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Abstract

Photolysis of a benzylic compound with a leaving group can give products from
radical intermediates, ionic intermediates or both. The factors that control the partitioning
between these intermediates are not well understood. In fact, different mechanisms have
been proposed for the formation of these two intermediates. If the mechanism and factors
controlling the reactivity of benzylic substrates were known, then systems could be
designed to give specific products. One application is in protecting group chemistry, a
functional group could be protected with a benzylic substrate thac has been designed to
give products exclusively from either ionic or radical intermediates.

Benzylic esters were chosen for study because upon photolysis they give mixtures
of products. Esters 1-6 were studied to determine the effect of the following structural
variations on product distribution: substituents on the aromatic ring, the R group, and
conformational mobility.

P ()

0~ ~k

“ | a X JOCHR g X 3440CH3)2 7 " & X H

SO b X 4CH:  hX 3540CH32 I R b, X 6-OCH3 (meta)
X . X H X 3.4.5{(”“3)3 X C,X 5-()(:“1(1)(”'(1)

d. X 3-0CH3 jo X 3-CH3a i

LR CHy e X 40k kX (N 3R CHz R H  Sac R CHz R-CH3

2. R ({(11“% f.X $CN L X 3-(}'3 - , . -

g 4 R C(CH3a R H 6ac R C(CHa R - CH3

The proposed mechanism is homolytic cleavage from the singlet excited state to
give a radical pair, a benzylic radical and an acyloxy radical. The radical pair then
partitions between two pathways; decarboxylation of the acyloxy radical followed by
coupling or electron transfer between the radical pair to give the ion pair. Heterolytic
cleavage to give ion pairs directly is, at most, a minor pathway. Substituents changed
product ratios by changing the oxidation potential of the benzylic radical and thus the rate
of electron transfer. The R group changed the rate of decarboxylation.

The major effect of substituents on the photochemistry of the conformationally
restricted esters, 3-6, was also changing the oxidation potential of the berzylic radical.
However, quantum vield studies showed that the substituents also have an electronic effect
and can increasz ¢ .crease the efficiency of homolytic cleavage. Comparison of the
results of esters 1 and 2 with those for 3-6 revealed a third effect of substituents. In a
benzylic ester, where the bond that is cleaving is conformationally mobile, substituents
can also alter the population of ground-state conformers and change quantum yields of
reaction.

The photochemistry oi I-naphthylmethyl phenyl and benzyl carbonates and
carbamates was also studied. Again, the mechanism was homolytic cleavage to a give
radical pair. The important competing pathways were decarboxylation and electron
transfer.

xi
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Chapter 1

The Photochemistry of Benzylic and Indany! Esters

1.1 Introduction

A solvolysis reaction is a type of substitution reaction in which a leaving group
is replaced by the solvent. When the leaving group is attached to a benzylic carbon
atom the solvolysis can proceed by either an Sg1 or Sy2 mechanism. The Syl
mechanism is favored for benzylic compounds that lead to the formation of stabilized
cations, for instance when the ring is substituted with electron-donating groups. The
relaiionship between substituents on the aromatic ring and the rate of solvolysis can be
correlated using the well-known Hammett equation.! For ex: nple, the rate of
solvolysis of cumyl chlorides in ethanol correlates with o* values and gives a
Hammett p value of -4.54.! The large value of p indicates the reaction is very
sensitive to substituents and the negative sign indicates that the reaction is facilitated
by electron-donating groups. For these reactions a para methoxy compound would
undergo solvolysis four orders of magnitude faster than a meta methoxy substituted
compound. The kinetics, structural effects, and mechanisms of solvolysis reactions
have been discussed elsewhere in greater detail.*?

As will be discussed, the reactions of benzylic substrates with leaving groups
have also been studied photochemically. To be photoreactive, the bond connecting the
leaving group to the benzylic carbon must be lower in energy than the difference in
energy between the ground and excited states of the benzylic substrate. This condition

is satisfied for many groups, such as esters, that do not readily undergo ground-state



2
solvolyses. Photochemical cleavage of the bond between the benzylic carbon and the
leaving group can give an ion pair (photosolvolysis), radical pair, or both.
Substituents on the aromatic ring have been shown to influence the efficiency of
photosolvolysis reactions and affect the partitioning between ion pair and raaical pair
intermediates in cases where hoth are formed. These substituent effects are not well
understood.

One of the earliest studies that illustrated the etfects of aromatic substituents on
a photosolvolysis reaction was by Havinga er al.* in 1956 on the photohydrolvsis of
isomeric nitrophenyl phosphate and sulphate esters, eq 1. Upon irradiation, the esiers
hydrolysed to nitrophenol and the corresponding inorganic acid. In the excited state
hydrolysis was enhanced by an electron-withdrawing group in the meta position.
However, ground-state hydrolysis is enhanced by an electron-withdrawing group in the
para position because the intermediate phenoxy anion is stabilized by resonance

delocalization of the negative charge.

R
0~ OH
_hv + ROH (1
H,0 )
N02 N02

R=HPO;, SO;

Zimmerman and Sandel's’ studies on the photolysis of methoxy substituted

benzyl acetates in aqueous dioxane, eqs 2-4, provide another example of photoreaction
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substituent effects. Benzyl alcohol, a photosolvolysis product, was formed frem
trapping the intermediate benzylic cation by the nucleophilic solvent, water. In
addition, products from radical intermediates, benzylic dimers and solvent coupling
products, were also formed. The yields of the products are given in eqs 2-4.® The
yield of photosolvolysis product, benzy! alcohol, was greater for the meta methoxy
substituted isomer than for the para methoxy substituted ester. The only product
reported from photolysis of 3,5-dimethoxybenzyl acetate was 3,5-dimethoxybenzyl
alcohol, eq 4. As well, the mera methoxy isomer reacted more efticiently (®, =
0.13) than the para methoxy isomer (®y = 0.016). Based on ground-state reactions
one would expect the para methoxy isomer to give a higher yield of ion-derived
product and react more efficiently than the meta isomer because the para methoxy
substituent stabilizes the intermediate benzylic cation.

Again, excited-state substituent effects are contrary to ground-state
expectations. To rationalize the difference between ground-state and excited-state
substituent effects, Zimmerman used simple Hiickel LCAO MO r-electron densities.
The calculated n-electron densities for a benzene ring with an electron-withdrawing
group (W) and an electron-donating group (D) for both the ground state and the first
excited state are shown in Figure 1.° As expected, an electron-withdrawing group in
the ground state results in decreased electron densities at the oitho and para positions
while an eleciron-donating group gives increased electron density at these posirions.
In the excited state an electron-withdrawing group decreases elect-on density at the

ortho and meta positions while an electron-donating group increases electron density at



these positions. The ability of a substituent in the excited state to alter electron
density at the mera positions was termed the "mera transmission effect” or more

simpiy the mera effect.*

Figure 1. The m-electron densities for a monosabstituted benzene ring with an
electron-withdrawing group (W = CH,") and an electron-donating group (D = CH,)
for the ground state and the first excited state. The numbers in brackets are the
charges.

W 1000 (0 000) D 0000000
1 000 (0 000) 1 000 (0 000)
0 750 (+0,250) 1250¢-0.250)
0750 (+0,250) 1 250 (-0.250)
1 000 (0 BOOY 1 000 (0 goM

First Excited State

W 0428 (+H0572) D 1571 (037D
1 000 (0 000) 1 000 (0 000)
0 857 (+0.143) 1 143 (-0.143)
1 000 (0 000) 1 000 (0 000
0857 (+0.143) 1 143 (-0.143
Ground State

Based on the above observations, Zimmerman proposed a mechanism for the
photo-eaction of benzyl acetates (Scheme 1).° Irradiation gives the singlet excited

state of the ester, S;, which cleaves heterolytically, with a rate constant k;, to give



Scheme 1. Proposed Mechanism for the Photoreaction of Benzyl Acetates.
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ionic intermediates and homolytically, with a rate constant k,, to give radical
intermediates. The ionic intermediates are trapped by water to give solvolysis
products, an alcohol and a carboxylic acid, while the radical intermediates couple to
give dimers and coupling products between the benzylic radical and dioxane.

The product ratios (% yield benzyl alcohol / % yield radical products) are
controlled by the ratio of the rate constants (k/kg) for forming the intermediate ion
pair and radical pair. Photolysis of the mera methoxy substituted ester gives more
benzyl alcohcl than the para methoxy substituted one because heterolytic cleavage is

facilitated by the presence of the mera methoxy group due to the mera effect. When



two meta methoxy groups are present the rate constant for heterolytic cleavage is
increased such that homolytic cleavage can no longer compete and only the
photosolvolysis product is observed, eq 4.

To test the generality of the mera effect, Zimmerman er al.’” studied the effect
of electron-withdrawing groups, NO, and CN, on the photohydrolysis of phenyl trityl
ethers, eq 5. The intermediate in the reaction is a phenoxide anion. Consistent with
the prediction of the mera effect the ethers were more reactive when the electron-

withdrawing group was meta.

Cth
o7 Ol Ph
~
by, ¢ PhCOH
™ 1L,0 )
X X
X=NO, CN

Since Havinga* and Zimmerman's®’ work, there have been many observations
of toth increased photoreactivity of meta substituted benzylic compounds and
increased yields of ion-derived products. For example, Wan er al.* found that meta
methoxy subsiituted benzyl alcohols photodehydroxylated more efficiently than the
para methoxy isomer. Meta substituents were also found to be more electron donating
than the corresponding para substituents for the photohydration of styrenes.’

However, there are also studies that do not support the mera effect. Givens et al.!’
studied substituent effects on the photosolvolysis of benzy!l phosphat:s and found a

normal ground-state order for reactivity. The para substituted compound was the most



reactive. McKenna er al.'! observed decreased yields of ionic cleavage for the
photolysis of 3,5-dimethoxybenzyl ammonium salts.

Studies by Pincock and DeCosta' on the photoreaction of substituted
1-naphthylmethyl esters of phenylacetic acid, eq 6, also do not support the argument
of the meta effect. Products were formed from both an intermediate ion pair and

radical pair. Trapping of the ion pair by methanol gave the photosolvolysis products

CHy=OCH,

Q i
cnz-n-—c—cu,@ OO HO—C—C lr@
XY
vy +
CILoH (6)
CHy=Cl, /N

“ o

XY

1-naphthylmethyl! ether and phenylacetic acid. The initial radical pair is a [-naphthyl-
methy! radical and a phenylacetyloxy radical. The phenylacetyloxy radical
decarboxylates to give a benzylic radical that couples with the 1-naphthylmethyl
radical.

Quantum yields, ¢, for formation of the 1-naphthylmethyl ether were
measured. The assumption was made that the cation was formed exclusively by
heterolytic cleavage and the quantum yields were used to calculate rate constants for

cation formation, k; (Table 1). The results did not support the argument of the meta



Table 1. Quantum Yields for the Fermation of [-Naphthylmethyl Ether from the
Photolysis of Substituted 1-Naphthylmethyl Esters in Methanol at 25 °C."

Ester ¢ ether 1, (ns) k; x 10° s %ether  log kyr  Egx (V)

H <0.005 49 <10 84 10.4 0.47
3-OCH, 6.002 11 7.3 3 9.44  0.52
4-OCH, 0.017 7.3 23 74 10.15 0.04

effect with k;* (4-CH,0) > k* (3-CH,0). Neither were their results consistent with a
normal ground-state order because k;* (3-CH;0) > > k;* (H). Also, these rate
constants did not agree with the product distributions observed because the highest
vield of ether was observed for the unsubstituted ester (smallest rate constant) and the
lowest yield for the 3-OCH; substituted ester.

To rationalize their observations Pincock and DeCosta proposed the mechanism
shown in Scheme 2. The singlet excited state of the 1-naphthylmethyl ester cleaves
homolytically to give a radical pair, the 1-naphthylmethyl radical and the
phenylacetyloxy radical. The radical pair then partitions between two pathways. The
phenylacetyloxy radicai can decarboxylate and then couple with the 1-naphthylmethyl
radical to give product or the radical pair can form the ion pair by electron transfer.
The important pathway for forming the ion pair is the electron-transfer pathway ind
not heterolytic cleavage. The substituents on the aromatic ring change the rate
constant of electron transfer, kgr, for converting the radical pair to the ion pair, Ly
changing the oxidation potential, E,y, of the 1-naphthylmethyl radical. The rate

of decarboxylation is constant and the yield of ion-derived product varies as a function
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Scheme 2. Proposed Mechanism for the Photolysis of 1-Naphthylmethyl Esiers.
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of Egx. The plot of log ki vs. E,x, shown in Figure 2, is parabolic. The
electron-transfer rate constant increases as the oxidation potential of the !-naphthyl-
methyl radical decreases, however, a point is reached where the rate constant for
electron transfer decreases although the electron-transfer process is becoming
thermodynamically more favourable.

Marcus's' theory predicts a parabolic relationship between the free energy of
activation (AG*) for electron-transfer reactions and the free energy for electron

transfer, AG*, eq 7.
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Figure 2. A plot of the rate constant of electron transfer, log k., for converting the
radical pair to the ion pair as 2 function of the oxidation potential, E,y, of the
1-naphthylmethyl radical.!
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The first term in eq 7 is the gain or loss in electrostatic free energy as the
precursor complex is formed. The Z, and Z, values are the charges on the
precursors, e is the electronic charge, F is the ion’ strength, D is the dielectric
constant of the pure solvent and r,, is the distance between the two precursors. It one
of the precursors has zero charge the first term will be zero. This will be the case for
all of the photoreactions discussed because the electron transfer is occurring between
in-cage radical pairs.

The second term is the parabolic one where A is the reorganizational :nergy,
which accounts for the energy changes necessary for the reaction to reach the
fransition state. It includes bond shortening/lengthening, torsional motions and solvent
reorganization. This term allows radical pairs to have a lifetime in polar solvents.
When radical pairs are formed in a polar solvent, exergonic electron transfer to form
the ion pairs is not instantaneous because the reorganization energy is a barrier.

AG°' is the standard free energy of electron transfer corrected for the separation of

the ions, ry,, in a solvent of dielectric constant D, eq 8.

: e?
AG? = AG°® - — (8)
Dr,,

Marcus theory provides an understanding of the factors that control the rate of

¢lectron transfer between a donor and an acceptor molecule. The rate of electron
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transfer is related to the free energy of activation by eq 9. Combining eqs 7 and 9
gives a relationship between the rate of electron transfer and free energy which is
frequently used because of its simplicity. The region where log k;;; decreases with

incieasing AG* is called the Marcus inverted region.

AG ©)

k, =A e
r exp( =T )

The trend of the ether yields in Table 1, H > 4-OCH; > 3-OCH,, is observed
because the esters span both the normal and the Marcus inverted region. As the
substituent is changed from 3-OCH, to H to 4-OCH, the oxidation potentials of the 1-
naphthylmethyl radicals decrease, thus, k.- should increase. However, k,; is smaller
for the 4-OCH; substituted ester than for the unsubstituted ester tecause it is in the
Marcus inverted region. Thus, the ether yield is maximized for the unsubstituted
ester.

Zimmerman's results’ can also be explained by Marcus theory. All three of
the benzylic esters studied could be in the inverted region and the rate constants for
electron transfer wovld decrease in the following manner: k; (4-OCH;) < kg (H)
< kyr (3-OCHj;). This is consistent with the observation that the 3-OCH, gave the
highest yield of ether product. Inclusion of the heterolytic cleavage may not be
necessary to explain Zimmerman's results.

Two different mechanisms have been proposed for the photoreaction of two
very similar substrates. The two competing reaction pathways in the mechanism

proposed by Zimmerman and Sandel® for the photclysis of benzylic esters are



14

homolytic cleavage and heterolytic cleavage from the excited singlet state. However,
the important competition in the mechanism proposed by Pincock and DeCosta' is
between ground-state reactions that occur after the excited-state cleavage The above
two proposals are mechanistic extremes and it is possible that for some substrates the
mechanism could be a combination of these. A more detailed discussion of the
possible reaction pathways in a benzylic photoreaction follows.

The initial event of a benzylic ester photoreaction is the absorption of light by
the aromatic chromophore inducing a n-r" transition forming the excited singlet state,
S;. Besides fluorescence and internal conversion, the excited singlet state can decay
by the pathways shown in Scheme 3. For benzyl acetate, the energy of the excited
singlet state is on the order of 444 kJ/mol (106 kcal/mol) above the ground state.
Thus, the energy provided by excitation is sufficient to induce cleavage of the benzylic
C-O bond that has a bond strength of about 272 kJ/mol (65 kcal/mol) for esters.'*
The singlet excited state can cleave homolytically, kg, to generate an in-cage radical
pair, the benzylic radical and the acyloxy radical. The acyloxy radical can
decarboxylate, in-cage or out-of-cage, to form an alkyl radical that couples with a
benzylic radic2i. The in-cage radical pair can also diffuse apart and dimerize or form
other out-of-cage radical coupling products. The in-cage radicals can also recombine
in a process called internal return, k.

The excited singlet state can also cleave heterolytically, k;, to give an ion pair
that is trapped by the nucleophilic solvent. As with the radical pairs, the ion pairs can

recombine, k. The ion pairs can also be formed by electron transfer between the



Scheme 3. General Mechanism for Photolysis of a Benzylic Ester.
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radical pair, k.

In addition to cleaving, the excited singlet state can intersystem cross, kg, to
form the triplet state, T,. The triplet excited state is still energetic enough (335
kJ/mol, 80 kcal/mol for unsubstituted benzene) to cleave the C-O bond. This
process would generate triplet radical pairs that can combine to give the same radical

coupling products as the out-of-cage singlet radical pairs. The triplet radical pairs

15
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cannot undergo electron transfer to form the ion pair, which must be a singlet.

The final product ratios will be a reflection of the various rate constants
involved in these processes. If all the rate constants were known predictions could be
made about product ratios. This chapter describes the studies of many aspects of the
benzylic ester photoreaction. This research assessed the importance of many of the
reaction pathways and clarified the role substituents have on determining product ratios
and reaction efficiencies.

The results presented in Chapter 1 are divided into three sections, 1.2-1.4.

The first section, 1.2, discusses the photochemistry of the benzyl acetates, 1a-f, and
benzyl pivalates, 2a-f.'*” This work is an extension of the initial work done by

Zimmerman and Sandel’ on benzylic este. photochemistry. The substituents a-f were

I
CH,-0—C—R

a, X =4-0CH3 g. X =34-(0CH3)2
b, X =4-CHj h, X =3,5-(0CH3)2
¢, X=H i, X=3,4,5-(0CH3)3
X d,X=3-0CH3  j X=3-CH3
~ e, X =4-CF3 k, X =3-CN
1, R=CH; f, X=4-CN I, X =3-CF3

2, R=C(CH3)3
chosen such that the incipient benzylic radicals spanned a wide range of oridation
potentials allowing the importance of the electron-transfer pathway to be explored.
Both the acetate and pivalate esters were studied because changing the rate of

decarboxylation of the resulting acyloxy radicals is a good probe for ground-state
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reactions that occur after the initial excited-state homolytic cleavage. Also, the
importance of triplet reactivity was determined by doing triplet quenching studies.

The results of the photochemistry of the multiple methoxy substituted benzyl
acetates 1g-i and benzyl pivalates 2g-i are discussed in section 1.3. These compounds
were studied to determine the importance of the heterolytic cleavage pathway.
According to the argument of the meta effect, heterolytic cleavage should be enhanced
for these esters. Also the photochemistry of several mera substituted benzyl acetates,
1j-1, was studied and will be discussed.

The results of the photochemistry of the indanyl esters, 3, 4, 5a-c and 6a-c are
discussed in section 1.4. The C-O bond in these esters is rigid and any effects the
substituents have on the conformation of the C-O bond are eliminated. This allows the
electronic effects of the substituents to be analysed independently of conformational
effects. Experimental details and compound characterizations are given in the

experimental section, 1.5.

3, R=CHj3
4, R=C(CH3)3

Z 5a-c, R = CH3 8, X=H
| b, X = 6-OCH3 (meta)
6a-c, R = C(CH3)3
X ¢, X =35-OCHj3 (para)
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1.2 Results and Discussion on the Photochemistry of - he Monosubstituted Beuzyl
Acetates la-f and Pivalates 2a-f
1.2.1 Products and Yields on Direct Irradiation of la-" and 2a-f

Esters 1a-f and 2a-f were prepared by reacting the corresponding ulcohols, 7a-
f, which were either commercially availablte or prepared by utandard methods, with

acid chloride, eq 10. The esters were photolysed in methanol and the progress of the

i
CH,0H CH,0CR
i
Cl—-'lt—.-R (10
pyridine
\ benzene \
Ta-f la-f R=CHj3

2u-f R=C(CH3)3

reaction was monitored by GC or HPLC. The photolysis was stopped after most of
the ester had reacted (>90%) and the products were isolated by chromatography.
Further details concerning synthesis and photolysis of the esters can be found in the
experimental section, 1.5.

The products isolated from the reaction mixture are the five benzylic products
shown in eq 11. The products were identified by spectroscopic methods (NMR, MS).
No attempt was made to isolate or quantify the low molecular weight carboxylic acids,
acetic (from 1) and pivalic (from 2), which were formed along with the ethers, 8. A
quantitative photolysis was done to determine the yields of these photoproducts, which

are given in Table 2. Complete details are given in the experimental section.
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1a-f 8a-f 9a-f 10a-f, R =CH3

2a-f 11a-f, R = C(CH3)3 i1
1. R=CH3 an

+
X X
12a-f 13a-f

The products shown in ec 11 can be rationalized in terms of an intermediate
ion pair and radical pair. The methyl ether, 8, is the only benzylic product formed
from the ion pair. The ether yields in Table 2 agree with Zimmerman's observations,’
eqs 2-4. The yield of ether is higher for 3-methoxybenzyl acetate (32%) than for the
4-methoxy substituted isomer (1.7%). However, the yield of ether drops substantially
for the pivalate esters, 2, relative to the corresponding acetate esters, 1. The yield of
ether is only 10% for the 3-methoxy substituted pivalate ester. The excited singlet
state behaviour of the acetate and the pivalate esters is essentially the same, as will be
shown in section 1.2.2. Therefore, the differences in ether yields between the acetate
and pivalate esters cannot be due to differences in excited-state cleavage but must be a

consequence of processes that occur after excited-state bond cleavage. The obvious
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Table 2. Product Yields* for ihe Photolysis of Esters 1a-f and 2a-f in Methanol.

%8 %9 %10/11* %12 %13 %
Esters, 1, 2 ether  toluene coupled dimer alcohol  Total
Ia, X = 4-OCH;, 1.7 nd 14 48 25 89
2a nd 13 48 24 4 89
1b, X = 4-CH, g 2 14 52 21 97
2b nd 14 53 31 nd 98
le, X =H 26 nd 19 23 26 94
2c 5 14 45 18 6 88
1d, X = 3-OCH, 32 nd 14 38 12 96
2d 10 17 46 20 nd 93
le, X = 4-CF, 1.0¢ 14 24 17 nd 56
2e nd 38 34 13 nd 85
If, X = CN 0.3 5 16 67 5 95
2f nd 16 43 2 nd 9]

*The numbers represent the yield of the benzylic fragment based on the amount of
reacted starting material. Therefore, the molar yield of the dimer, 12, is multiplied by
2. Estimated error based on reproducibility of injections and multiple runs is about +
2%. However, note footnote c.

*This is the product that results from coupling after decarboxylation. For the acetate
esters, 1, the product is 10 and for the pivalate esters, 2, the product is 11.

“The yields of the methyl ether from the acetate esters are important for analyzing the
results. For cases where this yield is low, analyses were done more carefully and the
estimated error is +0.2%.

nd, Not determined but <0.5%.
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difference (Scheme 3, p 15) is the rate of decarboxylation (k) of the pivaloyloxy
radical, (CH,);CCO;,’, compaied to the acetyloxy radical, CH,CO,. Decarboxylation
of the pivaloyloxy radical is faster because it gives a ferr-butyl radical whereas
decarboxylation of the acetyloxy radical gives the less stable methyl radical. Rate
constants for decarboxylation of these radicals have been determined previously;™ k.,
=1 x 10° s for the acetyloxy radical and 11 x 10° s for the pivaloyloxy radical.

Products 9-13 are formed from the radical pair. The dimer, 12, is formed
from coupling of two benzylic radicals and 2-arylethanol, 13, is formed from coupling
of a benzylic radical with a hydroxymethyl radical. Clearly, these products can only
arise after the initially formed radical pair has diffused apart, i.e., out-of-cage
products. For most acetates (except 1c, X = H, and 1d, X = 3-OCH,, where the ion
pair is a more important intermediate), the sum of the yields for these two out-of-cage
products, 12 and 13, is over 70%. Clearly, diffusional escape from the solvent cage
is important. This is expected based on the rate constants for diffusion and
decarboxylation. A rate constant for diffusional escape of the radical pair of
6 X% 10" s can be calculated using the simple diffusional escape!® equation assuming
6 A spheres in a solvent like methanol of viscosity 5.5 mpoise. Diffusional escape is
six times faster than decarboxylation of acetyloxy radical, koo, = 1 X 10°s”, thus
out-of-cage processes dominate. The yields of dimer for the pivalate esters show that
out-of-cage radical reactions are less important. Decarboxylation of the pivaloyloxy

radical ((CH,);CCO;,’), ke, = 11 X 10° s is faster than diffusional escape and in-

cage processes dominate.
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The pathway for formation of the hydroxymethyl radicals, that couple with
benzylic radicals to give product i3, is not certain but for the acetate esters probably
occurs by a methyl radical, formed after decarboxylation of the acetyloxy radical,
abstracting a hydrogen atom from methanol. This process would be exothermic by
~50 kI/mol (12 kcal/mol). The acetyloxy radical would decarboxylate before it could
abstract a hydrogen atom based on a rate constant obtained by laser flash photolysis,™
for hydrogen atom abstraction from ethyl ether by the ((4-methoxyphenylyacyloxy
radical (ArCQ;) of <10° M's!. Decarboxylation will be preferred to hydrogen atom
abstraction from the solvent because the decarboxylation is two orders of magnitude
faster than the hydrogen atom abstraction. Also, benzylic radicals do not efficiently
abstract hydrogen atoms from methanol because the process is endothermic by ~29
kJ/mol (6 kcal/mol), as calculated from bond dissociation energies," and dimerization
dominates.”

For the pivalate esters, once the radica! pair diffuses, the ratio of dimerization
of the benzylic radicals to form 12, relative to solvent coupling to form 13, favours
12. The tert-butyl radicals probably abstract hydrogen atoms from the solvent at a
slower rate than does the methyl radical. The hydrogen abstraction by the rert-butyl
radical is exothermic by only ~6 kJ/mol (1.4 kcal/mol)."* For this reason and for
steric reasons, the hydrogen abstraction should be slow.

Toluene, 9, and the coupling product, 10 (R = CH;) or 11 (R = C(CH,),),
can be formed either in-cage after decarboxylation or out-of-cage. For the pivalate

esters, products 9 and 11 are probably formed predcminantly in-cage because
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decarboxylation is faster than diffusion. The ratio of coupling to disproportionation
(11/9), is 3.2 + O(.,4 and is essentially suustituent independent (ignoring the 4-CF,
case, 2e, which has a very different anC unexplained value of 0.9). For the acetate
esters, disproportionation is impossible and coupling to ethylbenzene, 10 (R = CH,),
is the only in-cage product derived from the radical pair. Because decarboxylation is
slower than diffusion for the acetyloxy radicals some ethylbenzene is probably also
formed out-of-cage.

Using the known decarboxylation rate constants and the product yields given in
Table 2 rate constants for diffusion, k;, and electron transfer, kgr, can be calculated.
However, before this can be done it is necessary to determine if triplet-state reactivity
is important. If the triplet excited state cleaves, the products formed will be identical
to the out-of-cage products from the singlet radical pair, 12-13. Without knowing the
rate constants ks and k" a quantitative analysis would be extremely difficult, if
possible.

Also, in terms of analyzing sutstituent effects on the relative yield of products
derived from the ion pair versus the radical pair, the importance of triplet reactivity is
critical. If for one substituent triplet state reactivity is a major pathway ionic
intermediates will be less important overall. If for another substituent triplet reactivity
is only a minor pathway then the ionic intermediates would be relatively more
important and greater yields of ion-derived product would be formed. In this case the
enhanced yields of ion-derived product would not be a result of the substituent

enhancing the process that forms the ionic intermediates.




1.2.2 Multiplicity of the Reactive Excited State

Product yields in benzylic photocleavage reactions are well known™ to depend
on the multiplicity (singlet versus triplet) of the reactive excited state. For reactive
singlet states both radical pairs and ion pairs can be formed and the radical pairs can
form products both in-cage and out-of-cage. Triplet states give triplet radical pairs so
only products derived from radical intermediates are possible. Usually out-of-cage
processes dominate since in-cage coupling reactions are spin forbidden. Only low
yields of out-of-cage radical products were detecied for the 1-naphthylmethyl esters!
(eq 6, p 8). However, for the benzylic esters 1 and 2 the yields of out-of-cage
preducts were substantial suggesting that triplet states might be involved. To test this
possibility either triplet sensitization or quenching experiments were necessary.

In a sensitization study the triplet of the compound is formed directly by triplet
energy transfer from another chromophore. For benzylic compounds this is very
difficult to do as exemplified by Cristel's” " detailed studies on substituted benzyl
chlorides. The triplet energies of benzylic substrates are high and triplet sensitiz=rs of
high enough triplet energy to allow unambiguous exothermic triplet energy transfer arc
not available. Another potential problem is electron transfer sensitization, as has been
demonstrated for 1-naphthylmethyl iodide.”® Moreover, sensitizers such as ketones are
good hydrogen atom abstractors in their n,n" triplet excited state and are incompatible
with methanol as the solvent.

Because of the problems with sensitization experiments, triplet reactivity was

investigated by selective quenching of the triplet state with 2,3-dimethylbutadiene.
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The basic idea is shown in Scheme 4 where the rate constants are defined as follows:
ky", reaction of the singlet; k,°, quenching of the singlet by quencher Q; k),
radiationless decay of the singlet; k,°, fluorescence of the singlet; k., intersystem
crossing of the singlet to the triplet; k,", reaction of the triplet; ko, quenching of the
triplet by quencher Q; k;", phosphorescence of the triplet; and k", radiationless decay

of the triplet.

Scheme 4. Possible Reaction Pathways for the Singlet and Triplet Excited States
of a Benzylic Ester in the Presence of a Quencher.
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Singlet lifetimes, 1, and fluorescence quantum yields, ¢y, for 1 and 2 were
measured” and are reported in Table 3. For comnarison, values for the singlet
excited-state properties of the corresponding benzy! alcohols, 7a-f, were also
measured. The k,* values for the pivalate esters, 2, were determined from Stern-
Volmer plots of I;%1; versus diene concentrations.”” Combining the singlet lifetimes,

T,, with the Stern-Volmer slopes, k,’ts, gave the ko® values shown in Table 3.



Table 3. Photophysical Properties of Esters la-f, 2a-f and Alcohols 7a-f in

Methanol.

Ester or Alcohol T, X 10* d)lb ko' X 10% 1, % 10 ko' X 10°°

(sh Mlsh sh (M's?)

1a, X = 4-OCH, 6 0.17 3 B
2a 6 0.16 2.3

Ta 7 0.17

1b, X = 4-CH, 2 0.12 0.4 4
2b 23 0.11 29

7b 25 015

le, X =H 12 0.04 nd* nd
2c 14 0.03 nd'

Tc 21 0.07

1d, X = 3-OCH, <1 <0.01 0.8 3
2d <1 <0.01 >3

7d 7 0.16

le, X = 4-CF, 8 0.11 nd nd
2e 7 0.11 nd

9e 13 0.09

1f, X = CN 11 0.10 >3 >3
2f 10 0.10 11

7t i1 0.10

*By single photon counting of fluorescence.

*By comparison with a value of 0.13 for toluene in methanol.”’
‘By Stern-Volmer quenching studies of fluorescence spectra.
9By triplet-triplet absorption using laser flash photolysis.

By Stern-Volmer quenching studies of triplet-triplet absorption.

Not determined, see text.
®No triplet-triplet absorption observable.

nd, Not determined.
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Quenching of the excited singlet states of substituted naphthalene rings by dienes has
been reported previously™ % and is very efficient. The same 1s true for these
substituted benzenes. In agreement with the naphthalene work, there is an electron
transfer component to this quenching with the diene as the donor and the aromatic as
the acceptor. The rate constant for quenching (11 x 10° M's") approaches the
diffusional limit" in methanol (18 X 10° M 's") for the more easiiy reduced substrate,
4-cyano, 2f.

The singlet lifetimes and quantum yields of fluorescence are essentially
identical for the acetate, 1, and pivalate, 2, esters. Changes in the carboxylic acid
part of the ester do not affect the excited-state properties of the aromatic
chromophore, as was also observed for the 1-naphthylmethyl esters.!? Therefore, only
the triplet values, t; and k,', for the acetate esters have been determined by laser
flash photolysis* (ILFP) and are given in Tatle 3. As expected, the T, values are in
the microsecond range, three orders of magnitude longer thun the t¢ values.
Therefore, the triplet state can be selectively quenched The concentration of
quencher used to selectively quench the triplet «tate and not the singlet state was

determined using eqs 12 and 13, where %S and %T are the percen.ages of the excited

%s = _ 0kl (12)
kglQl + /g
T,

kolQ] + 1/,



-
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8

Table 4. FProduct Yields for the Esters 1 and 2 in Methanol with the Quencher, 2,3-

Dimethylbutadiene.
Ester [Ql x 100 %T %S %8 %9 %10/11 %12 %13
mol/L

la, X = 4-OCH;, 0 2 1 14 48 25
1.0 % 05 2 1 13 20 30

2a, X = 4-OCH, 0 nd 13 48 23 4
1.0 9% 05 nd 10 35 20 6

1b, X = 4-CH, 0 8 2 14 52 21
2.0 76 11 7 2 11 54 14

1d, X = 3-OCH, 0 32 1 14 K} nd
6.6 94 <2 N I 13 18 nd

2d, X = 3-OCH, 0 10 17 46 20 nd
6.6 94 <2 15 13 46 19 nd

If, X = 4-CN 0 2 5 16 67 5
1.2 92 13 5 5 19 49 7

nd, Not determined, <0.5%.



29
state quenched in each case. As shown in Table 4, the concentration of diene used, in
most cases, quenched >90% of the triplet states and <2% of the singlet states.

The product yields for the photolysis of a selected set of the esters 1 and 2 in
the presence of 2,3-dimethylbutadiene are reported in Table 4 along with the yields for
unquenched direct irradiations. The direct and quenched irradiations gave essentially
the same product yields in almost all cases. The exception is the decreased yield of
dimers, 12; presumably some out-of-cage benzylic radicals are reacting with the diene
quencher. This comparison of product mixtures in direct and triplet quenched
reactions is the classic "fingerprint" method.”> The results in Table 4 suggest that

triplet excited states and triplet radical pairs can be ignored.

1.2.3 Quantitative Mechanistic Scheme

On the basis of the multiplicity experiments, Scheme 3 (p 15) can be simplified
by removing any reaction pathways involving the triplet excited state and triplet
radical pairs. Another concern was the importance of the internal return pathways.
Internal return could have a major influence on product yields if, for instance, internal
return occurs from the ion pair and if the efficiency of this process is substituent
dependent. The result would be a decrease in the yield of products derived from the
ion pair independent of the pathway and efficiency of its formation.

The efficiency of internal return for both radical pairs and ion pairs as a
function of substituents for 1-naphthylethyl esters has been studied.®® It was shown

that internal return of the radical pair was substituent dependent, increasing for
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electron-withdrawing substituents, whereas internal return of the ion pair was
substituent independent. The predominant pathway for internal return was via the
radical pair. However, inclusion of the internal return pathways did not significantly
change the calculated rate constants k,; and k,,. For the worst case, ignoring internal
return changed the calcuiated electron-transfer rate constants, k,.;, by a f~ctor of 2.
An error of this magnitude will have no influence on the conclusions (vide infra).
Therefore, the assumption can be made that internal return does not interfere with the
distribution of products derived from either the radical or the ion pair. Removing the
internal return pathways and those involving the triplets leaves only the reaction

pathways shown in Scheme 5 to be considered. Scheme 5 can be used to obtain the

Scheme 5. Simplified Mechanism for the Photoreaction of Benzylic Esters la-f
and 2a-f.

Il [l
AICH-0—C—R  —MY  ACH;-0—C—R (S)

CH;0H
N

® 6 (l? - . (l)l " 12+ 13
ArCH, 0—C—R <«— | ACH, O0—C—R | —2—>» and
9+ 10/11

lCH;;OH 1“002

8 9+10/11
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rate constants k,; and kj, using the product yields in Table 2 (p 20) and the known rate
<onstants of decarboxylation," kv,

The pivalate ester data will be analyzed first becavse the yields of the ion-
derived products are low, therefore, these substrates serve as good probes for the
reactivity of the radical pair. The two competing pathways of the radical pair,
decarboxylation and diffusionai escape from the solvent cage (ky, and k;, in Scheme
5), form products 9-13. For the pivalate esters, the yields of the methanol
incorporated alcohol, 13, are negligibly low for most cases (vide supra). The known
rate constant for decarboxylation of the pivaloyloxy radical, (CH;);CCO,’, can be used
as a "radical clock"* for diffusional escape. This is not straightforward, however,
because the radical disproportionation product, 9, and the radical coupling product,
11, will be formed either from in-cage radical pairs or from a reencounter of out-of-
cage radical pairs. A reasonable assumption can be made that once the radical pair
has separated by diffusion, reencounters leading to disproportionation, 9, and

coupling, 11, should occur at the same rate as reencounters leading to the dimer, 12.

Yietd 9+11) _ co* K/2) (18)
Yield 12 *y/2)

This is true because the concentration of the two radicals, ArCH, and (CH,),;C’, will
be the same; eq 14 then applies. This equation simply says that 9 and 11 are formed
by two routes and that half the out-of-cage radicals form 9 and 11 and the other half
12. Rearranging eq 14 gives eq 15. Because ko, (11 X 10° ) is known, ki, can be

evaluated from product yield data for each substrate. For the six compounds, 2a-f,



o
" Yield O+11) _| (15)
Yield 12

studied an average value of (2 + 1) X 10" s was obtained which is similar to the
value of 6 x 10° s calculated from the simple diffusional separation equation' (vide
supra). The conclusion to be reached from the pivalate chemistry is that greater than
90% of the reactivity can be rationalized in terms of homolytic cleavage of S, to give
a radical pair followed by competition between two pathways, in-cage decarboxylation
and diffusional escape.

For the acetate esters, the higher yields of the ether indicate that the ion pair
is now a more important intermediate. The intermediate ion pair can be formed by
direct heterolytic cleavage from the singlet excited state, by electron transfer between
the radical pairs or from both pathways. The data for the acetate esters will be
analyzed in two ways. First, the data will be analyzed assuming that the ion pair is
formed exclusively from the electron-transter pathway. The data will then be
analyzed a second time including a contribution for heterolytic cleavage.

If there is no contribution from heterolytic cleavage in forming the ion pair,
i.e., kg > > Kk, the rate constants for electron transfer, k;;, can be determined using

eq 16, wnere the yield of ether, 8, is simply expressed as a ratio of the possible

Ker

kgr* kco, +ky)

Yield 8= (16)



reaction pathways of the radical pair. Rearranging eq 16 gives eq 17. The only

‘- Keo, * kp)
A (17

(m)"l
unknown in eq 17 is kgy because ko, (I X 10° s!) is known and k;, should be very
similar to that obtained from the pivalate results (2 X 10" s%). Thus Ko, and kj, are
serving as "radical clocks"* for k.;. Any error in these values will be transferred to
k7, but only as a scaling factor and not by changing their relative magnitudes. The
values of k;; obtained this way are given in Table 5 along with the oxidation potentials
of the substituted benzylic radicals in acetonitrile.”® Because the yield of ether, 8, is
very low for most cases, considerable care has been taken to ensure that these values
are as reliable as possible. Multiple samples, GC injections, and standards were used.
For the values below 10%, the estimated error is about +0.2%. For the 4-cyano
case, the value is just above detection limits but still measurably greater than zero.

A second possibility is that the ion pair is formed by both heterolytic cleavage
and electron transfer between the radical pair. For the pivalate esters the assumption
will be made that the electron-transfer pathway is not competitive with
decarboxylation. Thus all of the ion pairs for the pivalate esters result from direct
heterolytic cleavage of the C-O bond in the excited singlet state (k;%). The only
product formed from the ion pair is the methyl ether, 8. Therefore, the ether yields

represent the maximum possible contribution of the heterolytic cleavage pathway.
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Table 5. Values of kg and E,y for the Radical Pair Generated in the Photolysis of

Esters la-f.

Ester %8 kpyr X 10° s! Eo* (V)

1a, X = 4-OCH, 1.7 0.12 £ 0.01 0.26

1b, X = 4-CH, 8.0" 0.61 + 0.02 0.51

Ie, X =H 26° 25+ 0.3 0.73
2D (1.8 + 0.4y

1d, X = 3-0CH, 32 3.3 + 0.3 0.79
(22) (2.0 £+ 0.5)

le, X = 4-CF, 1.0° 0.071 £+ 0.014 1.00!

If, X = 4-CN 0.3 0.021 + 0.014 1.08

*Values taken from ref 35. However, note footnote f.
*Error estimated at +0.2%.

‘Error estimated at +2%.

dCalculated assuming that the total yield of ion pairs (that give ether 8) are formed by

electron transfer in the radical pair. See text.

¢Calculated assuming that a percentage of *he ion pairs, estimated from the pivalate

data, is formed by direct heterolytic cleavage. See text.

Not determined but obtained from the po* plot using o* = 0.54 and the literature

value® of p = 0.475 V/o*
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Heterolytic cleavage is greatest for the 3-methoxy compound, 2d, at 10%, drops to
5% for the unsubstituted compound, 2¢, and is undetected (<0.5%) for the other
substituted compounds. This agrees with the prediction® of the mera effect for
enhanced excited-state heterolytic cleavage with the electron-donating substituent at the
meta position. However, it is important to emphasize that this process is only a minor
component in the overall mechanism, accounting for less than 10% of the reactivity.

The singlet excited-state behaviour for the acetates and pivalates, as determined
by fluorescence quantum yields and singlet lifetimes, is essentially identical (Table 3).
This is expected since the alkyl group is remote from the benzylic chromophore.
Therefore the efficiency of direct heterolytic cleavage for the acetates should parallel
that for the pivalates and should also be maximized for the 3-methoxy case. Because
decarboxylation is slower for the acetate esters, the yield of ether represents the sum
of the yield of ion pair intermediate derived from both the heterolytic cleavage
pathway and the electron-transfer pathway. The cther yields from the pivalate esters
can be used as an estimate of the yield of ether resulting from heterolytic cleavage for
the acetate esters. Examination of the pivalate ether yields in Table 2 shows that this
correction is only necessary for the 3-methoxy and unsubstituted acetate esters with
10% of the ether for the 3-methoxy one and 5% of the ether for the unsubstituted one
being attributed to direct heterolytic cleavage. There was no detectable yield of ether
for the other pivalate esters. Subtracting the pivalate cther yields from the acetate
ether yields attributes the remaining 22% and 21% for the 3-methoxy and

unsubstituted compounds, respectively to the electron-transfer pathway. The ether
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yields with a correction made for heterolytic cleavage have also been used to calculate
rate constants of electron transfer using eq 17 and are given in brackets in Table S.
Examination of the data in Table 5 reveals that the relationship between E,
and k;, is not linear. Previously, electron-transfer rate data for conversion of the
radical pair to the ion pair, for 1-naphthylmethyl esters,” has been analyzed by
Marcus' theory* of electron transfer. Marcus theory was also used to analyze the
data in Table S for the benzylic system. This required fitting the k;., values to eq 18,

19, and 20. The fitting parameters are: vy, the vibrational modes that are important

] A A’
kn:: i (42 exp(~ ghv,+ AG,+ XY ) (18)
j=0 (kDY 4\, T

F-0_% (19)

J ,]!

A
S=." (20)

h\)V

in the vibrational electronic coupling; A, the solvent recrganization energy; Ay, the
nuclear reorganization energy; and V, the matrix coupling term. The fit also required

values of AGg; (as a function of substituents) as given by eq «i where F is the

AG,, = F(Ey+ Ey)* A - €Dr, @n
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Faraday constant, E,y is the oxidation potential of the substituted benzylic radical in
acetonitrile (Table 5), Egpy, is the reduction potential of the acyloxy radical, and A is
an unknown factor that corrects for the fact that the measured values of Egy are in
acetonitrile but the photochemistry was done in methanol. The value of A is assumed
to be independent of substituents on the aryl ring so that eq 21 simplifies to eq 22

where B replaces all the constant terms in eq 21. The data in Table 5 was fitted to

AG,,= FE, - B (2)

eqs 18-22.% A value of 1500 cm' was assigned to vy that is tyvical of both carbon-
carbon skeletal vibrations in the arylmethyl species and the carboayi stretch in the
carboxylate anion.* A better fit was obtained when the kg; values corrected for
heterolytic cleavage were used. This fit is shown in Figure 3. The fitting parameters
obtained were V = 4.0cm™, A, = 0.1 eV, A, =0.2eV,and B = -1.0 V. The fit
was not significantly worse when the values of k. uncorrected for heterolytic cleavage
were used. Based on this analysis the decision about which of these mechanisms is
preferred is therefore not possible, but the major conclusion is clear. Homolytic
cleavage of the carbon-oxygen bond in the excited singlet state of the ester is the
major photochemical pathway and rationalizes greater than 90% of the product yield
data even for the 3-methoxy case. For the other substituted esters greater than 95% of
the reaction proceeds by this mechanism. The substituents possibly influence the
efficiency of direct heterolytic cleavage but, if so, this is only a minor pathway in the

reaction of benzylic esters. The major influence of substituents on product ratios is
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Figure 3. A plot of the rate of election transfer, ki, for converting the radical pair
to the ion pair as a function of the oxidation potential, E,, of the benzylic radical.
The fit is to eqs 18-22.

3-0CH,

4CF, o

4CN ®
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changing the oxidation potential of the benzylic radical and thus the yield of ion pair
product formed from the electron-transfer pathway.

The plot in Figure 3 is qualitatively similar to that obtained previously for the
radi~al pair to ion pair process for 1-naphthylmethyl esters' (Figure 2, p 11). The
quantitative differences will be discussed below. The plot in Figure 3 clearly shows
that the electron-transter process is slow for electron-withdrawing groups (X = 4-CN,
X = 4-CF,) resulting in very low yields of the methyl ether that is formed from the
ion pair. The electron-transfer rate is a maximum for the 3-methoxy and the
unsubstituted cases and then decreases in the inverted region as the process becomes
thermodynamically more favourable for electron-donating groups (X = 4-CH,;, X =
4-OCH,). The reason for the high yield of the ion-derived product for the 3-methoxy
esters is mainly a result of the increased rate .: iectron transfer relative to those of
the other substituents, not enhanced heterolytic cleavage.

Returning to the quantitative aspects of the fit of the electron-transfer data (eq
18-22) the major difference between the results for the 1-naphthylmethyl-

phenylacetyloxy radical pair (NaphthylCH," 'O-(CO)CH,Ph)? and the present results

for the benzylic-acetyloxy radical pair (PhCH, "O-(CO)-CHj,) is the very large

decrease in the rate of electron transfer for the latter. The largest rate constant in
Figure 3 is 2.0 x 10° s** for the 3-methoxy substituted benzylic ester as compared to a
maximum of 5.5 X 10" s for the 4-methyl substituent in the 1-naphthylmethyl case.
The total reorganization energy, A, of 0.3 eV for the benzylic substrates is similar to,

but smaller than, the 0.5 eV determined for the 1-naphthylmethyl compounds. This
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lower value of reorganization energy would increase the rate of electron transfer for
the benzylic radical pairs. Therefore, the large decrease in the rate of electron
transfer is due entirely to the large drop in the value of the matrix coupling term V
from 12.4 to 4.0 cm™. Because this term is well known to be distance dependent, ™+
this observation suggests that the radical pair is further separated for the benzylic
radical pairs before electron transfer takes place, perhaps because diffusion is more
rapid for the smaller radical pair species. Whatever the reasons for this decreased
value, the consequences are obvious. Electron transfer in the radical pair is slow
enough so that it no longer dominates diffusional escape (k;,), particularly for the
acetates, or decarboxylation (ky,), particularly for the pivalates. Overall, ion pairs
are much less important reaction intermediates.

The reorganization energy values are also different for the benzylic radical pair
(Ay = 0.1 eV and A = 0.2 eV) compared to the 1-naphthylmethyl case (Ay = 0 eV
and Ay = 0.5 eV). The asymmetry in the Marcus "parabola” in the inverted region
requires inclusion of nuclear reorganization, Ay. The value obtained for A, of 0.1 eV
is small but reasonable on the basis that the electron is being transferred from a
nonbonding MO of the benzylic radical to, at least superficially, a nonbonding MO on

the acetyloxy radical. Pincock and Decosta® tried to estimate Ay by MO calculations
of the bond length and angle changes required for converting the radical pair (PhCH,’
‘0,CCH,) to the ion pair (PhCH,* “0,CCHj,) and obtained a value of ~0.2 eV. This

value can be attributed entirely to the change from an asymmetric structure (unequal

C-0O bond lengths) in the acyloxy radical to a symmetric one for the acetate anion
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(equal C-O bond lengths). The solvent reorganization energy, A, of 0.2 eV seems
small since typical values of 0.5 eV are obtained for electron transfer over short
distances.'>*** However, the only precedent in the literature for charge separation

electron transfer in radical pairs is from our laboratory'? so comparative discussions

are difficult.

1.2.4 Conclusions

Most of the reactivity of benzylic esters can be attributed to homolytic cleavage
of the excited singlet state with the ion pair being formed mainly from electron
transfer between the initially formed radical pair. Rate constants for electron transfer
have been determined and fitted to Marcus theory. For the 3-methoxy substituted
esters it appeared that heterolytic cleavage from the singlet excited state was beginning
to be competitive with homolytic cleavage. The next section of this chapter discusses
the effect of multiple methoxy substitution on this competition. As well, an attempt
was made to determine the effect of electron-withdrawing groups in the meta position

on the heterolytic cleavage and these results will also be discussed.
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1.3 Results and Discussion on the Photochemistry of the Multiple Methoxy
Substituted Compounds

1.3.1 Introduction

The product yield studies of esters 1a-f and 2a-f in section 1.2 indicated that
for the 3-methoxy substituted esters the heterolytic pathway was beginning to be
competitive with homolytic cleavage. Therefore, the photochemistry of other methoxy

substituted esters, 1g-i and 2g-i, was studied. Clearly, the 3,5-dimethoxy derivatives

CH;-O——Q‘-—R
g X =3,4-(0CH3)2
h, X =3,5-(0CH3)?2
i, X=34,5-(0CHj3)3
X i, X=3-CH3
k, X=3-CN
1, R=CHj3 , X=3-CF3

2, R=C(CH3)3

(1h, 2h) where the meta effect would be enhanced are obvious choices. Both the
acetate, 1, and pivalate, 2, esters were studied because the change in the
decarboxylation rate constant™ allowed the electron-transfer rate to be monitored.

The 3,4-dimethoxy derivatives (1g, 2g) were chosen as another useful probe of
the mechanism. If the meta effect is important and the critical competition occurs
between heterolytic and homolytic cleavage then photolysis of the 3,4-dimethoxy
substituted esters, 1g and 2g, should give product ratios (radical vs. ionic) similar to

the 3-methoxy substituted esters, 1e and 2e, i.e., the additional 4-methoxy group
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would do little to change the dominant effect of the 3-methoxy group. However, if it
is the competition between decarboxylation and electron transfer that is important then
photolysis of the 3,4-dimethoxy substituted esters, 1g and 2g, should give product
ratios similar to the 4-methoxy substituted esters, 1f and 2f, becanse the benzylic
radicals for these esters would have very similar oxidation potentials, i.e., the
additional 3-methoxy group would do little to change the dominant effect of the 4-
methoxy group.

In addition, because the meta effect prediction is not exclusive to the methoxy
group and because previous work had only included mera methoxy, a study of other
meta substituents seemed of interest. Therefore, a series of mera substituted benzyl
acetaces, 1j-1, was also studied.

The effect of meta substituents and multiple substituents in benzylic ester
pkotochemistry has not been extensively explored. Wan er al.* have compared the
reactivity of positiona: isomers of substituted benzyl acetates. A few substituenis
(CH;, F, CI) in the three possible positions of benzyl acetate were examined. The
esters were photosolvolysed in 50% aqueous acetonitrile. The ortho isomer was the
most reactive, followed by the mera isomer. The para isomer was the least reactive.
This effect was observed independent of the substituent. Tt ir conclusion was that in
S, substituent effects appear to follow an 0>m>p rule.

Wan er al.*? have also studied the effect of multiple methoxy substitution on the
photodehydroxylation of benzyl alcohols. They found that the effects of the methoxy

groups were additive. The reactivity pattern of the disubstituted compounds follows
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the rule 0,0>0,m>m,m.

The photochem'stry of dimethoxybenzenes has been studied in aqueous sulfuric
acid.*** The singlet 2xcited state of 1.3-dimethoxybenzene was found to protonate
regioselectively at the 2- position to give an intermediate cyclohexyldienyl cation.
Laser flash photolysis studies of the photoprotonation of 1,3-dimethoxybenzenes in
1,1,1,3,3,3-hexafluoroisopropyl alcohol (HFIP) were done by McClelland and

coworkers.*

Again, protonation was found to be selective at the 2- position. A
transient was observed and assigned as the intermediate cyclohcxyldienyl cation. In
contrast, in the ground state, there is a strong preference for protonation at the 4-

position.***** These observations are consistent with the predictions of the mera

effect.”

1.3.2 Products and Yields on Irradiation of 1g-i and 2g-i

The esters 1g-i and 2g-i were prepared by reacting the benzyl alcohols 7g-i
with acid chloride (eq 10, p !8) and photolysed in methanol with a low-pressure
mercury lamp. F¢.e major benzylic products were formed, eq 23, analogous to the
products formed from esters la-f and 2a-f. Agzain, no attempt was made to isolate or
quantify the low molecular weight carboxylic acids, acetic and pivalic, which were
formed along with the ethers, 8g-i. The yields of these products are given in Table 6.
The formation of the five benzylic products shown in eq 23 can be rationalized by the
mechanism shown in Scheme 5 (p 30). The ion pair is trapped by methanol to give

the ether, 8, The remaining products are radical derived. The benzylic radical forms
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CH;~0—C—R

CH:OH
X
1g-i
2g-i

LLR=CH3 2.R=C(CH3)3
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CH,0CH; Ha CH,R
-~
) .
RN
X X
8g-i 9g-i 10g-i. R=CHy
11g-i, R=C(CH3)3
CHy) CH,CH,OH (23)
+
X X
12g-i 13g-i

Table 6. Product Yields* for the Photolysis of Esters 1g-i and 2g-i in Methanol.

Esters, 1g-i %8g-i %9g-i %10/11g->  %12g-i*  %13g-
2g-i ether toluene coupled dimer alcohol
1g, 3,4-(OCH,), 43 <1 7 28 nd
2g 7 11 25 36 nd
1h, 3,5-(OCH,), 56 5 23 2 nd
2h 14 23 44 10 nd
1i, 3,4,5-(0CH,), 66 nd 15 11 nd
2i 20 22 45 5 nd

*The yields are absolute yields based on consumed ester. Estimated error, +2%.

®For esters 1 the product is 10, R = CH,. For esters 2 the product is 11, R =

C(CH,);,.
“Twice the molar yield.

nd, Not determined, <0.5%.
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9 in a significant yield by in-cage disproportionation for R = C(CH,),. These toluene
products are only formed in minor amounts for the acetates where there is no readily
available source of a hydrogen atom. The benzylic radicals can also cither couple
with the alkyl radical (R") to form 10/11, the other in-cage product, or couple out-of-
cage with itself to form 12, the dimer.

Examination of the product yields in Table 6 allcws some qualitative
conclusions to be made. A simple first approach is an examination of the ether yields
because the ethers are the only benzylic products formed from the ionic intermediates.
For the acetates, there is a correlation between the ether yields and the methoxy
substitution pattern. As predicted by the meta effect, the 3-methoxy substituted ester
as well as the 3,4-dimethoxy substituted one, gave a higher yield of ether product, 8,
32% and 43%, respectively than the 4-methoxy substituted ester (2%). The ether
yield from the 3,5-dimethoxy substituted ester (56%) was almost double that for a
single mera methoxy group and was even greater for the 3,4,5-trimethoxy substituted
ester (66%). As predicted by the meta effect, the yield of product from the ionic
intermediate is enhanced as methoxy groups are added to the aromatic ring.

An interesting result is the effect of a 4-methoxy group in the presence of a 3-
methoxy group for the acetate esters. When the acetate ester is substituted with a 4-
methoxy group only, very little ether product (2%) is formed. However, when there
is a 3-methoxy group in combination with a 4-methoxy group, the latter seems to have
a larger effect. The yield of the ether from the 3,4-dimethoxy substituted ester is 43%

whereas it is only 32% from the 3-methoxy substituted ester. This is an increase of




47
9%, while a 4-methoxy group alone increases the ether yield by only 2% relative 1o
the unsubstituted ester. These substituent effects are not additive in a simple way.

The same trends are observed for the pivalate esters. As the nnmber of
methoxy groups is increased, the yield of ether is enhanced. If the available data were
only those for the acetates or the pivalates, the conclusion would likely be made that
meta methoxy groups enhance the efficiency of heterolytic cleavage. However, when
the results of the two esters are compared the yield of ether from the acetate esters (R
= CHj) is much higher than for the corresponding pivalate esters (R = C(CH,);).
Therefore, the meta effect, which is based only on excited-state electron densities and
thus enhanced heterolytic cleavage efficiencies, cannot completely explain the
differences.

The alkyl group (R) of the esters has virtually no effect on the photophysical
properties of esters (vide supra) and therefore, any differences in ether yields as a
function of R must be a consequence of ground-state processes that occur after
excited-state bond cleavage. Rate constants for the ground-state processes can be

estimated allowing the data in Table 6 to be analyzed quantitatively.

1.3.3 Quantitative Mechanistic Scheme for Esters 1g-i and 2g-i

Examination of the data in Table 6 for the pivalate product yields shows that,
as for the esters 2a-f, the reactivity of the radical pair is quite important. Again, the
preduct yield data will be analyzed assuming that, for the pivalate esters, the ion pair

is formed entirely by direct heterolytic cleavage. This pathway is now more important
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than it was for the pivalates 2a-f. The maximum yield of ether occurs for the 3,4,5-
trimethoxy substituted compound, 2i, and it accounts for 20% of the total product
yield. However, 80% of the reactivity is still attributed to the radical pair. The
yields of the radical products and eq 15 (p 32) were used to determine values for k,,
that are given in Table 7. For ester 2g calculation of kj, is not mathematically
possible because the yield (9 -+ 11) = yield (12). However, examination of eq 14
reveals that in order for this to be true k;,/2 must be much greater than k,y,,. therefore,
k, would have to be greater than 2.2 X 10" s’. This is not possible. The calculated
value of ki, for 2h (3,5-(OCH,),) is 3.9 X 10° s' and 1.6 x 10° s? for 2i (3.4,5-
(OCH,);). These rate constants are very different from the average value of k,,,

2 X 10 s, calculated for the monosubstituted pivalate esters 2a-f. There are no
obvious reasons why the rate constants of diffusion are so different for ester 2g
compared to esters 2h and 2i or why the calculated diffusional rate constants for esters
2g-i are so different from the monosubstituted esters 2a-f.

For the acetate esters the ether is a major product. The ether yields reflect
both heterolytic cleavage and electron transfer because decarboxylation of CH,CO,’ is

slower. Again, the ether yields from the pivalate esters will be used to estimate what
fraction of the ether yield for the acetate esters is formed by heterolytic cleavage.
After this subtraction, the remaining yield of ether is the fraction formed by the
electron-transfer process (Table 7). This yield can then be used to determine k., from
eq 17, p 33. The only unknown in eq 17 is kg because ke, (1% 10 s) is known

and the value of k;, was determined above. The values of kg, obtained in this way are
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Table 7. Oxidation Potentials and Electron-Transfer Rate Constants for Esters 1g-j.

Ester % 8 ky x 10°s! k" x 10°s! Eox (V)
1g, 3,4-(OCH,), 36 nd nd 0.26°
1h, 3,5-(OCH,), 42 3.9 3.5 0.77¢
li, 3,4,5-(OCH,), 46 1.6 2.2 0.26*
1j, 3-CH, 19 17 4,2 0.70¢

*Obtained by subtracting the yield of 8 for the pivalate ester from the corresponding
acetate ester in Table 6.

*Calculated from eq 17 with ko, = 1 X 10° s
‘From ref 35.

This work, see experimental section.

‘Not measured but assumed equal to that of 1a and Ii.

nd, Not determined, see text.
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given in Table 7, along with the known values™ for the oxidation potentials of the
substituted benzylic radicals in acetonitrile. The rate constant of electron transfer for
the 3,4,5-trimethoxy substituted ester is very differcnt than that for the 4-methoxy
substituted ester which has a similar oxidation potential, Table 5. The lack of
agreement between the rate constants of diffusion and electron transfer for the multiple
methoxy substituted esters and those values calculated for the monosubstituted esters
(vide infra) suggests that the simple equations used to calculate k,, and k;.; are
incorrect for the multiple methoxy substituted esters.

One assumption used to analyse the data was that the photophysical behaviour
of the acetates and the pivalates are identical. If this is not true the analysis would no
longer be correct. This is an unlikely possibility because, as was mentioned earlier,
the sin_.ct excited-state behaviour of the acetate esters 1a-f and the pivalate esters 2a-f
was shown to be identical. Unfortunately, the multiple methoxy substituted
compounds do not detectably fluoresce so the fluorescence quantum yields or lifetimes
for compounds 1g-i and 2g-i cannot be compared.

A second explanation is that there is another reaction pathway that has not yet
been considered that perturbs product ratios and thus the equations used for data
analysis would be incorrect. One possibility that has been studied is intramolecular
electron transfer between the more easily oxidized methoxy substituted rings and the
ester carbonyl to form a charge transfer species, 14, eq 24. There is literature

precedence*™* for this process in arylmethyl esters of aromatic carboxylic acids
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(ArCH,O(CO)Ar) where the ester functional group is more easily reduced than the

aliphatic esters studied here. However, the presence of multiple methoxy groups

(I? .
Q—cﬂz—o—{—»a
homolytic/”” QR heterolytic
(24)
+ .
Hz H.’.

(CH:O h R (CH;O h

IJ O

- |
0—C—R O0—C—R

would lower the oxidation potential of the ring and enhance this possibility. If 14 was
formed preferentially for one alkyl group over another (i.e., ester 1 compared to ester
2) and if 14 fragmented preferentially either homolytically or heterolytically as in eq
24, this would provide an additional pathway to form ion pairs or radical pairs
respectively. This new pathway would then alter the product ratios from the normal
excited-state bond cleavage.

Normally intramolecular electron transfer is detected by a decrease in the
fluorescence quantum yield for the esters compared to related compounds that lack the
ester functionality, for example, toluenes. The lack of fluorescence for esters 1g-i and
2g-i makes these experiments impossible. Because of this difficulty

methoxynaphthalenes were tested as model compounds. The oxidation potential of 1-
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methoxynaphthalene (E,, = 1.38 V in acetonitrile vs. SCE)"* is simuilar to that for a
dimethoxy substituted venzene (F,, = 1.45 V for 1,2-dimethoxybenzene in acetontrile
vs. SCE)™™ and the oxidation potential of 1,4-dimethoxynaphthalene (E., = 1.10 V 1n

acetonitrile vs. SCE)*" is similar to that of a trimethoxy substituted benzene (E., =

Y
1.12 V for 1,2,4-trimethoxybenzene in acetonitrile vs. SCE).** How.ver, no
quenching of the fluorescence was observed for either methoxynaphthalene compound -
in methanol solution containing up to 4 M ethyl acetate. Given that the lifetime of 1- e—

methoxynaphthalene® is 10 ns, the rate constant for quenching must be less than 10°
M's?.  This is orders of magnitude smaller than the rate <onstants for the other
reaction pathways.

When comparing the acetate and pivalate esters, differences in their excited-
state properties have been ruled out as a reason for the large differences in the yield of
the ether. This means that differences in the rates of ground-state processes following
the bond cleavage nust be responsible. One possibility is the intervention of internal
return of either the radical pair (kz*) or the ion pair (ky') to the starting ester, as
shown in Scheme 3. If ion pair return is important, the yield of the ether will drop
relative to the yield expected from the bond cleavage processes. This could explain
the lower than expected ether yicid for 1h. Another possibility is that internal return

in the radical pair is more efficient for the acetate esters. This is a real possibility

because the lifetime of the radical pair will be longer for the CH,CO,  than for the
(CH,);CCO,  radical. The lifetime is decreased for the latter because it decarboxylates

an order of magnitude more rapidly. Internal return of the ion pair could therefore
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amplify the importance of the direct heterolytic cleavage (k;*) for the acetates 1g,i and
increase the yield of the ether in the photoreaction of these esters.

Internal return in the photolysis of 1-naphthylethyl esters* has been studied.
Excluding internal return and using the simple reaction mechanism shown in Scheme 5
resulted in only a minor perturbation on the calculated rate constants. However, to be
sure that this was also true for benzylic esters the internal return process has been
studied for esters li and 2i."' Internal return was monitored by preparing *O labelled
esters and measuring O scrambling during the photolysis by mass spectrometry. The
importance of internal return in the ion pair was determined by doing a ground-state
solvolysis where the only possible intermediate is the ion pair. The results showed no
significant differences in internal return efficiencies between the acetate and pivalate
esters. As well, the percentage of internal return was small and reaffirms that it can
be excluded from the reaction mechanism.

The above experiments rule out many possible explanations for the differences
in the rates of electron transfer for esters 1g-i compared to the monosubstituted esters.
The most likely explanation is that di- and trisubstituted compounds have diiferent
fitting parameters for the Marcus equation, i.e., reorganization energies and matrix
coupling terms, and should not be expected to have rates of electron transfer
comparable to the monosubstituted benzylic esters. This could also be true for mera
substituted compounds, because they might not necessarily have the same fitting

parameters as the para isomers.
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1.3.4 Photolysis of Esters 1j-1

The mera substituted esters 1j-1 were prepared and their photochemistry was
studied to construct a Marcus plot for the meta substituted esters. The photochemistry
of esters 1j and 2j was studied first. Upon photolysis in methanol the typical benzylic
products were formed, eq 23, and the yields are given in Table 8. When the esters 1k
and 11 were photolysed in methanot the usual benzylic products were formed (eq 23, p

45) however, the products as well as the ester isomerized. For instance, on irradiation

Table 8. Product Yields* for the Photolysis of Esters 1j and 2j in Methanol.

Ester %8j %9j %10/115" %12j' %13j
ether toluene coupled dimer alcohol

1j 26 2 18 17 nd

2j 7 10 45 24 nd

*Estimated error, +2%.

*For ester 1 the product is 10, R = CH;. For ester 2 the product is 11, R =
C(CH,);.

‘Twice the molar yield

nd, Not detected, <0 5%.

of the 3-cyano substituted ester (1k), products with the cyano group in both the 3- and
4- positions were formed along with the 4-cyano substituted ester.
Reliable results on the primary product distribution for the 3-cyano and 3-

trifluoromethyl substituted esters could not be obtained because of this complication.
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The mechanism for these positional isomerizations on the aromatic ring is presumed to
be the known benzvalene rearrangement.* This reaction, which is quite inefficient (®
= (.05 for benzene-1,3,5-d;),”* was competitive with the reaction pathways that
formed the benzylic cleavage products. This had not been a problem with other
substituents, but the electron-withdrawing groups make the esters 1k and 11 quite
unreactive to benzylic cleavage. A study of a series of mera substituted esters where
the resulting benzylic radical has a range of oxidation potentials will not be possible
because data for the two most convenient substituents that raise the oxidation potential
of the benzylic radical, trifluoromethyl and cyano, cannot be obtained. However, the
substituent dependence of the benzvalene rearrangement reactions is of interest and is
being investigated further.

Besides the methoxy substituents, the only other mera substituent to be studied
was the methyl group, esters 1j and 2j. A value of k;; (4.2 X 10° s') was calculated
using eq 17 (p 33) and is shown in Table 7. This value of k,; is similar to the value

for the unsubstituted benzylic radical that has a very similar oxidation potential.

1.3.5 Conclusions

Although numerical analysis of the resuits for the multiple methoxy compounds
was inconclusive, qualitative conclusions can be made. The goal of this section was to
determine if the heterolytic cleavage pathway could be enhanced by addition of
methoxy groups to the aromatic ring. Examination of the ether yields revealed that

for the 3,4,5-(OCH,), substituted pivalate ester the ether yield was 20%. At most 20%
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of the reactivity for this compound can be explained by terms of heterolytic cleavage
of the singlet excited state. Homolytic cleavage is still the dominant reaction pathway.
Also, the data indicate that the rates of electron transfer for these compounds cannot
be predicted based on the results for a series of monosubstituted esters. For the one
meta substituted compound that was studied, 3-CH,, the calculated rate of electron
transfer was comparable to the rate of electron transfer for a para substituted

compound with a similar oxidation potential.
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1.4 Resuits and Discussion of the Photochemistry of Subsiituted Indanyl Acetates
and Pivalates

1.4.1 Introduction

The first two sections of results in this chapter have cstablished the mechanism
for benzylic ester photoreactions. The results suggest that the reactivity of these esters
can be attributed predominantly to homolytic cleavage of the excited singlet state.
However, there is still one question that needs to be investigated further. The
efficiency of photochemical reactions generating benzylic cations is often enhanced by
the presence of a meta methoxy group. Zimmerman® explained this observation in
terms of the mera effect. The electronic distribution around the benzene ring in the
excited state when the ring is meta methoxy substituted enhances heterolytic cleavage.
This pathway is enhanced and thus the overall efficiency of the reaction increases.
However, the results in the previous two sections strongly suggest that heterolytic
cleavage is only a minor pathway. Therefore, how does the mera methoxy group
increase the reaction efficiency? One possibility is that the mera methoxy group
enhances homolytic cleavage. However, for completeness, there is anotlier possibility
that will be explored, the substituents could be altering the ground-state populations of
the two benzylic conformers and ultimately influencing reaction rates.

For benzylic compounds (Ar-CH,-X), there are two stable conformers of the
C-X bond, one with the X group in the plane of the ring, 15, and the other with the X
group perpendicular to the plane of the ring, 16. For photochemical benzylic cleavage

reactions, the reactive conformer will be the one with the C-X bond homo-conjugated
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to the ring and therefore, perpendicular to the plane. A simple scheme for this

reaction is given below, eq 25.
15 = 16 — cleaves (25)

It is well known,* that the importance of conformational populations in a
reaction depends upon the rate of interconversion of the conformers relative to their
rates of reaction. A paradigm for this is shown below, eq 26, where A and B are two
conformers of a compound and C and D are the products from each conformer. If the

rate of interconversion of conformers A and B is much faster than the rate at which

C«A=B->D (26)

they react to give producis the Curtin-Hammet principle is valid and product
composition depends on the relative rates of formation of the products and not upon
conformational populatior.s. As well, the Winstein-Holness principle, which states that
the observed rate of disappearance >f starting material is the sum of the observed rates
of reaction of the individual conformers, is also valid. However, when the rate of
interconversion of the two conformers is slow relative to their rate of reaction the
Curtin-Hammett principle and the Winstein-Holness principle break down and product

ratios are controlled, at least in part, by the rate of conformational interconversion.

!
!‘
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Examples of this are rare in ground-state chemistry but not for photochemical
reactions’’ because the rates of reartion can be fast enough to be competitive with
conformational motion.

A good example of the importance of conformational motion in
photochemical reactions was reported by Lewis er al.™ on the photochemical a-
cleavage and y-hydrogen abstraction reactions of cycloalkyl phenyl ketones. There
are two statle conformers of these compounds. By ring inversion, the phenylketone
moiety can be either axial or equatorial. For l-methylcyclohexyl phenyl ketone, eq

27, the cleavage (k,) and abstraction (k,) reactions are more rapid than ring

11 "

Ph h L
vV, T —-% s  PhCHO

inversion. This is an example of a system that does not follow the Curtin-Hammett or
the Winstein-Holness equation. Pioduct quantum yields were found to be dependent
upon both conformational populations in the ground state and the efficiency of product

formation from the conformers, not only on the relative rate constants, k, and k,.



On the other hand, for 1-methylcyclopentyl phenyl ke.one, eq 28, where the ring
inversion is much faster, product ratios were only dependent upon the relative rate

constants of reaction, k, and k,.

\,@ - fee
ph” 0

Ph\(%] dvy 1 Xeo prcho
0

For benzylic compound; the barrier to rotation and the preferred conformation

HO' *Ph

(28)

can be determined by the J-method,*™ a high resolution NMR technique. This method
is applicable to benzene derivatives containing side chains and requires accurate
measurement of the long-range coupling constant, ®J, between a nucleus in the para
ring position and a nucleus bonded to the carbon in the o position ¢~ the side chain.
Conformational equilibria of benzylic esters have not been studied. However,
Schaefer et al.* have determined the preferred conformers for the benzyl alkyl ethers,
X = OR (R = CH,, CH,CH,, CH(CHjy),, C(CHj;);). The difference in energy
between the two conformers, 15 and 16, ic quite small, <8.4 kJ/mol (<2 kcal/mol).
The lower energy conformer has the CH,-O bond perpendicular to the plane of the
aromatic ring. However, because the energy difference between the twe conformers

is quite small the stability of the two conforiners can easily be reverse. by changing
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the solvent or adding substituents to the aromatic ring. When chlorine substituents are
added to the mera position the in-plane conformer becomes more stable. Substituent
and solvent effects can only be imporiant when the energy difference between the two
conformers iz small. For instance, Schaefer's results on benzyl chlorides using the J-
method, indicate that the energy difference between the two conformers is larger,
> 8.4 ki/mol (>2 kcal/mol), and the stable conformer is always the out-of-plane one,
independent of solvent or substituent.

If the energy difference between the two conformers of benzylic esters is small
and substituent dependent, as with the benzylic ethers, then it is possible that the
enhanced reactivity of the meta substrates is due to an increased population of the
reactive conformer. To test this possibility, indanyl esters, 3 and 4, with a rigid

homo-conjugated C-X bond were prepared and their photochemistry in methanol was

3, R=CH>
4, R=C(CHj3)3

studied. The photochemistry of esters 3 and 4 was more complicated than expected.
Therefore, the photochemistry and photophysics of esters 5a-c and 6a-c, the dimethyl
analogues of esters 3 and 4, were also examined. The C-O bond in the indanyl esters
are rigid and therefore, allow the electronic effect of substituents to be evaluated

independently of conformational effects.
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%a-¢, R =CH3 s X=H
b, X = 6-0OCH3 (meta)
6a-c, R = C(CH22
X ¢ X = 5-0CH3 (para)

1.4.2 Preparation and Photolysis of Esters 3-6

Esters 3 and 4 were prepared by reaction of 1-indanol with acetyl and pivaloyl
chloride, respectively. Esters Sa-b and 6a-c were prepared by the reactions shown in
eq 29. The ketones 17a-c were dimethylated and then reduced to give the alcohols
19a-¢c. The alcohols were reacted with the appropriate acid chloride to give the esters
Esterification with acid chloride was successful in preparing all of the esters except
5c, the 5-methoxy substituted acetate ester. Several attempts to esterify 5-methoxy-

2,2-dimethyl-1-indanol, 19¢, with acetyl chloride were unsuccessful. The reaction

0 0 H
KOH, CH;l NaBH,4
e ) B .
18-crown-b CH:0OH
toluene
X 17ac X 8ac X 19ac 29)
a. X=H
— o |
b, X =6-CGCH3 »CN_;_N/'" Cl-C—R
¢, X=5-0CH3 CH:.COOH benzene
: 3 THF
5¢ Sa,b 6a-c
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yielded only one product that was tentatively identified as the ether, 20, on the basis
of 'H and "'C NMR data. It is not obvious why the acetate ester could not be

prepared by reaction of acety! chloride with the alcohol since this procedure worked

"H;0 OCH;,

20

well for the pivalate ester. The ester Sc¢, was successfully synthesised from the
alcohol using N,N-carbonyldiimidazole and acetic acid. Complete details are given in
the experimental section.

Esters 3 and 4 were photolysed in methanol using low-pressure mercury lamps

in a Rayonet reactor. Four products were formed as shown in eq 30. In the previous

OCH3 H

Jord —l-’—v-—b

CH,0H

21 22
R (30)

23 24
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photochemical studies of esters 1 and 2, products could be 1solated if a large amount
(>500 mg) of ester was photolysed to a high percent conversion. However, this was
not possible for esters 3 and 4 because one product was indene. As the concentration
of indene increased, significant product formation was observed from the
photochemistry of indene. However, the primary products could be identitied by
GC/MS. 'lhe identity of products 21, 22, and 24 was confirmed by comparing the
retention times and mass spectra of authentic samples to the retention times and mass
spectra of products in the photolysis mixture. No authentic sample of praduct 23 was
available but based on the mass spectral fragmentation pattern and GC/MS retention
time this is the most probable structure. Using the authentic samples, standards were
prepared and the products were quantified by GC/FID. The yield of product 23 was
estimated using indan, 22, after correction for the difference in the number of carbon

atoms. The yields obtained in this way are given in Table 9.

Table 9. Product Yields for the Photolysis of Esters 3 and 4 in Methanol.

Ester %21 %22 %23 %24 Total
ether indan coupled indene %
3, R = CH; 23 1 9 39 72
4, R = C(CH;); 5 14 34 31 84

The mechanism, shown in Scheme 5 (p 30), which was used to rationalize

product formation for the benzylic esters, 1 and 2, can also be used to explain product



formation for esters 3 and 4. The ether, 21, is formed by trapping of the indanyl
cation by methanol. Indan, 22, and the coupling product, 23, are formed from the
indanyl radical. These products must be formed in-cage because no out-of-cage
products were detected indicating that diffusional separation of the radical pair is not
efficient. The origin of indene, 22, is uncertain because it could be formed by loss of
hydrogen from the indanyl radical, the indanyl cation or both. Determining the
mechanism for formation of indene was not possible. Therefore, rate constants could
not be calculated making comparisons with the kinetic results for esters la-f and 2a-f
impossible. To eliminate the problem of indene formation esters 5 and 6 with two
methyl groups at carbon 2 were prepared.

When esters Sa-¢ and 6a-c were photolysed in methanol, the five major indanyl
products shown in eq 31 were formed. The products were isolated by column

chromatography and identified by spectroscopic methods. Again, product formation

OCH; H
Sa-cor6a-c  —V
CH;OH
X X
25a-c 26a-c
R CH,0H €D
X X
27a-¢ R=CHj3 29a-c (Racemic) 3la-c

28a-¢c R =C(CH3)3 30a-c (Meso)

n
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can be rationalized using Scheme 5 (p 30). The methyl ethers, 25a-c, are formed by
trapping of the indanyl cation by methanol. The remaining products are radical
derived. For these esters, out-of-cage radical products are also formed. The indanyl
radical. in-cage or out-of-cage, abstracts a hydrogen atom to form indan. The indanyl
radical also couples with the R group to give the coupling product. Whether the
coupling occurs in-cage or out-of-cage depends on the rate of decarboxylation of the
acyloxy radical relative to the rate of separation of the radical pairs. The alcohol
products, 31a-c, result from coupling of the out-of-cage indanyl radicals with the
solvent derived 'CH,OH radicals. Once the indanyl radical is out-of-cage it can 7iso
couple with itself to form dimers. Two diasteromeric dimers are possible because
these compounds have two identical stereogenic centers. Both the racemic (R,R : $,9)
29a-c and meso (R,S) 30a-¢ dimers were formed and isolated. These dimers have
interesting temperature dependent NMR spectra that are discussed in detail in C'hapter
3.

The products were quantified by HPLC or GC/FID by comparison with
standard samples and the yields are given in Table 10. The yields of the products are
highly dependent ¢ ¢ie substituent. The yield of ether varies from 60% for the 6-
methoxy substituted acetate ester to 9% for the corresponding 5-methoxy substituted
acetate. The product yields are also highly dependent on the R group. For instance,
the vield of ether is 52% for the unsubstituted acetate but only 14% for the
unsubstiiuted pivalate. Independent of the fact that the C-O bond that is cleaving is

homo-conjugated to the aromatic ring, the R group still affects product ratios. As
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before, the pathways controlling product distribution occur after the excited-state
cleavage and rationalizing product ratios using Scheme 5 is valid.

Speculation on the mechanism for indene formation in the photolysis of the
non-methylated esters 3 and 4 discussed previously is now possible based on the
results from esters 5a and 6a. For ester 5a the ion pair accounted for ~50% of the
reactivity in ccmparison with only ~14% of the reactivity for ester 6a. The yield of

ether from ester 3 was 23% and the yield of indene was 39%. The sum, 62%, is

Table 10. Product Yields fot the Photolysis of Esters Sa-¢ and 6a-c¢ in Methanol.,

%28 %26 %27/28 %29 %30 %31 %

Ester ether indan coupled dimer dimer alcohol

5a, X = H 52 nd 12 5 9 11 89
6a 14 11 3 8 16 rd 82
5b, X = 6-OCH, 60 1 6 6 6 7 8o
6b 13 14 19 9 9 nd 64
Sc, X = 5-OCH, 9 nd 18 12 18 41 a8
6¢ nd 11 34 23 32 nd 100

*For esters 1 the product is 27, R = CHs;. For esters 2 the product is 28, R =
C(CHa)a.

nd, Not determined, <(0.5%.

larger than the yield of the ion-derived product (50%) from 5a. For the pivalate ester
4, the ether yield (5%) and the indene yield \31%) are again larger than the yield of
ion-derived product from 6a (14%). These results strongly suggest that, in the

phetolysis of 3 and 4, indene is being formed from both the radical pair and the ion
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pair.
In the next section the rate constants calculated for the benzylic esters 1 and 2

in Chapter 1.2 will be compared with the rate constants calculated for the indanyl

esters Sa-¢ and 6a-c.

1.4.3 Quantitative Mechanistic Scheme for Esters Sa-¢ and 6a-c

Examination of Table 10 reveals that the products for the pivalates, 6a-c, are
predominantly radical-derived and again will serve as probes for the reactivity of the
radical pair. As before, the rate constants for decarboxylation of the pivaloyloxy
radical and the product yields given in Table 10 can be used to calculate k;, (eq 15 p
32). The calculated values of k;,, given in Table 11, are comparable to the average

value of 2 X 10' s that was obtained for the benzylic esters 2a-f.

Table 11, Calculated Values of k;, for Esters 6a-c¢ and k;., for Esters Sa-c.

Ester k,* X 10" g! k> % 10°s!
X=H 1.1 7.3 (1.8)
X = 6-OCH, .1 10.6 (2.0)
X = 5-OCH, 2.4 1.2 (0.1

*Calculated from eq 15.
PCalculated from eq 7.

“Values in brackets are for the benzylic esters, 1.
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To determine the rate constants of electron transfer, k;,, for the acetate esters
it will again be assumed that the total yield of the methyl ether formed from photolysis
of the pivalate esters results from direct heterolytic cleavage of the C-O bond in the
excited state. Heterolytic cleavage is therefore assumed to be maximized for the
unsubstituted and the 6-methoxy substituted pivalate esters with efficiencies of 14%
and 13%. respectively. No ether was detected for the 5-methoxy substituted pivalate
ester, These observations are consistent with the prediction® of the "mera effect" for
enhanced heterolytic cleavage in the excited state when electron-donating substituents
are in the meta position. Again, it is important to emphasize that this is the maximum
efficiency of heterolytic cleavage for these substrates and that, even then, it is only a
minor pathway for photochemical reactivity.

The yield of ether formed exclusively from the electron-transfer pathway in the
acetate photochemistry is equal to the total yield of ether minus the yield of ether from
the corresponding pivalate ester. The rate constants of diffusion should be very
similar for the acetate and pivalate esters. Thus, the values of k;, in Table 11 and eq
17 (p 33) can be used to calculate the rate constants of electron transfer for the acetate
esters, corrected for the assumed heterolytic cleavage. These values of k;, are also
listed in Table 11. The trends are the same as those observed for the benzylic esters.
For the benzylic esters, the largest calculated rate constant was for the 3-OCH,
substituted ester (2.0 x 10° s™), followed by the unsubstituted ester (1.8 x 10° s,
and the 4-OCH, substituted ester (0.12 X 10° s1). The obvious difference between

the benzylic and indanyl esters is the absolute magnitude of the rate constants. The
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rate constants of electron transfer for the indanyl esters are, on average, six times
those for the benzylic esters. Electron transfer must be kinetically more tavorable for
the indanyl radicals. Without knowing the oxidation potentials of the indanyl radicals
and the reorganization energies for the electron-transfer process converting the indanyl
radicals to the indanyl cations, the reason for this observation cannot be determined.
The products isolated from the indanyl esters are analogous to those tormed

from the benzylic esters. As well, the same substituent effects on product ratios have
been observed. This confirms that these rigid esters will serve as good probes for the

importance of conformational mobility in benzylic ester cleavage reactions.

1.4.4 Photophysical Data for Esters 5a-¢ and 6a-c

The singlet lifetimes, fluorescence and reaction quantum yields measured for
the indanyl esters Sa-c and 6a-c are given in Table 12. Ar important point to note
from Table 12 is that these values are quite dependent on 1he substituents but
independent of R, acetate versus pivalate. This reeinphasizes the conclusion that
changes in product yields for § versus 6 are not excited-state effects but are a result of
changes in a ground-state process, decarboxylation, which occurs after homolytic bond
cleavage.

A comparison of the singlet lifetimes and fluorescence quantain yields for the
esters § and 6 with the unreactive indanyl alcohols 19a-¢ shows trat the esters have
different reactivities. The C-O bonds in the alcohols 19a-c are not photolabile and the

fluorescence quantum yields and lifetimes of the alcohols when compared to the
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Table 12. Emission Properties of the Substituted Indanyl Alcohols 13a-c and Esters
Sa-c and 6a-c in Methanol.

Alcohol X T o, Dpn” ky X 10%s!
or (ns)
_Esler

19a H 21 0.41 nd nd

5a 5 0.08 0.14 4+ 0.02 0.28 + 0.03
6a 5 0.09 0.16 1+ 0.02 0.32 + 9.04
19b 6-OCH; 6 0.24 nd nd

5b (metc.) -+ <0.005¢ nd nd

6b <0.007* 0.19 £0.02 >1.94 0.2
19¢ 5-OCH; 7 0.28 nd nd

Sc (para) 7 0.29 0.08 + 0.C2 0.13 £+ 0.03
6¢c 0.28 0.08 £+ 0.02 .13 £ 0.03

*Quantum yields of fluorescence were determined by comparison with a value of 0.13

for toluene in methano

1.27

"Using 3-methoxybenzyl acetate (Pgyy = 0.13) in aqueous dioxane as an actinometer.

“These lifetimes are too short (<1 ns) to be measured by our sing'e photon counting

equipment.

“These values are maximums because the esters could be contaminated with a small
amount of the precursor alcohol, which is highly fluorescent.

‘Based on a maximum lifetime of Ins.

nd, Nct determined.



fluorescence quantum yields and lifetimes for the esters provide a reasonable
measurement of reactivity of the esters. The quantun. yields of fluorescence and the
singlet lifetimes are diminished for the unsubstituted and mera substituted esters
relative to the alcohol. However, the quantum yields of fluorescence ar ' lifetimes of
the pare substituted esters do not significantly differ from those of the alcohol. These
changes indicate that the unsubstituted esters, 5a and 6a, and the mera methoxy
substituted esters, 5b and 6b, are quite reactive whereas the para substituted esters, Sc
and 6¢, are much less reactive. The largest difference between the benzylic (Table 3)
and indanyl esters is that the fluorescence quantum yields are slightly higher for the
indanyl compounds. This is presumably due to loss of free rotor type decay® in the
rigid indanyl compourds.

The differing reactivity of these esters was quantified by measuring the
quantum yields of reaction using 3-methoxybenzyl acetate in aqueous dioxane as the
actinometer.® The esters were irradiated simultaneously with the actinometer and plots
were made of % conversion/time verus time. Typical plots are shown in Figure 4.
These plots are curved because the products have the same ciiromophere as the
starting material and as the % conversion increases more of the incident light is being
absorbed by the products. This problem in quantum yield determinations has been I—
discussed in detail.® These plots were extrapolated to zero time and the intercepts
were used to measure quantum yields based on the reported value of 0.13 for the 3-

methoxybenzyl acetate in aqueous dioxane.® Details are given in the experimental -—

section, 1.5.10. Using the quantum yields of reaction, the rate constants for bond
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Figure 4. A plot of % conversion vs. time for the photolysis of the indanyl esters
6b,c and 3-methoxy benzyl acetate in aqueous dioxane. The circles are for 3-
methoxybenzyl acetate, the crosses for 6-methoxy-2,2-dimethyl-1-indanyl pivalate
(6b). and the squares are for S-methoxy-2,2-dimethyl-1-indanyl pivalate (6c).
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cleavage, kg, were calculated. These are also given in Table 12. These values allow
the enhanced reactivity of the unsubstituted and mera methoxy substituted relative to
the para methoxy substituted esters to be expressed quantitatively. The mera methoxy
substituted esters have the largest rate constants for cleavage followed by the
unsubstituted and the para methoxy substituted esters. The relative ratio of the rate
constants is > 15:1:2.5 for metu:para:unsubstituted

The indanyl esters are restricted to a conformation that is ideal for bond
cleavage yet the unsubstituted and mera methoxy substituted esters are still more
reactive than the para substituted esters. At least one factor controllir. “leavage
efficiencies must be independent of conformation. This factor could be the mera
effect. However, instead of increasing the efficiency of heterolytic cleavage, the
mechanistic step that must be enhanced is homolytic cleavage because the results in the
previous sections have shown that heterolytic clzavage is not an important reaction
pathway. Substituent rate enhancements in the ground state are generally small for
reactions producing a benzylic radical intermediate. For example, in the free radical
hydrogen abstraction reaction of toluene by bromine atoms, the reaction rates correlate
with o* giving p* = -1.4.%%% This corresponds to relative rates of 10:0.9:1 for
para.meta:unsubstituted.

Quantum yields of reaction for 3-methoxybenzyl acetate and 4-methoxybenzyl
acetate in aqueous dioxane have been reported by Zim:me: man and Sandel.® The
values are 0.13 and 0.016 respectively. Rate corstants for reaction can be calculated -

:sing these quantum yields and the singlet lifetimes in Table 3. The ratic of rate
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constants for meta:para is 48:1. The authors did not study the unsubstituted ester.’
This ratio is much greater than the mera:para ratio of 15:1 calculated for the indanyl
esters. The greater reactivity difference for the conformationally free benzylic esters
cannot be attributed to an enhanced reactivity of the mera isomer because the indanyl
esters are locked into the reactive conformer. Therefore, the para isomer must be less
reactive than expected in the benzylic system. This suggestion is confirmed by a
calculation of kg = 0.027 X 10* s! for 4-methoxybenzyl acetate, 1a, from the
quantum yield of reaction (0.016) and the singlet lifetime (6 ns). This value of k is
lower by a factor of five than that obtained (0.13 x 10* s?) for 4-methoxy-2,2-
dimethyl-1-indanyl acetate, Sc. The obvious difference between the indanyl system
and the benzyl system is loss of conformational motion. The likely reason for the
lower reaction rate for the para methoxy substituted benzylic ester is that the para
methoxy substituent is increasing the population of the unreactive conformer and thus
causing the rate of cleavage to decrease.

To confirm that the differences between the indanyl and benzylic esters are not
due to the different solvents used for the quantum yield determinations, quantum yields
of reaction for 3-methoxybenzyl acetate and 4-methoxybenzyl acetate in methanol were
also measured. The values determined were 0.18 and 0.02 which gives relative rate
constants of cleavage for meta:para of 55:1. This ratio is not significantly different
from the value of 48:1 measured in aqueous dioxane. Therefore, the differences in
reactivity must be conformationzl and cannot be attributed to solvent differences.

In addition to determining the importance of conformationally mobility, the



76

data in Table 12 can also be used to calculate rate constants for internal conversion,
&« The singlet excited state of esters § and 6 has four pathways of decay;
fluorescence (kg), reaction (kg), intersystem crossing (ki) and internal conversion

(ki). Therefore, the total decay of the singlet excited state, k, is given by eq 32.

k = kv kg+ kot ko= U, (32)

IS¢

The value of k is the reciprocal of the singlet lifetime, 15, Values for k, and ky have
been calculated from the lifetimes and the quantum yields of fluorescence and
reaction, respectively (Table 12). Values of k. can be estimated by assuming that the
values for toluene and anisole will be good models for the unsubstituted and methoxy
substituted esters, respectively. The quantum yield of intersystem crossing, singlet
lifetime and the calculated ki for toluene are 0.53,” 35 ns,” and 1.4 x 107 s!,
respectively. For anisole, the corresponding values are 0.64,” 7.5 ns,* and 8.9 X
107 s, respectively.

Using the k. values for toluene and anisole, k. can be calculated from eq
32. This is only possible for the unsubstituted and the para methoxy substituted
indanyl esters for which reliatle measurements of the lifetime and fluorescence
auantum yield can be made. For these rigid indanyl esters the only reasonable
pathway for internal conversion is homolytic cleavage of the C-O bond and
reformation of that bond before conversion to product occurs. This internal return
process will result in oxygen scrambling.

Using eq 32, along with the values for the experimental (k, kg, k;) and
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estimated (k) rate constants, the value of k. for the unsubstituted indanyl ester is
13.6 x 10" s'. The flore, this pathway is accounting for 68% of the reactivity of the
singlet excited state (ki /k). For the para methoxy substituted ester, k. is 2.0 X 107
s'. The internal return/internal conversion pathway is now accounting for only 14%
of the reactivity of the excited state. Recently, efficiencies of internal return from O
scrambling experiments, as a function of substituent, have been determined for
1-naphthylethyl esters.” The efficiency of internal return was also greatly diminished
by the presence of a para methoxy substituent on the aromatic ring. However, as was
mentioned previously the internal return pathway has only a small perturbation on

calculated rate constants,

1.4.5 Conclusions

This work has shown that the influence of substituents on photochemical
benzylic reactivity is three-fold. First, substituents control the oxidation potential of
the benzylic radical and thus the rate of electron transfer. This is the major effect that
controls the yield of the ion-pair product. Second, substituents also exert a strong
electronic effect on the rate of the homolytic cleavage step which is fastest for a mera
methoxy substituted case. Finally, if the esters are conformationally vnrestricted, the
substituents also alter the populations of the two possible conformers. The results
suggest that a methoxy group in the para position increases the population of the
unreactive parallel conformer, 15, and this leads to a decrease in the rate of cleavage.

Confirmation of this would require extensive NMR studies and ab initio MO
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calculations.

This work also provides rate constants for internal return as a function of
substituents. The internal return pathway accounts for 68% of the excited singlet state
1eactivity for the unsubstituted ester and only 14% for the para methoxy substituted

ester.
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1.5 Experimental

1.5.1 General Procedures

Proton (*H) and carbon ("*C) nuclear magnetic resonance (NMR) spectra were
obtained i CDCI, on a Bruker AC 250 F NMR spectrometer in automation mode.
Chemical shifts are reported in parts per million (8) relative to tetramethylsilane
(0.00) as an internal standard. Multiplicities are abbreviated as follows: s = singlet, d
= doublet, t = triplet, ¢ = quartet, m = multiplet. Infrared spectra were obtained
on a Nicolet 205 FTIR spectrophotometer and frequencies are reported in
wavenumbers (cm!). Ultraviolet (UV) spectra were obtained in methanol solution in
1 ¢cm quartz cuvettes on a Varian Cary 219 spectrometer. Wavelength maxima (A,,,)
are reported in nanometers. GC/MS analyses were done on a Hewlett Packard 5890
A GC 5970 with a mass selective detector. The column used was a 25 m x 0.2 mm
5% phenylmethyl silicone on fused silica with a film thickness of 0.25 um. Masses
are reported in units of mass over charge (m/z). Intensities are reported as a percent
of the base peak intensity. The molecular ion is indicated by M*. GC/FID analyses
were obtained on either a Hewlett Packard 5890 A gas chromatograph (column: 1 m
glass column, 10% Fluorad FC-431 and 1% H;PO, on Chromosorb W HP 80/100
mesh) using a Hewlett Packard 7673 automatic injector with a Hewlett Packard 7673
A controller and a Hewlett Packard 3396 A integrator or a Perkin Elmer autosystem
GC/FID (column: 12 m X 0.22 mm 100% polymethylsilicone on fused silica, film
thickness of 0.23 um). HPLC analyses were obtained with a Waters 6000 soivent

delivery system and a Waters U6K injector under isocratic conditions with a flow rate
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of 2 ml./min using a Brownlee Lab Spher1-10 10 ul reverse phase column (25 x .46
cm) with a Waters Model 450 variable wavelength detector. UV detection for
monitoring the reactions was at 254 nm. Combustion analyses were carried out by
Canadian Microdnalytical Service Ltd., Delta, BC, Canada. Silica gel 1 6149 olates
from Sigma were used for thin layer chromatography (T1.(). Silica gel 60 A (70-230
mesh), purchased from the Aldrich Chemical Company, was used for normal column

chromatography.

1.5.2 Fluorescence Measurements

Fluorescence measurements were done using a ferhim Elmer MPLE 66
fluorescence spectrometer at 25 °C. Corrected spectra were obtained.  All samples
were degassed by three freeze-pump-thaw cycles. Fluorescence quantum yields were
determined by comparison with a tluorescence quantum yield of 0.13 for toluene m
methanol.”’ Singiet-state energies were determined by the position of the 0,0 band
using the overlap between the emission and excitation spectra.  Singlet lifetimes were
measured using a PRA singie photon counting apparatus with a hydrogen Jash lamp of

pulse width about 1 ns.

1.5.3 Syntheses of the Benzyl Alcohols 7..-1 and the Indanyl Aicohols 19a-¢
Syntheses of thc Benzylic Alcohols (7a-1).

The preparation of the esters 1a-1 and 2a-l required the corresponding bensyl
alcohols. The alcohols 7a,c,d,e,j,I were purchased from the Aldrich Chemical

Company. The alcotiols 7b,f have been prepared and characterized elsewhere.'’
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3.5-Dimethoxybenzy! Alcoho! (7h): This alcohol was prepared by reducing 3.5
dimethoxybenzoic acid with IM borane/THE solution in dry THE. Upon comoletion
of the reacuon, water was added to the reaction mixture and extracted w-th
dichloromethane. Rotary evaporation of the organic layer gave 8.5 p (51 mmol, 89%)
of the crude alcohol. The alcohol was purified by bulb to bulb distillation.  The 'H
NMR agreed with . .e literature®’ spectrum: 'H NMR 5 6.6 (s, 2H), 6.45 (s, [H),

4,72 \s, 2H' 3.85 (s, 6H), 2.0 (s, 1H).

Preparatien of Alcohols 7g, 7i, 7k

To a solution of 0.024 mol of the aldehyde in 40 ml. of cthanol was slowly
added 0.008 mol of sodium borohydride. The solution was kept at room temperature,
and the reaction was stirred fo- 3 h. Water (50 mL) was then added and the aqueous
Jayer was extracted twice with CH,Cl, (2 X 40 mL), the organic layers were
combined and dried with MgSQ,, ard the solvent was removed under reduced pressure
to give the impure alcohol. The alcohols were purified by bulb-to-bulb distillatior:
The 'H NMR spectra of the pure alcohols were consistent with the previously reported
spectra: 3,4-dimethoxybenzyl alcohol,* 3.4,5-trimetioxybenzyl alcohol,* 3-

cyanobenzyl alcohol.”

Synthesis of the Indany! Alcohols 19a-c
Synthesis of the 2,2-dimethyl-1-indanols, 19a-¢, required preparation of the

corresponding indanones, 18a-c, which were then reduced to the alcohols as



described above

Dimethylation of Indanones 17a-c The indanones, purchased from Aldrich Chemical
Co., were dimethylated using the procedure of Lissel er al.”' Powdered KOH, 0.34
mol (19 g), was mixed with 100 ml. of toluene and 0.1 mmol of 18-crown-6. The
ketone, 50 mmol, was added and the mixture was heated to 70 °C. To this heaed
mi~ture was added 0.32 mol of iodomethane. The solution was refluxed overnight.
After cooling, water was added and the two layers were separated. The aqueous layer
was washed with ether and the combined organic layers were washed with saturated
sodium bisulphite and dried over magnesium sulphate. The ketones were purified by

column cluomatography on silica gel.

2,2-Dimethyl-1-Indanone (1Ra): This compound has been previously prepared by
Orliac-Le Moing et al.” The spectral data for this compound ave provided below
because the authors reported only a partial 'H NMR spectrum. 'H NMR 8 7.75 (d,
IH, J = 7.6 Hz), 7.59 (t, IH, ] = 7.5 Hz), 7.42 (d, 1H,J = 7.3 Hz), 7.36 (t, 1H, ]
= 7.5 Kz), 3.00 (s, 2H), 1.24 (s, 6H); "C NMR 8 211.4 (C=0), 152.2 (C), 135.3
(C), 134.8 (CH), 127.4 «CH), 126.7 (CH}, 124.4 (CH), 45.5 (C), 42.9 (CH,), 25.3
(CH,); GC/MS m:, 160 (M*, 40), 146 (10), 145 (100), 142 (13), 117 (26), 116

(10), 115 (35), 91 (24), 90 (12), 89 (13), 77 (10), 65 (13), 63 (14), 51 (13).
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6-Methoxy-2,2-Dimethyl-1-Indanone (18b): 'H NMR & 7.37 iH, ] = 92 Hn,

7.21-7.18 (m, 2H), 3.84 (s, 3H), 2.93 (s, 2H), 1.24 (s, 6H); C NMR S 211.5
(C=0), 159.4 (C), 145.0 (O), 136.4 (), 127.3 (CH), [24.3 (CH), 105.5 (CH), 55.6
(CH;-0), 46.3 (), 42.2 (CH,), 25.3 (CH,): GC/MS m/z 190 (M*, S1), 176 (1),
175 (100), 172 21, 161 (i3, 147 21, 131 (12), 129 (10), 121 (13), 117 (10), 115

(22), 103 (19), 91 (43), 89 (12), 78 (19), 77 (40), 65 (12), 63 (.5). 53 (10), S1 (I8).

5-Methoxy-2,2-Dimethyl-1-Indanone (18c): 'H NMR 8 7.69 (d, 1H, J = 8.4 Hs),
6.88 (mn, 2H), 3.88 (s, 3H). 2.95 (s, 2H), 1.22 (s, 6H); "*C NMR & 2(9.6 (C=0),
165.5 (C), 155.13 (C), 128.5 (C), 126.1 (CH) 115.4 (CH), 109.7 (CH), 55.6 (CH,-
0), 45.6 (C), 42.9 (CH,), 25.4 (CH,); GC/MS m/z 190 (M*, 29), 176 (12), 175

(100), 115 (12), 91 (23), 77 (17), 63 (15), 51 (16).

Preparation of the Indany! Alcohols (19a-¢)
The alcohols were prepared by sodium borohydride reduction of the ketones
18a-c in methanol, except for l-indanol which was purchased from the Aldrich

Chemical Co.

2,2-Dimethyl-1-Indanol (19a): This compound has been prepared previously by
Orliac-Le Moing ¢r al.”? The spectral data for this ¢compound are provided below
because the authors reported oniy a partial 'H NMR spectrum. 'H NMR 8 7.39-7.33

(m, 1H), 7.25-7.16 (m, 3H), 4.67 (d, 1H, J = 5.03 Hz), 2.78 (d, IH, J = 15.5 Hz).
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267(d. 1H,J = 155 Hz), 1.97(d, IK.J = 5.8 Hz). 1.19 (5, 3H), 1.04 (5, 3H):
PO NMR b 144.5 (C), 141.9 (C), 128.0 (CH), 126.6 (CH), 125.0 (CH) 124.5 (CH),
83.5 (CH 0y, 449 (CH,), 44.6 (), 26.8 (CH,), 21.5 (CHy); GC/MS m/z 162 (M*,
43) 161 (21), 147 (13), 144 (17), 143 (12), 130 (12), 129 (100), 128 (25), 127 (10),

120 (19), 119 (SD). 115 (21), 91 (50), 89 (10), 77 (21N, 65 (21), 63 (13), 51 (19).

6-Mcthoxy-2,2-Dimethyl-1-Indanol (19b): 'H NMR 6 7.06 (d, 14, J = 8.1 Hz),
6.91 (d, 1H, J = 2.0 H2), 6.76 (dd, 1H, I, = 8.2 Hz, I, = 2.4 Hz), 4.63 (s, 1H),
3.78 (s, 3K), 2.68 (¢, IH, J = 15.1 Hz), 2.59 (d, IH, J = 15.1 H2), 1 85 (brs, 1H),
1.17 (s, 3H), 1.00 (s, 3H): “C NMR 8 158.9 (C), 145.9 (C), 133.6 (C), 125.7
(CH,, 114.3 (CH), 109.4 (CH), 83.7 (CH-O), 55.4 (CH;-0), 45.1 (0), 44.1 (CH,),
26.8 (CHy, 21.4 (CH;); GC/MS m/z 192 (M*, 7), 177 (15), 174 (21), 159 (47), 150
(16), 149 (100, 131 (10), 121 (94), 116 (13), 115 (28), 105 (10), 103 (12), 91 (50),
89 (12), 79 (13), 78 (20), 77 (50), 65 (18), 63 (16), 55 (12), 53 (13), 52 (10), 51

(30).

5-Methoxy-2,2-Dimethyl-1-Indanol (19¢): 'H NMR & 7.27 (d, IH, ] = 7.9 Hz),
6.78-6.74 (m, 2H), 4.59 (s, 1H), 3.79 (s, 3H), 2.76 (d, 1H, J = 15.7 Hz), 2.61 (d,
1H, J = 15.7 Hz), 1.59 (s, 1H), 1.14 (s, 3H), 1.06 (s, 3H); "'C NMR & 160.0 (C},
143.9 (C), 136.8 (C), 125.4 (CH), 112.4 (CH), 110.5 (CH), 8.1 (CH-0), 55.4
(CH4-0), 45.0 (CH,), 44.7 (C), 27.C (CH,), 21.7 (CH,); GC/MS m/z 192 (M*, 6€),

191 (100), 177 (32), 176 (11),175 (34), 174 (16), 173 (16), 162 (11), 161 (50), 159
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(59), 158 (16), 150 (13), 149 (53), 145 (11), 1ds (25), 135 (1), 1AL (L), 129 (D,

128 (15), 121 (25), 116 (16), 115 (32), 105 (12), 103 (13). 91 (50), 89 (1), 79 (15).

78 (21), 77 (50), 65 (79), 63 (25, 55 (12). 53 (1)), SL (2.

1.5.4 Preparation and Characterization of the Benzyl and 'ndanyl Esters 1-6
The corresponding acid chloride (0.02 mol) in 30 ml of dry bensene was added 1o a
solntion of the benzyl or indanyl alcohol (0.02 mol) and | ml of pyridine in SO ml of
dry benzene. The solution was stirred overnight at room temperature. ‘Then 50 ml of
water was added and the two .ayers were separated. The benszene layer was washed
twice with 10% aqueous HCl, once with 5% aqueous NaOH and finally with water.
The organic layer was dried (MgSOy), filtered, and evaporated under reduced pressure
to give the crude ester. The esters were purified by column chromatography followed
by distillation. Unless otherwise noted the ester is an oil. The yields were 40-80%.
Benzyl acetate (1¢) was purchasec from the Aldrich Chemical Company. The esters

1a,b,d,f and 2a,b,d,f were prepared and ¢ aracterized previously. !’

4-(Trifluoromethyl)benzyl Acetate (1e): bp 75-78 °C at 2 mm Hg (lit.”* 126 127 °C
at 30 mmHg); '"H NMR & 7.63 (d, 2H, J = 8.2 Hz), 7.47 (d, 2H, J = 8.2 Hz), 5.16
(s, 2H), 2.13 (s, 3H); *C NMR & 170.7 (C=0), 140.0 (C), 130.0 (g, C, J,; = 37.0
Hz), 128.2 (CH), 125.6 (q, CH, J = 3.82 Hz), 124.0 (q, CF,, I, = 272 Hz,, 65.3
(CH,-0), 20.9 (CH,); IR (neat) 2950, 1740 (C=0), 1617, 1450, 1375, 1360, 1320,

1220, 1160, 1120, 1060, 1040, 1012, 830, 820 cm'; GC/MS 218 m/z (M*", 25), 199
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(15), 176 (100), 159 (94), 158 (30), 145 (23), 127 (47), 119 (14), 109 (47), 108 (1}),

107 (96), IS (10), 89 (18), 77 (135, 75 (15), 63 (16}, SI (16); UV (CH,OH) A,,, (¥)

254 (411, 259 (490, 265 (379);

3,4-Dimethoxybenzyi Acetate (1g): 'H NMK 6.96-6.83 (i, 3H), 5.04 (s, 2H), 3.89
(s, 3H), 3.88 (s, 3H), 2.09 (s, 3JH); "'C NMR & 170.9 (C=0), 149.1 (C), 149.0 ((),
128.4 (C), 121.3 (CH), 111.8 (CH), 111.0 (CH), 66.4 (CH,-0), 55.88 (CH,-0),
55.86 (CH,-0), 21.1 (CH)y); IR (neat) 3000, 2946, 2833, 1736, 1518, 1263, 1237,
1161, 1140, 1028 cm!'; GC/MS m/z 210 (M*, 58), 168 (31), 15Z (12), 151 (100),
137 (14}, 135 (12), 107 23, 79 (12), 77 (12), 65 (12), S1 (12); UV (CH,0H) A,,,
(€) 276 (2400). Anal. Caled for C, H,,O,: C, 62.85; H, 6.71. Found: C, 62.36;

H, 6.75.

3,5-Dimethoxybenzyl Acetate (1h): 'H NMR & 6.50 (s, 2H), 6.4! (s, 1H), 5.04 (s,
2H). 3.79 (s, 6H), 2.11 (s, 3H): 'C NMR 8 170.7 (C=0), 160.9 (C), 138.2 (C),
106.0 (CH), 100.1 (CH,), 66.2 (CH,-0), 55.3 (CH;-0), 20.9 (CH,); IR (neat) 29:0,
2904, 2840, 1769, 1609, 1465, 1242, 1154, 1070, 834 cm; GC/MS m/z 210 M*,
49), 169 (11), 168 (100), 167 (40), 151 (24), 139 (58}, 124 (18), 108 (i2), 107 (12),
91 (24), 79 (19), 78 (21), 77 (39), 65 (25}, 63 (19); UV (CH,OH) A,,, (£) 278

(2100). Anal. Caicd for C;,H,,0,: C, 62.85; H, 6.71. Found: C, 62.57; 4, 6.65.

3,4,5-Trimethoxybenzyl Acetate (1i): 'H NMR 8 6.47 (s, 2H), 4.89 (s, 2H), 3.73

!:']'
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(s, 6H), 3.69 (s, 3H), 1.97 (s, 3H); ""C NMR 8 170.7 (C=0), 153.3 (). 137.9 ().
131.6 (C), 105.6 (CH), 66.5 (CH,-0), 60.7 (CH,-O), S6.1 (CH -0), 21.0 (CH); IR
(neat) 2998, 2841, 1739, 1592, 1508, 1462, 1423, 1236, 1128, 1009 cm ', GC/MS
m/z 240 (M*, 86), 198 (52), 155 (13), 138 (13), 123 (25), 95 (25), 77 (18), S2 (13);
UV (CH,0H) A, (&) 265 (730). Anal. Caled for C,H,,0,: €, 59.99; H, 6.71.

Found: C, 59.94: H, 6.08.

3-Methylbenzyl Acetate (1j): 'H NMR & 7.24-7.08 (m. 4H), 5.04 (s, 2H), 2.32 (s,
3H), 2.06 (s, 3H): "C NMR 8 170.8 (C=0), 138.2 (), 136.0 (), 129.06 (CH),
129.03 (CH), 128.5 (CH), 125.4 (CH), 66.4 (CH,-0), 21.3 (CH)), 21.0 (CH)); IR
(neat) 3026, 2954-2923, 1740, 1490, 1460, 1360, 1229, 1028 cm'; GC/MS m/z 164
(M*, 41), 123 (10), 122 (100), 107 (50), 106 (10), 105 (76), 104 (38), 103 (38), 93
(25), 91 (40), 79 (32), 78 (47), 77 (49), 65 (24), 63 (19), 51 (20); UV (CH,OH) A,

Max

() 261 (260).

3-Cyanobenzyl Acetate (1k): '"H NMR & 7.67-7.46 (m, 4H), 5.14 (s, 2H), 2.14 (s,
3H); *C NMR 8 170.5 (C=0), 137.6 (C), 132.6 (CH), 131.8 (CH), 131.4 (CH),
129.5 (CH), 118.5 (CN), 112.7 (C), 64.8 (CH,), 20.9 (CH}); IR (neat) 3075, 2950,
2232, 1746, 1380, 1227, 688 cm™; GC/MS m/z 175 (M*, 28), 134 (10), 133 (100),
132 (24), 116 (81), 115 (25), 104 (38), 102 (15), 89 (40), 77 (13), 76 (17), 75 (16),
63 (23), 62 (10), 51 (21); UV (CH,0H) A,,, () 269 (630). Anal. Calcd for

C,0HsNO,: C, 68.56; H, 5.18; N, 8.00; Found: C, 68.07. H, 5.16; N, 7.81.



38

3-1rifluoromethylbenzyl Acetate (1D: 'H NMR 5 7.62-7.44 (m, 4H), 5.15 (s 2H),
2.12 (s, 3H); V'C NMR 8 170.6 (U=0), 137.0 (C), 131.4 (CH), 129.0 (CH), 124.9

(CH)., 124.8 (CH). 65.3 (CH,). 20.8 (CH,): IR (neat) 3080, 2960, 1751, 1450, 1390,
1331, 1239, 1165, 1125, 1075, 105¢, 800, 710 cm'; GC/MS m/z 218 (M1, 16), 176
(100), 159 (75), 158 (31), 145 (25), 137 (11), 127 (49}, 119 (15), 109 (38), 107 (38),

89 (19,, 77 (13), 75 (17, 69 (16), S1 (19); UV (CH,0H) A,,, (e) 59 (500).

I-indanyl Acetate (3): This compound has been prepared previously by Groenewold
et al.”™ Because only a partial 70 eV mass spectrum was reported. spectral
characterization of this ester is provided below. 'H NMR 8 7.42-7.39 (d, IH, J =
7.0 Hz), 7.29-7.20 (m, 3H), 6.19 (dd, 1H, J; = 6.9 Hz, J, = 3.7 Hz), 3.18-3.05 (m,
IH), 2.95-2.80 (n., 1H), 2.56-2.42 (m, 1H), 2.18-2.05 (m, 1H), 2.07 (s, 3H); "C
NMR 3 171.1 (C=Q), 144.4 (), 141.0 (C), 128.9 (CH), 126.7 (CH), 125.4 (CH),
124.8 (CH), 78.3 (CH-0), 32.3 (CH,), 3G.2 (CH,), 21.3 (CH)); GC/MS m/z176
(M*, 0.1), 134 (12), 133 24), 117 (73), 116 (100), 115 (96), 91 (23), 89 (12), 77
(Q1), 65 (11), 63 (18), 51 (20); Anal. Caled for C,,H,,0,: C, 74.98; H, 5.86;

Found: C, 75.19; H, 6.61.

2,2-Dimethyl-1-lndany! Acetate (Sa): 'H NMR § 7.35- 7.32 (m, lH), 7.29-7.16 (m,
3H), 5.81 (s, 1H), 2.92 (d, 1H, J = 15.6 Hz), 2.66 (d, 1H, J = 15.6 Hz), 2.08 (s,
3H), 1.12 (s, 6H); "C NMR 8 171.1 (C=0), 143.6 (C), 141.1 (C), 128.8 (CH),

126.7 (CH), 126.1 (CH), 125.1 (CH), 84.! (CH-0). 45.6 (CH)), 43.3 (C), 27.3
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(CH,), 22.5 (CHY), 21.2 (CH)); GC/MS mi/z (No MY observed), 152 (20), 1ol (LY,

145 (25). 144 (97), 143 (28), 130 (19), 129 (100), 128 (48), 127 (1D, 119 (1D, 117
(12), 115 (38), 91 (38), 89 (1 D), 77 (19), 65 (17), 63 (12), 51 (14); UV (CH,OH)

Aan (€) 262 (818):  (aled Exact Mass for CH,,0,: 204.11°, Found: 204.1185.

6-Methoxy-2,2-Dimethyl-1-Indanyl Acetate (Sb): 'H NMR 5 7.09 (d, I1H,J = 7.9
Hz), 6.88-6.81 (m, 2H), 5.77 (s, [H), 3.78 (s, 3H), 2.84 (d, IH,J = IS 1 Hz), 2.59
(d, TH, J = 15.1 hz), 2.09 (s, 3H), 1.12 (s, 6H}; "'C NMR 8 171.1 (C=0)), 158.8
(C), 142.3 (C), 135.5 ((), 125.7 (CH), 115.3 (CH), 110.8 (CH), 84.2 (CH-0), 55.5
(CH;-0), 44.7 (CH,), 43.8 ((), 27.4 (CH)), 22.5 (CH)), 21.2 (CHY: GC/MS miz
234 (M*, 10), 175 (21), 174 (100), 159 (36), 43 (15); UV (CHOH) A, (£) 279

(2800); Caled Exaci Mass for CH,,Qv 234.126: Found: 234.127.

4-(Trifluoromethylbenzyl Pivalate (2¢). bp 84-86 °C at 22 mm Hg: 'H NMR &
7.61 (d, 2H, J = 8.1 Hz), 7.45 (d, 2H, ] = 8.1 Hz), 5.16 (s, 2H), 1.25 (s, OH); ''C
NMR 6 178.2 (C-=0), 140.6 (C), 130.0 (q, C. J» = 34 Ho), 127.7 (CH), 125.5 (q,
CH, J. = 3.82 Hz), 124.0q, CF; J4 = 272 Hz) 65.1 (CH,), 38.9 ((), 27.2
(CH,); IR (neat) ~970, 2865, 1730 (C=0), 1618, 1473, 1458, 1418, 1396, 1365,
1322, 1280, 1:10, 1062, 1015, 820 cm ' ; GC/MS miz 260 (M *, 3), 159 (47), 109

(18), 85 (12), 57 (100). UV (CH,;0H) A, (c) 253 (419), 259 (503). 265 (398).

3,4-Dimethoxybenzyl Pivalite (Zg): 'H NMR 8 6.93-6.82 (m, 3H), 5.05 (s, 2H),
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388 (s, IH). 3.87 (s, IH), 1.22 (s, 9H); "'C NMR & 178.3 (C=0), 148.88 ((),
148 81 (C), 129.0 (C), 120.6 (CH), 111.2 (CH). 110.9 (CH), 66.0 (CH,-0), 55.84
(CH,-0), 55.80 (CH-0), 38.8 (), 27.2 (CH,); IR (neat) 297G-2875 (C-H), 2838
(O-CHy), 1727 (C=0), 1519, 1464, 1278, 1268, 1239, 1159, 1148. 1030 cm '}
GC/MS m/; 252 (M*, 15), 151 (100h: UV (CH;0H) A, (8) 276 (2900}. Anal.

Calcd for € ,H,,0,: C, 66.65; H, 7.99. Found: C, 66.57; H, 7.95.

3,5-Dimethoxybenzyl Pivalate (2h): 'H NMR & 6.47 (s, 2H), 6.39 (s,1H), 5.05 (s,
2H), 3.78 (s, 6H), 1.24 (3. 9H); "C NMR 8 178.2 (C'=0) 161.0 (C), 138.8 (O),
105.3 (CH), 99.8 (CH), 65.8 (CH,-0}, 55.3 (CH;-0), 38.8 (C), 27.2 (CH,); IR
(neat) 2938, 2840, 1729 (C=0), 1610, 1478, 1343, 1035, 833 cm?; GC/MS m/z 252
(M*, 41), 168 (24), 167 (100), 151 (79), 91 (22), 78 (19), 77 (24), 65 (19), 57 (98);
UV (CH,OH) A,,.. (€) 278 (1500). Anal. Caled for C,,H, 0, C, 66.65; H, 7.99.

Found: C, 66.65; H, 7.93.

3,4,5-Trimethoxyhenzyl Pivalate (2i): 'H NMR & 6.58 (s, 2H), 5.05 (s, 2H), 3.84
(s. 6H), 3.83 (s, 3H), 1.24 (s, 9H); "C NMR 8 177.4 (C=0), 152.7 (C), 137.1
(€. 131.7 (O), 104.0 (CH), 65.4 (CH,-0), 60.4 (CH;-0), 55.3 (CH;-0), 38.1 (0),
26.6 (CH,); IR (neat) 2970-2908, 2640 (O-CH;). 1728 (C=0), 1592, 1509, 1462,
1239, 1152, 1128 (C-O) cm'; GC/MS miz 282 (M*, 27), 197 (13), 182 (8), 181
(100), 57 (27); UV (CH,CH) A, () 264 (710). Anal. Calcd for C;sH,,0s: C,

63.81; H, 7.85. Found: C, 64.05; H, 7.93.
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3-Methylbenzyl Pivalate (2j): 'H NMR 5 7.19-7.10 (m, 4H), 5.05 (s, 2H), 2. 33 (s,
3H), 1.24 (s, 9H): MC NMR S 178.2 (C=0), 138.0 (), 136.4 (O), 128.7 (CH),
128.48 (CH), 128.45 (CH), 66.0 (CH,-0), 38.7 (CH,). 27.2 (CHY, 213 (CHY: IR
(neat) 3028, 2973-2872, 1735, 1490, 1459, 1395, 1282, 1148 cm'; GCO/MS m/z 206
(M*, 12), 106 (12), 105 (98), 193 (1D, 91 (12), 79 (12), 78 (1), 57 (100); UV
{CH,OH) A, () 268 (130). Anal. Calcd for C,,H;y),: C, 75.49; H, 8.80. Found:

C, 75.60; H, 8.64.

1-Indanyl Pivalate (4): 'H NMR 8 7.35 (d, 1H,J = 7.0 Hz), 7.28 7.19 (m, 2H),
6.18 (dd, 1H, J, = 7.0 Hz, J, = 4.7 Hz), 3.14-3.02 (m, 1H), 2.93-2.81 (m, 1H),
2.60-2.46 (m, 1H), 2.08-1.95 (m, 1H). 1.20 (s, 9H); "C NMR d 178.6 (C=0),
144.1 (C), 141.4 (O). 128.7 (CH), 126.7 (CH), 125.2 (CH), 124.8 (CH), 78.0 (CH-
0), 38.7 (C), 32.3 (CH)), 30.1 (CH)), 27.1 (CH)); GC/MS m/z 218 (M' , 0.1y, 117
(100), 116 (49), 115 (30), 57 (18); Calcd Exact Mass for C,H,,0,: 218.131;

Found: 218.128.

2,2-Dimethyl-1-Indanyl Pivalate (6a): 'H NMR 8 7.25-7.17 (m, 4H), 5.82 (s, [H),
2.87 (d. I1H, J = 15.6 Hz), 2.70 (d, 1H, J = 15.6 Hz), 1.22 (s, 9H), 1.16 (s, 3H),
1.10 (s, 3H); C NMR 8 178.4 (C=0), 143.0 (C), 141.4 (C), 128.4 (CH), 126.6
(CH), 125.6 (CH), 124.9 (CH), 83.7 (CH-0). 45.7 (CH,), 43.7 (C'), 39.0 (), 27.3
(CH,), 22.6 (CH,); GC/MS m/z 246 (M*, 0.05), 146 (11), 145 (92), 144 (68), 143

(21), 130 (13}, 129 (41), 128 (25), 117 (13), 115 (213, 91 (21), 57 (100); UV



(CHOH) A, (1) 262 (829); Calcd Exact Mass tor C H,.0,: 246.162; Found:

246.161

6-Methoxy-2,2-Dimethyl-1-Indanyl Pivalate (6b): recrystallized from hexanes: mp
73-74 *C; '"HNMR $ 7.09 d, 1H, ] = 6.0 Hz), 6.82-6.79 (m, 2H), 5.78 (s, 1H),
377 (s, 3JH), 2.80 (d, 1K, J = 15.2 Hz), 2.63 (d. |H, ] = 15.2 Hz), 1.22 (s, 9H),
1.16 (s, 3H). 1.08 (s, 3H); "'C NMR 8 178.4 (C=0), 158.7 (C), 142.7 (C), 134.9
(C), 125.5 (CH). 114.7 (CH), 110.5 (CH). 83.7 (CH-0), 55.4 (CH;-0), 44.8 (CH)),
44.2 (C), 39.1 (C), 27.3 (CHy), 22.6 (CH,); GC/MS m/z 276 M*, 0.2), 175 (37),
174 (100), 160 (16), 159 (37). 115 (15), 91 (11). 57 (61); UV (CH,OH) A, ()
279 (3020); Anal Caled for C;H,,0,: C, 73.87; H, 8.76; Found: C, 73.87; H,

8.22.

5-Methoxy-2,2-Dimethyl-1-Indanyl Pivalate (6¢): '"H NMR 8 7 20 (d, iH,J = 9.0
Hz), 6.73-6.71 (m, 2H), 5.70 (s, 1H). 3.79 (s, 3H), 2.88 (d, 1H, J = 15.6 Hz), 2.63
(d, 1H, J = 15.6 Hz), 1.19 (s, 9H), 1.13 (s, 3H), 1.11 (s, 3H); ""C NMR & 178.5
(C=0), 160.3 ((), 145.2 (C), 133.6 (C), 126.8 (CH), 112.4 (CH), 110.1 (CH), 83.5
(CH-0), 55.3 (CH;-0), 45.8 (CH,), 43.8 {(C), 31.6 (C), 27.2 (CH,), 22.7 (CHy);
GC/MS m/z 276 (M*, 1), 176 (13), 175 (100), 174 (27), 160 (10), 159 (10) 115
(1D, 91 (10), 57 (43); UV (CH.OH) A, (e) 273 (2200); Calcd Exact Mass for

C;H,,0:: 276.173; Found: 276.174.



93

Preparation of 5-Methovy-2.2-Dimethy!-1-Indanyi Acetate (5¢)

Several attempts to prepare this ester using the above tietheg were
unsuccessiul, The procedure used was a combinatton from papers by Staab and
Rohr’* and Carpenter and Moore.® Acetic acid (24 mmol, 1.5 g) m 60 ml of THI-
was added to a stirring solution of N,N-carbonyiduirudazole (21 mmol, 3.32 g) i 60
mL of THF. After tae solution was stirted for 1 h at room temperature, S mthevy
2,2-dimethyl-1 indanol (5.2 mmol, | g) 1 40 ml. ot I'HF .and a small prece ot sodium
metal was added. The reaction was monuored by HPLC. After 44 b of refluxing
most of the alcohol was converted to ester.  The reaction was stopped »nd the solvent
was removed. Water was added to the residuc (50 ml.) and the product was extracted
into cther (3 X 25 mL). The combined organic lay=rs were washed with 1V Ma,CO;,
water, and then dried over magnesium sulphate. The ester was punitied by column
chromatography on silica gel followed by bulb-to-bulb distillation:  Yield (0.62 g,
50%); 'H NMR 8 7.27 (d, 1H, J = 9.3 Hz), 6.75-6.72 (m, 2H), 5.71 (s, 1H), 3. 79
(s, 3H), 2.92 (d, 1H, J = 15.7 Hz), 2.60 (d, IH, J = 15.7 Hz), 2.06 (s, 3H), 1. 14
(s. 3H), L.10 (s, 3H); "'C NMR 8 171.1 (C=0), 160.5 (C), 145.8 (C'), 133.3 (),
127.2 (CH), 112.5 (CH), 110.2 (CH), 83.8 (CH-(), 55.3 (CH,;-Oy, 47.5 (CH,), 43.5
(C), 27.5 (CHy), 22.6 (CH,), 21.3 (CHy); GC/MS m/z 234 (M* [ 75, 191 (13), 176
(11, 175 (66), 174 (100), 173 (13), 161 (16), 160 (16), 159 (53), 158 (13), 121 (i2),
115 (25), 91 (25), 77 (16); UV (CH,OH) A, (£) 273 (1790); Anal. Calcd for

CuH;:Oy: C, 71.76; H, 7.75; Found: C, 71.71; H, 7.3,
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1.5.5 Preparative Photolyses
For each ester, a solution of 1-2 g in 100 mL of methanol was purged with
nitrogen and then irradiated in a Rayonet photochemical reactor using 16 lamps (75 W
253.7 nm). The progress of the reaction was monitored by HPLC, and the reaction
was stopped when the ester was >90% consumed. The products of the photolysis

were separated by column chromatography and identified by spectroscopic methods.

1.5.6 Characterization and Preparation of the Photoproducts 8-13 and 21-31.
Some of the products were commercially available. Those that were not
available were either isolated from the pho!-lysis mixture by chromatography or

synthesized by a literature procedure.

The Methyl Ethers 8a-j, 21, and 25a-c In addition to isolating the methyl ethers
from the photolysis mixture they were also prepared from the corresponding benzyl
alcohols using the following general procedure: To a well stirred solution of 0.015
mol of the alcohol in 30 mL of DMSO was added 0.6 g (0.025 mol) of sodium
hydride. The hydride was washed with hexane and then dried in the oven for 2 min.
The solution was stirred for 10 min then 5.7 mL (0.092 mol) of iodomethane was
added, and the mixture was stirred for 2 h. Water (50 mL) was added, and the
aqueous layer was then extracted twice with CH,Cl, (2 X 25 mL). The organic layer
was washed with water (NaCl sat) and dried with MgSO,. The solvent was removed

under reduced pressure to give the crude ethers which were further purified by
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distillation. The 'H NMR spectra of 8a-d,f (prepared by J. Hilborm)'” were identical

to those in the literature.”

4-(Triflusromethy)benzyl Methyl Ether (8e): bp 65 °C at 2 mm Hg; 'H NMR &
7.61 (d, 2H, J = 8.3 Hz), 7.44 (d, 2H, J = 8.1 Hz), 4.51 (s, 2H, CH;-0), 1.41 (s,
3H, CH;-0); "C NMR 8 143.9 (C), 127.6 (CH), 125.3 (q, CH, J, = 3.82 H7),
73.9 (CH,-0), 58.4 (CH,;-0); GC/MS m/z 190 (M ™, 34), 189 (33), 171 (19), 160
(32), 159 (77), 145 (17), 141 (28), 121 (100), 119 (14), 109 (3B), 91 (30), 89 (16),

77 (19), 75 (15), 68 (16), 63 (19), 51 (18).

3,4-Dimethoxybenzyl Methyl Ether (8g): 'H NMR 0 6.89-6.78 (m, 3H), 4.38 (s,
2H), 3.89 (s, 3H), 3.88 (s, 3H), 3.35 (s, 3H); "*C NMR & 149.0 (C), 148.6 (0,
130.7 (C), 120.3 (CH), 111.0 (CH), 110.8 (CH), 74.6 (CH,), 57.9 (CH,-0), 55.9
(CH;-0), 55.8 (CH;-0); GC/MS m/z 182 (M*, 43), 181 (11), 152 (13), 151 (100),

108 (11), 107 (13), 77 (11), 65 (12), 51 (11).

3,5-Dimethoxybenzyl Methyl Ether (8h): 'H NMR & 6.49 (s, 2H), 6.38 (s, 1H),
4.39 (s, 2H), 3.77 (s, 6H), 3.37 (s, 3H); C NMR § 160.9 (C), 140.6 (C), 105.3
(CH), 99.7 (CH), 74.6 (CH,), 58.0 (CH;-0), 55.3 (CH,-0); GC/MS m/z 182 (M*,

25), 152 (100), 91 (20), 77 (24).
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3,4,5-Trimethoxybenzyl Methyl Ether (8i): 'H NMR & 6.57 (s, 2H), 4.39 (s, 2H),
3.86 (5, 6H), 2 33 (s, 3H), 3.40 (s, 3H); "C NMR & 153.3 (0), 137.3(C), 1339
(C), 104.5 (CH), 74.9 (CH)), 60.9 (CH,-0), 58.2 (CH;-0), 56.1 (CH,-0); GC/MS
miz 212 (M*, 90), 197 (11), 182 (42), 181 (100), 169 (22), 167 (14), 154 (13), 151

(14, 148 (14).

Methyl 3-Methylbenzyl Ether (8j): 'H NMR & 7.22-7.04 (m, 4H), 4.37 (s, 2H),
3.34 (s, 3H), 3.00 (s, 3H); "C NMR 3 138.3 (C), 138.0 (C), 128.6 (CH), 128.5
(CH), 128.4 (CH), 124.9 (CH), 74.8 (CH,-0), 58.0 (CH;-0), 21.4 (CH,); GC/MS
miz 136 (M*, 42), 135 (36), 121 (76), 106 (37), 105 (100), 104 (43), 103 (22), 91

(87), 79 (39), 78 (25), 65 (35), 63 (25), 51 (35).

1-Indanyl Methy! Ether (21): 'H NMR & 7.41-7.38 (m, 1H), 7.26-7.19 (m, 3H),

4 84-4.79 (m, 1H), 3.40 (s, 3H), 3.14-3.02 (m, 1H), 2.87-2.75 (m, 1H), 2.37-2.26
(m, 1H), 2.14-2.02 (m, 1H); C NMR § 144.0 (C), 142.5 (C), 128.4 (CH), 126.2
(CH). 125.1 (CH), 125.0 (CH), 84.5 (CH-0), 56.1 (CH;-0), 31.9 (CH,), 30.2 (CH,);
GC/MS 1a/z 148 (M*, 32), 147 (46), 118 (18), 117 (100), 116 (42), 115 (88), 103

(12), 103 (12), 91 (28), 89 (19), 79 (12), 77 (24), 65 (12), 63 (24), 51 (24).

2,2-Dimethyl-1-Indanyl Methyl Ether (252): ‘H NMR § 7.36-7.24 (m, 1H), 7.23-
7.20 (m, »H), 4.20 (s, 1H), 3.52 (s, 3H), 2.86 (d, 1H, J = 15.5 Hz), 2.62 (d, 1H, J

= 15.5 Hz), 1.17 (s, 3H), 1.16 (s, 3H); "C NMR 8 142.9 (C), 128.1 (CH), 126.0
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(CH). 125.4 (CH). 125.2 (CH). 92.1 (CH-0). 58.1 (CH,-0). 45.6 (CH,). 44.6 (),

27.9(CH)), 22.0 (CH,); GC/MS m/z 176 (M7, 19), 145 (25), 144 2, 143 (1Y),
131 (11), 130 (13), 129 (100), 128 (30), 127 (1M, 117 (12), 115 2D, 91 25, 77

(1), 65 (12), 63 (11), 51 (1.

6-Methoxy-2,2-Dimethyl-1-Indanyl Methyi Ether (25b): 'H NMR 8 7.07 (d, 14,
= 8.1 Hz), 6.89 (d, IH, J = 2.30 Hz), 6.77 (dd, tH, J, = 8.3 Hz, J, = 2.4 H»),
4.15 (s, 1H), 3.80 (s, 3H), 3.51 (s, 3H), 2.72 (d, IH, J = 15.1 He), 2.53 (d, IH, )
= 15.1 Hz), 1.16 (s, 3H), 1.09 (s, 3H); "C NMR 5 158.5 (), 144.3 ((), 134.4
(C), 125.7 (CH), 114.0 (CH), 110.5 (CH), 92.2 (CH-0), 58.4 (CH,-0), 55.4 (CH;-
0), 45.1 (C), 44.8 (CH,), 28.0 (CH,), 21.9 (CH,); GC/MS m/z 206 (M*, 206), 191
(11), 175 29), 174 (49), 173 (14), 161 (16), 160 (16), 159 (100), 158 (16), 145 (12),
144 (16), 131 (13), 128 (13), 121 (16), 116 (13), 115 (32), 91 (32), 78 (12), 77 (25),

65 (11), 63 (13), 51 (16).

5-Methoxy-2,2-Dimethyl-1-Indanyl Methyl Ether (25¢): 'H NMk & 7.26 (d, IH, ]
= 7.92 Hz), 6.74 (m, 2H), 4.10 (s, 1H), 3.79 (s, 3H), 3.45 (s, 3})), 2.85 (d, 1H, ]
= 15.6 Hz), 2.55 (d, 1H,J = 15 6 Hz), 1.16 (s, 3H), 1.11 (s, 3H); "C NMR ®
160.0 (C), 145.0 (C), 135.0 (C), 126.4 (CH), 111.7 (CH), 110.6 (CH), 91.4 (CH-0O),
57.4 (CH;-0), 55.3 (CH;-0), 45.8 (CH,), 44.7 (C), 28.0 (CH,), 22.2 “CH,); GC/MS
m/z 206 (M*-, 18), 176 (15), 175 (100), 160 (13), 159 (25), 115 (21), 91 (19), 77

(15).
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The Toluenes, 9a-j, 22 and 26a-¢ Toluenes 9a-f,j and 22 were obtained from the
Aldrich Chemical Company. Toluenes 26a-c were isolated from preparative
photolysis mixtures by chromatography on silica gel. Toluenes 9g-i were prepared by
reduction of the aldehyde by the Huang-Minlcn modification™ of the Wolff-Kishner
reaction. The crude products were purified by silica gel chromatography or by bulb-

to-bulb distillation.

3,4-Dimethoxytoluene (9g): 'H NMR 3 6.78-6.68 (m, 3H), 3.90 (s, 3H), 3.88 (s,
3H), 2.29 (s, 3H); "'C NMR 5 148.7 (C), 146.8 (C), 130.4 (C), 120.8 (CH), 112.4
(CH), 111.2 (CH), 55.9 (CH;-0), 21.0 (CHy); GC/MS m/z 152 (M*, 100y, 109
49), 107 (13), 94 (22), 91 (33), 81 (25), 79 (33), 78 (13), 77 {44), 66 (32), 65 (32),

63 (14), 53 (16), 52 (12), 51 (25).

3,5-Dimethoxytoluene (9h): 'H NMR & 6.34 (d, 2H, J = 2.60 Hz), 6.29 (t, IH, J
= 2.2 Hz), 3.78 (s, 6H) 2.30 (s, 3H); "C NMR & 160.7 (C), 140.2 (C), 107.1
(CH), 97.6 (F"'H), 55.2 (CH;-O), 21.8 (CH;); GC/MS m/z 152 (M*, 100), 123 (75),

121 (16), 109 (24), 92 (19), 91 (38), 77 (512), 66 (19), 65 (19).

3,4,5-Trimethoxytoluene (9): 'H NMR 8 6.42 (s, 2H), 3.88 (s, 9H), 2.22 (s, 3H);
*C NMR 3 153.0 (C), 135.8 (C), 133.6 (C), 106.0 (CH), 60.8 (CH;), 55.9 (CH,-0),
21.8 (CH;-O); GC/MS miz 182 (M*, 82), 167 (100), 139 (59), 124 (44), 121 (10),

108 (48), 106 (48), 91 (12), 79 (30), 77 (21), 66 (11), 65 (26), 53 (82), 52 (19).
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2,2-Dimethylindan (26a): 'H NMR 8 7.21-7.12 (m, 4H). 2.75 (s. 4H). [.18 (s.
6H); *C NMR & 142.6 (C), 126.0 (CH), 124.8 (CH), 47.8 (CH,), 43.12 (), 28.9
(CH,); GC/MS m/fz 146 (M*, 29), 132 (12), 131 (100), 129 (13), 128 (11}, 116

(13), 115 (25), 91 (39), 77 (12), 64 (11), 63 (13), 51 (13).

6-Methoxy-2,2-Dimethylindan (26b): 'H NMR 5 7.04 (d, 1H, ) = 8.1 H2), 6.72 (s,
1H), 6.67 (d, 1H, ] = 8.1 Hz), 3.77 (s, 3H), 2.¢9 (s, 2H), 2.65 (s, 2H}, 1. 14 (s,
6H); *C NMR 3 158.5 (C), 145.0 (C), 135.6 (C), i25.1 (CH), 111.7 (CH), 110.4
(CH), 55.4 (CH;-0), 48.0 (CH,), 46.9 (CH,), 40.6 (), 28.9 (CH,); GC/MS m/z 176
(M*, 76), 162 (11), 161 (100), 146 (19), 145 (29), 135 (13), 131 (15), 129 (1), 128
(1D, 121 (11), 117 (17), 115 (33), 105 (18), 103 (17, 91 (43), 77 (21), 65 (17), 63

(11), 51 (19).

5-Methoxy-2,2-Dimethylindan (26¢): 'H NMR & 7.04 (d, IH, ] = 8.1 Hz), 6.72 (s,
IH), 6.67 (d, 1H, J = 8.2 Hz), 3.77 (s, 3H), 2.69 (s, 2H), 2.65 (s, 2H), 1.14 (s,
6H); »C NMR 3§ 158.5 (C), 138.2 (C), 134.9 (C), 125.1 (CH), 111.7 (CH), 110.4
(CH), 55.4 (CH;-0), 48.0 (CH,). 46.9 (CH,), 40.5 (C), 28.9 (CH,); GC/MS m/z 176
M, 7D, 175 (12), 162 (12), 161 (100), 146 (19), 145 (25), 135 (12), 131 (12), 129
(11), 128 (10), 121 (11), 117 (12), 115 (25), 105 (19), 103 (12), 91 (39), 77 (20), 65

(13), 63 (12), 51 (19).
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The Radical Coupling Products 10a-j, 11a-j, 27a-c and 28a-c
The coupling product 10¢ (ethylbenzene) was obtained from the Aldrich Chemical
Company. The coupling products (i0a,d,e) were prepared by a Wolff-Kishner
reduction of the corresponding acetopherone obtained from Aldrich Chemical
Company. A mixture of 0.009 mol of the appropriate acetophenone, ! mL of
anhydrous hydrazine, and 40 mL of diethylene glycol was heated until the ketone had
dissolved. Heating was continued for 5 min. To this solution was then added 6 g of
KOH, and the solution was refluxed for 1 h. After the solution was cooled, water
was added and the mixture was extracted with CH,Cl,. The CH,Cl, layer was washed
with 10% HCI, then with water several times, and dried over MgSQO,. The solvent
was removed, and the compounds were purified by distiliation ei chromatography.
The coupling products 10b,f were not synthesized. For quantitative purposes in these
cases, the response of the FID detector was assumed to be the same as for the
unsubstituted compound 10c¢ with a correction factor of 9/8 for the relative carbon
content.
(4-Methoxyphenylethane (10a): 'H NMR 3 7.11 (d, 24, J = 8.4 Hz), 6 33 (d, 2H,
] = 8.6 Hz), 3.78 (s, 3H, CH,-0), 2.59 (q, 2H, J = 7.6 Hz), 1.20 (t, 34H,J = 7.6
Hz): ''C NMR 8 159.5 (C), 136.4 (C), 128.7 (CH), 113.7 (CH), 55.3 (CH,-0), 8.0
(CH)). 15.9 (CH,); GC/MS m/z 242 (M*, 14), 122 (12), 121 (100), 91 (12), 78

(24), 77 (20).
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(3-Methoxyptenylethane (10d): 'H NMR 3 7.19 (1, IH,J = 7.8 H7), 6.80-6.63

(m, 3H), 3.77 (s, 3H, CH;-0), 2.61 (q, ZH,J = 7.6 Hz), 1.22 (t, 3H,J = 7.5 Ho);
BC NMR 8 159.7 (C), 146.0 (C), 129.4 (CH), 120.5 (CH), 113.8 (CH), 111.0 (CH),

55.3 (CH;-0), 29.0 (CH,), 15.6 (CH)).

(4-(Trifluoromethyl) phenyl)ethane (10¢): 'H NMR 8 7.53 (d, 2H, J = 8.1 H2),
7.30 (d, 2H,J = 7.9 Hz), 2.71 (q, 2H,J = 7.5 H?), 1.26 (t, 3H, ] = 7.6 H: V'C
NMR 68 143.9 ((), 128.1 (CH), 125.2 (q, CH, J, = 3.82 H2), 28.8 (CH,), 15.3

(CH;); GC/MS m/z 174 (M*, 39), 159 (100), 155 (12), 105 (67), 51 (10).

4-Ethyl-1,2-Dimethoxybenzene (10g, R = CH,): GC/MS m/z 166 (M*, 51, 152
(10), 151 (100), 108 (12), 107 (10), 95 (20), 91 20y, 19 (12), 77 (17), 65 (10), 51

(12).

1-Ethyl-3,5-Dimethoxybenzene (10h, R = CH,): 'H NMR 5 6.38 (2H, d, ] = 2.1
Hz), 6.32 (1H, t, J = 2.1 Hz), 3.80 (s, 6H), 2.61 (q, 2H, J = 7.6 Hz), 1.24 (1, 3H,
J = 7.6 Hz); "C NMR & 160.8 (C), 146.7 (C), 105.9 (CH), 97.6 (CH), 55.2 (C'H,-
0), 29.2 (CH,), 15.4 (CH;); GC/MS m/z 166 (M*, 100), 165 (17), 137 (i6), 121
(32), 109 (32), 108 (16), 105 (13), 91 (44), 79 (22), 78 (16), 77 (33), 65 (26), 63

(15), 53 (13), 51 (17).
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5-Ethyl-1,2,3-Trimethoxybenzene (10i, R = CH,): 'H NMR 5 6.42 (s, 2H), 1.8§
(s, 6H), 3.82 (s, 3H), 2.60 (q. 2H, J = 7.63 Hz), 1.24 (1, 3H, ] = 7.63 H2); ''C
NMR 8 153.0 (C), 140.0 (C), 135.9 (C), 105.9 (CH), 60.8 (CH;-0), 56.0 (CH;-0),
29.3 (CH,), 15.7 (CH,); GC/MS m/z 196 (M*, 74), 181 (100), 153 (25), 138 (22),

123 (15), 121 (19), 93 (12), 91 (14), 79 (13), 77 (18), 67 (1¥), 65 (13), 53 (12).

I-Methoxy-4-Neopentylbenzene (11a) This coupling product was synthesized by a
Friedel-Crafts acylation followed by a Clemmenson reduction. To a solution of 14 g
(0.009 mol) of anhydrous aluminum chloride in 25 mL of CH,Cl, w s added 8.0 g
(0.067 moi) of pivaloyl chloride in 15 mL of CH,Cl,. To this mixture was slowly
added 8.1 g (0.075 mol) of anisole in 10 mL of CH,Cl,. The reaction was kept at
room temperature for 30 min aad then was poured into a mixture consisting of 50 g of
ice in 25 mL of concentrated hydrochloric acid. The aqueous layer was extracted with
CH,C1, (30 mL). The organic layer was washed with sodium bicarbonate (50 mL)
and dried over MgSO,. The CH,(l, was removed by rotary evaporation and the
remaining liquid was distilled under vacuum.

The ketone was reduced by a Clemmenson reduction. To 2.89 g (C.01 mol) of
the ketone was added amalgamated zinc (4.19 g in 19 mL of concentrated HCl). The
mixture was refluxed for 18 h and filtered, and the filtrate was extracted with ether.
The ether layer was wa hed with water and saturated sodium bicarbonate and then
dried over MgSO,. Purification of the product was accomplished by chromatography.

The product structure was confirmed by '"H NMR: 'H NMR & 7.03 (d, 211, J = 8.7
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Hz), 6.80 (d, 2H, J = 8.9 Hz), 3.78 (s, 3H), 2.43 (5. 2H). 0.88 (5. YH). This

compound was previously syathesized and characterized by Jaxa-Chamiec ef al. ™.

4-Trifluoromethyl-1-NeopentylBenzene (1le) This coupling product was isolated
from the photolysis mixture. The crude reaction mixture (0.6 g) was
chromatographed on a column packed with 60 g of silica gel and eluted with 1.59
ethyl acetate:hexane. One 50 mL fraction followed by 20 ml. fractions was collected.
Fractions 4-6 were combined, and the solvent was removed to give 1le: 'H NMR &
7.52 (d, 2H, J = 7.9 Hz), 7.22 (d, 2H, J = 7.9 Hz), 2.55 (s, 2H) 0.91 (s, 9H);

GC/MS miz 216 (M*, 2), 159 (25), 109 (11), 57 (100).

The remaining coupling products (11b-d,f) were quantified by GC/FID using 1lc¢ as a

standard and correcting for carbon content.

1,2-Dimethoxy-4-Neopentylbenzene (11g, R = C(CH,),): '"H NMR 3 6.79-6.76 (mn,
4H), 3.86 (s, 3H), 3.85 (s, 3H), 2.43 (s, 2H), 0.90 (s, 9H); "C NMR & 148.2 (("),
147.3 (C), 132.4 (C), 122.5 (CH), 114.0 (CH), 110.7 (CH), 55.8 (CH;-0), 49.9

(CH,), 31.8 (C), 29.4 (CH;); GC/MS m/z 208 (M*, 25), 152 (16), 151 (100).

1,3-Dimethoxy-5-Neopentylbenzene (11h, R=C(CH,);): 'H NMK 6 6.33 (t, IH, J
= 2.25 Hz), 6.29 (d, 2H, ] = 2.27 Hz), 3.77 (s, 6H), 2.43 (s, 2H), 0.92 (s, 9H),

BC NMR § 160.1 (C), 142.1 (C), 108.8 (CH), 97.7 (CH), 55.2 (CH,-0), 50.6
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(CH)), 29.6 (CH,); GO/MS m/z 268 (M*, 27), 152 (100), 137 (6), 121 (6). 91 (8),

77 (8), 57.2 (31).

1,2,3-Trimethoxy-5-Neopentylbenzene (11i, R = C(CH,);): 'H NMR 5 6.33 (s,
2H), 3.84 (s, 9H), 2.44 (s, 2H), 0.93 (s, 9H); "’C NMR & 152.4 (C), 136.2 (C),
135.5 (C), 107.5 (CH), 60.8 (CH,;-0). 56.0 (CH;-0), 31.8 (C), 29.5 (CHy); GC/MS

mfz 238 (M* | 15), 182 (14), 181 (100), 57 (50).

1-Methyl-3-Neopentylbenzene (11j, R = C(CH,);): 'H NMR 8 7.24-6.91 (m, 4H),
2.45 (s, 2H), 2.33 (s, 3H), 0.90 (s, 9H); "C NMR 8 139.7 (C), 137.0 (C), 131.3
(CH), 127.45 (2 X CH), 126.4 (CH), 50.1 (CH,), 31.7 (C), 29.4 (CH,), 21.5 (CHy);
GC/MS m/z 162 (M*, 13), 106 (98), 105 (47), 103 (10), 91 (42), 79 (13), 78 (10),

77 (21), 57 (100).

The products 27a-c and 28a-c were isolated from preparative photolysis mixtures by

chromatography on silica gel.

1,2,2-Trimethylindan (27a, R = CH,): 'H NMR 5 7.16-7.10 (m, 4H), 2.81 (q, 1H,
1 =7.2Hz), 272, 14,1 = 155 Hz), 2.64 (d, 1H, ] = 15.5 Hz), 1.17 (s, 3H),
1.15 (d, 3H, J = 7.2 Hz), 0.84 (s, 3H); "C NMR § 148.2 (C), 142.6 (C), 126.0
(CH), 124.4 (CH), 123.3 (CH), 48.9 (CH), 47.2 (CH,), 44.0 (C), 27.6 (CH,), 22.4

(CH,), 13.0 (CH3); GC/MS m/z 160 (M*, 27), 146 (12), 145 (100}, 131 (13), 130
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(10), 129 (13), 128 (15), 117 (29, 115 24), 91 (20).

6-Methoxy-1,2,2-Trimethylindan (27b, R = CH,): This compound was not isolated
trom the preparative photolysis mixture. It was quantified using product 26b,

correcting for the difference in carbon atoms.

5-Methoxy-1,2,2-Trimethylindan (27¢, R = CH,): A preparative photolysis was not
done for ester 5S¢ because of difficulties encountered in making a sufficient quantity of
the ester. This product was quantified using product 26¢, correcting for the difference

in carbon atoms.

1-tert-Butyl-2,2-Dimethylindan (28a, R = C(CH,);): 'H NMR & 7.28-7.26 (i,
1H), 7.15-7.05 (m, 3H), 2.93 (d, 1H, J = 15.4 Hz), 2.49 (s, IH), 2.41 (d, IH, J =
15.4 Hz), 1.33 (s, 3H), 1.04 (s, 9H), 1.02 (s, 3H); "*C NMR & 147.5 (C), 143.9
(C), 127.9 (CH), 125.9 (CH), 124.7 (CH), 124.5 (CH), 64.8 (CH), 48.1 (CH,), 44.8
(©), 35.3 (C), 33.0 (CH,), 29.4 (CH,), 25.9 (CH;); GC/MS m/z 202 (M', 0.8), 146
(27), 145 (100), 131 (11), 130 (11), 129 (13), 128 (15), 117 (20), 115 (20, 91 (12),

57 (13).

6-Methoxy-1-tert-Butyl-2,2-Dimethylindan (28b, R = C(CH,);): 'H NMR & 7.04
(d, 1H, J = 8.1 Hz), 6.84 (d, 1H,J = 2.3 Hz), 6.69 (dd, 1H, J, = 8.1 Hz, J, = 2.4

Hz), 3.79 (s, 3H), 2.86 (d, 1H, J = 15.0 Hz), 2.44 (s, 1H), 2.33 (d, 1H, J = 15.0
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Hz), 1.32 (s, 3H), 1.04 (s, 9H), 1.00 (s, 3H); "'C NMR 8 157.3 (C), 147.8 (C),
136.1 (C), 124.7 (CH), 114.4 (CH), 111.0 (CH), 65.0 (CH), 55.4 (CH;-0), 47.2
(CH,), 45.3 (C), 35.3 (O), 33.0 (CH,), 29.4 (CHy), 25.9 (CH,); GC/MS miz 232

(M*, 6), 176 (201, 175 (100), 160 (13), 115 (13), 57 (13).

5-Methoxy-1-tert-Butyl-2,2-Dimethylindan (28¢c, R = C(CH,);) ): 'H NMR § 7.14
(d, 1H, J = 8.2 Hz), 6.71 (s, 1H), 6.64 (d, 1H, ] = 8.4 Hz), 3.78 (s, 3H), 2.89 (d,
IH, J = 15.4 Hz), 2.41 (s, 1H), 2.36 (d, IH, ] = 15.4 Hz), 1.31 (s, 3H), 1.00 G,
12H); "C NMR 8 158.3 (C), 145.4 (C), 138.3 (C), 128.4 (CH), 110.4 (CH), 109.9
(CH), 64.1 (CH), 55.2 (CH;-0), 48.3 (CH,), 45.1 (C), 35.3 (0), 33.0 (CH,), 29.3

(CH,), 25.9 (CH,): GC/MS m/z 232 (M™, 2), 176 (13), 175 (100).

5-tert-Butyl-6-Methoxyindan This compound was isolated from a preparative
photolysis of ester 6b. It results from coupling of an out-of-cage terf-butyl radical
with the aromatic ring of the indanyl radical. It was formed in less than 1% yield and
was not quantified. 'H NMR 8 7.05 (s, 1H), 6.71 (s, 1H), 3.80 (s, 3H), 2.58 (s,
2H), 2.65 (s, 2H), 1.35 (s, 9H), 1.14 (s, 6H), '*C NMR & 157.5 (C), 141.8 (C),
136.1 (C), 134.6 (C), 122.6 (CH), 108.4 (CH), 55.2 (CH;-O), 48.0 (CH,), 47.5
(CH,), 40.3 (C), 34.7 (C). 30.0 (CH3), 29.2 (CHy); GC/MS m/z 232 (M*, 16), 218

(16), 217 (100).

The Dimers 12a-j, 28a-c and 29a-c 1,2-diphenylethane (12¢), was obtained from the
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Aldrich Chemical Company. Dimers 12a,b.d.f were quantified using the
corresponding toluene as an equivalent on the basis ot the expected identical UV
detection response in HPLC detection. Tie remaining dimers were isolated from
preparative photolysis solutions by chromatography on silica gel. The characterization

for dimers 29a-c and 30a-c¢ is in the experimental section of Chapter 3.

4,4'-bis(trifluoromethyl)bibenzyl (12¢): 'H NMR 3 7.53 (d, 2H,J = 7.9 Hy), 7.25
(d, 2H, ] = 7.9 H2), 2.98 (s, 2H); "'C NMR 8 145.0 (), 128.7 (C'H), 127.0 (q. C.
J. = 272 Hz), 125.4 (q, CH, J = 3.82 Hz); GC/MS m/z 318 (M, 42), 299 (19),

160 (9), 159 (100), 109 (18).

3,3',4,4'-Tetramethoxybibenzyl (12g): 'H NMR & 6.76-6.65 (m, 3H), 3.84 (s, IH),
3.82 (s, 3H), 2.83 (s, 2H); "'C NMR 3 148.7 (C), 147.2 (C), 134.4 (C), 120.3
(CH), 111.9 (CH), 111.1 (CH), 55.9 (CH;-0), 55.7 (CH;-0), ¥7.7 (CH,); GC/MS

m/z 302 (M*, 47), 152 (11), 151 (100).

3,3',5,5'-Tetramethoxybibenzyl (12h): 'H NMR & 6.35 (s, 2H), 6.32 (s, 1H), 3.76
(s, 6H), 2.84 (s, 2H); "'C NMR 8 160.7 (C), 144.1 (C), 106.4 (CH), 97.9 (CH),
55.2 (CH;-0), 38.0 (CH,); GC/MS m/z 302 (M™, 99), 152 (13), 151 (i00), 91 (10,

77 (12).

3,3',4,4',5,5'-Hexamethoxybibenzyl (12i): 'H NMR 3 6.37 (s, 2H), 3.82 (s, 9H),
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2.85 (s, 2H); ''C NMR 6 153.0 (C), 137.4 (C), 136.1 (C), 105.4 (CH), 60.9 (CHy-

0), 56.0 (CH,-0), 38.5 (CH,); GC/MS m/z 362 (M*, 37), 181 (100).

3,3'-Dimethylbhibenzyl (12j): 'H NMR 8 7.24-7.00 (m, 4H), 2.86 (s, 2H), 2.33 (s,
3H); C NMR 6 141.9 (C), 137.9 (C), 129.2 (CH), 128.2 (CH), 126.6 (CH), 125.4
(CH), 38.0 (CH,), 21.4 (CH,); GC/MS m/z210 (M*, 23), 106 (11), 105 (100), 79

(20), 77 (23).

The Arylmethanol Preducts 31a-c These products were isolated from a preparative

photolysis mixture by chromatography on silica gel.

2,2-Dimethyl-1-Indanylmethanol (31a): 'H NMR & 7.32-7.28 (m, 1H), 7.19-7.15
(m, 3H), 3.90 (q, IH, J, = 10.8 Hz, J, = 5.6 Hz), 3.81 (q, 1H, J, = 10.8 Hz, J, =
6.6 Hz), 2.86 (t, 1H, J; = 6.6 Hz, J, = 5.6 Hz), 2.79 (d, 1H, ] = 15.4 Hz), 2.68
(d, 1H, J = 15.4 Hz), 1.52 (brs, 1H), 1.17 (s, 3H), 1.10 (s, 3H); "C NMR & 144.2
(C), 143.4 (C), 126.8 (CH), 126.2 (CH), 124.9 (CH), 124.8 (CH), 63.6 (CH,-0),
56.7 (CH), 47.4 (CH,), 42.3 (C), 29.7 (CHy,), 23.3 (CH;); GC/MS m/z 176 (M*,
14), 146 (13), 145 (1007, 143 (10), 130 (13), 129 (19), 128 (21), 117 (24), 115 (21),

105 (10), 91 (19).

6-Methoxy-2,2-Dimethyl-1-Indanylmethanol (31b): 'H NMR & 7.08 (d, 1H, ] =

8.1 Hz), 6.87 (brs, 1H), 6.72 (dd, 1H, I, = 8.2 Hz, J, = 2.4 Hz), 3.92-3.67 (m,
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2H), 3.79 (s, 3H), 2.81 (1, 1H, ] = 6.0 Hz), 2.70 (d, 1H, J = 15.1 Hz), 2.60 (d,

1H, J = 15.1 Hz), 1.15 (s, 3H), 1.J8 (s, 3H); ""C NMR 5 158.6 (C), 145.8 ((),
135.3 (C), 125.4 (CH), 112.3 (CH), 110.6 (CH), 63.5 (CH,-0), 57.0 (CH), 55.4
(CH;-0), 46.5 (CH,), 42.7 (C), 29.7 (CH,), 23.3 (CH,); GC/MS m/z 206 (M*, 21),

176 (13), 175 (100), 160 (13), 145 (11), 128 (10), 115 (14), 91 (13).

5-Methoxy-2,2-Dimethyl-1-Indanylmethanol (31c): A preparative photolysis was
not done for ester Sc¢ because of difficulties encountered in a making sufficient

quantity of the ester. This product was quantified using the isomer 31b.

1.5.7 Quantitative Photolyses

The procedure followed was the same as that described in the preparative
photolysis section, except the solutions contained only 100-200 mg of the ester in 100
mL of methanol and analyses were done with less than 50% of the ester consumed.
At conversions below 50%, product yields were shown to be independent of percent
conversion. At very high conversions, the mass balance dropped to 75-80% because
of slow photodegradation of the products. This is not surprising because the esier and
the products have the same chromophore at high conversions most of the light is being
absorbed by the products. Dark samples of the esters in methanol showed no
significant conversion to products.

Standard solutions of each of the products were prepared to determine the

yields of the products for the photolysis reaction. The photolysis samples and the
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standards were analyzed by GC/FID and the integrated areas for the standards
containing a known amount of photoproduct were compared to the integrated areas of
the photoproducts. The dimers, 12a-f, were not volatile enough for an GC anaiysis
and thus were analyzed by HPLC. Quenched irradiations (Table 4) were done as
described above except that 2,3-dimethyl-1,3-butadiene ((1-6) x 10* M) was added to

the solution.

1.5.8 Analytical Determination of the Ether Yields 8a,e,f

As can be seen from Table 2 the yields of photoproducts 8a,e,f are low.
These yields are important because they are necessary to determine the rate constant
for electron transfer. To ensure that these numbers are accurate, the analyses were
done more carefully. Two separate photolyses on each of the corresponding acetate
esters and two separate siandards were analysed. Each photolysis and standard sample

was injected twice on the GC/FID.

1.5.9 Okxidation Potential Measurements

Oxidation potentials for the 3,5-dimethoxybenzyl radical and the 3,4,5-
trimethoxybenzyl radical were measured. This required the corresponding substituted
toluene. The oxidation potentials were measured by modulated photolysis cyclic
voltammetry. The details of this tecknique have been previously reported by Sim er

al.® The measured potentials are given in Table 3.
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1.5.10 Quantum Yield Measurements

The quantum yield of reaction for the esters § and 6 in methanol were
determined using the photolysis of 3-methoxybenzyl acetate in aqueous dioxane as the
actinometer. The quantum yield of reaction for 3-methoxybenzyl acetate is 0.13.*
The esters, as well as the standard, were irradiated in a merry-go-round apparatus
using a Hanovia reactor with five 75 W 253.7 nm lamps. Samples were taken every
minute for five minutes. Each sample was run in duplicate. A plot of percent
conversion of the ester divided by time versus time was extrapolated to zero time
(Figure 4). The ratio of the zero time values for the % conversion of the ester and

the standard multiplied by 0.13 provided the quantum yield of reaction.



Chapter 2

The Photochemistry of 1-Naphthylmethyl Carbonates and Carbamates

2.1 Introduction

The photochemistry of substituted benzylic esters of acetic and pivalic acid was
discussed in Chapter 1. The pnotochemistry of 1-naphthylmethyl <sters of
phenylacetic acid has been discussed elsewhere.'? In both cases, excitation of the
aromatic group resulted in loss of the ester functionality by homolytic cleavage of the
C-O bond to give a radical pair. The radical pair formed the ion pair by electron
transfer in competition with forming products. The substituents on the aromatic ring
influenced product ratios (radical vs. ionic) by altering the oxidation potential of the
arylmethyl radical and thus the rate constants of electron transfer. The acid group
(acetic vs. pivalic) altered product ratios by changing the rate constant for
decarboxylation of the acyloxy radical. This chapter explores the generality of the
proposed reaction mechanism by changing the "leaving group” from an ester to a
carbonate and a carbamate.

There are only a few reports in the literature on the photochemistry of aromatic
comnounds conjugated to carbonates (R'O-CO-OR?) and carbamates (R'NH-CO-OR?).
In most cases the carbonate or carbamate is directly conjugated to the aromatic
chromophore, R! is phenyl and R? is alkyl. In these cases homolytic cleavage of the
carbonyl carbon-oxygen, eq 33,* or carbonyl carbon-nitrogen bond, eq 34,*
dominates and a radical pair is formed. The resulting radical pair recombines to give

starting material and products isomeric with the starting material. This reaction is

112
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called a photo-Fries reaction and the products are called photo-Fries products. The
first two products shown in eqs 33 and 34 are the photo-Fries products. The 2-
methoxyphenol in eq 33 and aniline in eq 34 are formed by the out-of-cage radical
pair abstracting a hydrogen atom from the solvent. The photo-Fries reaction is also

dominant when an ester functionality is directly conjugated to the aromatic
group, "

The carbamate shown in eq 35 is structurally similar to the compounds studied
in this chapter. The carbamate functional group is homo-conjugated to the aromatic
ring and products result from cleavage of the CH-O bond. The methoxy substituents
were chosen to enhance heterolytic cleavage. The only products observed were 3,5-

dimethoxystyrene and the carbamic acid with the latter readily losing carbon dioxide to

give an amine.*

0
It

(1LO)HC—0—C~NHR (00 =CH,
hv Il
—Y, ‘ HO—C—NHR
CH;0 OClH CH:0 OCH; 35)
l = COy
NH,-R

The compounds studied in this chapter are the carbonates 31 and 32 and the

carbamates 33 and 34. These compounds should also react photochemically by



115

1l
CH;-0—C—0—R! CHa-O—t~ NH-R!

e O

31, R' = CH,Ph 33 R!
32, R = Ph 34, R

"

CH:Ph
Ph

cleaving the CH,-O bond. If the reaction mechanism for compounds 31-34 is the
same as that shown in Scheme 5 (p 30) for the esters, the singlet excited state will
cleave homolytically to give a radical pair. The product ratios should be very

different from those observed for the esters because the rates of decarboxylation for

the phenoxyacyloxy radicals (‘O,C-O-R) and the carbamoyloxy radicals (‘O,C-NH-R)
should be very different from those for the acyloxy radicals (‘O,CR)." Both the

phenyl (R' = Ph) and beazyl (R! = CH,Ph) carbonates and carbamates were chosen
for study because changing R from phenyl to benzyl will change the rate constant of
decarboxylation. When R! = Ph, decarboxylation should be rapid because the
resulting radical is stabilized by resonance delocalization. In contrast, when R' =
CH,Ph, the decarboxylation will be much slower because the resulting radical is now
insulated from the benzene ring by a methylene group and cannot be stabilized by

resonance.
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2.2 Results and Discussion
2.2.1 Synthesis of the 1-Naphthylmethyl Carbonates and Carbamates
The carbonates were prepared by reaction of 1-naphthylmethanol with benzyl
chloroformate for 31 and phenyl chloroformate for 32, eq 36. The carbamates were
prepared by reaction of 1-naphthylmethanol with benzyl isocyanate for 33 and phenyl
isocyanate for 34, eq 36. Details and data for characterization are in the experimental

section, 2.3.2.

CH,-OH o
Il
CI-C—0—R _
— 31, R = CH,Ph
pyridine/ 32,R=Ph
benzene

0=C=N—R l pyridine/

(36)

benzene

33, R=CHyPh
34. R=Ph

2.2.2 Excited-State Properties of the Carbonates and Carbamates

The fluorescence quantum yields (g), singlet lifetimes (ts), and singlet
energies (E, ) for the carbonates and carbamates were measured and are given in
Table 13. For comparison, the values for 1-naphthylmethylphenyl! acetate and
naphthalene are also given. The excited-state properties for the carbonates,
carbamates, and 1-naphthylmethylphenyl acetate are very similar. Inclusion of

nitrogen or oxygen into the functional group does not change the excited-state



Table 13. Photophysical Data for the Carbonates and Carbamates.

Eyo
Compounds* o 1, (nS) kJ/mol A (M)
{kcal/mol) [e]
31, NM Benzyl 0.14 36.0 385 276
Carbonate (92) [6815]
32, NM Phenyl 0.1l 31.0 389 276
Carbonate (93) [7054]
33, NM N-Benzyl 0.14 38.5 389 276
Carbamate 93) [5977]
34, NM N-Phenyl 0.12 38.5 389 276
Carbamate (93) [7327])
1-Naphthylmethyl 0.14 49.0 385 275
Phenylacetate (92) | 74001
Naphthalene 0.20 90.0 385 270
92) [4918]

*NM = 1-Naphthylmethyl

b, were determined by comparing the emission spectrum of the compound to the

emission spectrum of naphthalene

17
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properties indicating that the naphthalene ring is absorbing the light. The usual
reactivity, C-O bond cleavage, should be observed for these compounds. Bond
cleavage lowers the fluorescence quantum yields and shortens the lifetimes ot the

functionalized compounds compared to naphthalene.

2.2.3 Photolysis of the Carbonates 31 and 32

Methanol solutions of the carbonates were photolysed in an immersion well
with a 200 W Pyrex-filtered medium-pressure Hanovia mercury lamp. Photolysis of
1-naphthylmethyl benzy! carbonate, eq 37, gave only 1-naphthylmethyl ether and

benzyl alcohol. The product yields are given in eq 37 and clearly the mass balance

CH,-0CH, CH,-OH
hv
31 —_— + 37
CH;0H
35 (93%) 36 (97%)

for this reaction is excellent. The methyl ether, 35, is formed by trapping of the 1-
naphthylmethyl cation by methanol. Trapping of the monocarbonate anion (PhCH,O-
CO-0) would give a carbonic acid. However, no CO, containing products are
observed. Instead, benzyl alcohol is formed in a yield identical to the methyl ether.
In contrast to the carboxylic acid formed during the ester photochemistry, the carbonic

acid is unstable and decomposes by losing carbon dioxide to give benzyl alcohol.
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Decomposition, by loss of carbon dioxide, has not been studied for aryl
monocarbonates but has been studied for alkyl monocarbonates.*® The reaction is base
catalysed and the rate levels off at high pH were carbonic acid is completely ionized.
Based on the pK, of the alcohol/phenol and a Bronsted plot, rate constants, for
decomposition in water of about 10's' for PhACH,0-CO, and about 10* s' for
PhOCO, can be estimated. The values in methanol should not be much different.
Since these alkyl carbonates are also reasonably strong acids (pK, ~ 3);" they will be
greater than 50% ionized in neutral solvents so that the rate of loss of CO, will be fast
relative to the photolysis times.

The product yields for 1-naphthylmethylbenzyl carbonate, 31, suggest that if

the mechanism shown in Scheme 5 is correct kyy > > kig,. A value for the rate

constant of decarboxylation of acyloxy radicals of this type (RO-CO-Q’) has been

estimated, by laser flash photolysis studies,™ to be less than 10° s*. Since electron
transfer rates in these radical pairs can be expected to be greater than 10° s' (vide
supra), the mechanism is reasonable.

Photolysis of 1-naphthylmethyl phenyl carbonate, 32, gave the five products
shown in eq 38. The products were isolated by chromatography and identified by
spectroscopic methods. Identification of compounds 35-38 was trivial. Assignment of
39 and 40 was based on the coupling pattern of the aromatic hydrogens in the 'H
NMR spectrum and carbon count in the *C NMR spectrum. Compound 39 was
assigned as the para substituted pheriol based on only 14 signals in the aromatic region

of the *C NMR spectrum and two doublets, each integrating for 2 protons, in
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LH"‘OCHX
3
35 (43%) 37 (3%

o5 @ 0"

38 (2%) 39 (31%) 40 (24%)

the aromatic region of the '"H NMR spectrum. The assignment of 40 as ortho was
based on the observation that the hydrogen para to the OH at 8 6.80 (calcd® 6.76)
showed two ortho couplings. The mera isomer, which was not detected, would have
had a hydrogen para to the OH at 6 6.68 (calcd) with only one ortho coupling. The
yields given in eq 38 were determined by quantitative HPLC analyses. Further details
are given in the experimental section.

The methyl ether, 35, is formed by trapping of the 1-naphthylmethyl cation by
methanol. Again, decomposition of the monocarbonate anion (PhO-CO-0O') is fast
(vide supra) and phenol, 37, is formed. The yield of methyl ether, 35, is much lower

than that from the photolysis of 1-naphthylmethylbenzy! carbonate, 31. The remainder
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of the products can be formed from either the ion pair or the radical pair. The ether
38 is most likely formed from the radical pair. To be formed from the ion pair a
phenoxide anion would have to couple with the 1-naphthylmethyl cation. Trapping of
the monocarbonate anion by solvent would occur more rapidly than decarboxylaton
(k = 10* s to form phenoxide anion.

The phenols 39 and 40 could be formed by a Friedel-Crafts reaction of the 1-
naphthylmethyl cation with the monocarbonate anion (PhOCQ,) followed by loss of
CO,. The oxygen on the phenyl ring would be orthe-para directing and only the orrho
and para substituted phenols are formed. To test this possibility a ground-state
solvolysis was doine. In the ground state only ion pairs will be formed. The ground-
state solvolysis of 32 in methanol at 50 °C gave only the methyl ether, 35, and
phenol, 37. This indicates that the phenols 39 and 40 are formed from the radical
pair.

The above conclusion is true only if the grourd-state solvolysis occurs by an
Syl mechanism, i.e., an ion pair intermediate is formed. The mechanism (Sy1 vs.
Sy2) of a benzylic solvolysis is dependent upon the substituents on the benzene ring.
There is no available literature on the solvolysis of arylmethyl carbonates. However,
a detailed study of substituent effects on solvolysis rates of benzyl tosylates in 80%
acetone-water has been reported.* Carbonic acids and sulfonic acids should be
comparable leaving groups based on the similarity of their pK, values. For the
tosylates the change in mechanism was found to occur for the unsubstituted compound,

o* = 0, with better electron-donating groups (p* = -5.8) favoring an Syl
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mechamism. A similar conclusion was reached when the solvolysis of benzyl tosylates
was studied in a variety of solvents, including methanol.®" Fitting solvolysis rates to
the Gi:unwald-Winstein eguation .ndicated that sensitivity to solvent nucleophilicity (1)
dropped and the solvent ionizing power (m) exceeded unity as the substituent changed
from H to 4-CH,. Methyl substitution enhances the solvolysis rate by a factor of 20.
The carbonates studied are unsubstituted however, they are 1-naphthylmethyl rather
than benzylic. Changing from phenyl to 1-naphthylmethy! is known to increase the
rate of solvolysis by a factor of 20.*? Thus the rate of solvolysis of an unsubstituted 1-
naphthylmethyl carbonate should be similar to a 4-methy! substituted benzylic tosylate
and probably proceeds by a rate-determining Sy1 ionization to give a short-lived ion
pair. Therefore, the conclusion that products 39 and 40 are formed from the radical
pair is reasonable.

The ether, 38, must be formed by coupling after decarboxylation of the radical
pair. However, the phenols 39 and 40 can be formed either before or after
decarboxylation. The rate constant for decarboxylation, eq 39, is not known,

However, the rate constant for decarboxylation must be greater than that for the alkyl

monocarbonate radicals (RO-CO-O’, R = alkyl) where k., <10° s because the

(39)



more stable phenoxy radical is formed. If products 38-40 are formed after
decarboxylation the product ratios should reflect the spin density of the phenoxy
radical. Estimates of these values from ESR measurements® are approximately 20%
at oxygen, 40% at the para, and 20% at the two ortho carbons. Clearly, the product
ratios in eq 38 do not reflect the spin densities. The yield of the ether 28 is far lower
than expected.

The reason for the low yield of ether 38 is that it is photolabile. Photolysis of
the ether 38 in methanol resulted in efficient formation of the phenols 39 and 40 in a
ratio of 47:53. There is literature precedence for photoreactivity of phenyl aryl
ethers. Photolysis of benzyl phenyl ether in sthanol has been shown to give phenolic

products analogous to products 39 and 40, eq 40.* The yield of ether 38 is low

OH
Ol it
CH;yCH,0OH
1

8%

+

14%

(40)

because it has the same chromophore as the carbonate and thus does not build up in
the solution. Because of this complication it is difficult to know the primary product
distribution from the radical pair.

The other possibility for forming the phenol products is coupling of the radical
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pair before decarboxylation, as shown in eq 41. The intermediate should rapidly lose
CO, and the resulting ketone would then tautomerize to form the phenol. The
decision as to when the phenol products are formed, before or after decarboxylation,

can only be made if the rate constant for decarboxylation was known.

0
O--C-——O I

5 S - ,3

@“4h
- COZ

I
!
4@

The photochemistry of 1-naphthylmethyl carbonates, 31 and 32, can be
explained by the general mechanism shown in Scheme 5. The photophysical
properties of the phenyl and benzyl carbonate are identica' yet the product ratios are
quite different. The ratio of products derived from the ion pair versus the radical pair
are 43:57 for the phenyl carbonate and >20:1 for the benzyl carbonate. The

difference in product ratios is due to the different rates of decarboxylation. For 1-
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naphthylmethylpheny] carbonate decarboxylation is fast and competitive with electron
transfer resulting in the formation of products from both the radical pair and the ion
pair. However, for 1-naphthylmethylbenzyl carbonate decarboxylation is much slower
and is not competitive with electron transfer. Thus, only products from the ion pair

are formed.

2.2.4 Photolysis of the Carbamates 33 and 34
Photolysis of | naphthylmethyl N-benzyl carbamate, 33, gave only products

from the ion pair, eq 42, analogous to the photoreaction of 1-naphthylmethylbenzyl

CH,-OCH, Hy~NH,
hv
33 — + 42)
CH;0H
35 (13%) 41

carbonate. The mass balance is lower for the carbamate. The solutions went green
and murky as the photolysis proceeded. No carbamic acid products were observed.
As shown in Scheme 6, at high pH decarboxylation of carbamic acids is slow because
instability of R-NH" makes it a poor leaving group. However, at lower pH values a
zwitterion is formed and the rate constant for decarboxylation has been estimated
between 10° - 10'° s depending on the nature of R.*** Decomposition of the
carbamic acid is faster than the photolysis times and benzylamine is isolated.

Photolysis of 1-naphttylmethyl N-phenyl carbamate gave products from both
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Scheme 6. Pathways for the Decarboxylation of Carbamic Acids.

0
@ || o I
R—NH,-C—0 R—NH—C—OH
lfast 108-1010 5-1 ]
R—NH; + CO; 0
I o
R—NH—C—0

©
R—NH - CO,

the ion pair and the radical pair, eq 43. The methyl ether is formed by trapping of the
1-naphthylmethyl cation by methanol and aniline is formed by thermal decomposition
of the carbamic acid. The products formed from the radical pair are the secondary
amine, 43, and the substituted anilines, 44 and 45. 'H and >C NMR spectroscopy
was used to assign 44 as para and 45 as ortho.

The secondary amine, 43, would have to be formed after decarboxylation. It is
difficult to determine whether the substituted anilines 44 and 45 are formed before or

after decarboxylation because there is no information availabie on the rate constants of

decarboxylation of the carbamoyloxy radicals (R-NH-CO-O").

The yield of the secondary amine, 43, (26%) is much greater than that for the

corresponding ether 38 (2%) from the photolysis of 1-naphthylmethylphenyl carbonate.
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CH;-OCH,4

34
CH;OH

35 (23%)

43)

LI

43 (26%) 44 (8%) 45 ()

Also, the yields of the substituted anilines 44 and 45 (8% and 7%) are much lower
than the yields of the substituted phenols 39 and 40 (31% and 24%). The reason for
the difference in product yields is that all of the products formed from photolysis of
1-naphthylmethyl N-phenyl carbamate, 34, are primary photoproducts. Photolysis of
the secondary amine, 43, that is analogous to the ether 38 resulted in no product
formation after prolonged periods of irradiation in methanol. An explanation for this
observation is the different bond strengths of the amine and the ether. The bond
strength for the ether CH,-OPh is 277 kJ/mol (66.2 kcal/mol) versus a bond sirength

of 298 kJ/mol (71.2 kcal/mol) for the amine CH,-NH-Ph."
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As expected, based on their photophysical properties, the photochemistry of the
I-naphthylmethyl carbamates is similar to that of the 1-naphthylmethyl carbonates.
Products result from cleavage of the CH,-O bond. For 1-naphthylmethyl N-phenyl
carbamate, decarboxylation is fast and products are formed from both the radical and
ion pairs. However, for the |-naphthylmethyl N-benzyl carbamate decarboxylation is

slower and only ion pair products are observed.

2.2.5 Conclusion

The study of the photochemistry of the 1-naphthylmethyl carbonates, 31 and
32, and the [-naphthylmethyl carbamates, 33 and 34, showed that the mechanism for
photolysis of the benzylic esters and 1-naphthylmethyl esters can also be used to
rationalize the photoreactivity of 1-naphthylinethyl carbonates and carbamates. The
important competing pathways are decarboxylation and electron transfer. For the
benzyl compounds decarboxylation is slow and only ion pair products are observed.
For the phenyl compounds decarboxylation is faster and products are formed from
both the ion pair and the radical pair. Heterolytic cleavage is not necessary to explain

the results.



2.3 Experimental

2.3.1 General Experimental

See Chapter 1.5.1

2.3.2 Synthesis of the Carbonates 31 and 32 and Carbamates 33 and 34
Synthesis of the 1-Naphthylmethy! Carbonates (31, 32)

The appropriate chloroformate (0.044 mol, 5.5 mL) in 40 mL of benzene was
slowly added to a well-stirred solution of 6.33 g (0.04 mol) of 1-naphthylmethanol and
4 mL of pyridine in 150 mL of benzene. The reaction mixture was stirred for 6 h and
then poured into 50 mL of water and the organic layer was separated. This layer was
washed with 80 mL of 10% HCI, 80 mL of 5% NaOH and 80 mL of water, dried

with MgSQ, and evaporated to give an oil.

(1-Naphthylmethyl) Benzyl Carbonate (31): The crude oil was purified by column
chromatography using 400 g of silica gel and eluting with 25% ethyl acetate/75%
hexane. Fractions were collected every 30 mL. Fractions 18-30 were combined and
the solvent removed to give 8.8 g (80% yield) of the purified carbonate. For the
quantitative photolysis and spectroscopy the carbonate was further purified by bulb-to-
bulb distillation: bp 99 °C at 0.15 mm Hg; 'H NMR 3 7.98 (d, 1H, J = 7.6 Hz),
7.78 (m, 2H), 7.52-7.26 (m, 9H), 5.59 (s, 2H), 5.13 (s, 2H); *C NMR 5 155.1
(C=0), 135.2 (C), 133.7 (C), 131.5 (C), 130.7 (C), 129.5 (CH), 128.7 (CH), 128.53

(CH), 128.47 (CH), 128.3 (CH), 127.6 (CH), 126.7 (CH), 125.9 (CH), 125.2 (CH),
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123.5 (CH), 69.7 (CH,), 67.2 (CH,); IR (neat) 3063, 2961, 1744 (C=0), 1600,
1513, 1498, 1456, 1391, 1258 (C-0), 1245 (C-0), 952, 936, 909, 801, 792, 777
cm'; GC/MS m/z 292 (M*, 38), 201 (51), 141 (62), 129 (100), 128 (25), 127 (27),
115 (32), 91 (66), 77 (17), 65 (17), 51 (13); Anal. Caled for C\oH,,05: C, 78.06; H,

5.52. Found: C, 78.11; H, 5.52.

(1-Naphthylmethyl) Phenyl Carbonate (32): The crude oil was distilled under
vacuum to give a solid product. The solid was recrystallized from hexane: mp 56-57
°C; 'H NMR 6 8.09 (d, 1H, J = 8.4 Hz), 7.88 (d, 2H, J = 8.4 Hz), 7.63-7.33 (m,
6H), 7.24-7.15 (m, 3H), 5.74 (s, 2H); ’C NMR 8 153.8 (C=0), 151.3 (C), 133.7
(), 131.5 (C), 130.2 (C), 129.7 (CH), 129.3 (CH), 128.7 (CH), 128.0 (CH), 126.7
(CH), 126.0 (CH), 125.9 (CH), 125.1 (CH), 123.3 (CH), 120.9 (CH), 68.5 (CH,);
IR (Nujol) 1745 (C=0), 1580, 1440, 1240 (C-0O), 1200, 1050 (C-0), 730, 790, 675
cm'; GC/MS m/z 278 (M*, 3), 142 (12), 141 (100), 140 (3), 139 (6), 115 (15);

Anal. Caled for C;H,,0,: C, 77.68; H, 5.07. Found: C, 77.45; H, 5.12.

Synthesis of the 1-naphthylmethyl carbamates (33, 34):

The appropriate isocyanate (2.5 mL, 0.023 mol) was slowly added to 3.0 g (0.019
mol) of 1-naphthylmethanol. The reaction mixture was heated with stirring on a hot
water bath for 10 minutes. The viscous liquid solidified upon cooling to give the

crude carbamate.
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(1-Naphthylmethyl) Benzyl Carbamate (33): The crude carbamate was purified by

column chromatography using silica gel and eluting with dichloromethane. The
carbamate was further purified by recrystallization from hexane/dichloromethane to
constant melting point: mp 118-119 °C; '"TH NMR 8 8.06 (d, 1H, J = 7.8 Hz), 7.86
(m, 2H), 7.47 (m, 4H), 7.29 (s, SH), 5.61 (s, 2H), 5.05 (brs, 1H), 4.40 (d, 2H, ] =
5.8 Hz); PC NMR 6 156.4 (C=0), 138.4 (C), 133.6 (O), 131.9 (O), 131.6 (C),
129.1 (CH), 128.6 (CH), 128.5 (CH), 127.4 (CH), 127.3 (CH), 126.4 (CH), 125.8
(CH), 125.2 (CH), 123.6 (CH), 65.0 (CH,), 45.0 (CH,); IR (Nujol) 3310 (NH),
2953, 2854, 1680 (C=0), 1545, 1456, 1264, 777, 700 cm'; GC/MS m/z 291 (M*,
29), 158 (76), 150 (19), 142 (14), 141 (100), 140 (18), 140 (18), 139 (18), 129 (3N,
128 (14), 127 (13), 115 (37), 106 (11), 91 (19), 77 (14), 5! (14); Calcd Exact Mass

for C;oH,;;NO;: 291.1259; Found: 291.1256.

(1-Naphthylmethyl) N-Phenyl Carbamate (34): The crude carbamate was purified
by chromatography on silica gel eluting with 70% dichloromethane/30% hexane and
was purified further by recrystallization from hexane to a constant melting point: mp
89-90 °C; 'H NMR & 8.09 (d, 1H, J = 7.9 Hz), 7.89 (t, 2H, J = 7.7 Hz), 7.61-
7.26 (m, 8H), 7.06 (t, 14, J = 7.2 Hz), 6.65 (brs, 1H), 5.67 (s, 2H); PC NMR
148.0 (C=0), 136.2 (C), 133.3 (C), 131.7 (C), 130.6 (C), 129.5 (CH), 129.1 (CH),
128.8 (CH), 127.8 (CH), 126.7 (CH), 126.0 (CH), 125.3 (CH), 123.6 (CH), 123.5
(CH), 118.6 (CH), 65.4 (CH,); IR (Nujol) 3330 (NH), 1680 (C=0), 1585, 1520,

1300, 1230 (C-0), 1050, 790, 755, 730 cm; GC/MS m/z 277 (M*, 12), 141 (100),
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116 (10); Calcd Exact Mass for C,,H,{NO,: 277.1103; Found: 277.1095.

2.3.3 Fluorescence Measurements

A Perkin-Elmer MPF 66 fluorescence spectrometer was used for the
fluorescence studies. The samples were degassed by three freeze-pump-thaw cycles.
Fluorescence quantum yields were determined by comparison with a fluorescence
quantum yield of 0.24 for naphthalene in methanol.”” Singlet-state energies were
determined by the position of the 0,0 band using the overlap between the excitation
and emission spectra. Fluorescence lifetimes were measured using a PRA single

photon counting apparatus using a H, lamp with a pulse width of about 1 ns.

2.3.4 Preparative Photolysis

A solution of ~1 g of the 1-naphthylmethyl carbonate or carbamate in 420 mL
of distilled methanol was placed in an immersion weli and degussed with nitrogen for
15 minutes before irradiation, degassing was continued during the irradiation. The
light source was a Pyrex-filtered 200 W medium-pressure Hanovia mercury lamp.
Irradiation was continued until the starting material was greater than 90% consumed.
The photolysis solution was concentrated under vacuum to give an oil. The products
were separated on a column packed with silica gel. The products isolated in this

manner were further purified if necessary.
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2.3.5 Characterization of the Photoproducts

Benzyl alcohol (36), phenol (37), benzyl amine (41) and aniline (42) were
purchased from the Aldrich Chemical Company and purified if necessary. The (1-
naphthylmethyl) methyl ether, 35, was available in the laboratory and has been

previously characterized.'?

1-Naphthylmethyl Phenyl Ether (38): An insufficient quantity of pure compound
was isolated from the photolysis mixture of the carbonate for the study of its
photochemistry. This compound was synthesized using the following procedure.
Sodium phenoxide was prepared by adding 1.0 g (0.044 mol) of sodium to 30 mL of
methanol, followed by the addition of 4.0 g (0.043 mol) of phenol. The sodium
phenoxide solution was slowly added to 4.6 mL (0.031 mol) of 1-
(ckloromethyl)naphthalene in 20 mL of methanol. The reaction mixture was stirred
overnight and then concentrated by rotary evaporation to 10 mL. Water (40 ml.) was
added and the water layer was washed with dichloromethane (3 x 20 mL). The
organic layers were combined and dried over MgSO, The crude product was
recrystallized from ethanol: mp 68-68.5 °C (lit.” 66-67 °C); '"H NMR & 8.05 (m,
1H), 7.90 d, 1H, J = 5.7 Hz), 7.85 (d, 1H, J = 9.3 Hz), 7.60 (1H, d, J = 5.9 H2z),
7.55-7.43 (m, 3H), 7.32 (t, 2H, J = 7.3 H2), 7.07 (d, 2H, J = 7.8 Hz), 6.99 (t, 1H,
J = 17.3 Hz), 5.49 (s, 2H); C NMR § 158.9 (C), 133.8 (C), 132.4 (C), 131.6 (C),
129.6 (CH), 129.0 (CH), 128.7 (CH), 126.6 (CH), 126.5 (CH), 125.9 (CH), 125.4

(CH), 123.7 (CH), 121.1 (CH), 114.9 (CH), 68.6 (CH,); GC/MS m/z 234 (M, 5),
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142 (125, 141 (100), 115 (37) 65 (11).

4-(1-Naphthylmethyl)phenol (39): '"H NMR & 7.97 (m, 1H), 7.84 (m, 1H), 7.73 (d,
2H, J = 8.4 Hz), 7.48-7.30 (m, 4H), 7.03 (d, 2H, ] = 8.2 Hz), 6.71 d, 2H, ] =
8.4 Hz), 4.36 (s, 2H); "C NMR 5 153.2 (C), 140.6 (C), 133.9 (C), 131.3 (C), 129.8
(CH), 128.6 (CH), 127.1 (CH), 127.0 (CH), 125.9 (CH), 125.6 (CH), 125.5 (CH)
124.2 (CH), 115.2 (CH), 38.2 (CH,); IR (neat) 3380 (br) 3075, 2990, 2924, 1620,
1511, 1440, 1260, 792 cm™; GC/MS m/z 234 (M™*, 100), 233 (44), 217 (16), 215

(32), 203 (11), 202 (20), 189 (9), 141 (16), 128 (32), 107 (14), 77 (11).

2-(1-Naphthylmethyl)phenol (40): 'H NMR 5 8.03 (m, 1H), 7.85 (m, 1H), 7.75 (d,
1H, J = 8.4 Hz), 7.49-7.36 (m, 4H), 7.11 (t, 1H, J = 7.7 Hz), 6.95 (d, IH,J = 6.3
Hz) 6.80 (m, 2H), 4.44 (s, 2H); “C NMR § 153.6 (C), 135.6 (C), 133.9 (C), 132.8
{0), 132.2 (C), 130.8 (CH), 128.7 (CH), 127.7 (CH), i27.3 (CH), 126.6 (CH),

126.1 (CH), 125.7 (CH), 125.6 (CH), 124.1 (CH), 121.0 (CH), 115.5 (CH), 32.8
(CH,); IR (neat) 3400 (br), 3025, 2950, 2900, 1580, 1500, 1455, 1260, 760 cm™;

GC/MS m/z 234 (M*, 51), 215 (13), 202 (10), 128 (100).

N-(1-Naphthylmethyhaniline (43): This compound was isolated from the photolysis
mixture and was also synthesised because more compound was needed for further
analyses. Aniline (2.2 mL, 0.024 mol) was added to a solution of 3.75 g (0.024 mol)

of I1-naphthaldehyde in 80 mL of methanol. The solution was refluxed overnight.
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After cooling the solvent was removed to give the ¢;ude imine, The crude imine was
purified by column chromatography using 250 g of silica gel and eluting with 90%
hexane/10% ethyl acetate. Fractions were collected every 20 mL and fractions 9-19
were found to contain the imine. The fractions were combined and the solvent
removed to give 3.9 g (0.017 mol) of the imine (yield 70%). The imine was
dissolved in 200 mL of methanol and 0.63 g (0.017 mol) of sodium borohydride was
added slowly. The solution was refluxed for 20 min then cooled. Excess sodium
borohydride was added to ensure that all of the imine had been redirced (as indicated
by the disappearance of the yellow color). The amine was liberated by addition of an
equal a.nount of water to the flask. The amine precipitated and was collected. It was
purified by recrystallization from methanol/water to give 0.60 g of the amine (15%
yield) which was identical by spectroscopy to that isolated from the photolysis mixture
of carbamate 33: mp 63.4-64 °C (lit.** 64 °C); '"H NMR & 7.89-7.77 (m, 4H), 7.51-
7.40 (m, 2H), 6.77-6.65 (m, 4H), 4.70 (s, 2H), 3.97 (brs, 1H); "'C NMR 3 148.2
(O), 134.3 (C), 133.8 (C), 131.5 (O), 129.3 (CH), 128.7 (CH), 128.2 (CH), 126.3
(CH), 126.0 (CH), 125.8 (CH), 125.5 (CH), 123.6 (CH), 117.5 (CH), 112.7 (CH),
47.2 (CH,); GC/MS m/z 233 (M*, 31), 142 (40), 141 (100), 115 (29), 77 (12), 65

(19).

4-(1-Naphthylmethylaniline (44): 'H NMR & 7.99 (m, 1H), 7.84 (m, 1H), 7.73 (d,
tH, J = 8.1 Hz), 7.46-7.37 (m, 3H), 7.26 (d, 1H, J = 6.6 Hz), 7.00 (d, 2H, 8.1

Hz), 6.66 (d, 2H, 8.1 Hz), 4.36 (s, 2H), 3.60 (br s, 2H); "'C NMR 8 143.0 ((),
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137.2 (C), 133.9 (C), 132.1 (C), 129.6 (C), 128.6 (CH), 127.1 (CH), 127.0 (CH),
125.9 (CH), 125.53 (CH), 125.50 (CH), 124.3 (CH), 116.0 (CH), 38.2 (CH,);

GC/MS m/z 233 (M*, 100), 232 (59), 217 (13), 215 (17), 115 (11), 106 (25).

2-(1-Naphthylmethyl)aniline (45): 'H NMR § 8.08 (m, 1H), 7.88 (m,1H), 7.76 (d,
IH, J = 8.2 Hz), 7.52-7.48 (m, 2H), 7.37 (t, 1H, J = 8.2 Hz), 7.15-7.08 (m, 2H),
6.92 (d, IH, J] = 7.5 Hz), 6.76-6.70 (m, 2H), 4.31 (s, 2H), 3.57 (brs, 2H); ©’C
NMR & 144.6 (C), 134.7 (C), 133.8 (O), 132.2 (C), 130.7 (CH), 128.8 (CH), 127.6
(CH), 127.2 (CH), 126.1 (CH), 125.9 (CH), 125.7 (CH), 125.68 (CH), 124.3 (O),
123.8 (CH), 118.9 (CH), 115.7 (CH), 34.5 (CH,); GC/MS m/z 233 (M™*, 100), 232

(57). 215 (28), 128 (13), 115 \.4), 106 (11).

2.3.6 Quantitative Photolysis

Compounds 31-34 were irradiated in the same manner as was described under
the preparative photolysis section except only 100 mg of the substrate was used.
Analyses were done with less than 50% of the starting material consumed. The
product yields were calculated at various percent conversions and no change in product
ratio as a function of time was indicated. Dark reactions were negligibly slow.
Standard solutions were prepared which contained a known amount of the
photoproducts. These standards were used to determine the yields of photoproducts for
the photolysis by HPL.C. The peak heights of the products in the sample were

measured and compared with the peak heights of a standard solution of the
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corresponding product.

2.3.7 Photolysis of 1-Naphthylmethyl Phenyl Ether 38

A solution of 173 mg of the ether in 300 mL of methanol was irradiated until
>90% of the ether had reacted. There were two photoproducts formed from this
reaction. They were separated on a 30 X 2.2 cm column packed with 25 g of silica
gel. One 100 mL fraction was collected, followed by ten 10 mL fractions and then
wn 30 mL fractions. The fractions were analyzed by HPLC. Fractions 9-13 were
combined. The solvent was removed giving 47 mg of photoproduct. This product
was identified as 2-(1-naphthylmethyl)phenol, 40, by comparison with previously
recorded spectra. Fractions 17-19 were combined and the solvent was removed to
give 18 mg of photoprodust. By comparison with previously recorded spectra this

photoproJuct was identified as 4-(1-naphthylmethyl)phenol, 39).

2.3.8 Photolysis of N-(1-Naphthylmethyl)aniline, 43
This compound was photolysed analogously to that described above. After 48

h of irradiation no product formation was detected.



Chapter 3
Conformational Behaviour of Highly Hindered Ethanes:
Meso and d! Dimers of 2.2,2',2'-Tetramethyl-1-1'-biindanyl

3.1 Introduction

Most of the products isolated from the photolyses in Chapters 1 and 2 are
structurally simple and their characterization is discussed in one paragraph consisting
of the 'H NMR, ""C NMR and GC/MS data. In contrast, this entire chapter is
dedicated to the discussion of the diastereomeric dimers 29a and 30a isolated from the
photolysis of 2,2-dimethyl-1-indanyl acetate and pivalate (Chapter 1.4). Dimer 29a is
a racemic mixture of compounds having (R,R) or (§,S) configurations (R,R is shown)
while the other, 30a, is a meso (R,S) compound. The former mixture will be called

the racemic dimer.

29, racemic 30, meso

a, X=H b, X=6-OCH3 ¢, X=5-OCH3

Interest in these dimers started with the observation of broadened signals in the
room temperature NMR spectra of the meso dimer, 30a, that were temperature

dependent. Sharp signals were observed in the room temperature NMR spectra of the

138
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racemic dimer and these were temperature independent. As will be discussed, the
broadered signals in the NMR spectra of the meso compound are the result of a
barrier of 61.7 kJ/mol (14.7 kcal/mol) for rotation about the central carbon-carbon
bond that joins the two halves of the dimer.

During the photochemical studies, the ring-substituted dimers 29b-c¢ and 30b-c
were also isolated. Although these compounds were not studied in detail, again, one
dimer gave sharp signals in the NMR spectra at room temperature and the other gave
broadened NMR signals at room temperature. Low-temperature NMR spectra of the
methoxy meso dimers were very similar to those of the unsubstituted meso dimer.

A survey of the literature indicated that these compounds merited further study.
No examples were found of structurally similar compounds having barriers as large as
that for dimer 30a. The barrier to rotation about the bond between the two isopropyl
groups in 2,3-dimethylbutane is only 18 ki/mol (4.3 kcal/mol).'™ In fact, compounds
more sterically hindered than dimers 29a and 30a have been reported that have free
rotation about the central carbon-carbon bond at room temperature. For example,
Orliac-Le Moing er al.” have reported '"H NMR spectra for both the racemic and
meso form of bis 1,1'-(2,2-dimethyl-1-indanol), 46. Both of the dimers were
crystalline. No mention was made of broadened lines in the NMR spectra of either
dimer. The spectrum of the racemic dimer was reported to contain a singlet at 0.83
ppm (2 X CH;), a singlet at 1.72 ppm (2 X CH,), and a doublet with J = 15 Hz at
2.32 ppm for the methylene group. The other spectrum contained singlets at 1.04

ppm (2 X CH;) and 1.38 ppm (2 X CH,). In this latter specirum, the methylene
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46 (racemic and meso)

groups appeared as a singlet at 2.47 ppm. The chemical shifts were not reported for
the aromatic protons. Unfortunately, the field strength of the spectrometer used was
not mentioned because the reported doublet for the methylene group of the former
compound must have been the central lines of an AB quartet.

Crystallographic studies have been reported for a series of 1,1-diphenyl-1,1'-

bicycloalkyl systems which included 1,1'-diphenyl-1,1'-bicyclopentyl,'™ 47. The

47

major focus of this work was studying bond lengths as a function of steric interactions.
The bicyclopentyl compound has a central C(1)-C(1)' bond length of 1.575 A. The
energy as a function of the C(2)-C(1)-C(1)'-C(2)' torsional angle was determined by

MM?2 and AM1 calculations. Both methods correctly predicted that the conformation
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with the phenyl groups gauche would be more stable than the anri one. The calculated
barrier to interconversion between the two conformers was only ~19 kJ/mol (4.5
kcal/mol). The barrier for eclipsing of C(2) and C{2)', the torsional angle equal to
zero, was ~40 kJ/mol (9 6 kcal/mol).

There are examples of compounds having high barriers to rotation about sp-sp’
single bonds, 1°192103104105.106 Hawever, the high barriers are usually a result of
hindered rotation about a carbon-carbon bond where both carbon atoms are
quaternary. Some compounds, such as substituted triptycene or dihydroanthracene
derivatives, have high enough barriers that two conformational isomers can be
separated and are stable to equilibration at room temperature.!™ The barriers to
rotation about tertiary carbon-carbon bonds can be large if two bulky groups are
present at both ends of the bond. The barriers in these cases often result from the
correlates] motion of several large groups, 1921510710010

Another reason for the thorough study of dimers 29a and 30a is because they
can exist in conformations where the aromatic rings are either stacked or distant from
each other allowing the importance of aromatic stacking to be evaluated. Recently,
the importance of aryl-aryl interactions in the aggregation of compounds containing

aromatic rings has been discussed in the literature.!'®!!" Calculations suggest that an

«

48 49
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offset face-to-face stack, 48, is one of the most favourable geometries, however, an
edge-to-face arrangement, 49, is only 0.8 kJ/mol (0.2 kcal/mol) higher in energy.''*'"*

The conclusions reached in this section are that the most highly populated
conformers of dimers 29a and 30a have the two aromatic rings offset face-to-face
stacked. Calculations indicate that this stacking of the aromatic rings may be an
important interaction. For the meso dimer, there are two low energy conformers
related by a plane of symmetry and they are thus equally populated. Interconversion
between the two conformers occurs by rotation about the central carbon-carbon bond
joining the two halves of the dimer. The smallest barrier for this rotation has been
measured as 61.7 kJ/mol (14.7 kcal/mol). The barrier slows the exchange on the
NMR time scale and results in broadened signals in the room temperature NMR
spectra. Only one conformer of the racemic dimer is populated and the NMR spectra
are temperature independent.

The remainder of this chapter will highlight some of the evidence (NMR and
calculations, MM3, AM1 and STO-3G) for the above conclusions. The study of these
dimers has been a collaborative effort and complete details of this work can be found

elsewhere. '™



143
3.2 Results

3.2.1 Crystallography

Dimer 29a crystallized easily from hexanes whereas 30a resisted all attempts at
crystallization and remained an oil. The crystal structure for 29a was solved by direct
methods'""® and refined to R and R, values of 3.57 and 3.62%, respectively. The
crystals were orthorhombic and belonged to the Pben space group. An ORTEP
representation of the structure is given in Figure 5. Only the R,R form is shown.
The S,§ form makes up the other half of the unit cell. There is a C, symmetry axis
through the centre of the central C(1) C(1)' bond. The crystal structure establishes
that this dimer is the racemic compound, 29a.

The crystallographic data show several interesting structural features. The
bond between the two tertiary carbons, C(1) and C(1)', that connects the two halves of
the dimer, is only s'ightly elongated at 1.554 A. Each five-membered ring is in an
envelope conformation. As expected, the four carbons of each cyclopentane ring that
are part of or bonded to the aromatic ring are essentially planar; the torsional angle
between the bonds C(1) C(9) and C(4) C(3) is only 0.7°. In contrast, the remaining
atom, C(2), is significantly out of the plane with a torsional angle of 32.2° between
the C(3) C(2; and C(1) C(9) atoms. The two halves of the molecule are oriented such
that the ortho hydrogens at C(8) of the aromatic rings are above the plane of the
carbon atoms of the other ring; the torsional angle between C(9) C(1) and C(1)"' C(9)'
is only 23° so that the C(9)'s are close to being eclipsed. For comparison with

calculated results, values for some key structural features are given in Table 16.
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Figure 5. An ORTEP representation of the R,R form of the racemic dimer 29a.

5
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3.2.2 NMR Analysis of the Meso Dimer 30a

Hindered rotation around the C(1) C(1)' bond in the meso dimer causes
broadened signals in the room teraperature 'H NMR spectrum, Figure 6b. Variable
temperature 'H NMR experiments were performed. Lowering the temperature slows
the rate of interconversion between pairs of conformations, resulting in sharp signals
in the '"H NMR spectrum, Figure 6¢ (-40 °C). The signals were assigned based on
integration and a HETCOR experiment at -40 °C. Both the 'H and ''C NMR spectra
of this compound at -40 °C were consistent with a structure that had no symmetry.
The four signals at 1.35, 1 09, 1.00, and 0.82 ppm are assigned to the four methyl
groups. For comparison, the methyl groups in 2,2-dimethylindan absorb at 1.18 ppm.
Therefore, one methyl group is significantly shielded and another somewhat
deshielded. The singlet at 2.32 ppm integrates for two protons and is assigned to the
methylene group in one of the five-membered rings. The two protons in this
methylene group are accidentally isochronous. An AB quartet with J = -16.1 Hz is
assigned to the methylene group in the other five-membered ring. Unlike the other
signals, the resonance at 3.17 ppm due to the two methine protons was sharp at room
temperature. It decreased in intensity and slightly broadened upon cooling and then
split at about -30 °C into two distinct signals which sharpened into an AB quartet,
with Av 0.0270 ppm and J, ; 2.0 Hz at -55 °C. The rcmainder of the signals is
assigned to the aromatic protons and, consistent with lack of symmetry, there are
more than four environments for aromatic protons in the populated conformer at -40

°C. One interesting feature of the aromatic region is the doublet at 6.07 ppm, a
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Figure 6. 400 MHz 'H NMR spectra of the meso dimer 30a at a) +45 °C; b) +25
°C; and c) -40 °C.
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highly shielded ortho aromatic proton.

A tentative structure of the populated conformer at -40 °C can be assigned
based on the NMR data. The 2.0 Hz coupling constant measured between the protons
on C(1) and C(1)' corresponds to an H-C(1)-C(1)'-H angle of either 65° or 111°

using the Altona version'"

of the Karplus equation with electronegativities of 2.3 for
C(Me),CH, and 2.41 for phenyl.'™ Other features of the '"H NMR data indicate that
only the value near 65° can be correct. In conformations with the H-C(1)-C(1)'-H
torsional angle between 69 and 81°, the two aromatic rings are offset face-to-face
stacked and an ortho hydrogen on one aromatic ring is in the shielding cone of the
other aromatic ring. This is consistent with the observation of a doublet at 8 6.07
ppm. Moreover, in this conformer, the geometrical relationship of the methyl groups
and the benzene rings , consistent with the deshielding of one methyl group (1.4 ppm)
and the shielding of another (0.82 ppm).

The '"H NMR spectrum recorded at 45 °C is shown in Figure 6a. By this
temperature, the signals of the aromatic protons as well as those of one set of methyl
groups have coalesced and the methine signals and the other set of methyl signals are
approaching coalescence.

The C NMR spectrum of this compound was also run at room temperature
and the signals were again broadened. In contrast, at -40 °C, 22 sharp lines were
observed, one for each carbon atom in the molecule. The chemical shifts and

multiplicities are given in the experimental section, 3.4.

The barrier to conformational motion in the meso dimer was estimated by
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obtaining "’C NMR (62.5 MHz) spectra at various temperatures. The barrier was

obtained from the coalescence temperatures of the aliphatic signals using eq 44. T, is

T..
AG!(kJ/mol)=RT .[23 + 1n(:&;)] (44)
A"

the coalescence temperature of the signals that were separated by Av at - 40 °C. At
-40 °C, there are two sets of methyl carbons, one at 23.7 and 25.7 ppm and another
34.1 and 32.9 ppm. The two quaternary carbons resonate at 41.3 and 40.3 ppm, and
the methylene carbons and methine carbons at 47.5 and 48.6 ppm, and 56.6 and 62.3
ppm, respectively. The signals for the two methine carbons had the greatest chemical
shift difference even though the protons on t'iese carbons atoms were very close in
chemical shift. The *C NMR spectra were recorded from -40 °C to 30 °C,
increasing the temperature in 5 °C steps except close to a coalescence point where
they were recorded at 2 °C intervals. The results are shown in Table 14. The

average AG* calculated is 61.7 + 0.3 kJ/mol (14.7 + 0.1 kcal/mol). Rate constants

Table 14. Coalescence Temperatures and Kinetic Data for the Meso Dimer.

signal Av (Hz) T (K) AG* (kJ/mol) ke (s1)
2xC 14.3 288 62.2 32
2 X CH, 63.9 303 61.7 142
2 X CH; 77.3 307 62.2 172
2 X CH; 124.0 3 61.8 274

2 X CH 370.1 320 60.7 822
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of coalescence were calculated using eq 45 and are also given in Table 14,

= (45)

3.2.3 Calculations for the Meso Dimer, 30a

Coordinates for the meso dimer were generated using the software package,
PCMODEL. Then the molecular mechanics program, MM3 (94), was used to locate
the minima. Five minima, I-V, were found all of which had the two five-membered
rings in an envelope conformation, with C(2) and C(2)' significantly out of the plane.
The numbering system used will be the same as that in the ORTEP representation of
the racemic dimer, Figure 5. The C(1)-C(2)-C(3)-C(4) and C(1)'-C(2)'-C(3)'-C(4)'
torsional angles were on the order of +30°. The energies of the five minima, relative
to the global minima and the C(1)-C(2)-C(3)-C(4) and C(1)'-C(2)'-C(3)'-C(4)’'
torsional angles are given in Table 15. Also given in Table 15 are the C(2)'-C(1)'-
C(1)-C(2) and H-C(1)'-C(1)-H torsional angles. These angles give the orientation of
the two halves of the dimer with respect to one another.

The global minimum, 1V, had a C(2)'-C(1)'-C(1)-C(2) torsional angle of 81.7°
and a H-C(1)'-C(1)-H torsional angle of 72.2°. The conformer that has a C(2)'-C(1)'-
C(1)-C(2) torsional angle of 155.1°, II, was only 0.1 kJ/mol (0.02 kcal/mol) higher in
energy. The structure at the global minimum, IV, is consistent with the NMR data.
The calculated H-C(1)'-C(1)-H angle of 72.2° would give a small coupling constant.

The calculated C(2)'-C(1)'-C(1)-C(2) torsional angle of 81.7° places the two aromatic
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rings in an offset face-to-face stacked orientation with an ortho proton of one aromatic
ring in the shielding cone of the other.

MM3 can be used to construct a potential energy surface. To completely
describe the potential energy surface for this compound it is necessary to measure the
energy as a function of the central torsional angle, C(2)'-C(1)'-C{1)-C(2) and one of
the angles in each of the five-membered rings that includes the carbon atom out of the
plane, i.e., U(2)' and C(2). The remainder of the molecule is fairly rigid. A
potential energy surface was constructed by doing dihedral driver calculations on the
C(2)'-C(1)'-C(1)-C(2), C(1)-C(2)-C(3)-C(4) and C(1)'-C(2)'-C(3)'-C(4)' torsional
angles. For example, one se. of dihedral driver calculations was done holding the
torsional angles in both five-membered rings constant and calculating the energy as a
function of the C(2)'-C(1)'-C(1)-C(2) torsional angle. Many dihedral driver
calculations were done and the resulting surface is very complex with many shallow
minima. The surface is complicated because the two five-membered rings can exist in
numerous groups of conformations. The C(1)-C(2)-C(3)-C(4) and C(1)'-C(2)'-C(3)'-
C(4)' torsional angles can be both positive, both negative or of opposite sign. This is
discussed in detail elsewhere.!"

The C(1)-C(2)-C(3)-C(4) and C(1)'-C(2)'-C(3)'-C(4)' torsional angles in the
structure at the global minimum are of opposite sign. This corresponds to a structure
that has each five-membered ring puckered away from the adjacent half of the
molecule, minimizing steric interactions arising from interactions of the methyl groups

on C(2) and C(2)'. The resulting structure maintains a plane of symmetry and is still



Table 15. Select Geometrical Data for Conformers of the Meso Dimer.
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1 11 HI
Feature MM3 | MM3  AMI STO-3G; MM3 AMI
Relative stability 7.0¢ 0.1* 247  18.0¢ 2.3 7.1
(kJ/mol)
C(@)'-C(1)'-C()-C(2) 73.6 1 1551  141.0 143.0 { 268.6 270.3
H-C(1)'-C(1)-H 68.3 | 1585 1421 146.0! -80.6  -81.4
C(D)-C(2)-C(3)-C(4) -36.2 1 -394 -241 -342: -31.8 -15.2
C(1)'-C(2)'-C(3)'-C4)' -32.81 -36.6 -29.2 -34.2 -27.3 -17.5
c()-c()' (A) 1.567 1.565 1.525 1.574 1.569 1.526
C()-C2) A) 1.580  1.568 1.578 1.587 ! 1.574 1.564
v \'
Feature MM3  AMI STO-3G MM3
Relative stability 0.0t 0.0 0.0¢ 8.87
(kJ/mol)
C(2)'-C(1)'-C(1)-C(2) 81.7 86.2 84.0 | 158.9
H-C(1)'-C(1)-H 722 807 769 ! 155.3
C(1)-C(2)-C(3)-Ci4) 334 11.4 26.4 | 39.2
C(1)'-C(2)'-C(3)'-C4)' -28.2 9.0 -21.8 ! -38.2
c()-c)' (A) 1.573  1.528 1.577 ¢ 1.590
C(1)-C2) (A) 1.576  1.564 1.585 ; 1.573

*With respect to the global MM3 minimum.
®With respect to the global AM1 minimum.

‘With respect to the global STO-3G minimum.
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a meso form. This means there are two identical conformers one with a C(2)"-C(1)'-
C(1)-C(2) torsional angle of 81.7° and the other with that angle -81.7°. The
broadened peaks in the NMR spectra are a result of slow interconversion between
these two conformers, The largest barrier to interconverting these two conformers on
the calculated potential energy surface is 17.9 kJ/mol (4.3 kcal/mol)."* The smallest
barrier for interconversion of the populated conformers was determined experimentally
to be 61.7 kJ/mol (14,7 kcal/mol) (vide infra). The geometry of the conformation of
the MM3 global minimum is consistent with the experimental data. The rest of the
potential energy surface is not.

Each of the five MM3 minimized geometries was used as input for AM1
calculations. Only three minima were found by AM1. The structure at the global
minimum was very similar to that calculated by MM3. Relative energies and select
data for the AM1 minima are given in Table 15.

One significant difference between the results ot the MM3 and AMI1
calculations is the degree of puckering in the five-membered rings. The MM3 global
minimum has a C(1)-C(2)-C(3)-C(4) torsional angle of 33.4° whereas it is only 11.4°
in the AMI global minimum. The meso dimer is not crystalline, therefore, crystal
structure data is not available. However, the C(1)-C(2)-C(3)-C(4) angle in the crystal
structure of the racemic dimer is 31.9° suggesting that MM3 is a better predictor of
the geometry in the five-membered rings. It would be possible to calculate a potential
energy surface using AM1. However, because the degree of puckering in the five-

membered ring is an important parameter and because AM1 flattens out the rings, the
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AMI1 surface would not likely fit the actual potential energy surface very reliably.
STO-3G optimizations were also performed. Again, the global minimum had a
C(2)'-C(1)'-C(1)-C(2) torsional angle in the 80° range and torsional angles in the five-
membered rings of opposite sign.  The relative energies and select geometrical data
for the STO-3G calculations are given in Table 15. The STO-3G geometries at the
minima have the five-membered rings puckered by ~30“. These values are similar to
the MM3 values and are consistent with the crystal structure data for the racemic
dimer. Examining the potential energy surface using STO-3G calculations might
therefore be informative, however, the amount of computer time required means this

would not be practical.

3.2.4 NMR Analysis of the Racemic Dimer, 29a

The room temperature '"H NMR spectrum of the racemic dimer is shown in
Figure 7. The two halves of the molecule are equivalent by viriue of its C, axis.
The '"H NMR spectra were sharp at all temperatures and no significant changes in
chemical shift were observed with temperature, the maximum change for any signal
from +45 °C to -60 °C being <0.1 ppm. The two methyl groups appear as singlets
at 1.00 and 1.30 ppm. The protons of the CH, group give rise to an AB quartet (J =
-15.0 Hz) centred at 2.80 ppm. The methine protons appear as a singlet at 3.07 ppm.
Only one ''C satellite of the methine signal was observed 61.0 Hz higher frequency of

the main methine singlet. The less shifted satellite was obscured by the methylene



Figure 7. The room temperature 400 MHz 'H NMR (CDCl,) spectrum of the

racemic dimer, 29a.
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signals. Recording the spectra at both 250 and 400 MHz established that this small
peak, having approximately 0.5% of the intensity of the main peak, was indeed a ''C
satellite. This signal was not split, indicating that the H(1)-H(1)' vicinal coupling
constant was <1 Hz. The aromatic region consists of two doublets and two triplets as
expected for a first-order pattern of a 1,2-disubstituted aromatic ring. The signal of
one ortho hydrogen is considerably shielded, appearing as a doublet at 6.52 ppm.
The '*C NMR solution spectrum shown in Figure 8a contains 11 signals
consistent with C, molecular symmetry. Signals of two quaternary carbon atoms
(143.3 ppm, 143.2 ppm) and four tertiary carbon atoms (127.5 ppm, 125.6 ppm,
124.9 npm, 124.4 ppm) are present in the aromatic region and the remainirg signals
occur at 52.8 (CH), 47.4 (CH), 45.4 (C), 27.5 (CH,) and 24.0 (CH,) ppm. A
CP/MAS C NMR spectrum of this dimer in the solid state is shown in Figure ¥b.
The MAS spectrum is very similar to the solution spectrum, except that spinning side
bands, marked with an X, from the aromatic carbons are pres.nt. Chemical shift
anisotropies of aromatic carbons are much larger than those of the aliphatic

carbons,'”®

making removal of spinning side bands of aromatic carbons by MAS
difficult.

Both the 'H and *C NMR spectra are consistent with a single conformer or a
conformational average that has C, symmetry. Examination of models of the racemic
compound indicates that all conformations have C, symmetry. The observation of a

significantly deshielded ortho aromatic proton and the similarity of the solid state and

solution ®C NMR spectra suggests that, in sclution, the compound exists mainly in the
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Figure 8. a) A 65 MHz "'C NMR solution spectrum of the racemic dimer, 29a. b)
A MAS "C NMR spectrum from the solid state fcr the racemic dimer, 29a. The

signals marked with an X are spinning side bands.

b)

(pem)
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conformer observed for the solid state which has a H-C(1)-C(1)'-H torsional angle
close to 100°. Further support for this assertion comes from the "'C satellite data;
Tuaruar Was <1 Hz. A value of 0.6 Hz is calculated for an H-C(1)'-C(1)-H angle of

100° using Altona's version of the Karplus equation.'’

3.2.5 Calculations for the Racemic Dimer

The coordinates for the racemic dimer were again generated using PCMODEL
and minima were calculated using MM3 (94). Seven minima were found, VI-XII, all
of which have both of the five-membered rings in an envelope conformation, with
C(2) and C(2)' being significantly out of the plane. Minima were calculated that had
the C(1)-C(2)-C(3)-C(4) and C(1)'-C(2)'-C(2)'-C(4)' torsional angles both positive,
both negative and of opposite sign. The energies of the seven minima relative to the
global minimum and select geometrical data are given in Table 16.

The MM3 global minimum, VII, has a C(2)'-C(1)'-C(1)-C(2) torsional angle of
170.5°. The structure of this conformer is not consisterit with the experimental data.
The 'H NMR spectrum shows a shielded ortho aromatic proton at 6.5 ppm which is
the result of an ortho aromatic proton on one aromatic ring in the shielding cone of
the nther aromatic ring. The calculated C(2)'-C(1)'-C(1)-Cy2) torsionai angle of
170.5° positions the iwo aromatic rings anti and no unusual shielding effects would be
expected. As well, the experimental evidence strongly suggasts that the conformation
that is populated in solution is very similar to that of the crystalline material. The

C(2)'-C(1)'-C(1)-C(2) torsional angle in the crystal structure is 131.0°. Conformer X1



Table 16. Select Geometrical Data for Conformers of the Racemic Dimer.

VI Vil
Feature MM3 AM1I  MM3 AMI1
Relative energy 1.1 5.2° 0.00 0.3°
(kJ/mol)
C@)y'-C()y'-C)-C2y 101.4 97.6 170.5 142.7
H-C(1)'-C(}1)-H -153.9 -145.1 -72.5  -95.1
C(D)-C(2)-C(3)-C(4) 36.0 16.1 342 10.1
C(1)'-C2)'-C(3)'-C(4)' 36.0 16.1 34.2 10.1
c( - c(y! 1.583 1.529 | 1.581 1.527
C() -CQ2) 1.578 1571 1.574 1.571
VIII IX X
Feature MM3 AM1{ MM3 MM3 AMI
Relative energy 1727 12.0° 22,6 | 28.1* 7.7
(kJ/mol)
CQ)-C()-C(H-CQ) 2949 2866 | 1360 | 2958  -71.3
H-C(1)'-C(1)-H 46.1 48.8 -102.7 51.9 48.8
C(1)-C(2)-C(3)-C4) 33.1 9.8 -36.4 -37.4 9.8
c()'-C@2)'-C3)'-C4)' 33.1 331 34.6 28.8 3.6
C(h - C()! 1.571  1.527 + 1.575 | 1560 1.527
C(H-C® 1.574 1.563 1.572 1.571 1.563

continued. ..
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X1 Xl
Feature MM3 AMI STO-3G crystal* MM3
structure
Relative energy 1560 0.0 58.1*
(kJ/mol)
C@)y-C(y-c(hHh-Cy 139.6 129.7 132.6 131.0(4) | 302.1
H-C(1)'-C(1)-H -95.0 -104.5 -98.7 -100 61.3
C(1-C(2)-C(3)-C4) -359 -12.6 -30.8 -31.9(3) -39.5
c()'-CQ2)'-C3)'-C4)' -359 -12.6 -30.8 -31.9 -39.5
C(l) - 1y 1.555 1.520 1.565 | 1.554(5) 1.554
C()-CR) 1.571 1.570 1.579 1.563(4) 1.575

*With respect to the global MM3 minimum.

With respect to the global AM1 minimum.

“The crystal structure data is given for the 5,5 enantiomer because the calculations
were done for the §,5 enantiomer. The ORTEP representation shown in Figure 5 is

for the R,R enantiomer.
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that has a C(2)'-C(1)'-C(1)-C(2) torsional angle of 139.6° is consistent with the
experimental data, however, it is calculated to be 15.6 ki/mol (3.7 kcal/mol) higher in
energy than the global mirimum.

AMI calculations were done on the MM3 minima. Only five minima were
found. The global minimum, XI, has a C(2)'-C(1)'-C(1)-C(2) torsional angle of
129.7° and is consistent with the experimental data. However, conformer VII with a
C(2)'-C(1)'-C(1)-C(2) torsional angle of 142.7° is only 0.3 kJ/mol (0.07
kcal/mol)higher in energy. Both of these torsional angles would have the two
aromatic rings offset face-to-face stacked and would be consistent with the NMR data.
The decision as to which one of these calculated structures is consistent with the
experimental evidence can be made by comparing the calculated torsionai angles in the
five-membered rings to the corresponding torsional angles in the crystal structure.
The C(1)-C(2)-C(3))-C(4) and C(1)'-C(2)'-C(3)'-C(4)' torsional angles in the crystal
structure are both negative. This corresponds to a structure which has each five-
membered ring puckered away from the adjacent half of the molecule. This can easily
be seen in the ORTEP representation (Figure 5). The MM3 conformer, X1, with a
C(2)'-C(1)'-C(1)-C(2) torsional angle of 129.7° has both the five-membered ring
torsional angles negative.

The calculated AM1 global minimum is the structure that most closely fits all
of the experimental data. However, AM1 gives two conformers of nearly equal
energy. No temperature effects were observed in the NMR spectra. This means that

either the AM1 global minimum should be lower in energy than calculated or the



161

barrier to interconversion between X1 and VII is very small. Again, the AMI
calculations have considerably flattened out the five-membered rings. The C(1)-C(2)-
C(3)-C(4) torsional angle in the AM1 global minimum is -12.6° whereas it is -31,9°
in the crystal structure.

Single-point STO-3G calculations were done on the two lowest energy AMI
minima and the order of swability was reversed, XI was now calculated to be 8.0
ki/mol higher in energy than VII.

STO-3G optimizations are being done on the MM3 minimized geometries. The
STO-3G optimized geometry of conformer XI had a C(2)'-C(1)'-C(1)-C(2) torsional
angle of 132.6° and both of the five-membered rings had negative torsional angles.
As can be seen from Table 16 agreement between the STO-3G optimized geometry of
this conformer and the crystal structure data is excellent. STO-3G calculations are
being done on the other conformers. The relative STO-3G energies of the conformers
XI and VII may help to decide if conformer XI is highly populated or if both XI and

VII are populated and are rapidly interconverting.

3.2.6 Conclusions

Surprisingly, many of the results of the MM3 calculations were not consistent
with the experimental evidence. For the meso dimer, the structure of the MM3 global
minimum was consistent with the experimental evidence, however, this was not so for
the racemic dimer. For the racemic dimer the structure that was consistent with the

experimental data was calculated to be 15.6 kJ/mol (3.7 kcal/mol) higher in encrgy
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than the global minimum. NMR evidence suggests that this conformer is highly
populated in solution, therefore, it should be significantly lcwer in energy. For the
meso dimer the smallest calculated barrier on the energy surface was 17.9 kJ/mol (4.3
kcal/mol) while the experimental barrier was 61.7 kJ/mol (14.7 kcal/mol). One
possible explanation for the failure of MM3 is pi stacking. The conformers that have
the two aromatic rings offset face-to-face stacked could be much lower in energy than
calculaied. This would lower the energy of the global minima for the meso dimer
resulting in a larger barrier. It would also lower the energy of conformer XI of the
racemic dimer which has the two aromatic rings stacked. If pi stacking is the
explanation the magnitude of the stacking interaction would have to be ~40 kJ/mol
(9.6 kcal/mol). There is no literature precedence for pi stacking interactions of this
magnitude, pi stacking interactions are on the order of 2 kJ/mol (0.5 kcal/mol), 11!
Dimers 29a and 30a have interesting conformational properties that cannot be

successfully modeled at the level of theory that is practical for molecules of this size.
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3.4 Experimental

3.4.1 General experimental
The C NMR spectrum of the solid sample was measured on a Bruker AMX
400 NMR spectrometer with magic angle spinning at 5 kHz. For more gencral

experimental details see experimental section 1.5.1.

3.4.2 Characterization of the Dimers

Racemic Bis 1,1'-(2,2,2',2'-Tetramethylindan) (29a): recrystallized from hexanes:
mp 187-188 °C; 'H NMR 8 7.23 (d, 1H,J = 7.5 Hz), 7.10 (t, IH, J = 7.5 H2),
6.91 (t, IH, ] = 7.5 Hz), 6.52 (d, 1H, J = 7.5 Hz), 3.07 (s, 14), 2.84 (d, 1H, ] =
-15.0 Hz), 2.77 d, 1H, J = 15.0 Hz), 1.30 (s, 3H), 1.00 (s, 3H); "'C NMR 8 143.3
(), 143.2 (C), 127.5 (CH), 125.6 (CH), 124.9 (CH), 124.4 (CH), 52.8 (CH), 47.4
(CH,), 45.4 (C), 27.5 (CHj), 24.0 (CHy); GC/MS m/z 290 (M*, 0.2), 146 (18), 145

(100), 130 (11), 129 (14), 128 (12), 117 (20), 115 (18), 91 (18).

Meso Bis 1,1'-(2,2,2',2'-Tetrametb~lindan) (30a): 'H NMR (233 K) 8 7.40 (d, IH,
J = 7.30 Hz), 7.32-7.24 (m, 2H), 7.19 (d, 1H, ] = 7.0 Hz), 7.13-7.11 (m, 2H),
6.87 (td, 1H, J, = 6.65 Hz, J, = 2.1 Hz), 6.07 (d, 1H, J = 7.56 Hz), 3.18 (s, 1H),
3.07 (d, 1H, J = -16.05 Hz), 2.65 (d, 1H, 16.05 Hz), 2.32 (s, 2H), 1.35 (s, 3H),
1.09 (s, 3H), 1.00 (s, 3H), 0.82 (s, 3H). C NMR (233 K) 6 149.5, 144.9, 142.5,
143.1, 128.6, 126.5, 125.9, 125.4, 125.3, 124.6, 62.3 (CH), 56.5 (CH), 48.4 (CH,),

47.4 (CH,), 41.2 (C), 41.0 (C), 34.2 (CH3), 33.0 (CH,;), 25.8 (CH,), 23.9 (CHy):
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GC/MS m/z 290 (M* | 0.1), 146 (20), 145 (100), 130 (14), 129 (21, 128 (19, 117

(23), 115 (24), 91 (21).

Racemic Bis 1,1'-( 6,6'-Dimethoxy-2,2,2',2'-tetramethylindan) (29b):

recrystallized from ethanol: mp 139-142 °C; 'H NMR & 7.08 (d, 1H, J = 8.2 Hz),
6.63 (dd, 1H, J, = 8.1 Hz, J, = 2.3 H2), 6.12 (brs, 1H), 3.49 (5, 3H), 3.00 (s, 1H),
2.72 (d, 1H, J = -14.7 Hz), 2.65 (d, 1H, J = -14.7 Hz), 1.24 (s, 3H), 0.98 (s, 3H);
BC NMR 6 158.4 (C), 145.0 (C), 135.3 (C), 124.6 (CH), 113.8 (CH), 111.4 (CH),
55.3 (CH;-0), 52.9 (CH), 46.5 (CH,), 45.7 (C), 27.6 (CH;), 24.1 (CH,); GC/MS

m/z 350 (M*, 6), 176 (15), 175 (100).

Meso Bis 1,1'-( 6,6'-Dimethoxy-2,2,2',2'-tetramethylindan) (30b): This compound

was isolated as a mixture and was not separated.

Racemic Bis 1,1'-( 5,5'-Dimethoxy-2,2,2',2'-tetramethylindan) (29¢c):
recrystallized from hexanes: mp 187-188 °C; 'H NMR & 6.78 (s, 1H), 6.49-6.39
(m, 2HY, 375 (s, 3H), 2.95 (s, IH), 2.78 (d, 1H, J = 13.2 Hz), 2.69 (d, 1H, J = -
15.2 Hz), 1.26 (s, 3H), 0.97 (s, 3H); “C NMR & 158.1 (C), 14%.9 (C), 135.3 (1),
128.0 (CH), 110.3 (CH), 110.2 (CH), 55.3 (CH;-0), 52.1 (CH), 47.6 (CL,), 45.6

(), 27.4 (CH;), 24.0 (CH;); GC/MS m/z 350 (M*, 0.4), 176 (14), 175 (1()).

Meso Bis 1.1'-( §,5'-Dimethoxy-2,2,2',2'-tetramethylindan) (30c): 'H NMR (250
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MHz, 233K) & 7 .28 (d, IH, J = 7.9 Hz), 6.85 (d, 1H, J = 7.9 Hz), 6.74 (s, 1H),

6.67 (s, 1H), 6.44 (d, IH, ] = 8.6 Hz), 6.00 (d, 1H, J = 8.0 Hz), 3.92 (s, 3H),
3.77 (s, 3H), 3.08-3.00 (m, 3H), ~2.60 (d, 1H, J = -15.8 Hz, the other half of the
AB quartet is obscured under the multiplet at 3.03-3.00 ppm), 2.62 (s, 2H), 1.33 (s,
3H), 1.09 (s, 3H), 0.99 (s, 3H), 0.82 (s, 3H); "'C NMR 3 158.3 (C), 158.2 (O,
144.9, 144.5, 141.4, 125.8, 112.1, 111.6, 109.3, 109.2, 125.88, 125.85, 61.8 (CH,-
0), 55.5 (CH), 55.3 (CH), 48.5 (C), 47.5 ((), 41.5 (CH)), 41.3 (CH,), 34.3 (CH)),
33.0 (CH;), 25.8 (CH,), 24.0 (CH,); GC/MS m/z 350 (M*, 0.3), 176 (13), 175

(100).
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