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ABSTRACT OF THE DISSERTATION 

 

Quantum Chemistry in Organic Reactions: Investigations of Mechanism and Stereoselectivity in 

C-H Bond Functionalizations and Cycloaddition Reactions 

 

by 

 

Lufeng Zou 

Doctor of Philosophy in Chemistry  

University of California, Los Angeles, 2013 

Professor Kendall N. Houk, Chair 

 

C−H bond functionalization is a powerful method in organic synthesis, since it avoids 

prefunctionalization of substrates to introduce desired functionality. However, differentiating 

between numerous C−H bonds and effecting site specific and stereoselective chemical 

modifications is an ongoing challenge. In the first part of thesis, I will focus on the applications 

of quantum mechanical calculations to study C−H activations by organic and metallic reagents. 

Dimethyldioxirane (DMDO) is a non-metal C−H oxidation reagent. In Chapter 1, site 

selectivities and reactivities in C−H activations by DMDO were studied in substituted 

cyclohexanes and trans-decalins, which are models of natural steroids. It is found that the release 

of 1,3−diaxial strain in the transition state contributes to the site selectivities and enhanced 
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equatorial C−H bond reactivities for tertiary C−H bonds. In Chapter 2, C−H activation reactions 

that occur with the Grubbs metathesis catalyst were found to be controlled by closed−shell 

repulsions between the groups that chelate the ruthenium metal.  

In the second part of the thesis, quantum mechanical computations with density functional 

theory (DFT) are employed to investigate the stereoselectivities and reactivities in the reactions. 

In Chapter 3, the origins of asymmetric conjugative addition of of arylboronic acid to 

-substituted enone. In Chapter 4, I have demonstrated the hyperconjugative aromaticity of 

5-substituted cyclopentadienes and its effect on the -facial selectivity in Diels-Alder 

cycloadditions. 
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Chapter 1. Enhanced Reactivity in Dioxirane C-H Oxidations via Strain Release: A 

Computational and Experimental Study 

 

1.1 Abstract 

The site- and stereo-selectivities of C-H oxidations of substituted cyclohexanes and 

trans-decalins by dimethyldioxirane (DMDO) were investigated computationally with quantum 

mechanical density functional theory (DFT). The multi-configuration CASPT2 method was 

employed on model systems to establish the preferred mechanism and transition state geometry. 

The reaction pathway involving a rebound step is established to account for the retention of 

stereochemistry. The oxidation of sclareolide with dioxirane reagents is reported, including the 

oxidation by the in situ generated tBu-TFDO, a new dioxirane that better discriminates between 

C-H bonds based on steric effects. The release of 1,3-diaxial strain in the transition state 

contributes to the site selectivity and enhanced equatorial C-H bond reactivity for tertiary C-H 

bonds, a result of the lowering of distortion energy. In addition to this strain release factor, steric 

and inductive effects contribute to the rates of C-H oxidation by dioxiranes. 

 

1.2 Introduction 

The functionalization of unactivated sp
3
 C-H bonds is of considerable interest in 

contemporary synthetic organic and organometallic chemistry.
1-3

 Compared to traditional 

functional group manipulations and interconversions employed in synthesis, C-H bond 

functionalization offers a direct route avoiding pre-functionalization of substrates. However, 

differentiating between numerous C-H bonds and effecting site-specific and stereoselective 
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chemical modifications is an ongoing challenge.
4
 A range of reagents are known for C-H to 

C-OH conversion, such as Fe, Cu, Ru, Cr and Pd based systems.
5
 The pioneering work of 

Murray
6
 and Curci

7
 pointed to the use of dimethyldioxirane (DMDO) and 

methyl(trifluoromethyl)dioxirane (TFDO) for sp
3
 C-H oxidation.

8
 The dioxiranes are potent 

oxidants that lead to conservation of stereochemistry but no intermediate was characterized.
9
 The 

mechanism is still under an ongoing debate and radical products are observed in some 

experiments.
10-12

 Due to their high reactivity, dioxiranes are sometimes generated in situ during 

synthesis.
13

 

Recently, a two-phase strategy for terpene total synthesis was invented to holistically 

mimic the way such molecules are constructed in nature. In the first phase, the so-called "cyclase 

phase", simple terpenes at low oxidation states are stitched together as a prelude to the "oxidase 

phase" wherein these molecules are systematically oxidized. In the case of the eudesmane 

terpene class this was done using both innate and guided C-H functionalization logic.
4
 The 

purpose of this strategy for retrosynthetic analysis is not to necessarily recapitulate biosynthesis 

but rather to uncover new basic reactivity principles and invent new reaction methodology. 

The factors that contribute to site selectivity in C-H oxidation reactions has been a question 

of interest for some time and continues today.
14

 Terpenoids contain a host of cyclohexane 

derivatives, and the rationalization of reactivities in such systems traces back to Barton’s 

fundamental work in the fifties.
15,16

 Reactivity differences, such as observed for the oxidation of 

axial and equatorial secondary alcohols with chromic acid, were explained by steric effects. 

Eschenmoser interpreted the enhanced oxidation rates of axial alcohols as compared to their 

equatorial epimers as resulting from the release of 1,3-diaxial strain in the transition state of the 
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oxidation of the axial epimers.
17

 Experimental measurements of the rates and regioselectivites of 

C-H oxidation of substituted cyclohexanes by dioxiranes were performed by Curci,
18,19

 and a 

preference for equatorial attack was observed. Furthermore, Curci
8
 and others

20
 delineated a 

variety of factors that contribute to site selectivity in oxidations by dioxiranes. Similar factors 

have also been reported by M. C. White in C-H oxidation reactions of complex molecules by a 

non-heme, iron-based system.
21,22

 This field has a storied history and has been reviewed 

extensively recently.
23

 

In the context of Eschenmoser’s hypothesis based on strain release, a recent example of 

site-selective C-H oxidation of a substituted decalin from Baran’s laboratory has been 

rationalized.
24

 Of five unactivated tertiary C-H bonds in the substrate, only equatorial C-H
1
 is 

oxidized to an alcohol by the dioxirane reagent. (Scheme 1.1) Strain release in the transition state 

was proposed to account for the preference.
25

 Based on computational studies from the Houk
26

 

and Bach
27

 labs, a flattening at the carbon undergoing oxidation is expected in the transition 

structure, which alleviates the 1,3-diaxial strain between two axial methyl groups in the 

transition state for H
1
 abstraction and lowers the activation energy for C-H

1
 oxidation.  

 

Scheme 1.1. Selective C-H oxidation. Only one of the five tertiary C-H bonds is oxidized
24
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Given the intensive efforts underway to develop substrate controlled selective C-H 

activation processes, we undertook calculations at the density functional and 

multi-configurational ab initio levels of theory to gain quantitative insights into the exquisite 

selectivities reported by Baran. Here we describe computational studies of the transition 

structures for C-H oxidation of Baran’s eudesmane decalins and a variety of other simpler 

cyclohexanes by dioxirane reagents. We also analyze various substituted cyclohexyl substrates. 

For several such cases, we report transition structures and present explanations for the enhanced 

reactivity of equatorial C-H bonds in these strained systems. Additionally, we include a new 

synthesis of trifluoromethyl, tert-butyl ketone and its use as a reagent in C-H oxidation by in situ 

formation of the corresponding dioxirane, tBu-TFDO. A quantitative understanding of the 

factors contributing to selective C-H activation is provided, in the context of the 

distortion/interaction theory that has been successfully applied to other types of reactions.
28-31

  

 

1.3 Computational Methods 

All density functional theory (DFT) calculations were performed with Gaussian 09.
32

 

Mimina and transition structures were optimized using the unrestricted DFT method, UB3LYP, 

with the 6-31G(d) basis set.
32

 Frequency analyses were carried out on stationary points to verify 

that they are minima or saddle points (transition structures - TSs). Energies were recalculated 

with UB3LYP/6-311++G(d,p) on these optimized geometries, unless otherwise stated. To ensure 

that the correct unrestricted wavefunctions were obtained, a stability test was carried out with 

Gaussian keyword stable=opt. Solvation corrections were calculated with the conductor-like 
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polarizable continuum model (CPCM) using the UAHF atomic radii. Multi-determinant 

wavefunction theory, Complete Active Space with Second-order Perturbation Theory (CASPT2) 

calculations were conducted with MOLCAS 7.4.
33

 A 10-electron, 10-orbital active space was 

employed for CASPT2 calculations with a large cc-pVTZ basis set on the optimized geometries. 

 

1.4 Results and Discussions 

1.4.1 Modeling the Dioxirane Oxidation of C-H Bonds 

Modeling of dioxirane oxidation has led to different conclusions about the TS geometries. 

Goddard
34,35

 and Bach
36

 investigated the electronic structure of dioxirane. The O-O bond lengths 

in both DMDO and TFDO are 1.51 Å, readily broken due to the ring strain. Early calculations 

show that a spiro geometry is preferred over a planar geometry for epoxidations.
26,27,37

 Houk 

explored the geometry and selectivities of dioxirane and cyanodioxirane, a model for TFDO, 

with restricted DFT calculations.
26

 Due to the complexity of the potential energy surface (PES), 

and possible intersystem crossing of the singlet and triplet PES, later studies proposed several 

different first-order saddle points, associated with three different transition structures.
38,39

 (Fig. 

1.1) We have explored these in more detail in order to determine which is likely to be the most 

important transition structure for the reaction.  
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Figure 1.1. Transition state geometries for the reaction of DMDO and isobutane 

 

Table 1.1. Natural orbital occupancies of frontier orbitals, and activation energies in the 

transition states 
a
 

  HOMO LUMO CASPT2 UB3LYP
b
 

TS1-A 1.42 0.58 21.5 19.9
c
 

TS1-B 1.24 0.76 22.5 15.8 

TS1-C 1.64 0.37 19.5 20.0 

a 
CASPT2(10,10)/cc-pVTZ, energies in kcal/mol 

b 
UB3LYP/6-311++G(d,p) 

c
 24.2 kcal/mol with RB3LYP/6-311++G(d,p) 

 

The first transition state, TS1-A, is a spiro transition state with all electrons paired, located 

by restricted DFT calculations.
26,40

 This corresponds to a concerted process in which the t-butyl 

alcohol and acetone are produced without the formation of an intermediate. A wavefunction 

stability test, however, reveals that this wavefunction is unstable with respect to an unrestricted 

wavefunction. That is, an open-shell wavefunction is lower in energy. The closed-shell treatment 
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was further invalidated with the multi-determinant CASPT2, as strong diradical character is 

observed in the transition state, indicated by the HOMO/LUMO occupation number of 1.52/0.49. 

(Table 1.1)  

The second TS, TS1-B, has the O-O bond perpendicular to the breaking C-H bond. This is 

found to be a radical hydrogen abstraction process beginning from the 1,3-dioxy radical. The 

resulting radical intermediates could then recombine to transfer the OH group to form the 

products. For this mechanism, the rate limiting step is the dissociation of the DMDO O-O bond 

from the singlet diradical, which requires an activation enthalpy of 23.1 kcal/mol according to 

Cremer.
41

 The bond-dissociation rate determining step has a higher barrier than all three C-H 

activation barriers in Table 1.1, so it is disfavored under kinetic control. 

The third TS, TS1-C, has the O-O bond aligned with the breaking C-H bond. We use 

stable=opt to obtain the correct wavefunction at the initial geometry, then perform each 

geometry optimization for transition state using the optimized wavefunction as an initial guess 

with the Gaussian keyword guess=read. To make sure the optimized geometries have the correct 

wavefunction, the same procedure was repeated on the optimized geometries. Both the UB3LYP 

and CASPT2 indicated slight diradical character for the transition state, with <S
2
> value = 

0.5312 with B3LYP, and HOMO/LUMO occupation numbers 1.64/0.37 with CASPT2. 

Therefore TS1-C is the more reliable transition state. As CASPT2 becomes formidably 

expensive with larger systems, UB3LYP with the stable open-shell wavefunction was employed 

for further studies. 
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The mechanism involving TS1-C is analogous to the “oxygen rebound” mechanism 

common in iron-oxo oxidations.
42,43

 The complete reaction pathway was then explored and is 

summarized in Figure 1.2. The reactant complex goes through C-H activation transition state 

TS1 and forms a weakly-bound radical pair intermediate, which rebounds and forms the final 

product. The reaction can be tracked with the forming C-O bond length. As the two reactants 

approaches each other, the C-O bond distance decreases until it reaches a minimum at 2.50 Å in 

TS1, then increases back to 3.15 Å after hydrogen abstraction, leaving two radical centers in the 

intermediate. The C-O bond distance then decreases again, (“rebounds”) through 2.51 Å in TS2 

to eventually 1.43 Å in the product. As the second transition state has essentially no barrier, the 

radical pair intermediate is expected to have too short a lifetime to escape from the solvent cage, 

leading to the retention of stereochemistry as observed in experiments.  

The same conclusions hold for the more reactive oxidant, TFDO. The C-H activation free 

energy is around 5 kcal/mol lower with TFDO than DMDO, but the preferred transition state is 

again obtained with unrestricted and optimized wavefunctions. The overall reaction pathway is 

similar and the rate-limiting step is again the C-H activation step with diradical character (not 

shown). Based on the similarity of the DMDO and TFDO reaction pathways, the in situ 

generated tBu-TFDO is expected to follow the same mechanism. The computational results are 

in agreement with Curci’s finding that TFDO is more reactive than DMDO without diminished 

selectivity, as an exception to the reactivity-selectivity rule.
9
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Figure 1.2. Reaction pathway in DMDO oxidations. Energies in kcal/mol.  
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1.4.2 Oxidation of Equatorial and Axial C-H Bonds of Cyclohexane 

 

Figure 1.3. Optimized TSs for the reactions of DMDO with equatorial (2-eq-TS) and axial 

(2-ax-TS) C-H bonds. Energies in kcal/mol with respect to the corresponding reactants. 

Individual components of distortion energies (alkane distortion, dioxirane distortion) are given in 

parentheses. 

 

The TSs for axial and equatorial C-H oxidation by DMDO are shown in Figure 1.3. No 

significant axial/equatorial preference is found. The activation energy for oxidizing the 

cyclohexane equatorial hydrogen is 21.6 kcal/mol, while for the axial hydrogen it is 21.4 

kcal/mol. 
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To evaluate the factors governing relative reactivities of C-H bonds quantitatively, a 

distortion/interaction energy analysis was conducted. The distortion energy (ΔEd
‡
) is the energy 

required to distort reactants, hydrocarbon plus the oxidant, dimethyldioxirane (DMDO), into the 

transition state (activated) geometry. The interaction energy (ΔEi
‡
) is the energy lowering due to 

the interaction of the two distorted reactants. Distortion energies favor attack on the axial 

hydrogen by 1.1 kcal/mol, while interaction energies favor equatorial attack by 0.9 kcal/mol. 

These two components largely cancel out, leaving essentially no preference (0.2 kcal/mol). The 

nearly identical activation energies for 2-eq-TS and 2-ax-TS indicate very weak axial/equatorial 

selectivity, if any, as observed experimentally for C-H activations of different types.
25

  

The distortion of the DMDO moiety is about the same for both transition states, and the 

difference in the distortion energies mainly comes from the cyclohexane distortion. 

Hyperconjugation is a likely factor to the 0.9 kcal/mol difference in interaction energies. (Fig. 

1.3) In the 2-eq-TS, there are two C-C bonds anti to the breaking C-H bond, while there are two 

antiperiplanar C-H bonds in the 2-ax-TS. The hyperconjugative stabilization of the partial 

positive charge in the polarized transition states is larger in 2-eq-TS.
20

 A slight lengthening of 

the antiperiplanar bonds is observed in the optimized transition structures, indicative of this 

hyperconjugative interaction.  

The distortion energy difference can be attributed to torsional interactions. The Newman 

projections of these two transition states are given in Fig. 1.3. The internal C-C-C-C dihedral 

angle is 56° in the 2-eq-TS, slightly more distorted than the one in cyclohexane (55°). This angle 

is 48° in 2-ax-TS, closer to the more relaxed angle in the cyclohexyl radical (44°). The 

relaxation is reflected as a 1.0 kcal/mol lowering in the distortion energy. Hydrogen-hydrogen 



 

12 

 

repulsion also plays a part in the relative stability. As hydrogen is being abstracted from a 

tetrahedral sp
3
 carbon, the carbon flattens and becomes sp

2
 in character. As shown in the 

Newman projection for 2-eq-TS, this lead to slightly greater eclipsing of the vicinal C-H bonds, 

as indicated in the 45° dihedral angle, while that in 2-ax-TS is 50°. Therefore, distortion energy 

for 2-eq-TS is higher. This torsional effect favoring axial attack was observed in the case of 

nucleophilic attack on cyclohexanone (Felkin’s rule)
44,45

 and reactions of cyclohexyl radicals,
46

 

in which the axial TS has a more staggered conformation than the equatorial TS. In the reactions 

studied here, the cancellation of distortion and interaction energy preferences leads to no intrinsic 

selectivity for the secondary C-H bonds of cyclohexane.  

This type of analysis has been performed on a variety of cyclohexanes and decalins. The 

results are tabulated in Table 1.2. 

 

Table 1.2. Summary of activation energies and distortion/interaction energies (kcal/mol) 

Compound 

C-H bond for 

oxidation ΔH
‡
 ΔE

‡
 

ΔEd
‡ 

(alkane) 

ΔEd
‡ 

(DMDO) 

ΔEd
‡
 

(total) 

ΔEi
‡ 

1 tBu-H 16.2 20.0 11.1 21.7 32.7 -12.8 

2-eq  17.7 21.6 13.1 22.1 35.2 -13.6 

2-ax  17.5 21.4 12.1 22.0 34.1 -12.7 

3-eq  15.4 18.9 10.5 21.6 32.1 -13.2 

3-ax  15.8 19.5 10.5 21.6 32.1 -12.6 
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3’-ax  16.1 19.6 10.5 21.6 32.2 -12.6 

4-eq  15.3 18.7 10.2 21.5 31.7 -13.0 

4-ax  15.8 19.2 10.2 21.5 31.7 -12.5 

4’-ax  16.4 19.8 10.5 21.7 32.2 -12.4 

5-eq  15.4 18.9 10.5 21.6 32.1 -13.2 

6  14.7 18.2 9.9 21.3 31.2 -13.0 

7  14.2 17.7 9.4 21.1 30.4 -12.8 

8
a
  13.3 16.4 10.1 20.2 30.3 -13.9 

9
a
  13.5 16.8 10.3 20.6 30.9 -14.1 

10-eq-C2  18.3 22.2 12.8 22.1 34.9 -12.7 

10-eq-C3  18.8 22.7 13.8 23.8 36.0 -13.3 

10-ax-C3 18.5 22.2 12.5 22.1 34.5 -12.3 



 

14 

 

 

a 
R = -C(O)NHCH2CF3, iPr on the decalin ring is omitted 

 

1.4.3 Oxidation of Methylcyclohexane 

 

Figure 1.4. Optimized TSs for the reactions of DMDO with (a) cis-1,4-dimethylcyclohexanes at 

the equatorial (3-eq-TS) and axial C-H bonds (3-ax-TS); (b) cis-1,2-dimethylcyclohexanes at the 

equatorial (4-eq-TS) and axial (4-ax-TS) C-H bonds. Energies in kcal/mol with respect to the 

corresponding reactants. Individual components of distortion energies (alkane distortion, 

dioxirane distortion) are in parentheses. 
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The TSs for tertiary axial/equatorial C-H oxidation of cis-1,4-dimethylcyclohexane by 

DMDO are shown in Fig. 1.4(a), as a eudesmane model system with both axial and equatorial 

tertiary C-H bonds. The activation energy for the reaction of the equatorial C-H bond in 3-eq-TS 

is 0.6 kcal/mol lower than for the axial C-H bond in 3-ax-TS. While interaction energies again 

favor equatorial hydrogen abstraction, the distortion energies are essentially the same. The 

axial/equatorial selectivity comes from the interaction energies, which are -13.2 kcal/mol for 

3-eq-TS and -12.6 kcal/mol for 3-ax-TS. This preference, coming from interaction energies, is 

found again in 4-eq-TS and 4-ax-TS, where both axial and equatorial C-H bonds are present in 

the same molecule. (Fig. 1.4(b))  

The distortion energies are identical for the two transition states, while the interaction 

energies are -13.0 kcal/mol and -12.5 kcal/mol, respectively. Just as the case of secondary 

hydrocarbons, the lengthening of antiperiplanar C-C bonds is shown in the equatorial TS, leading 

to better hyper- conjugation. A more detailed study of how distortion energies change along the 

reaction coordinate is summarized in Figure 1.5. Distortion energies are the same since the 

tertiary C-H oxidation transition states are earlier than the transition states for secondary C-H 

oxidation. With the same distortion energy and favored interaction energy for abstraction of 

equatorial hydrogens, the latter is slightly more susceptible to oxidation.  
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Figure 1.5. Breakdown of distortion/interaction energies along the internal reaction coordinates 

(IRC) for the reactions of DMDO with (a) 1-methylcyclohexanes and (b) cyclohexanes. The C-H 

bonds are functionalized at the equatorial position (for 1-axial-1-methyl-cyclohexane) or axial 

position (for 1-equatorial-1-methyl-cyclohexane). Energies in kcal/mol with respect to there 

corresponding reactants. The x axis is the “internal reaction coordinate” from calculation, and the 

origin is the transition state. 

 

The stereochemistry of the remote methyl group has no effect on the reactivity, only the 

stereochemistry of the carbon on which hydrogen is abstracted matters. As in Table 1.2, axial 

C-H oxidations give almost identical distortion and interaction energies for 

cis-1,4-dimethylcyclohexane (3-ax) and trans-1,4-dimethylcyclohexane (3’-ax), leading to the 

same activation energy.  
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The stereochemistry of the methyl group  to the reacting center has little impact on the 

interaction energy, which is intrinsic whether an axial or equatorial hydrogen is abstracted. As in 

Table 1.2, oxidation of cis-1,2-dimethylcyclohexane (4-ax) and trans-1,2-dimethylcyclohexane 

(4’-ax) give virtually identical interaction energies. The distortion energy for 4’-ax is raised by 

0.5 kcal/mol due to developing torsional strain in the transition state as the reacting site becomes 

more sp
2
 in character. Overall the activation energy for 4’-ax is 0.6 kcal/mol higher than that of 

4-ax. 

Compared with tertiary C-H bonds, activations of secondary C-H bonds require higher 

activation energies, which are around 21.5 kcal/mol in Fig. 1.3, due to the electrophilic nature of 

the oxidizing reagent, compared with those activation energies for tertiary C-H bonds, which are 

below 20.0 kcal/mol. This agrees with Curci’s experiments that tertiary C-H bonds are generally 

more reactive than secondary C-H bonds, and the usual greater stability of tertiary radicals.
17

 The 

differences in activation energies between secondary C-H oxidation (~18 kcal/mol) and tertiary 

C-H oxidation (15-16 kcal/mol) is comparable to, or slightly higher, than the difference between 

secondary and tertiary C-H bond dissociation enthalpies (BDEs) (98 and 96 kcal/mol, 

respectively
47

) because there is polarization and partial positive charge build up at the oxidized 

carbon in the transition states. 
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1.4.4 Influence of axial methyl substitution on reactivity 

 

Figure 1.6. Optimized reactant and transition state geometries for the reaction of DMDO with 

substituted cyclohexanes. Energies are in kcal/mol. Individual components of distortion energies 

(alkane distortion, dioxirane distortion) are in parenthesis. 

 

To systematically investigate the effects of 1,3-diaxial methyl-methyl interactions, 

reactivities of the tertiary equatorial C-H bonds reacting on axial methylcyclohexane (5), 

diaxial 1,3-dimethylcyclohexane (6), and triaxial 1,3,5-trimethylcyclohexane (7) were studied. 

The reactants and transition states are shown in Fig. 1.6. The methyl groups in 5, 6, 7 were axial 
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rather than in the more stable equatorial position, to serve as models for rigid terpenes where 

the methyl groups are fixed to be axial, as in Baran’s selective oxidation of 1.
24

 The relative rate 

for oxidation of cis-1,3-dimethylcyclohexane (6) is slightly higher than the 

trans-1,3-dimethylcyclohexane, as strain release operates in the former isomer, in agreement 

with a ratio of 1.4-1.5:1 by TFDO oxidation generated in situ. 

As more axial methyl substituents were added (5 to 6 to 7), the nearest H-H distance gets 

shorter, and more strain is imposed as the H-H closed shell repulsion increases. In the reactants, 

there is no significant H-H repulsion in 5, there is one H-H interaction with a 2.12 Å distance in 

6, and there are three pairs of CH-CH interactions of 2.11 Å in 7. In the transition state for 

abstraction of equatorial hydrogens, the methyl bends away from the ring, releasing 1,3-diaxial 

strain. In 5, the H-H distances are above 2.4 Å, and no strain is released in the TS. In 6, the 

closest H-H bond distance increases from 2.12 Å in the reactant to 2.19 Å in TS, releasing strain. 

In 7, the two closest H-H distances increase from 2.11 Å to 2.20 Å and 2.21 Å, and further strain 

release is expected.  

The trend towards lower activation energy was reflected in the decreasing distortion 

energies, from 32.1 (5-TS) to 31.2 (6-TS) to 30.4 kcal/mol (7-TS). The interaction energies are 

nearly the same, increasing by 0.2 kcal/mol (less negative) with each additional axial methyl 

group, but this change is smaller than the increase in distortion energies, which dominates the 

trend in reactivity. Most of the difference in distortion energy results from the hydrocarbon 

reactant. The steric acceleration proposed to result from strain release by Eschenmoser,
17

 is 

manifested in lower distortion energy in the TS. In other words, the reactants are pre-distorted 

towards the TS geometry, and the activation energy is lowered. We have referred to this 
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phenomenon as distortion-acceleration.
48

 The higher reactivity along the series is also paralleled 

by slightly earlier transition states along the series, and so the distortion energy of the dioxirane 

decreases in the series.  

 

1.4.5 Strain Release and Enhanced Reactivity towards Oxidations in Steroidal Systems 

The strain release (or distortion-acceleration) effect has been taken advantage of by 

Baran
24

 to generate selectivity in C-H oxidations, as in Scheme 1.2. A 1:1 mixture of 8’ and 9’ 

gave the corresponding oxidation products in a ratio of 3:1. The strain release effect was 

proposed to account for the enhancement in reactivity of 8’ as compared with 9’. A similar trend 

in reactivity was observed in oxidation by ozone, which produced 8’ and 9’ in a 4:1 ratio.  

We modeled the reaction with methyl(trifluoromethyl)dioxirane (TFDO) and 

dichloromethane as the solvent. The results are shown in Figure 1.7. A model study with DMDO 

and these substrates in the gas phase is summarized in Table 1.2. 

 

Scheme 1.2. Reaction products in a competition reaction 
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Figure 1.7. Optimized reactant and transition state geometries for the reaction of TFDO with (a) 

8 and (b) 9. R = -C(O)NHCH2CF3. The iPr substituents on the decalin rings of 8’ and 9’ were 

omitted for simplicity. Energies are in kcal/mol. Individual components of distortion energies 

(alkane distortion, dioxirane distortion) are in parenthesis. Energies with dichloromethane 

solvation correction are in square brackets. 

 

Reactants 8 and 9, models for 8’ and 9’, and transition states for DMDO 8-TS and 9-TS 

are shown in Fig. 1.7(a) and Fig. 1.7(b), respectively. In Fig. 1.7(a), the two axial methyl groups 

in 8 lead to strong 1,3-diaxial strain, with the nearest H-H distance being 2.05 Å. This distance 

becomes 2.08 Å in 8-TS, which reduces the strain. The remaining H-H distances stay rather 

constant, contributing little to the activation energies due to strain release. The energy required to 
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distort 8 into 8-TS is 26.3 kcal/mol, mainly from the dioxirane distortion, due to the stiffness of 

the ring.  

The aforementioned methyl-methyl interaction in 8 is alleviated when the bridge methyl is 

replaced by a hydrogen atom for 9 in Fig. 1.7(b). Compared with the case of 8, there is less strain 

release. In other words, more energy was required to distort the reactant 9 into its transition states 

9-TS, with distortion energy increased to 26.8 kcal/mol; the activation energy is 11.4 kcal/mol. 

The 0.5 kcal/mol difference in distortion energy, although rather small, dominates over the 

interaction energies, and lead to 0.3 kcal/mol lower activation energy for 8-TS than 9-TS. With 

solvent correction, there is 0.6 kcal/mol lower in activation enthalpy for 8-TS, in agreement with 

observed 3:1 experimental ratio. For model study with DMDO, predicted activation energy for 

8-TS is 0.4 kcal/mol lower than 9-TS (16.4 kcal/mol and 16.8 kcal/mol, respectively). The axial 

methyl group gives only 0.4 kcal/mol rate enhancement for the substituted decalin, compared to 

0.7 kcal/mol with substituted cyclohexane, which is likely due to the rigidity of the ring, as 

reflected in the distortion energies of the ring systems. 

 

1.4.6 Selective Oxidations of Sclareolide 

Sclareolide, 10, has five methylenes and ten distinct secondary hydrogens. Experimentally, 

10 is oxidized at both the C2 and C3 positions (steroid numbering),
49 

and ratios of products are 

given in Table 1.3.  

Electronically, oxidation of C3 is favored because it is remote from the 

electron-withdrawing lactone that deactivates the methylenes at C1, C5 and C6 and steric effects 
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favor oxidation at C2.  For reagents that behave like small reagents, such as dioxiranes and 

Fe(PDP) there is marginal selectivity between oxidation at the C2 and C3 positions.  The use of a 

manganese porphyrin results in considerably higher site selectivity.
50

 In the case of the 

Rh-mediated amination employing a reagent that behaves like a large reagent, excellent C3 

selectivity is observed.
5n,24

 

Table 1.3 Experimental and calculated ratios for C2/C3 products from 10. Energies in kcal/mol. 

oxidant C2:C3 ref Calc ΔE
‡
(C2) ΔE

‡
(C3axial) ΔE

‡
(C3equatorial) 

DMDO 1.5:1
a
 

49 
~1:1

b
 22.2

b
 22.2

b
 22.7

b
 

TFDO 2.1:1~1:2.0
c
 

49 
2.7:1

d
 10.2

d 
12.1

d 
10.9

d 

tBu-TFDO 2.4:1
e
 

49 
8.3:1

d
 11.9

d
 14.3

d
 13.1

d
 

Rh2(esp)2
f
 Only C2 

49 
    

Mn(TPP)Cl
g
 

Fe(PDP) 

7:1 

1.4:1 

50 
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a 
1:1 acetone:DCM, <5% conversion

 

b 
UB3LYP/6-311++G(d,p), gas phase

 

c
 Ratios with a variety of solvents gave from 2.1:1 with hexafluoroisopropanol to 1:2.0 with 

acetonitrile. 

d
 UB3LYP/6-311++G(d,p), calculated ratio from activation energies in 298 K with 

CPCM/UAHF in acetonitrile 

e 
In acetonitrile solvent 

f
 Amination products 

g 
A ratio of 3:1 was observed for fluorination with Mn(TMP)Cl. 

 

Table 1.4 Analysis of site selectivities on 10 for TFDO vs tBu-TFDO. Energies in kcal/mol.  

oxidant TS ΔH
‡
(solv)

a
 ΔH

‡
 ΔE

‡
 ΔEd

‡
(10) ΔEd

‡
(TFDO) ΔEd

‡
(10 ΔEi

‡
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+TFDO) 

TFDO C2 6.7 12.2 15.7 8.7 20.2 28.9 -13.2 

TFDO C3-ax 8.8 12.7 15.9 8.5 20.1 28.6 -12.7 

TFDO C3-eq 7.5 12.8 16.1 9.2 20.3 29.5 -13.4 

tBu-TFDO C2 8.3 14.2 17.8 9.9 20.8 30.7 -12.9 

tBu-TFDO C3-ax 10.7 15.1 18.7 10.3 20.8 31.1 -12.4 

tBu-TFDO C3-eq 9.5 15.0 18.7 11.1 20.9 32.1 -13.4 

a
 Calculated solvent with CPCM/UAHF in acetonitrile 

 

Table 1.4 shows details of the computed activation barriers with different oxidants. The 

bulky tBu group of tBu-TFDO increases the activation energies by about 2 kcal/mol, reflected in 

the distortion energies especially from the substrate 10. The interaction energies are essentially 

the same, since the methyl group in TFDO and tBu in tBu-TFDO have similar electronic effects. 

The reactants and transition states geometries are shown in Figure 1.8 for TFDO and Figure 1.9 

for tBu-TFDO. With solvent correction (acetonitrile), the axial TS becomes disfavored probably 

due to a higher energy cost for the rearrangement of solvent molecules. Also a higher C2:C3 

selectivity is expected. A thorough study of solvent effects is underway. 

Figure 1.8 gives the geometries of sclareolide 10 and three transition states for C-H 

oxidations on the C2/C3 C-H bonds with TFDO. The methyl-hydrogen strain is released, as the 

bond lengths for nearest H-H pairs, which are 2.10 Å and 2.12 Å in 10, increased to 2.11 Å and 

2.18 Å in 10-eq-C2-TS, but stays the same on 10-ax-C3-TS and 10-eq-C3-TS. Not surprisingly, 

the strain release effect is not as pronounced as is the case with the relief of a methyl-methyl 1,3 

diaxial interaction. Accordingly, a mixture of products results.  
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Figure 1.8. Optimized reactant and transition state geometries for the reaction of TFDO with 

sclareolide 10. Energies are in kcal/mol. Individual components of distortion energies (alkane 

distortion, dioxirane distortion) are in parenthesis. Energies with acetonitrile solvation correction 

are in square brackets. 

 

Figure 1.9 gives the geometries of sclareolide 10 and three transition states for C-H 

oxidations on the C2/C3 C-H bonds with the bulkier oxidant tBu-TFDO. The site selectivity for 



 

26 

 

oxidation on the C2 versus C3 position is predicted to be 0.9 kcal/mol. Experimentally a higher 

C2/C3 ratio was observed for tBu-TFDO than for TFDO. The steric effect of the tert-butyl group 

raises the activation barriers for tBu-TFDO oxidations compared with TFDO by about 2 

kcal/mol. This energy difference is also consistent with the low yield and low levels of reactivity 

observed with tBu-TFDO compared with TFDO. The trace conversion affected by tBu-TFDO 

may also reflect the low concentration of this reagent in the reaction mixture, as it is formed in situ. 

The increased steric effects also render the equatorial hydrogen on C3 as susceptible to oxidation 

as the axial hydrogen at the same position.  
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Figure 1.9. Optimized reactant and transition state geometries for the reaction of tBu-TFDO 

with sclareolide 10. Energies are in kcal/mol. Individual components of distortion energies 

(alkane distortion, dioxirane distortion) are in parenthesis. The prime labels on TS distinguish the 

transition states for tBu-TFDO oxidation with those with DMDO. Energies with acetonitrile 

solvation correction are in square brackets. 
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1.5 Conclusions 

The site selectivities and stereoselectivities of sp
3
 C-H activations in cyclohexane 

derivatives by dioxiranes were investigated computationally. CASPT2 calculations established 

the appropriate transition state for C-H oxidations by dioxiranes, which corresponds to that 

located using unrestricted DFT. The full pathway for dioxirane oxidation was established. The 

distortion/interaction model was used to understand the origins of selectivity in each case. In the 

absence of axial substitution of cyclohexanes there is no innate preference for either axial or 

equatorial C-H activation: eclipsing interactions slightly favor axial activation, but this is 

counterbalanced by the greater hyperconjugative stabilization in equatorial activation. The axial 

and equatorial C-H bonds of cyclohexane have similar reactivities. 

However, with increasing axial substitution, computed activation barriers decrease, in 

accord with experiment. The enhancement in equatorial reactivity by geminal and diaxial 

substitution arises as a consequence of strain release in going to the transitions state.
25

 The 

distortion/interaction model allows for a quantification of the acceleration that arises as a result 

of strain release. The strain release effect is around 0.7 kcal/mol when the strain involving two 

1,3-diaxial methyl groups is released. The eudesmane 8 is more reactive than 9 due to the strain 

release effect, but the C2/C3 site selectivity for sclareolide is dominated by steric effects and can 

be controlled by the bulkiness of the reagents. 
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1.6 Experimental Section 

1.6.1 General Procedures   

All reactions were carried out under an inert nitrogen atmosphere with dry solvents under 

anhydrous conditions unless otherwise stated. Dry acetonitrile (MeCN) was obtained by passing 

the previously degassed solvents through activated alumina columns.  Product ratios were 

determined by analysis of the crude 
1
H NMR spectra. Yields refer to chromatographically and 

spectroscopically (
1
H-NMR) homogeneous materials, unless otherwise stated. Reagents were 

purchased at the highest commercial quality and used without further purification, unless 

otherwise stated. Reactions were monitored by thin-layer chromatography (TLC) carried out on 

0.25 mm E. Merck silica gel plates (60F-254 or RP-18 F254s) using UV light as the visualizing 

agent and an acidic solution of p-anisaldehyde, phosphomolybdic acid, cerric ammonium 

molybdate, Seebach’s stain (PMA and CAM), ninhydrin, or potassium permanganate and heat as 

developing agents. E. Merck silica gel (60, particle size 0.043-0.063 mm) was used for flash 

column chromatography. 

 

1.6.2 General Procedure for Oxidation using TFDO Generated in situ. 

The substrate (0.2 mmol) was dissolved in MeCN (6.0 mL, 0.03M) by stirring and 

sonicating. To this solution was added aqueous sodium phosphate buffer (6.0 mL, pH = 7.5, 25 

mM) and aqueous Na2EDTA (1.3 mL, 40 mM). The solution was then cooled to 4 C (ambient 

temperature) and cool (4 C) 1,1,1-trifluoroacetone (0.143 mL, 1.60 mmol, 8.0 equiv) was 

added. Oxone


 (KHSO5  0.5KHSO4  0.5K2SO4, 738 mg, 2.4 mmol, 12 equiv) was then added 
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in a single portion and the suspension was rapidly stirred for 36 hours. Then, the mixture was 

warmed to room temperature and extracted with Et2O (3  15 mL). The combined organic layers 

were washed with brine (50 mL), dried over MgSO4, filtered and concentrated. 

Similar conditions for in situ dioxirane formation for C-H oxidation have been 

developed.
51

 References 21, 52, and 53 include spectral data for the sclareolide oxidation 

products. Reference 54 includes data for the products from oxidation of 

1,3-dimethylcyclohexanes. tert-butyl trifluoromethylketone could be synthesized according to 

ref. 55. Alternatively, CF3TMS could be added dropwise to a mixture of methyl pivalate and 

excess CsF at 0 °C. 
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Chapter 2. Formation of Chelated Z-selective Ruthenium Metathesis Catalysts: 

Computational Study on C–H Activation Mechanism, Reactivity, and Selectivity 

 

2.1 Abstract 

The mechanism and origins of formation of chelated Z-selective Ru catalysts were explored 

using density functional theory. The key step involves an intramolecular C-H bond activation of 

the NHC ligand by carboxylates introduced by anion exchange. The C-H activation follows a 

concerted metalation-deprotonation mechanism, where carboxylate abstracts the hydrogen from 

the “bottom” position, forming a six-membered ring with the metal. Torsional strains from 

closed−shell repulsions between the chelating groups dominate over electronic effects for 

determining the barriers for the C-H activation process. 

 

2.2 Introduction 

Olefin metathesis is a powerful methodology for the construction of new carbon-carbon 

double bonds. Since the discovery of metathesis, nearly 400 ruthenium olefin metathesis 

catalysts were reported by the end of 2009.
1
 Along with improved reactivity and selectivity, the 

thermal stability, oxygen- and moisture-tolerance of the catalyst have been greatly improved 

over the years. New ligands, especially the N-heterocyclic carbenes and benzylidene ether ligand 

had special value.  
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For most olefin metathesis catalysts, E olefins were preferentially obtained due to their 

greater thermodynamical stability. A highly Z-selective olefin metathesis catalyst was reported in 

2011,
2
 followed by continuous improvements.

3-5
 Z-selective catalysts have already been applied 

in several synthetic routes.
6
 The Z-selective breakthrough was achieved by an unexpected C-H 

activation of the previously known E-selective catalyst, 1.
2,3

 (Scheme 2.1) Intermediate 2 was 

obtained by replacing the chloride ligands of 1 with pivalate, and 2 unexpectedly underwent 

rapid C-H activation to give a C-chelated, Z-selective catalyst, 3. The Ru-carbon bond to the 

mesityl group was formed via intramolecular C-H activation. 

 

 

Scheme 2.1. Generation of the Z-selective catalyst 3 through C-H activation 

 

An even more efficient Z-selective catalyst, 6, was obtained following the same 

procedure, without the detection of anion-exchange intermediates.
2-4

 The Ru-adamantyl bond 

was originally formed by ligand exchange promoted by silver pivalate, but the reaction also 

occurs even with sodium pivalate (Scheme 2.2).
5
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Scheme 2.2. Generation of the Z-selective catalyst 6 through C-H activation 

 

Computational studies on ruthenium C-H activation have been reported, but mostly on 

(aromatic) sp
2
 C-H bonds. Cavallo studied computationally the C-H activation of a benzene sp

2
 

C-H bond as part of a study of the decomposition pathway of the second generation Grubbs 

catalyst.
7
 Berlinguette studied C-H activation on the benzene ligand of bis-tridentate ruthenium 

complexes.
8
 Ruthenium (II) catalyzed sp

2
 C-H activation was reviewed by Dixneuf.

9
 Few cases 

of ruthenium catalyzed intramolecular sp
3
 C-H activation with carboxylic acid ligands have been 

reported.
10

 Murai,
11

 Sames,
12

 and Maes employed the Ru3(CO)12 catalyst for the activation of sp
3
 

C-H bonds adjacent to a nitrogen atom.
13,14

 Computational studies of both sp
2
 and sp

3
 C-H 

activation by various transition metals were recently reviewed by Eisenstein,
15

 and various 

mechanisms in carboxylate-assisted transition-metal-catalyzed C-H bond functionalization is 

reviewed by Ackermann.
16

 

We have explored the intramolecular C-H activation that forms Z-selective olefin 

metathesis catalyst, using density functional theory. We have found that the mechanism follows 

a concerted metallation-deprotonation (CMD) process, which is similar to the palladium 

catalyzed catalyzed intramolecular sp
3
 C-H activation with carboxylic acids studied earlier by 
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Fagnou’s group,
17,18

 and our group.
19

 We have investigated transition state (TS) geometries, 

explored the origins of selectivities with different types of C-H bonds, and have investigated the 

influence of both anionic and NHC ligands on the rates of intramolecular C-H activations. 

 

2.3 Computational Details 

All calculations were performed with Gaussian 09.
20

 Geometry optimizations were 

performed with B3LYP and the LANL2D2 basis set for Ru and the 6-31G(d) basis set for other 

atoms. Single point energies were calculated at the M06/SDD–6-311+G(d,p) level. Solvation 

corrections for single point energies were calculated with the SMD solvation model using THF 

as the solvent. The reported free energies and enthalpies include zero-point energies and thermal 

corrections calculated at 298 K with B3LYP/SDD-6-31G(d).  

 

2.4 Results and Discussions 

2.4.1 Transition state geometries for the C-H activation 

C-H activations on the metal centers were proposed to follow several classes of 

mechanism, such as oxidative addition, sigma-bond metathesis, and electrophilic activation.
21

 

Among these mechanism, carboxylate-assisted C-H bond functionalizations were mostly 

proposed to follow the mechanism of base-assisted deprotonation,
16

 which was named as 

concerted metallation-deprotonation (CMD) by Fagnou.
17
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Depending on the side of attack and the coordination atom of the carboxylate, there are 

four different ways the dipivalate intermediate 5 can undergo C-H activation. The four transition 

state geometries are shown in Figure 2.1. The carboxylic acid attack from the bottom (TS-A and 

TS-C), breaking the Ru-O(benzylidene) bond, or the acid attack from the side (TS-B and TS-D). 

In TS-A and TS-B, one of the oxygen of the pivalate carboxylic is coordinated to Ru, while the 

other oxygen deprotonates the adamantyl C-H bond, thus forming a six-membered transition 

state. In TS-C and TS-D, only one oxygen is involved, forming a four-membered transition state. 

The most favored transition state, TS-A, has the forming and breaking bonds in a six-membered 

ring with the pivalate oxygen deprotonating from the bottom.  

 

 

Figure 2.1. Four possible transition state geometries for C-H activation of 4. The Ru-O bond 

lengths and TS bond lengths are labeled in Å. 
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2.4.2 The free energy profile for the formation of the chelated ruthenium catalyst 

 Experimentally, the dicarboxylate intermediate 2 was observed as an intermediate in the 

formation of catalyst 3 from 1, but intermediate 5 was not characterized in the formation of 

catalyst 6 from 4. No chloride-containing C-H activated catalyst has been observed. We explored 

whether a monochloro monopivalate might also give C-H activation. The computed free energy 

diagram for C-H activation of 4 (1a) by a dipivalate or a monochlorate, mono pivalate is shown 

in Figure 2.2. 

 

Figure 2.2. The free energy profile of the C-H activation of 4(1a) to form the C-H activated 

catalyst (1g). 

 

 The lower energy pathway (colored in blue) involves an anion exchange step, forming a 

stable complex 1c with both Cls replaced with pivalates, which coordinates better with 

ruthenium. Isomerization of 1c to a less stable complex 1d gives the geometry of CMD (see the 
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previous section). The rate- and stereo-determining C-H activation step (1e-ts) requires an 

overall barrier of 23.5 kcal/mol (1d -> 1e-ts). The complex 1f is formed after the C-H activation 

and finally the active catalyst 1g is obtained.  

An alternative pathway of C-H activation with only one carboxylate and one chloride ligand 

was also studied (colored in pink in Figure 2.2).The free energy barrier (1h-ts) is 28.4 kcal/mol, 

around 5 kcal/mol less favored than the dicarboxylate pathway, as the other pivalate is bidentate, 

which might give additional stabilization in the transition state. 

 

2.4.3 Regio- and stereoselectivity in CH activations 

There are three possible hydrogens which could be subject to replacement by Ru in C-H 

activation of the admantyl/mesityl NHC. These are shown in Scheme 2.3 with their 

corresponding transition states are shown in Figure 2.3. 
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Scheme 2.3. Three possible sites for C-H activation of 1a, leading to three possible chelated 

catalysts 1g. 

 

 

Figure 2.3. Substrate and TS geometries for C-H activation on three different sites of 1c. 

 

The 1e-ts-A, with the adamantyl hydrogen being abstracted cis to the alkylidene gives the 

lowest activation barriers of 23.5 kcal/mol, which leads to the Z-selective catalyst 3, as observed 

in the experiment. C-H activation on the mesityl group gives the highest barrier of 27.7 kcal/mol. 

The there is substantial distortion in 1e-ts-F due to the steric repulsion of the other ortho Me 

group on mesityl and the NHC prevents the Me substituent on mesityl rotating to the proximity 

of the Ru, as reflected in the short H-H distance (2.16Å) and increased C-H and H-H repulsion 

on the adamantyl side as well. C-H activation on the adamantyl hydrogen trans to the alkylidene 

is disfavored, probably due to the repulsion between the Ru=C electrons and C-H bonds. As in 

Figure 2.4, the C-H bond is anti to the Ru=C bond in 1e-ts-A, taking a staggered conformation, 

while in 1e-ts-E the C-H bond is syn to the Ru=C bond, taking an eclipsed conformation. 
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Figure 2.4. Steric effects on stereoselectivity for the cis- and trans-TS for C-H activation of 1c. 

Atoms not directly not directed linked to the reactive center are omitted for clarity. 

 

2.4.4 Effects of chelating group and N-substituents on reactivity 

Table 2.1. Activation energies for C-H activation of various N-alkyl groups 

 

Entry Alkyl-H G
‡ 

 H
‡
 BDE 

1 

 

23.5  23.8 98.0 
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2 

 

20.0  20.5 96.4 

3 

 

16.2  16.8 98.1 

4 

 

15.2  16.4 100.7 

5 

 

25.6  26.0 87.4 

 

 The reactivity toward C-H activation of several different alkyl groups was studied and is 

summarized in Table 2.1. The activation is facilitated with less steric demanding groups. The 

activation of the secondary hydrogen on the cyclohexane ring (TS2) requires 20.0 kcal/mol in 

free energy, 3.5 kcal/mol lower than TS1. The activation barrier for the primary hydrogen on the 

methyl, TS3 and TS4, are significantly lower, which are only 16.2 and 15.2 kcal/mol, 

respectively. Replacing the adamantyl group with mesityl increases the activation barrier to 25.6 

kcal/mol, probably due to the closed shell repulsion between the methyl group on mesityl and the 

NHC rings, as in the case of C-H activation on the mesityl C-H (1e-ts-F). 

 

Table 2.2. Activation energies for C-H activation with different N-aryl groups 
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Entry Aryl group G
‡ 

 H
‡
  

1 
 

23.5  23.8  

7 

 

23.5  23.1  

8 
 

21.3  22.4  

9 

 

22.0  23.1  

 

 Substituent effects on the N-aryl groups were investigated, and the results are summarized in 

Table 2.2. C-H activation of the new catalyst 7 has the same activation free energy as 1. 

Enhanced activity towards C-H activation was observed when one or two of the ortho methyl 

groups were replaced with fluorine. As in Figure 2.5, there is stabilizing effect of O-H interaction 

in 1c, and destabilizing effect from C-H repulsion in 1e-ts-A, both lead to higher barriers. These 

effects are absent when the ortho methyl groups are replaced with fluorines. 
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Figure 2.5. Substrate and TS geometries for C-H activation on three different sites of 5. 

 

Table 2.3. Activation energies for C-H activation of 5- and 6-membered NHC rings 

 NHC G
‡ 

 H
‡
  

1 

 

23.5  23.8  

6 

 

17.8  17.9  

 

We also studied the effect of NHC ring size on the C-H activation barrier, and the results 

are in Table 2.3. The activation barrier decreases to 17.8 kcal/mol when the five-membered NHC 

(1) is replaced with the six-membered NHC (6). The 5 kcal/mol lower barrier arises because 
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additional carbon in the ring brings the N-adamantyl group closer to the pivalate group, which 

facilitates the CH activation. The C-H activation process with 6 is also more exergonic than with 

the five-membered complex 1 (reaction energies are -12.6 and -3.0 kcal/mol for 6 and 1, 

respectively). 

 

Table 2.4. Activation energies for C-H activation with different carboxylate ligands 

 

Entry Anion RCOO
-
 G

‡ 
 H

‡
 pKaH 

1 tBuCOO
-
 23.5  23.8 5.01 

10 CH3COO
-
 24.0  24.4 4.75 

11 PhCOO
-
 26.2  25.5 4.2 

 

 The anion effect on the barriers of C-H activation is shown in Table 2.4. Replacing the 

pivalate with acetate increases the barrier by 0.5 kcal/mol, while with the benzoate the barrier is 

2.7 kcal/mol higher. Notice the strength of the conjugate acid follows the order: benzoic acid 

(pKa 4.2) > acetic acid (pKa 4.75) > pivalic acid (pKa 5.01). Since an acid is formed as the 

byproduct, formation of a strong acid is less favored, leading to a higher barrier. 
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2.5 Conclusions 

 

The mechanism of C-H activation of the Grubbs II catalyst upon converting halide to 

carboxylate ligands has been elucidated. The C-H activation proceeds via a six-membered, 

bottom-attack transition state with a high stereoselectivity. Reducing the steric demands of the 

N-alkyl group leads to lower activation barriers. The steric effect on the ortho position of N-aryl 

group has minor impact on the C-H activation barrier, while substitution of methyl with fluorine 

decreases the barrier. Replacing the five membered NHC with six membered NHC also 

facilitates the CH activation. 

. 
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Chapter 3. Mechanism and Enantioselectivity in Palladium-Catalyzed Conjugate Addition 

of Arylboronic Acids to -Substituted Cyclic Enones: Insights from Computation and 

Experiment 

 

3.1 Abstract 

Enantioselective conjugate additions of arylboronic acids to -substituted cyclic enones have 

been reported previously from our laboratories. Air and moisture tolerant conditions were 

achieved with a catalyst derived in situ from palladium(II) trifluoroacetate and the chiral ligand 

(S)-t-BuPyOx. We now report a combined experimental and computational investigation on the 

mechanism, the nature of the active catalyst, the origins of the enantioselectivity, and the 

stereoelectronic effects of the ligand and the substrates of this transformation. Enantioselectivity 

is controlled primarily by steric repulsions between the t-Bu group of the chiral ligand and the 

-methylene hydrogens of the enone substrate in the enantiodetermining carbopalladation step. 

Computations indicate that the reaction occurs via formation of a cationic arylpalladium(II) 

species, and subsequent carbopalladation of the enone olefin forms the key carbon-carbon bond. 

Studies of non-linear effects and stoichiometric and catalytic reactions of isolated (PyOx)Pd(Ph)I 

complexes show that a monomeric arylpalladium-ligand complex is the active species in the 

selectivity-determining step. The addition of water and ammonium hexafluorophosphate 

synergistically increases the rate of the reaction, corroborating the hypothesis that a cationic 
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palladium species is involved in the reaction pathway. These additives also allow the reaction to 

be performed at 40 °C and facilitate an expanded substrate scope. 

 

3.2 Introduction 

Asymmetric conjugate addition has become a familiar reaction manifold in the synthetic 

chemists’ repertoire.
1

 Though seminal reports involved highly reactive organometallic 

nucleophiles,
2

 systems were rapidly developed that involved functional-group-tolerant 

organoboron nucleophiles. Namely, Hayashi pioneered the use of rhodium/BINAP catalysts for 

the asymmetric conjugate addition of a number of boron-derived nucleophiles.
3
 As an 

economical alternative to the rhodium systems, Miyaura pioneered the use of chiral 

palladium-phosphine catalysts to address similar transformations
4
 and Minnaard reported a 

palladium-catalyzed asymmetric conjugate addition using a catalyst formed in situ from 

palladium trifluoroacetate and commercially available (S,S)-MeDuPhos.
5
  

More recently, asymmetric conjugate addition has become a useful strategy for the challenge 

of constructing asymmetric quaternary stereocenters.
6
 Again, many earlier developed methods 

involved highly reactive diorganozinc,
7

 triorganoaluminum,
8

 and organomagnesium
9
 

nucleophiles, however, more recently chiral rhodium/diene systems have been shown to 

construct asymmetric quaternary stereocenters with functional group-tolerant organoboron 

nucleophiles.
10

 While rhodium systems are highly developed and exhibit a wide substrate scope, 

the high cost of the catalyst precursors and oxygen sensitivity of the reactions are undesirable. 

Despite progress in palladium-catalyzed conjugate additions for the formation of tertiary 
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stereocenters,
11

 no conditions were amenable to the synthesis of even racemic quaternary 

centers until Lu and coworkers disclosed a dicationic, dimeric palladium/bipyridine catalyst in 

2010.
12

 However, it was not until our recent report that a palladium-derived catalyst was 

employed to generate an asymmetric quaternary stereocenter via conjugate addition chemistry.
13

  

 

Scheme 3.1. Asymmetric conjugate addition with (S)-t-BuPyOx ligand. 

 
 

We employed a catalyst derived in situ from Pd(OCOCF3)2 and a chiral pyridinooxazoline 

(PyOx) ligand,
14

 (S)-t-BuPyOx (ligand 1, Scheme 3.1). This catalyst facilitates the asymmetric 

conjugate addition of arylboronic acids to -substituted enones in high yield and good 

enantioselectivity. Importantly, this reaction is highly tolerant of air and moisture, and the chiral 

ligand, while not yet commercially available, is easily prepared.
15

 Initial results with the 

Pd/PyOx system were reported rapidly due to concerns over competition in the field. Indeed, 

recent publications prove palladium-catalyzed conjugate addition to be a burgeoning field of 

research.
16

 After the initial disclosure, we observed that in addition to catalyzing conjugate 

additions to 5-, 6-, and 7-membered enones, the Pd/PyOx catalyst successfully reacted with 

chromones and 4-quinolones.
17

 Intrigued by the broad substrate scope and operational simplicity 

of this highly asymmetric process, we conducted a thorough study to optimize the reaction 

conditions, including measures to reduce the catalyst loading, lower the reaction temperature, 
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and further generalize the substrate scope. We also performed mechanistic and computational 

investigations toward elucidating the catalytic cycle, active catalyst species, and the 

stereoelectronic effects on enantioselectivity of this reaction. 

 

3.3 Results 

3.3.1 Effects of Water on Catalyst Turnover 

In our initial report,
13

 we were able to demonstrate that the addition of up to 10 equivalents 

of water had no deleterious effect. Despite this, water was not considered as an important 

additive in the initially reported conditions because the stoichiometric arylboronic acid was 

believed to be a sufficient proton source to turn over the catalyst.  In considering the overall 

reaction scheme, a more precise analysis of the mass balance of the reaction led us to reconsider 

the importance of water as a participant in the overall transformation (Scheme 3.2a).  

These considerations proved to be essential during the scale up of the reaction.  Attempts to 

use the original conditions (with no water added) failed to convert enone 2 efficiently, generating 

the desired ketone (3) only in moderate yield (Scheme 3.2b). We reasoned that when the reaction 

is performed on a small scale under ambient atmosphere the moisture present in the air and on 

the glassware could be sufficient to drive the reaction to completion. On a larger scale, however, 

where a more significant quantity of water was necessary, this was no longer true. Gratifyingly, 

upon the addition of as little as 1.5 equivalents of water to the reaction mixture, both reactivity 

and the enantioselectivity were restored (Scheme 3.2c), affording ketone 3 in high yield and ee. 
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Scheme 3.2. (a) Examination of reaction mass balance. (b) Absence of water prohibits scale-up. 

(c) Addition of water facilitates larger scale reactions. 

 
 

We next sought to measure deuterium incorporation at the carbonyl -position as a method 

to determine the source of the proton utilized in reaction turnover. Reactions were performed 

substituting deuterium oxide for water and observed by 
1
H and 

2
H NMR analysis (Figure 3.1). 

Using phenylboronic acid, the reaction afforded ketone 3 in similar yield and enantioselectivity 

(Figure 3.1a). Likewise, substitution of phenylboroxine ((PhBO)3) for phenylboronic acid and 

deuterium oxide for water (Figure 3.1b) resulted in identical yield, albeit with slightly depressed 

ee observed in ketone 3. Analysis of ketone 3 by 
1
H NMR (Figure 3.1c) showed significant 

deuterium incorporation at the -position of the carbonyl, even in the presence of phenylboronic 

acid.
18

 As expected, a higher degree of deuterium incorporation was observed in the reaction 

where phenyl boroxine was substituted for the boronic acid, however, the similar level of 

incorporation in both experiments suggested that the deuterium oxide was the agent assisting 

reaction turnover regardless of the use of protic or aprotic boron reagent.  
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Figure 3.1. (a) deuterium incorporation using PhB(OH)2. (b) deuterium incorporation using 

(PhBO)3. (c) 
1
H NMR data measuring deuterium incorporation by integral comparison of 

-protons relative to H5, control: treatment of ketone 3 to deuterium incorporation conditions.  

 

3.3.2 Effects of Salt Additives on Reaction Rate 

Satisfied with our ability to perform the reaction on scale, we turned our attention toward 

improving the catalyst activity. We observed that nearly all previous literature reports regarding 

palladium-catalyzed conjugate addition utilized cationic precatalysts featuring 

weakly-coordinative anions (PF6
–
, SbF6

–
, BF4

–
 etc.). We reasoned that the substitution of the 

trifluoroacetate counterion with a less coordinative species could lead to an increase in reaction 

rate. With this goal in mind, we examined a series of salt additives containing weakly 

coordinative counterions. We viewed the strategy for the in situ generation of the catalyst as the 

more practical and operationally simple alternative to the design, synthesis, and isolation of a 

new dicationic palladium precatalyst.  
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We investigated a number of salt additives to test this mechanistic hypothesis (Table 3.1). 

Coordinating counterions like chloride (entry 1) shut down reactivity. Pleasingly, as per our 

hypothesis, weakly coordinating counterions with sodium cations (entries 2–4) facilitated swift 

reaction, albeit with depressed ee. Tetrabutylammonium salts (entries 5–6) encountered slow 

reaction times, but good enantioselectivity. Sodium tetraphenylborate (entry 7), however, failed 

to deliver appreciable quantities of the quaternary ketone 3, as rapid formation of biphenyl was 

observed. Ammonium salts (entires 8–9) provided the desired blend of reaction rate and 

enentioselectivity. We concluded that the hexafluorophosphate anion (entry 9) gave the optimal 

combination of short reaction time with minimized loss of enantioselectivity.  

 

Table 3.1. Effect of salt additives on reaction rate.
a
  

 

a
Conditions: phenylboronic acid (0.5 mmol), 3-methylcyclohexen-2-one (0.25 mmol), water (5 

equiv), additive (30 mol %), Pd(OCOCF3)2 (5 mol %) and (S)-t-BuPyOX (6 mol %) in 

ClCH2CH2Cl (1 mL) at 40 °C . 
b
GC yield utilizng tridecane standard. 

c
ee was determined by 

chiral HPLC.  
d
Reaction checked at 83% conversion as determined by GC analysis. 
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Based on our previous observations regarding the beneficial nature of water as an additive, 

we next explored the combined effect of water and hexafluorophosphate counterions. We found 

addition of both water and ammonium hexafluorophosphate were the most successful for 

increasing reactivity (Table 3.2). Water alone is insufficient to alter reactivity (entry 1), though 

the use of water with 30 mol % ammonium hexafluorophosphate greatly reduced the reaction 

time (entry 2) to only 1.5 hours with minimal effect on yield or ee.  Furthermore, this 

combination of additives allowed the reaction to proceed at temperatures as low as 25 °C with 5 

mol % palladium and 6 mol % ligand, and lowering of catalyst loadings to only 2.5 mol % of 

palladium and 3 mol % ligand at 40 °C (entry 3).  We determined that optimal conditions for 

the reaction with lower catalyst loading to be 5 equivalents of water, 30 mol % ammonium 

hexafluorophosphate at 40 °C (entry 4), conditions that reproduce the original result at milder 

temperature and lower catalyst loadings. The reaction was extraordinarily tolerant of the amount 

of water, with both 10 (entry 5) and 20 (entry 6) equivalents of water having minimal effect on 

the yield or ee. Loadings of ammonium hexaflurophosphate can be as low as 5 mol % (entry 7) 

or 10 mol % (entry 8) with reactions completed in 24 hours. Stoichiometric additive (entry 9) 

gave no additional benefit (entry 4). Thus, we optimized the additive amounts to be 30 mol % 

ammonium hexafluorophosphate and 5 equivalents of water. 

 

Table 3.2. Effect of water and NH4PF6 on reaction rate. 
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a
Conditions: phenylboronic acid (1.0 mmol), 3-methylcyclohexen-2-one (0.5 mmol), water, 

NH4PF6, Pd(OCOCF3)2 and (S)-t-BuPyOx in ClCH2CH2Cl (2 mL). 
b
Isolated yield. 

c
ee was 

determined by chiral HPLC. 

 

Though increased rates were observed at 60 °C, the newly-found ability to perform reactions 

at 40 °C promoted superior reactivity of many substrates (Table 3.3). In fact, many substrates 

that exhibited high enantioselectivities under the original 60 °C reaction conditions suffered from 

poor yields. Reacting these substrates at 40 °C with the addition of ammonium 

hexafluorophosphate and water promoted significantly higher isolated yields. Arylboronic acids 

containing halides, such as m-chloro- (4a) and m-bromophenylboronic acid (4b) reacted with 

good enantioselectivity, but each substrate was originally marred by low yield using our original 

conditions. However, when reacted under the newly optimized reaction conditions, the isolated 

yield for the addition of chlorophenylboronic acid increased from 55% to 96% and for 

bromophenylboronic acid from 44% to 86%. Even m-nitroboronic acid (4c) reacted with higher 

isolated yield. Notably, some ortho-substituted boronic acids, such as o-fluorophenylboronic 

O
O

e n try
a

t im e  (h ) y ie ld  (% )
b

e e  (% )
c

1

2

3

1 0

5

1 2 9 9 9 1

te m p  

(°C )

6 0

1 .5 9 3 8 86 0

1 2 9 5 9 14 0

P d  

(m o l % )

5

4

5

6

7

3 6 9 8 9 12 5

1 2 9 6 8 94 0

1 2 9 5 9 04 0

8

5 2 4 9 3 9 04 0

H 2 O  

(e q u iv .)

N H 4 P F 6  

(m o l % )

- - -

3 0

5 3 0

5 3 0

1 0 3 0

2 0 3 0

5

9

5 2 4 9 3 9 24 01 0

5 1 2 9 7 8 84 01 0 0

P h

lig a n d  

(m o l % )

5

5

6

6

6

2 .5 3

2 .5 3

2 .5 3

2 .5 3

2 .5 3

2 .5 3

(S ) - t -B u P y O x , P h B (O H )2

P d (O C O C F 3 ) 2

H 2 O ,  N H 4 P F 6

C lC H 2 C H 2 C l

2 3



 

59 

 

acid (4d), reacted more successfully under the milder reaction conditions, leading to increased 

isolated yield of 70%.  

 

Table 3.3. Increased reaction yields with different arylboronic acid substrates under new reaction 

conditions.
a
 

 
a
Blue font: reported yield and ee of 5 in the absence of NH4PF6 and water with reactions 

performed at 60 °C; red font: yield and ee of 5 with additives.  Conditions: boronic acid (1.0 

mmol), 3-methylcyclohexen-2-one (0.5 mmol), NH4PF6 (30 mol %), water (5 equiv.), 

Pd(OCOCF3)2 (5 mol %) and (S)-t-BuPyOx (6 mol %) in ClCH2CH2Cl (2 mL) at 40 °C . Isolated 

yield reported, ee was determined by chiral HPLC. 

 

3.3.3 Non-Linear Effect Correlation of Catalyst and Product Enantioenrichment  

Despite optimization of catalytic conditions for this highly enantioselective process, we were 

unsure of the nature of the active catalyst. For example, some rhodium conjugate addition 

systems have been shown to involve trimeric ligand/metal complexes.
19

 Furthermore, Lu and 

coworkers reported the use of the palladium dimer [(bpy)Pd(OH)]2•2BF4 as a precatalyst for 

conjugate addition.
12

 We aimed to rule out the in situ formation and kinetic relevance of such 

dimers in our system. In seeking to support our hypothesized monomeric ligand-metal complex, 
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we performed a non-linear effect study to determine the relationship between the ee of the ligand 

and the ee of the generated product.
20

 The endeavor was to exclude dimeric (ML)2 complexes 

from kinetic relevance, clarifying the monomeric nature of the active catalyst.
21

 Five reactions 

were performed using a catalyst with different level of enantiopurity (racemic, 20%, 40%, 60% 

and 80% ee), and the obtained enantioselectivities were plotted against ee of the catalyst mixture 

(Figure 3.2). The obtained data clearly demonstrates that a non-linear effect is not present, and 

this observation strongly supports the action of a single, monomeric (ML)-type Pd/PyOx catalyst 

as the kinetically relevant species.
21

  While the precise nature of the active catalyst species is 

unknown, isolated (PyOx)Pd(OCOCF3)2 serves as an identically useful precatylst, delivering 

ketone 3 in 99% yield and 92% ee.  

 
Figure 3.2. Determination of linearity between catalyst ee and product ee.  
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3.3.4 Computational Investigations of the Reaction Mechanism  

Despite the results of the non-linear effect study agreeing with the proposed monomeric 

Pd/PyOx catalyst, no formal exploration of the mechanism of this transformation has been 

reported. Our initial hypothesis concerning the mechanism of the Pd/PyOx-catalyzed asymmetric 

conjugate addition were well informed by the seminal work of Miyaura,
22

 however, the 

heterogeneous nature of the reaction medium, undefined nature of the precise catalyst,
23

 and 

complicating equilibrium of organoboron species make kinetic analysis and thorough 

mechanistic study extremely challenging.
24

  

Previously, we performed density functional theory (DFT) calculations to investigate the 

mechanism of palladium-catalyzed conjugate addition of arylboronic acids to enones, explicitly 

studying a catalytic palladium(II)/bipyridine system in MeOH solvent similar to that developed 

by Lu.
12,25,26

 Calculations indicated that the mechanism involves three steps: transmetallation, 

carbopalladation (i.e. alkene insertion), and protonation with MeOH. Monomeric cationic 

palladium complexes are the active species in the catalytic cycle. The carbopalladation is 

calculated to be the rate- and stereoselectivity- determining step (Scheme 3.3). Now, we have 

performed DFT investigations on the catalytic cycle of reactions with the Pd/PyOx manifold and 

the effects of substituents and ligand on reactivity and enantioselectivity. The calculations were 

performed at the theoretical level found satisfactory in our previous study of the Pd/bipyridine 

system. Geometries were optimized with BP86
27

 and a standard 6-31G(d) basis set (SDD basis 

set for palladium). Solvent effects were calculated with single point calculations on the gas phase 

geometries with the CPCM solvation model in dichloroethane. All calculations were performed 

with Gaussian 03.
28
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Scheme 3.3. Enantioselectivity-determining step in asymmetric conjugate addition of 

arylboronic acids to cyclic enones.  
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Figure 3.3. Computed potential energy surface of the catalytic cycle (shown in black), the 

alternative direct nucleophilic addition pathway (via 9-ts, shown in blue), and the isomeric 

carbopalladation pathway (via 16-ts, shown in green). 

 

The computed potential energy surface for the catalytic cycle is shown in Figure 3.3. To 

simplify the computations of the mechanisms, a model ligand, in which the t-Bu group on the 

t-BuPyOx ligand was replaced by H, was used in the calculations of the mechanisms and the full 

ligand was used in the calculations of enantioselectivities which will be discussed below. 

Calculations on the reaction mechanism with the full ligand scaffold, however, generated a 

similar reaction diagram, and the rate- and stereo- determining steps were unchanged (not 

shown). The first step involves transmetallation of cationic Pd(II)-phenylborate complex 6 to 

generate a phenyl palladium complex. Transmetallation requires a relatively low free energy 

barrier of 15.6 kcal/mol (7-ts) with respect to complex 6 and leads to a phenyl palladium 
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complex (8). Complex 8 undergoes ligand exchange to form a more stable phenyl 

palladium-enone complex 12, in which the palladium binds to the enone oxygen atom. Complex 

12 isomerizes to a less stable  complex 13 and then undergoes carbopalladation of the enone 

(14-ts) to form the new carbon–carbon bond. The carbopalladation step requires an activation 

free energy of 21.3 kcal/mol (12  14-ts), and is the stereoselectivity-determining step. The 

regioisomeric carbopalladation transition state 16-ts requires 5.6 kcal/mol higher activation free 

energy than 14-ts, indicating the formation of the -addition compound 17 is unlikely to occur. 

Coordination of one water molecule to 15 leads to a water-palladium enolate complex 18, and 

finally facile hydrolysis of 18 via 19-ts affords product complex 20. Liberation of the product 3 

from 20 and coordination with another molecule of phenyl boronic acid regenerates complex 6 to 

complete the catalytic cycle. The computed catalytic cycle demonstrates some similarities with 

the Pd/bipyridine system in our previous computational investigation, which also involves 

monomeric cationic palladium as the active species and a catalytic cycle of transmetallation, 

carbopalladation, and protonation (with MeOH instead of H2O). 

We also considered an alternative pathway involving direct nucleophilic attack of the phenyl 

boronic acid at the enone while the Pd catalyst is acting as a Lewis acid to activate the enone and 

directs the attack of the nucleophile (9-ts, Figure 3.3). This alternative pathway requires an 

activation free energy of 58.9 kcal/mol, 43.3 kcal/mol higher than the transmetallation transition 

state 7-ts. Thus, this alternative pathway was excluded by calculations. 
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3.3.5 Experimental and Computational Investigations of the Enantioselectivities 

With the aforementioned optimized reaction conditions and computational elucidation of the 

mechanism and stereoselectivity-determining transition states, we explored the effects of ligand 

and substrate on enantioselectivities by both experiment and computations. The 

enantioselectivity-determining alkene insertion step involves a four-membered cyclic transition 

state, which adopts a square-planar geometry. When a chiral bidentate ligand, such as 

(S)-t-BuPyOx, is employed, there are four possible isomeric alkene insertion transition states. 

The 3D structures of the alkene insertion transition states in the reaction of 

3-methyl-2-cyclohexenone with (S)–t-BuPyOx ligand are shown in Figure 3.4. In 1-TS-A and 

1-TS-B, the phenyl group is trans to the chiral oxazoline on the ligand, and in 1-TS-C and 

1-TS-D, the phenyl group is cis to the oxazoline. 1-TS-A, which leads to the predorminant 

(R)-product, is the most stable as the t-Bu group is pointing away from other bulky groups. 

1-TS-C leads to the same enantiomer, but with an activation enthalpy 2.6 kcal/mol higher than 

1-TS-A. The difference is likely to result from steric effects between the t-Bu on the ligand and 

the phenyl group, as indicated by the C-H and C-C distances labeled in Figure 3.4. 1-TS-B and 

1-TS-D lead to the minor (S)-product, which are ~3 kcal/mol less stable than 1-TS-A as a result 

of the repulsions between the t-Bu on the ligand and the phenyl group. In 1-TS-B, the 

cyclohexenone ring is syn to the t-Bu group on the ligand. The shortest H–H distance between 

the ligand and the enone is 2.30 Å, suggesting some steric repulsions. In contrast, no 

ligand-substrate steric repulsions are observed in 1-TS-A, in which the cyclohexenone is anti to 

the t-Bu. 1-TS-A is also stabilized by a weak hydrogen bond between the carbonyl oxygen and 

the hydrogen geminal to the t-Bu group on the oxazoline. The O–H distance is 2.16Å. Therefore, 
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the enthalpy of 1-TS-B is 2.3 kcal/mol higher than that of 1-TS-A. This corresponds to an ee of 

94%, which is very similar to the experimental observation (93%). Enantioselectivities were 

computed from relative enthalpies of the transition states. The selectivities computed from Gibbs 

free energies are very similar and are given in the SI. 

We then investigated the effects of substituents on the ligand, in particular, at the 4 position 

of the oxazoline. The activation enthalpies of four alkene insertion pathways and the computed 

and experimental ee for the reaction of 3-methyl-2-cyclohexenone and phenyl boronic acid are 

summarized in Table 3.4. The t-Bu substituted PyOx ligand is found to be the optimum ligand 

experimentally (Table 3.4, entry 1). Replacing t-Bu with smaller groups, such as i-Pr, i-Bu, or 

Ph, dramatically reduces the ee.  

The bulky t-Bu substituent on the ligand is essential not only to discriminate the 

diastereomeric transition states 1-TS-A and 1-TS-B, but also fix the orientation of the ligand to 

point the chiral center cis to the cyclohexenone. The energy difference between 1-TS-C and 

1-TS-D, in which the chiral center on the ligand is trans to the cyclohexenone, is diminished.  
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Figure 3.4. The optimized geometries of transition states in the enantioselectivity-determining 

alkene insertion step of the reaction of 3-methyl-2-cyclohexenone and phenyl boronic acid with 

(S)–t-BuPyOx ligand. Selected H–H, C–H, and O–H distances are labeled in Å.  

 

When the (S)-i-PrPyOx ligand is used, the alkene insertion transition states with phenyl 

trans to the oxazoline (2-TS-A and 2-TS-B) are also preferred. Thus, the enantioselectivity is 

determined by the energy difference between 2-TS-A and 2-TS-B. The (R)-product (via 2-TS-A) 

is favored with a computed ee of 67%, slightly higher than the experimental ee (40%). The 

optimized geometries of 2-TS-A and 2-TS-B are shown in Figure 3.5 and the activation energies 

of all four transition states are shown in Table 3.4, entry 2. The i-Pr substituted ligand manifests 

via similar steric effects to (S)-t-BuPyOx, with, as expected, slightly weaker steric control. The 

lower enantioselectivity is attributed to the weaker steric repulsions between the i-Pr and the 

cyclohexenone in 2-TS-B than those with the t-Bu in 1-TS-B. The shortest distance between the 
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hydrogen atoms on the ligand and the cyclohexenone is 2.35 Å in 2-TS-B, slightly longer than 

the H–H distance in 1-TS-B (2.30 Å). Less steric repulsions with the (S)-i-PrPyOx lead to 2.8 

kcal/mol lower activation barriers for 2-TS-B compared to 1-TS-B. The ligand steric effects on 

the activation energies of the major pathway TS-A are smaller; the i-Pr substituted 2-TS-A is 

only 0.6 kcal/mol more stable than the t-Bu substituted 1-TS-A.  

Similarly, when the (S)-i-BuPyOx or (S)-PhPyOx ligands are used, the enantioselectivity is 

further decreased to 0.8 kcal/mol (52% ee) for (S)-i-BuPyOx and 1.0 kcal/mol (65% ee) for 

(S)-PhPyOx. (Table 3.4, entries 3 and 4). These results agree well with the experimental trend.  

 

Table 3.4. Activation energies and enantioselectivities of alkene insertion with (S)-t-BuPyOX, 

(S)-i-PrPyOX, (S)-i-BuPyOX, and (S)-PhPyOx ligands. 

 

TS R
1
 H

‡ a
 ee 

b
 

  TS-A TS-B TS-C TS-D  

1 t-Bu 19.2 21.5 21.8 22.2 
94%  

[93%] 

2 i-Pr 18.6 19.7 20.1 20.0 
67% 

[40%] 

3 i-Bu 18.5 19.3 20.4 20.4 
52% 

[24%] 

4 Ph 18.0 19.0 19.6 20.2 
65% 

[52%] 
a
The values are activation enthalpies in kcal/mol calculated at the BP86/6-31G(d)–SDD level 

and the CPCM solvation model in dichloroethane. 
b
Experimental ee were obtained under 

standard conditions and are given in square brackets. 
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Electronically differentiated PyOx ligands were also studied, and the results are summarized 

in Table 3.5. Electron-withdrawing or donating groups at the 4-position of the PyOx ligand 

showed minimal effects on the activation barriers, and were calculated to have minimal effect on 

product ee. With the electron-withdrawing CF3 and the electron-donating OCH3 on the 

4-position of the ligand, the activation enthalpies of alkene insertion increase by only 0.3 

kcal/mol and 0.1 kcal/mol, respectively. The calculated ee are essentially identical among these 

three ligands. Experimentally, depressed ee was observed with both the 4-CF3 and the 4-OCH3 

substituted ligands (entries 5 and 6). This confirms that the enantioselectivity is mainly attributed 

to the ligand/substrate steric repulsions. 

 

Table 3.5. Remote ligand substituent effects on activation energies and enantioselectivities of 

alkene insertion. 

 
TS R

2
 H

‡ a
 ee 

b
 

  TS-A TS-B TS-C TS-D  

1 H 19.2 21.5 21.8 22.2 
94%  

[93%] 

5 CF3 19.5 21.7 21.8 22.3 
93% 

[81%] 

6 OCH3 19.3 21.5 21.5 22.2 
93% 

[78%] 
a
The values are activation enthalpies in kcal/mol calculated at the BP86/6-31G(d)-SDD level 

and the CPCM solvation model in dichloroethane. 
b
Experimental ee are given in square brackets.  
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2 - T S - A

 H
‡

= 1 8 . 6 k c a l/ m o l

2 - T S - B

 H
‡

= 1 9 . 7 k c a l/ m o l

7 - T S - A

 H
‡

= 1 6 . 7 k c a l/ m o l

7 - T S - B

 H
‡

= 1 8 . 6 k c a l/ m o l

(a )

(b )

 

Figure 3.5. The optimized geometries of transition states in the enantioselectivity-determining 

alkene insertion step of the reaction of (a) 3-methyl-2-cyclohexenone and phenyl boronic acid 

with (S)-i-PrPyOx ligand; (b) 3-methyl--2-pentenolide and phenyl boronic acid with 

(S)-t-BuPyOx ligand. Selected H–H, C–H, and O–H distances are labeled in Å. 

 

The transition state structures shown in Figure 3.5 indicate that the steric control mainly 

arises from the repulsion of the C' hydrogens on the cyclohexenone with the ligand. We then 

investigated the effects of substitution at the ' position and replacement of the CH2 group with 

O. The reactivity and enantioselectivity of the reactions of lactone (Table 3.6, entry 7) and 

','-dimethylcyclohexenone (Table 3.6, entry 8) with the (S)-t-BuPyOx ligand were computed. 

The enantioselectivity of lactone is predicted to be lower than cyclohexenone. The enthalpy of 

7-TS-B is 1.8 kcal/mol higher than that of 7-TS-A, corresponding to an ee of 88%. 

Experimentally, the ee of the lactone product is 59%, also significantly lower than that with 

cyclohexenone. The optimized geometries of 7-TS-A and 7-TS-B are shown in Figure 3.5b. 
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Replacing the CH2 group with O decreases the ligand–substrate steric repulsion in 7-TS-B is 

smaller than that in 1-TS-B. This results in decreased enantioselectivity. 

Methyl substitution at the ' position of cyclohexenone increases the steric repulsion with 

the t-Bu group on the ligand. Computations predicted increased enenatioselectivity with 

','-dimethylcyclohexenone (99% ee, Table 3.6, entry 8).
29

 However, experimentally, the ee is 

comparable with the reaction of 3-methylcyclohexenone. 

 

Table 3.6. Activation energies and enantioselectivities of alkene insertion with substrates varying 

at the '-position.
 

 

TS X H
‡ a

 ee 
b
 

  TS-A TS-B TS-C TS-D  

1 CH2 19.2 21.5 21.8 22.2 
94%  

[93%] 

7 O 16.7 18.6 19.4 19.6 
88% 

[57%] 

8 C(CH3)2 17.9 22.0 20.0 20.8 
99% 

[90%] 
a
The values are activation enthalpies in kcal/mol calculated at the BP86/6-31G(d)-SDD level 

and the CPCM solvation model in dichloroethane. 
b
Experimental ee are given in square brackets.  

Experimental isolated yields: TS-1: 99%, TS-7: 49%, TS-8: 9%. 

 

We also considered the electronic effects of arylboronic acids on enantioselectivity (Table 

3.7). Computations predicted that para-electron-withdrawing substituents lead to increases in the 

activation barrier in alkene insertion, probably due to the electrophilicity of the -carbon of the 

enone, and thus are predicted to afford slightly decreased enantioselectivities. Both 
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para-acetylphenylboronic acid (9-TS-A) and para-trifluoromethylphenylboronic acid (10-TS-A) 

are predicted to react with 92% ee. However, both excellent enantioselectivities (96% ee) and 

excellent yields (99% isolated yield) are observed experimentally.  Thus, the electronic effects 

of phenyl substituents on enantioselectivities are minimal, though slightly increased 

enantioselectivities are observed experimentally with the use of electron-withdrawing 

substituents.  

 

Table 3.7. Activation energies and enantioselectivities of alkene insertion with various boronic 

acids.
 

 

TS R
3
 H

‡ a
 ee 

b
 

  TS-A TS-B TS-C TS-D  

1 H 19.2 21.5 21.8 22.2 
94%  

[93%] 

9 CH3CO 21.6 23.7 24.5 24.8 
92% 

[96%] 

10 CF3 21.3 23.4 23.6 24.2 
92% 

[96%] 
a
The values are activation enthalpies in kcal/mol calculated at the BP86/6-31G(d)-SDD level 

and the CPCM solvation model in dichloroethane. 
b
Experimental ee are given in square brackets. 

Experimental isolated yields: TS-1: 99%, TS-9: 1%, TS-10: 99%, TS-11: 99%. 

 

Table 3.8. Enantioselectivity trends in pyridinooxazoline and related ligand frameworks.
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a
Conditions: 3-methylcyclohexen-2-one (0.25 mmol), phenylboronic acid (0.5 mmol), 

ClCH2CH2Cl (1 mL). Yields are isolated yields, ee determined by chiral HPLC. 

 

Permutations of the pyridinooxazoline ligand framework corroborate the calculated data and 

suggest that a number of factors affect enantioselectivity.  First, the steric demand of the chiral 

group on the oxazoline greatly impacts the observed enantioselectivity in the reaction (Table 

3.8). Only t-BuPyOx (1) yields synthetically tractable levels of enantioselectivity, while the less 

sterically demanding i-PrPyOx (21), PhPyOx (22), and i-BuPyOx (23) all exhibit greatly 

diminished selectivity. Oxazoline substitution patterns also affect enantioselectivity.  

Substitution at the 4-position appears to be required for high selectivity, as substitution at the 

5-position yields practically no enantioselectivity (ligand 24). Electronic variation in the PyOx 

framework was observed to have a large effect on the rate of the reaction but, disappointingly, 
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led to depressed stereoselectivity. CF3-t-BuPyOx (25) afforded the conjugate addition product in 

99% yield and 81% ee. Surprisingly, MeO-t-BuPyOx (26) afforded the product in similar yield 

and only 78% ee. Finally, substitution at the 6-position of the pyridine (ligands 27 and 28) 

greatly diminished both reactivity and selectivity, perhaps due to hindered ligand chelation to 

palladium.  

Thus, we have concluded that enantioselectivity is controlled by the steric repulsion between 

the substituent on the chiral pyridinooxazoline ligand and the cyclohexyl ring. The bulkier t-Bu 

substituent on the (S)-t-BuPyOx ligand leads to greater enantioselectivity than the reactions with 

(S)-i-PrPyOx or (S)-PhPyOx. Similarly, substrates with less steric demand adjacent the carbonyl 

exhibit lower enantioselectivities; for example the reaction of a lactone substrate (Table 3.6, 

TS-7) yields lower enantioselectivity due to smaller repulsions between the lactone oxygen and 

the t-Bu group.  

 

3.3.6 Experimental Investigation of Arylpalladium(II) Intermediates and Formation of the 

Key C–C Bond 

Experiments aiming to corroborate the calculated mechanism have been performed. We 

sought to observe the formation of the key C–C bond between an arylpalladium(II) species and 

the enone substrate in the absence of exogenous phenylboronic acid. Complexes 29 were 

synthesized as an intractable mixture of isomers, and were treated with AgPF6 in situ to generate 

the [(PyOx)Pd(Ph)]
+ 

cation. Gratifyingly, complexes 29 serve as a competent precatalyst at 5 mol 

% loading, and affords ketone 3 in 96% yield and 90% ee (Table 3.9, entry 1). Varying the 

amount of complex utilized in proportion with phenylboronic acid, however, leads to significant 
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production of biphenyl above 5 mol % (Table 3.9, entries 2–5). Utilizing even 25 mol % (entry 

2) resulted in significant increase in biphenyl production (16% yield), and reduction in yield of 

the desired ketone 3 to 79%.  Increasing complex loadings to 45 and 65 mol % (entries 3 and 4) 

leads to negligible production of ketone 3, and nearly quantitative formation of biphenyl relative 

to catalyst loading.  Furthermore, attempts to use the complex as a stoichiometric reagent in the 

place of PhB(OH)2 lead to no observed product (entry 5), and exclusive formation of biphenyl. 

We hypothesize that quantitative generation of the reactive arylpalladium cation intermediate in 

high relative concentration leads quickly to disproportionation and formation of biphenyl and 

palladium(0). Omission of the AgPF6 in favor of 30 mol % NH4PF6 leads to isolation of only 

22% yield of the conjugate addition product (entry 6). Finally, a control experiment demonstrates 

that AgPF6 is incapable of catalyzing the reaction itself (entry 7).
30

 This control further supports 

the computational results, which indicate a transmetallation-based mechanism as opposed to a 

Lewis acid-catalyzed pathway.   

 

Table 3.9. Arylpalladium(II) catalyzed conjugate addition.
a  
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a 
Conditions: 3-methylcyclohexen-2-one (0.25 mmol), pheylboronic acid (equiv as stated), 

ClCH2CH2Cl (1 mL). Yields are isolated yields, ee determined by chiral HPLC. 
b
Reaction 

performed with 30 mol % NH4PF6  

 

Concerned by our inability to observe consistent product formation at 40 °C, we sought 

alternative experimental verification that a putative cationic arylpalladium(II) species is capable 

of reacting to form conjugate addition products. Thus, we performed the stoichiometric reaction 

of the isomeric phenyl palladium iodide complexes (29) with AgPF6 and 3-methylcyclohexenone 

at cryogenic temperatures, allowing the mixture to warm slowly to room temperature before 

quenching with trifluoroethanol.
31

 We observed both conjugate addition product and biphenyl, 

with the desired adduct (3) isolated in 30% yield (Scheme 3.4a). Curiously, the conjugate 

addition adduct was isolated in only 55% ee. We considered that the isomeric mixture of phenyl 

palladium iodide isomers formed configurationally stable cationic species at cryogenic 

temperature.
32

 Repeating the experiment, we substituted triphenylphosphine for 

methylcyclohexenone and observed the reaction at low temperature utilizing 
1
H and 

31
P NMR 

(Scheme 3.4b). Indeed, two 
31

P signals corresponding to phosphine-bound palladium(II) species 

(30) were observed at 28 and 34 ppm. No isomerization was observed upon warming the 

isomeric mixture to room temperature.
33

 Indeed, we were able to isolate and characterize the 

mixture of arylpalladiumphosphine cations. With evidence for the configurationally stable 

arylpalladium cation, we rationalized the observed 55% ee for the direct reaction of mixture 29 

with methylcyclohexenone corresponds directly to the isomeric ratio of the complex: a ratio of 

1.3:1 represents a 56:44 ratio of isomers. Assuming that the major isomer reacts with 92% ee, 

and the minor isomer reacts with no stereoselectivity to give racemic products,
34

 a net 

stereoselectivity of 53.7% ee would be predicted for the product. Presuming configurational 



 

77 

 

stability of the arylpalladium(II) cation as suggested by the triphenylphosphine trapping 

experiment, the diminished enantioselectivity observed in this result is unsurprising.  Thus, we 

have obtained experimental verification of the key C–C bond forming event of the Pd/PyOx 

asymmetric conjugate addition occurring from a quantitative generated arylpalladium(II) cation 

in the presence of enone substrate and absence of an exogenous arylboronic acid.   

 

Scheme 3.4. (a) Direct formation of C–C bond from arylpalladium(II) cation. (b) 

Triphenylphosphine trapping experiments demonstrates configurational stability of 

arylpalladium cation. 

 

 

3.4 Summary and Discussion 

Several experimental results have been described that support the DFT-calculated 

mechanism for the Pd/PyOx-catalyzed asymmetric conjugate addition of arylboronic acids to 
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cyclic enone (Figure 3.4); specifically, the role of the palladium catalyst has been addressed. 

Calculations and previous experimental work by Miyaura on palladium-catalyzed conjugate 

addition suggest that a transmetallation event occurs to transfer the aryl moiety from the boronic 

acid species to the palladium catalyst.
4 

Our calculations indicated that the Pd/PyOx system 

operates under a similar manifold, and demonstrated a significant energy difference 

(transmetallation is favored by over 40 kcal/mol, Figure 3.4) between the potential roles of the 

palladium catalyst, suggesting that the role of the palladium species is not simply that of a Lewis 

acid. Furthermore, it is difficult to rationalize the high degree of enantioselectivity imparted by 

the chiral palladium catalyst if it is assumed that the metal acts only as a Lewis acid and is not 

directly mediating the key C–C bond-forming step.
35

  Finally, a number of Lewis- and acidic 

metal salts were substituted for palladium with no product observed, further indicating that 

palladium-catalyzed conjugate addition is likely not a Lewis acid-catalyzed process.
36

  

While highly Lewis-acidic, the role of cationic palladium(II) is to provide a vacant 

coordination site for the enone substrate to approach the catalyst. The presence of a cationic 

intermediate is further supported by the observed rate acceleration of non-coordinating anionic 

additives such as PF6
–
 and BF4

–
 salts (Table 3.1). Conversely, the addition of coordinating 

anions, such as chloride, inhibited the reaction (Table 3.1, entry 1). This counterion effect was 

evident even from choice of palladium(II) precatalysts.
13 

 For instance, Pd(MeCN)2Cl2 was not 

a suitable precatalyst, nor were any palladium(II) halides. Additionally, Pd(OAc)2 only afforded 

modest yield of conjugate adducts, whereas the less coordinating counterion present in 

Pd(OCOCF3)2 afforded complete conversion.  

Satisfied that the palladium catalyst was not acting as a Lewis acid, we next sought to 

demonstrate the viability of the hypothesized arylpalladium(II) species as a catalyst (Table 3.9, 



 

79 

 

entries 1–5). While serving as a suitable precatalyst under reaction conditions, arylpalladium(II) 

mixture 29 failed to facilitate the conjugate addition reaction when used in stoichiometric 

quantities in the presence of AgPF6 (entry 5). We rationalize this outcome to be the result of the 

highly reactive nature of the quantitatively generated arylpalladium(II) cation. Significant 

biphenyl formation- occuring even under dilute conditions representative of the catalytic reaction 

itself- suggest that alternative reaction pathways, such as disproportionation, readily out compete 

the desired insertion reaction. This reactive nature of the arylpalladium(II) cation led us to 

propose performing the stoichiometric reactions at low temperatures (Scheme 3.4). Successfully 

demonstrating that the key C–C bond could be generated, albeit in modest yield, from 

(PyOx)Pd(Ph)(I) (29) corroborates both the precise role of the arylpalladium(II) cation in the 

calculated mechanism as well as the transition state put forth in the calculations. However, the 

modest yield of this process and requisite cryogenic temperatures prompted, again, consideration 

of the role of the arylboronic acid.
37

 Calculations suggest that the presence of boronic acids as 

Lewis basic entities may serve to stabilize these reactive intermediates under the reaction 

conditions (Figure 3.3, cationic arylpalladium 8).
38

 This suggestion is consistent with the 

successful use of arylpalladium(II) mixture 29 as a precatalyst in the presence of arylboronic 

acids (Table 3.9, entry 1).  

Lastly, water (or another proton source) is required for efficient turnover of the reaction. 

Considerations of reaction scale (Scheme 3.2) and deuterium incorporation experiments (Figure 

3.1) suggest that water is the likely protonation agent, despite numerous other protic sources in 

the heterogenous reaction mixture. Attempts to use other, miscible proton sources (MeOH, 

phenol, t-BuOH, etc.) typically resulted in 10–15% less enantioselectivity observed.
39

 

2,2,2-Trifluoroethanol can be successfully substituted for water with minimal loss of 
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enantioselectivity, however it affords no supplementary benefit and water is the preferred 

additive for all reactions.
24 

 Water in combination with NH4PF6 serves to facilitate milder 

reaction conditions (Table 3.2), which in turn greatly increases the synthetic scope with respect 

to challenging arylboronic acid nucleophiles (Table 3.3). Synthetic yields were observed to 

double in many cases, greatly increasing the utility of these transformations.  The functional 

group tolerance of the Pd/PyOx system is unprecedented for asymmetric conjugate addition; it 

encompasses a wide array of halides, carbonyl functional groups, protected phenols, acetamides, 

free hydroxyl groups, and even nitro groups. Many of these groups are incompatible with 

traditional rhodium- and copper-catalyzed conjugate additions due to the reactivity with the 

nucleophiles used or the strong coordination of the functional group to the metal catalyst.  

 

Figure 3.6. Proposed catalytic cycle for Pd/PyOx-catalyzed conjugate addition of arylboronic 

acids to cyclic enones. 
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The combined results described herein have allowed us to put forth the following catalytic 

cycle (Figure 3.6). The cationic catalyst, represented as (PyOx)Pd(X)(L) (31), undergoes 

transmetallation with an arylboronic acid to yield cationic (PyOx)Pd(Ar)(L) (32). Substrate 

coordination forms cationic arylpalladium(II) 33, which undergoes rate and 

enantioselectivity-determining insertion of the aryl moiet -system to afford 

C-bound palladium enolate 34. Tautomerization to the O-bound palladium enolate (35), or direct 

protonolysis of the C-bound enolate (34), liberates the conjugate addition product (3) and 

regenerates a cationic palladium(II) species for reentry into the catalytic cycle.   

 

3.5 Conclusions 

In conclusion, we have reported experimental and computational results that corroborate a 

single PyOx ligand/metal complex as the active catalytic species in the palladium-catalyzed 

asymmetric conjugate addition of arylboronic acids to enones for the construction of quaternary 

stereocenters. We have used computational models to rule out a suggested alternative mechanism 

in which the palladium catalyst is acting as a Lewis acid to activate the enone. The preferred 

mechanism involves formal transmetallation from boron to palladium, rate- and 

enantioselectivity-determining carbopalladation of the enone olefin by a cationic palladium 

species, and protonolysis of the resulting palladium-enolate. We have taken advantage of these 

mechanistic insights to develop a modified reaction system whereby the addition of water and 

ammonium hexafluorophophate increase reaction rates, and can facilitate lower catalyst loadings. 

The modified conditions have opened the door to new substrate classes that were inaccessible by 

the initially published reaction conditions. Furthermore, we have demonstrated that this 
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operationally simple reaction is tolerant of ambient atmosphere and capable of producing 

enantioenriched, -quaternary ketones on multi-gram scale. The steric and electronic effects of 

the boronic acid and enone substrates and the ligand on enantioselectivities were elucidated by a 

combined experimental and computational investigation. The enantioselectivity is mainly 

controlled by the steric repulsion of the t-Bu substituent of the oxazoline on the ligand and the 

C' position hydrogens of the cyclohexenone substrate in the alkene insertion transition state.  

Further investigations of both the scope of this transformation and its application toward 

natural product synthesis are current underway in our laboratories.  

 

3.6 Materials and Methods 

Unless otherwise stated, reactions were performed with no extra precautions taken to 

exclude air or moisture. Air and moisture sensitive reactions were carried out under an 

atmosphere of argon using Schlenk and glovebox techniques. Diethyl ether, hexanes, benzene 

and toluene were dried and deoxygenated by passing through columns packed with activated 

alumina and Q5, respectively. Deionized water was purified with a Barnstead NANOpure 

Infinity UV/UF system. Dichloroethane was dried by stirring over CaH2 and subsequent 

distillation, followed by deoxygenation by three freeze–pump–thaw cycles. Deuterated solvents 

were dried by distillation from CaH2 (CD2Cl2) and deoxygenated by three freeze-pump-thaw 

cycles. Commercially available reagents were used as received from Sigma Aldrich unless 

otherwise stated. Enone substrates were purchased from Sigma Aldrich (3-methylcyclohexenone, 

2-cyclohexene-1-one, chromone) or prepared according to literature procedure.
40

 

Pyridinooxazoline ligands were synthesized according to literature procedures.
41

 Iodobenzene 
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was obtained from Sigma Aldrich and purified by distillation and deoxygenated by three freeze–

pump–thaw cycles. AgPF6 was obtained from ABCR and used without further purification. 

Reaction temperatures were controlled by an IKAmag temperature modulator. Thin-layer 

chromatography (TLC) was performed using E. Merck silica gel 60 F254 precoated plates (250 

nm) and visualized by UV fluorescence quenching, potassium permanganate, or p-anisaldehyde 

staining. Silicycle SiliaFlash P60 Academic Silica gel (particle size 40-63 nm) was used for flash 

chromatography. Analytical chiral HPLC was performed with an Agilent 1100 Series HPLC 

utilizing a Chiralcel OJ column (4.6 mm x 25 cm) obtained from Daicel Chemical Industries, Ltd 

with visualization at 254 nm and flow rate of 1 mL/min, unless otherwise stated. Analytical 

chiral SFC was performed with a JASCO 2000 series instrument utilizing Chiralpak (AD-H or 

AS-H) or Chiralcel (OD-H, OJ-H, or OB-H) columns (4.6 mm x 25 cm), or a Chiralpak IC 

column (4.6 mm x 10 cm) obtained from Daicel Chemical Industries, Ltd with visualization at 

210 or 254 nm. 
1
H and 

13
C NMR spectra were recorded on a Varian Inova 500 (500 MHz and 

125 MHz, respectively) and a Varian Mercury 300 spectrometer (300 MHz and 75 MHz, 

respectively). Data for 
1
H NMR spectra are reported as follows: chemical shift (δ ppm) 

(multiplicity, coupling constant (Hz), integration). Data for 
1
H NMR spectra are referenced to the 

centerline of CHCl3 (δ 7.26), CD2Cl2 (δ 5.32), or C2D4Cl2 (δ 3.72) as the internal standard and 

were reported in terms of chemical shift relative to Me4Si (δ 0.00). Data for 
13

C NMR spectra 

were referenced to the centerline of CDCl3 (δ 77.0), CD2Cl2 (δ 53.8), or C2D4Cl2 (δ 43.6) and 

were reported in terms of chemical shift relative to Me4Si (δ 0.00). Infrared spectra were 

recorded on a Perkin Elmer Paragon 1000 Spectrometer and are reported in frequency of 

absorption (cm
-1

). High resolution mass spectra (HRMS) were obtained on an Agilent 6200 

Series TOF with an Agilent G1978A MultiMode source in electrospray ionization (ESI), 
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atmospheric pressure chemical ionization (APCI) or mixed (MultiMode ESI/APCI) ionization 

mode. Optical rotations were measured on a Jasco P-2000 polarimeter using a 100 mm 

path-length cell at 589 nm. 
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formation) are observed with the use of NaBPh4 or KF3BPh as the phenyl donor species. (Not 

included)  

39
 See Supporting Information of ref. 13 for details on the sensitivity of enantioselectivity of the 

Pd/PyOx system to polar, coordinating solvents. The addition of 5 equiv. of alcoholic co-solvent 

as a proton source is generally detrimental to the enantioselectivity and, occasionally, to the yield 

of the reaction.  

40
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41
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Chapter 4. Stereoselectivities of Diels-Alder Reactions of 5-Substituted Cyclopentadienes: Effects 

of Hyperconjugative Aromaticity on Reactivity and Stereoselectivity 

 

4.1 Abstract 

In the Diels-Alder cycloaddition of 5-substituted cyclopentadienes, the dienophile could add 

either anti or syn to the substituents, which is the π-facial stereoselectivity. A computational analysis 

based on distortion/interaction theory is conducted with SCS-MP2, which was employed due to its 

agreement with the high-level composite theory G4. Activation and reaction energies are affected 

substantially by the 5-substituents and characterized by the bending of C5-X out-of-plane angles to the 

C1-C4-C5 plane. Due to the bending of C5-X bonds in the reactant dienes, attack of the dienophiles syn 

to a donor and anti to an acceptor are favored since less distortion is required to reach the 

corresponding transition states. The bending of C5-X out-of-plane angles in each substituted 

cyclopentadiene results from the interactions between the π orbitals of diene and the 5-substituent. 

 

4.2 Introduction 

The Diels-Alder cycloaddition is one of the most versatile tools in organic synthesis.
1-3

 The 

generation of complexity with high stereoselectivity provides considerable utility in synthesis and its 

atom efficiency stands out in the pursuit of green chemistry.
4
 In addition to the throughly-studied 

exo/endo stereoselectivity, π- facial stereoselectivity provides a potent method of asymmetric induction. 

One general selectivity of this type involves the direction of approach of a dienophile to a 5-substituted 
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cyclopentadiene. (Scheme 4.1) When a dienophile, YZ, reacts with a 5-substituted cyclopentadiene, 

either syn or anti adducts can be obtained. 

Scheme 4.1. The π- facial stereoselectivity 

 

 

 

Our interest in the π- facial stereoselectivity of Diels-Alder cycloaddition of 5-substituted 

cyclopentadienes was rekindled by the late David Gin,
5
 who visited UCLA shortly before his tragic 

death. In Gin’s total synthesis of aconitine alkaloids, the π- facial stereoselectivity in Diels-Alder 

cycloaddition was employed as a key factor to obtain the desired product (3a). Scheme 4.2 shows the 

reaction of a cyclopropene dienophile, which adds to the methoxy group on the cyclopentadiene 

derivative, with a syn:anti ratio of around 6:1.  

Scheme 4.2. Utilization of the π-facial stereoselectivity in total synthesis by David Gin 

 

 

Despite of its broad application, the origin of the π-facial stereoselectivity remains controversial. 

Among the effort of various groups, Burnell and his group first identified the importance of 

deformation energy, which we call distortion energy, on stereoselectivities of these reactions. This 
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paper constitutes a theoretical update and an elaboration of the elegant theoretical studies based on 

Hartree-Fock theory by Burnell. We developed a straightforward explanation and predictive model 

based upon distortion/interaction theory. 

 

4.3 Background 

In 1955, the surprisingly contrasteric cycloaddition of 5-acetoxycyclopentadiene to ethylene and 

other dienophiles was reported by the Winstein and Woodward groups.
6
 Since then, a great volume of 

examples were identified. 

The experimental studies are led by the Burnell group, along with extensive efforts from other 

groups as well. Fallis
7,8

 performed a study of oxygen, sulfur and nitrogen 5-substituents and found that 

when the C5 substituent involves N or O bonding to C-5, the dienophile tends to add syn to the 

substituent, while a SH substitution on C5 gives mixed products and a SMe on C5 gives a 10:1 ratio on 

anti/syn products. Burnell carried out extensive studies on π- facial stereoselectivities of various 

5-substituents, and found that steric effects dominate in the absence of heteroatoms for 5-alkyl 

cyclopentadienes.
9,10

 Their investigations of 5-methylcyclopentadiene Diels-Alder reactions revealed 

that the stereoselectivity is relatively insensitive to the nature of dienophiles.
11

 They also studied the 

inverse electron demand 1,2,3,4,5-pentachloro-5-X-cyclopentadienes and showed that the π- facial 

stereoselectivity follows the same pattern as in nonchlorinated cyclopentadienes.
12

  

Despite numerous experimental investigations, the origin of the π- facial stereoselectivity 

remains unsettled, even controversial. The first rationale, in 1973, was Anh's proposal that 

stereoselectivities are determined by a stabilizing interaction between the heteroatom lone-pair and the 

dienophile π*-LUMO.
13

 This explains the syn preference of the acetoxy group, but the repulsive 
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interaction between the heteroatom n-orbitals and the diene π-HOMO was neglected. Furthermore, 

related heteroatoms, such as the stronger donor S in SMe, give an anti preference.  

The Burnell group expanded their experimental studies with extensive calculations with the 

Hartree-Fock theory. With bulky hydrocarbon substitutions on C5, the steric effect is dominant and 

overrides other factors in π-facial stereoselectivity, as established by Houk and Burnell. For smaller and 

heteroatom substituents, Burnell identified the importance of deformation energy on the reactivities and 

stereoselectivities of reactions of 5-substituted cyclopentadienes. They showed good correlations 

between the diene deformation energies and activation energies. They also showed that the differences 

between the syn and anti deformation energies correlate with the differences in syn and anti activation 

energies. While the distortion energies of anti additions to 5-substituted cyclopentadienes are in a small 

range around the cyclopentadiene, the syn distortion energies are in a much wider range. The 

dienophile approaches preferentially at the face with a smaller change of C1-C5-X angle. A modified 

steric factor in the reactant diene describing the bond size of C5-X has been proposed. In spite of theses 

correlations, the origin of the distortion from the reactant to the transition state (TS) is still unknown. 

Various theories attempt to rationalize the π-facial stereoselectivity other than distortion. 

Inagaki elaborated the Fukui orbital mixing scheme and argued that syn/anti facial selectivity comes 

from the tilting of the orbitals of C1 and C4 in the diene π*-LUMO. This tilting is the consequence of 

σ-p orbital mixing between the C1/C4 σ orbital and the π* orbital of the cyclopentadiene, induced by 

the heteroatom lone pair p orbital. This argument applies as well for electronegative 5-substituents.
14,15

 

Inagaki extended the arguments to both electronegative and less electronegative heteroatom 

substituents.
16

 

Cieplak rationalized the syn preference to the better donor ability of C5-X than C5-H.
17

 

Cieplak’s theory always favors bond formation anti to the best donor, which would lead to a wider 
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range in anti activation energies. This seems quite contrary to the experiment results and to Burnell’s 

calculations. 

Electrostatic effects have been proposed as an alternative explanation. Kahn and Hehre argues 

that the more nucleophilic face of diene is subject to attack by the electron-poor dienophile,
18

 but it 

does not apply to inverse electron demand Diels-Alder additions.
12

  

In summary, the origin of π- facial stereoselectivity is still uncertain. “The general applicability 

and predictive value of the proposed explanations are not obvious at the present stage.”
19

  

We have revisited this problem with several types of density functional and ab initio wave 

function based methods, and have come up with a new general explanation of this phenomenon. We 

report a theoretical exploration of these reactions using high-accuracy methods, both DFT and ab initio. 

The distortion/interaction theory, combined with the effects of substituents on the structures of 

5-substituted cyclopentadienes, provide a simple explanation on the origin of the π- facial 

stereoselectivity.  

 

4.4 Computational Details 

All the calculations were performed with Gaussian 09.
20

 The B3LYP density functional
21,22

 was 

employed with the 6-31G(d) basis set for geometry optimizations. Single point energies were obtained 

with a larger 6-311++G(d,p) basis set. Various density functional methods (DFTs) as well as some 

wave-functional-based methods (WFTs) and multi-determinant and high level composite method were 

tested here. B3LYP has been widely used for geometry optimizations and predicting relative energies, 

but to calculate absolute energies, it is subject to significant systematic errors, most relevantly to this 

work, on the Diels-Alder reaction of cyclopentadiene and ethene.
23

 In addition to B3LYP, M06-2X
24
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was tested here since it has been shown to provide more accurate thermodynamics for main-group 

elements. B2PLYP-D
25,26

 was also applied, which incorporates the dispersion correction in the 

functional. Furthermore, Grimme’s WFT-based spin-component-scaled second-order Møller-Plesset 

perturbation theory (SCS-MP2),
27

 which exhibits a significant improvement over the original MP2,
28

 

was also used here. High-level composite methods, G3B3,
29

 CBS-QB3,
30,31

 and G4
32

 were employed to 

compare with the DFT results.
33,34

 The latest development in the high-level composite method series, 

G4, is based on a sequence of single point energy calculations and give a total energy effectively at 

CCSD(T,full)/G3LargeXP+HFlimt level. It is applicable for compounds containing first-, second-, and 

thired-row main atoms, and exhibits the least mean absolute deviation from 454 experimental energies 

in the G3/05 test set, as low as 0.83 kcal/mol, which is accurate enough to beyond the experimental 

limit. Due to its accuracy, G4 energies are taken here as the reference values.  

 

4.5 Results and Discussions 

4.5.1 Comparison of various theoretical levels 

We have investigated the substituent effects on the activation free energies in Scheme 4.3 with 17 

5-substituted cyclopentadienes reacting with ethene. There are a total of 35 reactions since ethene 

attacking in both syn and anti fashions have been considered except the parent reaction, which is 

cyclopentadiene reacting with ethene. The substituents range from a potent π-donor like OMe, to a 

strong π-acceptor like BH2. Activation energies in each reaction are calculated with the highest level 

method G4 as a reference, along with other high-accuracy composite methods including G3B3 and 

CBS-QB3, and the density functional theories including B3LYP, M06-2X, SCS-MP2, B3PLYP-D. For 

comparison, free energies was also calculated from the HF/6-31G(d) single point and HF.6-31G(d) 
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geometry, as adopted in Burnell’s previous analysis. The predicted activation energies by various 

theoretical methods are plotted against the G4 values. (Figure 4.1) 

Scheme 4.3. Benchmarking reactions in anti/syn fashion 

 



 

97 

 

yHF = 0.82x + 29.4

R
2
 = 0.76

yB2PLYP-D = 0.81x + 14.9

R
2
 = 0.82

yB3LYP = 0.98x + 7.3

R
2
 = 0.95

yM06-2X = 1.10x - 3.8

R
2
 = 0.98

ySCS-MP2 = 0.96x + 1.1

R
2
 = 0.99

yG3B3 = 0.97x + 0.3

R
2
 = 1.00

yMP2 = 1.24x - 15.6

R
2
 = 0.96

yCBS-Q B3 = 0.99x - 1.6

R
2
 = 0.99

15.0

20.0

25.0

30.0

35.0

40.0

45.0

50.0

55.0

60.0

65.0

25.0 30.0 35.0 40.0

HF

B2PLYP-D

B3LYP

SCS-MP2

G3B3

M06-2X

CBS-QB3

MP2



 

98 

Figure 4.1. Calculated activation free energies (ΔGX
‡
) in 35 reactions (kcal/mol). The regression 

equation is ΔGX
‡
 (method) = slope * ΔGX

‡
 (G4) + interception. 

 

High-level composite theoretical methods G3B3, CBS-QB3 and G4 agree well with each other. 

CBS-QB3 consistently underestimates the free energies by 2.1 kcal/mol. SCS-MP2, G3B3 and 

M06-2X give excellent agreement with the G4 values, with 0.3 kcal/mol, 0.5 kcal/mol and 0.6 kcal/mol 

MAD, respectively, while the computational cost of SCS-MP2 and M06-2X are much lower. 

The HF, B2PLYP-D, and B3LYP barriers are overestimated by around 24 kcal/mol, 9 kcal/mol, 

and 7 kcal/mol, respectively. The failure of HF absolute barriers is probably due to the neglect of 

correlation energy, while MP2 does not provide an accurate prediction of correlation energies and the 

barriers are underestimated by 8 kcal/mol. Therefore, these methods are not suitable for predicting 

absolute barriers. 

The slope is 0.99 for CBS-QB3, closest to 1, followed by B3LYP (0.98), G3B3 (0.97), and 

SCS-MP2 (0.96). These methods are acceptable to predict relative barriers. On the other hand, M06-2X 

has a higher slope of 1.10, while MP2 is the highest at 1.24. HF and B2PLYP-D give the smallest slope 

of 0.82 and 0.81, respectively. The HF values are scattered around the linear regression line, with the 

most significant deviation coming from a 2 kcal/mol underestimation at the lower end for F (syn) and 

the higher end for BH2 (both syn and anti). B2PLYP fails in these cases as well, with a 1.5 kcal/mol 

underestimation. Therefore the overall slope is decreased greatly for these two methods.  

To further test the performance of the theories aforementioned on the π-facial 

stereoselectivities, relative anti/syn free energies are compared with G4 values (Figure 4.2). 
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Figure 4.2. Comparison of various theories against G4 in predicting π-facial stereoselectivities ΔΔGX
‡
 

(anti-syn, kcal/mol) The regression equation is ΔΔGX
‡
 (method) = slope * ΔΔGX

‡
 (G4) + interception. 

 

While various theories lead to large differences in predicting the free energies, their performances 

on the anti/syn selectivity are much better, less than 1.0 kcal/mol in MAD from G4. The composite 

methods, G3B3 and CBS-QB3, provide the least interception of 0.1 kcal/mol and -0.1 kcal/mol, 

respectively. B3LYP and SCS-MP2 also exhibit minor deviation from G4 with an interception of -0.2 

kcal/mol. MP2, B2PLYP-D are also within the range of ±0.5 kcal/mol, while the deviation for M06-2X 

and HF are a little higher, at 0.6 kcal/mol and -0.8 kcal/mol, respectively. This means that M06-2X 
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gives systematic overestimation of ΔG
‡

a-s favoring syn attack by around 0.6 kcal/mol, while HF 

systematically gives 0.8 kcal/mol preference for anti attack. The slopes for G3B3, B3LYP and 

B2PLYP-D are closest to 1, being 1.01, 0.99 and 0.99, respectively, followed by a slightly higher slope 

of 1.05 with SCS-MP2. Considering both the interceptions and the slopes, G3B3 shows the best 

agreement with G4, while B3LYP is the best choice between the non-composite methods, follows 

closely by B2PLYP-D and SCS-MP2. 

Our analysis with distortion/interaction theories requires an economic and accurate method that is 

able to provide both quantitative estimation of absolute energies, and the anti/syn stereoselectivities. 

SCS-MP2 provides lowest MAD and SD for absolute barriers, and performance the second best on the 

anti/syn stereoselectivities. Due to its excellent performance both on absolute and relative activation 

free energies, SCS-MP2 has been employed in the following studies in the present work. All the 

energies were calculated by SCS-MP2/6-311++G(d,p)//B3LYP/6-31G(d), unless otherwise specified. 

 

4.5.2 π-Facial stereoselectivity and geometrical distortions of reactants and transition states, 

characterized by the C5-X out-of-plane angle 

To trace the origin of differences in anti/syn activation barriers, we analyzed the TS geometries 

with 5-substituted cyclopentadiene models, including cyclopentadiene (4), 5-methoxycyclopentadiene 

(5), and 5-methborylcyclopentadiene (6). The TS structures for ethene with 4 (TS4), with 5 in anti/syn 

fashion (TS5a, TS5s), and with 6 in anti/syn fashion (TS5a, TS5s), were plotted in Figure 4.3. 

A parameter θ, characterizing the bending of the substituent groups X, is the C5-X out-of plane 

angle with respect to the plane defined by C1, C4 and C5. (Scheme 4.4) 

Scheme 4.4. The C5-X out-of-plane angle, θ 



 

101 

 

 

 

Figure 4.3. The Diels-Alder transition state geometries for dienophile ethene with cyclopentadiene 

(TS4), anti/syn to 5-methoxycyclopentadiene (TS5a and TS5s), and 5-methborylcyclopentadiene 

(TS6a and TS6s). The C5-X out-of-plane angle are in red, and the C5-H out-of-plane angles are in 

black, except for TS4, where X=H. 

 

As shown in Figure 4.3, in the transition state for cyclopentadiene reacting with ethene (TS4), the 

out-of-plane angle is larger for syn C5-H (133°) than anti C5-H (119°). This broken symmetry result 

from a preference for staggering of the vicinal bonds related to the bond to the atom addition.
35-37

 

(Scheme 4.5)  

Scheme 4.5. Staggered conformation in the transition state for the cyclopentadiene-ethene reaction 
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When one of the C5-H is substituted by a methoxy or methboryl group, the transition states have 

subtle changes in θ on the anti/syn π-faces. Compared with the θ anti to ethene in TS4 (119°), in anti 

TSs, it is slightly increased to 123° in TS5a, while it stays the same in TS6a. θ syn to ethene are 

slightly decreased from 133° in TS4 to 129° in TS5a and 130 in TS6a. Overall, the changes in θ are 

smaller then 5° in anti TSs with the representative 5-substituents, both a strong π-donor like MeO and a 

strong π-acceptor like MeBH. On the other hand, the changes in θ with 5-substitution are greater for 

syn TSs. The θ anti to ethene in TS4 decreases to 115° in TS5s and 114° in TS6s, while the θ syn to 

ethene increases to 136° in TS5s and, most notable, 145° in TS6s.  

Other than the change of C5-X and C5-H bending angles, the forming C-C bond distance increases 

from 2.25 in TS4 to 2.28 in both TS5a and TS5s with the substitution of MeO, denoting earlier TS, and 

decreases to 2.20 in TS6a and almost the same (2.24) in TS6s. 

Overall the changes of TS geometries are small, even with the 5-substituents of vastly different 

electron demand. The change of out-of-plane angles are within 5° except for the C5-B θ in syn TS 

(TS6s), with the changes in anti TSs even smaller than changes in syn TSs. The forming C-C bond 

length does change slightly, but it is almost the same for 5 in both anti/syn TS.  

Since the activation barrier is the energetic differences between TS and reactant, and the TS 

structures are similar, the π-facial stereoselectivity lies in the difference in the reactants. With the same 

dienophile ethene, the difference in the diene was analyzed. 
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Figure 4.4. The geometries of reactant diene. Cyclopentadiene (4), 5-methoxycyclopentadiene (5). and 

5-methborylcyclopentadiene (6). The C5-X out-of-plane angle are labeled in red. The C5-H 

out-of-plane angles are in black, except for 4, where X=H.  

 

Figure 4.4 shows the geometries of the cyclopentadienes 4, 5, and 6. While the C5-X out-of-plane 

angles in the transition states are similar, they are quite different in the corresponding reactants. θ in the 

symmetrical diene 4 is 127°, while that of 5 is asymmetrical, with the C5-O bond bending away from 

the π system, increasing θ to 137°. As we will discuss later, the bending of θ results from a strong 

interaction between the 5-substituent and the π system. Due to the bending of C5-O θ, the C5-H θ in 5 

also decreases to 119°. On the other hand, C5-B out-of-plane angle θ in 6 has decreased substantially to 

109°, while C5-H θ in 6 has increased to 143°. 

Comparing with the anti and syn addition transition states in Figure 4.3, the C5-O θ of the reactant 

5 (137°) resemble more like that in TS5s (136°) than TS5a (123°). Due to the geometrical similarity, 

lower activation barrier for the former is expected. This is supported by our SCS-MP2 computation that 

the activation energies are 12.4 kcal/mol (TS5s) and 17.4 kcal/mol (TS5a). On the other hand, the 

C5-B θ in reactant 6 is drastically decreased, thus requiring substantial bending out for both anti and 

syn TS, however, the difference in θ between 6 (109°) and TS6s (145°) is much greater than TS6a 

(119°). Therefore lower barrier for the latter is expected. Indeed our calculation gives 22.4 kcal/mol 

and 18.9 kcal/mol for TS6s and TS6a, respectively. 
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To check the relationship between θ and activation energies, the activation energies for the 

seventeen substituents were listed in Table 4.1, along with the C5-X out-of-plane angle θ. θ0 are those 

in the reactants, while θTS are those in the anti/syn transition states. Also listed are distortion/interaction 

energies, which will be talked about in the next section. 

Table 4.1. Distortion/Interaction energies for various substituents (kcal/mol), and out-of-plane angle θ* 

X ΔEa
‡
 ΔEd

‡
 ΔEi

‡
 θ0 TSa/s θTS 

MeO 17.4 21.7 -4.3 137  a 123  

 12.4 18.6 -6.3  s 136  

OH 18.3 22.6 -4.3 135  a 122  

 13.4 19.1 -5.7  s 136  

F 15.7 20.2 -4.4 132  a 122  

 11.2 16.6 -5.4  s 135  

CF3 17.4 22.6 -5.2 131  a 126  

 19.4 25.1 -5.7  s 145  

NH2 16.5 21.1 -4.6 134  a 126  

 14.7 20.7 -5.9  s 142  

CN 16.1 21.9 -5.8 130  a 123  

 14.1 21.8 -7.7  s 137  

Cl 15.7 20.6 -5.0 129  a 123  

 14.3 20.9 -6.6  s 139  

SH 16.2 21.3 -5.1 132  a 127  

 16.7 23.9 -7.2  s 139  

Me 17.3 21.8 -4.5 131  a 125  

 17.5 23.3 -5.8  s 142  

H 16.5 21.8 -5.3 127  a
*
 119  

     s
*
 133  

Br 15.5 20.8 -5.3 126  a 121  
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 16.0 21.8 -5.9  s 138  

NO 14.1 19.9 -5.8 116  a 115  

 14.5 21.2 -6.7  s 132  

CH=CH2 16.2 21.3 -5.1 128  a 123  

 17.1 23.3 -6.2  s 141  

CHO 15.3 20.6 -5.3 120  a 120  

 17.4 24.9 -7.5  s 140  

C≡CH 16.9 22.2 -5.3 132  a 124  

 14.5 21.4 -7.0  s 139  

MeBH 18.9 24.6 -5.7 109  a 118  

 22.4 29.7 -7.3  s 145  

BH2 20.0 25.7 -5.7 110  a 116  

 23.9 30.7 -6.8  s 144  

SiH3 17.7 23.4 -5.7 120  a 123  

  23.0 29.5 -6.5   s 144  

* The hydrogen syn or anti to the approaching ethene. 

 

C5-substitutions affect more on the reactant structures than in the TS structures, while the effect is 

larger for syn than anti TS. θ0 covers a range of 28°, about twice as large as those of syn and anti θTS, 

which are only 13° and 12°, respectively. Substituents involving boron, and the nitrosyl group, 

significantly affect the angle and the values lie far from other substituents, which makes the general 

trend more difficult to observe. Taking them out make a better statistics of θ0 range from 120°-137°, 

while syn and anti θTS range from 135°-145° and 122°-127°, respectively. Therefore, the range of θ0, 

θTS (syn) and θTS (anti) are 17:10:5. The anti θTS for the strongest π-donor MeO and strongest acceptor 

SiH3 are both 123°, the syn θTS are close (142° and 144°, respectively), while the θ0 with MeO and SiH3 

differ by 17° (137° and 120°, respectively). 
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The observation agrees with the activation energies in Table 4.1 that anti activation energies are 

similar, while the syn activation energies span a much wider range. The anti activation energies for the 

strongest π-donor MeO and strongest acceptor SiH3 are quite close, which are 17.4 and 17.7 kcal/mol, 

while the syn activation energies for MeO and SiH3 differ by over 10 kcal/mol, which are 12.4 and 23.0 

kcal/mol, respectively. Another example is the halogen series. Anti activation energies for F, Cl, Br are 

almost identical, which are 15.7, 15.7 and 15.5 kcal/mol, respectively, while their corresponding syn 

activation energies are quite different, which are 11.2, 14.3 and 16.0 kcal/mol. Therefore, the π-facial 

stereoselectivity is determined mainly through the reactants rather than transition states. 

 

4.5.3 Distortion/Interaction energies in π-facial stereoselectivity 

To provide a quantitative analyze of the activation energy ΔEa
‡
, we break it into distortion and 

interaction energies. The distortion energy ΔEd
‡
, is the energy required to distort the reactants into the 

corresponding TS structure, and the interaction energy ΔEi
‡
 is the change in energy from the reactant 

electron configuration to that of TS. To provide a quantitative account of the geometric and 

electrostatic effects in the activation barriers, we applied the distortion/interaction theory to all the 35 

reactions and the results are combined with activation energies in Table 4.1.  

As demonstrated in Table 4.1, activation energies are dominated by distortion energies, since they 

are normally four to five times larger in magnitude than the interaction energies. As illustrated in 

Figure 4.5, ΔEd
‡
 and ΔEa

‡
 exhibit excellent linear relationship, while 5-X substituents affects syn TS 

more profoundly than the anti TS. 
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Figure 4.5. The correlation between activation energies and distortion energies 

 

The distortion energy not only dominates in activation energies, it also determines the π- facial 

stereoselectivities, as indicated in Figure 4.6. 

 

Figure 4.6. The correlation between π- facial stereoselectivities (ΔEa
‡
(a) - ΔE a

‡
(s)) with differences in 

anti and syn distortion energies  

 

The slope of 1.0 and the 0.96 regression constant both demonstrate a perfect correlation for the 

anti and syn distortion energies with the π- facial stereoselectivities. The 1.3 kcal/mol intercept denotes 
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a consistent favoring for the syn TS. As from Table 4.1, ΔEi
‡
(anti) are always around 1.3 kcal/mol 

higher than ΔEi
‡
(syn), the interaction energies provide this bias for syn TS. This universal preference 

might result from the electrostatic effect as Hehre mentioned.
18

  

The dominance of distortion energies in activation energies, as well as a larger range for ΔEd
‡
 in 

syn than anti TS, both follow the trend in the change of C5-X out-of-plane angles. If θ0 is closer to θTS 

(syn) than θTS (anti), less distortion energy is required. Since distortion energy determines the 

activation energy, if less change in θ is required for reactants to distort into TS, lower activation 

energies are expected, as in the case for TS5s and TS6a. 

Figure 4.7 demonstrated the correlation between distortion energies and the reactant C5-X 

out-of-plane angle. The linear relationship of distortion energy and θ0 is semi-quantitative, with the 

regression coefficient R
2
 = 0.58. The largest deviation coming from bulky groups, like -SH, -SiH3 and 

-CF3, in which cases the steric repulsion also contribute to the increase of θ.  

 

Figure 4.7. The correlation between distortion energies and the reactant C5-X out-of-plane angle  
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Although the correlation is only semi-quantitative, a simple “127°” criteria works for most cases, 

even including some of the bulky groups. The reference θ angle of cyclopentadiene is 127°. For 

5-substituted cyclopentadienes, if θ0 of the reactant is above 127°, the reaction proceeds in the syn 

fashion, while if θ0 of the reactant is below 127°, the reaction proceeds in the anti fashion. If the θ0 of 

the reactant is close to 127°, mixed products is expected. In spite of its simplicity, the “127°” criterion 

works for almost all the systems. X = -SH, –CF3 and -CH=CH2 seems to be the only exceptions. The 

first two are bulky groups and the cyclopentadiene has to make more distortion in the syn transition 

state. In these cases, θ0 gets larger due to the bulky substituent, as reflected in the increasing of θTS in 

both syn and anti transition states. X = -CH=CH2 is another exception since the vinyl α-hydrogen is 

pointing towards the approaching ethene.  

In summary, substituents affect the C5-X out-of-plane angles on the reactants, with those with 

increased θ resemble transition states in the syn fashion, and vice versa, leading to the π- facial 

stereoselectivity, as in Scheme 4.6. 

Scheme 4.6. Substituent effects on the reactant geometries leading to π- facial stereoselectivity 

 

 

4.5.4 Reaction energies and the reaction pathways 

On average, C5-X θTS in syn and anti transition states differs by around 15° (Table 4.1), the 

differences in the corresponding products are much smaller. For example, θrxn is only slightly different 
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(1°) on anti/syn faces when X=H, while θTS in different faces differ by 14° when X=H. In addition, 

while syn θTS span a much larger range than anti, anti and syn θrxn span similar ranges. 

 

Table 4.2. Reaction energies and C5-X out-of-plane angles (θrxn) for various substituents (kcal/mol), 

and the relative (anti - syn) reaction energies (ΔΔErxn) and activation energies (ΔΔEa
‡
) 

X   ΔErxn θrxn ΔΔErxn ΔΔEa
‡
 

MeO a -35.8 128 3.5 5.0 

 s -39.3 126   

OH a -37.8 131 0.7 4.9 

 s -38.5 126   

F a -37.9 129 3.3 4.6 

 s -41.2 125   

CF3 a -31.4 131 0.5 -2.0 

 s -32.0 135   

NH2 a -35.6 132 0.8 1.8 

 s -36.4 126   

CN a -35.2 129 1.1 2.0 

 s -36.3 129   

Cl a -36.0 129 2.5 1.4 

 s -38.5 129   

SH a -33.8 133 0.4 -0.4 

 s -34.2 130   

Me a -32.0 131 0.1 -0.2 

 s -32.1 132   

H a -32.2 125 0.0 0.0 

 s  126   

Br a -34.7 128 2.1 -0.5 

 s -36.8 128   
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NO a -34.7 125 1.5 -0.5 

 s -36.2 124   

CH=CH2 a -32.6 130 0.0 -0.9 

 s -32.6 131   

CHO a -31.4 129 -0.2 -2.1 

 s -31.2 132   

C≡CH a -34.1 130 1.6 2.4 

 s -35.7 130   

MeBH a -24.9 132 -0.6 -3.6 

 s -24.3 138   

BH2 a -23.7 130 -0.6 -3.9 

 s -23.0 139   

SiH3 a -26.3 129 -0.8 -5.4 

  s -25.5 135   

 

Table 4.2 listed θ values in syn and anti products. The order of the substituents followed the 

decreasing syn preference in activation energies by G4, as we did in Table 4.1. For the top five 

substituents, which are the strongest π-donors that have N, O or F connecting to C5, anti θrxn is around 

4° larger than syn θrxn. On the other hand, the last three substituents in Table 4.2, which are the 

strongest π-acceptors, give anti θrxn that are around 6° smaller than the corresponding syn θrxn. θ values 

in syn and anti products are almost the same for other substituents.  

The syn and anti reaction energies are generally within 1.0 kcal/mol to each other, with the 

largest differences occur for MeO and halogen substituents. Although F, Cl and Br lead to very 

different π-facial selectivities, as indicated by a range of 5.1 kcal/mol for there ΔΔEa
‡
(anti - syn), there 

relative reaction energies are quite close, with a range of only 1.2 kcal/mol. The rather constant relative 

reaction energies, ΔΔEa
‡
(anti - syn), concur with the trend in θrxn. 
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Figure 4.8. The correlation between activation energies (Y axis) and reaction energies (X axis) 

 

For a specific substituent, the syn/anti reaction energies are closer to each other comparing with 

the differences in activation energies, while reaction energies from different substituents span a larger 

range then the activation energies, as shown in the different X/Y scales in Figure 4.8. For the syn 

transition states, the activation energies correlate better with the reaction energies, while the correlation 

for anti transition states is much poorer.  

Electron donating groups on C5, such as MeO, increases the activation energy, or destabilize 

the diene, while electron-accepting groups like BHMe stabilize the diene. The least reaction energies 

for 5-X cyclopentadiene Diels-Alder cycloaddition are around -25 kcal/mol for substituents BHMe, 

BH2 and SiH3, and the highest ones are around -40 kcal/mol for F, OMe and OH syn attack. 
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Figure 4.9. The reaction pathways for ethene with cyclopentadiene (4), methoxycyclopentadiene (5) 

and methborylcyclopentadiene (6) The reactants has been set as 0 kcal/mol in each pathway. 

 

With the calculated energies, the complete reaction pathways for ethene with the parent 

cyclopentadiene (4), and substituted diene with a strong π-donor (5) or π-acceptor (6), were plotted 

together in Figure 4.9. Although the electronic demand is very different, the barriers for the two anti 

TS, TS5a and TS6a, are close to each other, while the syn activation energies differ by 10 kcal/mol for 

TS5s and TS6s. The reaction energy decreases greatly for Prod5s, but less so for Prod5a, while the 

reaction energy for Prod6a and Prod6s are almost the same, both around 7.5 kcal/mol the that of 

Prod4. 
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4.5.5 The origin of substituent-induced bending in the reactants – second order orbital 

interaction 

We attribute the bending of out-of-plane angle to a strong second order orbital interaction 

between the 5-substituent and the π system. When there are only filled orbitals, like the nonbonding 

orbitals on electronegative species like N, O, F, or Cl, the interaction with the π-HOMO of diene raises 

the energy, since the interaction of two symmetry matched filled orbitals is unfavored. To minimize the 

interaction, C5-X tends to move away from the diene, therefore increasing θ0 of the reactant. In the 

case of X=MeO, this interaction is eliminated in the syn product Prod5s but only partially in the anti 

product Prod5a, with the the energy of Prod5s even lower than Prod5a. The interaction of the lone 

pairs on X with the π*-LUMO of diene could be favored, but their symmetry does not match and thus 

not considered.  

On the other hand, if there is a vacant orbital close in energy on X and matches the symmetry of 

π-HOMO, the interaction aforementioned becomes favorable and C5-X tend to move towards the diene 

to maximize the interaction, therefore decreasing θ0 of the reactant. This interaction stabilizes the 

reactant and therefore less reaction energies were released in Prod6a and Prod6s. 

To test on the proposed rationale, the diene HOMO orbital graphs are plotted in Figure 4.10. 

The cyclopentadiene serves as a reference, MeO as a typical π-electron donor since it has nonbonding 

lone pair electrons, and MeBH as a typical π-electron acceptor since it has vacant p orbitals. 
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Figure 4.10. Orbital interactions on model systems (X= H, –OMe, –BHMe) 

For methoxycyclopentadiene, the interaction between oxygen lone pair and HOMO of diene is 

repulsive and C5-X bend away from the diene moiety to minimize orbital mixing. For 

5-MeBH-cyclopentadiene, the interaction between boron vacant p orbital and π-HOMO of diene is 

favored and C5-X bend towards the diene moiety for enhanced orbital mixing. 

 

4.5.6 Diels-Alder reaction energies and hydrogenation energies 

Since hydrogenation of the 5-X cyclopentadienes eliminates the aforementioned secondary 

orbital interactions between the substituent and the π system, turning the two conjugated double bond 

into one, just the Diels-Alder reaction with ethene, a comparison of the reaction energy of two reactions 

is made, as in Scheme 4.7. 

Scheme 4.7. Comparison of 5-substituted cyclopentadiene Diels-Alder reactions and hydrogenations 
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The Diels-Alder reaction energies (ΔErxn) correlates very well with hydrogenation energies 

(ΔEHY), as in Figure 4.11, with a slope 1.04 and intercept 0.2 kcal/mol, and the correlation coefficient 

is 0.92. Therefore, this strong substituent effect comes from the interaction between the diene π-HOMO 

and the 5-X substituent, with is shown in both reactions.  

 

Figure 4.11. Comparison of 5-substituted cyclopentadiene Diels-Alder reaction energies (ΔErxn) and 

hydrogenation energies (ΔEHY) 

 

4.5.7 Hammett plots on the substitution effects- induction and resonance effects 

To measure the extent that the π-facial stereoselectivity comes from induction and resonance 

effects, the Hammett plot is plotted with the Taft values,
38

 and the results are in Figure 4.12 and Figure 

4.13. 

The overall correlation for the stereoselectivity dependence on the inductive effect is rather poor, 

with the substituent separated into two groups, although a good linear relationship is shown within each 

group, as in Figure 4.12. The top group, colored in blue, is smaller, while the bottom group, colored in 

yellow, is larger. The separation indicates that inductive effect alone does not determine the 

stereoselectivity, and is largely affected by steric effects. On the other hand, some correlation with the 
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resonance effect is shown with R
2
 = 0.42, is it rather significant since the substituent X is connected to 

a saturated carbon and does not participate directly to the resonance of the diene π systems. The 

correlation indicates a different mechanism for substituent X to participate the resonance of the diene π 

systems. That substantiates a possible second-order orbital interaction as we demonstrated. Smaller 

groups are above the line, while larger groups are below the line. Since when the substituent gets 

larger, the steric in the syn TS increases, which raises its energy, making ΔΔEa
‡
(a-s) lower. The 

correlation with resonance constant gives further support for the 5-substituent interaction with the 

interaction with π systems. 

 

Figure 4.12. Hammett plot of the selectivity dependence on the inductive effect 
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Figure 4.13. Hammett plot of the selectivity dependence on the resonance effect 

 

4.5.8. Comparison with Torquoselectivity 

The proposed secondary orbital interaction scheme in the π-facial stereoselectivity could be 

compared with the torquoselectivity, which addresses the inward/outward rotation on the ring opening 

reaction of 3-X cyclobutene.
39,40

 With electronegative groups, the secondary orbital interaction favors 

syn for π-facial stereoselectivity, while it is repulsive and favors outward rotation for torquoselectivity.  

Just as the Diels-Alder cycloaddition of 5-X cyclopentadiene and ethene favors ethene attack 

syn to electronegative groups, or π-donor groups, the ring opening of 3-X cyclobutene favors that the 

π-donor groups to rotate outward. As in Figure 4.14, a reasonable correlation of the two contrasteric 

reactions is given, and torquoselectivity is more sensitive to substituent effects since the substituents 

are linked directly to the π systems. 
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Figure 4.14. π-facial stereoselectivity Ea
‡
(a-s) vs. torquoselectivity Ea

‡
(i-o) 

 

4.6 Conclusions 

Facial selectivity has long been discovered experimentally and through computational modeling, 

which inspires numerous discussions about its origin. For bulky substituents like CF3 or those with 

third row elements, except for highly electronegative –Cl, steric effects dominates. For smaller 

substituent, electronic effect dominates and contrasteric products is obtained for π-electron 

withdrawing groups.  

However, regardless of the type of substituents, the activation energies are determined by 

bending of C5-X out-of-plane angles, which originates from second order orbital interactions between 

X and the π-HOMO. Therefore a quick qualitative reference for prediction of facial selectivities for 

Diels-Alder reactions is given. If the C5-X out-of-plane angle in 5-substituted cyclopentadiene is 
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greater than 127°, the angle in cyclopentadiene, syn product is expected, while anti product is expected 

when the C5-X out-of-plane angle is less than 127°, except for –SH, –CH=CH2 and –CF3. The 

secondary orbital interaction scheme could be expanded to our previous torquoselectivity scheme. 
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