1-(4-isopropylphenoxyacetoxy)ethyl-
phosphonate (21): yellow liquid; R/= 0.53 (EtOAc : n-Hex =
4:1); '"H NMR (CDCL;/TMS) & 1.21 (d, Jun = 7.2 Hz, 6H,
CH(CHs),), 1.50 (d, Jun= 7.2 Hz, 3/2H, PCHCH3), 1.53 (d,
Jun = 7.2 Hz, 3/2H, PCHCH3), 2.85 (m, Jun = 7.2 Hz, 1H,
CH(CHs)), 3.64 (d, Jup= 10.8 Hz, 3H, OCH3), 3.77 (d, Jup=
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10.8 Hz, 3H, OCH3), 4.64 (s, 2H, OCH,CO), 5.40 (q, Jun="7.2
Hz, 1H, OCHP), 6.82 (d, Jun= 7.8 Hz, 2H, phenyl-H), 7.09 (d,
Jun = 7.8 Hz, 2H, phenyl-H); ESI-MS m/z (%) 684 (7), 683
[2M+Na]" (22), 661 (30), 660 [2M+H]" (61), 353 [M+Na]"
(17), 332 (16), 331 [M+H]" (100).

0,0-Dimethyl-1-(4-ethylphenoxyacetoxy)ethylphospho-
nate (22): yellow liquid; R/=0.55 (EtOAc : n-Hex = 4:1); 'H
NMR (CDCI/TMS) 6 1.14 (t, Jun = 7.8 Hz, 3H, CH,CH3),
1.43 (d, Jun= 7.2 Hz, 3/2H, PCHCH3), 1.46 (d, Jun= 7.2 Hz,
3/2H, PCHCH3), 2.54 (q, Jun= 7.8 Hz, 2H, CH,CH3), 3.72 (t,
Jur= 10.8 Hz, 6H, 20CHx), 4.62 (s, 2H, OCH,CO), 5.40 (q,
Jun=7.2Hz, 1H, PCHO), 6.76 (d, Jun= 8.4 Hz, 2H, phenyl-H),
7.09 (d, Jun = 8.4 Hz, 2H, phenyl-H); ESI-MS m/z (%) 655
[2M+Na]' (20), 634 (22), 633 [2M+H]' (68), 391 (13), 390 (65),
318 (17), 317 [M+H]" (100).

Herbicidal activity inhibition assay. To measure the herbici-
dal activity (Obs.plso) against the seed of cucumber (Cucumis
Sativus L.) of the analogues (1~22) were performed at least three
times for verification. That is, the average value, depending on
the growth length of roots, was calculated and the inhibitory
ratio (%) was accordingly measured.”**

Molecular modeling. 3D-QSAR analyses were performed
using Sybyl molecular modeling software (Ver. 8.0).” All
modeling operations were carried out under the same condi-
tions™® (alignments: the atom based fit (AF )27 & the field fit (FF);
number of components: 1-5; grid: 1-3 A; field: the comparative
molecular field analysis (CoMFA) fields: standard, indicator
and H-bond; the comparative molecular similarity indeces
analysis (CoMSIA) fields: the electrostatic, the steric, the hydro-
phobic (logP), the H-bond acceptor and the H-bond donor).
The Gisteiger- Hiickel charge™ was used as the partial charge
of a particular atom and the AF and FF alignment™ methods
were respectively used as the spatial alignment of substrate
molecules in three-dimensional space. AF alignment of the
potent energy minimized substrate structures shown in Figure 1.
Among the overall 22 data set compounds, 16 were the training
set compounds used to drive of 3D-QSARs models. In order
to the predictability, 6 of them were selected as the test set
compounds.

PLS and scrambling analyses. The partial least squares (PLS)
analysis method™ was used to analyze the correlation relation-

Figure 1. Alignment of the potential energy minimized O,0-dialkyl-1-
phenoxyacetoxy-1-methyl-phosphonate substrate structures according
to a least-squares atom based fit.
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ships between the biological activity and the descriptors of the
substrate molecule. Using this, the optimal 3D-QSARs models
were induced and statistical values such as the predictability
(q2 & rznw) and the correlation coefficient (rznw) were obtained.
To visually analyze the structural characteristics of the substrate
molecules based on the optimized 3D-QSARs models, the
CoMFA and CoMSIA field’s properties were expressed as con-
tour maps with in three-dimensional space. Contour maps (steve™
coeff: favor: disfavor = 80:20) were generated by plotting the
coefficients from the COMFA and CoMSIA field. Also the pro-
gressive scrambling analysis31 was used to evaluate (maximum:
8 bins, minimum: 2 bins and critical point: 0.85) the dependence
related to chance the correlation of the optimized CoMSIA
models.

Results and Discussion

Optimized 3D-QSAR model. The observed herbicidal acti-
vity (Obs.plso) due to the R; ~ R4-substituents change on the
O-phenyl ring of substrate molecules and the predicted herbicidal
activity (Pred.plso) from the CoMFA model I and the CoMSIA
model I were summarized in Table 1. Among the substrate mole-
cules, compound 2 (Obs.plso= 7.54) had the highest herbicidal
activity and compound 10 (Obs.plso= 3.24) showed the lowest
herbicidal activity. The herbicidal activity difference between
the two compounds was AObs.plso = 4.30. Especially, the
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® Training set
O Test set

Pred . plso

2 4 6 8
Obs. plso

Figure 2. Relationships between observed activities (Obs.plsy) against
the cucumber and predicted activities (Pred.plso) by the CoMSIA
model I. (For the training set: Pred.plso=0.9850bs.plsp+ 0.08, n= 16,
S=0.218, F = 858.893, "= 0.984 and q" = 0.981).

observed herbicidal activities (Obs.plso) of the halogen atom sub-
stituted compounds (1 ~ 4 and 13 ~ 16) were more high than
those of the other substituents. Table 2 presents the statistical
results of the optimal models in 3D-QSAR models. These four
models were selected from over 150 models that were calculated
from conditions such as the CoOMFA field and CoMSIA field

Table 1. Observed herbicidal activity (Obs.plso) of substrate molecules against cucumber (Cucumis sativa) and predicted activity (Pred.plso)

by 3D-QSAR models for the training set

0O Ry
0]
DRE e
7,

R4 and/or R,

H,CO™ "OCH,

Substituents(R) CoMFA model I CoMSIA model I
No. . 3 3 Obs.plso a 5 a 5
R R R P}”ed.plso Aplso P}”ed.plso A pIso
1 2-F 4-Cl 2-CIPh 7.27 7.43 -0.16 7.43 -0.16
2 2-Cl 4-Br 2-CIPh 7.54 7.24 0.30 7.27 0.27
4 2-Cl 4-F 2-CIPh 7.28 7.52 -0.24 7.15 0.13
6 H 3-CN 2-CIPh 4.99 -0.16 4.50 0.33
8 H 4-OCHj; 2-CIPh 5.46 -0.15 5.56 -0.25
10 H 4-CH,CH,CHj3 2-CIPh 3.24 3.03 0.21 3.37 -0.13
1 H 4-CH(CHzs), 2-CIPh 3.70 3.57 0.13 3.40 0.30
12 H 4-CH,CH;3; 2-CIPh 3.49 3.65 -0.16 3.70 -0.21
13 2-F 4-Cl CH; 6.94 6.94 0.00 7.19 -0.25
14 2-Cl 4-Br CH; 7.10 6.95 0.15 6.91 0.19
16 2-Cl 4-F CH; 6.77 -0.02 6.96 -0.21
17 H 4-CN CH; 3.90 0.11 4.01 0.00
18 H 3-CN CH; 4.03 0.00 4.19 -0.16
19 H 4-CH,CN CH; 3.50 -0.17 3.28 0.05
20 H 4-OCHj; CH; 5.22 0.39 5.39 0.22
22 H 4-CH,CH;3; CH; 3.34 3.56 -0.22 3.48 -0.14

“Predicted values by the models, "different between observed and predicted value.



Synthesis and 3D-QSARs of 1-Phenoxyacetoxy-1-methylphosphonates Bull. Korean Chem. Soc. 2010, Vol. 31, No. 5 1365
Table 2. Summary of the statistical parameters of 3D-QSAR models with two alignments
Models N Al PLS Analyses
odels No. ignments
& Grid(A) o NC Fe Paev SEpey F
CoMFA 1 AF 2.0 - 4 0.535 0.986 0.229 198.794
CoMFA 11 FF 1.5 - 4 0.410 0.960 0.393 65.366
CoMSIA T AF 1.5 0.3 4 0.699 0.984 0.247 169.419
CoMSIA I FF 1.0 0.3 4 0.703 0.980 0.279 132.534

Notes: AF: atom based fit; FF: field fit; NC: number of component; “attenuation factor; beross- validated rz; “non-cross-validated rz; “Standard error
estimate; “fraction of explained versus unexplained variance; optimized model.

Table 3. Summary of field contribution, Ave. and PRESS of 3D-QSAR models

Field contribution (%) Training set Test set
Model No. : L
S E Hy HA Ave.” PRESS Ave.” PRESS
CoMFA I 79.0 16.3 4.7 - 0.16 0.57 0.62 3.40
CoMFA II 49.0 33.1 17.8 - 0.26 1.70 0.65 4.26
CoMSIA I 11.7 414 20.8 26.0 0.19 0.68 0.48 2.81
CoMSIA I 11.2 61.3 27.5 - 0.18 0.72 0.64 4.59

Notes: S: steric; E: electrostatic; Hy: hydrophobic; HA: H-bond Acceptor; Ave.: average residual; PRESS: Predictive residual sum of squares; “optimized

model; baverage residual of training set.

Table 4. Observed herbicidal activity (Obs.plsy) of substrate molecules against cucumber (Cucumis sativa) and predicted activity (Pred.pls) by

3D-QSAR models for the test set

Substituents(R) CoMFAT CoMSIA I
No. ObS.pljo P ) P X
R1 Rz R3 Pred.pI5o’ A ijOL Pred.pI5o’ A ijOL
3 2-Cl 3-Cl 2-CIPh 6.95 5.92 1.03 6.83 0.12
5 H 4-CN 2-CIPh 5.00 5.18 -0.18 4.33 0.67
7 H 4-CH.CN 2-CIPh 4.07 3.07 1.00 2.61 1.46
9 H 3-OCH3 2-CIPh 5.06 5.11 -0.05 5.20 -0.14
15 2-Cl 3-Cl CH; 6.68 5.61 1.07 6.60 0.08
21 H 4-CH(CHa), CH; 3.68 3.27 0.41 3.25 0.43
“Optimized model; bpredicted values by the models; “different between observed and predicted value.
Table 5. Model stability test for models by progressive scrambling
N CoMFA model I CoMSIA model I
0.
q’ cSDEP dg/dr q’ cSDEP* dg/dr !
2 0.309 1.486 0.345 0.481 1.290 0.780
3 0.395 1.436 1.665 0.474 1.341 1.143
4 0.426 1.463 1.085 0.503 1.356 0.830
5 0.464 1.489 1.045 0.464 1.484 1.023

“Optimized model; qu = 1—(sSDEP)2, predictivity of the models; “calculated cross-validated standard error as function of correlation coefficient between
the true values (y) of the dependent variables and the perturbed values (y') of the dependent variables; dslope of q” (cross-validated correlation coefficient
from Sybyl) with respect correlation of the original dependent variables versus the perturbed dependent variables.

integrations, two alignments, the number of components and
grid (A). In general, the statistical values of the COMSIA models
were more statistically satisfactory than those of the CoOMFA
models (rzw & Inev.: COMSIA model 1> CoMSIA model 11 >
CoMFA model I > CoMFA model II). The best model was
CoMSIA model I (e (0r q°) = 0.699 & "nev = 0.984) that were

induced under the AF alignment condition. Figure 2 shows the
correlation equation between the observed Obs.plsy and the
predicted Pred.plsovalues obtained from the CoOMSIA model
I (Pred.plso = 0.9850bs.plso + 0.08, n = 16, S = 0.218, F =
858.893,1°=0.984 & q°= 0.981).

Contribution ratio and predictability. The contribution ratio
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Negative charge favor

Steric favor

Figure 3. The contour map (stdev*coeff) of the CoMSIA model I for
the steric field (left) and electrostatic field (right). The most active
compound (2) is shown in capped sticks. (favor: 80% & disfavor: 20%).

H-bond accept favor

w

Hydrophilic favor

Figure 4. The CoMSIA model I contour map for the hydrophobic field
and the H-bond accept field (stdev*coeff). The most active compound
(2) is shown in capped sticks. (the hydrophobic favor and the H-bond
accept favor : 80% & the hydrophilic favor and the H-bond accept
disfavor 20%).

(%), the average residual values (Ave.) and the PRESS values
of the training set and test set compounds with 3D-QSAR
models were summarized in Table 3. The relative contribution
ratios (%) of the optimized CoMSIA model I were: the electro-
static field, 41.4; the H-bond acceptor field, 26.0; the hydro-
phobic field, 20.8 and the steric field, 11.7%, respectively. Also,
From the Ave. and the predictive residual sum of squares
(PRESS) values of the training sets, it was once again verified
that the optimized CoMSIA model I is a highly suitable model.
Therefore, Table 4 shows the Obs.plso of the test set and the
Pred.plsoby the COMFA model I and the CoMSIA model I as
well as the two values’ difference (Dev.). Compared to the
CoMFA model I, the difference due to the CoMSIA model I
was smaller.

Progressive scrambling. In Table 5, the three types of statisti-
cal data (q°, cSDEP, and dqzv/drzyyv)32 were summarized related to
the model’s dependence and obtained from the progressive
scrambling analysis of the CoMFA model I and the CoMSIA
model I. Values of the q” and cSDEP are the predictivity of the
models and the calculated cross-validated standard error,
respectively. And the susceptibility of the model can be gauged
by the slope to perturbation (dqzv/drzyyv) of ¢’ (as originally deter-
mined using SAMPLS) with respect to the correlation of the

Min-Gyu Soung et al.

original biological activity versus the scrambled biological
activity. As aresult, the COMSIA model I showed better predicta-
bility at the component 4 with q2 >0.5. Also, The perturbation
value (dqzv/drzyyv) of the COMFA model I was 1.085 and that of
the CoMSIA model I was 0.830. These values were satisfied
the condition’” that optimized models without chance correla-
tion should have a gradient value (dqzv/drzyyv =0.8 ~ 1.2) at com-
ponent 4. Therefore, it explains that the optimized CoMSIA
model I is independent of chance correlation and very appro-
priate.

CoMSIA contour maps. The steric and the electrostatic field
CoMSIA contour maps on the most active compound 2 (Obs.
plso=7.54) is shown in Figure 3. The steric favor groups (the
green polyhedra) are in the R, and R,-phenyl substituents. As
the sizes of the R; and R»-phenyl substituents raises the herbici-
dal activities are increased. In the case of R; and R»-substituents
(para-position) on the O-phenyl ring, the transformation of a
steric bulky group21 will be increased the herbicidal activity. The
positive charge favored area on the O-phenyl ring is represented
in the blue contours and the negative charge favored area on
the para-position on the O-phenyl ring shows in the red con-
tours. As more positively charged substituents are introduced
on the O-phenyl ring, the herbicidal activity is increased. Also,
it can be observed that on the contour maps (Fig. 4) of the
hydrophobic (logP) field and the H-bond acceptor field. Specifi-
cally, it can be predicted that as more hydrophilic substituents
(cyan polyhedral region) are introduced to the Ri, R»>-position
on the O-phenyl ring and the Rs-substituent there will be
increased in the herbicidal activity. According to the results of
the contour map in the H-bond acceptor field on the right side,
the herbicidal activity was predicted increase by the H-bond
acceptor favor substituents (purple polyhedral region) as oxygen
atom and nitrogen atom not adjacent to a hydrogen atom on
the Cs and C4-atoms of the O-phenyl ring.

Conclusions

A series of O,0-dialkyl-1-phenoxyacetoxy-1-methylphos-
phonate analogues (1~22) as a new class of potent inhibitors of
pyruvate dehydrogenase were synthesized. And 3D-QSARs
(CoMFA and CoMSTIA) models between the structures of the
analogues and their pre-emergency herbicidal activity against
the seed of cucumber (Cucumus Sativa L.) were derived and
discussed quantitatively. The optimized CoMSIA model I that
showed the best statistical values in 3D-QSAR models, had
the predictability value and the correlation coefficient vlaue of
rzw(or qz) =0.699 and "per, = 0.984, respectively. The contribu-
tion percentages (%) of the optimized CoMSIA model I were:
the electrostatic field, 41.4; the H-bond acceptor field, 26.0;
the hydrophobic field, 20.8 and the steric field, 11.7%. Accord-
ing to the progressive scrambling analyses results, the optimized
CoMSIA model I (¢*=0.503 & d,/dr’yy= 0.830) was a highly
suitable model that did not depend on chance correlation. It is
predicted that in the electrostatic field contour maps of the
CoMSIA model I, the more positively charged substituent on
the O-phenyl ring and the more negatively charged substituent
on the para-position on the O-phenyl ring, the herbicidal activity
will be increase.
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