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Organometallic catalysis has attracted significant interest from both industry and 

academia due to its wide applications in organic synthetic transformations. Example of 

such transformations include the reaction of a zinc carbenoid with olefins to form 

cyclopropanes. The first project is a computational study using both density functional 

and correlated wavefunction methods of the reaction between ethylene and model zinc 

carbenoid, nitrenoid and oxenoid complexes (L-Zn-E-X, E = CH2, NH or O, L = X = I 

or Cl). It was shown that cyclopropanation of ethylene with IZnCH2I and aziridination of 

ethylene with IZnNHI proceed via a single-step mechanism with an asynchronous 

transition state. The reaction barrier for the aziridination with IZnNHI is lower than that 

of cyclopropanation. Changing the leaving group of IZnNHI from I to Cl, changes the 

mechanism of the aziridination reaction to a two-step pathway. The calculation results 

from the epoxidation with IZnOI and ClZnOCl oxenoids suggest a two-step mechanism 

for both oxenoids. Another important example of organometallic catalysis is the formation 

of alkyl arenes from arenes and olefins using transition metal catalysis (olefin 

hydroarylation). We studied with DFT methods the mechanism of a novel Rh catalyst 

(
Fl
DAB)Rh(TFA)(η

2
–C2H4) [

Fl
DAB = N,N’ -bis(pentafluorophenyl)-2,3-dimethyl-1,4-

diaza-1,3-butadiene; TFA = trifluoroacetate] that converts benzene, ethylene and air-

recyclable Cu(II) oxidants to styrene. Possible mechanisms are discussed.  
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CHAPTER 1

INTRODUCTION

Organometallic catalysis has attracted significant interest from both industry and

academia due to its wide applications in organic synthetic transformations.Pd, Rh, Ir and Ni

catalysts are critical for many of these transformations [1]. Examples of such transformations

include the reaction of a zinc(II) carbenoid with olefins to form cyclopropanes reported by

Simmons and Smith [2, 3]. The Simmons-Smith (SS) cyclopropanation is a general and

efficient method for the conversion of olefins into cyclopropanes (Figure 1.1) [4, 5].

Since the reported cyclopropanation of olefins with zinc carbenoid through the SS

mechanism, many studies have been reported on this important organic name reaction,

both experimental and theoretical. The reaction of a Li carbenoid with olefins to form

arylcyclopropanes was first reported by Closs and Moss [6]; theoretical studies suggested

that a concerted [1 + 2] addition is more favored versus a stepwise mechanism [7]. The

reaction of samarium carbenoids with olefins was reported by Molander and coworkers [8, 9],

while aluminum carbenoid mediated cyclopropanation was first investigated experimentally

by Yamamoto and co-workers a couple of years earlier [10].

Cyclopropanes, aziridines and epoxides are three-member ring moieties found in a

wide variety of drugs, natural products and other important chemical compounds [11]. For

example, cyclopropane containing molecules are used as starting materials and intermediates

in organic synthesis [12, 13]. Aziridines, the smallest nitrogen-containing heterocycles, are

also widely exploited as building blocks for the synthesis of biologically and synthetically

Figure 1.1. Smith-Simmons reaction for the synthesis of cyclopropanes from olefins.
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Figure 1.2. General structure of (a) carbenoids, (b) nitrenoids, and (c)

oxenoids with a metal M and a leaving group X and the supporting ligand

L. In this study M = Zn, X = L = I or Cl and R1 = R2 = R = H.

important materials [15, 16]. Epoxides such as ethylene oxide and propylene oxide are pro-

duced and employed on an industrial scale to form important intermediates for the industrial

synthesis of polymers [17].

Recently, transition metal catalyzed synthesis of aziridines with different choice of

nitrene/ nitrenoid source and metal catalyst has received increasing research attention [18].

Among the transition metals have been reported for the conversion of olefins into aziridines,

rhodium, ruthenium and copper-based catalysts generally show better catalytic performance.

For example, in 2013, Cordeiro et al. [19] conducted a DFT study on the mechanism of the

copper-catalyzed aziridination of styrene. They proposed three different mechanisms based

on the type of catalytic complex and found that changing the multiplicity from singlet

surface to the triplet surface could change the mechanism from concerted to a stepwise

mechanism.[20, 21].

Many transition metal catalysts have been successfully developed to make a variety

of epoxides from olefins. In addition to well-known epoxidation catalysts based on Ti, V, Mo

and W that can facilitate the epoxidation of a variety of alkenes with an alkyl hydroperoxide

oxidant, in the last decade several noble metal catalysts utilizing Ru, Pt, Co or Au have

been developed for selective epoxidation of alkenes [22].

Experimental and theoretical studies revealed that carbenoid, nitrenoid and oxenoid

species have many properties in common, e.g., they are very electrophilic and react easily

with nucleophiles through an SN2-type mechanism (Figure 1.2) [23].

Carbenoids are putative intermediates in cyclopropanation reactions, and are quali-
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tatively similar to carbenes, but do not necessarily form the free divalent species [24, 6].

The SS reaction is proposed to go through a methylene transfer mechanism with

a concerted [1 + 2] addition via a butterfly transition state [3]. A two-step carbometala-

tion mechanism involving a four-centered transition state was also proposed based on later

mechanistic studies [25]. Furthermore, some research has been reported on the influence of

carbenoid structure on the cyclopropanation reaction, elucidating that changing the leaving

group X (X = F, Cl, Br, I, OH) and the metal ion can change the nature of XMCH2X

carbenoids (M = Zn, Li, Al, Rd, Sm) [24].

Given that the Simmons-Smith reaction is a widely used approach to access cyclo-

propanes with IZnCH2I as the reactive carbenoid, it is surprising that similar reagents [18],

have been little explored or exploited in organic chemistry for related zinc-nitrenoid and

zinc-oxenoid mediated transformations to synthesize aziridines and epoxides, respectively.

Motivated by this, in Chapter 2, a density functional and wavefunction theory (perturbation

theory and coupled cluster methods) investigations was performed to help elucidate mech-

anisms for the conversion of ethylene to aziridine and ethylene oxide by analogous IZnNHI

(nitrenoid) and IZnOI (oxenoid), respectively, models. Meanwhile, I studied the influence of

leaving group X (X = I, Cl) on the epoxidation of ethylene pathway was, and found to be

sensitive to the level of theory employed.

Another important example of organometallic catalysis is the formation of alkyl arenes

from arenes and olefins using transition metal catalysis to add an aromatic C-H bond across

a C––C bond (olefin hydroarylation) [26]. Several billion pounds of alkyl arenes are pro-

duced annually, and are used for plastics, pharmaceuticals, fuels and surfactants. For ex-

ample, polystyrene is an essential component of thousands of household products [27]. The

insertion of an olefin into a metal-aryl bond and subsequent C-H activation catalyzed by

transition metals should be an improvement over traditional acid-catalyzed processes [26].

Traditional pathways to alkyl arenes such as the Friedel-Crafts synthesis suffer from selec-

tivity limitations that originate from a carbocationic mechanism [28]. Also, side products

resulting from polyalkylation and the use of a corrosive Brnsted acid, often HF, are additional

3



challenges to Friedel-Crafts catalysis [29]. The hydrophenylation of olefins by RuII and IrIII

catalyst precursors lead to the formation of the anti-Markovnikov products with moderate

selectivity [30]. In contrast, Goldberg and coworkers showed that the product selectivity for

PtII-catalyzed propylene hydroarylation favors Markovnikov addition products [31]. Subse-

quently, Gunnoe, Cundari and their coworkers studied the formation of n-propylbenzene and

cumene from benzene and propene catalyzed by the PtII complexes [(Xbpy)Pt(Ph)(THF)]+

(Xbpy = 4,4–X2 –2,2–bipyridyl; X = OMe, tBu, H, Br, CO2Et and NO2] using experi-

mental and computational techniques. They showed that these catalysts are selective for

the branched product (cumene). Furthermore, the cumene/n-propylbenzene ratio increases

as one increases the electron withdrawing properties of the 4 and 4 substituents on the

Xbyp ligand [32]. In a related study of PtII catalysts, Gunnoe et al. developed a series

of [(Xbpy)Pt(Ph)(THF)][BAr4] catalysts (Ar = 3,5-bis(trifluoromethyl)phenyl) for ethylene

hydrophenylation. They showed that the bipyridyl 4,4-substituents tune both catalyst se-

lectivity and activity. Most significantly, less electron donating 4,4 substituents raise the

tendency towards styrene over ethylbenzene formation [33].

Previous studies on PtII catalysts for hydrophenylation of ethylene lead to the pro-

posal that formation of styrene eventually leads to catalyst decomposition due to the decom-

position of PtII-hydrides to metallic Pt and H2 [34]. Given that the formation and decompo-

sition of PtII-H species was postulated, Gunnoe et al. investigated isoelectric rhodium cata-

lysts expecting that RhI-H intermediates would be more stable relative to PtII-hydrides [35].

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] con-

verts benzene, ethylene, and CuII-acetate to styrene, CuI-acetate, and acetic acid with 100

selectivity and yields 95 [35]. These researchers posited that the highly electron-withdrawing

perfluorophenyl groups on the FIDAB ligand could help prevent irreversible oxidation to

inactive RhIII in the presence of Cu(OAc)2, possibly promote ligand exchange between free

ethylene and coordinated styrene, and enhance rapid ethylene insertion into Rh–Ph bonds.

In Chapter 3, a detailed computational investigation is reported of cat-
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alytic hydrophenylation of ethylene to produce styrene by the RhI catalyst

(FIDAB)Rh(TFA)(η2-C2H4). A plausible reaction mechanism is modeled, in order to

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

understand the differences between reported PtII and RhI catalysts.
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CHAPTER 2

A COMPARISON OF THE SIMMON-SMITH REACTION WITH CARBENOIDS TO

NITRENOIDS AND OXENOIDS

2.1. Computational methods

The Gaussian ’09 software package [39] was used for all calculations reported in this

paper. Calculations were performed for molecules in the gas phase. Reaction and activation

free energies were calculated using density functional theory (DFT): BP86, B97D, BLYP,

B3P86, B3LYP and M06 functionals, each with the CEP-31G(d) and 6-31G(d) basis sets.

The BP86 and B97D functionals were also tested with the larger 6-311+G(d) basis set. Single

point calculations and full optimizations were also performed at MP2 level of theory with the

cc-pVDZ and cc-pVTZ basis sets. Coupled cluster (CCSD(T)) single point computations

were also performed in conjunction with correlation consistent basis sets. All species were

modeled as neutrals with a spin multiplicity of 1. Preliminary computations suggested that

triplet species were much higher than the singlet stationary points discussed here. Free

energies are reported in kcal/mol that were calculated at 1 atm and 298.17 K. According

to the calculated energy Hessians, the stationary points, minima or transition states, are

defined by having 0 and 1 imaginary frequencies, respectively.1

2.2. Results and discussion

2.2.1. Impact of functional and basis set upon epoxidation of the Cl–Zn–O–Cl oxenoid

with ethylene

Various computational strategies were used to assess the sensitivity of the reaction of

ClZnOCl + C2H4 to different methods and basis sets. Chloride supporting ligands, rather

than the iodide ligands that are more commonly used experimentally in the Simmons- Smith

reaction, were utilized to provide more basis set options for calibration of the computational

methods. Additionally, initial studies of the epoxidation reaction indicated this reaction to

1This chapter has been previously published by Sarah Karbalaei Khani and Thomas R. Cundari. Journal of
Computational and Theoretical Chemistry. 1056 (2015) 61. Reproduced with permission from ELSEVIER.
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proceed by a two-step mechanism, oxometalation followed by ring closure, and hence it was

deemed a more rigorous test of the levels of theory than a single step (i.e. concerted via a

butterfly transition state) group transfer mechanism.

Tables 2.1 and 2.2 summarize the free energy changes for each class of methods.

Comparing the data in Table 2.1 with Table 2.2, it can be seen that for the transition state

for the first mechanistic step (TS1) in oxometalation to form ClZnOCH2CH2Cl, B3LYP/6-

31G(d) and M06/6-31G(d) predict similar free energy barriers to those predicted with MP2

methods in conjunction with correlation consistent basis sets. There is an increase in the

mean value of ∆G1
‡ by about 4 kcal/mol in the MP2 barrier height for TS1 as compared to

the mean barrier computed with DFT methods cf. Tables 2.1 and 2.2. The MP2 computed

reaction barriers and reaction free energies for step 2 of the epoxidation mechanism ,ring

closure are highly consistent for the basis sets tested, as indicated by the small standard

deviation (15.7 ± 1.2) kcal/mol for < ∆G2
‡ > ±σ and -57.3 ± 0.9 kcal/mol for < ∆Gr2

◦ >

± σ). On the other hand, there is a more considerable spread in the DFT computed barrier

heights for step 2 (ring closure); for example, M06/CEP-31G(d) predicts a barrier of 25.8

kcal/mol, while B97D/6-311+G(d) predicts ∆G2
‡ = 9.2 kcal/mol.

Interestingly, the coupled cluster results (CCSD(T)/cc-pVDZ// BP86/CEP-31G(d))

are intermediate for most of the computed free energies between the density functional and

MP2 computed values. This suggests that one treatment of correlation may be under and the

other over correcting the computed free energies. To analyze the dependence of transition

state geometries (ground state geometries showed less variation with the level of theory) on

the choice of quantum chemical optimization method for the epoxidation of ethylene with

ClZnOCl oxenoid, the transition state geometries at the BP86/CEP31G(d) and MP2 levels

have been compared. The transition state geometries at BP86/CEP31G(d), within an ac-

ceptable error (± 0.09 Å for bond lengths and ±0.05◦ for angles), are very similar to those

produced using the MP2/cc-pVDZ level of theory. One exception is the O−C2 bond length

in the first step transition state (TS1), which is 0.157 Å longer at BP86/CEP-31G(d) than

MP2/cc-pVDZ level (Figure 2.1). These results support the hypothesis that the sophistica-
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Table 2.1. DFT Gibbs free energies of activation ∆G‡ and reaction ∆Gr
◦

relative to reactants in Kcal/mol for two-step epoxidation of ethylene by

ClZnOCl. Step 1 = oxometalation, 2 = ring closure

Method Step 1 Step 2

∆G1
‡ (kcal/mol) ∆G1

◦ (kcal/mol) ∆G2
‡ (kcal/mol) ∆G2

◦ (kcal/mol)

BP86/CEP-31G(d) 6.5 -6 15.1 -45.4

B97D/CEP-31G(d) 6.8 -3.7 12.1 -52.2

BLYP/CEP-31G(d) 5.6 -4.4 12.4 -44.5

B3P86/CEP-31G(d) 9.6 -5.9 Not found -50.5

B3LYP/CEP-31G(d) 10.6 -2.6 Not found -49.9

M06/CEP-31G(d) 10.5 -6.7 25.8 -55.9

BP86/6-31G(d) 7.8 -3.3 14 -43.6

B97D/6-31G(d) 10 -1.4 10.7 -48.3

BLYP/6-31G(d) 8.8 -0.2 11.7 -45

B3P86/6-31G(d) 11.1 -2.2 20.7 -52.3

B3LYP/6-31G(d) 12.3 1 18.5 -51.1

M06/6-31G(d) 12.7 -2.4 24.1 -56.4

BP86/6-311+G(d) 7.5 -2.8 12.3 -238.7

B97D/6-311+G(d) 9.8 1.7 9.2 -52.4

(< ∆G◦ > ±σ)DFT 9.2 ± 2.2 -3.2 ± 2.4 15.6 ± 5.5 -49.6 ± 4.3

tion of electron correlation treatment, more than differences in stationary point geometries,

are responsible for the differences in wavefunction and density functional treatments. In-

cipient bond distances (dα and dβ in Figure 2.2) are reported for transition states of the

epoxidation of ethylene with ClZnOCl oxenoid in Table 3. While DFT computed bond

asynchronicities (∆d) decrease by changing the basis set from CEP-31G(d) to 6-31G(d) for

both TS1 and TS2, the 6-311+G(d) geometries are more asynchronous than CEP-31G(d)

in TS1 and are similar for CEP-31G(d) in TS2. Among all DFT methods applied in this

study, BP86/CEP-31G(d) gives the same synchronicity as MP2/CEP-31G(d) (Table 2.3 and

Figure 2.1).
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Table 2.2. MP2 Gibbs free energies of activation ∆G‡ and reaction ∆Gr
◦

relative to reactants in Kcal/mol for two-step epoxidation of ethylene by

ClZnOCl. Step 1 = oxometalation, 2 = ring closure.

Method Step1 Step2

∆G1
‡ ∆Gr1

◦ ∆G2
‡ ∆Gr2

◦

MP2/aug-cc-pVDZ//bp86/CEP-31G(d) 12.1 -1.5 14.8 -58

MP2/aug-cc-pVTZ//bp86/CEP-31G(d) 12.6 -1.5 17.3 -57.4

MP2(full)/aug-cc-pVDZ 13.2 -1.8 14.3 -58

MP2(full)/aug-cc-pVTZ 16.2 1.3 16.6 -55.7

MP2(full)/aug-cc-pVDZ+ZPE 12.8 -0.7 15.4 -57.3

(< ∆G > ±σ)MP2 13.4 ± 1.6 -0.8 ± 1.3 15.7 ± 1.2 -57.3 ± 0.9

CCSD(T)/cc-pVDZ//BP86/CEP-31G(d) 12.2 -3.3 20.8 -57.2

CCSD(T)/cc-pVTZ//BP86/CEP-31G(d) 13.2 -1.8 23.2 -55.1

Perhaps most interestingly in terms of the potential to use DFT methods for catalyst

design, the mechanism of the reaction is changed for B3P86/CEP-31G(d) and B3LYP/CEP-

31G(d) hybrid methods. The corresponding all-electron DFT computations with the 6-

31G(d) basis set favor a two-step mechanism, which is consistent with the MP2 calculations.

This highlights the difficulties in assigning a preferred pathway to these late-metal group

transfer reactions from theory, and suggests that from a synthetic viewpoint there is likely

a continuum of transition states between fully concerted and fully step-wise. Furthermore,

the position a particular catalyst system may occupy on this TS continuum is likely quite

sensitive to the olefin substrate, metal (M), its supporting ligands (L) and the substituent

(X) used to protect the oid reagent (Figure 2.3).

While the (< ∆G◦ > ±σ)DFT values in Table 2.1 are different from MP2 values in Ta-

ble 2.2, in terms of the averages and standard deviations, most DFT/basis set computations

as well as MP2 predict a two-step mechanism for the reaction of ClZnOCl + C2H4, in which

the second step is the rate determining step, with the exception of B97D/6-311+G(d), where

the first step is predicted to be the rate determining step by a mere 0.6 kcal/mol. Given

9



Figure 2.1. Transition states of the epoxidation of ethylene with ClZnOCl

oxenoid using BP86/CEP-31Gd (I, II) and MP2/cc-pVDZ (III, IV) levels of

theory, (I, III - oxometalation), (II, IV - ring closure).

Figure 2.2. Transition states for the two-step epoxidation of ethylene by

ClZnOCl (I, II) and the definition of the bond asynchronicity ∆d.

the aforementioned results, BP86/CEP-31G(d) was chosen as the best compromise for fur-

ther simulations for cyclopropanation, aziridination and epoxidation calculations, because it

predicts a similar free energy barrier for the second step (15.1 kcal/mol), which is the pre-

10



Table 2.3. Incipient bond distances (dα and dβ in Scheme 4) and both asyn-

chronicities (∆d) in the transition states for the epoxidation of ethylene with

ClZnOCl oxenoid are given in Å).

Method Step 1 Step 2

dα dβ ∆d dα dβ ∆d

BP86/CEP-31G(d) 2.245 2.06 0.185 2.165 1.536 0.629

B97D/CEP-31G(d) 2.26 1.993 0.267 2.15 1.499 0.651

BLYP/CEP-31G(d) 2.284 2.014 0.27 2.217 1.565 0.652

B3P86/CEP-31G(d) 2.192 2.014 0.178 Not found Not found Not found

B3LYP/CEP-31G(d) 2.215 1.993 0.222 Not found Not found Not found

M06/CEP-31G(d) 2.14 2.017 0.123 2.088 1.478 0.61

BP86/6-31G(d) 2.144 2.053 0.091 2.113 1.527 0.586

B97D/6-31G(d) 2.184 1.997 0.187 2.121 1.512 0.609

BLYP/6-31G(d) 2.172 2.018 0.154 2.16 1.546 0.614

B3P86/6-31G(d) 2.123 1.994 0.129 2.063 1.498 0.565

B3LYP/6-31G(d) 2.142 1.977 0.165 2.104 1.516 0.588

M06/6-31G(d) 2.08 1.98 0.1 2.041 1.476 0.565

BP86/6-311+G(d) 2.251 2.002 0.249 2.164 1.536 0.628

B97D/6-311+G(d) 2.279 1.94 0.339 2.159 1.508 0.651

MP2/aug-cc-pVDZ//bp86/CEP-31G(d) 2.245 2.06 0.185 2.165 1.536 0.629

MP2/aug-cc-pVTZ//bp86/CEP-31G(d) 2.245 2.06 0.185 2.165 1.536 0.629

MP2(full)/aug-cc-pVDZ 2.187 1.903 0.284 2.175 1.485 0.69

MP2(full)/aug-cc-pVTZ 2.167 1.9 0.267 2.156 1.477 0.679

dicted rate determining step, to that of the more expensive MP2(full)/aug-cc-pVDZ+ZPE

(15.4 kcal/mol) level of theory. Moreover, the BP86 functional has been used with success

in previous theory-experiment studies of late transition metal group transfer. Finally, the

computed data in Tables 1 and 2, determined with a variety of density functional and wave-

function base methods, provide some insight into the expected error bars for the predicted

thermodynamics and kinetics of these and related group transfer reactions mediated by zinc
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Figure 2.3. Proposed transition state continuum between single-step and

double-step pathways for cyclopropanation, aziridination and epoxidation of

ethylene with L-Zn-E-X (E = CH2, NH or O, X = L= I or Cl.

and other late transition metal carbenoid systems.

2.2.2. Cyclopropanation of ethylene by the I–Zn–CH2 – I carbenoid

The optimized geometry for the Zn carbenoid I–Zn–CH2 – I is shown in Fig. 1 along

with the optimized geometry of the reactant complex (A1) and the transition state (B1) for

methylene transfer to produce cyclopropane (c–C3H6) and ZnI2. The methylene transfer is a

concerted [2 + 1] addition in which the Zn carbenoid approaches ethylene in an asymmetric

way to add the methylene group of the carbenoid to the ethylene π-bond and form two new

C–C bonds. The asymmetry is evident in the transition state geometry; the C1−C2 distance

in the cyclopropanation TS is 2.38 Å, which is 0.29 Å shorter than the C1−C3 distance.

In comparison to the C–C bond lengths in the cyclopropane product, the relatively large

C1−C2 distance indicates that the TS is closer to the reactant complex than products (i.e.

an early transition state). The C2−C3 and C1−I2 bond lengths are respectively increased by

0.01 and 0.50 Å, and the Zn−I2 distance is decreased by 0.72 Å upon going from reactant

adduct A1 to transition state B1 (Figure 2.4). The latter structural changes are attributed

to the incipient formation of ZnI2 product in the transition state. This cyclopropanation

reaction is predicted to be highly exergonic by 47.4 kcal/mol with a modest barrier of 13.7

12



Figure 2.4. BP86/CEP-31G(d) computed reaction coordinate of ethylene

and IZnCH2I (A1). Singlet TS for the cyclopropanation of ethylene (B1).

Dissociated product (C1). Bond lengths in Å.

kcal/mol (Figure 2.5).

According to previous calculations, the reaction of IZnCH2I + C2H4 to give c–C3H6

and ZnI2 has a barrier of 21.2 kcal/mol, relative to the separated reactants of IZnCH2I and

C2H4, and is exergonic by 21.2 kcal/mol at the B3LY P/6 − 311G∗∗ level of theory [37]. These

values are 7.5 kcal/mol higher (for the reaction barrier) and 26.2 kcal/mol lower (for the

formation of product) than the BP86/CEP-31G(d) calculated results presented here. Similar

to the calibration reported above, in a previous study, a calibration of DFT in relation to MP2

and CCSD(T) methods for the cyclopropanation reaction of methoxymethyllithium with

ethylene was reported by Ramachandran et al. [36]. Their results suggested that the reaction

of methoxymethyllithium with ethylene gives the cyclopropane through a carbolithiation

13



Figure 2.5. BP86/CEP-31G(d) calculated free energies (kcal/mol) for cy-

clopropanation of ethylene.

pathway.

2.2.3. Aziridination of X–Zn–NH–X (X = I and Cl) ethylene by zinc nitrenoid

Interestingly, the aziridination of ethylene by I–Zn–NH–I proceeds through a con-

certed pathway while, the aziridination with Cl–Zn–NH–Cl proceeds by a two-step mech-

anism (Figures 2.6 and 2.7, respectively). The aziridination of IZnNHI via a concerted

mechanism (Figure 2.6) involves the electrophilic attack of the NH–I σ∗ bond on the π

bond of ethylene, leading to the butterfly-type transition state. A lower free energy barrier

of 8.3 kcal/mol is computed for aziridination versus that computed for cyclopropanation

(13.7 kcal/mol, Figure 2.5 and 2.8). The C2−N distance is 2.145 Å, which is 0.52 Å shorter

than the C1−N distance in the aziridination TS. Hence, the transition state geometry is

asynchronous with respect to the formation of the two carbon-nitrogen bonds of aziridine

14



Figure 2.6. BP86/CEP-31G(d) computed reaction coordinate of ethylene

and IZnNHI (A2). Singlet TS for the aziridination of ethylene (B2). Product

(C2). Bond lenghts in Å.

and that asynchronicity is greater than computed for cyclopropanation (0.29 versus 0.52 Å).

The interactions of the IZnNHI with the π-olefin orbital are mainly responsible for the slight

lengthening of C1−C2 and N–Zn bonds [7] from reactant adduct A2 to transition state B2,

where the C1−C2 bond length is elongated by 0.02 Å and the N–Zn bond length is elongated

by 0.02 Å, respectively. There are large changes associated with I–NH–Zn and I–Zn–NH

angles from 115.2◦ to 156.8◦ in ground state A2 to 88◦ and 172◦ in transition state B2, re-

spectively. Particularly noteworthy in the transition state B2 is that the I2−N bond is nearly

broken (2.36 Å compared to 2.11 Å in the reactant complex) and the I atom is attracted by

the metal center to result in a Zn−I2 bond (Figure 2.6) in the ZnI2 product.

As shown in Figure 2.8, the NH transfer pathway has a reaction barrier of 8.3 kcal/mol

and is exergonic by 58.9 kcal/mol. In an effort to understand the role of supporting halide
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Figure 2.7. BP86/CEP-31G(d) computed reaction coordinate of ethylene

and ClZnNHCl (A3). Singlet four-centered TS1 (B3). Intermediate (C3). Sin-

glet ring-closing TS2 (D3). Product (E3). Bond lenghts in Å.

ligand in NH transfer, the I atoms in IZnNHI were substituted with the more electronegative

Cl atom. Changing the ligands I to Cl leads to a two-step mechanism for the reaction of

ClZnNHCl and C2H4. A one-step pathway could not be found for the iodo-ligated zinc

nitrenoid with the various methods employed in this research. The first step from ClZnNHCl

+ C2H4 to a four-centered transition state (B3) has a barrier of 6.8 kcal/mol (Figure 2.9). For

the transition state B3, the π orbital of the C1−C2 bond is polarized toward c1 atom, leading
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Figure 2.8. BP86/CEP-31G(d) calculated free energies (kcal/mol) for con-

certed aziridination of ethylene.

to the interaction between C1 and Zn atoms, and an appreciable overlap of the N–Zn σ bond

and the polarized π∗ orbital of ethylene forms a N−C2 bond [7]. The intermediate C3 that

is lower in free energy than A3 by ∼14 kcal/mol, goes up to D3 in which the interaction of

N–Zn σ bond with π ethylene orbital (ref) leads to the formation of a ring-closing transition

state (Figure 2.7). Hence, there is a difference between the electronic features of transition

states B3 and D3. The transition state energies (relative to A3) of B3 and D3 are calculated

to be 3.7 and 4.9 kcal/mol, respectively. Energy analysis shows that the energy barrier of

the second step (21.1 kcal/mol) is higher than that of the first step (6.8 kcal/mol), Figure

2.9, so the second step is the rate determining step.
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Figure 2.9. BP86/CEP-31G(d) calculated free energies (kcal/mol) for two-

step aziridination of ethylene.

2.2.4. Epoxidation of X–Zn–O–X (X = I and Cl)oxenoids with ethylene

The epoxidation of ethylene by both Zn–O–I and Cl–Zn–O–Cl was computed to

proceed through a two-step mechanism including initial oxometalation and subsequent ring-

closure as shown in Figures 2.10 and 2.11. Thus, unlike the zinc nitrenoid models, for the zinc

carbenoid and zinc oxenoid, the supporting ligand and substituent do not alter the preferred

pathway. A concerted, single-step epoxidation transition state, upon starting the geometry

optimizations from the corresponding stationary points for the NH congeners, could not be

found for either the chloride or iodide reagents at the BP86/CEP-31G(d) level of theory. The

first step from IZnOI + C2H4 to transition state B4 has a free energy barrier of 6.4 kcal/mol,

which is very close to that found (6.5 kcal/mol) for the first step of the ClZnOCl + C2H4

reaction, Schemes 8 and 9. As depicted in Figs. 4 and 5, although two pathways show

similar transition state shapes for the first step, the distances of O−C2 (2.09 ) and Zn–Cl

(2.27 ), the key geometric parameters for TS B4 of IZnOI oxenoid are slightly longer than

those of TS B5 for the ClZnOCl oxenoid reaction (values of 2.06 and 2.25 , respectively). Both
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Figure 2.10. BBP86/CEP-31G(d) computed reaction coordinate of ethylene

and IZnOI (A4). Four-centered TS1 (B4). Intermediate (C4). Singlet ring-

closing TS2 (D4). Product (E4). Bond lenghts in Å.

transition states are similarly asynchronous. The initial insertion reaction of the ethylene

with the Zn–O bond produces either intermediate C4 (X = I) or C5 (X = Cl) through

four-centered transition states, B4 or B5. For both pathways, the second step from C to D is

the rate determining step, again with similar energy barriers of ∼15 kcal/mol (Figs. 4 and

5) for either halide. The reaction of ClZnOCl and C2H4 is more exergonic (∼ -51 kcal/mol)

than the reaction of IZnOI and C2H4 (∼ -37 kcal/mol) (Figure 2.12 and 2.13). Hence, the

current models suggest only a small impact on computed barriers for zinc oxenoid mediated

epoxidation by changing the halide ligands.
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Figure 2.11. BBP86/CEP-31G(d) computed reaction coordinate of ethylene

and ClZnOCl (A5). Singlet four-centered TS1 (B5). Intermediate (C5). Singlet

ring-closing TS2 (D5). Product (E5). Bond lenghts in Å.

2.3. Summary and Conclusions

In this chapter, the potential energy surfaces for the reactions between ethylene and

model zinc carbenoid, nitrenoid and oxenoid complexes (L-Zn-E-X, E = CH2, NH or O, L

= X = I or Cl) have been studied with both density functional and correlated wavefunction

methods. Several results from this research may provide insight into group transfer by late

transition metal ”oids.” The most essential among these are summarized below.
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Figure 2.12. BBP86/CEP-31G(d) calculated free energies(kcal/mol)for two-

step epoxidation of ethylene by IZnOI.

(1) The epoxidation of ethylene with ClZnOCl oxenoid at DFT and MP2 levels of

theory was modeled to assess how this might affect the computed geometries and free energy

barriers. Several DFT functionals applied in this study predict a two-step mechanism for

the epoxidation of ClZnOCl, which is consistent with MP2/cc-pVDZ calculations, excepting

B3P86/CEP-31G(d) and B3LYP/CEP-31G(d), in which the mechanism of the reaction is

predicted to possess a single-step mechanism. According to Table 2.3, it can be noted that

BP86/CEP-31G(d) method produced the most similar geometries to those derived from

MP2 for both the initial oxometalation and subsequent ring – closure. In terms of energy,

BP86/CEP-31G(d) produces similar energy barriers for the second step (the rate determining

step) to those derived from MP2 calculations. It was noted that coupled clusters simulations

– CCSD(T) with cc-pVDZ and cc-pVTZ basis sets – predicted energies intermediate of those

from MP2 and DFT calculations. This suggests that MP2 was overcorrected and DFT was

undercorrected relative to couple clustered theory. Moving forward to larger model systems

for catalytic group transfer by late transition metals, with more realistic supporting ligands

L and leaving groups X, the present research suggests that it would be desirable to employ
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Figure 2.13. BBP86/CEP-31G(d) calculated free energies (kcal/mol)for

two-step epoxidation of ethylene by ClZnOCl.

MP2//DFT or, if feasible, CCSD(T)//DFT levels of theory.

(2) The results from the present calculations predicted that the conversion of ethylene

to cyclopropane with LZnCH2X occurs by a single-step reaction, which is in agreement with

previous computational studies of related cyclopropanation reactions [2, 3, 7]. It is interesting

that the mechanism is system-dependent. Changing the ”oid” transfer group from LZnCH2X

carbenoid to LZnNHX nitrenoid (L = X = I or Cl) leads to group transfer to ethylene through

a single-step mechanism with IZnNHI nitrenoid and a two-step mechanism with ClZnNHCl

nitrenoid. The LZnOX oxenoid (L = X = I, Cl) promoted epoxidation reaction was computed

to occur through a two-step mechanism.

(3) Cyclopropanation with a IZnCH2I carbenoid and aziridination by a IZnNHI ni-

trenoid proceed through a concerted pathway via a butterfly transition state, which is more

asynchronous for the latter. The energy analysis for ethylene aziridination by IZnNHI shows
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that the reaction barrier is 5.4 kcal/mol lower than that for the corresponding cyclopropa-

nation reaction and is 11.5 kcal/mol more exergonic than cyclopropanation, as well. On the

other hand, the reaction of C2H4 + ClZnNHCl nitrenoid goes through a two-step mechanism

in which the first TS is synchronous and the second TS is asynchronous; the second step is

the rate determining step. The calculations predict the epoxidation of ethylene with IZnOI

and ClZnOCl proceeds via a two-step mechanism for both oxenoid models entailing initial

oxometalation and subsequent ring closure. In both epoxidation reactions, oxometalation

seems to be more synchronous than ring closure (Table 2.3). The reaction pathways also

confirm the second step as the rate determining step with the energy barrier of ∼ 15 kcal/mol

for both epoxidation reactions with IZnOI and ClZnOCl oxenoids, which is ∼ 6 kcal/mole

less than that of the aziridination with ClZnNHCl nitrenoid. The epoxidation of ethylene

with ClZnOCl is 14 kcal/mol more exergonic than with IZnOI oxenoid.

(4) Considering the effect of the leaving group X and supporting ligand L on the

cyclization mechanism, the aziridination of ethylene with IZnNHI nitrenoid (L = X = I)

operates via a concerted pathway. As noted above, changing L and X from iodide to chloride

changes the mechanism from a concerted one-step to a two-step nitrenoid transfer. There-

fore, additional tests were carried out for ”mixed” nitrenoid models, ClZnNHI and IZnNHCl,

for which BP86/CEP-31G(d) calculations predicted a two-step mechanism for the aziridi-

nation of ethylene with both mixed nitrenoid models. The latter calculations suggest that

the leaving group and supporting ligand are equally important in terms of impacting the

preferred mechanism of group transfer for the nitrenoid case.

Taken together, the various pieces of evidence point to group transfer by zinc nitrenoid

complexes that occupies a position that is intermediate between its oxenoid and carbenoid

congeners on the transition state continuum depicted in Figure 2.3. The sensitivity of the

reaction pathway – both in terms of the synchronicity and the computed activation barriers

– to the level of theory as well as modification of the supporting ligand (L) and leaving

group (X) suggests that similar catalysts are intriguing candidates for aziridination of olefins

under mild conditions, and certainly worthy of additional scrutiny above and beyond the
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few experimental studies that have been reported [18, 38].
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CHAPTER 3

A RH(I) CATALYST FOR SINGLE-STEP STYRENE PRODUCTION

3.1. Computational methods

Density functional theory (DFT) was applied to investigate the mechanism of styrene

catalysis by a (FlDAB)Rh(TFA)(η2−C2H4) complex. The Gaussian ’09 software package [39]

was used to perform all simulations. All stationary points were obtained using the B3LYP

[43, 44] functional along with the LANL2DZ pseudopotential basis set for Rh and the 6-

31G(d) basis set for main group elements; the 6-311++G(d,p) pseudopotential basis set

was used on main group elements for single point calculations at the B3LYP/LANL2DZ+6-

31G(d) stationary points. Free energies are reported in kcal/mol at the experimental temper-

ature of 423.15 K; assume P = 1 atm and unscaled B3LYP/LANL2DZ+6-31G(d) vibrational

frequencies were used for the enthalpic and entropic corrections. The GD3BJ dispersion cor-

rection [40] and SMD solvation model [41] were utilized in the presence of benzene as the

continuum solvent. According to the energy Hessian and computed imaginary frequencies,

stationary points are differentiated as minima or transition state by having zero (0) and one

(1) imaginary frequencies, respectively.

3.2. Result and discussion

3.2.1. Formation of the proposed catalyst active species

The proposed catalytic cycle for Rh-catalyzed styrene production initiates with the

reaction of (FlDAB)Rh(TFA)(η2−C2H4) (2) monomer with benzene. Complex 2 is proposed

to result from the reaction of bimetallic [Rh(µ−TFA)(FIDAB)]2 (1) with ethylene (Figure

3.1.). The calculated free energy at 423.15 K for this reaction is 6.3 kcal/mol in the presence

of continuum benzene solvent. Hence, formation of the proposed active species from the

catalyst precursor is mildly endergonic, which may result in the need to run the experiments

[35] at elevated temperatures. Complex 1 is computed to be the catalyst resting state.
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Figure 3.1. Calculated free energies including solvent and dispersion correc-

tions, for the formation of monomer 2, the putative active species, from the

reaction of catalyst precursor 1 with ethylene at 423.15 K.

3.2.2. Initial adduct formation with benzene

Four different RhI adducts formed from active species (FIDAB)Rh(TFA)(η2−C2H4),

2, in the presence of benzene were modeled: 3, 4, 5 and 6 (Figure 3.2.). Compound 3

with a relative free energy of 15.2 kcal/mol arises from complex 2 with benzene in the

outer coordination sphere weakly interacting with the metal center. Substitution of the

ethylene ligand in 2 with η2-benzene resulted in adduct 4, a square planar geometry with

RhI metal center and with a 17.0 kcal/mol relative free energy. Adduct 5 is also a RhI

complex with a trigonal bipyramidal structure and relative free energy of 30.7 kcal/mol.

The higher free energy of 5 relative to 3 is a reflection of the energy needed to distort the

(FlDAB)RhI(TFA)(η2−C2H4) (2) fragment from the preferred square planar coordination for

a low-spin, d8 complex to a non-square planar arrangement. Dissociating the trifluoroacetate

anion in 5 to allow both ethylene and benzene to coordinate in the inner coordination sphere

resulted in 6, which is a cationic square planar RhI complex ion paired with trifluoroacetate.

As expected in a low dielectric constant solvent like benzene (ε = 2.27), formation of an

ion pair is highly endergonic, with complex 6 being calculated to be ∼ 42 kcal/mol higher

in free energy than the adduct 3. Therefore, the calculations suggest that the most stable

initial interaction between benzene and the active species 2 is a weakly bound adduct with

benzene in the outer coordination sphere.
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Figure 3.2. Calculated free energies, including solvent (SMD–benzene) and

dispersion corrections, for the formation of four different Rh(I) adducts from

the reaction of compound 2 with benzene at 423.15 K.

3.2.3. Modeling of proposed catalytic cycle

The proposed catalytic cycle for styrene production was investigated by using DFT

calculations, Figure 3.3., and is based on the hydroarylation mechanism developed through

experimental and computational studies for the related square planar PtII catalysts [42].

Following the formation of (FIDAB)Rh(TFA)(η2−C2H4) (2), from, [Rh(µ−TFA)(FIDAB)]2

(1), and ethylene, phenyl complex 11, (FIDAB)Rh(Ph)(η2−C2H4), is generated from 2 via

benzene C–H activation. This putative intermediate is the one that will undergo olefin in-

sertion to make the key phenthyl complex in analogy with the mechanism deduced for Pt(II)

hydroarylation catalysts [42]. Thus, four mechanisms for benzene C-H activation leading to

intermediate 11 were investigated. Two mechanisms initiate with the formation of adduct 3,

including a two-step oxidative addition (OA), reductive elimination (RE) couple (mechanism
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Figure 3.3. Proposed catalytic cycle for Rh–catalyzed styrene production

from benzene and ethylene.

1), and a one-step concerted metalation deprotonation (CMD) pathway (mechanism 2). The

third investigated C-H activation mechanism involves an initial CMD of ethylene in com-

plex 2. The final proposed pathway (mechanism 4) initiates with the formation of adduct

4, generated from ethylene/benzene exchange, which then undergoes CMD of a η2-benzene

C-H bond. Following the benzene activation, insertion of ethylene into the Rh-phenyl bond

of 11 resulted in the coordinatively unsaturated Rh-phenethyl complex 12. Complex 12 may

also undergo β-hydrogen elimination to form a RhI −H complex with coordinated styrene,

13. In the presence of an air recyclable Cu(OAc)2 oxidant, complex 13 produces free styrene

and regenerate the catalyst active species 2. Note that given the heterogeneous nature of

the catalyst re-oxidation, the present modeling efforts will focus on the homogeneous steps

in the proposed catalytic cycle in Figure 3.3.
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3.2.4. Benzene C–H activation with TFA− co-ligand

As outlined above, four plausible mechanisms for the benzene C–H activation from

the initial active catalyst (FlDAB)Rh(TFA)(η2−C2H4) (2) were computed at 423.15 K as

this is the temperature at which the experiments are conducted.

For the OA/RE (mechanism 1), the formally square planar RhI benzene adduct 3 is

oxidized to yield an octahedral RhIII complex 7, (FIDAB)Rh(H)(TFA)(Ph)(η2−C2H4), via

TS1 with the free energy of 43.4 kcal/mol (relative to complex 1), and is thus 28.2 kcal/mol

above adduct 3. Following the oxidative addition, the reductive elimination of trifluoroacetic

acid from the RhIII complex 7 gives a RhI complex 11, (FIDAB)Rh(Ph)(η2−C2H4), and

trifluoroacetic acid, via TS2, which has a relative free energy of 39.5 kcal/mol, and so is only

9.4 kcal/mol uphill from RhIII intermediate 7 (Figure 3.4.). Several geometric isomers of

the octahedral RhIII intermediate, (FIDAB)Rh(H)(TFA)(Ph)(η2−C2H4) were studied, and

7 was found to be lowest in free energy. In this isomer, the phenyl and hydrogen of the

activated benzene are cis to each other and the hydride is trans to the TFA− ligand. The

core geometries of the oxidative addition and reductive elimination transition states plus 7

intermediate are shown in Figure 3.5.

Compared to the transition state for benzene C-H activation reported for a PtII

complex [42], the C-H and Rh-H bond distances of 1.57 and 1.58 Å, respectively, in transition

state TS1 are shorter than the corresponding bonds in the PtII TS by 0.08 and 0.01 Å,

respectively, while the optimized Rh-C distance (2.10 Å) is longer than Pt-C bond by 0.09 Å.

The calculated structure for reductive elimination transition state TS2 shows a lengthening

of the Rh-H distance (1.65 Å) by 0.11 Å versus the corresponding Rh-H bond length for 7

intermediate. The O-H bond for TS2 is calculated to be 1.451 Å suggesting some character

of the TFAH to be formed. Overall, however, the oxidative addition transition states are

similar in geometry for the related RhI and PtII hydroarylation catalysts.

Alternatively, the benzene substrate may be C-H activated via single-step CMD mech-

anism in which no RhIII intermediate is produced. The CMD transition state (TS3) has

a relative free energy of 47.7 kcal/mol (Figure 3.4.), which is thus 32.5 kcal/mol above
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Figure 3.4. B3LYP/LANL2DZ+6–311++G(d,p)/benzene calculated free

energies including solvent (SMD-benzene) and dispersion corrections for four

possible mechanisms leading to the formation of (FIDAB)Rh(Ph)(η2−C2H4)

(11) at 423.15 K.

benzene adduct 3. This relative free energy places the CMD transition state 4.3 and 8.2

kcal/mol, respectively, above the OA and RE transition states. As such, the simulations

suggest that among the pathways for benzene C-H activation thus far considered, that the

two-step OA/RE pathway is preferred.

Geometry optimization of CMD transition state TS3 predicts long bond lengths for

Rh-C and Rh-H of 2.22 and 2.18 Å, respectively, and a C-H bond elongated by 0.26 Å

compared to spectator CPh-H bonds in TS3. Our calculations predict that both Rh-C and

Rh-H bond lengths for the kite-shaped CMD transition state (TS3) are longer than TS1 by

∼ 0.21 and 0.62 Å, respectively, while the C-H bond length for TS1 transition state is longer

than TS3 by 0.23 Å. Comparing the geometry of TS3 transition state to TS2, Rh-H bond

length for TS3 is longer than TS2 by ∼ 0.54 Å (Figure 3.5.). Figures 3.6 show the geometry

of the RhIII intermediate 7; the Rh-N1 bond trans to the η2−C2H4 is shorter by 0.19 Å
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relative to the Rh-N2 bond that is trans to the phenyl ligand, highlighting the stronger trans

influence/effect of the phenyl versus the η2−C2H4 ligand.

For mechanism 1, the OA step is calculated to be the rate determining step (RDS)

at 423.15 K, as the free energy for TS1 (OA) is calculated to be higher than TS2 (RE)

by 3.9 kcal/mol. Thus, the RDS oxidative addition (TS1) barrier is in turn lower in free

energy than the CMD transition state (TS3) by 4.3 kcal/mol. Hence, among these first

two mechansisms, the two-step OA/RE pathway is preferred, which is analogous to that

predicted for PtII catalysts [42].

The third mechanism for the formation of complex 11 includes the initial for-

mation of a Rh-vinyl complex (FIDAB)Rh(TFAH)(η−C2H3) (8) via a CMD transition

state (TS4) involving RhI − TFA. This transition state has a relative free energy bar-

rier of 39.7 kcal/mol, and is followed by the substitution of TFAH with benzene to

form (FIDAB)Rh(C6H6)(η−C2H3) (9), which is uphill by 3.6 kcal/mol relative to 8 (38.4

kcal/mol). Subsequently, hydrogen exchange between the aromatic and vinyl moieties in

(FIDAB)Rh(C6H6)(η−C2H3) (9) through the four-centered TS6 transition state with 15.8

kcal/mol free energy barrier relative to 9 results in complex 11. TS6 is the highest point

along this hypothetical pathway, Grel = 57.9 kcal/mol, which is thus higher than the tran-

sition state (TS3) for oxidative addition of benzene.

Comparing the RDS free energies for the third mechanism (TS6) to those of the

first and second mechanisms (TS1 and TS3, respectively), TS6 is higher by 14.5 and 10.2

kcal/mol, respectively.

Figure 3.2 shows that complex 4, (FIDAB)Rh(C6H6)(TFA), is an accessible adduct

formed from the substitution of ethylene with benzene in complex 2, which is calculated to be

endergonic by 10.7 kcal/mol relative to 2. Following the formation of adduct 4, this complex

undergoes a benzene C-H activation via a CMD transition state (TS5) with the relative

free energy of 39.9 kcal/mol to produce complex 10 with a weak donor-acceptor interaction

between RhI and TFAH. Note that unlike CMD transition state TS3, the rhodium in TS5 is

formally in the Rh(1+) oxidation state assuming the CMD process to be non-redox in nature.
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Figure 3.5. Optimized geometries for (a) TS1 and TS2 in mechanism 1

(OA/RE), (b) TS3 in mechanism 2 (CMD of benzene by RhII − TFA), (c)

TS4 and TS6 in mechanism 3 (CMD of ethylene by RhI − TFA), (d) TS5 in

mechanism 4 (CMD of benzene by RhI − TFA). Bond lengths in Å.
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Figure 3.6. Optimized geometries for intermediates 7, 8, 9 and 10. Bond

lengths in Å.
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The replacement of ligated TFAH with ethylene in compound 10 leads to the formation of

11, which is exergonic by 6.3 kcal/mol.

DFT calculations indicated that the third and fourth mechanisms studied, Figure 3.4,

the oxidation state of Rh is preserved as RhI with d8 square planar structures in all steps.

Simulations suggest that the last pathway (mechanism 4, CMD of benzene) will be

preferred at 423.15 K because of the more favorable free energy barrier for benzene C-H

activation versus the other mechanisms modeled.

3.2.5. Effect of the carboxylate ligand at 423.15 K

It was proposed that the TFA− of the catalyst precursor is replaced by acetate from

the Cu(OAc)2 oxidant as the catalysis proceeds. Also, the carboxylate exchange may be

responsible for the induction period. Hence, we sought to determine if the carboxylate

ancillary ligand would influence the reaction mechanism and hence the free energy barriers.

In this regard, all relevant reaction steps were reinvestigated for the OAc− group, as well.

By replacing TFA− group with OAc−, the free energy barrier for the initial step, formation

of complex 2’ from 1’, is raised by 4.9 kcal/mol from 6.3 to 11.2 kcal/mol. Upon switching

to OAc− from TFA− the relative free energies of benzene adduct 3’, 5’ and ionic adduct

6’ increased by 5.4, 3.6 and 13.3 kcal/mol, respectively, while the free energy of adduct

4’ declined by 2.0 kcal/mol from 17.0 to 15.0 kcal/mol (Figure 3.7.). At 423.15 K, in the

presence of OAc− group, there are still four proposed mechanisms for the conversion of active

catalyst 1’ to 11. The first mechanism includes a two-step oxidative addition/reductive

elimination (OA/RE) via intermediate 7’ (mechanism 1’). The second possible mechanism

for benzene CH activation is a CMD pathway (mechanism 2’) with a lower free energy barrier

that mechanism 2 by about 1.5 kcal/mol. Mechanism 3’ which involves an initial CMD of

ethylene and subsequent σ-bond metathesis with the second step as the rate determining

step shows a lowering in free energy barriers as a result of switching to OAc− from TFA−.

The forth pathway is a concerted mechanism proceeds through a CMD of benzene which

reflects the lowest free energy barrier versus other three mechanisms of 36.7 kcal/mol.

For mechanism 1’, the first step (OA) goes through TS1’ with 46.8 kcal/mol free en-
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Figure 3.7. Calculated free energies including solvent (SMD-benzene) and

dispersion corrections for the formation of four different adducts from the

reaction of compound 2’, (FIDAB)Rh(OAc)(η2−C2H4), with benzene at 423.15

K. Free energies of adducts in the presence of TFA− are shown in red.

ergy, which is higher than TS1 by 3.4 kcal/mol. Therefore, similar to the TFA− co-ligand,

the oxidative addition step is calculated to be the rate determining step (RDS) for acetate.

Figure 3.8. displays that the computed free energy barrier of TS3’ is less than than TS1’

(RDS) by 1 kcal/mole, hence, pathway 2’ is a little more competitive than pathway 1’ for

benzene C-H activation by the RhIII model complexes with OAc− ligand. For mechanism

3’, active catalyst 2’ forms from compound 8’ (RhI vinyl complex) through CMD of ethy-

lene (TS4’), which is lower than TS4 by 4.4 kcal/mol. Comparing the free energy of 8’ to

8, complex 8’ has a lower free energy by about 10 kcal/mol and stronger donor-acceptor

interaction between RhI and HOAc ligand. Therefore, substitution of HOAc with benzene

to form complex 8’ is more uphill than TFAH by 2.6 kcal/mole. Looking at the free energy

difference between TS6’ and TS6, it is calculated that TS6’ is lower relative to the initial
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Figure 3.8. B3LYP/LANL2DZ+6–311++G(d,p)/benzene calculated free

energies including solvent (SMD-benzene) and dispersion corrections for four

possible mechanisms leading to the formation of (FIDAB)Rh(Ph)(η2−C2H4)

(11) from (FIDAB)Rh(OAc)(η2−C2H4) (1’) at 423.15 K.

Rh dimer complex 1’ by 7.3, to yield Grel = 50.7 kcal/mol. In the case of mechanism 4’,

replacing TFA− with OAc− lowered the free energy for TS5’ (CMD of benzene by a RhI

complex) by 1.2 kcal/mol.

Comparing the optimized geometry of oxidative addition transition states TS1’ and

TS1, it can be observed that after replacing TFA group with OAc, almost all bond lengths

in the transition state active site remains unchanged excepting the C-H bond length, which

shrinks by 0.02 Å from 1.57 to 1.55 Å. On the other hand, changing the TFA− group

to OAc− has more effects on the active site of the reductive elimination transition state.

Figure 3.9. shows that the bond length of both Rh-O2 and Rh-H5 in TS2’ are shorter than

those of TS2 by 0.09 and 0.04 Å, while the O-H bond length is larger than TS2 by 0.09

Å. In mechanism 2’, by switching from TFA− to OAc− in TS3’ the Rh-H bond length

becomes longer by 0.14, respectively, while other active site bonds such as Rh-O becomes

shorter by 0.12 Å. For mechanism 3’ replacing TFA− with OAc− does not change TS4 bond

lengths dramatically. The longer Rh-N1 bond length (2.14 Å) comparing to Rh-N2 (2.01) in
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Figure 3.9. Optimized geometries for (a) TS1’ and TS2’ in mechanism 1’

(OA/RE), (b) TS3’ in mechanism 2’ (CMD of benzene by RhII − OAc), (c)

compound 8’. Bond lengths in Å.

complexes 8 and 8’, it can be observed that the trans effect of vinyl ligand is larger that both

HOAc and TFAH. Furthermore, in complex 9, the larger Rh-N2 bond length than Rh-N1

verifies the higher vinyl trans effect relative to benzene. By TFA− replacement with OAc−

the bond lengths of complexes in mechanism 4’ do not change significantly.

3.2.6. Olefin insertion and β–hydrogen elimination

The formation of styrene from complex 11, (FIDAB)Rh(Ph)(η2−C2H4) is proposed to

occur via a multi-step reaction involving ethylene insertion into a Rh-phenyl bond, followed

by β-hydrogen elimination and then dissociation of styrene. Studies of olefin insertion into

PtII hydrocarbyl bonds predict that the insertion of unactivated olefins into metal-aryl bonds
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is possible for cationic systems, while insertions could have a more considerable energy barrier

for metal-alkyl bond and for overall charge neutral systems [32].

Following benzene C-H activation, the insertion of ethylene into the rhodium-phenyl

bond at 423.15 K, converts (FIDAB)Rh(Ph)(η2−C2H4) (11), to (FIDAB)Rh(H)(CH2CH2Ph)

(12) via TS7 transition state with a square planar geometry and a 20.2 kcal/mol free en-

ergy barrier relative to compound 11. This is higher in free energy, albeit by less than

one kcal/mol, than the free energy barrier for ethylene insertion into the Pt-Ph bond of

[(bpy)Pt(Ph)(η2−C2H4)]
+ to yield [(bpy)Pt(η2−C2H4Ph)]+ [42]. The formation of styrene

occurs through β-hydrogen elimination from the phenethyl complex 12, which results in the

formation of complex (FlDAB)Rh(H)(η2−C2H4Ph) (13). In complex 12, the fourth site in

the RhI coordination sphere is occupied by one of the benzylic C-H bonds of the phenethyl

ligand in an agostic interaction with the metal center. β-Hydrogen elimination from 12

was calculated to have almost no (0.3 kcal/mol) free energy barrier at 423.15 K and is 4.6

kcal/mol exergonic which is less exergonic than the formation of [(bpy)Pt(H)(η2−styrene)]+

form from [(bpy)Pt(η2−C2H4Ph)]+ by 4.3 kcal/mol (Figure 3.10.). Calculations for the anal-

ogous PtII complex, [(bpy)Pt(Ph)(η2−C2H4)]
+, proposed a similar trend for olefin insertion

with 19.7 kcal/mol and subsequent β-hydrogen elimination with roughly zero free energy

barriers similar to the RhI catalyst.

The geometry optimization of compound 12 predicts a Rh(I) complex with a square

planar structure. The calculated β-agostic structure for 12 displays a lengthening of one of

the C-H bonds (1.19 Å) of the β−CH2 by ∼ 0.10 Å versus a typical C-H bond length (1.09 Å)

for a non-agostic C-H bond in 12. The Csp3−Csp3 bond length (1.50 Å) of the phenethyl group

for 12 is calculated to be fairly shorter than a C-C single (∼ 1.54 Å) bond and longer than a

C=C double bond (∼ 1.30 Å), suggesting some (FlDAB)Rh(H)(styrene) character for this

complex, and consistent with the facile β-hydrogen elimination calculated. Comparing the

Rh-N1 bond length between compounds 12 and 13, 2.13 Å and 1.57 Å respectively, verifies

that the trans influence of the alkyl group is stronger than for the η2-styrene ligand due to

the shorter Rh-N1 bond length in 13 than 12 by 0.028 Å (Figure 3.11.).
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Figure 3.10. B3LYP/LANL2DZ+6–311++G(d,p)/benzene calculated free

energies including solvent (SMD-benzene) and dispersion corrections for olefin

insertion and β–hydrogen elimination at 423.15 K.

3.3. Summary and conclusions

The Rh(I) complex supported by the FlDAB ligand (FlDAB = N,N’-

bis(pentafluorophenyl)-2,3-dimethyl-1,4-diaza-1,3-butadiene), serves as a catalyst for hy-

droarylation of ethylene to directly produce styrene. The goal of this study is to model

a Rh(I) catalyst for the direct oxidative conversion of benzene and ethylene to styrene in

anticipation that unlike the Pt(II) complex [42], Rh(I)-H would exhibit greater stability

compared with related Pt(II) species. Furthermore, the catalytic cycle has been studied for

both TFA− and OAc− ancillary ligands to elucidate the effect of the ligand TFA− on the

key steps of the catalytic cycle (i.e., benzene C-H activation). On the basis of this study,

the following points are emphasized:

1. Experimental and theoretical studies on the transition metal catalyst for the cat-

alytic conversion of benzene and ethylene to styrene are consistent with a cycle that include

metal-mediated benzene C-H activation following by ethylene insertion into the metal-phenyl
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Figure 3.11. Calculated geometries for (a) olefin insertion transition state

(TS7), (b) intermediate 12, (c) β–hydrogen elimination transition state (TS8)

and (d) compound 13. Bond lengths are in Å, and angles are in degrees.

bond. Consistent with previous studies on Pt(II) [42], our DFT calculations provide evidence

that Rh(I) complexes can catalyze the conversion of benzene and ethylene to styrene by a

pathway that involves ethylene coordination, Rh-mediated benzene C-H activation, ethylene

insertion and β-hydrogen elimination.

2. There are four proposed mechanisms for benzene C-H activation in the presence

of TFA− including oxidative addition/reductive elimination (OA/RE) (mechanism 1), con-

certed metalation-deprotonation (CMD) (mechanism 2), CMD of ethylene/ σ-bond metathe-

sis (mechanism 3) and CMD of benzene (mechanism 4), at 423.15 K. Mechanism 4 (CMD of

benzene) is more energetically favored to convert complex 1 to compound 11 with the free

energy barrier of 39.9 kcal/mol, that is lower than TS1, TS3 and TS6 by 3.5, 7.8 and 18.0

kcal/mol, respectively.

3. In order to investigate the influence of TFA− group in complex 1 on the formation
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of compound 11 both mechanistically and energetically, TFA− is replaced by OAc− in com-

plex 1’. Unlike the computational results for TFA−, DFT simulations suggest that in the

presence of OAc− both mechanisms that initiate with the formation of adduct 3’ (i.e., mech-

anism 1’ and 2’) are in competition to produce complex 11 with TS3’ of about 0.6 kcal/mol

lower in free energy than TS1’ (RDS). Although changing TFA− to OAc− decreased the

free energy barrier of TS6’ (RDS) in mechanism 3’, this transition state is still higher than

rate limiting steps in other three mechanism (i.e., TS1’, TS3’ and TS5’). Similar to TFA−

analogous, in the presence af OAc− co-ligand, mechanism 4’ provides the lowest free energy

barrier to form complex 11 comparing to mechanisms 1’, 2’ and 3’.

4. The formation of phenethyl group from complex 11 as the catalyst precursor is

the result of the insertion of ethylene into the Rh-phenyl bond with the free energy barrier

of 20.2 kcal/mol. Subsequent β-hydrogen elimination of 12 results complex 13 with 31.4

kcal/mol free energy.

In this study we have shown that the Rh catalyst was able to cleave a Cph−H bond

of benzene via a benzene C-H activation to form styrene and we have provided mechanistic

insights about this reaction. Undoubtedly, the nature of transition metal, directing group and

other ligands of the catalyst structure influence the reaction mechanism and free energies.

In this regard, our purpose it to design more efficient potential catalyst to produce vinyl

arenes.
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CHAPTER 4

SUMMARY, CONCLUSIONS AND PROSPECTUS

Computational studies on aziridination reactions mediated by nitrenoids, showed that

for a general structure of a nitrenoid, L-M-NHX (M = Zn), both leaving group X and

supporting ligand L could potentially affect the reactivity of nitrenoid and hence the reaction

mechanism. With respect to the results discussed in Chapter 2, in the presence of iodide

as both leaving group (X) and supporting ligand (L), the aziridination reaction proceeds

through a single-step pathway. Interestingly, changing both of these iodides to chlorides

changes the mechanism to two-step. Furthermore, it was shown that in the presence of

a mixed nitrenoid (L = I, X = Cl and reverse) aziridination proceeded through a two-

step mechanism. Accordingly, it was concluded that the combination of both L and X is

significant in terms of determining the mechanism of nitrene transfer [14]. In the structure

of a Zn-nitrenoid, LZnNHX, ZnII is neither a hard nor a soft acid (on the borderline),

so, it can bind to both soft, hard and borderline bases like I−, Cl−, RO−, RS−, Br−,

etc. In this regard, we proposed that changing I− and Cl− to other bases could affect the

ethylene aziridination mechanism by changing the structure of transition states or influence

the reaction thermodynamics. Furthermore, the replacement of ZnII with more hard acids

like MnIV and CrIV along with Cl− hard base could push the aziridination of ethylene

toward a specific mechanism. Based on the concluded computational study for zinc-mediate

nitrene transfer to form aziridines, we proposed the study of ethylene aziridination catalyzed

by zinc nitrenoid with nitrene-like catalyst models, (OH)2M––NMe (M = Cr, Mn, Mo, Re)

for methane CH activation knowing that MnIV and CrIV are hard acids and prefer to bind

to hard bases like OH− .

Regarding methane as the principle component of natural gas and a major reason

for global warming, it is desirable to find efficient ways of using it as a source for making

more useful chemicals like methyl amine and methanol. The primary motive for conversion

of methane to methanol is its value as a feedstock for a broad array of industrial chemicals
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Figure 4.1. Three possible pathways for cleaving methane C–H bond using

(OH)2M––NMe catalyst.

and the usage of methanol as an alternative energy source since it is liquid and is easier

to transport. Currently, the transition-metal catalyzed oxidation of methane to methanol

attracts considerable attention in the area of homogeneous as well as heterogeneous catalysts.

Following the nitrenoid project (Chapter 2), we proposed a DFT study on a nitrene-like

structure (OH)2M––NMe (M = Cr, Mn, Mo, Re) as a potential catalyst for methane C-H

activation. Since understanding the key CH bond cleavage step of such a strong and inert

bond is an important issue, one may propose (based on literature precedent) three possible

pathways for cleaving methane CH bond catalyzed by (OH)2M––NMe that could be studied

using DFT methods (Figure 4.1.). Oxidative addition is the first suggested pathway, which

raises the oxidation state of the metal by 2 and will form a (OH)2M(H)(CH3)(NMe) complex.

2+2 Addition across the metal-heteroatom multiple bond is the second possible approach

through which the oxidation state of the metal center remains unchanged and will form a

(OH)2M(CH3)(NHMe) complex. An alternative insertion pathway also has been proposed

which could involve the insertion of nitrogen of (OH)2M––NMe structure into the CH bond

of methane to form (OH)2M(NH(Me)2) complex.

Finally, studying nitrene-like catalysts for various applications including the aziridi-

nation of ethylene and methane CH activation could be a purpose for future studies. Further-

more, exploring the influence of different factors on reaction mechanism and thermodynamics

could help to design more effective catalysts to produce more practical chemicals in industrial
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scales.

Over the past decade, significant effort has been directed toward hydroarylation of

olefins, a process that couples an olefin to an unactivated aryl to produce alkyl and vinyl

arenes as an important starting material for the preparation of many chemical products

such as plastics. In this regard, many transition metals such as IrIII , RuII , PtII and NiII

have been utilized as the metal-catalyzed for the conversion of olefins into alkyl arenas and

vinyl arenas [28, 45]. According to previous studies, metal-catalyzed hydroarylation could

forms both linear and branched products [32]. In order to form linear products, directing

groups with specific heteroarenes are required. For example, PtII complexes containing

(pyridyl)pyrrolide ligands catalyzed the hydroarylation of unactivated alkenes with selectiv-

ity for the anti-Markovnikov product, while changing the pyridyl portion of the ligand can

promote competitive alkenylarene production [46]. Further computational studies on PtII-

catalyzed hydroarylation revealed that a potential factor to determine the product selectivity

for hydrophenylation of propylene (i.e., linear/branched ratios) could be the influence of dif-

ferent derivatives of tbpy directing group (t = OMe, tBu, H, Br, CO2Et and NO2) on the

relative rates of subsequent reactions in the catalytic cycle [32]. On the other hand, the

regioselectivity at the arene seems to be dominated by the steric factors towards the product

of hydroarylation at the least hindered position of the arene ring. Therefore, so far, the

nature of the directing ligand and the structure of the arene are recognized as important

characteristics to control the regioselectivity of hydroarylation reactions.

Previous experimental studies on transition metal-catalyzed hydroarylation reactions

showed that the nature of the transition metal is another important feature on the catalyst

behaviour, as well. For instance, some catalytic cycles that include benzene C-H activation

may undergo catalyst decomposition as a result of the formation of a thermodynamically less

stable metal-hydride complexes such as PtII-H and NiII-H. While, there other transition

metals that form thermodynamically more stable metal hydride complexes like RhI-H were

discussed in Chapter 3.

According to various aspects that control the regioselectivity and sustainability of
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transition metal catalysts for hydroarylation of unactivated olefins, the Rh catalyst dis-

cussed in Chapter 3, (FlDAB)Rh(TFA)(η2−C2H4) [FlDAB is N,N’- bis(pentafluorophenyl)-

2,3-dimethyl-1,4-diaza-1,3-butadiene; TFA is trifluoroacetate], with FIDAB directing group

has been studied both experimentally [35] and computationally (Chapter 3) as an efficient

catalyst to produce styrene. Inspired by recent studies on Rh catalyst, our desired goal

is to suggest an ideal transition metal and directing group towards designing a new cata-

lyst in order to improve the yield an selectivity of styrene production. Changing the RhI

transition metal to PdII (the same amount of valence electrons (d8)) with the same ligands

as (FlDAB)Rh(TFA)(η2−C2H4) complex could potentially effect the reaction mechanism,

yield, catalyst activity or selectivity. Keeping the RhI metal center unchanged and making

some modifications on the structure of the directing group FIDAB and/or replacing TFA−

co-ligand with other OAc− derivatives could be both experimentally and computationally

interesting by changing the reaction mechanism or free energy barriers.

In conclusion, studies to understand the detailed mechanisms of olefin hydroarylation

with transition metal catalysts and to develop new catalysts for the production of a wider

scope of applicable vinyl arenas with high yield would be an efficient goal for future studies.
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