HETEROCYCLES, Vol. 53, No. 11, 2000, pp. 2517 -2526, Received, 26th June, 2000

THE CLEAVAGE OF SULFONYLUREA HERBICIDE
RIMSULFURON® UNDER BASIC CONDITIONS: A
COMPUTATIONAL INVESTIGATION

Roberta Galeazzi,®" Cesare Marucchini,® Mario Orena,®" and Gianni Porzi®

% Dipartimento di Scienze dei Materiali e della Terra
Universita di Ancona — Via Brecce Bianche, 1-6031 Ancona, Italy
e-mail: roberta@popcsi.unian.it; orena@popcsi.unian.it

® Dipartimento Agroambientale e della Produzione Vegetale
Universita di Perugia - Borgo XX Giugno 72, 1-06121 Perugia, Italy
e-mail:cmaru@unipg.it

¢ Dipartimento di Chimica “G. Ciamician
Universita di Bologna - Via Selmi 2, 1-40126 Bologna, Italy
e-mail: porzi@ciamserv.unibo.it

Abstract - By treatment at pH 9.5, starting from sulfonylurea (1f) (Rimsulfuron®), the
diheteroaryl amine (3) is exclusively obtained, whereas under the same
conditions sulfonylureas (1a-e) showed only cleavage of the SO,-NH bond. A
reaction mechanism proceeding through a five-membered transition state was
strongly suggested by both semiempirical and ab initio molecular orbital
calculations.

INTRODUCTION

Sulfonylureas (1) are inhibitors of acetolactate synthase (ALS), a key enzyme in the biosynthetic
pathway of branched-chain amino acids in the plant and are largely employed as weed killers owing to
low toxicological effects on mammals. Thus, increased interest arises for their cleavage mechanism
occurring in aqueous and soil environment.*
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Scheme 1.

Sulfonylureas (1a-e) under either acidic (pH 3.5) or basic (pH 9.5) conditions undergo cleavage as
reported in Scheme 2.2
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Scheme 2. 1a. Chlorsulfuron®, X =N, Y = CH, n =0, R* = Cl, R = CH3, R® = OCH3 1b.
Sulfometuron methyl®, X =Y = CH, n = 0, R* = COOCH3, R> = R® = CH; lc. Bensulfuron
methyl®, X =Y =CH,n=1, R'= COOCHs, R?=R%= OCHy 1d. Primsulfuron® X = Y =
CH, n =0, R'= COOCHj, R’ = R3= OCHF,. 1e. Prosulfuron® X =N, Y =CH,n=0, R =
CH,CH,CFs.

On the contrary, compound (1f) (Rimsulfuron®) under basic conditions (pH 9.5) is converted into the
diheteroarylamine (3), exclusively, which could result from contraction of the sulfonylurea bridge
through an intramolecular SyAr reaction (Scheme 3).* With the aim to establish the reaction mechanism,
we investigated the behavior of 1f by using quantomechanical methods (AM1).>°
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RESULTS AND DISCUSSION

First, the geometries of anions (4) and (5), which arise from 1f at pH 9.5, were calculated together with
the corresponding minimum energy conformations (Scheme 4). Thus, at pH 9.5 the anion (5) resulted to
be the major component of the equilibrium mixture, being more stable than 4 by 10 kcal/mol (Scheme 4).
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Although the product (3) verosimilarly arises from anion (4) through a five-membered transition state, we
examined also the cleavage mechanism proceeding through a three-membered transition state, starting
from the anion (5) which is predominant at pH 9.5, in order to reject this pathway already reported for
intramolecular SyAr.” Thus, two reaction paths were taken in account, path A, proceeding through a five-
membered transition state, and path B, proceeding through a three-membered one. In fact, starting from
anion (4), the intermediate (6) having a moderate angular strain is formed through the five-membered
transition state A (Pathway A), to give subsequently 7 through transition state A’ (Scheme 5).
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On the contrary, attack of the anion (5) at C-2 of the pyridine ring through transition state B (Pathway B),
leading to the three-membered intermediate (8), occurs with high angular strain to give eventually product
(9) through transition state B’ (Scheme 6).
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Scheme 6.

In order to definitely establish the reaction mechanism, for each pathway we located two transition states
(A and A’ for path A and B and B’ for path B) and two intermediates (6 and 7 in the former case and 8
and 9 in the latter), as reported in Figure 1.
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Figure 1. Energy profiles for pathways A and B.



The AH” values of both transition states A’ and B’ are very small and similar, whereas AH* values for
transition states A and B resulted to be 27.8 and 49.5 kcal/mol respectively. As a consequence, path A is
largely preferred over path B owing to the large difference of AH* between the rate determining steps.

In order to test the reliability of the AM1 Hamiltonian in describing these molecular systems, we
investigated the modeling of the reaction by means of ab initio methods. Since the complete theoretical
study of the possible reaction pathways is heavy and difficult due to the computational effort, the first
step of the reaction was exclusively considered and calculations were performed on simpler model
structures (10) and (11), leading to transition states C and D, respectively (Scheme 7).
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The structures of both reactants and transition states were located and optimized at both RHF/3-21G*
and RHF/6-31G* level,** and then single point calculations were carried out at B3LYP/6-31G* level to
take the electronic correlation into account, and results are reported in Tables 1 and 2. It is worth noting
that a good agreement between semiempirical and ab initio molecular orbital calculation results even
from the lower level ab initio calculations. **

Table 1. Calculated energies of the reactants and transition structures for the model reaction
at semiempirical (AM1, kcal/mol) and ab initio (B3LYP/6-31G*//RHF/3-21G*, atomic units)
theory levels.

Structure AM1 B3LYP/6-31G* //RHF/3-21G*
10 -40.7 -1283.47624
TS-C -3.3 -1283.43453
11 -49.4 -1283.47635
TS-D 4.9 -1283.41006




Table 2. Calculated energies of the reactants and transition structures for the model reactions
at semiempirical (AML1, kcal/mol) and ab initio (B3LYP/6-31G*//RHF/6-31G*, atomic units)
theory levels.

Structure AM1 B3LYP/6-31G* //RHF/6-31G*
10 -40.7 -1283.47808
TS-C -3.3 -1283.43453
11 -49.4 -1283.47865
TS-D 4.9 -1283.41006

For the purpose of comparison, the same stuctures were located at the semiempirical level AM1. The
calculated geometries of optimised structures are displayed in Figures 2 and 3, together with relevant
atomic distances and bond angles.

Figure 2. Calculated ab initio RHF/6-31G* and AML1 (italic) geometries for transition state C
[AB = 1.7598 (1.8160) A, BC = 1.6232 (1.6258) A, CD = 1.4032 (1.4249) A, DE = 1.3576
(1.4059) A, EA = 1.7052 (1.7630) A. ABC = 95.51° (97.93°), BCD = 116.35° (116.37°),
CDE = 107.08° (110.75°)].

Figure 3. Calculated ab initio RHF/6-31G* and AML1 (italic) geometries for transition state D
[AB = 1.8875 (1.8335) A, BC = 1.6404 (1.6037) A, CA = 1.6001 (1.5670) A, ABC = 53.39°
(53.77°)].



Table 3. Activation energy E, (kcal/mol) for reaction paths A and B.

Path AM1 | B3LYP/6-31G*// | B3LYP/6-31G*//
RHF/3-21G* RHF/6-31G*
10-TS-C 37.4 26.2 27.3
11-TS-D 54.3 41.6 43.0

It is worth noting that both the AM1 and ab initio calculations predicts the same results, as it appears
from Tables 1-3. As a consequence, since in each case the most stable transition state resulted to be the
same, irrespective of the level theory used, comparison between semiempirical and ab initio results can be
extrapolated to the reaction studied.

With the aim to get a deeper insight into the reaction mechanism, we eventually studied interactions
between the LUMO and the HOMO of both anions (4) and (5) by means of AM1 Hamiltonian. Thus, MO
calculations were carried out, in order to obtain shapes and orientations of the frontier orbitals HOMO
and LUMO and subsequently the frontier electron densities were calculated in order to characterise the
donor-acceptor interaction.** For 4, it resulted that both HOMO and LUMO have the highest contribution
for N-14 and C-1, respectively, which must be involved in the SyAr process. In addition, these orbitals
have also the proper orientation allowing the correct superimposition during SNAr reaction (Table 4). On
the contrary, for anion (5), the HOMO has no contribution from N-11, while N-14 is still an important
donor site and LUMO has a significant, although smaller contribution arising from C-1. Moreover, since
in 5 the HOMO contribution at N-11 is practically missing, whereas it is significant at N-14, it results that
SNAr must involve C-1 and N-14, exclusively. In addition, for 4 the highest f for LUMO lies at C-1
(acceptor site), and f,= for HOMO at N-14 (donor site), respectively (Table 4), whereas for anion (5) the
highest f for LUMO lies at C-5, and f,= for HOMO lies at C-18 (Table 4), in agreement with the
proposed mechanism.

Table 4. Significant frontier electron density values for anion (4).

Atom f£ HOMO Atom fN LUMO
N-14 0.329 C-1 0.250
N-16 0.128 C-2 0.245
C-18 0.300 C-4 0.132
N-20 0.124 C-5 0.207
N-11 0.007

Table 5. Significant frontier electron density values for anion (5).

Atom | fFHOMO Atom fN LUMO

N-14 0.267 C-1 0.150
N-16 0.104 C-2 0.254
C-18 0.361 C-4 0.098
N-20 0.105 C-5 0.301

N-11 0.015




CONCLUSION

In conclusion, both AM1 and ab initio calculations supported that a five-membered transition state is
involved in the cleavage of sulfonylurea (1f) (Rimsulfuron®) at pH 9.5. Moreover, since the results
obtained from both AM1 and ab initio calculations are in good agreement, AM1 could be employed to
study these molecular systems.

THEORETICAL CALCULATIONS

All simulations were carried out in gas-phase using the AM1 quantum mechanical method as
implemented in HyperChem 5.1 (PC version) and 4.5 (SGI version) molecular modeling packages.®’
The conformational search **> was performed by using a MonteCarlo algorithm *° included in the package
varying all internal degree of freedom, and all the conformers having energy within 3 Kcal/mol were
considered. All the calculations were performed on both Silicon Graphics Indigo2 workstation R10000
175 MHz and SGI 02 R10000 195 MHz and on a PC Pentium MMX 266 MHz.

The synchronous transit method was choosed to localize the transition states,™ at the AM1 Hamiltonian
level as implemented in HyperChem 5.1 Software Package, and we used the quadratic synchronous
transit (QST) implementation.’®*" In order to complete the calculation and find well refined structure, an
eigenvector-following step was used.'® An extensive characterisation of the potential energy surface was
performed in order to ensure that optimized structures were true transition states. These stationary points
were characterized by performing a vibrational analysis and the Hessian matrix was calculated. It resulted
that these TS structures were all first order saddle points on the potential energy surface (PES) since they
have only one imaginary frequency corresponding to the right coordinate of reaction, i.e. to the formation
of the new N-C bond. In fact it consists in a synchronous motion of the two centres of reaction involved.*
Ab initio calculations were carried out using Gaussian-94 program.’® Full geometry optimizations were
performed at the RHF/3-21G* and RHF/6-31G* level for all the minima and transition structures using
the Berny algorithm. On all these structures a complete vibrational analysis was performed with the aim
to check the nature of these stationary points. The TS have only one imaginary frequency corresponding
to the expected c.d.r.”® Single point RHF/3-21G* MP2, calculations *® were carried out using the
geometries optimized at the RHF/3-21G* level, whereas single point B3LYP/6-31G* calculations were
carried out using the geometries optimized at both the RHF/3-21G* and RHF/6-31G* level.™

The heats of formation and the quantum chemical descriptors (HOMO and LUMO distribution and
frontier electron density) were also obtained at AM1 level. The m.o. calculations were carried out on the
lowest energy conformation of the examined compounds. Frontier orbital electron densities were
calculated on the basis of the atomic orbitals coefficients of HOMO and LUMO respectively. In the case
of a donor molecule, the HOMO density is critical to the charge transfer (electrophilic electron density
f,5) and in the case of an acceptor molecule the LUMO density is important (nucleophilic electron density
er). 21
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