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Theoretical study on the reaction mechanism of GeCl3CH2CH2COOH 1 H2O
! GeCl2OHCH2CH2COOH 1 HCl

Y.Z. Fang, W.Y. Ma*, J. Zhang, J.H. Zhou and C. Lu

Department of Chemical Engineering, Shandong Institute of Light Industry, Jinan, P.R. China

(Received 9 July 2007; final version received 24 November 2007)

The mechanism and dynamical properties for the title reaction have been investigated theoretically. Three reaction

pathways have been found. Geometries, vibrational frequencies, infra-red (IR) intensities and relative energies for

various stationary points in the three reaction channels have been determined respectively. The corresponding rate

constants at the B3LYP/6-31þþG(2d,2p) level have been deduced over a wide temperature range of 200–2000 K by

using canonical variational transition state theory with small curvature tunnelling effect. Solvent effects are taken into

account via the Onsager model of self-constant reaction field at the same level of theory. This preliminary study shows

that the complex formation is favoured by the use of water solvent.

Keywords: 3-trichlorogermyl-propanoic acid; hydrolysation reation; DFT; canonical variational transition state theory;

solvent effect

1. Introduction

Organic germanium compounds exhibit excellent

characteristics as biological response modifiers [1]. For

example, they are active in inducing interferon; they can

activate macrophage or Natural killer (NK) cells and

have antitumour activities based thereon. In addition,

since these compounds exhibit desirable pharmaceutical

activities, such as abilities to control enkephalin-

degrading enzymes, to improve Ca metabolism, and to

have a low level of toxicity, it is thought that they can be

employed as useful pharmaceuticals.

In recent years, there has been a growing interest

[2–5] in the organic germanium for its biologic activity.

For instance, organic germanium has been used clinically

in many parts of the world to treat a wide spectrum of

illnesses, especially the known organogermanium

compound of carboxyethylgermanium sesquioxide and

generally called Ge-132 [6] synthesised by Asai’s group

in 1967, which now has attracted the attention of many

researchers. This synthesised organogermanium com-

pound with immunomodulaing activities was shown to

be an inducer of anti-suppressor T cells in normal mice

[7]. The syntheses, characterisation and properties of a

series of organogermanium structures (cyclic or linear)

containing selenium, with similar structure to Ge-132,

have been reported [8]. Along with the increasing interest

of Ge-132, the elucidation of its synthetic mechanism has

received more attention; however, no theoretical study

has yet been found.

We have initiated a systematic and theoretical study

of the application of ab initio electronic calculations

combined with the variational transition state (TS) theory

for the reactions of Ge-132. The synthesis of Ge-132

proceeds via two steps: the addition reaction and the

hydrolysation reaction. The step of addition reaction has

been examined in our previous study. Our objective in

embarking on the present work was to make a systematic

theoretical survey of the hydrolysed reaction mechanism

of 3-(trichlorogermyl) propanoic acid. This work is now

completed by quantum chemical calculations. Geo-

metries, energies, vibrational frequencies of reactants,

products and TSs are obtained, and the theoretical rate

constants are also calculated, and we hope these results

will be valuable for better understanding the reaction

mechanism of the Ge-132 system and the synthesis of

Ge-132 derivatives.

2. Computational methods

It is a well-known fact that the density functional theory

(DFT) methods achieve significantly greater accuracy

than Hartree–Fock theory at only a modest increase in

cost, and at a cost far less than Moller-plesset (MP2) for

medium-size and larger molecular systems. They do so

by including some of effects of electron correlation

much less expensively than traditional correlated

methods. The hybrid B3LYP [9,10] method of DFT has

proven to be superior to the traditional functionals defined
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so far. Therefore we selected the B3LYP as the leading

method in our investigation. But B3LYP without diffuse

functions is inadequate, for such a computing system

containing chlorin atom, and for germanium one probably

also needs two d functions. So we chose a basis as large as

the 6-31þþG(2d,2p) which includes polarisation and

diffuse functions on both hydrogen and larger atoms, and

this was also used for the energy calculations in solution in

order to include long-range interactions as efficiently as

possible.

The geometries of reactants, TSs, and products were

fully optimised at HF/6-31G(d), B3LYP/6-31G(d, p),

and B3LYP/6-31þþG(2d,2p) levels. The correspond-

ing harmonic vibrational frequencies were calculated at

the same level in order to verify whether the stationary

points were local minima or saddle points. The TSs

were verified to connect with the designated reactants

and products by performing intrinsic reaction coordinate

(IRC) analysis. At B3LYP/6-31þþG(2d,2p) level, the

minimum energy paths (MEP) have been obtained with

a gradient step size of 0.02 amu1/2 bohr in mass-

weighted Cartesian coordinates. The force constant

matrices of the stationary points and selected nonsta-

tionary points near the TSs along the MEP have been

also calculated in order to do the following kinetics

calculations. The single-point energy calculations for all

stationary points and the selected points along the MEPs

were performed at B3LYP/6-31þþG(2d,2p) level. The

initial optimised geometry for the complexes were

processed without the solvent effects. In a further step,

using the self-constant reaction field (SCRF)-Onsager

model [11], the optimisations were again performed to

determinate the subject properties of the stationary

points along the MEP in solution media at the same

level. All the calculations above were performed by

using the Gaussian 03 program suite [12], and parts of

them were carried out in Virtual Laboratory of

Computational Chemistry, Computer NetWork Infor-

mation Center, Chinese Academy of Sciences. Elec-

tronic structural information was further used to

compute the theoretical rate constants. The rate

constants and activation energies at various tempera-

tures were calculated by using the conventional TS

theory (TST) and canonical variational TST (CVT) in

the Polyrate 9.0 program [13]. The CVT was based on

varying the dividing surface along a reference path to

minimise the rate constant. Furthermore, the CVT rate

constants were corrected with the small curvature

tunnelling (SCT) transmission coefficient.

3. Results and discussion

3.1 Optimised geometries and frequencies

Geometric parameters for the part of reactants,

products, and the TSs in gas phase optimised at

B3LYP/6-31þþG(2d,2p) level are displayed in Figure

1. In order to facilitate the discussion, each stationary

point in this figure is labelled with a number. While the

minima are associated with numbers from 1a to 3a, the

TSs connecting two minima X and Y are defined by

TSX/Y.

In Figure 1, there are two isomers [2a,3a] of opti-

mised geometry for the equilibrium conformation of

GeCl2OHCH2CH2COOH, and three TSs [TS1/2a,

TS1/2b, TS1/3] for the title reaction. At B3LYP/

6-31þþG(2d,2p) level, between the two isomers, 2a is

slightly lower in energy than 3a, and the order of kinetic

stability of these three TSs is TS1/2b , TS1/2a , TS1/3

(Table 1). TS1/2b is 4.5 and 40.2 kJ/mol lower in energy

than TS1/2a and TS1/3, respectively. Table 1 shows

energies at different levels and relative energies at

B3LYP/6-31þþG(2d,2p) level of various species in the

reactions. It has been shown that it is important to use

large basis sets to obtain accurate energies, so we

selected B3LYP/6-31þþG(2d,2p) level as the leading

method in our calculations.

Frequency calculations are carried out for all

reactants, products, and TSs. Zero-point energies and

part of vibrational frequencies are listed in Table 2. In the

IR spectra of GeCl3CH2CH2COOH, the 427.5 cm21 of

GeZCl stretch is in agreement with the available

experimental values of 400 cm21. The modes corres-

ponding to the IR peaks of 1a, 2a and 3a with carbonyl

stretch, used to identify the CvO double bond, seem to

overestimate the higher frequencies; however, our scaled

frequencies are in reasonable agreement with the

experimental value of 1746 cm21. For TSs, the character

of the stationary points is confirmed by normal-mode

analysis, which yields one and only one imaginary

frequency (Table 2) whose eigenvector corresponds to

the direction of the reaction. On the other hand, all the

optimised stable structures have positive frequencies.

3.2 Pathway

In order to confirm the reaction mechanism and

characterise the nature of the TSs, the IRC calculations

were performed using the B3LYP/6-31þþG(2d,2p)

method. The title reaction involves three possible

reaction pathways: 1a þ 1b ! TS1/2a ! 2a þ 2b, 1a þ

1b ! TS1/2b ! 2a þ 2b, 1a þ 1b ! TS1/3 ! 3a þ 2b,

respectively. Vibrational analysis and IRC calculations

indicate that both TS1/2a and TS1/2b connect the

reactants of 1a þ 1b and the products of 2a þ 2b, and

TS1/3 connects the reactants of 1a þ 1b and the products

of 3a þ 2b. The overall profile of the potential energy

surface is presented in Figure 2. TSs of TS1/2a and

TS1/2b, for the reaction of 1a þ 1b ! 2a þ 2b, were

located. At B3LYP/6-31þ þG(2d,2p) level the negative
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eigenvalue of the Hessian matrix corresponds to

imaginary frequencies of 155.4i cm21 and 146.8i cm21,

respectively. With analysis of the normal mode

associated with the imaginary frequency, it is clear that

the largest displacements are for H in 1b and Cl in 1a,

which move together to form the new HZCl bond. We

also obtained the TS of TS1/3 for the reaction of

1a þ 1b ! 3a þ 2b.

The changes of the bond lengths along the three

reaction pathways are plotted in Figure 3. From Figure 3,

we can see that the distances of the bond GeZCl and HZO,

which will be broken, increase by 30.24%, 29.34%,

30.22% and 9.60%, 9.18%, 12.02% with respect to the

equilibrium bond distances of 1a and 1b; The distances of

GeZO and HZCl, which will be formed, are 1.0957,

1.0961, 1.1105 and 1.3905, 1.4002, 1.3400 times,

respectively, as large as the equilibrium bond distances in

the molecule of 2a and 2b.

3.3 Rate constants

The CVT with a SCT effect correction, which has been

successfully performed for several reactions [14–17], is

an effective method to calculate the rate constants. In

this paper, we have used this method to study the title

reaction over a wide temperature range 200–2000 K.

In order to calculate the rate constants, 30 points near

the TSs along the MEP were selected, and we have

chosen the energies computed at the B3LYP/6-

31 þ þG(2d,2p) level.

Figure 1. The optimised B3LYP/6-31 þ þG(2d,2p) geometrical parameters for the stationary points on the potential energy surface.
The distances are in angstroms, the angles are in degrees.
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The classical potential energy (VMEP), ground-state

vibrationally adiabatic energy (VG
a ), and zero-point

energy as functions of s (amu)1/2 bohr are plotted

in Figure 4. In Figure 4(b), the curves VG
a look slightly

different from the curves VMEP in shape, which implies

that the variational effect may be significant on the

calculations of the rate constants of the reaction channels

1a þ 1b ! TS1/2b ! 2a þ 2b. In Figure 4(a) and 4(c),

the shapes of the curve VG
a and VMEP are very similar to

the reaction channel 1a þ 1b ! TS1/2a ! 2a þ 2b and

1a þ 1b ! TS1/3 ! 3a þ 2b, which implies that the

variational effect on the calculations of the rate constants

is not significant.

Calculated rate constants for the three reaction

channels are summarised in Table 3. As shown in Table 3,

the CVT and CVT/SCT rate constants are close to each
other in the lower temperature range, and deviate

substantially in the higher temperature range. The total
rate constant is obtained from the sum of the individual

rate constants associated with the three reaction

channels. The corresponding Arrhenius plots for the
theoretical rate constants and the temperature depen-

dence of the k1/k, k2/k and k3/k branching ratios are

shown in Figure 5. In Figure 5(b), the theoretical
branching ratios of k2/k are about 0.607–0.879 in the

temperature region 300–2000 K, which suggest that the
title reaction proceeds predominantly via 1a þ 1b !

TS1/2b ! 2a þ 2b over the whole temperature range,

and that the contribution of 1a þ 1b ! TS1/2a ! 2
a þ 2b to the total rate constant is considerably less.

Table 1. Energies (E) and relative energies (Erel) of various species in the title reaction at different levels.

E (a.u.)

Species HF/6-31G(d) B3LYP/6-31G(d,p) B3LYP/6-31þþG(2d,2p)
Erel

kJ mol21

1a þ 1b 23794.1285 23799.9489 23800.2281 0
TS1/3 23794.0752 23799.9196 23800.1855 111.9259
TS1/2b 23794.9393 23799.9343 23800.1991 76.2541
TS1/2a 23794.0954 23799.9357 23800.2008 71.7256
2a þ 2b 23794.1228 23799.9466 23800.2192 23.6071
3a þ 2b 23794.123 23799.9468 23800.2191 23.7216

Table 2. Harmonic vibrational frequencies and zero-point energies at B3LYP/6-311G (d, p) level.

Species Vibrational frequencies (cm21) and IR intensity (km/mol) (in parentheses) ZPE (kJ mol21)

H2O 1627.4 3925.6 3814.3 56.0283834
(1b) (78.3) (56.5) (6.1)
GeCl3CH2CH2COOH 1813.5 1144.5 427.5 3756.4 420.6 1401.3 1218.6 223.39151835
(1a) (282.3) (233.9) (96.4) (81.1) (81.0) (73.5) (73.1)
TS1/3 2215.2 2020.1 1017.9 1809.9 1144.4 766.2 1363.8 282.01128012

(31.8) (873.2) (483.4) (286.7) (274.8) (166.9) (260.1)
TS1/2a 2155.4 2328.3 1814.5 1341 1144.5 432.6 745.2 284.43725136

(25.6) (897.6) (282.3) (244.9) (235.3) (151.1) (184.9)
TS1/2b 2146.8 2382.4 1032.9 1809.5 1371.5 428.6 769.2 285.08312682

(27.3) (873.2) (300.7) (282.8) (263.6) (211.5) (172.4)
HCl 2924.1 17.49114762
(2b) (36.1)
GeCl2OHCH2CH2COOH 1813.0 1144.3 418.9 733.3 3856.9 3735.0 1223.4 255.9236241
(2a) (282.9) (232.1) (115.4) (91.4) (89.0) (76.8) (70.8)
GeCl2OHCH2CH2COOH2 1813.6 1144.4 411.9 3857.2 733.9 243.3 1222.6 255.88483011
(3a) (287.3) (233.0) (100.3) (92.8) (91.8) (87.7) (72.5)

Figure 2. Overall profile of the potential energy surface for
title reaction obtained in B3LYP/6-31 þ þG(2d,2p)
calculations (dotted line connects stationary points for the
whole state).
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Figure 3. Changes of the bond lengths along the three reaction
channels plotted vs. the reaction coordinate at the B3LYP/
6-31 þ þG(2d,2p) level. The transition state is at S ¼ 0. (a)
The 1a þ 1b ! TS1/2a ! 2a þ 2b reaction channel; (b) the
1a þ 1b ! TS1/2b ! 2a þ 2b reaction channel; (c) the
1a þ 1b ! TS1/3 ! 3a þ 2b reaction channel.

Figure 4. Classical potential energy curve (VMEP), ground-
state vibrationally adiabatic energy curve (VG

a ), and zero-
point energy curve (ZPE) as functions of s (amu)1/2 bohr at
the B3LYP/6-31 þ þG(2d,2p) level. (a) The 1a þ 1b ! TS1/
2a ! 2a þ 2b reaction channel; (b) the 1a þ 1b ! TS1/
2b ! 2a þ 2b reaction channel; (c) the 1a þ 1b ! TS1/
3 ! 3a þ 2b reaction channel.
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3.4 Solvent effects

The synthetic work of organic germanium compounds is

usually carried out in solvents. In this paper, the solvent

effect is taken into account via the SCRF. SCRF

approachs differ in how they define the cavity and the

reaction field. We choose the Onsager reaction field

model (SCRF ¼ dipole). The solute is assumed to

occupy a spherical cavity of radius a0 in the solvent.

The permanent dipole of the solute will induce a dipole

(reaction field) in the surrounding medium, which in turn

will interact with the molecular dipole leading to

stabilisation. In order to obtain more accurate results,

we selected the theory level of B3LYP/6-31þþG(2d,2p)

[18] and the solvent of water.

The total energies, relative energies and dipole

moments are shown in Table 4. We compare the stability

of the structures in the gas phase and the water solvent,

which shows that the polarity of the solvent enhances

the stability of structures in the title reaction, and that the

dipole moments are increased with the increase in the

dielectric constant of the water solvent. As shown in

Table 4, in the gas phase, TS1/2b is 4.5284 kJ/mol lower

in energy than TS1/2a the title reaction will proceed

predominantly via TS1/2b leading to the formation of

products. In the solvent of water, TS1/2a is 1.4555 kJ/mol

slightly lower in energy than TS1/2b and it was found

that the reaction pathway of 1a þ 1b ! TS1/2a ! 2

a þ 2b is primary for the title reaction in the water

solvent. We can also see that the stability of all structures

in gas phase is lower than in water solvent.

Table 3. Calculated forward rate constants (in cm3 molecule21 s21) for the three reaction channels.

1a þ 1b ! TS1/2a ! 2a þ 2b 1a þ 1b ! TS1/2b ! 2a þ 2b 1a þ 1b ! TS1/3 ! 2a þ 2b

T(K) CVT CVT/SCT CVT CVT/SCT CVT CVT/SCT

200 1.66 £ 10236 1.69 £ 10236 2.98 £ 10235 3.13 £ 10235 4.99 £ 10245 5.17 £ 10245

300 1.76 £ 10229 1.77 £ 10229 1.26 £ 10228 1.28 £ 10228 4.44 £ 10235 4.49 £ 10235

350 1.85 £ 10227 1.51 £ 10227 1.10 £ 10226 1.01 £ 10226 3.21 £ 10232 3.23 £ 10232

400 6.01 £ 10226 5.04 £ 10226 2.99 £ 10225 2.77 £ 10225 4.59 £ 10230 4.61 £ 10230

450 9.22 £ 10225 7.87 £ 10225 3.99 £ 10224 3.72 £ 10224 2.24 £ 10228 2.24 £ 10228

500 8.37 £ 10224 7.25 £ 10224 3.24 £ 10223 3.04 £ 10223 5.11 £ 10227 5.12 £ 10227

550 5.18 £ 10223 4.54 £ 10223 1.83 £ 10222 1.73 £ 10222 6.75 £ 10226 6.75 £ 10226

600 2.41 £ 10222 2.13 £ 10222 7.90 £ 10222 7.48 £ 10222 5.91 £ 10225 5.90 £ 10225

700 2.82 £ 10221 2.53 £ 10221 8.19 £ 10221 7.81 £ 10221 1.86 £ 10223 1.86 £ 10223

800 1.87 £ 10220 1.70 £ 10220 4.96 £ 10220 4.76 £ 10220 2.60 £ 10222 2.60 £ 10222

900 8.46 £ 10220 7.77 £ 10220 2.10 £ 10219 2.02 £ 10219 2.01 £ 10221 1.87 £ 10221

1000 2.93 £ 10219 2.71 £ 10219 6.87 £ 10219 6.63 £ 10219 1.10 £ 10220 1.03 £ 10220

1200 2.03 £ 10218 1.90 £ 10218 4.38 £ 10218 4.26 £ 10218 1.52 £ 10219 1.44 £ 10219

1400 8.76 £ 10218 8.27 £ 10218 1.78 £ 10217 1.73 £ 10217 1.07 £ 10218 1.02 £ 10218

1600 2.77 £ 10217 2.64 £ 10217 5.37 £ 10217 5.25 £ 10217 4.93 £ 10218 4.71 £ 10218

1800 7.11 £ 10217 6.80 £ 10217 1.33 £ 10216 1.30 £ 10216 1.69 £ 10217 1.62 £ 10217

2000 1.57 £ 10216 1.50 £ 10216 2.84 £ 10216 2.79 £ 10216 4.69 £ 10217 4.52 £ 10217

Figure 5. (a) Plot of the calculated individual rate constants
k1, k2, k3, and the total rate constants k versus 1000/T between
300 and 2000 K. (b) Calculated branching ratio versus 1000/T
between 300 and 2000 K.
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4. Conclusions

In the gas phase, we have thoroughly explored the title

reaction by DFT method at B3LYP/6-31þþG(2d,2p)

level and by the method of the CVT with the SCT effect.

The systematic calculations in this study can qualitat-

ively explain the complicated behaviour of the whole

reaction. Both the reaction mechanism and the rate

constants are reported over the temperature range of

200–2000 K. The dynamic calculations show that the

title reaction proceeds dominantly via TS1/2b leading to

the formation of products over the whole temperature

range in gas phase. Because there are no experimental

measurements on the title reaction, some theoretical

predictions of rate constants in various temperature may

be very useful.

It is noteworthy that the kinetic stability of the three

TSs is changed at the B3LYP/6-31þþG(2d,2p) level of

theory in gas phase and in water solvent. For the two

phase of gas and water solvent, the dominating reaction

pathway will change from 1a þ 1b ! TS1/2b ! 2a þ 2

b to 1a þ 1b ! TS1/2a ! 2a þ 2b.
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