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ABSTRACT 

Molecular mechanics calculations, using the AMBER 
program (version 3.0), are presented on the radiogenic 
electron-capture radical formation in the crystalline 
chiral organophosphorus compounds (2R,4S,5R) and 
(2S,4S,5R) 2-chloro-3,4-dimethyl-5-phenylphosphol- 
idine 2-sulfide (respectively 1 and 2). Geometry opti- 
mization of the corresponding radical anion struc- 
tures and their respective crystal surroundings reveals 
an increase of the Van der Waals interactions, which 
is significantly larger in compound 2 than in 1. This 
is in good agreement with previous single-crystal ESR 
experiments and molecular interactions calculations 
without geometry optimization [l]. 

INTRODUCTION 
Recently we reported on the differences encoun- 
tered in the radical formation after X irradiation 
in the chiral organophosphorus compounds 
(2R,4S,5R) and (2S,4S,SR) 2-chloro-3,4-dimethyl-5- 
phenylphospholidine 2-sulfide (respectively 1 and 
2) [ 11.  Compound 1 rendered a phosphoranyl type 
radical (la) via an electron-capture process when 
in a crystalline state and when dissolved in a frozen 
host matrix (diethyl ether or 2-methyl-tetrahydro- 
furan, see Figure 1) .  The characterization of the 
phosphoranyl radical anion la  in crystalline 1 was 
performed by single-crystal ESR methods and its 
structure was assigned to a three electron bond be- 
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tween phosphorus and chlorine in which the odd 
electron resides in the antibonding ux  orbital (so 
called P-Cl a”). In contrast the corresponding rad- 
ical anion 2a of the diastereoisomeric form 2 is ab- 
sent after X irradiation of a crystalline sample and 
can only be formed in a frozen host matrix. 

The explanation of this phenomenon was found 
in the “topochemical control” [2] (i.e. the expres- 
sion of the intrinsic reactivity of a precursor mol- 
ecule is favored or disfavored by its surroundings) 
of the electron-capture reaction by the crystal en- 
vironment of the radical precursors 1 and 2, per- 
mitting the formation of la in 1 and inhibiting 2a 
in 2. Formation of la and 2a in equal amounts in 
a host matrix corroborates the importance of in- 
termolecular effects and precludes the possibility 
that the two precursors 1 and 2 possess a different 
intrinsic reactivity towards electron capture. 

The formation of a P-C1 u* radical must be 
accompanied by an elongation of the P-Cl bond 
in order to form a stable intermediate. In a tightly 
packed crystal this elongation will result in an in- 
crease of the Van der Waals interactions. We ex- 
amined the topochemical control of the radiogenic 
P-Cl v* bond formation by calculating the change 
of the Van der Waals energy as a function of the 
length and orientation of the PAC1 u‘ bond in a 
crystal environment. The calculations showed that 
the increase of the Van der Waals energy was higher 
in 2 than in 1 ,  which is in good agreement with the 
single-crystal ESK experiments [ 11. 

In this paper we extend our modelling studies 
by allowing both the radical and its crystal sur- 
roundings to adjust their geometries to the P-Cl 
u” radical formation. For this purpose we used the 
AMBER molecular mechanics program [ 3 ]  to min- 
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FIGURE 1 Radical formation in compounds 1 and 2 
after exposure to X rays in crystalline state and being 
dissolved in a frozen 2-methyl-tetrahydrofuran host 
matrix. 

1: 

imize the total energy and to optimize the geome- 
tries. The calculations show a good accord with the 
single-crystal experiments in which Van der Waals 
interactions are indeed larger in 2 than in 1. 

METHODS 
The initial structures were obtained from the crys- 
tallographic data of Bartczak et al. [4]. The data of 
the C7 hydrogens of molecule 2 were adjusted to 
obtain a pure tetragonal carbon atom. A unit cell 
was constructed applying the symmetry rules of the 
P2,2,2, space group (No. 19, x,y,z; 4 - x ,  - y ,  4 + 
z; 4 + n, f - y ,  -2; - x ,  4 + y ,  4 - z). This unit cell 
was then copied and translated into a total of 27 
unit cells in the shape of a 3 x 3 x 3 cube. The 
reacting molecule is contained in the central cell 
and is surrounded by 107 other molecules. Net atomic 
charges were calculated with MNDO using the AM- 
PAC program [5] and are given in Figure 2. The 
standard AMBER potential function was used cov- 
ering bond stretching, bond bending, torsional, Van 
der Waals, and electrostatic interactions [ 6 ] .  Har- 
monic force constants were taken from the standard 
AMBER all-atom force field [7], and equilibrium 

2: 

FIGURE 2 Net atomic charges 
calculated with MNDO. The values of 
the parent precursor (1 and 2) are 
given in the parentheses. 
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bond lengths and bond angles were adjusted to match 
the crystal values. 

We obtained the harmonic force constants for 
the nonstandard bond lengths from the Lange's 
Handbook of Chemistry [8]; they were scaled ac- 
cording to values present in the standard force field 
(scaling factor: 1.61 based on the P-0 bond). The 
harmonic force constants for nonstandard bond an- 
gles were set to 50 kcal/mol, rad2. A threefold tor- 
sion potential was assumed for the X-N2-P-X di- 
hedral (V3/* = 0.75 kcal/mol, y = 0). The Van der 
Waals parameters were taken from our earlier 
calculations [ l ,  93. Based on the net one bonding 
electron residing in the P-Cl (+* bond we chose 
the harmonic force constant for the bond length 
to be half the harmonic force constant of a normal 
P-Cl bond. The equilibrium bond length of the 
P-Cl (+* bond was set to 2.80 8, analogous to a cal- 
culated increase of 40% in the bond length in the 
P-P (+* type radical [lo]. The SPCl equilibrium 
bond angle in the radical was chosen as 120", based 
on the possible admixture of a trigonal-bipyramidal 
configuration with the sulfur and chlorine atoms in 
axial positions and the unpaired electron in an 
equatorial position (TBP-e) [ l  13.  

All  molecules within an 8 8, vicinity of the re- 
acting P-C1 bond were allowed to optimize their 
geometry (15 molecules in both 1 and 2), and the 
rest were frozen (92 molecules by using the partial 
belly optimization option). The dielectric constant 
E was set to 2.5. A combination of 250 steps steepest 
descent and subsequent conjugant gradient opti- 
mization was used to minimize the total energy 
function. Convergence was considered to be achieved 
when the norm of the gradient of the energy was 
less than 0.10 kcal/mol, 8,. All calculations on the 
precursor molecules 1 and 2 and radicals la and 2a 
in their respective crystal environments were per- 
formed on a VAX 8530 computer. In general com- 
putation took 2-3 hours of CPU time. 

RESULTS AND DISCUSSION 
Con formational Feature 
The optimized geometries of the molecules 1 and 2 
do not differ much from their initial crystal struc- 
tures. The root mean square (RMS) of the deviation 
of the five-membered ring atoms (O,, P2, N3, C4, 
and C,) was 0.17 and 0.26 8, for compounds 1 and 
2 respectively. This deviation is the result of a small 
shift of the phospholidine ring leaving the phenyl 
substituent fixed on its original position (see Figure 
3a). The internal parameters of the optimized struc- 
tures do not deviate from the initial crystal struc- 
tures. Comparison of the optimized radical struc- 
ture with the optimized parent radical precursor 
rendered even smaller deviations, RMS = 0.12 and 
0.17 A for compounds 1 and 2 respectively (see Fig- 
ure 3b). It is to be noted that in compound 2 the 
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FIGURE 3 (a) Comparison of the initial crystal structure 
(straight line) with the optimized geometry of the radical 
precursor (dashed line) in compounds 1 and 2. 
(b) Comparison of the optimized radical structures la and 
2a (straight line) with the optimized geometry of the parent 
precursor of 1 and 2 (dashed line). 

formation of a phosphoranyl radical leads to the 
largest change of geometry. 

The optimized geometries of both radicals la 
and 2a possess an elongated PAC1 (+* bond length 
of 2.76 and 2.75 8,, respectively, and the SPCl bond 
angle becomes 115.8" and 115.7". In both radical 
states a considerable elongation can be achieved, 
although the corresponding acquired steric inter- 
actions are larger in 2 than in 1 (vide infra). The 
SPCl bond angle is smaller than the equilibrium 
bond angle set in the force field (120"). Apparently 
the opening of the SPCl angle is unfavorable in the 
crystalline state. In Figure 4 the optimized geom- 
etries of both the*radical structures la and 2a and 
their crystal surroundings are depicted. 

Energetics Feature 
The contributions of the various interaction types 
to the total energy are given in Table 1 .  The total 
energy of the optimized crystal structure 1 is higher 
than that of the optimized crystal structure 2, in 
accordance with the stability difference of the two 
molecular crystals (1: mp 58"C, 2: mp 130°C) [l]. 
As can be expected in the molecular crystals, the 
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FIGURE 4 (a) Optimized geometry of radical l a  and its crystal surroundings. An arrow indicates the radical location. 
(b) Optimized geometry of radical 2a and its crystal surroundings. An arrow indicates the radical location. 

Van der Waals energy gives the highest contribu- 
tion to the total energy. 

Mainly due to electrostatic interactions with the 
- 1 charge distributed over the radical, the total 
energy of the radical la  and 2a is lower than that 
of 1 and 2, respectively. In Table 2 the differences 
in the total energies and their partitions to contri- 

butions from the various interaction types between 
radical state and precursor state are given. Table 2 
reveals that the differences calculated are, in prin- 
ciple, of the same magnitude. However, the bond- 
bending energy and the Van der Waals interactions 
term are noticeably different, and the total stabi- 
lization of radical la over 2a (3.5 kcal/mol) is mainly 

TABLE 1 Total Energies and Their Partitions to Contributions from Various Interaction Types in kcallmol. 

~~~~~~~ 

I 1 - 221.3 9.6 32.6 83.4 - 300.8 - 99.2 134.4 - 81.3 
II l a  - 241 .I 9.6 31.2 84.3 -300.1 -111.4 134.6 - 89.3 
111 2 - 282.6 6.7 36.4 70.6 - 31 8.5 - 101.3 123.5 - 100.0 
IV 2a - 298.9 7.0 36.7 71 .I - 31 6.3 -113.3 123.6 - 107.8 

a ,El,, is the total minimized energy. 
* €- is the sum of all bond-stretching terms. 

.Eawb is the sum of all bond-bending terms. 
is the sum of all torsion contributions. 

EVdw is the sum of all Van der Waals interactions. 
' €& is the sum of all the electrostatic terms. 

€14vdW is the sum of all Van der Waals interactions between atoms separated by only two other atoms. 
is a similar sum for the electrostatic interactions. 

TABLE 2 Differences in the Total Energies and Their Partitions to Contributions from Various Interaction Types between 
the Radical Structure and the Radical Precursor in kcal/mol (la - 1 and 2a - 2) 

€101 L a n d  €angle €dihedral EvdW Eel, E I ~ V ~ W  El 4elec 

V II - I - 19.8 0.0 - 1.4 0.9 0.7 - 12.2 0.2 - 8.0 
VI IV - 111 - 16.3 0.3 0.3 0.5 2.2 - 12.0 0.1 - 7.8 
VII v - VI - 3.5 - 0.3 -1.7 0.4 -1.5 - 0.2 0.1 - 0.2 
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constituted of these two. The larger Van der Waals 
interactions calculated in 2 are consistent with our 
previous work [l]. 

The increase in the Van der Waals energy is 0.7 
kcal/mol for 1 and 2.2 kcal/mol for 2. Considering 
this contribution to be important to the kinetics of 
the reaction: P--Cl + e- -+ PAC1 (T" at 77 K 
(k = k, x exp(-Evdw/0.154), the Van der Waals 
interactions will slow down the reaction 94 times 
in 1 and 1.6 x lo6 in 2. Thus, steric interactions 
will decrease a phosphoranyl radical formation 
1.7 x lo4 times more in 2 than in 1. 

k 

CONCLUSIONS 
In this paper we present molecular mechanics cal- 
culations on the P-Clu" radical formation in com- 
pounds 1 and 2. Our goal was to extend our previous 
modelling studies allowing the geometry of the rad- 
ical precursor and its surroundings to adjust to the 
elongation of the P-Cl bond. The calculations do 
not exclude the formation of a long P-Cl bond in 
both compounds. However, they do show that oc- 
currence of long P-C1 bonds in crystalline 1 and 2 
will lead to higher Van der Waals interactions in 
compound 2 than in 1. This is in qualitative agree- 
ment with the single-crystal experiments and Van 
der Waals calculations without geometry optimi- 
zation reported previously [l]. 

The rate of stabilization of an initial electron- 
adduct toward a stable configuration determines 
the overall radiation process. Provided geometry 
relaxation is fast and will lead to sufficiently deep 
traps, the anion radical can be detected by ESR 
spectroscopy [ 121. The interference of stabilization 
by steric interactions will favor a recombination 
reaction of the "free electron" with its parent rad- 
ical cation or another electron-loss process. In the 
present case it appears that, in spite of Van der 
Waals interactions encountered in compound 1, 
stabilization towards a P-Cl (T" configuration is 
possible, whereas in compound 2 this is not feasible 
due to the larger steric interactions. The calculated 
drop in reaction kinetics is in accordance with this 
assumption. 

The theoretical description of radical formation 
is done by quant um chemical calculations. These 
studies strictly apply only to isolated systems. The 
extrapolation of such a calculated process in mo- 
lecular crystals is not straightforward because the 
extra effect of intermolecular interactions has to be 
taken into account. At the present time a full quan- 
tum chemical description of radical formation in a 
surrounding crystal environment is not feasible. We 
have shown that molecular mechanics can give an 
adequate description of the steric interactions en- 
countered upon radical formation. Unfortunately, 
molecular mechanics cannot give a complete de- 
scription of the radical formation due to a poor 

representation of the radical structure. Therefore, 
we will extend our calculations by using a combi- 
nation of both quantum chemical calculations and 
molecular mechanics to obtain a better insight into 
radical formation in molecular crystals. For this 
purpose, we will use the QUEST program [ 131 (part 
of the AMBER package). In this program, the total 
structure can be divided into a quantum chemical 
part (the radical) and a molecular mechanics or 
dynamics part (the crystal surroundings of the rad- 
ical), and the optimization of the geometries of both 
parts is done simultaneously with mutual influence. 
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