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ABSTRACT

Geometric iéomerizations about the C=C and C=N bonds
of a series of diaryl o,5-unsaturated iminium salts are
investigated in this thesis. These isomerizations are impor-
tanttih several unsaturated iminium ions found in natural’
systeﬁs. The vision process-IZelies on light absorption by
the protein rhodopsin followed by I/E isomeriza?ion. A simi-
lar reaction is used by cett&in bacteria to convert light
energy into energy the organisms can use for ceil.functions.

A series of nine iminium salts, N-methyis—N-aryl-3-

ryl-2-propenvlidene iminium perchlorates, with various

electron-withdrawing or electron—donating substituents on.the

arvl rings were synthesized and characterized. Three methods

of isomerization of these mclecules were ekamined——photo—
chemical, electron transfer initiated, and thermal
isomerization.

Tﬁe electronic abscorption and emission properties of
these iminium salts, and the effect of the substituents on

the regioselectivitv of photoisomerization, led t¢c some con-

. I

clusions about the excited states iﬁvolved in the isomeriza-
tion. Although the molecules reach an initial excited séate
where the positive charge of the iminium group has'mig:ated

im¥o the carbon framewerk cof the molecule, the'iéome:ization

process is not governed by such an intermediate. It is

b
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suggested that the state that governs photoiscmerization has
biradicﬁl character. - - | A o - 'ﬂ;
E/Z isomerization about the C=N bomd of the unsub-
stituted iminium salt Qas accomplished by photoinitiated
electron transfer from the donor, tris(2,2'-bipyridine)-
ruthenium(II)dichloride, the first observation of this

reaction.

' The iminium salts-crystallize as the E,E isomers, but
undergo thermal isomerization in solution to produce a
mixture of E and Z isomers about the C=N bond. In strong
acid media, two mechanisms of isome?i:ation were found.
Electron-withdrawing substituted iminium salts isomerize by a
nucleophile~catalyzed mechanism, and électron—donating sub-

stituents cause isomerizaticn by protonation of the iminium

salt.

'
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INTRODUCTION



CHAPTER 1

Vision, the process whereby light reflected ffoﬁ
objects a?ound us is translated into images, is currently being
studied from both chemical and biochemical perspectives.
Organic molecules called rhedopsins act as the visible light
absorbing pigments, and are located in cells in the retina of
the eye:l’2'3'4 The human eye contains cone cells and rod
cells. The cone cells are responsible for vision in bright
light, and‘can distinguish colours by ab§orbing light of one
of three parts of the visible spectrum: blue, green or red
light. The rod cells are responsible for vision in low light
levels, and cannot distinguish colours. All species of
-animal .that can ;éé contain visual pigments that ére similar
to the human pigments, however most animals have'only one
type of visual pigment and do not see in colour. Since
animal retinqs ére easier to obtain than human ones, our
understanding of the visual process comes from studies of
animal rhodopsins, especially cattle rhodecpsin.

wWhen rhodopsin absorbs light, a reaction segquence is
initiated that causes changes to the membrane in which the
pigment is located, and eventually leads to a nerve impulse
.‘that is sent to the brain. There are approximately thirty

million rhodopsin molecules in one rod cell in the eve. These

cells are very sensitive to light, but alsc adaptable, as they



2

S
can detect as low as a few photons to as high as 108 photc;ms
. of light per second. Each phdton absorbed triggers a series
of enzyme reactions that ends with hydrolysis of cyclic
guanosine monophosphate (GMP) in the cell. Amplification of
\\;_,Fhe original absorption event is iesponsible for thé high
sensitivity, in that one photon absorbed causes up to 104
molecules of cyclic GMP to be hydrolysed.

In the agsence of light,.an electrical current passes

through the cell, generated by a sodium ion flow. Light
a absorption causes this current to decrease, possibl§ through
_the action of a transmitter that links the enzymic reactions
with the changes in thehmembrane that stop sodium ions from
passing througﬁ the cell wali. The change in.electrical
current causes a nerve impu'lse to be sent to the brain, where
interpretation and creation of an image takes place.

Pigments thaé are similar to rhodopsin are found in at
least-two other organisms. These ligﬁt—absorb;ng melecules
are used not for vision, but for converting light enérgy into
energy the organism can use for cell functions. Bacterio-
rhodoésin is one of féur such proteins found in the surface
‘membranes of a strain of bacteria called Halobacteria. Light
absorption by the protein leads to the synthesis of adenosine
triphosphatg (ATP), an energy storage svstem of.living cells.dr5

A green algae species, Chlamydomonas, moves in response to

light, also because of a light absorbing pigment.3



I. Rhodopsin

The chromophore of rhodopsin, 1, is one geometric
isomer of retinal, ll-cis retinal, and is common to all

animals. It forms an iminium bond with a lysine amino acid of

t

the apoprotein, opsin.

//H

|

R = opein

1 g

Rhodopsiﬁ in human rod cells is red-coloured. The
protein bﬁckbone does not absorb light in the visible'regionr
so the lqhg wavelength absérption band of rhodopsin, the one
that is responsible for its colour, is caused by light absorp-
tion of the chromophore only. The opsin chain surrounds the
chromophore, and exerts an influence on its absorption spec-
trum. Although each species of animal has the same chromo-
phore, each has a different opsin, and the absorption maxima
. of the rhodopsins are also different,';anging from 440 to 600
nm. & |

Light absorption b? rhodopsin initiates a reaction
cycle, Scheme 1-1. The intermediates were initially identified
by their absorption maxima and have since been chafacte;ized
. by othefzspectroscopic technigues. The first intermediate,
bathorhodopsin, absorbs light at longer wavelengths than does

I's .
rhodopsin. Photocalorimetry studies have found that batho-



rhodopsin (500 'nm)
-195°C picoseconds
5athorhodopsin-(548 nm)
>=140°C 1 nanoseconds -
lumirhodopsin (497 nm)
>=40°C l microseconds
.metarhodopsin I (478 nm)
>-15°c -ET lx +BT milliseconds
metarhodopsin II (380 nm)
>0°C . l seconds
metarhodopsin I1I (465 nm)

>5°C l

opsin (280 nm) + all-trans retinal (387 nm)

Scheme 1-1 The Photocycle of Bovine Rhodopsin



rhodopsin is 35 kcal/mole higher in energy than rhodopsin.7

This excess .energy is used to fbrm the rémaining intermediates
of the c§21§, ané to initiate the molecqlar changes that are
,translﬁted into cellular processes amd subsequent enzyme reac-
tions. The way in which this is done is not yet uﬁderstood.
| At the end of the cycle the chromophore, now in the

ali—trans configurétion, separates from the protein by a hydro-
lysis reaction. In some species, such as squia8 agd blowfly9
and some synthetic analogues of rhodopsinB, the final'hydro—
lysis step does not occur. Instead, rhodopsin 1s regenerated

directly from metarhodopsin.

Rhodopsin; Isorhodopsin, and Bathorhodopsin

Therﬁal reactions are essentially stopped at 77K, and
-1ight absorptiéﬁ by rhodopsin results in the formation of a

photecequilibrium containing rh;dopsin, bathorpgdopsin and
isorhodopsin. .

The retinal chromophore of rhodopsin gas an ll-cis
C=C‘bond and is bound to a lysihe residue of the protein by a
C=N linkage} 1. It is generally agreed that the nitrogen of
the C=N bohd is protonated, as shown by vibrational spectro-

“scopy experimeqts.lo_l4

The absorption maxima of aldehydes
are not greatly affected by imine formation, but protonation
of the nitrogen of an imine is known to shift its absorption
maximum to longer wavelengths. Préionation of the imine link-

age between retinal and opsin is thought to be responsible for

part of the large difference between the absorption maximum



of retinal (380 nm) and that of rhodopsin (300 nm).z'ls'16 A
rhodopsin analogue has been synthesized where the iminium
proton is replaced by a methyl group, 2.17 This molecule

absorbs at 520 nm, close to the 500 nm absorption maximum of
' &

the natural pigment, providing further evidence that the pig-

v

ment contains a protonated imine bond.

> R R = cpmin . -

The configuration about the C=N bond of rhodopsin was
found to be trans, by resonance Raman spectroscopy.l4'18

Isorhodopsin ;g observed in the‘photomixture only at
low temperatures, not under physiological conditions. It can
also be artificiallv formed by adding 9-cis retinal to opsin
suspensions. The 9-cis retinal is attached to opsiﬁ by a -
trans, protonated C=N bond.14

Bathorhodopsin is thought to have a twisted all-trans
geometrylo, with a protonated, trans C=N bondl4, from reson-
ance Raman spectra. It appears that bathcrhodepsin may not be
a unique speciés at 77k, as bathorhedopsin formed from
'isorhodopsin hasfa slightly different X ., than that formed
from rhodopsin (542 nm and 546 nm reépectively).l9

ﬁhen the photoequilibrium is establishec at <20K, a

species absorbing at 430 nm, hypsorhodopsin, was shown t¢ be



present in the photomixture, by spectral subtraction tech-

niques.zo_zz‘ It is not certain whether hypsorhodopsin is

. ]
formed in parallel to bathorhodopsin or is a precursor.23—25

Resonance Raman and FTiE spectra indicate that this species

has a protonated C=N bond and a twisted all-trans form, but

26,13

is different. from Shthorhodopsin. Theoretical calcula-

‘tions of the structure_ suggest that hypsorhodopsin is more
twisted than bathorhodops'in.27

Photoisomerization of Rhodopsin

The photoreaction of rhodopsin is characterized by

“its high efficiency. Quantum vields for the photoreaction

b3

were found to be species dependent, as demonstrated by the
values in Equation 1 for bovine rhodopsin and in Equatiocn 2

. for squid rhodopsin.28

The quantum vields are independent of
irradiating wavelength, and do not change when D,0 is used

instead of Hzo as sclvent.

0.67 0.054
bovine rhodopsin o o bathorhodopsin\,.__:_‘iso:hodopsin (LI
0.5 0.1
0.67 0.24
squid rhodopsin * Ybathorhodopsin .,____' isorhodopsin [2]
’ 0.36 N 0.16 :
N

N

: _ . ~ ’
The reaction is thought to be & singlet state process.

(t

The only radiative pathway observed for deactivation of the
excited state is fluorescence, and this is veryv weak. At rcom

temperature the quantum yield for fluorescence is 1.2 (+0.5}
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x 1075.29 This implies that the process that competes with

fluorescence in the excited state could occur within about
0.1 ps. 'Picosecond absorption spectroscopy studies have shown
that bathorhodopsin is formed within 3 ps.24 The fluorescence
gquantum vield is 510"5 and temperature independent between 5
ané 40K. This is evidence that the process that competes with
flu&rescence dqes not have an activation barrier. When H50
in the solvent was replaced with D,0, thereby exchanging the
iminium proton for a devteron, no change in fluorescence

”

gquantum vield was observed, so the photoreaction cannot involve

bonding changes of the iminium proton.30 This contradicts

the ccnclusions of earlier kinetic absorption studies of the

formation of bathorhodopsin at various temperatures between

FF 49
4|

and 30K in which D,0/E,0 and temperature dependent rates

were measured.2 s51
A

Various theories have been proposed to explain the
photoreacticon of :hodopsin.2 The most cemmonly aé;epted is that
the excited state decays by isomerizing about the C;,.C;5
double bond. This could be accempanied by twisting about an
adjacent s;ngle bond to accommodate space constraints of the
protein. The strongest evidence for an isomerization

mechanisn comes from an experiment using a constrained ll-cis

-

retinal analogue, 3, incorporated into rhodopsin. In this

molecule, isomerization cannot occur about the C414,,C55 bond.

The rhodopsin analogue containing aldehyde 3 is a non-reactive

Digment that fluoresces with a grantum vield of 4 x 10'4,



-

much higher than observed for rhodopsin itself. The process
that competes with fluorescence in rhodopsin is not occurring
in the analogue, and is thus most likely an iscomerization

about Cll,C12-34

3 -

The isomerization itself is not encugh to cause the
protein changes that lead to a nerve impulse. This was shown

in a recent study using the rhodopsin analogue 4.

4

R = opein

In the cellular process derived from the photocycle,
an enzyme, GTPaséT-is activated. In this experiment, GTPase
activation was monitored to determine if the rhodopsin -analogue
could act as a visual transducer. It was found that light ab-
sorption by the analogue 4 led to isomerization, but that
GTPase was not activated.32r36 >

Light absorption by rhodopsin analogue 2 leads to the
formation of a meta-rhodopsiﬁ I-like intermediate, which slowly

hvdrolyzes tc all-trans retinal and methvlated opsin. GTPase
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is not activated in the process, suggesting that protohation
changes at the nitrogen at the mgta—rhodobsin II stage are.
important in visual transduction.3’

Regeneration of Rhodopsin

The second reaction of the cycle of interest in the
context of this thesis is the regeneration of rhodopsin.

The-gaﬁilibrium constant for the reacticon shown in

Equation 3 is very smail. When the bleaching process reaches
the all-trans retinal stage, although a small fraction of
rhodopsin is regenerated photochemically, the majority is

hydrolyzed to all-trans retinal and opsin.38'39

- g
-

all-trans retinal + opsin — rhodopsin [31]

Isomerization of grans retinal to form ll-cis retinal
must then occur elsewhere in the membréne or the cell. This
could be by a thermal or photochemical pathway. A photo-
chemical process for regenerating rhodopsin has been found in
flies and squid. TFlies. cannot form ll-cis retinal from all-
trans retinal in total darkness, but instead require blue light
{about 450 nm).9 In sguid, a retinochréme membrane was found
that catalyzes the formation of ll-cis retinal from all-trans

8 Absorption spectra

retinal, by a photochemical mechanism.
suggest that retinal is attached to the membrane by an iminiuﬁkr
bond. When the membrane containing 90% trans retinal was

irradiated for 30 minutes, 70% of the membrane-bound retinal

had converted to the ll-cis isomer. Opsin was then incubated
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with.this'irradiateﬂ“retinochrome membrane in the dark, and
rhodopsin was formed. - ‘

In frog rétinas,'thermal isomerization acceounts for a
small fragtion of rhodopsin regeneration.4°'4l

Once trans retinal has isomerized to lfi-cis retinal,
rhodopsin is regenerated by a condensation reaction of the
aldehyde and the amine of ghe lysine group. This is a pH
dependent reaction that 1is fastest at pE 7. The first step
is bimolecular addition, proceeding with a rate constant of
6390 M;ls-l at pE 7. This is followed by dehydration,
kK = 0.055 s~1.42

II. Bacteriorhodopsin

In general, the pigments bacteriorhodopsin and rhod-

' opsin are similar, in that'; both contain retinal bound to an
amine acid of the proteih by an iminium bond, and both use
light energy tp.ispmerize the chromophore and thus drive cell
reactions. The péotein backboﬂes are differenﬁ, h;wever, and
some properties of bacteriorhodopsin are not the same as those
of rhodopsin. Each protein constrains its chromophore by some
interactien. ‘These could be specific ionic interactions, or
constraints of the tertiary structures of the proEeins and

the shape of the pockets in which the chromophores sit.

The bacteriorhodopsin photocycle is shown in Scheme

1-2.4

In bacteriorhodopsin, retinal 1s not dissociated from



12

dark-adapted bacteriorhodopsin (560 nm)
light-adapted bacteriorhodopsin (570 nm)

% picoseconds
K (626 nm)

l ngnoseconds
L (550 nm)
= l microseconds
M (412 nm)}
+E* l milliseconds
N (520 nm)

l milliseconds-

O (640 nm)

Scheme 1-2 Bacteriorhodopsin Photocycle
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the bacteriocopsin during the cycle. 1In the presence of light.
a photoequilibrium is thus maintained; called "light-adapted

‘bacteriorhodopsin®. -This photostationary state is wavelength

43

aependent. When bacteriorhedopsin is irradiated with light

>540 nm, the photostationary state is composed of >955% all-

trans retinylidene.44'45

/R

FAR ]

I

R = haocteriocopsln N

A variety of spectroscopic technigques, including

18,46 130 nmpd7.48, 154

‘resonance Raman solutioﬁ solid state
NMR49, solid state 3¢ NMRSO, and FTIR®1/92 spectroscopy,
indicate that the nitrogen of the C=N bond is protonated in
the intact protein. The configuration about the C=N bond is
trans.so'53 -

When the light source is removed, bacteriorhodopsin’
converts slowly54 into what is known as "dark-adapted

bacteriorhodopsin®, 5. The “dark-adapted” state is a mixture

of bacteriorhodopsin containing 60% of the 13,15 dicis chro-
‘ 45,50,53 ,

mophore and 40% all-trans retinylidene.

‘bRﬂﬂ.. bRseg



The 13,15-dicis isomer was also character}zed by
resonance Raman spectroscopy, and found to be protonated.la'55
The two isomers are in dynamic eQui}ibrium in the dark-adapted
statese, and the energy difference between them.is small.34

Photoisomerization of Bacteriorhodopsin

When dark-adapted bacteriorhodo;sin, S, absorbs .
light, the 13,15-dicis component converts to the all-trans
isomer.with no apparent effects on membrane processes.54
Light absorption by the all-trans chromophore initiates a
phoﬁocycle, Scheme 1-2, tﬁat results in proton movement
through the &ell membrane. As in rhodopsin, experimental
evidence shows that the photoreaction is an isomerizatien
prodess, although in bacteriorhodopsin isomerization occurs
about the Cy3,Cqy4 double bond. Retinal analogues that are
constrained trans iscomers about the C13;C14.double bond -form
bacteriorhodopsin analogues that do not have photocycles or
proton pump activity,57'60 and have prolonged excited state
lifetimes relative to the natural pigment.Sl'62

The photoisomerization is reversible at 77K, and
highly efficient, equation 45,6364

0.33 + 0.05
bacteriorhedopsin . % 'K (4]
0.67 + 0.04

The isomerization reaction accounts for mest of the

ﬁhotoprocesses, and at room temperature, bacteriprhedopsin is

only weakly fluorescent (¢,=2.5 x 1074).63
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The first intermediate formed in the photocycle, K,

has a protonated iminium bond at low temperature18'52'66-70

71-76_

and at room temperatuie Resonance Raman experiments
eseablish'that the C=N configuration of K is trans,53 and the
spectra have been interpreted to fit a twisted l3—c;s struc-
tﬁre.67 The C=N stretching wvibration of K is low, 16b9 cmfl.
It was calculated that separating the imipium ion from its.

counterion by 3.4X accounts for this.’’

Room temperature

and low temperature (77K) spectra of K differ, and in FTIR
studies at an intermediate temperature, 135K, two species can
be detected.’® - The identities of these two speeies are not
known. A

The decay.rate of the excited state of bacteriorhod- \\\
op;;n and the rate of formation of K were measured by femto-
second spectroscopy. The two precesses fit a single ekponen-
tial, with time constants 0.7+0.1 ;s in H,0 and 1.0+0.1 ps in
D,0. The reaction was monitored from 570 to 620 nm, and no
evidence of other intermediates was found.”’?+80  mowever,
other spectroscopic evidence exists, that J, a precursor to K,
is the first ground state product of the photo-

reaction.61'62'81'84

Part of the difficulty in analysing

absorption data is that subtraction techniéues must be used,
and the errors involved a#e reflected in the widely varying
absorption maxima reported fo} K. Thus K has been reported

to absorb at 610 nm (-1969C)85, 631 nm (-25°¢)88, 590 nm

(1°c-50°¢)85787, 610 nm (25°C)8L, 615 nm (25°C)79, and
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620 nm (37°¢)80,
Although it is not certain whether an intermediate J
precedes K in the photocycle, it is certain that a 1l3-cis
retinylidene chromophore is the product 6& the photoreaction.
Further changes known to occur in the cycle are deprotonat;ph
to give M46, an imine with a 13-¢is C=C bondea, and re-~
protonation.and thermal-isomerization fr0m_$ 13-cis to a

twisted trans C=C bond iscmer, 0.8% The retinal chromophore

remains attached to the protein throughout the cycle.

I1I. Effect of the* Protein Environment

The retinylidene chromophore is the common element of
. the light-absorbing pigments discussed, but the protein com-
ponent of each pigment is different, and so each type of
retinylidene chromophore is in 2 slightly different environ-
ment. Many of the properties of the retinylidene chromophores
are species dependent, iﬁcluding the .absorption maxima, the
gquantum yvields of the photoreactions, and the thermal eguili-
bria, élearly indicating that the proteins affect the chemical
and physical properties of their chromophores. It is possible
that there is some specific interaction between each protein
and its chromophore, or that the geometry of the chromophore
is affected by the shape of the cavity in which it is found.
The amino acid sequences of opsin and bacterioopsin have been
determined90—93, however, the three dimensional arrangements

of the proteins are not vet known, so interactions between
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the amino acids and the retinylidene chromophores can only be
speculated on at this point. Some information about the natgré
of the protéin effect comes from comparing the properties of
rhodopsin and bacteriorhodopsin to properties of model iminium
salts in'organic solvents. The chromophoré of bacteriorhod-
opsin can be approximated by the all-trans N,n-butylretinyli-
dene iminium salt, 6. Similarly, the ll-cis iminium salt, 7,

' can represent the chromopheore of rhodopsin.

" The ground state structures of rhodopsin, bacterio-

rhodopsin and their models have been probed by various tech-

. nigues, including vibrational spectroscopy. and NMR, Table 1-1,
and theoretical calculations. The structures} that -is the
conformations and electron distributions, of the chrdmophores
or the model iminium salts must be elucidated indirectly since

‘structure determinations by X~ray crystallography have not
been accomplisheé yet. |

Structure of the Chromophore in Rhodopsin

The -7 system of the retinylidene chromophore of -~ -
 rhodopsin is thought to be essentially planar. Steric hind-
rance forces scme non-planarity about the Cg,Cy and the

C12'C13 single bonds, both of which couléd be twisted by 30°.
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Some Spectroscopic Data for Rhodopsin, Bacteriorhodopsin and the

All-Trans Retinylidene Iminium Salt

Spectroscopic Retinylidene Rhodopsin Bacferiorhodopsin -
Technique Iminium Salt, bRgeg : bRgag
6 ™ ’
’
Resgiance Raman i
(cm )
C=N 1654100,101 165514 164067,101
C14-Cys 1237101 1201102
C10-C11 1159101 1170101
Cg—Cq 1204101 1214101
1
Solution 13C
NMR (ppm)
C15 153.7102-104 165 9205 16947
| 166205

' 130103
Solid State =°C
NMR {ppm)
s 167407.106 163.2106 160.4106

150105
cy s 1226107 122.050,106 13,550,106
€13 161.8107 169.0%08 165.3%06
143.7105

Solid State 19N
NMR (ppm)
N x=Cl 172.0%° 151.64%9. 144,949

x=8r 166.150
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or more. The cyclohexenyl ring is thought to be in an s-cis

cbnformation, and all other single bonds in the linear chain

are s-trans.94'95

The electron distributions in thé 7 systems of simpli-
fied polyenylidene jminium ions 8 and 9 have been éalcﬁlated
b;wab initio and semi-empirical techniques, respectively. The
églculatiohs show'that the positive charge is distributed

. mainly within the Cy,-N part of the molecule, Figure 1—1.96'97

Thesewcqlculations did not optimize geometries, nor did they
include a counterion. i

The‘positive charge in rhodopsin is likely more de-
localized than it is in the model iﬁinium salt, a conclusion
arrived at by comparing resonance Raman spectra of an N—ethaﬁql—
retinylideﬁe iminiuﬁ salt and rhodopsin.98

Ground state interactions between the chromophore and
the protein could be provided by a general polar environment:
or by a point charge in thé protein, such as an anionic amino
acid side chain, that interacts with the chromophore in a
specific location. The first indication of a specific ground
state interaction between the chromophore and the protein of
rhodopsin came from its solution 13¢c nMr spectrum. The
resonance of Cig is 10 ppm downfield from the corresponding

15

peak of the model iminium salt in solution. It was cal-

culated that a negatively charged amino acid near C,, could

16

cause this deshielding. However, s?stematic‘examination of

the resonance Raman spectra of 13¢ 1abelled rhodopsins
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Charges shown are multiplied by 10% -8.6

Not all the charges are shown in this diagram.
g HIE-S

Flgure 1-1 Charge Distributions in the Ground States of
Model Compounds of Retinylidene Iminium Salts
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indicated that the Cg to C;g region is not perturbed by a
point charge interaction.99

Structure of the Chromophore in Bacteriorhodopsin

Thq structure of bacteriorhodopsin has been investi-
gated more thoroughly than that of rhodopsin.

Segi-empirical calculations of a simplified trans
polvenylidene iminium salt, 10, predict the positive charge

distribution shown.103,108 _

0-11 Cc-03 0-12 0-05 0.22 0-25

A T A S e e N

~p0.10 TC.0R2 T0-08BT0-04 TO.-00

10
-

Analyses of resonance Raman spectralOl indicate that
the positive charge of the chromophore of the pigment is more
delocalized into the polvene chain than in the model;iminium
salt in solution, with diminishing effect as the distance
from the nitrogen incréasés. Solid state 13¢c nMR spectra
show that the cyclohexenyl ring is in an s-trans configuration
rglative to the polyene chain of the bactericorhodopsin mole-

106,209 Tne other single bonds are also s-trans.

cule.
It was concluded from 15N NMR studies of bacterio-
rhodopsin that the counterion is only weakly interacting with

the. iminium nitrogen_49,106
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NMR spectra suggest that a ground state perturbation

such as a negative charge in the protein could contribute to-
the downfield shift of the resonance of Cg of the chromophore
of bacteriorhodopsinlos, and resonance Raman spectra indicate-
that no significant perturbations exist from Cg to Cls.lo1
The structure shown in Figure 1-2 depicts the charge environ-
ment predicted from the analysis of the Raman and NMR

spectra.lo6

Fisura -2

The effect that a non~conjugated negative charge would
have on the grouné state structure has not been determined
experimentally, but has been calculated.r10 According to the
semi—-empirical calculations, a retinylidene iminium salt with
an additional negative charge near the cyclohexenyl ring has
properties similar to the free cation, without a counterion.
The mcolecule has more positive charge delocalized into the
polvene chain than found for the iminium salt 10, where a
counterion was included in the calculations.

The avallable structuéal evidence suggests that the

round state structures of the iminium model compounds are
ifferent from the structures of the natural pigments. In

.
adéition to the perturbation that might arise from a2 specific

-
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charge interaction, the chromophores in the pigments migﬁt

differ from the model iminium salts in the torsiocnal angles

111

of the single bonds of the = system, or in the distance

between the counterion and the iminium ion. Blatz’and co-
workers proposed that the ground state of the fetinylidene
“iminium ion woulé be destabjalzed by movzng the counterlon
‘away from the iminium nitrogen. 112-113 ghis would lead to
1ngreased conjugation within the = system, -and a longer wave-

103 11141107 Three . N—n’—butyil retinyl—

length aﬁsorption band.
idene iminium salts, 6, were synthesized with chloride,
bromide and iodidé counterions respectively. As the size of
the counterién increases from chloride to iodide, and the
‘counterion mhsﬁ move further f£rom the iminium group. the

absorption spectrum shifts to longer wavelengths.112

X A (acetone )

max
Ccl 428 nm
Br 439 nm

5 .
I 445 nm

O0f the three structural p0551b111t1es mentioned
above, only the point charge :.s expected to have an effect
on the excited state of the chromqphore.

- On absorption of ligﬁt, molecules reach an excited
state that differs from the ground state in the distribution
of electrons in the = sgstemQ In the excited state, the

positive charge is calculated to be more delocalized into the
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polyene chain of the model retinylidene ions than it is in
the ground state.96:97.108 This‘is substantiated by a large
incréase in the dipole moment of the excited state rélative
to the ground state of iminium salt 6.116'117_,

\An absorption spectrum measures the energy difference
between ﬁhe ground state and first excited state of a2 molecule.
The absorﬁtion maxima of the chromophores in rhodopsin and
_ bacteriorhodopsin are at considerably longer wavelength than .
those of retihylidene iminium salts in solution, Table 1-2,
indicating that the energyﬂgap bétwéen ground and excited
states is smaller than in the model compounds. Thé difference
in absorption maxima between the chremophore and the model
iminium salts is called the "opsin shift". The opsin shift
could result from destabilizing the ground state, as proposed
by Slatz and co-workers, or stabilizing the excited state.

~ Alt@ough solvent and counterion changes can modify
the solution speqtra of retinyiidéne iminium salts, they do
not account for the observed absorption maxima of the natural
pigments,  Table l1-2. -
in bacteriorhodopsin, a large fraction of the opsin
shift is attributed to the conformation of the cyclohexenyl

ring. In~§glution, the configuration of the cyclohexenyl ring

of 6 is s-cis, but in the pigment it is s—trans.loe'109 The
additional doukle bond in cornjugation with the = system
should stabilize the excited state.

Specific ionic interactions in the natural pigments

* o
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Absorption Maxima for Rhodopsin, Bacteriorhedopsin and
Retinylidene Iminium Salts in Various Sclvents

Solvent Amax(nm) Reference
Bacteriorhodopsin 568
Rhodopsin | 500
6, X=Cl acetone 428 114
benzene P 437 112
acetonitrile 443 'llé
dichloromethane 460 114,112
_ methanol 440 "120
7., X=Cl o 3-méthylpentane 438 121
methanol 440 122
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are thought to contribute to the opsin .shift as well. Kropf
and Eubbard originally sugge;tediﬁhat, in addition to the
counterion of the iminium group, a second negatively charged
or pdlarizable group in the protein baéksone interacts with
the 7 system of the chromophofe on excitatipn.39 Various
t@eoretical and experimental approaches have been used to
test this, the most elegant by Nakanishi and co-work-

erslls'lzq'lZl, and the theory has gained widespread

acceétance.

Specific models were proposed based on the experimental
re;tlts of studies of rhedopsin and bacteriorhodopsin analogues
that contain dihydroretinals.lls'lzof_l22 The dihydro-
*retinylidene iminium salts and rhodopsin analogues shown in
‘ Figuré’l-S were syntheéized. The absorﬁtion maximé of these
pigments differ from the absorption maximum of the natural
pigment b& amounts thét decrease with increasing conj;gatedu
chain length. An "opsin shift" was calculated for each of
the synthetic rhodopsins. ‘

The largest opsin shift wés observed for the C;,.,C55
dihydroretinal derivative. Combining this result with the
calculated effects of negative point charges on the absorption
speétra, it was concluded that in fhodopsin an additional
negative charge (the dipole of an amino acid, or part of a
salt bridge) was held in place about 3 & from Cy, and Cy 4.

Figure 1-4.16:111 This contradicts ground state structural

evidence against interactions in the Cg to Cyg region{
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. dihydroretinylidene rhodopsin bacteriorhoéaﬁgih
: analogue analogue
A A opsin : opsin
in"HeoE o shift max shift
- (nm) (nm) (em ) {nm) (em +)
6 440 560 4870
S 440 500 2700
- 392 420 1700 ~
S
g
5 W N
[ e 392 440 2780
\ L 322 345 2100 325 300
A , .
N .270 315 5300
. e
425 460 1800 2500

Figure 1-3 Absorption Maxima of Dihydroretinylidene

Iminium Salts
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although weak gréund state interactions that intensify in the

excited state are possible.

Figure 1-4

a

The experiments for bacteriorhodopsin, Figure i-3,
we;e‘used to pfedict é charge environﬁent similar to that
previously suggested from ground state observations, Figure-
1=5.118,122 '

" Various model compounds have been synthesized where a
non-conjugated charge is incorporated into the retinylidene
iminium ié? molecule to attempt to reproduce the spectral
shifts observed in the protein environment, Figure 1-5,123-136
The charged groups can shift the spectra to longer or shorter
wavelengths, depending on where they are placed, but the
effect is not as large as the.opsin shift.

The chromophores in the natural pigments differ from
the model retinylidene salts not only in structural and
physical properties, but also in the isomerization reactions

they undergo.

Effect of the Protein on Thermal Reactions

Retinvlidene iminium salts 6 and 7 isomerize by thermal
pathways about the C=C and C=N bonds in solution.l37’l38'104

The composit‘.n of the thermodynamic eguilibrium mixture is
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iminium salt - Amax solvent reference
m 410 . CEC1, 125
‘ [-$1-7
m 420  'CHClj/EtyN - 125
. L$1-%
I .:w | |
' - 415 CHC13 125

1"

’QY“VL¥T%E5 405 CECl3/EtaN | 125

[41-¥
jﬁ 450 EtOE 130
14
; 475 CHC1, 130
Cloe
\- - 420  EtOH/Et3N 130
M 435 CHCly/EtsN 130

Figure 1-5 Effect of Non-Conjﬁgated Chargéd Groﬁps on
Absorption Maxima of Rhodopsin and
Bacteriorhodopsin Models
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not reported in the literaturé, however it is t éught that
the ratios of the isomer# about the C=C bonds are the same at
equilibrium as are the retinal isomers.t38 1t is also known
tha; both cis and trans isomers about the C=N bond are found
in seolutien at equilibrium.l37'lo4 Rhodopsin does not reach
a thermodynamic equilibrium at room temperature, since only
the ll-cis isomer of the chromophore remains attached to the
protein. 1In bacterib:hodopéin, the equilibrium contains only
two species, thé 13,15-dicis isomer, and tﬁe all-trans isomer
in a 60:40 ratio, 5.

The rates of isomerization of the iminium salts have'

been measured by two groups,l37'l33

with conflicting mecha-
nistic cenclusions. In one report, the authorsatﬁﬁbest that
isomerization barriers are determined by the extent of double
bond alternation within the conjugated chain.137 13-cis N,n-
butylretinylidene iminium chloride in tDCl3 isomerizéﬁ to the
. . =5 -1
all-trans isomer with a rate constant of 3 x T s . A

\
larger, less nucleophilic counterion such as perchloraﬁe

~
induced a faster isomerization rate than did halide counter-
ions. It was concluded that as the counterion moves closer

to the iminium nitrogen, the positive charge becomes localized
-at the nitrogen. This infreases double bond alternation in
the rest of the polyene chain, andiincreases the activation
barrier to isomerizatiocn. In another report, C=C bond isome-

rization in retinylidene salts was found to be nucleophile

cata_lyzed.l38 The chloride salt of the l13-cis retinylidene
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isomer disappeared with a rate constant of 3 x 1072 571 in

heptane, and the ll-cis iscmer iscomerized to the all-trans
isomer with a rate constant of 2 x 1072 s'l; When the coun-
terion was a less nucleophilic one, trifluorcacetate, a slower
" rate of isomerization of the ll-cis iscmer was measured,

k = 2.6 x 1076 7L,

The iscomerization of ali-trans rétinylidene to the
13,15—dicis isomer in bacteriorhodopsin proceeds wiéh a rate
constant of 2 x 1074 s—1,54 Although it seems that the rate‘
of thiymal isomerization of the chromophore in bacterio-
rhodopéin is within the range of-the rate constants reported
for thermal isomerization of the retinylidene salts in solu-
tion, it has been calculated that the negative point charge
near the ring has the added effect of reducing the isomer-—

ization Barrier of bacteriorhodopsin.t10®

-

Effect of the Protein on Photochemical Iscmerization

Rhodopsin photoisomerizes exclusively about the ll-cis
C=C bond, as does the model iminium ion, 7, in solution.139,140
The gquantum yields are not the same, however. Rhodopsin
isomerizes with a quantum yield of 0.67, whereas the 1ll-cis
N,n-butylretinylidene iminium trichloroacetate isomerizes
less efficiently, with a quantum yieid of 0.233139'140'57
This photoisomerization is both solvent and wavelength inde-
pendent. C=N isomerization could not be cbserved in these

model studies as identification of the products regquired

hydrolysis of the iminium bond.
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The photoisomerizaticn of bacteriorhodqpsin is alsc
regiospecific, the C13:C14 bond isomerizing in the reaction
with a‘éuantum vield of 0.33. The all-trans iminium salt, 6,
iscmerizes about several bonds in solution, with a quantum
vield of 0.14 and relatively low regioselectivity;l40'141'57.
The major product is the ll-cis isomer (70% in hexane). The
l3—cis-isomer (19%), the S9-cis isomer (ll%) and a-trace
amount of the 7-cis isomer are alsoc formed. In these model
studies the iminium salts were also hydrolyzed before analysis.,
and isomerization about the C=N bond couldé not be detecfed.

Photecisomerization is thought to originate in the
singlet state in the model chromophores, as intérsystem
crossing yielas are less than 0.001.142 zIsomerization in the
triplet state was tﬁought to have been observed using anthra-
céﬁe or phenanthrene as sensitizersl42’l43, howeYer'the
possibility of electron transfer inAthe excited state was
overlooked.. At room temperature, retinylidene iminium salts
do not fluoresce, but weak fluérescence has been observed at
77K in 3-methylpentane glasses, ¢f=0'.098.l44

The rates of photoisomerization of.the iminium salts
in soluﬁion and in the pigments are similar. The lifetime of
the 11-cis retinylidene salt, 7, was frzaund to be less than 8
ps in methanol at room temperature.l45'l46. The rhodopsin
24

Photoreaction occurs within 3 ps and the bacteriorhodopsin

isomerization takes place in about 1 ps.84 As in the thermal

isomerizations, the proteins seem to influence the regio=~
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ﬂselectiQity of the isomerizations more than th; rate of the
reaction. |
Although our knowledge of the visual.system, and
relatédAIight-abso:bing piéments such as bactericrhodopsin, is.
extensive and growing daily, there is-sﬁiil a great deal to'.
be learned about the interactiéns between the proteins and.
‘the chromophores. Before these can be uﬁdérstood, the properQlf
ties of the model iminium salts themselves, and other siﬁple
conjugated iminium salts, need to be better characterized. A
recent review summarizes the photocﬁémistry of.imiqium
ions.147 |
'“One.approach to an understanding of the reactions of
retinylidene iminium ions has been to study simple ﬁoiecules
such as o , B u@saturated iminium salts where only two bonds

can isomerize, the C=C bond and the C=N bond.

Iv. QLS‘Unsaturated Iminium Ions

Absorption Studies

Alkyl iminium ions 11, 12 and 13 absorb light in the

ultraviolet region.l48,l49

“\;)\, NN NS
)])i . I WJ
. 11

12 ) . 13 ar  SOF-

X = CFC00-

Apax 250 nm 262 nm 245 nm
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An arfl gioup on C3lgreatlyAreducés the excitation
enéréy. The iminium salts 14 to 18 absorb in the visible.
regidn, and appear yellow. Changing the substituent on the
phenyl ring from nitro to methoxy shifts the absorption

maximum to longer anelengths by 61 nm.130

- X . Apax(nm}
N 14 No, . 323
| ) 15 cl 350
€104~ -~ 16 H Co34l
ﬁ 17 CHy 359
18 OCH4 384

.Photochemical Isomerization

Simple'alkyl substituted iminium_ions photoisomerize
about both the C=C and the C=N bonds’ in-solution.t%8,143
For example, li isomerizeg to give 19, 26, and 21. The only
initial product is the Z C=C bond@ isomer, 19 (e¢=0.32 in
trifluorocacetic acid, TFA). This means that C=N iscomerization
tb form 20 has a gquantum yield less than 0.10, and the Z,Z

isomer, 21, is presumed to be a’secpndary preoduct.
/ﬁ)l Ay l . ] . |
X- X- X= X=
11 13 20 ' 21
5 (TFA) 0.32 = 0.04 . -

Methyl substitution at C, and a less bulky sub-

stituent at nitrogen have no effect on the guantum yieldés.



12 < 22 23 24

¢ (TFA} ) 0.31 = 0.03 - . : -

Only C=N isomerization is deﬁecfed in the absence of
the methyl substituent at°Cz. Iminium ion 25 is produced
with a guantum yield of 0.11, close to the upper limit deter%
mined for C=N isomerizatiocn of 11 and.lz to form isomers 20
and 23, respectively. ‘ ) -

| :;Fﬁ,fxvx~\ ,/\\:;;j,/
13 ' 25

H

x_

) &(TFA) 0.11 = 0.01

An aryl substituent at C3 inéreases-the efficiency of
isomerization about the C=C bond at the expense of C=N bond
iéomerizafion.lso Efficient isomerization could be détected
about the C=C bond of the E,E isomer, 26 (¢=0.58), but C=N
isomerization oceurred only very inefficiently. After irra-
diation for one week, small amounts of the Z C=N isomers, 28

and 29, could be detected.
NN

Tﬁﬁxﬂxzﬂ\ _ “\ﬁ/ﬂxxﬂx /f\,f\qr/“ ]
28 27 28 2g

®{TFA)} 0.58 + 0.06 - ’ -
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‘Isomerization about the C=C bond in salt 16 %; thought

to account for most of its excited state -processes gince the

mo'lecules do not fluoresce, and the quantum yields for the

forward and reverse isomerizaticens adéd up to one,

Equation S.

(5]

Isomerization about the C=N bond could not be detected, but is

thought to be inefficient by analogy to the photoisomerization

of iminium salt 26.

when the electronic nature of the aryl substituent was

changed from chloro to methoxy, no effect on the quantum vield

of C=C bond iscme:ization was observed.

150

However,

the salt

with a para nitro substituent, 14, isomerizes with a signifi-

cantly lower quantum yield.

Cﬁ:\‘:/CH:

X &

NOo 14 30 0.27 + 0.02

c1l 1s 31 0.58 + 0.09
- B 16 32 0.60 + 0.06

CH4 17 33 0.52 + 0.05

OCE4 18 34 0.59 + 0.04

f’
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Charge Delocalization in o, 8 Unsaturated Iminium Salts

_Sever&l different methods of calculating charge den-—
sities and electron distributions havé.been used for the
eneiminium ion 35.149,151.152. The.calculaﬁions optimize the .
geometry of.the molecule, but do not include a counterion. A

semi-empirical calculation, using MINDO/3, predicts that the
. L Y

positive charge of the molecule is partially delocalized to

C3.149 The charge densities and electron distributions cal-

culated by ab initioc techniques show no positive chafge at
c,y. 151,152 '

L

Net Charges electron densities (MINDO/3)
(ab initie) - L : .
o-7x? c.218 N (w) Cl () C2 o) C3 (w)

“p.g32

6.91 1.46 5.68 '0'.;36 6.12 1.14 5.81 0.74

D.zud

Experimental techniques that have been used to deter-
mine charge distributions in conjugated- systems are 3¢ nMr

spectroscopy and X-ray crystallography. Since the chemical

'shifts of carbon nuclei vary with the extent of shielding or

deshielding of the nuclei by the electrons surrounding them,

the 13c NMR techniciue has been used to predict the charge
distributions at carbon atoms in ionic molecules. The extent
of charge delocalization has been determined for a number of

cyclic, conjugated polvenes.t>3

Comparisons of chemical
shifts of the carbon atoms of related neutral and ionic mole-

cules ané the differences in v electron densities at each

(-
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carbon from thecretical calculations, led‘to the ﬁrediétion
tha%.the resonance of a carbon atom would move doﬁnfield by
160 ppm for each_net positive charg? unit on-the carbon atom.
Using this value, the extent of charge delocalization in a

conjugated system could be estimated. This technique was

- extended to linear conjugated molecules, and used to ptébe

- the retinylidene iminium salt structure.l03 It was found

that a linear relationship existed between the chemical shift

differences of the imine and the iminium ion of retinal, and

the differences in = electron density calculated for each car-

_hon of these two molecules, but the downfield shift was about

100 ppm per charge unit. The analysis suggested that positive
charge was delocalized at least as far as C-. Asimilar

relationship was found for the eneiminium ion, 35.149 Calcu-

lated r electron density differences between the eneiminium

ion and related imine correlate with +3C NMR chemical
shift differences, and indicate that the positiée charge is
partially delocalized to Cj.

‘The retinylidene iminium salt structure has not been
corrcberated by other,equrimental techniques, but in the
case of the eneiminium salt it was concluded, on the basis
of crystallography édata,. that the combined approach of using'.

-

13¢ NMR chemical shift data and 7 electron density calculations
did not correctly predict charge distributions in the ene-
iminium salts.l%? * The use of X-ray crystallography data is

another approach tc studving charge delocalization. Charge
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delocalization must be accompanied by changes in bond lengths,
to reflect the increased importance of the resonance forms

shown.

T

Single_bdnds between the double bonds of a 7 system

\
should shorten if conjugation is increased, and. double bonds
should lenéthen, to approach a fully.conjugated system where

- the Sond lengths ére the sémg. One structure of‘a simﬁle
iminium salt has been solved; and numerous examples of struc-
-tures With considerable delocalization of positive charge are
known, Figure 1-¢.156-161 -

The structures of three ¢, Funsaturated iminium salts
have‘been soived;l49'155 The bond lengths suggestAﬁggt:£he
positive charge of tﬁe molecule is not del;calized, as bond
aiternation.is lérge, and C=C and C-C bénds are not lengthened

‘or shortened, respectively, relative to non-conjugated

molecules.

N . :w\ﬂ}/cE

I 1-28(1) - | 1-20:(8)
1-43(0) 1-430(7
1-238(2) 1.348 (7)

€10 C10.-

t

CHD

15 18
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EH:\-‘E‘/CH: .
“ 1-30(4}

r:H:Af:'Ha

Cl0e

L. ] ‘;"(.l spels)

\NMN/

T

1.300(%)

' IEE LI

3+332
l 1.332

] 1:-111‘\’8?_ e
Ph/N\/\N h
/o]

1-400

Figure 1-6 Bond Lengths of Some Iminium Salts

-156

157

i58

161
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The bord lengths of salts 16 and 18 are the same
within error limits, evén with the possibilify of a charge-
stabilizing interaction between the positive charge and the-

‘methoxy substituent in 18.—--

V. Longer Chain Iminium Ions

Absorption Studies

Absorption spectra of a series of retinal iminium i?n
homologues show_that:a'relationship'exists betﬁeen absorption
maxima and the length-of a conjugated chain. Each additional
double bond increases the absorption maximum by 30-50
nm.l445108 E isomers absorb at slightly hiéher wavelength
and with higher extinction coefficients than Z isomers.

Photoisomerization

Photoisomerizations of longer chain iminium salts
other than ‘the retinylidene salts already mentioned have not

been studied.

VI. Photoisomerizations in Related Systems

C=C isomerization in conjugated iminium ions has been

36161'164’ . '—'

observed in cyanine dves, the 4,4'-bipyridyl-

ethylene.dication, 37165, and in l-alkyl-4-styrylpyridinium

X
H

CN

CHs
CCH;
NO,

N (CH3) 5

salts, 38-—41:3.166'170 W

S

36 - 37 -
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The dication 37 isomerizes with a-high quantum

efficiency in the singlet.state; ¢ g+g=0.5%#0.1l. For salt 38,
the effect of aryl substituents on the photoisomerization was
explored, and several mechanisms qf photoiscomerization were
elucidated. Quantum yields of E to Z isomerization about the
C=C bond were measured for the salts with various para sub-
stituents, 38-43, Egquation 6. Pyridiniuﬁ-salts 38-42 iso-
merize with essentially the same gquantum gields, and hg;;
similar photostaticnary states. In spite of this, tﬁo mecha~
nisms are operativg. Salts 38—41 isomerize in the singlet
excited state, and-the nitro substituted salt, 42, in the
triplet.lss'169 When a dialkyl amino substituent is present,
43, isomerization is inefficient, with an activation barrier
of 24 kecal mol~1,6167 considerably higher than the 2-4 kcal
mol™% barrier to isomerization in the unsubstituted salt, 38.
This led to the conclusion that for 43, deactivation was’
occurring byrinté}nal conversion from the planar excited
state. A fourth isomerization pathway was shown to be ?lec—

tron transfer initiated, and will be discussed below.l70

X

ja o

U

PR—Y
—

Y 3

VII. Other Photoreactions

. . . 1 4
An example of a cyclization reaction involving a
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conjugated iminium ion is shown in Equation 7. The photo-

reaction of 44 requires an initial photoisomerization about

the C=N bond.l71:172

,I | ::;; [7::] _ ]
g ol o

44 .

The addition of electron-poor olefins to aryl iminium
ions has been observed.l73'174 These reactions were found .to
be substituent dependent. The iminium salts 45, with
fluoride, chloride, bromide and methyl substituents appear to
add olefinsvat the con%ugéted aryi ring, egquation 8. Aﬁ

electron-donating group, methoxy, induces addition to the C=N

group of 46, equation 9.

R R R ‘ :
‘ hv CK cN [8]
_ H N ‘ 3
ClQ.- L i
45 '
OCcHy ocH;
hu
. ' — . cN
o . H N (9]
| C10. .
46

Other cyclization and cycloaddition reactions have been

reported.l75-179,147
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VIII. PhotoinducedbElectron_Transfer

The energy. gained on abs&rption of a2 photon can be
used, not only for iscmerization, but also for dqnating or
accepéing an electron in the excited state. The empirically
derived.relatibnship; equation 10, proposed by Weller, relates
the energy of the absorped photon (AEO,O)' the energies'of
oxidation of the donor (El/2§+)) and ;eddction of the acceptor
(El/z(—)) in the system to théAprobability of electron trans-

fer. € is a constant that is solvent dependent.180 b
AG = El/2(+) - El/2(_) - ‘AEO,O ". C [10]

When AG is less than zero, electron transfer should
occur, at rates approaching the diffusion controlled limit.147
In general, iminium ions readily accept electrons in the
excited state or from excited donors.

| Photoinitiated electron transfer reactions have been
used to add a variety cf electron donors to iminium ions.
Donors fall into two classes: w-type donors (arenes and

electron—-rich olefins) and n-type donors (alcohols and

ethers). Some examples are given in equations 11-13.

A=l - o >= 2 ) [12]
. H/ n CHeOH ' B ccrs
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. [12]

Q-0 0N

Cl0e~
The initially produced radical caticn can react Withfg )
a nucleophile in two ways, either by addition, Equation 14,
or by loss of a proton, Equation 15. The products of the

reactions are then formed by radical coupling.147

(14}

- o]
— — Q - >'—\ —_— QCra
CHa|” -

CHalH [uda}

. C10~ : ) {151
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A photoinitiated electron transfer mechanism for C=C
bond isomerization has been cobserved for stilbeneslsl, és

well as for molecules where the C=C bond is coenijugated to

7165 42170,

iminium groups, as in 3 and

The photoinitiated electron transfer mechanism for

isomerization of Z-stilbene, 47, is shown here.

= . o=
N - )

seolilioa ol voe Meome

47

CN ’
oN

In this example, the excited dicvanoanthracene mole-

P

cule accepts an electron from 47. The stilbene radical
cation produced can rotate easily about the C;,C, bond, and
can then react fur&her, or can accept an electron to retﬁrn
to stilbene. About 98% of the stilbene molecules-isomerize
‘to E-stilbene, the remainder revert to Z-stilbené.
Electron transfer from halocaromatic molecules to the
- excited singlet state of 37 is thought to lead to intersystem
crossing to the triplet state, from which isomerization occurs.
. Electron transfer from the counterion, I, to the
excited styrylpyridinium icn, 42, is observed in non-polar
sclvents, Equation 16. The main preduct of the reaction is

the starting isomer, 42, with some Z C=C isomer also formed.

<
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NOg

-

IX. Thermal Iscomerization

Thermal E-2Z isomerizations of iminium C=N bonds and

C=C bonds conjugated to iminium éroups have been observed in

150,182-188

numerous cases. Experimental evidence has been

found for three isomerization ‘mechanisms, shown in Scheme 1-3.

i 13

Rj Ry
.:‘ﬁ
|
Ra R,
pctﬁ/g; T i \\\

Ry he Rz R ] R - R
\\ﬁ/l path b l\W(/ . :\1{ 1
—— e —

. - Nu=- = Nu=-
R=/C\R‘ ) R:“\\‘A:\Nu - R;/:\R.‘
Ra

Schame 1-3
The iminium ions 48-50 are thought to isomerize by a

183,184 7pe transition state in each case

rotation mechanism,



| 48

- -,

is highly stabilized since it has aromatic character.

- ) CH:\;/M' CH:\;/Ar '
A - Ty - . ‘
\N/C SBbCle - coe-
/)ﬂl\fﬁ- | |
CHa~” ~ Ph _ ‘ B CH CHa
48 - 48 - 50

In several molecules where the rotational transition
state is not stabiliied significantly, catalyzed iéomerization
mechanisms have beén observed.”:These are shown as paths b
and ¢ in SChemé 1-3. The iminium chloride, 51, isomerizes by
the nuclecophile catalysed path, b.+85 Radiocactive chloride
counterion exchanged with—the chlorine in ﬁhe molecule at a

rate equal to one-half the rate of isomerization.-

H\.;/QCH:
I «-

?”/;;\C’

31

An acié catalysed isomerization path, ¢, has been
cbserved in a cyanine salt, 52.186 che site of protonaticon
was not established, although exchange of the C, proton for

‘deuterium was observed when deuterated acid solvent was used.

CHJI\Mu/CHT

I I T Cl04-
CHa CHa
S22

An amidinium salt, 53, also isomerizes in .an acid
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catalysed reaction. Protonation on the nitrogen was thouéht
"to be the most likely mechanism.187

H H.T

| I—'m-'

CH:/'»Y\CH!.

CHa
- 53

- Iminium salts 30-34 contain Z C=C bonds coﬁjugated to
iminium groups, and isomerize about the C=C bénds by one of

two mechanisms.150

Electron-withdrawing substituents on the
phenvl r;ng promote & nuclecophile catalyseé isomerization
mechanism, and electron-donating groups induce an acid cata-
lysed mechanism when the reaction takes_place in a strong

.acid such as trifluorcacetic acid.

cru\/crh CH:\]/CH:

Cl10.~
Cl04

30 - 34 ' i4 — 18

A mechanistic study of thermal C=C iscomerization of
the styrylquinolinium salt, 5S4, revéﬁied that the iscmeriza-
tion rate did not depend on the ﬁature of the countericn, but
decreased with increasing sclvent polarity’.188 Electron-
withdrawing substituents on the phenvl ring increase the rate
of isomerization, however replacing the counterion with a
more nucleophilic one leaves the reaction rate virtually

unchanged. The authors conclude that isomerization preceeds
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~ o2 \\_
) Fa' A

by a rotation mechanism, but this is Qifficult td;:Qgghcile.

———

with the observed substituent effect.

a~ -

54 .
In recent years, great progress has been made towafds’//’#n—

an understanding of the properties of the retinylidene-
o ——

containing pigments, rhodopsin and bacteriorhodopsin, but -
quegfions about their chemistry still need to be answered.
Although it has been established that the photocycles of‘thege
chromophores begin with a fast iéoierization about a specific
c=C déuble bond, it is not clear whether the protein sur-
rounding the chromophore dete;mingg_the reaction rate, or
whether iminium salts in sélution behave similarly. The
proteins:certainly influence the regiosef%ctivity of the
reéction, but thré could be caused by an electronic interaction 4
with a éha:ged species in the protein, or a constraining

Ll

influence on the gecometry of the retinylidene chrqmophéfe
determined by the three-dimensicnal structure of. the protein.
In addition, the mechanisms of thermal isomerization are not

agreed upon, and are impertant in the chemistry of bacterio-

rhodopsin.
The photochemical isomerizations of simple iminium

salts where more than one bond can isomerize have not been



- ‘ 51

examined in detail before. There are many properties of a
molecﬁle that can cqnceivably_determine regioselectivity in a
photoreaction, such as electronic or steric factors. In this
thesis, the electioﬁic properties of- an c,B—ﬁnsaturated
iminium salt were variéd by changing the_substituéhts on
" phenyl rings at eitherv end of the molécuie. _The ground and
excited state properties of these iminium salts are discussed
in terms of the substituents, and thejﬁhofoisomerizq;ion
quantum yields of C=C and C=N isomerization were measured as
a function of these substituen:s. o
Two opher reactions of these iminium salts were
investigated: a phqto—iniiﬁaﬁeé electron transfer pathway
for C=N isomerization, not previously observed in an imiéium
'salt, and thermal iéomerization.
The mechanisms of thermal C=C iscmerization in conju-
gated iminium salts had been studied previously. The thermal
isomerization mechanisms about the C=N bona in o, B~unsaturated

iminium salts are reported in this thesis.

- i
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CEAPTER 2

SYNTHESIS AND STRUCTURE

- A —

I. Szgthesis )
The ﬁ—aryl, N-methyl 3-arylpropenylidene iminium perﬁ'
chlorate salts 55—63 were.éynthesized by combiring~¥N-methyl-
aniline or.parg-substitu;ed N~-methyvlaniline, awx equifnolar
amouht of 70%'§erchloric acid and cinnamaldehyde, or its
appropriate derivatiQe, in ether. The product pre;ipitated

from solution, Eguation 17.

2 4°.Y
H o z. ol
::r N\CH,' - HC1C, - [17]
. . aethor
¥ . Clm4-' -
X
X Y
55  NO, H
56 Cl B
57 H H
58 CHB H
59 OCH4 H 0
60 H NO,
61 ' H Ccl
62 H CH3
63 B OCEB

52
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A single product (>98% by lg N!-!.R) was isolated as a.. ‘
colou&ed solid in each reaétion. The salts 55=63 were
characterized by their melting pbints, eiémeﬁtal'analyseé and
_infrared SPeEtra, Table 2-1. Solutions of the salts in
trifluorcacetic acid were analyzed .by absorption spectro-
scopy, Table 2-2, lg NMR, Table 2-3, and L3¢ KMR, Table 2-~4.

The signals of the 1z NMR spectra were assigned by
comparison with speétfa of 14—18149‘150, and by sélectivé'
decoupling experimenﬁs. 13¢ NMR signéls were assigned by
lcompariéon to the spectra of 14-18, and by using calculated

lsubstituent parameters for the resonances of the aryl ring
189

carbons.
The solids are'unreactive to air or meisture in the
air, inscluble ih non;bplgr solvents and ethers, dichlo;o—
methane, and water. They dissclve readily in methanol,
acetonitrile, nitromethane, sulfur dioxide, and strong acids
such as trifluorocacetic acid. Traces of water in the aprotic

solvents cause hydrolysis of the iminium salts.

II. Geometric Isomerization

In solution, a thermal reaction takes place to pro-
duce. a mixture consisting of‘approiimately equal'aﬁouhts of
the starting material and a product that was identified as a
geometric isomer. This reaction is fast at\room temperature
in acetonitrile and nitromethane, but slo&ﬂin trifluorocacetic

acid. A solution left standing for several days at room
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Table 2-2

Absorption Data for Iminium Salts 55-632

Igigium : Amax (0m) loge Aul/ztloiscm"l)
55 348 4.51 1.4
56 368 4.60 1.6
57 - 361 4.60 1.6
58 378 4.58 1.7
59 408 4.63 1.4

60 370 4.56 ' 1.6
61 361 4.53 1.6
62 360 4.49 1.5
63 o372 . 4.46 1.1
ﬂ
a

in trifluorcacetic acid
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temnerature in trifluorocacetic ac1d contains only small
amounts of the thermally produced isomer. Solutions of the
iminium salts absorb light of 366 nm and react to produce
mixtﬁres cf four compounds, one -is rhe starting material, the
others were shown to be geodétrlc isomers by 1H NMR. The
thermally produced isomer was among these photoproducts.

Four stere01somers are possible in these iminium

salts, produced by E-Z isomerization about the two double

bonds.

Cl0 Cl04~ Cl10+ Cl0

E. & ‘ Z.E _ E.Z 2.2
1H NMR spectra show that in each case only one (398%).
of the isomers is formed by the synthesié describod above,
with <2% of another iscmer present in éome cases. The major
isomer was shown to be the E,E isomer by 1y nMr spectroscopy
and X-ray crystallography. The size of the codpling constant
across the C=C bond, J2'3, 15 Ez, £its an E douple bond, as
these are generally in the range 11-18 Hz, and Z isomers have

190  the configuraiion

coupling constants that are smaller.
about the C=N bond could not be determined in this way, so an

X-ray crystallographic structure determination was used. It
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was found that the C=N bond of 56 has an E configuration.191 N
It is assumed that the otherréalts are also ﬁ C=N isomers.
Ehé lg nMr spectra of the thermally prodﬁced com= '
pounds are similar. to those of the-starting materials, Figure
2-1, Table 2-5. _On the basis of the cqupling constants J2'3,
the C=C bond is E as in the starting isomers, so the configu-

raﬁiop of the C=N bond must be Z, 64-72.

,—. . —_— x Y .
) , 64 NO, H
=
\NKJ:::T/ 7 65  Cl H
CHy he o e CHa
| A | 66 H B
T . 67 CH, H )
' C10+ S C10~
,JEg, 68 - OCH; H
B x .
69 H NO,
SS - 63 7 ' " 70 H cl
71 H, CH,
72 B OCH4

The remaining stereoisomers cogld be generated photo-
chemically, along with 64-72, from 55—§3 respectively, and
were chagyacterized by their g NMR spectra only, Figure 2-1.
These two-isomerg have Z C=C bonds,qu’B = 11 Hz, Table 2-6.
It was assumed that only one of the two double bonds iso-
merizes on absorption of a pﬁoton,192 so the compounds that
appear firét in an irradiation of the E,E isomers 55-63 are
the Z C=N, E C=C isomers, 64-72, and the E C=N, Z C=C iso~

mers, 73-8l. The remaining isomers, 82-%90, are not present
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1 3
2 D A
i
e e W
9 7 : 5pgm
Figure 2-1 Vinyl Region of the lg NMR spectra of N-methvyl,

N-phenyl-3-(p-methoxyphenyl)-2-propenylidene
iminium perchlorate, 59, in TFA (A) E,E isomer,
(B} Z2,E iscomer in a thermally produced mixture,
and (C) B,2 and 2,2 isomers in an irradiated
mixture.
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1y NMR pata for Iminium Salts 73- 90a,

Table

2-6

b

62

:im%ﬁium

Hj

mhd Hy Hy CE;  Other Jy,; Ja,3
(Bz) (Ez)
73 §.45d 7.08dd g 4.05° 1T 11
82 8.52d 6.30dd ¢ 3.98€ 11 11
74 8.42° | 6.8344 | 8.11a 3.97s 11 11

83 8.61d 6.11dd 7.77d 3.93s 11 11
75 8.45d 6.82aa 8.21d@ 3.97s 1 1
84 8.61d: 6.12dd 7.87d 3.92s 11 11
76 8.44d¢ 6.73ad  8.15d 3.93s  2.22s 11 11
85 '8.61d _ 6.03a@ 7.80& 3.90%  2.29€ 11 11
77 8.404 6.67dd4 8.08d" 3.91s 3.79s 11 11
86  8.59a 5.98ad 7.8% c c 10 10
78 8.52¢  6.90dd ¢ 4.02s 11 11
87  8.73d 6.10dd 7.984  3.98s 1 11
79°°  8.43d 6.82d@ 8.22d _ 3.95s : 11~ 11
88 8.62d 6.11dd 7.89d  3.92s / 11 11
80 8.43d 6.80a@ 8.17d  3.95s 2.27§ o 11 11
- 89 's.séd 6.15ad  7.84d  3.90s  2.32s 11 . 11
81 8.394 6.80dd 8.14d  3.95s  3.79s 11 11
90 8.57d 6.17dd 7.85d 3.89s  3.84s 11 11

.2in ppm, referenced to N(CH3)

trifluorocacetic ac1d

b

multlplet(s)

Cpeaks hidden

s-—smnglet,d-—doublet,dd

BF4- at 3.10 ppm,

in

doublet of doublets, m =
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in the irradiated mixture until more than ten percent of the
starting iscmer has reacted (with one exception, 60). These
v ‘ are secondary photoproducts and mnst have the Z,Z confiqurar-

tion. The distinguishable resonances of the B NMR spectra

of the. isomers 64-90 are given in Tables 2-5 and 2-6.

: X X
— 73, 82  NO, H
v v 74,83 al H
'C*\;/O/ \©\"/=H= 75, 84 H "
| | [ 76, 85  CE,  ®
C10.- C10. 77, 86 OCH4 H
x | x 78, 87 E - No,
| 79, 8 B  cl
73 - 81 82 - 90 ;
‘ 80, 89 K CHj
- T 8IS H ' OCH4

If any of these iminium salts is allowed to crystal-
lize from‘a solution containing the E,E and Z,E isomers, the
crystals isélated aée only E,E, and the solution does not

‘coptgin increased concentrations of the Z,E isomer. This
phenomenon has been cbserved previously,193 and was called

."diastereomeric transformation®”.

Separation of C=N Iscomers

- Several attempts were made to separate the isomers by
dolumn or thin-laver chromatography. When the packing mate-
rials (alumina or silica) and eluting solvents were carefully

dried, hydrolysis coulé be minimized, but no degree of
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separation of the isomers was ever -achieved. This is attri-
buted to fast isomerization about the C=N bond/in either the

7
eluting solvents or on the solid supports

ed. Selective
crystallization as a separation technique[was alsc unsuccess-—
ful because of the isdme;izatiop.that occurs on crystaliiza—

“tion.

" IIT. Structures of the.E,E Iminium Salts ' ?3:

=
The X-ray crystal structure of 56 shows that the

molecule adopts an s—trans configuration about'the-cl,'C2
single bond in.éhe solid state. The relative energies oé the
-s=cis and s-trans conféfmers-are thought to be h
similar,l49'%51'§o it is possible that in sclution an equili-

: [C
brium exists between the conformers. If so, the conformers

- -

must be rapidly int®&rconverting at room temperature, as no
evidence for two species:w;s observed by:NMR spectroscopy.,rA
solid state “CP/MAS l‘B’C NMR spect—rum of the salt 56 can be -
compared-ib the aﬁlution 13¢ NMR spectrum, Figﬁre 2-2,

Table 2-4. The two spectra are remarkably similar, sug-

geéting that the conformation and structure of the'molgcﬁle

-

-

in solution is the same as observed in the Solid.statél -

Charge Distribution

3

In order to unﬁe?stand the reactions of these iminium ¢
salts, some krowledge of their grouhd~state structures is

necessary. " The structure-determination of salt 56 by X-ray

-jcrystSilography (sclved by.GéL Shaw; McMaster Cniversity)
. T- ) . - N > . .

.
P

e
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Figure 2-2 13¢ nMr spectra of N-methyl, N-phenyl-3-
(p~chlorophenyl}-2-propenylidene iminium
-perchlorate, 56 (A) TFA solution, and (B) solid
state .
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can be used to determine the extent of charge delocalization
in the molecule. Analysis of the bond lengths found in the
crystal structure indicate that the positive charge of the

molecule is not delocalized farther than Cl.lgl

CH:\"/@

[ 1-a20{0)

1.330Cic)

leasngey 10T

o
S5

Solvent Effects

It is difficult to predict the effect thét solvents
Twill ﬁave 6n the ground state structures. The siﬁilarity of
the solid state and trif luorocacetic acid solution +3C NMR

spectra suggest that there_aré no majo; solvent effects on -

the ground state. The effect of scolvation of the counterion

on the spectrum is not known, however.

VAR



CHEAPTER 3

PHOTOCHEMISTRY

The iminium salts 55-63 isomerize about the C=C and
C=N bonds on absorption of light. Various excited state
processes of these molecules were examined--the absorptioq
and emission of light, photoisomerization, and intersystem
crossing from the excited singlet to a triplet state. The
results, togethef with experimental and theoretical informa-
tion in the literature, are used to attempt to describe the
nature of the excited state that leads to isomerization in

the conjugated iminium salts.

[::l\wx/cm

cm -
hU
Cl0.- €10 } L1304 C104-

I. Absorption and Emission Studies

The absorption spectra of the iminium salts 55-63
were obtained in t:;fluoroacetlc acid. EBach of the iminium

salts 55-63 has an lntense long wavelength ==z * absorptlon

o
3.

band extending into the v151ble reglon, Takle 2-2. The
\\_,/

extinction coef‘lczents of the absorption bands are large,
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4

pd 104, the bands are broad and have no vibrational structure,
as is shown for salt 57 in Figuré 3-1.

- After recording spectra of the E;E isomers, 55-63,
the solutions were irradiated to produce mixtures of isomers.
In all cases, the absorption decreaéed in intensity, indica-
Eing that the 2 iscmers, E,Z; Z,B, or Z,Z, absorb with smal<
ler extinction coefficients than the E,E isomers. This has |

144  mne isomers

also been observed with other iminium ions.
could not be separated, so individual absorption spectra
could not be measured.

Fluorescence was not observed in acetonitrile sclu-

.tions of iminium salts 55=-63 at room temperature. The quan-

tum yield of fluorescence for these salts can be estimated -as
<10-4. Salt 57 was dissolved in a mixture of sulfuric acid,
trifluorcacetic acid and aéetic acid {2:2:1), which formé a ‘
glass at 77K. Luminescence was not observed under these
cbn@itions, possibly because of experimental difficulties.
Some closel& related iminium salts have been reported to
luminesce in powder forn}.lg4

The absorption of light by a molecule leads to the
creation of an excited singlet state, Sl: In the ground

state, a molecule in solution is normally in its lowest

vibrational level, but on excitation, one of many vibrational

-

levels of S, can be reaqyed. Por a non-rigid molecule in

solution, thesm vibrational levels are often close together,

so that the manv transitions observed appear as a continuum,

¥



300 400 nm

Figure 3-1 Absorption Spectrum of N-methyl, N-phenyl-3- \
phenyl-2-propenylidene iminium perchlorate, 57,
in TPFA. '
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and the spectra are broad and featureless as observed for the

iminium ions 55-63.

5 v=l
3 v=0.
v-?
S =
o v=0

The A ., of the absorption band corresponds to the
most probable transition, often to a vibraﬁionally excifed
level of S;. The siz; qf'the extinction coefficient at the
maximum (e ..) is a measure of the strenéth or probability of
this transition. The large extinction coefficients of the
absorption,épectra of salts 55-63 indicate that the transi-
tion from ground to excited'state is a formally spin-allowed

and electronically-allowed process.195

\\‘—The vibrationally excited molecules are thought to
decay to the.lowest vibrational level of S, before further
excited state processes take place; so it is desirable to
know the energy of this level. The energy difference betyeen
the lowest vibrational level of the ground state and the’
lowest vibrationai level of the excited state is Eg,0° This
correqunds to the energy at the origin, the highest energy
vibraticonal band, of the fluorescence spectrum. The origin
can aléo be approxiﬁated by the onset of fluorescence in a

. brecad spectrum, or by the lowest energy absorption band in a
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structured absorption spectrum.l96 Since fluorescence was -

- not observed for the iminium salts 55-63 and the absorption

spectrum is unstructured, assignment of.the 0,0 band is not
possible. Rather than using EO,O to determine the excited---
state energy-levels, the trends observed in the ébsorption

maxima of these compounds will be assumed to reflect changes

- in the energy level of S;.

Structure of the Excited State'

The ground state structures of the iminium salts 55-
63 have been discussed in Chapter 2. The positive charge of
the ion is mostly localized at the iminium groﬁé. The struc-—
ture of the related iminium salt 16 is not affectéd by an
electron-donating substituent on the C3 phenyl ring (see
éhapter 1). This is assumed tc hold true for the sath‘SS;GB
as well. However, the abscorption maxima depend strongly on
substituent. Salt 59, with a positive charge stabilizing .
methoxy group on‘the°C'3 phenvl ring, is a red solid and forms
a red solution in trifluorocacetic acid. Its absorption maxi-
mum is 408 nm, the lowest energy transition cf the series.
Salt 55 has an electronﬁwithdrawing substituent on the Cj
phenyl%Fing which would destabilize a positive charge. This
iminium salt is yéllow, and its absorption maximum is at
riigher energy, 348 nm. Since the ground statel structures,.
and presumably also the ground state energy levels, are un-
affected by substituents, the observations are consistent

with a shift of the positive charge toward the C3 aryl ring

L
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in the Franck-Condon state. This positive charge is stabi-
lized by the electron—éonating methoxy group and destabilized
by the nitro substituent.gsThe initially-fbrmed excited state
can be represented as a combination of resonance forms with
varying degrees of positive charge migfation towards the Cqy
phenyi ring. The extent of charge delocalization is not
known, and might vary with sﬁbstitueht."

Substituents on the nitrogen‘éryl fing have little
‘effect on the absorption maxima. The N—phenfl ring may be
twisted out of the plane of the 7 system, and sc conjugative
effects are not obsérvéd.

Similar correlatioﬁs between absorption maxima and.
susstiﬁhent can be made for the iminium salts, 14—18,150§the
.styrylpyridinium salts, 38—43,168 and the tetraphenyi-
eihylenés, 91—94,197.Tab1e 3-1.

The Franck-Condon principle states that the geometry
of the excited stéte reached on absorption of a photoﬁ is the
same as the ground state geometr& cf the molecule. Absorption
of a photon takes place in about one femtosecond (10-15 s).
Vibrations of organic molecules take a relatively long time
on this scale (10713 s for a C-E stretch and. 10712 s for a c-
C bend), so the moleculéihas no time for vibrational relaxa-
tion within the absorption pﬁdcess. Electron movement is
much faster than nuclear motion (10—15 s), therefore changes
in the molecule must correspond to changes in electron con-

figuration. The absorption spectrum then reflects differences

t7



Table 3-1

Absorption Maxima as a Function of Substituent

-
.

-Compound Substituent A max (nm) Réference
552 NO, 348 this work
572 7 B 361 - n
594 OCHE4 408 " "
142 NO, 323 150
162 B 341 "

182 . OCEj . 384 .
42 NO, 345 168
380 B 358 "
41b OCHj ' 404 "
43b N(CE5), 512 "
91¢ R: 306 197
92¢ ~ OCH4 318 "
93¢ CN 326 "
94¢ X=0CEj, 353 "
¥Y=CN

Qin trifluorocacetic acid

bin dichloromethane

Cin 95% ethanol
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in electron distribution between the ground ana excited |
states. . |

The substituent effects observed on the absorption
maxima of the iminium salts 55-63 indicate that the struc-
tures of the initially formed exciteé states, identical in
geometry to those of the ground ates by the Franck-Condon
principle, have decreased electron densitg/ig\thg 93-pheny1
to C; regions of the molecules. e
- Absorption of light by the retinylidéhe_iminium_salts
results in a similar charge migratioh. This was predicted
from thepretical calculations,gs'97 and has been experimen-
tdll& verified by measuring‘the change in dipole moment of
the molecule on excitation.lls'll7 Thé dipecle mbment of the
eicited state is much larger than that of the ground sta;e,
indicating thaf charge separation has occurred. In tge
ground state the positive charge is close to a ﬁegative
counterion. On excitatioﬁ, tﬁe dipole momént increases when
the positive charge moves away fromkthe-counterion, into the

polyene chain.

Lifetime of the Excited State

The lifetime of an excited state can be measured in
several ways. A& direct measurement of the fluorescence decay
gives the most accurate excited state lifetime. When this

information is not available, a decay rate can be calculated

. from - the fluorescence and absorpfion spectra.198 In

7

addition, the absorption spectrum can give an estimate of the
", 12 : =1

- M
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fluorescence decay rate, assuming it is the only pathway for

excited state deactivation, using the relationship in

Equa;ion 18.199

-
-

- -9 2 -
ke T 3 x 10 Ve  max 501/2 [18}

ko = rate constant for emission (s™1)

Vo' absorbance maximum (cm_l)

—

Emax = extinction coefficient at the absorbance maximum

Avyso = width of absorbance band at half}"[ght (em™3)

-

The lifetime of the exéiteé state is the inverse of
the rate constant for emission, ke-l.

The lifetimes of the excited states of the imiﬁium
salts 55-63 calculatéd using Equation 18 are about 10711 o,
Since fluo;escence is not observed in these iminiu; salts, a
npn~radiative competing process must occur in less than
10711 s,

| Excited staté lifetimes of other iminium salts have

been reported in the nanosecond range at 778244, and a more

recent report found that the retinylidene iminium salt has an

excited state lifetime of <1071l s at room temperature.146

Planar Excited States of Alkenes, Polvenes and Iminium Ions

The excited states of conjugated iminium ions have
. been deséribed in the literature in terms of valence bond
theory derived for the isoelectrohic linear polyenes. The
symﬁetry'g}operties of the polvenes are used to generate

descriptions of the ground and excited states.2%0 fThe lowest
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energy ground state of a linear polyene.of C,h symmetry is a

singlet state, 1 The two'singlet excited states, which

g.
differ from the ground state only im electron distribution,

are described as lBu+ and lAg'. The 1Bu+,state is of icnic

character, although the state has a permanent dipole only if

some dissymmetry exists in the molecule.

X = X - X

Ag : B+

The transition from the lAg ground state to the lBu+

excited state-is allowed. This is seen experimentally as an

absorption band with large extinction ccefficient at the

maximum. The lAg' state is neutral in characﬁer, and the

transition to it is not formally allowed.

hv .
—
not ol lowed .

Ag Ag™

Absorption in linear polyenes is normally strong,

indicating that an allowed *A_ to lBu+

g transition is ob-

' served. This does not neéessarily mean that the lBu'" state

-

is of lower energy than the lAé' state. In fact, icnger

chain pclyenes such as diphenylhexatrienes are thought to

;AQ“ states, while in molecules ‘such

as stilbene and diphenylﬁutadiene the ordering of excited

have lower energy



nQt purély "ionic® or "covalent®.
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states is reversed.

Replacing a carbon of a polyene with a nitrogen to

form an iminium ion reduces the symmetry of the system. This

-

in turn changes the properties of the excited states.

Nevertheless, analyses in the literature have based their

-

arguments on the linear polyenes, assigning 'Ag'-like' and

‘Bu+—like” states.?%0 The allowed transition, the one
causing strong absorption, ig to the ionic lBu"'—like state.
Because of the greater electronegativity of the iminium nit-

rogen versus carbon, this is a state with a permanent dipole.
\;_/ i \N'/

“Ag = lika" _ "B,+ — liko"

'u\ The sttong absorption bands ¢f iminium salts 55-63

are in agreement with an allowed lAg to 1Bu+-like transition.
The substituent'gffécts on the absorption spectrum also sup-
port the assignment of an ionic excited state. ﬁowever, it

is .important to remember that the reduced symmetry in the

meolecules is expected to result in increased mixing between

the A;" and B," states, so that the properties of each are

- -

The state reached on aBsorption is not necessarily

the state from which-fluoisffence or other photoprocesses
) - . N 1 :
take place.. If the lAg state lies below the “B, " excited -

Ne—

y
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staﬁe, £he former state can be reached before further reac-
tions occur. The state where fluorescei%? initiates can be
cbserved e;periméntélly in several ways. If.the excited
molecule internally converts to a lower energy excited state,

and fluoresces from the latter state, theﬂ the 0,0 band of

the fluorescence spectrum will be separated fbéa—%Fe 0,0 band

of the absorption spectrum by an energy difference équal to

-

the ehergy difference between the initially formed excited

state and the fluorescing state. If the fluorescing state is
, o . e
lAg » then the transition to the ground state is not a for-

mally allowed process. ‘The lifetime of f£luorescence is then
longer than that calculated from the absorption and fluore-

scence spectra.lgsf201 Two-photon spectroscopy can be used

to detect directly the lAg_ state. In this technigue, ab-

sorpticon between lAg states is allowed.?00

Stilbene and diphenvlbutadiene show behaviour

ibuted to absorption and fluorescence from the same

ateri

1 .
state, the *Bu+ state. Longer polvenes, such as diphenyl-
hexatriene £luoresce from the lAg_ state. .

Little information exists about the flucorescing state
of iminium ions. One &ifficulty is their broad absorption
and emission spectra which makes assignment of the (,0 band
difficult. An exception is the iminium ion of decapentenal,
for which structured emissiocn can be observed at 77K. The
£luorescence spectrum is separated f:oﬁ the absorption spec-

trum, and the measured flucrescence lifetime 1s longer

¢t
4

v
3

-
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that calculated from the absorbance and emission spectra,

indicating that emission originates from the 1a_~ state.20!

, g9
Retinvlidene iminium icons have broad fluorescence

spectra even at low temperature, so a similar analysis is not

possible. However, the lég— state was found by two-photon
A

spectroscopy, and lies above the lBu+ state, although the-
separafion is sma11.202 Similar results were obtained for a

rhodopsin analogue containing an ll-cis constrained retinal
chromophore.20°

The studies of these conjugated iminium salts agree

that the lAgfﬂand lBu“ states are-close together, although

the ordering is reversed for the decapentenvlidene iminium
ion, suggesting that in iminium salts, significant mixing

between the states influences.the character of the excited
state. It is important to bear in mind that, although the
abscorption spectra indicate an icnic excited state fcr the

imintum-salts 55-63, the fluorescence studies of other

molecules indicate that a covalent state may be reached
before further photoprocesses take place. The states dis-

cussed so far are thought to be planar, élthougg\some gecmet—

-

ric relaxation will have taken place after the Franck-Condon

—~

-

state was reached.
'In the conjugated iminium salts studied to date, 2
"‘. - ) - S — -
rapid radiationless process deactivates the planar €xcitedy
N

state at rocom temperature. Preocesses that micght compete with

fluorescence in these mclecules are twisting about a double
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bond, intersystem crossing, or internal conversion.
. Tie

———— - inter-aystemn

. v cro--lng/ \

Sy Sj® — M -
rotation : -

1nt-rnu\
converalaon

& = singlat
T = triplet

P =« pargesndicular

II. Photochemical E-Z Isomerization

. Iminium salts 55-63 in solution isomerize on irradda-
tion about both the C=C and C=N bonds. On prolonged irra-

diation of the E,E isomer of each salt, mixtures containing

the four possible sterecisomers aré.obtained. P

v S v Y R
\\w/l:::r/ lxﬁ“\;}/cﬁ CW\\;)I:::T/ \71:21\;,/5N
ﬂ)l . | | |

hu

Cl1l~ ~ Clide- 2y Cl1C.- ) =y Clile

S5 ~ B3 B4 -~ 72 73 -~ 8: 82 - S0,
Compound X Y
55, 64, 73, 82 NG, ‘E
56, 65, 74, 83 - Cl - 31
57, 66, 75, 84 = H 3
58, 67, 76, 85 CEQ 34
59, 68, 77, 86 0C=y E
60, 6%, 78, 87 B NO,
6x, 70, 79, 88 E cl
62, 71, 80, 8S E CE,
63, 72, 81, 90 . B 0CHq
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The products were identified by 1y NMR, Chapter 2.
Chemical shifts are given in Tables 2-3, 2-5 éﬁa 2-6. No
products other than the geometric isomers were formed in the

irradiation in amounts detectable by NMR. The sclvent used

“ in these experiments is trifluorcacetic acid, chosen because

thermal isomerizations are slow in this medium.

Quantum Yields

At low conversions, <lb%, it was obsgrbed that the
E,E isomers convert only to the E,2 and Z,E iscmers, with the
exception of salt 60. In this case, the i,z isomer is formed
.earlier in the irradiatiom This isomer cotlé still bhe a
secondary product, however freguent stirring during the
irraéiation to ensure tﬁat local concentrations of E,2 or Z,BE
isomers were low éid not affect the formation of the Z,2Z
isomer. —

Quantum vields of the photoisomerizations of iminium
salts 55-63 were measured using an optical bench,‘and are
given in Table 3-2. A silicéq photodetector with digital
output was calibrated by ferrioxalate actinometry and used to
gquantitate the light absorbed by the solution. Relative
isomer concentrations were/§etefmined by 250 MHz 1z nmMr

P
analvsis.

Thermal controls showed that small amounts of iscmers
64—-72 were present before irradiation, and, with the excep-
tion of 68, these did not increase under the conditions of

the experiment and analyses. The quantur vields given are
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éérrected for these isomers, té tﬁé deteétion”limit‘of about
0.5%,. . |
ingthe case of salt 59, some thermal isomeiization.
'duriné-the‘expériment accounts for the higﬁ quagsum vieléd of
C=N isomerization. This can be seen by compa?ison to a
me&éuremeht in the weaker acid medium, 0.0l M sodium tri-
fluoroacetate in trifluoroacetic acid, in which thermal iso-
merization-is expected to be slower (see Chapter 5),

Table 3-3.

Concentration Effects

. The quéntum yields.were measured over a small concen-
‘tration range. The lowest concentration, about 0.04 M, was
tﬁe pfactical limit for Fhe analysis methed psed. The guan-
tum yields_we;e not affected by doubling the concentration of
the samples, indicating that bimolecular effects are not

important in the photoreaction.

Effect of Dissclved Oxvgen

Preliminary expeéiments showed that the guantum
vields were not affected by degassing the sampies before
irradiation. Triplet states formed in a pﬁcto:eaction can be
guenched by dissolved oxvgen. This is cften ﬁsed to deter-
mine the multiplicity of aﬁ excited state reacticn, since
guenching of a reéction should change the cuantum vields
meastred. In these experiments the result is ambiguous be-
cause the concentration of dissclved oxvgen in trifluoro-

acetic acid {(about 2 X102 M) is small relative to
.\ .

- '



Table 3-3

Medium Effects-on Photoisomerization Quantum YieldsarD

Iminium ' Solvent R ' v
Sate . CN cc
55 0.01lM sodium trifluorcacetate 0.30+0.05 -

in TFA
55 0.1M sodium trifluorocacetate 0.34 -
- in TFA
55 0.1M (CH5) NCl in TFA 0.28 - -
59 0.01M sodium triflucorcacetate 0.13 0.13
in TFA-
59 0.03M H,SO, in TFA 0.15 : 0.12:

drelative to the photodecompositiqp of potassium
ferrioxalate, measured at 366 nom

bestimated error + 10%
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the concentration of reactant and therefore quenching, if
occurring, would be insignificant.

Medium Effects on Photochemistry

——

It is important for the interpretation of the results

of these experiments fo know that only simple E-Z isomeriza-

»
’

tion reactions were observed, and that constituents of the

medium do not play a role in determining product ratics. In
the ground state, slow isomerization by nucleophile addition

or protonation can be observed (Chapter 5). The electronic

changes in the excited state could increase the rate of one

or both of these reacticns. TFor salt 55, the effect of
increased concentrations of nuclecphiles con the quantgm vield
was measured. Sclutions that were 0.1 M in sodium trifluoro-
acetate or tetramethvl ammenium chloride had no significant
effect on the quantum vields of isomerization outside experi-
mental error, Table 3-3. Likewise, increased cr decreased
acidity of the medium had no effect on the gquantum yields ef
isomerization of iminium salt 59. It was thus establishec
that the photoisomerization is a unimolecular excited state

process.

Photostationary States

Solutions of the salis 55-63 were irradiated in a
Ravonet photoreactor with 350 nm lamps for periods of time
greater than 36 hours. The mixtures were analyzed by 1 nmw,

ané their compeositions are given in Table 3-4.



Table 3-4

Photostationary State Compositions®rPr€

Iminium Salt SE,E $2,E %E, 2 RZ,2
55 25 56 S 10
56 .40 25 23 12
57 37 26 24 13
5§ 42 20 27 11
59 54 16 22 8
60 37 24 27 12
61 38 26 24 12
62 43 26 21 12

63 48 25 19 8

bsolutions in TFA, irradiated at 350 am for 36

hours

Cestimated errors +10%
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Photoisomerization Energy Surface -

R
- The photoiscomerizations of iminium salts 55-63 were

examined in an attempt to understand the factors that can
affect éﬁe‘regioseléctivity of photoiscomerization bf iminium
ions.

The iminium salts 55-63 isomerize from the E,E
configuration with total gquantum yields of 0.3 to 0.5, as

givern in Table 3-2. The quantum vielés for the reverse

]

or Z,E to E,E, could not be measured

. because the E,Z and ZI,E isomers could not be cobtained in pure

processes, E,I to E,

form.

The planar excited states of chromophores containing
a double bond, either C=C\o: C=N, can relax by twisting abocut
the double bond, a process facilitated by the electron rear-

rangement that occurs on light absorption.

' R
X=X - % <
~ R R/\-.:’ ...).:‘ \‘
R
o g Rxwr/
- » 1
SO S] Pw R/\
Sa

rt
ot

»

Calculations have shown tha e 90° +wisted
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structure, Pl*, is the lowest enérgy excited state configura-

152

tion of polyenes and of molecules containing double bonds

conjugated to iminium gunctional.groups.96'97'2°4'2°5 The

energy minimum in S; coincides with an energy _maximum in the

-

~

ground state, and as a result the S, and Sj.enexgy surfaces
are close together at the perpendicular state. This creates

a funnel for excited state processes, in which radiationless

crossing to the ground state is faster than escape from the
206

enerqgy minimum.

Sl
-
So

According to the model, the product ratic is deter-
- - - //
mined on the ground state emergy surface. For most molecules
the distribution is expected to be statistical. 50% of the
excited molecules decay to the starting isomer, and 50% form
the opposite isomer. Since the formaticn of starting mate-
rial cannot be detected, the guantum vield of isomerization,

in the absence of other excited state processes, should be



)

e 89

s S

0.5.207 Likewise, the quantum yield for the back reaction
should also be 0.5. Only a few exampleg. have appeared in the
literdture where isomerization quantum yielés for both the
forward and back reactions have been measured in molecules
with only one isomerizable double bond!" 'im the examples
described lbe‘low, the 'quan;.:um vields for the f,orward and
reverse isomerizations deviate somewhat from the expected
values of 0.50.

h E-stilbene iscomerizes to I-stilbene with a quantum

vield of 0.50. The reverse isomerizaticn vield is 0.35.208

/

\

The tetraphenvlethvlenes, 92 and 93, isomerize about

the C=C bond with approximately equa"obability £rom either

‘the I or E isomersAd7
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Similar results were founé for the styrylpyridinium
A Y

salts, 38-41.-68
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. D 4 °£*Z PpaE solvent
X ) * 39 CN 0.5 CH,C1,
| _ | 38 = 0.5 .  CHyCly
I N 38 =H 0.5 0.4 'CHCN
2 ANF |
o o 40 CEy 0.4 CH,C1,
41 OCEy 0.5 CH,CI1,

in these examples, fluorescence is inefficient,
. ~-
2£<0.05. : ) :
The egqual distribution of isomers at the perpendicu-.
lar state might be perturbed in highly unsyvmmetrical mole-
cules, or in cases were the excited state decavs before
ca . 7.9 . .
thermal equlxlb:atlon.zo"i7'209 It is also possible that
. energy barriers on the ground state surface influence the
product formation.
\
Systems where twe or mére bonds can isomerize have
not been thorcughly examined. The assumpticn has been made
in analyzing the results in this thesis, that the excited

state decavs with egqual probability to starting iscmer or to

croduct iscmer. Since twe procucts are possible, the sum of

(84
|_.|

he quantum vields, ¥y + Poer should egual 0.5. In some

cases, the tctal cguantum vield for disappearance of the

1}

-
o

|

isomer is ccnsiderakly less than 0.5, as in salts 55, 59, and
63. It is not certain whether this incdicates that the above
assumption is neot cerrect, or whether scxe undetectable

srocess Is deactivating the excited state. The latter
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possibility is discussed below. )
Rhodopsin and bacteriorhodopsin, although multi-
double bonded molecules, isomerize about only one C=C bond.
Rhodopsin isomerizes about the C;;,Cy, bond with a guantum
vield of 0.67, higher than the expected yield of 0.5.2%8
Bacteriorhodopsin iscomerizes aboﬁt the Cy3,Cy, double bopg to

form the intermediate X with a lower quantum yield, 0.33, but

the reverse reaation is considerab%y;more efficient, - - ‘-\
¢;=0T67.63'64 7This-does not agree with the prediéiion that
forward and backward iscomerization guantum yields shoulé be
the same. One major difference between these iéomerizatigps
and those of polvenes in solution is that the products,
bathorhodopsin and K, are considerably higher in energy than
the starting isomers. The product ratios may be disturbed if
the steepness of the desgent on the ground state surface

plays a role in determining product formation.206

Lnergy

The bacteriorhodopsin cuantum vields can be explainec
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in this way, but not the rhodopsin photoisomerization. Theo-
reticaifzalculations of the trajectory a molecule such as
rhodopsin would follow in the excited state have suggested-
that the high quantum yield can be explained by assumin§ that
the molecule does not equilibrate in the twisted excited
state, but crosses tc the ground state at a geometry that
favours preoduct formation, rather than return to its initial

geometry.97'209

Another possibility is that the energy sur-
face is perturbed by the protein environment. Since little
is known about the energy surface in the vicinity of the 50°
twisted state in either the ground or excited states, con-
clusions cannotFSe reached at this time.

Energv Barriers on Excited State Surfaces

The presence of energy barriers on excited.state
energy surfacesWould cause competition to take place between
various processes, such as competition between a photophysi-
cal process, e.g. fluorescence, and isomerization reactions.
The data presented on the iminium salts S$S5-63 indicate that
isomerization competes successfully with fluorescence. The
sums of the quantum yields, -y +%c. 2pproach the expected
limit of 0.5 in most cases, and the fluorescence gquantum
yielés were estimated to be less than 10”4 for all the salts.

An upper limit to an isomerization energy barrier for
these iminium salts can be derived from fluorescence studies
of stilbene and diphenvlbutadiene. It has been shown experi-

mentally that in stilbene and diphenylbutadiene, an energy
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barrier separates the fluorescing state from the perpendicu-

lar state.

isomerization

hy Hiuorescen

Energy,

So

twist angle

When the activation barrier is increased, the guantum
vield of* fluorescence increases, as does the fluorescence
lifetime, and the guantum yield of isdmerization decreases.
Viscosity and solvent polarity affect the height of the
barrier in the photoiscmerizations of stilbene and diphenyl-
bﬁtadiene. The energy barrier to isomerization of stilbene
is low, so fluorescence ié inefficient, with a quantum yiel§

208 More viscous

of 0.05 in methyvlcyclohexane/isopentane.
solvents increase the isomerization barrier: thereby

decreasing the isomerization quantum yield, and increasing
the quéntum yield cf fluorescence. By mgasuring'the activa- f
tion energy at constant viscosity at various teﬁperatures; an
intrinsic energy barrier, ED’ was calculated. In hydrocarbon

210 15 alcohol sol-

solﬁenfs,'this barrier is 2.4 kcal/mol.
vents, EO is <1 kcal/mol.211 The more polarizable alcchol

solvents stabilize the transition state, indicating that it

.~
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‘has ionié character. The barriers to isomerization of
dipheny%butadiene are higher; Ej is 4.7 kecal/mol in hydféé
carbon solvents and 0.7_kca1/mol in alcohol sclvents. .In
pentahe, the_gpantuq vield of fluorescence is 0.35 (n=0.24 .
cP). In the more viscous decane, n=0.92 cP, the £luorescence
quantum yield is 0.51.212

By comparison, the eneféy barrier to isomerization
in the iminium salts 55-63 must be much less than 1 kcal/mole

or non-existent. )
Other;iminium ions algo do not fluoresce at Toom
temperature. However, in a rigid matrix such as an _organic
glass atv77K, fluorescence is observed.144 Undeg‘these con-
ditions, a significant viscosity induced barrier.to isomeri-
zation exists. Temperature dependent fluorescence is ob-
seréed for retinyl iminium ions.144 as well as styrylpyridi-

168 a5 the temperature is decreased, and the

nium salts.
solvent becomes viscous or solid, the quantum yvield of £luo-
rescence increases. Rhodopsin fluorescence is not affeéted.
by decreasing the temperature. At room temperature the quén-
tum yvield of fluorescence is i.Z(iO.S) x 1072 and at SK the
quantum yvield is the same within experimental errof,

6.5(+1.5) x 1076,29,30 irndicating that isomerization, the
expited state process that competes with £luorescence, does
not have an energy barrier. This result is expected at room

temperature, by analQgy to the iminium ions studied in

solution. The protein must have properties of a nonviscous,
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and possibly polarizable solvent in the vicinity of the
iscmerizing bond. It is interesting that this apparently
does not chéngg even at low temperatures.

The presenée of viscosity induced barriers, provided
.by the protein to isomerization about bonds other than
Cy1:C32- is an attractive explanation fof the regiospecificity

of isomerization of the wvisual pigments.

Electron Distribution of the Twisted State

It was concluded above that iminium ions 55-63 have

planar excited Efates of ionic character. The photoisomeri-
.kzation process could be influenced by the planar states.or

the_transition state for isomerization, although the latter
is probakly not important’in the isomeriéations of imipium
ions at room temperature. It is also possible that the
character of the energy surface as the molecule twists about
the double bond plays a role in the photoisomerization
process. -

Some thebretical calculations predict that the lowest
energy pérpendicular state of polyenes is of neutral, biradi;

213 others predict that for polvenes<®4 ang

96,97,152,214

cal character,
conjuga;ed iminium\ions, the lowest energy per-
pendicular state is ionic in character. The twisted"states
of symmetrical polyenes should be non-polar whether ionic or
birad;cal, but unsymmetrical molecules . such as iminium ions

would have permanent dipoles in an icnic twisted state. The

calculations do not agree on the direction of this-dipole.
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The term "sudden polarization" describes the charge
ﬁigration that accompanies a-twisting double boﬁdlof a con-
Jjugated iminium ion, as calculated by Sélem and co-workers
usigg ab initio methods.?8:204 rhe positive charge of the
molecule shifts away from the nitrogen only when the molecule
is within 5° of the perpendicular conformation.

i Thesé calculations do not briné us any closer to an;
understanding of the nature of the excited state energy
surface for an‘isomerizatién process because of thé dis-
crepancies in their conclusions. An experimental approach
that might provide an insight into the photoisomerization
process is to examine the effects that substituents have on
the regicselectivity of isomerization in molecules where more
than one conjugated double bond can isomerize.

Regioselectivity in Photoisomerization

In amolecule where more than one double bond can
isomerize, the isomerization efficiency about each bond is
not necessarily the same. In a flexible molecule such as a
pélyene in solution, energy absorbed is distributed through-
out the conjugated chain before reactions take place. How-
ever, in the excited singlet state, only one bond of a mul-
tiply double bonded molecule will isomeriée at a time.192
Regicselectivity might be observed when the various isomeri-
zations have different activation barriers. Thecoreticians
have predicted that, even in the absence of barr%ers, selec-

tivity could still be attained if the energy wells of the

by
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various perpendicular states were of different depths.2°6'215

Eﬁergy

So

EZ EE - ZE
] twist angle
If one energy well is deeper, that is, one perpendi-

cular state is stabilized relative to the other, the approach
to the lowest energy conformation is steeper, therefore a
molecule may be more likely to follow this path. The factors
which determine barrier heights or well depths are not under-
stood at this .point. The excited state surface should
respond +to substituent and environmental effects in much the
same way as does the ground state. The time spent in the
excited state is so short, however, that effects analogous to
therma} effects may not be important.

A systematié study of the effects that substituents
in a.molecule can have on the regfbselectivity of photo-
isomerizations had not been undertaken previously. The
photoisomerizations of iminium salts 55-63 would reveal
whether electronic effects could play a role in determininé
isomerization efficiencies.

The unsubstituted salt, 57, isomerizes about both the
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C=C and the C=N bonds with approximately equal efficiency.

It-was concluded above that barriers to isomerization were
— \\

very small or non-existent at room temperature, and it seems,
from the isomerization efficiencies, that the C=C and C=N

bonds are affected equally.

. Q;/CH:

C104-

\ 7

CHs

Cl10e¢ ‘
: N T ©-03 Cra -

C].Dq-

Comparison of these results with the guantum yields
of isomerization of 16 indicates that the N-phenyl ring plays

an important role in encouraging isomerization about the C=N

bond.150

CH':\":/CH: - Chy \:/CH;
] l P l
Cl10,~ ©-60 I 0-08 Cl1C«
A —r

A ———

g-43 ¥ p.o03
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If this is an electronic effect, then changing the
electrqnic nature of either phenyl ring by adding electron-
withdrawing or -donating substituents might also alter the
relative ratios of isomerization of the two iscperizing
bonds. On the basis of Salem's model, a positive charge
stabilizing substituent on the C3 phenyl ring should increase
the stability of the structure that is twisted apout the C=C
bond, and enhance isomerization about the C=C bond at.the
expense of“the C=N bond isomerization. Likewise, an
electron-withdrawing substituent such as chlorine should

qestabilize the perpendicular state for C=C isomerization.

-

Enerpy

EZ EE ZE
twist angle
The results of the experiments did not concur with

these predictions. When the sub§tituents were varied from
chloro to methoxy.' on either phenvl ring, no change was ob-
served in'relative qﬁantum efficiencie§ of isomerization
outside experimental error, Table 3-2. The nitro substituted

r - —
salts 55 and 60 behaved anomalously, and their isomerization



100

will be discussed below. It is possible that, in the absence

of energy barriers, changing the dépths of the wells of the
twisted intermediates does not affect regioselectivity. It

is also possible that the twisted intermediates do not héve
significant poiar character, so their stabilities are not N
greatly affected Ey positive charge stabilizing or destabili-
zing substituents. The effec; of the N;phenyl ring is sub-
stantial however} and needs té be examineé. _Tﬁe data suggest
that, assuming the energy levels of the perpendicular states
determine regioselectivity, the perpendicular states of con-
jugated iminium ions have biradical rather than ionic charac-
ter, and ﬁherefore can be greatly stabilized by adjacent
phenvl rings, but are not significantly affected by charge-

stabilizing substituents on those rings.

Regioselectivity in Polyenes and Related Neutral Molecules

. In polyenes, a trend has been observed in regio-
selgctivity in that molecules'isomerize preferentially about
the more highly substituted double bond, suggesting that

stabilization of an ionic transition state or twisted state
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Tant.216-220

by substituents may be importan This generalization

often fails in cases yhere isomerization about a Z disubsti-
tuted‘c-c bond competes with isomerization about a tri-
substituted double bond, the former being preferred. In
stilbene, Z-~E isomerization is barrierless, while E*Z_iséf
merization has a small activation barrier.2?l The same
effect might operate in the polyenes. B

Electronic effects also seem to play a role in deter-
mining regioselgctivity. Some examples are shown in
Figure-3—2. |

Polyenals behave in a similar manner to thergblyenes,
Figure 3—3; Retinal isomerizes about the tri-substituted
9,10-and 13,14 doubie bonds only, in non-polar solvents, with
a preference for the bond closer to the aldehyde.223 This
preference is not changed by increasing the length of the
éonjugated chain. In the retinal homologue shown below, the
11,12 doubie bond, although only disubstituted, becomes the

favoured isomerizing bond, possibly because of the charge-

stabilizing carbonyl group now adjacent.

In polar scolvents, the regioselectivity of retinal
photoisomerization changes somewhat, with the Cy;, C;, double

bond isomerizing more efficiently. .
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An additional factor that must be considered is that
different double bonds in the molecule require different
volumes in which to rotate. This could léad to steric inhi=-
bition of rotation of some double bonds, a-factor ;hat could
be governed by the solvent cage.223

In the above examples, the position of the double
bond within the conjuéated chain is not a factor in deter-
mining regioselectivity. This strongly suggests that regio-
selectivfﬁy is determined at a stage such as an early tran-
sition state where the twist angle about the isomeri:ing
édouble bond is not large enough to b:eax conjugation within
the chain. At a perpend{gular state, tﬁé twe ends of the
molecule are no longer coniugzted, and the stabilization
received by having the length of the conjugated chain as long
as poessible on each endéd of the isomerizing bond is expected
to be ¢f great importance.

-0

Regivselectivity in Charged Molecules

The introducticn of a charge into a polvenal seems to
. s T i
affect the regioselectivity of photoistmerization £from the
few examples studied. In isooctane soluticn, complexation of

trans retinal with Eu(f

al

o]

3 (tris(6,6,7,7,%,58,8,heptafluoro-
2,2-éimethyl-3,5-octanedicnato)—evropium{III)) causes more of
the ll-cis isomer to be formed on photeolysis, compared to

retinal isomexization in a nen-polar sclvent. Coordina-

}-*
}4
4

-
—

26

tion cf retinal to

]
»

ica gel has a similar effect con the

[ ]

theteoiscemerization, as does formaticn of the iminiunm

ir
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salt:l4°_,This seems to agree with the proposal given above,

“that stabilization of a perpendicular state, with the maximum
number of conjugated double bonds at either end of the iso~

merizing bond, is determining regioselectivity. Thus it ié-
noﬁ surprising that the regioselectivities observed in these
saits differ from those of the polyenes and polyenals, where
factors that are important in stabilizing an ionic transition

-state apparently control regioselectivity.

Effect of-a Meta Substituent

An iminium salt with a meta methoxy substituent on
the Cj aryl ring, 95, was svnthesized. Its absorption maxi-
m T
mum and-relative guantum vields of photoiscmerization are

given in Table 3-5, and compared with data for the para

Cm\;/©

|

methoxy salt, 59.

c
Fea Cl0.~

85

Zimmerman and co-workers??’ have suggested that the
T-n * excited states of substituted benzene derivatives have
electron distributions where a substituent, either electron-
withdrawing or elgctron—donating, exerts an influence cn the

¢rtho and meta positions, and not on the ortho and para

-
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- Table 3-5

Absorption Maxima and Relative Quantum Yields of
Photoisomerization of the Para and Meta Methoxy Iminiom Salts

-59 and 95
Iminium Salt lmax(nm) . °CN_/°CCa
59 ‘ 408 1.1
~ -
95 346 - 1.7

o~

2estimated error + 20%
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positioﬁslas\in_the ground state. Photosolvolysig studies of
3-and 4—méthoxybenzyl acetates support this prediction. The
meta methoxy group stabilizes the alpha carboniﬁm center of
the solvolysis intermediate, and the para substituent does
not. Similarly meta methoxy, fluoro, and methyl benzyl alco-
hols form benzyl cations in the excited étate. The products
of the reaction of the para substituted alcohols are general-
ly derived from radical intermediates, since the para substi-
" tuent cannot stabilize the alpha carbonium ion.228'229_
Iminium salt 95 has a higher energy absorption band
than the para substituted salt, 59,_indicating that the
pPlanar excited state reached on absorption into the long
wavelength absorption band is best described by resonance
forms as they are drawn for the ground state, with positive
charge at ﬁhe para position of the phenyl ring. In addition,
C=C bond isomerization was not enhanced relative to C=N bond
isomerization, Table 3-5. The patternslof positive charge

delocalization observed in the benzyl cations are not

important in the isomerizations of the iminium salts.

III. Intersystem Crossing

Direct exéerimental information about -the
multiplicity of the excited states of iminium salts 55-63 was
not obtained.

Although a2 singlet state is normélly reached on light

absorption, mechanisms often exist that allow the multiplici-
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ty of the excited state to change to triplet before the
molecule returns to the -ground state. Information about
whether a molecule reaches a triplet state can be cobtained in
sevegal ways experimentally. Sometimes the phosphorescence
speétrum can be observed, indicating that intersystem cros-
sing is occurring. This is no£ proof thgt excitea state
reactions are alsé occurring in the triplet state, however, e
if quenching the triplet emission alsc gquenches the reaction,
the triplet state must bé involved. Another experimental
method is to generate a triplet state directly by sensitiza-
tion. A molecule (deonor) that is known to cross efficiently
to the triplet excited stéfe is irradiated in the presence of
the molecule of interest (acceptor). If the triplet energy
levels are compatible, excﬁange can occur with the acceptor
in its ground state leaving it in an excited triplet state.
The triplet sensitizer is then in the ground state.

3p* + ip —= 1p 4+ 3p% y

— - _ .

If reaction products differ from those obtained in
the direct irradiation, then the triplet s£ate is likely not
involved in the photoreaction.

Triplet energy ;evels-are determined experimeptélly
from phosphorescence spectra, by guenching phosphorescence,
guenching triplet reactions, or by sensitizing the triplet
state with sensitizers of known triplet energy.

There are severe experimental Iimitations involved in

studying the multipiicity of the photoisomerization reaction
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of salts 55-63. 'If product studies are required,.then the
reaction must be run in a strong acid such as trifluoroacetic
acid to l;mit unwanted thermal isomerizations. Few triplet
sensitizers or quenchers are scluble or unreactive-in this
solvent. The proguct analysis must be by NMR, therefore high
concentrations of material are required. In addition, the
reactants remain ;n solution, and cannot be separated from
added sensitizeﬁs and quenchers before analysis. These addi-
tives often interfere with the analysis. Another major con-
straint is that iminium salts are easily reduced in the
excited state or by excited state donors, and tﬁerefore
sensitizers and guenchers must be chosen that cannot partici-
pate in this unwanted gide reaction.‘

It was found that triplet gquenching or sensitization
experiments, followed. by product analysis, were not practical
because of these limitations. ]

One alternative approach is to sensitiz; a.known
phosphorescing compound by irradiating the iminium salt. If
the §riplet state of the iminium salt is reached by direct
irradiation, it might act as a donor. The accepégr would in
turn phosphoresce. Because this is a spectroscopic experi-
ment, some of the experimental difficulties discussed ear-
lier, such as solvent and concentration, are avoided. An

attempt was made to sensitize the triplet state of benzil (Eq

53 kcal/mole) with salt 60. When a solution of benzil in

. acetonitrile was irradiated at 310 nm,- emission was observed
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with a maximum at 500 nm. The iminium ion was-added to this
solution in excess, so that it would absorb all the light.
On irradiation at 370 nm, no emission was detected. It is O
difficult to base conclusions on one experiment, however it
appears that if the triplet state of salt 60 is reached by
direct irradiation, its energy is not being transfegre@ to
benzil. This could-mean_that the triplet energy of 60 is
below tﬁat of benzil (Eq=53 kcal/mol), or that the lifetime
of the triplet state is too short to allow energy transfer.
Based on the position of the absérption spectrum, it would
not be unreasonable to expect a lower energy triplet state.
Unfortunately, available lowér enerqy phosphofescing com-
pounds are also good electron donors. _.

Information about the multiplicity of the photqisome—
rizations of iminium salts 55-63 will have to be obtained

’
indirectly.

Experimental information that suggests that the nitro
substituent is causing intersystem crassing in the iminium
salts 55 and 60 comes from the anomalous guantum yields
measured for the isomerization reaction, Table 3-~2. These
are not attributable to electronic effects since.ﬁhe other .
substicuents do not affect. the quantum vields. Salt 55
iscomerizes much more efficiently about the C=N bond than the
C=C bond, and in the case of 60, it appears that the 2,2

isomer is formed directly from the E,E isomer.

In the styvrylpyridinium salts, 38-41, isomerization
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occurs in the singlet state, however when the.molecule has a
nitro substituent, 42, intersystem.crossing to the triplet
state is observed. - Isomerization then proceeds from the
triplet state.lss'169

The only other iminium salts studied, the retinyli-
dene iminium salts, do not deactivate via the triplet state.
The guantum yield for intersystem crossing is less than
0.001.142 '

The - tentative conclusion from this indirect infofma—
tion.iS'that.the iminium salts 56-59 and 61-63 isomerize in

the singlet state, and salts 55 and 60 isomerize in the

triplet state.

IV. Internal Conversion

Iminium salt 59 isomerizes with lower guantum yields
than observed for the other iminium saiés, Table 3-2. It is
also the salt with the”lowest excitation energy,

EO,O £ 60 kecal/mol.

When the excited and ground states are closer to-
gether than about 50-60 kcal/mol, an additional mechanism for
returning to the ground staté becomes probable, namely inter-

230 1n this process, energy is dissipated

nal conversien.
through vibratioconal modes, and isomerization does not necés-
sarily occur. The low isomerization quantum yields observed
for salt 59 could mean that internai conversion is occurring

at the planar configuration or the partly twisted éonfigura-
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tion, and that a fraction of the excited molecules cross to

the ground state before reaching.the 90° twisted inter-—

mediate. S .

The amino styfylpyridinium salt, 43,167 and dimethoxy
dicyanotetraphenylethyléne, 94,197 are two molecules for
which internal conversion was proposed. Both have low ab-
sorption energies and low isemerization guantum yields.
Rhodopsin and bacteriorhodopsin also havg_low energy absorp-
tion bands, however inéernal conversion is not indicated from
the high guantum yields observed. One effect that the pro-
tein has on the chro:;Iophores seems to be to channel excited

molecules efficiently into the excited state energy minimum.

— T
V. Summarv

The absorption spectra of iminium salts 55-63 indi-
‘cate that electronic effects Qlay a ro;e in determining the
energy levels of the planar excited state. The evidence
suggests that the positive charge of the molecule is deloca-

[

lized towards the C; phenyl ring in the excited state. These
iminid; salts photoiscmerize about both the C=C and C=N bonds
in a barrierless process wifﬁ neo evidence that electronic
effects determine regioseleq;ivity.' The N-phenvyl ring does
affect regioselectivity, leading to the suggestion that the
excited state that determines regioselectivity has biradical

character. & nitro substituent on either phenyl ring likely.

causes inter-system crossing to the triplet state, a longer-
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lived state with different electronic properties thah the
;inglet state. As a result, the relative guantum vields of
the salts 55 and 60 differ from those of the other molecules.
i Steric effects on photoisomerization, especially
related to the sclvent cage around the molecule, reguire
further study. The regioselectivity of rhodopsin and
bacteriorhodopsin isomerization is likely based on §iscosity
induced, barriers provided by the protein to isomerization
about all double bonds except the Cy1+Cy15 and Cj3,Cy,
isomerizatioﬁg respectively. Al?hcugh.we have shown that
conjugated charge—sﬁgbilizing groups do not" influence the
regioselectivity of photoisomerization, the effect of non-

conjugated charged groups such as might be found in the

.protein needs to be explored.
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E/Z ISOMERIZATION BY PHOTOINITIATED ELECTRON TRANSFER

Iminium salts are electrophilic™and so are easily

reduced in the.ground state. .This can be accomplished by

hydride reducing agents, such as sodium borohydride, to form

231

amines or by one-electron donors to form reactive radi-

cals. The additicn of electron donors to iminium salts via

- '

electron transfer has been extensively studied by Mariano and
co—workers, and recently reviewed.l47

I. Cyclic Voltammetry

The energy required to add an electron to an iminium
~salt can be measured by quantitative electrolysis techniques
such as cyclic voltammetry or polarography. The reductions
of iminium salts 55“63 were observed by cyclic voltammetry.

A constant current flows through the cell until a sufficient-
1y negativé voltage is reached to allo%ireduction of the
moleéule, and the current increases rapidly. The reduétion
products accumulate on the working electrode, and since dif-
fusion away from the electrode is normally slow, further
reaction is hindered by the layer of reduction product on the
‘electrode surface, and the current decreases. The pattern
observed is a reduction wave, shown in Figure 4-1. When the
voltage reaches a pre-set switching potential, it reverses to

become less negative. If the reduced product remains on the

1l4
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electrode surface, the current will decrease as this reduc-
tion preoduct reoxidizes, prodgcing an inverted wave. The
reduction potential, El/2' is-halfway between the reduction
and'ré—oxidation peaks, which, in a reversible oqe-qlébtron
reaction, are separated by 57 mv.232 In some instances, the
reduced species will have reacted further with itself or with
solvent before the re-oxidation voltagé is reached.. The
reactign is then said to be irreversib%e, and no inverse wave
will be observed, as in Figure 4-1."

The electrolytic cell contains a working elec;roée, a
platinum wire auxiliary electrode, anﬁ a saturated calomel
electrode that is separated from the bulk solution by a glass
frit. The so;ution must be dry toavoid hydrolysis of the
iminium salts, and the glass frit serves to keep the aqueous
calomel éolution separate from the bulk solution.

A background scan of a degassed solutien of 0.1 ‘M
electrelyte, tetrabutylammonium perchlorate, in acetonitrile
gave the flat baseline voltammogram shown in Figure 4-1.
Oxygen has a reduction potential of about -1.2 V, and so
interferes_ﬁith the measurement when present. In the pre-.
sence of iminium salt (3 x 10'37 M solution), a reduction wave
is observed in the cyclic voltammegram. The sample scan, for-

iminium salt 56, shown in Figure 4-1 was obtained at a scan-

‘ning rate of 0.5 V/s, with output directly to an X-Y recor-

der.

Cyclic voltammograms were reqorded‘for each of the

e
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iminium salts 55-63. .Ep values for the reduction waves are

given in Table 4-1. The iminium salts exhibit substituent
dependent reduction waves ranging from -0.38 V to -0.68 V;
The nitré aryl saits, 55 and 60, have ad@}tional, partially
reversible reduction waves at Ep -1.30 V and -1.39V reépec-
tively, Figure 4-2. These are attributed to reduction of the
nitro groups. The Ep vélues given are measured at the top of
the reduction peak, since the reaction is irreversible at the
scan rate of 0.5 ﬁ/s. ép is an estimate of El/2' not an
accurate measurement, and is dependent on the scan rate. As
the rate is increased, EP moves to more negative voltages,
as shown foﬁ iminium salt 57 in Table 4-2. If the equipment
had allowed measurements at ﬁuch faster scan rates, a scan
rate that is greater than the rate c¢f. reaction ‘of the reduced
product could presumably be reached, and a reversible wave
would be observed.

The accuracy of the measurements can be deduced by

comparing the E_, value measured for iminium salt‘lG, -0.84 V,

P
with the reducticn potential; El/Z' of salt 96, -0.97 V,

measured by polarography.233

Cﬁ\;rc;h | C-I>

Cla,~ Cl13.-
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Table 4-1
Reduction Potentials®rP
‘Iminium Salt - ép (V)
55 |  -0.380
n 56 .=0.585
57 © =0.610
58 -0.650
59 -0.735%
60 -0.425
61 _ -0.575
62 -0.640
63 -0.680
16 -0.84
6, X=Cl0, -0.73

dnmeasured by cvclic voltammetry, at 0.5 V/s, vs. SCE

20.003M iminium salt in 0.1M tetrabutyvlammonium perchlorate
in acetonitrile
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Table 4-2

Variation of Ep with Scan Rate for Iminium Salt 57a,b

Scan Rate (V/s) | CEp (V)

. 0.1 -0.585
0.3 -0.605 N

0.5 ~0.610

0.7 ~0.620

1.0 | -0.625

2.0 ~0.67

) ameasured.by cyclic‘voltammétry, vs. SCE

£0.003M iminium salt in 0.1M tetrabutylammonium perchlorate
in acetonitrile
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An EP value for the N,N dimethylretinylideng per—
chlorate salt was also measuréd, Table 4-1. ‘

Phenyl rings on the carbon or nifrégen of an iminium
C=N bond make the_moleculé easier to reduce. The trend is
clearly shown in the,haif—wave reduction potentialg_reported

for the iminium salts shOWn!below,233 and by comparing Ep for

salt 16 (-0.84 V) to that of salt 57 (-0.61 V).

- . Phw_  ~ CHy
[ } [ } \N/
M e T J s
) Ph *

Ey /o -1.95 v -1.53 v -1.63 V

A similar effect can be achieved by increasing the
number of double bonds conjugated to the iminium group, as in

the retinylidene iminium salt, Ep ~0.73 V.

Electron-donating substituents on either aryl ring of

the iminium salts 55-63 increase E and electron-withdrawing

Pl
substituents decrease Ep, making the iminium salt easier to

reduce. The methoxy-substituted salts 59 and 63 have Ep

values of =-0.735 and -0.680 V respectively, while the nitro-

values, -0.380

substituted salts 55 and 60 have much lower Ep

and -0.425 respectively. B

The reduction values measured for these iminium sglts
indicate that they are eaéily redéped compared tc other
stable organic molecules. For exaﬁple, the 31/2 of stilbene
is -2.07 V ws. SCE; that of anthracene, -1.41 V, and anthra-

quinqne, -0.94 v.234
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Iminium salts reduced by electrolysis have been shown
to react ﬁy_coupling of two radical frégﬁents to produce
dimers, Equation 19. The dimerization reaction is fast in
most iminium'salts studied, and so fhe reduction is

irreversible.233

2 L —°2/l.\—'/H\ (197

II. Electron Transfer in the Excited State

The low reduction potentials measured for the iminium
salts 55-63 suggest that eiéctron transfer between molecules
in solution might be achieved if a-suitable donor 1is preéent.
Electron trénsfer requires energy, which can be provided by
heat or light energy. As mentioned in the Introduction, the
feasibility of photo-initiated electron transfer can be
derived from Equation 10.180  The energy regquired for the
reaction comes from exciting either_the electron donor or the
acceptor.

r

Iscmerization Initiated by Electron Transfer

On an electrode surface, the radicals generated by
reduction of the iminium salts couple because of the high
concentraticns of radicals present. Radicals generated at

low concentrations in solution should undergo other reactions,
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and possibly re-oxidize to iminium salts. By'analogy to the
reactions of stilbenes, 47, and styrylpyridinium salts, 42,

' iﬁhwas thought that isomerizations about the C=C or C=N bonds
might be observed in iminium salts 55-63.

An electron dohor, tris(2,2'—bipfridine)ruthenium(II)
dichlorides 97,lwas synthesized. This compound is ideal for
the reaction-because it absorbs light of lower energy than
thé“iminium salts, Apyy 448 nm, so ﬁhat energy trangfer in
éhe excitéd-syatg becomes unlikely, it is soluble and ther-
mally stable in trifluoroacetic acid, and its oxidation
potential is sqitéble for the electron transfer reaction
(i.3 Vg. The coﬁbléx has previously been shown to donate

235 The luminescence lifetime

electrons to 6rganip dications.
of 97 is about 600 ns, and it emits light with a maximum at

600 nm.23% _ -

\ 7

bipy = |

g7
Qualitative quenching experiments were performed to
determine if iminium salts 55-60 could guench the
luminescence éf 97. It was found that iminium salts_SS, 56,
57, 58 and 60 did quench the luminescence of solutions of 97,

but iminium salt 59 did not. Conditions of the experiments,
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and results are given in Table 4-3. In each case, the

‘solutions were irradiated at a wavelength that allowed ab-

sorption by 92, but minimized absorption by the iminium salt.
| A change of solvent to trifluorcacetic acid did not
affect the result, as shown by the luminescence guenching of
97 by salt 60.

The experiment-is based on the premise that electron
transfer rather than energy transfer from the triplet excited
state of the ruthenium complex is causing the guenching. The
triplet energy of 97 is 49 kcal/mol. There are two experi-
mental observations that suggest that ele;tron transfer is
the predominant process. The first excited states of the
iminium sa‘lts sﬁudied decrease in energy in the order 55 to
59, and the triplet state energies should follow this trend.
If so, it is unlikely that triplet energy transfer would be
seen for salts 55-58, but not for salt 59, the molecule with
the lowest energy triplet -state. However, the reduction
values,_Ep, cf” these salts increase in the order 55 to 59,

and as expected, the iminium salt that is the most difficult

to reduce does not quench the luminescence of 97. The second

experimental observation is from product analyses and will be

discussed below.

The photolyses were repeated at higher concentrations
in trifluoroacetic acid for iminium salts 57 and 60, to allow
product analysis by 1E NMR. A solution of iminium salt 60-

64.5 x 1072M) and ai (2.6 x 1072M) in trifluorocacetic acid
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Table 4-3
Quenching of Tris’ (2,2'-bipyridine) ruthenium (II) dichloride .

(97) Luminescence by Iminium Salts 55-60 in Acetonitrile

- -

Iminium Approx. Conc. (M) Ao abs. , lum.
Salt Iminium S7 . (nmf increase® decrease
Salt
55 1x10~4 - 2x10~6 460 - 538P
56 1x10~3 1x10-6 520 .006(24%) 85%C
57 1x1073 | 1x1073 520 -004(11%) 80%°
. 58° 2x1073 1x107° - 540 .005(20%8) * 75%€
59 1x1072  1x1073> 550 .57(3000%) 41%€
60 1x10~3 1x107° 480 .02(20%) 6530
. 460 .20(120%) 77%P
a.s

increase in absorption peak height (percentage lncrease) at

the exg¢iting wavelength, A ax

bpercentage decrease in peak area of luminescence peak

percentage decrease in peak height of the lumlnescence peak,
at the maximum (about 600 nm)
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"‘was irradiated with light of wavelength >425 nm, toc maximize

absorption by 97. The reaction was stopped at regulaxn inter-
vals, and monitored by 1E NMR. At 30 minutes irradia ion,
the percentage of E,E isomer, 60, had decreased thZBL from
>95%. The only product observed was the Z C=N iscomer, 69.
The ratios approach a steady state resembling the thermo-
dynamic ratio within about three hours, Table 4-4. 250 MEz
lH NMR analysis confirms that the 2 C=C isomers, 78 and 87,
are not formed in the reaction.

The isomerization to form a mixture of the E and 2
C=N isomers of salt 57 was accomplished starting from the E,E
isomer 57, or from a2 photomixture containing the four iso-
mers, 57, 66, 75, and 84. 1In the first experiment, a mixture
of 35% E,E isomer,\57, and 65% Z,E isomer, 66, was cobtained
within three hours. In the second experiment, a‘photoequili—
brium was generated by irradiating a trifluoroacetic ag;d%
solution of the E,E isomer. Compound 97 was added Eszthisk
sclution, -and irradiation was continued at a higher irrg@ia;
t;ng wavelehgtﬁ, >425 nm. After 30 minutes irradiation, thé
2 Cc=C isomérs, 75 and 84, had disappeared.

It is unlikely that a triplet excited state iscmeri-
zation would lead to a thermodynamic ratio of isomers, so the
reaction is most likely an electron transfer process. This
is the first reported example oif E~Z isomerization of an

iminium salt by electron transfer. The proposed mechanism 1is

similar to that outlined for stilbene iSomerizatiOn.181
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Table 4—4

1

Isomerization of Iminium Salt 60 on Irradiation of
Tris (2,2'-bipyridine) ruthenium (IX) dichloride, g72rb

time {(min) $ E,EC $ z,E€
0 _ >95 <5
. 30 | 73 27
60 63 37
83 ‘ - 62 38
120 60 40
150 o 58 . 42

24 hr 54 , 46

qconcentrations: 60, 5 x lO"zM; 87, 2.5 x 10" 2y
in trifluorocacetic acid

b
kex >425 nm _

measured by 1g NMR, the peak height of the NCH, signal,
relative to the sum of the heights of the two H3 peaks

c
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The intermediate radical could be long-lived encugh to allow
free rotépion about both the C=C and C=N bonds, ahd thermal

equilibration.. The initial electron transfer proceséwcould

be to either the C=C bond or the C=N bond, or delocalized

throughout the v system.

—_— [Rubipyl2+]ls =
Ru(bipy) 2+

C“’\/© | : | Ck:l/cm

=+ Ruflbipylz3~ = — . Rulbipy) 2+ -

The ground state radical produced'gg electron transfer
returns to an iminium ion by donating the excess electron.
No other products were cbserved in the reaction. qpe electron
acceptor can be the oxidized donor, tris(2,2'-sbipyridine)-
ruthenium{III), or ancther ground state iminium ion. If
electron donation to the latter species becomes predominant,

234

a2 catalytic reaction ensues. This can be detected by

measuring quantum vields of reaction as a function of concen-
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P
tration of reactant. In the photoisomerization studies dis-
cussed in Chapter 3, a possible reaction mechanism that was
considered was electron transfer from a-donor in solution to
the excited iminium salt. This was ruled out by two observa- _
tions. First, inéfeased concentrations of ﬁhe iminium salt
had no effect on the qﬁantum yields of either C=C or C=N
‘isomerization. Second, increased concentrations of the only
reasonable donor in the system, the trifluoroacetate anion,
"alsco had no effecﬁ on the quantum vields of isomerization of
salés 59 and 60. | |
The lg-rNMR spectrum of 97 consists of four aromatic
signals, at the start of the reaction. By four hours irra---
diation only a broad singlet remains, and by 24 hours, the
aromatic peak has completély disaﬁpearéd,‘and a peak ét about |
2 ppm is f&und._ These changeé take place in the-presence and
in the absence 6f iminium salt. A dispropcrtionation reaction
has been observed under other reaction conditions and might
be responsible for this observation, Equation 20.236  1n solu-
‘tion the back feaction is normally fast, so the products are
not observed, but in the strong acid used in these experi-
ments, protonation of the reduced bipyridine ligand could
take place. If the process contcinues, the bipyridine groups
might eventually be completely reduced. This would explain
the disappearance of the aromatic peaks, énd the emergehce of

an aliphatic proton signal in the. NMR- spectrum.

The line broadening of the spectra might also be
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caused by‘péramagnetic Ru(III) spécies in solution.

2 Ru(bipy)32+ -—}EL—r[Ru(bipy')(bipy)zl+ + Ru(bipy)33+
. ' ¥

vat [20]
Y
Bu(bipyB)(bipy)22+

III. Summary

The iminium sa}ts‘55-63 are-eésily‘réduced by
electrolysis or by electron transfer from a phqto—excited
donor, 97. The ease of reduction was shown to be substituent
dependent, increasing with the electron-withdrawing
substituents on either aryl ring. |

The resulks obtained for the iminium'salts above
suggest that an electron transfér process shouid be con-
sidered in the isomerization of the natural retinylidene
pigments rhodopsin and baEteriorhodopsin. In this case, the
.iminium ion would absorb light, and the donor would be in the
ground state. Aromatic donors such as tryptophan amino acids
could donate electrops to the easily reduced iminium ion,
however two argumenté against the reaction can be presented.
First, the products of an electron transfer initiated isc-
merization reaction are usually in a thermcdynamic ratic. In
the pigments, this is not observed, although the protein
might constrain the geometry of the product. Second, the

electron transfer reaction may not be fast encugh to compete

with isomerization in the excited state, unless the donor



and acceptor are fixed in

transfer to occur.
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positions suitable for electron



CHAPTER 5

THERMAL E/Z ISOMERIZATION

The iminium salts ;;—63 isomerize in solution about
+ the C=N bond, in a thermally initiated process. At equili-
brium, a mixture of the E,E isomer and the Z,E isomer exists,
with the latter generally favoured.. The equilibrium con-
stants, K, measured at 100°C are gigen in Table 5~1. The

equilibrium constants do not vary with substituent, within

the error limits of the determination.

55, 64 NO, H

_ . . _
| = 56, 65 Cl H
CH3 - ’ o hd CHy
W | o | 57, 66 H H
-— 58, 67 CHj B
- = €10
“ cio 59, 68 OCH; K
xNF x =
60, 69 H NO,
S5 - 53 , s - 72 61, 70 H cl
62, 71 § CH3
63, 72 E OCH4

Thermal isomerization about the C=C bond cannot be
observed in salts 55-63, but does occur from the E,Z and 2,2
isomers. At eguilibrium, only the E,E and Z,E isomers

remain.
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On prolenged heating, an additional product (or
8 .
products) forms in scolution that is not a geometric isomer,
and is apparently not in equilibrium with the isomers. This

product was not characterized.

[

The iscmerization mechanisms were elucidated -from a ° -

study of the reaction.237

_ The approach used was to measﬁre
electronic\Substituent effects on the reaction rates to'learn
‘about "the nature of intermediates or trahsitioﬁ states in the.
feacéion, and to examine the effect of the mediim to deter-
mine if ghe reaction is ﬁnimolecular or.biﬁolegular:

P e— .. ._ .
I. Kinetic Measurements

The rates of the isomerization reaction about the C=N

-

bonds of iminium salts 55-63 were measured at 100°C. Solu-
" tions of iminium salt in trifluorocacetic acid J{about 0.2 M),
with an internal standard, tetraméthylammonium tetrafluoro-

borate, Qere sealed in NQR tubes, and heated until equili-
brium.was reached. The samples were analysed at regular

intervals byilH NMR to determine the concentration of star-
ting isomer, or product isomer. The analysis permitted the

determination of the rate consténts for the forward and
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reverse isomerizations. These are given in Table 5-1. The
isomerization reactions followed pseudo first-order kinetics
with one efception, 63. In this case, the rate constants

were estimated from the-half reéction time.

Substituent Effect - P y

- The fate constants of the isomerization reactions
véry gver a large range, from 7x1077 s7! for salt 62 to
3 x 16-4 s~L1 for salt 59. Electrép-withdrawing or electson-
dorating substituents on either phenyl ring substantiélly
enhgncg the rate of the reaction relative to that of the .

unsubstituted iminium salt, 57.

Solvent Effect | . .

The solvent used in the reaction, trifluorcacetic
acid, is a strong acid, with an Hyg of‘—4f3, measured by the
Hammett. indicator method. This falls within tpe range
previopsly measured, -4.4 to -2.77238_ an impurity in the
acid, HCl, is thought to contribute to the acidity. Other
components of the solution are ;races of the counterion,
trifluoroacetate, the iminium salt and its counterion,
éerchlorate, and the internal standard, tetramethylammsnium
ion, and it; éounterion, tetrafluoroborate.- The anions
listed are weak nucleophiles, and trifluorocacetate is présent
in ldw concentrations, about 2 x 10_7‘M.23§3“f
| To study medium effects, the acidif& of the solvent

was increased by the addition of a small amount of 100%

sulfuric acid. This decreased Eyp to -5.4, and presumab}y
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Table 5-1
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. -Isomerization Rate Constants at 100 #+ 1°C in TFA and 0.01M -

'iH2504/TFAafb
TFA HS0,/TFA
Reaction 107k, 107k, 107k, 107k, RS
,s_l s™1 s~ sl
55 -~ 64 110 \ 79 22 16 1.4
56 = 65 12 : 9.6 1.3
57 - 66 8.9 7.1 3.2 2.5 1.3
58 = 67 .12 11 1.1
59 = 68 3400 ' 2850 13000 11000 1.2
60 + 69 370 430 170 190 0.86
61 = 70 22 20 4.6 4.2 1.1
62 - 71 7.3 6.1 6.4 5.4 1.2
63 ~ 72 350 290 1.2

1409 1109

2Error + 10%

;bkf,'kr = rate constants for the forward and reverse
reactions, respectively; average of two runs

®K = equilibrium constant [Z,E]/[E,E] at 100°C.

d

estimated from the half reaction time
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'a%so decreasea the nucleophilicity of the solution.

The rate constants of isomerization of all the
iminium saltsr 55-63, were affected by the solvent change,
Table 5-1, indicating that the lsomerlzatlon reaction is not -
unimolecular, but catalysed by the solvent or a constituent

.ﬂ\bg the soclution.

IX. Mechanisms of Isomerization

-

Isomerization mechanisms that have been observed or
vostulated previously are shown in Schéme 1-3.
. : r 7 1 -
N 2 : ﬂ .; :

pcth/;;; ) ’ _S;;‘
R Rz R Rz Rzn, = R
'\n/, bath b \T/ \lhl/l
- Nu= - Nu- : .
) RJ/C\RA 2 \“‘\AC\NU R:/C_\Ra
3

e e -

Schama 1-3
Path-a, a rotation mechanism, can be eliminated as
the isomerization mechanism of the iminium salts 55-63 on the
basis of the observed medium effect. The intermediates

formed in paths b and ¢, the nucleophile and proton catalyzed
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paths-respectively;_are of considerably different charactexrs.
The former intermediite has less positive charge tharfthe
iminium salt, and tgz.latter has-increased positive charge.

No direct evidence for the formation of‘eifher of
these intermediates was found by ig NMR, indicating that, if
present, they are dg considérably higher energy than either
the E,E or Z,E isomers of the iminium salts. The rate~
éétermining stép of the reaction must then be the initial
interaction of catalyst and.iminium salt.

' To better understand the intermediates involved in
the isomerization reaction, the rate constants wete
correlated with Haﬁmett sﬁbstitgént constants. fhe results
are shown in Figures’S—l and 5-2. In the postulétgd
mechanisms shown above, isomerization is via an initial tran-
sition state where the carbon of the iminium system carries
some positive chargei_ Therefore, correlations of the rate
consténts of isomerizaﬁion of the saits 55—59; with different
substituents on the C3 phenyl ring that can interact by

resonance with Cyr are made with oF

r Figure 5-1.

Electron density at the nitrogeﬁ of the iminium
system is affected by either meEhanism. Substituents on the
N-phenyl ring should influence the nitrogen, and therefore
cqrrelétions of the raté cocnstants of isomerization of
iminium salts 60-63 were made with ¢, Figure 5-2.

In both cases, two lines of oppééite slope £it the

data, indicating that at least two mechanisms of

-
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Figure 5-1 Hammett correlations for the rate constants for
isomerization of iminium salts with substituents
on the C3 aryl ring, 55-59, in TFA () and

55, 57, 59 in H,S0,/TFA (---). The latter values
are plotted us;ng iog k(HE) in TFA as the reference
point.

(X
C
P
T
[
1
~
S ~
]

log ¥ /%,
\

B

Figure 5-2. Hammett correlations for the rate constants of
isomerization of iminium salts with substituents
on the N-aryl ring, 57, 60 to 63, in TFA (___ ¥
and 52504/TFA (===-}. The latter values are
plotted using log k(E) in TFA as the reference
point.

~

- -
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isomerization are operaj?ve in these iminium salts, depending
on the eiectronic nature of the phenyl substituents.

. Electron-withdrawing. substituents on eith;r phenyl
ring increase the rate qf isomeri;ation relative to that of :
the unsubstituted salt, 57. ‘This sﬁppor;s a mechanismvin
which thé addition of a nucleophile to'the iminium salt leads
to isomerizatién. In agreement with the prediction, as the
acidity of the medium is increased, and its nucleophilicity

decreased, the isomerization rates of salts 55-57, 60 and 61

decrease, Figures 5-1 and 5-2.

Cl0.~

NGz ’ NC2

N0z~
An alternative to nucleophile addition would bé
ﬁhermally-induced‘electrqn t§§nsfer.
Eleétron—dbn?éing substituents on the‘C3 phenyl ring

also increase the rate of the reaction relative to that of
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the unsubstituted ion, indicating that positive charge is
delocalized towards the Cs phenyl ring in the transition
state. * At higher acid concentrations the reaction rate in-
creases, sO the reaction must be acid catalysed. There are
several possible protonation sites on the iminium salt that
could lead to isomerization, but only protonation on the
ni;rogen generates an intermediate with.positive charge in

conjugation with the substituent on the C3 phenyl ring.

CH:\:'/©

la]
CH;. ? N
- -y
H
CH:0 . ' CHYO

The isomerizations of 55-63 were followed in

' CHaO

deuterated trifluoroacetic acid to see if any of the protons
in the molecule exchanged with éeuterons from the sclvent.
The samples were heated at 100°C for several half-lives, and
only 59 showed evidence of deuterium incorporation. In this
case, deuterium was found at C,, C¢ and Cgr but equilibrium
was reached in about one-sixth the time it took for exchange
to be observed. Protonation at the C,, Cg or Cg positions
does ngt lead to C=N iscmerization by any simple mechanism.
The position on the molecuié wher%hproton:addition could

create an intermediate that can isomerize about the C=N bond,

but not exchange an existing proton, is at the nitrogen.
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Evidence for C=C bond iscmerization catalyzed by protonation

at this site has been observed previously in iminium ion

NSNS

CHXO

g8

The mechanism that best fits the data is protonation

on the nitrogen to form a dication, in which rotation can

“ Qo

CH:\;/© . CH:\E/@
] o r— | ’ — |
. e . —H-
CHO CH0

CHx0

take place about the C-N bond.

Iminium salt 63, with an electron-donating methoxy

substituent on the N-phenyl ring, isomerizes faster than does

the unsubstituted salt 57. The isomerization is not a first-

order reaction, however thqjkate is increased and becomes

first-order in the stronger.acid medium. No deuterium incor-

poration is obServed in the molecule. The evidence points to

an isomerization mechanism by protonation on the nitrogen.

The methyl substituted salt, 62, isomerizes more
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) --7'stowly than the unsubstituted salt, 57, in trifluorcacetic
acid; bu“ the rate is increased in the stronger acid medium,
indicatiné?tpat a protonation mechanism is possible in this
case as weli, at least in the more acidic solution. Salt 62
was heated in a solution of TFA-d/D,S0, for several hou;s,
until eqguilibrium was reached. The sample was thgf analyzed
by 250 MEz 1E and 2H NMR. No evidence of deuterium incorpo-
ration at any position in the molecule was found. Further
analysis by 13¢ NMR confirmed these :esﬁlés:

The observation of a proton-catalyzed isomerization
mechanism for salts 62 and 63 was somewha£ unexpected since
the positive charge of the dication intermediéte.cannot be .
deloéalized ento the electron-donating N—phehyl ring in any
simple manner. .

An attempt was made to generate the dication under
stabilizing conditions. A solu;ion of iminium salt 59 was
made in HF/SbFg/SO, in a dry ice/acetone bath. A 550 MEz 1B
NMR spectrum of the solution at -60°C was identical to a
spggtrum'of a mixture of the E,E and Z,E isomers, 59 and 68.
Additional peaks are zalsc present in the spectrum, but these
do not correspond to the 1r NMR signals observed for the

phenyl allyl cation.23°

III. Summary '
Two mechanisms arelresponsible for C=N iscmerization
in these iminium salts, an acid catalysed and z nucleophile

catalysed mechanism, depending on the electronic nature of
< .
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the substituent on either phenyl ring.

~ In trifluorcacetic acid, a weakly nucleophil;c sol-
vent, nucleophile addition is a viable isomerization |

mechanism. This suggests that under conditions of greater
nucleophilicity, such as aprotic solvents, the predominant
pathway for 1somerlzatlon will be by nucleophile catalysis.
a counterlon that is a better nucleoéhlle than perchlorate
could also contrlbute to thermal .isomerization. In view of

these results, éhdhprevious similar conclusions about C=C
isomerization mechanisms in iminium saltslso,.the thermal
isomerizations of the retinylidene iminium salts need to be
examined. In addition, reaction conditions for photochemical

isomerization experiments need to be checked to ensure that

catalysed thermal isomerizations are not interfering.
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CHAPTER 6

EXPERIMENTAI, METHODS

-

I. Materials and Syntheses

Trifluorcacetic acid (TFA) was distilled from coﬁcen—
trated H;S0, and stored in a dry N, atmosphere. TFA-d waﬁ
used as purchased from Aldrich. Acetonitrile was dried by
distilling from CaH, and letting stand over actibatéa“ﬁoie—
cdlar sieves for 24 hours. Fluorescent impurities in acetof'
nitfile were minimized by using HPLC-grade solvent, and dis-

carding the first 20 ml of distillate.

N-methyl, N-aryl, 3-arvl-2-propenvlidene iminium Qgrchloréte

The iminium salts 55-63 and 95 were prepared l.ay the
same procedure, Qutlined here for salt 57. "Freshly distilled
" N-methyl aniline (1.26 mL, 0.012 mol) in 20 mL dry diethyl
ether was cooled in an ice bath. A slight excess of per-
chloric acid (1.2 mL of 70% HClO4, 0.0l14 mol) was added
dropwise. A solution of cinnamaldehyde (1.9 mL, 0.015 mol)
in ether (10 mbL) was added, the mixture swirled and allowed
to stand until the product precipitated froﬁ solution, within
.2 few minutes. The product was filtered, washed with ether,
recrystallized from acefonitrile/ether, and dried in vacuo
overnight.

Physical data and elemental analyses for the salts

55-63 are réported in 'I‘ab?és 2~-1 and 2-2. LlE NMR and 13c xMR

144 o
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data of TFA solutions of these salts are summarized in Tables ]
2-3 and 2-4 respectively. Some dat.a'fo-rliminium salt 95 is
given in Tables 6-1 and 6-2. ‘

The reagequ required for the syﬁtheées were commer-—
cially available with the following exceptions: p-methoxy
cinnamaldéhyde, p-chlorocinnamalééhyde, p—mg;hylcinnamaldehyde,

m—gethoxy cinnamaldehyde; and N-methyl-p-chloroaniline.

‘p-methoxycinnamaldehyde, p-chlorocinnamaldehyde, p-méthyl—

-

cinnamaldehvde, m—methoxycinnamaldehyde
These cinnamaldehyde derivatives were synthesized

from the corresponding benzaldehyde derivatives and acet-

r

aldehyde by aldol condensation reactions'using literature

procedures.240,241

N-methvl-p-chloroaniline -

s

\ 5
N-methyl-p-chlorcaniline was synthesized by a modi-

fied literature procedure.242

Benzaldehyde (6 mL, 0.06 mol)
and p—chioréaniline ﬁLG§g, 0.04 mal) were dissolved in ether
(20 mL), and léft standing at room temperature for several
hours. .The soluti;n was dried with K,C05 and the '
solvent was évaporated to give a pale vellow solid, which was
dried in vacuo for three hours. The sclid was dissolved in
toluene (20 mL), and d&imethvlsulfate, (CE30)580,, ~(5 mL, 6.5
g, 0.05 mol) was added. The solution was reflu#ed for 1
hour, H,0 was added (20 mL) and the solution was refluxed

again for twenty minutes. fter cooling the solution to room

temperature, the two lavers were separated, and the agueocus
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Table 6-1 B T

Physical and Spectroscopic Data for N-methyl, N-phenyl-3-
(m-methoxyphenyl}-2-propenylidene iminium perchlorate, 95

. -1 .
m.p.(°C) Uy (em™ ) A (nm) photostationary state
R max " SEE .$2E SEZ %22
121-122 - 1611 346 44 28 . 20 8
) _ J
Table 6-2

-1y NMR Data for Iminium Salt 952D

Hy H, Hy Aryl E - CHy OCH, _51'2 3y 3

(Ez)  (Hz)

EE 8.438 ¢ | 7.98d4 7.46-7.32m, 3.95s 3.86s 1l 1s
’ 7.16-7.14m

2E 8.61d 6.60dd 7.9id 7.55-6.97m  3.91s 3.77s 11 15

EZ 8.48d 6.85dd 8.14d . 3.97s 3.79s 11 11

2z 8.684 6.12ad 7.80d o 3.93s ¢ 11 11

2in ppm, refereanced to N(CH3)4 BF,  'at 3.10 ppm, in
trlfluoroacetlc acid .

bs = s:.nglet, d = doublet, dd = doublet of doublets,
m = multiplet(s}

Cpeaks hidden
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layer extraqted with ether. The'aqueous fractién_was made
basic with KOH, and cooled to give two layers. After separa-
tion of the layers, the top layer, containing the amine, was
dried over KOH, gnd distilled from KOH (bp 1205C/4 mm). The
dis£illed product contained unreacted p—ch}oroaniliné,
Nrmethyl:;-cﬁloroaniline,'and N,N-dimethyl-p-chloroaniline.
Separation was achievedfby column chréomatojraphy (silica ;;1,
eluted with pet. ether/éther (10:30)). Yield was 2.8 g -
(50%). |

II. Crystallization of E,E and 2,E Isomers

A mixture of E,ﬁ and 2-E isomers (1:1.5 by lp NMR) of
iminium salt 57 was generated by dissolving 57 in CD3NO,.
Dry diethyl ether was added dropwise to the sample to star®
crystallizafion. The'crystals were filtered,-washéd with =~
ether, dried and redissolved in TFA. No evidence of the Z,E
iscmer was seen in the TFA solution by lg NMR, and no

precipitation occurred from the CD4NO, ‘solution on further

e2f€y addition.

III. Instrumental Technicues

NMR Spectra

— lg nMR spectra of the iminium salts 55-63 were
recorded on a Bruker WM250 spectrometer. A spectrum of.95
was recorded on a BrukerrAMSOb spectrometer. The solvent
used was trifluoroacetig acid, and the spectra are referenced

to an internal standard, tetramethylammonium tetrafluoro-
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borate, (CH3)4NBF,; at 3.10 ppm; Data are given in -
Table§ 2-3 and 6-2. ° ' .

13¢c MR spectra were recorded on either a Bruker WP80
spectrometer at éo.i MHz or a Bruker WM250 spect;ométer'at
62.9 MEz. The 3¢ mNMRr Spectra-are referenced to the CFg
quartet of the solvent, CF3;COOH, at 114.7 ppm. Solutions of
the iminium éalts contained TFA-4d or D,S0, a; lock coméounds
. for the spectra recorded on the WP80 épecfrbmeter. Data érg
reported in Table 2-4. .

Mixtures of the E,E and Z,E iscmers of the iminium
salts were generated by heating the iminium salt in TFAIat
100°C in sealed NMR tubes for several days. The resonances
of the Z,E isomers were obtained from 3 NMR spectra of the
mixtures, and were assigned by cﬁmparison to the spectra
cf the E,E ;somers, and by selective decoupling experiments.
Data are giveﬁ in Tables 2-5 and 6-2.

Solutions of the.iminium salts in TFA were irradiated‘
in a2 Rayonet photoreactor with 350 nm lamps to generate
mixtures of the E,E, Z,E, E,Z, and Z,2 isomers. <+H NMR
spectra of these mixtures were used to identify the
resonances of the E,Z and Z,Z isomers. In each case, 'a
spectrum of the mixture after a short irradiation period,
corresponding to about ten percent conversion of the E,E
iscmer, was used to identify and assign the resonances of the
E,2 isomer, and a mixture obtained@ after a longer irradiation

time was_used to assign the resonances of the 2,2 isomer.
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Data are summarized in Tables 2-6 and 6-—2.

A Varian EM390 spectrometer wac used to record 1g NMR
spectra for kinetic measurements, and Bruker WM250 or AMS00
'5pectromete:s were used to record LB NMR spectra for guantum

vield analyses.

-

TheAsolid-state 13¢ NMR spectrum was obtained by B.
Sayer at 75.5 HHz on a Bruker 300 MHz spectrometer. Data

are given in Table 2-4.

Absorption Spectra

Absorption spectra were recorded on either a éye
Unicam SP8~100, a Hewlett Packard 8451A, or a Perkin-Elmer
.Lambda 9 spectrobhthmeter.

Solutiohs of iminium salts 55-63 and %5 (about 10_5
M) in TFA were placed in 1 cm guartz UV cells to-record their
absorption spectra. Daté are-sﬁmmafized in Tables 2-2 and
3-5. | : .

Fluorescence Spectra

Fluorescence spectra were recorded on a Perkin-Elmer
LS-5 fluorescence spectrophotometer. Solutions of iminium
salts 55-63 in acetonitrile at concentrations of about
10~4 M, in 1l cm quartz fluorescence cells, were used in
atteﬁpts to obtain room temperature fluorescence Spectr&.
Low temperature attempts were made on a sq}ution of 57 (about
1073M) in H2504/TFA/acetic acid (2:2:1), which forms a glass
. at 77K. The sample was placed in a guartz cell (3mm o.d.),

and cooled quickly in a dewar containing liquid N, to form
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the giass. The sample was then transferred into the sample
coppartment, ;hich was glso cooled by liquid Nz.\
Fluorescence spectra 6é'benzil or 97 in acetonitrile
were .obtained on degassed solytibhs at room.temperatu:e. A
‘stream c¢f dry N, was bubbled through acetonitrile to saturate
the gas, and then bubbled into ;he solution ina 1l em’
fluorescence cuvette through a rubber septum. The septum was
separatéd from the solvent by teflon tape. After twenty’
minutes, the bubbling was stoppéd, the cell was sealéd with _
parafilm, and the spectrum recorded. Both excitation énd
emission spectra were recorded, to ensure that emission was
afising from the desired species. The intensities of the

emission peaks remained constant for at least fifteen

|
minutes, after which some reduction in intensity caused by 0,
quenching of the excited state was observed.

Infrared Spectra - . )

InfrareShspectra were recorded on a Nicelet 7199 FTIR
séectrometer. e samples‘were prepared.as RKBr discs, using
KBr that had been dried at 80°C for several days. The
frequencies measured are accurate to within 0.0l em™t,

‘referenced by an internal He-ﬁé laser. -

Cyvclic Voltammetry

The glassware, working and auxiliary electrodes used
in the experiment were rinsed with solvent, and oven dried
(80°C, overnight). The supporting electrolyte, tetrabutyl-

ammonium perchlorate was dried in vacuo, and stored in a
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dessicatbr; The reference electrode, a saturated calomel
electrode (SCEi, was separated from tﬁe bulk solution in the
-ce'll by a glass frit. |

The reductions of 55-63, 16 and N,N-dimethyl
retinylidene iminium perchlorate were observed by cyelic
voltammetry by the following pfocedure. - A solution of
tetrabutylammonium berchlorate (150 mg, 0.1 M) in aceto-
nitrile (3 mL) was degassed:by bubbling argon through it for
l5 minutes. The argon was previously saturated with aceto-
nitrile to minimize evaporation of the solvent. The back-
groundrﬁas recofded from +0.3V to -1.5V. The iminium salt
was added tg this solution (3 mg, about 1073 mol, 3 x 10'3‘
M?, the degassing repeated, and the reduction wave recorded.
The scan rate.used in.the measurements was 9.5 V/s. The data
are giF\ren in Table 4-1. The reduction of 57 was also
* measured-at various‘scan rates, from 0.1 V/s to 2.0 V/s.

Data are presented in Table 4-2.

Miscellaneous

The melting peints of iminium salts 55-63 and 95,
given in Tables 2-~1 and 6-1, were measured on a'Kofler‘ Hot
Stage melting point apparatus,'and are not corrected.

Elemental analyses were obtained at either the Guelph
Chemical Laboratories, or Galbrai£h Laboratories, Inc. Data

are summarizedé in Table 2-1.
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IV. Triplet-Triplet Enerqgy Transfer Experiment

A solution of benzil in acetonitrile (about‘lO-S'M)
was degassed by the proc;dure ocutlined above; and emission
spectra were recorded at excitation wavelengths of 520 and
570 nm. Iminium salt 60 was added to ;hisrsolution, which
was. then degassed agéin. An absorption spectrum gave the
appréximate concentration_of iminium salt,'3 x 1073 M. At
370 nm, the iminium salt absorbs >95% of the light. Emission
spectra of this solution were:obtained at excitation wave-

lengths of 320 and 370 nm.

V. Quantum ¥ield Measurements

Optical Bench

The optical bench consisted of a highlpressure 150 W
Xenon lamp goused in a Photochemical Research Associates lamp
housing (ALH 215), and powered by a PRA power Eupply (M303).
A water—-cooled IR filter containing distilled water removed
ihfrafed radiation. The lamp was focussed onto the entrance
slit of the monochromator (Jobin.Yvon H.10). The eﬂtrance
and exit slits used allow a 16 nm bandpass..- The wavelength
isolated fq@r the gquantitative experiments was 3§§ nm. The
light was further filtered to remove higher order wavelengths
of light, :;tnd collimated by a lens. The beam was then split
by’a'glass plate set at 45° to the beam. A ffaction of light
was éirected to a detector at 90° to the main beam (the

comparison detector), the remainder passed to the sample,
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which was placed in front of a second detector (the main
detector). All parts of the optical'tfa;ﬁ were mouﬁiga_ﬁn an
aluminium raii, and the entire optical bench was contained in
a light-~tight box. The detectors were UV enhanced siliconl
photodiodes (EG & G Instruments, UV 040 BQ). The diode
:signals_were_conyerted-to digital output by a two channel
-digital current integrator, built by C. Schonfeld (Cheéistfy
Department, McMaster Univer;ity).

—

Actinometry

Ferrioxalate actinometry, following literature
methods,243"%46 was used to quantitate the ligh£ absorbed by
the sample. The  0:06 M ferrioxalate actinometry sclution was
'placed in a c¢ylindrical cell in the sample holder and
irradiated for a shoft_period of time (5-8 minutes). The
solution was not stirred, but the irradiation was stdpped and
the soclution shaken several times during the experiﬁent.. The
current reaching the comparison detector was recorded,‘as a
number of counts. The main detector; behind the sample, 4id
not detect light since the sclution absorbed all the incident
light. The number of photons- incident on the sample were
determined from the absorbance of a solution preéared from
the irradiated actinometry solution,243 and used to calib-
rate the detector, as photons/count. The spectromete; used
for measuring absorbance was'calibrated with FeSO, sélutions

similar to the actinometry solutions, of known concentra-

tion. The response was linear for the absorbance range 0.09
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to 0.8.

The célibrations of the optical bench were performed
in duplicate, and were reproducible within 1%.. Calibrations
. wefe éerformed‘onpe for a series of experiments extending
over a period of fouz_‘ or five days. The sta.bility of the
system was checked by measuring ;he ratio of light entering_
the two detectors in the absence of the sample. ‘

guantum Yields

The glassware used for the measurements con;isted of
two parts, a cylindrical, quartz cell of volume 0.5 mgffor
the irradiation, and a gla.s_s arm in which the samples were
prepared.and degassed. The iminium salt was weighed intoc the
container, and 0.5 mL of trifluorcacetic aﬁid was added, from
a calibrated glass pipette. The container was attached to a
vacuum line with adaptors that contained a teflon stopcock,
and that allowed N, to be added after the degassing'was
complete. 'The solutions was degassed with three freeze
(77K), pump, and thaw cycles. After the cell was evacuated
for the third time, it was filled with dry N,5. The container
was closed with the stopcock, the sample transferred into the
quartz portion of the container, and placed in the optiéal
bench. The samples were irféaiated for periods of time
correspending to about 10% reaction, usually about two hours.
The sample compartment remained at room temperature during
this time. After irradiation, about 0.3 mL of the sample was

transferred to an NMR tube for analysis.

~ . ’ — -
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It was necessary to protect the samples from room
light during the manipulation;,td avoid unwanted photo-
chemical reagtions, and to store the solutions in the

-
refrigerator until analyéis to aveoid thermal reactions.
The guantum yieias were measured for solutions of

iminium salts 55-63 in TFA of concentrations about 0.04 M,

0.07 M and 0.09 M. Iminium salt 60 was not soluble enough in

TFA to allow a measurement at the highest concentratien.. The-

values were corrected for small amounts of iscmers other than
[ &

the E,E isomer present before irradiation. The gquantum

yields of salts 56, 57 and 62 are corrected.for isomerization

that occurred during the sample preparation. The guantum

vields of salt 58 are corrected for an impurity present in
the salt, whose 1z NMR spectrum contains a resonance tﬂat
overlap§ the, resonance of Hy of the Z,E isomer, 67. The
values are nét corrected for back reactions of the isoﬁer;
produced during the irradiation. Raw data for the quantum
vield measurements are given in Tables 6-3 and 6-4.

Quantum yields of isomerization were also measured
for iminium salt 60 in 0.01 M sodium trifluoroacetate in TFA,
0.1 M sodium trifluoroacétate in TFA, and g.l M tetramethvl
ammonium chloride in TFA. Quantum yields for iminium salt 59
were measured in 0.01 M sodium trifluorcacetate in TFA and
0.03 M H,S50, in.TFA. These values are corrected fo£ the;mal

, .
isomerization that occurred during the manipulation of the

samples. Raw data for these experiments are given in

——
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Table 6-~5.

The quantities of each isomer present irn the irra-
diated mixture were determined from-lH NMR spectfa of the
solutions, obtained at room temperature. The detection-1imit
was about 0.5% when 1200 scans were used for the spectra;
The reiative isomer amounts were measured as peak areas {by

cut and.weigh} of the Hl and Hy peaks, and in some cases,

where these are not sufficiently resolved, the H, peaks were
used as well. The total peak areas were assumed to equal the
quantity of E,E isomer initially used in the experiment, the
amounts of each iéomer were then determined from the relative
areas of their respéctive peaks. The results were generally
reproducible within 108.
fhe relative isomerization quantum yields for the

iminium salt 95, Table 3-5, were obtained by the same proce-

dufe, however the lamp was not calibrated@ for the irradiation.

VI. Photostationary States

kSolutic:ms of the iminium salts 55-63 and 95 in TFA
were placed in. NMR tubes, and irradiated for 36 hours or more
in a Rayonet photoreactor {350 nm lamps, 50 nm bandwidth).
The resulting mixtures were analysed by 1y NMR. Relative
isomer concentrations were determined from the peaﬁ_greas cf
the -Tesonances of Hy, By, and E3, as outlined for the
guantum yield measurements. Data are giVen-in Tables 3-4 and

6-1.
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a

-VIXI. Electron Tfansfer Bxgeriments"-;.‘. .

Luminescence Quenching Experiments

. . The eiectronadonor‘tris(2Jv-bipy{idine}ruthenium(Ii)
dichloride, 97, was syﬁthesized by a literature };u:'oceciure.:a“r7
Quenching‘experiments_ﬁere performed using iminium salts 55- ..
60, as follows. S‘orlutibnsr of about 10~6 to l(J"S M 97 in
acetoﬁitrile were degassed and an abscrption speccrum was.
recorded to,estzmate the concentratlon o£.97. An emission' % 3
-spectrum of the solution was obtained at excitation wave—.
lengths > 520 nm. An excess cf_iminium salt was then added
(about 100-fold excesej. and the solution was degassed again.

- The absorption spectrum of thensolutaon was used to estimate
the concentration of iminium salt in the sclution, and to

s determine the extent of iminium salt absorpf&on at the wave-
lepgth of irradiation in tke luminescence experiment. Tﬂe

- . solutdon was' then irradiated at a wavelength that allowed
‘absorption- by 97, bue minimized absorption by the iminium
salt, and the emiSSLQn géectrum recorded. The decrease in i
the emxss;on peak, at the maximum, was compared to the in-
crease in absorption.at the irradiating wavelength to deter— o

mine whether quenching had occurred. Data. for the .eXperi- =~ %

ments are given in Table 4-3.

= NMR. Experiments

- = Solntlons of J.mln:l.um salts 57 or 60 and 97 1n‘ TFA

-

-

were: 1rrad1ated to examlne*e%ecxzopftransxe; by product\xa\

-analyses. Invthe absence of. llght, at room temperature, 97
a - -
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did not decompese in TFA. The rate of thermal isomerization

of 60 in TFA was not enhanced by 97.

- Iminium sglt 60.(5 mg, 4.5 x 1072 M). and 97 (5 mg,

2.6 x 1072 M) were dissolved in 0.3 mL TFA in an NMR tube,

and irradiated with light of wavelength >425 nm. The light
source used was a 150 W-Xenon lamp. The desired range of wave-
. lengths was achieved by placing two cut-off filters in the light
path. The reaction wds monitored by 1E NMR (EM 390). The |
peak height of the N-methyl signal of th-le' E,E i%omqg of 60
relativg to ths sum Qf the peak heights of the E,E and Z,E iéo-
mers was used to determine percent composition of the mixture.

L

A.similar"éiperiment was performed for iminiBm sé};"
57. 1In éddition, é photdmixture of the féur isomers of 57
was generated by irradiating a TFA solution of the salt in an
NMR tube in a Rayonet photoreactor for >12 houré. - Salt 97
was added to this mixture and the sclution was irradie-ed and

L

monitored as outlined above.

VIII. Thermal Experiments

The 0.01'M H,80,/trifluorcacetic acid mixture was
made by diluting 0.04 mL of 100% H,SO, to 50.00 mm with TFA.

E, Measurements

The acidity of tﬁe'solveh;s used in these experiments

was determined by the Hammett indicator method, using 2,4-

248

dinitroaniline. The values found were TFA, -4.3; TFA-d,

-

-4.0; 0.0l M B,SO,/TFA, -5.4. ~—
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Kinetic Measurements -

-—

The-iminium salt (about 25 mg, 7 x 107> mol, 0.2 M)
and an internal stengard, tetramethylammonium tetrafluoro-
borate (ebou; 3 mg) were dissolved in TFA (about 0.3 mL) in a
medium-walled.NMR tube: -The tube was then sealed, and a lg
NMR spectrum obtained. The concentration measure used in the
experiments was fhe peak height of the N-CEH, peak‘relative to
the peak height of thelsignal_of-the internal standard. The
widths at half height of these peaks were similar. The
reaction did not takelplace at reom tempergture, or at the
probe temperature of-the NMR instrument (34°C) at an
appreciable rate. The sample tuEe was placed in a constant
temperature bath (refluxing water, 100;1°C).. Ap.regular
intervals, the reection was stopped by coeling the tube
quickly to room temperature. 1 NMR epectra cf - the mix-
ture\were used to monitor the change in the sample. The
decrease in the height of the NCH, peak of the E,E isomer
(relatlve to the internal standard) was monitored in all
cases except 59, where the increase of the peak height of the
NCE3 signal of the product isomer, the Z,E isomer, was
followeqf

,jThe reactions were monitored until two-thirds
complete. The samples we?e then heated until a constant
EE/ZE ratio wésemaintained. The relative isomer ratio was
determined by measuring the relative peak heights of the NCEH4

peaks whenever bossible. For 59 and 63, other peaks'in the



l63

spectrum were used.

At longer heating times for iminium salts 56, 57, 58

and 62 in TFA, and also 61 in H,S0,/TFA, an-additional

product was observed in the solutions by lH NMR, but this

product{s) was not present during the kinetic measurements
- L ]

in amounts detectable by the NMR technique used {about 108 ~

detection limit).

The rates of isomerization were determined using
equation 21.249 '
In (A -R./A-A.) = (kg + kIt {21]
A = concentration of E,E isomer at time t

A

o initial concentration of E,E isomer

Ag equilibrium qoncentration of E,E isomer
Kee kp = rate constantg for the feorward and back reactions,
respectively
A graph of 1h '(Ao-Ae/A-Ae) versus time gave the sum of the
forward ané reverse rate constants as the slope ¢of the graph.
The rate constants can be separated using egquation 22.
AL/Bg = k./k¢ {22]

Bg = equilibrium\concentration of the Z,E isomér

As an example, raw cata for the iscomerization ¢f iminium salt

58 is shown in Table 6-6.
For the analysis of the reaction of 59, equation 23
. ~ . ‘
was used. !

In (Bo/Bg-B) = (ke + k)t . (23]

B = concentration of 3,E‘isomer at time t
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Each rate constant reported‘is the average of the
results of at least two experiments. The rate constant for
the isomerization of 63 in TFA is estima:ted from £he half
reaction time.

Deuterium Incorporation

The isomerizations of the iminium salts 55-63 were
followed in TFA-d. Estimates of the.reaction rate at 100°C
were  obtained from one-point kinetics,.and are given in Table
6-7. The samples were heated in sealed tubes as described:
above. Thé samples were cooled once during the iscmerization,
to determine the concentrations of the two isomers by 1 NMR.
The(height of the NC_E_3 signal of the Z,E is_omer relative to
the total peak heights of the NCH; peaks of the Z,E and E,E
isomers was used to estimate the concentration of the Z,E
isomer. The samples‘werelallowed té eguilibrate for >5 half-
lives, and as many as 20 half lives for 58, 59, 62 and 63.
Evidencé fo: éeuterium ?ncofporation was sought in the lH NMR A
spéEEra~{EM390), and for 63 at 250 MHz (Brukér WM250).

| Deuterium incorporation in salt 62 wés further inves-
tigated in the stronger acid made by combining TFA-d (0.3 mL)-
and D580, (10™3 mL). The sample was heated to equilibrium,
about 3 hours at 100°C. ASpectral technigques used to examine
the mixture were 1E NMR (WM 250), 2H NMR (WM -250) and 13c NMR
(WP 80).';For_the latter two specéra,"the sample was diluted

) ™
to about 2 mL with TFA.
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Table 6-6

Raw Rate Data for the Isomerization of
Iminium Salt 58 to 67 in TFA at 100°C@

time (min.) Ay Ag -3 X = AofAe/A—Ae in X
o 1.46 0.67.  1.46 1 0

1090 ' 1.36 1.14 . 0.13
2540 , 1.20 1.49 0.40
14190 | | 1.09 . 1.88  0.63
5565 . 1.01 /%.%@ ' 0.84
6870 0.98 2.55 0.94
8110 | 0.92 3.16 1.15
. 9725 | 0.86 4.16 - 1.43

a

estimated error in concentration measurements is +10%
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o Table 6-7

Approximate Rate Constants for the Isomerizations of
" Iminium Salts 55-63 in TFA-d at 100°C2 .
1

Reaction 'kf(s'l) kr(s'l) # half lives D incorp.
e x 106 x 106
55 + 64 28 20 ‘ 7 no
56 = 65 14 11 12 . nho
57 - 66 3.3 2.7 5 no
57 « 66 ' 2.6 ) 2.1 6 no
58 = 67 2.6 2.4 5 no
60 ~ 69 83 _ 97 110 no
. 61 = 70 17 .16 | 12 : no
61 = 70 4.1 T 3.7 4 . no
62 ~ 71 S 5 4 30 no
63 = 72 >180 >150 30 no

destimated error +30%
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Super-Acid Solution of Iminium Salt 57

The sample was prepared by transferring about 0.05_ mL
HF/;SbFS into an NMR tube in a N,~filled glove bh-g;",' and
cooling the tube in a dry ice/acetone bath. SO, was
cbnd.ensed into the tube until a volume of 0.3 mL was ob_—_
tained. The mixture was stirred with a élasé rod. The
iminium salt, 57 (asout 20 mg), and a reference compound,
tetramethylammonium tetrafluoroborate (about 3 fng), were
added so that they remained on the inner walls of the tube,
and the solution stirred tomix the salts in slowly. The
sample was kept cold. . 1y NMR spectra were recorded at -60°C,
-35°C, and -20°C. At the highest temperature, tllae sample

began to decompose.
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