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ABSTRACT 

Pincer Complexes with Isopropyl Substituents 

A Density Functional Theory Study 

XiaoZhi Lim 

 

Complexes with pincer ligand moieties have garnered much attention in the past few decades. 

They have been shown to be highly active catalysts in several known transition metal-catalyzed 

organic reactions as well as some unprecedented organic transformations. At the same time, the 

use of computational organometallic chemistry to aid in the understanding of the mechanisms in 

organometallic catalysis for the development of improved catalysts is on the rise. While it was 

common in earlier studies to reduce computational cost by truncating donor group substituents on 

complexes such as tertbutyl or isopropyl groups to hydrogen or methyl groups, recent 

advancements in the processing capabilities of computer clusters and codes have streamlined the 

time required for calculations. As the full modeling of complexes become increasingly popular, a 

commonly overlooked aspect, especially in the case of complexes bearing isopropyl substituents, 

is the conformational analysis of complexes. Isopropyl groups generate a different conformer 

with each 120 ° rotation (rotamer), and it has been found that each rotamer typically resides in its 

own potential energy well in density functional theory studies. As a result, it can be challenging 

to select the most appropriate structure for a theoretical study, as the adjustment of isopropyl 

substituents from a higher-energy rotamer to the lowest-energy rotamer usually does not occur 

during structure optimization. In this report, the influence of the arrangement of isopropyl 

substituents in pincer complexes on calculated complex structure energies as well as a case study 

on the mechanism of the isomerization of an iPrPCP-Fe complex is covered. It was found that as 

many as 324 rotamers can be generated for a single complex, as in the case of an iPrPCP-Ni 

formato complex, with the energy difference between the global minimum and the highest local 
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minimum being as large as 16.5 kcalmol-1. In the isomerization of a iPrPCP-Fe complex, it was 

found that the isopropyl substituents not only influence the calculated structure energies, but they 

dictate the mechanism of isomerization with the rotation of isopropyl substituents from the 

arrangement in the starting material complex to the arrangement in the product complex being the 

rate-determining step.   
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1. Introduction to Pincer Complexes 

Pincer complexes are a special class of organometallic complexes that carry pincer ligands.1 As 

the name suggests, the pincer ligand coordinates to the metal center as a crab grabs its prey, in a 

rigid tridentate meridional fashion allowing for stronger coordination and conferring greater 

thermal stability to the complex. The pincer ligand defines the reaction environment or ‘pocket’ 

around the metal center. The high tunability of the pincer ligands provides for a wide range of 

stereoelectronic properties and allows precise control of the reaction environment around the 

metal center.2 Pincer complexes have become a subject of interest over the past two decades, 

especially from exhibiting intriguing catalytic activities in important organic transformations.3 

Many examples of pincer complexes have received increasing attention for their unusual 

reactivities in the activation of inert bonds and small molecules other than their potentials in 

catalysis.3-11  

1.1 Structure, Properties and Examples 

The structure of a pincer ligand generally consists of a tridentate backbone featuring a central site 

for coordination with two arms. The first one prepared was the tBuPCP ligand 1 by Shaw and co-

workers in 1976 in a series of nickel, palladium, platinum, iridium and rhodium complexes, 2 and 

3 (Fig. 1).12  

P

P
tBu

tBu

tBu
tBu P

P
tBu

tBu

tBu
tBu

M1 X

P

P
tBu

tBu

tBu
tBu

M2 X
H

1 2 3

M1 = Ni, Pd, Pt
M2 = Rh, Ir
X = Cl

 
Fig. 1: Pioneering examples of pincer ligands and complexes. 
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This motif served as a platform for a plethora of variations in pincer ligand designs (Fig. 2). The 

combinations of atoms that can constitute a pincer ligand seem to be infinite, which provides 

extraordinary potential in pincer complex chemistry. 

Z

X

X Y

Y R
R

R
R

YRn = PR2, NR2, NHC, OR, SR
X = CH2, NH, O, S
Z = C, N

 
Fig. 2: Typical positions and corresponding variations seen in pincer ligand design. 

Common variations of the R group carried by phosphine arms include the isopropyl (iPr) and 

phenyl (Ph) groups. This provides for the systematic tuning of stereoelectronic properties 

according to Tolman’s cone angle and electronic parameter of substituted phosphines.13 Fig. 3 

shows some examples of complexes with variation at the R substituents.  

P

P
iPr

iPr

iPr
iPr

Ir
H

H

4

P

P Ph
Ph

Ph
Ph

M Cl

5

P

P Cy
Cy

Cy
Cy

Rh OH2

6

Cl

Cl

 
Fig. 3: Variations at the R groups carried by phosphine donors. iPrPCP-Ir complex 4, Liu et al, 199914; 

PhPCP-M complexes 5 (M=Ni, Pd, Pt), Rimml et al, 198315; CyPCP-Rh complex 6, Kennedy et al, 199516. 

Replacement of the donors (Y, Fig. 2) by amine6, N-heterocyclic carbene8 (NHC), ether and 

thioether groups (Fig. 4) created even more variation in pincer ligands. Hard amine donors have 

been shown to enhance the nucleophilicity of the metal center.2 NHC ligands have been widely 

compared to phosphine ligands17, both being neutral two-electron donors, and are popular choices 

due to their stability and versatility. Examples containing ether and thioether donors have been 

reported but are less common, possibly due to their weaker donating strength18,19 as compared to 

phosphines and amines.    
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N

N Me
Me

Me
Me

Ni X

7  

N

N

Rh I

8

N

N
tBu

tBu

NHMe2

I

 

N

N O

O

Pd Cl

9

MeO

MeO

MeO

O

O
S

S
Ph

Ph

Pd Cl

10

AcHN

 
Fig. 4: Variations at the Y donors. MeNCN-Ni complexes 7 (X = Cl, Br, I), Grove et al, 198320; CCC-Rh 

complex 8, Andavan et al, 200521; OCO-Pd complex 9, Vicente et al, 199822; PhSCS-Pd complex 10, 

Bergbreiter et al, 199923. 

Further modifications of the spacer (X, Fig. 2) from -CH2- to -NH-9 and -O- provided for even 

greater diversity in pincer complexes (Fig. 5). Pincer complexes with the -NH- spacer, such as 11, 

are typically derived from the condensation of amines, such as aminobenzenes or aminopyridines, 

with chlorophosphines while pincer complexes with the -O- spacer, such as 12, are typically 

prepared from resorcinol and chlorophosphines.9  

HN

HN P

P R
R

R
R

M Cl

11  

O

O P

P
tBu

tBu

tBu
tBu

Ir Cl

12

H

 
Fig. 5: Variations at the X spacers. RPCP-M complexes 11 (M = Ni, Pd, Pt, R = iPr, tBu, Ph), Benito-

Garagorri et al, 200624; tBuPCP-Ir complex 12, Göttker-Schnetmann et al, 200425. 

When a pyridine-based backbone10 (Z = N, Fig. 2) is incorporated, a neutral 6-electron donor 

pincer ligand is generated (Fig. 6). Some pyridine-based pincer ligands have been shown to 

demonstrate unprecedented non-innocent metal-ligand cooperation behavior through 

aromatization-dearomatization.26,27  
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N

P

P
tBu

tBu

tBu
tBu

Ru N2

13

Cl

H

 

N

N

N
Ar

Ar

Ni

14

Cl

Cl

 

N

N

N

Cr Cl

15

N

N
iPr

iPr

Cl

Cl

 

N

HN

HN P

P R
R

R
R

M Ln

16  
Fig. 6: Pyridine-based pincer complexes (Z = N). tBuPNP-Ru complex 13, Zhang et al, 200428; ArNNN-Ni 

complex 14 (Ar = C6H3-2,3-F2), Baldovino-Pataleón et al, 200529; CNC-Cr complex 15, McGuinness et al, 

200330; RPNP-M complexes 16 (M = Mo, Fe, Ru, Ni, Pd, Pt; R = iPr, tBu, Ph), Benito-Garagorri et al, 

200631. 

There are also variations in the backbone32,33 that include aliphatic chain, ferrocene and NHC8 

based backbones. Different combinations of arms to provide asymmetric pincer ligands have also 

been reported (Fig. 7).  

P

P
tBu

tBu

tBu
tBu

Rh Cl

17

H

 

N

P

P
iPr

iPr

iPr
iPr

Ru PMe3

18

H
N

O

O P

P

tBu

tBu
tBu

Ni H

19

tBu

P

P

tBu

tBu
tBu

Ir CO

20

tBu

H

ClH

P

P R
R

R
R

Pd Cl

21

Fe

  

N

N
Ti

O

O

tBu

tBu

CH2Ph
CH2Ph

22  

N

P

N
Et

tBu
tBu

Ru CO

23

Et

H
O P

N
Bn

iPr
iPr

Ni Br

24

N

NH2

Ru
Ph2
P

25

P
Ph2

Cl

 
Fig. 7: Unusual pincer complexes. Aliphatic backbones: tBuPCP-Rh complex 17, Crocker et al, 197934; 

iPrPNP-Ru complex 18, Käß et al, 200935. Non-aromatic backbones: tBuPNP-Ni complex 19, Kundu et al, 

201136; tBuPCP-Ir complex 20, Nemeh et al, 199837. Ferrocene backbone: RPCP-Pd complex 21 (R = iPr, 
tBu), Koridze et al, 200438. NHC backbone: OCO-Ti complex 22, Aihara et al, 200339. Asymmetric arms: 

tBuPNEtN-Ru complex 23, Zhang et al, 200540; iPrPCBnN-Ni complex 24, Spasyuk et al, 201141; CNN-Ru 

complex 25, Baratta et al, 200542.  
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1.2 Notable Examples in Catalysis 

Here, some of the hallmarks of organometallic catalyses: coupling, alkane dehydrogenation, 

transfer hydrogenation and carbon dioxide reduction as well as new reactivity in the manipulation 

of alcohols, amines, esters, amides and ammonia involving use or liberation of hydrogen are 

discussed.  

Coupling  

P

P
iPr

iPr

iPr
iPr

Pd TFA

Ar-X + R
cat.
base

cat.:

R
Ar + HX

P

P
iPr

iPr

iPr
iPr

Pd TFA

26 R = iPr
27 R = tBu

28

O

O P

P
iPr

iPr

iPr
iPr

Pd Cl

29

N Pd Br

N

N
N

N

Br

30

Eq. 1

 
Fig. 8: General scheme for Heck coupling and some examples of pincer complex catalysts.  

Milstein and co-workers developed the first PCP-Pd pincer complexes 26 - 28 that were shown to 

catalyze the Heck reaction43-45 between aryl bromides and iodides with alkenes.46 A further 

development by Jensen and co-workers of the iPrPCP-Pd complex 2947 with O spacers extended 

the substrate scope of pincer complex-catalyzed Heck reaction to include aryl chlorides.48 

Phosphine-free palladium pincer complexes, such as the PhSCS-Pd complex 10 (Fig. 4) and the 

CNC-Pd complex 30 developed by Crabtree and co-workers49,50, have also been shown to 

catalyze the Heck reaction but are not as active as their phosphine-based counterparts.  
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O

O P

P Ph
Ph

Ph
Ph

Pd TFA

31 R = H
32 R = Me

R

 

N

HN P

N

Ph
Ph

Pd Cl

33  
Fig. 9: Some examples of pincer complexes shown to catalyze Suzuki coupling.  

The application of pincer complexes to the catalysis of Suzuki coupling51,52 was also studied. 

Welch and co-workers developed the PhPCP-Pd pincer complexes 31 and 32 which demonstrated 

moderate to good activity in the Suzuki coupling of deactivated aryl bromides and phenylboronic 

acid.53 The PhPCP-Pd complex 11 (Fig. 5) with NH spacers was shown to catalyze the Suzuki 

coupling with catalyst loadings as low as 0.00001 mol%.24 More recently, an asymmetric PhPCN-

Pd pincer complex 33 was reported by Domínguez and co-workers to catalyze the Suzuki 

coupling of primary alkylboronic acids and benzylhalides in water.54  

O

O P

P
iPr

iPr

iPr
iPr

Pd NCMe

Ar-X + R
cat.

cat.:

R
ArX

P

P
tBu

tBu

tBu
tBu

Pd

34

O

O P

P
iPr

iPr

iPr
iPr

Ni H

36 37

Hydroamination: X = NH2
Hydrosilylation: X = SiHR2

BPh4

35

N

N

Rh OH2

O

O

Cl

Cl

iPr

iPr

Eq. 2

 
Fig. 10: General scheme for hydroamination and hydrosilylation with some examples of pincer complex 

catalysts. 

Hydroamination55 and hydrosilylation56 involve the addition of NH and SiH groups across a 

double or triple57 bond respectively (Eq. 2). Trogler and Seligson reported the tBuPCP-Pd complex 

34 to catalyze the hydroamination of activated olefins.58 More recently, Zargarian and co-workers 

reported the regioselective hydroamination of acrylonitrile catalyzed by the iPrPCP-Pd complex 35 
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with O spacers.59 The asymmetric hydrosilylation of alkenes with alkoxyhydrosilanes was 

reported to be catalyzed by NCN-Rh complex 36 with up to 95% e.e. by Nishiyama and co-

workers.60 The iPrPCP-Ni complex 37 was shown to catalyze the regioselective hydrosilylation of 

carbonyl compounds by Guan and co-workers.61  

N

N

N Me
Me

Me
Me

Ni ClAlkyl Halide +

R H

MgClR

O

N
H

cat.

R Alkyl

AlkylR

O

N
Alkyl

cat.:

38

Eq. 3

Eq. 4

Eq. 5

Fig. 11: General scheme for some coupling reactions catalyzed by MeNNN-Ni complex 38.  

Hu and co-workers developed an unusual MeNNN-Ni pincer complex62 38 that was shown to 

catalyze the coupling of unactivated alkyl chlorides, bromides and iodides with alkynes63 (Eq. 3), 

Grignard reagents64 (Eq. 4) and benzoheterocycles65 (Eq. 5).  

Alkane Dehydrogenation  

P

P
tBu

tBu

tBu
tBu

M
H

H

(n-C6H13)-CH2CH3 + R
cat.

cat.:

(n-C6H13) +
R

H
H

O

O P

P
tBu

tBu

tBu
tBu

Ir
H

39 M = Rh
40 M = Ir

41 Ar = 3,5-bis(trif luoromethyl)phenyl

Ar

Ar

Cl

Eq. 6

 
Fig. 12: General scheme for alkane dehydrogenation with sacrificial acceptor and some examples of pincer 

complex catalysts.  

This reaction11 is very important for the functionalization of alkanes, by converting them from 

saturated hydrocarbons to alkenes (Eq. 6) that can easily undergo a wide variety of 

transformations. The tBuPCP- Rh and Ir complexes 39 and 40 were found to catalyze transfer 
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dehydrogenation of cyclooctane with acceptor tBuethylene, with 40 showing much better catalytic 

activity than 39.66 Complex 40 was later shown to catalyze the acceptorless dehydrogenation of 

cyclodecane at 201 °C with 104 turnovers after 44 hours.67 The iPr analogue of complex 40, 

iPrPCP-Ir complex 4 (Fig. 3), was developed by Goldman and co-workers and shown to catalyze 

alkane dehydrogenation at much improved rates of 460 turnovers after 1 hour.14 Regioselectivity 

favoring the α–olefin was also observed.68 A further improvement of catalyst was reported by 

Brookhart and co-workers by using a resorcinol-derived phosphinite pincer moiety with O 

spacers, such as complex 41.69 The mechanism of these Ir-catalyzed dehydrogenations has been 

investigated.70 This reaction has also been further developed to a tandem alkane metathesis71 and 

dehydroaromatization affording aromatic products72. 

Transfer Hydrogenation 

Y

Y
R

R
R

Ru

R

X

PPh3

42 Y = N, R = Me, X = Cl
43 Y = P, R = Ph, X = Cl
44 Y = P, R = Ph,

X = OSOOCF3

OR1

R2

OH
+

cat. OHR1

R2

O
+

cat.:

N

N

Ru
CO

O

45 R = iPr
46 R = Ph

O

O

O

R

R

N

N

HN P

P
tBu

tBu

tBu
tBu

Ru CO

48

H

N

NH2

Ru
Ph2
P

47

P
Ph2

Cl

Eq. 7

 
Fig. 13: General scheme for transfer hydrogenation with isopropanol and some examples of pincer complex 

catalysts.  

Transfer hydrogenation involves the simultaneous reduction of carbonyl compounds and 

oxidation of alcohols, literally transferring hydrogens from the alcohols to the carbonyl 

compounds (Eq. 7).73,74 The use of MeNCN-Ru and PhPCP-Ru pincer complexes 42 – 44 in the 

catalysis of transfer hydrogenation between ketones and isopropanol was first reported by van 
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Koten and co-workers.75 The asymmetric transfer hydrogenation of ketones with isopropanol 

catalyzed by enantiopure NCN-Ru complexes 45 and 46 with up to 90% e.e. has been described 

by Nishiyama and co-workers.76 A similar report was published by Rigo and co-workers featuring 

novel CNN-Ru pincer complex catalysts such as 47, based on a benzoquinoline backbone, 

affording turnover frequencies up to 1.8 x 10-6 h-1 with catalyst loading as low as 0.001 mol%.77  

More recently, the tBuPNP-Ru complex 48 with NH spacers was shown by Huang and co-workers 

to catalyze the transfer hydrogenation of ketones in isopropanol via metal-ligand cooperation.78  

Reduction of Carbon Dioxide 

Carbon dioxide, other than being a greenhouse gas, is also a cheap and abundant C1 

feedstock.79,80 Being the most oxidized form of carbon, the only way to utilize the carbon in 

carbon dioxide is via reduction (Eq. 8).  

N

P

P
iPr

iPr

iPr
iPr

Ir H
H

H

CO2
cat.

cat.:

O

O P

P
tBu

tBu

tBu
tBu

Ni H

Carbon monoxide, Formate, Methoxide

50 51

P

P
tBu

tBu

tBu
tBu

Rh H2

49

N

P

P
tBu

tBu

tBu
tBu

Fe CO

52

H

H

Eq. 8
[H]

  
Fig. 14: General scheme for carbon dioxide reduction to various forms of reduced carbon with some 

examples of pincer complexes shown to promote or catalyze the reaction.  

The dihydrogen tBuPCP-Rh complex 49 was reported by Potuznik and co-workers as early as 

1988 to mediate the reduction of carbon dioxide via a reverse water-gas shift reaction.81 The 

iPrPNP-Ir trihydride complex 50 was shown by Nozaki and co-workers to catalyze the direct 

reduction of carbon dioxide to formate with hydrogen in the presence of KOH.82 The turnover 

number was as high as 3500 x 103. Another pincer complex, the tBuPCP-Ni hydride complex 51 

with O spacers was shown by Guan and co-workers to catalyze the reduction of carbon dioxide to 
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methanol with catechol borane,83 with reported turnover frequency up to 495 h-1. Very recently, 

the tBuPNP-Fe complex 52 was reported by Milstein and co-workers to catalyze the hydrogenation 

of carbon dioxide with low hydrogen pressures.84 

Manipulation of Alcohols, Amines, Esters and Ammonia with Liberation of Hydrogen 

R OH
R

O

O R
+ 2 H2

R' OH
2

R

O

O R

R'

R

O

O R'
2

R'
+ 2 H2

2

+

R' OH + R NH2 R'

O

N
H

R
+ 2 H2

R' OH + R NH2 R' N R + +H2 H2O

R OH

R

R O

R
+ H2

R OH + NH3 R NH2 + H2O

R

O

O R

R'
NH +2 R

O

N
R'

R'
R'

+ 2 H22

54

23

23

55

53

23

23

Eq. 14

Eq. 13

Eq. 12

Eq. 11

Eq. 10

Eq. 9

Eq. 15

 

N

P

P

tBu

tBu
tBu

Ru CO

53

tBu

H
N

P

N
Et

tBu
tBu

Ru CO

23

Et

H
N

P

P

tBu

tBu
tBu

Ru CO

54

tBu

H

Cl
N Ru CO

P

P

iPr
iPr

iPr
iPr

Cl

H

55  
Fig. 15: General schemes for the various reactions between alcohols, amines, esters and ammonia with the 

liberation of dihydrogen and their pincer complex catalysts.  

A series of ruthenium complexes (Fig. 15) developed by Milstein and co-workers has been shown 

to catalyze reactions involving unprecedented manipulations of alcohols, amines, esters and 

ammonia with the liberation of hydrogen gas.26 The non-dearomatized tBuPNP-Ru complex 54 
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was reported to catalyze the acceptorless dehydrogenation of secondary alcohols to ketones (Eq. 

9).28 Other pincer complexes such as a series of iPrPNP-Os and iPrPNP-Ru complexes85,86 and a 

novel PhPCP-Ir complex87 have also been shown by Moore and co-workers, Gusev and co-

workers as well as Gelman and co-workers respectively to catalyze alcohol dehydrogenation. 

Subsequently, dearomatized tBuPNEtN-Ru complex 23 was shown to catalyze the dehydrogenative 

coupling between alcohols to form esters40 (Eq. 10), and then between alcohols and amines to 

form amides88 (Eq. 11). A novel acridine-based iPrPNP-Ru complex 55 was reported to catalyze 

the direct synthesis of primary amines from primary alcohols and ammonia (Eq. 12).89 When the 

dearomatized tBuPNP-Ru complex 53 was used as the catalyst instead of 23, the dehydrogenative 

coupling between alcohols and amines afforded imines (Eq. 13).90 Complex 23 was recently 

shown to catalyze the acylation of secondary alcohols with nonactivated esters91 (Eq. 14) as well 

as the synthesis of amides from secondary amines and esters (Eq. 15).92  

Catalytic Hydrogenation of Esters, Amides and Ketones 

R OH

R

R O

R
+ H2

N

N

P

tBu

Ru CO

56

tBu

H

57

R

O

O
R' + 2 H2

23
R OH + R'OH

R

O

N
R'

R'

+ 2 H2
56

R OH +
R'

NH
R'

N

P

P

iPr

iPr
iPr

Fe CO

57

iPr

H

Br
Eq. 17

Eq. 18

Eq. 16

Fig. 16: General schemes for hydrogenation of esters, amides and ketones and their pincer complex 

catalysts.  

Complex 23 was also shown to catalyze the hydrogenolysis of esters to alcohols (Eq. 16), the 

reverse of Eq. 10.93 In a further development, tBuPNN-Ru complex 56 with a bipyridine base 

moiety was shown to catalyze the selective hydrogenolysis of amides to alcohols and amines (Eq. 

17).94 More recently, the iPrPNP-Fe complex 57 was reported to catalyze a facile hydrogenation of 

ketones to afford secondary alcohols (Eq. 18).95   
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1.3 Comparison between Complexes with tBu and iPr Substituents 

Of phosphine-based cyclometalated complexes, those carrying tBu and iPr groups have been 

commonly studied. tBu groups are more sterically demanding than iPr groups as evidenced by the 

larger cone angle of P(tBu)3 (182°) compared to the cone angle of P(iPr)3 (160°).96 The electron 

richness of tBu groups is slightly higher than iPr groups, with the electronic parameter of P(tBu)3 

reported to be 2056.1 cm-1, compared to 2059.2 cm-1 for P(iPr)3.13 Based on the electronic 

parameter, P(tBu)3 is generally considered to be a stronger donor than P(iPr)3. However, as pincer 

ligands are very rigid, the bulky tBu groups can crowd around the metal center, especially in the 

case of smaller first-row transition metals. 

In phosphine-based pincer complex catalyzed reactions, some comparisons show that P(iPr)2 

donors are generally favored over P(tBu)2 donors in terms of catalytic efficiency. The observed 

enhanced catalytic activity of pincer complexes with P(iPr)2 donors relative to those with P(tBu)2 

donors can be rationalized by the consideration of the likely reduced interaction between the 

metal center and substrate in catalysis. The presence of the bulky tBu groups can constrict the 

reaction environment around the metal center and hinder the substrate’s access to the metal center, 

thereby reducing the interactions between the metal center and substrate necessary in catalysis. 

This provides for a possible explanation for the observed general reduced catalytic efficiency for 

the tBu analogues of catalysts with iPr groups.  

In the Pd-catalyzed Heck reaction, it was found that the tBu analog, complex 27, of complex 26 

(Fig. 8), was less efficient than 26, taking twice the time to achieve the same turnover number 

under the same conditions. The authors attributed this observation to the higher steric bulk of the 

tBu groups.46  

In the Ir-catalyzed alkane transfer dehydrogenation, it was found that the iPr analog, complex 4 

(Fig. 3), of complex 40 (Fig. 12) afforded much higher catalytic activity of 460 turnovers in 1 
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hour (compared to 170 turnovers in 4 hours for 40). In acceptorless dehydrogenation, complex 40 

was completely catalytically inactive while complex 4 was catalytically active. This was 

attributed to the steric bulk of the tBu groups.14  
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Fig. 17: Complex 58 and ligand 59 as described in text. 

In the Ir-catalyzed hydrogenation of carbon dioxide, it was found that replacing tBu groups of 

complex 58 (Fig. 17) with iPr groups resulted in enhanced catalytic activity from turnover 

frequencies of 6800 h-1 to 7700 h-1.82  

In the Ru-catalyzed dehydrogenation of isopropyl alcohols to acetone using metal precursors and 

ligands, it was found that the tBu analogue of the ligand 59 (Fig. 17) resulted in a completely 

inactive system while 59 itself provided significant catalytic activity.97  
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1.4 Computational Organometallic Chemistry 

To aid in the development of organometallic catalysts, many groups have turned to the use of 

computational organometallic chemistry.98,99 A growing field among traditional experimental 

chemistry, computational organometallic chemistry has been increasingly used to evaluate 

possible hypotheses, support experimental observations and gain insight into the mechanism of 

catalyses. The information provided by theoretical studies has been shown to enable the 

improvement of organometallic catalysts in order to achieve goals like better activity, higher 

selectivity and milder reaction conditions.  

Density Functional Theory (DFT) calculations have facilitated the better understanding of 

properties of pincer ligands and complexes. In the characterization of complex 18 (Fig. 7), DFT 

calculations was used to gain further insight into the molecular geometry of the complex as the 

authors were unable to obtain single crystals.35 Recently, van der Vlugt and co-workers  reported 

the preparation and characterization of some new ligands and complexes, supported with a 

theoretical study of the properties of the new compounds.100 Tomaszewski and co-workers 

reported the experimental preparation and characterization of a novel tBuPNP-Co complex with a 

study on its oxidation properties supported with computational studies.101 Similarly, Goldman and 

co-workers reported the experimental and computational study of the unusual structural and 

electronic properties of tBuPNP-Fe complexes.102 Metal-ligand cooperation in a dearomatized 

tBuPNP-Rh complex was recently studied experimentally and computationally by Milstein and co-

workers.103  

Several examples of intriguing reactivity demonstrated by pincer complexes has also been studied 

using computational methods, such as C-C, C-H and N-H bond activations.104,105 Theoretical 

studies on the activation of small molecules like hydrogen, carbon monoxide and simple 

hydrocarbons by iridium pincer complexes has been reported by Goldman and co-workers.106 



21 
 
Water splitting mediated by the complex 23 (Fig. 7) reported by Milstein and co-workers107 has 

spawned several computational reports108-111 in the evaluation of potential mechanisms to gain 

further insight into the reaction and aid the development of a catalytic system. Carbon dioxide 

reduction promoted by the dihydrogen tBuPCP-Rh complex 49 (Fig. 14) was studied 

computationally by Fujita and co-workers.112 

In known catalytic systems, the pincer complex catalysts have been studied and reasonable 

hypotheses for reaction mechanisms have been evaluated. The Heck reaction mechanism based 

on Pd(IV) pincer complex intermediates has been evaluated using theoretical methods by Frech 

and Blacque.113 The structure and properties of iridium pincer complexes for alkane 

dehydrogenation have been computationally studied.114,115 Several theoretical reports on 

mechanistic studies were also published for the transfer dehydrogenation of alkanes116-118 

catalyzed by similar iridium pincer complexes as well as the dehydrogenation of ammonia-

borane119. The mechanisms of the reduction of carbon dioxide catalyzed by the iPrPNP-Ir complex 

50 and by the tBuPCP-Ni complex 51 (Fig. 14) have been reported in separate computational 

studies by Ahlquist and Guan and co-workers respectively.120,121 Yang has also reported the 

theoretical study of the mechanism of hydrogenation of ketones.122 Computational mechanistic 

studies have been carried out by Wang and co-workers to obtain insight on the selectivity of the 

reaction between amines and alcohols to give amides over esters and imines.123  

Computational methods have also been shown to accelerate the development of pincer complexes 

as catalysts by providing valuable information for rational catalyst design.99,124-127 An excellent 

example was the computational report of hypothetical iron and cobalt complexes predicted to be 

efficient catalysts for the hydrogenation of carbon dioxide by Yang127, which was later on proved 

experimentally84 by Milstein and co-workers.   
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2. iPr Rotamers in DFT Studies 

It was common in many earlier theoretical studies to simplify structures in an attempt to reduce 

computational cost by truncating donor group substituents such as tBu or iPr groups to either 

hydrogen or methyl groups. Some examples of computational studies based on truncated 

complexes relative to those used in actual experiments are shown in Table 1 together with 

corresponding references. However, this assumption significantly discounts the stereoelectronic 

influences of the substituents and typically affects the accuracy of the model and theoretical 

study.112,128,129 Recent improvements in processing capabilities of computer clusters and codes 

have reduced the time required to calculate complicated structures and lessened the need to 

truncate structures for shorter computation time, allowing for the full modeling of 

structures.35,41,101-105,109,111,113,115,127,130-132  

Experimental Computational Key refs. 

tBu H 116, 117 

tBu Me 106, 108, 110, 114, 118, 119 

iPr H 120, 152 

iPr Me 114, 118, 122 

Table 1: Some examples of computational studies that involve the various truncations of structures and 

their references. 

However, in the case of complexes with iPr substituents, a different conformer is generated with 

every 120° rotation (rotamer). To further complicate matters, it was found in our study (Sections 

2.1 – 2.3) that geometry optimization of individual rotamers does not adjust a higher-energy 

rotamer to the lowest-energy rotamer (global minimum), i.e.: each rotamer typically dwells in its 

own potential energy well. As a result, it can be challenging to locate the appropriate structure, 

the global minimum, for a theoretical study. Since the metal-ligand/substrate coordination can be 

greatly influenced by the spatial environment resulting from the alignment of iPr groups, the 
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elucidation and use of the global minimum is pertinent to the true energy profiling of a reaction in 

a computational study.  

While many computational studies involving the full modeling of complexes bearing iPr groups 

neglect the acknowledgement of rotamers35,41,113,127,130-132, a recent article133 published by Lledós 

and co-workers highlights the significance of the rotamers and their conformational search. Using 

simple diphosphine Pd complexes, [(PPh3)2Pd] and [(PiPr3)2Pd], applied to the catalytic cycle of 

Suzuki-Miyaura cross-coupling, Lledós and co-workers demonstrated that significant errors can 

be caused without performing a systematic conformational search before choosing conformers. 

Error ranges resulting from conformational diversity of up to 11.4 kcalmol-1, in the case of 

[(PiPr3)2Pd], were reported.  

However, pincer ligands are significantly more rigid than simple phosphines which results in the 

spatial arrangement of substituents around the metal center having much more influence on the 

structure and energy of each rotamer. The individual rotamers that exist for pincer complexes can 

also be expected to be more well-defined and less likely to isomerize from one rotamer to another 

than the simple diphosphine complexes. Furthermore, the error ranges reported by Lledós and co-

workers were estimates from the Monte Carlo Multiple Minimum (MCMM) conformational 

search method and only the three most and least stable conformers were fully optimized using 

DFT methods.  

Thus, for a deeper investigation into the roles that rotamers play in DFT calculations involving 

pincer complexes with iPr substituents, a closer examination of given sets of rotamers derived for 

individual pincer complexes was carried out. This work re-emphasizes and adds to the report by 

Lledós and co-workers with regard to the importance and necessity of conformational analysis for 

the appropriate choice of rotamer prior to any further mechanistic study, with particular relevance 

to computational studies involving pincer complexes with iPr substituents. In this section, case 
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studies focusing on the iPrPNP-Ir complex 50 (Fig. 14) and two iPrPCP-Ni complexes, 60 and 61, 

(Figs. 20 and 21) are reported. Rigorous conformational analysis involving the full optimization 

of complete sets of rotamers for each complex using DFT methods was performed. Finally, some 

implications concerning rotamers for the mechanistic studies of such pincer complexes bearing 

iPr groups are discussed.   

Computational Details 

DFT134 calculations were performed by employing the Gaussian 09 program.135 Becke136-138 three-

parameter functional with the nonlocal Lee-Yang-Parr139 correlation functional (B3LYP) was 

applied. LANL2DZ basis sets including valence basis set with the Hay and Wadt140,141 effective 

core potential (ECP) was used for the Ni and Ir atoms, and 6-31G* Pople142-144 basis set was used 

for the rest of the atoms.  

All complexes were fully modeled and geometry optimizations were performed in the gas phase. 

Frequency calculations were carried out to confirm the nature of intermediates (no imaginary 

frequencies) and to provide thermochemical properties.  

A summary of Cartesian coordinates and thermodynamic data for selected structures is presented 

in the Appendix. All computational figures were generated with the CYLview program.145 
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2.1 iPrPNP-Ir trihydride complex 50 

In principle, the number of rotamers that could possibly be generated by 4 iPr substituents is 34 = 

81. However, mirror plane symmetry (Fig. 18) can render some of the configurations 

energetically equivalent. Thus, a total of only 27 rotamers, excluding enantiomers, were 

optimized for the octahedral iPrPNP-Ir complex 50 (Fig. 14). The results showed a significant 

energy difference of 7.0 kcalmol-1 between the global minimum and its highest local minimum 

(Fig. 19). 

 
Fig. 18: Mirror planes showing the relevant symmetry.  

 
 

 

Highest Local Minimum 

+7.0 kcalmol-1 

Global Minimum 

0.0 kcalmol-1 

X-ray Crystal Structure 

Fig. 19: Calculated structures of the rotamers with the highest energy (highest local minimum) and lowest 

energy (global minimum) and X-ray crystal structure of the iPrPNP-Ir complex. 

Both the highest local minimum and global minimum structures have a puckered geometry with 

respect to the benzene plane. It was observed that the four iPr groups of both structures have 

asymmetric spatial orientation. Additionally, the four lowest-energy structures had energy 

differences within only 1 kcalmol-1 of each other, and approximately two-thirds of the rotamers 

were in the lower half of the energy range (Graph 1). This suggests that there is a certain range of 

spatial arrangements of the iPr groups that can be “tolerated” by the pincer complex, which could 
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be attributed to the small size of the three hydride ligands that give the iPr groups more space 

within which they can be comfortably arranged.  

 
Graph 1: Distribution of the rotamers of 50 within the energy range.  

It was noted during the literature search that several reports tend to model the complexes in 

question after that obtained from single crystal X-ray diffraction analysis.109,131,132 While this is a 

completely reasonable approach in most cases, there can be exceptions when the molecular 

structure obtained from the single crystal analysis does not correspond to the most stable 

conformer in calculations. The occurrence of this is not surprising, as the packing efficiency of 

molecules has to be taken into account for a crystal, but not for those in the solution or gas phase. 

In comparison to the C2 symmetric structure obtained experimentally from single crystal X-ray 

diffraction analysis, it was noted that 3 out of 4 of the iPr groups have the same spatial orientation 

as the structure of the global minima obtained from our DFT calculations. The structure obtained 

from X-ray diffraction analysis actually corresponds to one of our calculated rotamers that is the 

second lowest in energy with a minute energy difference of 0.1 kcalmol-1 compared to that of the 

global minimum. While the energetic and geometrical differences between the experimentally 

obtained crystal structure and calculated global minimum can be described as negligible in this 

case, the same might not be true for pincer complexes with larger ligands that can impose 

significantly greater space constraints such that the iPr substituents are forced into one particular 

arrangement for the best packing in a crystal and another for the most stable geometry in solution 

or gas phase.   
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2.2 iPrPCP-Ni chloride complex 60 

The next complex studied was the square-planar iPrPCP-Ni chloride complex 60 first prepared by 

Zargarian and co-workers.146 This complex was an important synthetic precursor for other 

complexes that were developed and used as catalysts in reactions such as the addition of amines 

and phenols to acylonitrile derivatives147 and carbon dioxide reduction148.  
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iPr
iPr
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Highest Local Minimum 

+6.8 kcalmol-1 

Global Minimum 

0.0 kcalmol-1 

(X-ray Crystal Structure) 

Fig. 20: iPrPCP-Ni complex 60 and the calculated structures of its rotamers with the highest energy (highest 

local minimum) and lowest energy (global minimum). The X-ray crystal structure of the complex also 

corresponds to the global minimum structure. 

Like 50, this iPrPCP-Ni complex 60 (Fig. 20) has 2 mirror planes, so a total of 27 energetically 

unique structures, excluding enantiomers, were optimized as well. It was observed that most of 

the optimized structures had a planar geometry around the nickel center and that the arrangement 

of the iPr groups in the global minimum are diagonally equivalent with a C2 axis in the Cl-Ni-C 

plane (Fig. 20). The energy difference between the global minimum and the highest local 

minimum was found to be 6.8 kcalmol-1 and most of the rotamers were found to be between 1 to 

5 kcalmol-1 higher than the global minimum (Graph 2).   

Of noteworthy mention is the observation that the spatial orientations of the iPr groups in the 

calculated highest local minimum and global minimum for 60 differ greatly from those for 50. 

This strongly suggests that the spatial orientations of the iPr groups are very sensitive to the 

nature of each individual complex, governed by the metal center and the additional ligands on the 



28 
 
metal center, which implies that there is no single arrangement of iPr groups that can act as a 

‘standard’ for the global minimum in different complexes. One particular arrangement of the iPr 

substituents that is favored in a certain complex can be disfavored in another. As a result, 

complexes requiring such conformational analyses should be treated on a case-by-case basis.  

 
Graph 2: Distribution of the rotamers of 60 within the energy range.  

The experimentally obtained structure of 60 from single crystal X-ray diffraction analysis 

corresponded to the structure of the calculated global minimum. This serves as an example where 

directly using the X-ray crystal structure as a model in computations would be fully sufficient, but 

one would not be able to know that for sure unless such rigorous conformational analyses are 

performed prior to further theoretical studies.  
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2.3 iPrPCP-Ni formato complex 61 

A third complex that was especially intriguing was a iPrPCP-Ni formato complex 61 (Fig. 21) 

reported by Guan and co-workers.148 This was shown to be a key intermediate in the reduction of 

carbon dioxide by the analogous tBuPCP-Ni hydride complex 51 (Fig. 14).83  
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Fig. 21: iPrPCP-Ni formato complex 61 

This complex 61 proved to be particularly challenging as there was extremely high 

conformational diversity due to lack of symmetry, represented by a total of 324 unique rotamers 

of the complex, including enantiomers. This can be rationalized by the following:  

• Each iPr group creates a unique spatial conformer with every 120° rotation, thereby 

generating 81 (34) rotamers. 

• The formato ligand can be parallel or perpendicular to the plane of the iPrPCP pincer 

ligand, with the formato hydrogen syn or anti to the nickel center, thereby generating 4 

conformations for each of the 81 rotamers, totaling to 324 conformations.  

In order to accurately locate the structure of the global minimum, the systematic optimization and 

identification of all the 324 rotamers was performed. At the beginning, it was not definitive 

whether the formato ligand would rearrange itself from a higher energy configuration to a lower 

energy configuration during geometry optimization. From the results, it was observed that most 

of the rotamers were unique, and that generally, no rearrangement of the formato ligand occurred 

during optimization. There were a few exceptions in which the rearrangement proceeded, i.e.: the 

result of the optimization of some rotamers had a different configuration of the formato ligand as 
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compared to the input file. This was rationalized by the instability of those particular spatial 

arrangements of the iPr substituents and formato ligand orientation, forcing the rotation of the 

formato ligand. An interesting point to note here was that in such cases, only the formato ligand 

rearranged itself, and not the iPr substituents, implying that the barrier of rotation for the iPr 

substituents is higher than that for the barrier of rotation for the formato ligand. This seems to 

suggest that the rotamers generated by the varying spatial arrangements of the iPr substituents lie 

in deeper potential energy wells than the conformers generated by the varying spatial 

arrangements of the formato ligand, thereby reinforcing the idea that the rotamers are well-

defined and do not isomerize from one to another during geometry optimization.  

Formato perpendicular to the plane of iPrPCP pincer ligand: 

Formato H syn to Ni 

  

Relative Highest Local Minimum  

+17.3 kcalmol-1           

Relative Lowest Local Minimum  

+8.9 kcalmol-1 

Formato H anti to Ni     

  

Relative Highest Local Minimum  

+11.1 kcalmol-1 

Relative Lowest Local Minimum  

+2.2 kcalmol-1 
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Formato parallel to the plane of iPrPCP pincer ligand: 

Formato H syn to Ni 

 
 

Relative Highest Local Minimum  

+16.5 kcalmol-1 

Relative Lowest Local Minimum 

+9.5 kcalmol-1 

Formato H anti to Ni 

 
 

Relative Highest Local Minimum  

+8.9 kcalmol-1 

Global Minimum 

+0.0 kcalmol-1 

Fig. 22: Structural conformers with the highest energy (highest local minimum) and lowest energy (global 

minimum) in each formato set of the iPrPCP-Ni complex 61. 

The global minimum was found to belong in the set of rotamers with the formato ligand parallel 

to the plane of the iPrPCP pincer ligand, and the formato hydrogen anti to the nickel center, while 

the relative highest local minimum with the highest energy was found to belong in the set of 

rotamers with the formato ligand perpendicular to the plane of the iPrPCP pincer ligand, and the 

formato hydrogen syn to the nickel center (Fig. 22). The energy difference between them was 

found to be a staggering 17.3 kcalmol-1! Within each configuration of the formato ligand, the 

energy differences, as a result of the varying spatial orientations of the iPr substituents, between 

local minima with the relative highest and lowest energy ranged from 8.4 to 13.6 kcalmol-1.  
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A comparison of the distribution of rotamers within each set of conformers (Graphs 3 - 6) shows 

that the distributions largely follow a normal, or Gaussian, distribution. For the set of rotamers 

with the formato ligand perpendicular to the plane of the pincer ligand and the formato hydrogen 

syn to the nickel center and the set of rotamers with the formato ligand parallel to the plane of the 

pincer ligand and the formato hydrogen anti to the nickel center, most of the rotamers were 

observed to be found within 7 kcalmol-1 of their relative lowest local minima (Graphs 3, 6). On 

the other hand, the rotamers in the other two sets were observed to be found mostly in the higher 

middle part of the distribution, between 4 and 8 kcalmol-1 and 7 and 10 kcalmol-1 higher than their 

relative local minima (Graphs 4, 5 respectively). 

 
Graphs 3, 4: Distribution of the rotamers of 61 with the formato ligand perpendicular to the plane of the 

pincer ligand and the formato hydrogen syn (left) and anti (right) to the nickel center. 

 
Graphs 5, 6: Distribution of the rotamers of 61 with the formato ligand parallel to the plane of the pincer 

ligand and the formato hydrogen syn (left) and anti (right) to the nickel center. 
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Most of the conformers with the formato hydrogen syn to the nickel center were observed to be 

higher in energy (between +8.9 and +17.3 kcalmol-1) than those with the formato hydrogen anti to 

the nickel center. This relation was observed to be consistent between the sets of conformers with 

the formato ligand perpendicular to the plane of the iPrPCP pincer ligand and the formato ligand 

parallel to the plane of the iPrPCP pincer ligand. This suggests that when each set of conformer 

with different spatial orientations of the formato ligand were compared, the stability of the 

conformers depended more on whether the formato hydrogen was syn or anti to the nickel center 

and less on whether the formato ligand was perpendicular or parallel to the plane of the iPrPCP 

pincer ligand. In this case, the arrangements of the iPr substituents and the resulting energies of 

the conformers seem to depend strongly on the exact spatial orientation of the formato ligand; 

even though the ligand is the same and only its spatial arrangement is varied, this difference in the 

orientation of the formato ligand results in sets of conformers that show large differences in 

energy. This demonstrates the dependence of the conformers’ stabilities on the steric influences 

of the formato ligand as well as that of the iPr substituents on the pincer ligand.  

An interesting observation is that the two highest local minima from the set of conformers with 

the formato ligand perpendicular to the plane of the iPrPCP pincer ligand, the two lowest local 

minima from the set of conformers with the formato ligand perpendicular to the plane of the 

iPrPCP pincer ligand and the two highest local minima from the set of conformers with the 

formato ligand parallel to the plane of the iPrPCP pincer ligand, share the same spatial 

arrangement of the iPr substituents with each other. This seems to suggest that the interactions 

between the iPr substituents and the formato ligand were similar in these cases, such that one 

particular spatial orientation of the iPr substituents is favored or disfavored for both. 

When the calculated structure of the global minimum and the experimentally obtained structure 

from single crystal X-ray diffraction analysis (Fig. 23) were compared, it was observed that they 

both belong in the set of conformers with the formato ligand parallel to the plane of the iPrPCP 
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pincer ligand and the formato hydrogen anti to the nickel center. The two structures were not 

identical, with two iPr substituents differing in their rotational orientation. This could be 

attributed to the different spatial requirements for the greatest stability of the complex in a single 

crystal versus the gaseous state. The X-ray crystal structure had a small energy difference of +1.5 

kcalmol-1 as compared to the global minimum structure. 

 

X-ray Crystal Structure 

+1.5 kcalmol-1 
Fig. 23: X-ray crystal structure of the iPrPCP-Ni complex. 
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2.4 Mechanistic Implications 

From these findings, it is evident that the spatial arrangement of the iPr substituents can influence 

the stability of pincer complexes to a large degree. The rotamers can have significant energy 

ranges between 6.8 and 8.9 kcalmol-1 which can represent errors in mechanistic studies. For 

example, a higher-energy rotamer could be mistaken for an energetically disfavored complex 

structure but if the true global minimum were used, the results could be very different. Therefore, 

the spatial arrangement of the iPr substituents can influence the choice of complex structures and 

also the calculated energy profiles of reactions directly. While similar conformational analyses 

were not reported here for transition state calculations, it is likely that the same can be applied to 

transition states as well.  

Different intermediates involved in the same pathway in a mechanistic study can also be affected 

by the arrangement of the iPr substituents. As exemplified by the iPrPCP-Ni formato complex 61, 

the same ligand with different spatial orientation can already influence the stability of the pincer 

complex; the influence can be much greater if different ligands were present on the complex, as 

can be expected for the different intermediates in a proposed mechanism. Consequently, the 

different intermediates can favor different spatial arrangements of iPr substituents, and the 

mechanistic study in question can thus be more complicated conformationally than presumed.     



36 
 
3. Isomerization of an iPrPCP-Fe Complex 

Isomerization of octahedral pincer complexes can be expected to be rare due to the rigidity of the 

pincer ligand, but has been observed regardless.131,149 An iPrPCP-Fe complex 62 was observed to 

undergo spontaneous isomerization to 63 at 60 °C (Fig. 24) by the Guan group. Their findings 

were recently published in Organometallics.150  
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Fig. 24: Isomerization of iPrPCP-Fe complex 62 to 63. 

As 62 was prepared by a ligand substitution reaction from its diphosphine analogue 64 (Fig. 25), 

it was described as the “kinetic product” while 63 was described as the “thermodynamic product”. 

The formation of 63 from 62 was observed in the absence of CO and monitored using Nuclear 

Magnetic Resonance (NMR) spectroscopy.  
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Fig. 25: Formation of iPrPCP-Fe complex 62, 63 from 64. 

Experiments performed to gain insight into the isomerization mechanism included the addition of 

5 equivalents of PMe3 and 1 atm of CO into separate samples of THF-d8 solutions of 62. The 

isomerization progress for each was then monitored, along with a reference sample, using NMR. 

No inhibition of the isomerization or effect on the rate of isomerization was observed, which 
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implied that the rate-determining step of the mechanism should not involve the dissociation of 

either the PMe3 or CO ligand.  

In an attempt to further the understanding of this process, DFT methods were employed to model 

the complexes and evaluate possible hypotheses for the mechanism of isomerization.  

Computational Details 

DFT calculations were performed using the Gaussian 09 program.135 Two density functionals 

were used: Becke136-138 three-parameter functional with the nonlocal Lee-Yang-Parr139 correlation 

functional (B3LYP) for the results reported in Section 3.1 and Tao-Perdew-Staroverov-

Scuseria151 functional (TPSS) for the results reported in Section 3.3. 6-31G* Pople142-144 basis set 

was applied to all the atoms.  

All complexes were fully modeled and geometry optimizations were performed in the gas phase. 

Frequency calculations were carried out to confirm the nature of intermediates (no imaginary 

frequencies), transition states (one imaginary frequency) and to provide thermochemical 

properties. Potential energy surface scans were performed using the TPSS functional with the 

same basis set, following which the maxima were further optimized for transition states using the 

TPSS functional and the same basis set.  

A summary of Cartesian coordinates and thermodynamic data for selected structures is presented 

in the Appendix. All computational figures were generated with the CYLview program.145   
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3.1 Evaluation of Rotamers 

While the evaluation of rotamers should have preceded any mechanistic studies, that was 

unfortunately not the case. At the time when the evaluation of rotamers was carried out, no X-Ray 

structure was available, so the preliminary structures selected for geometry optimization were 

chosen at random.  

Preliminary structure geometry optimization resulted in thermochemical data that was in 

disagreement with experimental observations. The initial structure calculated for 62 was lower in 

energy than that for 63, which implied that the observed isomerization was calculated to be 

thermodynamically disfavored (Fig. 25). The screening of various methods, basis sets and solvent 

effects was performed, but did not resolve the conflict between the preliminary calculations and 

experimental observations. Upon closer inspection of the structures of 62 and 63, it was realized 

that the presence of the iPr substituents resulted in the necessary evaluation of possible rotamers 

in order to locate the true global minimum for an accurate energy profile for further mechanistic 

studies.   

 
 

Initial Structure 62  

+0.0 kcalmol-1 

Initial Structure 63 

+2.1 kcalmol-1 

Fig. 26: Initial calculated structures for 62 and 63. 

Due to the lack of symmetry in the complexes, a total of 81 rotamers, including enantiomers, 

were calculated for each of 62 and 63. The energy difference between the global minimum and 

the highest local minimum for 62 was found to be 7.2 kcalmol-1, while that for 63 was found to be 



39 
 
15.3 kcalmol-1 (Fig. 26). The large energy range for 63 could be attributed to the greater steric 

constraints in 63 due to the particular position of the bulky PMe3 ligand, resulting in some 

arrangements of the iPr substituents being greatly favored and others being greatly disfavored. 

The distributions of rotamers within the energy range for complexes 62 and 63 are shown in 

Graphs 7 and 8 and largely follow a normal, or Gaussian, distribution.  

More importantly, the results obtained from this rigorous conformational analysis were in 

agreement with experimental observations, i.e.: the global minimum of 62 was higher in energy 

than the global minimum of 63. Thus, the conflict between the preliminary calculated results and 

experimental observations could be rationalized by the inappropriate choice of conformers.  

Calculated Structures for 62 

  

Relative Highest Local Minimum  

+7.2 kcalmol-1 

Global Minimum 

+0.0 kcalmol-1 

(X-Ray Crystal Structure) 

Calculated Structures for 63 

  

Relative Highest Local Minimum  

+15.3 kcalmol-1 

Global Minimum 

+0.0 kcalmol-1 

Fig. 27: Structural conformers with the highest energy (highest local minimum) and lowest energy (global 

minimum) of the iPrPCP-Fe complexes 62 and 63. 
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Graph 7, 8: Distribution of the rotamers of 62 (left) and 63 (right) within their energy ranges.  

The global minimum of 62 was found to be asymmetric while that of 63 was found to be mirror 

plane symmetric. A comparison of the spatial arrangement of the iPr substituents for the global 

minima of 62 and 63 showed that three out of four of the iPr substituents occupied different 

rotational orientations. This significant difference in spatial arrangement was especially unusual 

as the two complexes were isomers of each other with the same types of ligands, with the only 

difference being the relative positions of the CO and the PMe3 ligands. This could possibly be 

attributed to the increased sensitivity of the spatial orientation of iPr substituents around the metal 

center resulting from a higher degree of steric crowding due to the presence of a relatively larger 

ligand, PMe3. 

A noteworthy observation is that the calculated global minimum for 62 was found to coincide 

with the structure later obtained experimentally from single crystal X-Ray diffraction analysis. 

This serves as an example whereby the true global minimum can provide guidelines for the 

modeling of complexes for which the X-Ray crystal structures are unavailable.  

The energy range in which the choice of rotamers could occur is shown in Graph 9. If the 

rotamers were selected appropriately, i.e.: the global minima were considered, the calculated 

results are definitely in agreement with experimental considerations. However, if the rotamers 

were selected at random, they could be in agreement with the experimental observations, or not, 

as exemplified by the preliminary calculations, marked in blue. This serves to demonstrate the 
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importance of using only the global minima in theoretical studies to improve the accuracy of 

results, and a rigorous conformational analysis is recommended for the most precise identification 

of the global minima.  

 
Graph 9: Energy range of rotamers generated by conformational diversity. 

In this conformational analysis, the B3LYP density functional was used for relatively short 

computational time. However, B3LYP has been shown to demonstrate certain margins of error in 

calculations involving transition metals.98 For better accuracy in further mechanistic studies 

(Section 3.3), the TPSS functional was chosen based on previous computational reports on pincer 

complexes.109,111,132 While it was assumed that the global minima of 62 and 63 should not be 

different upon the change of density functional, the optimization of the five lowest energy 

rotamers for 62 and 63 was nevertheless performed. The results confirmed that the structures of 

the global minima for 62 and 63 remained unchanged albeit with slight energetic differences (Fig. 

27). 

  

Structure 62  

(+0.0 kcalmol-1) 

Structure 63 

(-2.9 kcalmol-1) 

Fig. 28: Structures for 62 and 63 that were used in further study.  
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3.2 Mechanistic Hypotheses 

Five hypotheses for the mechanism of the isomerization from 62 to 63 were postulated based on a 

theoretical study of the isomerization of a HPCP-Ir pincer complex reported by Li and Hall.152 

These hypotheses and preliminary evaluation of key intermediates are discussed in this section.  

1. CO dissociation and re-association 

This mechanism would involve the dissociation of the CO ligand from 62 to form the 

intermediate 62a, followed by a subsequent rearrangement to the intermediate 62b, and a re-

association of the CO ligand to give 63 (Fig. 28). 
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Fig. 29: Isomerization of iPrPCP-Fe complex 62 to 63 via CO dissociation and re-association.  

Evaluation of the key intermediates 62a and 62b resulted in the expected structures with 

reasonable geometries (Fig. 29). The arrangements of the iPr substituents for 62a and 62b were 

chosen to match that of 62 and 63 respectively. It was presumed that the necessary rearrangement 

of the iPr substituents from 62 to 63 should occur during the intermediate lifetimes with more 

space in which the iPr substituents can rotate and rearrange themselves.  

  

Structure 62a  

(+50.9 kcalmol-1) 

Structure 62b 

(+39.9 kcalmol-1) 

Fig. 30: Calculated structures for 62a and 62b. 
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2. PMe3 dissociation and re-association 

This mechanism would involve the dissociation of the PMe3 ligand from 62 to form the 

intermediate 62c, followed by a subsequent rearrangement to the intermediate 62d, and a re-

association of the PMe3 ligand to give 63 (Fig. 31). 
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Fig. 31: Isomerization of iPrPCP-Fe complex 62 to 63 via PMe3 dissociation and re-association. 

The optimized structure for 62c was different than expected as it was found that the CO ligand 

had moved from the axial position to the equatorial position (Fig. 31). It was noted that the only 

difference between 62c and 62d was the spatial arrangement of the iPr substituents with the 

former resembling that of 62 and the latter resembling that of 63. This suggests that during the 

dissociation of the PMe3 ligand from 62, there is a simultaneous movement of the CO ligand from 

the axial to the equatorial position to form 62c and after rearrangement of the iPr substituents to 

62d, the PMe3 ligand can immediately re-associate to generate 63 without any further 

reorientation of ligands.   

  

Structure 62c  

(+6.9 kcalmol-1) 

Structure 62d 

(+9.5 kcalmol-1) 

Fig. 32: Calculated structures for 62c and 62d. 
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3. Reductive elimination, rearrangement and oxidative addition 

This mechanism would involve the reductive elimination of the hydride ligand and the aryl of the 

pincer ligand from 62 to form the intermediate 62e, followed by a rearrangement to the 

intermediate 62f, and a subsequent oxidative addition to give 63 (Fig. 33).  
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Fig. 33: Isomerization of iPrPCP-Fe complex 62 to 63 via reductive elimination, rearrangement and 

subsequent oxidative addition. 

Evaluation of the key intermediate 62f resulted in the expected structure with reasonable 

geometry (Fig. 34). It was observed that the plane of the iPrPCP pincer ligand became tilted and 

was no longer aligned with the rest of the complex, possibly due to steric repulsion between the 

iron center and the C-H of the benzene group. This suggests that it is unlikely for 62e to 

isomerize to 62f directly if such steric repulsion is encountered. However, attempts to optimize 

intermediate 62e were unfruitful. A potential energy surface scan was performed from 62 to 62e 

and it was observed that the energy increased continually from 62 to 62e with no distinct local 

minimum, suggesting that 62e may be greatly energetically disfavored.  

 

Structure 62f 

(+38.7 kcalmol-1) 

Fig. 34: Calculated structures 62f. 



45 
 

4. Phosphine arm dissociation, rearrangement and re-association 

This mechanism would involve the dissociation of the phosphine arm of the iPrPCP pincer ligand 

from 62 to form the intermediate 62g, followed by a subsequent rearrangement to the 

intermediate 62h, and the re-association of the phosphine arm of the pincer ligand to give 63 (Fig. 

35). 
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Fig. 35: Isomerization of iPrPCP-Fe complex 62 to 63 via dissociation of the phosphine arm of the pincer 

ligand, rearrangement and re-association of the phosphine arm. 

As 62 and 63 have no mirror plane symmetry along the plane of the pincer ligand, the 

dissociation of either arm could have different influences on the complex, but for this preliminary 

evaluation, the dissociated arms were chosen at random. The optimized structure for 62g was 

different than expected as it was found that the hydride ligand had moved to the equatorial 

position from the axial position (Fig. 36). This is likely due to the increased space around the iron 

center when the phosphine arm of the iPrPCP pincer ligand dissociated. The increased space is 

also likely to facilitate the rearrangement of the iPr substituents.  

  

Structure 62g  

(+33.3 kcalmol-1) 

Structure 62h 

(+33.7 kcalmol-1) 

Fig. 36: Calculated structures for 62g and 62h. 
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5. Non-dissociative rearrangement 

This mechanism would involve the rearrangement of the CO and PMe3 ligands without any 

ligand dissociation from the iron center. Such non-dissociative mechanisms have been postulated 

and supported in some octahedral organometallic complexes.153,154 Indeed, in Li and Hall’s report 

of their computational study of the isomerization of a HPCP-Ir pincer complex, the trigonal twist 

was found to be the energetically most reasonable and favored mechanism.152 However, the 

HPCP-Ir pincer complex was coordinated to small hydride and CO ligands and the iPr substituents 

on the pincer ligand was truncated to H substituents for the computational study while 62 carried 

much more bulky ligands which severely constrict the space around the metal center and inhibit 

the maneuver of ligands around the metal center. Thus, we postulated that in this case, a non-

dissociative rearrangement would be highly unlikely and energetically disfavored as compared to 

dissociative pathways.    

From the results, it can be safely concluded that the most likely reaction pathway would be via 

the dissociation of PMe3 to form intermediate 62c, followed by a rearrangement of the iPr 

substituents to form intermediate 62d and the re-association of PMe3 to generate product complex 

63. While this appeared contradictory to experimental observations that the addition of PMe3 into 

the system did not influence the rate of isomerization, upon further thought, the situation that free 

PMe3 was not involved in the rate-determining step, i.e.: the concentration of PMe3 would not 

influence the kinetics of the reaction, is possible.   
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3.3 Investigation 

First, the energy profile of the complexes 62, 62c, 62d, and 63 at the triplet state was checked. 

The role of spin-state changes whereby the intermediates of a proposed mechanism are at the 

triplet state has been reported, especially for the case of iron complexes.131,155-158 While the 

isomerization of 62 to 63 was observed in NMR, it was possible that the intermediates existed at 

the triplet state, as no information was obtained about the isomerization intermediates. 

Optimization of the structures at the triplet state showed that in this case, spin-crossing is unlikely 

to occur and the intermediates are more likely to remain at the singlet state during the 

isomerization (Graph 10). 

 
Graph 10: Energy profiles of 62, 62c, 62d and 63 at the singlet and triplet states.  

Next, potential energy surface scans were used to locate the transition states of dissociation and 

re-association of the PMe3 ligand. The scan results of the TPSS functional suggested that the 

dissociation and re-association processes were barrierless (Graphs 11, 12). The potential energy 

surface scans using the M062X, B3LYP and Hartree-Fock functionals were then performed, and 

only the scan results of the Hartree-Fock functional indicated that there could be a transition state. 

However, the transition state structures from the scan results of the Hartree-Fock functional could 
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not be optimized using the TPSS functional. As a result, it was concluded at this point that the 

dissociation and re-association of the PMe3 ligand were barrierless processes. 

 

 
Graphs 11, 12: Potential energy surface scans (TPSS) for the dissociation (top) and re-association (bottom) 

of PMe3 ligand with related structures shown. Units are arbitrary.  

To locate the transition state(s) for the rotation of the iPr substituents, potential energy surface 

scans varying the dihedral angle of the iPr substituents involved were carried out. However, 3 iPr 

substituents needed to be rotated to form 62d from 62c (Fig. 37), and only one dihedral angle can 

be varied in each potential energy surface scan. As a result, a series of possible pathways for the 

rearrangement of the iPr substituents were performed (Table 2). iPr 1 in Table 2 is the group 

circled in red (bottom-right) in Fig. 37, iPr 2 in Table 2 is the group circled in blue (bottom-left) 

in Fig. 37 and iPr 3 in Table 2 is the group circled in green (top-left) in Fig. 37. 
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Fig. 37: Comparison of the arrangement of iPr substituents in 62c (left) and 62d (right). 

Pathway First iPr to Rotate  Second iPr to Rotate Third iPr to Rotate 

1 iPr 1 iPr 2 iPr 3 

2 iPr 1 iPr 3 iPr 2 

3 iPr 2 iPr 3 iPr 1 

4 iPr 2 iPr 1 iPr 3 

5 iPr 3 iPr 2 iPr 1 

6 iPr 3 iPr 1 iPr 2 

Table 2: Possible pathways for the rearrangement of iPr substituents from 62c to 62d.  

The potential energy surface scans were systematically performed as shown in Table 2. The 

potential energy surface scans all provided well-defined saddle-points at which transition state 

structures were fully optimized using the TPSS functional. Pathways 2, 5 and 6 were completed 

with no unexpected observations. For pathways 1, 3 and 4, the pathways whereby iPr 2 rotated 

before the rotation of iPr 3, it was observed that during the rotation of iPr 2, iPr 3 also rotated from 

that in 62c to that in 62d simultaneously. As a result, pathway 1 consisted of only two steps 

where iPr 1 rotated first and then iPr 2 and iPr 3 rotated together, while pathways 3 and 4 merged 

into pathway 3’ where iPr 2 and iPr 3 rotated together, followed by the rotation of iPr 1. A 

comparison of the energy profiles of the transition states from 62c to 62d for all five pathways is 

shown in Graph 13.  
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Graph 13: Comparison of the energy profiles of the transition states in the possible pathways for 

rearrangement of iPr substituents from 62c to 62d. 

The results suggest that the rearrangement of the iPr substituents from 62c to 62d was most likely 

to proceed mainly via pathway 2, comprising of the rotation of iPr 1 followed by that of iPr 3 and 

then iPr 2. The transition state structures for pathway 2 are shown in Fig. 38.  

 

Fig. 38: Transition state structures for the rotation of iPr 1 (left), iPr 3 (middle) and iPr 2 (right).  

Animation of the single imaginary vibration showed the rotation of the corresponding iPr 

substituents in each optimized transition state structure. The transition state energies were 

reasonable for the experimental conditions and the vibrational frequencies were consistent with 

that typically observed for transition states involving bond rotations (Appendix A6). 

The occurrence of iPr 2 and iPr 3 rotating simultaneously was rationalized to be caused by the 

high steric demand of the rotation of iPr 2 that forced the concurrent rotation of iPr 3, which was 
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then expected to be relatively high in energy. Indeed, the two highest energy transition states 

corresponded to that of the simultaneous rotation of iPr 2 and iPr 3 in pathways 1 and 3’, being 

+15.4 kcalmol-1 and +14.1 kcalmol-1 respectively. While the transition state for the rotation of iPr 

3 in pathways 5 and 6 had the lowest energy at +8.8 kcalmol-1, it was apparent that the subsequent 

rotations of iPr 1 and iPr 2 became relatively disfavored as compared to those in pathway 2 at 

+13.1 kcalmol-1 and +13.9 kcalmol-1 in pathways 5 and 6 respectively.  

An interesting observation was that the order of rotation influences the ease of subsequent 

rotation of the iPr substituents. For example, the rotation of iPr 3 before the rotation of iPr 2 was 

generally more energetically favorable than if iPr 2 rotated first. A closer look at the rotations 

showed that if iPr 2 rotates before the rotation of iPr 3, the hydrogens on the methyl groups of iPr 

2 and iPr 3 interact closely with each other, forcing the rotation of iPr 3. However, if iPr 3 is 

already rotated before the rotation of iPr 2, the methyl groups of iPr 3 point inward at the iron 

center and do not interact with the methyl groups of iPr 2 during its rotation.  

It is evident that the rearrangement of iPr substituents is tied with a significant energy barrier and 

is likely to be the rate-determining step in the isomerization of 62 to 63.  

 

Graph 14: Energy profile for isomerization of 62 to 63.   
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Conclusions 

Pincer complexes have been shown to be highly active catalysts for a large variety of relevant 

catalytic systems of current interest, and in the development of pincer complex catalysts, 

computational methods have been increasingly used to gain deeper insight into the mechanisms in 

catalytic systems and provide for the rational design of novel pincer complex catalysts. While it 

was typical in earlier computational studies to simplify structures for reduced computational cost, 

recent advances in processing capabilities of computer clusters and codes have reduced the time 

required to calculate complicated structures. As a result, the full modeling of structures is now 

within reach and increasingly carried out. However, when there are iPr substituents present, 

conformational diversity can cause significant errors when unaccounted for.  

In the study of the rotamers of complexes 50, 60 and 61, it was found that the energy difference 

between a single set of rotamers can be as large as 8.9 kcalmol-1 and there is no particular 

arrangement of the iPr substituents that can act as a ‘standard’ for the global minima different 

complexes. Changes such as the type of ligand, type of metal center and even the spatial 

orientation of the same ligand can affect the favorability of the spatial orientations of iPr 

substituents, thereby affecting the stability of the complexes. These emphasize the importance of 

a rigorous conformational study of pincer complexes bearing iPr substituents prior to any 

theoretical study in order to be ensure that the studies are based on the appropriate rotamer, the 

global minimum, for accurate energy profiling. Due to the high computational costs involved in 

such rigorous conformational analyses reported in Sections 2.1 – 2.3 and 3.1, the programming of 

algorithms that can perform such computations automatically for a given complex with iPr 

substituents is highly desirable.   

In the case study of the isomerization of complex 62 to 63, it was found that the energy difference 

between the rotamers of complex 63 was very large at 15.3 kcalmol-1. Furthermore, the 
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rearrangement of the iPr substituents from that in 62 to that in 63 was found to be the most likely 

rate-determining step in the isomerization, and the favorable spatial orientation of the iPr 

substituents in complex 63 can even be postulated to be the driving force of the isomerization. 

However, the model presented here is only assumes that all the molecules of complexes 62 and 

63 are present as the rotamers corresponding to the global minima. A more accurate picture will 

need to take into account the presence of other rotamers in a distribution which could also 

influence the mechanism of isomerization. For example, a higher-energy rotamer of 62 with the 

arrangement of iPr substituents similar to that in the global minimum of 63 could isomerize 

directly without any rearrangement of iPr substituents.   

Thus, a much overlooked aspect in the computational chemistry of pincer complexes, 

conformational diversity due to the presence of iPr substituents, has been shown to play a large 

role in the nature of the complexes and in the mechanism of the isomerization of 62.    
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A1  Cartesian Coordinates of Structures from Section 2.1 

Zero-point correction 

iPrPNP-Ir trihydride complex 50 (Global Minimum): 

= 0.534103 (Hartree/Particle) 

Sum of electronic and thermal Enthalpies = -1588.577562 

Sum of electronic and thermal Free Energies = -1588.667332 

 

      X  Y  Z 

 Ir                -0.16917500   -0.03328300   -0.50659100 

 C                  2.87751500   -0.05894000    3.41782000 

 C                  1.31158200   -1.17185200    1.96294300 

 C                  1.83658900    1.08465100    1.56910300 

 C                  2.69635800    1.10154900    2.66921300 
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 C                  2.18129200   -1.20925800    3.05473300 

 C                  0.46692200   -2.36797100    1.58481200 

 C                  1.67394500    2.29674600    0.67771000 

 P                 -0.13451300   -2.29537200   -0.20091500 

 P                  0.08207300    2.23444000   -0.32302900 

 C                 -1.75201500   -3.24925900   -0.08308600 

 C                  1.07887400   -3.39985600   -1.12088400 

 C                  2.52390000   -2.92603100   -0.89803000 

 C                  0.75502400   -3.43530800   -2.62341200 

 C                 -1.60768600   -4.74201100    0.25139000 

 C                 -2.65173700   -3.02020400   -1.30819500 

 C                  0.42391000    3.35753900   -1.79677700 

 C                 -1.14804000    3.22889800    0.69719200 

 C                 -1.28969900    2.65453300    2.11458500 

 C                  0.93463200    4.76255200   -1.43286200 

 C                 -2.51237900    3.26897300   -0.01093300 

 C                  1.34754400    2.68766300   -2.82544100 

 H                 -1.11385700   -0.02132500   -1.80198300 

 H                  1.12716100   -0.06633900   -1.57804100 

 H                 -1.59014500   -0.02732500    0.40517600 

 H                 -0.34920900    2.69378500    2.67608500 

 H                 -1.62104000    1.61233400    2.07136500 

 H                 -2.03348200    3.23337500    2.67685300 

 H                 -3.23609600    3.82462700    0.59867400 

 H                 -2.89349900    2.25291300   -0.15875600 

 H                  2.47661800    2.27374700   -0.07250400 

 H                  1.91821800    4.71944000   -0.94946800 

 H                 -0.56593500    3.45906100   -2.26223500 

 H                  1.04988900    5.36257000   -2.34423700 

 H                  0.25495300    5.30624000   -0.76945400 

 H                  1.41344600    3.31539700   -3.72346600 

 H                  2.36569300    2.56634900   -2.43482000 

 H                  3.22749600    2.01450700    2.91989300 

 H                  3.55021500   -0.06652900    4.27071900 
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 H                  2.29331600   -2.12943900    3.61971600 

 H                  0.97275500   -4.41055000   -0.70305700 

 H                  3.21496100   -3.57388600   -1.45213700 

 H                  1.51485700   -4.02008600   -3.15735900 

 H                  0.74887100   -2.42033300   -3.03550200 

 H                  2.64945100   -1.89972700   -1.25796600 

 H                  2.81870900   -2.95734400    0.15697300 

 H                 -2.74475300   -1.95311000   -1.52674400 

 H                 -3.65205600   -3.42756500   -1.11288500 

 H                 -2.26393000   -3.52185200   -2.20162600 

 H                 -2.59506700   -5.17691800    0.45163800 

 H                 -1.17063900   -5.30321100   -0.58256200 

 H                 -2.23483700   -2.74228100    0.76311700 

 H                 -0.98590300   -4.91693700    1.13740700 

 H                 -0.21789400   -3.89228400   -2.82964300 

 H                  0.98415900   -3.30106900    1.83683200 

 H                 -0.45019100   -2.33607900    2.18932400 

 H                  1.79808700    3.22031500    1.25473600 

 H                 -0.75378400    4.25108500    0.77533400 

 H                 -2.46116900    3.75979500   -0.98936200 

 H                  0.98143900    1.69729800   -3.10242900 

 N                  1.15476300   -0.03905000    1.23441400 

 

Zero-point correction 

iPrPNP-Ir trihydride complex 50 (X-Ray Crystal Structure): 

= 0.534186 (Hartree/Particle) 

Sum of electronic and thermal Enthalpies = -1588.578078 

Sum of electronic and thermal Free Energies = -1588.667143 

 

      X  Y  Z 

 Ir                -0.28320600   -0.01875600   -0.47013500 

 C                  3.21493700   -0.01752800    3.06222800 

 C                  1.94207700   -1.15538000    1.36131200 

 C                  1.52620500    1.11931800    1.77232400 



66 
 

 C                  2.51426600    1.14712000    2.75853400 

 C                  2.91859300   -1.18250200    2.35899600 

 C                  1.65247100   -2.37099900    0.50996700 

 C                  0.67746400    2.33461000    1.47389700 

 P                 -0.03428200   -2.28583100   -0.32705800 

 P                 -0.14356800    2.24824100   -0.22071500 

 C                 -1.12848900   -3.33193600    0.78962600 

 C                  0.27708400   -3.29910300   -1.88207100 

 C                 -0.80007000   -3.06363300   -2.95287100 

 C                  0.53496900   -4.79506800   -1.64566400 

 C                 -2.57281500   -3.37213400    0.26521800 

 C                 -1.09744700   -2.79625200    2.22990800 

 C                  0.98308600    3.29393700   -1.30491700 

 C                 -1.70159700    3.26124400    0.07537500 

 C                 -2.76098700    3.02796400   -1.01359100 

 C                  2.42364800    2.76017400   -1.25840000 

 C                 -1.46780100    4.75676700    0.33812700 

 C                  0.47349300    3.33057300   -2.75462300 

 H                 -1.41069200   -0.01862300   -1.60855900 

 H                  0.83789000   -0.06813500   -1.73207300 

 H                 -1.55520800    0.03049700    0.63924300 

 H                 -2.91545400    1.95856300   -1.17988300 

 H                 -2.47744300    3.48677500   -1.96737600 

 H                 -3.71352300    3.47739200   -0.70470700 

 H                 -2.40580000    5.23238900    0.65139500 

 H                 -1.12726500    5.27686600   -0.56456100 

 H                  1.25067800    3.25425800    1.63828100 

 H                  2.45534200    1.72002700   -1.59879000 

 H                  0.97090300    4.31160600   -0.89066000 

 H                  3.06349200    3.36085200   -1.91724300 

 H                  2.85387400    2.80427900   -0.25158100 

 H                  1.17546900    3.89184200   -3.38442900 

 H                  0.38983400    2.31439200   -3.15478300 

 H                  2.71396500    2.07208700    3.29050600 
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 H                  3.97923100   -0.01724800    3.83414900 

 H                  3.44887700   -2.10723400    2.56418000 

 H                  1.20106300   -2.83638200   -2.25420900 

 H                 -0.48287500   -3.51525100   -3.90163700 

 H                  0.85671000   -5.27125200   -2.58050400 

 H                 -0.37189900   -5.31363500   -1.31402100 

 H                 -1.75823800   -3.51882500   -2.67851300 

 H                 -0.96113500   -1.99387100   -3.11023600 

 H                 -0.09487500   -2.83793000    2.67025500 

 H                 -1.76155500   -3.39733000    2.86390900 

 H                 -1.43992000   -1.75667100    2.25682800 

 H                 -3.20872600   -3.93339000    0.96167700 

 H                 -2.97426000   -2.35697800    0.17559300 

 H                 -0.71232500   -4.34887500    0.78295200 

 H                 -2.64846600   -3.85639500   -0.71349500 

 H                  1.31809400   -4.97474400   -0.89944000 

 H                  2.37496600   -2.37960600   -0.31796300 

 H                  1.81219500   -3.29041900    1.08482400 

 H                 -0.15715200    2.34373200    2.18865100 

 H                 -2.08381900    2.79704500    0.99448400 

 H                 -0.72937700    4.93517400    1.12888300 

 H                 -0.50529000    3.81279300   -2.84130500 

 N                  1.25699600   -0.01823000    1.08506700 

 

A2  Cartesian Coordinates of Structures from Section 2.2 

Zero-point correction 

iPrPCP-Ni chloride complex 60 (Global minimum and X-ray Crystal Structure): 

= 0.463773 (Hartree/Particle) 

Sum of electronic and thermal Enthalpies = -2166.878897 

Sum of electronic and thermal Free Energies = -2166.971433 

 

      X  Y  Z 

 P                 -0.87224000   -0.05439500   -2.00044400 
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 P                  1.32793100    0.33547100    1.76529000 

 O                 -1.90149100   -1.29345100   -1.51722400 

 O                  0.48521900   -0.84002000    2.62473500 

 C                 -0.67752600   -1.02916300    0.53198700 

 C                 -1.68463800   -1.67607400   -0.19795200 

 C                 -2.48315400   -2.68460700    0.34248900 

 H                 -3.25101200   -3.15530200   -0.26283100 

 C                 -2.26538100   -3.06214700    1.66991400 

 H                 -2.87725000   -3.84561000    2.10862000 

 C                 -1.27579300   -2.45104600    2.44397000 

 H                 -1.10251300   -2.74068300    3.47532600 

 C                 -0.50275600   -1.44782700    1.85841300 

 C                 -2.08624000    1.23476300   -2.56429700 

 H                 -2.80467200    0.70644500   -3.20534500 

 C                 -2.83834800    1.79844100   -1.34711600 

 H                 -3.61330900    2.49833400   -1.68241000 

 H                 -2.15616700    2.34204800   -0.68400400 

 H                 -3.32427300    1.00749200   -0.76710100 

 C                 -1.39519500    2.34812900   -3.37114900 

 H                 -2.13152500    3.11633600   -3.63629100 

 H                 -0.95755500    1.97411700   -4.30303300 

 H                 -0.59734500    2.82100800   -2.78937900 

 C                 -0.08021300   -0.75560000   -3.52766900 

 H                  0.52013700    0.07719700   -3.91873600 

 C                  0.87602900   -1.89348100   -3.13071500 

 H                  1.40252200   -2.26395400   -4.01828300 

 H                  0.32899100   -2.73389400   -2.68888300 

 H                  1.62381100   -1.55114500   -2.40854900 

 C                 -1.09493700   -1.20731300   -4.59063500 

 H                 -0.56345500   -1.63080200   -5.45138800 

 H                 -1.71106600   -0.38013100   -4.95784600 

 H                 -1.76106200   -1.98027400   -4.19279900 

 C                  1.12333800    1.84218600    2.83270100 

 H                  1.75314600    2.59943300    2.34655700 
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 C                 -0.33820300    2.31916500    2.76671100 

 H                 -0.45413700    3.24249700    3.34655500 

 H                 -1.01835700    1.56996400    3.18706100 

 H                 -0.64527300    2.52266400    1.73601900 

 C                  1.58856900    1.63426800    4.28326200 

 H                  1.41499900    2.55038900    4.86060300 

 H                  2.65585100    1.39970400    4.35124500 

 H                  1.02825200    0.82394100    4.76159900 

 C                  3.08180000   -0.24335500    1.97088400 

 H                  3.19568900   -0.47310200    3.03886400 

 C                  3.29150000   -1.53659300    1.16539700 

 H                  4.30303400   -1.92226600    1.34079200 

 H                  3.18260900   -1.34810400    0.09161800 

 H                  2.57826600   -2.31569600    1.45252800 

 C                  4.09051500    0.84597600    1.56639900 

 H                  5.10890600    0.44805700    1.65156800 

 H                  4.02679100    1.72995000    2.20973200 

 H                  3.93175900    1.16822800    0.53221100 

 Ni                 0.39238400    0.33972000   -0.23466200 

 Cl                 1.66558300    1.96411700   -1.14282800 

 

A3  Cartesian Coordinates of Structures from Section 2.3 

Zero-point correction 

iPrPCP-Ni formato complex 61 (Global Minimum): 

= 0.486749 (Hartree/Particle) 

Sum of electronic and thermal Enthalpies = -1895.797262 

Sum of electronic and thermal Free Energies = -1895.894307 

 

      X  Y  Z 

 P                  0.63315000   -2.03660900   -0.49100000 

 P                 -0.42970100    2.17372300    0.42017200 

 O                  0.85281200   -2.48037200    1.13954800 

 O                 -0.25148900    2.09399500    2.08175200 
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 C                  0.29912300   -0.18620000    1.55021400 

 C                  0.67112900   -1.44936300    2.03343400 

 C                  0.86207800   -1.70591500    3.39447900 

 H                  1.14969600   -2.69979700    3.72207400 

 C                  0.67411100   -0.66496800    4.30547500 

 H                  0.81893200   -0.85115600    5.36630900 

 C                  0.30240800    0.61224200    3.87756000 

 H                  0.15233300    1.42682700    4.57860400 

 C                  0.12391200    0.81973000    2.51031800 

 C                 -0.61261200   -3.34144100   -0.98297100 

 H                 -0.63855800   -3.28832100   -2.07418100 

 C                 -0.23491900   -4.76487800   -0.54592600 

 H                 -1.04479900   -5.45402600   -0.81651200 

 H                 -0.08595600   -4.82572500    0.53657600 

 H                  0.67398100   -5.11942000   -1.04183400 

 C                 -1.99139500   -2.93266300   -0.43561900 

 H                 -2.74873100   -3.66133700   -0.74996500 

 H                 -2.29332400   -1.94774100   -0.80752000 

 H                 -1.99237900   -2.89941500    0.66001200 

 C                  2.30940900   -2.48323600   -1.20972700 

 H                  2.07975500   -2.93374300   -2.18106100 

 C                  3.12478300   -1.20163500   -1.45457600 

 H                  4.08757300   -1.45474000   -1.91597800 

 H                  3.33424800   -0.68029600   -0.51264400 

 H                  2.59606200   -0.51665700   -2.12172800 

 C                  3.10838700   -3.47600400   -0.34936100 

 H                  4.04293300   -3.72426600   -0.86813900 

 H                  2.57005500   -4.40818100   -0.16134500 

 H                  3.36498100   -3.04233900    0.62168800 

 C                 -2.15378900    2.84285800    0.23748400 

 H                 -2.22115000    3.72151300    0.89276100 

 C                 -2.42024400    3.26062600   -1.22001100 

 H                 -3.46903700    3.56058600   -1.33174400 

 H                 -2.22381000    2.43116200   -1.90750500 
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 H                 -1.80001900    4.10995800   -1.52692400 

 C                 -3.16672600    1.79203300    0.72174100 

 H                 -4.18003600    2.21013400    0.68641300 

 H                 -2.96548600    1.47832300    1.75078300 

 H                 -3.14588100    0.90243400    0.08221600 

 C                  0.73465600    3.54780400   -0.04466200 

 H                  0.57560800    3.68414600   -1.12328200 

 C                  0.44942200    4.86893400    0.68750000 

 H                  1.18622500    5.62437200    0.38878500 

 H                  0.52292100    4.73840400    1.77240100 

 H                 -0.54376700    5.26775000    0.45654300 

 C                  2.18359500    3.07776800    0.17550000 

 H                  2.88253900    3.85582500   -0.15368300 

 H                  2.39995600    2.16321600   -0.38594200 

 H                  2.37538000    2.87895800    1.23565400 

 Ni                 0.01986500    0.12230000   -0.29906700 

 O                 -0.36428100    0.58403800   -2.13106600 

 C                 -0.18348500   -0.24676500   -3.09336500 

 H                 -0.47402600    0.15401700   -4.08359400 

 O                  0.26705500   -1.39842000   -3.02493600 

 

Zero-point correction 

iPrPCP-Ni formato complex 61 (X-Ray Crystal Structure): 

= 0.487337 (Hartree/Particle) 

Sum of electronic and thermal Enthalpies = -1895.797209 

Sum of electronic and thermal Free Energies = -1895.891938 

 

      X  Y  Z 

 P                  0.66144700   -1.98743600   -0.21152700 

 P                 -0.34279800    2.30112600    0.30889200 

 O                  0.94810200   -2.26547600    1.44555900 

 O                 -0.25257000    2.35081400    1.97846500 

 C                  0.33132700    0.03989700    1.65351300 

 C                  0.71110100   -1.17249300    2.24826800 
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 C                  0.86357100   -1.31417000    3.63083300 

 H                  1.15885500   -2.27211400    4.04671900 

 C                  0.62944000   -0.20670200    4.44798100 

 H                  0.74396000   -0.30358600    5.52432300 

 C                  0.25177200    1.02498700    3.90662400 

 H                  0.07143500    1.89187500    4.53393900 

 C                  0.11346000    1.11799700    2.52231500 

 C                 -0.66988100   -3.26617300   -0.56027200 

 H                 -0.39393600   -3.69254700   -1.53057100 

 C                 -0.74735100   -4.37940700    0.49748800 

 H                 -1.50399100   -5.11147500    0.18823500 

 H                 -1.04178900   -3.97887100    1.47207200 

 H                  0.19910600   -4.90849500    0.63157000 

 C                 -2.03287200   -2.56846300   -0.70919500 

 H                 -2.80617300   -3.30890300   -0.94943000 

 H                 -2.01286100   -1.82440300   -1.50887400 

 H                 -2.32573400   -2.07200600    0.22381800 

 C                  2.29331900   -2.60283700   -0.88584200 

 H                  2.13653600   -2.64649900   -1.96655000 

 C                  3.37723900   -1.55385000   -0.58285500 

 H                  4.33282400   -1.86713300   -1.02102700 

 H                  3.52587800   -1.43511900    0.49644700 

 H                  3.11744700   -0.57560100   -1.00146700 

 C                  2.69806000   -3.99200400   -0.36965600 

 H                  3.68775400   -4.25174900   -0.76597700 

 H                  2.00136700   -4.77089100   -0.69522700 

 H                  2.75597200   -4.01221600    0.72317700 

 C                 -2.06427900    2.92233300   -0.02314300 

 H                 -2.11657100    3.00048200   -1.11801000 

 C                 -3.08436700    1.86572000    0.43636900 

 H                 -4.10050600    2.19629400    0.19054200 

 H                 -3.03266700    1.71445600    1.52020800 

 H                 -2.91185500    0.90064200   -0.05063100 

 C                 -2.35010200    4.29734900    0.60241700 
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 H                 -3.38415600    4.59383000    0.38864400 

 H                 -1.69427400    5.07988300    0.20690600 

 H                 -2.22728600    4.26477200    1.69013400 

 C                  0.82401100    3.65644200   -0.19578800 

 H                  0.54581100    4.54636900    0.38410100 

 C                  2.26185500    3.25861800    0.17726300 

 H                  2.94794900    4.07993200   -0.06257600 

 H                  2.58268900    2.37433200   -0.38473800 

 H                  2.35779300    3.03745700    1.24478500 

 C                  0.68737000    3.95327600   -1.70025800 

 H                  1.45037000    4.68014300   -2.00333900 

 H                 -0.29074400    4.37859000   -1.95046800 

 H                  0.82281400    3.04292800   -2.29384500 

 Ni                 0.16132300    0.20838400   -0.22656900 

 O                  0.00406800    0.56057500   -2.11450100 

 C                  0.09315500   -0.37725200   -2.98760100 

 H                  0.00197900   -0.01932900   -4.03115700 

 O                  0.26002800   -1.58793100   -2.78479400 

 

A4  Cartesian Coordinates of Structures from Section 3.1 

iPrPCP-Fe Complex 62 (Global Minimum and X-Ray Crystal Structure)

Zero-point correction 

: 

= 0.588969 (Hartree/Particle) 

Sum of electronic and thermal Enthalpies = -3376.108007 

Sum of electronic and thermal Free Energies = -3376.214084 

 

      X  Y  Z 

 P                  0.96220200   -1.90111400   -0.55689200 

 P                 -0.79436000    1.94555900    0.01524400 

 O                  0.30735100   -2.64095500    0.82774400 

 O                 -1.93962400    1.56042900    1.20722500 

 C                 -0.79510200   -0.52356700    0.97411500 

 C                 -0.55255200   -1.79069600    1.52186000 
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 C                 -1.14130100   -2.25617900    2.70604700 

 H                 -0.91101600   -3.25385900    3.07429300 

 C                 -2.02861500   -1.40854900    3.38385500 

 H                 -2.50045200   -1.74822800    4.30503600 

 C                 -2.31073200   -0.12561700    2.89179800 

 H                 -2.98902900    0.54932400    3.40974900 

 C                 -1.68387000    0.27748800    1.70610500 

 C                  0.76168300   -3.40902200   -1.66368600 

 H                  1.07750800   -4.24183300   -1.01761200 

 C                 -0.71517200   -3.63960700   -2.03207900 

 H                 -0.82676600   -4.63586900   -2.48567400 

 H                 -1.07344100   -2.89847800   -2.75623400 

 H                 -1.36135200   -3.59240800   -1.14750100 

 C                  1.65896800   -3.38347900   -2.91502000 

 H                  1.49991900   -4.29663600   -3.50688400 

 H                  2.72781500   -3.33014000   -2.66655900 

 H                  1.41862600   -2.52858300   -3.56014200 

 C                  2.78677500   -1.99858700   -0.07573100 

 H                  3.35296500   -1.64000500   -0.95015700 

 C                  3.08585000   -1.06695100    1.11484900 

 H                  4.15495000   -1.12531400    1.36770400 

 H                  2.50864900   -1.36997700    1.99851300 

 H                  2.83634600   -0.02622100    0.88084900 

 C                  3.24247400   -3.43417200    0.26935300 

 H                  4.28151100   -3.40788700    0.62931000 

 H                  3.20994400   -4.11427900   -0.59072400 

 H                  2.61781700   -3.85286200    1.06889600 

 C                 -1.83775800    3.22685500   -0.88827400 

 H                 -1.12426800    3.81329200   -1.48897500 

 C                 -2.83829100    2.53793200   -1.83709500 

 H                 -3.43701500    3.29775000   -2.36083700 

 H                 -3.52350500    1.88930800   -1.27696900 

 H                 -2.33601500    1.91916300   -2.59070600 

 C                 -2.58493600    4.18884700    0.06249500 
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 H                 -3.19473600    4.88382500   -0.53393500 

 H                 -1.90412900    4.79148700    0.67627700 

 H                 -3.25088500    3.63178700    0.73145100 

 C                  0.37105900    3.00595500    1.04148800 

 H                 -0.24406600    3.84023400    1.41007400 

 C                  0.89019300    2.22621200    2.26449900 

 H                  1.57932500    2.86544900    2.83718000 

 H                  1.42922500    1.32300400    1.95535700 

 H                  0.07016100    1.92496100    2.92568000 

 C                  1.53177800    3.57905200    0.20877500 

 H                  2.19727800    4.16936500    0.85568000 

 H                  1.17951000    4.24184700   -0.59412600 

 H                  2.12684500    2.76988100   -0.23772100 

 H                  1.25271500    0.55073400   -0.15788300 

 Fe                -0.06326700    0.04226700   -0.80678200 

 C                 -1.56982400   -0.49704500   -1.52125700 

 O                 -2.59619400   -0.84157200   -1.98464400 

 P                  0.80565000    0.68400400   -2.75034100 

 C                  2.61657300    0.37994200   -3.03182100 

 H                  2.83913400   -0.69192100   -2.97883300 

 H                  2.94150300    0.76366200   -4.00920900 

 H                  3.18089900    0.88750700   -2.23905000 

 C                  0.75189500    2.47720000   -3.24610000 

 H                 -0.28936900    2.80952900   -3.32571400 

 H                  1.26066400    3.08933300   -2.49430500 

 H                  1.24224900    2.62559900   -4.21894200 

 C                  0.03454600   -0.02116600   -4.28767100 

 H                 -1.01242400    0.30548400   -4.33164400 

 H                  0.55529100    0.32283900   -5.19246600 

 H                  0.03805500   -1.11631300   -4.26623000 
 

Zero-point correction 

iPrPCP-Fe Complex 63 (Global Minimum): 

= 0.589608 (Hartree/Particle) 
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Sum of electronic and thermal Enthalpies = -3376.113917 

Sum of electronic and thermal Free Energies = -3376.218758 

 

      X  Y  Z 

 P                  1.13597400   -1.80466500    0.28632000 

 P                 -0.66326300    1.99882000   -0.05073100 

 O                  0.04052800   -2.56652200    1.35168200 

 O                 -1.84137600    1.83045300    1.17265000 

 C                 -0.91965500   -0.37993300    1.20396900 

 C                 -0.87355400   -1.62537800    1.84761000 

 C                 -1.68115200   -1.96352500    2.94178600 

 H                 -1.61008300   -2.94914200    3.39748000 

 C                 -2.55876000   -0.98654900    3.43841000 

 H                 -3.19398200   -1.22111500    4.29179400 

 C                 -2.61739600    0.29426400    2.86637100 

 H                 -3.28197900    1.06150200    3.25856400 

 C                 -1.78919900    0.56474200    1.76847000 

 C                  1.55189100   -3.30477200   -0.76411100 

 H                  0.66359700   -3.42656000   -1.39455800 

 C                  2.75533300   -3.03658900   -1.69174700 

 H                  2.84165300   -3.85007200   -2.42671600 

 H                  3.69558600   -3.00685100   -1.12488500 

 H                  2.65329600   -2.09182700   -2.24130900 

 C                  1.73690700   -4.60595900    0.04358300 

 H                  1.83923900   -5.45330100   -0.65110300 

 H                  0.88150800   -4.79549800    0.70134800 

 H                  2.64660300   -4.57641900    0.65925900 

 C                  2.65511300   -1.62875600    1.38339100 

 H                  3.09120800   -2.63672000    1.46414600 

 C                  3.70472600   -0.67996400    0.76929100 

 H                  4.60569300   -0.67436800    1.40048900 

 H                  3.30992600    0.34268900    0.72354100 

 H                  4.00301200   -0.97005400   -0.24569700 

 C                  2.25781500   -1.15826800    2.79606300 
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 H                  3.16409900   -1.03034400    3.40663800 

 H                  1.60333100   -1.88179300    3.29466000 

 H                  1.73460600   -0.19384000    2.75442900 

 C                 -1.71461000    2.96647700   -1.27423600 

 H                 -2.38701500    2.19812900   -1.68570100 

 C                 -2.58949500    4.05885000   -0.62645600 

 H                 -3.26947500    4.48098800   -1.38163800 

 H                 -1.97922600    4.88536900   -0.23646900 

 H                 -3.18817300    3.65446100    0.19705100 

 C                 -0.86767700    3.53288800   -2.43291600 

 H                 -1.52839800    3.90530900   -3.22946800 

 H                 -0.19892000    2.77912500   -2.86993400 

 H                 -0.25380200    4.37976100   -2.09672300 

 C                  0.45122000    3.31319900    0.70035000 

 H                 -0.08171800    4.27139500    0.59811400 

 C                  0.67096400    3.03222100    2.19904100 

 H                  1.34657700    3.79147100    2.61995100 

 H                  1.13474300    2.04686300    2.34195400 

 H                 -0.27184400    3.05389300    2.75659200 

 C                  1.79998100    3.40647200   -0.04173700 

 H                  2.39642900    4.22698000    0.38388200 

 H                  1.68546900    3.59223400   -1.11688500 

 H                  2.36379400    2.47294800    0.07841200 

 H                  1.19332000    0.61361300    0.53540700 

 Fe                 0.16573800    0.01860500   -0.41882200 

 C                  1.20694600    0.37643300   -1.77122100 

 O                  1.93030100    0.62590900   -2.67110300 

 P                 -1.54064400   -0.80550800   -1.62823500 

 C                 -1.66889600   -0.23794300   -3.39526900 

 H                 -0.74387900   -0.50516200   -3.92201800 

 H                 -2.52341200   -0.70255600   -3.90721600 

 H                 -1.77736500    0.85197600   -3.44048600 

 C                 -3.25746200   -0.48862400   -0.98704100 

 H                 -3.38711600   -1.05476800   -0.05726300 
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 H                 -3.41250400    0.57054000   -0.75512300 

 H                 -4.00810300   -0.81490400   -1.72046300 

 C                 -1.72515900   -2.64139600   -1.90175900 

 H                 -1.62725700   -3.17009000   -0.94592700 

 H                 -2.71083300   -2.86355900   -2.33500500 

 H                 -0.95537100   -3.00534900   -2.59372000 

 

A5  Cartesian Coordinates of Structures from Section 3.2 

Zero-point correction 

iPrPCP-Fe Complex 62c: 

= 0.473220 (Hartree/Particle) 

Sum of electronic and thermal Enthalpies = -2915.074012 

Sum of electronic and thermal Free Energies = -2915.166585 

 

      X  Y  Z 

 P                  0.92236100   -1.97350100   -0.34240900 

 P                 -0.71792400    1.91512600    0.20255800 

 O                  0.15562400   -2.77715800    0.96490400 

 O                 -1.63855300    1.63175600    1.61862500 

 C                 -0.74892400   -0.56297100    1.20391800 

 C                 -0.66302600   -1.90208600    1.66361900 

 C                 -1.35422100   -2.38003800    2.78391000 

 H                 -1.26048800   -3.41965300    3.08950300 

 C                 -2.15510800   -1.47574200    3.49830800 

 H                 -2.70062800   -1.82767100    4.37352000 

 C                 -2.26898700   -0.12919000    3.11869400 

 H                 -2.88252600    0.56984600    3.68248200 

 C                 -1.55813700    0.29642100    1.99023600 

 C                  0.50626400   -3.21524500   -1.67010900 

 H                  0.75129500   -4.20587700   -1.25791100 

 C                 -1.01112100   -3.15841800   -1.94157700 

 H                 -1.29601200   -3.94928900   -2.65059300 

 H                 -1.29361600   -2.19167000   -2.38234700 
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 H                 -1.58419400   -3.29946300   -1.01673400 

 C                  1.32554100   -2.96807500   -2.95283600 

 H                  1.03860800   -3.70012300   -3.72162000 

 H                  2.40617500   -3.07019400   -2.78245400 

 H                  1.13750900   -1.96484600   -3.35643500 

 C                  2.70777500   -2.27689100    0.12757700 

 H                  3.29754200   -1.78046100   -0.65920900 

 C                  2.99141100   -1.58065100    1.47547800 

 H                  4.05247400   -1.70091300    1.73707900 

 H                  2.38650800   -2.02953900    2.27375800 

 H                  2.75959000   -0.51009100    1.43010300 

 C                  3.08147800   -3.77135300    0.19355500 

 H                  4.12377000   -3.87451200    0.52923000 

 H                  2.99562000   -4.26940500   -0.78062500 

 H                  2.44063600   -4.29906200    0.91217800 

 C                 -2.05522900    2.70847500   -0.83775300 

 H                 -1.54248100    3.05661800   -1.74865500 

 C                 -3.06278700    1.60667100   -1.23374600 

 H                 -3.85960500    2.03168100   -1.86089600 

 H                 -3.52580300    1.16701400   -0.34049000 

 H                 -2.57501300    0.80197900   -1.80054400 

 C                 -2.76520800    3.89739300   -0.16140800 

 H                 -3.57471100    4.26104800   -0.81136700 

 H                 -2.08467500    4.73902300    0.02226700 

 H                 -3.20658100    3.59158600    0.79563700 

 C                  0.36475100    3.30664900    0.80611500 

 H                 -0.31651800    4.09479700    1.16090100 

 C                  1.22345100    2.83272200    1.99442900 

 H                  1.80441500    3.67911900    2.38891400 

 H                  1.92448000    2.04802500    1.68143700 

 H                  0.59738700    2.43538600    2.80233500 

 C                  1.22823000    3.85046900   -0.34937800 

 H                  1.86320300    4.67118500    0.01432800 

 H                  0.62025000    4.23996400   -1.17788000 
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 H                  1.88157100    3.06173900   -0.74566600 

 H                  1.47021000    0.55737600   -0.02469100 

 Fe                 0.13426300    0.03805800   -0.41931400 

 C                  0.57319900    0.46846100   -2.04337700 

 O                  0.79879000    0.74878700   -3.16914700 

 

Zero-point correction 

iPrPCP-Fe Complex 62d:  

= 0.473446 (Hartree/Particle) 

Sum of electronic and thermal Enthalpies = -2915.069896 

Sum of electronic and thermal Free Energies = -2915.162549 

 

      X  Y  Z 

 P                  1.00231000   -1.89865400    0.00834600 

 P                 -0.83383200    1.93888700   -0.36189000 

 O                  0.00902700   -2.54945600    1.24476300 

 O                 -2.04465900    1.76832100    0.84018200 

 C                 -1.01158000   -0.39645500    0.94266700 

 C                 -0.98336800   -1.65125600    1.60268300 

 C                 -1.89487100   -2.02399100    2.59786400 

 H                 -1.83333200   -3.00458700    3.06439100 

 C                 -2.87216100   -1.09132800    2.97784200 

 H                 -3.59063300   -1.36078900    3.75151000 

 C                 -2.94383300    0.18196100    2.39223600 

 H                 -3.69412700    0.90717600    2.69901000 

 C                 -2.00765600    0.50236200    1.40163900 

 C                  0.82379600   -3.34505700   -1.17536400 

 H                 -0.24392600   -3.27273500   -1.44142100 

 C                  1.65537300   -3.18345400   -2.46436900 

 H                  2.72590100   -3.33180100   -2.26709500 

 H                  1.52585200   -2.19791000   -2.92663000 

 H                  1.34919600   -3.94657400   -3.19447000 

 C                  1.06028100   -4.71887500   -0.51680500 

 H                  0.76638100   -5.51505600   -1.21665300 
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 H                  0.47288300   -4.82998100    0.40135300 

 H                  2.12217000   -4.86906700   -0.27657000 

 C                  2.67250600   -2.03692700    0.83583100 

 H                  2.89143200   -3.11020900    0.94599100 

 C                  3.76815600   -1.37035700   -0.02111900 

 H                  4.74112500   -1.47361400    0.48085000 

 H                  3.55514400   -0.30075700   -0.14516400 

 H                  3.85454600   -1.81667800   -1.01971900 

 C                  2.59929400   -1.39911800    2.23843200 

 H                  3.58453100   -1.46759500    2.72244800 

 H                  1.86374900   -1.90746700    2.87152200 

 H                  2.32324000   -0.33830000    2.16894800 

 C                 -1.98434200    2.49850100   -1.73697500 

 H                 -2.56858200    1.58128800   -1.91890700 

 C                 -2.96190100    3.61196900   -1.30955900 

 H                 -3.71207100    3.76334400   -2.09982700 

 H                 -2.44033800    4.56871200   -1.16520600 

 H                 -3.48254200    3.35337700   -0.38105200 

 C                 -1.24030900    2.86536200   -3.03726900 

 H                 -1.96786000    2.98697700   -3.85275000 

 H                 -0.51691000    2.09817300   -3.33795500 

 H                 -0.70549600    3.81938900   -2.93209600 

 C                  0.04884200    3.45196100    0.28996200 

 H                 -0.64941300    4.29786500    0.19496000 

 C                  0.38049300    3.24812700    1.78251900 

 H                  0.90631800    4.13591200    2.16319500 

 H                  1.03498400    2.37688800    1.91961000 

 H                 -0.52654000    3.09705100    2.37806400 

 C                  1.32526500    3.74345800   -0.52598300 

 H                  1.81731900    4.64254400   -0.12745600 

 H                  1.11829400    3.91573300   -1.58955000 

 H                  2.02710900    2.90287800   -0.44950600 

 H                  1.37315400    0.68027000    0.16723000 

 Fe                 0.20477500    0.04741100   -0.50214500 
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 C                  1.05664300    0.31048100   -1.99267000 

 O                  1.59991400    0.47110300   -3.03047900 

 

A6  Cartesian Coordinates of Structures and Potential Energy Surface Scan Plots from 

Section 3.3 

 

iPrPCP-Fe Transition State (Rotation of iPr 1): 

Imaginary Frequency -71.43 cm-1 

Zero-point correction = 0.472975 (Hartree/Particle) 

Sum of electronic and thermal Enthalpies = -2915.067224 

Sum of electronic and thermal Free Energies = -2915.157950 

 

      X  Y  Z 

 P                 -2.14370600   -0.29971700   -0.00333300 

 P                  2.11995300   -0.19477900    0.08801500 

 O                 -2.45122700    1.36774400   -0.26061800 

 O                  2.34443700    1.49844400   -0.03421900 

 C                 -0.04828600    1.35526000   -0.20107500 

 C                 -1.26170300    2.07863500   -0.32733100 

 C                 -1.31936500    3.46644900   -0.50496500 

 H                 -2.27729300    3.97188800   -0.60442300 

 C                 -0.10924600    4.17656600   -0.53535600 

 H                 -0.13203600    5.25743200   -0.67186000 

 C                  1.12951300    3.53275500   -0.38969300 
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 H                  2.06364200    4.08972900   -0.40105900 

 C                  1.13029500    2.14332700   -0.21574100 

 C                 -3.19764400   -0.96446100   -1.39210400 

 H                 -4.16410200   -0.44153600   -1.32910700 

 C                 -2.52869000   -0.60521200   -2.73467000 

 H                 -3.16821300   -0.92233100   -3.57122200 

 H                 -1.56067800   -1.11671500   -2.83559300 

 H                 -2.36031300    0.47564500   -2.81851400 

 C                 -3.41916800   -2.48417800   -1.25431700 

 H                 -4.02585100   -2.84741200   -2.09649500 

 H                 -3.94668300   -2.74437600   -0.32641200 

 H                 -2.46540700   -3.02731600   -1.26736600 

 C                 -3.12107800   -0.54681500    1.57083900 

 H                 -2.97585600   -1.60756700    1.83011400 

 C                 -2.49870500    0.32564300    2.68198200 

 H                 -3.01371200    0.13375500    3.63418900 

 H                 -2.60793700    1.39062900    2.43984800 

 H                 -1.43112300    0.11017100    2.80877900 

 C                 -4.62633500   -0.24906100    1.41934700 

 H                 -5.12078100   -0.35425700    2.39615800 

 H                 -5.12279000   -0.93421000    0.72024000 

 C                  3.04903700   -0.48941700    1.68649500 

 H                 -4.78359500    0.77983500    1.06992400 

 C                  3.19898100   -0.78105600   -1.36543200 

 H                  2.48511100   -1.33984900   -1.98870200 

 C                  3.73137200    0.40373400   -2.19737200 

 H                  4.25864800    0.00994900   -3.07921600 

 H                  4.43459400    1.01657500   -1.61987200 

 H                  2.92207300    1.05706900   -2.54297300 

 C                  4.33543200   -1.75079400   -0.98453600 

 H                  4.84404400   -2.08236200   -1.90150300 

 H                  3.96512900   -2.64666500   -0.47172700 

 H                  5.08796800   -1.26883400   -0.34591600 

 H                  4.12112200   -0.34921400    1.47971600 
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 C                  2.59958800    0.55992800    2.72500000 

 H                  3.09745600    0.35692400    3.68441400 

 H                  1.51394900    0.50737400    2.88468100 

 H                  2.85329100    1.57606900    2.40569400 

 C                  2.80268900   -1.91733800    2.21472400 

 H                  3.37349400   -2.06871700    3.14240100 

 H                  3.10486700   -2.69580600    1.50351300 

 H                  1.73696700   -2.05858800    2.43578900 

 H                 -0.01336400   -0.84642100    1.42909400 

 Fe                 0.00057500   -0.57673200   -0.03373300 

 C                  0.06783700   -2.29958200   -0.24496000 

 O                  0.12935500   -3.46112100   -0.45545000 
 

 

iPrPCP-Fe Transition State (Rotation of iPr 3): 

Imaginary Frequency -61.74 cm-1 

Zero-point correction = 0.472988 (Hartree/Particle) 

Sum of electronic and thermal Enthalpies = -2915.068596 

Sum of electronic and thermal Free Energies = -2915.159890 

 

      X  Y  Z 

 P                 -2.16804100   -0.27006500   -0.03199800 

 P                  2.10173200   -0.10687700    0.01440100 

 O                 -2.48960700    1.40942200   -0.09196600 
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 O                  2.30605400    1.59094600   -0.08122500 

 C                 -0.08768100    1.42585700   -0.15010100 

 C                 -1.31207200    2.13887900   -0.17278800 

 C                 -1.39495600    3.53323600   -0.26683600 

 H                 -2.36257800    4.02933200   -0.29089000 

 C                 -0.19609000    4.26193200   -0.31364700 

 H                 -0.23793200    5.34849800   -0.38408300 

 C                  1.05457400    3.62749300   -0.26358300 

 H                  1.98151600    4.19615600   -0.28454400 

 C                  1.07812100    2.23060900   -0.16932100 

 C                 -3.20793600   -0.75486600   -1.51293700 

 H                 -4.20902200   -0.33346400   -1.32251500 

 C                 -2.62619600   -0.10325200   -2.78310400 

 H                 -3.28598900   -0.29725900   -3.64122700 

 H                 -1.63778200   -0.52399700   -3.01911500 

 H                 -2.52179100    0.98172900   -2.66477600 

 C                 -3.31611100   -2.28495300   -1.66524600 

 H                 -3.93694600   -2.52542300   -2.54039600 

 H                 -3.77769700   -2.76360300   -0.79082900 

 H                 -2.32822700   -2.73937600   -1.81526100 

 C                 -3.24011000   -0.80433400    1.42907800 

 H                 -3.97595200   -1.49923700    0.99464800 

 C                 -2.43018300   -1.56749700    2.49435100 

 H                 -3.10951400   -1.93534100    3.27774500 

 H                 -1.68461700   -0.91254100    2.96299400 

 H                 -1.89942200   -2.42651500    2.06614100 

 C                 -4.00564000    0.38411200    2.04643400 

 H                 -4.65985100    0.00963100    2.84760200 

 H                 -4.62509200    0.90582600    1.30774500 

 C                  3.03701500   -0.46709700    1.59318300 

 H                 -3.31386200    1.11609000    2.48113100 

 C                  3.22853500   -0.54467800   -1.42226600 

 H                  2.64655800   -0.17526100   -2.28285700 

 C                  4.57733200    0.20215800   -1.40027800 
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 H                  5.11047500    0.02343400   -2.34582300 

 H                  5.22185500   -0.15909100   -0.58651100 

 H                  4.43408800    1.28145400   -1.27968500 

 C                  3.42284500   -2.06609600   -1.58277000 

 H                  3.92235400   -2.27399200   -2.53994200 

 H                  2.47235900   -2.61319900   -1.56851300 

 H                  4.06269400   -2.46879600   -0.78550400 

 H                  4.10743400   -0.32360300    1.37939300 

 C                  2.60489500    0.53899300    2.67955100 

 H                  3.11692300    0.30057900    3.62317500 

 H                  1.52151100    0.48108100    2.85208100 

 H                  2.85437200    1.56705000    2.39538800 

 C                  2.79251900   -1.91921400    2.05237600 

 H                  3.37649400   -2.12015200    2.96236000 

 H                  3.08111200   -2.65879500    1.29484900 

 H                  1.73005500   -2.06922900    2.28218900 

 H                 -0.00335300   -0.74016000    1.36356600 

 Fe                -0.01939000   -0.50967500   -0.10138300 

 C                  0.03816700   -2.23873500   -0.27384300 

 O                  0.07372100   -3.41352000   -0.40122300 
 

 

iPrPCP-Fe Transition State (Rotation of iPr 2): 

Imaginary Frequency -54.83 cm-1 
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Zero-point correction = 0.472653 (Hartree/Particle) 

Sum of electronic and thermal Enthalpies = -2915.066884 

Sum of electronic and thermal Free Energies = -2915.158168 

 

      X  Y  Z 

 P                 -2.18191900   -0.04530600   -0.05640500 

 P                  2.08669600   -0.22172400   -0.01377200 

 O                 -2.37638800    1.65028000   -0.23108300 

 O                  2.42072000    1.45062700   -0.16057700 

 C                  0.02020600    1.47126600   -0.25565600 

 C                 -1.14308100    2.27965800   -0.31895200 

 C                 -1.11153300    3.67270600   -0.45557700 

 H                 -2.03579000    4.24378600   -0.50662500 

 C                  0.14232700    4.30107300   -0.51052000 

 H                  0.18899500    5.38460400   -0.61624300 

 C                  1.33714100    3.57034100   -0.42500800 

 H                  2.30714200    4.06161900   -0.45265900 

 C                  1.24718500    2.17998400   -0.28626200 

 C                 -3.30457800   -0.55248800   -1.50172100 

 C                 -2.52086100   -1.42532900   -2.50346600 

 H                 -3.14043500   -1.62384400   -3.39058800 

 H                 -2.23908500   -2.38940300   -2.06124700 

 H                 -1.60142100   -0.92668300   -2.83980100 

 C                 -4.64880700   -1.20729400   -1.12963000 

 H                 -5.21905800   -1.40457700   -2.04927600 

 H                 -5.26530800   -0.56206800   -0.49121900 

 H                 -4.50766900   -2.16868700   -0.61858000 

 C                 -3.12248300   -0.30100000    1.53799900 

 H                 -4.18138500   -0.08570700    1.33194000 

 H                 -3.51187300    0.42055800   -1.97081700 

 C                 -2.97393500   -1.75729200    2.02333300 

 H                 -3.56772100   -1.90482500    2.93695600 

 H                 -1.92306400   -1.97362200    2.25417600 

 H                 -3.31299800   -2.49022100    1.27943100 
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 C                 -2.61118400    0.69599400    2.59753000 

 H                 -3.14081300    0.52319100    3.54585200 

 H                 -2.78207200    1.73246200    2.28635900 

 C                  3.01003500   -0.60271400    1.56656000 

 H                 -1.53593700    0.55901300    2.77301400 

 C                  3.15984000   -0.78367400   -1.44974400 

 H                  2.61704000   -0.35603700   -2.30908900 

 C                  4.57915600   -0.18172700   -1.43418500 

 H                  5.08345600   -0.40825300   -2.38523400 

 H                  5.18864900   -0.61480900   -0.62862000 

 H                  4.55109400    0.90613000   -1.30679600 

 C                  3.19392500   -2.31734500   -1.60974700 

 H                  3.66836900   -2.57605400   -2.56745600 

 H                  2.19190700   -2.76302300   -1.59392100 

 H                  3.78889000   -2.78527900   -0.81336900 

 H                  4.08539900   -0.53238500    1.34196400 

 C                  2.65338600    0.45431600    2.63159200 

 H                  3.16582200    0.21121600    3.57382600 

 H                  1.57149100    0.46364500    2.82163200 

 H                  2.95713300    1.45840300    2.31632100 

 C                  2.67834200   -2.02524500    2.06191000 

 H                  3.25913600   -2.24371100    2.96984700 

 H                  2.90989000   -2.79829300    1.31836800 

 H                  1.61148400   -2.10178100    2.30713700 

 H                 -0.07796000   -0.64130700    1.36354200 

 Fe                -0.05918600   -0.46256000   -0.11312100 

 C                 -0.12871100   -2.19644000   -0.21847300 

 O                 -0.18070100   -3.37357100   -0.31114300 
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