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ABSTRACT OF THE DISSERTATION 

 

Design and Synthesis of a Photoswitchable Gated Hemicarcerand and 

Computational Investigations of Stereoselective Organic Reactions 

 

by 

 

Hao Wang 

Doctor of Philosophy in Chemistry  

University of California, Los Angeles, 2013 

Professor Kendall N. Houk, Chair 

 

The general concept of developing gateable host-guest systems is a powerful one 

with many potential applications such as drug delivery and sensing. In this work, we 

designed and synthesized a reversible photoswitchable hemicarcerand. This 

hemicarcerand has an anthracene unit as the photoactive gating element and the 

reversible opening and closing of the “gate” of the host is well controlled 

photochemically. Various spectroscopic methods such as 
1
H NMR and fluorescence 

demonstrate that, hemicarcerand host-guest complexes are stable to decomplexation at 

ambient temperatures in the photodimer structure, while release of guests such as 

1,4-dimethoxybenzene is achieved by opening the gate by photochemically generating 

the anthracene monomers. 



 

iii 

 

The second part of this dissertation involves the use of computational chemistry to 

understand the origins of stereoselectivity in synthetically useful reactions. In 

collaboration with Prof Wicha’s group in Poland, alkylation reactions of azulenone 

precursors in the guanacastepene A synthesis were studied and steric effects were 

determined as the origins of different stereoselectivities observed experimentally. Next, 

in collaboration with Prof Jung’s group in UCLA, an unusual conformational effect on 

reactivities in a cyclic non-aldol aldol rearrangement was explained using theoretical 

models. In collaboration with Prof Overman, the stereoselectivities of the 

dihydroxylations of cis-bicyclo[3.3.0]octene intermediates for total synthesis of 

chromodorolide A were investigated and torsional effects were identified as the control 

elements here. Other related examples from the literatures were also studied and it was 

found that the stereoselectivity was greatly affected by the rigidity or flexibility of 

conformations of reactants. Finally, in collaboration with Prof Antilla, a theoretical study 

of chiral Brønsted acid-catalyzed allylboration and propargylation reactions was 

performed. The general reaction mechanisms involving two different models were 

investigated, and the steric repulsions between the bulky 3,3'-substituents in the catalyst 

and the substrates were determined to be responsible for the enantioselectivities. 
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Chapter 1. Reversible Photochemically-Gated Transformation of A Hemicarcerand 

to a Carcerand 

 

1.1 Abstract 

Introduction of two anthracene groups into a linker of a hemicarcerand creates a new 

type of photochemically controlled gated hemicarcerand. The reversible opening and 

closing of the “gate” of the host is well controlled photochemically. Host-guest 

complexations and decomplexations are studied by a variety of spectroscopic methods as 

well as molecular modelling. Irradiation with light of different wavelengths was 

demonstrated to control encapsulation and release of the guest molecules such as 

1,4-dimethoxybenzene. 

 

1.2 Introduction 

In the 1980s, Cram pioneered the synthesis of container molecules, hemicarcerands 

and carcerands, the latter able to imprison guest molecules.
1
 Hemicarcerands are selective 

host molecules whose binding affinities mainly depends on the size of the guest molecule. 

Hemicarcerands are important host molecules in research fields such as drug delivery, 

phase-transfer catalysis, and molecular recognition.
2 

Calculations led to an understanding 

of how guests enter and escape from the container molecules via a thermal gating 

mechanism.
3
 Gating converts hemicarcerands (open gate) into carcerands (closed gate) 

(Figure 1.1). Gating has been achieved previously with stimuli such as heat,
4
 redox

5
 or 

acid/base chemistry.
6 

Photochemical processes can be built into container molecules as 

switching mechanisms;
7
 Rebek used the cis-trans photoisomerization of azobenzene,

8
 and 



 

2 

 

Mattay used the photoreactivities of anthracene.
9 

However, the use of photoswitchable 

gates to interconvert hemicarcerands and carcerands has not been demonstrated.
10

 We 

report herein the synthesis of a reversible photoswitchable gated hemicarcerand based on 

the photochemical properties of anthracene. The reversible photochemical gating is 

demonstrated to control host-guest complex stability, which could be important for 

delivery systems, engineered to encapsulate and release guest molecules upon radiation. 

 

Figure 1.1. Gating in container molecules converts a hemicarcerand (left) into a 

carcerand (right). 

 

 

1.3 Results and Discussion 

The synthesis of the new hemicarcerand is outlined in Figure 1.2. Diol 2 can be 

prepared from precursor 1 in about 30% yield according to the procedure described by 

Cram.
11

 Treating the diol 2 with 9-chloromethylanthracence using cesium carbonate as 

the base produces the hemicarcerand 3 as a yellow solid. The structure of 3 was 

characterized by 
1
H NMR (Figure 1.3) and 

13
C NMR (Figure 1.4) which both showed the 

typical signals for the anthracene moieties. 



 

3 

 

 

Figure 1.2. Synthesis of di-anthracene hemicarcerand 3. 
 
 
 

 

Figure 1.3. 
1
H NMR spectrum of 3. 
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Figure 1.4. 
13

C NMR spectrum of 3. 

 

The photochemical properties of this system were explored to determine if the 

hemicarcerand could be converted to a carcerand that traps guest molecules. We 

investigated the photochemical cycle between the open state host 3 and closed state host 

4 (Figure 1.5) using 
1
H NMR spectroscopy. 
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Figure 1.5. Photochemical reversible transformations between the open hemicarcerand 3 

and closed carcerand 4. 

To investigate the intramolecular anthracene photodimerization process of 3, a dilute 

solution of 3 (10
-4

 M) in degassed CDCl3 was irradiated with 350 nm UV light.
12, 13

 Upon 

irradiation at 350 nm for 1 h, the 
1
H NMR spectrum of 3 in CDCl3 showed the 

disappearance of the anthracene peaks from 7.20-8.20 ppm and the appearance of a new 

peak (singlet) around 4.40 ppm (Figure 1.6b). The aromatic protons of anthracene dimer 

in 4 overlap with other aromatic protons of the host molecules, appearing as a large 

multiplet at 6.85 ppm (Figure 1.6b). Another indication of the formation of the 

intramolecular cyclodimer 4 is the characteristic chemical shift of the tertiary bridgehead 

protons H10 (Figure 1.5). In the open state 3, H10 is an aromatic proton that is shown as a 

singlet at 7.91 ppm (Figure 1.6a). However, when the photodimerization process takes 

place, H10 is converted to an aliphatic proton in the closed state 4, changing its 

hybridization from sp
2
 to sp

3
. In the new 

1
H NMR spectrum, this tertiary bridgehead 

proton H10 was identified as the new singlet at 4.40 ppm (marked as asterisk in Figure 

1.6b) due to 2 hydrogens. The chemical shift changes for the anthracene moieties and 

tertiary bridgehead protons H10 after the photodimerization in this system are consistent 

with literature examples.
13

 The cycloreversion of the photodimer 4 back to open state 3 

could be achieved by short wavelength UV irradiation. Upon irradiation of the same 



 

6 

 

solution at 254 nm for 1 h, the starting state is restored, as seen from the reappearance of 

the anthracene peaks from 7.20-8.20 ppm in the 
1
H NMR spectrum (Figure 1.6c). The 

reversible switching process could be repeated several times without noticeable 

degradation; two iterations are shown in Figure 1.6. The photodimer 4 could also be 

converted back to open state 3 thermally. To open the cycloadduct 4, the CDCl3 solution 

of 4 (Figure 1.6b) was heated to 60 
o
C for about 20 min. The resulting solution gave a 

spectrum identical to Figure 1.6c. 

 

 

Figure 1.6. Partial 
1
H NMR spectra (400 MHz, CDCl3) of (a) host 3 (b) irradiation of 

host 3 with light at 350 nm for 1 h, (c) irradiation of b with light at 254 nm for 1 h or 

heating at 60 
o
C for 20 min, (d) irradiation of c with light at 350 nm for 1 h. 

 

The photoresponsive properties of host 3 can also be followed by fluorescence 

spectroscopy. Photodimerization eliminates the characteristic fluorescence of anthracene 

in the closed state 4. Experiments showed that when the solution of 3 was irradiated at 

350 nm for 1 h, the typical emission band of anthracene with relative maxima at 420 nm 

decreases gradually in intensity (Figure 1.7a), implying that 3 was gradually converted 

into photodimer 4, as reflected by the quenching of the fluorescence intensity. The 
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photoreaction resulted in a stable photodimer 4, as the fluorescence did not change after 

weeks. The fluorescence intensity of the system, however, recovered after irradiation of 

the same solution at 254 nm for 1 h. As shown in Figure 1.7b, irradiation of the solution 

of 4 with 254 nm for 30 min leads to an increase of the fluorescence of the system to 

more than 50% of the original intensity (line 2), and after 1 h, the intensity recovered to 

99% of the original level (line 5). This indicates that the reverse reaction takes place, 

transforming 4 to 3 with photoinduced cleavage of the anthracene dimer, and recovering 

the anthracene emission. The fluorescence of the system could also be recovered 

thermally, as indicated by line 6 in Figure 1.7b, which is the fluorescence of the system 

after 20 min heating at 60 
o
C. Several cycles of alternate irradiation at 350 and 254 nm 

indicated good reversibility without detectable degradation of the system (Figure 1.7c).  

 

The progress of the photodimerization was also monitored by TLC (hexane/EtOAc = 

8/1), which showed only one band with Rf = 0.64 after the completion of the 

photodimerization. Photodimer 4 was purified after photolysis at 350 nm. The HRMS 

indicated the molecular ion of photoproduct 4 has the same mass as the parent open state 

host 3. This confirms the [4+4] photodimerization of anthracene as the major process 

taking place photochemically, and excludes the possibility of photoreaction between 3 

and other impurities in solutions. All these spectroscopic results strongly suggest that 3 is 

able to form a stable intramolecular photodimer 4 through an intramolecular [4+4] 

cycloaddition of the two anthracene units. 
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Figure 1.7. Fluorescence spectra of (a) 3 upon irradiation at 350 nm for 1 h (CHCl3, 10
-4 

M, rt). (b) 4 upon irradiation at 254 nm for 1 h (CHCl3, 10
-4 

M, rt). (c) Changes in the 

fluorescence intensity at 420 nm upon alternating irradiation of 350 and 254 nm light. 
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The structures of different states of the host modeled with OPLS in Macromodel are 

shown in Figure 1.8. In Figure 1.8a, the two anthracene moieties are nearly parallel to 

each other due to intramolecular π-π stacking interactions. The two anthracenes are 

separated by proper distances; they are able to form an intramolecular photodimer 

without introducing much strain to the host system as shown in Figure 1.8b. 

 
 

 
 

Figure 1.8. Energy minimized structures of (a) open state host 3 (b) closed state host 4 (c) 

carceplex 4ʘ1,4-(MeO)2C6H4 using Schrödinger Macromodel (OPLS_2005, GB/SA 

CHCl3). 
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The hemicarcerand was then used to complex various guest molecules such as 

para-dimethoxybenzene, 1,4-(MeO)2C6H4. At first, the complexation of 3 with 

1,4-(MeO)2C6H4 was studied by 
1
H NMR spectroscopy. As shown in Figure 1.9b, when 

1.0 equivalent of 1,4-(MeO)2C6H4 was added to a CDCl3 solution of 3, the proton signals 

on the guest showed no chemical shift change. Solvent deuterochloroform is the 

predominant guest here. So even if a hemicarceplex was formed between 3 and 

1,4-(MeO)2C6H4,  its concentration is so low to be observed. When diphenyl ether
14

 was 

used as the solvent, NMR spectra indicate that a hemcarceplex is formed: to a 10
-4

 M 

solution of 3 in 5 ml degassed Ph2O was added 1.4 g 1,4-(MeO)2C6H4 ,and the 
1
H NMR 

spectrum of the mixture was measured. Due to the large peaks of the solvent Ph2O, the 

resolution of the spectrum was low, but a singlet at -0.32 ppm was observed. This 

indicates that 3 forms a hemicarceplex with 1,4-(MeO)2C6H4: the upfield signal is due to 

the methyl protons of the guest in the hemicarceplex 3ʘ1,4-(MeO)2C6H4.  

 

The Ph2O mixture was irradiated at 350 nm for 1 h and then poured into 10 ml of 

methanol. The precipitate was dissolved in CDCl3 and the 
1
H NMR was shown as Figure 

1.9c. The methyl protons of the guest showed a dramatic upfield shift from 3.78 to -0.37 

ppm (Δδ = 4.15 ppm), and the anthracene peaks of the host 3 disappeared (Figure 1.9c). 

This indicates that after closing the gate of 3, a carceplex is formed between the 

carcerand 4 and the guest. MALDI mass spectra indicate formation of this carceplex. The 

carceplex 4ʘ1,4-(MeO)2C6H4 can stay in the dark at ambient temperature more than 4 

weeks without detectable release of the guest molecule (Figure 1.9d).
15

 This indicates that 

after closing the “gate” and transformation from 3 to 4 upon irradiation at 350 nm, the 
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portal size of the host was reduced, which increased the activation energy for the 

decomplexation. As a result, a carceplex was formed and was stable at room temperature. 

The release of the guest molecules, however, could be accomplished readily 

photochemically or thermally, due to opening of the gate. Upon irradiation at 254 nm or 

heating at 60 
o
C of the previously generated carceplex 4ʘ1,4-(MeO)2C6H4 in solution, the 

methyl signals of 1,4-(MeO)2C6H4 exhibited a downfield shift along with the 

reappearance of the anthracence peaks in the 
1
H NMR spectroscopy (Figure 1.9e). This 

indicates that the reopening of the di-anthracence gate converted 4ʘ1,4-(MeO)2C6H4 

carceplex to hemicarceplex 3ʘ1,4-(MeO)2C6H4 and created a larger portal of the host. As 

a result, the activation energy for decomplexation in the open state 3ʘ1,4-(MeO)2C6H4 is 

decreased and the incarcerated guest 1,4-(MeO)2C6H4 can egress easily. The gate-opened 

hemicarcerand is then almost exclusively filled with the solvent CDCl3.  

 

 

Figure 1.9. Partial 
1
H NMR spectra (400 MHz, CDCl3) of (a) host 3 (b) addition of 1 

equiv of 1,4-(MeO)2C6H4 into host 3 solution without irradiation, (c) 4ʘ1,4-(MeO)2C6H4, 

(d) c after 4 weeks in dark and rt, (e) irradiation of c with light at 254 nm for 1 h or 

heating at 60 
o
C for 20 min, (f) guest 1,4-(MeO)2C6H4. 
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In Cram’s studies, the decomplexation of hemicarceplex with tetramethyelene bridge 

can also be achieved thermally, but it often requires high temperature and long time.
11

 

We have identified this thermal decomplexation occurs through a conformational change 

in host molecules.
3 

By contrast, the thermal gating mechanism for our system is the 

transformation of anthracence dimer to monomer, which created a large portal of the host 

through which the guest was able to exit. 

 

Molecular modelling was used to study the carceplex further. The energy-minimized 

structure of 4ʘ1,4-(MeO)2C6H4 showed a compact host-guest system. The cavity of 4 is 

spacious enough and complementary for the inclusion of 1,4-(MeO)2C6H4 (Figure 1.8c). 

The two OMe groups of the guest nicely fit into the two hemispheres of the host, 

achieving stabilizing van der Waals interactions with the aromatic rings of the host. This 

is also consistent with the 
1
H NMR observations that the methyl protons undergo 

dramatic upshifts due to the shielding effects of the aromatic rings.  

 

A variety of small aromatic and aliphatic molecules were able to form carceplexes 

analogues to 4ʘ1,4-(MeO)2C6H4. These include toluene, o-xylene, m-xylene, p-xylene, 

anisole, 4-methylanisole, 1,1,2,2-tetrachloroethane, 1,1,2,2-tetrabromoethane (Table 1.1). 

Larger compounds were also explored as guests, including t-butylbenzene, 

4-methyl-5-(2-hydroxyethyl)thiazole
16 

and 2,6-diisopropylphenol (Propofol) that is an 

intravenously administered hypnotic agent. However, no complexes were formed when 

the host is subjected to similar conditions for host-guest complexation. For 
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2,6-diisopropylphenol, molecular models show that the two isopropyl groups are so large 

that propofol does not fit into the cavity of 4 (Figure 1.10). 

Guest H ∆δ (ppm) Guest H ∆δ (ppm) 

 

H
a
 

H
b
 

H
c
 

H
d
 

3.96 

1.53 

1.85 

3.35 

 

H
a
 

H
b
 

H
c
 

H
d
 

3.87 

1.60 

1.95 

3.30 

 

H
a
 

H
b
 

4.17 

1.06 

 

H
a
 

H
b
 

H
c
 

H
d
 

4.01 

0.84 

0.98 

4.21 

 

H
a
 

H
b
 

H
c
 

H
d
 

3.17 

hidden 

1.86 

hidden 

 

H
a
 

H
b
 

4.15 

0.85 

 

H
a
 

H
b
 

H
c
 

2.34 

1.54 

1.95 

 

H
a
 0.95 

 

H
a
 1.02 

 

Table 1.1. Complexation of 4 with various guest molecules and the chemical shift 

changes of corresponding Hs (before and after complexations) on the guests. 
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Figure 1.10. Molecular modelling of complexation of 4 with propofol 

(2,6-diisopropylphenol) using Schrödinger Macromodel (OPLS_2005, GB/SA CHCl3). 

(The geometry began with the guest inside the host; the guest came out of the host after 

the minimization) 

 

1.4 Experimental Section 

Host 3. Diol 2 (192 mg, 0.10 mmol) was dissolved in dry DMF (10 ml), anhydrous 

Cs2CO3 (326 mg, 1 mmol) was added and stirred under Ar for 15 min. 

9-chloromethylanthrancene (68 mg, 0.30 mmol) was then added and the mixture was 

stirred at 50 
o
C overnight. The mixture was washed with 1N HCl and extracted with 

CHCl3. The organic solvent was concentrated and the crude product was purified by 

column chromatography using hexane/EtOAc = 10/1 as the eluent to afford 3 (182 mg, 

79%) as a yellow powder. 
1
H NMR (CDCl3, 400 MHz) δ 0.92 (t, J = 5.4 Hz, CH3, 24H), 

1.30-1.53 (m, CH2CH2CH2, 48H), 1.90-2.21 (m, CHCH2, OCH2CH2, 28H), 3.82-3.93 (m, 

OCH2CH2, 12H), 4.08-4.20 (m, OCH2O (inner H), 8H), 4.55 (t, J = 7.8 Hz, CHCH2, 4H), 

4.68 (t, J = 7.8 Hz, CHCH2, 4H), 4.79 (s, OCH2Ar, 4H), 5.50-5.79 (m, OCH2O (outer H), 
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8H), 6.65 (s, ArH, 2H), 6.73 (s, ArH, 6H), 7.20-7.33 (m, ArH, 8H), 7.52 (d, J = 8.1 Hz, 

ArH, 4H), 7.91 (s, ArH, 2H), 8.16 (d, J = 8.1 Hz, ArH, 4H). 
13

C NMR (CDCl3, 100 MHz) 

δ 148.9, 148.7, 148.4, 144.5, 144.0, 139.1, 138.7, 138.4, 131.5, 131.1, 129.1, 128.4, 127.5, 

125.5, 124.6, 124.2, 113.8, 99.6, 73.0, 72.3, 36.9, 32.1, 29.9, 29.7, 27.7, 22.7, 14.1. 

MALDI HRMS calcd for C146H166O24Na 2327.12, found 2326.94 [M+Na]
+
. 

 

Complexation and decomplexation studies: 

4ʘ1,4-(MeO)2C6H4. To a 10
-4

 M solution of 3 in 5 ml degassed Ph2O was added 1.4 

g 1,4-(MeO)2C6H4. The mixture was irradiated at 350 nm for 1 h and then poured into 10 

ml of methanol. The precipitate was collected on a fine-mesh sintered glass funnel and 

dried under vacuum (25 
o
C) overnight to give the carceplex as a light yellow solid. 

1
H 

NMR (CDCl3, 400 MHz) δ -0.37 (s, OCH3, 6H), 0.92 (t, J = 5.4 Hz, CH3, 24H), 

1.28-1.55 (m, CH2CH2CH2, 48H), 1.90-2.25 (m, CHCH2, OCH2CH2, 28H), 3.78-3.96 (m, 

OCH2CH2, 12H), 4.25-4.35 (m, OCH2O (inner H), 8H), 4.45 (s, 2H, CH), 4.70-4.80 (m, 

CHCH2, OCH2Ar, 12H), 5.80-5.92 (m, OCH2O (outer H), 8H), 5.95 (s, ArH, 4H), 6.60 (s, 

ArH, 2H), 6.75-6.92 (m, ArH, 22H). MALDI HRMS calcd for C154H176O26Na 2465.28, 

found 2465.40 [M+Na]
+
. 

 

Stability of 4ʘ1,4-(MeO)2C6H4. A solution of 3 mg carceplex 4ʘ1,4-(MeO)2C6H4 in 

1 ml of CDCl3 at 25 
o
C was monitored by 

1
H NMR for 4 weeks, and no change was 

observed in the spectrum.  
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Decomplexation of 4ʘ1,4-(MeO)2C6H4. A solution of 3 mg carceplex 

4ʘ1,4-(MeO)2C6H in 1 ml of CDCl3 at 25 
o
C was irradiated at 254 nm for 1 h. The 

decomplexation was monitored by following the decrease of the intensity of the singlet at 

-0.37 ppm and the reappearance of the anthracene peaks from 7.20-8.20 ppm in the 
1
H 

NMR spectrum.   

 

1.5 Conclusion 

In summary, a new reversible photoswitchable gated hemicarcerand containing two 

anthracene groups was designed and synthesized. Photochemical properties of this 

system were studied by 
1
H NMR and fluorescence spectroscopy. The photoswitchable 

cycle between the open (hemicarcerand) and closed (carcerand) states of the host is well 

controlled by radiation of different wavelengths, and controlled encapsulation and release 

of the guest molecules such as 1,4-dimethoxybenzene was observed. We are currently 

working on enlarging the cavity size of the host as well as increasing the water solubility 

of the host.  
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Chapter 2: Steric Control of - and -Alkylation of Azulenone Intermediates in a 

Guanacastepene A Synthesis 

 

2.1 Abstract 

The origins of different stereoselectivities observed experimentally in the alkylations 

of azulenone precursors in the guanacastepene A synthesis have been determined through 

density functional theory investigations. The optimized transition structures of 

methylation of two different guanacastepene A precursors show that steric effects, rather 

than torsional factors that often determine such stereoselectivities, dictate the preferred 

products observed. 

2.2 Introduction 

The synthesis of stereochemically complex molecules requires control of 

introduction of new stereogenic centers. The use of asymmetric catalysts to control the 

stereoselectivity of alkylations has been of much contemporary interest in this regard.
1
 

Although catalyst control can give high stereoselectivity, the modification of substrates to 

control stereoselective alkylations is also a venerable and useful strategy in synthesis. 

Understanding and predicting substrate controlled stereoselective synthesis remains a 

challenging problem.
2
 Stereoselective alkylations have been investigated by 

computational methods in a few cases,
3
 and the role of torsional effects has been 

emphasized. Torsional effects control the trajectories of attack of electrophiles on 
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electron-rich alkenes,
4
 just as manifested for nucleophilic attack on carbonyls in the 

Felkin-Anh-Dunitz-Bürgi model.
5
 Here we report a computational study that reveals that 

steric effects can sometimes override torsional effects, leading to different 

stereoselectivities in - or -alkylations of azulenone precursors in the guanacastepene A 

synthesis. 

 

In recent attempts to complete the Guanacastepene A total synthesis, opposite 

stereoselectivities were observed in the methylations of two rather similar azulenone 

intermediates (Figure 2.1).
6
 Enolate A gives the -methylation product in 72% yield with 

9:1 diastereomeric ratio. Enolate B, which has an additional double bond at the ring 

junction, affords the -methylation product in 98% yield, exclusively. The methylation 

stereoselectivity observed for enolate B is consistent with the experimental results 

reported by Danishefsky and Mehta for a related intermediate.
7 

In order to determine the 

origins of these different stereoselectivities, we explored these reactions computationally. 
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Figure 2.1. Routes for the alkylation of two different azulenone intermediates. 

 

2.3 Results and Discussion 

 

The energy minimized geometry of enolate A shown in Figure 2.2, was obtained 

with the B3LYP/6-31G* method
8, 9

. The cycloheptenolate ring adopts a chair 

conformation in the substrate and the allyl group is rotated down with respect to the ring. 

The allyl group can adopt a variety of other conformations, and the other three minimized 
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conformers are 0.5, 2.4, 2.5 kcal/mol higher in energy, respectively. The cycloheptenolate 

ring can also adopt a boat conformation in enolate A, however, the most stable boat-like 

conformation is less stable than the chair-like one by 1.6 kcal/mol. As shown in the 

Newman projection of enolate A, there is no difference between torsional effects for 

attack on the  or  face. 

 

 

Figure 2.2. The lowest energy chair-like conformation of enolate A. A Newman 

projection viewed from the direction indicated by the blue arrow is also shown. 

 

The alkylation transition states for the reaction of methyl bromide with enolate A 

were investigated next. Both chair-like conformation and boat-like conformation of 

enolate A were considered in the transition states, and all different conformers with 

respect to the rotation of allyl and vinyl groups were explored. For the alkylation on 

chair-like enolate A, six different -attack transition state conformers were located with 

relative ΔΔG
≠ 

values of 0.0, 2.6, 2.7, 3.9, 4.4, 5.6 kcal/mol, respectively. Six TS 

structures with ΔΔG
≠
 values of 1.8, 4.2, 4.3, 5.8, 6.1, 7.5 kcal/mol, were found for the 

-attack. The boat-like enolate A was also considered for the methylation transition states. 
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The -attack alkylation gave six transition state conformers with relative ΔΔG
≠ 

values of 

2.4, 3.8, 4.3, 5.6, 5.7, 5.8 kcal/mol, respectively. The -attack transition state structures 

also gave six different conformers whose ΔΔG
≠
 are 4.1, 5.7, 6.9, 8.1, 8.3, 8.6 kcal/mol, 

respectively. 

 

From the energetics of the different transition state conformers, the most stable 

conformers of the transition states were located to be /-alkylation on chair-like enolate 

A. They are shown in Figure 2.3. The best -methylation transition structure of enolate A 

(1) is 1.8 kcal/mol higher energy than -methylation transition state (1). This value 

was lowered to 1.1 kcal/mol by including solvation energies with the CPCM model
10 

for 

methanol (The solvent used experimentally was HMPA. No solvent model is available 

for HMPA, but methanol has a very similar dielectric constant to HMPA) (Table 2.1). 

This value is consistent with the 1:9 : product ratios observed experimentally. Careful 

inspection of the two transition states suggests that the -methylation transition state has 

no eclipsing (1’), but there are significant repulsions between a methyl bromide H and 

two homoallylic Hs. They are separated by only 2.28 Å and 2.31 Å, less than the sum of 

their van der Waals radii (2.4 Å). However, there is only one H-H steric interaction 

(separated by 2.37 Å) in the -attack transition structure, although there is some eclipsing 

between the forming bond and the axial CH bond (1’). 
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  1 ΔG
≠
 = 1.8 kcal/mol                1 ΔG

≠
 = 0.0 kcal/mol 

                      

1’                                  1’ 

Figure 2.3. Transition structures for the - and -attack of methyl bromide on enolate A. 

Newman projections, 1’ or 1’, are viewed from the directions indicated by the green 

arrows. 

 

Table 2.1. Summary of the free energies of 1, 1, 2, 2. 

 G298 (gas) G298 (solvent)
a
 

ΔG
≠
 (1-1) 1.8 kcal/mol 1.1 kcal/mol 

ΔG
≠
 (2-2) 5.2 kcal/mol 4.6 kcal/mol 

a
 Solvent correction used the CPCM polarizable conductor calculation model as 

implemented in Gaussian 03. For 1, 1, methanol was specified as the solvent (εMeOH = 

32.6, while the experimental solvent is εHMPA = 30). For 2, 2, THF was specified as the 

solvent. 
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Although torsional control of electrophilic or nucleophilic attack has been observed 

in a wide variety of situations,
4
 it seems that the steric factors override the torsional 

effects in the stereoselective alkylations studied here. The two transition states are both 

staggered to a similar extent, but steric effects differentiate  and -attack. 

 

The geometry of enolate B was also optimized and is shown in Figure 2.4. In contrast 

with enolate A, the cycloheptadienolate ring adopts the twist-boat conformation in 

substrate B, and the allyl group is rotated up with respect to the ring. This conformer has 

literature precedent.
11

 The energetic favorable twist-boat conformation of enolate B is 

more stable than the chair conformation, due to the constraints of the additional double 

bond at the ring junction.
11b 

The other three minimized conformers with respect to the 

rotation of allyl groups are 0.7, 1.8, 2.3 kcal/mol higher in energy, respectively. As 

shown in the Newman projection of enolate B, there is no torsional difference for  or  

attack. 

 

Figure 2.4. The lowest energy conformation of enolate B. The Newman projection is 

viewed from the direction indicated by the blue arrow. 
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Transition states of both - and -alkylation with methyl bromide on enolate B were 

then located, and all different rotamers with respect to the rotation of allyl and vinyl 

groups were considered. Six different -alkylation transition state conformers were 

obtained with relative ΔΔG
≠ 

values of 0.0, 1.3, 1.5, 2.5, 2.7, 4.1 kcal/mol, respectively. 

For the -alkylation transition states, another six different conformers were obtained 

whose ΔΔG
≠
 are 5.2, 6.8, 7.6, 8.8, 9.1, 9.9 kcal/mol with respect to the lowest energy 

-alkylation transition state. The most stable transition state conformers are shown in 

Figure 2.5. The -methylation transition state (2) is 5.2 kcal/mol more stable than the 

corresponding -methylation transition state (2). This value is 4.6 kcal/mol when 

including solvation energies (Table 2.1, THF, CPCM model). This is in an excellent 

agreement with the experiment observation that methylation of enolate B takes place 

exclusively from the -face. The large energy difference between the two transition 

structures is also due to steric factors rather than torsional effects. Both transition states 

have some torsional strain, shown in 2’, 2’. However, in contrast to the -alkylation 

transition structure where only one H-H steric interaction exists (separated by 2.31 Å), 

-alkylation process suffers significant steric repulsions between H on methyl bromide 

and two Hs on the substrate separated by 2.08 Å and 2.26 Å, respectively.  
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2 ΔG
≠
 = 0.0 kcal/mol                  2 ΔG

≠
 = 5.2 kcal/mol 

                                   

2’                                  2’ 

Figure 2.5. Transition structures for the - and -attack of methyl bromide on enolate B. 

Newman projections, 2’ or 2’, are viewed from the directions indicated by the green 

arrows. 

 

In fact, the qualitative origins of alkylation stereoselectivities can be identified from 

the geometry of the starting substrate (Figure 2.6). 

 

As can be seen by inspection of the energetically favorable chair conformation of 

enolate A (3A), the -face of the cycloheptene ring is seriously blocked. Approach of the 

electrophile (CH3I) is clearly preferred at the -face for enolate A which is consistent 

with the result obtained by TS exploration. With respect to enolate B, however, by 
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adopting the twist-boat conformation, the left part of the cycloheptadienolate ring flips up 

(3B), which results in blocking the -face toward attack, and favoring the -attack of the 

electrophile. The analysis of the geometries of the substrates again confirms that the 

stereoselectivities of alkylation result from steric effects. The allyl groups in 3A and 3B 

can adopt less hindered conformations, but the more rigid bicyclic groups dictate  and  

attack, respectively. 

 

3A                               3B 

Figure 2.6. Optimized model reactants A and B from the side view. 

 

2.4 Conclusion 

 

In summary, the diastereoselectivities observed experimentally in azulenone enolates 

alkylation originate from the steric interactions between the alkylation reagent and the 

substrate. This investigation provides examples of steric effects controlling 

stereoselectivities with no torsional differentiation, and provides guidance for the control 

of stereoselectivities by conformation manipulation of the substrates. 
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Chapter 3. Computational Elucidation of the Origins of Reactivity and Selectivity in 

Non-Aldol Aldol Rearrangements of Cyclic Epoxides  

 

3.1 Abstract 

 

The non-aldol aldol reaction of the isomeric epoxy silyl ethers is controlled by the 

conformation of the transition states leading to an internal hydride shift. One isomer 

rearranges to the -silyloxy ketone whereas the other isomer gives a -elimination 

product. Theoretical calculations show that the substrates with substituents that favor the 

formation of the chair-like transition state rearrange normally while those that do not 

undergo elimination instead. 

 

3.2 Introduction 

 

Lewis acid induced rearrangements are useful synthetic tools that provide access to 

unique and highly functionalized systems. The non-aldol aldol rearrangement is a 

semi-pinacol rearrangement of epoxy alcohols that generates silyl-protected aldol 

products in high yields.
1,2

 Reactions of optically active epoxy alcohols, 2, derived from 

the Sharpless asymmetric epoxidations
3
 of the allyl alcohols, 1, with a silyl triflate induce 

a 1,2- hydride shift followed by formation of the silyl protected aldols, 3, in excellent 

yields and enantioselectivities (Figure 3.1). The process has been implemented in the 

total syntheses of several polyketide natural products, including auripyrones A and B.
4
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Figure 3.1. Non-aldol aldol rearrangement. 

 

Recently, the non-aldol aldol rearrangement was extended to cyclic systems to 

prepare silyloxycycloalkanones from the corresponding 2,3-epoxy-cycloalkanols.
5 

 

This strategy is expected to succeed as long as an antiperiplanar CH is available to 

migrate upon epoxide opening in such conformationally constrained ring systems. 

However, in the course of our application of this cyclic non-aldol aldol rearrangement to 

the total synthesis of N-methylwelwitindolinone C isothiocyanate,
6
 we have found that 

the facility of the reaction is a sensitive function of substitution, and that the 

conformation of the transition states is different from that of substrates.
7
 We provide 

computational evidence that stereoelectronic effects and a combination of ground state 

destabilization and transition state stabilization controls the non-aldol processes in these 

systems and competition between rearrangement and elimination reactions. 

 

3.3 Results and Discussion 

 

As shown in Figure 3.2, one of the two diastereomers of a 

6-methyl-2,3-epoxycyclohexyl silyl ether, 4a, leads to the non-aldol aldol rearrangement 

in good yield, while the other diastereomer, 4b, undergoes mostly elimination and 
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decomposition. This result is surprising, since, as shown in Figure 3.2, the requisite 

antiperiplanar arrangement of the migrating hydrogen is apparent in both reactants. The 

axial methyl in the preferred conformer of 4a might have been expected to disfavor the 

reaction. In fact, the opposite is true. 

×

 

Figure 3.2. Non-aldol aldol rearrangement of 4a and 4b. 

 

Reaction of epoxide 4a with TESOTf and Hunig’s base gave the non-aldol aldol 

product 5a.
7
 Surprisingly, however, treatment of the 6-methyl diastereomer 4b did not 

afford the expected 5b, despite the hydride positioned antiperiplanar to the epoxide at 161° 

in the crystal structure of the alcohol 5b. Rather, the exocyclic olefin 6b, the product of 

elimination was isolated (Figure 3.3).
7 

 

 

Figure 3.3. Experimental results of non-aldol aldol rearrangement of 4a and 4b. 
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Computational investigations provide the explanation of these perplexing results.
8
 

B3LYP/6-31G(d) calculations on the silylated epoxides and transition states for the 

rearrangements were carried out for each case. The full systems were computed, except 

that a TMS was substituted for each TES group.  

 

The computed structures of silylated epoxides are shown in Figures 3.4 and 3.5, and 

the computed relative energies are shown below each structure. The full energetics for 

these reactions are given in the supporting information. Each stereoisomer involves two 

possible half-chair conformers, A B (Figure 3.4) and A' B' (Figure 3.5) that are in 

rapid equilibrium. The ring opening of the epoxide is accompanied by a hydride shift. As 

shown in Figure 3.4, 4a has two possible half-chair conformers A and B. A leads to the 

half-boat TS C that leads to the boat conformer of the product, while conformer B 

proceeds via the half-chair TS D to give the chair conformer of the product. The preferred 

rearrange-ment pathway involves conformation flip of A to B and then to transition state 

D with the overall activation energy of 5.2 kcal/mol, via a Curtin-Hammett process.  

Transition state C, and the boat conformer of the product are both disfavored due to 

torsional strain; both experience eclipsing interactions. By contrast, the half chair D and 

corresponding products are more nearly staggered. 

 

 

 

 

 



 

35 

 

 

Figure 3.4. B3LYP optimized geometries of 4a (A and B) and transition structures (C 

and D) for the non-aldol aldol rearrangement. Values below each structure are relative 

energies in kcal/mol. Values enclosed in parentheses are relative single-point energies 

calculated by M06-2X method in kcal/mol. 
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Figure 3.5. B3LYP optimized geometries of 4b (A' and B') and transition structures (C' 

and D') for the non-aldol aldol rearrangement. Values below each structure are relative 

energies in kcal/mol. Values enclosed in parentheses are relative single-point energies 

calculated by M06-2X method in kcal/mol. A' is 1.4 kcal/mol more stable than A (Figure 

3.4) or 0.9 kcal/mol at the M06-2X level. 
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In Figure 3.5, the structures for the isomeric reactant, 4b, are shown. The equatorial 

methyl of A' causes the silylated epoxide, A', to be 1.4 kcal/mol lower in energy than A. 

The preferred transition state D with an equatorial methyl group (Figure 3.4) is more 

stable than D' formed by 4b by 0.9 kcal/mol (Figure 3.5). Consequently, the 

rearrangement of the cis isomer 4a to give the non-aldol aldol product has an activation 

energy of only 5.2 kcal/mol, while the trans isomer 4b has a higher activation energy of 

7.5 kcal/mol (Figure 3.6). Compound 4b will undergo the rearrangement almost 100 

times more slowly than 4a. Experimentally, 4b gives the alternative intermolecular 

elimination product 6b, rather than the non-aldol aldol product 5b. Single-point 

calculations with M06-2X using B3LYP-optimized geometries leads to 5-6 kcal/mol 

higher activation energies, but energy difference calculated for 4a and 4b by M06-2X 

method is 2.9 kcal/mol, similar to the B3LYP result of 2.3 kcal/mol. 

 

Figure 3.6. Energy profile for the non-aldol aldol pathways of 4a and 4b. 
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The exploration of these results is essentially the same as the Fürst-Plattner rule
9
 for 

nucleophilic ring-opening of epoxides. Torsional effects favor formation of the 

trans-diaxial product. In the case of 4a, transition states C and D both lead to 

trans-diaxial epoxide opening, but D leads to the preferred chair product, while C leads to 

the twist boat product which is torsionally destabilized. With 4b, the preference for D' 

over C' follows the same pattern. 

 

In order to investigate the competing elimination reaction, trimethylamine was used 

instead of Hunig’s base to model the reaction pathway. The most stable elimination 

transition states of the two diastereomers 4a and 4b are located (Figure 3.7) and the 

computed energetics for the elimination reactions are compared to the non-aldol aldol 

transition states (Figure 3.8, 3.9). The elimination barriers of 7.4 kcal/mol and 6.5 

kcal/mol (13.6 and 12.5 kcal/mol by M06-2X) are similar and are in-between the 

non-aldol aldol barriers of 4a and 4b. 

 

          

     M                            M' 

Figure 3.7. Transition structures for the elimination pathways of 4a (M) and 4b (M').  
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Figure 3.8. Energy profile for the non-aldol aldol rearrangement and elimination 

pathway of 4a. Values below each structure are relative energies in kcal/mol. Values 

enclosed in parentheses are relative single-point energies calculated by M06-2X method 

in kcal/mol.   

 

 

  

Figure 3.9. Energy profile for the non-aldol aldol rearrangement and elimination 

pathway of 4b. Values below each structure are relative energies in kcal/mol. Values 

enclosed in parentheses are relative single-point energies calculated by M06-2X method 

in kcal/mol. 
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The stereoisomer 4a has a higher activation energy (7.4 kcal/mol) for the elimination 

reaction than the barrier of the non-aldol aldol pathway (5.2 kcal/mol) (Figure 3.8). This 

is consistent with the experimental observation that 4a will undergo the desired non-aldol 

aldol reaction instead of the elimination reaction. M06-2X results give a similar 

prediction, with the elimination barrier 2.8 kcal/mol above the non-aldol aldol barrier. 

 

However, the elimination pathway of the isomeric reactant 4b, which proceeds via 

TS M' to give the elimination product, has an activation energy of 6.5 kcal/mol, lower 

than for the non-aldol aldol pathway, which has a higher barrier of 7.5 kcal/mol (Figure 

3.9). Again, M06-2X also predicts the elimination to be favored, by 1.2 kcal/mol. 

 

The substituent effects on the migration of an alkyl group were also investigated. 

Treatment of epoxide 7a
10 

with TESOTf afforded the expected rearranged product 8a 

(Figure 3.10).
7
 However, exposure of the epoxide with the equatorial methyl group 7b to 

TESOTf gave 1:1 mixture of the methyl migration product 8b and the product of the ring 

contraction 9b, via ring-carbon migration.
7 

 

 

Figure 3.10. Experimental results of non-aldol aldol rearrangement of 7a and 7b. 
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As shown in Figure 3.11, the transition state model for the non-aldol aldol 

rearrangement of 7a has an equatorial methyl group which is favored; whereas the TS 

model of 7b which is disfavored has an axial methyl group in the half-chair structure. 

 

Figure 3.11. Half-chair transition state models for the non-aldol aldol rearrangement of 

7a and 7b. 

 

3.4 Conclusion 

 

These findings confirm the hypothesis that diastereomeric 5- and 6-substituted 

2,3-epoxycyclohexyl silyl ether substrates that can access the favored half-chair TS 

rearrange normally, while those which have disfavored axial substituents in the TS 

undergo other reaction processes instead. Further studies of this ‘remote control’ and 

application of these findings to the total synthesis of N-methylwelwitindolinones will be 

reported in due course. 
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Chapter 4. Origins of Stereoselectivities of Dihydroxylations of 

cis-Bicyclo[3.3.0]octenes 

 

4.1 Abstract  

 

Stereoselectivities of the dihydroxylations of cis-bicyclo[3.3.0]octene intermediates 

for a projected total synthesis of chromodorolide A have been explored experimentally. 

The reaction occurs unexpectedly on the apparently more hindered (concave) face; this 

result has been explained through computational studies using B3LYP and B3LYP-D3 

methods. Torsional effects are largely responsible for the stereoselectivity encountered in 

the chromodorolide A synthesis. Many literature examples have been reported on related 

cases. QM calculations show that the stereoselectivities of dihydroxylations of fused 

cyclopentenes are influenced by the conformational rigidity or flexibility of the substrate. 

Torsional, electrostatic, and steric effects can all influence stereoselectivity, and the 

rigidity or flexibility of conformations of reactants provides a predictive guide to 

stereoselectivity. 

4.2 Introduction 

 

 Chromodorolide A (1) is a structurally unique diterpene.
1
 We envisaged 

accomplishing its total synthesis by late-stage intramolecular lactonization of a tetracyclic 

precursor such as 2 (Figure 4.1). In our early exploration in a model series of strategies 

for assembling such cyclization precursors, we examined dihydroxylation of intermediate 
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3. To our surprise, the reaction of 3 with OsO4 occurred with high selectivity from the 

concave face, which appears to be more sterically hindered (Figure 4.1). As osmium 

tetroxide-mediated dihydroxylation of double bonds is one of the most useful reactions in 

organic synthesis,
2
 we felt it worthwhile to explore computationally the origins of the 

diastereoselectivities of these and related literature reactions. We report the preparation 

and dihydroxylation of bicyclic alkene 3 and a computational study of the origin of 

stereoselectivity of the dihydroxylation reaction. We have also reviewed the known cases 

of osmylations of cis-bicyclo[3.3.0]octenes and hetero-substituted cases; we provide a 

computational study of these systems and explanation of the origins of selectivities. We 

also show that the conformations of the reactants provide a good guide to the 

stereoselectivity of reactions. 

 

Figure 4.1. Structure of chromodorolide A (1) and experimental results of 

dihydroxylation of cis-oxabicyclo[3.3.0]octenone 3.  
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4.3 Results and Discussion 

4.3.1 Experimental Studies  

 

Cis-oxabicyclo[3.3.0]octenone 3 was prepared by a two-step sequence; the key step 

was phosphine-promoted (3+2) annulation
3
 involving allenoate 6

4
 and butenolide 7

5
 to 

furnish 8 (Figure 4.2). Reductive debromination of 8 with zinc and acetic acid delivered 

oxabicyclooctanone 3 in 20% overall yield. Dihydroxylation of 3 at room temperature 

with catalytic OsO4 and NMO in 1:1 tert-butanol/H2O gave a 92:8 mixture of 

diastereomeric cis-diol products 4 and 5 in 87% yield.
6
 Recrystallization of this mixture 

from CH2Cl2 provided the major product, diol 4 (mp 146–147 °C), whose structure was 

secured by 
1
H NMR nOe studies and single-crystal X-ray analysis. Note the oxidation on 

the concave side of 3, syn to the lactone, but anti to the two hydrogens at the ring 

junction. 

 

Figure 4.2. Synthesis of cis-oxabicyclo[3.3.0]octenone 3 and its dihydroxylation with 

OsO4 in aqueous tert-butanol. 
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4.3.2 Computational Studies  

 

All calculations were performed with Gaussian09.
7
 The diastereomeric 

dihydroxylation transition states of precursor 3 were investigated at the B3LYP
8
 level 

using the LANL2DZ
9
 basis set for osmium and 6-31G(d) for all other atoms. Energies 

were calculated with both B3LYP and B3LYP-D3; the conclusions are the same with 

both methods, and the B3LYP-D3 results are discussed in the text. Conformational 

searches were performed on compounds 3, 9, 11 and 13. For each compound, the two 

envelope conformations possible for the cyclopentene ring were created with the flap of 

the envelope either up or down. Each was then minimized. For 3 and 9, the minimizations 

lead to only one envelope conformation for each compound. For 11 and 13, the 

minimizations gave two different envelope conformations for each compound. 

 

   Only one envelope conformation of the cyclopentene ring of 3 was obtained after 

transition state optimization, as shown in Figure 4.3. The isopropyl group can adopt a 

variety of conformations, but only the two lowest energy transition state conformers are 

shown in Figure 4.3. The α-dihydroxylation transition structure TS3α, with the OsO4 

approaching from the sterically less hindered face of the cyclopentene ring, is 2.2 

kcal/mol higher in energy than the β-dihydroxylation transition structure TS3β at the 

B3LYP level. With B3LYP-D3, which includes dispersion corrections that may be 

important for such systems, the energy difference between TS3α and TS3β increases to 

4.2 kcal/mol. Although the energy difference is overestimated by both methods as 

compared to experiment, the results are consistent with the experimental observation that 

the major product is the β-dihydroxylated compound. A variety of other functionals have 
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been developed, and could be considered for these studies. However, those methods are 

often computationally much more demanding, and the steric and electronic factors that 

differ in diastereomeric transition states are known to be adequately differentiated at this 

level.
10

  

 

The energy difference between the transition structures TS3α and TS3β is a result of 

torsional strain differences. There are two forming C–O bonds in the transition state, one 

bond is shorter (2.00 Å) and more fully formed than the other (2.17 Å). This 

asynchronicity is the result of electron-withdrawal and conjugation by the ester group. 

Inspection of the Newman projections about the bond to the left alkene carbon (shown in 

red in Figure 4.3) of two transition structures indicates TS3β is slightly more staggered 

than TS3α (red box insets); torsional differences at the bond to the right alkene carbon, 

where bond formation is more advanced, are more striking. As seen from the Newman 

projections for the bond to the right alkene carbon (shown in green), the 

α-dihydroxylation transition structure TS3α exhibits substantial eclipsing, in contrast to 

the substantially more staggered β-dihydroxylation transition structure TS3β. For this 

reaction, the torsional effects override the steric effects, which makes the more crowded 

TS3β more stable than the less crowded TS3α. Torsional effects direct OsO4 to attack the 

cyclopentene ring from the sterically more hindered β-face. Such effects have been 

reported previously to govern the stereoselectivities in a wide variety of situations.
11

 The 

example of epoxidation of an intermediate for a guanacastepene A synthesis
11e 

is 

especially relevant, and the effect was called “torsional steering”. In this and the other 
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examples in reference 11, attack on an envelope conformation of a cyclopentene occurs 

on the concave face because of torsional effects. 

 

TS3β 0.0 (0.0) 

 

TS3α 2.2 (4.2) 

Figure 4.3. Optimized β and α-dihydroxylation transition structures of 

cis-oxabicyclo[3.3.0]octanone 3. The Newman projections of interest shown in the red 

and green box insets are viewed along the red and green bonds, respectively. Values 

below each structure are relative energies in kcal/mol calculated by B3LYP. Values 

enclosed in parentheses are relative energies in kcal/mol calculated by B3LYP-D3.  
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The origins of the dihydroxylation stereoselectivities can be identified qualitatively 

from the geometry of the starting substrate. The energy-minimized geometry of 

compound 3 is shown in Figure 4.4a.
12

 Only one envelope conformation was obtained for 

the cyclopentene ring after minimization, while the isopropyl group can adopt a variety of 

different conformations. The other two minimized conformers with isopropyl groups in 

other orientations are 1.1 and 2.5 kcal/mol higher in energy, respectively. By careful 

inspection of the substrate structure, in the left C2–C3 bond Newman projections (Figure 

4.4a, red box inset), the dihedral angle between the C6 carbonyl carbon and C7 is 58
o
 and 

67
o
 for C6 to the allylic hydrogen H1. This analysis indicates that addition from the β 

face is more favored torsionally than from the α face, which is consistent with the 

transition state analysis. The more striking torsional difference on the right alkene carbon 

shown in the TSs is also reflected in the substrate structure itself. In the right C1-C5 bond 

Newman projections (Figure 4.4a, green box inset), the dihedral angle between the vinyl 

hydrogen H2 and the central carbon of isopropyl C8 is 38
o
 and 80

o
 to the allylic hydrogen 

H3. The 42
o
 dihedral angle difference makes the β-face attack more favorable due to the 

torsional effects, which is consistent with the result obtained by TS exploration (Figure 

4.4b). The analysis of the geometries of the substrates again confirms that the 

stereoselectivities of dihydroxylation result from torsional effects. In this case, the 

reactant cyclopentene ring is fixed in an envelope conformation, and the analysis of the 

reactant geometries gives a reliable guide to the direction of attack by osmium tetroxide 

and, presumably, other electrophiles, radicals and nucleophiles as well. The situation is 

more complex when two envelope conformers of the cyclopentene are similar in energy. 

Such examples were found in the literature, as described in the next section. 
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(a) 

 

(b) 

 

Figure 4.4. (a) Optimized structure of cis-oxabicyclo[3.3.0]octenone 3. (b) The torsional 

of interest viewed along the green bond. Newman projections shown in the blue and 

yellow box insets illustrated the resultant torsional effects for the β and α-dihydroxylation 

transition states. 

 

4.3.3 Literature Examples of Dihydroxylation of Other cis-Bicyclo[3.3.0]octenes  

 

A survey of the chemical literature identified a variety of cis-bicyclo[3.3.0]octene 

systems that have been subjected to dihydroxylation. Structure searches are summarized 

in Table 4.1, reaction searches in Table 4.2. The hits were screened manually to remove 
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duplicates and extract the 24 relevant examples. A control search (Table 4.3), in which 

the bridgehead hydrogens were omitted, revealed another 2 relevant examples not found 

in the previous searches. 

 

Table 4.1. SciFinder substructure searches. Bold bonds indicate the “lock ring fusion 

tool”, squares around atoms indicate the “lock atoms tool”. 

 

Entry Search pattern Hits Relevant hits 

1 

 

44 13 

2 

 

16 1 

3 

 

34 6 

4 

 

23 2 

5 

 

2 0 

6 

 

6 0 

7 

 

0 0 
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Table 4.2. SciFinder reaction (substructure) searches. Bold bonds indicate the “lock ring 

fusion tool”. 

Entry Search pattern Hits 
Relevant hits not 

covered in Table 4.1 

1 

 

22 2 

2 

 

9 0 

3 

 

0 0 

4 

 

13 0 

 

Table 4.3. SciFinder control substructure searches. Bold bonds indicate the “lock ring 

fusion tool”, squares around atoms indicate the “lock atoms tool”. 

 

Entry Search pattern Hits Relevant hits not covered in 

Tables 4.1 or 4.2 

1 

 

45 0 

2 

 

16 0 

3 

 

36 0 

4 

 

28 2 
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The 26 relevant examples are given in Table 4.4. Entries 1–6 signify cases where 

dihydroxylation occurred from the concave face or both faces, and good evidence for the 

structural assignment is given. In entries 7–12, diastereomeric mixtures are reported 

without evidence for the assignment, or the products were not assigned. The 

dihydroxylation product of Entry 13 is assigned by NOE analysis of a later synthetic 

intermediate. For Entries 14–26, no evidence is given for the assignment. One of the 

examples (Entry 24) was refuted by a later publication (Entry 6), where an X-ray crystal 

structure of the product was obtained.   

 

Table 4.4. Relevant literature examples from the SciFinder literature searches (Tables 

4.1–4.3). 

Entry Reaction(s) Comment Reference 

1 

 

Assignment based 

on coupling 

constants. 

13 

2 

 

"... the carbonyl 

group may be 

directing the 

reaction."  

Assignment based 

on NOE. 

14 

3 

 

"... may be a 

directing effect 

from the carbonyl 

group."  Strong 

solvent effect 

observed.  

Assignment based 

on coupling 

constants, chemical 

correlation, and a 

crystal structure. 

15 
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Entry Reaction(s) Comment Reference 

4 

 

Chemical evidence 

for assignment. 
16 

5 

 

Crystallographic 

evidence and 

chemical 

correlation. 

17 

6 

 

Crystal structure. 18 

7 

 

Unassigned 3:1 

mixture. 
19 

8 

 

Unassigned 1:5:5:1 

mixture. 
20 

9 

 

Unspecified 

mixture. 
21 

10 
 

Not assigned. 22 

11 

 

No direct evidence 

for assignment 

reported. 

23 

12 

 

5.5:1 exo:endo 

reported, no 

evidence for 

assignment given. 

24 
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Entry Reaction(s) Comment Reference 

13 

 

NOE assignment of 

a later 

intermediate. 

25 

14 

 

No evidence for 

assignment 

reported. 

26 

15 

 

No evidence for 

assignment 

reported. 

27 

16 

 

No evidence for 

assignment 

reported. 

28 

17 

 

No evidence for 

assignment 

reported. 

29 

18 

 

No evidence for 

assignment 

reported. 

30 

19 

 

No evidence for 

assignment 

reported. 

31 

20 

 

Discussion of the 

preferred 

conformation of the 

product (through 

coupling 

constants).  No 

direct evidence for 

assignment 

reported. 

32 

21 

 

No evidence for 

assignment 

reported. 

33 
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Entry Reaction(s) Comment Reference 

22 

 

No evidence for 

assignment 

reported. 

34 

23 

 

No evidence for 

assignment 

reported. 

35 

24 

 

No evidence for 

assignment 

reported.  Refuted 

by Entry 6. 

36 

25 

 

No evidence for 

assignment 

reported. 

37 

26 

 

No evidence for 

assignment 

reported. 

38 

 

 

Out of a total of 26 relevant transformations, there is rigorous experimental evidence 

for the structural assignment of the diol product(s) in only seven cases. This striking fact 

is a result of the difficulty of obtaining solid evidence for the configurational assignments 

of cis-bicyclo[3.3.0]octane ring systems, as 
1
H coupling constant analysis and nOe data 

are often ambiguous.  

 

As shown in Table 4.4, for the 26 cis-bicyclo[3.3.0]octene systems studied, the rings 

fused to the cyclopentene ring are mainly lactones and cyclic ketones or derivatives with 

different substituents. After dihydroxylation, most of those dihydroxylated intermediates 

were incorporated in a total synthesis of natural products or other important target. 
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Despite the general importance of such transformations for cis-bicyclo[3.3.0]octene 

systems, none of the 26 examples published included any discussion of the factors 

controlling the stereoselectivities. In order to better understand these transformations and 

to provide guidelines for synthetic chemists to predict the preferred products of reactions 

of this type, we explored in detail the three simple examples shown in Figure 4.5. These 

are representative of the types of molecules included in the 26 examples in Table 4.4. 

These do not include substituents, and include one cyclic ketone, 11, and two lactones, 9 

and 13. In example (i), dihydroxylation of cis-oxabicyclo[3.3.0]octenone 9 took place 

preferentially from the concave face to give the -diol product 10. In the first report of 

this transformation,
15

 the major product was assigned-without experimental evidence-as 

arising from convex-face dihydroxylation, but this structural assignment was later 

reversed by means of an X-ray crystal structure.
18

 In the second example (ii), 

cis-bicyclo[3.3.0]octenone 11 was dihydroxylated also preferentially from the concave 

face to give diol 12 with relatively low 4:1 selectivity.
14

 It was hypothesized in this report 

that the selectivity may be due to a directing effect of the carbonyl group, as conversion 

of the ketone into a protected -alcohol inverts the facial selectivity.  

 

In example (iii), high diastereoselectivity for dihydroxylation from the convex face 

of 13 to give diol 14 is reported; however, no direct experimental evidence was given to 

support this structural assignment.
33-35

 Our computational studies, described below, 

suggest that the reported assignment is correct.  
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Figure 4.5. Selected literature examples of dihydroxylation of cis-bicyclo[3.3.0]octenes 

using osmium reagents. 

 

We first performed a conformational search on 9, 11 and 13. Compounds 11 and 13 

have two different energy minima, while 9 has only one low-energy conformation. The 

cyclopentene ring adopts an envelope conformation in which four of the carbon atoms C1, 

C2, C3 and C5 are coplanar, while C4 can be above or below the plane. For compounds 

11 and 13, two different minimum energy conformations were located having similar 

energies (Figure 4.6). However, for compound 9, there is only one minimum energy 

conformation for the cyclopentene ring, with C4 above the plane (R9, Figure 4.6). This is 

the same situation as with compound 3 described earlier.    
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                               R9 

        

                                       R11                 R11'   

 

             

                              R13                 R13' 

Figure 4.6. Three fused cyclopentene compounds and their optimized geometries. In R9, 

R11 and R13, the flap of the envelope is up; in R11' and R13', it is down.  
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This ground state difference is also reflected in the TSs of the osmylation reactions. 

Compound 9 has only one conformation, and both α and β-dihydroxylation transition 

structures are based on this conformation. TS9β is calculated to be 1.6 kcal/mol more 

stable than TS9α using B3LYP-D3 calculations, consistent with the stereoselectivities 

observed experimentally. From the structures shown in Figure 4.7, the different stabilities 

between two transition structures are also most likely due to the torsional strain, as in the 

TS analysis of dihydroxylation of 3.  

 

For compounds 11 and 13, the situations are more complicated, because there are 

two possible conformations of the substrates. After TS searches, the lowest energy 

β-dihydroxylation transition structures TS11β and TS13β were located, and they are 

related to conformations R11 and R13. Transition structures TS11α and TS13α are 

structurally related to conformations R11' and R13'. The different conformation 

preferences of different TSs can be rationalized from the substrate conformation itself. 

From the substrate geometries shown in Figure 4.7, the β face is more torsionally favored 

in R11 and R13, whereas the α face is more torsionally favored in R11' and R13'. The β 

and α-dihydroxylation transition structures avoid torsional strain and involve the 

conformations that result in less torsional strain. In both 11 and 13, both α and β attack 

can occur from a concave face of an envelope cyclopentene, due to the flexibility of the 

cyclopentene. 
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TS9β                  TS11β                  TS13β 

                

TS9α                  TS11α                  TS13α 

Figure 4.7. Optimized β and α-dihydroxylation transition structures of 

cis-bicyclo[3.3.0]octenes 9, 11 and 13. 

 

For compound 11, TS11α has similar torsional strain as TS11β, but TS11β is still 

calculated to be 0.8 kcal/mol more stable than TS11α using B3LYP-D3; this result agrees 

with the 4:1 preference for β attack observed experimentally. The different stabilities of 

the two TSs are presumably a result of the electrostatic interactions between the carbonyl 

carbon and OsO4 oxygen inside the concave-face attack TS11β, which makes it a little 
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more stable than the convex-face attack TS11α. This attractive interaction is related to 

the O
…

C=O interaction identified by Raines in various protein structures.
39

  

 

For compound 13, as with 11, the torsional differences are not large between TS13β 

and TS13α. However, now, TS13α is calculated to be more stable than TS13β by 1.6 

kcal/mol by B3LYP-D3, which predicts the correct stereoselectivity in the experiment. 

The stability difference between these two TSs is likely due to differences in O-O 

repulsions, which makes the more crowded and electrostatically disfavored TS13β less 

stable than the less crowded TS13α.     

 

 In order to determine the reason for the different conformational properties of 

different reactants, we performed a conformational analysis. For 3 and 9, we were able to 

locate only one envelope conformation of the cyclopentene with C4 above the plane. The 

other envelope conformation of the cyclopentene ring for 3 and 9 was manually created 

by freezing C4 below the plane.
40

 The rest skeleton of the molecules was then optimized 

and the optimized structures R3a', R9' are calculated less stable than R3a and R9 by 2.0, 

1.8 kcal/mol, respectively. If no restrictions are given to the systems, R3a', R9' will go 

back to R3a, R9 after re-optimization. This result indicates that the availability of only 

one envelope conformation for 3a and 9 is a result of the remarkable instabilities of the 

other envelope conformations. From the structures of R3a and R3a', all the bond 

distances of the fused ring in the two conformations are similar; indicating there is little 

ring strain differences in between. The different stabilities between R3a and R3a' are due 

to torsional effects. Inspection of the Newman projections of C7-C3 (green bond in 
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Figure 4.8a) show that R3a is slightly more staggered than R3a'. This is also true for R9 

and R9' as shown in the Newman projections (green box insets) in Figure 4.8b.  

 

Figure 4.8. Optimized structures of (a) R3a and R3a' (b) R9 and R9'. 

 However, for 11 and 13, two envelope conformations with similar energies were 

located for the substrates. Now, the atom in position 7 is no longer a sp
3
 carbon, and the 

torsional differences for bond C7 (or O)-C3 no longer exist according to the Newman 

projections shown in Figure 4.9. As a result, two envelope conformations of the reactants 

are both available and similar in energy. 
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Figure 4.9. Optimized structures of (a) R11 and R11' (b) R13 and R13'. 

4.4 Conclusion  

 

In dihydroxylations of fused cyclopentene systems, and presumably other additions, 

when only one envelope conformational minimum is accessible in the reactant, torsional 

effects always steer attack to the concave face. In cases studied here, the torsional factors 

override other factors and determine stereoselectivity. However, when the cyclopentene 

ring is able to adopt two different low-energy conformations, both top and bottom attack 

can occur on a concave face of the cyclopentene envelope. As a result, torsional factors 

no longer dominate the stereoselectivity. The stereoselectivity in such cases is then 

determined by other factors such as steric and electrostatic interactions or both, as 

demonstrated in the dihydroxylations of compounds 11 and 13.  
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Chapter 5. Origins of Stereoselectivities in Chiral Phosphoric Acid-Catalyzed 

Allylborations and Propargylations of Aldehydes 

 

5.1 Abstract 

 

The chiral BINOL-phosphoric acid catalyzed allylboration and propargylation 

reactions are studied with density functional theory (B3LYP and B3LYP-D3). Two 

different models were recently proposed for these reactions by Goodman and our group, 

respectively. In Goodman’s model for allylborations, the catalyst interacts with the 

boronate pseudo-axial oxygen. By contrast, our model for propargylations predicts that 

the catalyst interacts with the boronate pseudo-equatorial oxygen. In both models, the 

phosphoric acid stabilizes the transition state by forming a strong hydrogen bond with the 

oxygen of the boronate, and is oriented by a formyl hydrogen bond (Goodman model), 

and by other electrostatic attractions in our model. Both of these models have now been 

reinvestigated for both allylborations and propargylations. For the most effective catalyst 

for these reactions, the lowest energy transition state corresponds to Goodman’s axial 

model, while the best transition state leading to minor enantiomer involves the equatorial 

model. The high enantioselectivity observed with only the bulkiest catalyst arises from 

the steric interactions between the substrates and the bulky groups on the catalyst, and the 

resulting necessity for distortion of the catalyst in the disfavored transition state.  
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5.2 Introduction 

 

Asymmetric allylborations of carbonyls are valuable methods in organic synthesis, 

and occur with high enantioselectivity and diastereoselectivity.
1
 The most common 

method for enantioselective allylboration involves chiral allylboron reagents.
2
 However, 

the preparation of chiral allylboranes and allyl boronates often requires multiple steps and 

can be challenging. Enantioselective allylborations involving catalytic chiral Lewis acids
3
 

or Brønsted acids
4
 have now been developed. In particular, chiral BINOL-phosphoric 

acids that have been employed in many other asymmetric reactions
5,6

 were recently 

demonstrated by Antilla to catalyze the enantioselective allylboration reaction between 

allylboronate 1 and benzaldehyde 2 (Figure 5.1).
7
 The homoallylic alcohol 3 was 

obtained in 99% yield and 93% ee with catalyst PA1 bearing bulky 3,3'-substituents. For 

other aldehydes, including electron-donating aromatic aldehydes, electron-withdrawing 

aromatic aldehydes and aliphatic aldehydes, the enantioselectivities vary from 73% to 

99% ee. The asymmetric propargylation involving allenyl boronic acid pinacol ester 1' 

and benzaldehyde 2 was efficiently catalyzed by PA1 as well, which gave 

homopropargylic alcohol 3' in high yield and ee.
8
 Catalysts where the Ar groups are less 

bulky gave much lower ee values. 
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Figure 5.1. Chiral phosphoric acid-catalyzed allylborations and propargylations of 

benzaldehyde. 

 

Using computational methods, we recently proposed a model to explain the 

enantioselectivities in propargylations.
8
 In our model (Figure 5.2), the phosphoric acid 

establishes a H-bond with the pseudo-equatorial oxygen of the boronate. The high 

enantioselectivities observed for PA1 originate from the larger distortion of the catalyst 

in the disfavored TS, which is the result of avoiding steric interactions between the 

allenylboronate methyls and the bulky substituents in the catalyst. At almost the same 

time, Grayson, Pellegrinet, and Goodman published a computational study of 

allylboration reactions.
9
 In the Goodman et al. work, it was proposed that the hydroxyl 

group of BINOL phosphoric acid H-bonds to the pseudo-axial oxygen of the boronate, 

and the phosphoryl oxygen interacts with the aldehyde formyl hydrogen through 

electrostatic interactions (Figure 5.2). Due to the large size of the real catalyst, Goodman 

used ONIOM calculations on the full catalyst PA1. The high enantioselectivities were 

rationalized from the unfavorable steric clash between the pinacol methyl groups and the 

large alkyl-substituted aromatic group of the catalyst. Despite the differences in the 
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activation modes of two models, steric effects or the resulting distortions of the catalyst 

are believed to determine the origins of the stereoselectivites in these reactions. 

 

We have reinvestigated the chiral BINOL-phosphoric acid catalyzed allylboration 

and propargylation reactions using several levels of DFT calculations. In order to study 

the enantioselectivity of the catalysis, the two different models were evaluated. In 

addition, we used B3LYP-D3, which includes dispersion energies,
10

 to calculate the 

transition state energies, which may also be important to such systems. Using biphenol 

(BIPOL)-derived phosphoric acid as the model catalyst, we found that the two competing 

models are comparable in energy. The diastereomeric TSs involved in allylborations and 

propargylations for PA1 were located using fully DFT optimization, and the calculated 

energies by B3LYP and B3LYP-D3 indicated that both pathways were involved for these 

systems. Goodman’s model with axial coordination has a lower energy for re-face attack 

TS, which leads to the major enantiomeric product. However, in our calculations, for 

si-face attack TS, our model is more stable than Goodman’s model, which indicated that 

the minor enantiomeric TS comes from equatorial coordination of the catalyst. 

                

Figure 5.2. Two models for the chiral phosphoric acid-catalyzed allylborations and 

propargylations of benzaldehyde. 
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5.3 Results and Discussion 

5.3.1 Investigation of the reaction mechanism 

 

The allylboration reaction proceeds via a closed six-membered chairlike transition 

state.
11

 There are three possible coordination positions for the catalyst hydroxyl group: 

the two boronate oxygens or the aldehyde oxygen. In Goodman’s and our models, the 

phosphoric acid forms a hydrogen bond with the boronate oxygens: either the 

pseudo-equatorial oxygen (path i: eq), or the pseudo-axial oxygen (path ii: ax). The other 

plausible mechanistic pathway is the phosphoric acid forming a H-bond with the oxygen 

of the aldehyde (path iii).  

 

Figure 5.3. Three possible sites of coordination in the phosphoric acid-catalyzed 

allylboration reaction. 

 

In order to evaluate these different pathways, we first explored transition states 

where each of the oxygens was protonated. All calculations were performed with the 

Gaussian 09 package.
12

 Geometries were fully optimized in the gas phase and 

characterized by frequency calculations using B3LYP functional and 6-31G* basis set. 
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Free energies were calculated for each stationary point. The optimized chairlike transition 

state structure of the uncatalyzed reaction is shown in Figure 5.4, and the transition states 

for the three possible sites of protonation are shown in Figure 5.5 along with their relative 

Gibbs free energies. 

 

TS 

Figure 5.4. Optimized transition state of the uncatalyzed allylboration of benzaldehyde at 

the B3LYP/6-31G* level of theory. 

 

                

TS1 (0.0)       TS2 (+3.6)              TS3 (+4.3) 

Figure 5.5. Optimized transition states of different mechanisms at the B3LYP/6-31G* 

level of theory. Bond lengths are given in Å. Relative free energies (kcal/mol) are shown 

in parentheses. 
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As shown in Figure 5.5, the pathways involving protonation of boronate oxygens 

(TS1: 0.0 kcal/mol, TS2: +3.6 kcal/mol) are more favorable than TS3 (+4.3 kcal/mol) 

which involves protonation of the aldehyde oxygen. Protonation of a B-O increases the 

electrophilicity of the boronate and lowers the activation energy.
13

 This finding is in 

agreement with Hall’s experimental observations
14

 and Fujimoto’s theoretical studies
15

 of 

similar Lewis acid catalyzed allylboration reactions. Similarly, for propargylations, 

protonation of boronate oxygens accelerates more than protonation of aldehyde. 

 

5.3.2 Model of the phosphoric acid-catalyzed allylboration reaction 

 

The mechanistic studies reported above illustrate that activation of boronate oxygens 

are more favorable than activation of aldehyde oxygen. This phenomenon is also found in 

Goodman’s model study calculations. In order to better understand the boronate 

activation pathways, catalyst PA without Ar substituents was then employed to study 

both paths i and ii in more detail. In order to reduce the computational cost, the biphenol 

(BIPOL)-derived phosphoric acid was initially used as the model instead of the 

BINOL-derived phosphoric acid. This kind of truncating has previously been justified by 

Yamanaka, Akiyama and Goodman in their studies.
6
 Replacement of the binaphthyl 

backbone with a smaller biaryl does not significantly alter the geometry around the 

reaction center. 
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In both pathways i (eq) and ii (ax), the catalyst interacts with the allylboronate by a 

single hydrogen bond, and the orientation of the phosphate with respect to the substrate is 

not fixed. As a result, the remaining parts of the catalyst are conformationally flexible, 

and there are many possible diastereomeric transition state structures with different 

orientations of the catalyst. To explore all accessible conformations of the transition 

states, a conformational search was performed. 

 

For pathway i, two low energy transition state structures, TS4 and TS4', were 

located for the phosphoric acid-catalyzed allylboration reaction (Figure 5.6a). In TS4, the 

lowest energy minimum for i, the phosphoryl oxygen was near the six-membered 

transition state; in TS4', the phosphoryl oxygen is away from the six-membered ring, but 

next to the boronate methyls. TS4' is 1.4 kcal/mol less stable than TS4. Since B3LYP 

may underestimate the aromatic and dispersion interactions in such systems, a method 

which is expected to treat such interactions more accurately was used to calculate the 

energy differences between different transition states as well. The energy difference 

between TS4 and TS4' is calculated to be 2.0 kcal/mol with B3LYP-D3, which includes 

a dispersion energy correction. For pathway ii, involving H-bonds to the pseudo-axial 

boronate oxygen, two different diastereomeric transition state conformers, TS5 and TS5' 

were also found (Figure 5.6b). TS5, in which the phosphoryl oxygen is situated over the 

six-membered ring TS, was more energetically favorable than TS5' by 3.0 kcal/mol. 

B3LYP-D3 calculation gave an energy difference of 3.5 kcal/mol between TS5 and TS5'. 

This order of stability between TS5 and TS5' was also observed by Goodman et al.
9
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(a) Pathway i 

     

TS4 0.0 (0.7)                  TS4' 1.4 (2.7) 

(b) Pathway ii 

       

TS5 0.2 (0.0)                  TS5' 3.2 (3.5) 

Figure 5.6. Optimized transition state structures of (a) TS4, TS4' in pathway i (eq) and 

(b) TS5, TS5' in pathway ii (ax) at the B3LYP/6-31G* level of theory. Bond lengths are 

given in Å. Values next to each structure are energies relative to TS4 in kcal/mol. Values 

in parentheses are energies relative to TS5 calculated by B3LYP-D3.  
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In order to study the origin of the energy differences between the different transition 

state conformers, electrostatic potentials were computed. They are shown for the 

uncatalyzed reaction transition state TS in Figure 5.7. The formyl H, allyl Hs and phenyl 

Hs are more positive than the Hs on boronate methyls. This indicates that there can be 

stabilizing electrostatic attractions between the phosphoryl oxygen and those positive Hs. 

The stabilized interactions between electronegative parts of catalysts and the formyl H 

has been proposed by Corey before,
16

 as well as in Goodman’s model.
 
Here, TS4 was 

more stable than TS4' and TS5 was more stable than TS5'. The extra stabilization of TS4 

and TS5 comparing to TS4' and TS5' came from the extra attractive P=O···H-C 

interactions, either with the aldehyde H in TS5 or the phenyl and allyl Hs in TS4.  

         

Figure 5.7. Top and bottom view of electrostatic potential of TS from Figure 5.4. Red: 

negative ESP; Blue: positive ESP; Green: neutral. 

 

By comparing the most stable TSs in two pathways, TS4 is calculated to be 0.2 

kcal/mol more stable than TS5 by B3LYP, but 0.7 kcal/mol less stable than TS5 using 

B3LYP-D3. In the Goodman et al. work, when buta-1,3-diene-1,4- diol-phosphoric acid, 

which contains no aromatic rings was used as the model catalyst, the two competing 

pathways are differentiated by 2.2 kcal/mol. In our studies, the model catalyst 

(biphenol-derived phosphoric acid) resembles more the real catalysts in the experiment, 
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and the two different pathways are calculated to be similar in energy. This is likely due to 

the role of the additional aromatic rings in our model catalyst. The energy differences we 

calculate are quite small, suggesting that both of them may be involved in the reactions. 

 

On the basis of these investigations, the “two-point binding models” of two different 

pathways shown in Figure 5.8 appear to operate for phosphoric acid catalyzed 

allylborations. The models consider two interactions between the catalyst and the 

substrates, which provide relative rigidity to the transition state. In what we will refer to 

as A (for axial), which is the same as Goodman’s model, the acidic H of the catalyst 

forms a hydrogen bond with the pseudo-axial oxygen of boronate. In E (for equatorial), 

the hydroxyl group of the catalyst H-bonds to the pseudo-equatorial oxygen of boronate. 

The second interaction comes from the electrostatic attractions between the phosphoryl 

oxygen and relatively positive Hs.  

 

Figure 5.8. Models for the phosphoric acid-catalyzed allylboration reaction. 
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5.3.3 Activation barrier for uncatalyzed and catalyzed reactions 

Having investigated the mechanism and the model for this chiral phosphoric acid 

catalyzed allylboration reaction, the issue of the reactivity in the present reaction was 

then addressed. The uncatalyzed allylboration reaction between allylboronate and 

benzaldehyde was studied first. The free energy profile is shown in Figure 5.9. A loose 

reactant complex C1 is formed with 7.9 kcal/mol free energy higher than the separated 

reactants. The activation free energy of the uncatalyzed reaction relative to the separated 

reactants (1+2) was calculated to be high, 26.2 kcal/mol (Figure 5.9). This is consistent 

with the low reaction rates observed experimentally for the uncatalyzed allylboration 

reaction.
17

  

             

C1                              TS 

Figure 5.9. Reaction profile for the uncatalyzed allylboration reaction of 1 with 2 by 

B3LYP. Free energies relative the reactants in the gas phase. Optimized geometries of the 

complexes C1 and transition state TS are shown below the reaction profile.  
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For the phosphoric acid-catalyzed reaction, in the E TS, the catalyst forms a 

hydrogen bond with the boronate pseudo-equatorial oxygen to afford complex C2 with 

0.6 kcal/mol free energy higher than the separated reactants, as shown in Figure 5.10. The 

binding of benzaldehyde on C2 leads to the reactant complex C3. In transition state 

structure TS4, both the forming C-C and B-O bond distances (2.18 Å and 1.51 Å) are 

shorter than that in the uncatalyzed reaction TS (2.23 Å and 1.53 Å), which indicates the 

electrophilicity of boron is increased by catalyst activation. The calculated activation 

barrier of the catalyzed reaction relative to the separated reactants (1+2+catalyst) is 20.2 

kcal/mol (Figure 5.10), 6 kcal/mol lower than the uncatalyzed reaction. 
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C2                     C3                    TS4 

Figure 5.10. Reaction profiles for the allylboration reaction of 1 with 2 catalyzed by 

chiral phosphoric acid using E by B3LYP. Free energies relative the reactants in the gas 

phase. Optimized geometries of the complexes C2, C3 and transition state TS4 are 

shown below the reaction profile.  

 

On the other hand, for the A TS, the catalyst forms a hydrogen bond with the 

boronate pseudo-axial oxygen to afford complex C4, as shown in Figure 5.11. The 

binding of benzaldehyde on C4 leads to the reactant complex C5 with 12.8 kcal/mol free 

energy higher than the separated reactants. In TS5, the electrophilicity of boron is also 

increased by catalyst activation represented by the shorter C-C and B-O bond distances 

(2.14 Å and 1.50 Å) than that in the uncatalyzed reaction TS (2.23 Å and 1.53 Å). And 
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the calculated activation barrier is 20.4 kcal/mol (Figure 5.11), 5.8 kcal/mol lower than 

the uncatalyzed reaction. 

 

The two competing pathways give nearly identical energy profiles towards the 

catalyzed allylboration reactions, which again indicate the possibility that both two 

pathways are involved in the actual catalyzed reactions. 

 

 

 

 

 

           

C4                     C5                    TS5 

Figure 5.11. Reaction profiles for the allylboration reaction of 1 with 2 catalyzed by 

chiral phosphoric acid using A by B3LYP. Free energies relative the reactants in the gas 

phase. Optimized geometries of the complexes C4, C5 and transition state TS5 are 

shown below the reaction profile.  

 



 

83 

 

5.3.4 Origins of Enantioselectivity 

The model studies described above indicated that both of the transition states in the 

two models, A and E, are likely to be involved in the reactions. To explore the origins of 

the enantioselectivity of the catalysis, the 3,3'-substituted BIPOL model for the 

binaphthol catalyst PA1 was employed, and both transition states, A and E, were 

computed. Catalyst PA1 bearing the 2,4,6-triisopropylphenyl group on the 3,3'-positions 

gave high enantioselectivity experimentally. The diastereomeric transition states for 

re-face (r) and si-face attack (s) involving BIPOL model of PA1 were explored. The 

transition states involved were fully optimized, in contrast to Goodman’s ONIOM 

calculations for these systems, TSr1-E, TSs1-E are located for E and TSr1-A, TSs1-A 

are located for A. These are shown in Figure 5.12.  

 

In the equatorial coordination model E, the re-face attack TSr1-E is predicted to be 

more favored than the si-face attack TSs1-E by 2.0 kcal/mol. In the axial coordination 

model A, TSr1-A is more stable than TSs1-A by 6.1 kcal/mol using B3LYP calculations, 

which is consistent with Goodman’s ONIOM calculations on these two TSs, which gives 

an energy difference of 6.7 kcal/mol.  

 

In contrast to Goodman’s ONIOM calculations that both re and si TSs are 

substantially energetically preferable in A over E, our fully optimized structure energies 

show that transition states resembling both models contribute to selectivity. That is, using 

the B3LYP-D3 energetics, the relative rates of reaction via TSr1-A, TSr1-E, and 

TSs1-E will be 1:0.05:0.001. Use of A only predicts far too high selectivity. The energy 
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difference between the most stable re-face (r) attack transition state TSr1-A and the most 

stable si-face (s) attack transition state TSs1-E is 2.6 kcal/mol by B3LYP, which is in 

close agreement with the 93% ee observed experimentally. Solvation energy calculations 

using PCM model with toluene as the solvent does not change the energy difference very 

much, which gives a number of 3.1 kcal/mol.  

(a) re-face attack                      (b) si-face attack 

                       E 

       
 

               TSr1-E 0.6 (1.8)           TSs1-E 2.6 (4.0) 

    A 

        
 

             TSr1-A 0.0 (0.0)                    TSs1-A 6.1 (7.5) 

 

Figure 5.12. Optimized structures of TSr1-E and TSs1-E for E, TSr1-A and TSs1-A for 

A. Values next to each structure are energies relative to TSr1-A in kcal/mol. Values 

enclosed in parentheses are energies relative to TSr1-A calculated by B3LYP-D3. 
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Based on these calculations, we compare the two competing models for each 

enantiomeric TS (re or si), respectively. In Goodman’s paper, the large preference for A 

comes from both steric and electronic factors. In the case of re-TSs, our calculations, in 

agreement with Goodman’s results, show A (TSr1-A) is more stable than E (TSr1-E). 

Inspection of the two diastereomeric TSs show they are both free of steric problems by 

inspecting all the H-H distances; all H-H distances are 2.4 Å or more. The stabilities 

between two TSs is then perhaps because formyl H-bond strength inside A (TSr1-A) is 

stronger than the electrostatic interactions between phosphoryl oxygen and relative 

positive Hs in E (TSr1-E).  

 

Our calculations show that A (TSs1-A) is much less favorable than E (TSs1-E) for 

si-TSs. In our fully optimized TS structures TSs1-A and TSs1-E, both of them have an 

almost linear H-bond arrangement. However, A (TSs1-A) has a longer H-bond distance 

(1.65 Å) and corresponding weaker H-bond strength than that in E (TSs1-E) (1.59 Å); 

this is opposite from Goodman’s ONIOM calculated structures. We find a steric 

difference between the two models. Inspection of A (TSs1-A) shows that the pinacol 

group is orientated toward the bulky pocket of the catalyst, and there is one significant 

steric repulsion between an isopropyl H on the catalyst and a methyl H on the boronate; 

separated by only 2.15 Å; such steric repulsions are not found in E (TSs1-E). As a result, 

both electronic and steric factors make A (TSs1-A) less favorable than E (TSs1-E) in our 

calculated structures for si-TSs.  
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After comparing the two competing models, it is then necessary to investigate the 

origins of different stabilities between re and si TSs in each model, respectively. In A, the 

stabilities between TSr1-A and TSs1-A are due to steric factors. One significant steric 

repulsion between isopropyl H on the catalyst and methyl H on the boronate, separated 

by only 2.15 Å, was found for TSs1-A; by contrast TSr1-A is free of steric congestion. 

These steric factors are believed to control the stabilities of two diastereomeric TSs in A 

in Goodman’s studies as well. 

 

In E, however, as mentioned above, there are no obvious steric differences in the two 

transition states TSr1-E and TSs1-E. To gain insights into the origins of the energy 

difference between TSr1-E and TSs1-E, the distortion energy (∆Ed) and interaction 

energy (∆Ei) of the transition states were performed. This method has been used 

previously to understand 1,3-dipolar and Diels-Alder cycloadditions.
18

 TSr1-E and 

TSs1-E are divided into two parts: catalyst-boronate complex 1A and the benzaldehyde 

1B (Figure 5.13b) with the geometries fixed at the transition state geometries. The 

calculated distortion energy ∆Ed of 1B in TSr1-E (+12.2 kcal/mol) is almost the same as 

that in TSs1-E (+12.3 kcal/mol). There is also no interaction energy ∆Ei difference 

between TSr1-E (-41.3 kcal/mol) and TSs1-E (-41.2 kcal/mol) which means all of the 

stabilizing and destabilizing interactions between 1A and 1B in the two TSs are similar. 

The preference for re-facial selectivity is therefore the result of the larger distortion of 

catalyst-boronate complex 1A in TSs1-E. 1A is more heavily distorted in TSs1-E (+33.9 

kcal/mol) than in TSr1-E (+32.1 kcal/mol) by 1.8 kcal/mol.  
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The origins of the differences in distortion energies of 1A in the two TSs can be 

visualized from the 1A geometries, as shown in Figure 5.13. In Figure 5.13d, which 

shows the 1A structure in TSs1-E, the dioxaborolane ring is on the left, and the methyl 

groups on the dioxaborolane ring and isopropyl groups of catalysts are close to each other 

(green atoms in Figure 5.13d). In order to minimize such steric repulsions, the 

2,4,6-triisopropylphenyl substituent is rotated around the bond to the BIPOL phenyl core 

with a dihedral angle of 80
o
. This is an 8

o
 rotation away from the dihedral angle in the 

optimized catalyst (72
o
). Due to the distortion of the catalyst, the green atoms (Figure 

5.13d) are all far away, resulting in no steric repulsions. In other words, the catalyst 

undergoes conformational changes to avoid unfavorable steric interactions in TSs1-E. 

Figure 5.13c shows the 1A structure in TSr1-E. Here, the dioxaborolane ring is far from 

the catalyst, and the dihedral angle between 2,4,6-triisopropylphenyl substituent and the 

BIPOL core is 72
o
, the same as the dihedral angle of 72

o
 in the optimized catalyst. The 

asymmetric induction can be rationalized by differences in distortion energies originating 

from avoiding the steric interactions between the substrates and the bulky 

3,3'-substituents on the catalysts. 
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(a) 

            

TSr1-E                         TSs1-E 

(b) 

                             

  

(c)                           (d) 

Figure 5.13. (a) Side view of TSr1-E and TSs1-E. (b) Structures of 1A and 1B. (c) 3D 

structures of 1A in TSr1-E. (d) 3D structures of 1A in TSs1-E. 



 

89 

 

After investigating the allylboration reaction, we then reinvestigated the 

propargylations. The propargylation proceeds via a six-membered cyclic transition state 

similar to that for allylborations. Once again, the catalyst could activate the reaction by 

forming a hydrogen bond with either of the boronate oxygens. The transition state 

structures of propargylation involving the phosphoric acid catalyst PA1 using both E and 

A were studied. As before, diastereomeric transition states TSr1'-E and TSs1'-E were 

located for E, and TSr1'-A and TSs1'-A were located for A (Figure 5.14).  

 

As in the allylboration analysis, for re-face (r) attack, A (TSr1'-A) is more stable 

than E (TSr1'-E) by 2.7 (or 3.5) kcal/mol. For si-face (s) attack, A (TSs1'-A) is less 

stable than E (TSs1'-E) by 1.3 (or 1.2) kcal/mol. The energy difference between the most 

stable re-face (r) attack transition state TSr1'-A and the most stable si-face (s) attack 

transition state TSs1'-E is 4.0 (or 5.1) kcal/mol, overestimating the stereoselectivities as 

compared to the 74% ee observed experimentally.  

 

Our studies on propargylations still showed that for re-TSs, A is more favorable; 

while E is more favorable for si-TSs. The A and E transition states leading to re attack 

are both lower in energy than E transition state that leads to si attack.  
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 (a) re-face attack                      (b) si-face attack 

     E 

           

TSr1'-E 2.7 (3.5)            TSs1'-E 4.0 (5.1)   

     A 

           

            TSr1'-A 0.0 (0.0)              TSs1'-A 5.3 (6.3) 

Figure 5.14. Optimized structures of TSr1'-E and TSs1'-E for E, TSr1'-A and TSs1'-A 

for A. Values next to each structure are energies relative to TSr1'-A in kcal/mol. Values 

enclosed in parentheses are energies relative to TSr1'-A calculated by B3LYP-D3. 
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In E, the calculated distortion energy ∆Ed of benzaldehyde in TSr1'-E (+17.4 

kcal/mol) is almost the same as that in TSs1'-E (+17.5 kcal/mol), so is the interaction 

energy ∆Ei for the two transition states. The preference for re-facial selectivity still comes 

from the larger distortion of catalyst-boronate complex in TSs1'-E. The catalyst-boronate 

complex is calculated to be more heavily distorted in TSs1'-E (+45.9 kcal/mol) than in 

TSr1'-E (+44.7 kcal/mol) by 1.2 kcal/mol.  

 

The origin of the differences in distortion energies of catalyst-boronate complex in 

the two TSs is similar to that in the allylboration reaction. In Figure 5.15b which shows 

the complex structures in TSs1'-E, in order to minimize the steric repulsions between the 

methyl groups on the dioxaborolane ring and isopropyl groups of catalysts (green atoms 

in Figure 5.15b), the 2,4,6-triisopropylphenyl substituent is rotated around the bond to the 

BIPOL phenyl core with a dihedral angle of 78
o
. In Figure 5.15a which shows the 

catalyst-boronate complex structure in TSr1'-E, the dihedral angle between 

2,4,6-triisopropylphenyl substituent and the BIPOL core is 74
o
. The 4

o
 dihedral angle 

differences of the two complexes accounts for their different distortion energies.  

(a) (b)  

Figure 5.15. (a) 3D structure of TSr1'-E without the benzaldehyde. (b) 3D structure of 

TSs1'-E without the benzaldehyde. 
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5.4 Conclusion 

Theoretical calculations have been carried out for the chiral phosphoric 

acid-catalyzed enantioselective allylboration and propargylation reactions. Transition 

states with either boronate oxygen hydrogen-bonded to the phosphoric acid were studied. 

The catalyst is able to activate the boronate by forming a hydrogen bond either with the 

pseudo-equatorial oxygen (E) or the pseudo-axial oxygen (A) of the boronate; the 

phosphoryl oxygen interacts with relatively positive Hs of the substrate through 

electrostatic attractions, which provides further stabilization of the TS, and a two-point 

orientation of the catalyst. Pathway A is investigated in detail in Goodman’s model
9
, and 

our studies focus more on pathway E in this paper. 

For re-face attack, both equatorial and axial coordination gives TSs that are free of 

steric repulsions, with A more favorable than E. The relative stability of A is due to the 

formyl H-bond strength in A. For si-face attack, to give the minor enantiomer, our 

calculations showed that A is less favorable than E. Steric factors make the more 

crowded A less stable than the less crowded E.  

Calculations show that the enantioselectivity observed experimentally originates from 

larger distortions of the catalyst in the minor enantiomeric TS, which is the result of the 

avoidance of the repulsive interactions between the bulky 3,3'-substituents in the catalyst 

and the substrates. The pinacol boronate methyls have an important role, and these 

groups could be altered to influence stereoselectivities. These investigations might help 

direct future enantioselective catalysis development for allylboration and propargylation 

reactions. 
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4070–4077. (d) Simo ń, L.; Goodman, J. M. J. Org. Chem. 2010, 75, 589–597. 
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