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Pseudospectral Hartree-Fock(PSHF) gradient calculations with 6-31G** basis set have been carried out to determine 

the structure of D-Asparagine molecule (C4N2O3HQ with improved grids and with the BFGS method. The modified 

PSHF method, despite partial optimization of the gradient code, turned out to be still faster than the conventional 

ab initio method, GAUSSIAN 90 program by more than twice. The optimum geometry of D-Asparagine obtained 

by the PSHF method is in good agreement with those calculated by the GAUSSIAN 90 program (within 0.0036 A 

for bond lengths, 0.8 degrees for bond angles, and 1.6 degrees for torsional angles) except for three torsional angles. 

Here, rather large discrepancy of these three torsional angles (5-6 degrees) is attributed to the small differences 

in the optimum bond lengths and angles between the PSHF and GAUSSIAN 90 calculations.

Introduction

As is well known, the Hartree-Fock (HF) Quantum me

chanical theory has played an important role in the descrip

tion of chemical and physical properties with reasonable ac

curacy. However, the HF calculations require large amounts 

of computation time as the number of basis functions(N) in

creases. Typically, the formal CPU time is proportional to 

N4, so that it would be impractical to perform HF calculations 

for large molecules. Recently, Friesner^ group has developed 

the Pseudospectral HF (PSHF) method1'6 which utilizes both 

a physical spa鮮 grid and a basis set in the evaluation of 

two-electron integrals and energy iterations. The PSHF me

thod scales as N3 (in practice N2 by the use of cutoffs on 

local functions) rather than N4. An order of magnitude im

provements in CPU time on a 20 atom HF test case (gluta

mine) have been achieved6 as compared to the GAUSSIAN88 

computation. The Pseudospectral approach has been success

fully extended7 to the Generalized Valence Bond (GVB)8 

wave function. Also, analytic first derivatives of the HF en

ergy has been applied in order to determine the structures 

of several small molecules9 where both total energies and 

equilibrium geometries are in good agreement with those 

obtained from conventional ab initio calculations. Because 

of significant reduction of CPU time, the PSHF gradient me

thod has a great potential to predict molecular structures 

for large compounds such as biologically important molecules 

and transition metal complexes. In this paper, we will report 

the result of the PSHF gradient computation for a medium

size molecule with an improved grid representation as an 

intermediate step for structure determinations of large-size 

molecules.

Theoretical Overview

We briefly describe the analytical PSHF gradient method 

since the detailed derivation was shown in the previous pa

per9. The two-electron integral part (电)of the Hartree-Fock 

energy can be expressed as
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where P is the density matrix given by
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and (gv|An) is the 2-electron integrals defined by
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The PSHF method utilizes a grid expression of /th molecular 

orbitals

俨@)=0(為心成)=缪；1(為 ⑷

and 3-center 1-electron integrals
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Here, g represents a grid point in the physical space, and 

R is the matrix of basis functions augmented with dialiasing 

functions evaluated at the grid point. Since we evaluate 1- 

electron (3-center) integrals for 훈he 2-electroin integrals, CPU 

time by the PSHF method is significantly saved. Then, Eqn. 

(1) may be written by

pv g Ao

-写QAg) 2 Fy°(g)成如 ⑹

where Q is the least square operator given by

Q=Pr SLR+wRYlR+w (7)

In Eqn. (7), w is a diagonal matrix of grid weights, S is 

an overlap matrix between basis functions and basis set aug

mented with dialiasing set, and Pr operator projects out the 

dealiasing functions.

The derivative of Eqn. (1) in terms of a nuclear coordinate, 

X can be expressed as

愚疔쁘 = X 弘农业-Q쓰 R" 闷 ")] ⑻

Similar to Eqn. (6), the derivative can be written in terms 

of grid point, i.e.t from Eqns. (4) and (5) and the usage of 

permutational symmetry of the 2-electron integrals, Eqn. (8) 

may be given by

2 2RvF시:2(花이 &) - (]F시'p)] =

2琮z [2。繼)y pq材妙应) ⑼
pv g To

where

Q*=Pr S시*(10)

In Eqn. (10), Sx is the analytical overlap integrals between 

basis set augmented with dealiasing set and first derivatives 

of basis functions. Again, the first derivative of 2-electron 

integrals is rewritten by the 1-electron (3-center) integrals

Table 1. Comparison of Optimized Molecular Geometries: As

paragine Bond Lengths®

PSHF(P) GAUSSIAN 90 Error(G-P)

OLDGRID NEWGRID (G) OLDGRID NEWGRID

O1-C2 1.1874 1.1881 1.1885 0.0011 0.0004

C2-O6 1.3285 1.3277 1.3281 -.0004 ,0004

Og-Hio 0.9486 0.9484 0.9483 -.0003 -.0001

C2-C3 1.5240 1.5216 1.5236 -.0004 ,0020

Cg-Ng 1.4408 1.4412 1.4445 .0037 .0033

N8-Hh 1.0006 1.0002 1.0002 -.0004 .0000

n8-h12 1.0010 1.0017 1.0016 .0006 -.0001

C3-H13 1.0839 1.0835 1.0844 .0005 .0009

C3-C4 1.5301 1.5290 1.5328 -.0003 -.0002

C4-Hu 1.0856 1.0860 1.0864 .0010 .0004

C4-H15 1.0839 1.0846 1.0846 .0007 .0000

C4-C5 1.5177 1.5169 1.5200 .0023 .0031

C5-O7 1.1990 1.1988 1.1987 -.0003 -.0001

C5-N9 1.3466 1.3482 1.3518 .0042 .0036

N9-H16 0.9907 0.9906 0.9907 .0000 .0001

N9-Hl7 0.9939 0.9937 0.9937 -.0002 .0000

units. Atom numbering Scheme is 아｝own in Figure 1.

resulting in significant time saving.

Computational Method

The analytic PSHF gradient method was used to optimize 

the geometry of a D-Asparagine molecule (NH2COCH2CHNH 

2COOH) with 6-31G** basis set (totally 175 basis functions). 

Standard grids (we call these grids as OLDGRID) and dealia

sing functions were used here. We have also modified atomic 

grids (we call these grids as NEWGRID) in the fine grids 

to obtain more accurate energy and geometry. Note that our 

grids consist of three parts, coarse, medium, and fine grids. 

The number of fine grids in NEWGRID is ~1300 points 

per atom while that in OLDGRID is ~900 points an atom.

We have changed the iteration Scheme in the total energy 

calculation. As in our previous papers, the fine grid옹 were 

used only once in the SCF (Self Consistent Field) iterations. 

However the fine grids were used at the first iteration rather 

than at the latter iteration. This is because correct M. 0. 

Coefficients obtained from the previous optimization cycle 

were ought to be input as an initial guess for the next cycle. 

Typically, the number of the SCF iterations becomes 2 to 

4 iterations near and at the optimum geometry.

In the geometry optimization, we have employed the BFGS 

Scheme10 which numerically updates force constants (Hes

sian). In our BFGS code, internal force constants were upda

ted rather than Cartesian force constants. Both the BFGS 

and Pulays's force relaxation11 (FR) methods were used for 

the present calculations depending on initial (FR method) 

or near final (BFGS method) optimizations. The optimization 

was terminated when all internal forces became less than 

0.001 mdyn. The GAUSSIAN 90 calculations were also car

ried out to optimize the Asparagine molecule, and the result 

was compared to that obtained by the PSHF calculations. 

Both PSHF and GAUSSIAN 90 calc니ations were performed
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PSHF(P) GAUSSIAN 90 Error(G-P)
Angle

OLDGRID NEWGRID (G) OLDGRID NEWGRID

Table 2. Comparison of Optimized Molec니ar Geometries: D- 

Asparagine Bond Angles and Torsional Angles®

Bend

O1-C2-C3 123.9 124.2 124.6 0.7 0.4

Cz-Og-Hio 108.5 108.5 108.6 0.1 0.1

C6-C2-C3 113.9 113.5 113.1 -0.8 -0.4

C2-C3-N8 112.0 112.4 112 쇼 0.4 0.0

Ca-Ng-Hn 110.1 110.1 110.1 0.0 0.0

C3-N8-H12 111.1 111.0 110.7 -0.4 —0.3

Cg-Cs-Hn 105.7 105.7 106.2 0.5 0.5

C2-O3-C4 113.2 112.6 112.1 -1.1 -0.5

C3-C4-H14 111.9 111.5 111.4 -0.5 -0.1

C3-C4-H15 106.9 107.1 106.9 0.0 -0.2

C3-C4-C5 111.3 112.3 113.1 1.8 0.8

C4-C5-O7 121.4 121.8 121.9 0.5 0.1

c4-c5-n9 116.1 115.5 115.6 -0.5 0.1

C5-N9-H16 121.9 121.9 122.1 0.2 0.2

C5-N9-H17 117.7 117.7 117.6 -01 -0.1

Torsion

Oi-Cz-Og-Hio -2.7 -2.5 一 2.3 0.4 0.2

C3-C2-O6-H10 176.5 176.5 177.0 0.5 0.5

O1-C2-C3-N8 -22.0 -18.6 -13.4 8.6 5.2

C2-C3-N8-H11 62.3 59.0 60.2 —2.1 1.2

C2-C3-N8-H12 -55.1 -58.3 -56.7 -1.6 1.6

O1-C2-C3-H13 95.9 99.5 105.1 9.2 5.6

O1-C2-C3-C4 -148.3 -144.5 -138.7 9.6 5.8

N8-C3-C4-H14 — 80.6 -79.6 -80.0 0.6 -0.4

N8-C3-C4-H15 37.1 37.6 36.9 — 0.2 -0.7

N8-C3-C4-C5 153.4 154.4 153.7 03 —0.7

C3-C4-C5-O7 144.1 148.7 148.9 4.8 0.2

C3-C4-C5-N9 —38.6 -34.9 -35.2 -3.4 03

C4-C5-N9-H16 -13.4 — 13.8 -13.8 0.4 0.0

C4-C5-N9-H17 -177.3 -177.7 一 178.4 1.1 0.7

a Degree units. Atom numbering Scheme is shown in Figure 1.

Figure 1. D-Asparagine.

Table 3. Comparison of Optimized Molecular Geometries: D- 

Asparagine Torsional Angles0

Angle
PSHF(P) 

NEWGRID

GAUSSIAN 90 

(G)

Error(G-P)

NEWGRID

Oi-Cj-Og-Hio -2.5 -2.3 0.2

Ca-Cz-Og-Hio 177.0 177.0 0.0

O1-C2-C3-N8 -13.6 一13쇼 0.2

C2-C3-N8-H11 60.5 60.2 -0.3

C2-C3-N8-H12 -56.8 -56.7 0.1

O1-C2-C3-H13 105.0 105.1 0.1

O1-C2-C3-C4 -139.0 -138.7 0.3

N8-C3-C4-H14 -80.0 -80.0 0.0

N8-C3-C4-H15 36.9 36.9 0.0

Na-Cg-C^Cs 153.8 153.7 -0.1

C3-C4-C5-O7 148.5 148.9 0.4

C3-C4-C5-N9 -35.1 -35.2 -0.1

C4-C5-N9-H16 -13.8 -13.8 0.0

C4-C5-N9-H17 -178.1 -178.4 —0.3

on the Cray Y-MP supercomputer.

Results and Discussion

Table 1 and 2 shows the internal coordinates of the D- 

Asparagine m이ecule optimized by the PSHF gradient me

thod with the standard grids (OLDGRID) and the new grids 

(NEWGRID), and those obtained by 나】e GAUSSIAN 90 pro

gram. The largest differences of the bond lengths, bond ang

les, and torsional angles between GAUSSIAN 90 calculations 

and PSHF computations with the OLDGRID are 0.0042 A 

(C5-N9), 1.8 degrees (C3-C4-C5), and 9.6 degrees (O1-C2-C3-C4). 

respectively (atom numbers are shown in Figure 1). The 

bond lengths and bond angles are already in good agreement 

between the PSHF and GAUSSIAN 90 programs while some 

of the torsional angles are in poor agreement between these 

two results. Presumably, OLDGRID is not good enough to 

reproduce the geometry of D-Asparagine molecule optimized 

by GAUSSIAN 90, especially some torsional angles. In order 

a Degree units. Atom numbering Scheme is shown in Figure 1. 

Boind lengths and angles were fixed to GAUSSIAN 90 optimum 

geometry.

to reduce the descrepancy, we have carried out the geometry 

optimization by the PSHF method with NEWGRID. The opti

mum geometry with NEWGRID is also shown in Tables 1 

and 2, the largest differences between the GAUSSIAN 90 

and 나le PSHF methods with NEWGRID are now 0.0036 A 

for C5-N9 bod length, 0.8 degrees for C3-C4-C5 bond angle, 

and 5.8 degrees for O1-C2-C3-C4 torsional angle, respectively. 

Apparently, the PSHF optjmum geometry with NEWGRID 

became closer to the GAUSSIAN optimum .geometry. How

ever, the Pseudospectral errors for some torsional angles 

(O1C2C3C4, O1C2C3H13, and O1C2C3NQ were still large (5-6 de

grees). Except for these 3 torsional angles, the largest error 

is 1.6 degrees。太犯出以).We have examined if rather large 

errors of these three torsional angles would come from the
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Table 4. Total Energies and CPU Time of D-Asparagine

Total energy 

(Hartrees)

CPU time11 

(seconds)

PSHF(P)

OLDGRID -489.673738 351

NEWGRID -489.674143 447

GAUSSIAN 90(G) -489.674202 990

Error(P-G)

OLDGRID -0.000464 —

NEWGRID -0.000059 —

“CPU time for both total energy and energy gradient calculations.

Grid for H

Table 5. Fine Grids for NEWGRI*

Region 1 2 3 4 5

Regmx 0.400 1.173 3.200 4.765 8.000

N 4 3 5 3 4

Rlmx 0.600 4.500 8.000

L 9 28 4

Grid for C

Region 1 2 3 4 5

Regmx 0.400 1.173 3.200 4.765 8.000

N 9 4 5 3 4

Rlmx 0.600 4.500 8.000

L 9 28 3

Grid for N

Region 1 2 3 4 5

Regmx 0.403 1.173 3.200 4.765 8.000

N 15 3 5 3 4

Rlmx 0.200 0.600 4.500 8.000

L 4 8 27 3

Grid for O

Region 1 2 3 4 5

Regmx 0.403 1.173 3.200 4.765 8.000

N 14 4 5 3 4

Rlmx 0.200 0.600 4.500 8.000

L 4 8 28 4

11 See text for the definition of parameters.

small differences of bond lengths and angles. In order to 

test this assumption, we optimized these three torsional an

gles by the PSHF method with NEWGRID while we kept 

the other 42 internal coordinates fixed to the corresponding 

optimum GAUSSIAN 90 coordinates. All 사lese three opti

mized torsional angles agreed to the corresponding GAUS

SIAN 90 geometries within 0.3 degrees. Furthermore, we 

optimized all 14 torsional angles with all the bond lengths 

and angles fixed to the corresponding GAUSSIAN 90 internal 

coordinates. Again, the Pseudospectral error of 14 torsional 

angles turned out to be very small, at most 0.4 degree 옵 as 

shown in Table 3. This suggests that small differences in 

bond lengths and angles do cause rather large errors in the 

torsional angles because of the small torsional force consta

nts. The calculated equilibrium geometry of D-Asparagine 

m이ecule should help experiment이ists identify the structure 

more easily.

Table 4 shows total energies of the asparagine molecule 

obtained by the GAUSSIAN 90 program and by 난le PSHF 

gradient program with both OLDGRID and NEWGRID. The 

PSHF energy with NEWGRID turned out to be slightly bet

ter than that with OLDGRID although the latter energy is 

already close to the GAUSSIAN 90 energy.

The CPU time for one optimization cycle is also listed 

in Table 4. Despite the fact that the current code is subopti- 

mal, the PSHF gradient calculation with NEWGRID is still 

faster than the GAUSSIAN 90 computation by more than 

twice. The PSHF method with OLDGRID may be inferior 

in prediction of optimum geometries to that with NEWGRID. 

However, it can be used to calculate intermediate geometries 

and force constants with less CPU time. Therefore, the PSHF 

gradient method with the use of both OLDGRID and NEWG

RID will save the CPU time significantly during entire geo

metry optimization cycles compared to conventional imple

mentations.

The details of fine grids for NEWGRID is listed in Table

5. Here, Regmx® is the outer boundary (in bohr, measui■은d 

from nucleus) of radial region it NQ) the number of radial 

shells to be used in the radial region i, Rlmx(/) the outer 

boundary for radial region j (but different from Regmx), and 

L(j) sets the number of grid points on the radial region 

The grid points (discovered by Lebedev) have octahedral 

symmetry and range in size up to 302 points6. Compared 

to OLDGRID, NEWGRID has two main differences, (i) more 

grid points (larger L) are included in bonding region (0.6- 

4.5 bohr) and (ii) N(T) of C atom is increased from 4 to 

9 radial shells. It is generally true to use more grid points 

in order to obtain accurate molecular geometries, but more 

balanced grid selection is also necessary.

Conclusion

We have 아iown that the PSHF method is capable of yield

ing equilibrium geometry and total energy for a medium-size 

molecule, D-Asparagine with use of new grids and with more 

standardized option such as updating force constants. Howe

ver, determination of some torsional angles turned out to 

be rather difficult because they are very sensitive to small 

differences of the optimum bond lengths and angles between 

the PSHF and GAUSSIAN 90 methods. We also showed sig

nificant time saving in geometry optimizations by the use 

of PSHF gradient method compared to GAUSSIAN 90 pro

gram. More work will be done to improve both accuracy 

and speed in geometry optimization Scheme by elaborating 

grids and dealiasing functioins, and by optimizing the gra

dient code.
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Epoxidation of olefins catalyzed by iron-tetraarylporphyrins were studied to see the shape selectivity in the competing 

reaction between cis- and trans- or internal and external olefins. Cis-olefins were more reactive than trans-olefins 

in the competing reaction between cis- and ^rans-olefins. Interestingly, in the epoxidation of as-g-methystyrene by 

얘邱 atropisomer of Fe(III)TNPPPCl and iodosylbenzene, 27% of total product was phenylacetone. The unusually 

large amount of phenylacetone may be produced by hydride rearrangement of carbocationic intermediate. Regioselecti

vity of the reaction was also studied by using the most 아erically hindered Fe(III)TTPPPCL In the epoxidation 

of limonene with Fe(III)TTPPPCl, the disubstituted double bond was more reactive than trisubstituted double bond. 

This is in contrast to the results obtained with other iron-tetraarylporphyrins. Similar trend was also observed in 

the competing reaction between mono- and di-substituted olefins.

Introduction

Epoxidation of olefins catalyzed by metal complex has 

been extensively studied recently because of the versatility 

of epoxides as useful intermediates in the organic synthesis.1 

Stereo- and regioselective transformation of olefins by discri

minating the substrates based on size and shape typical of 

enzymatic reaction are one of the main objects in the reac

tion. For example, a chiral epoxide can be obtained by opti

mizing the steric and electronic effect of a metal ligand.2 

The substrates for high enantioselectivities in the epoxida

tions are, however, limited to only olefins with certain functi- 

nal groups such as allylic alcohol.

Metalloporphyrins have been used as effective catalysts 

for the oxidation of hydrocarbons with various oxidants in 

analogy to cytochrome P-450 catalyzed epoxidation reactiowF 

Shape selective oxygenations of hydrocarbons were attemp

ted in some cases to mimic the enzyme.4 High valent metal- 

oxo complexes have been usually proposed as an active oxi

dant in the reaction.

Iron ^porphyrins catalyze the oxygen transfer from iodosyl

benzene to olefins.5 Epoxides are produced as a major pro

duct in the reaction along with some other compounds such 

as allylic alcohols, aldehydes and ketones. The active oxidant 

is believed to be an oxo-iron(IV) porphyrin cation radical 

complex analogous to compound I of horse radish peroxid

ase.6 A great deal of wo호k has been reported regarding the 

mechanism of the oxygen atom transfer from the oxo-iron 

complex to olefins.7 Substrate selectivities observed in the 

epoxidation reaction often contribute to the elucidation of 

the mechanism.

In has been reported that olefins under different steric 

and electronic environments give different reactivities in the 

iron porphyrin catalyzed epoxidation.56 The reactivity differe

nce of olefins tinder given conditions are known to be depen

dent upon the structure of iron porphyrins.

We report here the shape selective epoxidation of olefins 

catalyzed by sterically hindered iron porphyrins such as 

agag isomer of chloro[5,10,15,20-tetra[o-(p-nitrophenyl) 

phenyl] porphyrinato] iron(III) LFe(III)TNPPPCl] (Figure 

1) and chloro[5,10,15,20-tetra[2,4,6-triphenylphenyl]porphy- 

rinato] iron(III) [Fe(III)TTPPPCl] (Figure 2). We have 

found that a large amount of phenylacetone was unexpecte

dly produced in the epoxidation of os-P-methylstyrene catal

yzed by ctBaB Fe(III)TNPPPCl, which might give a clue 

for the mechanism of iron-porphyrin catalyzed epoxidation.


