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Various reaction paths of the-fC bond cleavage ak-aminophosphonates in acidic media, resulting in the
derivatives of phosphonic acid, has been investigated using density functional level of theories in the gas
phase as well as in aqueous medium. Dimetlyhgilinobenzyl)phosphonate has been used as the model
molecule and our investigation confirms a three steps process including protonatiGnbéhd cleavage,

and the transformation of the products from the final transition state (imine cation and H-phosphonate) through
hydrolysis. The most favorable reaction path starts from the amino group protonation, followed by a proton
transfer through NH---O(P) hydrogen bond, and the-E bond cleavage from the resulting protonated
structure. Explicit inclusion of water molecules indicated that two waters are needed for@lednd cleavage,

and the calculated mechanistic paths in this hydrated model are similar to those of the aqueous solvation
model.

1. Introduction (mechanism), and the physical conditions applied. Both ho-
molytic? and heterolytic mechanisfthwere postulated for such

a cleavage, but the mechanism is still not well-understotus
uncertainty of understanding the mechanism ef( bond
0cleavage ofr-aminophosphonates warrants detailed theoretical
studies on such reactions as not much effort has been made in
this direction. The present paper explores the probable mecha-
Inistic paths of the PC bond cleavage (which leads to the
formation of derivatives of phosphonic acid) of a model
a-aminophosphonate, dimethyd{anilinobenzyl)phosphonate

o-Aminophosphonates are mimetic of natural amino atids.
In these classes of compounds, the carboxylic gret@@OH)
is replaced by phosphonic acid fragmentR(O)(OH)). This
difference between these two classes of compounds is reflecte
in their shape (flat carboxylic versus tetrahedral phosphonic
group), size (phosphorus atom is significantly larger than
carbon), acidity (phosphonic acid is more acidic), and several
other propertie$ These compounds possess interesting biologi-
cal properties and find applications as haptens (in catalytic . . . :
antibodiesy, inhibitors of enzymes such as HIV-proteadés, (DMABP; Sche.me 1), in .aC|d|c medium using state of the art
renin EPSP synthase (3-phosphoshikimate-1-carboxyvinyl- duantum chemical technigues.
transferase (5-enolpyruvylahikimate-3-phoshate-synt/ass), It was shown that the PC bond cleavage of diethyl esters
neuropeptidase NAALADase (N-acetylated-alpha-linked acidic ©f (a-anilinobenzyl)phosphonates takes place in acidic environ-
dipeptidasey.Some of the aminophosphonates are also applied ment*4*>Time dependent NMR (nuclear magnetic resonance)
in antiviral, antibacterial, or anticancer drugs and in the studies of these compounds in aqueous acidic media and at a
osteoporosis treatment. In addition, these compounds are ofhigh temperature indicated the presence of diester, monoester,
commercial importance as herbicides (e.g. Roundép). (a-anilinobenzyl)phosphonates, and phosphonic acid (Figure 1s,

The P-C bond cleavage is known to be one of the most Supporting Information). The analysis of concentrations of
important phenomena of such molecules essential in several ofcomponents in solution indicates that at least a large part of
their biological tasks. Despite the fact that aminophosphonatesphosphonic acid originates from the direct decomposition of
are rather stable compounds, their® bond cleavage was diester. Additionally, as indicated by Deron efathe initiation
observed in basigneutral’®and acidié! media. These cleavage Of the reaction takes place through the protonation of oxygen
reactions are also catalyzed by enzymes in living organtd¥s.  of the phosphonic group. The amino group of the aniline part
The P-C bond breaking generally leads phosphorus to form is a competitive site for such a protonation, and experimental
derivatives of phosphonic @) or phosphoric acid (KPQy) studies indicated a correlation between the acidity of amino
in the final products. The factors which control the formation group and the kinetics of the reacti¥hOn the basis of the
of the products in such cleavage reactions include the structuralavailable experimental evidence, the mechanism-e€Rond

characteristics of the reactants, path of the reaction followed decomposition is assumed to proceed through three consecutive
steps, namely, protonation of phosphonatesC®ond cleavage,

" Part of the “William A. Lester, Jr., Festschrift”. and conversion of transition products into final derivatives of
¢f:g&‘;iﬁogg{[‘gSr‘]‘it\t‘:rrs'is‘ma'“ jerzy@ccmsi.us. phosphonic acid. Our present theoretical studies address all of
s Department of Medicinal Chemistry and Microbiology. these reaction steps for the decomposition of DMABP into
Institute of Physical and Theoretical Chemistry. derivatives of phosphonic acid in acidic media through th€cP
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SCHEME 1: Dimethyl (a-anilinobenzyl)phosphonate thermodynamic properties of studied complexes were calculated
(DMABP) applying the ideal gas, rigid rotor, and harmonic oscillator
approximationg4 The charge distribution was studied applying

= the Mulliken population analysis. The discussion regarding
| atomic charges should be treated with caution however because

C1
of large differences between different population schemes. The
T, NH computations were carried out using the Gaussian 03 suite of
% o codes®
7 /
% »F@P( 3. Results and Discussion
’ ! \ OCHj3
= OCH, 3.1. Conformational Analysis and Proton Affinity of

DMABP. The conformational analysis of DMABP was carried
out for a number of possible arrangements including the one
known from its crystal structur®.The differences between the
conformers are expressed in terms of two dihedral angles
(N—C3—P-0) andzy(C1-N—C3—C2) (Scheme 1). The mol-
ecule possesses several low-energy conformers which are
characterized by the absence of imaginary vibrational frequen-
The structures of the different conformers of DMABP and cies. They are presented in Table 1. The conformer originating
its protonated forms were optimized using the density functional from the crystal structure (M1, Table 1) is one of the low-energy
theory (DFT)!6 The DFT approach applied here utilizes Becke’s conformers but not the global minimum structure. The energy
three parameter functiorf&lwith the local correlation part of  difference AE) between the conformers M2, M4, and M6 are
Vosko et al® and the nonlocal part of Lee et8l(abbreviated ~ very low, and all of them could probably coexist in the gas
as B3LYP). No symmetry constraints were imposed during the phase. The conformers M3 and M5 are relatively high-energy
optimization process. The calculations were performed using conformers as estimated from thaiE values. TheA(E + ZPE)
the standard 6-31G(d,p) basis 3&Additionally, single point ~ and AG values in the gas phase follow the same trend. In
calculations, for the selected structures, were carried out in aqueous medium, this conformational scenario is a bit different.
6-311+-+G(d,p) basig€! The transition state structures involving  Although the respective conformers maintain the same energy
P—C cleavage of DMPBP were determined by quadratic order, the M2 conformer is much more stabilized in aqueous
synchronous transit (QST2) meth#dThe effect of solventon ~ medium with respect to the other conformers.
the calculated structures has been taken into account through The two probable protonation sites of DMABP are the
the polarized continuum model using the conductor-like screen- nitrogen (of the aniline part) and oxygen (attached to the P atom)
ing reaction field (COSMO?%2 Vibrational frequencies and  atoms. In the case of the nitrogen protonated structures, all of

bond cleavage. We have further analyzed the role of hydration
on the reaction paths through predictions of the stepwise addition
of water molecules to the reactive systems.

2. Theoretical Methods and Computational Details

TABLE 1: P —C Distances (b—c, A), Dihedral Angles 7:(N—Cs—P—0), 7,(C;—N—C3—C,) (in Degrees) and Energy Differences
(kcal/mol) from Energetically Lowest Structure (Electronic Energy, AE; Electronic Energy Corrected for Zero Point Energy,
A(E + ZPE); Free Enthalpy at 293 K, AG; and Free Enthalpy Including Solvent Effects, AG,q) of DMABP, Its N-Protonated
and O-Protonated Forms, and the Transitin States Involved

complex lp—c T1 T2 AE A(E + ZPE) A(E + ZPEY AG AGgyq
Conformers of DMABP
M1 1.854 70.4 —131.2 1.6 1.6 1.4 1.7 0.0
M2 1.846 —65.0 —118.8 0.4 0.2 0.0 —-0.4 —-1.4
M3 1.855 176.1 —-152.1 8.1 7.9 7.6 7.1 5.4
M40 1.864 17.7 —83.3 0.0 0.0 0.0 0.0 0.0
M5 1.850 —74.7 42.6 4.0 4.2 4.4 4.3 2.4
M6 1.850 163.8 —82.4 0.2 0.2 -0.1 0.5 0.1
Conformers of N-Protonated DMABP
NH*1 1.868 78.1 —127.6 3.8 3.8 3.4 3.4 0.9
NH*2p 1.870 —24.5 —143.7 0.0 0.0 0.0 0.0 0.0
NH*3 1.864 —-163.5 —-121.5 4.9 4.8 4.2 3.8 -0.8
NH*4 1.869 26.3 —845 0.8 0.6 0.2 0.1 0.3
NH*5 1.856 —53.3 —60.2 0.9 0.9 0.6 0.4 —-0.5
NH*6 1.862 161.8 —74.8 31 3.1 45 2.9 -1.7
Hydrogen Bond Transition State
TS(NHO) 1.869 —11.8 —127.0 9.0 5.7 6.5 5.6 10.2
Conformers of O-Protonated DMABP
OH'1 1.850 53.2 —155.5 111 8.7 7.5 8.0 13.7
OH"2 1.867 —19.6 —133.0 7.4 5.9 5.6 6.0 8.2
OH'3 1.840 173.8 —118.9 11.9 9.7 7.9 9.2 8.8
OH"4 1.854 23.0 —-92.2 9.0 7.2 6.7 6.0 9.5
OH'5 1.847 26.5 36.9 12.1 10.6 10.2 10.8 12.3
OH'6 1.848 —33.9 —45.7 11.6 10.1 9.7 10.2 13.0
Transition State for PC Bond Cleavage
TS(P-C) 2.399 -84 —179.6 14.4 11.7 9.3 11.0 15.7

2 Results are presented for the 6-31G(d,p) basis set if not indicated othehAidepted as the ground stateCalculations in 31++G(d,p)
basis set.
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SCHEME 2: Reaction Pathway of P-C Cleavage; the First Mechanism
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SCHEME 3: Reaction Pathway of P-C Cleavage; the Second Mechanism
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TABLE 2: Atomic Charges from the Gross Mulliken
Population Analysis for the Atoms of the Reactants, TS, and
Products Involved in the Reaction Following the First
Mechanism (Charges Are in Electrons)

complex 0 P C N H

the conformers are stabilized by-¥---O(P) hydrogen bonds.

As indicated by their energy differences, the N-protonated
conformers (represented as NiHi = 1—6), Table 1) have a
similar energy trend with respect to the conformers of non-
protonated DMABP in the gas phase. In aqueous medium, the

energy differences between these conformers are reduced ¥|s_|(+N|—r* 0) :8-2;2 i%gi :8'32‘61 :8-23‘2 g'ggg
because of the high dipole moment of these protonated species, o+ 0498 1262 -0230 -0664 0377
and the conformer N6 becomes the lowest energy conformer. TS(P-C) ~0.485 1.108 -0.128 —0.617 0.393

The corresponding O-protonated conformers (which could be
considered as the isomers of N-protonated structures and,

o . . Hyd fi NH---O(P) hyd bond.
represented as Ot i = 1—6) are higher in energy (by at least yarogen from (P) hydrogen bon

aSee Scheme 2 for the definition of the various complexes.

7 kcal/mol) than the N-protonated forms (Table 1). These results were suggested before using the available experimental evi-
thus confirm the preferential protonation of the anilino N atom. dence'#1526The first mechanism (Scheme 2) is the decomposi-
In a qualitative sense, this N site is highly basic (a tertiary amine) tion of the P-C bond due to the protonation of oxygen. While
and thus more easy to protonation than any other site of the second probable mechanism (Scheme 3) involves hydrogen
DMABP. As could be seen from Table 1, these results do not transfer from protonated anilino-nitrogen to the phosphorus

change at higher basis set (6-31tG(d,p)). It validates the

atom, the third one (Scheme 4) assumes the cleavage of the

use of a smaller basis set in further calculations. The figures neutral molecule into cations. The homolytic cleavage leading
representing the structures of the conformers of DMABP and to two radicals has not been investigated because of the lack of

its protonated forms may be found in Supporting Information experimental evidence.
(Figure 2s-4s).

3.2. Mechanism of the P-C Bond Cleavage.Three different
reaction paths could be suggested for theCPbond cleavage
of DMABP in acidic conditions (Schemes-2). All of them

3.2.1. First MechanismAs it has been discussed in section
3.1, the protonation of the anilino-N is the first step of this
mechanism (Scheme 2) because of its preference over the
O-protonation. Since this protonated form is stabilized through
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TABLE 3: Structural Parameters for the Reactants, Transition States (TS) and Products for the First Mechanism of the PC

Bond Cleavage Including Two Water Molecules (Represented by W)

Complex |N7Hb |Hfob |p7(;b (I(N_H_O)C Tl(N—C_P_O)C Tz(cl_N—CS_CZ)C
NH*-WWwa 1.030 2.206 1.857 119.0 —32.8 —155.9
TS(NHTO)-WW 1.463 1.124 1.867 145.4 —-9.7 —123.0
OH"-Ww?2 1.864 1.001 1.867 132.8 —18.7 —129.3
TS(P-C)-WWwW 2.928 0.977 2.234 100.0 13.6 —172.2
product-Ww 4.674 0.969 4.500 123.0 34.6 179.7

a According to our convention, NHrepresents N-protonated structure and*Qelpresents O-protonated structuté represents bond lengths
(A). ca and7 respectively represents bond angle and torsion angles (degrees).

hydrogen bond formation with the O atom (attached to P), it
initiates a proton-transfer mechanism to the O atom. By
considering the lowest energy conformer among the N-proto-

TABLE 4: Energy Differences (kcal/mol) Between the
Reactants Transition States and the Products of the PC
Bond Cleavage Including Two Water Molecules for the
Reaction Path Involving the First Mechanism (Electronic

nated and O-protonated conformers, a transition state has beeinergy, AE; Electronic Energy Corrected for Zero Point

located through DFT/B3LYP/QST2/6-31G(d,p) level calcula-

tions. This transition state is similar for the cases when all other
low-energy N-protonated conformers are considered, and it is
characterized by the following parameters: R{N) = 1.442

A, R(O—H) = 1.133 A,a(N-H—-0) = 145.5, 7; = —11.8,

and the free energy of activation of 5.56 kcal/mol (Figure 5s,

Supporting Information). The calculation in aqueous medium

indicates that water stabilizes the N-protonated structure and it tgp_c).ww

leads to higher free energy of activation (10.24 kcal/mol, Table
1).

The transfer of the proton from nitrogen to the oxygen atom
is followed by the P-C bond cleavage. The energetically lowest
transition state for decomposition reaction is characterized by
the relative energy of 7.47 kcal/mol (in solution) indicating the
high probability of such process. Other transition states were
also located. However, they are significantly higher in energy.
The validity of this transition states was confirmed by the
intrinsic reaction coordinate (IRC) analydfsThe potential
energy profile of this IRC path is given in Supporting Informa-
tion (Figure 6s).

Five atoms are directly involved in the two-step mechanism
of the P-C bond cleavage. The diester fragmentP(O)-
(OCHg),) in the nitrogen-protonated complex maintains a large
portion of cationic charge of 0.65as calculated through the
gross Mulliken population analysis. The transfer of proton to
phosphoryl oxygen leads to an increase of the total cationic
charge on diester fragment (0.884 However, subtracting the

Energy, A(E + ZPE); Free Energy at 293 K, AG; and Free
Energy Including Solvent Effects, AG,q) Where Calculated
Results Are for 6-31G(d,p) Basis Set if not Indicated
Otherwise

complex AE AE+ZPE) A(E+ZPEP AG AGy
NH*+WW 0.0 0.0 0.0 00 0.0
TS(NH*O)-WW  13.1 9.6 10.1 92 122
H*-WW 12.5 10.5 10.0 9.8 11.9
15.5 135 12.0 135 16.2

Product -WW 2.8 1.1 -1.0 -09 1.3

a See Scheme 2 for the definition of the various molecular systems.
Calculations in 31++G(d,p) basis set.

b
were revealed by NMR studi@® Structural parameters of the
complexes formed along the reaction path are presented in Table
3. The corresponding thermodynamic characteristics determined
using DFT/B3LYP/COSMO model (Table 1) and by explicit
representation through hydration by two water molecules (Table
4) are in the close agreement indicating the validity of the
solvent model predictions. Both of the approaches predict an
increase of the activation free energy due to interaction with
the water, which is a crucial test to verify the solvent models.
A single water molecule is not sufficient to reproduce the effect
of the aqueous solvation. Three molecules, however, do not
change the overall picture of the dissociation process, and we
concluded that the vital part of the direct hydrogen bonding is
revealed by interaction with just two water molecules.

Probable transition states, which involves simultaneous pro-

charge localized on transferred hydrogen leads to a total charge - : :
of 0.517e on the rest of the fragment. The small decrease of tonation and P-C cleavage, were also investigated. However,

excess electron on carbon atom indicates charge polarizationth® optimizations always yielded transition states or reactants
of the P-C bond from carbon to phosphorus. The formation of of the two-step reaction. Additional studies mcludlng_ protonated
the transition state further polarizes the®bond. The transiton =~ PMABP and three water molecules were carried out to
state with a charge of only 0.4%7on the protonatee-P(OH)- investigate the po_ss!blllt_y of smqltaneouse pond c_Ieavage
(OCHs), fragment is suitable for the bond cleavage. The close and hydrolysis of imine intermediate. The optimization always
inspection of atomic charges indicates the significant delocal- located the same transition state as that for th€Rleavage,
ization of electronic density and the stabilization of protonated © it led to the hydrolysis of the imine product. Again, it supports
imine fragment by phenyl groups. The gross Mulliken popula- this two-step reaction, bond decomposition followed by the
tion charges presented in Table 2 indicate the modest changedydrolysis of imine cation.

on separate atoms due to structural transformations, which are 3.2.2. Second Mechanisifhe proposed mechanism assumes
in agreement with expected electron delocalization. a direct proton transfer from amino group to the phosphorus

The influence of the solvent was further investigated by the
direct inclusion of two water molecules in this model. The
optimized locations of the water molecules were found in the
vicinity of the C—N structural fragment. These water molecules
form hydrogen bonds along AH and (P)C-H bonds. The
figure presenting structures is included in Supporting Informa-
tion (Figure 7s). The interactions of water lead to the planar

atom, which leads to H-phosphonate (Scheme 3) through direct
decomposition of the PC bond. The nature of the transition
state for the proton transfer from the anilino nitrogen to the O
atom (attached to P) is similar to the one revealed by the first
mechanism (section 3.2.1). The calculated transition state for
the P-C cleavage (Figure 5s, Supporting Information) has a
very high free energy of activation (74.1 kcal/mol in the gas

structure of the imine cation, the O-proton transferred product phase and 77.3 kcal/mol in agueous medium), and its validity
of reaction (Scheme 2). The presence of protonated imine inwas confirmed by IRC calculations. The reaction is thus quite
the reaction environment and its planar geometry in the solution unlikely to proceed through this channel. The-l8—H angle
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characterizing the transition state is very small and this its protonated forms, transition states for Nt#(P) and P-C
unfavorable geometric condition causes a very high activation cleavage, IRC plot for the first mechanism, and figure of
barrier. structures for the reaction pathway with the direct inclusion of
3.2.3. Third Mechanisnin this scheme, the neutral DMABP  two water molecules. This material is available free of charge
molecule breaks up into ions (Scheme 4). The resulting imine via the Internet at http:/pubs.acs.org.
cation is further hydrolyzed, while the anion yielded because
the reaction with HO* forms H-phosphonate. The activation References and Notes
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