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Preface

Quantification of various factors contributing to the bond dissociation energies of
a metal-ligand bond is one of the main objectives of an inorganic chemist. A coordinated
ligand X can exert an intense effect on the strength of the metal ligand bond (M-Y),
where X and Y are trans ligands, and this thermodynamic effect is known as trans
influence. Trans influence is well-known in transition metal complexes and even
extended to the main group elements and lanthanides. The overall objective of the thesis
is to quantify the trans influence in square planar Pd(II) and Pt(II) complexes as well as
in hypervalent iodine complexes and hence to study the contribution of trans influence in
ligand bond dissociation energies.

A detailed literature review of trans influence and its importance is illustrated in
the first part of Chapter 1. Nowadays, computational chemistry has made a rapid advance
in understanding and predicting chemical phenomena. This area is very broad and
variety of computational methods is available now and the second part of the chapter 1
describes various computational methods and their theoretical basis.

The second chapter deals with the quantification of trans influence in Pd(II) and
Pt(II) complexes using a combined approach of isodesmic reactions and quantum theory
of atoms in molecules analysis. Using trans influence parameters such as trans bond
length, electron density values and isodesmic reaction energy values, a quantitative
structure-property relationship is derived to predict the mutual trans influence of the
ligands X and Y. We also find that the contribution of trans influence to the bond
dissociation energy of ligands X or Y in complexes of the type [M"CLXY]" (where M =
Pd, Pt) can be quantified in terms of trans influence parameters. Further, we extended
this approach to the complexes of the type [M"X(Y)X'(Y")], the X and Y as well as X'

and Y' are trans to each other wherein two different mutual trans influences will operate



XX

in the system at the same time. Using multiple linear regression approach involving trans
influence parameters, a very good prediction of the bond dissociation energies can be
achieved for [M"X(Y)X'(Y")] complexes.

The trans influence of various phosphine ligands (L) in direct as well as
dissociative reductive elimination pathways yielding CH3;CH3; from Pd(CHs),L, and
CHj;Cl from Pd(CH3)(Cl)L,; is described in the third chapter. Our analysis showed that in
the absence of large steric effect, trans influence parameters correlated linearly with the
activation barrier (E,.) of both direct and dissociation pathways. Further, the nature of
bonds which are eliminated during the reductive elimination have been analysed in terms
of atoms in molecules (AIM) parameters. AIM analysis of the reactant complexes
suggests that when the covalent nature of the Pd-leaving group/atom bond increases, the
energy of activation for the reductive elimination decreases and vice versa.

The fourth chapter deals with the quantification of trans influence in hypervalent
iodine complexes. Trans I-CI bond length, electron density at the (3,-1) bond critical
point at the trans I-CI bond and the molecular electrostatic minimum (V,) at the chloro
ligand in CF;[I(X)(Cl)] complexes have been proposed as parameters for the
quantification of trans influence of various ligands in hypervalent complexes. Simple
isodesmic reaction of the type CF;[I(X)CI] + CF;[I(Y)Cl] — CF;[I(C1)Cl] + CF;[I(X)Y]
are useful for understanding the preferred trans combination of a variety of X and Y
ligands. The isodesmic reaction energy, Exy indicates the mutual trans influence between
X and Y ligands. The mutual trans influence of a large number of (X, Y) combination is
predicted with good accuracy using the trans influence parameters of X and Y ligands.
Empirical equations using trans influence and mutual trans influence parameters have
been derived for predicting the bond dissociation energy of either X or Y ligand in

CF;[1(X)Y] complexes.
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Chapter 1 2

Part A - Trans Influence

1.1 Trans Influence

1.1.1 Mutual Influence of Ligands

Understanding the mutual influence of ligands in a metal complex is one of the
fundamental aspects of coordination chemistry. The coordination of a ligand X to a metal
ion (M) influences all the other metal ligand bonds present in that complex [Pidcock et al.
1966; Hartley 1973; Crabtree 2001]. These types of directive influences are common in
square planar and octahedral transition metal complexes and are generally classified into
two, cis influence and trans influence [Chernyaev 1926; Pidcock et al. 1966; Mason and
Towl 1970; Honeychuck and Hersh 1987]. The cis influence is defined as the ability of a
ligand X' to weaken the metal-ligand bond M—-X, where X' is cis to the ligand X. Similarly,
the trans influence is defined as the ability of a ligand (Y) to weaken the metal-ligand bond
(M-X) trans to it, where the X and Y are trans ligands [Chernyaev 1926; Basolo and
Pearson 1962; Chermette et al. 2006]. The cis as well as trans influence of ligands is widely
studied both theoretically and experimentally in square planar complexes of Pt(Il)
[Manojlovic-Muir et al. 1977; Anastasi and Deeth 2009].

The cis and trans influences of a ligand are generally evident in changes in the
metal-ligand bond length, IR frequencies, and NMR chemical shifts [Hartley 1973; Coe and
Glenwright 2000; Rigamonti et al. 2011]. Thus X-ray crystallography or spectroscopic
techniques are frequently used to monitor these influences, though these investigations have
some limitations [Roecker et al. 1983; Nakajima et al. 1985; Kukushkin et al. 1991;
Kapoor et al. 1998]. The metal-ligand bond length obtained from X-ray crystallography

may be influenced by packing interactions in the crystal structure as well as conformational
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effects [Kapoor and Kakkar 2004]. The metal-ligand frequencies are also a good measure
of strength of that bond while considerable interactions of M—X vibrations with others
make this technique difficult to use for the study of cis and trans influence for a variety of
ligands [Hartley 1973; Coe and Glenwright 2000]. The NMR investigations can also be
used only if both M and X are NMR active such as '*’Pt—""P and '“Rh—""P [Michelin and
Ros 1989; Rigamonti et al. 2009, “Rigamonti er al. 2010, Rigamonti et al. 2011]. The
experimental parameters to measure the cis and trans influences are not very sensitive to
subtle electronic variations and theoretically derived molecular properties have been used
as a powerful descriptors to quantify these effects [Landis et al. 1998; Kapoor and Kakkar
2004]. It is generally observed that the mutual influence of trans ligands are significantly
higher than the mutual influence between cis ligands [Hartley 1973; Tau and Meek 1979;

Muenzenberg ef al. 1998 ; "Rigamonti et al. 2010].

1.1.2 Trans Effect and Trans Influence

In 1893, Werner introduced the principle of “trans elimination” on the basis of the
observation that certain ligands can affect the reactions of other ligand which is present
trans to it [Werner 1893]. Later in 1926, Chernyaev discovered that in square planar Pt(II)
complexes, some ligands facilitates the departure of its trans ligand and this labilisation is
generally known as trans effect [Chernyaev 1926]. The trans effect has been defined as the
effect of a ligand over the rate of substitution of another ligand which is present trans to it
[Huheey et al. 1993]. This is illustrated in Scheme 1.1 wherein the preparation of cis and

trans isomers of [PtCl,(NH3),] is shown.
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Scheme 1.1 Preparation of cis and trans isomers of [PtCl,(NH3),].

In the first reaction, two C1™ are substituted by the ligand NH3, and the product formed is a
cis-isomer. In the first step of this reaction, one CI™ is substituted by NH3 and in the second
step, the C1™ trans to another Cl™ is substituted. This is due to the fact that C1™ has higher
trans effect than NH3. The formation of trans-isomer can also be explained on the basis of
this. The trans effect of various ligands increases in the order: F~ ~ H,O ~ OH™ <NH; <
Py< CI" < Br <I < SCN ~ NO;, ~ Ph" < PR3 ~AsR;< CHy; < H < CO<
CN™ [Venanzi 1968; Huheey et al. 1993; Chval et al. 2008].

The trans effect originates mainly because of reactant state destabilization or/and
transition state stabilization by the trans ligand. The first effect is the ground state
phenomenon called trans influence (or, structural trans effect ) and the second one is the
kinetic factor, known as kinetic trans effect [Elder and Trkula 1974; Elder and Trkula 1977;
Kastner et al. 1989; Atwood 1997; Coe and Glenwright 2000]. Thus it is clear that the trans
influence and trans effects are interrelated and their separation is seldom achieved. It may
be noted that a ligand exhibiting high trans effect does not necessarily show high trans
influence. However, a high trans influencing ligand weakens the trans bond and thereby
enhance the rate of substitution of the trans ligand [Venanzi 1968; Stein et al. 1976; Arnold

and Bennett 1984].
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1.1.3 Origin of Trans Influence

The first proposed theory of trans influence was the ‘polarization theory’ [Grinberg
1932]. This is an electrostatic theory in which the dipole induced in Y by the metal ion M
induces a dipole in M, this tend to repel the negative charges in the trans ligand X
[Grinberg 1932; Nekrasov 1937] (Figure 1.1). This theory cannot explain the observation
that the ligands show largest trans influence are those which form the most covalent metal-

ligand bonds [Appleton et al. 1973].

Figure 1.1 Grinberg’s polarization theory.

Syrkin described trans influence in terms of hybridisation at the metal ion, the X and
Y ligands will compete for the available hybrid orbital with strength proportional to their
covalent bond character [Syrkin 1948]. According to MO theory, trans influence is
described as the competition between two trans ligands X and Y for a single, metal based
orbital. In square planar Pt(Il) complexes, metal hybrid orbital is formed by the
combination of 5dx2_y2, 6s, and 6p orbitals [Appleton et al. 1973; Harvey et al. 2003]. The
hybrid orbital used by the metal ion for the interaction of o- orbitals of two trans ligands X
and Y contains higher proportion of SdXZ_y2 and 6s orbitals and less 6p orbital since the
orbital energies follows the order 5d ~ 6s < 6p, and the resultant orbital usually regarded as
sd hybrid orbital (Fig 1.2(a)). The interaction of ligand o- orbital with the metal sd orbital
results in the formation of 3 MOs, in which one very stable bonding orbital, one mostly

non-bonding one and one anti-bonding orbital (Figure 1.2(b) ). If the trans ligands X and Y
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are not identical, they compete to donate into the sd hybrid and if Y is donating strongly
into the empty metal based orbital (sd), there will be a differential weakening of the M—X

bond.

(@ 8
O b
s dy2.2 DQ 5
sd (y°)
OD,_QO
(b)

; @< X
I,Io Q- _‘\

! / Ligand o
. , orbitals

Metal -, K

sd orbital @oo

Figure 1.2 (a) Formation of sd hybrid orbitals. (b) MO diagram formed by the interaction

of metal sd orbital and ligand c-orbitals.

1.1.4 Various Classes of Ligands

Ligands are generally classified into 3 classes, viz. 6-donor ligands, c-donor-n-acceptor
ligands, and 6-donor-i donor ligands [Coe and Glenwright 2000].

The elementary feature of a coordination complex is the donation of electron pair by

the ligand to the metal ion results in the formation of a coordinate covalent bond and the

ligands are generally known as o-donor ligands. A c-donor ligand donates electrons from
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lone pairs to the metal orbital typically from either ‘s’ or ‘p’ orbitals (Figure 1.3). The
ligands such as water, ammonia, amines, alkyl, phenyl, hydrides, silyl ligands are examples
for this. The alkyl, phenyl, silyl and hydride behaves as a strong c-donating ligands and
intense trans influence due to polarization effects while water, ammonia, and amines are

weak o-donor ligands and are weak trans influencing.

—@PpL

Figure 1.3 o-donor ligand.

Certain ligands are capable of 1 bonding interactions with metal ion by acting as a
n-acceptor (Figure 1.4). The ligands included in this group are CO, olefin, carbenes, NO,
CN’, CNR and PRj. Carbon monoxide and olefins act as weak o-donors but a strong 1-
acceptor [Zobi 2009]. Cyanide and isocyanides are strong -donor ligands shows high trans
influence but a relatively weak n-accepting ability. Carbenes are comparatively good o-
donor ligands but compared to CO, these species are weaker 11- acceptors [Gusev 2009].
The linearly bonded NO" ligand is a poor c-donor while exhibit a very strong n-accepting
behavior. PRj3 ligands possess a wide range of o-donor and m-acceptor properties
depending on the R group present in it [Tolman 1970; Tolman 1977]. Generally, PR3

ligands are considered as moderate trans influencing ligands.

—_— ' Empty orbital
~—@L
—0
Figure 1.4 5-donor-n-acceptor ligand.
Certain ligands are capable of donating a pair of electrons to form a 1 bond with metal

ion (Figure 1.5). Though many types of ligand such as halides and pseudo halides are

capable of acting as n-donors, strong trans influence are caused only by species which
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form double or triple bonds to transition metals, e.g. oxo, nitride and imido ligands [Coe
and Glenwright 2000].

D 'Filled orbital

- @L

—0

Figure 1.5 o-donor-1-donor ligand.

1.1.5 Trans Influence in Square Planar Complexes

Trans influence in square planar complexes particularly in Pt(II) complexes are
extensively studied from the early observation itself, and this phenomenon has been used to
assess the bond strengths and reactivity [Belluco ef al. 1966; Watt and Cude 1968; Al-
Najjar et al. 1970; Hope et al. 1986; Atwood 1997]. Mason and coworkers explained trans
influence on the basis of S%/AE values, where S is the overlap integral between the ligand
orbital and the appropriate metal orbital, and AE is the energy difference between these
orbitals [McWeeny er al. 1969]. Molecular orbital calculations on a series of trans-
[PtCIy(L)(NH3)], (where L = H,O, NHs, C17, H,S, PH3, H', and CH3™ ) were carried out by
Zumdahl and Drago [Zumdahl and Drago 1968]. The main conclusion was that the order of
trans influence showed a parallel behavior to the order of trans effect for the selected
ligands. Also, the cis-influence, though smaller in magnitude was comparable to trans
influence. In 1973, Pearson, explained trans influence in terms of “antisymbiosis” [Pearson
1973]. Soft ligands coordinated to a soft metal at trans positions will have a destabilizing
effect and this can explain the observation that most of the dialkyls of square planar Pd(II)

and Pt(II) are cis to each other [Jorgensen 1964].
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1.1.5.1 Trans Influence of Various Ligands

Classification of different ligands on the basis of their relative trans influence has
been the subject of extensive experimental studies over the past 50 years [Wendt and
Elding 1997; Roodt et al. 2003; Zhu et al. 2005]. Hartley used the trans Pt—Cl bond length
as a structural descriptor to classify the ligands into three broad groups of trans influence
[Hartley 1973]. The modest o-donor ligands with coordinating atoms such as oxygen,
nitrogen, sulphur, chlorine and 1 -acceptors such as CO, C,H,, SCN™ fall in the first group
in which the trans Pt—Cl bond length is below 2.33 A. Ligands showing strong o-donating
and modest i1 -accepting abilities (tertiary phosphine, and carbenes) fall in the second group
in which the Pt—Cl trans bond length is between 2.36 and 2.39 A. The third group includes
those having powerful c-donor capabilities but no n-acceptor abilities which include alkyl,
aryl, hydride, and silyl ligands where the trans Pt—Cl bond lengths are higher than 2.40 A.
The general observation is that the trans Pt—Cl bond lengths increases with decreasing
electronegativity of the influencing ligand.

The oxygen and sulphur coordinated ligands act as weak o-donating ligands and
hence weak trans influence is expected. Darensbourg et al. reported the order of trans
influence of various X donor ligands by analyzing the spectroscopic properties of the Ni—H
bond in trans-[NiH(X)(PCys),] complexes [Darensbourg ef al. 1989]. The following trend
in trans influence is obtained for X ligands: Ph™ (1805) ~ Me™ (1807) > CN™ (1870) > SH™
(1904) > S(p-tol) ~ (1932) ~ SPh™ (1929) ~ SCN™ (1928) ~ O,CCHj;™ (1925) ~ O,CH™
(1931) > OPh™ (1946) ~ O,CCF;™ (1944) > O,CPh™ (1960), where values in parenthesis are
Ni—H stretching frequencies. When more covalently bonded ligands such as methyl or
phenyl are trans ligands, a decrease in the stretching frequency of Ni—H bond and smaller
upfield chemical shifts for nickel hydride "H NMR values were noted compared to more

electronegative anionic ligands such as O coordinated ligands. Breitinger and co-workers
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synthesized dinuclear complexes of Pt and Pd with two parallel sulfite bridges (Figure 1.6)
[Krieglstein et al. 2001]. The molecular structures clearly reveal the higher trans influence
of S-coordinated sulfite on M—N bond length compared to O-coordinated sulfite. The
Pt(1)—Nayerage bonds  (2.091 A) which is trans to S coordinated sulfite are significantly
longer than the Pt(2)—Nayerage bond (2.021 A), wherein O is the trans ligand. These type of
observations were also noted in Pd dinuclear complexes where Pd— Nayerage bond trans to O

atom (2.014 A ) is shorter than Pd— Nyyerage bond trans to S (2.074 A) atom of sulfite ligand.

0,8 o) 0,8 0\
(en) Pt\ /Pt (en) (en) P< Pd (en)
0,S 0 0 SO,

Figure 1.6 Dinuclear complexes of Pt and Pd with sulfite coordinated bridging ligand.

Several structural studies were carried out to understand the trans influence of
halide ions. Howard and Woodward analysed the X-ray structure of cis-
[(Ph3P),Pd(F)(CH(CFs3),)] complex and found that the Pd—P distance trans to F~ ligand was
too short (2.22 A), suggesting very weak trans influence of F~ [Howard and Woodward
1973]. The X-ray structural study of [(C6F5)4Niz(p—X)2]2' complexes (where, X = CI" or F~
), showed that the trans influence of F is less compared to Cl™ ligands [Brezinski et al.
1989]. Flemming et al. investigated various crystal structures of trans-[(Phs;P),Pd(Ph)X]
and on the basis of trans Pd—C bond length, trans influence of various halide ligands
follows the order; I” > Br > CI” >F [Flemming et al. 1998]. Moigno et al. compared
trans influence of various halide ligands to CCPh™ and CH3™ using FT-Raman spectroscopy

in trans-[Rh(X)(=C=CHPh)(PiPr3),] complexes [Moigno et al. 2001]. On the basis of Rh=C
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stretching mode, the sequence of trans influence obtained is CCPh > CH;™ > I" > Br
> CI” >F [Moigno et al. 2001].

A number of studies were also undertaken to understand the trans influence of N
coordinated ligands [Hartley 1973]. Of particular interest in this regard are pyridine and
related ligands. For example, the cis and trans influence of substituted pyridine ligands
NCsH4X , where X = CN, CO,;Me , H, Ph, Me, -Bu and NMe,, in cycloplatinated species
of cis- and trans-[Pt(Pmes,CsH,Me,CH,)CI(NCsH4X)] complexes were studied by
comparing the 'J(*°Pt—>'P) coupling constants [Malito and Alyea 1992]. An inverse
correlation is obtained between cis and trans influence of NCsH4X ligands. Further, high
basicity of NCsH4X indicates strong trans-influence while a weak cis-influence and vice
versa. In a computational study at B3LYP level, Stromberg and co-workers analysed the
binding energies of ethylene to Ni(Il), Pd(Il), and Pt(Il) complexes and found that CI™
exerts more trans influence on ethylene than NHj [Stromberg er al. 1997]. They also
noticed that trans influence is not sensitive to the nature of metal atom present and hence it
can be assumed that trans influence does not depend on the amount of s-back donation.
Tessier and Roshon compared the trans influence of pyridine and its derivatives (YPy) with
Cl” and I ligands (X) by analyzing X-ray crystals of various complexes of the types cis-
and trans-Pt(YPy),X; [Tessier and Roshon 1999] and the following order of trans influence
was obtained: I' > CI” > YPy. Prenzler and co-workers investigated the trans influence
of imino ether (NH=C(OR")R) ligands [Prenzler et al. 1997]. They observed that the 2J(Pt—
CF;) coupling constant in trans-[Pt(CF3)Cl(PMe,Ph),] is 757 Hz, while for a series of trans-
[Pt(CF3)L(PMe,Ph),]" complexes (where L = ArCN, HN=C(OMe)CgFs, pyridine, EtNC)
the corresponding 2J(Pt-CFs) coupling constant obtained is 778, 724, 702, and 662 Hz,
respectively. This indicates that the trans influence of imino ligand is similar to that of
chloride and pyridine. A theoretical analysis was carried out to understand the bonding

interaction of Pd"—Phosphine and trans influence of NMej; ligand [Yamanaka and Mikami
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2005]. The model system used was PRsPd" and PRsPd"NMe; (R = H, Ph) and paired
interacting orbital (PIO) analysis was carried out. The results showed that after coordinating
NMe; ligand, 6-donation to the vacant 4d orbital of palladium in PPthdII is increased while
keeping the n-back-donation to the P—C c*orbital. A similar observation also noted for
BIPEHP-Pd" by the coordination of strongly donating amine ligand such as DPEN (where,
BIPEHP = biphenyl phosphine, DPEN = diphenylethylenediamine).

Phosphine ligands possess a wide range of  trans influence depending upon the
substituent on P atom [Cooney et al. 2003]. Some of the recent studies regarding trans
influence of P coordinated ligands and its comparison with other ligands are summarised
here. Wendt and Elding synthesized various [Ptl;L.]” complexes and based on Pt-I bond
length they observed that the trans influence of these ligands decreases in the order: PPh;
(2.662 A) > AsPh; (2.658 A) > SbPh; (2.637 A), the values in the parenthesis are the trans
Pt-I trans bond length [Wendt and Elding 1997]. The higher trans influence of P
coordinated ligand is evident from [Pd(PTA);Cl]* complex, where PTA is 1,3,5-triaza-7-
phosphaadamantane [Darensbourg er al. 1999]. Crystal structure of this complex showed
that the Pd—P average bond distance cis to chloride ligand is 2.334 A while the Pd—P bond
trans to CI™ is only 2.238 A, which is significantly shorter than the cis bond Pd—P. This is
due to the higher mutual trans influence between two P coordinated ligands. Otto and
Johansson reported trans influence of various L ligands in the series of complexes of the
type cis-[PtCl,(L),] and on the basis of Pt—Cl trans bond length, trans influence follows the
order: PMe,Ph > PPh; > AsPh; ~ SbPh; > Me,SO > SMe, > SPh, > NH; > olefin > CI™ >
MeCN [Otto and Johansson 2002]. Salcedo et al. also reported higher trans influence of
PPh; over SbPh; on the basis of bond order values obtained from NBO calculation [Salcedo
et al. 2002]. Trans influence of PPh; ligand was compared to carbon coordinated C¢H4PPhs
ligand in a palladium bimetallic complex [Lang et al. 2006]. Crystallographic data of the

structure shown in the Figure 1.7 shows two u-bridging iodides with different Pd-I
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separations suggesting higher trans influence of C¢H4PPhs; compared to PPhs. Tsuji and co-
workers synthesized a variety of PSiT ligands (where PSiT = 9-phospha-10-silatriptycenes
and its derivatives, shown in Figure 1.8) [Tsuji et al. 2006]. They compared the trans
influence of PSiT ligands with PPh; and PMe,Ph from cis-[PtMe,(PSiT),], cis-
[PtMe,(PPhs3),] and cis-[PtMe,(PMe,Ph),] complexes by measuring 1J(Pt—C) coupling

constant. The trans influence of PSiT ligands is found greater than PPh; while it is less

than that of PMe,Ph.
PPh;
6‘
PhyP._ / \
\ /Q PPh;
PhsP

Figure 1.7 Trans influence in homobimetallic compound

Figure 1.8 Structure of PSiT derivatives.

Appleton and Bennett presented the order of trans influence of various c-donating

carbon ligands on the basis of platinum-phosphorus coupling constants in the derivatives of



Chapter 1 14

hydroxo(methyl)-1,2-bis(diphenylphosphino)ethaneplatinum(Il) complexes [Appleton and
Bennett 1978]. The decreasing order of trans influence of various carbon ligands obtained
was C¢Hy™ ~ C;Hs™ > C¢Hs™ > CH,Ph™~ CH3™ > CF;~ > CH,COCH3™ > CH,CN™ > C,Ph™ ~
CH;NO;™ > CsHs” > CN™ ~ ONO™ > CH(COCHj3),” > CH(CN), = > CO > C(COCHs);3".
They noted that on the basis of J(Pt—P) values, the CF;™ ligand shows slightly less trans
influence than that of CHs;™. On the other hand, Pt—CI bond length and Pt—Cl stretching
frequency in trans-PtCICH3;(PMePh,), and trans-PtCICF;(PMePh;), complexes show that
the trans influence of CF;™ to be considerably lower than that of CH3™. These differences
may be due to the fact that J(Pt—P) values reflect mainly the changes in the hybridisation
while the electrostatic effects induced by the electronegative fluorine atoms influences the
Pt—ClI bond length. Suzuki and Yamamoto investigated trans influence of various carbon
ligands of the type CH,COR in Pd complexes by comparing Pd—Cl stretching frequencies
and the trans influence follows the order : CH,COCH; > CH,COC¢Hs > CH,COCH,CI ~
CH,CN [Suzuki and Yamamoto 1993]. Strong trans influence of phenyl group was
reported in square planar Au(Ill) complexes [Parish et al. 1996] while a comparison of
trans influence among three different aryl groups was done by Wendt and co-workers
[Wendt et al. 1997]. They observed that in Pt(II) complexes mesityl group shows higher
trans influence than phenyl group while phenyl and p-anisyl groups show very similar trans
influence. In all the three cases, the trans Pt—Cl bond was found between 2.40 and 2.44 A,
showing higher trans influence of the aryl group. Hughes and co-workers investigated the
impact of three o-fluorinated ligands (viz. CF,CF;~ , CFHCF;™ , CH,CF5") on the trans
Pd-N bond length and observed there is no significant variation of the trans Pd—N distance
suggesting that trans influence of these three fluorinated alkyl ligands are almost same
[Hughes et al. 2004]. Netland et al. reported the strong trans influence of N-heterocyclic

carbene group compared to the imine group [Netland et al. 2010].
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The very high trans influence of silyl ligands was originally established by IR
spectroscopic studies [Chatt et al. 1966] and further confirmed by crystallographic studies
in Pt(Il) complexes [Yamashita et al. 1988]. In square planar [{(KZ—P,N)—
Me,NCH,CH,PPh, }Pt MeSi(OMes);] complexes, the ligand Si(OMe);™ is found trans to
nitrogen atom while the ligand CH;~, which is having lower trans influence compared to
Si(OMe);~ is found trans to P atom [Pfeiffer and Schubert 1999]. Even though silyl ligands
are high trans influencing ligands, the influence of silyl ligands on the reactivity of
transition-metal complexes are little known due to the facile cleavage of metal-silicon bond
[Tilley et al. 1989]. Hence chelate type (phosphinoalkyl)silyl ligands have been developed
to suppress the elimination of silyl groups from the metal center [Okazaki 2002]. These
types of metal complexes show some unusual reactivities which results from the strong
trans influence of silyl ligands. For instance dehydrogenative coupling of monohydrosilanes
can be mediated by the (phosphinoethyl)silyl rhodium complexes [Okazaki 2002]. Kapoor
and Kakkar modeled the trans influence of various X ligands in PtCl1X(dms), complexes
(where, dms = dimethyl sulfoxide) [Kapoor and Kakkar 2004]. They found that highly
trans influencing ligands such as SiHs~, CH;~, H™, CcHs have properties different from the
moderate and weak trans influencing ligands. On the basis of trans Pt—Cl bond length, the
trans influence of X ligands increases in the order, H,O < NH; < AsH3; < H,S <F < PHj;
<Cl <Br < TI < C¢Hs <H < CHj; < SiH; . Furthermore, they noted that a linear
relationship exist between the trans Pt—CI bond lengths with hardness of the ligands, and
with population of platinum and chlorine orbitals.

Zhu et al. analysed the trans influence of different boryl ligands in Pt(I) complexes by
using natural bond orbital analysis and the order of trans influence of different boryl
ligands are explained in terms of the Pt—B o-bonding interaction [Zhu et al. 2005; Zeng
and Sakaki 2012]. They compared the trans influence of alkyl, aryl, hydride and silyl

ligands with boryl ligands and the following order of trans influence has been obtained:
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BMe, > SiMe;” >BH, > SnMes; > BCl,” ~ BBr,” ~ SiH; > CH,CH3™ > CH=CH,™ >
H > Me > C¢Hs > SiCl;~ > SnCls~ > CCH. Very recently, Braunschweig et al.
synthesized platinum(Il) complexes of general formula trans-(PCy3),PtBr(BX;) and found
that experimental trans influence order of various BX, ligands is correlating with the

computed trans influence order obtained by Lin and Marder [Braunschweig et al. 2007].

1.1.5.2 Trans influence and Anti-cancer Ability of Transplatin

Many studies have been devoted to the cisplatin and its derivatives due to the potential
importance of these complexes as anti-cancer drug [Rosenberg et al. 1969; Giandomenico
1991; Melnik and Holloway 2006]. The transition state for the chloride ligand replacement
with water and guanine in cisplatin derivatives was studied by Chval et al [Chval et al.
2000]. Wysokinski and Michalska compared the vibrational spectra of cisplatin and
carboplatin at different DFT methods and compared the results with experimental
measurements [Wysokinski and Michalska 2001]. The affinity of cisplatin to the amino
acids and DNA bases were computationally studied by Deubel [Deubel 2004]. The
interaction of cisplatin with DNA has been theoretically studied during recent years [Chval
and Sip 2006]. The first step involves the hydrolysis of cisplatin which is followed by the
interaction of N (or S) sites in the peptide or the bases present in the DNA/RNA.

In contrast, the transplatin (trans-PtCl,(NH3),) is more unstable compared to the
cisplatin [Knipp et al. 2007]. Zakovska et al. proposed that by using sterically hindering
carrier ligands, the antitumor properties of transplatin can be increased [Zakovska et al.
1998]. It is also reported that by modifying trans-Pt"Cl, complexes with aliphatic amine,
iminoether, planar amine, carboxylate, piperidine, phosphine or pyridine like carrier ligands
can make these complexes anticancer-active [Kasparkova et al. 2003]. The weakly

coordinating ligands present in the trans positions (weak mutual trans influence) gives
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remarkable chemical stability on the transplatin structure [Bulluss et al. 2007]. The trans
influence of N and S containing ligands in transplatin complex were computationally
investigated by Manalastas and coworkers [Manalastas er al. 2009]. They noticed that
though small in magnitude, the neutral sulfur ligands exert slightly greater trans-influence
than neutral nitrogen ligands. They also predicted that for the development of trans-
Pt(NR)(NR")CI(X) anticancer agent, the adenine is most suitable candidate among naturally

occurring organic ligands (X).

1.1.5.3 Trans Influence in Transition Metal Catalysed Reactions

Very often the trans influence has been invoked in coordination and organometallic
chemistry to explain several reaction pathways [Kapadia et al. 1997; Thomson and Hal
2001; Owen et al. 2004; Zhu and Ziegler 2006; Mathew et al. 2007; Canovese et al.
2009; Das et al. 2009; Hopmann and Conradie 2009; Hruszkewycz et al. 2012]. Lin and
Hall presented a detailed mechanism of substitution reactions of square-planar transition
metal complexes and noticed that 6- and n- effects of trans ligand determines the stability
of the pseudo-trigonal-bipyramidal transition state [Lin and Hall 1991]. Strong c-donor
ligands such as hydride and alkyl ligand weaken the trans bonds between metal and
entering/leaving ligands in the pseudo-transition state and hence reduces the electron
repulsion between lone pairs on the central metal and the lone pairs on the entering/leaving
ligands. Ligands such as CO and C,H4 are considered as n-acceptor which stabilizes the
transition state through the n-back bond. Thus a unified picture of trans effect in terms of o-
donors and n-acceptor ability of the trans ligands was obtained from these results.

The feasibility of ethylene insertion in Pt-H and Pt-SiH; bonds in
[PtH(SiH3)PH3C,;H4] complex was investigated by Sakaki and coworkers and found that

ethylene insertion preferentially occurs Pt—H bond than Pt—SiH3 bond due to the hardness
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of the latter bond [Sakaki et al. 1994]. The barrier height for the insertion of C,H4 can be
controlled by the proper choice of trans ligand. For example, when SiHj; is trans to H
ligand, the barrier height to Pd—H insertion is only 4.4 kcal/mol while when PHj is trans to
H, the barrier rises to 20.6 kcal/mol at the MP4SDQ level. Similar features have also found
for [Pt(H)(PH3)2(X)(C;Hy)] system, where X (either CI™ or SnCls") is trans to migrating
hydrogen atom [Rocha and deAlmeida 1998]. For the lowest trans influencing CI™ ligand,
the computed activation energy is 33.9 kcal mol”' while for stronger trans influencing
ligand SnCls, barrier height is 11.8 kcal mol” only at MP4SDQ//MP2 level of theory.
Sakaki and coworkers investigated the insertion of acetylene molecule into Pt—-H and
Pt—SiH;3 bond in complexes of the type [PtH(SiH3)PH3C,H,] at MP2 method [Sugimoto et
al. 1999]. They noted quite long Pd—C bond (2.52 A) when SiHs is trans to C,H, compared
to the Pd—C bond trans to H (2.40 A), indicates the higher trans influence of SiHj ligand.
Here also Pt—H insertion is more facile compared to Pt—SiHj3 insertion.

Sargent and Hall carried out a detailed theoretical study of the oxidative addition of
dihydrogen to Vaska-type complexes, trans-[IrX(CO)(PR3),] [Sargent and Hall 1992]. They
reported that the strong trans influencing ligands such as H™ and PRj destabilize the five
coordinate transition state while weak trans influencing ligands such as OH™ and CI”
stabilize the transition state. Gupta et al. reported the dynamic behavior of square planar Pd
complexes containing 2-pyridinethiolate (pyS) in solution (Figure 1.9) [Gupta et al. 1995].
The rate of formation of dimers depends on the order of trans influence of PR3, which
follows the order: PMes; > PMe,Ph > PMePh, > PPh;. When PR3 is PPhs, stable monomers

are found in solution while for PMes, the dimer formation is more favored.
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Figure 1.9 Interconversion of dimer and monomer of a chelate complex.

von Schenck presented a detailed computational study of energetics of propene
insertion into the Pd—phenyl bond of a set of Pd(Il) complexes with N-N, P-O,and N-O
chelating ligands at B3LYP level [von Schenck ef al. 2003]. The neutral Pd(II) complexes
favors 2,1-insertion in contrast to cationic palladium(II)-diamine complexes which favours
1,2-insertion. They identified that the insertion barrier is primarily affected by the trans
influence in the unsymmetrical ligand systems. Hartwig and co-workers investigated the
rate of C—N reductive elimination reactions from arylpalladium amido complexes bearing
symmetrical and unsymmetrical DPPF (bis(diphenylphosphino)ferrocene) derivatives
[Hartwig et al. 2003]. They noticed that the rate of reductive elimination reaction is
controlled more by substituent effects on ground state stability than on transition state
energies. This is illustrated using two regioisomers shown in the Figure 1.10 wherein
isomer a is the minor isomer. The minor regioisomer underwent reductive elimination
faster than the major regioisomer in all reactions of regioisomeric arylpalladium amido
complexes. This faster reductive elimination of the minor regioisomers can be explained by

ground-state destability due to trans influence.
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Figure 1.10 Regioisomeric arylpalladium amido complexes.

A computational study at MP4(SDQ) method on the mechanism of hydrogenation of
carbon dioxide to formic acid catalyzed by cis-[Ru(H,)(PMes);] and cis-[Ru(H;) (PH3)3]
suggested that due to the higher trans influence of PMe; compared with the PHj, the
reaction occurs more easily in cis-[Ru(H,)(PMes)s] systems [Ohnishi er al. 2005]. Chval
and co-workers investigated the mechanism of substitution of water exchange reactions in
complexes of the type trans-Pt[(NH3),T(H,0)]"" (where T = H,O, NH3, OH™, F, CI, Br,
H,S, CHsS™, SCN™, CN", PH3, CO, CHs ", H™, C;Hy) [Chval et al. 2008]. They found that
the trans effect is directly controlled by trans influence except for the ligands with the
strongest si-donation ability such as CO and C,Hs. They concluded that the trans influence
can be understood as a competition between trans ligands for their ability to donate the
electron density to the centre Pt(II) atom. Zhu and Ziegler investigated the influence of
different X ligands (X = F, CI", Br, I', NO,, and CN") on the C—H bond activation of
CH,4 in complexes of the type trans-[PtCI,X(CH4)] ~ wherein X is trans to CH4 [Zhu and

Ziegler 2008; Zhu and Ziegler 2009]. They found that the Pt—CH,4 bond energy and C-H
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bond activation energy barrier increases along the series FF < CI” < Br < I' <NO; <

CN™, which is in agreement with the trans influence of these ligands.

1.1.6 Trans Influence in Octahedral Transition Metal Complexes

The phenomenon trans influence is well established in octahedral transition metal
complexes also [Anastasi et al. 2007; Tubert et al. 2009; Farrer et al. 2011] . Unlike
square planar complexes, the trans effect and trans influence series in octahedral complexes
often correlates since ligand substitutions in octahedral complexes are generally follow
dissociative mechanism [Huheey et al. 1993]. Five coordinate intermediate formed during
the substitution reaction can be stabilized by the highly o-donating ligand. Thus the highly
trans influencing ligands show high trans effect. On the other hand, m-accepting ligands
such as CO and C,H4 show weak trans effect due to the fact that these ligands further
deplete the electron density at the metal centre in the electron deficient transition state
[Wilkins 1991].

Coe and Glenwright reviewed the trans influence in octahedral complexes and
concluded that a general trans influence series for ligands in octahedral complexes is not
possible due to the mutual influencing nature of trans ligands [Coe and Glenwright 2000].
Also, trans influence of a ligand depend on the electronic properties of the complexed metal
centre. They classified majority of ligands into three classes on the basis of differences
between cis and trans metal ligand bond length. Ligand showing very large trans influence
fall in the first group in which the ligands are very strong ¢ donors and in most cases J-
electron donating abilities also. Examples are SiR;~, NO, N3_, OZ_, Sz_, and RC*". Some
ligands can form metal ligand multiple bonds also. Second group includes those ligands
having strong c-donating abilities hence show large trans influence and the ligands are H™,

R, Ph™, RCO™, and RN, . The moderate trans influencing ligands such as CO, CN~, CNR,
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R,C, NO,™ , NS¥, RN,*, PR3, P(OR);, RNH™, RS are included in the third category. In the
following section, some examples showing the importance of trans influence in ligand
substitution kinetics have been described.

The release of H,O from Co(IIl) complex a is about 3700 times faster than Co(III)
complex b (Figure 1.11) due to higher trans influence of sulfito ligand compared to OH™

[Stranks and Yandell 1970].

2+
303 H, | 2+ OH H2 |
EN/I// \\\\N E N//I: \\\\

a b

Figure 1.11 Trans influence in Co(IIl) complexes with trans ligands OH and SOs.

In alkyl cobaloxime shown in the Figure 1.12, the substitution of H,O by N3 or NCS™
follows in the order of its trans influence, Me < Et™ < iPr™ [Crumbliss and Wilmarth 1970].
Several attempts have been made to examine the trans influence of various ligands in
organo cobaloxime and hence to understand various factors contributing to the strength of
Co-C bond [Randaccio et al. 2000; Madhuri and Satyanarayana 2005; Dutta et. al. 2009;

Kumar and Gupta 2011].

Figure 1.12 Cobaloxime derivatives, where X = Me, Et, iPr.
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In [Co™(dmgH)»(PR3)(H,0)]* complexes, the rate of water substitution by SO3> is
investigated to assess the trans effect of phosphine ligands and the following series is
derived: PMePh, < PPh; < PEtPh, < PEt,Ph < PEt; < P(nBu); < P(iPr); < PCys, which is
attributed to increasing o-donating abilities of phosphine ligands [Dreos-Garlatti and
Tauzher 1988]. Similarly, CI” ligand trans to PMe,Ph in trans-[Rh(PMe,Ph);Cl,CO]
complexes can be replaced more easily than CI” ligand trans to CO [Lupin and Shaw
1968]. This can be exploited for the preparation of disubstituted product [Marchant et al.
1977; Tfouni and Ford 1980; Coe and Glenwright 2000].

Trans influence is also evident in the Pt—Pt bond of the complex shown in Figure 1.13
[Hollis et al. 1983]. When X = ONO,, CI', NO; and Br the corresponding Pt—Pt
distances are 2.547 A, 2.568 A, 2.576 A, 2.582 A respectively, which follows the general

order of trans influence.

X
HaNy, | «NHs
. t_\‘
N \O N 0
N X
HsN \\\\NH3 - |
3 IIII:,_Pt_\‘\ /
AN o

X
Figure 1.13 Bimetallic complex of Pt, where Pt—Pt bond is affected by trans ligand X (X

=0ONO,", CI', NO, and Br).
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1.1.7 Trans Influence in Other Transition Metal

Complexes

The impact of trans ligand on the ground state properties of complexes having
structures linear, T-shaped, and trigonal bipyramidal metal complexes were also reported.
The linear complexes [L-M-X]?, where M = Ag(I), Au(I) complexes are used for the
synthesis of variety of organic molecules. Jones and co-workers investigated the trans
influence of the various ligands on the Ag—Cl bond by using nuclear quadrupole resonance
spectroscopy [“Jones and Williams 1977; “Jones and Williams 1977]. Palusiak ef al. carried
out detailed theoretical analysis of X—-Au-Y complexes using energy decomposition
analysis and found that n-electronic communication through the Ag(I) valence shell occurs
mainly in complexes that involve a n-donor as well as a n-acceptor ligand [Palusiak ef al.
2009]. Green and co-workers synthesized neutral metal gallyl complexes of the type
[(NHC)M{Ga{[N(Ar)C(H)]»}}] (M=Cu, Ag, or Au) and characterised the Ga—M bond
[Green et al. 2007]. On the basis of spectroscopic studies, they noted that trans influence of
various heterocyclic gallium are intermediate between cyclic boryl and chloro ligands. Very
recent theoretical study on the trans influence of Au(I) complexes suggests that trans
influence results from the competition of c-donor ligands for their electron density transfer
to the sd hybrid orbital of gold [Sokolov 2010].

Sturmayr and Schubert studied the geometries of several T-shaped Pt(Il) complexes
of the type (H3P)PtXY (X, Y =Cl, CHs™, SiHj3", Si(OH)3") at ab-initio level [Sturmayr and
Schubert 2003]. The Pt—P trans bond lengths in these complexes suggest the following
order of trans influence; CI” < CH3™ < SiH3™ < Si(OH)s™. The ligand with smaller trans
influence trans to PHs ligand is found more stable isomer.

Direct structural evidence of trans influence in trigonal bipyramidal complexes were

noted in [Fe(CO);XY] complexes [Hitchcock ef al. 1986]. Harvey and co-workers reported
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the importance of trans influence in Grubbs catalysed olefin metathesis reactions. They
suggested that the strong trans influence of NHC ligands in 2" generation catalysts would
labilize the metal-phosphine bond (Figure 1.14) [Tsipis et al. 2005]. Experimental
observations reveal that even though NHC ligands are showing higher trans influence than
phosphine ligands, the dissociation of phosphine ligand from the precatalyst take place at
higher rate in first generation system compared with the second generation system [Cavallo
2002; Cavallo et al. 2005; Correa and Cavallo 2009]. The importance of carbene rotameric
state in the phosphine dissociation process is recently demonstrated by Truhlar and co-

workers [Yang et al. 2011].

N\_/N
TCY3 Mes™ T Mes
Cl a
Ru— Cla Ru
W \ SN\
cl | Ph et Ph
PCy; PCy;
(a) (b)

Figure 1.14 (a) Grubbs first generation catalyst (b) Grubbs second generation catalyst.

1.1.8 Trans Influence in Main Group Elements and

Lanthanides

The phenomenon trans influence is not only significant in transition metal complexes
but also its scope can be extended to main group and lanthanide elements [Shustorovich
and Buslaev 1976; Shustorovich 1978; Herrmann et al. 1990; Edelmann 1995; Domingos et
al. 2002; Milani et al. 2002]. The mutual influence of ligands in main group coordination
complexes was theoretically studied by Shustorovich and Buslaev, who found that the trans
influence between two ligands X and Y is always present when the central atom retained

the ns” lone pair [Shustorovich and Buslaev 1976]. Trans influence is noted in complexes of
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Sn(II), Sb(II), Te(IV), I(V), and Xe(VI) having the quasi-octahedral structure as well as
for quasi square planar complexes of Te(II) complexes [Shustorovich and Buslaev 1976].
The Te—Br bond length in cis-Te(tu),Br, (tu = thiourea) is longer by 0.27 A compared to
the Te—Br bond in trans-Te(tu),Br,, shows higher trans influence of tu than Br. In trans-
Te(tu),(CsHs)Cl complexes, the trans Te—Cl bond length is about 0.70 A higher than
compared to Te—Cl bond in cis-Te(tu),Cl, [Foss 1970]. Lewinski et al. reported that the
presence of trans-influence of axial substituents is a significant factor controlling the
structure and stability of five-coordinate aluminium compounds Me, AI[OC(Me)C¢Hy-2-O].
(y-picoline) [Lewinski 1999].

Trans influence is also present in T-shaped hypervalent complexes of the type
Y-M(L)-X, M =1, Se, S, Br and Te complexes, where Y and X are the ligands present in
the axial position and L in the equatorial position of the T-shaped structure [Foss et al.
1987; Rudd et al. 1997; Ochiai et al. 2010]. In main group elements, trans influence can be
taken as a function of polarisability and the electronegativity of the ligands [Foss et al.
1987 ; Rudd et al. 1997]. Thus the order of trans influence among halogens are I > Br >
Cl > F. Similarly, the trans influence decreases in the order Se > S > O [Rudd et al. 1997].
Ochai et al. analyzed various crystal structures of iodine (III) complexes, classified various
ligands in the order of their trans influence and found that trans influence order matches the
order of inductive effect of various ligands present [Ochiai et al. 2006].

Trans influence in lanthanide complexes was noted in mer-octahedral lanthanide
thiolate coordination compound (Py); Yb(SPh)s;, wherein the Yb—S bond trans to pyridine
Py is being significantly shorter than the Yb—S bond trans to SPh [Lee et al. 1995]. These
observations are conflicted since it was believed that the bonding in lanthanide (Ln)
complexes is purely electrostatic in nature [Raymond 1980]. Later, these types of bond
lengthening is noted in fac-octahedral halide coordination compounds, chalcogen idobased

cluster compounds, in chalcogenolate complexes and in fluorinated phenolate compounds
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[Freedman et al. 1998; Kornienko et al. 2002; Norton et al. 2009; Krogh-Jespersen et al.
2010]. In all the cases, the assessment of Ln-ligand bond length showed that when an
anionic ligand is trans to it, its bond length is significantly longer than the bond trans to a
neutral ligand. On the basis of experimental and DFT studies, Krogh-Jespersen et al.
demonstrated that the partial covalent character is responsible for the trans influence in
lanthanide complexes [Krogh-Jespersen et al. 2010]. Most recently, by using QTAIM
analysis, Gholivand and Mahzouni proved that the partial covalent character of Ln—Cl

bond is responsible for its bond lengthening nature [Gholivand and Mahzouni 2012].
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Part B - Computational Chemistry

1.2 Computational Chemistry

Computational chemistry is a branch of theoretical chemistry in which the
applications of chemical, mathematical and computing skills are used for solving chemical
problems. There are different methods available in computational chemistry ranges from
highly accurate to very approximate to determine the structure and properties of molecular
systems. Depending upon formalism, these methods are mainly classified into (i)
molecular mechanics (MM) (ii) quantum chemical methods (iii) semi-empirical quantum
chemical methods (iv) density functional theory (DFT) methods (v) molecular dynamics
and Monte Carlo simulations (vi) hybrid quantum mechanics/molecular mechanics

(QM/MM) methods. These methods are briefly discussed in the following sections.

1.2.1 Molecular Mechanics Methods

Molecular mechanics (MM) uses Classical/Newtonian Mechanics to describe the
structures and properties of a molecule [Weiner and Kollman 1981; Boyd and Lipkowitz
1982]. MM is an attempt to predict the molecular properties assuming that molecules are a
set of spheres which are held together by ‘springs’. Here the spheres correspond to atoms
while spring represents the bonding between atoms. The mathematics corresponds to the
deformation of springs is used to describe the capability of bonds to stretch, bend, and
twist. The objective of molecular mechanics is to predict the energy associated with a given
conformation of a molecule [Bowen and Allinger 1991; Dinur and Hagler 1991]. A simple

molecular mechanics energy equation is given by Eq. 1.1, and these types of equations
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together with the data (parameters) required to describe the behavior of different kinds of
atoms and bonds are generally called a force-field.
E=Ey + Euyg+ Eor + Ep+ Ecy ... (Eq. 1.1)

In the above equation, E is termed as the steric energy, which is a measure of the intra-
molecular strain relative to a hypothetical situation. E, is the energy for bond stretching,
E,g 1s the energy for deforming a bond angle from equilibrium, E,,, is the energy results
from deforming the torsional angle, E,; is the energy results from non bonded interactions
and E,,, is the energy arising from the coulombic forces. Let us consider each of the terms
in the above equation,

Bond stretching: By applying Hooks law in ball and spring model, we can evaluate the
energy needed to stretch and bend from their equilibrium values and the corresponding

equation is,
1
E, = ngm(b—beq ) ...(Eq. 1.2)

where, kg, is the proportionality constant or force constant of that particular bond, b and b,
are the length of the bond when stretched and equilibrium bond length of that bond
respectively.

Bond deformation: Analogous to the above situation, if the strain free energy of a
particular angle is given as f,,, then any deformation from this value will lead to a change
in its potential energy and the corresponding expression of this potential energy function

describing the deformation is
1
E,, = ngﬁ(ﬁ—ﬁw)z ... (Eq. 1.3)

where, kj is the force constant of the particular angle (related to the strength of the bonding

situation), f., and f are the equilibrium angle and the deformed angle respectively.
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Torsion: The intramolecular rotations about bonds do not occur without energy costs. One
of the well studied examples is the rotation about a carbon-carbon bond in ethane. These

energies are usually expressed in terms of a Fourier series,
E, = Z%Vi(l+ Cosy) ... (Eq. 1.4)

where V;is the Fourier coefficients and y is the dihedral angle.
Non Bonded Interactions: These type of interactions are usually modeled by London
dispersive Forces (for attraction) and Van der Waals forces (for the repulsion). A general

way to approximate non bonded interactions is using the so-called Lennard-Jones potential.

B, - z{(ﬁj (z” - (Eq. 15)

Here ‘7’ is the distance between the centre’s of the non bonded atoms or groups and ‘o’ is
the finite distance at which the inter-particle potential is zero.
Electrostatic Interactions: The electrostatic interactions can be modeled using Coulombic

potential.

E, =Y%% .. (Eq. 1.6)

col ,;I
The electrostatic energy is a function of the charge (¢) on the non-bonded atoms, their
interatomic distance (), and a molecular dielectric expression that accounts for the decrease
of electrostatic interaction due to the environment (such as by solvent or the molecule
itself).

When all these energy terms are substituted in the Eq. 1.1, a model which is called
the functional form of the force field is obtained. The constants (ks kg V;) and the
equilibrium values (b4, f.g) are atomic parameters which can be experimentally derived

from spectroscopic techniques and theoretically by ab initio calculations on a given class of

molecules. The most influential term, the electrostatic term, however is not fully
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understood. Hence the variation in results from different force fields can be attributed, to a
large extent, to the electrostatic term.

One of the advantages of molecular methods is that it requires less computation time
compared to other methods and it is highly useful for large molecules such as proteins.
Major disadvantage of using MM method is that it cannot be applied for calculations
involving electronic properties. Also, the force field parameters derived for one set of

molecules is not likely to perform well for other set of molecules.

1.2.2 Quantum Mechanical Methods

1.2.2.1 Ab initio Molecular Orbital Theory

Quantum mechanical methods are based on Schrodinger wave equation [Schrodinger
1926].

HY=FE¥ ...(Eq. 1.7)
where H is the Hamiltonian operator comprising of the nuclear and electronic kinetic
energy operators and the potential energy operators corresponding to the nuclear-nuclear,
nuclear-electron and electron-electron interactions. The many-particle wave function ¥
describes the system, while E is the energy eigen value of the system. The Hamiltonian
operator for N electron and M nucleus can be written as

i=l A=l A Ras

i=1 A=1 VA = i T A=1B>1

...(Eq. 1. 8)

where R, and r; are the position vectors of nuclei and electrons. The distance between the i
electron and A™ nucleus is ria; the distance between i and jth electron is r;jand the distance
between the A™ nucleus and B™ nucleus is Rup. My, is the ratio of the mass of the nucleus to
the mass of an electron and Z, is the atomic number of nucleus A. The above Hamiltonian

is difficult to solve. The problem can be simplified by separating the nuclear and electron
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motions. This is called the Born Oppenheimer approximation [Born and Oppenheimer

1927]. The Hamiltonian for a molecule with stationary nuclei is,

N 1 5 N M Z N N 1
H, =-)-Vi->>=2+>> — .. (Eq. 1.9)
7 2 i=1 a=1 VA =1 j>i Tii

The first term is the electronic kinetic energy operator summed over the number of
electrons, N. The second term represents Coulombic attraction between electrons i and M
nuclei A, while Z4 are the nuclear charges. The last term attributes to the Coulombic
repulsion between electrons.

Once the wavefunction ¥ is obtained, any property of the individual molecule can
be determined. This is done by taking the expectation value of the operator for that property
[McQuarrie and Simon 1997]. For example, the energy is the expectation value of the

Hamiltonian operator given by,
(E)y = [#'HY .. (Eq. 1.10)

For an exact solution, this is the same as the energy predicted by the Schrodinger
equation. Properties other than the energy are not variational, because only the Hamiltonian

is used to obtain the wave function in the widely used computational chemistry methods.
1.2.2.2 Hartree-Fock Method

In Hartree-Fock method, the wave function is expressed as an antisymmetrized product
of spin orbitals in the form of a Slater determinant [Hartree 1928; Slater 1930; Fock 1930].

Thus, an N-electron wave function within the HF formulation can be written as

Xil(X0) (X ) e xn(Xy)

1 (x(Xy) XXy ) xy(X5)

‘//(vaz’----’XN):f

... (Eq. 1.11
N (Eq )

Ji(Xx ) X (XN e Xn(Xy)

The factor 1/ N ! is a normalization factor. The spin orbitals are denoted as }’s, while x;,
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X,...etc. represent the combined spatial and spin coordinates of the respective electrons. The

normalized Slater determinant can also be represented in a shorter notation as
WX Xy X)) = | L X oo A ) ... (Eq. 1.12)

In this notation it is presumed that the electrons 1, 2...etc. sequentially occupy the spin
orbitals. The simplest antisymmetric wavefunction which can be used to describe the

ground state of an N—electron system is a single Slater determinant,

jwo) =| 2, 24) ... (Eq. 1.13)

The choice of approximation of wave function guarantees a proper description of the
electron which obeys the Pauli exclusion principle. According to variation principle, the

best spin orbital of this functional form is one which gives the lowest possible energy,

EOZ<W0|H|1//0> (Eq114)

where H is the full electronic Hamiltonian. By minimizing Ey with respect to the choice of
spin orbitals, one can derive an equation called the Hartree-Fock (HF) equation which
determines the optimal spin orbitals. Hartree-Fock equation is an eigen value equation of
the form

SO y(xi) = Ey(xi) ... (Eq. 1.15)

where f (i) is a one electron operator called the Fock operator of the form

S@) :—%Vf —ié+V”F(i) ... (Eq. 1.16)

a=1 14
where V""(i) is the Hartree-Fock potential which is the average potential experienced by
the i™ electron due to the presence of other electrons. Thus, the HF approximation replaces
the complicated many electron problem by a one electron problem in which electron-

electron repulsion is treated in an average way. The procedure of solving the HF equation is

called the self—consistent field (SCF) method.
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1.2.2.3 Post Hartree-Fock Methods

One of the major problems of HF method is that it completely neglects the correlations
between electrons with same spin [Szabo and Ostlung 1989]. The energy associated with

the electron correlation is given as [bBoys 1950]:

E__=E -E

evact ~ L . (Eq. 1.17)
where E...: is the exact energy of the system and Eyr is the HF energy. E,, is always
negative because Eyp is always greater than E, ;.

Post Hartree-Fock methods in quantum mechanics are the set of methods developed to
improve the Hartree-Fock method by taking into account of electron correlation. Post
Hartree-Fock methods include configuration interaction (CI), Moller-Plesset perturbation,
and coupled cluster. The basis for CI method is that the wave function may be written as a
linear combination of Slater determinants rather than one single Slater determinant in HF
and which is used to approximate the wave function [Pople et al. 1976; Foresman et al.
1992]. In perturbation theory, a perturbation term is added to involve the electron repulsion
and the HF solution is treated as the first term in a Taylor series. Including second order
perturbation corrections lead to the method MP2 [Brillouin 1934; Kelly 1969]. Coupled
cluster methods are the more mathematically refined technique for estimating the electron
correlation energy thought the use of a coupled cluster [Cizek 1966; Kiimmel 2002]. Post
HF methods are computationally too expensive for larger systems [Cramer 2004]. For a

system of N atoms, HF calculations scale as N* while for MP2 and MP4 scales as N° and

N respectively.
1.2.2.4 Basis Sets
Basis sets are mathematical functions used to represent the size and shape of atomic

orbitals. These functions are expanded as a linear combination of atomic orbitals to

describe molecular orbitals [Clementi 1964]. The basis functions are classified into two
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main types, viz. Slater type orbitals (STOs) [Allen and Karo 1960] and Gaussian type
orbitals (GTOs) [*Boys 1950; Feller and Davidson 1990].

The expression for STO is given as:

STO = Nr'""'e™*'Y, (O,¢) .. (Eq. 1.18)
Where N is the normalization constant, Y, is the angular momentum part, { is the
exponent, r, @ and ¢ are spherical coordinates. The principal, angular momentum and

magnetic quantum numbers are represented by the notations n, / and m.

The expression for GTO is given as:
GTO = Nx'y"7"e™" .. (Eq. 1.19)
Here, N is the normalization constant, and x, y, z are cartesian coordinates. GTOs have the

exponential dependence of e Compared to GTOs, STOs are very difficult to handle
computationally since the two electron repulsion integrals in the STO are difficult to
evaluate and hence GTOs are commonly used [Shavitt 1963; Stewart 1970]. Also, it is
proved that a number of GTOs can be combined to approximate a STO and this often more
efficient than a STO itself [Huzinaga 1984].

There are varieties of Gaussian basis sets available now, which have been continuously
improved over the years [Schlegel 1982]. The single-zeta Gaussian basis sets, also known,
as minimal basis set, are the simplest GTOs. In the most popular single-zeta basis set STO-
3G each Slater type orbital consists of 3 primitive Gaussian type orbitals (PGTO) [Hehre et
al. 1969; Ditchfield et al. 1971]. Since the inner-shell electrons are not so vital to the
calculation, they are described with a single Slater Orbital and usually double-zeta is used
only for valence orbitals. This method is called a split-valence basis set. 3-21G and 6-31G
are common examples of split-valence basis sets [Hehre et al. 1972; Binkley et al. 1980].
The notation 3-21G shows that a single basis set consisting of 3 gaussian functions for

inner electrons and the valence electrons are represented by two separate basis functions,
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one consisting of 2 gaussian functions and the other 1 gaussian function. In 6-31G, the
number of gaussian functions is increased. Basis sets can be elaborated using polarization
functions and/or diffuse functions. Interaction between atoms induces a deformation of the
electronic cloud around each atom and this is called polarisation. This is usually denoted as
* or ** describing the use of an extra set of d-orbitals on heavy atoms and p-orbitals on
hydrogens. Another way to represent this is to add (d) or (d, p) after the G in the notation of
the basis sets. To spread the electron density over the molecule diffuse functions are added,
and these are denoted by + or aug in the name of basis set. If the diffuse functions are
included on hydrogen atoms it is indicated by ++ signs. For calculations involving
transition metals, the inner core of these atoms is very large and a large number of basis
functions are required to describe these. Because the valence electrons are involved in
bonding, the basis functions corresponding to core electrons can be replaced by an
Effective core potential (ECP) [Hay and Wadt 1985; Jensen 1999]. These basis functions
are generated from relativistic atomic calculations hence this includes some relativistic

effects on the system studied.

1.2.3 Semi-empirical Quantum Chemical Methods

The practical applications of ab initio quantum chemical methods are limited
particularly for larger systems because of their heavy demands of computational time. The
semi-empirical methods are also based on Schrodinger wave equation. In semiempirical
calculations extensive use of approximations are made and the core electrons are not
included in the calculations [Pople and Beveridge 1970; Stewart 1990]. Certain
complicated integrals in the Hartree-Fock calculations are omitted. The approximations are
mainly in the construction of Fock matrix. To correct these limitations, this method is

parametrized using results of experimental data or ab initio calculations.
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In the most popular semi-empirical methods used today (MNDO, AM1 and PM3)
are based on the Neglect of Diatomic Differential Overlap (NDDO) method. Here the
overlap matrix S is replaced by the unit matrix. Hence the Hartree-Fock secular equation
IH — ES| = 0 can be replaced with a simpler equation |H — El = 0. The modern
semiempirical methods differ by further approximations that are made such as evaluating
the one and two-electron integrals and the parameterization technique. RM1 and PM6 are
recent extensions of the AM1 and PM3 methods, and these methods gives more accurate
results compared to other semiempirical methods.

Semi-empirical methods are excellent computational tools which give fast
quantitative estimates for a number of properties and this method is particularly useful for
scanning a chemical problem before proceeding with higher-level treatments and for
correlating large sets of experimental and theoretical data. Semi-empirical calculations are
much faster may be by several orders of magnitude when compared to ab initio method.
One of the disadvantage is that semi-empirical methods are less accurate and the errors are

less systematic hence difficult to rectify.

1.2.4 Density Functional Theory (DFT)

Density functional theory is another approach to the electronic structure calculation of
atoms and molecules. DFT is based on determining the electron density p(r), and not the
wave function as in Hartree-Fock method [Thomas 1927; Fermi 1927; Fermi 1928]. Unlike
wave function, the electron density is a physically observable quantity. The energy of the
system can be completely described on the basis of electron density associated with the
Hamiltonian operator. The electron density is related to the component of one electron

orthonormal orbitals y; of a single determinant wave function by,
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p(r) = i\yﬁ\ ... (Eq. 1.20)

In 1964, Hohenberg and Kohn established two fundamental theorems, which is regarded
as the foundation of the modern DFT [Hohenberg and Kohn 1964]. According to the
Hohenberg-Kohn (HK) theorems, (i) the external potential V,(r) and hence the total
energy E is a unique functional of electron density p(r) and (ii) the ground state energy can
be obtained variationally: the density that minimizes the total energy is the exact ground
state density. A straightforward consequence of the first Hohenberg and Kohn theorem is
that the ground state energy is also uniquely determined by the ground-state charge density

[Kohn and Sham 1965]. The energy functional can be written as,
E[p()]= F[p(r)]+jVext(r)p(r)dr ... (Eq. 1.21)

The first term arises from the interaction of electrons with an external potential V,(r)
and the second term F[p(r)] is the sum of the kinetic energy of the electrons and the
contribution from inter electronic interactions. Kohn and Sham found that most of the
problems are associated with the way the kinetic energy is described and suggested a
suitable method to handle the HK theorem for a set of interacting electrons. They divided

the total energy into the following parts:
E[p)]= T:[p(0)]+E, [p@®)]+ Ey. [p0)]+ [V, ()p@)dr ... (Bq. 1.22)

where Ty[p(r)] is the kinetic energy Eg[p(r)] is the electron-electron coulombic energy
and Exc[p(r)] contains contributions from exchange and correlation. The computation of

the kinetic energy can be expressed in terms of one electron function,
Tlpm] =Y v, (r)( ]W, (r)dr .. (Eq. 1.23)

The term Ep[p(r)] arises from the interaction between two charge densities,

E,[p(r)]= j [ Mazrazr .. (Bq. 1.24)
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Combining the Ti[p(r)], Eulp(r)] and the electron-nuclear interaction leads to the full

expression for the energy of an N-electron system within the Khon-Sham scheme:

E,[pm)]= ij/(r){ ]W(r)dr+ ijd dr,

1_r2|

+ Ey[p(0)] - Za|r—c;e | p(r)dr

.. (Bq. 1.25)

Exc 1s simply the sum of the error made in using the non-interacting kinetic energy and the
error made in treating the electron-electron interaction. When we write the functional in
terms of the density built from non-interacting orbitals and applying the variational

theorem, the one electron Kohn-Sham equation takes the form,

{_V_l_(iQJJerrz +ch[(1’1)]}‘/’i (r,) = gy,(r) ... (Eq. 1.26)

2 a=1 Nq P

Here the external potential is written appropriate to the interaction with M nuclei and ¢; are
the orbital energies and Vx¢ is the exchange correlation functional, which is related to

exchange-correlation energy by:

V, [(0)] = (%j - (Eq. 127)

Kohn-Sham equations describe the behavior of non-interacting electrons in an effective
local potential. These Kohn-Sham equations have the same structure as the Hartree-Fock
equations with the non-local exchange potential replaced by the local exchange-correlation
potential Vyc. The importance of Kohn-Sham (KS) approach is that it gives an exact
correspondence between the density and ground state energy of a system consisting of non-
interacting Fermions and the “real” many body system described by the Schrodinger
equation.

Even the HK and KS formalisms do not lead to the exact form of exchange-correlation
functional Exc[p(r)], much of it is left to a systematic search and guesswork and the utility

of DFT depends on the approximation used for Exc[p(r)]. The most widely used
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approximation in physics is local density approximation (LDA) wherein to calculate the
total energy of a system, electron density at each point in space is considered. In non-local
density approximation (NLDA or GGA), the variation in density, the gradient, was taken
into account. B3LYP method is one of the most common DFT methods, which is a form of
hybrid between DFT and HF methods [Lee et al. 1988]. DFT gives better results than HF
and in many cases, DFT is comparable to MP2 methods. Recently, a number of DFT
methods are developed that includes standard GGA functionals, hybrid-GGA functionals,
meta-GGA functionals, hybrid meta-GGA functionals, functional designed to incorporate

long-range dispersion interactions, and the random phase approximation.

1.2.5 Molecular Dynamics and Monte Carlo Simulations

Molecular dynamics is a simulation of the time-dependent behavior of a molecular
system such as vibrational motion or Brownian motion [Schlick 2002; Rapaport 2004].
Molecular dynamics calculations apply the laws of motion to molecules to calculate the
energy of the system. The molecular dynamic simulations would allow us to calculate
thermodynamic quantities, diffusion constants, and correlation functions also. The term
Monte Carlo method (or Monte Carlo simulation) can be used to describe any technique
that approximates solutions to quantitative problems through statistical sampling [Doll and
Freeman 1994]. Monte Carlo simulations use probability theory to solve mathematical
problems. Monte Carlo methods are generally easily parallelizable, with some techniques

being ideal for use with large CPU clusters.

Unlike molecular dynamics simulations, Monte Carlo simulations are free from the
restrictions of solving Newton’s equations of motion. This allows for cleverness in the

proposal of moves that generate trial configurations within the statistical mechanics
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ensemble of choice. Since one does not solve Newton’s laws of motion, no dynamical
information can be obtained from a traditional Monte Carlo simulation. Difficulty of
conducting large-scale moves in an explicit solvent is one of the main limitations of Monte

Carlo simulations of proteins.

1.2.6 Hybrid Quantum Mechanics/Molecular Mechanics
(QM/MM) Methods

Quantum mechanical methods (QM) can compute ground state and excited state
properties of molecular systems and can model chemical reactions while it is time
consuming for larger systems. Molecular mechanics (MM) is able to model very large
compounds quickly. It is possible to combine quantum mechanical model and molecular
mechanic methods into one calculation known as hybrid QM/MM method and this helps to
attain a balance between accuracy and computational cost. Here the active site of a
molecule is modeled using quantum mechanics while the rest of the molecule is modeled
with the help of molecular mechanics [Warshel and Levitt 1976; Gao 1996; Mordasini and
Thiel 1998].

In the case of QM/MM methodology, the total Hamiltonian of the system can be
written in the form:

H = H? + 2™ | g™ ... (Eq. 1.28)
where HY | H"™  and H2"MM are the QM hamiltonian , MM hamiltonian, and the
corresponding Hamiltonian for QM/MM interaction between the QM and the MM part. The
energy E of the QM/MM system can be taken as the sum of the QM energy (E?"), the MM
energy (E™) and the interaction energy between the two parts EZ"M.

E = oM 4 poMMM . pMM ... (Eq. 1.29)

Among various hybrid methods, the ONIOM (Our N-layered Integrated molecular
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Orbital + molecular Mechanics) method developed by Morokuma and coworkers is more
general, that allows different levels of theory to be applied to different parts of a system and
combined to produce reliable geometry and energy [Maseras and Morokuma 1995; Humbel

et al. 1996; Dapprich et al. 1999].

1.2.7 Quantum Theory of Atoms in Molecule Analysis (QTAIM)

The quantum theory of atoms in molecules (QTAIM) theory was formulated on the
fact that electron density plays a critical role in explaining and understanding the
experimental observations of chemistry [Bader 1990; Matta and Boyd 2007]. The electron
density p(r) is a physical quantity and this scalar field is defined over three-dimensional
space. The p(r) value can be obtained both from quantum chemical calculations and on the
basis of experimental measurement such as high-resolution X-ray diffraction data. The
AIM theory is based on topological analysis of p(r) [Bader 1998].

A critical point (CP) in the electron density is a point in space at which the first

derivatives of the density vanish,

= 0 (at critical point and at =)

Vo) = id;;(r) L 4w dpm
X

dy dz _
Generally # 0 (at all other points)

... (Eq. 1.30)
where the zero vector signifies that each individual derivative in the gradient operator,
Vp(r) is zero and not just their sum. The Hessian matrix is composed of nine second

derivatives of the density at the critical point. The trace of Hessian is invariant to rotations

of the coordinate system. This is known as the Laplacian of the density, which is given as
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V2p(r) = V.Vp(r) = d;;(r) dd/;(zr) + kdd/;r) .. (Bq. 131)

The critical points are symbolized as (@ o), where @ is the rank and o is the signature.
The rank is the number of non-zero curvatures of p(r) at the critical point and the signature
is the algebraic sum of the signs of the curvatures. There are four type of stable critical
points viz. (3, -3) nuclear critical point (ncp), (3, -1) bond critical point (bcp), (3, +1) ring
critical point (rcp) and (3, +3) cage critical point (ccp). Out of these, bcps are of particular
interest since they can be used in the identification of chemical bonds between atoms and
also the nature of interactions.

A bond path is the line along which the electron density is a maximum which links the
nuclei of two chemically bonded atoms. A collection of bond paths linking the nuclei of
bonded atoms in equilibrium geometry with the associated critical points is known as the

molecular graph. Figure 1.15 shows the molecular graph of a cubane molecule.

Cage critical point (ccp)

V-H bond paths
C-H bond critical

— point (bep)

Ring critical
point (rcp)

C-Cbond C-C bond paths
critical point
(bep)
Figure 1.15 Molecular graph of cubane (B3LYP/6-311++G(d,p)) showing the bond paths

(lines) and different critical points: nuclear (colour-coded by element C = black, H = grey),

red for (3, -1) or bond CP, yellow for (3, +1) or ring CP, and green for (3, +3) or cage CP.
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Some criteria have been proposed to characterise chemical bonds and interactions
based on AIM parameters at bond critical points [Bader 1990; Matta and Boyd 2007;
Palusiak and Krygowski 2007; Bader 2009]. The following parameters of electron density
functions is helpful to analyze the nature of a chemical bond viz. the electron density (p(r)),
the Laplacian (Vzp(r)), the density of the total energy of the electron (H(r)), the kinetic
electron energy density (G(r)) and the potential electron energy density (V(r)). In many
applications, p(r) has been used as a measure of the strength of the bonding interaction,
particularly the c-interaction. Vzp(r) indicates the regions where the p(r) is depleted or
concentrated. For shared bonds, VZp(r) is negative while positive values are observed for
interactions showing closed-shell character. Apart from this, valuable information about
chemical bond is obtained from the H(r) and its two components G(r) and V(r) and the Eq.
1.32 shows the relation between these parameters.

H(r) = G(r) + V(r) ... (Eq. 1.32)
Regions where the electrons are more localized are characterized by relatively higher V(r)
values whereas large G(r) values corresponds to the regions where the electrons are move
faster. In general, for covalent interactions, |V(r)l > G(r) and hence the value of H(r) is
negative and for closed-shell interactions, |V(r)l < G(r), thus H(r) shows positive value.
The following Eq. 1.33 and Eq. 1.34 show the relation between H(r) and Vzp(r).
(h*/8m)V>p(r) = H(r) — (1/2)V(r) ... (Eq. 1.33)
H(r) = (h*/8m)V*p(r) + (1/2)V(r) ... (Eq. 1.34)
The combined use of both H(r) and Vzp(r) has been practiced as an excellent descriptor for
defining the nature of chemical bonds [Bushmarinov er al. 2008; Nakanishi et al. 2009].
For shared-shell interactions, Vzp(r) < 0 and also by definition, V(r) is negative at the bcp,

consequently as from Eq. 1.33, H(r) will be negative. For closed-shell interactions H(r)
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would be positive and this occurs when (h%/8m)V°p(r) > I(1/2)V(r)l. There is another
possibility that Vzp(r) > 0 and H(r) < 0, indicates partial ionic and partial covalent nature of
the bond. Thus pure closed-shell interactions without covalency are characterized by H(r) >
0, whereas H(r) < 0 includes two types of interactions viz. closed shell interactions with
covalent character where Vzp(r) > 0 and shared shell interactions where Vzp(r) < 0.
Nakanishi et al. characterized the shared-shell and closed-shell interactions for a better
understanding of the weak to strong interactions by plotting H(r) versus Vzp(r) values at
the bcps and found that the ratio of V(r) and G(r) (denoted as k(r); k(r) = V(r)/G(r)) is
highly useful to explain these plots [*Nakanishi and Hayashi 2010; "Nakanishi and Hayashi
2010]. The higher magnitude of k(r) indicates the extent of dominance of V(r) over G(r)

values.

1.2.8 Molecular Electrostatic Potential (MESP)

Coulomb's law describes the electrostatic interaction between electrically charged
particles. Coulomb's law states that the electrical force between two charged objects is
directly proportional to the product of the quantity of charge on the objects and inversely
proportional to the square of the separation distance between the two objects. In

mathematical form, Coulomb's law can be stated as,

F="2%" ... (Eq. 1.35)
4re,r?

A

where g; and ¢, are point charges separated by a distance r in vacuum; r is a r unit vector
joining the position vectors of g, and g, and 47e is the constant of proportionality. The

intensity of an electric field is the force acting on a unit test charge placed at a reference

point in the field. The field due to a fixed point charge g produced at a site r is
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E=—1 ... (Eq. 1.36)
47t80|l'|

Applying the principle of superposition, for a system of two more charges {g,}, the electric

field is the vector sum of the fields E, produced by the individual charges and can be given

as

E(r)zZEa(r)=41 z%("“’;) .. (Eq. 1.37)

o e,y [r—r,

The classical Coulombic electrostatic potential, V(r) at the point r due to a discrete point

charge ¢, placed at r, is given by

V)= da ... (Eq. 1. 38)
4ne, | r-r,

Since electrostatic potential (ESP) obeys the principle of superposition, the ESP at a point r

due to a collection of discrete charges {¢g,} located at {r,} can be written as

V)= e .. (Eq. 1.39)

If instead of discrete charges, consider a continuous distribution of charge over space, o(r')
is the continuous charge distribution. The charge contained in an infinitesimal volume
element d°r' around a point r' is p(r')d3r'. This generates a potential of p(r')d’ r’ / | r —r'| at
a reference point r. Then the potential generated by the entire charge distribution is
obtained by integration over the entire space, i.e.

1 J‘p(r')d3r'
4re, |r—r'|

V(r)= ... (Eq. 1.40)

The electrostatic potential for a combination of discrete charges g, placed at r, and a
smeared distribution o(r) can be written by employing superposition principle and

combining eqs. 1.41 and 1.42 as
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Vr)=— {Z 2o +j|p(r') d3r'} .. (Eq. 1.41)

\l
e, | Fr—r, r—r|

In a molecular charge distribution which is a collection of positive discrete charges {Zy}
and a continuous negative electron density distribution described by p(r) the molecular
electrostatic potential (MESP) [Gadre and Shirsat 2000] is given as

p(r)d’r'
[r—r'|

V(r):z|r%°l‘{ |—j .. (Eq. 1.42)

where N is the total number of electrons in the molecules. The most negative valued point
(Vmin) 1n electron rich regions can be obtained from MESP topology calculations. Eq.
(1.42) shows that for electron dense regions, the electronic terms will dominate over the
nuclear term and hence these regions are characterized by negative MESP values whereas
the electron deficient regions show positive MESP values [Politzer and Murray 1996;
Politzer and Murray 2002]. This is illustrated using a representative example shown in
Figure 1.16. To make the electrostatic potential energy data easy to explain, a color
spectrum, with red as the lowest electrostatic potential energy value and blue as the highest,
is employed to convey the varying intensities of the electrostatic potential energy values.

It has been established that the MESP topography provides a succinct tool for
understanding molecular reactivity, intermolecular interactions, molecular recognition and
a variety of chemical phenomena [Politzer and Truhlar 1981; Luque et al. 1994; “Gadre et
al. 1996; Gadre et al. 1996]. MESP has been used as an alternate electronic descriptor to
quantify substituent effects such as inductive effect, resonance effect, through-space effect,
and ortho effect in organic and inorganic systems [Suresh and Gadre 1998; Suresh et al.
2000; Suresh and Koga 2002; Politzer 2004; Suresh and Gadre 2007; Suresh et al. 2008;

Sayyed and Suresh 2009; Sayyed and Suresh 2010].
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JRe—
-0.1 » » m 01au
MESP map of NHC
Figure 1.16 Electrostatic potential on molecular surface of a N-heterocyclic carbenes

molecule, computed at B3LYP/6-311++G(d,p) level of theory.

1.2.9 Quantitative Structure Activity/Property Relationships
(QSAR/QSPR)

A QSAR/QSPR attempts to find consistent relationships between the variations in the
values of molecular properties and the biological activity or properties for a series of
compounds [Karelson and Lobanov 1995]. Thus a QSAR/QSPR is statistically derived
equation which quantitatively connects between chemical structure and biological/chemical
property or activity, and which takes in the form of a linear equation,

Biological activity/property = (k;P;) + (k2P2) + (k2P3) + ... ... (Eq. 1.43)
where the parameters P; through P, are computed for each molecule in the series and the
coefficients k; through k, are calculated by fitting variations in the parameters and the
biological activity.

Quantitative structure-activity and structure-property relationship (QSAR/QSPR) studies
are unquestionably of great importance in modern chemistry and biochemistry [Rogers and
Hopfinger 1994]. Once such a relation is found, any number of compounds, including those
not yet synthesized, can be readily screened on the computer in order to select structures

with the properties desired. Numerous QSPR/QSAR models have reported based on various
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known physicochemical parameters and molecular descriptors such as geometric, electronic
or electrostatic, polar, steric, topological indices. The procedure for QSAR/QSPR model
generation needs the experimental data, the molecular descriptors, mathematical method for
the construction of QSAR/ QSPR, and the validation process [Golbraikh et al. 2003].

Multiple linear regression (MLR) is one of the most commonly used method for
constructing QSAR/QSPR models due to its simplicity and the formation of easily
interpretable mathematical expression [Vapnik 1998; Vapnik 2000]. Best multiple linear
regression (BMLR), heuristic method (HM), genetic algorithm based multiple linear
regression (GA-MLR) are the three most commonly used modified methodologies based on
MLR. Apart from MLR, partial least squares (PLS), neural networks (NN), support vector
machine (SVM) are also used as the mathematical models for the regression tools in
QSAR/QSPR analysis [Wold et al . 1984].

The quality of mathematical models can be evaluated by correlation coefficient (r), or in
terms of relative standard deviation (rsd) [Egan and Morgan 1998]. The predictive power of
a QSAR model is often estimated by cross validation methodology. The original set of data
is modified by taking off one (LOO- leave one out) or more (LMO-leave many out) which
are used to check the predictivity of a model formed from remaining data. This is repeated
with all data in the set. A cross-validated coefficient (Q%) was subsequently obtained and
this can be used as a statistical index for predictive power. O’ can be calculated using the

following equation [Hao et al. 2011],

train

Z(yi_yi)z
Q*=1-|AE— .. (Eq. 1. 44)

2 (=5,

where y;, y,, and y, are respectively for the observed, predicted, and mean values of the

target property, for the training set.
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1.3 Conclusion

The first chapter describes the evidence and significance of trans influence in transition
metal complexes, main group metal complexes, and lanthanide complexes. A detailed
literature survey on experimental and theoretical studies of trans influence is presented. It is
clear that to establish a universal series for trans influence of various ligands is not possible
in transition metal complexes because the trans influence results from the mutual effects of
two trans ligand and also it shows marked dependency upon the nature of central metal
atom. On the other hand, in main group elements, trans influence can be taken as a function
of inductive effect of trans ligands. In most cases, the assessment of trans influence is
made in terms of trans bond length parameters and an energetic parameter to measure the
trans influence is still lacking. Our work is mainly concentrated on the introduction of a
new energetic parameter for the assessment of mutual trans influence of various ligands.

The second part of Chapter 1 deals with the theoretical background of the computational
methods which are commonly used in computational chemistry calculations. This part
includes a brief account of various computational methods, viz. molecular mechanics,
Hartree-Fock theory, the post HF methods, semi-empirical quantum chemical methods,
density functional theory, molecular dynamics and Monte Carlo simulations, and hybrid
QM-MM methods. The assessment of nature and strength of a chemical bond using
QTAIM parameters, brief description on molecular electrostatic potential and quantitative

structure activity/property relationships are also discussed.
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Quantification of the Trans
Influence in Pd(II) and Pt(II)
Complexes

m Calculated BDE in kcal/mol
® Predicted BDE in kcal/mol
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2.1 Abstract

Trans influence of a variety of ‘X’ ligands (X = H,O, NH3;, Py, CO, SMe,, C>H,,
AsHj;, PH;, AsMes;, PMes;, PEt;, ONO™, F~, Cl, Br', N;', NO,”, OH, CN, Ph", H,
Me™, SiH;™) has been studied using isodesmic reactions of the type M"CLX + M"Cl;
— MHClg + Ml 3X (M = Pd, Pt). All these reactions are endothermic and the energy
of the isodesmic reaction (Ex) provided a good measure of the trans influence of X as it
showed good agreement with the order of trans influence measured in terms of the
typically used trans bond length (the M—Cl bond trans to the ligand X) data. Further,
good linear correlations are obtained between Ex and electron density at the (3, -1) bond
critical point (bcp) of the trans M—Cl bond for both Pd(Il) and Pt(Il) complexes, which
confirmed the use of Ex as a quantitative energetic measure of trans influence of X. On
the basis of Ex values, different ligands can be classified into three groups, viz. strong
trans influencing, moderately trans influencing, and weak trans influencing. Isodesmic
reactions of the type MHCZZX + MHCZZY —> MHClg + MHCngY with ligands ‘X’ and ‘Y’
in the trans positions are also modeled for several random combinations to obtain the
energy of the reaction Exy. The Exy values act as a measure of the mutual trans influence
of X against a trans ligand Y. Exy is the highest when two SiH;™ ligands are trans to
each other while it is the lowest when two H>0 ligands are in trans positions. Using the

isodesmic reaction energies of X (Ex) and Y (Ey), the empirical equation
2
E.,=n (EX +E, /\/E) is derived for predicting the Exyvalues for both Pd(Il) and Pt(1I)

complexes, where 1 is a constant. The predicted Exy showed good agreement to
calculated Exy as their linear correlation produced correlation coefficients higher than
0.99 in both Pd(Il) and Pt(Il) complexes. Further, it is possible to predict the bond

dissociation energy of the ligand X (Dax) in [M"CLXY]"™ with the help of the
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equation Dyx = D;x + Ex — Exy, where Dy is the bond dissociation energy of X in
[M”Cng 1"". Quantification of the contributions of Ex and Exy to the bond dissociation
energy of the ligand X (Dsx) in complexes of the type [M"X(Y)X'(Y')] (M = Pd, Pt) is also
achieved. The Dsx of any ligand X in these complexes can be predicted using the
equations, viz. Dixipq) = 1.196Ex — 0.603Exy — 0.118Exy + 0.442D;x + 15.169 for
Pd(1l) complexes and Dsxipy) = 1.420Ex — 0.741Exy — 0.125Exy + 0.498 D;x + 13.852
for Pt(Il) complexes. These expressions suggest that the mutual trans influence from X
and Y is more dominant than the mutual trans influence from X' and Y' and both factors
contribute significantly to the weakening of M—X bond. We also demonstrated that using
a database comprising of Dix and the p(r), the bond dissociation energy of X in

complexes of the type [M"X(Y)X'(Y')] can be predicted.

2.2 Introduction

In the present work, isodesmic reactions are employed to quantify the mutual trans
influence of ligands. Here the reactions are modeled in such a way that the isodesmic
reaction energies can be taken as a quantitative measure of mutual trans influence
between two ligands. Since palladium and platinum forms a number of complexes with
organic and inorganic ligands, and the chemistry of these metals in +2 oxidation state is
one of the emerging and versatile fields of inorganic chemistry [Dedieu 2000; Negishi
2002; Tsuji 2004; Holmes 2007], we have studied the trans influence in square planar
Pd(Il) and Pt(Il) complexes, and compared the effect of metal on the mutual trans
influence of different ligands. Further, we have analyzed the bond dissociation energies
of various ligands in [M"X(Y)Cl,] and [M"X(Y)X'(Y")] complexes (where M = Pd and

Pt) in terms of trans influence parameters.
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2.3 Computational Details

To get the correct trend of metal-ligand bond length, the square planar Pd(Il) and
Pt(II) complexes were optimized by B3LYP [Lee er al. 1988; Becke 1993] and
MPWBIK [Zhao and Truhlar 2004] level DFT methods with Gaussian0O3 suite of
programs [Frisch er al. Gaussian 03 2004]. For Pd and Pt, the basis set of Lanl2DZ [*Hay
and Wadt 1985; bHaly and Wadt 1985] with extra f polarization function was chosen
[Ehlers et al 1993]. For all the other atoms, 6-31++G(d,p) basis set was selected and the
combined basis set for all the atoms is named as BS1. It has been reported that many of
the structural features of transition metal complexes are not reproduced correctly in the
gas phase DFT calculations, while the correct trends are obtained by including solvent
effects [Yatsenko et al. 2004; Hocking et al. 2007]. Therefore, throughout this work the
solvent corrections were applied to B3LYP and MPWBI1K methods using Conductor like
Screening Model (COSMO) with water as solvent [Klamt and Schuurmann 1993]. The
COSMO is a dielectric solvent continuum model in which the solute molecule is
embedded in a molecular-shaped cavity surrounded by a dielectric medium. The solvent
excluding surface was used along with an epsilon value of 78.5 for the dielectric constant
of water. Water is selected as the solvent because of its higher permittivity and hence
more accurate results can be achieved in COSMO method [Klamt and Schuurmann
1993].

The topological features of electron density have been analyzed for all the [M"Cl5X]"
complexes using the AIM2000 program [Bader 1990; Biegler-Konig et al. 2001]. This
analysis is based on the Bader’s theory of atoms in molecule (AIM) approach [Bader
1990] and for the present study, the bond critical points of nature (3, —1) is located for all

the M—Cl bond trans to the ligand X.
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The bond length obtained from different calculations was compared to
crystallographic data obtained from Cambridge Structural Database (CSD) [Allen 2002].
The trans bond lengths of ten such optimized structures were compared with
crystallographic data, and the method which gives correct bond length order in various
complexes is used for further calculations.

The accuracy of calculated bond dissociation energies may depend on the level of
theory used. To address this issue, we tested six different DFT functionals, viz. standard
GGA functionals BP86 [Becke 1988; Perdew 1986] PBE [Perdew et al. 1996], hybrid-
GGA functionals B3LYP [Becke 1993; Lee et al. 1988] and PBEIPBE [Adamo and
Barone 1999], meta GGA functional TPSS [Tao et al. 2003], and hybrid-meta GGA
functional MOS5 [Zhao et al. 2005] for the computation of BDEs of various ligands in
[PdHX(Y)X'(Y')] complexes and this values were compared with the results obtained

using MPWBI1K method.
2.4 Results and Discussion

2.4.1 Analysis of trans Pd"-Cl and Pt"-Cl Bond Lengths

Trans influence affects the ground state property of the ligand, which is reflected on
the strength of metal chloride bond trans to the ligand X. Hence, trans bond length is
usually taken as a qualitative measure of trans influence [Appleton et al.1973]. In order
to find the suitable computational method, which can reproduce the correct trans
influence order of different ligands, the calculations are carried out with B3LYP-
COSMO/BS1 and MPWBIK-COSMO/BST1 level of theory in square planar complexes
of the type [Pd"CL:X]" and [Pt"CLX]" (n = 1 when X is neutral and n = 2 for
uninegatively charged ligand X). The results are depicted in Table 2.1 along with the

experimental Pd—Cl and Pt—CI bond lengths obtained from crystallographic data.
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Table 2.1 Comparison of experimental and calculated trans M—CI bond lengths (in A) in
complexes of the type [M"CI;X]"™ (where M is Pd, Pt and X is H,O, CO, CI", NH3, C,H,

, PEt3, NO, and PPh3). See foot notes for references.

Percentage Error for
. | B3LYP-
System E"pi"i COSMO/ Cl\(/l)gK/[Vg}lI;S- | | BLYP-
menta BS1 COSMO/ | MPWBIK-
BS1 COSMO/BS1
[PAC1;H,0] "~ 2.256 2.331 2.290 3.3 1.5
[PACly] > 2.306" 2.397 2.343 4.0 1.6
[PAC3NO,)”~ | 2.358° 2414 2.363 2.4 0.2
[PACI;PPh;]~ | 2.363¢ 2.462 2.408 4.2 1.9
[PtCI;H,0] 2.248° 2.330 2.294 3.6 2.0
[PtC13CO] - 2.289" 2.375 2.336 3.8 2.0
[PtCl,]* 2.304% 2.388 2.338 3.6 1.5
[PtCI;NH;5] ™ 2.313" 2.391 2.349 3.4 1.6
[PtC15C,Hy] 2.335 2.410 2.364 3.2 1.3
[PtC13PEt] ~ 2.380 2.491 2.433 4.6 2.2

[Yang et al. 2006], °[Kaluderovic et al. 2004], ¢ [Boganova et al. 2001], “[Casellato et
al. 2006], ¢ [Chen and Matsumoto 2006], [Russell and Tucker 1976], &[Bisi-Castellani ez
al. 2006], " [Belskii et al. 2006], ' [Black ef al. 19691, ’ [Bushnell et al. 1975]

The data presented in Table 2.1 suggest that the trans bond lengths are overestimated
by 2.4 to 4.6 % in the B3LYP and 0.2 to 2.2 % in the MPWB1K method. However,
both B3LYP and MPWBIK method follow bond length trends very similar to the
experimental trend. From the experimental trans bond length, the decreasing order of
trans influence for Pt(II) complexes can be written as PEt; > C;Hs > NH3; > CI” > CO >
H,0O and the same order is nearly preserved in the calculated bond length values using

both the DFT methods. Since the better agreement to the experiment is obtained by
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MPWBIK method, for further calculations, the solvent corrected MPWB1K-COSMO

/BS1 method is used.
2.4.2 Trans Influence from Trans Bond Length

M-CI bond length trans to X of [MHC13X]I’_ complexes calculated at MPWBI1K-
COSMO/BS1, where M = Pd, Pt are listed in Table 2.2 for 23 ligands. The optimized
structures of a representative set of [M"CL;X]"™ complexes are given in Figure 2.1.
According to the decreasing Pd—Cl bond lengths, different ligands can be arranged in the
decreasing order of trans influence as shown in series (i),

SiH;” > Me™ > H > Ph™ > PEt; ~ PMe; > AsMe; > CN™ ~ PH; > AsH; > OH™ >
NO; ~N; ~ Br ~SMe; ~ C;Hy > CI" ~ NH3> Py ~ F > CO ~ ONO™ > H,0O

(1)

Figure 2.1 Optimised structures of [M"CL3X]" complexes (where M= Pd, Pt and X =
H,0, PH3 ) at MPWBI1K-COSMO/BSI1 level of theory. Trans bond length in A are also

shown.
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Table 2.2 Values of the trans M—Cl (where M = Pd, Pt) bond length for the complexes

of the type [M"CL;X]"".

Trans ligand | Pd-Cl bond Pt—Cl bond
X length in A length in A
H,O 2.290 2.294
CcO 2.322 2.336
Py 2.333 2.344
NH; 2.343 2.349
SMe, 2.354 2.355
C,Hqy 2.355 2.364
AsHj; 2.387 2.387
PH; 2.396 2.394
AsMes 2.425 2416
PMe; 2432 2.430
PEt; 2.438 2.433
ONO~ 2.323 2.329
F 2.330 2.331
cr 2.343 2.338
Br- 2.357 2.351
N3~ 2.359 2.359
NO,~ 2.363 2.368
OH" 2.380 2.383
CN™ 2.400 2.400
Ph™ 2.534 2.511
H™ 2.548 2.527
Me™ 2.562 2.536
SiH;™ 2.603 2.582
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The highest trans influence is shown by SiH;™ ligand whereas H,O exhibited the
lowest, accordingly the Pd—Cl bond trans to SiH;™ is 0.313 A longer than the Pd—Cl
bond trans to H>O. It may be noted that the trans effect values of various ligands are
nearly parallel to the trans influence order given in series (i), but significant deviation
exists for w-accepting ligands CO, CN™ and C,H,4. These ligands are well known for their
strong trans effect, which often leads to the stabilization of the transition state of square
planar substitution reactions.

On the basis of the trans Pt—CI bond lengths in square planar Pt(Il) complexes, the
trans influence of different ligands can be arranged in the decreasing order as displayed
in series (ii)

SiH;~ >Me™ >H™ >Ph™ > PEt; ~ PMe; > AsMe; > CN™ ~ PH; > AsH; ~ OH™ >
NO, ~ CHy >N3 "~ Br ~SMe, > NH; ~ Py> CI' ~ CO > F ~ONO™ > H,O
....(i1)

This trans influence order observed in Pt(II) complexes is almost identical to that found
for PA(II) complexes. The series (i) and (ii) show that in the case of coordinating atoms
the trans influence follows the order Si>C (sp’)>H>P>As> Br>N> CI>F>0
in both metals. It is clear that order of trans influence is not in accord with the

elelctronegativity and atomic number of the central atom.

2.4.3 Trans Influence from Isodesmic Reactions

The trans influence of different ligands are investigated using isodesmic reactions of
the type given in Scheme 2.1 where the metal center M is either Pd or Pt. On the reactant
side there are five M—Cl bonds and one M—-X bond and the same is preserved in the
product side as well. When X is a uninegatively charged ligand, the total charge of the

reactant side and the product side will be =2, and for neutral ligands the charge on both
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sides of the reaction will be —1. Thus in addition to the type and number of bonds on
reactants and product sides, the total charge is also conserved in the reaction given in
Scheme 2.1. The optimised structure of MCIl, at MPWB1K-COSMO/BS1 used in the
isodesmic reactions is nearly linear with a bond angle of 175°, while the optimised

geometries of MCl; and MCl,X are T-shaped as shown in Scheme 2.1.

Cl Cl Cl Cl
|
co—wt & MEx — M 4 o—wmEx
|
Cl Cl Cl Cl
Scheme 2.1 Isodesmic reaction in which the reactant side is free from mutual trans
influence between X and Cl". Oxidation state +2 of the metal is also shown. The total

charge of the system depends on the type of ligand X.

The energy of the isodesmic reactions (Ex) corresponding to the 23 ligands (X =
H,0, NH3, Py, CO, SMe,, C;H4, AsHs, PH3;, AsMe;, PMes;, PEt;, ONO7, F, CI,
Br, N3, NO,, OH, CN7, Ph, H, Me", SiH3") is shown in the Table 2.3 for both
Pd(II) and Pt(Il) complexes. All the reactions are endothermic which indicates that
the higher energy of the product side is due to the destabilizing mutual trans influence
of X and CI” in [M"CI15X]"™ and therefore the value of Ex can be considered as a good
energetic measure of trans influence. In fact, Ex measures the mutual trans influence
of X and C1™ and in our procedure, the influence from CI™ is assumed to be a constant
as the Ex is calculated against the same trans ligand. Therefore, keeping the CI™ as a
reference ligand, the Ex value is assigned exclusively to the trans influence of X.

In Pd(II) complexes, according to the Ex values, the highest trans influence of 41.32
kcal/mol and the lowest trans influence of 5.15 kcal/mol can be assigned for the

combinations (SiH3™, ClI") and (H,O, CI'), respectively. Figure 2.2 shows the linear
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correlations between Ex and the trans Pd—CI bond lengths for both neutral and anionic
ligands. The correlation coefficients (r) of these linear plots are 0.984 for neutral and
0.988 for anionic ligands. In accordance with the Ex values, different ligands can be
arranged in terms of their mutual trans influence with CI™ as shown in series (iii)

SiH;” > Me >Ph™ >H > PEt; > PMe; > AsMe; > CN™ ~ PH; ~ AsH; > OH > NO,™
~ N3y~ Br > SMe, ~ CI' > CHs4>NH; > Py ~ F ~ ONO™ >

CO> H,0 ...(iii)

y=92.89x-198.9
r=0.988

Ey in kcal/mol

y =163.6x - 368.3
L 4 r=0.984

<

225 230 235 240 245 250 255 2.60 2.65 2.70
Trans Pd-Cl bond length in A

Figure 2.2 Correlation between Ey and trans Pd—Cl bond length in complexes of the
type [Pd"CL3X]™ (blue diamond is for neutral ligands and red circle is for negatively

charged ligands).

The Ex based trans influence series (iii) is similar to the trans influence series (i)
where the descriptor was the trans Pd—Cl bond length. However, compared to the bond
length descriptor, Ex values suggest higher trans influence for the ligands ONO™, Cl™, and
Ph™. Further, analysis of Ex values in Table 2.3 suggest that the ligands with modest o-
donating power [Appleton et al. 1973] have low Ex while the those with high 6-donating
power have high Ey. Thus on the basis of Ex values , the ligands can be classified in to

three, viz.
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Class I: weak trans influencing: The ligands with Ex value less than 25 kcal/mol
belong to this class and are characterized by weak c—donating power. They are CN,
PH3;, AsHis, OH™, NO; ", N5, Br', SMe,, C;H4, NH3, CI, Py, F-, CO, ONO, and H,O.

Class II: moderate trans influencing: Ligands in this class have Ex in between 25 and
35 kcal/mol. The ligands included in this class are PEt;, PMes; and AsMes and are
moderate o-donors and also moderate Tt-acceptors.

Class III: strong trans influencing: Ligands showing Ex values greater than 35
kcal/mol. The alkyl, aryl, silyl, and hydride ligands are examples. They have strong o-
donating ability but no m-accepting ability.

The calculated Ex values for different ligands in Pt(Il) are depicted in Table 2.3. It is
seen that as in the Pd(I) complexes, the Ex values for Pt(II) complexes also showed
good linear correlations with trans Pt—Cl bond length for both neutral (r = 0.979) and
anionic (r = 0.988) ligands (Figure 2.3). According to the Ey values, the SiH;™ is the
ligand with the strongest trans influencing power (56.78 kcal/mol) while the H,O ligand
exhibits the weakest trans influence (13.06 kcal/mol).

On the basis of Eyx values of Pt(II) complexes, ligands can be arranged in terms of their
trans influence as shown in series (iv), which is similar to the trans influence series
obtained in accordance with trans bond length (series ii). However, slight difference in
the order is noticed for ligands H ONO™ and CI™
SiH;™ >Me™ > H ~Ph™ >PEt; > PMe; > AsMe; > CN™ ~ PH3; ~ AsH;~ OH™ >
NO;  ~ N3 ~Br >SMe, ~Cl"~ C;Hy > NH3 ~ Py > ONO ~ F > CO > H,O

..(1v)
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Table 2.3 The isodesmic reaction energies ( Ey ) in kcal/mol for the reaction MHClzX +

MCl; —» M"Cl, + M"C15X , where M = Pd, Pt.

Trans ligand X ngni:pll)gx(g ) liﬁ;lpl::,g
0,0 5.15 13.06
cO 9.09 18.72
Py 14.86 26.42
NH, 15.22 26.34
SMe, 19.18 30.47
C,H, 18.51 30.03
AsH; 23.11 34.86
PH; 23.26 35.63
AsMes 28.12 40.93
PMe; 28.96 41.90
PEt; 29.86 42.94
ONO~ 14.69 25.75
F— 14.76 25.24
Cr 19.74 30.15
Br 21.83 32.84
Ny 21.46 33.21
NO, 21.14 33.40
Ol 22.92 35.36
N 23.96 35.53
Ph 37.97 5170
o 37.02 S179
Mo~ 39.58 53.71
SiH;" 41.32 56.78
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y=121.3x-254.5
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Ey in kcal/mol

Figure 2.3 Correlation between Ex and trans Pt—Cl bond length for [PtHCng]“_

complexes (blue diamonds show neutral ligands and red circles show anionic ligands).

In the case of Pt(II) complexes, the weak o-donors (Class I), have Ex values less
than 40 kcal/mol, while for moderate 6-donating (Class II), the Ex values lie between 40
and 50 kcal/mol. For strong trans influencing ligands with strong oc-donating ability

(Class III), the Ex values are found to be greater than 50 kcal/mol.

2.4.4 AIM Analysis

Bader’s theory of atoms in molecules (AIM) was used to carry out the analysis of
topology of electron density in both [Pd"C1;X]"" and [Pt"C1:X]™™ complexes. The (3,-1)
bond critical points in the AIM analysis observed for both trans Pd—CI and trans Pt—Cl
bonds are reported in Table 2.4. The p(r) of trans Pd—Cl bonds range from the highest of
0.085 a.u. for H,O to the lowest of 0.042 au for SiH;". Similarly, in the case of trans
Pt—Cl bonds, the bcp values range from 0.092 to 0.050 au for H,O to SiH;. AIM
topological plots of two representative examples for Pd and Pt complexes are given in the
Figure 2.4. A high value of p(r) indicates the high strength of the trans bond and small

trans influence of X. In both Pd(II) and Pt(Il) complexes, the p(r) values show very good
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linear correlations (Figures 2.5 a and b ) with the Ex values. The result strongly support

that the Ex can be used as a good energetic measure of trans influence of various ligands.

|
H
< )
f e
|
AN
| p(r)=0.085
de
cl
H
«
P . e ¢
\k ¢
{ \
p(r)=0.092

p(r)=0.067
a®

Cl

H ¢
% {( P\t e —OCI
/P .
’ 1

p(r)=0.074

cl

Figure 2.4 AIM topological plot of [Pd"CL3X]™ and [Pt"CL3X]" complexes with X =

H,O and PHj;. Big circles correspond to attractors (atomic nuclei) and small red circles

indicate bond critical points. The p(r) in au at bond critical point of Pd—Cl and Pt—CI

bonds are also shown.
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Figure 2.5 Correlation between (a) Ex and p(r) at bond critical point of Pd—Cl trans to

X for the complexes of the type [Pd"C1:X]"™ and (b) Ex and p(r) at bond critical point

of Pt—Cl trans to X for the complexes of the type [Pt"Cl3X]".
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Table 2.4 M—CI bond critical point trans to X for the complexes of the type [M"CI:X]"".

p(r) of trans

p(r) of trans

Trans ligand X Pd-Cl bond (au) | Pt—Cl bond (au)
0,0 0.085 0.092
cO 0.079 0.087
Py 0.076 0.082
NH; 0.075 0.081
SMe; 0.074 0.081
C.H, 0.075 0.082
AsH; 0.068 0.076
PH, 0.067 0.074
AsMe; 0.063 0.071
PMe; 0.062 0.069
PEt; 0.061 0.069
ONO~ 0.078 0.084
F— 0.076 0.083
T 0.075 0.083
Br 0.073 0.081
Ny 0.072 0.079
NO, 0.072 0.078
OH" 0.067 0.073
N 0.065 0.073
P 0.048 0.057
o 0.046 0.054
Mo~ 0.045 0.053
SilL- 0.042 0.050
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2.4.5 Comparison of Mutual Trans Influence of Different

Ligands in Pd(II) and Pt(II) Complexes

In both Pd(II) and Pt(I) complexes, the order of trans influence of different
ligands is comparable and, in terms of coordinating atoms, the trans influence
follows the order Si > C (sp3) >H>P>As>Br>Cl>N>F>0. Among Class III
ligands, the trans influence of H™ and Ph™ is almost same in Pt(Il) complexes,
whereas in Pd(II) complexes, Ph™ is more trans influencing than H™. Similarly, weak
trans influencing ligands in Pt(Il) complexes follow the order CI" ~ C;Hs > NHj3; ~
Py > ONO ~ F > CO > H,O whereas in Pd(Il) complexes the order is CI” >
C,Hs>NH; > Py ~ F ~ ONO™ > CO > H,O.

It can be seen that in Pt(II) complexes, the weakest trans influencing H,O has Ex of
13.06 kcal/mol and the strongest trans influencing SiH3;™ has Ex of 56.78 kcal/mol,
whereas these values are respectively 5.15 kcal/mol and 41.32 kcal/mol in Pd(II)
complexes. Trans influence results from the competition between the trans ligands X and
Y for the sharing of metal orbital [Appleton ef al. 1973]. If Y is more o-donating than X,
a relative weakening of M—X bond can be observed. In recent paper, linear dependency
of o-donating ability of ligands and trans influence is reported [Chval et al. 2008]. In
general, platinum forms stronger bonds with ligands than palladium [Chianese et al.
2007] and thus the influence of a strong - donor ligand Y on the trans ligand X will be
more in Pt complexes. For H,O ligand, the Ex value in Pt(I) complexes is 7.91 kcal/mol
higher than the Ex value of the corresponding Pd(Il) complexes. The difference in the Ex
value between Pd(II) and Pt(I) complexes increases as the o-donating power of the
ligands increases. For instance, in the case of the strongest o-donating SiH3™ ligand,

Pt(II) complex show an Ex value 15.46 kcal/mol higher than Pd(Il) complex.
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In Pt(IT) complexes, the Ex values of AsMe; and PMes are 40.93 and 41.90 kcal/mol,
respectively, while the Ex values of unsubstituted ligands, AsH; and PHj3 are 34.86,
35.63 kcal/mol, respectively. This shows that there is a significant increase in trans
influence of these ligands upon methylation. Similar observation can also be noted for
Pd(II) complexes.

In a nut shell, the trans influence of a ligand X in the Pt(Il) complex is approximately
8-15 kcal/mol higher than that in the Pd(II) complexes which means that the mutual trans

influence of different ligands can also be influenced by the nature of the metal atom.

2.4.6 Mutual Trans Influence of Two Trans Ligands X and Y

In order to study the mutual trans influence of any two ligands X and Y, we have
modeled the isodesmic reaction given in Scheme 2.2 which is an extension of the first
isodesmic reaction given in Scheme 2.1. The combination of X and Y can be of three
types (1) both anionic, (2) both neutral, and (3) one anionic and the other neutral. In all
the three cases, the total charge on both reactant and the product sides are conserved in
the isodesmic reaction. From the 23 ligands selected in this study (cf. Table 2.2), we have
randomly picked 53 combinations of X and Y and studied the corresponding 53
isodesmic reactions. The isodesmic reaction energy for all the 53 reactions in accordance
with Scheme 2.2 (designated here as Eyy) is calculated for both Pd(II) and Pt(II)

complexes. All the Exy values are presented in Table 2.5.

(|:I TI cl C|:I
x—M2+ + 1\|/12+—Y —_— 1\|42+ + X—1\|42LY
cl Cl c|.:| Cl

Scheme 2.2 Isodesmic reaction in which the reactant side is free from mutual trans
influence between X and Y. Oxidation state +2 of the metal is also shown. The total

charge of the system depends on the type of ligands X and Y.
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Exy of Pd(Il) complexes: As expected, the trans combination of two SiHj3™ ligands
showed the highest Exy of 99.65 kcal/mol while the lowest Ex of -3.95 kcal/mol is
observed for the trans combination of two H,O ligands. Among the combination of Class
IIT ligands such as Ph™, Me", SiHs™, and H™, the Exy is found to be in the range of 89 -
99.65 kcal/mol. This indicates that for the combination of very strong trans influencing
ligands, the mutual trans influence is also very high. On the other hand, when X and Y
are Class I ligands with weak trans influencing power, the Exy values are below 35
kcal/mol. The Exy values of all combinations of class II ligands fall in the small range 45-
49 kcal/mol. For the rest of the trans (X, Y) combinations, the Exy values fall in the range

of 13 - 68 kcal/mol.

Exy of Pt(Il) complexes: According to the Exy, the lowest mutual trans influence of 0.51
kcal/mol is observed when two H,O ligands are trans to each other. The highest mutual
trans influence of 114.90 kcal/mol is observed when two SiH3™ ligands are trans to each
other. For all the trans combinations of Class I with weak trans influencing power, the
Eyxy is found in the range of 3 - 51 kcal/mol, whereas for all the trans combinations of
Class III ligands the Exy values are higher than 103 kcal/mol. For different combinations
among Class II ligands, the Exy is found to be in the small range of 61 - 67 kcal/mol. For

all other (X, Y) combinations, the Exy can be observed in the range of 22 - 87 kcal/mol.
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Table 2.5 The isodesmic reaction energy (Exy) for MHClzX + MHC12Y —> MHC12 +

M"CLXY. All values are in kcal/mol.

Ligands in the trans
Isodesmic position® Exy for Pd(II) Exy for Pt(II)
Reactions X Y complexes complexes
1 | H,O Br~ 7.26 15.70
2 | NH; Br 18.03 29.75
3| CN” PH; 34.13 50.73
4 | NOy,” PH; 29.60 45.45
5 | NH; NO,” 18.50 31.36
6 | Py AsHj3 21.52 36.00
7 | ONO™ N3~ 16.50 28.74
8| CO CN™ 16.68 35.01
9| OH” PH; 29.01 41.96
10 | Br- OH™ 25.87 38.54
11| OH™ CN™ 29.61 42.65
12 | H,O H,O -3.95 0.51
13 | CO Br~ 11.65 23.00
14 | AsHj CN™ 33.16 48.95
15| F PH; 18.53 29.76
16 | CO Py 8.09 21.98
17 | H,O NH; 3.56 10.05
18 | NH; SMe, 17.29 29.76
19 | H,O N3~ 6.18 16.70
20 | OH™ PMe; 36.49 49.99
21 | CN™ PMe; 41.51 59.02
22 | H,O AsMes 12.57 22.92
23 | H,O PMe; 12.77 24.41
24 | Py Me™ 37.62 54.34
25 | PH; SiH;~ 53.59 74.30
26 | AsHj SiH;~ 52.12 71.35
27 | CO H™ 26.75 47.48
28 | NO,™ H™ 45.34 62.68
29 | PH; Ph™ 49.35 66.48
30 | H,O SiH;~ 21.73 34.27
31 | F SiH;~ 39.87 54.09
32 | SMe, Me™ 41.18 57.07
33 | CO SiH;~ 39.71 56.41
34 | F H™ 34.03 48.25
35 | H,O Me™ 19.07 30.47
36 | NH; Me™ 39.81 55.18
37 | CN” Me™ 56.25 73.90
38 | OH™ H™ 50.87 66.31
39 | AsHj Ph™ 47.57 63.76
40 | SMe, SiH;~ 44.04 62.38
41 | PMe3 PMe; 48.36 66.55
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Table 2.5 (continued)
42 | AsMes PEt; 47.55 65.05
43 | AsMes AsMes 45.48 61.83
44 | AsMes PMes 46.89 64.23
45 | AsMes Me™ 60.84 76.91
46 | PMes SiH;~ 67.34 86.47
47 | Ph™ Me™ 90.17 103.95
48 | Me” Me™ 94.90 108.25
49 | SiH3™ SiH;™ 99.65 114.90
50 | H SiH3™ 93.07 108.25
51 | H Me™ 89.27 103.88
52 | Ph™ SiHs3~ 93.31 108.14
53 | Me” SiH;~ 96.86 110.72
a The trans (X, Y) combinations in reactions 1 — 19 are (Class I, Class I), 20-23 are (Class I, Class II), 24 —40 are (Class I, Class

III), 41 — 44 are (Class II, Class II), 45 — 46 are (Class II, Class III), and 47 — 53 are (Class III, Class III).

2.4.7 Prediction of Eyy Values

A multiple linear regression (MLR) approach is presented here to predict the trans
influence Exy of any combination of X and Y in [MHCIZXY]H' using the trans influencing
powers of X (Ex) and Y (Ey) in [MHC13X]“' and [MHC13Y]“' complexes respectively.
For this purpose, the Exy values of 33 isodesmic reactions (Table 2.6) have been
considered. We have defined that the ligand X is less trans influencing than Y ie. Ex <
Ey. The MLR approach using the terms Ex, Ey and ExEy as variables led to Eq. 2.1 and
Eq. 2.2 for Pd(II) and Pt(Il) complexes respectively.

Exyipay = —0.046 Ex + 0.227 Ey + 0.055 ExEy—5.120 ... (Eq. 2.1)
Exypy = —0.030 Ex + 0.371 Ey + 0.030 ExEy—9.797 ..(Eq. 2.2)
The statistical results obtained using Eq. 2.1 and Eq. 2.2 are good with correlation
coefficient of 0.985, 0.983 for Pd(II) and Pt(II) respectively. The corresponding standard
deviations (s) are 3.18 kcal/mol for Pd(II) complexes and 4.51 kcal/mol for Pt(II)
complexes.
We also formulated a simple quadratic relationship using Ex and Ey to predict the Exy

values,
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2
Ey, =n(E,+E, I2) .. (Eq.2.3)

where, 1M is a constant for a particular metal atom and its value is 0.02027 and 0.01282
for Pd(Il) and Pt(I) complexes. To arrive at Eq. 2.3 we have used a multiple linear
regression approach using the terms E XZ ,E y2 and Ex Ey.

Table 2.6 lists the predicted Exy for both Pd(II) and Pt(I[) complexes. The standard
deviation (s) is found 2.07 kcal/mol in Pd(Il) complexes and 3.76 kcal/mol in Pt(II)
complexes, showing better agreement of Eq. 2.3 compared to Egs. 2.1 and 2.2.
However, deviations exists in the predicted values of Eyy when a strong m-acceptor
ligands CO, C,Hs and CN™ are trans to each other and also when Class III ligands are
trans to a strong m-acceptor ligand particularly in Pt(II) complexes. Even though the trans
influence of each ligand X and Y are mutual effects which depends on the bonding
properties of the trans ligand [Coe and Glenwright 200], a quick and reliable prediction
of Exy can be made on the basis of Eq. 2.3.

The validity of Eq. 2.3 is tested with the help of another set of 20 isodesmic
reactions (Table 2.7). In the prediction set of 33 reactions and in the validation set of 20
reactions, the combinations of X and Y are taken in such as way that it includes the
participation of all the combinations of different classes, i.e. (Class I, Class I) , (Class I,
Class II), (Class I, Class III), (Class II, Class II) , (Class II, Class III), and (Class III,
Class III). The predicted Exy for the test set using Eq. 2.3 is in very good agreement with
the actual calculated values of Exy (Table 2.7) and the corresponding statistical
parameters are good, viz. r equal to 0.998 and 0.997 for Pd(II) and Pt(II) respectively,
and s equal to 1.71 and 2.27 for Pd(Il) and Pt(II) respectively. Figures 2.6 and 2.7 show
the excellent agreement between calculated Eyy and the predicted Exy for the 53

isodesmic reactions of Pd(II) and Pt(IT) complexes.



Chapter 2

115 -

95 4 y =0.999x
r=0.997

75

55 1

35

Predicted Eyyin kcal/mol

15 -

’ 1
X" 15 35 55 75 95 115
Calculated Eyy in kcal/mol

Figure 2.6 Correlation between Exy and predicted Eyyvalues in Pd(I) complexes

140 -

120 A .

Predicted Exyin kcal/mol

0 T T T T T T T 1
0 20 40 60 80 100 120 140

Calculated Eyy in kcal/mol

Figure 2.7 Correlation between Exyand predicted Exy values in Pt(I) complexes.

74



Chapter 2

75

Table 2.6 Isodesmic reactions used for the training set and predicted Exy values

(kcal/mol).
Ligands in the
trans position For Pd(IT) complexes For Pt(II) complexes
Predicted Predicted Predicted Predicted
X Y Exy using Exy using | Exy using | Eyy using
Eq. 2.3 Eq.2.4 Eq. 2.3 Eq. 2.5
H,0O Br~ 8.59 5.15 16.84 12.98
NH; Br~ 19.04 18.20 31.42 31.04
PH; CN~ 32.74 35.44 47.16 49.98
NO,~ PH; 28.62 26.45 4391 42.89
NH; NO,~ 18.44 18.79 31.92 35.00
Py AsHj3 19.72 19.20 33.36 34.28
ONO™ | N3~ 18.07 14.10 31.00 27.93
CcO CN~ 13.73 17.39 24.58 28.20
OH™ PH; 31.41 33.07 46.90 49.32
Br OH™ 29.32 24.86 42.80 37.78
OH™ CN~ 32.20 34.57 46.79 51.61
H,0O H,0O 1.57 -3.95 6.36 3.74
OH™ PMe; 38.17 37.60 54.02 55.56
CN~ PMe; 40.00 41.02 54.29 56.68
Py Me™ 37.19 35.82 53.12 55.40
PH; SiH;~ 55.80 55.73 73.44 72.65
AsHj3 SiH;~ 55.48 52.39 71.96 69.86
CcO H 25.20 29.74 39.18 44.65
NO,~ H 45.36 42.87 62.72 62.46
PH; Ph™ 50.87 50.61 66.65 66.29
H,O SiH;~ 23.93 21.57 36.21 39.50
F SiH;~ 39.19 38.74 54.69 56.57
SMe, Me™ 45.07 40.52 60.00 56.95
CcO SiH3~ 29.73 32.06 44.32 48.35
F H™ 33.96 36.18 48.96 52.71
PMe; PMe; 49.52 46.10 65.42 63.35
AsMe; | PEt; 49.12 44.90 64.99 59.65
AsMe; | Me™ 63.79 60.34 79.72 75.26
Ph™ Me™ 88.13 87.11 102.98 102.29
Me™ Me™ 92.50 92.72 107.78 108.03
SiH;~ SiH;~ 100.82 101.04 120.16 117.83
H SiH;~ 88.90 94.38 108.12 110.08
H Me™ 85.62 90.98 103.18 106.30
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Table 2.7 Isodesmic reactions used for the test set and predicted Exy values (kcal/mol)

Ligands in the trans

position For Pd(II) complexes For Pt(II) complexes

Predicted Predicted | Predicted | Predicted

X Y Exy using Exyusing | Exy using | Exy using

Eq. 2.3 Eq.2.4 Eq. 2.3 Eq. 2.5

CO Br 12.19 12.28 22.50 20.56
AsHj; CN~ 32.50 32.89 46.02 47.48
F PH; 19.74 21.27 32.53 34.05
CO Py 7.78 10.00 17.89 19.93
H,0 NH; 5.13 4.15 12.84 13.63
NH; SMe, 16.78 17.52 29.32 31.67
H,0 N3~ 8.37 5.42 17.08 15.00
H,0 AsMes 12.70 10.54 22.56 21.58
H,0 PMe; 13.31 11.23 23.31 23.59
H,0 Me™ 22.25 20.16 33.38 36.76
NH; Me ™ 37.82 38.84 52.98 58.10
CN~ Me™ 54.67 56.46 69.19 72.42
OH H™ 48.85 51.43 66.28 70.26
AsHj; Ph™ 50.56 47.47 65.24 63.58
SMe, SiH;~ 47.46 42.50 63.78 60.00
AsMe; AsMe; 46.70 42.97 62.43 56.88
AsMes PMe; 47.86 4421 63.66 59.32
PMe; SiH;~ 68.58 65.25 82.98 86.09
Ph™ SiH;~ 91.45 90.40 107.91 106.01
Me™ SiH;~ 95.90 96.17 112.83 111.83

2.4.8 Electron Density Values as a Measure of Trans Influence

Since Ex and Ey values correlate with p(r) values (cf. Figure 2.5) at the bcp of the trans
M-CI bond, the corresponding px and py values can also be used for the prediction of
Exy. Similar to Eq. 2.1, an MLR approach using the terms px, py and pxpy of the 33
isodesmic reactions gives Eq. 2.4 to predict the Exy values for Pd(II) complexes.

Exypa) = —2709.906 px — 2217.285 py+ 19763.654 pxpy  +274.334 ... (Eq.2.4)

(r=20.996, and s =2.20)

Similarly for Pt(I) complexes,
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Exypy = —2296.662px — 1641.451py + 8568.031pxpy + 293.730 ... (Eq. 2.5)
(r=0.992, and s = 3.64)

The predicted Exy values using Egs. 2.4 and 2.5 are given in Table 2.6. Eqs. 2.4 and
2.5 are validated using a test set of 20 isodesmic reaction (c¢f. Table 2.7). All the
predicted Exy values for both Pd(II) and Pt(II) complexes are given in Table 2.6 and
2.7. The corresponding statistical parameters are given, viz r equal to 0.998 and
0.995 for Eq. 2.4 and Eq. 2.5 respectively, and s equal to 1.55 and 3.06 for Pd(II) and
Pt(IT) respectively. The excellent agreement between predicted and calculated Exy

values are shown in Figures 2.8 and 2.9.
2.4.9 Bond Dissociation Energies in [MHX(Y)CIZ] complexes

If D,x represents the dissociation energy of the bond Pd-X in [PdHClzXY]n_, we
find that the following equation relates D,y with the trans influence of X and the
mutual trans influence of X and Y.

Dox=Dix+ Ex— Exy ... (Eq. 2.6)
where D,y is the dissociation energy of the bond M-X in [PdHCl3X]“_. Since Exy is
predicted in terms of Ex and Ey (Eq. 2.6), calculation of D,x is possible if Dy is
known and similarly prediction of D,y can be made if D;y is known.

For any trans combinations of X and Y ligands, it is thus possible to predict which
ligand will dissociates first. The stability of the complex depends mainly on trans
combinations because if the values of Exyexceeds (D;x + Ex) or (D;y + Ey), there is

no chance of forming such a complex.
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2.4.10 Bond Dissociation Energies in IM"X(Y)X'(Y"] Complexes

In complexes of the type [M"X(Y)X'(Y")], the X and Y as well as X' and Y' are
trans to each other. Therefore, two different mutual trans influences will operate in
the system at the same time. Since Ex, Ey, Ex: and Ey are known from values in
Table 2.3, the mutual trans influence of X and Y (Exy) as well as mutual trans
influence of X' and Y' (Exyr) can be predicted using Eq. 2.3. The bond dissociation
energy of X in [MHX(Y)X'(Y')] (designated as Djy) is affected by mutual trans
influences from X and Y as well as X' and Y'. If the value of the bond dissociation
energy of X in [MHCng]n_ is known (designated as D;x, which is given in Table 2.8),
using an MLR approach involving Ex, Exy, Exy and D;x, a very good prediction of
the Dj;x can be achieved for [PdHX(Y)X'(Y')] complexes using Eq. 2.7 and for
[PX(Y)X'(Y')] complexes using Eq. 2.8.

Dsxppay = 1.196Ex — 0.603Exy — 0.118Exy +0.442D;x +15.169 ...(Eq. 2.7)
(r=0.960, s = 4.01 kcal/mol)

Dsx pyy = 1.420Ex — 0.741Exy — 0.125Exy +0.499 D,x +13.852 ...(Eq. 2.8)
(r=0.965, s = 4.70 kcal/mol)

In both Eq. 2.7 and 2.8, the mutual trans influence terms are negative, indicating that

they have destabilizing influence on the M—X bond strength. The contribution from

Exy is much higher than the contribution from Exy. It may be noted that if we had

neglected the contribution of mutual trans influence Exy, a poor correlation with

considerable scattering (r = 0.91 for both Pd(II) and Pt(I) complexes) must have been

obtained.
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Table 2.8 Dissociation energy D;x for M=X bond in [MC13X]" complexes.

D;x in kcal/mol
X For Pd(II) For Pt(II)
Complexes Complexes
H,0 23.31 29.17
CO 30.53 51.86
Py 38.31 49.34
NH; 41.88 51.83
SMe, 35.4 46.15
C,H,4 31.65 47.29
AsHj; 38.98 50.92
PH; 41.63 55.14
AsMe; 51.3 63.37
PMe; 55.37 69.16
PEt; 56.33 69.93
ONO~ 29.25 36.99
F~ 33.42 40.29
ClI” 26.75 33.99
Br- 28.23 35.37
N;~ 35.27 44.10
NO,” 38.48 48.23
OH" 48.45 56.40
CN™ 53.48 70.81
Ph™ 87.65 99.93
H™ 77.88 88.25
Me™ 91.11 100.74
SiH;~ 81.45 91.37

80
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Table 2.9 Calculated and predicted bond dissociation energies of the ligands (using Eq. 2.7) in complexes of the type [Pd"X(Y)X'(Y")]. All values

are in kcal/mol.

Bond dissociation Bond dissociation Bond dissociation Bond dissociation
Trans Ligands | Trans Ligands energy of X (Dsy) energy of Y (D3y) energy of X' (D;x) energy of Y' (D3y)
X Y X' Y' Calculated | Predicted | Calculated | Predicted | Calculated | Predicted | Calculate( Predicte
H,O CN™ | F NO,~ 19.63 23.57 58.85 59.41 43.08 35.67 50.00 45.53
NH; NO, | F Br- 38.67 38.60 38.85 44.18 36.99 34.30 39.20 40.46
NH; Me™ | CN™ Me™ 17.32 22.64 72.40 73.56 25.69 30.06 61.67 65.40
PH; Ph™ H Me~ 22.93 20.64 59.58 58.59 34.59 36.28 47.49 45.20
F H™ ONO™ | N3~ 16.35 24.09 72.35 71.25 25.44 30.70 33.82 40.51
CO Br~ AsMes | PMes 33.01 26.53 48.96 40.76 37.56 41.17 45.77 43.97
AsMes; | Me™ | H™ Me~ 24.49 22.94 55.03 54.26 32.42 34.75 44.38 43.67
H™ Ph™ NH; NO,~ 41.02 41.90 52.04 47.36 35.71 31.03 34.57 36.60

Table 2.10 Calculated and predicted bond dissociation energies of the ligands (using Eq. 2.8) in complexes of the type [Pt"X(Y)X'(Y")].

values are in kcal/mol.

Bond dissociation Bond dissociation Bond dissociation Bond dissociation
Trans Ligands | Trans Ligands energy of X (D;zx) energy of Y (D3y) energy of X' (D;zx) energy of Y' (D3y)
X Y X' Y' Calculated | Predicted | Calculated | Predicted | Calculated | Predicted | Calculated| Predicted
H,O CN | F NO,~ 26.36 29.30 84.92 81.93 52.14 44 .81 65.07 60.35
NH; NO, | F Br 47.31 49.66 49.05 57.90 47.29 43.52 51.08 51.86
NH; Me~ | CN™ Me™ 23.50 29.17 91.88 92.48 37.59 41.68 76.68 82.50
PH; Ph™ H Me"™ 31.33 29.64 75.28 74.77 46.64 46.58 59.18 55.62

All
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Table 2.10 (Continued)
F H™ ONO™ | N3~ 21.26 29.65 90.51 91.29 34.76 39.78 46.14 53.53
CcO Br- AsMes | PMe; 55.03 43.22 59.38 53.50 51.60 53.60 54.90 57.87
AsMe; | Me™ | H” Me™ 32.84 31.57 68.70 68.43 42.84 44.95 55.51 53.98
H™ Ph™ NH; NO,~ 51.65 53.44 63.23 59.12 45.15 40.95 48.17 49.19

Table 2.11. The bond dissociation energies of various ligands in [M"X(Y)X'(Y")] complexes predicted using D;x and p(r) values. All values in

kcal/mol.

SL Trans Ligands Trans Ligands Predicted D3y Predicted D3y Predicted D3y Predicted D3y

No. | X Y X' Y' Pd(II) Pt(1I) Pd(II) | PtdD) | PddD) | Pt(II) | Pd(I) Pt(1I)
1 | H,O CN™ F NO;~ 27.08 34.55 60.26 82.38 37.04 46.59 | 43.02 58.33
2 | NH; NO,~ F Br~ 39.65 51.19 41.35 54.34 36.33 47.50 | 37.69 48.23
3 | NH; Me™ CN™ Me™ 23.09 27.95 73.97 91.15 29.45 38.60 | 65.33 81.68
4 | PH; Ph™ H™ Me™ 20.89 28.81 58.28 75.47 37.29 47.81 | 43.18 54.35
5 |F H™ ONO™ N3~ 25.15 28.77 74.37 94.07 31.75 41.09 | 40.50 53.19
6 | CO Br~ AsMe; PMe; 34.74 57.51 40.78 51.01 42.12 56.51 | 44.29 58.84
7 | AsMejs Me™ H™ Me™ 22.80 30.22 57.10 73.82 36.19 46.76 | 42.09 53.29
8 |H Ph™ NH; NO;~ 43.94 55.45 45.15 56.65 31.86 42.56 | 33.55 45.72

83



The calculated and predicted D;x values for Pd(II) and Pt(I) complexes are given in
Table 2.9 and 2.10 respectively. Figures 2.10 and 2.11show the correlation between
calculated and predicted D;x values. No strong outliers emerge in the correlation and
the predicted values are in good agreement with the calculated values. In fact some
deviations are expected in the linear plot because the secondary effects such as steric
and weak through space interactions from the cis ligands may operate in the system
which are neglected in the present model.

Since both Ex and Exy can be predicted with the help of electron density o(r) at the
(3, —1) bond critical point of the trans M—Cl bond in square planar complexes of the
type [M"'C15X]"", it is also possible to predict the dissociation energies of all of the
four ligands in a square planar complex [M"X(Y)X'(Y"] if the p(r) values of X, Y, X'
and Y' and the corresponding bond dissociation energies D;x in [MHCng]n_
complexes are known. Thus, for less trans influencing ligand X, D;x can be written in
terms of p(r) to obtain Eq. 2.9 and Eq. 2.10.

Dsxpay= 0.364D;x + 521.911px + 1337.369py + 305.825px + 250.230py-
- 11920.572pxpy— 2230.416pxpy — 75.864 ... (Eq.2.9)
Dsxpyy=0.402D;x + 184.510px + 1277.709py + 269.267px  + 192.448py
— 6669.372pxpy— 1004.53%9pxpy — 73.223 ... (Eq. 2.10)
Similarly for the more trans influencing ligand Y, the D3y can be predicted using Eq.
2.11 and Eq. 2.12,
Dsypay=0.364D;y + 1634.497px + 224.805py + 305.825px + 250.230py
—11920.572pxpy— 2230.416pxpy — 75.864 ... (Eq.2.11)
Dsypy=0.402D;y+ 1787.727px + 325.508py + 269.267px + 192.448py
— 6669.372pxpy —1004.539%xpy —73.223 ... (Eq. 2.12)

For the Pd(II) complexes, the actual and predicted values showed a standard deviation
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of 4.56 kcal/mol and r value of 0.961 and in the case of Pt(II) complexes, the standard
deviation and r value are 4.88 kcal/mol and 0.971, respectively. Predicted D;x values

using o(r) are given in Table 2.11.

2.4.11 Comparison of Different DFT Methods for the
Calculation of BDEs

The performance of MPWBI1K-COSMO/BSI level of theory for the calculations of
metal-ligand BDE is compared in the case of Pd(II) complexes with six different DFT
functionals, viz. BP86-COSMO/BS1, PBE-COSMO/BS1, TPSS-COSMO/BS1, B3LYP-
COSMO/BS1, PBEIPBE-COSMO/BS1 and M05-COSMO/BS1. The calculated values
of the BDE for all these levels are presented in Table 2.12. BP86, PBE and TPSS levels
showed very similar trends in the rank ordering as well as absolute values of the BDE.
When compared with the MPWBIK method, BP86, PBE and TPSS methods
overestimate the BDEs of the ligands CO, NO, and CN™. The hybrid methods B3LYP
and PBE1PBE have nearly similar results and gives good agreement with the hybrid meta
MO5 and MPWBI1K methods. The M05 method showed consistently lower values for
BDE in almost every case. On the other hand, MPWBI1K showed higher BDE values
compared with other six different functionals in majority of the cases. Correlation matrix
of all the seven DFT functionals and the correlations between each levels of theory are
shown in Table 2.13. The BDEs at MPWB1K method showed a good correlation with
BDEs calculated at all the other methods with correlation coefficients of 0.980, 0.976,
0.981, 0.997, 0.995, 0.987 for BP86, PBE, TPSS, B3LYP, PBE1PBE, and M05 methods,
respectively. Thus, it can be concluded that the selection of MPWBIK or any of the
methods mentioned here can be used as a reasonable choice for the study of BDEs of

ligands in transition metal complexes.
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Table 2.12 BDEs of various ligands in [PdHX(Y)X'(Y')], calculated at different levels of

theory. (X, Y) and (X', Y') are trans combinations. All values are in kcal/mol.

SI. No. Ligandsin | prec | pRE | TPSS | BSLYP | PBEIPBE | Mo0S
the complex

X = H,O 13.92 | 1492 | 15.45 | 15.45 1733 | 13.66

. Y =CN" 56.99 | 58.40 | 56.63 | 55.02 5898 | 51.16
X =F 37.14 | 37.67 | 39.14 | 37.96 40.56 | 32.95
Y'=NO, 5328 | 54.78 | 52.55 | 47.65 51.89 | 47.08

X = NH; 31.55 | 32.27 | 33.06 | 33.22 36.02 | 29.58

) Y =NO, 4170 | 43.13 | 4131 | 36.87 40.62 | 37.55
X =F 28.10 | 28.97 | 30.02 | 32.09 3506 | 28.70
Y'=Br 36.00 | 37.12 | 29.89 | 34.93 38.15 | 32.63

X = NH; 1494 | 16.19 | 16.16 | 13.26 16.84 | 12.05

; Y = Me 71.86 | 73.38 | 71.88 | 68.05 7298 | 66.95
X'=CN™ 26.18 | 27.69 | 26.65 | 21.72 26.60 | 20.88
Y'=Me™ 58.88 | 60.13 | 59.83 | 56.99 61.07 | 55.07

X = PH; 20.50 | 22.27 | 21.34 | 17.23 2294 | 17.66

A Y =Ph 59.59 | 61.28 | 59.28 | 55.35 60.12 | 52.59
X =H 34.58 | 36.03 | 33.46 | 30.73 3563 | 28.20
Y'=Me 4541 | 4713 | 4772 | 4153 4722 | 41.84

X=F 14.44 | 1547 | 1656 | 14.07 1632 | 13.19

5 Y=H 72.04 | 72.98 | 6830 | 71.17 73.95 | 69.67
X' =ONO~ | 2594 | 26.63 | 2456 | 23.47 2569 | 21.32

Y'= N5 32.40 | 33.40 | 33.12 | 3095 33.92 | 27.64

X =CO 40.23 | 4228 | 39.62 | 3253 3825 | 30.72

§ Y =Br- 44.10 | 46.79 | 45.61 | 41.46 4633 | 39.85
X'=AsMe; | 39.42 | 41.60 | 4059 | 35.64 | 4338 | 39.46

Y' = PMe; 4333 | 45.43 | 4325 | 40.19 46.63 | 38.88

X =AsMe; | 2176 | 23.89 | 2235 | 17.94 2427 | 19.90

. Y = Me™ 54.67 | 55.85 | 54.92 | 51.48 5543 | 49.09
X =H" 31.53 | 33.04 | 30.66 | 28.03 32.75 | 25.56
Y'=Me 4174 | 43.62 | 4433 | 3833 4379 | 38.06

X=H 38.55 | 39.62 | 37.52 | 37.17 40.78 | 34.62

. Y =Ph 4923 | 51.06 | 51.17 | 46.71 51.56 | 46.24
X'= NH; 30.54 | 31.42 | 31.87 | 30.64 34.18 | 27.26
Y'=NO,” 35.77 | 37.38 | 36.15 | 31.30 3586 | 29.75
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Table 2.13 Correlation matrix of 7 DFT functionals.

MPWBIK | BP86 PBE TPSS | B3LYP | PBE1IPBE | MO05
MPWBIK 1
BP86 0.980 1
PBE 0976 | 0.999 1
TPSS 0.981 0.993 | 0.993 1
B3LYP 0995| 0988 | 0984 | 0.984 1
PBE1PBE 0994 0994 | 0.992| 0.991 0.997 1
Mo05 0987 | 0994 | 0.993] 0.991 0.993 0.997 1

The BDEs predicted using Eq. 2.7 shows the standard deviations of 3.71, 3.88, 4.07,
3.08, 3.24, 3.11 and 3.38 kcal/mol from the calculated BDEs obtained using BP86, PBE,
TPSS, B3LYP, PBEIPBE, and M05 methods respectively. Also the predicted and the
calculated BDEs obtained using different levels of theory showed a good correlation with
a correlation coefficient higher than 0.965 in all the cases. Thus, it is clear that the Eq.
2.7 reproduces, to a large extent, the BDEs of various ligands irrespective of the different

functionals used.

2.4.12 Significance of MLR Equations for Predicting BDEs

Using Eq. 2.7 and Eq. 2.8, it is possible to predict the order of metal-ligand bond
dissociation energy in complexes of the type [M"X(Y)X'(Y")]. For instance, in
[PdMe(H)Ph(PH3)] ™, the trans combinations are (Me™ and H™) and (Ph™ and PH3) and
the decreasing order of Pd—X bond dissociation energy are Ph™ (59.58 kcal/mol),
Me™ (47.49 kcal/mol), H™ (34.59 kcal/mol), and PH3; (22.93 kcal/mol). The predicted
D;x values of these ligands using Eq. 2.7 also follow nearly same magnitude and
trend, viz. 58.59, 45.20, 36.28, and 20.64 kcal/mol for Ph”, Me”, H ,and PHs,
respectively. Similarly, Eq. 2.8 is useful to predict the most likely dissociation
pathway of a Pt(II) complex. Thus Eq. 2.7 and Eq. 2.8 are useful for predicting the
most facile dissociation of a metal-ligand bond in a square planar IM"X(Y)X'(Y"]

complex in terms of trans influence and mutual trans influence parameters.




Chapter 2 88

2.5 Conclusion

Simple isodesmic reactions of the type M"CLX + M'Cl; —» M'CL + M"CI:X
(where, M = Pd, Pt), are modeled to investigate the trans influence of variety of ligands
using solvent corrected DFT methods. The energy of the isodesmic reactions (Ex) serve
as an excellent energetic descriptor of the mutual trans influencing power of ligands.
Using the Ex value obtained for various X ligands against C1™ as the trans ligand, the

mutual trans influence of any combination of two ligands can be predicted with the help
2
of the equation FE,, = n(E «tE,/ V2 ) for both the complexes of Pd(II) and Pt(II)

where Ex < Ey. According to the Ey values, the trans influence of a ligand X in Pt(Il)
complexes follow the order SiH;~ >Me > Ph'~ H > PEt; > PMe; > AsMe; >
CN™ ~ PH; ~ AsH;~ OH > NO,; ~ N3 ~Br >SMe, ~Cl"~ C,Hs > NHj3 ~ Py
> ONO ~ F > CO > H;O whereas this order in Pd(Il) complexes is SiH3 > Me™ >
Ph™ >H™ > PEt; > PMe; > AsMe; > CN™ ~ PH; ~ AsH; > OH > NO, ~ N3 ~ Br >
SMe, ~ CI" > CoH4> NH3 > Py ~ F ~ ONO > CO > H;O. In both Pd(IT) and
Pt(II) complexes, the order of mutual trans influence of different ligands are almost the
same. However, the mutual trans influence of an X ligand in the Pt(Il) complexes is
approximately 8-15 kcal/mol higher than its influence in the Pd(IT) complexes.

The contribution of the trans influence terms Ex, Exy and Exy: to the bond
dissociation energy of the ligands X, Y, X'and Y' has been studied in square planar
complexes of the type [M"X(Y)X'(Y")]. Using a multiple linear regression approach
with Ex, Exy, Exy and D;x (the bond dissociation energy of X in [MHC13X]“_) as
variables, the bond dissociation energy of any ligand in [M"X(Y)X'(Y")] complexes is
predicted. Since Ex, Exy, Exy are written in terms of the electron density p(r) at the

(3, —1) bond critical point of the trans M—CI bond in [M"CI:X]", the bond
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dissociation energy of X in [MHX(Y)X'(Y')] is also predicted using the p(r). The
results presented herein clearly suggest that the bond dissociation energy of a ligand
X in a square planar Pd(II) or a Pt(II) complex is highly influenced two mutual trans
infleunces, one due to the (X, Y) trans combination, the major influence and another
due to the (X', Y') trans combination. Further, the contribution of these two trans
influences to the bond dissociation energy are quantified using QSPR models. The
calculated Ex values may find use in the development of new trans influence-

incorporated force field models for palladium complexes.
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3.1 Abstract

The trans influence of various phosphine ligands (L) in direct as well as dissociative
reductive elimination pathways yielding CH;CH; from Pd(CH;),L, and CH;Cl from
Pd(CH;)(Cl)L;  has been quantified in terms of isodesmic reaction energy, Ep using
MPWBIK level of density functional theory. In the absence of large steric effect, EL
correlated linearly with the activation barrier (E,.) of both direct and dissociation
pathways. The minimum of molecular electrostatic potential (V) at the lone pair region of
phosphine ligands has been used to assess their electron donating power. E| increased
linearly with increase in the negative V., values. Further, the nature of bonds which are
eliminated during the reductive elimination have been analysed in terms of AIM
parameters, viz. the electron density (p(r)), Laplacian of the electron density ( Vzp(r )), the
total electron energy density (H(r)), and the ratio of potential and kinetic electron energy
densities (k(r)). E,. correlated inversely with the strength of the eliminated metal-ligand
bonds measured in terms of the bond length or the p(r). Analysis of H(r) showed that the
elimination of the C—C/C—-ClI bond becomes more facile when the covalent character of the
Pd-C/Pd-Cl bond increases. Thus, AIM details clearly showed that the strength of the
eliminated bond is not the deciding factor for the reductive elimination but the nature of the
bond, covalent or ionic. Further, a unified picture showing the relationship between the
nature of the eliminated chemical bond and the tendency of reductive elimination is
obtained from the k(r) values: the E,. of both direct and dissociative mechanisms for the
elimination of CH;CH; and CH;Cl decreased linearly when the sum of k(r) at the cleaved
bonds showed more negative character. It means that the potential electron energy density

dominates over the kinetic electron energy density when the bonds (Pd—C/Pd—Cl) become
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more covalent and the eliminated fragments attain more radical character leading to the

easy formation of C—C/C—-ClI bond.

3.2 Introduction

Palladium-catalysed cross coupling reactions are considered as one of the most
powerful and efficient tools for carbon-carbon and carbon-heteroatom bond formation
reactions in organic synthesis [Tamao et al. 1972; Farina et al. 1997; Crabtree 2001;
Negishi 2002; Negishi and Anastasia 2003; Tsuji 2004; Negishi ef al. 2010]. It has been
established that the presence of appropriate phosphine as ancillary ligands in palladium
complexes is highly useful for tuning the catalytic activity by controlling the steric and
electronic effects of these ligands [Crabtree 2000; Negishi and Anastasia 2003; Ariafard
and Lin 2006; ®Ariafard and Yates 2009; Xue and Lin 2010]. Reductive elimination is a key
step, often the last step in many of these cross-coupling reactions [Echavarren and Cardenas
2004; Chass et al. 2010]. It is proposed that the reductive elimination reaction from square
planar complexes would be proceeded through a four coordinate (direct mechanism) or a
three coordinate transition state (dissociative mechanism) [Brown and Cooley 1988;
Ananikov et al. 2002; Ananikov et al. 2005; Hartwig 2007]. Scheme 3.1 illustrates the
reductive elimination of R—R' from a square planar complex of the type [L,Pd(R)R'], where
L indicates the ancillary phosphine ligand [Ananikov et al. 2007]. In general, dissociative
pathway requires less activation energy than the direct pathway [Xue and Lin 2010].
However, the energy cost for the dissociation of the ancillary ligand from the four
coordinate complexes often determines the feasibility of the dissociative pathway [*Ariafard
and Yates 2009]. Ananikov et al. theoretically investigated the C—C reductive elimination

reactions in Pd(IT) complexes with ancillary phosphine ligands and concluded that the steric
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effect of phosphine ligands has a great influence on the initial structure of square planar
Pd(Il) complexes, while the transition state of reductive elimination reaction is mostly
affected by the electronic effect of phosphine ligands [Ananikov et al. 2007]. For the bulky
ancillary ligands such as PCys, the reductive elimination through dissociative pathway is
more favored due to the destabilization of the initial reactant complex. Thus the preferred
pathway depends on the steric nature of the ancillary phosphine ligands and the extent to
which the Pd—PR5 bond is destabilized [ Ananikov et al. 2010]. Also, the reassociation of a
sterically crowded ligand to a three coordinate complex is difficult compared to a sterically
less crowded ligand. Recently, Ariafard and Yates have investigated various factors
contributing to the energy barriers of reductive elimination reactions using energy
decomposition analysis and concluded that when bulky ancillary phosphine ligands are
present, steric effect destabilizes the initial reactant complex and hence decreases the
energy barrier of direct reductive elimination whereas the steric effect showed only a
marginal role in the reductive elimination from three coordinate complexes [*Ariafard and
Yates 2009]. A computational study on the reductive elimination of organic molecules
from palladium(II) complexes with chelate ancillary ligands showed that the energy barriers
of reductive elimination in palladium diphosphine complexes depend largely on the
electronic nature of substrates and not steric effects [Zuidema et al. 2005]. Very recently,
Korenaga et al. have studied the diphosphine electronic effects in the reductive elimination
of biphenyl from cis-[Pt(Ph),(diphosphine)] complexes and showed good correlations
between rate constant and ancillary diphosphine electronic parameters [Korenaga et al.

2010].
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Direct mechanism
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Scheme 3.1 Formation of R—R' through direct and dissociative mechanisms, where L is

ancillary phosphine ligands.

It is clear from the experimental and theoretical studies that the ancillary ligands with
low electron donating nature will show an enhancement on the rate of reductive elimination
reaction [Negishi et al. 1987]. For example, the relative reactivity in C—C bond formation in
L,Pd(R)(R) complexes with phosphine ligands as ancillary ligands follows the order: L =
PCl; > PH3 > PMe; [*Ariafard and Yates 2009]. This order is inversely related with the o-
donating ability and the related trans influence of ancillary phosphine ligands. Even though
trans influence of the ligands have a prominent effect on the rate of reductive elimination
reactions, systematic studies regarding the effect of trans ligands on the rate of C—C and C—
heteroatom bond formation through reductive elimination are rare [ Yamashita et al. 2003].
In the present work, the isodesmic reaction approach will be used to quantify the trans
influence of various phosphine ligands. The term E; is used to represent the quantified
values of trans influence. The main aim of this study is to elucidate the importance of E;, on
the C—C and C—-Cl bond formation reactions from square planar Pd(II) complexes through

reductive elimination mechanism involving both direct and dissociative mechanisms.
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Electronic parameter of free phosphine ligands in these reactions is discussed in terms of
molecular electrostatic potential (MESP), observed in the lone pair region of a phosphine
ligand [Suresh and Koga 2002; Mathew et al. 2007]. Further, the AIM analysis [Bader
1990] has been used to correlate the electron density features of bond critical points to the

mechanistic features of the reductive elimination reactions.

3.3 Computational Methods

All the calculations were done at MPWBI1K [Zhao and Truhlar 2004] level of DFT
method with Gaussian03 suite of programs [Frisch et al. Gaussian 03 2004]. For Pd, the
basis set Lanl2DZ [*Hay and Wadt 1985] with extra f polarization function was chosen
[Ehlers et al. 1993]. For all the other atoms, 6-31++G(d,p) basis set was selected and the
combined basis set for all the atoms is named as BS1. MPWBIK is chosen for this study
because of its reliable performance in the thermo chemical kinetics, non covalent
interactions and also in the determination of barrier heights [Leopoldini ef al. 2009]. All the
stationary points were confirmed by means of vibration analysis, and all the transition states
were characterized by the determination of a single imaginary frequency and its relationship
with nuclei motion. The MPWBI1K/6-31++G(d,p) level of theory was used to calculate the
molecular electrostatic potential (MESP) of free phosphine ligands [Suresh 2006; Mathew
et al. 2007].

As in Chapter 2, the quantification of trans influence of various phosphine ligands (L =
PH;, PCls, PH,CF;, PH,Et, PH,Ph, PMeCl,, PMes, PHEt,, PEt; and PPhs) have been done
using isodesmic reactions of the type [PdCl;]” + [PACLL] = [PACLL] + [PdCl,] at
MPWBIK/BS1 level of theory and solvent corrections in water were applied through a
conductor like screening model (COSMO) which is a widely used self consistent reaction

field (SCRF) method [Klamt et al. 1993].
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To calculate the topological features of electron density, atoms in molecule (AIM)
analysis was done using the AIM2000 program [Bader 1990; Biegler-Konig et al. 2001]. In
order to get reliable AIM parameters, the effective core potential basis set for Pd in BS1
was replaced with all electron basis set, DGDZVP [Godbout et al. 1992; Sosa et al. 1992]
to generate the wavefunction at the MPWB1K method. AIM analysis is based on Bader’s
theory [Bader 1990] and for the present study, the bond critical points (bcp) of the nature (3,
—1) is located for Pd—Cemy1 and Pd—Cl bonds of all the reactant complexes. At the bep,
electron density (p(r)), the Laplacian (V>p(r)), the density of the total energy of the electron
(H(r)), the kinetic electron energy density (G(r)) and the potential electron energy density
(V(r)) were determined. For the assessment of the covalent character of Pd—C/CI bond, we

also determined k(r) values.

3.4 Results and Discussion

3.4.1 Reductive Elimination of CH;CH; and CH;Cl

Reductive elimination of CH3CHj3; from cis-[Pd(CH3),L,] complexes as well as
CHj;Cl from cis-[Pd(CH3)(Cl)L,] complexes is investigated on the basis of both direct and
dissociative mechanisms (Scheme 3.1). Representative examples for these reactions are
depicted in Figures 3.1 and 3.2. The structures 1a-PMe; and 1a-PMe;_TS are respectively
the [Pd(CHj3),(PMes),] complex and the transition state for the direct reductive elimination
of CH3CH3 (Figure 3.1a). Similarly, 1b-PMej is the [Pd(CH3)Cl(PMes),] complex and 1b-
PMe; TS is the transition state involved in the direct reductive elimination of CH;Cl
(Figure 3.1b). The dissociative elimination of CH3CHj3 is represented using the structures
2a-PMe; and 2a-PMe;_TS (Figure 3.2c) while that of CH3Cl is described using 2b-PMe;

and 2b-PMe;_TS (Figure 3.2d). It may be noted that 2b-PMe; is formed by dissociating
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one of the PMej; ligand from [Pd(CH3)Cl(PMes),]. Because of the high trans influence of
the —CH3 ligand [Chval et al. 2008], the PMe; ligand trans to the —CHj3 ligand is easier to
dissociate than the one trans to the —Cl ligand. In all the cases, the direct mechanism passes
through a four coordinate transition state to eliminate the CH3CHj3 or the CH3ClI while in the

dissociative mechanism, a three coordinate transition state is involved.

1b-PMQ3_TS
(b)
Figure 3.1 Structures of reactants and transition states involved in the reductive elimination
of CH3CHj3 and CH3Cl through direct mechanism with PMes as ancillary ligands. Selected

bond distances (in A) are given.
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2a-PMe;_TS

(¢)

Zb-PMeg_TS

(d)
Figure 3.2 Structures of reactants and transition states involved in the reductive elimination
of CH3CH3 and CH3Cl through dissociative mechanism with PMes as ancillary ligands.

Selected bond distances (in A) are given.
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Table 3.1 E,. (kcal/mol) values for the reductive elimination of CH3;CH; and CH3Cl via

direct and dissociative mechanisms.

E,. for CH;CH; E,. for CH;Cl
Aili(:gi;ll?;y reductive elimination reductive elimination
(L) Direct Dissociative Direct Dissociative
Mechanism Mechanism Mechanism Mechanism
PH; 2391 10.25 44.02 30.28
PCl; 15.12 8.57 32.18 25.78
PH,CF; 21.64 8.98 41.02 26.89
PH,Et 26.64 10.67 47.99 32.34
PH,Ph 26.93 10.64 47.35 32.33
PMeCl, 21.13 9.97 39.97 28.33
PMe; 31.35 11.72 55.68 35.85
PHELt, 28.76 10.99 52.05 34.37
PEt; 31.66 12.15 56.07 36.40
PPh; 26.23 11.46 46.31 34.63

For all the ten ancillary ligands, the activation energy (E,.,) of both direct and dissociative
mechanism are presented in Table 3.1. The highest E,. for both CH3;CH3; and CH3Cl in the
direct and dissociation pathway is observed for PEt; whereas the lowest E,, is obtained for
PCls. In the direct mechanism, the decreasing order of E, values for various ancillary
ligands can be written as PEt; ~ PMes; > PHEt, > PH,;Et ~ PH,Ph ~ PPh; > PH; > PMeCl, ~
PH,CF; > PCl; while for the dissociative mechanism this order can be written as PEt; >
PMes; > PPh; >PHEt, > PH,Et ~ PH,Ph > PH3 > PMeCl, > PH,CF; > PCl;. For the CH3CHj3
elimination via direct mechanism, the E,., ranges from 15.12 to 31.66 kcal/mol and through
dissociative mechanism the E,. are within a small range of 8.57 to 12.15 kcal/mol. This

shows that the direct mechanism is highly influenced by the nature of the ancillary
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phosphine ligands than the dissociative mechanism. For the reductive elimination of CH3Cl,
the E,. of the direct mechanism is in the range of 32.18 to 56.07 kcal/mol while for the
dissociative mechanism it is 25.78 to 36.40 kcal/mol. Thus a comparison of the E,. for
C-C and C-ClI reductive elimination suggests that the former is more favorable than the

latter.

Table 3.2 Calculated trans Pd—C bond length in Pd(CHj3),L,, Pd(CH3)(CD)L, and
Pd(CHs;),L. complexes along with Pd—Cl bond length in Pd(CH3)(CI)L, and Pd(CHj3)(CI)L

complexes. All values are in A.

Pd(CH3)(Cl)
Pd(CH3),L., Pd(CH3)(CDL, Pd(CH3),. |L

Ancillar | trans Pd-C | trans Pd-C | trans Pd-Cl | trans Pd-C | trans Pd-Cl
y ligand | bond length# bond length | bond length | bond length | bond length
PH; 2.066 2.043 2.357 2.010 2.284
PCl; 2.061 2.034 2.327 2.010 2.268
PH,CF; 2.076 2.041 2.357 2.008 2.276
PH,Et 2.071 2.048 2.368 2.012 2.293
PH,Ph 2.069 2.050 2.364 2.015 2.291
PMeCl, 2.065 2.034 2.352 2.011 2.277
PMe; 2.076 2.053 2.384 2.019 2.304
PHEt, 2.068 2.048 2.371 2.016 2.301
PEt; 2.077 2.054 2.388 2.021 2.308
PPh; 2.066 2.039 2.368 2.017 2.304

* Average of the two Pd—C bonds is taken.
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It is well known that the electronic nature of phosphine ligands and the related trans
influence play an important role in the rate of reductive eliminations [Ananikov et al. 2005].
To the best of our knowledge, a relationship between the FE,., values of reductive
eliminations and trans influence parameters has not been clearly addressed yet. Trans bond
length parameters have been used as a structural parameter to quantify the trans influence.
In general, short trans bond length indicates the weak trans influencing ancillary ligand
while the strong trans influencing ancillary ligands cause an enhancement in the trans bond
length. For the cases studied herein, the trans bond length parameters are presented in Table

3.2
65 -
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45 1

r=0.685

E,., in kcal/mol
w
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25 1 r =0.991

r= 0.917/
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trans Pd-C/Cl bond length

Figure 3.3 Correlation between and trans Pd—C bond length and E, for the reductive
elimination of CH3CH3 as well as correlation between trans Pd—Cl bond length and E,, for
the reductive elimination of CH;Cl (# CH;Cl direct, = CH3;CHj; direct, CH;Cl1

dissociative, ® CH3CHj; dissociative mechanisms).

All the Pd—C bond lengths of both [Pd(CH3),L,] and [Pd(CHj3),L.] complexes can be put
in a small range 2.008 to 2.077 A whereas the Pd-CI bond length in both [Pd(CH3)(Cl)L;]

and [Pd(CH3)(CDL] show larger variation in the range of 2.268 to 2.388 A. It means that
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the Pd—CI bond is very sensitive to the trans influence of the phosphine ligand than the Pd—
C bond. A strong linear correlation between Pd—Cl distance and E,, supports this statement
while the poor correlation between Pd—C distance and E,., particularly observed for the
direct mechanism justifies the insensitiveness of the distance parameter (Figure 3.3) to
measure the trans influence. In general, all the four correlations given in Figure 3.3 suggest
that the rate of reductive elimination increases when the trans influence of the ancillary

ligand increases.

3.4.2 Trans Influence from Isodesmic Reactions

The isodesmic reaction based approach presented in Scheme 3.2 is used to quantify
the trans influence of any ligand L. In this reaction, the reactant and product sides are nearly
identical with respect to the type of metal to ligand bonds. The reactant and product sides
differ mainly in the trans influence they experience; the product side has a trans influence
from L on CI” while reactant side is devoid of such an influence. Therefore, the energy of
this reaction (designated as Ej) represents a good thermodynamic measure of the trans
influence. The reaction is endothermic as the trans influence weakens both the Pd—L and the
trans Pd—Cl bonds in the product side. The following trend in E; values is obtained: PEt;
(29.86) > PMes (28.96 ) > PHEt, (27.68) > PPh; (27.07) > PH,Et (25.39)> PH,Ph (24.27) >
PH; (23.26) > PMeCl, (20.37) > PH,CF; (19.45) > PCl; (14.94) (values in parenthesis is Ef,
in kcal/mol). This order of trans influence is almost similar to the Pd—CI bond length based

order of trans influence.
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o e o | ¢
L—prd + lIJd—CI — I—pPd—Cl + Pd

Cl Cl Cl Cl
Scheme 3.2 Isodesmic reactions modeled to quantify the trans influence of the ligand L in

Pd(II) complexes.

In Figure 3.4, E; is correlated with the E,., values of both direct and dissociation
pathways. It is gratifying that the correlation coefficient, r of all these linear plots is higher
than 0.96. The slopes of the linear correlation for CH3Cl direct mechanism, CH3CHj3 direct
mechanism, CH;Cl dissociative mechanism, and CH;CHj; dissociative mechanism are 1.52,
1.05, 0.78, and 0.24, respectively, suggesting that E,., of CH3Cl direct elimination is highly
influenced by the trans influence while this influence has less impact on the CH3;CHj
dissociative elimination. The order of E,, corresponding to both direct and dissociative
mechanism is in accordance with the E; values of ancillary phosphine ligands. The ligand
PPh; shows some deviation from the linear plot for the direct mechanism which can be

attributed to the steric effect of this ligand.
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Figure 3.4 Correlation between E; and E,, values for the reductive elimination of CH3CHj
and CH;Cl via direct and dissociative mechanisms (# CH3;Cl direct, m CH3;CHj; direct,

CH;Cl dissociative, # CH3;CHj; dissociative mechanisms).

3.4.3 Molecular Electrostatic Potential Minimum (V,,;,) of
Free Phosphine Ligands

The trans influence originates from the competition between c-donating ability of the
trans ligands [Mitoraj et al. 2009; Anastasi and Deeth 2009]. Efforts from our laboratory
have established that the use of the minimum of the molecular electrostatic potential
(MESP), observed in the lone pair region of a phosphine ligand (V,,;,) is a good parameter
to assess the electronic effect of a free phosphine ligand [Suresh and Koga 2002; Suresh
2006; Mathew et al. 2007; Sternberg et al. 2010]. The MESP isosurface of value -9.0
kcal/mol and the V,,;, of all the phosphine ligands are depicted in Figure 3.5. PEt; ligand has
the most negative V,,;,, (-45.11 kcal/mol) while the least negative V,;, (-9.81 kcal/mol) is
observed for PMeCl,. For the unsubstituted PHs, the V,,;, is -26.84 kcal/mol. The V,,;,

reflects the impact of the electron donating or withdrawing effect of the P-substituent
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[Suresh et al. 2007] and it is used as a good quantitative measure of o-donating ability. A
more negative V,,;, indicates higher o-donating ability. In the case of PCls, the lone pair
region of phosphorus is devoid of negative potential due to high electron withdrawing effect
from the three chloro substituents. It is gratifying that the V,,;, values show almost the same
order of trans influence based on either the trans Pd—CI bond length or E; values. Further,
an excellent linear correlation is obtained between V,,;, and E; values (Figure 3.6). It means
that the trans influence of a PR3 ligand is directly related to the electron donating power of
the ancillary ligand; more o-donating group must show high trans influence and vice versa.
Since E; and E,., show a good linear correlation, the V,;, can also be used as a good
measure of the E,, This also means that the reductive elimination will be inhibited
substantially when the metal becomes more electron rich due to the enhancement in

electron donating power of the phosphine ligand [Tatsumi et al. 1981].
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Figure 3.5 MESP isosurface at -9.0 kcal/mol for various phosphine ligands. The V,,;, in

kcal/mol is also depicted.
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Figure 3.6 Correlations between V,,,;, and E values.
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3.4.4 AIM Analysis

The E; or V,,;, values along with the steric effects of ancillary phosphine ligands can be
used to explain the relative changes in the E, values of reductive eliminations, irrespective
of the direct and dissociative mechanism. However, these parameters are insufficient to
explain the higher E, values observed for CH3Cl elimination than the CH3CH3 elimination
for a particular ancillary ligand. Further, these parameters alone cannot give a satisfactory
explanation to why the E, of the direct mechanism show higher values than the
dissociative mechanism. It has been proposed that an increase in the o-donating ability of
the leaving groups increases the rate of reductive elimination [Tatsumi et al. 1981].
Therefore, knowledge about the nature of the eliminating bond is also important to assess
the E,. and we propose to use the AIM analysis to understand this.

In Figure 3.7, AIM parameters, p(r);, Vzp(r)l, H(r); , and k(r); for Pd—Cemy bond and
p(r)2, Vzp(r)z, H(r);, and k(r); for Pd—Cl bond are depicted using the representative
examples Pd(CH3)(CI)(PH3), and Pd(CH3)(Cl)(PH3). Since two bonds are cleaved at the
same time during the reductive elimination, the total change in the AIM parameters can be
assessed by taking the sum of their individual values and thus the parameters p(r)s = p(r); +
p(r)2, Vp(r)s = V(1)) + VZp(r),, H(r)s = H(r); + H(r), and k(r), = k(r); + k(r), are also
defined. Detailed information of the AIM parameters are given in Tables 3.3, 3.4, 3.5, and

3.6.
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Figure 3.7 AIM features of representative (a) Pd(CH3)(Cl)L, and (b) Pd(CH;3)(Cl)L
systems, where L= PH3. The (3,-1) bond critical points are marked by small red circles. The
p(r), Vzp(r), H(r) (all values are in au) and k(r) at the bcp of the bonds that are cleaved
during reductive elimination is marked along with the definitions of p(r)S,Vzp(l‘)s, H(r); and

k(r)s.
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Table 3.3: AIM parameters at the bcp of PAd—Cierny1 bond in Pd(CH3),L, complexes.

Pd—C* eyt bond

Ancillary p(r) Vp(r) | H(r) k(o) G(r) V(r)

ligands (au) (au) (au) (au) (au)

PH; 0.116 0.178 | -0.043 | -1.490 | 0.087 | -0.130
PCl; 0.117 0.156 | -0.045 | -1.536 | 0.084 | -0.129
PH,CF; 0.113 0.172 | -0.042 | -1.491 | 0.085 | -0.126
PH,Et 0.114 0.183 | -0.042 | -1476 | 0.087 | -0.129
PH,Ph 0.115 0.183 | -0.042 | -1.479 | 0.088 | -0.130
PMeCl, 0.116 0.166 | -0.044 | -1.514 | 0.085 | -0.129
PMe; 0.113 0.192 | -0.040 | -1.457 | 0.089 | -0.129
PHE, 0.115 0.187 | -0.042 | -1474 | 0.089 | -0.131
PEt; 0.113 0.193 | -0.040 | -1.453 | 0.088 | -0.129
PPh; 0.116 0.180 | -0.043 | -1.486 | 0.088 | -0.130

* Average of the two Pd—C bonds is taken
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Table 3.4 AIM parameters at the bep of trans Pd—Ciyemy and cis Pd—Cremy bonds in Pd(CH3),L complexes.

Ancillary trans Pd—C ethy1 bond cis Pd—C pethy1 bond
ligand | p(r) |Vp(r)| H(r) ke | GO [ YO | e Vp(r) | H(r) ke | G® | VO
(au) (au) (au) (au) (au) (au) (au) (au) (au) (au)
PH; 0.130 | 0.190 | -0.052 | -1.524 | 0.100 | -0.152 | 0.126 | 0.152 | -0.051 | -1.575 | 0.089 -0.141
PCl; 0.129 | 0.180 | -0.053 | -1.540 | 0.098 | -0.150 | 0.123 | 0.140 | -0.050 | -1.589 | 0.085 -0.135

PH,CF; 0.130 | 0.184 | -0.053 | -1.535 | 0.099 | -0.152 | 0.124 | 0.150 | -0.050 | -1.574 | 0.088 -0.138

PH,Et 0.129 | 0.195 | -0.052 | -1.515 | 0.100 | -0.152 | 0.126 | 0.152 | -0.051 | -1.575 | 0.090 -0.141

PH,Ph 0.128 | 0.193 | -0.051 | -1.514 | 0.100 | -0.151 | 0.125 | 0.150 | -0.051 | -1.576 | 0.088 -0.139

PMeCl, 0.129 | 0.183 | -0.053 | -1.534 | 0.098 | -0.151 | 0.123 | 0.150 | -0.050 | -1.571 | 0.088 -0.138

PMe; 0.127 | 0.200 | -0.050 | -1.501 | 0.100 | -0.151 | 0.126 | 0.157 | -0.051 | -1.567 | 0.090 -0.142
PHEt, 0.128 | 0.199 | -0.051 | -1.505 | 0.101 | -0.151 | 0.126 | 0.152 | -0.052 | -1.575 | 0.090 -0.141
PEt; 0.127 | 0.201 | -0.050 | -1.497 | 0.100 | -0.150 | 0.126 | 0.157 | -0.051 | -1.567 | 0.091 -0.142
PPh; 0.128 | 0.198 | -0.051 | -1.506 | 0.100 | -0.151 | 0.127 | 0.149 | -0.052 | -1.584 | 0.090 -0.142

Table 3.5 AIM parameters at the bcp of Pd—Ceiny1 and Pd—CI bonds in Pd(CH3)(Cl)L, complexes.

Pd-Cl bond Pd—C jethy1 bond
Ancillary | p(r) | Vp(r) | H(r) Ko | GO | VO p(r) | Vp(r)| H(®) Ko | 6O | VO
ligand (au) (au) (au) (au) (au) (au) (au) (au) (au) (au)
PH; 0.074 | 0.251 | -0.013 | -1.169 | 0.075 | -0.088 0.121 | 0.135 | -0.048 |-1.588 | 0.082 | -0.130
PCl; 0.079 | 0.262 | -0.015 | -1.185 | 0.080 | -0.095 0.123 | 0.103 | -0.051 |-1.665 | 0.077 | -0.129
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Table 3.5 (Continued

)

PH,CF; 0.074 ]0.250 | -0.013 | -1.171 | 0.076 | -0.088 0.122 | 0.123 | -0.049 |-1.616 | 0.080 | -0.130
PH,Et 0.072 ]0.247 | -0.012 | -1.164 | 0.074 | -0.086 0.119 | 0.143 | -0.047 |-1.568 | 0.082 | -0.129
PH,Ph 0.072 ] 0.251 | -0.012 | -1.164 | 0.075 | -0.087 0.119 | 0.143 | -0.047 |-1.565 | 0.082 | -0.129
PMeCl, 0.075 ]0.255| -0.013 | -1.171 | 0.077 | -0.090 0.123 | 0.112 | -0.051 |-1.647 | 0.079 | -0.130
PMe; 0.069 |0.243 | -0.011 | -1.154 | 0.072 | -0.083 0.119 | 0.156 | -0.045 |-1.539| 0.084 | -0.130
PHEt, 0.070 ]0.248 | -0.012 | -1.164 | 0.074 | -0.086 0.120 | 0.143 | -0.047 |-1.568 | 0.082 | -0.129
PEt; 0.068 |0.241 | -0.011 | -1.154 | 0.071 | -0.082 0.118 | 0.160 | -0.045 |-1.529| 0.085 | -0.130
PPh; 0.072 ]0.251 | -0.012 | -1.162 | 0.075 | -0.087 0.122 | 0.129 | -0.049 |-1.604 | 0.082 | -0.131
Table 3.6 AIM parameters at the bcp of Pd—Ceiny1 and PAd—CI bonds in Pd(CH3)(Cl)L complexes.
Pd-Cl bond Pd—C jethy1 bond

Ancillary p(r) Vzp(r) H(r) k(r) G(r) V(r) | p(r) Vzp(r) H(r) k(r) G(r) V(r)

ligand (au) (au) (au) (au) (au) | (au) (au) (au) (au) (au)

PH; 0.086 0.303 -0.017 | -1.180 | 0.092 |-0.109 | 0.130 | 0.090 | -0.057 | -1.719 | 0.080 | -0.137
PCl; 0.089 0.309 | -0.018 | -1.191 | 0.095 | -0.114 | 0.127 | 0.080 | -0.056 | -1.738 | 0.076 | -0.133
PH,CF; 0.088 0.306 | -0.017 | -1.186 | 0.094 | -0.111 | 0.129 | 0.083 | -0.057 | -1.732 | 0.078 | -0.135
PH,Et 0.084 0.300 | -0.016 | -1.175 | 0.091 |-0.107 | 0.131 | 0.094 | -0.057 | -1.709 | 0.081 | -0.138
PH,Ph 0.084 0.301 -0.016 | -1.176 | 0.091 |-0.107 | 0.130 | 0.093 | -0.057 | -1.710 | 0.080 | -0.137
PMeCl, 0.087 0.307 -0.017 | -1.184 | 0.094 |-0.1110.128 | 0.082 | -0.057 | -1.735 | 0.077 | -0.134
PMe; 0.082 0.296 | -0.015 | -1.169 | 0.089 | -0.104 | 0.131 | 0.106 | -0.057 | -1.683 | 0.084 | -0.141
PHEt, 0.082 0.297 -0.015 | -1.170 | 0.090 |-0.105|0.131 | 0.101 | -0.057 | -1.695 | 0.082 | -0.140
PEt; 0.081 0.294 | -0.015 | -1.167 | 0.088 | -0.103 | 0.131 | 0.108 | -0.057 | -1.678 | 0.084 | -0.141
PPh; 0.082 0.296 | -0.015 | -1.170 | 0.089 | -0.104 | 0.131 | 0.100 | -0.057 | -1.697 | 0.082 | -0.140
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The p(r), values of Pd—C,emyi bond are in the range of 0.113 to 0.131 au while
p(r), values of Pd—Cl bond are in the range of 0.068 to 0.089 au. In all the systems,
Vzp(r) values are positive (0.080 to 0.309 au) while the H(r) values are negative (-
0.011 to -0.057 au). The positive V2p(r) indicates ionic nature of the bond whereas
negative H(r) indicates the covalent nature [Bader and Matta 2001]. Thus it is clear that
both Pd—C,eimy1 and Pd—CI bonds exhibit partial ionic and covalent characters [Bader
and Matta 2001; Palusiak 2007; Palusiak and Krygowski 2009]. The V() of Pd—Cl
bond (0.241 to 0.309 a.u.) is more positive than the Vzp(r) of Pd—Ceimy1 bond (0.080 to
0.201 au), indicating more ionic nature of the former. On the other hand, H(r) of Pd—Cl
bond (-0.011 to -0.018 au) is less negative than the H(r) of Pd—Cnemyi bond (-0.040 to -
0.057 au), suggesting more covalent nature to the latter. Also, the k(r) value of a Pd—
Crnethyl bond is 0.37 to 0.55 au more negative than that of Pd—Cl bond which also means
that the potential electron energy density is significantly higher than the kinetic electron
energy density in Pd—Cyemyi than the Pd—CI bond. The variation in the AIM parameters
at the bep of Pd—Cpemy/Cl bond in Pd(CH3),L,, Pd(CH3),L, Pd(CH3)(CI)L, and
Pd(CHj3)(CI)L complexes is mainly due to the change in electron donating ability of the
ancillary ligands. There is a decrease in magnitude of p(r), H(r) and k(r) values at the
bep of the trans Pd—Ciyeinyi /C1 bond when the o-donating ability of ancillary ligand is
increased while no such trend is observed in the case of Vzp(r) values. In Pd(CHj3),L,
complexes, for the least 6-donating ancillary ligand PCls, the p(r), H(r), k(r) values at
bep of Pd—Cryemy are 0.117 a.u., -0.045 au, -1.536 respectively while for the highest -
donating ancillary ligand PEt;, these values are 0.113 au, -0.040 au and -1.453. Similar
observations can also be noticed for other complexes, viz. PA(CH3),L, Pd(CH3)(CI)L,

and Pd(CH3)(Cl)L.



Chapter 3 113

In Figure 3.8, correlation between p(r), and E, is presented. In the case of direct
and dissociative mechanisms of CH3Cl elimination, E, shows strong linear
dependency to p(r)s. However, E,. for CH3;CH; elimination shows almost no
correlation with p(r)s. Interestingly, a general trend is that when p(r), decreases, E,c
increases. Since higher value of p(r), indicates greater strength, one would expect more
difficulty in breaking that bond. This observation is counter intuitive as a smaller value
of p(r)s can be associated with a weaker bond to be cleaved, indicating lowering of the
activation barrier. Very similar observation is also applicable for the correlation of trans
bond length versus E,, presented in Figure 3.3: a shorter bond is activated easily than a
longer bond! It means that the metal ligand bond cleavage may not be the deciding
factor for the reductive elimination but the bond formation between the dissociated
ligands.

In Figure 3.9, H(r)s values are plotted against the E,.. These plots look very similar
to the (p(r)s, Eact) plots given in Figure 3.8. In general, E, decreases with an increase
in the negative character (covalent character) of the H(r),. Thus, obviously there is a
fundamental difference in the interpretations that we can obtain from the (o(r)s, Eact)
plots and (H(r)s, Eat) plots: it is not the bond strength that matters but the nature of the
cleaved bonds, the more covalent they are the easier is the reductive elimination.

The correlations of Vzp(r)S versus E, (Figure 3.10) nicely compliment the
conclusion drawn from the plots of H(r) versus E,: the more the ionic nature of the
bond to be cleaved, the higher is the activation barrier for the reductive elimination.
Thus, the formation of CH3CH3 is quite easy compared to the formation of CH3Cl due
to the more ionic nature of Pd—Cl bond. Even though the Pd—Cemy1 bond is stronger
than the Pd—Cl bond, the two cleaved methyl fragments with the *CH3 nature is easy to

combine for the C—C bond formation.
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The plot of k(r)s versus the E,. (Figure 3.11) shows a unified picture of the nature of
chemical bond to the tendency of reductive elimination: irrespective of the type of
reaction (elimination of either CH3CHs; or CH3Cl) and the type of the mechanism
(direct or dissociative), all the E,. values can be correlated with one linear equation. In
other words, when the potential electron energy density dominates over the kinetic

electron energy density at the bcp, reductive elimination becomes facile. This may
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show that a bond with more covalent character has more potential electron energy
density while a bond with more ionic character has more kinetic electron energy
density and vice versa, if the covalent character of the bonds can be well estimated
through k(r);. It can be assumed that the interplay between the covalent and ionic

nature of the bonds which are cleaved during reaction is the controlling factor for the

reductive elimination.
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It may also be noted that p(r)s values for the less electron donating phosphine ligand
is higher particularly for four coordinate reactant complexes. Similar observations can
also noted for H(r)s and k(r)s values. Thus, when the o-donating ability of the ancillary
ligand decreases, an increase in the strength and covalent nature of trans bond is
observed. Also, V2p(r)s value is found to be higher for electron rich ancillary ligands
and this shows more ionic character to the trans bond when such ancillary ligands are
present. The nature of ancillary ligands controls the strength and covalent nature of the
trans Pd—-C/Cl bond and also controls the activation process for the reductive

elimination.

3.5 Conclusion

The present work has focused on the effect of ancillary phosphine ligands on
C—C and C—CI bond formation through reductive elimination mechanism in square
planar complexes of the type cis-[Pd(CH3),L,] and cis-[Pd(CH3)(CI)L;,], where L is the
ancillary phosphine ligand. The results show that the E,. of reductive elimination
reactions are directly controlled by the o-donating ability of the ancillary phosphine
ligands [Hartley 1973; Lin and Hall 1991]. For bulky phosphine ligands, the steric
effect was also significant. The isodesmic reaction energy based trans influence
parameter E; showed a strong linear relationship to Vi, values of the ancillary
phosphine ligands, suggesting that the trans influence is governed by the electron
donating character of the phosphine ligand [MacQueen and Macgregor 1999; Anastasi
and Deeth 2009; Goodman et al. 2010]. Both E; and Vi, can be used as very effective
descriptors to measure the ability of the metal complex to undergo reductive

elimination as both quantities showed excellent linear relationship to E,;. Between E;
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and the Vi, the latter is easy to compute as it involves the determination of the MESP
of the free phosphine while the former is calculated from a reaction scheme.

AIM analysis of the reactant complexes suggests that when the covalent nature of the
Pd-leaving group/atom bond increases, the energy of activation for the reductive
elimination decreases and vice versa. The trans bond length analysis or the bond
strength analysis using o(r)s gives only a false impression that reductive elimination
becomes easy with strong metal-ligand bonds. In fact, the correct interpretation of the
reductive elimination can be obtained from the study of the ionic versus covalent nature
of the bonds that are cleaved and this important conclusion is obtained by the analysis
of Vzp(r)s and H(r);. Further, the k(r); in the AIM analysis showed that the relative
magnitude of the potential electron energy density and kinetic electron energy density
at the bep of the bonds that are cleaved in the reductive elimination is a key factor for
determining the activation energy and using this parameter, a unified view of the
process can be obtained irrespective of the type of reaction and nature of the
mechanism. Further, AIM analysis showed that the strength and covalent character of
the Pd—CHs3/Cl bond depend on the electronic nature of the ancillary ligands. In
general, an electron withdrawing ancillary ligand increases the strength of the trans
bond by increasing its covalent character. Since bonds with more covalent character are
more susceptible for reductive elimination than bonds with more ionic character, an
electron withdrawing ligand will promote reductive elimination reaction more than an
electron rich ligand. It may be noted that these conclusions are based on the effect of
ancillary phosphine ligands on the activation of reductive elimination reactions and no

attempt has been made to generalize them for other ligands.
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4.1 Abstract

The trans influence of various X ligands in hypervalent iodine (II1) complexes of the
type CF3[I(X)Cl] has been quantified using trans I-Cl bond length (dx), electron density
p(r) at the (3, -1) bond critical point of the trans I-Cl bond and topological features of
molecular electrostatic potential (MESP). The MESP minimum at the Cl lone pair region
(Viuin) is a sensitive measure of the trans influence. Trans influence of X ligands in
hypervalent iodine (V) complexes is smaller than that in iodine (IlIl) complexes while the
relative ordering of this influence is same in both the complexes. In CF3[I(X)Y]
complexes, the mutual trans influence due to trans disposition of X and Y ligands is
quantified using the energy, Exy of the isodesmic reaction CF3[1(X)Cl] + CF3[I(Y)Cl] —
CF;[I(Cl)Cl] + CF;[I(X)Y]. Exy is predicted with good accuracy using the trans
influence parameters of X and Y, measured in terms of dx, p(r) or V. The bond
dissociation energy (Dzx) of X or Y in CF;[I(X)Y] is significantly influenced by the trans
influence as well as mutual trans influence. This is confirmed by deriving an empirical
equation to predict BDE using one of the trans influence parameters (dx, p(r) or Vi)
and the mutual trans influence parameter, Exy for a large number of complexes. The
quantified values of both trans influence and mutual trans influence parameters may find
use in assessing the stability of hypervalent iodine compounds as well as in the design of
new stable hypervalent complexes. The knowledge about the I-X bond dissociation
energies will be useful for explaining the reactivity of hypervalent iodine complexes and

mechanism of their reactions.
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4.2 Introduction

Hypervalent iodine compounds have received considerable attention as versatile
oxidizing agents in organic synthesis [Barton et al. 1982; Varvoglis 1992; Ochiai 1999;
Ochiai 2003; Moriarty and Prakash 2008; Brand er al. 2011; Zhdankin 2011]. These
compounds are considered as an alternative for the highly toxic heavy metal oxidants
often used to achieve similar chemical transformations [Ochiai 2003; Tohma and Kita
2004; Ochiai 2007; Zhdankin and Stang 2008; Merritt and Olofsson 2011]. Hypervalent
iodine complexes are environmental friendly reagents, mild and stable, low toxic, and
highly selective reagents [Varvoglis 1992; Ochiai 1999; Ochiai et al. 2005; Yu et al.

2012].

The first hypervalent organic iodine complex was dichloroiodobenzene Ph[ICI;],
which was prepared by Willgerodt in 1886 [Willgerodt and Prakt 1886]. Though the
oxidizing property of this complex was recognized in 1893 [Zhdankin and Stang 2008],
hypervalent iodine complexes reached out into main stream organic synthesis only in the
last 30 years [Zhao and Zhang 2007; *Cui et al. 2011; "Cui er al. 2011]. Hypervalent
iodine complexes are usually designated in terms of Martin-Arduengo N-I-L designation
[Perkins et al. 1980], where N indicates the number of valence electrons surrounding the
central iodine atom and L shows the number of ligands. The compounds 8-I-2 and 10-1-3
are called A* -iodanes wherein the iodine atom is having +3 oxidation states while the
complexes 10-1-4 and 12-I-5 represent the most common structural types of pentavalent
iodine and are called A° -iodanes. Some of the representative examples of these types of

complexes and their structures are shown in Figure 4.1.
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Figure 4.1 Examples of A’-iodanes and A’-iodanes.

One of the characteristic features which distinguish hypervalent compound from
others is the presence of 3-centre 4-electron (3c-4e) bond formed by the interaction of
orbitals of three collinear atoms [Musher 1969]. In T-shaped iodine(IIl) complexes, the
interaction of the filled 5p orbital of central iodine atom and the half-filled orbitals of two
ligands (X and Y) trans to each other leads to the formation of three molecular orbitals,
viz. bonding, nonbonding and antibonding (Figure 4.2) [Pimentel 1951; Musher 1969;
Kutzelnigg 1984; Landrum et al. 1997; Su and Goddard 2005]. Because the highest
occupied molecular orbital (HOMO) contains a node at the central iodine, the
hypervalent bonds show highly polarised nature and hence more electronegative atoms
tend to occupy the axial positions [Varvoglis 1992; Ochiai 1999; Kiprof and Zhdankin

2003; Yusubov et al. 2009].

The focus of the present study is to understand the phenomenon trans influence in
hypervalent iodine complexes. In T-shaped iodine(Ill) complexes, the ¢ donating ability
of ligand Y will influence the trans I-X bond through the 5p orbital of central iodine and

hence the mutual trans influence caused through the 3c-4e bond is solely resulted from
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the inductive effect of the trans ligands X and Y [Shustorovich and Buslaev 1976].
Ochiai et al. analysed various crystal structures of iodine(IIl) complexes and classified
various ligands in the order of their trans influence and concluded that the mutual trans
influence of ligands play an important role in the stability of these complexes [Ochiai et
al. 2006]. On the basis of theoretical investigations using isodesmic reactions, Ochiai et
al. proposed that the ligands with large and small trans influence in the axial positions
are favoured over the combinations of two strong and two weak ligands in the trans
positions, otherwise two moderately trans influencing ligands are favoured [Ochiai et al.
2006]. Thus, the phenomenon of trans influence can explain the stability of
Ph[I(OH)OTs] and Ph[I(OAc),] complexes as well as the instability of Ph[I(OH),],

Ph[I(OOtBu);] and Ph[I(OMe),] complexes [Zhdankin and Stang 2008].

— (CelCeCe
Antibonding MO

Ce—Ce
Nonbonding MO

e | @G,
Bonding MO

Y----T----X
L

Figure 4.2 MOs of the 3c-4e bond formed in the hypervalent iodine(IIl) complexes.

Trans bond length data from X-ray crystal structures are frequently used for the study
of trans influence of various ligands [Hartley 1973]. Structural parameters are not very
sensitive to subtle electronic variations and theoretically derived molecular properties

have been used as powerful descriptors for explaining reactivity and stabilities of



Chapter 4 123

hypervalent complexes [Kiprof 2004; Ochiai et al. 2006]. In the present study, trans
influence of various ligands in hypervalent iodine complexes of the type CF;[I(X)CI] is
considered. The selected X ligands are F, Cl, Br, CPPh;COOMe ,CPPh;COMe, Et, Ph,
Me, OiPr, CCSiMes;, CH,Cl, @ CCH, CCPh, C¢Fs, CF;,  2,3,56-tetrafluro-4-
(trifluoromethyl)benzene, CF,CF,CF;, NH,;, OMe, NHTf, OOrBu, OH, OAc, NO,,
OCOCOOMe, OTs, OSO,Me, OCOCCI3, NO3, OCOCF;, OTf and BFs. Most of the
selected ligands are located from the X-ray crystal structure of various hypervalent iodine
complexes, retrieved from Cambridge Structural Database (CSD) [Allen 2002]. The trans
influence will be analyzed using the QTAIM approach [Bader 1990]. Further, the subtle
electronic variations surrounding the coordinated ligands due to 3c-4e bond will be
analysed in terms of molecular electrostatic potential (MESP) [Politzer and Truhlar

1981].

4.3 Computational Methods

All the electronic structure calculations were performed at B3ALYP [Becke 1993;
Lee et al. 1994] level of DFT method using Gaussian 03 package of programs [Frisch et
al. Gausian 03 2004]. It has been proposed that all electron basis set correctly reproduce
the bond length in iodine compounds [Yurieva et al. 2008] and hence full electron basis
set DGDZVP [Sosa et al. 1992] was chosen to describe iodine atom and for all other
atoms the basis set 6-311++G(d,p) was selected. The combined basis set is denoted as
BS1.Vibrational frequency analysis at B3LYP/BS1 was performed to confirm that all the
optimised geometries are minima (zero imaginary frequencies).

The B3LYP/BSI level of theory was used for the calculation of molecular
electrostatic potential (MESP). The deepest MESP minimum (V,;,) was obtained from
the MESP topography calculations by generating cube files using Gaussian 03 [*Suresh

2006; Sayyed and Suresh 2009].
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For topological analysis of electron density, B3ALYP/BS1 wave functions was used
as input in AIM2000 program [Bader 1990; Biegler-Konig et al. 2001]. The AIM
parameters such as electron density p(r), the Laplacian of the electron density V>p(r), the
total electron energy density H(r) and its components potential electron energy density
V(r) and kinetic electron energy density G(r) were calculated at the (3,-1) bond critical

point (bcp) of the trans I-CI bonds in CF;[1(X)CI] complexes.

4.4 Results and Discussion

4.4.1 Trans Influence from Trans Bond Length

The T-shaped CF;[I(X)(Y)] systems are the simplest stable hypervalent systems
showing 3c-4e bond [Minkwitz et al. 2000]. The crystal structure of many such
complexes with highly electronegative atoms at the axial positions have been reported
[Minkwitz and Berkei 1998; Minkwitz and Berkei 1999]. The CF;[I(X)Cl] complexes are
modeled in such a way that the apical positions of the T-shaped structure are occupied by
the ligands Cl and X. The optimized structures of representative set of CF;[I(X)Cl]
complexes are given in Figure 4.3. The trans I-Cl distance (dy) for 32 complexes are
given in Table 4.1. Short dx shows weak trans influencing X ligand while long dy shows
strong trans influencing X ligand which means that BF, has the lowest trans influence (dx
= 2.440A) while C(PPh;)COMe has the highest (dx = 2.740 A) trans influence. On the

basis of dx values, the following order of trans influence is obtained.

CPPh;COOMe ~ CPPh;COMe > Et ~ Ph > Me > CCPh ~ CCSiMe; > CH,Cl ~ NH, >
CCH > Cg¢Fs > CF; ~ 2,3,5,6- tetrafluro-4-(trifluoromethyl)benzene ~ CF,CF,CF; ~
OiPr > OMe ~ OOrBu > OH > Br ~ OAc > NO, ~ Cl > NHTf > OCOCOOMe ~ F >

OTs ~ OSO,Me > OCOCCl3 > NO3 ~ OCOCF; > OTf > BF4 (1)
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This order of trans influence given in series (i) is almost similar to the experimentally
reported order for hypervalent iodine complexes [Ochiai et al. 2006]. Some minor
deviations are noted because the experimental values are also affected by packing forces

and interactions from the ligands in the neighboring molecules.

Figure 4.3 Optimised structures of CF;[I(X)Cl] complexes (X = OOtBu, Cg¢Fs, OMe,

Ph). Trans bond length in A are also shown.

4.4.2 Quantification of Trans Influence Using p(r) Values

The QTAIM parameters, viz. the electron density (p(r)), the Laplacian of electron
density (Vzp(r)), total electron energy density (H(r)), and ratio of potential and kinetic
electron energy density (k(r)) at the bond critical point (bcp) of trans I-Cl bond are
reported in the Table 4.1. QTAIM topological plots of four representative examples of
CF;[I(X)CI] complexes are given in the Figure 4.4. A long trans I-Cl bond, indicative of
strong trans influence of X is observed with small p(r) value while a short I-CI bond,
indicative of weak trans influence of X is seen with high p(r) value. For instance, the

CPPh;COMe ligand showed the lowest p(r) (0.048 a.u.) while BF, ligand exhibited the
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highest p(r) (0.082 a.u.). The p(r), often used as an indicator of the strength of a bond
[Bader 1990; Szatylowicz et al. 2008], shows a strong linear correlation with the trans
bond length data (Figure 4.5), thus suggesting the use of this quantity as an electronic

parameter to measure the trans influence.

E ¢ C 5
cl | ° .‘*.o H ;k H c.l ° C ! @ C:?‘% ¢ '\‘p o—©F
\\Q("S‘. o ¢
o’ &H F
;’ i H\‘IH
p(r) =0.066 Heeg p(r) = 0.061
c, e
H ©H

/
p(r)=0.065 p(r) =0.052

Figure 4.4 AIM topological plot of CF;[I(X)CI] complexes with X = OOtBu, C¢Fs, OMe
and Ph. Big circles correspond to attractors (atomic nuclei) and small red circles indicate

bond critical points. The p(r) in au at bond critical point of I-Cl bond is also shown.
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Table 4.1 QTAIM parameters at the (3,-1) bond critical points of trans I-CI bond in

CF;[1(X)CI] complexes along with the trans I-CI bond length.

trans I-Cl AIM parameters
SI. No. | trans ligand X b01‘11c)l( l(gn)gth p(r) Vzp ) | H() k()
(au) (au) (au)
1 | C(PPh3;)COMe 2.740 0.048 0.075 | -0.007 | -1.279
2 | C(PPh3)COOMe 2.738 0.048 0.075 | -0.007 | -1.279
3| Et 2.709 0.051 0.075 | -0.008 | -1.304
4 | Ph 2.691 0.052 0.076 | -0.009 | -1.323
5| Me 2.690 0.052 0.076 | -0.009 | -1.318
6 | CH,CI 2.647 0.057 0.077 | -0.011 | -1.360
7 | CCPh 2.627 0.058 0.079 | -0.012 | -1.380
8 | CCSiMe; 2.624 0.059 0.079 | -0.012 | -1.383
9 | NH, 2.622 0.059 0.077 | -0.012 | -1.390
10 | CF;CF,CF, 2.613 0.060 0.077 | -0.013 | -1.395
11 | CF; 2.612 0.061 0.077 | -0.013 | -1.398
12 | C¢Fs 2.611 0.061 0.077 | -0.013 | -1.405
13 | CCH 2.609 0.060 0.079 | -0.013 | -1.400
14 | CeF4(CF3)* 2.602 0.062 0.077 | -0.014 | -1.415
15 | OiPr 2.571 0.065 0.077 | -0.015 | -1.446
16 | NO, 2.568 0.066 0.074 | -0.015 | -1.450
17 | OMe 2.562 0.065 0.077 | -0.016 | -1.454
18 | Br 2.560 0.066 0.078 | -0.015 | -1.431
19 | OOrBu 2.560 0.066 0.076 | -0.016 | -1.457
20 | OH 2.551 0.067 0.077 | -0.017 | -1.466
21 | Cl 2.537 0.068 0.079 | -0.016 | -1.454
22 | NHTf 2.525 0.071 0.076 | -0.018 | -1.492
23 | OCOMe 2.521 0.071 0.078 | -0.018 | -1.483
24 | OCOCOOMe 2.517 0.072 0.075 | -0.019 | -1.498
25 | F 2.500 0.073 0.076 | -0.020 | -1.518
26 | OTs 2.499 0.074 0.075 | -0.020 | -1.518
27 | OCOCCl; 2.498 0.074 0.075 | -0.020 | -1.520
28 | OSO,Me 2.497 0.074 0.075 | -0.020 | -1.521
29 | OCOCF; 2.496 0.074 0.074 | -0.020 | -1.523
30 | NOs 2.495 0.074 0.074 | -0.021 | -1.529
31 | OTf 2.465 0.078 0.073 | -0.023 | -1.558
32 | BF, 2.440 0.082 0.071 | -0.025 | -1.588

%23.56- tetrafluro-4-(trifluoromethyl)benzene
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Figure 4.5 Correlation between electron density at the bond critical point of trans I-Cl

bond and trans I-Cl distance in CF;[1(X)Cl] complexes.

4.4.3 Trans Influence and Covalent Nature of the Hypervalent

Bonds

All Vzp(r) values are positive (0.071 to 0.079 au) whereas H(r) values are negative (-
0.007 to -0.025 au). The positive Vzp(r) indicates ionic nature of the I-CI bond while the
negative H(r) suggests covalent character. Therefore, like metal-ligand bonds [Bader and
Matta 2001; Phukan and Guha 2010], the hypervalent I-Cl bonds can be considered as
bonds with partial ionic and partial covalent characters. Vp(r) showed no correlation
with dy while H(r) correlated remarkably well with it on a second degree polynomial
equation for the distance range 2.44 to 2.74 A (Figure 4.6). It should be noted that dx and
H(r) show a good linear correlation with a correlation coefficient of 0.988 while the
ligands with highest and lowest trans influence show a tendency to deviate from the
linear plot. The (dx, H(r)) correlation suggests that an increase in the trans influence of

the X ligand leads to a decrease in the covalent character of the I-Cl bond.
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Figure 4.6 Correlation between total electron energy density and trans I-Cl bond length
in CF;5[I(X)Cl1] complexes.

The covalent character of I-Cl bond can also be assessed using the V(r)/G(r) ratio
(denoted as k(r)). In general, the value of lk(r)l < 1 at the bcp indicates the closed shell
nature of the bond while lk(r)l > 1 shows the covalent nature. It is clear from the Table
4.1 that all the trans I-Cl bond showed lk(r)l > 1 at the bcp with k(r) values ranges
between -1.28 and -1.59. Figure 4.7 presents the linear relationship between k(r) and I-CI
distance parameter which nicely complement the conclusion obtained from the (dx, H(r))

correlation.
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Figure 4.7 Correlation between k(r) and trans I-Cl bond length in CF;[I(X)CI]

complexes.

4.4.4 MESP Minimum as a Measure of Trans Influence

Recently we have shown that critical features of MESP can be used as good
descriptors for the study of inductive effect [Suresh er al. 2008; Sayyed et al. 2009;
Sayyed and Suresh 2011]. Further, the subtle variations of electronic features induced by
substituents on organic molecules as well as ligands in complexed systems can be
quantified by studying the topographical features of MESP [Sayyed and Suresh 2011;
*Mathew and Suresh 2011; ®Mathew and Suresh 201 1]. For instance, minimum value of
MESP in the lone pair region of phosphine [Suresh and Koga 2002] and carbene ligands
[Mathew and Suresh 2010] can be used as good measure of the donating power of these
ligands in coordination complexes. Hence, it is felt that MESP can provide valuable
insight on the highly polarized 3c-4e bonding in hypervalent iodine complexes as this
bond is largely influenced by the inductive effect of the X ligands. In MESP studies, it is
convenient to select an electron rich region in the molecule for monitoring the changes in

the electron density distribution. The chloro ligand in CF;[I(X)CI] shows the most
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electron rich lone pair region and therefore the MESP minimum (designated as Vpin)

observed for this region is used for monitoring the trans influence of X.

In Figure 4.8, Viin at the Cl lone pair region is depicted along with an electrostatic
representation of the molecule using an MESP isosurface of value -23 kcal/mol for a
representative set of four molecules. Table 4.2 depicts the Vy,;, of all the systems. For X =
CPPh;COOMe, chloro ligand shows the most negative Vi, (-56.60 kcal/mol) while for X
= BF4, Vpin has the highest value (2.35 kcal/mol). The chloro ligand trans to BF, is
devoid of negative Vi, which can be attributed to the very weak trans influence of BF,,
resulting to strong I-Cl bond formation. When going from electron donating to
withdrawing ligands, a gradual decrease in the negative value of Vi, is observed. In
general, a weak I-Cl bond is characterized by highly negative V,,;,. Because the weak I-
Cl bond is due to strong trans influence of X, the high negative MESP surrounding the
chloro ligand can be attributed to the increased ionic character or the decreased covalent

character of the I-CI bond.

Figure 4.9 gives a good linear relation between Vi, and trans I-Cl distance
parameter, dx. It suggests that Vi, can be used as a sensitive measure of the trans
influence. The trans bond length, a structural measure of trans influence is less sensitive
than the one electron property which is immediately noted in the wide range of Vi,
values (2 to -57 kcal/mol) observed for the 32 ligands considered in this study. Further,
Vmin 18 useful as an energetic measure of trans influence because its value also represents
the energy required to bring a unit test positive charge from infinity to that location
[Gadre et al. 1996]. On the basis of Vi, values, ligands are classified into four groups,

Viz.
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(1)Very strong trans influencing: Vy,;, values more negative than -30 kcal/mol and
the ligands are CPPh;COOMe, CPPh;COMe, Et, Ph, Me CCPh, CCSiMe;,
CH,Cl, CCH, and NH,.

(2)Strong trans influencing: Vi, values ranges from -30 to -20 kcal/mol and the
ligands are CF; C¢Fs, 2,3,5,6- tetrafluro-4-(trifluoromethyl)benzene,
CF,CF,CF; ,001Bu, OiPr, OMe, and OH.

(3)Moderate trans influencing: V., values from -20 to -10 kcal/mol and the ligands

are Br, NO,, Cl, OAc, NHTf, OSO,Me, OTs, OCOCOOMe, and F.

(4) Weak trans influencing: Vi, values less negative values than -10 kcal/mol. The

ligands are OCOCCl;3, NO3, OCOCFs, OTf and BF,.

(b)

Vnin =-24.18 Vmin=-42.58
(c) (d)
Figure 4.8 Representation of MESP isosurface in CF;[I(X)Cl] complexes at -23
kcal/mol along with Vi, in kcal/mol. The ligand X are (a) OO7Bu (b) C¢Fs (c) OMe and

(d) Ph.
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Table 4.2 V,;, values of CF;[I(X)CI] complexes.

Vmin o0 trans Cl

SL No. | trans ligand X in kcal/mol
1 C(PPh;)COMe -54.32
2 C(PPh;)COOMe -56.60
3 - 43.22
1 Ph -42.58
s Mo -40.95
o CH,CI -33.36
- CCPh -35.39
8 CCSiMe; -34.28
9 NH, -33.38
10 CF;CF,CF, -23.11
- CF, 25.51
= CoF- 27.71
3 CCH -30.69
14 | CFuCEy* 25.14
s OiPr -26.21
” NO, -14.74
17 OMe 24.17
12 Br -16.58
19 0O7Bu -23.63
” OH 21.97
o1 Cl -14.38
22 NHTf -13.94
23 OAc -17.04
24 OCOCOOMe -13.35
> - 1213
26 OTs -12.55
27 0COCCly -850
28 0SO;Me -12.43
29 OCOCF; 711
20 NO: 1.67
3 OTE -1.32
= BE, 2.35

%23.56- tetrafluro-4-(trifluoromethyl)benzene

133
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Figure 4.9 Correlation between Vi, and trans I-Cl bond length in CF;[I(X)CI]

complexes.

4.4.5 Trans influence in Other 2>-iodanes

To assess the trans influence of X in another ligand environment, various X ligands in
benziodoxoles is considered for a representative set of 15 ligands. QTAIM topological
plot of two representative examples are given in the Figure 4.10 along with an MESP
isosurface representation of the same structures. The probe to measure Vi, is the lone
pair region of the oxygen atom that is trans to the X ligand. The I-O bond length dx, p(r)
value for the I-O bond, and V), are reported in Table 4.3. All the three trans influence
parameters (dx, p(r) and Vp,) correlate strongly with the corresponding values obtained
for CF;[I(X)Cl] systems. Therefore, the trans influence order presented in series (i) is

taken as a general order of trans influence in hypervalent iodine (III) complexes.
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Vimin=-48.63 Vinin=-64.64

Figure 4.10 (top) AIM topological plot of A’- aryl iodanes with X = OMe and Ph. Big
circles corresponds to attractors (atomic nuclei) and small red circles indicate bond
critical points. The p(r) in au at bond critical point of I-O bond is also shown. (bottom)

The representation of MESP isosurface at -46 kcal/mol along with Vi, value in kcal/mol.

Table 4.3 Trans influence parameters of N -aryl iodanes.

Vmi
Trans ligand dy in A p(r) in a.u. in kcal/mol
Et 2.366 0.060 -65.44
Me 2.349 0.062 -63.49
Ph 2.344 0.063 -64.64
CeFs 2.265 0.073 -51.90
CF; 2.260 0.074 -49.39
OMe 2.208 0.081 -48.63
Br 2.202 0.082 -40.85
OH 2.199 0.082 -46.94
Cl 2.181 0.085 -39.09
OAc 2.174 0.086 -42.48
F 2.147 0.090 -37.51
OTs 2.145 0.091 -38.15
0SO,Me 2.138 0.092 -35.77
NO;3 2.137 0.093 -31.88
BF, 2.092 0.101 -21.72




Chapter 4 136

4.4.6 Trans Influence in Iodine(V) Compounds

A model of the iodine(V) complex selected for this study is shown in the Figure
4.11, which can be considered as a derivative of Dess-Martin periodane (DMP) [Dess and
Martin 1983] wherein one of the OAc group trans to the O atom of aryl group is replaced
by the X ligand. These A’-iodanes complexes are characterized by two orthogonal 3c-4e
bonds because the central iodine atom is coordinated to four different ligands through
two hypervalent bonding while the fifth ligand occupies the apical position of the square
pyramidal structure through a normal covalent bond [Zhdankin and Stang 2008]. This
model will help us to assess the effect of a 3c-4e bond (the AcO-I-OAc bonding) on the
trans influencing power of the X ligands. The I-O bond length (trans to X ligand) is the
structural parameter, dx for the trans influence while the corresponding p(r) is the
electron density based parameter. The MESP minimum on the oxygen lone pair, Vy;, for
the I-O bond (trans to X ligand) will serve as the electrostatic measure of the trans
influence. In Figure 4.12, QTAIM topological plot of a representative example and the
MESP isosurface of the same system along with the corresponding Vy,i, value is depicted.

The trans influence parameters for the 15 ligands are reported in Table 4.4.

Figure 4.11 System considered for the study of trans influence in iodine (V) compounds,

where X indicates the trans ligand.
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All the three trans influence parameters of A’- iodanes almost strictly follow the order
of trans influence observed in the case of A’-iodanes. dx 1s less sensitive as a trans
influence parameter than p(r) and Vi, because from iodine(V) to iodine(Ill) complex, the
former shows only 1-2% decrease whereas p(r) increase by 5-12% while Vi, becomes
less negative by 7-23%. These data also suggest that the presence of a second 3c-4e bond

decreases the trans influence of the X ligand.

Vinin = -43.55
(a) (b)

Figure 4.12 (a) AIM topological plot of 7f—ary1 iodane with X = OMe. The p(r) value in
au is shown. Big circles corresponds to attractors (atomic nuclei) and small red circles
indicate bond critical points. The p(r) in au at bond critical point of I-O bond is shown.

(b) Representation of MESP isosurface at -37 kcal/mol when X = OMe. The

corresponding Vy,i, in kcal/mol is also given.
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Table 4.4 Trans influence parameters of A’-aryl iodanes.

Vmin
Trans Ligand dy in A p(r) in au in kcal/mol
Et 2.368 0.063 -60.68
Me 2.345 0.066 -57.99
Ph 2.336 0.067 -59.50
CF; 2.253 0.078 -44.93
C¢Fs 2.246 0.079 -46.00
OMe 2.186 0.088 -43.55
Br 2.169 0.091 -36.29
OH 2.185 0.088 -41.42
Cl 2.147 0.095 -34.03
OAc 2.138 0.096 -34.58
F 2.113 0.100 -32.71
OTs 2.112 0.101 -34.42
OSO,;Me 2.106 0.102 -31.19
NO; 2.103 0.103 -28.12
BF, 2.004 0.116 -20.10
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4.4.7 Isodesmic reactions to Study Mutual Trans Influence of

Two Ligands X and Y

Isodesmic reactions are hypothetical reactions in which the number of bonds of

the given type is conserved. Reaction depicted in Scheme 4.1 is isodesmic as the number

and type of bonds in the reactant side is equal to the number and type of bonds in the

product side. However, trans influence is not conserved in the reaction. Therefore, the

energy of the reaction, Exy will mainly account for the difference between the trans

influence at the product and the reactant sides. In the reactant side, trans influence of X

and Y is present while the trans influence due to (X, Y) combination as well as trans

influence of Cl is present in the product side. Because the trans influence due to Cl in

[CF;ICl,] is constant for all the reactions, the energy of the reaction Exy can be used as a

good measure of the mutual trans influence of the (X, Y) combination. In other words,



Chapter 4 139

Exy values will indicate the stabilization/destabilization due to trans disposition of X and
Y ligand around the I atom. From the 32 ligands selected in this study, we have randomly
picked 63 combinations of X and Y and studied the corresponding 63 isodesmic
reactions. Out of the 63 reactions, the Exy of 42 reactions given in Tables 4.5 are used as
a training set for statistical analysis (sample size, n = 42) while the remaining 21

reactions in Table 4.6 are used as test set (n = 21).

CF3 CF; £ CF; CF;
XY

+ — +
X—]—ClI Y—I—CI X—I—Y Cl—I——Cli

Scheme 4.1 Isodesmic reactions used to study the mutual trans ligand influence due to X

and Y.

All the Exy values fall in the range of -24.96 to 33.62 kcal/mol (Tables 4.5 and
4.6). A positive Exy corresponds to destabilization due to mutual trans influence while a
negative Eyy indicates a stable trans combination. The (C(PPh3;)COMe, C(PPh3;)COMe)
and (CPPh;COOMe, CPPh;COOMe) combinations show the highest Eyy values of 33.62
and 32.16 kcal/mol, respectively and they correspond to unstable (very strong, very
strong) trans influencing pairs. Similarly, Exy above 20 kcal/mol is observed for the (Me,
Et) and (Et, C(PPh;)COOMe) combinations. All the very strong - very strong, very strong
- strong and strong - strong trans influencing pairs are unfavourable combinations. The
weak - weak combinations (BF,, BF,) and (OCOCF; OCOCEF;3) are also unstable whereas
the weak - weak combination, (OCOCCIl;, OCOCCI3) is slightly unstable (Exy = 0.23
kcal/mol). As suggested by Ochiai et al., moderate trans influencing combinations are
stable combinations with most of the Exy show negative values. The most favorable
combinations are the medium-strong, weak-strong and weak-very strong trans

influencing pairs [Ochiai et al. 2006]. For example, the lowest Exy of -24.49 and -24.96
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kcal/mol are shown by the (BF;, CPPh;COOMe) and (BF;, CPPh;COMe), respectively

and they corresponds to weak - very strong trans influencing combinations.

Table 4.5 Calculated and predicted Exy. All values in kcal/mol. The dx, p(r) and V,,;, are

expressed in A, au and kcal/mol respectively for predicting Exy values.

Isodesmic

Ligands in the trans positions

Predicted Exy using

Calculated
reactions Exy dx p(r) Vinin
X Y
1 F Br 0.34 -1.53 -1.67 -0.11
2 F F -0.68 0.37 0.29 0.47
3 OCOCCl; OH -2.58 -1.37 -1.47 -2.09
4 OTS Ph -6.51 -6.44 -5.37 -3.22
5 OH Br 0.67 1.08 1.20 0.93
6 OTs CF; -3.61 -3.65 -3.16 -1.12
7 Br CCSiMe; 1.73 2.06 3.28 0.24
8 CF,CF,CF; Me 9.23 9.93 10.90 6.34
9 OMe OiPr 2.60 1.69 1.88 3.87
10 0OSO,Me Me -6.38 -6.12 -5.68 -3.11
11 BF, Me -16.22 -13.98 | -15.19 | -14.14
12 F C(PPh3)COOMe -0.67 -7.17 -6.18 -5.40
13 F Me -1.53 -5.66 -5.01 -3.34
14 NO; Ph -5.59 -6.44 -6.25 -7.03
15 F OMe -1.57 -1.56 -1.57 -1.12
16 BF, C(PPh3;)COOMe -24.96 -17.41 | -18.60 | -20.96
17 OTs F -0.73 0.31 0.29 0.42
18 OO1rBu Me 4.70 2.52 3.69 5.24
19 Me Et 20.44 22.30 | 22.35 19.24
20 OTf Br -1.61 -3.34 -3.93 -2.64
21 OH CCSiMe; 3.23 1.24 1.94 3.51
22 OTf Et -12.42 -11.56 | -11.89 | -12.22
23 NO; Me -5.10 -6.43 -6.25 -6.67
24 0OSO,Me Et -6.73 -6.75 -6.13 -3.40
25 OTf 0OSO,Me 0.68 0.16 0.52 -1.15
26 OH OMe 1.04 1.09 1.16 2.75
27 Et C(PPh3)COOMe 26.89 28.22 | 27.68 28.01
28 CF; CF; 6.83 6.38 6.71 4.35
29 OCOCCl; 0OSO,Me 1.74 0.42 0.43 -0.10




Chapter 4 141
Table 4.5(continued)
30 OiPr CCPh 5.31 3.15 3.99 6.25
31 NO, CCPh -0.17 2.78 3.19 -0.96
32 OCOCOOMe | OCOCOOMe -0.27 0.21 0.05 0.52
33 OCOCClI; OCOCCl; 0.23 0.43 0.43 0.72
34 Br Br 0.00 1.53 1.92 0.93
35 OMe OMe 1.76 1.60 1.68 3.62
36 NO; OH -1.80 -1.51 -1.65 -2.38
37 NO; OMe -1.38 -1.85 -2.01 -2.87
38 Br Ph 1.55 2.60 4.54 -0.08
39 NO; F -0.21 0.31 0.28 -0.15
40 C(PPh3)COMe | C(PPh3)COMe 33.62 33.74 | 32.47 38.22
41 BF, BF, 3.49 4.04 6.26 4.75
42 OTf OMe -4.45 -3.40 -3.73 -5.37

The results presented herein suggest that the presence of electronegative atoms at

the apical position is not an essential criterion for explaining the stability of hypervalent

iodine compounds. The electron releasing groups such as Me, Et, Ph, and CPPh;COOMe

can also make the system stable provided that the trans position is occupied by ligands

with small trans influence such as BF,4, and NOs. Further, the mutual trans influence of X

and Y strongly depends on the individual trans influence of X as well as Y. It is found

that using the trans influence parameter of X, trans influence parameter of Y, and the

product of trans influence parameters of X and Y, empirical equations 4.1, 4.2, and 4.3

can be derived for predicting the values of Exyusing MLR analysis.

Exy=-1657.68dx — 1700.66dy + 667.47 dxdy + 4224.54

(n=42,5s=2.05,and r = 0.976)

Exy=-4235.316px(r) — 3972.016px(r) + 57427.544px(r)py(r) + 292.986

(n=42,s=1.91, and r = 0.980)

(Eq. 4.1)

..(Eq. 4.2)
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Exy =0.1 15 Vmin(X) + 0.387 Vmin(Y) + 0.021 Vmin(X)Vmin(Y) + 3.460 (Eq 43)

(n=42,s=1.95, and r = 0.980)

In these equations, the terms dx, px(r) and Vminx) indicate respectively the trans I-Cl
bond distance, p(r), and Vpy;, of the CF;[I(X)(CI)] complex while the dy, p,(r) and Viiny)
are respectively the trans I-Cl bond distance, p(r) and Vi, of the CF;[I(Y)(CD)]

complex. Also, trans influence of X < trans influence of Y. s and r are standard deviation

and correlation coefficient, respectively.

Table 4.6. Isodesmic reactions used for the test set. Calculated and predicted Eyy are

given. All values in kcal/mol.

. | Ligands in the trans positions Calculated | Predicted Eyy using
Isodesmic Exy

reactions | X Y Eq.4.1 | Eq. 4.2 | Eq. 4.3
1 BF, Ph -17.52 | -14.01| -15.21 | -14.85
2 C(PPh);COOMe | C(PPh);COOMe 32.16 | 33.12| 3227 | 4238
3 OiPr CCH 4.42 2.87 3.51 5.49
4 BF, C(PPh);COMe -24.49 | -17.56 | -18.65 | -19.97
5 NHTf OH -0.56 -0.13 -0.21 -0.20
6 OTs OO7rBu -2.16 -1.80 -1.62 -0.88
7 CeFsCF; CF; 6.67 5.54 5.92 4.19
8 CeFs CCSiMe; 9.14 6.85 7.61 6.98
9 CF,CF,CF; Ph 9.85 9.95| 1091 6.57
10 OCOCOOMe Br -1.15 -0.68 -0.79 0.17
11 OCOCOOMe CCH -2.63 -1.69 -1.53 -1.33
12 OCOCCl; CH,C1 -4.11 -4.56 -4.43 -4.46
13 OCOCF; OCOCF; 1.03 0.48 0.55 0.96
14 F Ph -1.84 -5.67 -5.02 -3.55
15 F NH, -1.60 -3.50 -3.27 -2.33
16 OCOCF; OO7rBu -2.25 -1.75 -1.87 -2.96
17 OCOMe OH 0.16 -0.30 -0.24 0.88
18 Br Me 1.47 2.57 4.56 -0.04
19 OMe Ph 6.78 2.75 4.08 5.84
20 NO, OMe -0.03 1.65 1.77 -0.09
21 0SO,Me CH,Cl -2.97 -4.63 -4.44 -2.16
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To test the reliability of trans influence parameters, the leave-one-out (LOO) cross
validation methodology is applied. In this test, one isodesmic reaction is removed from
the data set and the corresponding Exy value is predicted from the rest of the data. The
process is repeated for each isodesmic reaction and the cross validated correlation
coefficients (rzcv) of 0.940, 0.947, and 0.937 are obtained respectively for the trans
influence parameters dy, px(r) and Vpinx). This is an indication of the high predictive
power of this model. Further, Egs. 4.1, 4.2 and 4.3 are validated using a set of 21
isodesmic reactions given in Table 4.6. The statistical parameters obtained for the test set
are good, viz. s equal to 2.40, 2.01 and 2.85 for Egs. 4.1, 4.2 and 4.3, respectively and r
equal to 0.977, 0.987, and 0.970 for Eqgs. 4.1, 4.2 and 4.3, respectively. The predicted Exy
values for the training set and the test set are given in Tables 4.5 and 4.6, respectively.
The Figure 4.13 shows the agreement between calculated and predicted Exy using Vi,

values for all the isodesmic reactions.
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Figure 4.13 Correlation between calculated and predicted Exy values. The Eq. 4.3 is

used for the prediction of Exy. All values are in kcal/mol.
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4.4.8 Bond Dissociation Energy and Trans Influence

Ligands in the axial positions of a hypervalent iodine (III) complex can be cleaved
heterolytically [Stang and Zhdankin 1996; Zhdankin and Stang 2002]. This reaction can
be represented as either CF;[I(X)(Y)] — [CF:IY] " + X or CF;[I(X)(Y)] — [CF:IX]" +
Y . The dissociation of X~ or Y can be influenced by the trans influence of X or Y as
well as the mutual trans influence of (X, Y) combination. The trans (X, Cl) combination
represents the CF;[1(X)(Cl)] system and used herein as the reference structure to evaluate
the trans parameters dx, p(r) and Vpi,. Therefore, BDE of X in the CF;[I(X)(Cl)] system
(designated as D;x and all the values are given in Table 4.7) is used as a reference value
to estimate the mutual trans influence of the (X, Y) combination on the dissociation
energy of either X or Y ligand in CF;[1(X)(Y)] system. The calculated BDE values for the
ligands X and Y (designated as D,x and D,y respectively) are given in Table 4.8. To
make a reasonable prediction of the BDE of X or Y ligand in the CF;[I(X)(Y)] complex,
MLR analysis is done with three variables, viz. D;x, any one of the trans influence

parameter and Eyy. The following eqs. are obtained from the 42 compounds considered in

Table 4.5.
Dox=0.976 D;x — 258.574dx— 0.992Exy + 654.944 .(Bq. 4.4)
(n=42,5=6.59, r = 0.989)
Dox=0.977 Djx +2291.184p(r)— 0.995Eyy — 160.084 ...(Eq. 4.5)
(n=42, s =6.80, r = 0.988)
Dox=0.985Dx + 1.463Viyin — 0.993Exy + 21.485 ....(Eq. 4.6)

(n=42,s=6.44,r=0.989)
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Table 4.7 The BDE of X in the CF;[1(X)(Cl)] complexes (D;x in kcal/mol)

Sl. No. Ligand (X) D;x
1 C(PPh3;)COMe 206.09
2 C(PPh3;)COOMe 206.97
3 Et 240.54
4 Ph 219.85
5 Me 236.01
6 CH,Cl 212.95
7 CCPh 187.51
8 CCSiMe; 187.95
9 NH, 219.45
10 CF;CFE,CF, 175.29
11 CF; 185.87
12 CeFs 169.20
13 CCH 192.75
14 CeF4(CF3) 162.92
15 OiPr 193.07
16 NO, 157.66
17 OMe 198.60
18 Br 155.83
19 0O0rBu 190.71
20 OH 205.20
21 Cl 159.05
22 NHTf 142.42
23 OAc 167.30
24 OCOCOOMe 150.05
25 F 188.45
26 OTs 138.82
27 OCOCCl; 139.89
28 0SO,Me 140.73
29 OCOCF; 141.72
30 NO; 141.12
31 OTf 122.74
32 BF, 115.69
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Table 4.8 Calculated bond dissociation energy values of the X and Y in CF;[I(X)(Y)]

complexes. All values are in kcal/mol.

Calculated Calculated
Ligands in the trans positions BDE for X BDE for Y
X Y (D2x) (D2y)
F Br 181.00 171.64
F F 205.28 205.28
OCOCCl; OH 136.96 211.22
OTS Ph 99.36 213.93
OH Br 197.42 149.65
OTs CF; 119.43 177.05
Br CCSiMes 119.58 179.12
CF,CF,CF; Me 127.11 201.17
OMe OiPr 177.71 178.16
0SO,Me Me 108.16 241.04
BF, Me 92.96 272.59
F C(PPh3;)COOMe 123.37 223.78
F Me 151.03 253.69
NO; Ph 100.74 229.26
F OMe 177.72 216.32
BF, C(PPh3;)COOMe 74.91 252.28
OTs F 155.70 176.75
007Bu Me 147.05 208.74
Me Et 171.09 181.15
OTf Br 117.24 169.25
OH CCSiMes 167.45 179.22
OTf Et 90.67 264.78
NO; Me 107.27 244.93
0SO,Me Et 102.97 245.91
OTf OSO,Me 120.70 151.86
OH OMe 191.86 192.06
Et C(PPh3)COOMe 147.91 135.59
CF; CF; 156.03 156.03
OCOCCl; OSO,Me 136.80 142.44
OiPr CCPh 150.21 163.91
NO, CCPh 120.29 172.39
OCOCOOMe 0OCOCOOMe 144.26 144.26
OCOCCl; OCOCCl; 143.11 143.11
Br Br 148.73 148.73
OMe OMe 184.54 184.54
NO; OH 137.41 210.82
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Table 4.8(continued)

NO; OMe 130.20 203.80
Br Ph 108.31 211.19
NO3 F 157.47 192.47
C(PPh3)COMe C(PPh;)COMe 108.72 108.72
BF, BF, 132.56 132.56
OTf OMe 114.89 214.86
BF, Ph 87.25 257.72
C(PPh);COOMe | C(PPh);COOMe 109.06 109.06
OiPr CCH 162.79 170.04
BF, C(PPh);COMe 76.43 250.93
NHTf OH 137.48 198.76
OTs 0OO0OrBu 118.41 180.45
Ce¢FsCF3 CF; 133.24 153.70
CeFs CCSiMe; 125.54 150.48
CF,CF,CF; Ph 119.47 184.38
OCOCOOMe Br 144.10 150.91
OCOCOOMe CCH 126.83 189.32
OCOCCl; CH,C1 109.97 220.50
OCOCF; OCOCF; 148.75 148.75
F Ph 144.31 237.83
F NH, 164.29 237.20
OCOCF; 0OO7rBu 121.39 201.02
OCOMe OH 161.63 197.36
Br Me 115.40 227.44
OMe Ph 145.86 200.77
NO, OMe 145.40 183.35
0OSO,Me CH,Cl 109.67 214.56

Table 4.9 Predicted bond dissociation energy values of the X and Y for CF;[I(X)(Y)]

complexes used for the training set. All values are in kcal/mol. The dx, p(r) and V,,;, are

expressed in A, au and kcal/mol respectively for predicting BDE values.

Ligands in the trans

D;x predicted using the

D,y predicted
using the trans

positions trans parameter parameter
X Y dX p(l’) Vinin dX p(l‘) Vinin
F Br 176.61 | 174.08 | 182.48 | 160.23 | 160.08 | 156.86
F F 193.09 | 192.94 | 190.00 | 193.09 | 192.94 | 190.00
OCOCCl; OH 134.34 | 133.13 | 129.67 | 212.01 | 212.39 | 213.68
OTs Ph 101.22 | 101.90 | 102.37 | 230.97 | 230.06 | 226.09
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Table 4.9(continued)

OH Br 192.63 | 190.10 | 198.64 | 146.68 | 145.46 | 143.02
OTs CF; 118.70 | 117.95 | 124.46 | 194.92 | 193.99 | 189.75
Br CCSiMe; 126.75 | 124.93 | 123.09 | 174.75 | 172.21 | 180.61
CF,CF,CF; Me 121.34 | 121.90 | 125.04 | 200.48 | 199.77 | 208.03
OMe OiPr 181.36 | 180.03 | 176.15 | 178.59 | 177.19 | 173.68
0SO,Me Me 103.08 | 103.69 | 106.51 | 246.05 | 246.31 | 242.06
BF, Me 88.40 | 89.02 | 91.61 | 270.55| 273.90 | 273.45
F CPPh;COOMe | 131.68 | 133.91 | 12493 | 211.16 | 211.01 | 208.22
F Me 144.86 | 145.46 | 148.68 | 240.38 | 240.24 | 237.69
NO; Ph 102.56 | 103.23 | 103.73 | 230.06 | 230.80 | 232.33
F OMe 178.22 | 176.83 | 173.27 | 203.89 | 203.74 | 200.88
BF, CPPh;COOMe | 84.75 | 87.03 | 77.39 | 250.86 | 254.23 | 253.51
OTs F 144.69 | 144.53 | 141.17 | 194.58 | 193.65 | 189.43
0O0OrBu Me 140.88 | 141.46 | 144.72 | 218.86 | 217.75 | 214.68
Me Et 164.65 | 166.41 | 170.40 | 173.93 | 174.47 | 178.18
OTf Br 11438 | 111.85 | 119.70 | 171.29 | 173.29 | 174.61
OH CCSiMe; 173.47 | 171.66 | 170.22 | 175.51 | 174.29 | 171.24
OTf Et 86.65 | 88.48 | 91.46| 264.73 | 266.77 | 268.77
NO; Me 102.19 | 102.79 | 105.62 | 245.36 | 246.10 | 247.76
0SO,Me Et 98.57 | 100.39 | 103.53 | 250.81 | 251.08 | 246.87
OTf 0OSO;Me 128.44 | 128.66 | 123.49 | 154.27 | 156.27 | 157.47
OH OMe 191.99 | 190.60 | 187.18 | 188.09 | 186.87 | 183.90
Et CPPh;COOMe | 155.21 | 157.38 | 148.88 | 129.89 | 131.63 | 135.39
CF3 CF; 154.28 | 153.51 | 160.43 | 154.28 | 153.51 | 160.43
OCOCCl3 0OSO,Me 143.97 | 144.37 | 139.34 | 144.96 | 145.14 | 145.92
OiPr CCPh 159.01 | 157.08 | 154.57 | 167.84 | 166.50 | 162.54
NO, CCPh 129.88 | 127.95 | 125.15 | 174.28 | 174.05 | 184.75
OCOCOOMe | OCOCOOMe | 150.91 | 150.69 | 150.00 | 150.91 | 150.69 | 150.00
OCOCCl; OCOCCls 145.47 | 145.82 | 146.58 | 145.47 | 145.82 | 146.58
Br Br 145.10 | 142.56 | 150.70 | 145.10 | 142.56 | 150.70
OMe OMe 184.83 | 183.44 | 179.96 | 184.83 | 183.44 | 179.96
NO; OH 134.77 | 133.55 | 130.11 | 212.00 | 212.73 | 214.14
NO; OMe 131.82 | 130.43 | 126.47 | 205.15 | 205.87 | 207.23
Br Ph 109.83 | 110.49 | 111.12 | 206.06 | 203.53 | 212.20
NO; F 146.41 | 146.25 | 14291 | 194.06 | 194.78 | 196.06
CPPh;COMe | CPPh;COMe | 114.36 | 116.87 | 111.61 | 114.36 | 116.87 | 111.61
BF, BF, 133.52 | 136.80 | 135.39 | 133.52 | 136.80 | 135.39
OTf OMe 116.92 | 11553 | 111.42 | 215.87 | 217.88 | 219.55
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The accuracy of the present model is assessed by LOO cross-validation procedure
and excellent r2CV values of 0.976, 0.972, and 0.977 are obtained for dx, p(r) and Viinx
respectively, which show the high predictive nature of this model. Further, the obtained
Eqgs. viz. 4.4, 4.5 and 4.6 are validated using the 21 complexes given in Table 4.6. The
statistical parameters of the test set respectively for Egs. 4.4, 4.5 and 4.6 are as follows: s
= 5.88, 6.05, and 5.80; r = 0.992, 0.991, and 0.992. The predicted D,x and D,y values
using Eqgs. 4.4, 4.5 and 4.6 are given in Tables 4.9 and 4.10. It can be seen that the above
Eqgs. can predict the BDE values (in the range 74 — 272 kcal/mol) reasonably well. Figure
4.14 illustrates the agreement between the actual and predicted BDE values as well as the
predictive power of Eq. 4.6. There are 10 compounds in the training set and 4 compounds
in the test set with a prediction error of more than10 kcal/mol. If we remove these outliers

and further considering the data set, the new regression equation obtained is,
Dyx=0.988 D;x + 1.394V i, — 1.040Exy + 18.521 ....(Eq. 4.7)

Eq. 4.7 gives an s value of 3.56 and 3.80 for the training set and test set, respectively and
shows an improved r value of more than 0.99 for both sets. The outliers are mainly the
complexes with the ligand F at the axial position hence it can be assumed that the through
space interactions arising from the F atom of CF; ligand is stronger in such cases.
Deviations are also expected due to steric interactions from bulky ligands. It may be
noted that the constants in the above equations can vary depending on the level of theory
used while these equations firmly suggest that the trans influence as well as mutual trans
influence significantly affect the bond dissociation energy of ligands in hypervalent

iodine complexes.

Using any of the above Eqs. it is possible to predict the BDE values of any trans

combinations (X and Y) and hence to predict the most facile dissociation of a 3c-4e bond.



Chapter 4 150

For example, in CF;[I(Br)(Ph)] complexes, the BDE values of trans combinations Br
and Ph are 108.31,and 211.19 kcal/mol, respectively. Similarly, for CF;[I(F)(Br)]
complexes, BDE values are 181.00 and 171.64 kcal/mol for trans combinations F and Br
respectively. Thus, the I-Br bond trans to Ph ligand is 63.33 kcal/mol less stable than the
I-Br bond trans to F ligand. The predicted values are also follows similar order. It is
generally observed that in hypervalent iodine mediated reactions, the I-X bond which is
trans to a highly trans influencing aryl ligand is cleaved regularly. Hence the
understanding of BDE of I-X bonds and the influence of the trans ligand Y can be

utilised for explaining the mechanistic steps involved in the cleavage of I-X bond.

Table 4.10 The predicted bond dissociation energy values of X and Y for CF;[I(X)(Y)]

complexes used for the test set. All values are in kcal/mol.

Ligands in the trans D;x predicted using the D,y predicted using
positions trans parameter the trans parameter
Eq. Eq.

X Y Eq.44 | Eq.45| 46 |Eq.44 | Eq.45| 4.6

BF, Ph 90.53 | 90.32 | 90.55 | 256.98 | 259.51 | 258.87
CPPh;COOMe | CPPh;COOMe | 118.13 | 119.43 | 110.61 | 118.13 | 119.43 | 110.61
OiPr CCH 165.41 | 162.66 | 162.38 | 174.77 | 172.59 | 168.62
BF, CPPh;COMe 84.70 | 86.45 | 80.28 | 250.46 | 253.00 | 252.24
NHSO,CF; OH 135.77 | 133.65 | 130.19 | 203.86 | 202.71 | 203.77
OTs O0O7rBu 131.73 | 129.73 | 125.81 | 199.14 | 197.36 | 193.12
CeFsCF; CF; 132.98 | 131.32 | 138.02 | 157.91 | 156.15 | 161.16
CeFs CCSiMe; 133.40 | 130.69 | 128.93 | 155.16 | 153.37 | 157.01
CF,CF,CF; Ph 121.54 | 121.31 | 122.07 | 185.01 | 183.46 | 191.53
OCOCOOMe | Br 141.54 | 138.13 | 146.17 | 158.36 | 157.26 | 156.59
OCOCOOMe | CCH 130.42 | 127.65 | 127.01 | 195.87 | 194.81 | 194.43
OCOCCl; CH,Cl 112.23 | 110.65 | 114.54 | 222.02 | 221.57 | 222.88
OCOCF3 OCOCF; 147.94 | 147.70 | 149.65 | 147.94 | 147.70 | 149.65
F Ph 145.97 | 145.79 | 146.64 | 225.81 | 224.85 | 222.11
F NH, 163.41 | 161.43 | 159.85 | 225.19 | 224.22 | 221.48
OCOCF; OO0O7rBu 134.63 | 132.64 | 128.74 | 199.01 | 198.82 | 201.16
OAc OH 159.33 | 157.24 | 153.97 | 204.11 | 202.17 | 198.52
Br Me 110.97 | 110.66 | 113.60 | 222.84 | 219.50 | 228.24
OMe Ph 147.34 | 147.15 | 148.09 | 201.52 | 199.28 | 195.94
NO, OMe 147.58 | 145.31 | 141.45 | 185.90 | 184.83 | 195.58
OSO,Me CH,C1 111.92 | 110.34 | 114.24 | 221.07 | 220.48 | 216.00
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Figure 4.14 Agreement between calculated and predicted bond dissociation energy

values. All values are in kcal/mol.

4.5 Conclusions

The trans I-CI bond length, electron density at the (3,-1) bond critical point at the
trans I-Cl bond and the MESP minimum (Vpi,) at the chloro ligand in CF;[I(X)(Cl)]
complexes have been proposed as parameters for the quantification of trans influence of
various ligands in hypervalent complexes. The V., of hypervalent iodine (III) as well as
iodine(V) complexes are used as a sensitive measure of the trans influence of X. On the
basis of trans influence parameters, the ligands are classified into 4 groups viz. very
strong, strong, medium and weak trans influencing ligands. Simple isodesmic reaction of
the type CF;[I(X)CI] + CF;[I(Y)Cl] — CF;[I(CI)CI] + CF;[I(X)Y] are useful for
understanding the preferred trans combination of a variety of X and Y ligands. The
isodesmic reaction energy, Exy indicates the mutual trans influence between X and Y

ligands. The medium-medium, medium-strong, weak-strong, weak- very strong trans
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influencing combinations are found to be preferred combinations while the very strong-
very strong, strong-strong, strong-very strong, weak—weak combinations are found to be
unstable combinations. The mutual trans influence of a large number of (X, Y)
combination is predicted with good accuracy using the trans influence parameters of X
and Y ligands. Empirical equations using trans influence and mutual trans influence
parameters have been derived for predicting the bond dissociation energy of either X or Y

ligand in CF;5[I(X)Y] complexes.
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