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Styrene production by a (FlDAB)PdII(TFA)(η2-C2H4) complex was modeled using 

density functional theory (DFT). Benzene C-H activation by this complex was studied via five 

mechanisms: oxidative addition/reductive elimination, sigma-bond metathesis, concerted 

metalation deprotonation (CMD), CMD activation of ethylene, and benzene substitution of 

ethylene followed by CMD of the ligated benzene. Calculations provided evidence that conversion 

of benzene and ethylene to styrene was initiated by the fifth pathway, arylation via CMD of 

coordinated benzene, followed by ethylene insertion into the Ru-Ph bond, and then β-hydrogen 

elimination. Also, monomer (active species)/dimer equilibrium concentrations were analyzed. The 

results obtained from present study were compared with that of a recently reported RhI complex 

to help identify more suitable catalysts for the direct production of styrene from ethylene and 

benzene. 

Second, theoretical studies of heterobimetallic {Ag–Fe(CO)5}+ fragments were performed 

in conjunction with experiments. The computational models suggested that for this first example 

of a heterodinuclear, metal-only FeAg Lewis pair (MOLP) that Fe(CO)5 acts as a Lewis base and 

AgI as a Lewis acid. The ῡCO bands of the studied molecules showed a blue shift relative to those 

measured for free Fe(CO)5, which indicated a reduction in Fe→CO  backbonding upon 

coordination to silver(I). Electrostatic interaction is predicted via DFT as the dominant mode of 

Fe—Ag bonding augmented by a modest amount of charge transfer between Ag+ and Fe(CO)5. 

Third, computational analyses of hypothetical transition metal-terminal boride 

[MB(PNPR)] complexes were reported. DFT, natural orbital analysis (NBO), and 



 

multiconfiguration self-consistent field (MCSCF) calculations were employed to investigate the 

structure and bonding of terminal boride complexes, in particular the extent of metal dπ - boron 

pπ bonding. Comparison of metal-boride, -borylene and –boryl bond lengths confirms the presence 

of metal-boron π bonds, albeit the modest shortening (~ 3%) of the metal-boron bond suggests that 

the π-bonding is weak. Their instabilities, as measured by free energies of H2 addition to make the 

corresponding boryl complexes, indicate terminal boride complexes to be thermodynamically 

weak. It is concluded that for the boride complexes studied, covering a range of 4d and 5d metals, 

that the metal-boride bond consisted of a reasonably covalent σ and two very polarized π metal-

boron bonds. High polarization of the boron to metal π-bonds indicated that a terminal boride is 

an acceptor or Z type ligand. 

Finally, anti-Markovnikov addition of water to olefins has been a long-standing goal in 

catalysis. The [Rh(COD)(DPEphos)]+ complex was found as a general and regioselective group 9 

catalyst for intermolecular hydroamination of alkenes. The reaction mechanism was adapted for 

intermolecular hydration of alkenes catalyzed by a [Rh(DPEphos)]+ catalyst and studied by DFT 

calculations. Olefin hydration pathways were analyzed for anti-Markovnikov and Markovnikov 

regioselectivity. On the basis of the DFT results, the operating mechanism can be summarized as 

follows: styrene activation through nucleophilic attack by OHδ− of water to alkene with 

simultaneous Hδ+ transfer to the Rh; this is then followed by formation of primary alcohol via 

reductive elimination. The competitive formation of phenylethane was studied via a β-elimination 

pathway followed by hydrogenation. The origin of the regioselectivity (Markovnikov vs anti-

Markovnikov) was analyzed by means of studying the molecular orbitals, plus natural atomic 

charges, and shown to be primarily orbital-driven rather than charge-driven. 
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CHAPTER 1 

INTRODUCTION 

1.1 Introduction 

Theoretical chemistry is one of the six main branches of chemistry and computational 

chemistry is a subset of theoretical chemistry. In computational chemistry, a chemist employs 

quantum or classical mechanical methods with computer software packages in order to obtain 

structural, thermodynamic and kinetic data. Then, the computational chemist extracts useful 

information from large bodies of data, such as bond lengths and angles, bond dissociation 

enthalpies, reaction enthalpies, bond orders between atoms, etc. to better understand existing 

chemical systems or to evaluate new systems. 

Even though computational chemistry is a relatively new branch of chemistry, it has 

attracted significant interest due to its ability to predict chemical reactivity, reaction energies, and 

electronic interactions in many diverse chemical systems. Thus, computational chemists can 

suggest to experimentalists profitable paths to manipulate their compounds, catalysts, and drugs 

in order to improve the reactivity, selectivity, yield or novelty of their systems. Also, the use of 

computational chemistry has grown in both academia and industry, since a computational chemist 

can give valuable insight, reducing expensive, hazardous and time-consuming experiments 

without many of the drawbacks of experiments.  

Presented studies in this dissertation consist of computational and combined experimental- 

computational studies that give wide-ranging perspectives for important chemical problems and 

bring a broader view of solutions compared to an experimental-only aspect. Herein, the following 

collaborative and individual projects will be discussed. 

1. Modeling of PdII and RhI-catalyzed catalytic cycles for single-step styrene production.

2. Computational analysis of transition metal-terminal boride complexes.
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3. Heterobimetallic silver-iron complexes involving Fe(CO)5 ligands in collaboration 
with Prof. H. V. Rasika Dias at the University of Texas at Arlington. 

4. Direct anti-Markovnikov addition of water to olefins to synthesize primary alcohols. 

  

1.2 Statement of the Problem 

1.2.1 Comparison of PdII and RhI-Catalyzed Catalytic Cycles for Single-Step Styrene Production 

One of the most studied organometallic catalytic reactions is the formation of alkyl arenes 

from aromatic hydrocarbons and olefins using transition metal complexes. For example, 18.5 

million tons of styrenes are produced yearly [1].  Styrene has been produced on a very large scale 

because it is an essential component of thousands of strong, flexible, and lightweight products for 

home, school, work, and play [1].   Thus, the Gunnoe and Cundari groups analyzed direct reaction 

pathways to the synthesis of styrene using RhI and PtII complexes via experiment and DFT 

calculations [2]. A Pd catalyst (FIDAB)Pd(TFA)(η2-C2H4) (FIDAB = N,N′- bis(pentafluorophenyl)-

2,3-dimethyl-1,4-diaza-1,3-butadiene; TFA = trifluoroacetate], Figure 1.1,  to convert benzene and 

ethylene to styrene was modeled. Five reaction mechanisms are discussed and compared with 

results available for previous Rh-based catalysts. There is evidence from our research to predict 

that PdII would be a better alternative for single-step styrene production than analogous RhIII 

catalysts.  

 
Figure 1.1: Depiction of the active Pd catalyst. (FIDAB)Pd(TFA)(η2-C2H4) (FIDAB = N,N′- 
bis(pentafluorophenyl)-2,3-dimethyl-1,4-diaza-1,3-butadiene; TFA = trifluoroacetate]. 
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1.2.2 Computational Analysis of Transition Metal-Terminal Boride Complexes 

A terminal boride complex (LnM(B)) has, to our knowledge, not been structurally 

synthesized and it is thus the only missing terminal complex among the transition metals and 

second period p-block elements. Carbides, nitrides, oxide and fluorides are well known 

experimentally. Therefore, we studied via quantum chemistry possible terminal boride complexes. 

For this research, the molecular and electronic structure of different models of metal-boride species 

are examined, for example, [OsB(PNPR)] (PNPR) = bis(2-(di-alkylphosphino)ethyl)-amine) and 

continuing on to smaller models such as [OsB(PNPH)] and nitride variants thereof. Group 10 

borides are also analyzed, Figure 1.2. 

 
Figure 1.2: Depiction of the [MB(PNPR)] model boride complexes. M = Os, Pd, Pt; R = H, Me, tBu, 
Cy. 

 

1.2.3 Heterobimetallic Silver-Iron Complexes Involving Fe(CO)5 Ligands 

Iron pentacarbonyl is a common chemical compound because it is a cheap and accessible 

starting material. Plenty of chemical structures can be derived from Fe(CO)5 by displacing one or 
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more carbon monoxides with a variety of donor ligands, which generates Fe(CO)5-x(L)x, 

complexes; such syntheses generally occur via reactions with Lewis bases (L). However, Dias and 

his group reported that Fe(CO)5 can also act as a ligand and react with silver(I) species and then 

synthesized heterometallic complexes with unusual direct metal-metal bonding. The exemplary 

metal only Lewis pair (MOLP) complex was depicted in Figure 1.3. Such complexes have received 

great attention due to their luminescence, magnetism and electrical conductivity properties [3-6]. 

In our collaborative study, the bonding and structures of novel heterodinuclear complexes that 

were recently reported were modeled. 

 
Figure 1.3:   Depiction of the metal-only Lewis pair complex [AgFe(CO)5L]. X- = [B{3,5-
(CF3)2C6H3}4]-, [SbF6]-.  

 

1.2.4 Direct Anti-Markovnikov Addition of Water to Olefin to Synthesize Primary Alcohols 

Primary alcohols are broadly used in flavorings, perfumes, as well as household and 

personal care products [7]. Direct hydration of olefins by adding water across a carbon–carbon 

double bond most commonly occurs with Markovnikov regioselectivity [8]. H. C. Brown 

indirectly synthesized primary alcohols with anti-Markovnikov selectivity via hydroboration 

pathways [9], which helped him to receive a Nobel Prize. However, direct primary alcohol via 

anti-Markovnikov addition of water to an unactivated olefin has, to our knowledge, not been 

achieved. In order to work toward this goal, we modeled the mechanism of a novel catalyst 

[Rh(DPEphos)]+  [DPEphos = bis[(2-diphenylphosphino)phenyl]ether, the active catalyst was 
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depicted in Figure 1.4, that converts styrene and water to a primary alcohol. Possible competitive 

Markovnikov hydration and hydrogenation mechanisms were also investigated. 

 
Figure 1.4: Depiction of the active catalyst [Rh(DPEphos)]+.  [DPEphos = bis[(2-
diphenylphosphino)phenyl]ether. 

 

1.3 Purpose of the Studies 

The purpose of these studies is to investigate, explore and potentially identify better 

catalysts and catalytic reaction cycles with computational methods that have high accuracy and 

low cost in order to guide catalyst exploration. This is accomplished by investigation of kinetics, 

thermodynamics, orbital interactions, and bonding environments. Computational (dry) methods 

can often be cheaper and faster than traditional experimental (wet) methods. Any unwanted 

reaction pathway or stationary points may be foreseen and either eliminated or reduced via 

simulations before conducting procedures in the experimental lab.  

 

1.4 Research Questions 

The research questions asked are given in the same sequence the studies are mentioned in 

this dissertation. For Chapter 2, the results obtained from present study were compared with that 

of a recently reported RhI complex to help identify more suitable catalysts for the direct production 

of styrene from ethylene and benzene. We sought to find out whether Pd is good alternative to Rh 
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catalysts. For Chapter 3, all transition metal - terminal 2p element complexes have been 

synthesized except for a terminal boride. Therefore, we asked - why not? How may one stabilize 

a terminal boride for possible synthesis? To answer these questions, the electronic structures of 

different models of possible metal-boride complexes were investigated. For Chapter 4, 

collaboration with an experimental group led us to inquire whether computational methods could 

give a better understanding of the nature of unusual AgFe bonds. Is the polarization towards Fe or 

Ag? What nature of bonding interaction occurs between iron and silver in this heterobimetallic 

FeAg complex? For Chapter 5, it was speculated whether the catalyst and pathway proposed for 

anti-hydroamination could accomplish anti-Markovnikov selectivity if the amine substrate was 

changed to water. Their reaction mechanism was adjusted for intermolecular hydration of alkenes 

catalyzed by a [Rh(DPEphos)]+ catalyst and a novel mechanism identified.  

 

1.5 Rationale 

Computational chemistry is a tool that does not yield a product but it provides assistance 

in designing chemical compounds that may turn out to be commercially viable. Computational 

chemistry methods have received significant recent interest as the methods are continually 

validated and show great harmony with experimental observations. The interface of software, 

interpretable structural, thermodynamic and kinetic values, and bringing a broader perspective of 

solutions to chemistry/biology/physics problems makes this an emerging area of chemical 

research.  
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CHAPTER 2 

COMPARISON OF PdII VS RhI-CATALYZED CATALYTIC CYCLE 

FOR SINGLE STEP STYRENE PRODUCTION* 

2.1 Introduction 

Transition metal catalyzed olefin hydroarylation has received significant interest because 

of potential applications in industrial chemistry [2,10]. These reactions entail the transition metal-

mediated addition of an aromatic C-H bond to an olefin C=C bond to yield an alkyl arene [11]. 

Vinyl arenes such as styrene, which is produced from the alkyl arene ethylbenzene, are produced 

on a large scale and used as precursors for detergents, dispersants and polymers [1,12]. For 

instance, 18.5 million tons of vinyl arenes are produced yearly [13]. Gunnoe’s group reported in 

2005 that catalytic formation of alkyl arene via a mechanism involving olefin insertion and C-H 

activation by transition metal could provide a significant advance over traditional Friedel-Crafts 

acid-catalyzed processes [14,15]. Drawbacks of traditional Friedel-Crafts method include a 

preference for branched products, low selectivity and the use of strong acids [16].  

Gunnoe and Cundari, Periana and Goddard and their coworkers studied hydrophenylation 

of α-olefins by RuII and IrIII catalysts, respectively, that lead to anti-Markovnikov products with 

low selectivity [17]. Later, the former researchers studied PtII catalysts, combining computation 

and experiment to understand ethylbenzene production by hydrophenylation of ethylene and 

benzene. Furthermore, they identify a catalyst to produce styrene, albeit in low concentrations, 

through a β-hydride elimination pathway from Pt–CH2CH2Ph intermediates [18,19,20]. This 

pathway was enhanced by the introduction of electron-withdrawing groups on the supporting 

ligands. Later, Gunnoe and co-workers found that using a platinum(II) catalyst to produce styrene 

* Reprinted from Y. S. Ceylan, T. R. Cundari, Computational and Theoretical Chemistry, 1115 (2017) 313-322,
with permission of Elsevier. 
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caused catalyst decomposition via production of Pt(s) and H2 from PtII-hydride intermediates, 

Other drawbacks of these catalysts include low yield, low selectivity and the use of oxidants that 

cannot be regenerated via molecular oxygen [20]. Therefore, Gunnoe et al. proposed that designing 

RhIII catalyst would yield more stable RhIII-H intermediates as compared to related PtII-H species 

[21].  

Recently, Gunnoe et al. reported a Rh catalyst (FIDAB)Rh(TFA)(η2 –C2H4) (FIDAB = N,N′- 

bis(pentafluorophenyl)-2,3-dimethyl-1,4-diaza-1,3-butadiene; TFA = trifluoroacetate) to convert 

benzene and ethylene, in conjunction with CuII-acetate to produce styrene, CuI-acetate, and acetic 

acid with 100% selectivity and yields ≥95% [21]. Later, a mechanistic study of catalytic 

hydrovinylation to produce styrene in a single step by this RhI catalyst (FIDAB)Rh(TFA)(η2–C2H4) 

was reported [21]. 

Herein, we report a detailed comparison of catalytic hydrophenylation of ethylene to 

produce styrene by the model PdII catalyst (FIDAB)Rh(TFA)(η2–C2H4), which is, of course, 

valence isoelectronic with the reported RhI catalyst. We seek to identify a reasonable reaction 

mechanism, to develop a better understanding of the individual steps in the catalytic cycle, and to 

delineate energetic differences between RhI and PdII catalysts. 

 

2.2 Computational Methods 

In order to study the mechanism of styrene catalysis via (FlDAB)Pd(TFA)(h2-C2H4), 

density functional theory (DFT) was employed. All simulations were performed using the 

Gaussian 09 [23] suite. All stationary points were acquired at the B3LYP [24,25] /LANL2DZ+6-

31G(d) level of theory for Pd and main group elements; for single point energy calculations, the 

6- 311++G(d,p) basis set was used for main group elements. The B3LYP functional has been 
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extensively and successfully used in modeling olefin hydroarylation and related reactions [26-32]. 

As this project is a comparison of RhI vs PdII, B3LYP was also used to provide a better base of 

comparison with previous work. Likewise, catalysis with Pd has received considerable recent 

attention and the double zeta LANL valence basis set/effective core potential has been widely used 

[33-39]. Gibbs energies are stated in kcal/mol and determined at 423.15 K. Enthalpic and entropic 

corrections employ unscaled B3LYP/LANL2DZ+6-31G(d) vibrational frequencies (assuming P = 

1 atm). The SMD solvation model [40] was used with benzene as the continuum solvent along 

with the GD3BJ dispersion correction [41]. SMD is used widely among implicit solvation models 

[42-50] and is suitable for irregular cavity shapes. With respect to imaginary frequencies and the 

energy Hessian, optimized ground and transition states were differentiated. 

 

2.3 Results and Discussions 

2.3.1 Proposed Active Species of Pd Catalyst 

Pd-catalyzed styrene production started with the reaction of monomer, 

(FlDAB)Pd(TFA)(η2-C2H4) (1) in benzene solvent; in analogy with the Rh catalytic cycle [22]. for 

styrene synthesis. Structure 1 was expected to come from the reaction of bimetallic [Pd(μ-

TFA)(FIDAB)]2 (1-d) with ethylene, Figure 2.1. The free energy Grel difference between bimetallic 

1-d and monomer 1 is -0.5 kcal/mol while it is 6.3 kcal/mol in the case of the Rh complex at the 

same level of theory. Therefore, formation of the Pd catalyst precursor 1 is mildly exergonic, while 

for the Rh analogue it is computed to be endergonic. Hence, this suggests a significant difference 

between Rh and potential Pd catalysts for styrene production, and a potential advantage for a Pd 

version of the catalyst.  
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Figure 2.1: Calculated Gibbs free energies of PdII versus RhI (red font in parentheses) for the 
formation of monomer 1 from the reaction of dimer with ethylene at 423.15 K. 

 

2.3.2 Initial Adduct Formation in Benzene  

Active species, (FIDAB)Pd(TFA)(η2-C2H4), 1, may give three plausible adducts with a 

benzene molecule, similar to those investigated by Khani et al. for Rh adducts; [15,32,51] these 

are labeled 1-1 (benzene outer sphere complex), 1-2 (square planar complex with free TFA-) and 

1-3 (a trigonal bipyramidal complex with inner sphere benzene, Figure 2.2. Relative (to the dimer 

catalyst) free energies are given in parentheses for Rh adducts. Complex 1-1 results when benzene 

interacts weakly in the outer sphere of the complex 1. The relative free energy difference between 

complex 1-d and 1-1 is 4.5 and 15.2 kcal/mol for Pd and Rh systems, respectively. The relative 

free energy difference of 1-1 RhI and PdII of 10.7 kcal/mol is largely due to the 6.8 kcal/mol 

difference between 1-d (bimetallic) and 1 (monometallic) for the RhI and PdII models. The relative 

free energy of adduct 1-3 is 53.3 kcal/mol for the PdII complex and 39.6 kcal/mol for the RhI 

complex. The high free energy difference between 1-1 and 1-3 reflects the energy needed to distort 

the PdII complex from a more favorable, d8 low spin square planar structure to a trigonal 

bipyramidal arrangement with weakly bonding benzene occupying the fifth coordination site. 

Exchanging an inner sphere trifluoroacetate (TFA) anion with the outer sphere benzene yielded 

the ion pair adduct 1-2. Going from complex 1 to the ion pair complex 1-2 is highly endergonic, 
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calculated to be ~83 kcal/mol, because benzene solvent has a very low dielectric constant (ε = 

2.27).    

 
Figure 2.2: Calculated free energies, including solvent (SMD-benzene) and dispersion corrections, 
for the formation of three different PdII adducts from the reaction of compound 1 with benzene at 
423.15 K. RhI adducts of free energies are given in parentheses in the red font.  
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Figure 2.3: Proposed mechanism for RhI-catalyzed catalytic cycle for styrene production from 
benzene and ethylene [22]. The PdII-catalyzed catalytic cycle in this study was modeled after this RhI 
cycle. 

  

2.3.3 Modeling of the Proposed Pd(II) Catalytic Cycle 

DFT calculations were used to investigate a proposed catalytic cycle for styrene 

production. The proposed mechanism for PdII was adapted from a reported RhI catalytic cycle, 

Figure 2.3, which is also similar to a reported hydroarylation mechanism advanced from 

computational and experimental studies of square planar PtII catalysts [22,51]. Compound 1 came 

from reaction of the bimetallic 1-d with ethylene, and then ethylene/phenyl complex, 1-P 

[(FIDAB)PdI(Ph)(η2 –C2H4)] was created from complex 1 by benzene C-H activation. In the RhI 

catalytic cycle, two mechanisms for C-H activation were initially evaluated, a one-step concerted 



13 
 

metalation deprotonation (CMD) pathway. The second mechanism involved oxidative addition 

(OA) and reductive elimination (RE) of C-H bonds. In addition, for the present PdII catalytic cycle, 

a σ-bond metathesis (SBM) activation pathway was also investigated. The coordinatively 

unsaturated β-phenethyl 1-H complex were created from insertion of the ethylene C=C bond into 

the Pd-phenyl bond of complex 1-P.  In the RhI catalytic cycle, an ethylene adduct of a Rh-β-

phenethyl complex was computed as a possible catalyst resting state. Thus, in the PdII catalytic 

cycle, reaction of 1-P with ethylene was also investigated as a possible resting state. Finally, for 

the PdII catalytic cycle, β-hydrogen elimination of 1-H, yielded a coordinated styrene complex 1-

S, Figure 2.3. 

  

2.3.3.1 Comparison of Benzene C-H Activation for PdII vs. RhI 

Three profiles were initially calculated for phenyl C-H activation from benzene adduct 1-

1, (FlDAB)Pd(TFA)(η2-C2H4)(C6H6): (a) oxidative addition (OA)/reductive elimination (RE), (b) 

concerted metalation deprotonation (CMD), and (c) σ-bond metathesis (SBM). Note that free 

energies for the RhI C-H activation pathways are given in red font and parentheses in the figures. 

First, PdII was oxidized to an octahedral PdIV structure (1-1c) via the TS1 transition state. This 

octahedral PdIV structure has a free energy of 49.1 kcal/mol (relative to dimer 1-d), which is 44.6 

kcal/mol more than adduct 1-b. Also, the OA transition state is somewhat similar for both RhI and 

PdII ions in relative free energy (43.4 vs. 50.2 kcal/mol), but since the benzene adduct is higher in 

free energy for RhI, the absolute OA barrier is less energy by 23.0 kcal/mol for RhI in relation to 

PdII. The PdIV intermediate (1-1c) undergoes reductive elimination to give a PdII complex (1-P) 

via transition state (TS2), which has a calculated Grel = 60.1 kcal/mol; thus, this transition state is 

11.0 kcal/mol above the PdIV intermediate 1-1c, Figure 2.4. Other coordination isomers of 1-1c, 
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(FIDAB)PdIV(H)(TFA)(Ph)(η2-C2H4), were studied, and 1-1c was found to be most stable in free 

energy, similar to what was previously reported for the RhI/III cycle. Complex 1-1c has the phenyl 

and hydrogen of the activated benzene cis to each other and the hydride is trans to the TFA ligand. 

In our calculations, the Pd-H bond distance lengthened by only 0.02 Å from 1-1c to reductive 

elimination transition state TS2. In contrast, Rh-H distances were shortened by 0.11 Å from 

intermediate 1-1c to reductive elimination transition state TS2.  

 
Figure 2.4: B3LYP/LANL2DZ+6-311++G(d,p)/benzene calculated free energies for PdII versus RhI 

(in parenthesis in red font) including solvent (SMD-benzene) and dispersion corrections for 
OA/RE,CMD and σ-bond metathesis SBM pathways leading to the formation of (FIDAB)Rh(Ph)(η2-
C2H4) (1-P) at 423.15 K. 

 
Benzene activation may also be achieved via a single-step CMD mechanism as reported 

for the Rh catalytic cycle [22]. Relative free energies of PdII and RhI CMD transition states are 

29.9 and 47.7 kcal/mol, Figure 2.4, respectively. In the Pd mechanism, CMD TS3B is 17.8 

kcal/mol above benzene adduct 1-b. For the Rh mechanism, it was reported that the corresponding 
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CMD TS is 32.5 kcal/mol above the benzene adduct [22]. The CMD transition state TS3B is 20.3 

kcal/mol and 30.2 kcal/mol, respectively, lower than the OA and RE transition states just discussed 

for the Pd mechanism. However, in the Rh mechanism, the CMD transition state is only slightly 

higher than the OA and RE transition states by 4.3 and 8.2 kcal/mol. Therefore, there is a clearer 

preference for the CMD pathway for the palladium catalyst model in comparison to the rhodium 

analogue. 

Geometry optimization of the CMD transition state TS3b predicted bond lengths for Rh-

C, Rh-H, Pd-C and Pd-H are 2.22, 2.18, 2.14 and 2.34 Å, respectively; the C-H bond being 

activated for the Rh and Pd complexes were elongated by 0.26 and 0.20 Å, respectively, compared 

to the spectator CPh-H bonds in TS3b. For comparison, the covalent radii of Pd and Rh are 140 pm 

and 142 pm [45]. Also, the ionic radii of PdII and RhI are 100 pm and 81 pm [53]. Our calculations 

predicted that Pd-C and Pd-H bond lengths for the CMD transition state were longer than the OA 

transition state by ~ 0.04 and 0.80 Å, respectively; reported Rh-C and Rh-H bond lengths for the 

CMD transition state are longer than the corresponding OA transition state by ~ 0.21 and 0.62 Å, 

respectively. The CMD and OA bond length comparison also indicated that as the M-C bond gets 

shorter, the energy barrier is increased.  

Meanwhile, the C-H bond of Pd and Rh OA transition states were longer than those for 

CMD by 0.59 Å and 0.23 Å, respectively. As depicted in Figure 2.5d, which displays the PdIV 

intermediate, the Pd-N2 bond trans to the phenyl ligand were longer than the Pd-N1 bond trans to 

η2-C2H4 by 0.16 Å; the difference emphasizes the stronger trans influence/effect of phenyl as 

compared to η2-C2H4 ligand.  
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Figure 2.5: Calculated geometries for (a) oxidative addition transition state (TS2), (b) reductive 
elimination transition state (TS1), (c) concerted metalation deprotonation transition state (TS3b), (d) 
1-1c intermediate, and (e) σ-metathesis transition state. Bond lengths in Å, and angles in degrees.   

 
Alternatively, benzene may be activated via a σ-bond metathesis (SBM) transition state, 

Figure 2.5e. The Pd-TFA σ−bond may react with the incoming C-H bond of benzene to form a 

four-centered TS. In comparing CMD to SBM transition state geometries for Pd, the C-H distances 

of the benzene being activated are 1.28 Å and 1.30 Å, respectively.  The calculations showed that 

the Pd-C distances in the CMD and SBM transition states are the same at 2.14 Å. 

For the three Pd-mediated C-H activation mechanisms modeled thus far, which are shown 

in Figure 2.5, the highest free energy belongs to the reductive elimination transition state, which 
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makes it the rate determining step in this pathway, similar to what was reported for the OA/RE 

mechanism of Rh-mediated C-H activation. Also, the ∆∆G‡ values for OA vs. RE for Pd and Rh 

are 9.9 and 3.9 kcal/mol, respectively. Transition state TS3b, for the concerted metalation 

deprotonation (CMD) pathway is predicted to be preferred at 423.15 K among all TSs thus far 

modeled as it has the lowest free energy barrier of 30.4 kcal/mol compared to σ-bond metathesis 

(SBM) with ∆∆G‡ = 11.4 kcal/mol and the oxidative addition/reductive elimination (OA/RE) 

pathway (1-1c) with ∆∆G‡ = 30.2 kcal/mol. Furthermore, calculations shows that reductive 

elimination is rate determining with a free energy barrier of 60.1 kcal/mol at 423.15 K for the PdII 

complex. The TS3b CMD transition state has a free energy barrier of 47.7 kcal/mol for RhI at 

423.15 K, Figure 2.4.  

 

2.3.3.2 Comparison of Benzene C-H Activation with Ethylene to Without Ethylene for PdII at 
423.15 K 

 
To deduce the effect of ethylene on the PdII-mediated C-H activation mechanism, two 

additional benzene C-H activation pathways (Figure 2.6, next page) were calculated from active 

species 1, (FlDAB)Pd(TFA)(η2-C2H4), both of which start from monomer 1. In the first pathway, 

coordinated ethylene was converted to a vinyl complex by a CMD mechanism. The first 

mechanism entails converting ethylene to a vinyl complex 8-Pd from 1 via the TS4-CMD 

transition state, and transferring H of ethylene to TFA and producing the 9Pd intermediate 

(FIDAB)Pd(C2H3)(η2-Benzene). Subsequently, H migration from benzene to vinyl via the four-

centered TS6 gives complex 1-P.  In the second mechanism, ethylene is displaced by benzene in 

the inner coordination sphere, and then the latter undergoes CMD activation of the arene C-H 

bond. 
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In first mechanism, the free energy increases by 0.1 kcal/mol from monomer 1 to 

intermediate 8-Pd. The CMD transition state TS4-CMD for vinyl C-H activation is 19.9 kcal/mol 

above monomer 1. In going from intermediate 8Pd to 9Pd, dissociation of TFA-H and coordinating 

benzene, was endergonic by 5.5 kcal/mol. Also, the relative free energy barrier for TS6 is 24.3 

kcal/mol and it lays above intermediate 9Pd by 19.2 kcal/mol. Formation of phenyl/ethylene 

complex 1-P from intermediate 9Pd via TS6 is exergonic by 24.1 kcal/mol. The highest energy 

barrier for this vinylic C-H activation mechanism is defined by TS6 and was 24.8 kcal/mol. 

 
Figure 2.6: B3LYP/LANL2DZ+6-311++G(d,p)/SMD-benzene calculated free energies for PdII versus 
RhI(in parenthesis) [39] including solvent including solvent (SMD-benzene) and dispersion 
corrections for vinyl and aryl pathways leading to the formation of (FIDAB)Rh(Ph)(η2-C2H4) (1-P) at 
423.15 K.   

 
The second pathway is initiated by dissociating ethylene and associating benzene to give 

complex 4Pd, which gives a TFAH/phenyl complex 10Pd by a concerted metalation deprotonation 

transition state, TS5-CMD. Later, TFA-H is dissociated from 10Pd and free ethylene coordinated 

to give 1-P. The calculations predict that going from intermediate 10Pd to C-H activated complex 
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1-P was exergonic by 22.5 kcal/mol. Furthermore, the highest free energy stationary point for this 

mechanism was TS5-CMD with a 17.4 kcal/mol free energy barrier relative to monometallic 1. 

In conclusion, when the relative (to 1, which has Grel = -0.5 kcal/mol) free energies of all 

benzene C-H activation transition states were taken into consideration, TS5-CMD (17.4 kcal/mol) 

will be preferred versus TS6 (24.8 kcal/mol), OA/RE (60.6 kcal/mol), SMD (41.8 kcal/mol), CMD 

(30.4 kcal/mol) at 423.15 K. A similar transition state to TS5-CMD (39.9 kcal/mol) was reported 

as the preferred benzene activation TS for RhI congeners [22]. 

 

2.3.3.3 Comparison of CMD Transition States 

The relative free energy of the CMD transition state without ethylene (TS5-CMD) is 16.9 

kcal/mol while the η2-C2H4 CMD transition state TS3b is 29.9 kcal/mol, for a free energy 

difference of 13.0 kcal/mol. Single point calculations were made to understand the cause of this 

13.0 kcal/mol energy difference. Single point calculations indicate that distortion of ethylene in 

TS3b (relative to ground state isolated ethylene) costs only 0.5 kcal/mol; distortion of the 

(FlDAB)PdII(TFA)(η2-C2H4) core in TS5-CMD, Figure 2.7, is 3.6 kcal/mol and in TS3b, Figure 

2.4, it was 27.0 kcal/mol, Figure 2.4. Note that distortion of complexes were calculated by using 

differences in electronic energy between the fully optimized geometry of (FlDAB)PdII(TFA)(η2-

C2H4) and the geometry this core obtained in the pertinent TSs. Benzene adduct 1-b and C-H 

activated complex 1-P and the CMD transition state that connects them (TS3b) all have a formal 

palladium 2+ oxidation state and d8 count, so all complexes are expected to have a preferred square 

planar geometry about the metal. Therefore, we suggest that the 13.0 kcal/mol free energy 

difference between TS5-CMD and TS3b comes from the deviation of the core 

(FlDAB)PdII(TFA)(η2-C2H4) from a preferred square planar structure, which occurs by ligating 
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ethylene to the metal. Furthermore, as ethylene ligates to the metal one of Pd-N chelate bond 

dissociates, to maintain a square planar geometry, which also contributes to the 13 kcal/mol free 

energy difference between TS5-CMD and TS3b. Analysis of complex bond lengths supports the 

latter suggestion: TS5-CMD, Figure 2.7, yielded a Pd-N distances of 2.1 Å. However, TS3b, 

Figure 2.7, CMD complex shows that one Pd-N bond length increased by 0.5 Å as ethylene is 

ligated to the PdII complex.   

 

2.3.4 Olefin Insertion and β-Hydrogen Elimination 

Ethylene insertion into a Pd-phenyl bond, β-hydrogen elimination and then dissociation of 

styrene are the steps needed to form styrene. All of these reactions are proposed to start from 

complex 1-P, (FIDAB)PdII(Ph)(η2-C2H4). Previous Pt [21] and Rh [52] studies reported that olefin 

insertion into metal-hydrocarbyl bonds is possible for cationic systems. However, the energy 

barrier for olefin insertion into the metal-aryl bond may be raised by insertions involving neutral 

complexes.  

Ethylene insertion into Pd-phenyl bond after benzene activation, transform complex 1-P, 

(FIDAB)PdII(Ph)(η2-C2H4), to form compound 1-H, (FIDAB)PdII(H)(H2CCH2Ph), via transition 

state TS-OIS, which has a square planar geometry, required 24.8 kcal/mol, while the free energy 

barrier to convert 1-P to 1-H was reported [22] at 21.2 kcal/mol in the RhI cycle. Therefore, 3.6 

kcal/mol more energy is needed for ethylene insertion into the Pd-Ph bond. In complex 1-H, a beta 

C-H bond of the phenethyl ligand is predicted to interact with the metal center agostically, 

occupying an otherwise vacant site of the PdII inner coordination sphere.  

Previously reported RhI calculations correspond closely with our PdII calculations [22], 

follow the same reaction mechanism for olefin of insertion and elimination of β-hydrogen steps. 
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The free energy requirements for olefin insertion was 21.2 kcal/mol for an analogous RhI complex, 

and 24.8 kcal/mol for the PdII complex. Subsequent β-hydrogen elimination is also similar for both 

metal ions. The RhI complex showed essentially no free energy barrier while the PdII complex 

needed only 3.0 kcal/mol energy to surmount the β-hydrogen elimination TS. Formation of styrene 

1-S from 1-H is 0.3 kcal/mol and 4.6 kcal/mol for PdII and RhI metals, respectively. Therefore, 

formation of styrene 1-S from 1-H is less exergonic compared to formation of [(bpy)Rh(H)(η2-

styrene)]+ from [(bpy)Rh(η2-C2H4Ph)]+ by 4.3 kcal/mol, Figure 2.8. 

      
(a) (b) 

Figure 2.7: Calculated geometries for concerted metalation deprotonation transition states (a) TS5-
CMD, (b) (TS3b). Bond lengths are in Angstrom units. 

 
Optimized square planar PdII complex 1-H showed a β-agostic C-H bond (1.22 Å), which 

was lengthened by 0.13 Å versus a typical non-agostic C-H bond (1.09 Å). Similarly, RhI 

calculations reported [22] that the β-agostic C-H bond was lengthened by 0.10 Å versus a typical 

non-agostic C-H bond. Geometric optimization of the phenethyl complex 1-H predicted a Csp3-

Csp3 bond length of 1.48 Å, which is longer than a C=C double bond (~1.34 Å) and shorter than a 

normal C-C single (~1.54 Å) bond. This implies some (FlDAB)Rh(H)(styrene) character already 

for intermediate 1-H, consistent with facile β-hydrogen elimination. Similarly, RhI calculations 

1 

2 

2 

1 
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predicted that the Csp3-Csp3 bond of the phenethyl ligand was 1.50 Å, which is midway between 

typical C=C double and C-C single bond lengths.  

 
Figure 2.8: B3LYP/LANL2DZ+6-311++G(d,p)/benzene calculated free energies for PdII versus RhI 

(in red and in parentheses) including solvent (SMD-benzene) and dispersion corrections for olefin 
insertion and subsequent β-hydride elimination at 423.15 K. 

 
The optimized Pd-N1 bond lengths of structures 1-H and 1-S, are 2.21 Å and 2.13 Å, 

respectively, indicating that the alkyl group has a stronger trans effect/influence than the η2-styrene 

ligand, Figure 2.9.  
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Figure 2.9: Calculated geometries for (a) olefin-insertion transition state (TS-OIS), (b) 1-H agostic 
intermediate (c) β-hydride elimination transition state (TS-E1) and (d) 1-S compound. Bond lengths 
are in Angstrom units, and bond angles are in degrees. 

 

2.4 Summary and Conclusions 

The FlDAB ligand (FlDAB = N,N’-bis(pentafluorophenyl)-2,3-dimethyl-1,4-diaza-1,3-

butadiene) and TFA (trifluoroacetate) ligands was used to support a PdII catalyst to produce styrene 

from benzene and ethylene. Previously reported research on RhI catalysts [22,51] with the same 

FIDAB ligand were compared to the present PdII studies. PdII catalytic cycles were studied, initiated 
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by five different benzene C-H activation pathways at 423.15 K. The following points are 

highlighted. 

(1) Computational studies on PdII are consistent with benzene C-H activation and 

subsequent insertion of ethylene into a Pd-phenyl bond and then β-hydrogen elimination to 

produce styrene. Five reaction mechanisms benzene for C-H activation were modeled: oxidative 

addition/reductive elimination (Grel = 60.6 kcal/mol), concerted metalation-deprotonation (CMD) 

(Grel = 30.4 kcal/mol), σ-bond metathesis (Grel =41.8 kcal/mol), vinylic CMD (Grel = 24.8 

kcal/mol) and arene CMD after dissociation of ethylene (Grel = 17.4 kcal/mol). Thus, we conclude 

that concerted metalation deprotonation of benzene after ethylene dissociation is energetically 

most favorable for benzene C-H activation for this catalyst model.  This is the same mechanism 

proposed for the isoelectronic RhI catalyst. 

(2) The present calculations PdII show some important differences with previously 

studied PtII and RhI complexes [18-20,22,51]. For example, it was calculated that concerted 

metalation deprotonation (∆G‡ = 17.4 kcal/mol) after ethylene dissociation is energetically more 

favorable for PdII, while for the RhI this pathway has a barrier of ~40 kcal/mol. The DFT 

calculations thus suggest that PdII complexes could be attractive catalyst candidates. 

(3) In comparing the formation of PdII and RhI monomer 1 from the corresponding dimer 

1-d, calculations showed that PdII presents an exergonic reaction with ∆G = -0.5 kcal/mol, while 

RhI had an endergonic reaction with ∆G = + 6.3 kcal/mol. Therefore, based on this difference, one 

expects a shift to the product side (monomer) for PdII versus RhI, which should be advantageous 

for catalysts based on the former metal ion.  

(4) The β-phenethyl complex 1-H, formed from insertion of ethylene into the Pd-C bond 

of Pd-phenyl complex 1-P via TS-OIS has a calculated free energy barrier of 24.8 kcal/mol. For 
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RhI ethylene insertion is reported to have a 21.2 kcal/mol energy barrier. As such, it is expected 

that olefin insertion should occur at similar rates for both systems. 

(5) The calculated rate determining step (RDS) is olefin insertion for PdII (∆G‡ = 24.8 

kcal/mol), while the RDS is concerted metalation deprotonation for RhI which has a free energy 

barrier that is 22.0 kcal/mol higher. As such, one would expect the PdII catalysts to be more active 

or be able to operate at lower temperatures as compared to related RhI catalysts. 
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CHAPTER 3 

COMPUTATIONAL ANALYSIS OF TRANSITION METAL-TERMINAL BORIDE 

COMPLEXES* 

3.1 Introduction 

Terminal complexes of transition metals and second period p-block elements – carbides, 

nitrides, oxide and fluorides – are well known experimentally, and with the exception of terminal 

carbides are quite common. However, a terminal boride complex (LnM(B)) has, to our knowledge, 

not been structurally characterized and it is thus the only missing terminal complex among the 2p 

series. Borides such as ZrB2 and TiB2 have been reported but are extended solids [54,55]. 

Therefore, a computational study was initiated of these absent terminal boride complexes to assess 

their bonding properties.  

Multi-metallic transition metal complexes containing a boron ligand have been synthesized 

by halide abstraction from boron, reduction of B–X bonds, and nucleophilic attack at a metal center 

at boron [56-60]. Also, iminoboryl (BNR) [61,62] and oxoboryl (BO) [63,64] complexes have 

been synthesized and reported. Computational [65-67] and experimental [68-77] studies have been 

reported for transition metal boryl complexes (LnM-BR2). Successful experimental attempts to 

synthesize terminal borylene (LnM(=BR)) complexes [56,78-84] motivated us to model 

hypothetical terminal boride complexes. Herein, quantum chemical methods are used to probe the 

nature of metal-boride bonding and explore possible reasons for the absence of terminal borides.

In this study, terminal boride complexes are also compared and contrasted with terminal 

nitride and terminal carbide complexes. Simple organometallic analogies, e.g., preferred 16-

electron counts at a square planar metal center, ≡C for ≡B as well as ≡N for ≡B replacements, etc. 

* Reprinted from Y. S. Ceylan, T. R. Cundari, Journal of Physical Chemistry A, 121 (2017) 9358-9368, with
permission of the American Chemical Society. 
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were used to suggest model complexes for study [85]. For this research, osmium, palladium and 

platinum metal centers were the focus of study based on the assumption that metal-boron bonding 

would be stronger with 4d and 5d metals than 3d metals. Furthermore, a PNP pincer ligand was 

selected that binds tightly to three adjacent coplanar sites in a meridional conformation [86]. It was 

assumed that the rigidity of the pincer-metal complex would confer some degree of stability to a 

terminal boride complex [87]. Additionally, a PNP pincer ligand is also known to stabilize a 

terminal nitride of osmium [88]. 

 
Figure 3.1: Depiction of [MB(PNPR)] model boride complex. M = Os, Pd, Pt; R = alkyl or H. 

 
In the following sections, the electronic structure of different models of metal-boride 

species are examined, for example, [OsB(PNPR)] (PNPR) = bis(2-(di-alkylphosphino)ethyl)-

amine) and continuing on to smaller models such as [OsB(PNPH)] and nitride variants thereof. 

Group 10 borides, Pd and Pt, are also analyzed, Figure 3.1. Finally, a terminal Rh-boride 

Rh(B)(PH3)2Cl2 is studied, which is an analogue of a terminal carbide Ru(C)(PMe3)2Cl2 examined 

by Johnson and coworkers [89]. For the latter, the Group 8 metal ruthenium is exchanged with the 

Group 9 metal rhodium to counteract the 1 e- lost upon going from C to B, thus maintaining the 

overall electron count in the model boride. Metal-boride bond orders and orbital interactions in 
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model terminal boride complexes are investigated, including the effect of changing metal upon the 

strength of different metal-boride bonds. In these computational studies, density functional theory 

(DFT) and multi-configuration self-consistent field (MCSCF) [90] methods are used. 

 

3.2 Computational Methods 

Density functional theory (DFT) was applied to optimize geometries of model terminal 

borides. The Gaussian 09 [23] package was used to perform all DFT simulations. All stationary 

points were obtained using the B3LYP [24,25] functional along with LANL2DZ [91] 

pseudopotential/valence basis set for all studied metals and the 6-31G(d) [92,93] basis set for all 

main group elements. DFT geometry optimizations were followed by frequency calculations, each 

executed at several spin configurations. According to the energy Hessian and computed imaginary 

frequencies, stationary points were differentiated as minima or transition state by having zero and 

one imaginary frequencies, respectively. MCSCF computations (10-orbital, 10-electron CASSCF 

(complete active space SCF) wavefunctions) were carried out with the GAMESS package [94,95] 

to further assess the ground state electronic structure of the species studied.  

Natural bond orbital (NBO) analysis was used to investigate the bonding character between 

boride ligands and transition metals for all complexes studied. Orbitals are plotted with the 

ChemCraft visualization software [96]. Free energy (ΔG) differences were calculated to find bond 

dissociation free energies (BDFEs) for which DFT methods were used. Free energies are reported 

in kcal/mol with T = 298.15 K and P = 1 atm.  

 

3.3 Results and Discussion 

3.3.1 Selection of Terminal Boride Models 

Terminal 2p complexes were sought in the Cambridge Crystallographic Data Center 
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(CCDC, version 1.18) [97] database for complexes that have square planar geometries and 16-

electron counts based on the consideration that such an arrangement would be electron precise and 

thus reasonably stable. The chosen supporting ligand was a PNP pincer ligand, which binds tightly 

to three adjacent coplanar sites in a meridional conformation. Based on the criteria, a terminal 

nitride complex RuN(PNPtBu4) was found (CCDC refcode = UTESES) [98] and used as a starting 

template for boride complexes (≡N → ≡B replacement). For RuN(PNPtBu4), tBu were replaced H, 

Me and Cy (it was found that changing the phosphine substituents had little impact on the MB 

bond); the heaviest Group 8 metal was selected for initial study. A boride model Rh(B)(PH3)2Cl2, 

derived from a previously reported terminal carbide Ru(C)(PMe3)2Cl2, was also modeled. 

 

3.3.2 Electronic Structure of [OsB(PNPR)] 

The ground and transition states of large and small model terminal boride complexes, 

OsB(PNPR) (R = H, Me, tBu, Cy), have been calculated by DFT methods. According to these 

calculations, all complexes have a singlet ground state. All of the optimized ground state structures 

show a trigonal bipyramidal coordination geometry in which one equatorial ligand is missing, i.e., 

a disphenoidal geometry. The calculated structures of OsB(PNPCy), OsB(PNPMe), OsB(PNPtBu) 

and OsB(PNPH) show nearly identical OsB distances (1.84 Å), while OsB(PNPH) has an optimized 

OsN distance (2.11 Å) that is lengthened by only 0.02 Å versus the corresponding OsN bond length 

for OsB(PNPCy); OsN distances are calculated as 2.05 Å in both OsB(PNPMe) and OsB(PNPtBu), 

Figure 3.2.  

Different sized phosphine substituents were used to evaluate their impact on the energy 

barrier for inversion of these disphenoidal structures. The inversion barriers were calculated as the 

free energy needed to interconvert enantiomeric disphenoidal structures via a square planar 
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transition state. For the inversion process, ∆G‡
inv = 14.9, 17.3, 25.0 and 22.8 kcal/mol for 

OsB(PNPCy), OsB(PNPH), OsB(PNPMe) and OsB(PNPtBu), respectively.  
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∆G
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Figure 3.2: DFT-optimized geometries and free energy (∆G‡

inv) barriers for inversion of OsB(PNPR). 
Bond lengths in Å, and bond angles in degrees. 
 
The energy barrier of OsB(PNPCy) and OsB(PNPH) are close while the PNPMe complex has a larger 

∆G‡
inv than the tBu-substituted pincer ligand, leading to the conclusion that the differences are 

electronic and not steric in origin. Given the foregoing results, small PNPH models were used to 

perform subsequent calculations to better understand the electronic structure of terminal borides, 

along with more expensive MCSCF techniques to augment the analyses. Utilizing the PNPH 

model, terminal borides with M = Os, Rh, Pd and Pt were studied. Upon geometry optimization of 

the terminal boride OsB(PNPH), the predicted OsB bond length is 1.84 Å, which is shorter than 

the average Os-B single bond length (2.20 ± 0.2 Å, 78 samples) retrieved from the CCDC (version 

1.18). The average Os=B bond length was 2.07 ± 0.01 Å (n = 3) [99,100] from the CCDC. Thus, 

it was initially hypothesized on the basis of geometric data that OsB(PNPR) may indeed form a 
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triple bond between boron and osmium. 

 

3.3.3 Natural Bond Order Analysis of OsB(PNPH) and OsB(PNPCy) 

Given the lower electronegativity [101] of B (2.04) compared to Os (2.20), Os may be 

expected to have a greater contribution to frontier orbitals relative to B in contrast to typically 

more electronegative 2p ligating atoms. NBO orbitals are summarized in Table 3.1, showed that 

the OsB(PNPCy) complex there is one σ bond between Os (5dσ
 with 64% contribution to the natural 

bond orbital) and B (2s and 2p, 36%) and two very polarized OsB π-bonds, which are Os (5dyz, 

83%)-B (2py, 17%) in π1 and Os (5dxz, 87%) - B (2px, 13%) in π2. For OsB(PNPH), according to 

NBO, one σ bond exists between Os (5dσ
 atomic orbital with 58% contribution to the NBO) and 

B (2s and 2p, 42%) and two dπ-lone pairs, which are entirely Os (5dyz, 100%) and Os (5dxz, 100%). 

The attenuation of the polarity of the OsB π-bonds through changing the phosphine substituents is 

interesting and suggests a possible route to exploit in the stabilization of terminal borides. Thus, 

according to the NBO results, the OsB π-bonds are highly polarized towards Os, which implies 

that the terminal boride model is an acceptor or Z-type ligand [102] as depicted in Figure 3.3.   

Table 3.1: Selected Natural Bond Orbital descriptions for OsB(PNPCy) and OsB(PNPH), respectively. 
Occ. # = NBO occupancy number. 

Description Occ. # (e-) % Os % B B Orbital contribution 
OsB(PNPCy) 

Os-B σ-bond 1.80 64.38 35.62 (42% s + 58% p) 
Os d lone pair 1.89 100 0   
Os-B π2-bond  1.89 83.47 16.53 (8% s + 92% p) 
Os-B π1-bond  1.74 86.76 13.24 (99% p) 

B lone pair  1.79 26.83 73.17 (52% s + 48% p) 

OsB(PNPH) 
Os-B σ-bond 1.76 58.07 41.93 (55% s + 45% p) 
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Description Occ. # (e-) % Os % B B Orbital contribution 
Os dxz 1.89 100 0   
Os-B dπ2-lone pair  1.75 100 0   
Os-B dπ1-lone pair  1.71 100 0   
B lone pair  1.78 28.89 71.11 (54% s + 46% p) 

 

 
Figure 3.3: Z-type ligand description of an OsB complex per NBO analysis. 

 

3.3.4 MCSCF Calculations for OsB(PNPH) 

Given the similarity in bonding and structure between OsN(PNPH) and its larger 

counterparts, multiconfiguration self-consistent field (MCSCF) calculations were performed on 

the smaller OsB(PNPH) using GAMESS. The complete active space (CAS) approximation was 

utilized. Picking the active space is the most important step in MCSCF calculations. Therefore, 

after experimenting with several initial wavefunction guesses and active space sizes, the active 

space for production calculations contained 10 active electrons and 10 active orbitals, hence 

CAS(10,10). The ten active electrons allow correlation of all metal-based d electrons, boron 

orbitals and any lone pair (if present) on the terminal boride ligand. Mulliken population analyses 

of the MCSCF natural orbitals are given in Table 3.2, and also show the occupancies of the natural 

orbitals that were part of the active space. 

Natural orbitals – φ27 to φ36 – are plotted, Figure 3.4, and reinforce the NBO results, i.e., 

the OsB bond is a highly polarized triple bond. MCSCF reported a natural orbital φ27, with 1.87 e- 
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P

P

H H

H H

N B OsB σ
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on Os out of ~2.00 e- total occupancy, Table 3.2. MCSCF yielded an OsB σ-bond as natural orbital 

φ31 with 0.98 e- for Os and 0.87 e- for B out of 1.89 e- total occupation for the natural orbital. Thus, 

the OsB σ-orbital is overall quite covalent. Natural orbitals φ29 and φ30 represent 2 π-orbitals for 

which Os provides considerably more electron density (1.55 and 1.50 e-) as compared to B (0.30 

and 0.42 e-); the π orbitals φ29 and φ30 are created from the dxz of Os and px of B and dyz of Os and 

py of B, respectively, Figure 3.4. Finally, natural orbital φ28 was assessed as a B lone pair, 

containing more electron density (1.08 e-) compared with Os (0.90 e-) out of a total occupation of 

1.96 e-.  

The nearly 2.0 e- occupancies of natural orbitals φ27 to φ31 indicate little excitation of 

electron density to higher energy natural orbitals in the CAS(10,10) wavefunction. Hence, it is not 

surprising that the singlet state of OsB(PNPH) is calculated to be considerably more stable than the 

triplet states via MCSCF calculations: ∆E(S0 - T1) = 2.98 eV and ∆E(S0 - T1) = 4.33 eV, 

respectively, with a CAS(10,10) wavefunction at the singlet DFT-optimized geometry. 

Table 3.2: Mulliken population analysis of active space natural orbitals for OsB(PNPH). 

Nat. Orbital Nat. Orb. Occ. (e-) Os pop. (e-) B pop. (e-) 

φ36 0.005 0.001 0.005 
φ35 0.018 0.015 0.002 
φ34 0.056 0.019 0.036 
φ33 0.074 0.026 0.048 
φ32 0.108 0.038 0.068 
φ31 1.891 0.975 0.865 
φ30 1.932 1.504 0.419 
φ29 1.953 1.551 0.300 
φ28 1.964 0.902 1.076 
φ27 1.998 1.871 0.048 

Natural orbital occupancies are given in e-. 
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Figure 3.4: CAS(10,10) active space natural orbitals. Occupations and Os and B character are given 
in Table 3.2. First row: φ27 (left); φ28 (right). Second row: φ29 (left), φ30 (right). Third row: φ31 (left); 
φ32 (right). Fourth row: φ33 (left), φ34 (right). Last row: φ35 (left); and φ36. IsoValue = 0.0432.  

 

3.3.5 Analysis of Group 10 Borides 

After the Os-boride, Group 10 models – PdB(PNPH) and PtB(PNPH) –  were subsequently 
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analyzed via NBO and MCSCF calculations. Our hypothesis was that given the Z-type nature of 

the boride ligand, Figure 3.3, that a more electron-rich metal would stabilize the boride ligand. 

DFT calculations showed that optimized PdB and PtB distances are 1.82 and 1.89 Å, respectively, 

Figure 3.5. The PdB distance is shorter than PtB, which is contrary to the larger covalent radii 

[102] of Pd (1.31 Å) versus Pt (1.28 Å), hinting at a stronger palladium-boron than platinum-boron 

interaction. 

  
 (a)  (b) 
Figure 3.5: Calculated geometries of (a) PdB(PNPH) and (b) PtB(PNPH). Bond lengths in Å, and 
angles in degrees. 

 
The NBO and MCSCF results hint at a possible reason why the PdB is stronger than the 

PtB bond. NBO analysis of the Pd terminal boride complex showed a slightly more covalent σ 

bond between PdB (74% B) than PtB (78% B), Table 3.3. Interestingly, NBO suggests a single π 

bond between boron and the metal; the B in the PtB complex has marginally greater π-accepting 

character (77% B) relative to the PdB complex (75% B), Table 3.3. 

Table 3.3: NBO orbital descriptions for PdB(PNPH) and PtB(PNPH). 

Description Occ. # (e-) % Pt % B 

PtN(PNPH) 
Pt-B σ bond     1.87 22 78 
Pt-B (π1) bond   1.23 23 77 
Pt lone pair  1.99 100 0 
Pt lone pair  1.95 100 0 
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Description Occ. # (e-) % Pt % B 
Pt lone pair  1.87 100 0 
Pt lone pair  1.87 100 0 

PdB(PNPH) 
Pd-B σ bond     1.80 26 74 
Pd-B(π1) bond 1.07 25 75 
Pd lone pair 1.98 100 0 
Pd lone pair 1.98 100 0 
Pd lone pair 1.86 100 0 
Pd lone pair 1.85 100 0 

 

Table 3.4: Mulliken population analysis and natural orbital occupancies for active space orbitals for 
CAS(10,10) wavefunctions: PtB(PNPH) and PdB(PNPH).  

 Nat. Orbital Nat. Orb. Occ. (e-) M pop. (e-) B pop. (e-) 

PtB(PNPH) 
LUMO     φ33 0.08 0.01 0.07 
B pair       φ32 1.92 0.58 1.35 
π-bond     φ31 1.96 1.50 0.45 
σ -bond     φ30 1.96 1.09 0.88 
π -bond     φ29 1.96 1.75 0.15 
Os d         φ28 1.98 1.93 0.00 

PdB(PNPH) 
LUMO     φ33 0.08 0.03 0.04 
B pair      φ32 1.92 0.74 1.16 
π-bond     φ31 1.95 1.47 0.45 
π -bond     φ30 1.96 1.73 0.18 
σ -bond     φ29 1.96 1.00 0.95 
Os d         φ28 1.98 1.94 0.00 

 
In order to augment the NBO analyses, MCSCF (CAS(10,10)) calculations were performed 

at the DFT-optimized geometries, Table 3.4, of PdB(PNPH) and PtB(PNPH). Unlike the NBO 

analysis of the PdB and PtB terminal borides, MCSCF showed one σ bond and two π bonds 

between boron and the metal, Figure 3.6 and Figure 3.7. Moreover, MCSCF predicted that terminal 
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PdB has a more covalent σ bond relative to PtB: PdB (φ29, B population = 0.95 e-) than its PtB 

analogue (φ30, B population = 0.88 e-), which may be responsible for the shorter distance between 

PdB as compared to PtB. However, the PtB showed better π−backdonation than PdB by 0.12 e-, 

Pt (φ29 and φ31; 3.25 e- population) and Pd (φ30 and φ31; 3.20 e- population). Mulliken populations 

of other CAS(10,10) natural orbitals for PtB(PNPH) and PdB(PNPH) are collected in Table 3.4. 

 
Figure 3.6: CAS(10,10) active space natural orbitals. Occupations and Pt and B character are given 
in Table 3.4. First row: φ28 (left); φ29 (right). Second row: φ30 (left), φ31 (right). Third row: φ32 (left); 
φ33 (right). IsoValue = 0.0432. Antibonding natural orbitals (φ34 to φ37) with small natural orbital 
populations are not plotted. 
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Figure 3.7: CAS(10,10) active space natural orbitals. Occupations and Pd and B character are given 
in Table 3.4. First row: φ28 (left); φ29 (right). Second row: φ30 (left), φ31 (right). Third row: φ32 (left); 
φ33 (right). IsoValue = 0.0432. Antibonding natural orbitals (φ34 to φ37) with small natural orbital 
populations are not plotted. 

 

3.3.6 Analysis of Os-B Distances for Related Ligands 

The same level of theory used for the borides was applied to OsBH(PNPH), OsBH2(PNPH) 

and OsBH3(PNPH), Figure 3.8. Optimization of these complexes predicted OsB bond distances of 

1.88, 1.89 and 2.09 Å for the borylene, boryl and borane complex, respectively. Therefore, the 

calculations further support the NBO and MCSCF results that the terminal boride OsB(PNPH) 

complex is expected to have an OsB triple bond by virtue of the boride complex having the shortest 
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bond length of 1.84 Å. However, moving from boride to boryl shows a very small Os-boron length 

difference, and not until the borane adduct, which converts an OsB σ bond to a dative bond, is the 

OsB bond significantly lengthened. The bond length difference from OsBH2 to OsBH to OsB is 

less than 3%, which suggests that the OsB π bonds are thermodynamically weak, in addition to 

their highly polarized nature.  

                  

(a)                             (b)                                   (c)                                (d)   
Figure 3.8: Optimized geometries for (a) OsB(PNPH), (b) OsBH(PNPH), (c) OsBH2(PNPH), and (d) 
OsBH3(PNPH). Bond lengths in Å, and angles in degrees. Please note that complexes b and d are 
doublets, while complexes a and c are singlets. 

 

3.3.7 Bonding Analysis of OsB(PNPH) vs OsN(PNPH) 

To further the analysis of the OsB bond, the terminal boride complex was compared to 

corresponding nitride, OsN(PNPH), via NBO and MCSCF calculations. DFT calculations showed 

that the optimized OsN distance is 0.15 Å shorter than the OsB distance, Figure 3.9, which is 

commensurate with the difference in the covalent radii [102] of B versus N: 0.84 and 0.71 Å, 

respectively. Analyzed NBO occupancies are given in Table 3.5. NBO analysis of the Os terminal 

boride complex showed a more covalent σ bond between OsB (42% B) than OsN (69% N). Also, 

NBO indicated two π bonds for both the nitride and boride complexes; OsN π bonds are decidedly 

more covalent via NBO analysis: 0% B in both OsB π orbitals; 54% and 50% N for the Os-nitride 
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π NBO orbitals. Note also the higher NBO-calculated occupancies in bonding orbitals for N (5.63 

e-) versus B (5.22 e-), Table 3.5, which again suggests stronger OsN than OsB π bonds. 

 
Figure 3.9: Optimized DFT geometry of OsN(PNPH). Bond lengths in Å. 

 
Table 3.5: NBO orbital descriptions for OsN(PNPH) and OsN(PNPH).  

Description Occ. # (e-) % Os % N 

OsN(PNPH) 
Os-N π1 bond 1.84 50 50 
Os-N π2 bond 1.89 46 54 
Os-N σ bond  1.90 31 69 
Os lone pair 1 1.98 100 - 
Os lone pair 2 1.88 100 - 
N lone pair 1.76 - 100 

OsB(PNPH) 
Os-B σ-bond 1.76 58 42 
Os dxz 1.89 100 - 
Os-B d π2-bond  1.75 100 - 
Os-B d π1-bond  1.71 100 - 
B lone pair  1.78 29 71 

 
One σ bond, two π bonds and one lone pair on nitrogen, Figure 3.10, was indicated via 

CAS(10,10) calculations on OsN(PNPH), which was therefore similar to the description obtained 

by NBO analysis. Moreover, MCSCF predicted that terminal OsN has a greater σ bond population 
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(φ30, 1.95 e-) than the OsB σ bond (φ31, 1.89 e-). Also, electron occupancies for the three metal-

ligand bonding orbitals summed to 5.79 and 5.77 e- for the boride and nitride, respectively. 

Similarly, the CAS calculations indicated that OsN(PNPH) and OsB(PNPH) possess 0.21 and 0.24 

e-, respectively, in antibonding natural orbitals. Thus, the OsB complex is expected to show a 

moderately weaker/more reactive bond compared to the OsN complex. Differences in the 

hypothetical boride and known nitride are remarkably similar from the MCSCF computations. 

Table 3.6: Mulliken population analysis of the CAS(10,10) wavefunction for each strongly occupied 
active space natural orbital for OsN(PNPH) and OsB(PNPH). A. B.* and * denote antibonding 
orbitals. 

 Nat. Orb. Occ. (e-) Os pop. (e-) N pop. (e-) 

OsN(PNPH) Nat. Orbital 
A. B.   *   φ37 0.00 0.00 0.00 
A. B.   *   φ36 0.01 0.01 0.00 
σ-bond*  φ35 0.04 0.02 0.02 
π-bond*  φ34 0.08 0.04 0.04 
π-bond*  φ33 0.09 0.04 0.05 
π-bond    φ32 1.92 1.06 0.82 
π-bond    φ31 1.92 0.82 1.09 
σ-bond    φ30 1.95 0.52 1.42 
N pair     φ29 1.96 0.35 1.63 
Os d        φ28 2.00 1.96 0.04 

OsB(PNPH) Nat. Orbital 
A. B.*      φ36 0.01 0.00 0.01 
A. B.*      φ35 0.02 0.02 0.00 
π-bond*  φ34 0.06 0.02 0.04 
π-bond*  φ33 0.07 0.03 0.04 
σ-bond*  φ32 0.11 0.04 0.07 
σ-bond    φ31 1.89 0.96 0.87 
π-bond    φ30 1.93 1.50 0.42 
π-bond    φ29 1.95 1.55 0.30 
B pair       φ28 1.96 0.90 1.08 
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 Nat. Orb. Occ. (e-) Os pop. (e-) N pop. (e-) 
Os d        φ27 2.00 1.87 0.05 

 

 
Figure 3.10: CAS(10,10) active space natural orbitals. Occupations and Os and N character are given 
in Table 3.6. First row: φ28 (left); φ29 (right). Second row: φ30 (left), φ31 (right). Third row: φ32 (left); 
φ33 (right). IsoValue = 0.0432. Antibonding natural orbitals (φ34 to φ37) with small natural orbital 
populations are not plotted. 

 

3.3.8 Molecular Electrostatic Potentials for OsB(PNPH) vs OsN(PNPH) 

To further analyze the active site of OsB(PNPH) and OsN(PNPH) complexes, DFT-derived 

molecular electrostatic potentials (MEPs) of the complexes have been calculated and visualized; 
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the IsoValue and contours are 0.0004 and -6.442 x 10-2, respectively, Figure 3.11. The MEP color 

scale is such that basicity increases in the direction blue to green to yellow to orange to red. 

Removing electron density requires less energy from the most basic (reddest) portion of the MEP 

envelope and the nitride ligand shows a considerably larger red region as compared to the boride 

ligand, Figure 3.11. This indicates that the nitride ligand is much more basic than the terminal 

boride, which is less saturated electronically.  

 

 
 (a) (b) (c) (d) 
Figure 3.11: Molecular electrostatic potentials of (a) (PNPH)OsN – MEP along OsN bond axis, (b) 
(PNPH)OsB – Os-B forward, (c) (PNPH)OsB – MEP along OsB bond pointing away and (d) 
(PNPH)OsB – Os-B pointing forward. Blue and green represent a less nucleophilic environment, while 
orange and red indicate a more nucleophilic environment. 

 

3.3.9 NBO and MCSCF Analysis and Comparison of Ru(C)(PH3)2Cl2 vs RhB(PH3)2Cl2  

Since carbides are the rarest among known terminal 2p element complexes, the terminal 

carbide complex Ru(C)(PMe3)2Cl2 [89] was modified to generate Rh(B)(PH3)2Cl2 and 

Ru(C)(PH3)2Cl2. According to DFT calculations, the RhB and RuC bond lengths predicted by DFT 

are 1.82 and 1.66 Å, respectively, Figure 3.12. Covalent radii of Rh and Ru are 1.35 and 1.26 Å, 

respectively [103]. For the ligands, covalent radii of B and C are 0.82 and 0.77 Å, respectively. 

Thus, the RhB and RuC distance difference was expected to be 0.14 Å based on covalent radii, 

while calculations predicted a similar 0.16 Å difference. 
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 (a) (b) 
Figure 3.12: DFT-optimized geometries of Rh terminal boride (a) and Ru terminal carbide (b) 
complex. Bond lengths in Å, and angles in degrees.   

 
The geometries of RhB(PH3)2Cl2 and RuC(PH3)2Cl2 were both predicted to be square 

pyramidal. The calculated RhB distance of 1.82 Å is much shorter than the average RhB single 

bond of 2.22 ± 0.20 Å (437 samples) retrieved from the Cambridge Crystallographic Data Center 

(CCDC) (version 1.18). Thus, for RhB it was hypothesized that a triple bond exists between the 

metal and boron based on the computed bond length. The RuC bond in Ru(C)(PMe3)2Cl2 complex 

has been described as a triple bond; its experimental bond length is 1.65 Å [89]. The average RuC 

triple bond is 1.63 ± 0.20 Å (37 samples) as retrieved from the CCDC. 

In order to compare the bond order of RhB and RuC, NBO and MCSCF were employed. 

NBO analysis was not adequate to specify the bonding in Rh(B)(PH3)2Cl2; all interactions were 

defined as lone pairs, likely indicating a very polarized nature to the RhB bond. For 

Ru(C)(PH3)2Cl2, Table 3.7, according to NBO, terminal carbide complex showed the bonds to be 

more covalent than RhB, but still decidedly polarized. 

MCSCF calculations indicated a triple bond for the Rh-boride, Figure 3.13, and Ru-

carbide, Figure 3.14, models. The Mulliken populations of the natural orbitals, Table 3.8, showed 

that RhB consists of very polarized bonds, as was surmised from the NBO analysis. The MCSCF 

description of the RuC complex also mirrored the NBO results, Table 3.8. Moreover, MCSCF 
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predicted that Ru and C contribute almost equally to their σ bond in terminal RuC(PH3)2Cl2, while 

the Rh and B contributions to the σ bond in RhB(PH3)2Cl2 was calculated as 69% Rh and 31% B. 

However, electron occupancies for bonding orbitals in the CASSCF (10,10) wavefunction were 

5.76 and 5.87 e-, for the carbide and boride, respectively; these complexes’ antibonding orbitals 

are populated to the extent of 0.29 and 0.21 e-, which yields an estimated bond order of the Ru-

carbide and Rh-boride as 2.74 and 2.83, respectively. 

Table 3.7: NBO descriptions of Rh(B)(PH3)2Cl2 and Ru(C)(PH3)2Cl2. 

Description NBO Occ. (e-) Rh pop. (%) B pop. (%) 

Rh(B)(PH3)2Cl2 

B lone pair 1.71 0100 (92% s)  

Rh lone pair 1 1.97 1000  

Rh lone pair 2 1.88 1000  

Rh lone pair 3 1.87 1000  

Rh lone pair 4 1.75 1000  

Ru(C)(PH3)2Cl2 

Ru-C σ bond 1.81 19 82 

Ru-C π1 bond 1.86 72 28 

Ru-C π2 bond 1.88 77 23 

C lone pair 1.86 0 100 s/p 

Ru lone pair 1.97 100 0 

 
Table 3.8: Mulliken population analysis of the active space natural orbitals of Rh(B)(PH3)2Cl2 and 
Ru(C)(PH3)2Cl2. A.B.* and * denote antibonding orbitals. 

Description NBO Occ. Rh pop. B pop. 

Rh(B)(PH3)2Cl2 

A.B.*         φ30 0.02 0.02 0.00 

A.B.*         φ29 0.04 0.02 0.00 

π –bond*   φ28 0.04 0.02 0.00 

π –bond*   φ27 0.04 0.03 0.00 

σ –bond*   φ26 0.05 0.02 0.03 

σ -bond      φ25 1.95 1.35 0.56 
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Description NBO Occ. Rh pop. B pop. 

π -bond      φ24 1.96 1.74 0.21 

π -bond      φ23 1.96 1.74 0.18 

                  φ22 1.96 0.95 0.03 

Rh d          φ21 1.98 1.92 0.00 

Ru(C)(PH3)2Cl2 

A.B.*       φ30 0.01 0.01 0.00 

A.B.*       φ29 0.03 0.02 0.00 

π –bond*  φ28 0.08 0.03 0.05 

σ –bond*  φ27 0.08 0.03 0.05 

π-bond*   φ26 0.09 0.04 0.05 

π-bond     φ25 1.91 1.27 0.64 

σ -bond    φ24 1.92 0.91 0.99 

π -bond    φ23 1.93 1.38 0.53 

                 φ22 1.97 0.72 0.49 

Ru d         φ21 1.98 0.81 0.73 

 

  
Figure 3.13: CAS(10,10) active space natural orbitals. Occupations and Rh and B character are given 
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in Table 3.8. First row: φ21 (left); φ22 (right). Second row: φ23 (left), φ24 (right). Third row: φ25 (left); 
φ26 (right). IsoValue = 0.0432. Antibonding natural orbitals (φ27 to φ30) with small natural orbital 
populations are not plotted. 

 

 
Figure 3.14: CAS(10,10) active space natural orbitals. Occupations and Ru and C character are given 
in Table 3.8. First row: φ21 (left); φ22 (right). Second row: φ23 (left), φ24 (right). Third row: φ25 (left); 
φ26 (right). IsoValue = 0.0432. Antibonding natural orbitals (φ27 to φ30) with small natural orbital 
populations are not plotted. 

 

3.3.10 Π-Bond Energies and Energies of H2 Addition 

Dihydrogen addition to M(E)(PNPH) complexes was modeled and reaction free energies 

calculated. Thermochemical cycles were derived to measure π bond strengths between the 

transition metal and terminal ligand as given below. We assumed that the relative free energy of 

H2 addition to a boron atom to yield BH2 versus H2 addition to a boride complex to yield the 

corresponding boryl complex was reflective of the strength of the two metal-boron π bonds “lost” 

in the latter reaction. This is, of course, a crude assumption since it assumes, among other things, 

that the B-H bond strengths are the same in the free boryl and the boryl complex and that the metal-
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boron σ bond strength is the same in the boryl and boride complexes. However, the trends in 

calculated average π-bond strengths derived from these simple approximations are expected to be 

reliable for a congeneric series of complexes and were found to be illustrative in conjunction with 

the bonding analyses just presented. The pertinent DFT-calculated free energies for the constituent 

reactions are given below. 

(a) H + H → H2  ......................................................... -99.1 kcal/mol 

(b) B + H2 → BH2 ................................................................................. -58.2 kcal/mol 

(c) (PNPH)OsB  → (PNPH)Os + B ............................ +92.3 kcal/mol 

(d) (PNPH)Os + BH2 → (PNPH)OsBH2 ..................... -85.1 kcal/mol 

(e) (PNPH)Os B + H2 → (PNPH)Os BH2 .................... -51.0 kcal/mol 

(f) N + H2 → NH2 .............................................................................. -128.5 kcal/mol 

(g) (PNPH)OsN + H2 → (PNPH)OsNH2 ..................... -31.2 kcal/mol 

(h) (PNPH)PdB + H2 → (PNPH)PdBH2 ...................... -15.3 kcal/mol 

(i) (PNPH)PtB + H2 → (PNPH)PdBH2 ........................ -17.9 kcal/mol 

According to the above reaction free energies, the average bond energy per π bond for the 

(PNPH)OsB complex was 3.6 kcal/mol. Similar thermochemical cycles gave 44.0, 21.5 and 20.1 

kcal/mol per π bond for (PNPH)OsN, (PNPH)PdB and (PNPH)PtB complexes, respectively. Thus, 

it can be seen just how weak the π-bonds of the model terminal Os-boride is, and conversely just 

how strong the π-bonds are for the corresponding terminal nitride. The terminal boride π bond are 

stabilized, however, by changing the metal from Group 8 (Os) to Group 10 (Pd, Pt), consistent 

with the predictions made on the basis of the NBO and MCSCF analyses of their electronic 

structure, i.e., a more electronic-rich metal will stabilize the Z-type boride ligand. Finally, the 

simple metric used here to calculate average π-bond strengths could be useful in other catalysis 
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design applications, although it would be tenuous if applied to complexes with markedly different 

supporting ligands. 

 

3.4 Summary and Conclusions  

Terminal complexes of transition metals and second period p-block elements – carbides, 

nitrides, oxide and fluorides – are well known. However, a terminal boride complex (LnMB) is, to 

our knowledge, the only missing example among the 2p series. Therefore, a computational study 

was initiated of these hypothetical terminal borides to assess their bonding properties. PNPR 

pincers were used to support model Os, Pt and Pd terminal borides. Additionally, PH3 and chloride 

ligands were used to support RhB and RuC moieties. Density functional theory (DFT), natural 

bond orbital (NBO) and multi-configuration self-consistent field (MCSCF) methods were 

combined to analyze these potential complexes. Several interesting conclusions were reached, and 

the following points are highlighted. 

(1) Optimized ground state structures of OsB(PNPH), PdB(PNPH) and PtB(PNPH) exhibit 

disphenoidal geometries. According to natural bond orbital (NBO) and multiconfiguration self-

consistent field (MCSCF) analyses of terminal boride complexes, the metal-boron interaction is 

comprised of one σ bond, two π bonds plus a lone pair on boron. The expected bond shortening 

arising from metal-boron triple bonds was corroborated by calculated geometric data and 

experimental geometries from the Cambridge Crystallographic Data Center (CCDC), although the 

relative shortening is muted in relation to what is observed experimentally for metal-oxygen and 

metal-nitrogen triple versus single bonds. 

(2) Intriguingly, all boride models studied here are well described at the single-

determinant level as indicated by the MCSCF simulations. As a result, one might expect that 
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further analysis of larger, more synthetically feasible boride models may reasonably employ either 

DFT or hybrid-DFT/MM techniques. According to MCSCF and NBO analysis, the σ and two π 

bonds between boron and the metals studied (M = Os, Pd, Pt) and B in MB(PNPH) complexes are 

such that π bonds are highly polarized towards M, more so than the metal-boron σ bond, which is 

reasonably covalent. Taken together, the present research indicates that a terminal boride is best 

viewed as an acceptor or Z-type ligand, Figure 3.3.  

(3) The bond length shortening from OsBH2 to OsBH to OsB is less than 3%, suggesting 

that the OsB π bonds are weak, which is then exacerbated by their highly polarized nature. As 

such, it can be reasonably assumed that metal-boride bonds will be very reactive, and such 

compounds are unstable as compared to related terminal nitrides because the π bonds of the latter 

are considerably more covalent. Metal-terminal boride π bonds are stabilized, however, by 

changing the metals from (Group 8) Os to (Group 10) Pd, Pt, but the average π-bond energies are 

still roughly one-half of those of the osmium-nitride complex modeled.  

(4) Calculated reaction free energies for dihydrogen addition indicated that changing the 

metal from Os to Group 10 metals (Pd or Pt) stabilizes the terminal boride complex: the MB bond 

had a a π bond energy increase in the order OsB(PNPH) (3.6 kcal/mol) < PtB(PNPH) (20.1 

kcal/mol) < PdB(PNPH) (21.5 kcal/mol), while MN of OsN(PNPH) shows a π bond energy of 44.0 

kcal/mol. We propose that the strengthening of the metal-boron π-bond is due to the more electron-

rich Group 10 metals providing better π backbonding to the extreme Z-type boride ligand.  

(5) According to MCSCF analyses, the OsN(PNPH) and OsB(PNPH) complex possess 

0.21 and 0.24 e-  respectively, in their osmium-element antibonding orbitals. The corresponding 

metal- bonding orbitals of nitride and boride complexes possess 5.79 and 5.77 e-, respectively, 

which indicates bond orders of the nitride and boride complexes as 2.79 and 2.77, respectively. 
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We hypothesize that these differences suggest that the major issue thwarting synthesis of a terminal 

boride may be the kinetic instability from the heavily polarized B→metal π bonds versus the 

covalent π bonds of analogous nitrides, more so than any inherent differences in thermodynamic 

instability. If these π-bonds are reasonably polarizable, one may posit that this represents an 

opportunity to strengthen metal-terminal boride bonds (as well as related complexes with formal 

metal-boron multiple bonding) via strategies designed to enhance the π-donor ability of the metal 

and its supporting ligands. 
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CHAPTER 4 

HETEROBIMETALLIC SILVER-IRON COMPLEXES INVOLVING Fe(CO)5 LIGANDS* 

4.1 Introduction 

Heterodinuclear metal complexes with polar M-M’ bonds are able to activate polar 

substrates in stoichiometric transformations [104]. Moreover, such complexes show magnetic, 

conductive, and photochemical properties [105]. Iron pentacarbonyl is precursor to a variety of 

chemical compounds. Lewis bases have been used for substitution of carbonyl to produce 

Fe(CO)5−xLx. However, heterodinuclear metal-only Lewis pairs (MOLPs) [106] with Fe(CO)5 as 

the Lewis base has heretofore been reported very infrequently as such complexes require iron-

pentacarbonyl to act as a Lewis base. Also, Lewis basicity and donor properties of Fe(CO)5 were 

less discussed in their possible interaction with Lewis acid transition metals. Dias and his group 

lately reported that compounds such as [(µ-H2O)AgFe(CO)5]2[SbF6]2 (1), [B{3,5-

(CF3)2C6H3}4]AgFe(CO)5 (2), [(Me2Bipy)AgFe(CO)5][B{3,5-(CF3)2C6H3}4] (3), and 

[{Fe(CO)5}2(µ-Ag)][B{3,5-(CF3)2C6H3}4] (4) exhibit MOLPs, in which Fe act as Lewis base and 

silver act as Lewis acid.  In order to bring also computational perspective, we collaborated with 

Dias group to examine heterometallic Fe-Ag complexes. MCSCF and DFT analyses were used to 

assess M−M’ bond polarity, bond distances and nature of bonding interaction on M−M’ bonding.  

4.2 Computational Methods 

The Gaussian 09 [23] package was employed to perform all simulations; DFT with 

dispersion correction D3 was used to investigate and optimize the geometries of complexes. The 

BP86 functional was used along with the def2-TZVPP effective core potential for Fe and Ag and 

* Reprinted from G. Wang, Y. S. Ceylan, T. R. Cundari, H. V. R. Dias, Journal of the American Chemical Society,
139 (2017) 14292-14301, with permission of the American Chemical Society. 
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6-311++G(d,p) basis set was used for main group elements; this level of theory was used in a study 

of bare silver complex with Fe(CO)5 as ligands, [107] for purpose of comparing weakly 

coordinating anions same level of theory (BP86/def2-TZVPP/D3) for the following study. 

Furthermore, natural bond orbital analysis (NBO) and MCCSF computations (4-orbital, 4-electron 

CASSCF (complete active space SCF)) wavefunctions were carried out with the GAMESS 

package [94,95] to investigate the bonding character among the Ag and Fe for all complexes 

studied. Orbitals were plotted with GaussView5 [108] or MacMolplt [109]. All systems were fully 

optimized to obtain vibrational frequencies in the gas phase at 1 atm and 298.15 K.  The same 

computational methods have been used in a related study involving bare silver complex with 

Fe(CO)5 as ligands [110].  

 

4.3 Results and Discussion 

Complex [B{3,5-(CF3)2C6H3}4]AgFe(CO)5 (2) was chosen as a reference among eight Ag-

Fe complexes in order to understand the nature of the Ag—Fe bond. Utilizing identical DFT 

methods to Malinowski and Krossing [110], experimental geometries were well reproduced; upon 

geometry optimization the [B{3,5-(CF3)2C6H3}4]AgFe(CO)5 (2) complex showed that the Ag, Fe 

and the boron (of the borate anion) were aligned linearly, 179.8º (180.0º, expt.) with distances of 

2.62 Å (2.62 Å, expt.) and 3.08 Å (3.13 Å, expt.) for Ag-Fe and Ag-B, respectively. The 

calculations indicated that two of the four cis CO ligands in [B{3,5-(CF3)2C6H3}4]AgFe(CO)5  

were perpendicular relative to the Ag—Fe bond axis (89.6º vs.  85.1º, expt.)[105], while the other 

two CO ligands were bent towards the Ag atom (70.5 º vs. 78.2º, expt.).  The [B{3,5-

(CF3)2C6H3}4]Ag + Fe(CO)5  →  [B{3,5-(CF3)2C6H3}4]AgFe(CO)5  reaction has a computed ∆H 
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value of -33 kcal/mol, pointing to a strong driving force for the formation of this complex and a 

surprisingly strong Ag—Fe bond.  

    
Figure 4.1: DFT-calculated geometries of “naked” [Ag—Fe(CO)5]+ and [{Fe(CO)5}2(µ-Ag)]+ cations. 
Bond lengths in Å, and angles in degrees.   

 
For comparison, the “naked” [Ag—Fe(CO)5]+ and [{Fe(CO)5}2(µ-Ag)]+ cations were 

geometry optimized at the same level of theory as [B{3,5-(CF3)2C6H3}4]AgFe(CO)5. The Ag atom 

in [{Fe(CO)5}2(µ-Ag)]+ was coordinated by two Fe atoms linearly (180.0°) and equally distant 

(Ag-Fe = 2.64 Å), Figure 4.1. Experimental results for [{Fe(CO)5}2(µ-Ag)][B{3,5-(CF3)2C6H3}4] 

(4) yielded Ag-Fe = 2.59 Å and Fe-Ag-Fe = 180.0° [105]. Calculations also reproduced the angles 

to the cis carbonyls (Cc): Ag-Fe-Cc = 75.0° (74.7° and 75.4°, expt.) with other two cis carbonyls 

at Ag-Fe-Cc = 87.0° (85.7° and 89.2°, expt.). The “naked” mono-Fe(CO)5 cation, [Ag-Fe(CO)5]+ 

yields nearly perfectly C4v symmetry upon geometry optimization, Ag-Fe = 2.59 Å, Ag-Fe-Cc = 

83.0°, Figure 4.1.  

Carbonyl stretching frequencies of metal carbonyls provide valuable information about the 

electron density at the metal.  DFT-calculated reporter ligand CO frequencies of [Fe(CO)6]2+, 

[Fe(CO)5]+, [Ag—Fe(CO)5]+, [{Fe(CO)5}2(µ-Ag)]+, Fe(CO)5 and (IPr)AgFe(Cp)(CO)2  models 

were calculated at the same level of theory to assess the bonding in the newly characterized 

complexes reported here. Frequencies were averaged to simplify the analysis, as per the recent 
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work of Wolczanski [111], and resulted in ῡCO = 2190, 2113, 2090, 2066, 2023 and 1902 cm-1 for 

[Fe(CO)6]2+, [Fe(CO)5]+, [Ag—Fe(CO)5]+, [{Fe(CO)5}2(µ-Ag)]+, Fe(CO)5 and 

(IMes)AgFe(Cp)(CO)2 (IMes=N,N-bis(2,4,6-trimethylphenyl)-imidazol-2-ylidene) [112], 

respectively, the latter being an electron-rich FeAg complex based on a compound reported by 

Mankad and coworkers (Dipp substituents on the NHC ( N-heterocyclic carbine) were replaced 

with methyl groups).  Similar calculations were completed for the neutral [B{3,5-

(CF3)2C6H3}4]AgFe(CO)5 complex, with an average ῡCO of 2053, 37 cm-1 lower than the naked 

[Ag—Fe(CO)5]+ cation. It is interesting that [{Fe(CO)5}2(µ-Ag)]+  (ῡCO = average 2066 cm-1) has 

a lower ῡCO or red shift of 24 cm-1 relative to [Ag—Fe(CO)5]+ (ῡCO = average 2090 cm-1), indicating 

greater Fe→CO π-backbonding in the former, but it is not as high as that calculated for [B{3,5-

(CF3)2C6H3}4]AgFe(CO)5 (ῡCO = average 2053 cm-1). The average Fe-C bond distances based on 

X-ray data of the mono-Fe(CO)5 adducts [(µ-H2O)AgFe(CO)5]2[SbF6]2 (1), [B{3,5-

(CF3)2C6H3}4]AgFe(CO)5 (2), and [(Me2Bipy)AgFe(CO)5][B{3,5-(CF3)2C6H3}4] (3) (1.827, 

1.833, 1.822 Å, respectively) are shorter than the corresponding value of the bis-Fe(CO)5 adduct 

[{Fe(CO)5}2(µ-Ag)][B{3,5-(CF3)2C6H3}4] (4)  (1.835 Å), which is consistent with expectations 

from computed vibrational data. All complexes, apart from the electron-rich (IMe)AgFe(Cp)(CO)2 

have higher than the average calculated ῡCO of Fe(CO)5 (2023 cm-1). Hence, by this metric, all the 

newly reported complexes display less Fe→CO π-backbonding than Fe(CO)5. One may also 

surmise that the [Fe(CO)5] moiety in these complexes carries a partial positive charge as the 

average ῡCO while greater than neutral Fe(CO)5, lie below the computed value for cationic 

[Fe(CO)5]+.  

The total density was analyzed and plotted in Figure 4.2 for [Ag—Fe(CO)5]+ and 

[{Fe(CO)5}2(µ-Ag)]+.  Note the lack of density in the Ag—Fe internuclear region at the 0.1 contour 
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value, which is a typical value used to represent bond density, and the near spherical nature of the 

Ag electron density. This points to an ionic/electrostatic interaction. In light of the blue shifting of 

the ῡCO relative to Fe(CO)5, and the red shifting of ῡCO for [Ag—Fe(CO)5]+ versus the borate salt 

[B{3,5-(CF3)2C6H3}4]AgFe(CO)5 (2), one may surmise a modest degree of charge transfer from 

the Fe(CO)5 to Ag, which is ameliorated to some extent by the counterion.  It is also worth noting 

that the electron density plots of the analyzed complexes indicated minimal interaction bonding 

between the carbons of COs and the silver ion, Figure 4.2. This finding is consistent with the 

experimentally observed and computed CO stretching frequencies, which lie in region where 

typical terminal CO bands are observed and are much higher than typical bridging carbonyl 

stretches. There are also additional data from other sources pointing to the insignificant nature of 

this silver ion and CO interaction. For example, computational studies show a barrier free Fe(CO)5 

rotation around the Fe-Ag bond in [{Fe(CO)5}2(µ-Ag)]+ cation [110]. The bending of center 

carbonyls (OCc) ligands towards gallium has also been noted in the main group adduct 

(CO)5FeGaCl3 [113]. Furthermore, studies on copper adducts like (IMes)CuFe(Cp*)(CO)2 that 

feature even shorter M•••Cc distances (2.408(1) Å) [114] indicate that such contacts are weak and 

possibly dictated by crystal packing forces.  

   
Figure 4.2: Total electron density of [Ag—Fe(CO)5]+ (left) and [{Fe(CO)5}2(µ-Ag)]+ (right) 0.10 
IsoValue = 0.10 (fine grid, full density matrix). 

 
To further probe the bonding between Ag and Fe, CASSCF (complete active space SCF) 

(4-orbital, 4-electron) calculations were carried out at the DFT-optimized geometries using the 
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GAMESS package [94,95]. According to the CAS(4,4) wavefunction, highly polarized AgFe σ-

bonds exist for [Ag—Fe(CO)5]+  and [{Fe(CO)5}2(µ-Ag)]+. For [Ag—Fe(CO)5]+, the AgFe σ 

natural orbital was 62% Fe and 17% Ag (ca. 4:1 ratio, Table 4.1) with the remainder ligand 

character via a Mulliken analysis, Figure 4.3 (left). The [{Fe(CO)5}2(µ-Ag)]+ in-phase  σFeAg is 

nearly identical – 61% Fe, 18% Ag with the remainder ligand character, Figure 4.3 (right) – in its 

composition to the AgFe σ natural orbital in the mono-Fe(CO)5 complex. Hence, the AgFe 

interactions are very polarized, suggestive of an electrostatic or ionic interaction.  

   
Figure 4.3: CAS(4,4) σFeAg natural orbitals for [Ag—Fe(CO)5]+ (left) and [{Fe(CO)5}2(µ-Ag)]+ (in-
phase combination, right). IsoValue = 0.045. 

 

Table 4.1: Analysis of the AgFe σ orbitals in  [Ag—Fe(CO)5]+ and [{Fe(CO)5}2(µ-Ag)]+ via a Mulliken 
analysis of the CAS(4,4) natural orbitals. 

Natural Orb. Nat. Orb. Occ. (e-) Fe pop. (e-) Ag pop. (e-) 

[Ag—Fe(CO)5]+ 

AgFe σ 1.90 1.18 0.33 

AgFe σ∗ 0.10 0.06 0.02 

[{Fe(CO)5}2(µ-Ag)]+ 

AgFe σ 1.90 0.58 on each Fe 0.34 

AgFe σ∗ 0.10 0.03 on each Fe 0.01 
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4.4 Conclusions 

The compound Fe(CO)5 undergoes carbonyl substitution chemistry with a variety donors 

(L) leading to molecules of the type Fe(CO)x(L)5-x [113,115-118]. Based on experimental and 

computational studies, [(µ-H2O)AgFe(CO)5]2[SbF6]2 and [B{3,5-(CF3)2C6H3}4]AgFe(CO)5, 

[(Me2Bipy)AgFe(CO)5][B{3,5-(CF3)2C6H3}4] and [{Fe(CO)5}2(µ-Ag)][B{3,5-(CF3)2C6H3}4] 

compounds display Fe(CO)5 behaving as a Lewis base. Experimental studies showed that ligand 

substitution chemistry takes place on the silver or that it is possible to have different donors on 

silver without breaking the Ag—Fe bond. The ῡCO bands of these molecules show a notable blue 

shift relative to those observed for free Fe(CO)5, indicating a significant reduction in Fe→CO 

backbonding as a result of bonding to the Lewis acidic silver sites.  A primarily electrostatic FeAg 

interaction with a modest amount of charge transfer between Ag+ and Fe(CO)5 is concluded from 

scrutiny of CASSCF wavefunction and DFT density plots, which is further corroborated by 

experimental and computational analysis of CO stretching frequencies.  
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CHAPTER 5 

DIRECT ANTI-MARKOVNIKOV ADDITION OF WATER TO OLEFIN TO SYNTHESIZE 

PRIMARY ALCOHOLS: A THEORETICAL STUDY* 

5.1 Introduction 

Primary alcohols are widely used in the cosmetics industry as well as in household and 

personal care products, in order to produce detergents, surfactants, lubricants, flavorings, and 

perfumes. For instance, some primary alcohols of industrial interest are capric alcohol (1-decanol), 

myristyl alcohol (1-tetradecanol) and stearyl alcohol (1-octadecanol), etc. [7,119,120]. Anti-

Markovnikov selectivity for hydration of olefins is a major challenge for catalysis [9]. Brown and 

coworkers were among the first who indirectly synthesized primary alcohols with anti-

Markovnikov regiochemistry [121] via multi-step hydroboration-oxidation process. However, this 

process requires expensive borane reagents, generates boron waste that is difficult to recycle, and 

is less atom-economical than a one-step direct anti-Markovnikov hydration. Ziegler and coworkers 

used organoaluminum compounds to produce primary alcohols [122]; the process is called 

ALFOL, which stands for alcohol formation by oligomerization. Drawbacks of this method 

include cost and considerable branched alcohol production.  

In 1986, Trogler et al. introduced the first example of regioselective hydration of non-

activated terminal alkenes to primary alcohols using a Pt catalyst (trans-PtH(Cl)(PMe3)2) with 

NaOH in water under mild conditions. Trogler et al. proposed a mechanism that consists of five 

steps: formation of a protonated aqua complex (trans-PtH(H2O)(PMe3)2)+OH-, followed by 

coordination of olefin to Pt2+ and subsequent  formation of a Pt-alkyl complex, which then 

undergoes trans-cis isomerization, followed by 1◦ alcohol synthesis via C-H reductive elimination 

* Reprinted from Y. S. Ceylan, T. R. Cundari, Journal of Physical Chemistry A, 123 (2019) 958-965, with
permission of the American Chemical Society. 
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[123]. The synthesis was reevaluated by Ramprasad et al. who claimed that trans-(PMe3)2Pt(H)(Cl) 

failed to yield alcohol products. Also, they posited that the nucleophilic attack of hydroxide ion on 

coordinated olefin complex was not confirmed by spectroscopic studies [124]. Moreover, 

Grushin et al. mentioned that based on the standard procedure of preparation of (PMe3)2Pt(H)(Cl), 

there are always some impurities present. Thus, the proposed pathway was said to be 

irreproducible [125]. Recently, Grubbs and coworkers reported the production of primary alcohols 

from non-activated terminal olefins, which achieved anti-Markovnikov hydration via triple relay 

catalysis [126]. However, the triple-relay system depends on three stringent requirements: an 

oxidative addition step that is selective for aldehyde, an oxidative cycle that is compatible with a 

reductive sequence, and hydride migration must be easy from Pd to Ru. Even though these criteria 

caused overall yields to be low, the process received great attention because of the promising 

results displayed using non-activated olefins in the synthesis of primary alcohols [127].   

Ujaque and co-workers reported hydroamination of alkenes with amines with both 

Markovnikov and anti-Markovnikov selectivity. After studying several complexes, they 

pinpointed [Rh(DPEphos)]+ as a complex for which anti-Markovnikov regioselectivity is favored 

for N-H addition to terminal olefins [128]. Also, Beller et al. [129] reported that 

[Rh(COD)2]BF4/PPh3 catalyst displayed anti-Markovnikov addition. Similarly, Ujaque et al. [125] 

reported that the catalyst [Rh(DPEphos)]+ was favored for anti-Markovnikov amination. 

Furthermore, Ujaque et al. mentioned that Markovnikov regioselectivity was more favorable for 

olefins with extreme electron-donor substituents [128]. Hartwig and co-workers reported [130] 

that rigid, electron-rich olefins bind more favorably to Rh(I). More favorable binding energies of 

the olefin to metal were associated with greater catalyst activity.  

We speculated whether the catalyst and pathway proposed by Ujaque et al. [128] could 
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accomplish anti-Markovnikov selectivity if the amine substrate was changed to water. Thus, for 

direct anti-Markovnikov addition of water to olefin to synthesize primary alcohols, the following 

reaction steps were modeled, Figure 5.1: nucleophilic attack by water, followed by conformational 

changes that facilitate proton migration to the metal center, and reductive elimination step. Also, 

the competing Markovnikov pathway was studied and compared. Herein, a plausible catalytic 

route is reported to produce primary alcohols with anti-Markovnikov selectivity from terminal 

olefins and water.  

 
Figure 5.1: Proposed mechanism for the RhI -catalyzed catalytic cycle for primary alcohol 
production from styrene and water. Adapted with permission from [128]. 

 
 

5.2 Computational Details 

To study the mechanism of direct anti-Markovnikov addition of water to olefins to 

synthesize primary alcohols via a [Rh(DPEphos)(Styrene)]+ catalyst (DPEphos = bis[(2-

diphenylphosphino)phenyl] ether), density functional theory (DFT) was employed. All 

simulations were performed using the Gaussian 09 [23] suite. All stationary points were optimized 

at the M06 [131]/SDD [132,133]/6-31G(d) [134,135] level of theory for Rh and main group 
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elements, respectively; for single point energy calculations, the augmented triple-ζ-plus-

polarization 6-311++G(d,p) [136] basis set was used for main group elements. The M06 functional 

has been extensively used in modeling olefin activation and related reactions [137-140]. Enthalpic 

and entropic corrections employ unscaled M06 [131]/SDD [132,133]/6-31G(d) [134,135] 

vibrational frequencies. The structures are optimized in a low dielectric constant solvent (toluene) 

by the CPCM [141] continuum model. Minima and transition states are confirmed by frequency 

calculations. The reported energies are Gibbs free energies (ΔG) for optimized stationary points 

and assume 298.15 K and 1 atm. The functional, basis sets and solvent effects were adapted from 

a previously reported study of anti-Markovnikov hydroamination [128].    

 

5.3 Results and Discussion 

5.3.1 Anti-Markovnikov Hydration Catalytic Cycle 

Initial alkene coordination and subsequent nucleophilic attack [128,142-147] by water 

were studied in analogy to previous work [128] on the related anti-Markovnikov hydroamination 

process. Water exchange with olefin was first assessed. Thermodynamically, the free energy of 

water exchange with styrene in ([Rh(DPEphos)(styrene)]+) giving rise to [Rh(DPEphos)(aqua)]+ 

+ styrene was predicted to be endergonic by 34.8 kcal/mol, which indicated that water does not 

bind strongly enough to displace styrene complex ([Rh(DPEphos)(styrene)]+). Therefore, alkene 

coordination and subsequently three different water addition modes were modeled since water 

displacement of styrene was predicted to be too high in energy to be a feasible process. In these 

analyses, a single water molecule was selected in the calculations. Moreover, it was also intended 

to analyze the energy profile of the reaction by employing two more water molecules to model 

additional outer-sphere solvation. However, these simulations did not yield stable minima, perhaps 

due to the extra degrees of freedom they involved.  
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The catalyst [Rh(DPEphos)(styrene)]+ (1) exhibited a square planar geometry in which 

styrene coordinated to RhI in an η2 fashion with distances of 2.21 Å for the Rh---Cα=Cβ centroid. 

Also, Rh-P1 and P2 distances were predicted to be 2.39 and 2.30 Å. The Rh-O distance was 

calculated to be long at 3.53 Å, which may result from the strong trans influence of styrene, Figure 

5.2. The computed geometry is similar to that reported by Ujaque et al. [128], Figure 5.2b, shows 

an alternative view of the square planar Rh(I) geometry of the catalyst.  

Figure 5.2: Two views of the calculated geometry for [Rh(DPEphos)(styrene)]+ (1). Bond lengths in 
Å. Hydrogen atoms were omitted from the figure for clarity. 

 
The modeled catalytic cycle for the anti-Markovnikov hydration of styrene catalyzed by 

[Rh(DPEphos)]+ is shown in Figure 5.3. It is similar to a reported hydroamination mechanism 

advanced from computational and experimental studies of square planar RhI catalysts [128,148-

153]. The investigated pathways initiated from 1 are syn (nucleophile attacks the olefin on the 

same face that is coordinated to the metal) addition of water, anti (nucleophile attacks the face of 

the coordinated olefin away from the metal) addition of water, and simultaneous water addition 

with O-H activation/transfer to Rh. In order to avoid water dissociation in many of the preliminary 

calculations, most syn- and anti-addition stationary points required calculations with geometric 

constraints (such intermediates and TSs are denoted with a * in Figure 5.3). In general, this entailed 
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freezing Oaqua---Cα,β bond distances in the geometry optimizations. The three studied pathways led 

to hydride intermediate 5 (H—(DPEphos)RhIII—CHPh-CH2OH), which further underwent C—H 

reductive elimination to give a RhI complex 6 (agostic primary alcohol adduct). Among the 

modeled pathways – syn, anti and simultaneous addition/OH activation – the syn addition required 

overcoming a barrier of 38.5 kcal/mol (TS1-4*), whereas the anti and nucleophilic attack with 

simultaneous H transfer transition states lie at 26.0 (TS1-2*) and 23.7 kcal/mol (TS1-5) (∆G‡), 

respectively. Based on these results, syn addition mechanism was predicted to be the least feasible 

among the pathways modeled.  

 
Figure 5.3: M06/SDD+6-311++G(d,p)/CPCM-toluene calculated free energies for RhI hydration of 
styrene with anti-Markovnikov regioselectivity leading to the formation of primary alcohol (red 
pathway) and competitive phenylethane (blue pathway) products at 298.15 K. Note that * denotes a 
“stationary point” obtained via a constrained geometry optimization.  

 

The anti-addition pathway involved a conformational change of the water to allow proton 

migration of water to the vacant side of the metal center yielding a RhIII-hydride, 5. This 

mechanism occurred in several steps. The high point on this pathway was a true transition state 
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TS3-4 with a relative free energy (Grel-1) of 38.5 kcal/mol.  TS3-4 (38.5 kcal/mol (Grel-1)) was the 

only true TS, while the remaining stationary points required a constrained calculation 

(ModRedundat in Gaussian09) to avoid water dissociation Figure 5.3. Motivated by these 

difficulties, additional calculations were conducted and confirmed that catalyst-styrene-aqua 

adducts are very high in energy and result in outer-sphere water, which is reasonable given the 

hydrophobicity of styrene. In further support of these results, water exchange – 

[Rh(DPEphos)(styrene)]+ + H2O = [Rh(DPEphos)(H2O)]+ + styrene – was computed to be quite 

endergonic, with ∆Gexch = +34.8 kcal/mol.  

     
(a)                                                     (b) 

 
(c) 

Figure 5.4: Calculated core geometries for [H–Rh(DPEphos)(CHPhCH2OH)]+ intermediate 5 (a). 
reductive elimination TS TS5-6 (b). [Rh(DPEphos)(PhCH2CH2OH)]+ intermediate 6 (c). The 
DPEphos ligand was omitted for clarity in these depictions; bond lengths in Å. 

 
As an alternative to the anti- and syn-addition mechanisms, a new pathway was analyzed 

that involved simultaneous Hδ+ transfer from water to the metal center and nucleophilic attack of 

HOδ− to the β-carbon of styrene (Cβ). The transition state for this direct proton transfer TS1-5 was 

located at a free energy of 23.7 kcal/mol relative to catalyst 1. This pathway was the most favorable 

process found in this study that led to [H–Rh(DPEphos)(CHPhCH2OH)]+, 5 (Grel-1 = 11.3 
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kcal/mol). Subsequently, reductive elimination via transition state TS5-6 (14.7 kcal/mol) led to β-

phenethyl alcohol that is coordinated to the RhI by an agostic interaction, 6 (Grel-1 = 1.1 kcal/mol). 

Stationary point geometries of the active site cores of 5, TS5-6 and 6 are given in Figure 5.4. 

Finally, a second equivalent of styrene displaces the primary alcohol product to start another cycle 

of catalysis. This substitution was calculated to be exergonic, lowering the free energy to -12.4 

kcal/mol (7), Figure 5.3.  

On the basis of the results in Figure 5.3, the difference in the free energy barrier between 

β-hydrogen elimination (to yield alkane side-product) and reductive elimination (to yield primary 

alcohol) indicated that the latter is more favorable (∆∆G‡) 2.9 kcal/mol. In summary, according to 

the present calculations the mechanism of the anti-Markovnikov hydration of olefins reaction 

should be updated, Figure 5.5: nucleophilic attack of HOδ−  with simultaneous Hδ+ transfer from 

water onto the coordinated styrene via TS1-5, followed by reductive elimination via TS5-6, and 

then styrene/alcohol exchange. The optimized structure of transition state TS1-5 is depicted in 

Figure 5.5. 

       

(a)                                                                       (b) 

Figure 5.5: Proposed mechanism for the RhI-catalyzed synthesis of primary alcohols from styrene 
and water (a). Optimized structures of transition state TS1-5 active site atoms are depicted (b).  
Computed bond lengths in Å.  
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5.3.2 Markovnikov Cycle 

In order to evaluate the origin of regioselectivity preferences, the Markovnikov catalytic 

cycle, Figure 5.6, was also studied. The mechanism of Markovnikov hydration was modeled in 

analogy to that just discussed for the anti-Markovnikov pathway. Note that free energies for the 

Markovnikov pathway are given in black font and anti-Markovnikov pathway in red font in Figure 

5.6.   

 

Figure 5.6: M06/SDD+6-311++G(d,p)/CPCM-toluene calculated free energies (in kcal/mol) for RhI 
hydration of styrene with Markovnikov (black) and anti-Markovnikov (red) regioselectivity leading 
to the formation of β-phenethyl alcohol. T = 298.15 K. 

 
First, the RhI catalyst (1) was oxidized to an octahedral RhIII structure (5m) via the TS1-

5m transition state. This RhIII structure (5m) has a relative free energy of 18.6 kcal/mol, which is 

7.3 kcal/mol higher than the corresponding anti-Markovnikov RhIII structure 5, Figure 5.6. The 

nucleophilic attack/proton transfer transition state was calculated to be rate determining for both 

Markovnikov and anti-Markovnikov pathways, 40.2 (TS1-5m) and 23.7 kcal/mol (TS1-5), 

respectively. Therefore, there is a clear kinetic preference for the anti-Markovnikov pathway for 

the RhI catalyst model in comparison to the Markovnikov pathway. The corresponding active site 
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geometries for the transition state geometries are shown in Figure 5.5 and Figure 5.7, for anti-

Markovnikov and Markovnikov pathways, respectively. 

 
Figure 5.7: Calculated geometry of simultaneous nucleophilic attack/proton transfer transition states 
TS1-5m for Markovnikov pathway. Active site atoms are depicted. Computed bond lengths in Å.   

 

5.3.3 Effect of Olefin and Nucleophile on Anti-Markovnikov Regioselectivity 

To gain better insight on the impact of substrate on regioselectivity, an alkene (1-hexene) and 

nucleophile (methanol) were investigated as well. Water and methanol attack upon the styrene π-

complex was modeled, as was water addition to the π-complexes of styrene and 1-hexene, Figure 

5.8. The computed free energy barriers of anti-Markovnikov and Markovnikov nucleophilic attack 

on the π-complexes are given in Table 5.1.  

     

(a)                                                                (b) 
Figure 5.8: Core geometries of active catalysts (a) 1 [Rh(DPEphos)(styrene)]+  and (b) 1’ 
[Rh(DPEphos)(1-hexene)]+. Bond lengths in Å. Hydrogen atoms were omitted for clarity. 

 
In the previous sections, the most feasible reaction mechanism was indicated to be 
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simultaneous nucleophilic attack/proton transfer to the coordinated alkene, giving rise to a RhIII-

hydride intermediate. From this intermediate, a reductive elimination process to produce the 

alcohol product outcompeted phenylethane production, Figure 5.5. Reductive elimination free 

energy barriers are given (see appendix sections A.1. and A.2.) as it was not computed to be the 

rate-determining step. According to calculations on the varied substitutions and olefins, for anti-

Markovnikov regioselectivity, simultaneous nucleophilic attack/ proton transfer was predicted to 

be the rate determining step: ∆G‡ = 23.7, 27.1 and 35.7 kcal/mol, for entries 1 (styrene:water), 2 

(1-hexene:water)and 3 (styrene:methanol), respectively, Table 5.1. The same step was predicted 

to be rate determining for Markovnikov regioselectivity: ∆G‡ = 40.2, 30.3 and 50.0 kcal/mol for 

the same three entries. Hence, anti-Markovnikov regioselectivity was calculated as more favorable 

for all three substrate/nucleophile combinations models: ∆∆G‡ = 16.5, 3.2 and 14.3, for 

styrene:water, 1-hexene:water and styrene:methanol, respectively, Table 5.1. The corresponding 

geometries for the rate determining transition states for entries 2 and 3 are shown in Appendix A.3. 

As compared to 1-hexene, styrene showed a significant kinetic advantage for hydration for 

anti-Markovnikov regioselectivity, with ΔΔG⧧AM = 3.4 kcal/mol (Table 5.1). As such, the styrene 

adduct is expected to be more reactive than the 1-hexene adduct. A similar trend was reported by 

Ujaque and coworkers for the hydroamination of terminal alkenes [128]. They proposed that the 

inductive and resonance effects of the aromatic groups lower the rate-determining step for both 

anti-Markovnikov and Markovnikov regioselectivity versus an alkyl substituent on the olefin. 

Moreover, addition of methanol to styrene, entry 3 versus entry 1 (Table 5.1.), indicated that 

synthesis of ether is less favorable than hydration by ΔΔG⧧AM = 12.0 kcal/mol as compared to 

production of the primary alcohol; it is hypothesized that the steric hindrance by the methyl group 

causes the higher energy barrier for etheration versus hydration (Table 5.1). Also, nonbonded 
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interactions between the methyl group of the nucleophile and the terminal carbon of the styrene 

(Cβ) were analyzed. Animating the imaginary mode for TS1-5methanol shows the distance between 

methyl and Cβ shortens (cf. Figure 5.9a,b) as nucleophilic attack occurs. This analysis supports the 

hypothesis that steric hindrance yields the high free energy barrier for etheration. 

   
(a)                                                              (b) 

Figure 5.9: Calculated geometry of simultaneous transition states TS1-5methanol anti-Markovnikov 
pathway. The DPEphos ligand was omitted for clarity in these depictions; bond lengths in Å.   
 

Table 5.1: Rate determining free energy barriers and selectivity for anti-Markovnikov vs. 
Markovnikov regioselectivity. ∆G‡

M and ∆G‡
AM: barriers for the rate determining TSs for 

Markovnikov and anti-Markovnikov pathways, respectively. ∆∆G‡ = ∆G‡
M - ∆G‡

AM. 

 
 

5.3.4 Anti-Markovnikov vs Markovnikov Regioselectivity  

The anti-Markovnikov pathway is more favorable by 16.5 kcal/mol (∆∆G‡) than the 

Markovnikov hydration pathway, Figure 5.6. Thus, anti-Markovnikov addition is computed to be 
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favorable from a kinetic viewpoint. To gain deeper insight into the origin of hydration 

regioselectivity, NBO [154] charges of the beta and alpha carbons of styrene and also of the Rh 

metal were calculated for entry 1, Table 5.1, which are -0.42 e-, -0.21 e- and -0.37 e-, respectively 

Figure 5.10. Thus, we concluded that the regioselectivity is not charge-controlled given the more 

negatively charged Cβ versus Cα. 

 
Figure 5.10: Natural bond orbital (NBO) charges (in e-) of Rh(DPEphos)(styrene)]+; a) beta carbon 
b) alpha carbon, and c) Rh metal. Hydrogen atoms are omitted from the figure for clarity. 

 
Styrene coordination to the RhI catalyst is nominally η2 at the Cβ=Cα bond However, upon 

nucleophilic attack, an η2-alkene slips toward η1-coordination as addressed by Hoffmann and 

coworkers [155,156], Barone et al. [157], and Ujaque et al. [128] The distances between rhodium 

and both carbons of styrene in complex 1 [Rh(DPEphos)(styrene)]+ are 2.213 and 2.150 Å for Cβ 

and Cα, respectively. Moreover, the Rh-Cβ and Rh-Cα was elongated to 3.054 and 2.206 Å, 

respectively, in the simultaneous water addition/activation transition state TS 1-5. For complex 1’ 

[Rh(DPEphos)(1-hexene)]+ distances between rhodium and both carbons of styrene are 2.224 and 

2.129 Å for Cβ and Cα, respectively. Moreover, the Rh-Cβ and Rh-Cα was elongated to 3.048 and 

2.139 Å, respectively, in the simultaneous water addition/activation transition state for the 1-

hexene substrate. For both 1 and 1’ complexes, such slippage enhances the orbital character on the 

beta carbon of the LUMO orbital of 1 [Rh(DPEphos)(styrene)]+ and 1’ [Rh(DPEphos)(1-

hexene)]+, which will enhance the interaction of this carbon with an attacking nucleophile 

      

   a) 

      

  b) 

      

  c) 
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[128,155,156]. We plot the LUMOs, Figure 5.11, of complex 1 and 1’, which shows enhanced 

localization on Cβ relative to Cα. 

 
(a) 

 
(b) 

Figure 5.11: Representation of the Kohn-Sham LUMO for the RhI catalysts 1 (a) and 1’ (b). IsoValue 
= 0.0432. 

 

5.4 Conclusions 

It is speculated whether the catalyst and pathway proposed by Ujaque et al. [128] could 

accomplish anti-Markovnikov selectivity if the amine substrate was changed to water. A 

competing Markovnikov pathway was also modeled. A plausible catalytic route is reported to 

produce primary alcohols with anti-Markovnikov selectivity from styrene and water. The 

DPEphos (bis[(2-diphenylphosphino)phenyl]ether) ligand was used to support a cationic 

rhodium(I) catalyst to produce primary alcohol from water and styrene. For the purpose of better 

understanding of the origin of regioselectivity, the impact of an alkene chain (1-hexene) and 

(methanol) were investigated as well. The catalytic cycle was studied by DFT calculations. 

Previous research on RhI catalyst [128] with the same DPEphos ligand showed great success in 

producing hydroaminated alkenes with anti-Markovnikov selectivity. To yield primary alcohol, 
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RhI catalytic cycles were initiated by three different pathways involving water attack upon styrene, 

which gave rise to a RhIII-hydride intermediate, which then underwent reductive elimination. The 

following points are highlighted. 

(1) The free energy of water exchange with styrene in ([Rh(DPEphos)(styrene)]+) giving 

rise to [Rh(DPEphos)(aqua)]+ + styrene was predicted to be 34.8 kcal/mol endergonic. Therefore, 

styrene coordination followed by three different water addition modes were modeled since water 

displacement of styrene was predicted to be too exergonic to be feasible. 

(2) The present calculations on RhI showed an important difference between formation 

of primary alcohol and phenylethane. It was calculated that C—H reductive elimination (∆G‡ = 

3.4 kcal/mol) from the RhIII—H intermediate, leading to alcohol product, is energetically more 

favorable as compared to β-hydrogen elimination (∆G‡ = 6.3 kcal/mol), which leads to 

phenylethane.  

(3) In comparing anti-Markovnikov to Markovnikov regioselectivity with RhI catalyst 1, 

calculations of the free energy profile indicated exergonic products, -12.4 and -13.7 kcal/mol 

relative to 1, respectively. Therefore, one may posit that the regioselectivity is not governed by 

thermodynamic, but rather kinetic considerations. 

(4) For both regiochemistries, the rate determining steps were predicted to involve 

simultaneous water addition/activation/proton transfer. The rate determining step in anti-

Markovnikov pathway was predicted to have ∆G‡= 23.7 kcal/mol, while the rate determining step 

had ∆G‡ = 40.2 kcal/mol for the Markovnikov regiochemistry. As such, one would expect the anti-

Markovnikov pathway to be more favorable (∆∆G‡= 16.5 kcal/mol). 

(5) According to calculations for different nucleophiles (water and methanol) and olefins 

(styrene and 1-hexene), anti-Markovnikov regioselectivity was maintained to be more favorable 
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as compared to Markovnikov regioselectivity and simultaneous nucleophilic attack step was 

predicted as the rate determining step for all cases studies. For the case of phenyl ring bonded to 

the alkene, styrene showed a sizable preference via ΔΔG⧧AM = 3.4 kcal/mol (Table 5.1). Also, 

results showed that synthesis of an ether with methanol as the nucleophile is less favorable by 12.0 

kcal/mol as compared to production of the primary alcohol via hydration.  

(6) The origin of the regioselectivity was also examined by means of studying the 

molecular orbitals and charges. Based on NBO charges, the beta C atom of styrene was the most 

negatively charged atom of the substrate. Therefore, it was concluded that the reaction is not 

charge-controlled. However, orbital analysis indicated that styrene coordination to 

[Rh(DPEphos)]+ yields a LUMO with substantial contribution of a pπ orbital of the beta carbon 

atom of styrene mixed with a d orbital of rhodium. The orbital analysis showed that the LUMO of 

catalyst 1 has increased localization on the beta carbon (Cβ) of styrene. Thus, these observations 

suggested that the anti-Markovnikov selectivity arose from an orbitally-controlled nucleophilic 

attack directed by the LUMO of the [Rh(DPEphos)(styrene)]+ catalyst. 
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CHAPTER 6 

PROSPECTUS, CONCLUSIONS, AND FUTURE DIRECTIONS 

Based on the concluded studies reported in this dissertation, this chapter emphasizes the 

key scientific discoveries, and discusses potential future research directions based on these 

discoveries.  

6.1 Comparison of PdII and RhI-Catalyzed Catalytic Cycles for Single-Step Styrene 
Production 

The present PdII results, like previously reported RhI calculations [51], suggested that 

benzene substitution of ethylene, followed by a concerted metalation deprotonation activation 

pathway, is the most favorable mechanism for C-H activation. In comparing PdII and RhI 

dimer/monomer equilibria, there is a shift towards the monomer for PdII, which is opposite to that 

computed for RhI. Thus, this suggests a significant difference between Rh and potential Pd 

catalysts for styrene production, and a potential advantage for a Pd catalyst since accessing the 

monomer active species is easier for the latter. Additionally, the PdII complex shows a more 

favorable effective C-H activation barrier compared to the reported RhI complex (at the same exact 

level of theory) based on the effective free energy requirements to overcome the transition state 

barrier, 17.4 and 39.0 kcal/mol for PdII and RhI complexes, respectively. From these results it can 

be concluded that changing the metal from Rh to Pd may yield a better catalyst for single-step 

production of styrene. Moreover, Gunnoe and co-workers showed that the reaction pathway to 

produce styrene was enhanced by the introduction of electron-withdrawing groups on the 

supporting ligands [20]. This research and previous PtII studies [15,18,20] showed that late metal 

catalysts are effective for styrene production. Thus, the research presented in this dissertation and 
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previous outcomes suggests that further computational investigations with late transition metal and 

more electron-withdrawing substituents on the supporting ligand are worthy of investigation. 

 

6.2 Computational Analysis of Transition Metal-Terminal Boride Complexes 

Different sized phosphine substituents were used to evaluate their impact on the energy 

barrier for inversion of these structures and ∆G‡
inv (the free energy for disphenoidal structures to 

undergo a conformational change via a square planar transition state). Our results led to the 

conclusion that the differences among the phosphines are primarily electronic in origin. Also, 

comparing Os with Pd and Pt indicated that changing from Group 8 Os to the Group 10 metals 

further stabilizes the MB π bond energies of terminal boride complexes by 17.9 and 16.5 kcal/mol 

relative to Os, for Pd and Pt, respectively. This is proposed to be due to the more electron-rich 

Group 10 metals providing better π-backbonding to the extreme Z-type boride ligand. Thus, 

changing M from Os to either Pd or Pt given that these π-bonds are polarizable, one may posit that 

such a modification will afford an opportunity to strengthen metal-terminal boride bonds via 

strategies that enhance the π-donor ability of the metal as well as via manipulation of the supporting 

ligands. Using cationic counterions to make the boride complex anionic (thus being more electron 

rich) could further stabilize a terminal boride complex and is worthy of being investigated 

theoretically.  

 

6.3 Heterobimetallic Silver-Iron Complexes Involving Fe(CO)5 Ligands 

Iron pentacarbonyl is a compound that has an extensive chemistry and one that is widely 

used as a precursor to diverse chemical compounds. Novel Ag-Fe complexes were synthesized 

and characterized by Dias and coworkers. Density functional theory (DFT) and complete active 
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space self- consistent calculations (CASSCF) studies predicted that Fe(CO)5 can act as Lewis base 

in an Ag(I) complex, the latter behaving as a Lewis acid. The CO stretching frequencies of these 

molecules show a notable blue shift relative to those observed for free Fe(CO)5, indicating a 

significant reduction in Fe→CO π-backbonding as a result of bonding to the Lewis acidic silver 

sites. This suggests that new Ag-Fe complexes may be studied with anionic supporting ligands and 

sigma donor ligands stronger than CO (e.g., PMe3, P(OMe)3, PEt3) to enhance Ag binding to Fe. 

Relatively modest cone angle phosphines were chosen so as to not cause steric hindrance that 

would weaken the delicate FeAg bond. Thus, further stabilization and enhanced interaction 

between metal-only Lewis pairs (MOLPs) generally and Ag-Fe complexes, specifically, may be 

achieved.  

 

6.4 Direct Anti-Markovnikov Addition of Water to Olefin to Synthesize Primary Alcohols: A 
Theoretical Study 
 
Anti-Markovnikov hydration of olefins has been a long-standing goal in catalysis. The 

[Rh(COD)(DPEphos)]+ complex was reported as a general and regioselective Group 9 catalyst for 

intermolecular hydroamination of alkenes. The reaction mechanism was thus adapted for 

intermolecular hydration of alkenes and studied by means of DFT calculations. Olefin hydration 

pathways were analyzed for anti-Markovnikov and Markovnikov regioselectivity. Based on these 

results, the operating mechanism can be summarized as follows: styrene activation through 

nucleophilic attack of the OHδ- of water to alkene with simultaneous Hδ+ transfer to a vacant 

coordination site on the Rh, which is then followed by formation of primary alcohol via reductive 

elimination. Competitive formation of phenylethane was observed to be less favorable through a 

β-elimination/hydrogenation pathway. However, as we studied other possible styrene activation 

pathways (syn- and anti-addition of water), DFT couldn’t find true stationary points and 
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constrained optimization method was needed to approximate the true stationary point geometries. 

Ideally, further calculations would be desirable in order to minimize reliance on constrained 

calculations and to find true stationary points.  However, it is likely such geometries does not exist 

as water does not “stick” to styrene (corroborated by MP2 calculations) nor does it bind strongly 

enough to the catalyst to displace styrene. We are encouraged to present a reasonable pathway for 

directly synthesizing primary alcohols via anti-Markovnikov hydration. This study provides proof 

that computational chemists can play active role in the development of mechanisms for challenging 

catalytic systems. Also, orbital analysis revealed that when styrene is coordinated to the catalyst 

the LUMO shows a substantial contribution from a π orbital on the terminal carbon of the substrate. 

Additionally, bonding parameters showed that the terminal carbon is sterically more “open” and 

more accessible to nucleophilic attack. Therefore, for the catalyst chosen, the anti-Markovnikov 

pathway is the more favorable regioselectivity for both steric and electronic reasons. Also, the 

project present here was adopted from the elegant hydroamination work of Ujaque and co-workers 

[128]. The data they provide electron withdrawing substituents on aliphatic/aromatic groups and 

using a strong nucleophile would further favor the anti-Markovnikov addition by decreasing the 

barrier for the rate determining step due to inductive and resonance effect [128]. The combination 

of their results and the present research motivate the study of improved catalyst models for anti-

Markovnikov hydration with electron-withdrawing groups on the catalyst. 
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Figure A.1. M06/SDD+6-311++G(d,p)/CPCM-toluene calculated free energies (in kcal/mol) for 
RhI hydration of anti-Markovnikov styrene:water (red), styrene:methanol (black), and 
hexene:water (blue)  regioselectivity. 
 

Protonated 
Metal Center

Reductive
Elimination

∆ G
 (k

ca
l/m

ol
)

0.0

-10

 
10

 
20

-20

1
0.0

Ph

Rh

Simultaneous Nucleophilic attack

30

40

TS1-5
23.7

5
11.3

TS5-6
14.7

6
1.1

-12.4

Ph

Rh OHH

Ph

Rh OH

Ph

Ph

OH

29.4

16.2

19.9

7.0

6.6

34.5

19.3

22.8

Styrene+water

Styrene+methanol

Hexene+water

Low basis sets

High basis sets

-6.4

R

OH

R

OCH3
-7.9

 
Figure A.2. M06/SDD+6-31G(d)/CPCM-toluene calculated free energies (in kcal/mol) for RhI 
hydration of anti-Markovnikov styrene:methanol (black), and hexene:water (blue)  
regioselectivity. M06/SDD+6-311++G(d,p)/CPCM-toluene calculated free energies (in kcal/mol) 
for RhI hydration of anti-Markovnikov styrene:methanol (black) regioselectivity. 
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(c)                                                                       (d) 

Figure A.3. Calculated geometries of simultaneous nucleophilic attack/proton transfer transition 
states for Markovnikov (a) and anti- Markovnikov (b) pathways (olefin = 1-hexene; nucleophile = 
water). Calculated geometries of simultaneous transition states for Markovnikov (c) and anti- 
Markovnikov (d) pathways (olefin = styrene; nucleophile = methanol). Bond lengths in Å.  
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