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Chapter 1 Synthesis and Characterization of 2-tert-Butyl-6-isopropylphenol and
Corresponding Oxidation Products
1.1 Introduction
Phenols play an important role in organic synthesis including the Williamson
synthesis, Kolbe synthesis, electrophilic substitution and various oxidation processes.1
Phenols are widely used as antioxidants, with butylated hydroxytoluene (BHT) and
butylated hydroxyanisole (BHA) being the two most common (Figure 1.1).2-4 For
example, BHT is used as an inhibitor in diethyl ether to prevent peroxide formation.
Phenol antioxidants are found in biological systems, with vitamin E (tocopherol) being
the main antioxidant found in human blood (Figure 1.1).2
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Figure 1.1 Structures of antioxidants BHT, BHA and vitamin E.

There is a rich history of phenol oxidation chemistry, providing quinones (ortho and
especially para), keto-enol tautomers, and diphenoquinones. For these purposes,
numerous oxidizing agents have been used including selenium dioxide, lead
tetraacetate, osmium tetroxide, tert-butyl chromate, organic peracids, periodic acid,
potassium ferricyanide, with various degrees of ortho and para selectivity.3 Two well
known non-coupling oxidations of phenols are illustrated in Scheme 1.1 for catechol (1)
1

and hydroquinone (2). They are easily converted to the corresponding ortho (3) and
para (4) quinones by most oxidizing agents (Scheme 1.1).4
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Scheme 1.1 Non-coupling oxidations of catechol 1 and hydroquinone 2.

Dimeric phenol and quinoid structures can be synthesized by the oxidative coupling
of intermediate radical species. In 1958, Thyagarajan reported carbon-carbon bond
formation at the ortho-ortho, ortho-para, or para-para positions of several phenols.3
When the o-positions of the starting phenol are occupied (5), only the para-para C-C
bound dimeric phenol (8) will form (Scheme 1.2).4 The dimeric phenol 8 is obtained from
the starting phenol 5 by generating two oxygen centered radicals (6) that react to
produce a keto tautomer (7) that then tautomerizes. The corresponding diphenoquinone
(9) can be obtained by further oxidation.

2

Me

2

Me

OH

[ox]

2

Me
O

Me

O
Me

6

Me

H

Me

7

Me

O

Me
O

Me

Me

O

Me

5

H

Me
9

[ox]

Me

HO

OH
Me

Me
8

Scheme 1.2 Carbon-carbon bond formation via an intermediate radical species.4

Our group has previously studied the decomposition of Bi(III) aryloxides Bi(O-2,6t

Bu2C6H2)3 and Bi(O-2,6-iPr2C6H3)3.5 The more sterically hindered of these decompose

more easily and generally produce bismuth metal as well as various oxidized phenol
derivatives. For example, when 3 equiv. of Li(O-2,6-di-tert-butylphenyl) (10) is reacted
with BiCl3, a yellow color is immediately formed, and then replaced by a bismuth mirror
on the inside walls of the reaction vial (Scheme 1.3, R = tBu).5 NMR analysis of the
solution showed a mixture of 3,3′,5,5′-tetra-tert-butyl-4,4′-diphenoquinone (12), 3,3′,5,5′tetra-tert-butyl-4,4’-biphenol (13), and 2,6-di-tert-butylphenol (14) (Scheme 1.3, R = tBu).
A metallic mirror and insoluble by-products were not characterized but presumed to be
Bi(0) and oligomeric bismuth(III) species.
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Scheme 1.3 Decomposition of previously studied Bi(III) aryloxides.5

When the aryl groups are less bulky, in the case of 2,6-diisopropylphenol
compounds (Scheme 1.3, R = iPr), the stable bismuth compound 11 is formed. When
bismuth aryloxide 11 (R = iPr) is heated to 135 °C for 24 hours, a mixture of starting
material with trace amounts of the corresponding 3,3′,5,5′-tetra-isopropyl-4,4′diphenoquinone

(12),

3,3′,5,5′-tetra-isopropyl-4,4’-biphenol

(13)

and

2,6-

diisopropylphenol (14) were observed by proton NMR.5
In hopes of elucidating the mechanism of decomposition, we wanted a complex that
would decompose at a rate favorable for kinetic studies. Since Bi(O-2,6-tBu2C6H2)3
decomposes almost instantly and Bi(O-2,6-iPr2C6H3)3 decomposition is too slow, we
anticipated intermediate decomposition rates could be obtained with a phenol that had
4

one isopropyl group and one tert-butyl group at the ortho positions. However, 2-tertbutyl-6-isopropylphenol is not commercially available, and therefore had to be
synthesized.
1.2 Synthetic approaches to 2-tert-butyl-6-isopropylphenol
Initially, to obtain the desired phenol, a three step literature procedure6 was
performed. 2-tert-Butyl-6-isopropylphenol (15) was first synthesized following the
procedure of Petranek and Pilar (Scheme 1.4).6 Bromination of 2-isopropylphenol was
carried out by the addition of bromine in carbon disulfide to yield 4-bromo-2isopropylphenol (16) as yellow elongated plates in 76% yield. The minor product, 6bromo-2-isopropylphenol (17), was formed in ~ 5% yield but remained dissolved during
the recrystallization of 16 from hexanes. Treatment of 4-bromo-2-isopropylphenol (16)
with isobutylene in the presence of sulfuric acid and heat yielded 4-bromo-2-tert-butyl-6isopropylphenol (18) in 52% yield. This reaction also generated large amounts of
isobutylene oligomers (19), indicated by GC/MS, that were carried on to the next step.
Small amounts of 4,6-di-tert-butyl-2-isopropylphenol were also observed. 4-bromo-2tert-butyl-6-isopropylphenol (18) was dehalogenated by reaction with Raney nickel to
give 2-tert-butyl-6-isopropylphenol (15) in an 83% yield after purification by distillation,
with an overall yield of 33% from 2-isopropylphenol.
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∆
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15
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Scheme 1.4 Synthesis of 2-tert-butyl-6-isopropylphenol via a literature procedure.6

In hopes of obtaining the product in one step, a modified procedure of Petranek and
Pilar6 was carried out by the addition of isobutylene directly to 2-isopropylphenol in the
presence of sulfuric acid and heat (Scheme 1.5). The reaction unfortunately yielded 4tert-butyl-2-isopropylphenol (20) in a 90% yield and 2-tert-butyl-6-isopropylphenol (15)
as a byproduct in 5% yield as determined by GC/MS. Due to the high cost of
isobutylene as well as the inefficient role it plays in the reaction, resulting in the polymer
byproduct, we sought a cheaper, more efficient and possibly higher yielding synthetic
scheme.

6
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OH
+

OH

H2SO4
∆

+

90%
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20

15

Scheme 1.5 Modified synthesis that yielded tert-butyl-2-isopropylphenol.

A second attempt to produce the phenol in a single step was made by the addition of
AlMe3 to 2-isopropylphenol in hopes of forming an O-Al bond similar to those reported
by Maruoka,7 which would then react with tert-butanol to give the desired phenol
(Scheme 1.6). Trimethylaluminum (21) was reacted with 2-isopropylphenol in hopes of
obtaining the intermediate ArO-AlMe2 product (22).7 However, no evidence for the
presence of 22 was seen. The addition of tert-butanol followed by heating at 160 °C for
3 hrs yielded trace amounts of the para (15) and ortho (20) tert-butyl-substituted
products as seen by GC/MS.

Me
O Al Me

OH

tBuOH

+ AlMe3
21

OH

OH
+

∆

15

22
20

<1%

<1%

Scheme 1.6 Addition of AlMe3 to 2-isopropylphenol.

7

We next envisioned a three-step reaction scheme. The first step involves a modified
procedure of Pearson, Wysong and Breder (Scheme 1.7).8 To obtain primarily ortho
bromination of 2-tert-butylphenol, bromine was first reacted with tert-butylamine to give
N-bromo-tert-butylamine (23) and the ammonium salt byproduct. Without isolation of
the N-bromoamine, this mixture was reacted with tert-butylphenol resulting in orthobromination to yield 6-bromo-2-tert-butylphenol (24) in 68% yield after purification. The
ortho:para ratio was 95:5 by GC/MS. When toluene was used as solvent, the crude
product contained ~15% brominated toluene. The use of benzene solvent did not result
in ring bromination products.

OH

NH2 + Br2

C6H5CH3
t

BuNH3Br

NHBr

+

23

OH
Br

C6H5CH3
68%
24

Scheme 1.7 Ortho bromination of 2-tert-butylphenol.

In the second step, which is a modified procedure of Zhang et al (Scheme 1.8),9 a
halogen-lithium exchange occurs upon addition of BuLi to 6-bromo-2-tert-butylphenol
(24) to give the dilithiated phenol intermediate 25. Reaction of acetone followed by
acidification yields the hydroxyphenol 26 as a second intermediate. The hydroxyphenol
was not isolated due to its tendency to dehydrate. The hydroxyphenol 26 was
dehydrated to the alkene 27 in a 30% yield following a modified procedure of Gutsche et

8

al.10 Hydrogenation of 27 with Pd/C and hydrogen gave 2-tert-butyl-6-isopropylphenol
15 in a 76% yield with an overall yield of 16% from 2-tert-butylphenol (Scheme 1.8).
OH

OLi

Br

Li +

+ BuLi
24

OLi

O

25

OH

HCl
OH

OH
Pd/C
H2
76%

15
16%
from 2-tert-butylphenol

OLi

OH

H2SO4
∆
30%
27

26

Scheme 1.8 A new synthesis of 2-tert-butyl-6-isopropylphenol.

1.3. Oxidation of 2-tert-butyl-6-isopropylphenol
In order to have authentic materials for comparative analysis in the decomposition of
the Bi(III) aryloxide Bi(O-2-tBu-6-iPrC6H3)3, several potential decomposition products
were synthesized from 2-tert-butyl-6-isopropylphenol (15).
The synthesis of 3,3'-di-tert-butyl-5,5'-diisopropyldiphenoquinone was first attempted
following the procedure of Kharasch and Joshi.11 2-tert-Butyl-6-isopropylphenol (15)
was reacted with potassium hydroxide in the presence of tert-butanol while bubbling
oxygen through for 45 minutes (Scheme 1.9). The reaction yielded only starting material
as evident by GC/MS and TLC.

9

OH

+ KOH + O2

tert-butanol

no reaction

15

Scheme 1.9 Attempted synthesis of 3,3'-di-tert-butyl-5,5'-diisopropyldiphenoquinone.

In a second attempt, 2-tert-butyl-6-isopropylphenol (15) was oxidized to the
corresponding diphenoquinone (Scheme 1.10).12

OH
+ PbO2

CH3COOH
68%

O

15

O

28

NaBH4
86%

HO

OH

29

Scheme 1.10 Synthesis of 28 and 29.

Following a modified procedure of de Jonge, van Dort and Vollbracht,12 the addition
of lead(IV) oxide in the presence of acetic acid yielded 3,3'-di-tert-butyl-5,5'diisopropyldiphenoquinone (28) as maroon elongated plates of the pure trans (E)
isomer as revealed by X-ray crystallography (Table 1.1, Figure 1.2), after
recrystallization from hexanes to give a 68% yield. Reduction of diphenoquinone 28 with
sodium borohydride yielded 3,3'-di-tert-butyl-4,4'-dihydroxy-5,5'-diisopropyldiphenyl (29)
as yellow cubes in an 86% yield, after recrystallization from hexane (Scheme 1.10,
Table 1.1, Figure 1.2). The C=C bond distance of 28 (1.390 Å) is slightly longer than

10

that of ethylene (1.34 Å).1 This is expected due to the C=C of 28 being a weaker bond
and thus longer.

Table 1.1 Selected bond lengths and angles of 28 and 29
Compound 28:
Bond
Length (Å) Bond
Angle (°)
C(1)-C(14)
1.390(4)
C(14)-C(1)-C(2)
121.9(3)
O(1)-C(4)
1.231(3)
C(14)-C(1)-C(6)
122.6(3)
C(3)-C(7)
1.524(3)
O(1)-C(4)-C(5)
119.7(2)
C(5)-C(11)
1.510(3)
O(1)-C(4)-C(3)
122.1(2)
Compound 29:
Length (Å) Bond
Bond
Angles (°)
O(1)-C(3)
1.369(5)
C(9)-C(10)-O(2)
117.7(4)
O(2)-C(10)
1.394(5)
0(1)-C(3)-C(4)
120.7 (4)
C(6)-C(7)
1.497(6)

Figure 1.2. ORTEP drawing of structures 28 (left) and 29 (right). Thermal ellipsoids shown at
50% probability. Most hydrogens are omitted for clarity.

The

dihydrodiphenoquinone

corresponding

to

3,3'-di-tert-butyl-5,5'-

diisopropyldiphenoquinone was not isolated despite several attempts. All attempted

reactions resulted in the formation of the corresponding diphenoquinone product 28.
11

Following a modified procedure of Omura, 2-tert-butyl-6-isopropylphenol (15) in
acetic acid was added dropwise to a mixture of PbO2 and AcOH over 5 minutes.13 The
mixture was then stirred for 5 minutes. The reaction yielded diphenoquinone 28 as
observed by 1H NMR. An overnight reaction gave the same results.
Following a modified procedure of Kharasch and Joshi (Scheme 1.11), 2-tert-butyl-6isopropylphenol (15) was reacted with potassium ferricyanide and potassium
hydroxide.11 The reaction yielded diphenoquinone 28 as observed by 1H NMR.

OH
K3FeCN6
KOH
15

O

O

28

Scheme 1.11 Attempted synthesis of the keto tautomer of 28.

2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) has been found to be a powerful
oxidizing agent. Following the procedure of Becker, 2-tert-butyl-6-isopropylphenol (15)
was reacted with DDQ in methanol (Scheme 1.12).14 The only precipitate from the
reaction was diphenoquinone 28, as seen by 1H NMR. The supernatant showed only
phenol starting material 15 by 1H NMR.

12

O

OH
NC

Cl

NC

Cl

+

CH3OH

O

O

O
15

28

Scheme 1.12 Second attempted synthesis of the keto tautomer of 28.

Both the quinone and hydroquinone of 2-tert-butyl-6-isopropylphenol (15) were
isolated successfully following the procedure of Petranek and Pilar (Scheme 1.13).6 2tert-butyl-6-isopropylphenol (15) was oxidized to the corresponding 2-tert-butyl-6isopropylquinone (30) by the addition of potassium nitrosodisulphonate (Fremy’s salt) in
an acetone solution and 0.125 M (in water) monobasic potassium phosphate. An
orange liquid corresponding to compound 30 was obtained in 86% yield. The quinone
(30) was reduced to the corresponding 2-tert-butyl-6-isopropylhydroquinone (31) by
addition of acetic acid and zinc powder. Recrystallization from hexanes gave white
crystals in a 78% yield.

OH

OH

O
+ (KSO3)2NO + KH2PO4

15

Scheme 1.13 Synthesis of 30 and 31.

CH3COCH3
H2O

Zn powder
CH3COOH
O
86%

OH
78%

30

31
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1.4 E/Z Isomerization of 3,3'-di-tert-butyl-5,5'-diisopropyldiphenoquinone 28
Carbon-carbon π bonds typically prohibit rotation except at very high temperatures.
The rotation barrier of simple alkenes is 62-65 kcal/mol.15 For example, ethylene has a
rotation barrier of 63.5 kcal/mol.16 Resonance can decrease double-bond character and
thus decrease the rotational barrier. The rotational barriers for several diphenoquinone
C=C bonds have been studied in order to quantify this resonance effect.17-18 For
example, based on coalescence temperature (~180 °C), the symmetric molecule
3,5,3’,5’-tetra-tert-butyldiphenoquinone has been reported to have a rotational barrier of
+21 kcal/mol.18 No error or confidence interval is reported for this number. While this
number sheds light on the rotation barrier of diphenoquinones, it requires an extremely
high temperature in the NMR instrument, is based on only one spectrum, and provides
only a ∆H‡ value. Our asymmetrical diphenoquinone 28 allows us

to study the

isomerization of 3,3'-di-tert-butyl-5,5'-diisopropyldiphenoquinone based on temperature
dependence in hopes of obtaining both the ΔH‡ and ΔS‡ of the isomerization.
We observed during the isolation of 3,3'-di-tert-butyl-5,5'-diisopropyldiphenoquinone
(28) that only the E isomer crystallized. This was determined by X-ray crystallography
and confirmed by 1H NMR. We further observed that the E isomer slowly (t1/2 = 24 hrs
at 22 °C) equilibrates to a 51:49 E/Z mixture when in solution at room temperature
(Scheme 1.14). The two isomers (E/Z) could be distinguished by 1H NMR spectroscopy.
As shown (Figure 1.3), when the E isomer is first dissolved (after ~5 minutes), the
amount of Z isomer is quite small. However, after 17.5 hrs at room temperature the Z
tert-butyl peak has grown in to be almost as large as that of the E peak.
14

O

O

k1
k-1

O

O

E isomer

Z isomer

28

28

Scheme 1.14 Isomerization of 3,3'-di-tert-butyl-5,5'-diisopropyldiphenoquinone 28.

Figure 1.3. Isomerization as distinguished by 1H NMR (methyl peaks shown) in C6D6.

In benzene-d6 at 25 °C the (E)-tert-butyl singlet is observed at 1.42 ppm and the (Z)tert-butyl peak at 1.44 ppm.

The chemical shifts of the tert-butyl and isopropyl

resonances for the E and Z isomers in several solvents are given in Table 1.2. Due to
the small overlap of the two peaks, peak integration is not expected to characterize the
relative amounts of the two isomers at the highest accuracy. However, by using peak
heights at the peak maxima, the peak overlap can be neglected. Therefore, the values
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of peak height were chosen to more accurately characterize the relative amounts of the
two isomers. We have verified that the experimental values of the peak heights gave
less scatter than the corresponding values of peak areas. Nonetheless, it is important to
remark that peak integration also produces acceptable results.

1

Table 1.2 Selected methyl H NMR chemical shifts for 28 at 51.4 °C
i
i
t
t
δ Pr (CH3)
δ Pr (CH3)
δ Bu
δ Bu
Solvent
E
Z
E
Z
CD 3CN

1.39

1.40

1.21

1.22

CDCl3
THF-d 8

1.39
1.37

1.39
1.37

1.21
1.18

1.20
1.19

(CD3)CO

1.39

1.39

1.20

1.20

C6D 6

1.37

1.39

1.09

1.09

The isomerization kinetics for the conversion from pure E isomer to an E/Z
equilibrium mixture were studied using variable temperature 1H NMR spectroscopy. The
molar fraction of Z isomer, y, was calculated using eq 1 where hE and hZ are the peak
heights of the corresponding isomers.

y=

[Z ]
hZ
=
[ E ] + [ Z ] hE + hZ

(1)

The equilibrium reaction (2) can be used to obtain the first order rate equation used for
this system (eq. 3)19
16

k1

(2)

E Z
k−1

d [Z ]
= k1 [ E ] − k−1[ Z ]
dt

(3)

where k1 and k−1 are first-order kinetic constants and t is the time. Eq. 3 can be rewritten by introducing the constant total concentration: C = [ E ] + [ Z ] :

d[Z ]
= k1 (C − [ Z ]) − k −1[ Z ] (4)
dt

and then replacing [Z] with the measured mole fraction y = [Z] / C to give eq. 5.

dy
= k1 (1 − y ) − k −1 y
dt

(5)

Because the reaction equilibrium constant is K = k1 / k−1 we can divide all terms in eq. 5
by k−1 to obtain eq. 6:

1 dy
= K (1 − y) − y
k−1 dt

(6)
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Replacing k-1 with K =

[Z ]
= k1 / k−1 we obtain eq. 7:
[ E]
K dy
= K (1 − y) − y
k1 dt

(7)

Equation 7 can then be integrated with respect to y and t:

y

t

dy
∫y 1 − (1 + K −1 ) y = k1 ∫0 dt
0

(8)

where y0 is the value of y at t = 0. Upon integration, the following expression for y as a
function of t is obtained:

−

1 − (1 + K −1 ) y
1
ln
= k1 t
1 + K −1 1 − (1 + K −1 ) y0

(9)

Eq. 9 can be rewritten in the following way:

Q = Q0 + k1 t (10)

where Q ≡ −

and Q 0 ≡ −

1
ln (1 − (1 + K −1 ) y )
−1
1+ K

1
ln (1 − (1 + K −1 ) y 0 )
−1
1+ K

(11)

(12)
18

Using eq. 12 the time difference ∆t corresponding to the difference between Q = 0 and
Q = Q0 can also be obtained. By setting Q = 0 and t = -∆t in eq. 10, we have:

∆t =

Q0
(13)
k1

The initial fraction of the Z isomer, y0, can be obtained from the calculated value of Q0
using eq. 14.

y0 =

1 − exp  −(1 + K −1 ) Q0 
1 + K −1

(14)

We fit our experimental Q values to eq. 10 by performing the method of weighted least
squares.
The error of Q (δ Q ) was obtained from the error on peak heights. The error in height
measurement was estimated to be δh = ± 0.1 mm (h ranged from 128.5 - 128.7 mm).
We first obtained the error of y (δ y ) using the following propagation formula:

δy=

δh
hE + hZ

(15)

The error δ Q was then calculated using the following propagation eq. 16, based on eq.
11:
19

δQ =

δy
1 − (1 + K −1 ) y

(16)

By combining eqs. 15 and 16, we obtain:

δQ =

1
δh
(17)
−1
1 − (1 + K ) y hE + hZ

Solvent effects on the isomerization rate were also briefly studied by NMR at 51.4
°C using the four different deuterated solvents chloroform, tetrahydrofuran, acetonitrile
and acetone. The first-order isomerization rate constant observed in each solvent is
shown below (Table 1.3). The corresponding first-order plots can be found in the
appendix. While acetonitrile-d3 appeared to give a slower isomerization (2x), both
chloroform-d and tetrahydrofuran-d8 gave rate constants similar to that of benzene-d6
(2.28 ± 0.01 x 10-4 s-1). There was no separation of the E and Z tert-butyl peaks in
acetone-d6, so no data is given for that solvent. The addition of trifluoroacetic acid had
no effect on the rate constant, as shown below. Similar measurements were performed
in benzene-d6 at seven different temperatures using variable temperature (VT) NMR.
Concentrations based on both the peak heights and integration were calculated and the
linearity of the first-order plot was determined for both. A sample array at 50 °C is
shown below (Figure 1.4).

20

TABLE 1.3 Isomerizationsolvent dependence at 51.4 °C
(20 mg of 28 in 0.7 mL solvent)
-4

-1

2

Solvent

k (x 10 s )

R

t1/2 (min.)

CD 3CN

1.10 ± 0.03

0.998

105

CDCl3

2.38 ± 0.02

0.999

49

C4D8O

2.33 ± 0.02

0.997

49

C 6D6

2.28 ± 0.01

0.999

50

C 6D 6 + 0.1 mol % TFA

2.29 ± 0.01

0.999

50

C6D 6 + 0.5 mol % TFA

2.28 ± 0.01

0.999

50

Z

Z

E

E

Figure 1.4. 1H NMR array of E/Z isomerization in C6D6.
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A sample concentration vs. time plot and first order plot for appearance of the Z
isomer at 16.1 °C using peak heights are shown below (Figure 1.5). The dashed line in
the molar fraction vs. time plot is the equilibrium value. The slope (k1) was obtained
using eq. 10. The equilibrium constant (K where K = [Z]/[E]) was calculated to be 1.041
± 0.003 independent of temperature based on the maximum value of y obtained after
storing the sample for 6 months in C6D6 at room temperature. The value of k1 is shown
at variable temperatures in Table 1.4.
0.64

0.6

0.56

0.5

0.48
0.4

y

Q

0.4
0.3
0.32
0.2

0.24
0.16

0.1

0.08

0
0

4

5 x 10

5

1 x 10

5

1.5 x 10

5

2 x 10

2.5 x 10

5

5

3 x 10

0

4

2 x 10

4

4 x 10

4

6 x 10

4

8 x 10

5

1 x 10

t (s)

t (s)

Figure 1.5. Molar fraction vs. time plot (left) and first order plot (right) for isomerization at 16.1
°C in C6D6.

Table 1.4 Isomerization temperature dependence in C 6D6
Temp (°C)

-5

-1

k1 (x 10 s )

yo* (x 10-2 )

16.1
0.535 ± 0.002
7.3 ± 0.1
21.9
0.788 ± 0.004
3.4 ± 0.1
27.6
1.723 ± 0.009
9.60 ± 0.15
32.6
2.79 ± 0.01
4.4 ± 0.1
39.0
5.71 ± 0.02
10.46 ± 0.15
44.3
10.51 ± 0.05
9.9 ± 0.2
51.4
22.8 ± 0.1
10.0 ± 0.2
*y0 = initial fraction of Z isomer

3

∆t (x 10 s)
14.8 ± 0.2
4.5 ± 0.15
6.2 ± 0.1
1.66 ± 0.04
2.06 ± 0.03
1.06 ± 0.02
0.491 ± 0.009
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At all temperatures, the linear regression (R2) is greater than 0.999. The initial
fraction of the Z isomer is shown as y0. While one would expect the initial concentration
of Z to be zero, it was found that y0 was not equal to zero. We attribute this to a slight
increase in the amount of the initial Z isomer from the recrystallization of the product to
the beginning of the kinetic run.

We tentatively attribute this to a solid-state

isomerization within the crystal structure over time. The rate constants in Table 1.4.
were used to obtain both the Arrhenius and Eyring plots (Figure 1.6). Both exhibited
excellent linearity with R2 > 0.999.
-8
-38
-9

Ln (k1/T)

Ln (k1 )

-39
-10

-11

-40

-41

-12

-13

-42
0.0031

0.0032

0.0033
1/T

0.0034

0.0035

0.0031

0.0032

0.0033
1/T

0.0034

0.0035

Figure 1.6. Eyring (left) and Arrhenius (right) plots of the E/Z isomerization of 28 based on first
order plots obtained at 7 temperatures in C6D6.

The Eyring plot gave a ∆H‡ of 80.6 ± 0.1 kJ/mol (19.25 ± 0.02 kcal/mol), and a ∆S‡ of
-68.0 ± 0.4 J/mol•K (-16.3 ± 0.1 cal/mol). Using the Gibbs free energy equation, ∆G‡
was calculated to be 24.11 ± 0.05 kcal/mol at 25.0 °C. The ∆S‡ value obtained is large
and negative, which suggests an increase in order going to the transition state. For
23

comparison, the ∆S‡ for the dimerization of cyclopentadiene is -34 J/mol•K.20 The ∆S‡
for the thermal cis-trans isomerization of isostilbene based on the mole fraction obtained
from precipitation of the cis isomer in solution was calculated to be -5 kcal/mol at 723
K.21 The mole fraction of isostilbene was obtained by the Arrhenius plot gave an
activation energy of Ea = 83.2 ± 0.1 kJ/mol (19.90 ± 0.02 kcal/mol).
Only mechanistic scenarios involving breakage of the central pi bond are plausible,
as sigma bond strengths (ethane σ bond dissociation energy = 452 kJ/mol, 108
kcal/mol) are well beyond the activation barriers observed.20 The π bond dissociation
energy in alkenes (ethylene π bond dissociation energy = 265 kJ/mol, 63 kcal/mol) is
much higher than the activation barrier observed in our kinetic studies as well. We
attribute the low activation barriers observed to the weakening of the π bond by
resonance.
Two types of pathways are possible for the isomerization of 28, ionic (Scheme 1.15)
and di-radical (Scheme 1.16).

O

O

O

O

O

O

E isomer of 28

O

O

etc.

O

O

Z isomer of 28

Scheme 1.15 Ionic pathway for the isomerization of 28.
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O

O

O

O

O

O

O

O

E isomer of 28

O

O

O

O

Scheme 1.16 Di-radical isomerization pathway for 28.

We believe the pathway more likely goes through a di-radical species (Scheme
1.16). The di-radical intermediate has fully aromatic rings and is relatively stable; thus
the C=C rotation barrier is significantly lower than for simple alkenes. Important
resonance structures are shown in Scheme 1.16 although other resonance structures
are possible.
Computational studies were performed in collaboration with Dr. Wes Borden and his
postdoctoral associates Dr. Haiyan Wei and Dr. Xue Zhang from the University of North
Texas in Denton, TX. Calculations were first performed using a model diphenoquinone
(Figure 1.7, Table 1.5). The computationally calculated activation energy (ΔE‡) of ~ 18
kcal/mol and enthalpy (∆H‡ = 15 kcal/mol) are very similar to the experimental values of
Ea (20 kcal/mol) and ∆H‡ (19 kcal/mol). The calculated free energy (~16 kcal/mol) is
somewhat lower than the experimental value of ∆G‡ = 24 kcal/mol. Computational
studies also gave a negative entropy value (-5 cal/mol singlet state, -3 cal/mol triplet
25

state), but it is important to note that the negative value calculated is much higher than
the entropy observed experimentally of -16.3 cal/mol.

O

H

H

H
H

H
H

H

H
O

Figure 1.7 Model diphenoquinone used in initial computational studies.

Table 1.5 Computational calculations of a model
diphenoquinone using UB3LYP/6-31G(d)
Singlet
Triplet
Calculation
Reactant
TS
Reactant
TS
∆E (kcal/mol)
0
17.77
16.64
17.9
∆H (kcal/mol)
0
15.37
14.98
15.54
∆G (kcal/mol)
0
16.86
14.38
16.43
∆S (cal/mol•K)
0
-4.99
2.02
-2.98

Further computational studies were performed using the structure of 28 (Figure 1.8).

H
H3C
H3C
C CH3
C
H3C
HH
CH3

O
H
H3C

O
CH3

C CH H H H CC CH
3
3
3

Figure 1.8 Diphenoquinone 28 used in computational studies.
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Table 1.6 Computational results of the E /Z
using CASPT2 (14,14)//UB3LYP/6-31G(d)
Singlet
Calculation
E
TS
Z
∆E (kcal/mol)
0
17.39
0
∆H (kcal/mol)
0
15.13
0
0
16.57
0
∆G (kcal/mol)
∆S (cal/mol•K)

0

-4.83

-0.01

isomerization of 28

E
16.27
14.61
13.41

Triplet
TS
17.52
15.3
16.1

Z
16.2
14.8
14.3

4.03

-2.69

1.48

The computationally calculated ∆H is very similar to the initial computational study
as well as the experimental value. The enthalpy value is exactly the same as the
previous study as well as being similar to the experimental value. The same negative
entropy value was also observed in the second computational calculation. A direct
comparison of the experimental and computational calculations are shown in Table 1.7.

Table 1.7 Experimental and computational
results for the E /Z isomerization of 28
Calculation
Experimental Computational
∆Ee (kcal/mol)
‡

∆H (kcal/mol)
‡
∆G (kcal/mol)
‡

∆S (cal/mol.K)

19

17

19
24

15
16
-5(s)
-3(t)

-16.3

Recently, the free energy of activation (∆G‡) of the C=C bond rotation in
quinophthalone

dye

(2-2(1H)-quinolinyliden)-1H-indene-1,3(2H)-dione

calculated to be 65 ± 2 kJ/mol based on

13

32

was

C NMR coalescence at three temperatures (-

40 °C, 0 °C and 50 °C).22 This number is considerably larger than the corresponding
27

free energy of 28 due to the restricted rotation around this highly polarized carboncarbon bond and hydrogen bonding between the carbonyl and the amine.

O
N
H

O
32

1.5 Conclusion
We refined a known synthesis and developed a new three step synthesis of 2-tertbutyl-6-isopropylphenol. We also prepared four oxidation products 3,3'-di-tert-butyl-5,5'diisopropyldiphenoquinone (28), 3,3'-di-tert-butyl-4,4'-dihydroxy-5,5'-diisopropyldiphenyl
(29), 2-tert-butyl-6-isopropylquinone (30), and 2-tert-butyl-6-isopropylhydroquinone (31).
We are specifically interested in these compounds as potential oxidation byproducts in
our

bismuth

reactions.

During

the

isolation

of

3,3'-di-tert-butyl-5,5'-

diisopropyldiphenoquinone we discovered a solid state selectivity for the E isomer. We
successfully obtained isomerization kinetics that gave an enthalpy value of ∆H‡ = 80.6
± 0.1 kJ/mol, consistent with previous work,17 and entropy value of ∆S‡ = -68.0 ± 0.4
J/mol•K. Computational studies yielded similar values with the exception of the entropy.
The reason for this discrepancy is unknown at this time.
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1.6. Experimental
General:
Starting materials were obtained from commercial suppliers and used without further
purification

unless

otherwise

specified.

THF

was

freshly

distilled

from

Na/benzophenone. The melting points of all compounds were taken in capillary tubes
on a Mel-Temp apparatus (Laboratory Devices, Cambridge, MA) using a 400 °C
thermometer calibrated against a thermocouple. 1H NMR and
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C NMR spectra were

recorded on a Varian 500 MHz spectrometer. The NMR temperature was calibrated
using neat ethylene glycol and the Varian VNMRJ software to generate a calibration
plot. Microanalyses were performed by Atlantic Microlaboratories, Norcross, GA. IR
spectra were obtained with an Infinity GoldTM FTIR spectrometer. Vacuum filtrations
used Fisherbrand grade Q8 filter paper or coarse sintered glass funnels. All single
crystals were coated with Paratone-N oil (Hampton Research), and mounted onto thin
glass fibers. Diffraction data was collected using graphite monochromated Mo/Kα
radiation (λ = 0.71073 Å) on a Bruker APEX CCD area detector diffractometer at the
University of California at San Diego via ɸ and ω scans. All structures were refined by
least-squares full matrix refinement against F2 using SHELXL-97.23 Fully occupied nonhydrogen atoms were refined with anisotropic atomic displacement parameters (adps).
Hydrogen atoms were geometrically placed and refined as part of a rigid model.
Geometric restraints were applied, and partially occupied atom sites were refined with
isotropic adps. The program ORTEP3224 was used to generate all X-ray structural
diagrams pictured.

All X-ray data was collected and solved by group members Dr.
29

Mauricio Quiroz-Guzman and Dr. Daniel Mendoza Espinosa while visiting the University
of California San Diego under the direction of Dr. Arnold Rheingold.
2-tert-butyl-6-isopropylphenol (15): Method A.
4-bromo-2-isopropylphenol (16) was synthesized following a modified procedure of
Petranek & Pilar.6 2-isopropylphenol (50.0 mL, 50.6 g, 0.372 mol) was poured into a
500 mL round bottom flask and a stir bar added. The flask was then placed in an ice
bath and carbon disulfide (100 mL) added. An addition funnel with bromine (20.0 mL,
62.2 g, 0.390 mole) was placed on top of the flask. Bromine was slowly added via the
addition funnel over 30 minutes to the phenol solution and the reaction was left to stir
overnight. The carbon disulfide was then removed by rotary evaporation. Hexane (100
mL) was added to the liquid and the flask placed in a -78 °C freezer overnight. The fluffy
white crystals were then vacuum filtered with a coarse sintered glass funnel and
washed with ice-cold hexanes. The white crystals were placed under vacuum (0.1 torr)
and brought to constant weight (~1 hour) to give a 76% yield (61.2 g, 0.285 mole). mp:
48-50 °C. 1H NMR (CDCl3): δ (ppm) 1.23 (d, 6H, J = 7.1 Hz, CH(CH3)2), 3.16 (septet,
1H, J = 6.9 Hz, CH(CH3)2), 4.82 (s, 1H, OH), 6.61 (d, 1H, J = 8.5 Hz, H ortho to OH),
7.15 (dd, 1H, J = 2.5 and 8.5 Hz, H ortho to Br and meta to OH), 7.28 (d, 1H, J = 2.2 Hz,
H ortho to iPr and Br).
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C NMR (C6D6): δ (ppm) 22.3 (CH(CH3)2), 27.1 (CH(CH3)2),

113.2 (C-Br), 116.9 (C ortho to OH), 129.3 (C ortho to Br and meta to OH), 129.5 (C
ortho to iPr and Br), 136.8 (C-iPr), 151.8 (C-OH). FTIR (C6H6): 3548w, 2963w, 2361s,
2340m, 2330m, 1817m, 1480m, 1268w, 1170w, 1097w, 808w, 698s, 690m, 664s cm-1.
Elemental analysis has been previously reported.6
30

4-bromo-2-tert-butyl-6-isopropylphenol (18) was synthesized following a modified
procedure of Petranek & Pilar.6 4-bromo-2-isopropylphenol 16 (90.1 g, 0.419 mole) was
weighed into a 500 mL 3-neck flask and placed in an oil bath. Toluene (122 mL) was
added followed by the addition of concentrated sulfuric acid (18 M, 2.6 mL, 0.048 mole).
After heating to 65 °C, isobutylene was bubbled into the reaction for 6 hours. The
solution was then poured into a separatory funnel and 75 mL distilled water added. The
toluene layer was removed, the water layer extracted three times with 25 mL ethyl
acetate, and the extracts were combined with the toluene. The organic layer was then
dried with magnesium sulfate and vacuum filtered with a coarse sintered glass funnel.
The solvent was removed by rotary evaporation and brought to constant weight under
vacuum (0.1 torr, 12 h) to give a a yellow liquid in 52% yield (59.4 g, 0.219 mole). 1H
NMR (CDCl3): δ (ppm) 1.26 (d, 6H, J = 6.9 Hz, CH(CH3)2), 1.40 (s, 9H, C(CH3)3), 3.01
(sept, 1H, J = 6.9 Hz, CH(CH3)2), 4.92 (s, 1H, OH), 7.16 (d, 1H, J = 2.4 Hz, ortho to Br
and iPr), 7.22 (d, 1H, J = 2.4 Hz, H ortho to Br and tBu). 13C NMR (CDCl3): δ (ppm) 22.6
(CH(CH3)2), 27.0 (CH(CH3)2), 29.7 (C(CH3)3), 34.7 (C(CH3)3), 113.0 (C-Br), 126.6 (ortho
to tBu, meta to OH), 127.5 (ortho to iPr, meta to OH), 135.9 (C-tBu), 138.1 (C-iPr), 150.6
(C-OH). FTIR (C6H6) 3091m, 3064w, 3051m, 3026w, 2361w, 2340w, 1959s, 1814s,
1478s, 1036s, 694s, 691s, 681w, 667m, 655m cm-1. UV/Vis (C6H6) λmax/nm (ɛ/dm3 mol1

cm-1): 428 (1342).

2-tert-butyl-6-isopropylphenol (15) was synthesized following a modified procedure of
Petranek & Pilar.6 4-bromo-2-tert-butyl-6-isopropylphenol (18) (49.46 g, 0.1824 mole)
was weighed into a 2 L flask and placed under nitrogen. A Raney nickel slurry in water
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(150 g Ni slurry) was added to the flask followed by the addition of methanol (375 mL),
and the flask was refilled with nitrogen. NaOH (10% soln in water, 1L) was degassed
and slowly added to the phenol by cannula over 30 minutes. The reaction was then
heated to 50 °C and left to stir overnight. The resulting suspension was filtered through
a fritted funnel with celite to remove the nickel, and the solution acidified with
hydrochloric acid (12M, 25 mL). The solution was then placed in a separatory funnel
and the organic layer extracted with dichloromethane (3 x 25 mL). The solvent was then
removed by rotary evaporation. Pure product (29.3 g, 0.153 mole) was obtained after
distillation (69 °C, 1 torr) to give an 84% yield, with an overall yield of 34% from 2isopropylphenol. Spectroscopic data is listed after method B, below.
2-tert-butyl-6-isopropylphenol (15): Method B
6-bromo-2-tert-butylphenol (24) was synthesized by following a modified
procedure of Pearson, Wysong and Breder.8 Tert-butylamine (46.4 mL, 32.3 g, 0.442
mol) was measured in a graduated cylinder and poured into a 500 mL round bottom
flask with a stir bar. Toluene (200 mL) was added to the flask and the solution cooled in
an ice bath to 0 °C. Bromine (11.3 mL, 35.1 g, 0.220 mol) was then added dropwise.
The ice bath was removed, and the solution stirred for 1 hour. The solution was again
cooled in an ice bath to 0 °C and 2-tert-butylphenol (40.7 mL, 39.8 g, 0.265 mol) was
added. The ice bath was removed, and the solution stirred for 1 hour. The solution was
poured into a separatory funnel and distilled water (50 mL) was added. The water layer
was extracted with toluene (3 x 20 mL). The three extracts were combined, dried with
magnesium sulfate and vacuum filtered with a coarse sintered glass funnel. The solvent
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was then removed by rotary evaporation. Unreacted starting material was removed by
silica column chromatography using hexane to give 24 (41.4 g, 0.181 mol) as a yellow
liquid in 68% yield. The product was spectroscopically identical to that previously
reported.9 1H NMR (CDCl3): δ (ppm) 1.40 (s, 9H, C(CH3)3), 5.80 (s, 1H, OH), 6.73 (t, 1H,
J = 7.9 Hz, H para to OH), 7.21 (dd, 1H, J = 7.8 and 1.5 Hz, H meta to OH), 7.32 (dd,
1H, J = 8.0 and 1.5 Hz, H meta to OH).
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C NMR (CDCl3): δ (ppm) 29.3 (C(CH3)3), 35.3

(C(CH3)3), 112.3 (C-Br), 120.9 (C para to OH), 126.5 (C ortho to tBu), 129.6 (C ortho to
Br), 137.7 (C-tBu), 150.4 (C-OH). FTIR (NaCl): 3505s, 3077w, 3000m, 2960s, 2914m,
2874m, 1598m, 1483m, 1474m, 1434s, 1393m, 1364s, 1333s, 1307w, 1270m, 1258m,
1243s, 1200m, 1187s, 1145m, 1088m, 1077m, 855m, 822m, 774s, 736s cm-1. UV/Vis
(C6H12) λmax/nm (ɛ/dm3 mol-1 cm-1): 281 (1326).
2-tert-butyl-6-isopropenylphenol

(27)

was

synthesized

from

2-bromo-6-tert-

butylphenol (24) following the modified procedures of Zhang9 and Banerjee.25 2-bromo6-tert-butylphenol (24) (10.3 g, 0.0450 mol) was weighed into a 250 mL round bottom
flask, a stir bar added, and the flask placed under nitrogen and cooled in a dry iceacetone bath. Anhydrous THF (75 mL) was then added followed by the addition of
butyllithium (38.9 mL of 2.89 M in hexanes, 0.112 mole). The mixture was allowed to
warm to room temperature and then stirred for 1 hour. The flask was then cooled to -78
°C and acetone (8.25 mL, 6.53 g, 0.112 mol) was added over 5 min. The reaction was
allowed to warm to room temperature and stirred overnight. Dichloromethane (50 mL)
was then added to the flask, the contents transferred to a separatory funnel, and
distilled water added (50 mL). The water layer was acidified to pH = 4 with 1M HCl (200
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mL) and extracted with dichloromethane (3 x 20 mL). The extracts were combined,
dried with magnesium sulfate, and vacuum filtered with a coarse sintered glass funnel.
The solvent was then removed by rotary evaporation. Concentrated sulfuric acid (0.16
mL, 2.9 mmol) was added followed by the addition of hexane (50 mL). The solution was
refluxed for 1 hour and the solvent removed by rotary evaporation. The remaining
starting material was removed by silica gel column chromatography using 5%
EtOAc/hexanes to give a clear liquid in 30% yield (2.56 g, 0.0135 mol).

1

H NMR

(CDCl3): δ (ppm) 1.41 (s, 9H, C(CH3)3), 2.10 (s, 3H, CCH3), 5.14 (s, 1H, C(CH2), 5.44
(s, 1H, CCH2), 6.05 (s, 1H, OH), 6.82 (t, 1H, J = 7.6 Hz, aromatic para to OH), 6.98 (dd,
1H, J = 7.5 and 1.5 Hz, aromatic ortho to isopropenyl), 7.17 (dd, J = 7.8 and 1.2, 1H,
aromatic ortho to tBu).
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C NMR (CDCl3): δ (ppm) 24.8 (C=CCH3), 29.5 (C(CH3)3), 34.9

(C(CH3)3), 116.3 (isopropenyl CH2), 119.2 (aromatic C-isopropenyl), 125.3 (aromatic
para to OH), 125.9 (aromatic ortho to isopropenyl), 129.4 (aromatic ortho to tBu), 136.0
(aromatic C-tBu), 142.6 (C=CCH3), 150.3 (C-OH). FTIR (NaCl): 3509s, 3081w, 2999m,
2959s, 2930s, 2872s, 1628m, 1484m, 1455s, 1432s, 1391m, 1375m, 1363m, 1338s,
1309w, 1264m, 1232s, 1187m, 1150m, 1105w, 1086m, 913m, 825w, 798m, 747s cm-1.
2-tert-butyl-6-isopropylphenol (15) was synthesized by the hydrogenation of 2-tertbutyl-6-isopropenylphenol (27). A 50 mL flask was placed under nitrogen and 2-tertbutyl-6-isopropenylphenol (2.50 g, 13.2 mmol) was added. While under nitrogen 10%
Pd/C (0.140 g, 0.132 mmol) was quickly added and hydrogen was admitted into the
flask by means of a needle-fitted balloon. The reaction was stirred overnight. The
solution was then poured into a separatory funnel and distilled water (60 mL) added.
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The hexanes phase was separated and the water layer was extracted with
dichloromethane (2 x 20 mL). The combined extracts were dried with magnesium
sulfate and vacuum filtered with a coarse sintered glass funnel. The solvent was then
removed by rotary evaporation. The remaining starting material was removed by silica
gel column chromatography using 5% EtOAc/hexanes to give a clear liquid. Further
purification by distillation (80 °C, 0.1 torr) yielded 15 (1.9 g, 10 mmol) in 76% yield, with
an overall yield of 16% from 2-tert-butylphenol (24). 1H NMR (C6D6): δ (ppm) 1.01 (d,
6H, J = 6.8 Hz, CH(CH3)2), 1.49 (s, 9H, C(CH3)3), 2.49 (sept, 1H, J = 6.8 Hz, CH(CH3)2),
4.51 (s, 1H, OH), 6.89 (t, 1H, J = 7.7 Hz, H para to OH), 6.99 (dd, 1H, J = 7.7 and 1.6
Hz, aromatic H), 7.19 (dd, 1H, J = 7.8 and 1.5 Hz, aromatic H).
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C NMR (CDCl3): δ

(ppm) 22.8 (CH(CH3)2), 26.9 (CH(CH3)2), 29.9 (C(CH3)3), 34.5 C(CH3)3), 120.1 (para to
OH), 123.6 (ortho to tBu, meta to OH), 124.4 (ortho to iPr, meta to OH), 133.6 (C-tBu),
135.6 (C-iPr), 151.6 (C-OH). FTIR (NaCl): 3617m, 3575m, 2962s, 2873s, 1588w,
1484w, 1462m, 1434s, 1392w, 1362 m, 1312m, 1266w, 1206m, 1177m, 1149m, 1113w,
1097w, 1054w, 912w, 857w, 820w, 793w, 747s cm-1.
3,3'-Di-tert-butyl-5,5'-diisopropyldiphenoquinone (28) was synthesized using a
modified procedure based on the work of de Jonge, van Dort and Vollbracht.12 2Isopropyl-6-tert-butylphenol 15 (0.420 g, 2.18 mmol) was weighed into a 25 mL flask
and a stir bar added. Acetic acid (5 mL) was then added followed by the addition of
PbO2 (0.750 g, 3.14 mmol). The mixture was stirred overnight, then a solution of 3%
hydrogen peroxide (5 mL) was added to the flask and the contents poured into a
separatory funnel. The organic layer was extracted with dichloromethane (3 x 5 mL) and
35

the extracts combined, dried with magnesium sulfate, and vacuum filtered with a coarse
sintered glass funnel. The solvent was removed by rotary evaporation and the resulting
solid was recrystallized from hexane to give maroon elongated plates of the pure trans
(E) isomer (0.564 g, 1.48 mmol) in a 68% yield. mp: 183-185 °C. 1H NMR (CDCl3): δ
(ppm) 1.19 (d, 12H, J = 6.9 Hz, CH(CH3)2), 1.38 (s, 18H, C(CH3)3), 3.24 (sept, 2H, J =
7.0 Hz, CH(CH3)2), 7.61 (d, 2H, J = 2.5 Hz, ring CH), 7.76 (d, 2H, J = 2.6 Hz, ring CH).
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C NMR (C6D6): δ (ppm) 22.1 (CH(CH3)2), 28.0 (CH(CH3)2), 29.5 (C(CH3)3), 36.1

(C(CH3)3), 124.8 (C para to C=O), 126.7 (C meta to C=O, ortho to tBu), 126.8 (C meta
to C=O, ortho to iPr), 136.5 (C-iPr), 149.7 (C-tBu), 185.7 (C=O). FTIR (C6H6): 3100w,
3049w, 2962m, 2871w, 2361w, 2341w, 1600s, 1368w, 1081w, 898w cm-1. UV/vis
(C6H6) λmax/nm (ɛ/dm3 mol-1 cm-1): 428 (1.2 x 107). Anal. Calcd for C26H36O2: C, 82.06;
H, 9.53 found: C, 81.97; H, 9.68.
3,3'-Di-tert-butyl-4,4'-dihydroxy-5,5'-diisopropyldiphenyl (29) was synthesized by
the addition of sodium borohydride (19.2 mg, 0.508 mmol) to 3,3'-di-tert-butyl-5,5'diisopropyldiphenoquinone 28 (38.7 mg, 0.102 mmol) in ether. The reaction was stirred
for 30 minutes. The solution was poured into a separatory funnel and water added (5
mL). The water layer was then acidified to a pH of 4 by the addition of 1M HCl (10 mL).
The organic layer was extracted with dichloromethane (3 x 5 mL) and the extracts
combined, dried with magnesium sulfate, and vacuum filtered with a coarse sintered
glass funnel. The solvent was removed by rotary evaporation to give a yellow solid (37.2
mg, 0.0972 mmol) in 96% yield. Recrystallization from hexane gave yellow cubes (33.4
mg, 0.0873 mmol) in 86% yield. mp: 164-165 °C. 1H NMR (C6D6): δ (ppm) 1.33 (d, 12H,
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J = 6.9 Hz, CH(CH3)2), 1.47 (s, 18H, C(CH3)3), 3.10 (septet, 2H, J = 6.9 Hz, CH(CH3)2),
4.95 (s, 2H, OH), 7.20 (d, 2H, J = 2.2 Hz, H ortho to iPr), 7.28 (d, 2H, J = 2.2 Hz, H ortho
to tBu).
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C NMR (C6D6): δ (ppm) 22.9 (CH(CH3)2), 27.2 (CH(CH3)2), 30.2 (C(CH3)3),

35.0 (C(CH3)3), 123.0 (CH ortho to tBu), 124.3 (CH ortho to iPr), 134.0 (C para to OH),
135.5 (C-tBu), 136.3 (C-iPr), 151.1 (C-OH). FTIR (C6H6): 3630w, 3586s, 3089w, 3050w,
2963s, 2872m, 2361w, 2340w, 1815w, 1521w, 1479m, 1435s, 1392w, 1362w, 1308m,
1246w, 1231w, 1197s, 1154s, 1102m, 1036w, 872w, 769w, 695w, 661w cm-1. UV/vis
(C6H6) λmax/nm (ɛ/dm3 mol-1 cm-1): 278 (1.6 x 104). Anal. Calcd for C26H38O2: C, 81.62;
H, 10.01 found: C, 81.40; H, 10.08.
2-tert-butyl-6-isopropylquinone (30) was synthesized following a modified procedure
of Petranek & Pilar.6 2-tert-butyl-6-isopropenylphenol 15 (0.650 g, 3.38 mmole) was
weighed into a 250 mL recovery flask. Acetone (100 mL) was then added followed by
the addition of potassium nitrosodisulphonate, Fremy’s salt (0.250 g, 0.932 mmol) and
potassium phosphate monobasic (0.25 mL, 0.125 M, 0.031 mmol). The reaction was
stirred overnight. The solution was then poured into a separatory funnel and distilled
water (60 mL) added. The organic phase was separated and the water layer was
extracted with dichloromethane (2 x 20 mL). The combined extracts were dried with
magnesium sulfate and vacuum filtered with a coarse sintered glass funnel. The solvent
was then removed by rotary evaporation. The remaining starting material was removed
by silica gel column chromatography using 5% EtOAc/hexanes to give an orange liquid
(0.599 g, 2.91 mmole) in 86% yield. 1H NMR (C6D6): δ (ppm) 0.79 (d, 6H, J = 6.8 Hz,
CH(CH3)2), 1.08 (s, 9H, C(CH3)3), 3.10 (sept d, 1H, J = 6.9 and 1.2 Hz, CH(CH3)2), 6.29
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(dd, 1H, J = 2.6 and 1.2 Hz, ortho to iPr), 6.41 (d, 1H, J = 2.4 Hz, ortho to tBu). 13C NMR
(C6D6): δ (ppm) 21.3 (CH(CH3)2), 27.0 (CH(CH3)2), 29.1 (C(CH3)3), 35.2 (C(CH3)3),
129.1 (C-iPr), 131.2 (C-tBu), 155.8 (C-CiPr), 156.2 (C-CtBu), 187.3 (C=O), 188.2 (C=O).
FTIR (C6H6): 2967m, 1817m, 1655s, 1602w, 1478w, 1305m, 1037w, 919w, 696s, 481s,
411s cm-1.
2-tert-butyl-6-isopropylhydroquinone (31) was synthesized following a modified
procedure of Petranek & Pilar.6 2-tert-butyl-6-isopropylquinone 30 (0.250 g, 1.21 mmol)
was weighed into a 25 mL recovery flask. Acetic acid (5 mL) was added, followed by the
addition of zinc powder (0.237 g, 3.63 mmol). The solution was stirred for 1 hour. The
solution was then poured into a separatory funnel and distilled water (10 mL) added.
The water layer was extracted with dichloromethane (2 x 10 mL). The combined
extracts were dried with magnesium sulfate and vacuum filtered with a coarse sintered
glass funnel. The solvent was then removed by rotary evaporation. Recrystallization
from hexanes yielded a white solid (0.197 g, 0.946 mmol) in a 78% yield. 1H NMR
(CDCl3): δ (ppm) 1.24 (d, 6H, J = 6.6 Hz, CH(CH3)2), 1.40 (s, 9H, C(CH3)3), 3.04 (sept,
1H, J = 6.8 Hz, CH(CH3)2), 4.32 (s, 1H, OH), 4.51 (s, 1H, OH), 6.57 (d, 1H, J = 2.9 Hz,
aromatic), 6.64 (d, 1H, J = 3.3 Hz, aromatic).
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C NMR (CDCl3): δ (ppm) 22.8

(CH(CH3)2), 27.1 (CH(CH3)2), 29.8 (C(CH3)3), 34.6 (C(CH3)3), 110.1 (ortho to OH), 111.6
(ortho to OH), 135.3 (C-tBu), 137.4 (C-iPr), 145.4 (C-OH), 148.8 (C-OH). FTIR (KBr):
3306s, 2963s, 2870m, 2353w, 1731w, 1714w, 1601m, 1538w, 1470m, 1463m, 1456m,
1444m, 1299m, 1190s, 969m, 859m, 787m, 758w cm-1.
General X-ray Crystal Structure Information:
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The crystallographic data and details of the data collection and refinement of complexes
28 and 29 are given in Tables 1.8 and 1.9. Absorption corrections were applied by
SADABS.26 The X-ray structures of 28 and 29 were solved by direct methods and
subsequent difference Fourier syntheses and refined by full matrix least-squares
methods against F2 (SHELX 97).23 The program ORTEP3224 was used to generate the
X-ray structural diagrams pictured in this Chapter.
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Table 1.8 Crystallographic data for 3,3'-di-tert-butyl-5,5'-diisopropyldiphenoquinone (28)

Formula
FW
cryst syst
Space group
T, K
a, Å
b, Å
c, Å
α, deg
β, deg
γ, deg
V, A3
Z
dcalcd g·cm-3
µ, mm-1
refl collected
Tmin / Tmax
Nmeasd
[Rint]
R [I>2sigma(I)]
R (all data)
Rw [I>2sigma(I)]
Rw (all data)
GOF

28
C26H36O2
380.55
Monoclinic
P2(1)/n
213(2)
10.617(7)
10.752(7)
11.030(7)
90
114.874(10)
90
1142.2(13)
2
1.106
0.068
6616
0.9746
1997
[0.0492]
0.0688
0.0929
0.1904
0.2041
1.137
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Table 1.9 Crystallographic data for 3,3'-di-tert-butyl-4,4'-dihydroxy-5,5'diisopropyldiphenyl (29) .
Formula
FW
cryst syst
Space group
T, K
a, Å
b, Å
c, Å
α, deg
β, deg
γ, deg
V, A3
Z
dcalcd g·cm-3
µ, mm-1
refl collected
Tmin / Tmax
Nmeasd
[Rint]
R [I>2sigma(I)]
R (all data)
Rw [I>2sigma(I)]
Rw (all data)
GOF

29
C26H38O2
382.56
Monoclinic
Cc
213(2)
21.022(4)
43.067(8)
10.4423(19)
90
95.145(5)
90
9416(3)
16
1.079
0.066
35322
0.994
19351
[0.0321]
0.0677
0.1074
0.1785
0.2121
1.159
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Chapter 2 Synthesis and Characterization of Bismuth Aryloxides
2.1 Introduction
Bismuth is a silver colored metal that was last produced domestically in 1997 as a
byproduct of lead refining.27 It has a relatively high electrical resistance (1.29 µΩ·m at
20 °C), and when deposited on a substrate in thin layers, bismuth acts as a
semiconductor.28 Bismuth is the least abundant, but also the heaviest, element in group
15 (nitrogen family). The 6s electrons are relatively inert while the three 6p electrons are
active due to the relativistic effect.29 The most common oxidation state of bismuth is +3.
The Bi(V) ion is very unstable when compared to the other group 15 M(V) ions, for M =
phosphorus, arsenic and antimony.
In contrast to arsenic and antimony, bismuth has a very low toxicity, with the LD50
value reported to be 10,000 (mg/kg) (mouse, oral).30 Due to the low toxicity, bismuth
compounds have been safely used in many pharmaceutical applications, including
gastrointestinal medications31 and radioisotope therapy.32 It has also been used as a
lead replacement in many materials and is prevalent in oxide ion conductors,33
ferroelectric materials,34 catalysts,35-37 and superconductors.38-39
Our group is especially interested in bismuth alkoxides as models for the Bi/Mo
oxide catalysts that are used in the SOHIO process.

The Standard Oil of Ohio

Company (SOHIO) process is an industrial process in which the oxidation and
ammoxidation of propene (33) produce acrolein (34) and acrylonitrile (35) (Scheme 2.1).
In 2008, approximately 6.2 million tons of acrylonitrile were produced worldwide by this
process.40 In 1996, the SOHIO process was recognized as an ACS National Historical
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Chemical Landmark.41 One year before, the first nylon plant built by DuPont, at Seaford,
Delaware, was given the same recognition.42

Oxidation of propene to produce acrolein:
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+ O2
C
H
H

cat.

H
C
H

33

H
C

C
H

O

H2O

+

34

Ammoxidation of propene to produce acrylonitrile:
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Scheme 2.1 Oxidation and ammoxidation of propene.

The SOHIO process uses a multicomponent catalyst based on Bi2O3•MoO3.43-44
Bismuth has been shown to be necessary in the rate determining step as well as later
steps of this catalytic cycle.35 Several research groups have substantiated the role of
bismuth in heterogeneous systems, and the Limberg group45-46 was the first to report
examples of homogeneous molybdenum/bismuth alkoxide complexes.35 However, our
group was the first to describe a molecular bismuth model system with reactivity similar
to the SOHIO process, using bismuth aryloxides as a model system.5 This work
represents the first experimental support that the fundamental step in SOHIO propylene
activation involves Bi(III)–O bond homolysis to form Bi(II), as previously discussed in
Chapter 1. Due to this model system being easily accessed and modified, it opens the
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pathway to further investigations of the nature of the bismuth(II) radical as well as the
basic reaction type.
In reviewing the role of bismuth in the SOHIO process, it is clear that bismuth is
involved in the initial activation of propene, but the mechanistic details at the bismuth
site, including its oxidation state over the course of the activation, are still
controversial.35
Several mechanisms for the fundamental step in the SOHIO process have been
proposed. Our group is specifically interested in the mechanism proposed by Grasselli
that involves the formation of unstable Bi(II) radicals (Scheme 2.2).47-48

H
M

O III Mo O
Bi
M
O
O
O
O

M =

O

O O
Mo

or

OH

O
BiII Mo O
O
O
O
O
O

Bi

Scheme 2.2 Proposed mechanism of the SOHIO propene activation.47-48

To further understand this mechanism, kinetic studies are needed. However, kinetic
studies on the actual industrial process are extremely complicated, partly as a result of
the heterogeneous nature of the process.
mechanistic studies.

Thus, model systems are required for

We had previously observed that the 2,6-diisopropylphenoxy

complex decomposed too slowly at 135 °C while 2,6-di-tert-butylphenoxy complexes
decomposed too fast at 25 °C, as discussed in Chapter 1.5

In an effort to obtain
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convenient kinetic rates, we chose to study a phenoxy bismuth complex with one tertbutyl and one isopropyl group on the aryl ring. We anticipated that 2-tert-butyl-6isopropylphenol (15) would give a corresponding bismuth aryloxide that would
decompose at an intermediate rate. Inspired by the synthesis of numerous known
bismuth aryloxide complexes,49 we aimed to synthesize the bismuth phenoxide of 15.
We also wanted to continue our study of the twelve bismuth phenoxides that had been
previously synthesized and fully characterized in the group49 in hopes of observing
interesting decomposition products.
2.2 Synthesis and characterization of bismuth 2-tert-butyl-6-isopropylphenoxide
Three different methods have been utilized to synthesize bismuth 2-tert-butyl-6isopropylphenoxide.

When the bismuth amide Bi[N(SiMe3)2]3 36, made from the

reaction of bismuth trichloride and lithium amide LiN(SiMe3)2,50 is reacted with 2-tertbutyl-6-isopropylphenol 15, no reaction occurs. However, when heated to 85 °C, the
putative Bi(OAr)3 product 37 immediately decomposes to the starting phenol 15
(Scheme 2.3). We have been unable to isolate the bismuth complex using this method.

BiCl3 + LiN(SiMe3)2

ether
12 h

85 °C

Bi[N(SiMe3)2]3 +
36

OH

OH

15

Bi(OAr)3
37

15

Scheme 2.3 Attempted synthesis of bismuth 2-tert-butyl-6-isopropyl phenoxide.
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When bismuth tert-butoxide 38, made from the reaction of bismuth trichloride and
sodium tert-butoxide,51 is reacted with 2-tert-butyl-6-isopropylphenol (15) in hexane for
12 hours, the corresponding di-substituted bismuth phenoxide tBuOBi(OAr)2 39 is
obtained (Scheme 2.4).

BiCl3 + NaOtBu
ether
12 h

OH
pentane
12 hrs.

Bi(OtBu)3 +
38

tBuO

Bi

O

15

2
39

Scheme 2.4 Synthesis of tBuOBi(O-2-tBu-6-iPrC6H2)3 (39).

We have been unable to obtain satisfactory elemental analysis of 39 but have
obtained X-ray quality crystals via recrystallization from a 1:1:1 mixture of
hexanes:DME:THF. Complex 39 crystallized as a dimeric structure as shown (Figure
2.1, Table 2.1).
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Figure 2.1 ORTEP drawing of structure 39. Thermal ellipsoids shown at 50% probability.
Hydrogens are omitted for clarity.

Table 2.1 Selected bond lengths and angles of 39
Bond
Distance (Å)
Bond
Angles (°)
Bi(1)-O(3)
2.092(8)
O(3)-Bi(1)-O(1)
96.8(3)
Bi(1)-O(1)
2.118(8)
O(3)-Bi(1)-O(2)
95.1(3)
Bi(1)-O(2)
2.165(8)
O(1)-Bi(1)-O(2)
93.0(4)
O(1)-C(1)
1.389(15)
C(1)-O(1)-Bi(1)
118.9(7)
O(3)-C(27) 1.453(14)
C(14)-O(2)-Bi(1) 121.2(7)
C(27)-O(3)-Bi(1) 129.5(7)
O(2)-C(14) 1.371(15)
Bi(1)-O(3)-Bi(1')
109.4(4)
Bi(1)...Bi(1') 4.028(1)
2.820(1)
O(3)-Bi(1)-(O3')
70.6(3)
Bi(1)-O(3')

When bismuth phenoxide 39 was heated in C6D6 to 95 °C for 12 hrs in a sealed
NMR tube, decomposition to the corresponding E and Z isomers of 3,3'-di-tert-butyl5,5'-diisopropyldiphenoquinone (28) was observed by 1H NMR (Scheme 2.5).
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Scheme 2.5 Decomposition products of 39.

To obtain what is believed to be the tri-substituted Bi(OAr)3 product 37, the lithium
salt of 2-tert-butyl-6-isopropylphenol (40) was first made by the reaction of 2-tert-butyl-6isopropylphenol (15) with n-butyllithium. The lithium salt 40 was then reacted with
bismuth trichloride (BiCl3) in ether at room temperature for 1 hr (Scheme 2.6). We have
been unable to isolate this product (37) in pure form. The 1H NMR spectrum shows no
OH hydrogen, and the spectrum is consistent with that of Scheme 2.6.

OH

OLi
BuLi

15

+

BiCl3

ether
1 hr.

Bi

O

40

3

37

Scheme 2.6 Synthesis of Bi(O-2-tBu-6-iPrC6H2)3 (37).
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2.3 Synthesis of Previously Synthesized Bismuth Aryloxides
In hopes of finding interesting decomposition products of bismuth aryloxides, twelve
bismuth aryloxides that had been previously synthesized and fully characterized in our
group49 were re-synthesized and their decomposition studied by three tests; photolysis,
thermal stability, and shelf life.
Bismuth aryloxides Bi(O-2-tBuC6H4)3 (41), Bi[O-2,6-(C6H5)2C6H3]3 (42),

Bi[O-2,6-

(CH2C6H5)2C6H3]3 (43), Bi[O-2-(CH2CH=CH2)C6H4]3 (44), Bi[O-2-(CH=CHCH3)C6H4]3
(45),

Bi[O-2-OCH3-6-(CH2CH=CH2)C6H3]3

(46),

and

Bi[O-2-OCH3-4-

(CH2CH=CH2)C6H3]3 (47) were synthesized by the reaction of bismuth amide
Bi[N(SiMe3)2]3 and the corresponding commercially available phenol (Scheme 2.7).
Since the starting phenols for preparation of the bismuth aryloxides Bi[(O-2,6-iPr2-4ClC6H2)]3 (48),52 Bi[(O-2,6-iPr2-4-BrC6H2)]3 (49),52 and Bi[O-2,6-iPr2-4-(OCH3)C6H2]3
(50)6,13,53 are not commercially available, the phenols were first synthesized via known
procedures6,13,50,52-53 then reacted with bismuth amide Bi[N(SiMe3)2]350 (Scheme 2.7).

OH

Bi[N(SiMe3)2]3 +

R

R
R

pentane
12 hrs.

Bi O
R

3

Scheme 2.7 Synthesis of bismuth aryloxides 41-50.

The phenol for the preparation of Bi[(O-2,6-iPr2-4-ClC6H2)]3 (48) was synthesized by
chlorination of 2,6-diisopropylphenol following the procedure of Wheatley and
Holdrege.52 2,6-diisopropylphenol was refluxed in sulfuryl chloride for 4 hours. The
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sulfuryl chloride was removed by distillation followed by distillation of 2,6-diisopropyl-4chlorophenol to give a pure yellow oil in 85% yield.
2,6-Diisopropyl-4-bromophenol was synthesized by following a modified procedure
of Wheatley and Holdrege.52 Bromine was added to a solution of 2,6-diisopropylphenol
in hexane at 0 °C. Purification was performed by column chromatography followed by
distillation to give pure 2,6-diisopropyl-4-bromophenol in a 92% yield.
2,6-diisopropyl-4-methoxyphenol was synthesized by a three-step procedure. First,
2,6-diisopropylphenol was oxidized to 2,6-diisopropyl-p-benzoquinone with PbO2.13
Reduction to 2,6-diisopropyl-p-hydroquinone was achieved by the addition of Zn
powder.53 Selective mono-methylation with dimethyl sulfate under basic conditions
yielded 2,6-diisopropyl-4-methoxyphenol with an overall yield of 20%.6
Bismuth aryloxides Bi[(O-2,4,6-tBu3C6H2)]3 (51) and ClBi[(O-2,4,6-tBu3C6H2)]2 (52)
were synthesized by reaction of the corresponding lithium salt with bismuth trichloride
(BiCl3) in ether (Scheme 2.8). To obtain the bismuth aryloxide 51 the ratio of lithium salt
to BiCl3 was 2:1 and the reaction was stirred for 1 hour in ether, filtered and placed in a
-30 °C freezer to obtain yellow crystals. When a 1:1 ratio was used and the reaction was
stirred for 12 hrs in ether, filtered and placed in a -30 °C freezer, red crystals of 52 were
obtained.
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OH
+ BuLi

2:1
ether
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52

BiCl3

Scheme 2.8 Synthesis of bismuth aryloxides 51 and 52.

2.4 Stability of Previously Synthesized Bismuth Aryloxides
Three stability tests were performed on bismuth aryloxides (41-52): shelf life,
photolysis, and thermal stability were all monitored by 1H NMR spectroscopy. All twelve
bismuth aryloxides showed no change in their 1H NMR spectra after being in a sealed
ampule in their solid form in the glovebox for 1 month. All twelve compounds were
stable to photolysis in CD3CN solution (monitored by 1H NMR) when irradiated for 10
minutes, with the exception of Bi(O-2,6-iPr2-4-BrC6H2)3 (49), which decomposed to
3,3’,5,5’-tetra-isopropyldiphenoquinone (Scheme 2.9). The same diphenoquinone is
obtained upon photolysis of 4-bromo-2,6-diisopropylphenol (Scheme 2.9).

51

Bi

O

Br
3
49

hν
CD3CN

HO

Br

O

O

12

Scheme 2.9 Photolysis of 49 and the corresponding phenol to yield 3,3’,5,5’-tetraisopropyldiphenoquinone (12).

The thermal decomposition in C6D6 was studied using 1H NMR. The twelve bismuth
aryloxides decomposed over a wide temperature range as shown in Table 2.2. All
compounds were stable for up to 3 days at 45 °C. The decomposition temperature,
defined as the temperature at which there was no bismuth complex observable by 1H
NMR, of each bismuth aryloxide is shown in Tables 2.2 and 2.3. All bismuth aryloxides
decomposed to the corresponding phenol with the exception of Bi[(O-2,6-iPr2-4BrC6H2)]3 (49), which decomposed to the corresponding oxidation byproduct, 3,3’,5,5’tetra-isopropyl-4,4’-diphenoquinone (12) as well as phenol when heated at 95 °C for 3
days. Product 12 is consistent with the formation of phenoxy radical during
decomposition.5 A proposed mechanism is shown below (Scheme 2.10) where upon
heating, the PhO-BiIII bond is broken to give a BiII radical and an oxygen centered
radical 53 of the corresponding phenol. The BiII radical disproportionates to Bi0 and BiIII
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products. A resonance structure of 53 can be drawn (54) where the radical is centered
on

the

carbon

to

para

the

oxygen.

Two

radicals

combine

to

give

dibromodiphenoquinone (55). Upon loss of bromine the corresponding diphenoquinone
12 is obtained.

Bi0 + BiIII
iPr

Bi
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BiII radical

Br

+

i

O
i

3

Br

O

Pr

iPr

Br

iPr

53

49

Pr

54
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iPr

iPr

Br
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O

iPr

iPr

12

O
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O
Br

iPr

55

Scheme 2.10 Proposed mechanism of the formation of diphenoquinone 12 upon thermolysis of
Bi[(O-2,6-iPr2-4-BrC6H2)]3 (49).
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Table 2.2 Decomposition of bismuth aryloxides 41-46
Cmpd

Bi aryloxide

Decomp. temp. (°C)

Decomp. product
OH

41

Bi

95

O
3

42

Bi

OH

Stable to 135 °C.
Exposure to air:

O

3

OH

43

Bi

O

135

3
OH

75

44
Bi

O
3
OH

95

45
Bi

O
3

OH

46

Bi

135

O

H3CO

H3CO
3

54

Table 2.3 Decomposition of bismuth aryloxides 51-56
Cmpd

Bi aryloxide

Decomp. temp (°C) Decomp. product
OH

Bi

O

47

OCH3

Stable to 135 °C.
Exposure to air:

H3CO
3

OH

Bi

48

O

Cl

75
Cl

3

O

49

Bi

O

O

95

Br

OH

3
Br
OH

50

Bi

O

OCH3

75
OCH3

3

OH

51

Bi

75

O
3

OH

52

Cl Bi

O

95
55
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2.5 Formation of hexadiene via the 2,4,6-tert-butylphenoxyl radical
In hopes of obtaining a direct link between bismuth aryloxide decomposition and the
SOHIO process, we envisioned a reaction where the 2,4,6-tri-tert-butylphenoxyl radical
(56) generated from the decomposition of Bi(O-2,4,6-tBu3C6H2)3 (51) reacts with
propene gas in situ to form the corresponding hexadienes (Scheme 2.11).

+
Bi

decomp.

O

O

+

3
55

+
+

56

Scheme 2.11 Formation of hexadiene via a phenoxyl radical.

The bond dissociation energy of the 2,4,6-tri-tert-butylphenol O-H bond has been
calculated to be 81.24 kcal mol-1.20 A similar bond dissociation value of 88.8 kcal mol-1
has been calculated for the formation of the allyl radical from propene.54-55 We
envisioned two possible mechanisms to account for the formation of

various

hexadienes. The first step would involve formation of the propene radical via hydrogen
atom transfer to the phenoxy radical 56 from propene (Scheme 2.12).

56

H

H

C
H

O

OH
H

+

C
H

56

Scheme 2.12 Formation of a propene radical.

Two propene radicals can then join together to form a new bond via a radical coupling
reaction (Scheme 2.13).
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H
C C
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H

H
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C

H
H

H2C

CH2

Scheme 2.13 Addition of two propene radicals to form 1,5-hexadiene.

A mechanism by which 1,5-hexadiene can be isomerized is shown below (Scheme
2.14). Hydrogen atom transfer involving 1,5-hexadiene can lead to the formation of 1,4
and 1,3-hexadiene.
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Scheme 2.14 Isomerization of 1,5-hexadiene.

The 2,4,6-tri-tert-butylphenoxyl radical (56) was synthesized following a known
procedure.56

Under nitrogen, 2,4,6-tri-tert-butylphenol was added to a solution of

potassium ferricyanide and potassium hydroxide in water (Scheme 2.15). Upon removal
of solvent, a deep blue solid characteristic of the corresponding radical was present in
89% yield.
O

OH

K3Fe(CN)6
KOH, H2O

56

Scheme 2.15 Synthesis of 2,4,6-tri-tert-butylphenoxyl radical.56

Three procedures were utilized for the reaction of radical 56 with propene. Both gas
chromatography (GC) and

1

H NMR spectroscopy were used in the detection of

hexadienes. The radical was dissolved in benzene and placed under vacuum. A balloon
of propene was inserted and the reaction stirred overnight. Trace amounts of 1,4 and
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1,3-hexadiene and ~1% of 1,5-hexadiene were observed by gas chromatography but
not by 1H NMR (Scheme 2.16).

O

C6H6
12 hrs.

+
56

+

balloon

trace

+
trace

~ 1%

Scheme 2.16 Reaction of 56 + propene via balloon.

Trace 1,3-hexadiene was formed when propene was condensed onto radical 56 in
solid form in a pressure tube submerged in liquid nitrogen (Scheme 2.17). The liquid
propene reacted with 56 while under pressure at room temperature for 12 hours. The
pressure was then released, possibly causing partial loss of the volatile hexadienes,
and the sample was analyzed by GC. To avoid possible loss of hexadiene during the
release of pressure, the sample was cooled in a dry ice bath and opened slowly. Once
the pressure was released, the sample was allowed to warm to room temperature.
Analysis of the solid showed only 1,3-hexadiene by GC and no desired product by 1H
NMR.

O

C6H6
12 hrs.

+
56

liquid

trace amount
by GC only

Scheme 2.17 Reaction of 56 with liquid propene at rt.
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No hexadiene formation was seen by GC or 1H NMR when a sample of 56 was
dissolved in benzene and propene bubbled through the solution for 30 minutes
(Scheme 2.18).

O

C6H6
30 min.

+
56

no reaction

bubbled from
cylinder

Scheme 2.18 Reaction of 56 via bubbling from a gas cylinder.

Upon further analysis molecular weights equal to hexene were seen in the GC/MS
spectra using all three methods. Authentic samples of 1- and 2-hexene were analyzed
but did not match the peaks present in the propene reactions. Therefore, conclusive
results were not obtained.
We believe the lack of hexadiene formation is due to the stability of the 2,4,6-tri-tertbutylphenoxyl radical, which is derived from the well known radical inhibitor 2,4,6-tritert-butylphenol and is therefore not very reactive.56 The bond dissociation energy
(BDE) of 2,4,6-tri-tert-butylphenol is 81.24 kcal/mol,20 which is below that of the C-H
dissociation of propene (88.8 kcal/mol).54-55
2.6 Conclusion
We have synthesized and fully characterized a new di-substituted bismuth phenoxide,
t

BuOBi(OAr)2. We have described the systematic re-synthesis of a large number of

bismuth aryloxides and their stabilities have been studied in three different ways. Due to
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the stability of the 2,4,6-tri-tert-butylphenoxyl radical, however, dimerization of propene
was not observed.
2.7 Experimental
All manipulations were performed inside a glovebox under nitrogen atmosphere. 2-tertButylphenol, 2,6-diphenylphenol, 2-allylphenol, 2-propenylphenol, o-eugenol, eugenol,
and 2,6-diisopropylphenol were purchased from Aldrich and stored in the glovebox over
4 Å molecular sieves. All four hexadienes were purchased from Aldrich. Bismuth(III)
chloride was purchased from Strem and recrystallized from anhydrous ether.
Bi[(N(SiMe3)2)],50 Bi(OtBu)3,51 2,6-diisopropyl-4-bromophenol,52 and 2,6-diisopropyl-4chlorophenol52 were synthesized as reported in the literature. THF was freshly distilled
from Na/benzophenone, and benzene was filtered through activated alumina and a Cubased oxygen absorbent as described by Grubbs.57 Anhydrous pentane and diethyl
ether were purchased from Aldrich. All these solvents were stored inside the glovebox
over 4 Å molecular sieves for at least 48 h before use. NMR solvents (C6D6 and CDCl3)
were degassed and dried with CaH2. The melting points of the compounds were
observed in sealed capillary tubes on a Mel-Temp apparatus (Laboratory Devices,
Cambridge, MA). 1H and 13C NMR spectra were recorded on a Varian Mercury Plus 300
MHz spectrometer. Filtration was done with a medium pore sintered glass frit. The
yields reported are from pure isolated products. 2,6-Dibenzylphenol was either
purchased from Frinton Laboratories, Inc., or synthesized in two steps.13,58 2,6dibenzylidenecyclohexanone was synthesized by an aldol condensation reaction
between cyclohexanone and benzaldehyde.13 Rearrangement of the isolated product
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over Pd/C formed 2,6-dibenzylphenol.58 The product was formed in 48% overall yield
and was confirmed by comparison of its 1H and

13

C NMR spectra with the literature.58

Photolysis was performed using a Rayonet photochemical reactor manufactured by The
Southern New England Ultraviolet Company. A 10 mg portion of each Bi(OAr)3 was
placed in a quartz NMR tube, and 0.6 mL CD3CN was added. The tube was placed in
the photochemical reactor for 10 min. All compounds showed no change in the NMR
spectrum with the exception of Bi(O-2,6-iPr-4-BrC6H2)3. Solution decomposition of each
compound was studied using 1H NMR spectroscopy. A 10 mg portion of each Bi(OAr)3
was sealed under vacuum in an NMR tube with 0.6 mL C6D6. The sample was then left
at room temperature for 3 days, then heated in an isotemp oil bath to 45, 75, 95 and
135 °C for 3 days each.
GC analysis was performed on a Hewlett-Packard 5890. A hydrogen carrier at 40
cm/sec and a split injection with a 40:1 ratio were used. The injection port was 250 C
and the FID detector 250 C. The column was 30 m x 0.25 mm ID with a 0.25 µm film of
HP-5 (5% phenylmethyl silicone, bonded).
t

BuOBi(O-2-tBu-6-iPrC6H3)2 (39) was synthesized by the addition of 2-tert-butyl-6-

isopropylphenol (0.250 g, 1.30 mmol) in 5 mL of pentane to a solution of Bi(OtBu)3
(0.306 g, 0.716 mmol) in 10 mL of pentane. The yellow solution obtained was allowed to
stir overnight. Solvent was then removed under vacuum, and the solid produced was
washed with pentane (2 x 3 mL) and dried under vacuum to obtain a yellow solid (0.300
g, 0.451 mmol, 69% yield). mp: 109-111 °C (dec). 1H NMR (C6D6): δ (ppm) 1.01 (s, 9H,
O-C(CH3)3), 1.31 (d, 7H, J = 6.9 Hz, CH(CH3)2), 1.34 (d, 7H, J = 6.6 Hz, CH(CH3)2),
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1.59 (s, 18H, C(CH3)3), 3.88 (sept, 2H, J = 6.6 Hz, CH(CH3)2), 6.85 (t, 2H, J = 7.6 Hz,
aromatic para to O), 7.25 (dd, 2H, J = 1.5 and 7.6 Hz, aromatic), 7.39 (dd, 2H, J = 1.7
and 7.8 Hz, aromatic). High integrations of isopropyl methyls may be due to overlap with
residual solvent. 13C NMR (CDCl3): δ (ppm) 24.1 (Ar-C(CH3)2), 24.9 (Ar-CH(CH3)2), 27.7
(Ar-C(CH3)3), 32.0 (Ar-C(CH3)3), 35.1 (O-C(CH3)3), 35.6 (OC(CH3)3), 121.6 (aromatic,
para to O), 123.4 (aromatic ortho to tBu), 124.0 (aromatic ortho to iPr), 141.8 (aromatict

Bu), 142.0 (aromatic-iPr), 154.9 (aromatic-O). FTIR (C6H6): 2960s, 2867w, 1458m,

1433s, 1416s, 1361m, 1208s, 1175s, 1098w, 884w, 857w, 795w, 750m, 658w, 418s,
413m, 497m cm-1. UV/Vis (C6H6) λmax/nm (ɛ/dm3 mol-1 cm-1): 332 (6.0 x 103).
Bi(O-2-tBuC6H4)3 (41) was synthesized following the procedure of Kou and Wang.49 A
solution of 2-tert-butylphenol (0.45 g, 3.0 mmol) in 10 mL of pentane was added to a
solution of Bi[N(SiMe3)2]3 (0.69 g, 1.0 mmol) in 10 mL of pentane. The yellow solution
obtained was allowed to stir overnight. Solvent was then removed under vacuum, and
the solid produced was washed with pentane (2 x 3 mL) and dried under vacuum to
obtain a yellow solid (0.55 g, 0.84 mmol, 84% yield). mp: 125°C (dec). 1H NMR (C6D6):
δ (ppm) 1.54 (s, 27H, tBu), 6.83 (t, 3H, J = 8 Hz, ArH), 6.95 (d, 3H, J = 8 Hz, ArH), 7.05
(t, 3H, J = 8 Hz, ArH), 7.52 (d, 3H, J = 8 Hz, ArH). The product was spectroscopically
identical to that previously reported.49 Compound 45 was stable after heating for 3 days
at 75 °C. When heated at 95 °C for 3 days, most of the compound had decomposed to
the corresponding phenol. Additional heating at 135 °C for 3 days showed only a small
increase in phenol. The remaining bismuth product continued to be stable with no
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change in the NMR when the NMR tube was exposed to air for 5 min. After 12 h, the
NMR showed only the phenol product.
Bi[O-2,6-(C6H5)2C6H3]3

(42) was synthesized following the procedure of Kou and

Wang.49 A solution of 2,6-diphenylphenol (0.37 g, 1.5 mmol) in 10 mL of ether was
added to a solvent bomb (vacuum Schlenck tube) containing a solution of Bi[N
(SiMe3)2]3 (0.35 g, 0.51 mmol) in 10 mL of ether. The yellow solution was heated at 45
°C in an oil bath for 12 h. When the solution was cooled to room temperature, yellow
cubic shaped crystals were obtained and filtered out (0.41 g, 0.43 mmol, 87% yield).
mp: 133 °C (dec). 1H NMR (C6D6): δ (ppm) 6.71 (t, 3H, J = 8 Hz, para to O), 6.90-7.37
(m, 36H, ArH). The product was spectroscopically identical to that previously reported.49
Compound 46 was stable after heating for 3 days at 135 °C. Decomposition to the
corresponding phenol occurred when the NMR tube was exposed to air for 5 min.
Bi[O-2,6-(CH2C6H5)2C6H3]3 (43) was synthesized following the procedure of Kou and
Wang.49 A solution of 2,6-dibenzylphenol (0.41 g, 1.5 mmol) in 10 mL ether was added
to a solvent bomb containing a solution of Bi[N(SiMe3)2]3 (0.35 g, 0.51 mmol) in 10 mL
ether. The yellow solution was heated at 45 °C in an oil bath for 12 h, then solvent was
removed under vacuum to obtain yellow solid. The yellow solid was dissolved in ether
and put into a -33 °C freezer for recrystallization; yellow cubic crystals were obtained.
The supernatant was decanted and the crystals were dried under vacuum (0.45 g, 0.44
mmol, 87% yield). mp: 152-154 °C (dec). 1H NMR (C6D6): δ (ppm) 4.11 (s, 12H,
CH2Ph), 6.61 (t, 3H, J = 8 Hz, para to O), 6.92-7.16 (m, 36H, ArH). The product was
spectroscopically identical to that previously reported.49 Compound 47 was stable after
64

heating for 3 days at 95 °C. Decomposition to the corresponding phenol occurred after
heating the solution to 135 °C for 3 days.
Bi[O-2-(CH2CH=CH2)C6H4]3 (44) was synthesized following the procedure of Kou and
Wang.49 A solution of 2-propenylphenol (0.40 g, 3.0 mmol) in 10 mL of ether was added
to a solution of Bi[N(SiMe3)2]3 (0.69 g, 1.0 mmol) in 5 mL of ether. Yellow precipitate
formed after 30 min. After stirring overnight the precipitate was filtered out, washed with
pentane (2 x 3 mL), and dried under vacuum to obtain yellow powder (0.54 g, 0.89
mmol, 89% yield). m.p.: 113-116 °C (melt and dec). 1H NMR (CDCl3): δ (ppm) 3.20 (d,
6H, J = 6 Hz, CH2CH=CH2), 4.67 (d, 3H, J = 17 Hz, CH2CH=CH2), 4.82 (d, 3H, J = 10
Hz, CH2CH=CH2), 5.77 (m, 3H, CH2CH=CH2), 6.56 (d, 3H, J = 7Hz, ArH), 6.69 (t, 3H, J
= 7 Hz, ArH), 6.95 (t, 3H, J = 7 Hz, ArH), 7.07 (d, 3H, J = 7Hz, ArH). The product was
spectroscopically identical to that previously reported.49 Compound 48 was stable after
heating for 3 days at 75 °C. Decomposition to the corresponding phenol occurred after
heating the solution to 95 °C for 3 days.
Bi[O-2-(CH=CHCH3)C6H4]3 (45) was synthesized following the procedure of Kou and
Wang.49 A solution of 2-allylphenol (0.40 g, 3.0 mmol) in 10 mL of ether was added to a
solution of Bi[N(SiMe3)2]3 (0.69 g, 1.0 mmol) in 5 mL of ether. Yellow precipitate formed
at once. After stirring for 4 h, the precipitate was filtered out, washed with pentane (2 x 3
mL), and dried under vacuum to obtain yellow powder (0.48 g, 0.79 mmol, 79% yield).
mp: 110-113 °C (melt and dec). 1H NMR (C6D6): δ (ppm) 1.82 (d, 9H, J = 6 Hz,
CH=CHCH3), 6.01 (m, 3H, CH=CHCH3), 6.77 (t, 6H, J = 7 Hz, ArH), 7.07-6.95 (m, 6H,
ArH and one allyl proton overlapped), 7.50 (d, 3H, J = 8 Hz, ArH). The product was
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spectroscopically identical to that previously reported. Compound 49 was stable after
heating for 3 days at 45 °C. Decomposition to the corresponding phenol occurred after
heating the solution to 75 °C for 3 days.
Bi[O-2-OCH3-6-(CH2CH=CH2)C6H3]3 (46) was synthesized following the procedure of
Kou and Wang.49 A solution of o-eugenol (0.25 g, 1.5 mmol) in 10 mL of pentane was
added to a solution of Bi[N(SiMe3)2]3 (0.35 g, 0.51 mmol) in 5 mL of pentane. Yellow
precipitate formed immediately. After stirring for 5 h, the precipitate was filtered out and
dried under vacuum to obtain yellow powder (0.26 g, 0.37 mmol, 74% yield). mp: 131134 °C (melt and dec). 1H NMR (C6D6): δ (ppm) 3.09 (s, 9H, OCH3), 3.51 (d, 6H, J = 7
Hz, CH2CH=CH2), 5.06 (dd, 3H, J = 2 and 6 Hz, CH2CH=CH2), 5.18 (dd, 3H, J = 2 and 9
Hz, CH2CH=CH2), 6.19-6.10 (m, 3H, CH2CH=CH2), 6.25 (d, 3H, J = 8 Hz, ArH), 6.55 (t,
3H, J = 8 Hz, ArH), 6.94 (d, 3H, J = 8 Hz, ArH). The product was spectroscopically
identical to that previously reported.49 Compound 50 was stable after heating for 3 days
at 95 °C. Decomposition to the corresponding phenol occurred after heating the solution
to 135 °C for 3 days.

Bi[O-2-OCH3-4-(CH2CH=CH2)C6H3]3 (47) was synthesized following the procedure of
Kou and Wang.49 A solution of eugenol (0.25 g, 1.5 mmol) in 10 mL of pentane was
added to a solution of Bi[N(SiMe3)2]3 (0.35 g, 0.51 mmol) in 5 mL of pentane without
stirring. The solution became cloudy at once then became clear again after 30 min.
After 1 day undisturbed, needle-shaped crystals formed. These were filtered out and
dried under vacuum to obtain light yellow solid (0.26 g, 0.37 mmol, 74% yield). mp: 13166

133 °C (melt and dec). 1H NMR (C6D6): δ (ppm) 3.38 (s, 9H, OCH3), 3.25 (d, 6H,
CH2CH=CH2), 5.06-5.00 (m, 6H, CH2CH=CH2), 5.98-5.84 (m, 3H, CH2CH=CH2), 6.35
(s, ArH), 6.70 (d, 3H, J = 8 Hz, ArH), 7.04 (d, 3H, J = 8 Hz, ArH). The product was
spectroscopically identical to that previously reported.49 Compound 51 was stable after
heating for 3 days at 135 °C. Decomposition to the corresponding phenol occurred
when the NMR tube was exposed to air for 5 min.
Bi(O-2,6-iPr2-4-ClC6H2)3 (48) was synthesized following the procedure of Kou and
Wang.49 A solution of 2,6-diisopropyl-4-chlorophenol (0.32 g, 1.5 mmol) in 10 mL of
hexane was added to a solution of Bi[(N(SiMe3)2)]3 (0.35 g, 0.51 mmol) in 5 mL of
hexane. Yellow precipitate formed after 4 h. The suspension was stirred for another 8 h.
The precipitate was filtered out and washed with pentane (2 x 2 mL) and dried under
vacuum to obtain yellow powder (0.23 g, 0.27 mmol, 54% yield). mp: 163-165 °C (melt
and dec). 1H NMR (C6D6): δ (ppm) 1.02 (d, J = 6 Hz, 36H, CH3), 3.19 (septet, 6H, J = 6
Hz, CHMe2), 7.24 (s, 6H, Ar H). The product was spectroscopically identical to that
previously reported.49 Compound 52 was stable after heating for 3 days at 75 °C.
Decomposition to the corresponding phenol occurred at 95 °C.
Bi(O-2,6-iPr2-4-BrC6H2)3 (49) was synthesized following the procedure of Kou and
Wang.49 A solution of 2,6-diisopropyl-4-bromophenol (0.39 g, 1.5 mmol) in 10 mL of
pentane was added to a solution of Bi[(N(SiMe3)2)]3 (0.35 g, 0.51 mmol) in 5 mL of
pentane. Yellow precipitate was formed after 4 h. The suspension was stirred for
another 8 h. The precipitate was filtered out and washed with pentane (2 x 2 mL) and
dried under vacuum to obtain a yellow powder (0.33 g, 0.34 mmol, 67% yield). mp: 13067

132 °C (melt and dec). 1H NMR (C6D6): δ (ppm) 1.00 (d, 36H, J = 7 Hz, Me), 3.17
(septet, 6H, J = 7 Hz, CHMe2), 7.39 (s, 6H, ArH). The product was spectroscopically
identical to that previously reported.49 Compound 53 was stable at 75 °C in C6D6
solution for 3 days. Decomposition to phenol and 3,3’,5,5’-tetra-isopropylbiphenol
(approximately 9:1 ratio) occurred after heating the solution to 95 °C for 3 days. The
biphenol was identified by comparison to an authentic sample.
Bi[O-2,6-iPr2-4-(OCH3)C6H2]3 (50) was synthesized following the procedure of Kou and
Wang.49 A solution of 2,6-diisopropyl-4-methoxyphenol (0.31 g, 1.5 mmol) in 10 mL of
hexane was added to a solution of Bi[(N(SiMe3)2)]3 (0.35 g, 0.51 mmol) in 5 mL of
hexane. The yellow solution was stirred for 1 day. Yellow precipitate formed. The
precipitate was filtered out, washed with pentane (2 x 2 mL), and dried under vacuum to
obtain yellow powder (0.19 g, 0.23 mmol, 46% yield). mp: 65-69 °C (melt and dec). 1H
NMR (C6D6): δ (ppm) 1.25 (d, 36H, J = 7 Hz, CH3), 3.51 (s, 9H, OCH3), 3.51 (septet,
6H, J = 7 Hz, CHMe2), 6.89 (s, 6H, ArH). The product was spectroscopically identical to
that previously reported.49 Compound 54 was stable after heating for 3 days at 75 °C.
Decomposition to the corresponding phenol occurred at 95 °C.
Bi(O-2,4,6-tBu3C6H2)3 (51) was synthesized following the procedure of Kou and
Wang.49 A suspension of the lithium salt of 2,4,6-tri-tert-butylphenol (0.130 g, 0.484
mmol) in 5 mL of pentane was added to a suspension of BiCl3 (0.079 g, 0.25 mmol) in
2mL of pentane. The green suspension was stirred for 1 h. The black precipitate was
then filtered out, and the green solution was put into the freezer. After 12 h, a yellow
solid formed on the bottom of vial. The precipitate was filtered out and washed with cold
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pentane (2 x 2 mL) and dried under vacuum to obtain a yellow powder (0.12 g, 0.12
mmol, 75% yield). mp: 123-124 °C (dec). 1H NMR (C6D6): δ (ppm) 1.35 (s, 27H, parat

Bu), 1.49 (s, 54H, ortho-tBu), 7.42 (s, 6H, ArH). The product was spectroscopically

identical to that previously reported.49 Decomposition of compound 55 to the
corresponding phenol occurred after the solution was heated for 3 days at 75 °C.
ClBi(O-2,4,6-tBu3C6H2)2 (52) was synthesized following the procedure of Kou and
Wang.49 A suspension of the lithium salt of 2,4,6-tri-tert-butylphenol (0.069 g, 0.26
mmol) in 5 mL of pentane was added to a suspension of BiCl3 (0.079 g, 0.25 mmol) in 2
mL of pentane. The dark green suspension was stirred overnight. The black precipitate
was then filtered out, and the dark green solution was put into the -35 °C freezer. After
12 h, red solid formed on the bottom of vial. The precipitate was filtered out, washed
with cold pentane (2 x 2 mL), and dried under vacuum to obtain a red powder (0.040 g,
0.052 mmol, 40% yield). mp: 146-147 °C. 1H NMR (C6D6): δ (ppm) 1.39 (s, 18H, parat

Bu), 1.65 (s, 37H, ortho-tBu), 7.62 (s, 4H, ArH). High integrations of tert-butyl methyls

may be due to overlap with residual solvent. The product was spectroscopically identical
to that previously reported.49 Compound 56 was stable at 75 °C in C6D6 solution for 3
days. Decomposition to the corresponding phenol occurred after heating the solution to
95 °C for 3 days.
2,4,6-tri-tert-butylphenoxyl radical (56) was synthesized following the procedure of
Forrester.56 A solution of potassium ferricyanide K3Fe(CN)6 (3.94 g, 0.0120 mole) in
water (15 mL) and potassium hydroxide (0.6 g, 0.01 mol in 15 mL H2O) was stirred in
the presence of benzene (60 mL) for 1.5 hrs while under nitrogen. Under a steady flow
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of nitrogen 2,4,6-tri-tert-butylphenol (1.25 g, 4.76 mmol) was added and the reaction
stirred for 2 hrs. The deep blue organic phase was extracted into a round bottom flask
under nitrogen by cannula and 10 g (0.10 mol) of potassium carbonate that had been
freshly ignited and cooled under vacuum was added. The reaction was stirred for two
hours. The benzene was then removed by pump vacuum in a nitrogen atmosphere in
the glove box. A deep blue solid in 89% yield (1.10 g, 4.21 mmol) was obtained. 1H
NMR showed no peaks indicating no starting material was present. The mp (99-100 °C)
was consistent with the literature.56
General X-ray Crystal Structure Information:
The crystallographic data and details of the data collection and refinement of complex
39 are given in Table 2.4. Absorption corrections were applied by SADABS.26 The X-ray
structure of 39 was solved by direct methods and subsequent difference Fourier
syntheses and refined by full matrix least-squares methods against F2 (SHELX 97).23
The program ORTEP3224 was used to generate the X-ray structural diagram pictured in
this Chapter.
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Table 2.4 Crystallographic data for complex tBuOBi(O-2-tBu-6-iPrC6H2)3 (39)
t

formula
FW
cryst syst
space group
T, K
a, Å
b, Å
c, Å
α, deg
β, deg
γ, deg
V, Å3
Z
dcalcd, g·cm-3
µ, mm-1
refl collected
Tmin / Tmax
Nmeasd
[Rint]
R [I>2sigma(I)]
R (all data)
Rw [I>2sigma(I)]
Rw (all data)
GOF

BuOBi(O-2-tBu-6-iPrC6H2)3 (39)

C30H47BiO3
664.66
Triclinic
P-1
213(2)
10.407(4)
11.410(4)
14.045(5)
76.265(6)
76.736(5)
66.532(5)
1468.9(9)
2
1.503
6.028
7653
0.815
4209
[0.0850]
0.0616
0.0737
0.1600
0.1691
1.075
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Chapter 3 Kinetic Studies On the Decomposition of tBuOBi(O-2-tBu-6-iPrC6H2)2
3.1 Introduction
Our group has previously reported the formation of Bi(OAr)3 complexes with the
ortho substituents Me and iPr.5 Both complexes are stable for indefinite periods in the
absence of air. However, when 3 equiv. of Li(O-2,6-di-tert-butylphenyl) (10) is reacted
with BiCl3 under nitrogen atmosphere in dry solvent (THF, C6D6, ether), very different
behavior is observed. A yellow color is immediately evident, but this quickly darkens to
a black suspension and/or a bismuth mirror on the inside walls of the reaction vial
(Scheme 1.3).5 NMR analysis of the solution showed a mixture of 3,3′,5,5′-tetra-tertbutyl-4,4′-diphenoquinone (12), 3,3′,5,5′-tetra-tert-butyl-4,4’-biphenol (13), and 2,6-ditert-butylphenol (14) (Scheme 1.3). The metallic mirror and insoluble by-products were
not characterized but are presumed to be Bi(0) and oligomeric bismuth(III) species.
When bismuth aryloxide 11 is formed via the addition of 2,6-di-tert-butylphenol to
Bi[N(SiMe3)2]3 (36), decomposition products 12-14 are also observed, as well as
HN(SiMe3)2 and a black solid (Scheme 3.1).

OH
Bi

Bi[N(SiMe3)2]3 +
36

RT, fast

O

14

12 + 13 + 14 + HN(SiMe3)2

3

+ unknown
black solid

11

Scheme 3.1 Decomposition of 11 during attempted synthesis from 36.5
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A mechanism for the decomposition of 11 has previously been proposed. The first
step is a substitution reaction between the aryloxide anion (10) and BiCl3 (Scheme 3.2).
It has not been determined if a mono-, di-, or tri- substituted alkoxide is formed at the
point of decomposition.

BiCl3

+

(ArO)2BiIII O

LiO

10

11

Scheme 3.2 Substitution reaction to form intermediate 11.

Even at low temperature, intermediate 11 is unstable and quickly darkens from a
yellow

solution

to

green/black.

3,3’,5,5’-Tetra-tert-butyl-1,1’-dihydro-2,2’,5,5’-bis-

cyclohexadiene-4,4’-one (57) was observed by 1H NMR spectroscopy, formed by what
is believed to be a radical mechanism (Scheme 3.3). Tautomerization of 57 yields
diphenol 13.
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Bi0 + BiIII
oligomer
fast
X2BiIII

X2BiIII

O

+

O

O

H

11

HO

OH

tautomerization

H
O

O
H

13
57

Scheme 3.3 Formation of 57 and 13 via a radical pathway.5

It is important to note that no radical species have been observed by 1H NMR
spectroscopy. In hopes of obtaining evidence to support a radical species, EPR
spectroscopy studies were performed.5 A stable organic radical (59) was the only welldefined species that appeared in the spectrum. While the presence of a Bi radical could
not be confirmed, the presence of radical 59 is indicative of a radical pathway (Scheme
3.4). Radical trapping agents CCl4 or (CH3)4C2 failed to trap the putative Bi(II) products.5
We believe this is due to the Bi(II) radical species quickly disproportionating to nonradical products before escape from the radical cage, thus making the radical trap
ineffective.
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H
O

O
H
H
O

57

O

OLi
58
BiIII
Bi0 + BiIII
oligomer

10

OH
+
14

O

O

BiIII

O

O

12
59

Scheme 3.4 Decomposition pathway to form 12 and 14.5

Oxidation of tautomer 57 when lithium aryloxide (10) is present yields
diphenoquinone 12 and phenol 14. Lithium aryloxide can act as a proton acceptor to
give ionic species 58 (Scheme 3.4). Upon oxidation of 58 intermediate 59 is formed. A
second one-electron oxidation occurs to yield decomposition products diphenoquinone
12 and phenol 14.
We recently synthesized (Chapter 2) another bismuth aryloxide tBuOBi(O-2-tBu-6i

PrC6H2)3 (39) that decomposes to oxidation products, this one at a rate amenable to

kinetic studies. When bismuth phenoxide 39 was heated in C6D6 to 95 °C for 12 hrs in a
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sealed NMR tube, decomposition to both E and Z isomers of 3,3'-di-tert-butyl-5,5'diisopropyldiphenoquinone (28) was observed by 1H NMR spectroscopy (Scheme 2.5).
Only 28 and tert-butanol were observed upon decomposition of 39, while
decomposition of bismuth aryloxide 11 yielded multiple oxidation products. The
previously observed biphenol (29) and corresponding phenol (15) were not observed by
1

H NMR spectroscopy (Figure 3.1). The possible quinone and hydroquinone

decomposition products were also not observed (Figure 3.1). Authentic samples of all
these by-products were synthesized (Chapter 1) by literature methods for comparison to
our reaction product mixtures.

O

OH
HO

OH
O
30

29

15
OH

O

O
OH

28

31

Figure 3.1 Possible decomposition products of bismuth complex 39 not observed by 1H NMR.
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In hopes of further understanding the decomposition of bismuth alkoxide 39 to the
corresponding diphenoquinone 28 as well as confirming the decomposition pathway of
11, 1H NMR and UV/Vis kinetic studies were performed.
3.2 1H NMR Kinetic Studies
Kinetic studies were performed using variable temperature

1

H NMR. All NMR

samples were prepared in a glove box and placed in a screw cap NMR tube under
nitrogen. C6D6 was used as a solvent. All integrations were referenced against an
internal standard (mesitylene). NMR integration [A] was plotted vs. time. A sample
variable temperature array of the entire spectra is shown below (Figure 3.2) with
important peaks marked with an asterisk. It is important to note that there is a time in
the NMR spectra between 2.1 - 3.2 hrs where neither starting material nor product is
visible. We believe this might be indicative of a radical pathway where primarily radicals
are present during the 2.1 – 3.2 hr time frame, or that a large concentration of radicals
broadens the spectra, so starting material and/or product are not seen.
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Figure 3.2 1H NMR array for the decomposition of 39 at 94.5 °C in C6D6 where DPQ = 3,3′,5,5′tetra-tert-butyl-4,4′-diphenoquinone (28).

The mesitylene methyl peak is found at 2.10 ppm. The first scan (30 sec.) shows
only compound 39, starting material. This is most clearly evident by the isopropyl
multiplet found at 3.87 ppm. As the sample is heated, the diphenoquinone product 28

can be observed after 3.5 hrs. After 5 hrs. at 94.5 °C, there is complete loss of starting
material. The only products are diphenoquinone 28 evident by the isopropyl multiplet at
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3.24 ppm and two aromatic doublets at 7.61 and 7.76 ppm and tert-butanol at 1.06 ppm.
The two aromatic diphenoquinone doublets (7.61 and 7.76 ppm) and two aromatic
doublets of 39 (7.24 and 7.40 ppm) were integrated for kinetic studies. The expanded
aromatic region of Figure 3.2 is shown in Figure 3.3.

Figure 3.3 Expanded aromatic region of Figure 3.2.

Variable temperature 1H NMR was performed at four different temperatures in C6D6.
Integration [A] vs time plots for all four temperatures are given in the experimental
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section. Two unusual phenomena were seen. The first is the behavior of the reaction
half life (obtained by integration) with temperature (Table 3.1). At 74.7 °C, the
decomposition of 39 has a half life of 7.3 hours. When the NMR was heated to 79.6 °C
a half life of 3.0 hrs was obtained. This is a drastic change in half life from a minimal
change in temperature of ~5 °C. Upon further heating, there is no change in half life and
only a small change when the sample is heated 10 more degrees.

Table 3.1 Half life measured
by peak integration for the
decomposition of 39 in C 6D 6
°C

t1/2 (hr)

74.7
79.6
84.6
94.5

7.3
3.0
3.0
2.5

We believe this behavior could be indicative of a radical pathway where the initial
breaking of the Bi-O bond does not occur rapidly until 80 °C. At 75 °C, Bi-O bond
cleavage is slow and rate limiting. At higher temperatures, multiple competing
processes could be complicating the kinetic results. At least two pathways can be
proposed to form intermediate 61. The first is similar to previous work, where homolysis
of the Bi-O bond produces an oxygen-centered radical as well as a BiII radical (Scheme
3.3).5 Coupling of two radicals yields the corresponding dihydrodiphenoquinone 61.
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One could also suggest a second pathway where a carbon centered radical 60
attacks bismuth complex 39 to yield intermediate 61 (Scheme 3.5). At this time we have
been unable to distinguish between these two pathways.

Bi0 + BiIII fast
oligomers

t

BuO BiII

tBuO

ArO

Bi

O

ArO

O

H
39
60

O

H

O
O

H
HO

+ O

O

O

O

+ O

H

61

62

HO

O

O

O

63
28

Scheme 3.5 Possible pathways for the decomposition of 39.

Presuming a tert-butoxy radical is formed, the tert-butoxy radical can abstract a
hydrogen atom from 61 to yield an intermediate radical species 62 (Scheme 3.5). A
second tert-butoxy radical is needed for a second hydrogen abstraction to form diradical
63.
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A scenario where bismuth facilitates the oxidation of 61 to form diphenoquinone 28
is also possible. Bismuth is a known component of hydrogenation/dehydrogenation
catalysts.35 Indeed, even the SOHIO process could be viewed as a dehydrogenation
reaction, as discussed in Chapter 2. Perhaps the finely divided bismuth metal formed in
this reaction, or another bismuth species, can promote the dehydrogenation of 61. For

example, the unidentified bismuth species can act as a proton acceptor.
In hopes of obtaining more information on the decomposition pathway of 39,
standard reaction plots were obtained. Both integration vs time and 1st order plots at
94.5 °C are shown in Figure 3.4.

Figure 3.4 Integration vs. time (left) and 1st order plots of the decomposition of 39 in C6D6 at
94.5 °C.

Integration vs time plots for the disappearance of starting material, 39 (black) and
appearance of product, 28 (red) were obtained (Figure 3.5). The sum of starting
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material + product was plotted (green) but a constant value was not obtained. This
implies that a significant amount of material exists in an intermediate form not seen in

the 1H NMR spectrum. This result is consistent with a paramagnetic intermediate that
would give broad resonances, unobservable in the

1

H NMR spectrum. It is also

important to note that when the amount of unobserved intermediate reaches its
maximum value, the reaction accelerates.

O

O

t

BuO Bi

O
2

28
39

Figure 3.5 Integration vs time plot of reactant 39 and product 28 for the decomposition of 39 in
C6D6 at 94.5 °C.
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Traditional kinetic analysis was complicated by complex behavior. Therefore, initial
rate studies were attempted in hopes of obtaining useful kinetic data before the
autocatalytic regime was encountered.

3.3 Initial Rates
1

H NMR spectra were measured at four temperatures in the range of 74.7-94.5 °C.

Initial rates at time 1830-4830 sec were used with ~600 sec betw
between
een each data point,
giving 6 data points total for each run. A sample initial rate plot at 94.5 °C is shown
below; the entire concentration vs time plot is shown in black and the points used for the
initial rate are shown in blue (Figure 3.6).

Figure 3.6 Initial rates (blue) for the decomposition of 39 in C6D6 at 94.5 °C.

Although early sections for concentration vs time graphs as shown in Figure 3.5
yielded linear plots, the data was not useful (Table 3.2). Contrary to expected behavior
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and inconsistent with the half lives already obtained (Table 3.1), the initial rate of the
reaction appears to decrease upon an increase in temperature.
Table 3.2 Initial rates for the
decomposition of 39 in C6D6
-2

°C

Rxn rate (x 10 )

74.7

0.69

79.7
89.5
94.5

3.64
2.40
1.64

It is important to note that only one set of data were collected at each temperature.
Therefore, there is no way of knowing if this trend is reproducible. Due to the
unsatisfactory data obtained from these

1

H NMR studies, UV/Vis studies were

performed in hopes of obtaining more accurate data.
UV/Vis Experiments
All UV/Vis experiments were performed at 90 °C using a temperature controlled
platform. The UV absorbance for the decrease of compound 39 at 332 nm and the
absorbance for the increase of compound 28 at 428 nm (Figure 3.7) gave an isosbestic
point at a concentration of 2.60 x 10-4 M (Figure 3.8).
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Figure 3.7 UV/Vis spectra of 39 with λmax = 332 (left) and 28 with λmax = 428 (right).

Figure 3.8 UV/Vis spectra of 39  28 at 80 °C in C6H6 showing an isobestic point.
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Initial rates at four concentrations were obtained at 80 °C. The initial rates at
concentrations 3.50 x 10-4 M, 2.60 x 10-4 M and 1.76 x 10-4 M appear to be the same
within experimental error. Due to the low concentration, and thus low absorbances
obtained, the data at 0.88 x10-4 M is somewhat questionable.

Table 3.3 UV/Vis initial rates for the decomposition
of 39 (λmax = 332) at 90 °C in C6H6
-4

-5

Concentration (M x 10 )

Rxn Rate (x 10 )

3.50
2.60
1.76
0.88

1.33
1.09
1.32
0.40

For comparison, an integration vs time plot obtained from the

1

H NMR and

absorbance vs time plot obtained from the UV/Vis both at 80 °C are shown in Figure
3.9. One interesting difference between the two plots is that the UV/Vis plot does not
decrease to zero, but rather stabilizes at 0.15 (AU). The NMR run was not long enough
to compare this trend.
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Figure 3.9 Decomposition of 38 integration vs time plot from 1H NMR at 80 °C in C6D6 (left),
absorbance vs. time plot obtained from the UV/Vis at 80 °C (2.60 x 10-4 M, C6H6).

Further data was obtained at two intermediate concentrations, 2.60 x 10-4 M and
1.76 x 10-4 M. Two trials at the same concentration (2.60 x 10-4 M) gave irreproducible
results (Figure 3.7). Two trials at 1.76 x 10-4 M yielded similarly inconsistent results. In

each case, the initial absorbance value was subtracted from all data points to obtain
comparable data sets for separate runs. Absorbance vs time plots are shown in Figure

3.10, where trial 1 is in black and trial 2 is in blue for both concentrations.
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Figure 3.10 Absorbance vs. time plots for two trials at 2.60 x 10-4 M (left) and 1.76 x 10-4 M
(right) at 80 °C in C6H6.

Due to the discrepancies in the data, it is obvious that UV/Vis spectroscopy has
yielded inconsistent results. Therefore, no conclusions can be obtained as to the
pathway for the decomposition of 39 by initial rate studies using UV/Vis spectroscopy.

3.4 Conclusion
We have established that bismuth complex 39 decomposes to only the
corresponding diphenoquinone 28 as evident by 1H NMR spectroscopy. We believe the
decomposition proceeds through a radical pathway, based on the broad peaks seen in

the 1H NMR spectrum durin
during
g variable temperature experiments. Further analysis using
both 1H NMR and UV/Vis kinetic studies were inconclusive.
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3.5 Experimental
All manipulations were performed inside a glovebox under nitrogen atmosphere.
Synthesis of 39 as well as spectroscopic data can be found in Chapter 2. NMR solvent
C6D6 was degassed and dried with CaH2. 1H NMR spectra were recorded on a Varian
500 MHz spectrometer. The NMR temperature was calibrated using neat ethylene
glycol and the Varian VNMRJ software to generate a calibration plot. All 1H NMR kinetic
runs were performed using a standard concentration of 20 mg of compound 28 in 0.7
mL C6D6 with 1 mg mesitylene. UV/Vis was performed using a Agilent 8453
spectrometer and a VWR International temperature bath model 1162.
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Chapter 4 Bismuth-carbon bond formation in bismuth(III) bisphenolates
4.1 Introduction
Previous discussion (Chapter 2) has centered around modeling of the SOHIO
process. As previously described, this industrial process produces acrolein and
acrylonitrile by oxidation of propene via a heterogeneous bismuth molybdate catalyst
(Schemes 2.1 and 2.2).35 The removal of two or three hydrogens originally bound to
carbon atoms is one of the key steps in propene oxidation. It is generally accepted that
the initial C-H activation in the SOHIO process occurs at a bismuth site.35 However, the
metal(s) involved in the later hydrogen abstraction steps have not been determined.
Our group was the first to report that bismuth(III) is capable of hydrogen abstraction
from an isopropyl group via Bi-C bond formation (Scheme 4.1).49 After filtration of 53,
an unexpected byproduct, complex 63, crystallized from the mother liquor.49

Br

OAr
HO

Br + Bi[N(SiMe3)2]3

pentane

Bi

O

+

Br

ArO Bi O Bi O
O Bi O Bi OAr

3
53

OAr
Br

63

Scheme 4.1 Synthesis of Bi(O-2,6-iPr2-4-BrC6H2)3 (53) and an unexplained byproduct, complex
63.49
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More recently, Limberg reported a second bismuth centered C-H bond activation
with a bismuth/molybdenum complex (Scheme 4.2).59 While this reaction proved to be
quantitative, it was also unexpected and unexplained due to the reaction system not
being amenable to mechanistic studies.

OtBu
Bi
Mo
Mo
Bi
OtBu

2 days

Mo

Bi
Bi

Mo

Scheme 4.2 C-Bi bond formation in a Bi-Mo complex reported by Limberg et al.59

A third Bi-C bond-forming reaction was discovered with bismuth(III) bisphenolate
complexes. Preliminary work performed by Dr. Lihua Liu showed that when heated (80100 °C), bismuth(III) bisphenolate complexes form a new bismuth-carbon bond via
apparent C-H activation of the methyne bridge (Scheme 4.3). Both X-ray and 1H NMR
characterization were performed at the time, but complete characterization of all
compounds involved was still needed.
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O
Bi
O

H

Bi

O

O

O
∆

Ar

Ar

or

Ar =
OMe

NO2

Scheme 4.3 Two examples of Bi-C bond formation of bismuth(III) bisphenolate complexes.60

Further study of the mechanistic pathway was also needed. We considered three
plausible pathways. The first involves an acid/base reaction between the OtBu ligand
and the allylic hydrogen (Scheme 4.4).

O

H O
Bi

Bi
O

H
Ar

O

Bi
O

O
Ar

O

O
Ar

Scheme 4.4 Possible acid/base reaction to initiate Bi-C bond formation.
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Based on work by Barton et al. on phenylation and alcohol oxidation reactions of
organometallic bismuth complexes,61-63 one could also imagine an oxidative
addition/reductive elimination pathway (Scheme 4.5).

O

H

Bi
O

H
Ar

O

O
BiV

Bi
O

O
Ar

O

O

HOtBu

Ar

Scheme 4.5 Possible oxidative addition/reductive elimination pathway to obtain a Bi-C bond.

Previous work within the group5 and in Chapter 3 has shown radical reactivity in the
decomposition of bismuth aryloxides. Therefore, formation of the Bi-C bond via a Bi(II)
radical should also be considered (Scheme 4.6).
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Ar
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Scheme 4.6 Bi-C bond formation via a radical pathway.

To further understand the reaction pathway of the Bi-C bond formation of bismuth(III)
bisphenolate complexes, kinetic studies were needed. Before kinetic studies were
obtained, complete characterization of all relevant compounds was carried out.
4.2 Synthesis of bisphenols and corresponding bismuth complexes
Synthesis of bisphenols 64 and 65 involved the reaction of one equivalent of the
corresponding aldehyde with two equivalents of 2,4-di-tert-butylphenol in the presence
of HCl gas for two days (Scheme 4.7).60
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Scheme 4.7 Synthesis of bisphenols 64 and 65.60

Reaction of bisphenols 64 and 65 with bismuth tert-butoxide yielded the
corresponding bismuth complexes [Bi(OtBu){2,2’-CH(4-OMeC6H4)(O-4,6-tBu2C6H2)2-

κ2O,O’}] (66) and Bi(OtBu){2,2’-CH(4-NO2C6H4)(O-4,6-tBu2C6H2)2-κ2O,O’}] (66) (Scheme
4.8) after recrystallization from hexanes.
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or
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Scheme 4.8 Synthesis of bismuth complexes 66 and 67.60
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Previous work has shown that upon heating complexes 66 and 67, C-Bi bond
formation occurs to give complexes [Bi{2,2’-C(4-OMeC6H4)(O-4,6-tBu2C6H2)2-κ3C,O,O’}]
(68) or [Bi{2,2’-C(4-NO2C6H4)(O-4,6-tBu2C6H2)2-κ3C,O,O’}] (69) (Scheme 4.9).60
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Scheme 4.9 C-Bi bond formation of 66 and 67 to yield 68 and 69.60

4.3 Initial Kinetic Studies
In hopes of understanding the mechanism of the C-Bi bond formation in the
formation of complexes 66 and 67, kinetic studies were performed. Initial studies were
first performed using UV/Vis in DME. Preliminary UV/Vis studies by Dr. Liu showed an
isosbestic point for the C-Bi bond formation of 6668; UV absorbance 310  343
(Figure 4.1),60 but, UV/Vis data for 6769 (absorbance 276 342) showed no
isosbestic point (Figure 4.1). Unfortunately, when UV-Vis studies were performed using
several solvents (THF, benzene, DME), several runs proved to be non-reproducible. It is
important to note that when DME was used complexes 68 and 69 were rarely seen in
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the UV/Vis. We attribute this to traces of water in DME and the small concentration of
starting material used for UV/Vis experiments.

Figure 4.1 Dr. Liu’s preliminary UV/Vis studies for the C-Bi bond formation of bismuth
complexes. 6668 (right) and 6769 (left).

In hopes of eliminating the problems encountered in the UV/Vis experiments, 1H NMR

studies were performed at 85.6 °C. The decrease in starting material 66 was obtained
by integration of NMR peaks at 3.21 and 7.94. A sample array is shown in Figure 4.2.
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Figure 4.2 1H NMR array at 89.5 °C in C6D6 of 6668. Vertical spacings are 30 minutes apart.

NMR integration for the decrease of starting material was plotted vs time (Figure
4.3). Initial data for the C-H activation reaction 6668 showed unusual behavior in that
the zero order plot was linear and the 1st order plot was curved (Figure 4.3). The same
trend was observed for 6769.
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Figure 4.3 Concentration vs. time plot (left) and 1st order plot of 6668 in C6D6 at 94.5 °C.

Most unimolecular reactions obey a differential rate law of the form

d [ A]
= k [ SM ]n
dt

where [A] = reactant concentration (NMR integration), [SM] = concentration of starting
material, and n = order of reaction.19 A rate constant k can be obtained from the rate

law. For a zero-order reaction, the differential rate law is equal to the rate constant (1)
where the rate of the reaction remains constant as the reaction progresses.

d [ A]
=k
dt

(1)

In a first-order reaction, the rate of the reaction is directly proportional to the
concentration of the reactant (2). Both the reaction rate and the concentration decrease
as the reaction proceeds.

d [ A]
= k[ A]
dt

(2)
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A second-order reaction occur
occurs
s when the rate of the reaction is proportional to the
square of the reactant concentration (3).

d [ A]
= k [ A]2 (3)
dt

Typical concentration vs time plots for zero (red), first (green), and second (blue) order
reactions are shown below (Figure 4.4).

Figure 4.4 Concentration vs time plots for zero (red), first (green), and second (blue) order. 64

Although we did not expect the reaction of 6668 to be second-order in nature, a
second-order plot (Figure 4.5) where the inverse of the integration of starting material
1/[A] vs time was plotted; it was clearly not linear.
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Figure 4.5 Plot of t vs. 1/integration for 6668 in C6D6 at 94.5 °C.

Due to the unusual trend in the data collected, calculations to determine the reaction
rate were not performed. However, the half lives of the two reactions are shown in Table

4.1.
Table 4.1 Half-lives of rxn
66→68 and 67→69 based
1

on H NMR integration at
94.5 °C in C6D 6
Ar
(substituent)
OMe
NO2

t1/2 (hr)
6.5
3.5

The reaction appears to have a faster rate for the NO2-substituted aryl compared to
the OMe-substituted case. Computational studies confirmed this trend as discussed in
102

section 4.5.

This result is consistent with an anionic mechanism. If the C-Bi bond

formation goes through a carbanion intermediate, then the NO2 will stabilize the
intermediate due to resonance (Scheme 4.10). If formation of the carbanion
intermediate is the rate determining step of the reaction, then stabilization of the
carbanion would promote the reaction, thus decreasing the half life. This is also
consistent with a radical transition state that can be stabilized by resonance.

O

O

Bi

Bi

O

O

O

O

O N O

O

N

O

Scheme 4.10 Stabilization of a carbanion intermediate by resonance.

To eliminate the possibility of the glass of the NMR tube catalyzing the reaction, a
second

experiment

was

performed

using

NMR

tubes

silylated

with

dimethyldichlorosilane.65 Data for the NO2-substituted aryl (Bi complex 67) using a
silylated NMR tube at 94.5 °C gave a linear first order plot. Sample first order plots
using both silylated and non-silylated NMR tubes for 66 are shown below (Figure 4.6).
Similar data was obtained for 67.
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Figure 4.6 1st order plots for non-silylated (left) and silylated (right) NMR tubes for the decrease
of 66 in C6D6 at 94.5 °C.

Although the data appeared to be linear for a first-order reaction, due to the long half
life of the reaction, data for less than one half life was obtained. Evaluation of the data
also showed a disagreement between sample runs (Table 4.2). We attributed this to the
silylation of NMR tubes being unreliable. It was also later discovered that different
batches of sample also produced inconsistent results.

Table 4.2 Silylated NMR tubes at 94.5 °C in
C6D 6 for (66 or 67) → (68 or 69)
-5

-1

Ar (substituent)

k1 (x 10 s )

t1/2 (hr)

OMe

0.9

21.7

OMe
NO2

0.5
1.8

36.7
10.6

NO2

1.3

14.6
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To avoid uncertainty related to glass surfaces, Teflon liners were placed inside the
NMR tube (Figure 4.7). The solution was placed inside the Teflon liner and then placed
in a screw-cap NMR tube under nitrogen.

Figure 4.7 Teflon lined NMR tube used in kinetic studies.

Results obtained from 66  68 at 85.6 °C using Teflon lined NMR tubes initially
showed reproducible first order plots when a single batch of compound was used in two
separate runs (Table 4.3). However, when a second batch of complex 66 was used, the
results proved to be inconsistent. In light of this data, we believe that the glass of the
NMR tube had no impact on the mechanism or the rate of the reaction but rather

another explanation was needed.
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Table 4.3 Teflon lined NMR tubes at
94.5 °C in C 6D 6 for 66→68
Sample
-5 -1
t1/2 (hr)
k (x 10 s )
batch
1
2.2
8.8
1
2.3
8.3
2
0.8
24

A possible impurity in starting materials 61 and 62 was explored as an explanation
for the irreproducibility described above. In the synthesis of bismuth complexes 61 and
62, Bi(OtBu)3 is reacted with the corresponding bisphenol (Scheme 4.8). We therefore
can suggest a mechanism where trace amounts of Bi(OtBu)3 base promote abstraction
of the C-H proton, giving the corresponding carbanion and allowing formation of a new
C-Bi bond (Scheme 4.11).
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Scheme 4.11 Possible mechanism for base-catalyzed C-Bi bond formation.

The Bi(OtBu)3 impurity is present in the 1H NMR spectrum of 66 after purification of the
complex (Figure 4.8).
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Bi(OtBu)3

Figure 4.8 1H NMR spectrum of the upfield peaks present in complex 66, including the putative
Bi(OtBu)3 impurity. tBuOH and NaOtBu also appear at the same chemical shift in the 1H NMR.

Several attempted purifications of complex 66 and 67 (Table 4.4) yielded only
decomposition of the bismuth complex to the corresponding bisphenol.

Table 4.4 Attempted
purification of 66 and 67 using
column chromatography in
hexanes
Absorbants
Neutral silica gel
Neutral aluminum oxide
Acidic Aluminum oxide
Basic aluminum oxide
Florisil®
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In hopes of obtaining a pure product the synthesis of 66 and 67 was attempted using
a 1.1 : 1 ratio of bisphenol to Bi(OtBu)3 (Scheme 4.12). Excess bisphenol is easily
removed by washing the bismuth complex with pentane. Bismuth complex 66 was
obtained but the impurity peak was still present. Complex 67 was likewise obtained, but
in an impure form. The 1.1 : 1 reaction produced several unknown products.

O
Bi
O

O
Ar
Ar =

66

OH

OH

+ Bi(OtBu)3

Ar

+ Bi(OtBu)3

OMe

pentane

1 equiv.
mixture of unknown products
+ 67 + Bi(OtBu)3

1.1 equiv.
Ar =

or

Ar =
OMe
64

NO2
65

NO2

Scheme 4.12 Reactions to yield 66 and 67 using a 1.1 : 1 ratio of starting material.

To further understand the possible base-catalyzed mechanism, both experimental
and computational results were obtained.
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4.4 Initial Computational Studies to Explore Base Catalyzed C-Bi Bond Formation
Computational studies were performed in collaboration with Dr. Benjamin Janesko.
Initial studies were performed using a simplified version (70) of complex 64 where the
aromatic groups were replaced with ethylenes, the para-anisyl group replaced with a
phenyl group and the OtBu group replaced with a simpler OMe (Figure 4.9).

O
Bi

OMe
O

O
Ar

Bi
O

H

O

Ph
70
Ar =
OMe
66

Figure 4.9 Simplification (70) of complex 66 used for initial computational studies.

Computational studies showed that a syn relationship between the Bi-OMe group
and the phenyl group in the reactant (a) is needed in order for Bi-C bond formation to
occur (Figure 4.10). Placing the Bi-OMe group anti to the phenyl lowers the energy of
the reactant by 1 kcal/mol.
The calculated transition state (b) shows the OMe abstracting the hydrogen directly
from the carbon atom. This would leave a negative charge on the carbon thus forming a
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carbanion intermediate. However, this mechanism appears to be unlikely due to the
transition state (b) being 36 kcal/mol higher in energy than the reactant (a) using the
PBEh66-68/LANL2DZ69 method.

‡

(a)

(b)

(c)

Figure 4.10 Computational structures showing reactant (a), transition state (b) and product (c)
of Bi-C bond formation using the PBEh/LANL2DZ method. Bismuth (purple), oxygen (red),
carbon (gray), and hydrogen (white) atoms.

The distance between Bi and C decreases from 3.6 Å for the reactant (a) to 3.0 Å for
the transition state (b). The Bi-C bond length for the product (c) was theoretically
calculated to be 2.3 Å. An X-ray structure of complex 68 coordinated to DME has
previously been obtained (Figure 4.11).60 The Bi-C bond length is 2.308 Å, consistent
with computational data. The Bi…C distance in 66 has been observed from the X-ray
structure to be 3.75 Å, consistent with the Bi…C bond distance of 3.6 Å calculated for
the reactant in Figure 4.10.60
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Figure 4.11 Crystal structure and selected bond distances (Å) and angles (°) of complex 66
coordinated to DME. Ellipsoids are shown at 50% probability. Hydrogen atoms and
uncoordinated solvents omitted for clarity. Bi(1)-C(7) 2.308(5) Å, Bi(1)-O(1) 2.111(3) Å, Bi(1)O(2) 2.124(3) Å, O(1)-Bi(1)-O(2) 93.42(14)°, O(1)-Bi(1)-C(7) 80.83(14)°, O(2)-Bi(1)-C(7)
79.54(15)°.60

4.5 Experimental Studies to Confirm Base Catalyzed C-Bi Bond Formation
Kinetic studies using variable temperature 1H NMR spectroscopy were performed for
the reaction 6668 in hopes of confirming a base catalyzed mechanism for C-Bi bond
formation. All studies were performed at 89.5 °C using C6D6 as a solvent. NMR samples
were prepared in a glove box and placed in a screw cap NMR tube under nitrogen. Due
to the unknown amount of Bi(OtBu)3 impurity present in complex 66, a single batch of
complex was used for all kinetic studies. When NaOtBu was used as a base, three runs
using the same concentration were obtained to ensure reproducibility. Integration of the
aromatic doublet at 7.85 ppm (at 89.5 °C, 7.94 ppm at 25 °C) was used for all
calculations. All integrations were referenced against an internal standard (mesitylene).
A sample time array of the integrated region at 89.5 °C is shown below (Figure 4.12).
111

Figure 4.12 1H NMR array for the aromatic region of 6668 in C6D6 at 89.5 °C. Vertical
spacings are 30 minutes apart.

Peak integration [A] vs. time plots were fitted to a first order equation

d [ A]
= k[ A] . It
dt

is important to note that a similar reaction rate can be obtained using a 1st order plot of

ln [A] vs time. However, this plot is less accurate due to the natural log operation being
performed outside of the graph. A comparison of a plot fitted to a first order reaction (a)
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and a 1st order ln [A] vs time plot (b) are given below (Figure 4.13). Graphs of all data
discussed below can be found in the supplemental material.

Figure 4.13 Fitted 1st order plot (a) and standard 1st order plot (b) of 6668 in C6D6 at 89.5 °C
with 20% NaOtBu.

The addition of NaOtBu to complex 61 increases the reaction rate when 10 and 20
mole % of base are used (Table 4.4). An interesting phenomenon occurs with small
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amounts of base, 2.5 and 5% NaOtBu, where the reaction rate decreases compared to
0% base. One possible explanation would be the presence of an unproductive but
competing equilibrium process that consumes base. One possible intermediate could be
radical in nature (Scheme 4.6). Previous work with bismuth aryloxides,5 as well as work
shown in chapter 3, supported the presence of radicals during thermal decomposition.

Table 4.5 C-Bi bond formation of 66→68
t

with added NaO Bu in C 6D 6 at 89.5 °C
t

% NaO Bu
0
2.5
5
10
20

-5

-1

k1 (x 10 s )
1.98 ± 0.08
0.92 ± 0.02
0.70 ± 0.01
26 ± 1.0
43.2 ± 0.5

To determine if a stronger base increases the reaction rate, 20% LiN(TMS)2 was
added in place of NaOtBu. Although LiN(TMS)2 is a stronger base, a slower reaction
was obtained when compared to NaOtBu (Table 4.6). This result suggested that there
could be a cation dependence. Kinetic data with 20% NaN(TMS)2 was unobtainable due
to the reaction of 66  68 being complete after 10 minutes at 90 °C. However, the rates
between LiN(TMS)2 and LiOtBu are quite different. In hopes of completing a cationic
trend, the reaction was attempted with KOtBu. However, due to the insolubility of KOtBu
in benzene, no data was obtained.
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Table 4.6 C-Bi bond formation of
66→68 (20% base) in C6D 6 at 89.5 °C
-5

-1

Base

k1 (x 10 s )

Bi(O Bu)3

t

1.03 ± 0.01

t

6.1 ± 0.4

LiO Bu
t

43.2 ± 0.5
N/A

NaO Bu
t
KO Bu
LiN(TMS)2

4.53 ± 0.08

NaN(TMS)2

N/A

Computational studies confirmed a cation trend and provided an alternate
explanation for the trend (Table 4.7). KOtBu is the base that is most tightly bound to the
bismuth complex (Figure 4.14) and also has the smallest reaction barrier, while
LiN(TMS)2 is the least strongly bound and has the highest reaction barrier.

Table 4.7 Calculated binding energy between reactant 66 and
base using a LANL2DZ basis set. Solvation by benzene is
modeled with a continuum dielectric approximation
Base
Energy (kcal/mol) Barrier (kcal/mol)
No Base
38
t
25
KO Bu
47
t

NaO Bu

41

26

t

LiO Bu

38

28

NaN(TMS)2

43

33

LiN(TMS)2

36

26
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Figure 4.14 Base-catalyzed product where both HOtBu and NaOtBu are complexed to Bi
aryloxide 66 via intramolecular bonding.

A cationic trend in base-Bi bonding strength could be attributed to two phenomena.
The first is based on sterics. Lithium, being smaller in size, will need a closer approach
to form the base-Bi complex. However, the “bulky” TMS groups could keep the lithium
from obtaining a close proximity. For Na, a close approach is less necessary, so the
sterics are less important.
While no kinetic studies of 67  69 were performed, computational studies of 66
 68 and 67  69 with and without base (NaOtBu) were performed (Table 4.8).
Consistent with our initial results (Table 4.1), computational studies show the NO2 group
stabilizing the carbanion character of the transition state and thus lowering the barrier
by 3 kcal/mol. Inconsistent with our original proposed pathway, the carbanion is a
transition state and not an intermediate. Base catalysis (NaOtBu) lowers the barrier
height and reaction energy (Table 4.8).
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Table 4.8 Calculated binding energy of various substituents using gas-phase
PBEh/LANL2DZ
Uncatalyzed
Base (NaOH)-catalyzed
Ar
Barrier height Reaction energy Barrier height Reaction energy
(substituent)
(kcal/mol)
(kcal/mol)
(kcal/mol)
(kcal/mol)
H
35
2
26
-2
OMe
35
2
28
-8
NO2

32

1

20

-4

4.6 Computational Studies to Confirm Base Promoted C-Bi Bond Formation
Although three reaction pathways were originally proposed for Bi-C bond formation
we now propose that base binding to the bismuth complex accelerates an
intramolecular reaction (Figure 4.14) to form the Bi-C bond.
Two pathways for the elimination of HOtBu from the Bi complex can be proposed;
isolated (1) and base catalyzed (2) (Figure 4.15). Energies of the two pathways were
calculated using

M06/LANL2DZ,69 with a polarized continuum model for benzene

solvation. The calculated reaction barrier for an isolated system where no base is
present is 38 kcal/mol (Figure 4.15, 1). Although a base catalyzed pathway does not
appear to change the overall reaction energy (i.e., energy of the starting material and
product), the reaction barrier is only 26 kcal/mol when complexation of the intermediate
with NaOtBu occurs (Figure 4.15, 2). The addition of base promotes the Bi-O bond
breaking via a tri-coordinated transition state (e). The Na cation has been calculated to
be 4 Å from the broken C-H bond (from the C atom), also stabilizing the carbocation
intermediate.
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‡

(1)

(a)

(c)

(b)

‡

(2)

(d)

(e)

(f)

Figure 4.15 Two pathways for the elimination of HOtBu in 66; isolated (1) and base catalyzed
(2) calculated using M06/LANL2DZ, with a polarized continuum model for benzene solvation.

A mechanistic interpretation of Figure 4.14 (1) is given in Scheme 4.13 for an
isolated system where no base is present. The proton transfers to the oxygen lone pair
simultaneous with the Bi-C bond formation.
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Scheme 4.13 Mechanistic interpretation for the elimination of HOtBu from 66.

A mechanistic interpretation for the elimination of HOtBu where base is present
(Figure 4.16, 2) can also be explored (Scheme 4.14). The NaOtBu coordinates to the Bi
to give a four-coordinate BiIII species (d) that is stabilized by the Na ion. Abstraction of
the hydrogen via the lone pair on the oxygen yields a 3-coordinate bismuthIII complex
(e) stabilized by the Na ion. The carbanion displaces the Bi-O bond to form a Bi-C bond
(f) stabilized by coordination of the two tert-butoxy groups and the Na ion.
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Scheme 4.14 Mechanistic interpretation for the elimination of HOtBu from 66 to form 68 via
base.

4.7 Conclusion
We propose that the C-Bi bond formation for 6163 and 6264 is catalyzed by an
impurity generated during the synthesis of 61 and 63. At this time the impurity is
unknown but is likely to be Bi(OtBu)3. Both experimental and computational studies
have shown that C-Bi bond formation is catalyzed by the presence of base. Evidence
points toward a concerted base-catalyzed pathway for the formation of the Bi-C bond.
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4.8 Experimental
2,4-di-tert-butylphenol,

4-nitrobenzaldehyde,

and

4-methoxybenzaldehyde

were

purchased from Aldrich. Bi(OtBu)351 was synthesized as reported in the literature.
Anhydrous pentane and diethyl ether were purchased from Aldrich. Manipulations for
compounds 61-64 were performed inside a glovebox under nitrogen atmosphere. All
solvents were stored inside the glovebox over 4 Å molecular sieves for at least 48 h
before use. THF was freshly distilled from Na/benzophenone, NMR solvents (C6D6 and
CDCl3) were degassed and dried with CaH2. The melting points of the compounds were
observed in sealed capillary tubes on a Mel-Temp apparatus (Laboratory Devices,
671Cambridge, MA). 1H and

13

C NMR spectra were recorded on a Varian 500 MHz

spectrometer. The NMR temperature was calibrated using neat ethylene glycol and the
Varian VNMRJ software to generate a calibration plot.

UV/Vis spectroscopy was

performed using a an Agilent 8453 spectrometer and a VWR International temperature
bath model 1162. The error was propagated using the method of least squares.
Filtration was performed with a medium pore sintered glass frit. The yields reported are
from pure isolated products.
2’2-CH-4-(OMe)C6H4(4,6-tBu2C6H2OH)2 (64). Following a known procedure60 2,4-ditert-butylphenol (5.00 g, 24.3 mmol) was weighed into a 250 mL 3-neck flask. The first
neck was attached to a steady nitrogen flow, the second neck was equipped with a
glass sintered bubbler that provided a continuous anhydrous hydrogen gas flow and the
third neck was connected to a trap that contained a saturated solution of K2CO3 used to
quench excess HCl gas. Anhydrous methanol (60 mL) was added followed by the
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addition of 4-methoxybenzaldehyde (1.47 mL, 1.64 g, 12.0 mole). The reaction was
stirred for two days at room temperature. The precipitate was collected by filtration and
recrystallized from hexanes at -78 °C yielding a white solid (5.00 g, 9.43 mmol, 79%).
mp: 168-170 °C. 1H NMR (CD6D6): δ (ppm) 1.21 (s, 18H, C(CH3)3), 1.54 (s, 18H,
C(CH3)3), 3.18 (s, 3H, OCH3), 4.94 (s, 2H, OH), 5.60 (s, 1H, C-H), 6.66 (d, J = 8.6 Hz,
2H, aromatic ortho to OMe), 7.02 (d, J = 2.3 Hz, 2H, aromatic meta to OH), 7.05 (d, J =
8.6 Hz, 2H, aromatic, meta to OMe), 7.51 (d, J = 2.3, 2H aromatic, ortho to tBu).

13

C

NMR (C6D6): δ (ppm) 30.1 (C(CH3)3), 31.7 (C(CH3)3), 34.5 (C(CH3)3), 35.3 (C(CH3)3),
47.3 (C-H), 54.6 (OCH3), 114.8 (ortho to OMe), 123.3 (ortho to tBu), 124.9 (meta to
OH), 128.5 (meta to OMe), 130.8 (C-CH), 132.3 (C-tBu), 137.2 (C-CH), 143.2 (C-tBu),
151.3 (C-OH), 159.5 (C-OMe). FTIR (KBr) 3547m, 3505s, 2999m, 2958s, 2869s,
2832m, 1610m, 1584m, 1511s, 1472, 1443s, 1414m, 1393m, 1362s, 1327m, 1303m,
1292m, 1254s, 1246s, 1120m, 1213m, 1192s, 1181s, 1154m, 1117m, 1040s, 975w,
933w, 906w, 886m, 848m, 841m, 817m, 805m, 788w, 1192m, 1181m, 766m, 757w,
723w, 650m, 626m, 529m, 510w cm-1. HRMS (ESI) calcd for C36H50NaO3 [M + Na]
553.3652, found 553.36498.
2’2-CH-4-NO2C6H4(4,6-tBu2C6H2OH)2 (65). Following a known procedure60 2,4-di-tertbutylphenol (5.00 g, 24.3 mole) was weighed into a 250 mL 3-neck flask. The first neck
was attached to a steady nitrogen flow, the second neck was equipped with a glass
sintered bubbler that provided a continuous anhydrous hydrogen gas flow and the third
neck was connected to a trap that contained a saturated solution of K2CO3 used to
quench excess HCl gas. Anhydrous methanol (60 mL) was added followed by the
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addition of 4-nitrobenzaldehyde (1.83 g, 12.1 mole). The reaction was stirred for two
days at room temperature. The precipitate was collected by filtration and recrystallized
from hexanes at -78 °C yielding a white solid (4.69 g, 8.59 mmole, 71%). mp: 142-144
°C. 1H NMR (C6D6): δ (ppm) 1.18 (s, 18H, C(CH3)3), 1.43 (s, 18H, C(CH3)3), 4.92 (s, 2H,
OH), 5.74 (s, 1H, C-H), 6.91 (d, J = 2.2 Hz, 2H, aromatic meta to OH), 6.94 (d, J = 8.8
Hz, 2H, aromatic ortho to NO2), 7.45 (d, J = 2.4 Hz, 2H, aromatic ortho to tBu), 7.76 (d, J
= 8.8 Hz, 2H aromatic meta to NO2).
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C NMR (C6D6): δ (ppm) 30.1 (C(CH3)3), 31.5

(C(CH3)3), 34.5 (C(CH3)3), 35.0 (C(CH3)3), 46.7 (C-H), 123.6 (ortho to NO2), 123.7 (ortho
to tBu), 124.8 (meta to OH), 128.3 (meta to NO2), 130.3 (C-CH), 137.2 (C-tBu), 143.7
(C-CH), 147.2 (C-tBu), 149.25 (C-OH), 150.9 (C-NO2). FTIR (KBr) 3247b,m, 2959s,
2907m, 2869m, 1598m, 1522s, 1493m, 1477m, 1445m, 1416w, 1393m, 1361s, 1349s,
1291m, 1242m, 1215s, 1201s, 1155m, 1114s, 1075w, 1016m, 967w, 921w, 883m,
876m, 857m, 833m, 811m, 774m, 748m, 702m, 681w, 650m cm-1. HRMS (ESI) calcd
for C35H47NNaO4 [M + Na] 568.3397, found 568.33916.
[Bi(OtBu){2,2’-CH(4-OMeC6H4)(O-4,6-tBu2C6H2)2-κ2O,O’}] (66). Inside the glove box
under a nitrogen atmosphere 2,2’-(4-methoxybenzylene)bis(4,6-di-tert-butylphenol) (64)
(1.00 g, 1.88 mmol) was weighed into a 20 mL dram vial and pentane (7.5 mL) added.
In a separate vial Bi(OtBu)3 (0.807 g, 1.89 mmole) was weighed and pentane (7.5 mL)
added. The two solutions were combined and the reaction stirred for 12 hrs. The
solution was then filtered and the yellow solid dried under pump vacuum. The yellow
solid was then washed in cold pentane (3 x 5 mL) to remove excess starting material.
The yellow solid (1.25 g, 1.54 mmole ) was dried under pump vacuum to give 66 in 82%
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yield. mp: 142-144 °C. 1H NMR (C6D6): δ (ppm) 1.37 (s, 18H, C(CH3)3), 1.61 (s, 18H,
C(CH3)3), 1.67 (s, 9H, OC(CH3)3), 3.21 (s, 3H, OCH3), 6.66 (d, 2H, J = 8.8 Hz, ortho to
OMe), 7.11 (s, 1H, C-H), 7.17 (d, 2H, J = 8.8 Hz, meta to OMe), 7.58 (d, 2H, J = 2.2 Hz,
meta to O), 7.94 (d, 2H, J = 2.4 Hz, ortho to tBu).

13

C NMR (C6D6): δ (ppm) 31.2

(C(CH3)3), 31.6 (C(CH3)3), 31.7 (C(CH3)3), 34.2 (C(CH3)3), 35.2 (C-H), 35.3 (O-C(CH3)3),
54.2 (O-C(CH3)3), 78.7 (OCH3), 113.1 (meta to OCH3), 120.8 (ortho to tBu), 125.6 (meta
to OH), 130.0 (C-CH), 139.0 (ortho to OMe), 139.5 (C-tBu), 140.7 (C-tBu), 143.4 (C para
to OMe), 153.5 (C-OH), 157.6 (C-OMe). FTIR (KBr) 3088m, 3063m, 3032m, 2962s,
2907s, 2864s, 1962w, 1818w, 1610m, 1581m, 1519m, 1515s, 1511s, 1503m, 1477s,
1465s, 1460s, 1436s, 1408s, 1391s, 1361s, 1352s, 1291s, 1252s, 1225s, 1177s,
1160s, 1119s, 1106s, 1044s, 1013m, 973w, 917m, 910m, 874s, 860s, 833m, 822s,
803m, 779m, 763s, 738m, 713w, 681s, 659m, 634m, 579m, 552s, 527m cm-1. UV/vis
(DME) λmax/nm (ɛ/dm3 mol-1 cm-1): 276 (7.9 x 103), 335 (2.1 x 103). Anal. Calcd for
C40H57BiO4: C, 59.25; H, 7.09. Found: C, 59.52; H, 7.00.
Bi(OtBu){2,2’-CH(4-NO2C6H4)(O-4,6-tBu2C6H2)2-κ2O,O’}] (67) Inside the glove box
under a nitrogen atmosphere 2,2’-(4-nitrobenzylene)bis(4,6-di-tert-butylphenol) (65)
(0.200 g, 0.366 mmol) was weighed into a 20 mL dram vial and pentane (7.5 mL)
added. In a separate vial Bi(OtBu)3 (0.157 g, 0.366 mmol) was weighed and pentane
(7.5 mL) added. The two solutions were combined and the reaction stirred for 12 hrs.
The solution was then filtered and the yellow solid dried under pump vacuum. The
yellow solid was then washed in cold pentane (3 x 5 mL) to remove excess starting
material. The yellow solid (0.173 g, 0.209 mmol) was dried under pump vacuum to give
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67 in 57% yield. mp (dec): 179-181°C. 1H NMR (C6D6): δ (ppm) 1.33 (s, 18H, C(CH3)3),
1.59 (s, 18H, C(CH3)3), 1.65 (s, 9H, OC(CH3)3), 7.01 (d, 2H, J = 8.5 Hz, meta to NO2),
7.04 (s, 1H, meta to NO2), 7.58 (d, 2H, J = 2.2 Hz, meta to OBi), 7.68 (overlapping d,
4H, J = 8.1 and 2.0 Hz, ortho to tBu and ortho to NO2).
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C NMR (C6D6): δ (ppm) 31.5

(C(CH3)3), 31.9 (C(CH3)3), 34.6 (C(CH3)3), 35.6 (O-C(CH3)3), 35.7 (C(CH3)3), 40.8 (OC(CH3)3), 78.9 (C-H), 121.8 (ortho to tBu), 122.9 (meta to O-Bi), 125.2 (ortho to NO2),
129.7 (meta to NO2), 137.8 (C-CH), 141.4 (C-tBu), 144.3 (C-tBu), 146.2 (C-NO2), 153.9
(para to NO2), 155.1 (C-OBi). FTIR (KBr) 2962s, 2868s, 2356w, 1653w, 1595w, 1524m,
1519m, 1361m, 1345m, 1289w, 1228m, 1200w, 1158w, 1120w, 1016w, 921w, 909w,
873m, 822m, 760w, 751w, 707m, 528w cm-1. UV/vis (DME) λmax/nm (ɛ/dm3 mol-1 cm-1):
310 (3.6 x 105).
[Bi{2,2’-C(4-OMeC6H4)(O-4,6-tBu2C6H2)2-κ
κ3C,O,O’}] (68) Into a 20 mL dram vial in the
glove box [Bi(OtBu){2,2’-CH(4-OMeC6H4)(O-4,6-tBu2C6H2)2-κ2O,O’}] (66) (0.100 g, 0.123
mmol) was weighed and dissolved in benzene (10 mL). The solution was transferred to
a solvent bomb, taken outside of the glove box and heated at 100 °C for 48 hrs. Upon
cooling the solution was transferred back into the glove box, filtered through celite and
dried under pump vacuum. The yellow solid was then washed in cold pentane (3 x 5
mL) to remove excess starting material. The yellow solid (0.0763 g, 0.104 mmole) was
dried under pump vacuum to give 68 in 84% yield. mp: 210-212 °C.1H NMR (C6D6): δ
(ppm) 1.33 (s, 18H, C(CH3)3), 1.68 (s, 18H, C(CH3)3), 3.32 (s, 3H, OCH3), 6.86 (m, 4H,
aromatic, ortho and meta to O-Me), 7.30 (d, J = 2.2 Hz, 2H, aromatic meta to OBi), 7.37
(d, J = 2.2 Hz, 2H, aromatic ortho to OBi).
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C NMR (C6D6): δ (ppm) 30.1 (C(CH3)3),
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32.1 (C(CH3)3), 34.3 (C(CH3)3), 35.3 (C(CH3)3), 54.8 (OCH3), 112.9 (ortho to OMe),
122.8 (ortho to tBu), 128.5 (meta to O-Bi), 131.2 (C-CBi), 132.7 (meta to OMe), 135.6
(C-CBi), 140.9 (C-tBu), 141.6 (C-tBu), 142.7 (C-OMe), 159.3 (C-OBi), 170.5 (C-Bi).
FTIR (KBr) 2956s, 2904m, 2867m, 2357w, 1607w, 1506s, 1434s, 1294m, 1248s,
1232s, 1201w, 1173w, 1034m, 822w, 778w, 739w, 687m, 544w, 531w cm-1. UV/vis
(C6H6) λmax/nm (ɛ/dm3 mol-1 cm-1): 286 (7.2 x 103), 342 (1.7 x 103). HRMS (ESI) calcd for
C36H47BiNaO3 [M + Na] 759.3221, found 759.32129.
[Bi{2,2’-C(4-NO2C6H4)(O-4,6-tBu2C6H2)2-κ3C,O,O’}] (69) Into a 20 mL dram vial in the
glove box Bi(OtBu){2,2’-CH(4-NO2C6H4)(O-4,6-tBu2C6H2)2-κ2O,O’}] (67) (0.100 g, 0.121
mmol) was weighed and dissolved in benzene (10 mL). The solution was transferred to
a solvent bomb, taken outside of the glove box and heated at 100 °C for 48 hrs. Upon
cooling the solution was transferred back into the glove box, filtered through celite and
dried under pump vacuum. The red solid was then washed in cold pentane (3 x 5 mL) to
remove excess starting material. The red solid (0.0724 g, 0.0963 mmol) was dried
under pump vacuum to give 69 in 80% yield. mp: 195-197 °C. 1H NMR (C6D6): δ (ppm)
1.30 (s, 18H, C(CH3)3), 1.64 (s, 18H, C(CH3)3), 6.70 (d, J = 8.7 Hz, 2H, meta to NO2),
7.07 (d, J = 1.3 Hz, 2H, meta to OBi), 7.35 (br s, 2H, ortho to tBu), 7.91 (d, J = 8.7 Hz,
2H ortho to NO2).

13

C NMR (C6D6): δ (ppm) 30.0 (C(CH3)3), 32.0 (C(CH3)3), 34.3

(C(CH3)3), 35.2 (C(CH3)3), 122.5 (ortho to tBu), 123.2 (meta to OBi), 128.5 (ortho to
NO2), 129.8 (meta to NO2), 132.0 (C-CBi), 138.5 (C-tBu), 142.2 (C-tBu), 143.4 (C-NO2),
146.7 (para to NO2), 152.1 (C-OBi), 170.0 (C-Bi). FTIR (KBr) 2960s, 2904m, 2868m,
1582m, 1485s, 1434m, 1328s, 1295w, 1234m, 1105m, 869m, 778m, 717m, 680s, 529m
126

cm-1. UV/vis (C6H6) λmax/nm (ɛ/dm3 mol-1 cm-1): 299 (1.3 x 105), 343 (1.2 x 105). HRMS
(ESI) calcd for C35H44BiNaNO4 [M + Na] 774.2966, found 774.29580.

127

APPENDIX

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

REFERENCES
(1)

Brown, W. H.; Foote, C. S. Organic Chemistry Second Edition; Saunders
College Publishing: Orlando, FL, 1998.

(2)

Rappoport, Z. The Chemistry of Phenols Part 2; John Wiley & Sons, Ltd:
West Sussex, England, 2003.

(3)

Thyagarajan, B. S. Chem. Rev. 1958, 58, 439-460.

(4)

Patai, S. The Chemistry of the Hydroxyl Group Part 1; John Wiley & Sons:
London, England, 1971.

(5)

Hanna, T. A.; Rieger, A. L.; Rieger, P. H.; Wang, X. Inorg. Chem. 2002, 41,
3590-3592.

(6)

Petranek, J.; Pilar, J. Collect. Czech. Chem. Commun. 1970, 35, 830-837.

(7)

Maruoka, K.; Itoh, T.; Yamamoto, H. J. Am. Chem. Soc. 1985, 107, 45734576.

(8)

Pearson, D. E.; Wysong, D. R.; Breder, C. V. J. Org. Chem. 1967, 32, 23582360.

(9)

Zhang, Y.; Wang, J.; Mu, Y.; Shi, Z.; Lü, C.; Zhang, Y.; Qiao, L.; Feng, S.
Organometallics 2003, 22, 3877-3883.

(10)

Oude-Alink, B. A. M.; Chan, A. W. K.; Gutsche, C. D. J. Org. Chem. 1973, 38,
1993-2001.

(11)

Kharasch, M. S.; Joshi, B. S. J. Org. Chem. 1957, 22, 1439-1443.

(12)

de Jonge, C. R. H. I.; van Dort, H. M.; Vollbracht, L. Tetrahedron Lett. 1970,
22, 1881-1884.
245

(13)

Omura, K. Synthesis 1998, 1145-1148.

(14)

Becker, H. D. J. Org. Chem. 1965, 30, 982-989.

(15)

March, J.; Smith, M. Advanced Organic Chemistry; Reactions, Mechanisms
and Structure 6th Edition John Wiley & Sons, Inc.: Hoboken, New Jersey,
2007.

(16)

Miller, S. I. J. Chem. Educ. 1978, 55, 778-780.

(17)

Kessler, H.; Rieker, A. Tetrahedron Lett. 1966, 43, 5257-5262.

(18)

Rieker, A.; Kessler, H. Chem. Ber. 1969, 102, 2147-2149.

(19)

Engel, T.; Reid, P. Thermodynamics, Statistical Thermodynamics, and
Kinetics; Pearson Education, Inc.: San Francisco, CA, 2006.

(20)

Anslyn, E. V.; Dougherty, D. A. Modern Physical Organic Chemistry;
University Science Books: Sausalito, CA, 2006.

(21)

Kistiakowsky, G. B.; Smith, W. R. J. Am. Chem. Soc. 1934, 56, 638.

(22)

Yavari, I.; Adib, M.; Bijanzadeh, H. R.; Sadegi, M. M. M.; Logmani-Khouzani,
H.; Safari, J. Monatsh. Chem. 2002, 133, 1109-1113.

(23)

Sheldrick, G. M. SHELXL 97-2: Program for the Solution of Crystal
Structures; University of Gottingen, Germany, 1997.

(24)

Farrugia, L. J. J. Appl. Crystallogr. 1997, 30, 565–566.

(25)

Banerjee, M.; Mukhopadhyay, R.; Achari, B.; Banerjee, A. K. J. Org. Chem.
2006, 71, 2787-2796.

(26)

Sheldrick, G. M. SADABS, Program for Empirical Absorption Correction of
Area Detector Data University of Göttingen: Göttingen, Germany, 1996.
246

(27)

George, M. W. U.S. Geol. Surv. Minerals Yearbook 2003, 12, 1-7.

(28)

Hoffman, C. A.; Meyer, J. R.; Bartoli, F. J.; Di Venere, A.; Yi, X. J.; Hou, C. L.;
Wang, H. C.; Ketterson, J. B.; Wong, G. K. Phys. Rev. B 1993, 48, 1143111434.

(29)

Pyykkő, P. Chem. Rev. 1988, 88, 563-594.

(30)

Sano, Y.; Satoh, H.; Chiba, M.; Okamoto, M.; Serizawa, K.; Nakashima, H.;
Omae, K. J. Occup. Health 2005, 47, 293-298.

(31)

Briand, G. G.; Burford, N. Chem. Rev. 1999, 99, 2601–2657.

(32)

Blower, P. Annu. Rep. Prog. Chem. Sect. A: Inorg. Chem. 2000, 96, 645–662.

(33)

Sammes, N. M.; Tompsett, G. A.; Nafe, H.; Aldinger, F. J. Eur. Ceram. Soc.
1999, 19, 1801–1826.

(34)

Vehkamaki, M.; Hatanpaa, T.; Ritala, M.; Leskela, M. J. Mater. Chem. 2004,
14, 3191–3197.

(35)

Hanna, T. A. Coord. Chem. Rev. 2004, 248, 429-440.

(36)

Leonard, N. M.; Wieland, L. C.; Mohan, R. S. Tetrahedron 2002, 58, 8373–
8397.

(37)

Liu, H.; Nakamura, R.; Nakato, Y. ChemPhysChem 2005, 6, 2499–2502.

(38)

Gunji, T.; Unno, M.; Arimitsu, K.; Abe, Y.; Long, N.; Bubendorfer, A. Bull.
Chem. Soc. Jpn. 2005, 78, 187–191.

(39)

Pan, S. H.; Hudson, E. W.; Lang, K. M.; Eisaki, H.; Uchida, S.; Davis, J. C.
Nature 2000, 403, 746–750.

247

(40)

http://www.icis.com/v2/chemicals/9074882/acrylonitrile/uses.html. ICIS, 2009.
Accessed 6/24/2010.

(41)

http://acswebcontent.acs.org/landmarks/landmarks/soh. American Chemical
Society, 2010. Accessed 6/24/2010.

(42)

http://acswebcontent.acs.org/landmarks/nylon/nylon.html. American Chemical
Society, 2010. Accessed 6/24/2010.

(43)

Idol, J. D. US Patent No. 2,904,580, 1959.

(44)

Callahan, J. L.; Foreman, R. W.; Veatch, F. US Patent No. 3,044,966, 1962.

(45)

Hunger, M.; Limberg, C.; Kircher, P. Angew. Chem., Int. Ed. 1999, 38, 11051107.

(46)

Hunger, M.; Limberg, C.; Kircher, P. Organometallics 2000, 19, 1044-1050.

(47)

Burrington, J. D.; Kartisek, C. T.; Grasselli, R. K. J. Catal. 1983, 81, 489-498.

(48)

Burrington, J. D.; Kartisek, C. T.; Grasselli, R. K. J. Catal. 1984, 87, 363-380.

(49)

Kou, X.; Wang, X.; Mendoza-Espinosa, D.; Zakharov, L. N.; Rheingold, A. L.;
Watson, W. H.; Brien, K. A.; Jayarathna, L. K.; Hanna, T. A. Inorg. Chem.
2009, 48, 11002–11016.

(50)

Gynane, M. J. S.; Hudson, A.; Lappert, M. F.; Power, P. P.; Goldwhite, H. J.
Chem. Soc., Dalton Trans. 1980, 2428-2433.

(51)

Evans, W. J.; Hain, J. H., Jr.; Ziller, J. W. J. Chem. Soc., Chem. Commun.
1989, 1628-1629.

(52)

Wheatley, W. B.; Holdrege, C. T. J. Org. Chem. 1958, 23, 568–571.

248

(53)

Helfenbein, J.; Lartigue, C.; Noirault, E.; Azim, E.; Legailliard, J.; Galmier, M.
J.; Madelmont, J. C. J. Med. Chem. 2002, 45, 5806–5808.

(54)

McMillen, D. F.; Golden, D. M. Ann. Rev. Phys. Chem. 1982, 33, 493-532.

(55)

Blanksby, S. J.; Ellison, G. B. Acc. Chem. Res. 2003, 36, 255-263.

(56)

Forrester, A. R.; Hay, J. M.; Thomson, R. H. Organic Chemistry of Stable
Free Radicals; Academic Press: New York, N.Y., 1968.

(57)

Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.; Timmers, F. J.
Organometallics 1996, 15, 1518–1520.

(58)

Lin, T. Y.; Cromwell, N. H.; Kingsbury, C. A. J. Heterocycl. Chem. 1985, 22,
21–24.

(59)

Roggan, S.; Limberg, C.; Ziemer, B.; Brandt, M. Angew. Chem. Int. Ed. Engl.
2004, 43, 2846-2849.

(60)

Liu, L.; Quiroz-Guzmán, M.; Mendoza-Espinosa, D.; Hanna, T. A.
Unpublished Data 2010.

(61)

Barton, D. H. R.; Finet, J.-P.; Giannotti, C.; Halley, F. Tetrahedron 1988, 44,
4483-4494.

(62)

Barton, D. H. R.; Yadav-Bhatnagar, N.; Finet, J.-P.; Khamsi, J.; Motherwell,
W. B.; Stanforth, S. P. Tetrahedron 1987, 43, 323-332.

(63)

Barton, D. H. R.; Finet, J.-P.; Motherwell, W. B.; Pichon, C. J. J. Chem. Soc.,
Perkin Trans. 1 1987, 251-259.

(64)

http://www.chm.davidson.edu/vce/Kinetics/DifferentialRateLaws.html Blauch,
D. A. 2009. Accessed 6/24/2010.
249

(65)

Armarego, W. L. F.; Chai, C. L. L. Purification of Laboratory Chemicals 6th
Edition; Elsevier Inc.: Burlington, MA, 2009.

(66)

Perdew, J. P.; Burke, K.; Ernzerhof, M. Phys. Rev. Lett. 1996, 77, 3865-3868.

(67)

Adamo, C.; Barone, V. J. Chem. Phys. 1999, 110, 6158-6170.

(68)

Ernzerhof, M.; Scuseria, G. E. J. Chem. Phys. 1999, 110, 5029-5036.

(69)

Hay, P. J.; Wadt, W. R., 82, 270 J. Chem. Phys. 1985, 82, 270.

250

VITA
Kimberly Anne Brien was born on July 11, 1978 in San Antonio Texas. She is the
daughter of Tom and Marilyn Brien. She received her Bachelor of
Science degree with a major in chemistry from Texas Lutheran University in 2001 and a
Masters in Science in organic chemistry from Baylor University in 2004.
In 2005 she enrolled in graduate study at Texas Christian University, Fort Worth, TX,
to pursue a Ph. D. in organometallic chemistry. She is a member of the American
Chemical Society and the Council for Undergraduate Research.

ABSTRACT
BISMUTH ARYLOXIDE REACTIVITY: KINETICS OF THERMAL DECOMPOSITION
AND RESULTING ORGANIC OXIDATION PRODUCTS
By Kimberly A. Brien, Ph.D. 2010
Department of Chemistry
Texas Christian University
Dissertation Advisor: Dr. Tracy A. Hanna, Associate Professor of Chemistry
The Standard Oil of Ohio Company (SOHIO) process is an industrial method for the
oxidation and ammoxidation of propene to produce acrolein and acrylonitrile. This
process uses a bimetallic catalyst based on Bi2O3•MoO3. Bismuth has been shown to
be necessary in the rate determining step as well as in later steps of the catalytic cycle.
Our group was the first to describe a molecular bismuth model system with reactivity
similar to the SOHIO catalysts using bismuth aryloxides as a model system. This
represented the first experimental support that the fundamental step in SOHIO propene
activation involves Bi(III)–O bond homolysis to form Bi(II).
In an effort to obtain kinetic rates, we chose to study a phenoxy bismuth complex of
intermediate steric bulk. We anticipated that 2-tert-butyl-6-isopropylphenol would give a
corresponding bismuth aryloxide that would decompose at an intermediate rate. A new
synthesis of this phenol was developed.
In order to have authentic materials for comparative analysis in the decomposition of
the Bi(III) aryloxide Bi(O-2-tBu-6-iPrC6H3)3, four potential decomposition products were
synthesized; 2-tert-butyl-6-isopropylquinone, 2-tert-butyl-6-isopropylhydroquinone, 3,3'di-tert-butyl-5,5'-diisopropyldiphenoquinone,
diisopropyldiphenyl.

and

3,3'-di-tert-butyl-4,4'-dihydroxy-5,5'-

We observed during the isolation of 3,3'-di-tert-butyl-5,5'-diisopropyldiphenoquinone
that only the E isomer crystallizes, and slowly equilibrates to a 51:49 E/Z mixture when
in solution. We successfully obtained isomerization kinetics that favor a diradical
isomerization mechanism. Computational studies in collaboration with the Borden
research group at University of North Texas supported our experimental results but
giving a smaller negative entropy value.
In an effort to obtain the Bi(OAr)3 product by reacting bismuth tert-butoxide with 2tert-butyl-6-isopropylphenol, we obtained instead tBuOBi(OAr)2. When this bismuth
phenoxide was heated in C6D6, decomposition to the corresponding phenol and both E
and Z isomers of 3,3'-di-tert-butyl-5,5'-diisopropyldiphenoquinone was observed by 1H
NMR. Kinetic studies on this decomposition were initiated and will be discussed. The resynthesis of a large number of bismuth aryloxides was also performed and their
stabilities studied.
Kinetic studies of the C-H activation of two bismuth complexes were also initiated.
Both experimental and computational studies with the Janesko research group at TCU
support a base catalyzed concerted pathway.

