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Abstract
Quantum Mechanics (QM) calculations bascd on Hiutree-Fock (HF) and the Density Functional

Thcory (DFT) havc been caried our fbr an asymmetric phosphine ligand pF, pCH2 CH2 pMe2 1.r.
This ligand was employed as a promoter of the rhodium catalyzed mcthanol carbonylation. A rhodium
cation 1.2 are calculated. Contplexcs 1.3 and 1,4 arc also invcstigated on electronic propcrties 10 specity
the most stable structure. A comparison between lhe various methods indicatcd that DFT with LANL2DZ
basis set is the appropriate method fbr such structures.

By the consideration of rhe B3LYP/LANL2DZ calculated energies, complex 1.3 is more stablc
than complex 1.4. It can notices rhat the stereochemistry at rhodium in which the p(Me), rrans to the co
and the PF2 lrars to the Me group arc preferred. The results indicate that thc presence of strong
electroncgativity fluorine aloms in PF, makcs them weik o-donors but much stronger 7[ acccptors and
the presence of Me groups in P(Mc), makes them stronger o-donors but much weakcr l[ acceptors,
with conlirming by 2.356 and z.aso A o1 a Rh-P(F, ) and rhe Rh p(Me r) bond lengths in conlplex 1.3.

The molccular orbital confirmed that thc dz? orbital is lowcr energy than the d*2_r2 orbital
as expectcd for a low spin d8orbital Rh (l) conligurarion. The difl'crences of cnergy (AE) values were
used to calculate thc cquilibrium constant and confinncd the possibiliry to make this model 1.3.
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Introduction
The cnrbonylation of mcthanol to acetic acid

(Equation 1.1) is one of the most important and

succcssful industrial applications of homogeneous

transition metal catalysis.' Since its original

development by Monsato some thirty years ago,

a rhodiumziodide catalyzed process so called

the Monsanto catalyst IRhI2 (CO)z ]- has

predominated.'n

rbo-2oo'C lo-60 bar
CH3OH + CO CHgCOOH l.l

Anempt to modify this catalyst and increase

its activity by introducing electon-donating ligands

have been hampered by the instability of many

complexes of such ligands under the harsh reaction

condition required for crbonylation. Recent reports

have identified a nunber of mixed-donor ligands,

which promote carbonylation under very mild

conditions (typically. r so' C and .zo bar)."
However, these mild conditions are not well suited

to commercial operation where high absolute

reaction rates are required and engineering

constraints favor high temperatures and thcrefore

higher pressures. One recent report has stated that

the use of the diphosphinesulfide Ph2PCH2P (S)

Ph2 (dppms) as a promoter for rhodium catalyzed

methanol carbonylation allows a surprisingly

substantial rate increase under industrially feasible

conditions.'At t8b'C, 30 atm, the rate increased

eight times higher than [RhI2(CO)r]- (for

commercial viability, the oonditions under which

the catalyst operates are crucial). The dppms

ligand gives the expected fast oxidation and

it also promotes the subsequent CO insertion

ICall/H
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step (by a factor of ca. 3000 compared with

Ph2PCH2CH2PPh2 (dppc).' Strong donor

ligands, particularly phosphines, are known to

ccelerate thc rate determining oxidative addition

of methyl iodide to Rh (l) and hence promote

catalysis. The new Cativa process uses an iridium

iodide catalyst and is even more efficient than

rhodium system that it has begun to rcplace."'

Methanol carbonylation with original
Monsato catalyst has been studied in detail rot only

experimentally but also from a theoretical point of
view." " Computational chemistry cspecially

thcoretical studies such as quantum mechanics

calculations are used as it tool to understand

mechanism and reaction. The development of
computational techniques such as the ab uilro
molecular orbital (MO) theory has made it possible

to carry out calculation for organometallic

compounds." Asymmetric phosphine catalysis

involving organomctallic species is undergoing

rapid dcvelopment. Even so, the devclopment of
catalysts with higher selectivity is one of the goals

ol current research with the emphasis on ligands

that are electronically asymmetric.''' ""' 'o

Ligand steric and electronio cffects play

a key role in the determining organometallic

reactivity trends and catalytic behavior." For

monodentate ligands, a number of quantitative

parametcrs such as Tolman's cone anglcr8 are

known concepts. Scveral important homogeneous

catalysts now utilizc bidentate ligands for which

the stereoproperties are less well understood.'o

Although the bidentate ligand "bitc angle" has

becn shown to be important understanding"" of the

observed behavior at the molecular level is
incomplete" and quantification of ligand eflects

Thaksin. J., Vol.o (r) Januiry June zo03

on individual stcps from catalytic quite rare. A
thcoretical study of steric and clectronic efTects in

rhodium-catalyzed carbonylation rcaclion using,

DFT have been carried out on the migratory

insertion process which prcsents an imporlant step

in methanol carbonylation." However, the ratc of
dctermining step of the catalytic is oxidative

addition of CH g I. " So that thc catalyst design

focused on the improvement of this reaction." '''"

Aim
The basic idea was ligands which increase

thc electron density at the metal should promote

oxidative addition, and by consequcnce thc over

ratc of production. To this pur?ose, a ligand

PF2PCH2CH2PMe2 1.1 was dcsigned as a promoter

for catalysis of methanol carbonylation (Scheme

1). Such a ligand can be tuned to mimic the

electronic properties by varying the constituents

on one phosphorus l.emake a 'strong-weak' ligand

with one strong O-donor (and poor fi-acceptor)

and one u,eaker O donor (and stronger tI-
acceptor). Theoretical methods are employed and

investigatcd. Base on calculation results, this ligand

and suitable complexes will finally synthesize.

\colvo./\.-1q-*n-'"q--l
\ui | 

.x

Proposed catalytic cycle of methanot

carbonylation based on ref.1?.

Scheme 1
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Methodology
( r) Designed Structures.

The designed structures under this study are

a ligand PFTPCHTCHTPMe, denoted as 1.1, a

cation 1.2, complexes 1.3 and 1.4. The complexcs

have square planar geometry at rhodium. lsomeric

complexes 1.3 and 1.4 contain CO and Me. An

isomer 1.3 has CO trans to PMe2 moiety of the

ligand; this arrangement is reversed in 1.4. The

structures are shown in Figure t.
(2) Computational Methodology

Initial structure geometries for each complex

werc constructed at the UFF level using the Cerius'

program." The geometry optimizations were

stafied from an idealized symmetric geometry with

chemically equivalent bonds and angles assigned

to the corresponding values from International

Tables for Crystallography (lTC). "
All quantum mechanics calculations were

performed using the Gaussian oa program." AIl
geometrical structures first were perfbrmed using

a single point energy calculation at flF/3-21G level,

as a consistency check on the molecular geometry

to be used as the staning point for all subsequent

calculations. Then, in ordcr to determine suitable

approach, the perfonning needs the full optimization

at Hartree-Fock (HF) level: HF/3-21G and

density functional theory (DFT) level B3LYPz

LANL2DZ. These optimized geomelries are

compared to those similar structures and UFF

calculation. "
Based on the best level, the molecular

orbitals yielded from these quantum mechanics

calculation were generated using GaussVicw

prograrn."

Results and Discussion
(r) To Find the Best Tool fbr Calulation

Because ofan a.symmetric bidentate rhodium

complexes, it must be careful to choose the

appropriate and the best tool for these such

complexes. To do so, rhodium complexes 1,3 and

1.4 are calculated using the various types of

calculations: Hartree-Fock with 3-2lG and

LANL2DZ level and density functional theory with

3-21G and LANL2DZ. The four different

l.l :>f-\<,:
9q F'-i

F../b':>lvi<.,

r*....*i"'--.1 \,-"
",/ \*,/ \,

9€
o{1 )r"

"d'

1.4

Designed ligand 1.1, a calion 1.2, complexes t.3 and 1.4.

Hydrogen atoms are omitted for clarity.

o4 r-i
dd 1",.,- "--.t,1 \,."

( "./'\-r,/ \',
o % o/ \.r,

1.3

Figure I
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method optimized parameters of r.g and r.+ arc DFT/3-21G levcl also gives quite poor results
compared with the data from International rable (o.rA and 0.064 far fiorn lrc). Alrhough the
fbr crystallography (ITC) is shown in Table r. angles lrom HF/LANL2DZ level gives fairly

The HF/3-2lG and HFzI-ANL2DZ lcvels agreemen! the bond lengths are ir poor agreement.
givc very poor results (the bond distances are The DFT,/LANL2DZ results are in the most
about 0.1 A and o.z A liom data as stated in the reasonable.,'

international table for X Ray crysrallography). Thc

Table r Comparison of computed rhodium complexes 1.3 and 1.4 at difrerent levcls of theory:
HF/3-2 tc, HF/LANL2DZ, DFT/3-2 tc, DFI/LANL2DZ, and typical dimensions.

" bond distances are in A and bond angles are in ' n 
data for Rh,pMe B . 

data for Rh-pF3

Table z Energies ol complexes 1.3 and 1.4.

Parametcr 1.3 1.4

ITCHF/
3 -21G

HFz

LANL2DZ
DFT/
3- 21G

DFT/
LANL2DZ

HF/
3 -21G

HFr
I,A\L2DZ

DFT/
3-2lG

DFT/
LANL2DZ

P1-F' 1.8 51 1.684 1.665 1.7 40 1.622 1.6 62 1.682

P2-Me 1.8? 4 1.868 1.88 6 1.8 82 1.88 0 L.872 1.4? 2 1.88?

Rh-P1 2-425 2.437 2.312 2.357 2.560 2.441 2.566 2.507 2-4!
Rh-P2 2.4?9 2.498 2.412 2.456 2.3 61 2,28tr 2.428 2.34 8 2.33"
Rh-C6 2.136 2.119 2.129 2.109 2.r34 2.t29 2.117 2. 101

Rh-C5 1.993 1.967 l.891 1.88 0 r.997 1.8 94 1.962 1.8 66

c5-o1 1 131 1.14 0 1.16 7 1.179 1.132 1.16I 1.141 r.184
P2-Rl-Prh 81.6 3 81.4 6 8 3.05 82.64 81.94 8 3.10 81.17 81,5 7

c6-Rh-c5 84.74 8 6.50 86.89 88.77 85.39 88.17 86.95 88.62 86.20
c6-Rh-P2 89.0 6 88.78 87.76 172.10 17 0.91 17 4.28 174.67

C5-Rh C2 173.53 1?5.10 17 3.9 5 17 6.01 102.42 99.73 98.?B 96.67

c5-Rh-P1 104.55 r03.24 102.28 100.9 8 175.13 164.68 176.04 14 4.8 5

c6-Rh-P1 170.67 1?0.19 170.79 16 9.9 8 90.24 88.12 93.06 93.75

Structure HF/ 3-2lG IIF/LANL zDZ B3LYP/ 3_ 2IG B3LYP/ LANL 2DZ Unit

1,3 -5847.89758 5854.499 91 -629.75300 633.93920 au
1.4 584 7.8I731 -5854.49?86 - 629.74 8 60 -633.9335? au
AE=1.3-1.a +0.00027 +0.00205 +0.00 540 +0.00664 au

+0.1694 +1.2864 +3.3886 +4.1667 kcal,/mol

I au = 627.5095 kcal/mol
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Herc are tbe optimized energy results

fiom calculation using Hartrce-Fock method and

Density Functionnl Theory. The encrgy differences

are 0.16, 1.29, 3.39 and 4.1? kcalzmols tbr HFz

3_21C, HF/LANLZDZ, BsLYP /3-2IG and

B3LYP/ LANL2DZ respectively. As you can see,

the Hatree -Fock cnergy with 3 21C and

LANL2DZ basis sets give no signiftcaLntly different

between thosc two complex, It was or y 0.16 and

r.28 kcal,/mols. The calculating encrgy using DFT

with 3-2lG is about :.ss kcalzmol. This is quite

agreement, but give quite poor angle parilmeter."

Clearly, density function calculating energy with

LANL2DZ basis set gives a good agreement,

corresponding with the most reasonable data

parameters.

In sum, the higher lcvel gives the better

results. Thc presented results indicate that B3LYP

calculation with LANL2DZ basis set method was

the bcst tool . Then, it is used to calculate these

and similar systems.

(z) A Ligand 1.1 and a Cation 1.2

Ligand 1.1 is the most important in this

study. It is used as a promoter for the rhodium

catalyst in the methanol carbonylation process.

DFTzLANL2DZ are applied to a Iigand 1.1 and a

cation 1.2. Unfortunately 1.2 is unstable.

Based on the DFT calculation, the average

P-F bond length o1 asymmetric phosphine ligand

1.1 is 0.149 A shorter thirn the average P-Me bond

length, indicating a sttong electron withdrawing

group of F. Fluorine is highly electronegative and

wishcs to obtain additional electron density. As

electron-withdrawing (electronegative) groups are

placed on the phosphorous atom, the O-donating

capacity of the phosphine ligand tends to decrease.

At the same time, the cnergy of the fi-acceptor

(O*) on phosphorous is lowered in energy,

providing an increase in backbonding ability." The

results fit well with the electronic property. The

t'luorine atom from PF, moiety is a significant site

of negative charge, in contrast to a carbon atom

from PMe, moiety. This results in an unequal

charge distributc among the two phosphorus

atoms and the two backbone carbons as shown in

Tablc 3. The larger positive charge located on the

phosphorus of PF, moiety while the other

phosphorus is lower. The one backbone carbon,

Cl, bonded to PF, has morc negative charge than

C2, corresponding with the shorter P-C1 bondcd.

It attempts to draw elec(ron liom the two cmrbons

which morc closer together, in order to sharc the

remaining electron more easily." This can conclude

that PF2 is the lower of O-donating, but the

higher 7[-acceptor. This results also indicated

by the molecular orbitals shown in Figure z.
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Table : Some atomic charges of ligand 1.1

Toral Atomic charge*

P1 1-O442

F1 -0.47 52

F2 -0.4 ? 18

C1 -0.18 7 3

Total Atomic charge

P2 0.6005

-o.1824

C4 o.1889

C2 0.13 8 7

*atomic charge of hydrogen is 0.000 au

A highest occupied molecular orbital
(HOMO) has stronger lonc pairs on PMe2 than

that on PF2 , The strongcr electronic propeny on

PF, is favorcd for a lowest unoccupied molecular

orbital (LUMO) as shown in Figure z.

The HOMO-LUMO gap energy is big
(+0.2153 au). This is to conflrm that this ligand is

not a planar," "n

(s) Complexes 1.3 and 1.4

As regards optimizcd structures 1.8 and

1.4, the Rh-PMe bond lcngth in r.s is o.roe A
longer than that in r.4, indicating the stronger

trans-directing CO over Me, but significant longer

than those in similar structures [Rh(CO)Me
(C5 MeaCH2 PEt2 l.'o As one can see, in 1.3 the

CO ligand weaken bond in lrans posirion more

than Me. Thc Rh-PF bond length is o.rs A shorter

than that in t.a. The Rh-CO distances in both

structurcs are not different. This is a conscquence

of less 7l-donating property of PF2. Surprisingly,

the bite angle of 1.3 is 1.ol bigger than that in 1.6

and is in a good agreement with work done by

Casey.'' However isomer 1.3 with Me trans to a

good electron withdrawing group is preferred,

confirming by lower energy. These confirm that

the prcsence of strong electronegativity lluorine

atoms in PF2 makes them weak O-donors but

much stronger 7[- acccptors and thc presence of
methyl groups in PMe2 make them stronger

O-donors but much weaker ttr- acceptor.

To confirm the electronic effects at work,

analysis of the molecular orbital is needed. The

molecular orbital conllrmed that the dz'orbital is

lower energy than dx'-y'orbital as expected for
a low spin d'orbital Rh(l) configurution.

€b*.8
LUMO

-O-O257 au

HOMO

-0.2410 au

9aHba
Lrgand 1.1

(average P F=fiab A average PMe=r.ssa A )

Figure z A symmetric ligand r.t and two molecular orbitals. t{ydrogen atoms are omitted for clarity.
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Figure 3

t .,"
l.'/

Some molecular orbitals of complex t.s. Hydrogen atoms are omitted tbr clarity.

d,2 .,.2 (-o.oet au)

'lhe BSLYP/LANL2DZ calculated energy

of cornplex t.s is lower than that in contplex 1.+.

This confirmed that complex t.3 is more stable

than complcx t.a. The diffcrent encrgy (AE) values

werc LLsed to calculate equilibriurl constant. By

usin€t the cquution of AG = RT lnk, whcre ?G is

ticc energy changc (kcalzmol), R is a gls constart

( r.oaz calznolzk), T is a room temperaturc

(2?3+25=29sK) and k is equilibrium constance.

I assumcd that TAS from the cquarion of AG =

AII - TAS is same. In this case, the energy value

of complex 1.5 is lower than 1.6 by '4.167

kcal/mol. implying AG=AH = -4.16? kcal/nrol

and theretbre a ralio ()1 1.5:1.6 of cir.1204il.

The calculated isomerizaiion energy is not far

away liom the expcrimental cstimate at o.llo.s
kcalzmol. ''

Conclusions
Thc presented rcsults indicatc that B3LYP/

LANL2DZ method is the best tool for such

calculations. As regards clectronic property of

ligand 1.1, thc prcsent ol electron withdrawing

groups (F) on thc phosphorous atom tcnds to

decrcase O-donating capacity ol' the phosphine

ligand. As clcctron donation groups (Me), arc

placcd on the phosphorous atom, the O-donating

,l / 
^naaa"\s\\ \ v.v!v nq /

capacity of the phosphine ligmd tcnds to increase.

The results fit well with the molccular orbitals. In

surn, PF2 is a greatcr ?I-acidity whereas PMe2 is

a greater O -donation.

Becausc asymmetric ligand t.r has chiral

ccnters rvith electron withdrawing group and

electron donating group. This would be the reason

that the different trans-irflucncc and trans eflect

ol complex lype "Rh (L)L'(1.1)" woulcl thvor the

lbrmation of differcnt isomen 1.3 and I.4.

The relative nlodel stabilitics indicate the

more slable isomcr,1.3, is the one where the

strongcr rrans effect ligand lies in a rrars position

to a worse O donor. The differenccs of energy

(AE) valucs rvere used to calculated cquilibrium

corstlnt and confirmed the possibility 10 make

this model r.3.
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