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N ABSTRACT

This thesis presents some investigations of the grdund and
excited state properties and reactions of some a,B8-unsaturated iminium
salts. These studies were instigated primarily b} the vast number of

,reports on the photoreceptor pigments, rhodopsin and bacteriorhodopsin.

. Both of these natural systems are believed to contain iminium salt

chromophores which undergo efficient cis/trans isomerizations in their
ground and/or excited states.

A series of aliphatic and aromatic substituted a,8-unsaturated
iminium salts were prepared and characterized by ]H nmr spectroscopy.
The ground stéte structure and charge distribution were fnvestigéted
by MINDG/3 calculations, an analysis of solution and golid state ]3C.
nmr chemical shift data and x-ray crystal structure determinations.

It was concluded that the positive charge of these systems resides
principally in the iminium moiety and that the s-trans conformation is
predominant in solution.

The photochemical reactions of the iminium salts in strong acid
media (FSO3H, H2504-and TFA) were e;émined. A1l of the systems formed
a phagostationary state mixture among some or all of the possible
geometric isomers. The unambiguous identification of a photon-induced
cis/trans isomerization about the C=N" bond was particularly significant .

as this was the first report of such an occurrence.

The quantum yields for some of these isomerization processes

iii




were determined in the above solvents. The substituent and viscosity
dependence of these yields were used in an attempt to elucidate the )
mechanism of isomerization and the charge distribution of the excited
state. It was concluded that on going from the ground to the excited
state there was a shift of the positive charge from the iminium
moiety onto the carbon framework. This was completely in accord with
the sudden polarization effect proposed by Salem and Bruckmann. A
mechanism involving the rotation about one of the multiple bonds per
quantum absorbed was consistent with these data.

A quantitative investigation of the ground state cis to trans
-isomerizations-about the C=C bonds in a series of para-substituted
aromatic iminium salts . was undertaken. The results were indicative of
& change in mechanism with a variation in the electron demand of the
substituent. Salts with e]é;tron—withdrawing substitueﬁts were concluded
to isomerize by the Michael éddition of a nucleophile whereas, a
pathway involving protonation at the iminium nitrogen was proposed for

the salts with electron-donating substituents.
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CHAPTER 1

THE VISION PROCESS

The vertebrate visual pigment rhodopsin, 1, consists of a chromophore,

11-cis retinal (1), bound via a Schiff base linkage to a lysine

residue (2,3) of an apoprotein called opsin.

TN

~

'—l

~ IEI-Opsin
(H)

The word rhodopsin is derived frbm the two Greek words meaning "rose"
- and "vision" reflecting simultaneously its ﬁink colour and its function.
Vision has been the subject of extensive study in the last forty years
and yet many aspects of the process are poorly understood and their
interpretation is controversial.

The absorption ot’light by the chromophore causes a cis/trans
isouerizétion producing the pigment containing the all-trans chromophore.
This pigment. dissociates ﬁo give al]-tran§ rétinal and opsin,

equation 1. An understanding of the chromophore photoiéomerization is

-1 -
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essential to the discernment of the vision process.

AN ﬂi_

A \\\\'\0

(1)

+Op§n'

Bacteriorhodopsin is a light harvesting protein of the Hurp1e
membrane qf the microorganism Halobacterium halobium and its function is
to pump protons across the cell membrane under anaerobic conditions
(4,5)." The bacterium uses the resuléing hydrogen ion gradient to
drive cﬁémiosmotica]]y the .synthesis of ATP.

In 1971, Oesterhelt and Stockenius (6) discovered that
bacteriorhodopsin contains a retinal chromophore. The dark-adapféd
pigment, in fact contains two isomeric retinal chromophores (all-trans
'and 13-cis). 1n thermal equilibrium, whlch are bound to the protein >
by a Schiff base 1inkage, equation 2 (4,5).. Light-adapted bacterio-
rhodopsin contain; predominantly the all-trans isomer and it is this
form of the pigment which undergoes a.pho;on-induced cyclical reaction
sequeﬁce in the proton pumping process. Unlike rhoddpsig; the
absorption of a photon does not cause the dissociation of the pigment

FOEEAN
chromophore. .
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Rhodpsin and bacteriorﬁbdapsin have strong absorptions in the
green and_ye]Iow regions of Eﬁé‘visibie spectrum respectively, while
retinals and simp]é retinal Schiff bases formed in vitro absorb in the
ultra vio]et.regioﬁ.' The origin of this large spectral shift in the
natural pigments is controversial. To account partially for the shift
it is generally accepted that the chromophore/prdtein Schiff base
linkage is either protonated (4,5,7,8,9-13) or strongly hydrogen
bonded (5,9,14-18). '

The solution chemistry of neutral and protonated Schiff bases
of retinals has been invesfigated to obtain a better understanding of
the above processes since it is believed that the protonated alkyl
Schiff base of 11-cis retinal is the best solution mode] for rhodopsin
¢4,5,7,8). The following-discussion will focus mainly on the chemistry
pertaining to rhodopsin and the vision.process, although on a number
of occasions reference will be made to bacteriorhodopsin. First, the

ground and excited state chemistry of neutral and protonated Schiff
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bases will be reviewed. This is followed by a discussion of the natural

pigment.

A. Schiff Bases of Retinals: Model Visual Pigments

Retinal, the chromophore in rhodopsin and bacteriorhodopsin,
can exist in a number of isomeric configurations, g-§, but only certain
ones form stable pigments. The protein opsin forms a stable pigment
with the 11-cis and 9-cis isomers, f and § respectively, but only f is
found in natural pigments (1). Bacteriorhodopsin, on the other hand,
contains both all-tranms, 2, aéd 13-cis, 3, isomers (4,5). In both

photoreceptor pigments, however, the chromaphore is bound to the protein

by 2 Schiff base linkage (2-5).

Ground Sitate Properiies

A Schiff base is formed by the condensation of a carbonyl group
with a primary amine, equation 3. The alkyl amine most commonly used
in model pigment studies is n-butylamine since thg lysine residue in
opsin consists of a four carbon chain with an amino group at the terminal

end.

3
R
" " i

Alkyl Schiff bases of all retinal isomers have a distorted
6-s-cis geometry. Apart from the 11-cis isomer, 9, the s-trans
conformation about the other formal single bonds is preferred with all

the isomers studied. The 11-cis isomer, 9, is reputed to exist as an

O
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equilibrium mixture of the 12-s-cis, 9a, and 12-s-trans, Sb, conformers,

equation 4 (4,5,7,8). Both 1H and '3

C nmr data indicate that in

solution 9a is favoured (9).

(&)

Uhl and Abrahamson (9) claim that this conformational equili-
brium, equation 5, is still maintained when the Schiff base is

protonated and that 10a is the favoured conformer.

-

N NN 12 - RN 12 (5}
13 - 13
=~ AN
RHNZ © MR
10a 19b

-

Resonance Raman data is also consistent with an equilibrium mixture of

102 and 10b in solution fld). Both conformers have a trans arrangement

- -

about the carbon, nitrogen double bond (g,lgj,
rf{:~ /H
SR
H R
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The state of protonation of the chromophore/protein Schiff ba§e
linkage is important to the understanding of the vision process so that
some idea of the basicity of 9 is necessary. A pKa in the range of
7 - 8 has been estimated for 10 (23,24). This value increases to about
17 in the first excited state which means that the excited state is
much more basic than the ground state (23). It has been suggested that
a2 pKa of 7 may not be high enough to ensure that the Schiff base
linkage in rhodopsin is fufly prntonated-(]4,24), but evidence indicates
that the ground state pKa is much higher in the protein environment
(17,18). Further discussion.bn the probiem of Schiff base protonation

wiT be left until the next section.

Absorption Spectra and Photophysical Prbperties

Electronic absorption spectral properties for 9 and 19 are
summarized in Table 1-1. The spectrum of ? exhibits a2 maximum at 350 nm
for the lowest energy absorption band (26). Upon protonation the
maximum of this band shifts dramatically to longer wavelengths such that
the maximum of 19 occurs at abouf 440 nm (27).

Absorptibn maxima for.g and'lg are both temperature and so]vént
dependent and, in addition, the molar absorpfivity is temperature
dependent. An increase in the extinction.coefficient of about 20% is
observed for ? and 19 at low temperature, Table 1-1. It has been suggested
that a shift in the conformational equilibrium towards the 12-sftrans‘

. conformer (99 and 10b) as the temperature is lowered is the cause of this

increase in molar absorptivity (26,27). This argumenf, which has

generally been accepted in the literature, contains an inconsistency.
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Table 1-1

Absorption Banq Maxima and Quantum Yields of Photophysical Processes

For Retinal Schiff base 9 and Retinal protonated Schiff base 10

Quantum Yields'

Osci11atora

Compound Temp. Amax(nm)a Strength oc %1sc . %1 op¥
9 77K 368 1.01 obsd. = - -
295K 350 0.81 <0.001° <0.01° 0.004% 0.45°
10 77K 442 0.83 obsd. - - -
295K 438 0.7z <0.001° <0.01° o0.05¢ 1®

aReference 26 and/or 27.

bReference 31 and/or 32. ) d

CReference 31 and 33.

uReference 31 and 35, value is strongly wavelength dependent.
®Reference 31 and 36.

fQuantum yields of fluorescence (¢f), intérsystem crossing (¢Isc)'
isomerization upon direct irradiation (oPI) and isomerization by

sensitization to the triplet state (op¥).
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Based on the expectation that the conformational entropy differences are
small (151), the 12-s-cis conformer (?§ and 193), which is favoured at
room temperature, should become even more favoured as the temperature
is lowered. — -

A study of environmental effects (solvent, acid strength and
presence of amino acid analogues) demonstrafes that the absorption
maximum of 10 is readily shifted to about 500 nm, the absorption
maximum of rhosopsin (28). |

The Targe bathochromic shift obseryed upon protonation has
been suggested to result from the co]lapse’of bond alternation and an

accompanying charge delocalization (29).

NHR

' Charge delocalization is supported by ]3C nmr data, Table 1-2_(20-22,29).
. The resonances-due to the odd numbered carbons move downfield while
thpse for the even numbered carbons move upfield. This phenomenon f%
consistent with the posgibTe resonance forms for a protonated §chiff
base énd‘is in qualitative agreement with theoretiqal calculations of
T eleétron densities and = bond orders (29). .

Direct excitation of Schiff base, 9, or protonated Schiff base
19 leads to the formation of théir Towest.excited singlet state, S].
These excited states can return to the ground state by a number of
differenﬁ pathways, Scheme 1-1. Relaxation can be achieved by the

emission of light (fluorescence), a radiationless process such as
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Table 1-2

]BC nmr Data for Retinal Schiff Bases, 9 °

and 11, and Protonated Schiff Base, 12

Chemical Shift (ppm)

o g i 12
5 130.8 . 129.73 131.77
6 139.9 '137.82 137.42
7 129.0 127.79 132.09
8 1§3’§‘ 137.52 136.89
9 140.0 - 139.94 145.33
10 129.3 130.05 - 129.55
1 128.8 127.79 137.42
12  134.4 136.09 133.64
13 - 145.0 143.91 162.33
14 132.8 129.55 120.14
15 . 160.7 159.37 163.65
@ Reference 30.
b Reference 20. *
q
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isomerization, or the singlet state can intersystem cross to the Towest
excited triplet state. The triplet state can also lose its energy by
" the emission of light {phosphorescence} or by a radiationless process such

as isomerization. The efficiencies of these processes are given in
Table 1-1.
Neither 9 nor 10 fluoresce at room femperature; but both
fluoresce weakly at Tow temperature (31,32). Phosphorescence has not
been observed for either compound, consistent with Tow quantum yields
for intersystem crossing (31,33,91). These results are compatib]e\ﬁith
a first excited state of z-=* character for both 9 and 10 (31,32).
Schiff base formation causes a large enough blue shift of the n-n*
transition to make a n-w* state lowest in energy and protonation transforms
the nitrogen non—bonding‘orbital into a SOnding orbi£a1 eliminating the

n-n* transition (5). Theoretical calculations of energy level ordering

support these conclusions (5,34).

Photoisomerism ‘

The irradiation of g and 19 leads to the formation of the all-
trans isomers 11 and lg, respectively (31,33,35). Photoisomebizatiqn
efficiencies are low (Sée Table 1-1) and the value for 19 is strongly
wavelength dependent. Rhodopsin, on the other hand, undergoes an

efficient waveTéngthindependent cis/trans isomerization (73,77).

X hv \\'\\\N_R
) ———
-~ 365nm
S SN-R 1
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S - hv NIRRT HR
Xy 450nm
19 SRHR 12

Upon sensitization to the triplet state efficient isomer-
ization is observed for both 9 and 10 (31,33,36). Due to their low
quantum yields for intersystem crossing, however, isomerization from
the triplet state is probably not important in the direct irradiation

of retinal Schiff bases (31,33).

B. Rhodopsin: A Visual Pigment

Rhodopsin has a complex chemistry which can only be discussed
briefly in this review. A number of recent reviews are available for
more details (4,5,7-9). In this discussion emphasis will be placed
on the origin of the pigment abso}ption spectrum and the elucidation

of the primary photochemical event.

The Protein

Opsin is a single polypeptide chain of approximate molecular
weight 36,000 and consists of about 300 amino acids, the sequence of
which is not completely known (5,8,9). Rhodopsin is found in the rod
photoreceptor, Figure 1-1, and constitutes about 90% of the protein in the
disk membrane. The pigment is a highly asymmetric molecule which is .

long enough to trénscend the thickness of the disk membrane (5,8,9).

-
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Figure ]-1:_ Schematic of rod photoreceptor cell.



- 15 -

Chwomophore Congormation

The specific geometry of the 11-c¢is retinal thromophore is not
known (4,5,8,9). There is, however, indirect evidence suggesting that
the 12-s-trans conformer is favoured in the protein environment. A
protein bound 12-s-cis conformer, as in solution, should have a weaker
absorption band than is observed for rhodopsin (4). The 14-methy]
derivative of retinal, which has an unstable 12-s-cis conformer, forms
an artificial pigment with properties very similar to those of
rhodopsin (37). Finally the resoﬁance Raman spectrum of rhodopsin has
a similar pattern in the methyl stretching region as solutions of

11-cis retinal containing the 12-s-trans conformer (10,38).

State of Protonation
Rhodopsin has an absorption maximum at 498 nm (4,5,7,8), while
11-cis retinal has a maximum at 369 nm (5,7,8). To account partially
for this large red shift in the spectrum of the pigment it was proposed
that the protein/chromophore Schiff base linkage is protonafed (7,39,40).
There was no-direct evidence for Schiff base protonat%on until
the application of resonance Raman spectroscopy to the study of the
visual pigment. The Vesn in rhodopsin is found to be close to that
observed in model protonated Schiff bases of retinal (25,54). - On this
basis it was sugg;sted that the Schiff base linkage in fhodopsin is
protonated (54).‘ In deuterated media Ve of rhodopsin is shifted
from 1655 | to 1630 cn™ !, a shift which is also in agreement with
that of model compounds (25). A normal mode analysis demonstrated that

the above shift in vibrational frequency can be accounted for by the

replacement of a proton by a deuteron on the Schiff base linkage (10,55).

€ ) l . ) —_
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Favrot ef al (14,15,24) claim, howeve}, that Veay 1S mot a
good indication of whether or not the nitrogen atom is protonated,
since its assignment is difficult. They conclude, from an infra red
and Raman spectroscopic study of simple unsaturated Schiff bases and
their picrate salts, that the Schiff base 1inkage is hydrogen bonded.
Additional support for the hydrogen bond hypothesis comes from a Study
of the proton/deuterium exchange rate in bacteriorhodepsin (17,18).

The state of protonation has also been examined using 13C nmr
spectroscopy. In model cbmpounds, the resonance due to C14 occurs at
about 130 ppm in the neutral Schiff base and this shifts to about 120
ppm upon protonation, Table 1-2. Shriver et al (56), using retinal

enriched at the C14 position, found that the protein bound chromophore

has a 13

C resonance at 130.3 ppm. They concluded that the Schiff base
linkage is unprotonated.

Experimental results (42,52,53) indicate that in rhodopsin there
is a counterion in the vicinity of C14 (see Figure 1-2) and it has been
calculated that such a counterion could cause a downfield shift of the
C14 resonance (42). Thus the above result can be explained with a
protonated Schjff base linkage. A similar I3C nmr study of bacterio-
rhodopsin exhibited a C14 resonance at 118 ppm consistent with a %
protonated Schiff base (57). Bacteriorhodopsin has a counterion in
the proximity of the g-Ionone ring (43), Figure 1-2, which should not
effect the_resqnance frequency of C14 as is postulated to occur in
rhodopsin (42).

Although the state of protonation for the protein/chromophore

Schiff base linkage is still somewhat controversial, it is generally

believed that the linkage is protonated rather than hydrogen bondéd
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.Figure 1-2: External point charge model for (a) bovine rhodopsin'

and {b) bacteriorhodopsin.
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(4,5,7,8).

Bathochromic Shige

As discussed previously, 19 in ;oTution absorbs at about 440 nm
{27) so that a number of models (14,16,28,41-53) invelving a secondary
protein/chromophore interaction have been proposed to account for the
additional red shift. A1l of these models assume that either a protonated
(28,41-53) or a strongly hydrogen bonded (14,16) Schiff base Tinkage is

present in rhodopsin.

S

NHR
10

Twisting about carbon, carbon double bonds induced by.the
protewn env1ronment could account for a further red shift of the pigment
spectrum (44,58). Although this mechanism is possible, one must question
why the molecule would twist about double bonds when tors1ona] deform-
ations about single bonds are facile (47).

‘The solution absorption maximum of 1& can be shifted to about
500 nm by the addition of amino acid analogugs suggesting that the
polarity or polarizability of the protein environment can significant]}
alter the absorption maximum (28). The use of such an electrostatic -
model to explain the bathochromic shift waé first proposed by Kropf
and Hubbard (51). This model involves the protonation or hydrogen

bonding of the Schiff base, a counterion in the vicinity of the nitrogen
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atom and a second negatively charged group piaced ;omewhere along fhe
polyene chain (14,16,42,43,46,47). Recent elegant experiments,

involving artificial pigments confaining various dihydroretinals, indicate
that the second charged group is in the region of C12 - C14, Figure 1-2
(42,52,53). ¥

Primary Photochemical Event
Upon illumination, rhodopsin reacts to yield eventuélly all-
trans retinal and opsin. This process is termed bleaching because
the pink colour of the pigmeﬁt is 1ost. The absorption of & photon by
the chromophore triggers the sequence of events illustrated in Scheme 1-2.
At physiological temperatures, the primary photoproduct of
rhodopsin and isorhodopsén (the pigment formed from 9-cis retinal and
opsin) is bathorhodepsin. The observation, in 1963 (59), that there
was a photostationary state formed among rhodop§in, bathorhodopsin
and isorhodopsin (equation 6) provided the first experimental evidence
that the bathorhodopsin chromophore has an all-trans or transoid
configuration. This meanf that the primary.event involved the cis/trans

isomerization of the rhodopsin chromophore.

Rhodopsin ;:QEE: Bathorhodopsin-;:Ef:::lsorhodOpsin - (6)

(11-cis) _ (9-cis)

The all-trans configaration for bathorhodopsin was generally
accepted until Busch et al (60) showed that bathorhodopsin is formed
in less than 6 psec. Ifzwas believed by many people that this was
not sufficient time for a one bond cis/trans isomerization to occur

and a number of models involving proton translocation were proposed
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Rhodopsin — Bathorhodopsin L—-\ Isorhodopsin

{498 nm, 77K) -1 < (548 nm, 77K) -11 s (458 nm, 77K)

<10 < 10
4 108 sl 133k
v
‘Lumirhodopsin (497 nm}
10 s| 233k
v

B} Metarhodopsin I (478 nm)
1073 Sl 258 K, H'

Metarhodopsin II (380 nm)
10° l'

Metarhodopsin III (465 nm) 10° s

|

All-trans retinal + opsin +—m——

—

Scheme 1-2: Wavelengths given are absorption maxima and times are the

approximate rate of conversion at room temperature.



- 21 -

(14,16,60-66). The observation of a deuterium isotope effect on the

rate of formation of bathorhodopsin added weight to these mddels (61).
None of the proton translocation models, however, can adequately account
for the photostationary state data (59,67). Recent calculations in&&péte
that photoisomerization could be much faster than originally thought
(34,68). A one bond isomerization has been calculated to occur with a°

high quantum efficiency (¢ = 0.61) in about 2 psec (34).

calc
Resonance Raman results have been interpreted to show that

bathorhodopsin has a distorted all-trans configuration (69-71) and

that this stfucture is present 30 psec after irradiation (72). These

results, coupled with studies of non-bleathable retinal analogues (73,74)

and the photostationary state data {59,67), provide. substantial eyidence

that the Erimary event jnvolves a cis/trans photoisomerizétion. The

dg:;érium'isotope effect remains to be fully explained but a reasonable )

hypothesis has been presented (75,76).

Light-Induced Reactions

Bathorhodopsin is stable up to 133 K and its formation is both
wavelength and temperature (down to 77 K} independent. In dark-adapted
rhodopsin, bathorhodopsfp is formed with a quantum yield of 0.67 while
the analogous quantum yield from isorhodopsin is 0.33 (73,77). At
temperafures above 133l<,bathorhod0psih is converted to Tumirhodopsin
(76). Little is known about lumirhodopsin but its rapid formatibn
implies that oh]y minor changes in chromophore and protein configuration
have taken place (5,9). The intermediate metarhodopsin I is formed at
233 K (78) and is in thermal equilibrium with metarhodopsin II at

~ temperatures above 258 K {79,80). The metarhodopsin I to meta-

-
1y
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rhodopsiv II transition invé]ves, among other things, thé deprotonation
of the Schiff base Tinkage and it is believed that this step in the
bleaching sequence triggers the transduction mechanism (5,9). At

this point the_pathway divides (39,80,81), one fraction goes to all-
trans retinal while the ot;;r goes first through the intermediate
metarhodopsin III. The above intermediates, which were first studied
in aqueous- glycerol g]asseg, have all been identified as genuine parts

of the rhodopsin photolytic cycle at room temperature (60,61,82-84),

All-trans retinal is thermally isomerized back to the 11-cis isomer (9),

rhodopsin is reformed, and the process repeats itself. A more detailed
discussion of these processes can be found in a2 number of excellent

reviews (4,5,9,85,86).
Visual Transduction
The absorption of light ultimately. causes a change in potential -

across the plasma membrane that in some manner blocks the passage of

sodium ions (Na+) into the rod outer segment. Salem and Bruckmann

(87,88) have suggested that this change in potential is induced by a
sudden polarization of the charge distribution in the chromophore upon
excitation. The most wide]} accepted theqries, however, assume that
some internal transmitter substance is involved (5,9). This transmitter
blocks Na+ transmisg}qn either by its presence or by its absence. There-
fore within the transmitter mogel of transduction, light either {nduceﬁ
an increase or a decrease in transmitter concentration.

It has been shown that both an increase in the concentration of
calcium ions (Ca?+) (89) and a decrease in the concentration of cyclic

nucleotides (90), such as cyclic guanosine monophosphéte (cGMP),
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mimic the action of 1ight. There is evidence, however, against both of

"these hypotheses of visual transduction and in fact the validity of

the transmitter model itself has been questioned {9).

-
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CHAPTER 2

SOME CHEMISTRY Of IMINIUM SALTS'

In the previous chapter, the chemistry pertaining to the vision process‘
was reviewed. An iminium salt of 11-cis reéina1 is believed to be the
chromophore for this process, which upon irradiation undérgoes an
efficieqt cis/trans isomerization. This photoinduced isomerization
is the key step in vision. |

In rhodopsin,'fhe corresponding thermal isomerization is a
high energy process, whereas bacteriorhodopsin contains two retinal
i;bmers in rapid thermal equilibriim (4,5,92). “The probability of
thermal .isomerization, and hénce a nerve impulse, should be negTigiblé
in vision to ensure the nébeésary visual sensiiiyity {5). Bacterio-
chodopsin, on the other haﬁd; is used as'g'proton puﬁp, so that any
therma]]y.induced isomerization will just increase its efficiency in.
this capacity (5).

Studies of the photochemical and thermal isomerizations in
simpler systems could aid_in the ynder%tanding of thé chemistry of the
“two photoreceptor pigments: Altﬁough {minium salts have been used e

widely in organic synthesis and many of their chemical and physical

TThe IUPAC .name for Schiff base is imine and a protonated Schiff base
is a;!’m1n1um salt. In rhodopsin and visual pigment studies the term
Schiff base is generally used so that in the discussion of these ?
" compounds the non-systematic nomenclature was kept. The systematic names

will be used throughout the rema1nder of this thesis. :

- 24 -
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properties arg known (93), there is comparatively little information
about the ground and exicted state chemistry of simple acyclic
conjugated systeﬁs.

The purpose of this chapter will be to give a br1ef review of
the photochem1ca1 react1ons and thermal isomerizations of iminium
salts. Empha51s will be placed on acyclic systems since the chemistry

of such compounds is more pertinent to vision and to the work to be

presented in this thesis.

A. Photochemistry

Photochemical studies of iminium salts are scarée. The Jarée
majority of the reported work has dealt with the vision process, which
has already been discussed (31-33,35,73,77). Some studies of simpler
systems have been reported and examples of reactions invoTVing electron

transfer processes (94-99), photocyc11zat1on (100- 102) and cis/trans

1somer1zat10n (103-105) are known.

Electron Transjer
Recent results of Mariano et al (34,95 ,97-99) show that aryl

substituted iminium salts react with electron r1qh olefins 1n methano]
t‘_!

via an electron transfer process. Reactions of this type are 111ustrated

in equations 7-10.

1hv,CHi0H - HiCOL_X . -
- .

T T e e
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All the reactions are thought to proceed by electron transfer from the
ground state olefin to the excited state iminium salt and can be

rational%zed by the mecﬁanism given in Scheme 2-1.

For 353 electron transfer is predicted to occur when the olefin
has a n-oxidation potential lower than about 2.6 eV {97). This point is
i]fustrated by the reaction of 1§ with electron deficient olefins to
give spiro amines‘such as 1?. Reaction is believed to proceed via a

2+ 2 arene-o]efin.cyc]oaddition followed by ring expansion rather than

electron transfer (95-98).
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Photocyclization

An oxidative photocyclization of benzalaniline, 16, to phen-
anthridine, }Z, occurs in concentraﬁed sulphuric acid (100). The ring
closure reaction presumably takes place from the cis configuration and
the low yield is consistent with an efficient cis/trans‘isomerization
about the C=N" bond (100-102). Photﬁisomerization about a C=N" bond,

however, has not been shown unequivocally.

-

Photoisomenism fib
The previous example of cyclization implied that a photochemical «
cis/trans isomerization about the C=N" bond was possible: Isomerization

has been shown to occur about C=C bonds conjugated to an iminium function.

Iminium sa];s of retinals (31,33,35) and rhodopsin itself (73,77) are
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the best examples of‘C=C bond photoisomerization, although stereomutation
in simpler systems has been reported.

The 4-substituted quinolinium salt, ]?, forms a photostationary
state with its geometric isomer, ]?, upon irradiation in methanol (105).
Photoisomerization is efficient while the rate of thermal equilibration

is siow (306,107).

-

H4CO

Efficient cis/trans isomerization of <he isomeric cyaniné dyes, 20 and
21, has also been observed (103,104). In this case irradiation at low

temperature prevents thermal equilibration (104,108).

HaC\ I:'IICH3 H3C\ﬁ/CH3 |
L 12 J
T e
(CH,),N . SNICH,),
20 21 '
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B. Thermal Isomerism

Therma]]y-indhced cis/trans isomerizations in iminium salts have
been reported for a variety of compounds (106-115). Although the
majority of accounts have dealt with C=N" bond isomerization (108-114),
there are also a few reports of the isomerization about a C=C bond
(106,107,110,115) conjugated to an iminium function.

The salts gg and gg to g? are typical examples of compounds
which exhibit stereomutation about a C=N+ bond (see Table 2-1) (108-
114). Bacteriorhodopsin, which contains two  isomeric retinal chromo-
phores in thermal equilibrium (4,5), is the best example of an
iminium system which undergoes isomerization about a conjugated double
bond although the salts ]9 (106,107,115) and 22 (110) ‘have been
exam%ned, Table 2-1.

Isomerization about a C=N' and a C=C bond can be accomplished
by a range of intra and intermolecular pa;hways. These mechanisms are

discussed with. reference to the iminium salts 26 and 27.

. Fﬂ*xi&aJQZ
I
R'<.sR? R 3
' Ra/C\R[‘ Rs Rs
:{ﬁi ‘ I{? ' .

IntramoLeculan Mechanisms

h)

[ 4
Rotation and electrocyclic ring closure and re-opening are

possible intramolecular pathways for both ¢=N* and C=C bond stereo-
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"rmutation. A lateral shift mechanism, which is a favourable process
for C=N bond isomerization in many,imines-(1]6-120), is not possible
in iminium salts since the nitrogen lone pair is employed in bonding.

Isomerization about the C=N" bond in salts 20 and 22 to 24
and C=C bond isomerization in ]g and gg is believed to occur by the
rotation mechanism. What changes in charge distribution m?ght be
expected in these reactions? The transition state invoived in each

case could be one of two possible extremes - 28 or 29, and 39 or §1

are conceivableffor (Z=N+ and C=C bond stereomutation respectively.

3

R' \N{/F\’2 R‘\ '}]/Rz
. +
R3/C‘u’R4 Raic."'R‘ .o
28 . 29

The low free energies of activation (see Table 2-1) for stereo-
mutation about either type of double bond in the sa"lts 1?, gt_) and 22 to
24 age significant. All of these systems contain good positive charge

stabilizing substituents which appears to support the charge distrib-

(AP S S R ST S SO
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utions illustrated in ?9 and ?1.

A pathway invalving electrocyclic ring closure and re-opening
(equation 11) requires the présence of conjugated carbon, carbon double
boqu and involves simultaneous C=N" and C=C bond isomerizatiop. The
process can only occur from an s-cis conformation of the conjugated
iminjum salt. Although this mechanism, to my knowledge, has not been
considered for iminium salts it was suggested to occur in the therma]

isomerization of the related protonated enones (124).

R! 2
\f\;l’R ' R3 . ,
3 R
R[' Rl' : 2 R +/
D I\I/R — \F—T/..--
R Rs Rs RGR R‘ .,.r

-
-

/4ﬂ
=y = f3
-— R> (11
R® 1;15I
Tntemmolecular Mechanisms
There are two conceivable intermolecular processes by which
double bond stereomutation could be achié&ed. First,.addition of a
nucleophile at Cl or C3 (Michael addition) could result in C=N' or
C=C bond isomerization respectively. A second more poorly defined
mechanism involves deprotonation followed by isomerization of the
resu1t1ng imine or enamine.

Stereomutation about a C=N' bond via addition of a nucleophile .

(equation 12) has been observed for chloro-iminium salt 25, Table 2-1

-
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(114) and Michael addition (equation 13) has been proposed as a possible
mechanism for an enzyme-catalysed C=C bond isomerization of a retinal
iminium salt (125). It has also been reported that, in solution, an

iminium salt of 13-cis retinal undergoes Michael addition (126).

1 2 1. .. p2
R \ﬁ/R %" R \/I-?\/R - R1\§/R2
L, — e h 12)

The deprotonation mechanism {equations 14 and 15) can occur if

R.l and/or R2 = H or if there is an appropriately situated alkyl group.

Isomerization of the imine can proceed by a variety of pathways (117,
121-123,126). This process has not Been unambiguously established for
¢=N* bond isomerization (1]1)'but it has been suggested as a possisae
mechanism for the thermal equilibration of the retinal isomers in

bacteriorhodopsin (127).
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Although this review is brief, it gives some idea of the lack
of chemical information about the ground and excited state properties
of simple aliphatic conjugated il_m'm'um salts. This seems surprising
considering the great interest in the two photoreceptor pigments,
rhodopsin and bacteriorhodopsin.

-

In order to alleviate this problem I undertook the study of a
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series of «,3-unsaturated iminium salts. The topics to be addressed

in this thesis are briefly outliined below.

b

The conformation and charge distribution in the rhodopsin
chromophore have been examined by experimental (1H and ]3C nmr spectro-
scopy) and theoretical techniques. Chromophore conformation, however,
~ remains unknown and the charge delocalization suggested by nmr data
.and theoretical calculations has yet to be substantfgted by structural
information. To gain further insight into these factors the same

L
techniques were used to examine the above properties in a serijes of

N

simpler «,8-unsaturated iminium salts where electronic factors could
easily be altered by substituent changes. Moreover, single crystal
x-ray structure determination was employed to confirm chain conformation |
and to inspect the extent of charge delocalization. .

Other than the work on rhodopsin, bacteriorhodobsin and some
iminium salts of retinals there are few reports of photoisomerizations
in conjugated iminium salts. Due to their complexity, the natural
and in vitro retinal iminium salts are difficult to examine. The
large number of bonds about which iscmerizations can occur, particularly
in solution, cnmp]icétes the analysis of experimental results. An
examination of C=C bond photoisbmerization in simpler conjugated
systems, in wh{ch soﬁvent and substituent effects can be more easily
monitored, could reveal sﬁme of the excited state properties of this
process. There is also the possibility of observing C=,N+ bond photo-
isomerization which, as far as [ am aware, has not been unambiguously
reported.

Another area in which accounts are 1acking is the thermal

isomerization of iminium salts. This is particularly true for the
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.isomeriZation about conjugated C=C Bonds. Bacter1orhodops1n which
contains two ret1na1 chromophores in thermal equilibrium, has been -
examined superf1c1ally.  Again, due to the complexity, a solution
study of thermal stereomdfations in retinal iminium salts would be
arduous.. Inspecéion of an a,g-unsaturated system, in which experi;
"mental variables aqf‘more easily defined, could give some insight into

the likely isomerization pathways of conjugated iminium salts.
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CHAPTER 3

THE STRUETURE OF IMINIUM SALTS ..

Despite the imporﬁance of iminium salts, there is comparative]} Tittle
definitive evidence aboﬁt their structures.and extent of charge delocal-
ization. Nmr studies (9,19,20,22,29,30) and theoretical calculations
(25,]28,137) have been reported buﬁ very few crystal structure
determinations (141,142). A retinal iminium salt structure reported
by Hamanaka et al at the 12th Annuai Meeting of the Bidqhysipa].ﬁgéiety '
in Japan in 1973 has been referenced (128), but to my knowledge, has
not appeared in the oéen literature. In this chapter the quest{on of
the structures and charge distributions of some «,g-unsaturated iminium
salts is addressed (129).

. Before prgsenting the results of work cafried out it is important
to define the possible stereo- and eonformationai isomers which can
exist for an a,8-unsaturated iminium salt. in these iminium'sh1ts
there are three partial doubie bonds and w@ile the magnitude;_of the
rotat%onai barriers'might be ‘expected to differ there are eight o
different isomers posgible. These isomérs are i]iustrated in Figure 3']i

The nam{;g of these various isomers is important so as to prevent
confusion in the discussion which is to follow. Thg older method was

" to define each formal doubTe bond as being either cis or trans and to
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use the term s-c¢is or s-trans to define the conformation about the
c1nc2 bond. Thds type of nomepclature 12 still widely used in the
literature, especially by workers in the area of thg visual pig@ents.
For this reason this nomenclature was used in the introduction of this
thesis. Although it has been recannehded that the E;Z notation be
empioyed to distinguish between the various isomers (145) I have
decided, for the sake of continuity, to maintain the use of the

older system.

A. Preparation of Imines and Iminium Salts

The imines §g gp §§ were prepargs by condensation of .the
appropriate amine and trans aldehyde, equation.ls (148). The correspond-
ing iminium saits, 37 to 41 were formed by dissolving the imines in
fluorosulphonic (F503H), 96 sulphuric (H2504) or trifluoroacetic (TFA)

acids, equation 17. The diﬁethylinﬁnium perchlorate salts, 42 to 4§,

1

were synthesized by the reaction of dimethylammonium perchlorate with

the appropriate trans aldehyde, equation 18 (149,150).

0 | N4

R | | - Ra L

iy | *R-NH, —» [ (16)
_ | ' | 3

32 R'=t-Bu, R2=H, R%:CH,
33 R'=n-Bu, R=R°=CH,
34 R=n-Bu, R%CH,, R*=H
- | '35 Rl=n-Bu, R%H, R%=CgHs

36 R'=n-Bu, R%=H, R3=p-N02C‘H£



-4 -

1
N R
R FsogH,R,s50,
I
R> or TFA
32-36

follows.

37 R'=t-Bu, R%H, R*:CH,

- 38 R'=n-Bu, R=R’:CH,

0
I

{

39 R=n-Bu, R%CH, , R*H
l.__O R1=n'BU R R2=H . R3=CGH5
41 R'=n-Bu, R%=H, R*p-NO,C,H,

1‘. »

(18}

Except for the iminium salts 37, 38 and 40, which contain

in equations 17 and 18 are consistent with the

minor isomeric impurities, all the cations were formed in a unique

isomeric form. The configurations of the cation structures.illustrated

1l-! nmr data summarized

in Tables 3-1 and 3-2. A detdiled discussion of their assignment

THe proton chemical shifts were not dependent on the acid

| .

\
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medium used and all compounds had satisfactory elemental analyses.’

B. Double Bond Configurations

_The configuration about the C=N" and C=C bonds was defined
by examination of the proton,proton coupling constants across
thése'bonds.-'For the C=N" bond é,gpupling constant (JN,I) of 16 - 18
H; is indicative of a trans configu;;tion (19,133,134), whereas a
value of about 12 H; wou]d be consistent with a cis configuration (134).
Typical values for the corresponding coupling constant across a C=C
bond (J2,3) are 14 - 17 Hz and 10 - 14 Hz for the trans and cis
configurations respectively (135). -

As the data in Tables 3-1 and 3-2 show, cations 37 to 41 have 2

coupling constant across the C=N+‘bond of about 17 Hz indicative of a

trans configuration. Cations 42 to 46 are symetrically substituted

“about this bond so that its configuration cannot be defined. Except for

38 and 39, the cbup]ing constant.across the C=C bond (J ~ 15 Hz) for

2,3
each salt is indicqtive of a trans configuration. Cation §§ has a

methyl substituent at C2 so that this cohp]ing is,eliminqied. The -
starting aidehyde, however, had a trans configuration and by analogy

to the other cations this is not expected to change upon salt fofma;ion.
Configuration about the C=C bond in §§ cannot be defined due to ‘
symmetric substitdtion at‘C3. | o

' The isomeric impurities in §Z snd §§ were identified as the _
trans,cis-isomers whereas the impurity in fg was found to be the cis,trans-
isomer. Confirmation for these structurés was provided by the analysis

of ]H nmr chemical shift data and proton, proton coupling constants.
A‘detailed‘discussion is given in Chapter 4.

-
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The 'H nmr spectral data for salts 42 to % (see Table 3-2)
show two separate resonances for the protons of the methyl groups bonded
to nitrogen and cation §? has two signals for the C3 protons (see Table 3-1).
These results indicate that rotation about the C=N' énd C=C bonds is
slow on ;he nmr time scale. In salts f? to fﬁ there is dn1y one signal
each for the pairs of ortho and meta ring protons indicating that
rotation about the C3,C4 bond is rapid. Conformation about the C1,C2
bond cannot be unequivocally established from these data. The presence
9f a single resonance.for each type of proton is consistent w%th the

existence of one conformation (s-trans or s-cis) or a rapid equilibration

of the two conformers.

C. Charge Distribution

Three approaches have been used to probe the ground state charge
distribution of iminium salts - theoretical calculations, an analysis of "

the chemical shifts of their 13

C nmr spectra and x-ray crystallography
(129,130). The latter technique has the advantage of providing

conformational information.

Theoretical Caleulations N

Previous theoretical studies on imine and iminium systems have
revealed.that upon protonation alterations in the bond lengths and =
and atom electron densities take place (29,128,137). Iminium.salt
formation causes the formal doub1e‘bonds to lengEQen and the formal
single bonds to.shorten. Mulliken populations show a similar alter-
nation. The electron densities of the odd numbered carbons decrease

upon protonation while those of the even numbered carbons increase.



- 46 -

The MINDO/3 method was use&%for the calculations in this work.
This method was choséw primarily to probe ground state energy surfaces
in the thermal isomerizations of a«,s-unsaturated iminium salts ;hich
are discussed in Chapter 5. The inexpensive operating costs and known
reliability were the principal determining factors in the selection of
the MINDO/3 method.

MINDO/3 energies, Mulliken populations and bond lengths for the

parent enimine 47, and its protonated conformers 48a and 48b, are

- - -

symmarized in Table 3-3. Kollman (137) has determined the relative
energies and Mulliken populations of f?g and 48b using a ST0-3G basis
set. These data are given in Table 3-4. Although these properties are
expécted to be substituent dependent, the parent system should give a

good indication of the gross changes which occur upon protonétion.

. : . AN H
| u/l i o
. h
' L7 L@B&i‘ 48b

The relative energy difference between fz and f? (~ 140 kcal/mol)}
given in Table 3-3 appears Iafge. However, it must be remembered that
these energies correspond to gas phase species. Thus the cations, wﬁich
do not have the stabiliging influences of counterion and solvent inter-
actions, are expected‘to have a calculated energy much hfgher'than the
neutral imine.

MINDO/3 results show that conformer 48b is favoured over 48a by

- - o

»
-
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2.8 kcal/mol although the ST0-3G results of Kollman (137) show that 48z
is favoured by 6.2 kcal/mol. The MINDO/3 method is known to give poor
results for the eﬁzggy difference between the butadiene conformers:§j38).
However, these dé??erences are small pointing out the similariiy in
energy of the two conformers. - The starting aldehydes_are thought to
exist in an s-trans conformation (136) and the iminium maiety; which has
a higher steric'requirement than the aldehyde oxygen, is.not expected to
alter this equilibrium signifigén;]y. It must be admitted at this point,
however, that the evidence for the preference for one conformer is weak.
It can be seen from the MINDO/3 results that iminium salt
formation causés an increase in the =« elect}on density at N (1.16 to
1.46) and C2 (1.02 to 1.14) but causes a decrease at Cl (0.85 to 0.66)
and C3 (0.97 to 0.74). These changes in Mulliken = population are
consistent with the CNDO/2 results of Inoue et al (29) énd the =
electron densities of 48 are similar to those determined by Kollman,
Table 3-4 (137). B '
Upon protonation total Mul]ikeﬁ‘bopulations determined by MINDO/3
decrease at N (7.19 to 6.91), C1 (5;77 to 5.68) and €3 (6.00 to 5.81)
and increase at (2 (6.01 Fb 6.12).’)The.tot3; g]ectron densities at N
and C3 for 48 found here are in contrast with the ST0-3G re;ﬂlts (see
Table 3-4). -Al;hough there are no STO-3G results for the parent enimine
47 with which to calculate the electron defsity chénggs, it would appear
that the ST0-3G method predicts that theriqis’ﬁb positive charge‘on c3
- for the iminium salt. This is also inﬁonsistent with the ]3C nmr
resu1ts"for're£inql iminium salts (20,29,30) and the 'S¢ nmr datal

" discussed in the following section (129).

.
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" used as a xobe for charge dens1tx_of organ1c jons’. -
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MINDO/3 bond lengths ‘for 47 and 48 reveal that salt formation
causes the formal double bonds to lengthen while the formal single bond
shOrtens. These results are similar to those calculated by Kakitani and
Kakitani (128) using a self-EOnsistent HMO method for a retinal imine
and its iminium salt. Although the MINDO/3 bond lengthghanges are'
small they are indicative of the charge delocalization 111qstrated.by
the MINDO/3 electron density changes. |

Although the MINDO/3 method 1ncorrect1y pred1cts that 48 is

favoured over 482 the remaining resu]ts are in good agreement with

LR

previous ca]culat1ons_(29,]28,137). In summary, MINDO/3 data predict

that protonation causes a posifﬁve charge build up at C1 (~ +0.10) and

.C3 {~ +0.20) and an increase of negative charge at €2 (~ -0.10}. These

.- e e A <
changes are accompanied by ‘a small increase of the C=N.and C=C bond

. e

lengths and decrease of the C-C -bond: length.

-

In a magnetic field the.electrons shield the nuc1eus such that
1t experiences a field strength marginally less than the externa] f1e1d
The'maehematlcaI expression defining this shielding factor contains a
tenn inve1ving the atom electron densitj (144) Thus, as the atom
e1ectron density decreases the magnet1c resonance frequency of the .
nucleus shifts to lower magnet1c field strength As a consequence,
chemical sh1fts and part1cu1ar]y ]3C nmr chemi cal sh1fts have been

"The '°C signals given in Tables 3-5 and 3-6 were assigned hy
various proton off-resonance. and selective decoupling experrments The

separate resonances observed for each of the methyl carbons on n1trogen
% - :
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Table 3-5

13

C NMR Data for Aliphatic Imines add Iminium Salts

Chemical Shift (pgh)

r3

Compound __Cl @ -3 RE. ' c2'  c3- a4
C32® 156.9 1331 139.6 - 17.9 56.3 29.4 - -
33 165.3 1371 _13'5.4 1.3 14.0 61+ 33.4 20.5 13.9
3¢ 163.5 144.0 123.1 17.1 -  61.1 33.1 20.5 13.9
3 1677 1237 166.8 - 19.9 607 26.6 - -
-3® 174,72 131.6° 165.4 - 9.1 16.7 53.4 30.9 -19.7 13.0
- 532 30.0 18.7 11.4

39¢ 1/3.8 136.4 145.9 13.1

-

[

a-in ppm from TMS in CDCl4
b in ppm from ext. TMS in FSO3D

r

¢ in ppm from CF5C0,D {114.5) in TFA-d
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for salts f? to §§ again implies that rotation about tpe (:=N‘+ bond is

slow on the nmr time scale while the magnetic equivalence of the ortho

and meta r%ng carbons supports the conclusion reached from a consideration
of the 'H nmr spectra that rotation about the_tB,C4 bond is rapid.

Comparison of the data for the imines 32 to 35 with that of

~ their corresponding acid salts 37 to 40 shows the typical pattern of |

=y

chemical shift changes which are associated with the conversion of
retinal imines to their iminium salts (20,29,30). Upon protonation the

C1 resonance of the imine exhibits a modest (6 to 10 ppm) downfield sh1ft

the C2 resonance shifts upfield (8 to 10 ppm) and the signal due to C3

moves to substantially (20 to 30 ppm) Tower field.

Examination of a series of cationic, neutral and anionic molecular

species has led to an.empirical‘correlation of 13C chemical shift changes
and atomic electron density. This reiationship states that a positive
oF negative charge Tocalized on a carbon atom will result in a chemical
shift change of about 180 ppm/e1ectrop (147). The application of this

13

relationship to the "°C nmr data in Tables 3-5 and 3-6 reveals that

protonation causes a positive charge build up of +0.11 to +0.17 at C3.

This is in good.agreement with th&HINDO/3 results. Although the chemical

shift and elecsfon density changes at C! and 92 are in qualitative
agreement, a study of yewis acid complexes of conjugated carbonyl
compoppds by Childs et al (139) has shown that these parameters do not
correlate as*well for Cl1 and C2.

The para substituted salts 42 to 46 could provide some indication

of the change in charge de]oci’}aat1on induced by substituent changes.

De]oca]1zat1on of the p051tnve charge onto the benzenoid system m1ght

~.

W -

B S Mt 32, & S’ WP, S AP A AR i b I . . .
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be expected, particularly when X is electron donating. If such an
effect occur@then the C1 and C3 signals should sr;fft upﬁe]d-gs X is
changed from an e]ectron-withdrawihg to an electron-donating group. The
chemical shift change for C1 as a function of x‘ié very small but it i§
in the expected direction, however, the C3 signal shifts in the opposite
downfield direction: In fact,tﬁe resonance frequency shifts for (2 and
C3 mimic very closely f@e changes observeq by Stothers and Dhami (140)
fbr‘ihe analogous styrenes. They explained these altefations in terms
of the contribution of the resonancé forms f?‘and ?9 as X is changed

from a donating to a withdrawing group respectively. The positiohs of

the ring carbon resonance change dramatically as X is altered, but these

changes are in Tine with those expected for substituted benzenes (146).

I | |
- x+ . . X~
4 5

Thus salts 42 to 46 act principally as styrene analogs which

have been substituted with an iminium function at C2. There seemslto

be soﬁe conjugative- interaction with the ring but its magnitude appears

.to be independent of substituent. This suggestslthét the resonance

form with a formal positive charge on the nitrogen is the maigr
contributor to the ground state structure of a,g-unsaturated iminium

salts.
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Solid state '“C nmr spectra of the crystalline salts 42 to 46

were procuredAin order to provide a means of comparing the cation

~ structures in the solution and solid phases (129,130). Thé spectrd
were obtained using CPMAS techniques (131) and were provided by .
courtesy of C.A. Fyfe at the University of Guelph. Spectral data are
sunnarﬁzed‘in Table 3-7. Reselution varied from sample to sample with
fg'providing the best results, Figdre 3-2. The quaternary carbons
were readily identified in the solid state spectrum by using a pulse
sequence which suppresses the signals of. carbons with directiy bonded
protons, Figure 3-2¢ (132). Methy1'carb0n resonances were not completely
suppressed because of reduction of the ]oca] dipolar field caused by

rapid‘internal motion of these groups.

1'. 1.

H3e - CHa

42 X=H , 43 X=0CH, , 44 X=CH,

45 X=Cl , 46 X=NO, -
/ .
The solid state spectrum of §§ appears to be quite different

-~
-

r

. : ) . ' F o
from its solution spectrum, Figure 3-2. First, the resonances of

& )
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ERS

5.9 6.8

150 , 100 'S0 ppm

‘Figure 3-2: ]3c nmr spectra of trans-N,N-dimethyl-3-
(p-methoxyphenyl )-2-propenylideniminium
perchlorate, 43 (a) solution, {(b) solid state,
(c) suppressed.
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carbons adjacent to nitrogen are doublets. This phenoménon,.which has been
observed prevfously in the solid state spectra of nitrogen containing
compounds, is aitributab1e to coupling with the nitrogen quadrupole
"{131). A second fedture.of the spectrﬁm is the complexity of the
signals due to the aroma%jc ring carbons. %ﬁe suppressed spectrum,
Figure 3-2c, indicates that the resonances due to the quatefnarﬁ carbons
C4 and C7 are still singlets. These resonances, and those due to the
vihyl carbons, are coincident with the corresponding resonances of the
cation in solution. This suggésts that in the solid state, rotation
about the -C3,C4 and/or C?,?CH3 bonds has been stopped so that C5 and cs,
and C6 and C8 are no Ioﬁger'magnetical]i equivalent.

Except for the minor differences notedpabove the chemical sﬁifts
observed for the Qarious carbons in the solution énd solid state spectra
of cations gg-to'éé are very simiiar. This is particu]ﬁr]y'e?ident for-
the vinyl carbon signals and suggests-that there are no strong cation/
anion interactions in Fhe solid-state and that the cation structures in

the two phases are analogous.

cAyzanZog;Ephic Stueture Determination .' ;f Lt
S1ng1e crystais of 42 and 43 su1tab]e for x-ray structure

determ1nat10n, were obtained by slow evaporation of soIvent, CH2C12 and
30H respect1ve1y, from solutions of the salts. The structures were

solved by R. Faggiani and C.J.L. Lock of the chemistry ;azartment at

HcMaster University. Both cations have N,C{1) and C(Z),C(3)_bond -

.1engths, 1.29Aand 1.35 ;\ respectively, indicative of double boncis but

_ the lengths of the formal single C(I) C(2) and C(3),C(4) bonds (~ 1 45 A)

indicate that there is some degree'of delocalization. None of the bond_
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angles are dramatically different from 120° and there is no apparent
distortion of the ring. Structures of the cations are shown in

Figures 3-3 and 3-4 and interatomic distances and angles are given 1in

Table 3-8.

N

The crystal structures of fg and f? show that both cations exist
fn an s-trans confdrmation and confirm that they have a trans configur-
ation. In both cases the backbone and rings of each cation are planar.
The cation of 42 has a cr}stal]ographic plane of symmetry, although the
temper;ture profiles suggest the possibility of.slight distortion about
the plane. There is some deviation from planarity in the cation of f?
but this deviaﬁion is small as illustrated by the torsional angles along
the backbone and at the methoxy gf0up which differ by no more than 5.3°
from 0°or 180°.

Bond lengths and angles do not differ significaﬁt]y in the two
cations and the observed bond Tengths agree well with those reported
previously for iminium salts (141,142). The N,C(1) bond length for
both'fg and ﬂ? is the same within experimental error as that found for
the unconjugated tetramethylmethyleniminium (141) and the conjugated
‘cyclobutenylideniminium cations (142). Moreover, the C(2),C(3) bond
length in both fg ;nd f? (1.35.3) is not significantly different than
that expected for an isolated double bond. It would seem clear from
the bond lengths of the two cations that the degree of conjugation in -
these systems is small. Thus the positive charge appears to resise'
mainly in the iminium moiety. Even in f?, where the methoxy group can
interact conjugatively with the positively charged system, thefe is no
_apparent increase in conjugation. This observation is consistent with

13

the "“C nmr data discussed in the brevious section.



- 80 -

. | ‘2b ‘Uoj3ed
njujwpuapy | Auadoad-z-1Auayd-g- Ay aup-N*N-sued} 3y} 404 weabeip 43140 €~ 94

5}

Q




- 8] -

-2- (L AuaydAxoyjaw-d)-¢- | Ayawip-

)

.mm ‘uotged wnjuupuapytAuadoad
N‘N-sues3 ay3 4oy ureabeip 43440

tp~g aunbyi4

-

et I




- 62 -

(¢£)g° 801
(g)erory
()9 vzt
(S)y o1
(g)o 811
(v)6- Lzt
(2214

"
A

(£)1° 601
(v)e" 801

O
(6)9 81T
()L szt
(L)L 611

v

f

(Pletp 1
(v)ezpv'1
OFTTAR
(L)69s" 1
(c)oss*1
(L)ave 1

y
N.l

(£)s°or1t1 -- (v)o-10~(g)o
(£)o-10-(z)o (£)r°011 o- (r)o-10-(1)0
(@)o-10-(1)o  (K)1-8n == (z1)2-0-(L)D
0-€£)o- (9 (8)e 121 (v)g 61l (p)O-(6)0-(8)D
(8)3-(2)o-(9)) (©)yere1t (dzzr < (2)2-(9)9-(S)o
($)2-(1)2-(6)2 - (W1 611 (B)1 61T (6)a-(#)D-(£)D
(12-(£)2-(2)D (WL LT @8 L1t (£)9-(2)a-(1)
(No-N-(1)y  (plocszt ﬁhum._m_ (1}o-N-(01)D
n "
A (
-- (Wo-12 (W6Lr 1 (L)sBET (£)o-1D
(Llvovt (1o~ (9)esy 1 -- ﬁuﬁuuvo
(s 1 (1)o-N ()svr'1 (DLp°T (ar)o-N
(DL 1 (©)0-(8)9 (W68 T (e’ T (8)0-(L)2
(D9 T (9)-(s)2 (9)965°T  (DOV'T  (8)2-(1)D
(MDog"1 (£)0-(@)0 (Lser 't (gp't (2)o-(1)d
§ Yoot

(C%) ouuuo~:uhon

T T YA T A

(g)e gor1-

(z)9'sort
(M18° %11

(s)o‘slr

(s)erozt

(v)8-zzt
(s)6ve1
(#)e's1t

M
£y

(v)s6s'1
(9)9sg1
(Vvor'1
(L)ese° 1
(L)spy'1
(9)162°1

"N
4

-- (vJo-12-(2)o
()01t (£)o-12-(1)o
- 0-(£)2-(8)2
(6)r:zer  (6)2-(9)2-(4)D
(6)s 611 (9)9-(5)o-(v)D
(8)szer  (S)o-(¥)o-(£)o
Awuo.ouﬁ. (z)o-(1)o-n
(L)or61t (rr)o-n-(01)D
...S.
4
LYATACAN (z)o-10
-- ~0-(L)o
(Wov't ($)2-(6)2
(Des 1 (£)o-(9)2
(Ve 1 (1)2-(€)D
(1ez't (1)9-N
N
.n. I}

E=_:ﬁsﬁ:uvﬁ~>:==cu= -z~ (1 Auoyd&xoyyou-d) -g-TAYIowfp-N* N-BURIT pue (Z%) @3lewaorydaod wayuyuyuapyyAiuadoad
-Z=-TAud|d-f -~ qx:uasqz ~-N*N-sur1] 103 (3ap) se13ue pue ﬁ<v S20UB)BTpP OJUOIVIBIUT PIIODI[DS '

" 8-¢ °Tqel

Lo TAPTRY T ]



-~ 63 -

The methny group lies fn the plane of the ring and significant
multiple bonding from the ring carbon to the oxygen atoﬁ is implied by
the considerable difference in the two C-0 bond lengths (c;f. c(7)-0
1.356(6) A vs C(12)-0 1.439(6) A). -This seems to contradict the
conclusion ‘reached in.the previous paragraph until ‘it is remémbered that,
the comparable bond 1engths.in deox&anisoin, §]; and p,p-dimethoxybenzo-

phenone, 52, indicate a similar interaction with~ the ring (143).

3

1435 1365 -

e L @

426 1350 . 1-368 mazz
52

*

- Crystal packings for 42 and 43 are shbyﬁ’in‘Figure 3-5. Despite’
the fact that the space groups and ce]]s are different, both have

“‘\.

similar layer structures ‘with each laye nta1n1ng both catlons and

anions. Cations in any given layer are ortented sa that the dipoles
. . e

are roughly in the same direction (for 42, roughly along ¢}, but in
adjacent layers they are in opposite directions. -The differences in the

structures -arise ;rom the amount of catidn-cation overlap in adjacent



- 64 -

'Crys;'f;al pack-'ings for (a)’tra'ns-N;N-din;ethy‘l'iS-phgny‘l'—Z-

propenyiideniminium perchiorate, 42 and (b) trans-N;N- -

-, dimethy1-3- (p-methoxyphenyl )-2-propenyli deniriinium

perchlorate, 43.. {

r - .
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Jayers. For 42.the cat1ons Tie almost d1rect1y over each other in the

-

a direction, packed head-to-ta11, whereas the cat1on-cat10n.over1ap is
|

much smaller in 43.° A1l contacts are at or abové‘the sum of the van der

- -

Waals radii and there is no evidence of any stréng interaction between

.anion and cation which might significantly distort the cation.

It must be remembered at this point that the comparison of

]3C nmr data showed that cation ;tructurés were

- " solution and solid state
E analogous in the two phases. ,Thust-the structures determined in the
solid state by x-ray crysta]]ogréphy should stil&\eﬁﬁsé in solution.
. | ' * .. . * ' y
. D. Conclusions - . _
* “The iminimnéa]tsprepared for this work were'found fo‘bé in a
uniqué configuration. Double bond configurations were shown to be tréng -
from the ané]ysis of 1H nmr coupling constants. This assignment{ in
:g . . the casé of the C=Chbond, was confirmed by X-ray crystaliographﬁc
‘structure'dE#jrmination;~ THE crys?al structures showéd thaf the saltsg-
e;igt_in an s-traﬁs conformation. It was concluded from the ané]ysisZOf

~13

the solution and solid state °C nmr data that the cation structures

" in the two phases  are analogdus. Th1s 1mp11es that in solution the

a
- .

cat1ons exist predom1nant1y in an s- trans conformat1dh.

| - Ca]cuIations using MINDO/3 showed that upon protonatien soﬁgaﬂ\\ _

-
.

positive charge was delocalized onto the carbon framework and that this

! ’ wa51nost s1gn1f1caﬁ% at 63 "Th1s charge deloca]1;at1on was accompan1ed

PRt

by a sma11 1ncrease in the double bond lengths and decrease. 1n -the carbon,

-

carbon single bond 1ength Changes 1n carbon chem1ca1 shifts upon
" 'saTt formation were shoun to imply the same amount‘ of charge de1oca1- .

- ization determined from the MINDO/3 data.” ﬂouever, the extent of this

B Ce : o .
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delocalization was found to be independent of the aromatic ring

substituent so that it was concluded that the ground.stéte structure is

’

best represented by the resonance form with a formal positive charge on -

nitrogen.
The bond lengths of the carbon chain determingd from the crystéT

structures were found to be alternating single and double bohds

13¢ mr data. No increase in conjugation

S
or charge delocalization with change in ring substituent. is evident from

consistent with the.MINDOIB and

the crystallographic data. These obserﬁations support thé conclusion

that the positive charge is localized principaily in the iminium moiety. .
.. _ ~
. —
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CHAPTER 4
PHOTOCHEMISTRY

Absorption of light by an iminium salt will lead to the formation of

the Towest excited singlet state (Si). This state can in principle

lose its energy by a variety of pathways {see- Scheme 1-1, p. 11).

The energy can be dissipated by the emission of Tight &1uorescencg),

a non-radiative process such as isomeriiation, or intersystem crossi%g
to the first excifgd trinlet state (T1). Energy loss from T] can also
be acconﬁﬁished by emission (phosphoreScence) or a radiationless.

-

process_such as .isomerization.
For the acyclic «,B-unsaturated iminium salts discussed in

this thesis isomerization about the multiple bonds could be a major

dissipative.pathway.

. ¥
A. Qualitative Observations

The absorption spectra of the iminium salts 37 to 46 were

fmeasured and. the results are summarized in Table 4-1. All the aliphatic

iminium salts (?Z to §g) hxhibit‘;n intense absorption maximum at about

Y250 nm while the maxima for the aromatic salts (40 to 46) range from

323 rm to 384 nm depending on the ring substituent. The high intensity

of thgse bands indicates. that for all of the iminium salts, the

transitions are of n-n* character.  This is expected Eince the nitrogen
lone pair is employed in bonding, eliminating the n-m* transition.
An attempt was-made'to measure thelf1gores;eﬁce of salt fg at
 room temperature in 98% H,S0, and at 57K in an acid glas;_(3;i,mv;v,
. : - 67 -

o



n e mm ey —r—— e -

- 68 -

Table 4-1

4

Electronic absorption data for the iminium salts

Compound

Solvent

A tnm)

Loge

max

max
37 H,S0, . 250 5.6
8 HyS0, 262 ‘.8
3 H,S0, 245 4.2
4. . H,80, 340 4.9
a1 H,S0, 33 4.4
42 “TFA 361 4.4
43 TFA 384 4.6
44 A 359 ( 4.6 .
45 A, 2 350 . 4.5
46 TFA 323 4.4
»

{
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" methane sulphonic: n-propane sulphonic aéiQQ?- In both cases no

»

fluorescence ,was observed (of < 10'3).
Direct irradiation of any of the inﬁr;um salts in acid solution

(TFA, FSOH or H 504) led to the format1on of several photoproducts.

The reactions wereéfollowed by ]H nmr spectroscopy directly on the

irradiated solutions and typical spectra are shown in Figures 4-2.

and 4-4. When the irradfations were carried out in deuterated media

no incorporation into C-H bonds was observed for any of the iminium-salts.

A photostationary state appeared to be reached after 4 to 24 hours

irradiation (time requireq was dependent on ;ubstitgents). Tﬁe

similarity of the IH nmr spéctra of the pﬁotopréduéts compa;ed with the .

original iminium salt (see Figures 4-1 and 4—3) suggest that they are

a1l geometric isomers, equations 19 and 20 When 1rrad1at1on was

continued for prolonged time periods (> 24 hrs) some decomposition was

observéd but no attempt was made to identify these products. As will

be shown in detail in the next section the principal photoproducts were

identified from their IH nmr spectral data Tables h-z 4-3 and 4-4.

The compositions of these mixtures were deternﬂned by the integrat1on

of nmr resonances and the data are given in equations 19 and 20.

5~ L
‘H\ﬁ/R’ R’\,:,/H H\ﬁ/R‘ R’\ﬁ/H
) ohy o o Jl o
. ] | - T * N+ T us
R3 254 nm R R R3

37 R'=t-Bu, R%:H, R’-cn (S0%) 53(12%) 54(28%) 55(10%)
38 R=n-Bu , R%=R3=CH (25%) S6010%) . 57{44%) 58(21%)
39 R=n-Bu, R?.ca,,p?!-n 165%) - 59(35%) " - |

“w
t
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RINg-R? \+/R R‘\+,R2 R2\+/R‘
| A
l C t— (2()]
313 or 366 nm
X
40 R'=H, R%=n-Bu ,X=H (53%) 0(<1%)  61(47%) szm%)
41 R=H, R%=n-Bu, X=NO, (35%) 3(15%) 64 (40%) 65(10%)
42 R=R%LH, X=H (43%) 661(57%) |
43 R=R%CH, , X=OCH, (48%) . "67(52%)
L4 R'=R?=CH; , X=CH; (53%) T 68(47%)
45 R'=R%zCH, , X=Cl (38%) | | - 69(62%)
46 R=R?=CHj, X=NO, (59%) 70 (41%)
L

B. Identification of Photoproducts

The photoprﬁducts were characterized by a detailed ihspection

1

of the 'H nmr spectra of the mixtures obtained upon irradiation. Since

the analysis is complex, it will be outlined in stages starting with

the aliphatic systems (equation 19} where the absence of aromatic

~

proton resonances makes the analysis of the vinyl proton s1gna1s

s1mp1er. To start, ‘cation 39, in which only isomerization about the

-

c=N" bond can be detected, wiil be discussed, Tab]e 4-2. . -

1

The vinyl proton region of the 400 Miz 'H nmr spectrum of 39 is

illustrated in Figure 4-1. The spectrum exhibited a doublet atsé 8.26
. .

for the resonance due to the C1 proton and singlets at & 6.56 and 6.47
. . .
for. the s:,gnaﬂs due to the two C3 protons A broad doublet was also

observed at about 6 9;2 for the n1trogen proton . This resonance was
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present in the spectra of all of the acid salts. In deuterated acid
the doublet at & 8.26 became a singlet indicating that the coupling

was across the c=N" bond. The magnitude of this coupling constant

(JN 1) was 17.6 Hz, consistent with the assigned trans conf1gurat1on
(19,133,134). Figure 4-2 shows the v1ny1 region of the 400 MHz ]H

.nmr spectrum for the photostaticnary state mixture containing §? and

a new cation. There was 2 doublet at & 8.10 for the signal due to the
C1 proton of thisgnew cation and two new singlets at 6 6.58 and 6.41
for the resonances due to the C3 protons The similarity of the spectrum
of this photoproduct to that of 39 is apparent and indicated that the
photaproduct is an isomer of ?? A vaiue of 12 Hz for the JN,]

coupling constant was indicative of a cis configuration about the C=N+

bond (134)l consistent with that anticipated for 59.

. H\&,n-Bu | n-Bu\ﬁ,H

- ,Hsc\ru'_ Hac\").

- 39 . 59

Cation 37 could exh1b1t isomerism about both the c=N" and C=C
bonds and thus presents a more comp]ex case. However, 1dent1f1cat1on of
the configurat1ons about both C-N and C=C bonds was possible by an
anaTysis of proton,proton coupling- constants Table 4-2. The vinyl

| proton . reg1on of the 400 MHz ]H nmr»spectra of 37 and its photo-
stationary state mixture are 111ustrated in,F1gq3es 4-3 and 4- ’

. 'respectiveiy.
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The. spectrum of 37 (Figure 4-3) showed a doublet of doublets
(Jy 4 = 17.4 Hz, Jy » = 10.1 Hz) at & 8.14 for the signal due to H1,
a slightly overlapping doublet of quartets (J., ., = 14.8 Hz, J. =
. 2,3 3;0'{3
6.9 Hz) at 6 7.29 due to the resonance for H3 and another doublet of
doublets at & 6.48 for the signal due to H2. Long range coupling to

the methyl group at C3 broadened the resonance due to HZ.

H\ﬁ/ t"'Bu —
I

HC
37

At first glance, the spectrum of the photostationary state
mixture (Figure 4-4) appeared horrendously complex. However, the
starting trans,trans-isomer 37 could still be identified as denoted
by the asterisks. .

More careful examination of the spectrum of the mixture in
the region between & 8.0 and 8.5, revealed the presence of four separate
. resonances. In deuterated acid media these signals all collapsed to

doublets with very similar coupling constants (J ~ 10 Hz). This

1,2
ind¥cated that they are due to the C1 proton of the four poséib]e
geometric isomers. Two of these resonances (§ 8.14 and 8.55 ) had
coupling cbnstants across the C=N+ bond of about 17 Hz, indicative
of a trans configuration (19,133,134). Thﬁs'implied that the resonance

at & 8.55 could be due to the proton of the trans,cis-isomer, 54.

The two remaining signals (§7.97 and 8.46) had a coupling constant

(JN 1S 12 Hz) consistent with a cis configuration about the ¢=N* bond
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(134). These resonances could be due to the C1 proton of the cis,trans-

and cis,cis-isomers, 53 and 55 respectively.

t-BU\ﬁ/H H\&"/ t-Bu t-BU\ﬁ/H
I l I
| B[ | |
H4C CH, CHy
53 54, 55

Figure 4-5 illustrates the experiments which confirmed the
.identification of the trans,cis-isomer, ??. Spin .decoupling of the
resonance at & 8.55 (Figure 4.5a) gave partial collapse of.tﬁe triplet
centered at 6 6.41 identifying this as the correspﬁnding resonance for
" H2. Irradiation of the resonance for the methyl group centred at
§ 2.09 (Figure 4-5b) caus?d a sharpening of the triplet due to HZ at
& 6.41 and the multiplet at 6 7.08 collapsed to a doublet with a

coupling constant (J2‘3) of 12 Hz. Such a value of J is consistent

2,3
with a cis configuration about the C=C bond (135). These two.experi-
ﬁents clearly indicated that the resonances at § 8.55, 7.08 and 6.41
are due to H1, H3 and H2, respectively, of a single isomer and the
observed coupling constants indicated tﬁat this isomer had a trans,cis

configuration such as 54.

-

H\ﬁ/t—Bu
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Identification of the,;is,trans; and cis,cis-isomers was
accompiished by-the double resonance experiments shown in Figure 4-6.
Spin decoup]ing-bf the resonance at & 7.97 (Figure 4-6a) caused partial
collapse of the downfield side of the multiplet centred at about é 6.8.
This 1nd1cated that the resonances at & 8.46 and 6.86 are coupied to .

each other and that they are due to H1 and H2, respectiv

same isomer. On the other hand, irradiation of the signal
(Figure 4-6b) caused partial collapse of the upfield side o¥ the multiplet
centred at about ¢ 6.8. Thus the resonances at 6 8.46 and 6.80 3re
dug to HT and HZ of another igsmer.

Figure 4-6c illustrates the effect of simu]taneoﬁsly decoupling
the two methyl groups at § 2.11 and 2.15. A sharpening o% the multiplet
at § 6.8 occurred and collapse of the multiplet at about § 7.4 gave
two overlapping doub]ets The higher 1ntens;ty doub]et, which was
assumed to correspond to the resonance at ¢ 7.97, is coupled to a )
c2 prﬁton with a constant (J 3) of 15 Hz. The magnxtude is consistent
with a trans configuration about the C=C bond {135). Thus, the
resonances at § 7.97, 7.4 and 6.86 are due to H1, H3 and HZ2, respectively,
of the cis,trans-isomer, 53. The remaining lower intensity doublet,
which must correspond to the signal at ¢ 8.46, is coupied to a C2 proton
with a coupling constant (J2’3) of 12 Hz. This is consistent with a
. cis configur?tion about the (2,C3 bond (135); ‘Therefore, the signals
at 6 8.46, 6.80 and 7.4 were attributed to H1, H2 and H3 respectively,

of the cis,cis-isomer, 55.

e -

L. -,

PO P A N
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Figure 4-6: Double resonance experiments used to identify the cis,trans-
and cis,cis-N-t-butyl-2-butenylideniminium cations, 53 and
9% respectively.
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H4C CH,
53 5

The v%nyl région of the 400 MHz ]H nmr spectrum of ?8 showed a
doublet (JN,] = 17.1 Hz} at & 8.08 due to the signal for H1 and a
quartet (J3,CH3 = 7.3 Hz) at & 7.09 for the resonance due to H3. Lohg
range coupling to the C2 methyl group broadened this latter signal. In
comparison with 37 and its photoproducts, a léss complex spectrum was
obtained .for the photostationary state mixture but the lack of coupling
across the C1,(2 and C2,C3 bonds, caused by methyl substitution at c2,

complicated isomer identification.
\ .
H\r-::I ~n-Bu
H,C !

38

HaC

The spectral region from.s 7.90 to B.70" for the mixture
contained four doublets. Resonances which occurred at & 8.08 and 8.70
had a coupling constant of about 17 Hz. .These must be due to H1 of
the trans,trans- and trans,cis- isomers, ?? and §Z respectively. The
other two resonances in this region (s 7.92 and 8.53) were split by a
12 Hz coupling indicative of a c¢is configuration about the C=NT bond

(134). Based on the observation, obtained from the identification of -

the photoproducts formed by irradiation of 37 and 39, that the C=N'

r [
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bond cis-isomers had resonances due to Hl which were shifted to higher
field relative to the corresponding C=N+ bond trans-isomers, the
resonances at & 7.92 and 8.53 were assigned tentatively to the C1

proton of the c¢is,trans- and c¢is,cis- isomers, 56 and 58 respectively.

The remaining resonances (H3, €2 and C3 methy] groups) were related to

the above signals by their relative intensities.

n-Bu\ + /H H\ + - n-BU n-BU\ + /H

HaC CH CH

The photoproducts formed by the irradiation of cations 40 to

-

46 {see equation 20) were identified by a similar analysis of proton,

proton coupling constants, Tables 4-3 and 4-4. Cations 40 and 41 have

- -

potentially three other geometric isomers. In the photomixture formed

from 40 there were no detectable amounts (< 1~) of the c1s trans- and

-~ o

cis,cis-isomers, 60 and 62 respectively. However, the corresponding

- - -

isomers 63 and 65 formed by the irradiation of 41 were produced in
substantial amounts {15% and 10% respectively). The lack of any C=N *
bond cis-isomers’from the irradiation of 40 was not due to their

thermal instability as w11] be discussed in Chapter 5. Sailts 42 to

46 had only one photoproduct each since symmetric substitution at
nitrogen made C=N" bond isomerization unobservable. Thus, the identities
of their isomeric photoproducts were easily established on the basis of

coupling constants.
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H\&/ n-Bu H3C\ﬁ/CH3
I |
I l
X X
40 X=H _ 42 X=H . 43 X=0CH,
41 X=NO, 44 X=CH, , 45 X=Cl

/.._5 X= NOz

It can be concTudgg that for all of the a,3-unsaturated
iminium salts examined the principal photoproduct§ are geometric isomers.
This, cohp]ed with the lack of any emission, indicateé that isomerization
about the formal double bonds is the major dissipativerpathway of the
excited state. The observatio? of photoinduced c=N* bond isomerization

is especially significant for, as.far as I am aware, this is the first

unambiguous evidence for such an occurrence (134). .

C. Quantitative Measurements

The quantum yields of isomerization for a number of the isomer
interconversions discussed in the previous two sections have been
measured. .

The yield for the photoisomerization about the C=N+ bond of ?g
(39 + 59) in TFA was measured at 25°C using a relative method, Table 4-5.
Low pressure mercury‘lémps, which emit 98% of their light intensity at
a wavelength of 253.7 nm, were used as a light source. Shorter wave-

length light was absorbed by the.quartz used in the équipment and fhe

Al
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low intensity bands at longer wavelengths were ignored. The irradiations

were carried out using a photochemical reactor with the samples in
5-mm-i.d. quartz tubes. Ferrioxalate actinometry was used to monitor
the photon flux (152). For this case and all those described below
the percent conversion was monitored by a ]H nmr assay technique directly
on the irradiated mixture. In all cases the conversion was less than
10% and was corrected for back reaction (153).

Quantum yields for C=C bond isomerization in 37 (37 - 54) and
?8 (38 + 57) in TFA were measured at 25°C relative to the conversion _
of trans- to cis-pent-3-en-2-one in isopentane (165), Table 4-5. The
same experimental set up described above was used but in these cases’

rl

the samples were in 5-mm-o0.d. quartz nmr tubes. The quantum yields for

the conversions of 37 ~ 54, 38 + 57 and 39 ~ 59 were 2lso measured in

- - - - - - - -

HZSO4 and FSO3H (or deuterated analogs) at 25°C relativé to the
conversion of trans- to cis-pent-3-en-2-one in isopentane (165), Table
4-5. Again samples were contained in quartz nmr tubes.

Most of the quantum yields in the various acid media were checkéd
for the effect of dissolved oxygen. Degassing was’ achieved by bubbling
dry nitrogen through the samples prior to irradiation. These data are
contained in Table 4-5.

Since the sample concentrations were high, the;e could have been
2 significant layering effect. Th%s was checked in the case df the
con&ersion of §? + §? in HZSO4. The quantum yield was remeasured using
the larger quartz tubes an& ferrioxalate actinometry (152), oh1y this
time the sampies were stirred during the irradiation by bubbling argon

through them. There was no change in the quantum yield. It was concluded

that there was no-layering effect and this was assumed to apply to the

r
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other systems and the other solvents.-

H\&/R1' H\ﬁ/R1
R2 l hV R2 I
l ey o I
HC 254 nm CH,
37 R'=t-Bu , R%=H 54
38 R'=n-Bu, R%zCH, 57

| H\ﬁ ~n-Bu n-Bu\ﬁ ~H
l 2-5_4—rrm !
38 59

The quantum yields for C=C bond isomerization 6f various
phenyl substituted salts in TFA were measured at 25°C by a relative
method. An opgfcal bench setup was employed. The 1ight sourcejyas a
super high pressure mercury lamp and the wavelengths (313 nm or 366 nm),
with 20 nm bandwidths, were selected using a ﬁonochromaﬁor. After
irradiation, a portion of the sample was transferred to an nmr tube and
the percent conversion was determined from the 400 MHz ]H nmr spectrum
of the mixture. In all cases the percent conversion was less éhan 10%
and was corrected for back reaction (153). The yields for all of the
réactions were measured relative to the photodecomposition of potassium

ferrioxalate (152) and are summarized in Table 4-6.

PYWOE S W S PRI I RIONR



Quantum yields of isomerization for the aromatic salts
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Table *4-6

—

in TFA solution

.l..uqiti‘;_ubw Kbl . D s

Reaction - Excitation i (nm) Quantum Yielda‘b
40 - 61 313 0.58 + 0.06
42 + 66 313 0.60 + 0.06
42 ~ 66 366 0.75 + 0.08
66 ~ 42° 313 0.45 *0.05
43 ~ 67 366 0.59 +0.04
44 - 68 _ 313 0.52 + 0.05
45 - 69 313 0.58 + 0.09
46 +70 313 0.27 + 0.02
70 - 46° 313 0.33 + 0.03

a errors are standard deviation of 3-4 runs.

b

measured relative to the photodecomposition of potassium ferrioxalate '

(152), reactions have been corrected for back reacgibn (153).

© calculated using equation 21.
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R’\ﬁ/Rz Ri\gj/Rz
| Ay |
L 3130r 366 '
X - ' X

40 R'=H, R%n-Bu , X=H
42 R=R%=CH; , X=H
43 R=R*=CHj , X=OCH,
44 R'=R%=CHj , X=CH,
45 R'=R%CH, , X=Cl
46 R'=R?=CH, , X=NO,

A1l of the above quantum yields are for the forward (trans -

ey 13 % G D A

cis) reaction. A valué for the reverse (cis + trans) reaction was
desired. Since the cis-isomers'could not be isolated from the irradiated
mixtures nor synthesized independenEJy_(]54) the yield for the reverse
process had to be-ngfmated from the photostationary sfate data.

Ai the photostationary state the rates of the forward and
reverse issaafféation reactions are equal. The relative rate of'a
photochemical process is the product of three terms - the concentration
(Cx) of the reactant, the molar extinction coefficient (ex) of the
reactant anq the quantum yield (°x¢y) for the'reaction. Thus, at the
photostationary state of a single cis/trans isomerization,equation 21

holds.

¢ (21)

%o bt St T Peat Cc g
where °t+c and °c+t are the quantum yields for the conversion of the
trans- to cis- and cis- to trans-isomers respectively, Ct and Cc are the

photostationary state concentrations of the trans- and cis-isomers
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respectively and £y and €. are the molar extinction coefficients at the
appropriate wavelength for the trans- and cis-isomers respectively.

The quantum yields of the reverse process for ?? (66 ~ 4?)
and f? (29 - f?) were estimated (see Table 4-6) using equation 21 and
data giyen\in the previous section. In the case of f? and §§ the yield
of the forward reaction (42 - 66) was measured as described previously
and .the molar ext1nct10n coefficient at 313 nm' of 42 was determined
from its absorption spectrum. The extinction coefficient for the cis-
isomer 66 was estimated from the absorption spectrum of the photo-

stationary state mixture. The relative concentrations of f? and §6 at
the photostationary state were determined from the 400 MHz ]H nmr -
spectrum of the mixture. The only unknown remaining in egquation 21 1is
the quaﬁtum yield for the conversion of §§ to ﬁg and this can be
calculated by a slight manipulation of the equation. A similar analysis
was used to estimate the quantum yield for the conversion of Zg to fg.
A preliminary experiment to examine the photoisomerizations of
f} was carried out. Since the photostationary state formed by the
irradiation of f] contained significant émounts of the cis C=N+ bond
isomers it was thought that a good estimate fpr the quantum yield of
isomerization about the C=N" bond (f} - §§) might be obtained. The
relative amounts of each isomer were monitored by a 1H'nmr assay

technique directly on the irradiated sample. The sample was contained

in a 5-mm-o.d. medium-walled nmr tube and was irradiated with a broad

The molar extinction coefficients at 313 nm for 42 and 66 are 5750
and 6220 respectively while the correspond1ng values for 46 and 70
are 28200 and 32500. Units are cn~! M1
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band of Tight centred at 300 nm.
By analogy to the conversions of 40 -~ 61 and 42 ~ 66 it was
assumed that the quantum yield for C=C bond isdmerization in 41 (41 - 64)

was the same as for the conversion of 46 - 70 (¢ = b.27 + 0.02). The

conversion of 41 to 64 was monitored up to 21% convérsion.h At this

- -

point there was still no detectable amount of the cis,trans-isomer 63.

-

This result implied that the concentration of 63 in the mixture was less

-

than 2% and so the yield for the conversion of 41 -~ 63 must be.less

- - - -

than 0.03. ' -
) ) .
H\ﬁ/n-BU - n-BU\ﬁ/H &
| I
|
02N ’ .
"
H\ﬁ/n—Bu H\ﬁ,_n-Bu
| | |
- hv
| —_— |
O,N \ NO,
41 : 64

Multiplicity of Excited Sitate

Since the «,g-unsaturated iminium salts do not fluoresce, the -
identity of the excited state must be deduced from an examination of
the quantum yields of isomerization. Any changes in these yields

caused by quenching or triplet sensitization could alse aid in the
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identification.

To differentiate between singlet and triplet photbchemistry, a
comparison of the results ob;ained by direc; irradiation in the presence
or absence of a triplet quencher is usually made. Triplet chemistry
alone 1is observed5by the use of triplet sensitization experiments. A
quenching experiment involving molecular oxygen was carried out and the
results are summarized in Table 4-5. These data indicate that the
magnitudes of the qﬁantum yields are not dependent on dissolved oxygen.
Reactién from a singlet or short lived triplet state is consistent with
these results (155). Y ¢

Sensitization experiments were not carried out. Due to the
sé]vents.emp1oyed here the choice of sénsitizers is Timited to species
such as europium salts (156). Energy transfer efficiencies between two
cationic species are not well defined so that a great deal of fundamental
work needeﬁ,to be done before these experiments could be performed. .~ .
Standard photochemical solvents (eg CHBOH, Cﬁ3bN), in which the more
common sensitizers could have been used, could not be emp]oyéd because
it was found that the cis-isomers are thermally unstable in them, and
undesirable electron transfer processes migﬁt also take place (94-99).

| In salt 39 the quantum yield of isomerization about the C=N*
bond is 0.11 + 0.01 while the quantum yields for C=C bond isomerization
" in 37, 38 and 40 are 0.32 * 0.04, 0.31 * 0.03 and 0.58 +0.06 respectively.
For these latter salts isomerization about the C=N* bond is also.
observable. However, isomerization about this bond_wés not detected in
the C=C bond quantum yield measurements, since the percent conversions

were less than 10%. The amoun; of cis C=N+ bond isomers formed must be

-
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below the nmr detection Timit of 1% to 2%. ‘This implies that the
quantum yield for ¢=N" bond isomerization in 37, §§ and 40 must be Tess
than 0.710. Such a Targe difference in the efficiencies of isomerization
about the two multiple bonds suggeéfs that these two procegses are not
coupled. That g, isornerizatioﬁ occurs about only one boﬁd per quantum
absorbed. . Isomerization can occur 'Fro.rn.s.I and T] but from studies of
photﬁisomerizations of 1,3-dienes it f; generally believed that reaction
from S] resuits in isomerization about only one bond per quantum whereas
reaction from TI can result iq the isomerization of two bonds per
quantum (157).

A1thdugh the excited state from which photoisomerization’is
ocqurring canndt be determined with certainty, the preceding quenching
data and the relative magnitudes of the yields for C=N" and C=C bond

isomerizations infer that a singlet state is involved.

Substituent Efjects

In“salt 39 C=N" bond photoisomerization is a relatively efficient

reaction (4 = 0.11 + 0.01 in TFA) (134)." It is interesting to note that .

the quantum yield is very similar to that measured for ¢=0" bond isomer-
izatieg (¢ = 0.15 + 0.03 in FSG3H) in the methoxy allyl cation Z] {158-
160). Isomerizations about the C=N+ or C=0+ bonds of these protonated
iminium salts or enones are ¢learly one of the major pathways by which
fhe excited states of thesemcations are deactivated. This result

suggests that such a reaction might be important in the visual pigments.

2
A
4
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H\Kl/n—Bu 6/CH3
Hee ) ’)1
| |
39

-~ -

In the previous section it was estimated that for salts 37, 38

- -

and 40, in which both C=N+ and C=C can be observed, the quantum yield

for C=N" bond isomerization is less than 0.10. This value is substantially

Tower in the case of salt f] (6 < 0.03). These results cIearjy indicate
that a methyl or aryl substituent at C3 lowers the quantum yield for
C=N* bond isomerization. This implies that for a retinal iminium salt
system, thch is conjugated extensiﬁe]y, the yield for C=N: bond isomer-

ization might be very low.

H\+/t Bu H\p-n-Bu - H\ ~n-Bu 3C\+/CH3

A, @/

40 X:H
41 X=NO,

In salts §z and 38 the quantum yields for C=C bond isomerization,
0.32 + 0.04 and 0.31 + 0.03 respectively, are identical within experi-
mental error. This indicates that minor substituent changes at C2
and nitrogen have either no effect on the yield for C=C bond isomer-
jzation or their effects cancel. The*former conclusion is more probable.
An extension of the conjugated chain, such as in salt 40, causes an

increase of the quantum yield for C=C bdhg isomerization (0.58 + 0.06)
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and, as &isgussed above, this appears to be accompanied by a2 decrease im
the. yield for the isomerization about the C=N+ bond. Salt 42, which is

very simylar to

, has a comparable quantum yield for C=C bond isomer-
jzation (0.60 i-O'OGL’ again implying that minor substituent changes at
nitrogen have no effect on the y{eld for C=C bond isomerization. These
latter two quantum yields are very similar in magnitude to that measured
for rhodopsin (¢ = 0.67, references 73 and 77). |

The wavelength dependence of the quantum yield for C=C bond
jsomerization was determined for salt f?, Table 4-6. The quantum yield
was measured at 313 nm and 366 nm and even though these wavelengths are
widely separated, the energy is still being absorbed into the Towest
energy absorption band. The value determined at 366 nm (0.75 :_0.0B)
appears to be higher than that measured at 313 nm (0.60 + 0.06).
However, the two values are within two standard deviations of each other
and so are not statistically different. It was concluded that for
excitation into the lowest energy absorption band the quantum yield for
C=C bond isomerization is wavelength independent. This result is in
éood agreement with the quantum yield measurements for rhodopsin (73,77)
but in contrast with those obtained for retinal iminium salts in

solution (31,35).

Possible 1somenization Mechanisms

Photochemical isomerization in the a,g-unsaturated iminium salts
could proceed by an intra- or intermolecuiar mechanism. Quantum yields
for isomerization are not dependent on acid strength (compare the

results in FSO3H and TFA in Table 4-5) and irradiation in a deuterated

-~
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medium does not produce any detectable deuterium incorporation. Electron
transter induced isomerizations would be expected to yield a thermo-
dynamic equilibrium mixture of isomers. The photostationary state
mixtures are not equilibrium mixtures (see'Chapter 5). Therefore an
electren transfer pathway can be.discarded. These results all imply
that an intramolecular mechanism is involved,

There are three conceivable intramolecuylar pathways. The first
is a photon-induced disrotatory ring closure followed by a2 thermal

ring opening, Scheme 4-1. Such a process can result in isomerization

:
.
i

about either C=N+ or C=C bonds depending on the direction of ring
opening. The ring closure has been observed in the direct irradiation of
1,3-dienes but the conjugated olefin must be-in the s?cis conformation
(157). 1In Chapter 3 it was shown that the «,s-unsaturated iminium salts
exist predominantly in the s-trans conformation (129). A minor conform-
ational component could not account for the high quantum yields of
isomerization since rotation about the C1,C2 bond is restricted in the
excited state (161). Thus, this mechanism can be eliminated as a viable

isomerization pathway.

H\&/R1 1
| A s R h S
~ -~ v = INsees
I -— | q‘ — l R2
R2 | R? H Y
Ri\ﬁ ~H i'l\l;:l/sz1
| |
+

A,
- ! [
R R2

Scheme 4-1




- 99 -

A second pathway involving concerted cyclopropy!l ring
formation is illustrated in Scheme 4-2. Excitation of one geometric
isomer can lead to two different intermediates. If the thermal cyclo-
propyl ring opening is governed by orbital symmetry considerations then
ring opening results in the formation of either a2 new isomer or the
starting one (157). To be consistent with the large difference
obsgrved for the quantum yields for c=N" and C=C bond isomerizations,
the rate of interconversion of these intermediates must be slow compared

with their rate of decay 'to the ground state.

Scheme 4-2
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For C=C bond isomerization in the cyclopropyl mechanism
{Scheme 4-2) the intermédiate has either a cationic (illustrated) or
radical centre at C2.+ In either case this suggests that substituents
at C2 might affect the yield for C=C bond isomerization. Hoﬁever, the
data discussed in the previous section showed that a change of substit-
uent at C2 had no effect on the quantum yield of isomerization about
the C=C bond.

The final mechanism involves the formation of a twisted excited
state intermediate by the rotation of one of the multiple bonds, Scheme
4-3. Again, excitatioh of one of the geometric isomers can lead to two
different :;termediates which must not intercoqvert at a rate comparable

_to their decay to ground state. Decay of these intermediates can lead

to either a new isomer or back to the original one.

H:.,,N R HS# N R R1\ N
v
hy e o j J)
H\ﬁ/m _
' i
B .
R H\\N"R FF\&;4Q1 Fh\ﬁ¢fRT

hv | | i
- ]
. Rz 4-'”"H Rz Rz

Scheme 4-3
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In this mechanism the intermediate can be “composed of either
cationic and neutral segments (illustrated) or radical cationic and

radical segments. The former electron distribution is consistent with

; the calculations of Salem and Bruckmann (87,88). They proposed, from

their theoretical calculations, that in the first excited singlet state
of conjugated iminium salts there is a shift of the positive charge
from the nitrogen onto the carbon framework. This charge polarization
is most pronounced when one of the C=C bonds is twisted by 90°
although even in the "planar" excited state there is a substantial
change in charge distribution.

Fof the a,38-unsaturated iminium salts examined here this change
in charge distribution implies that in the excited state there is a
large increase of the positive charge at C3. This should be most
pronounced in the twisted intermédiate such that C3 could have nearly a
full positive charge in the case of C=C bond isomerization. As the
electron demand of the substituent at C3 changes, the energy of this

intermediate should change dramatically. In fact the entire potential

energy surface for the excited state might be altered. Thus, a change

in the excited state energy partitioning might be expected.

b S
hv =
I —_— ———
R? R27+"H

-3
]
ﬂ:




- 102 -

The absorption data for salts f? to f? (see Table 4-1) support:
a shift in positive charge for the "planar" excited state. The methoiy
substituted salt §§, which is best able to stabilize a positive charge
at C3, has the lowest energy transition (lmax = 384 nm) while the
destabilized nitro substituted salt 46, has the highest energy transition

~

(Amax = 323 nm).

42 X=H . 43 X=0OCH,
4L X=CH, , 45 X=Cl
L_S X=N02‘

In salts 42 to 45 the quantum yields for C=C bond isomerization

range from 0.52 :_0:05 to 0.60 + 0.06, Table 4-6. These values are
identical within experimental errbr and calculation of the yield for

the reverse reaction in 42 (66 ~ 42, o = 0.45 + 0.05) shows that the

sum of the two quaﬁtum yie]ds is 1.0. This suggests that all of the
energy might be_.efannelled into C=C bond isomerization. Salt f?’ however,
has a significantly lower quantum &ie]d (0.27 + 0.03) and calculation of
the yield for the reverse process (0.33 + 0.03) indicates that only 60%

of the excited state energy is accounted for by isomerization about the

~C=C.bond. The low estimated value for the quantum yield of isomerization

about the C=k* bond in 41 (& < 0.03) implies that the remaining energy
is not all funnelled into C=N' bond isomerization. Where this energy

is going cannot be established at the present time. This electronic

i
+
'
L4
4
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dependence of the magnitude of the quantum yield for {=C bond isomer-
ization is completely consistent with a large shift of positive charge,

in the singlet excited state, from the iminium moiety onto the carbon

framework.
H\ﬁ/n-BU
I
!
O,N
41 .

The bond rotation mechanism {Scheme 4-3) (sxthe only one
which is consistent with a large shift in charge distribution. Thus,
(’
the above results strongly suggest that this mechanism is the operative

pathway for isomerization of the iminium saits.

Viscosity Dependence

The viscosity dependence of the quantum yields of isomerization
of salts 37 to 39 is illustrated by the data in Table 4-5. At 25°C the
viscosities of the solvents used vary over a wide range - 20.0 cP for
96% H,50, {162), 1.56 cP for FSOH (163) and 0.854 cP for TFA (164).
These values are for the pure solvents and will be altered by the
presence of solute, but they should give a good idea of the viscosity

differences involved.

' H\ﬁ/t-Bu H\ﬁ/n-Bu H\ﬁ/n-BLr
; | H.C Yl Hye !
H;C HLC
3 38 39

- :
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For salt §9 the quantum yield for c=N" bond isomerization
varies from 0.12 + 0.01 in H,S0, and FSOH to 0.11 + 0.01 in TFA.
These values are identical within experimental error. The quantum
yields for C=C Eond isomerization in 37 and 38 show a marked viscosity

dependence. In FSO3H and TFA the quantum yields are 0.32 + 0.04 and

0.31 + 0.03 for 37 and 38 respectively whgieas iﬁ the more viscous
H2504 the corresponding values are 0.17 + 0.02 and 0.16 + 0:02. A .
similar viscosity dependence of the yield for C=C bond isomerization jn
protonated enones has been reported (160). This dependence of the

quantum yield of isomerization about-.the C=C bond may be due to a

dhedn e b s e L o kel

redistribution of the solute/solvent interactions causedby an alteration

EI NN

of the charge distribution (134,160).

In the ground state of the «,3-unsaturated iminium salts most
of the positive charge is_Ioca]ized in the iminium moiety so that, while
the crystallographic data indicate that there are hg_specific cation/

-

anion interactions, the strongest solute/solvent interactions are

g

expected to be around the C=N+ bond. The charge distribution in the
excited state appears to be different. Electronic absorption data and
the electronic Hependence of the quantum yields of isomerizééion are
consistent with an incréase of positive charge at C3. A natural
consequence of this effect is that the amount of pdsitiye charge on
nitrogen is diminished. Thus, in the excited state the solute/solvent
interaczions might be weakened around the C=N+ bond but increased at

the C=C bond in comparison to the ground state interactions.
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Solute/solvent interactions could inhibit torsional motion
about the mu1tip]e.bonds in the excited state. This effect would be |
most pronounced in solvents of high viscosity and at bonds where the.
‘interactions are the strongest. The observation that onily thé yield
for C=C bond isomerization ;hows a viscosity dependence is consistent
with the idea that there is a large change in the charge distribution

on going from the ground state to the first excited state. There are,

\Eshowever, some implications which, at this time, cannot be fully explained.

Since the yield for C=C bond isome;ization has diminished, does this mean
that energy is now being channelled into other decay pathways? The
viscosity independence of the quantum yield for C=N+ bond isomerization
in 39 seems to imply that no extra energy is gbing into this reacfion.
‘The lack of emission,.even at 77K in a rigid glass, indicates that
isomerization and fluorescence are 'not coupied as is the case in tréns-
stilbene (157). The only exp]anatioﬁ which appears to be consisfeﬁt
with all of these results is that the decay ratic of the twisted

excited state intermediate has been‘altered significantlyi_‘why this
should occur in the case of C=C bond isomerization only cahﬁot be

explained without further experimentation.

D. Conclusions . .

Upon direct irradiation in acid solution, a,g-unsaturated
iminium salts undergo efficient cis/trans isomerizations. From an
analysis of Yy nmr data the pr%ncipa] photoproducts have all been
identified as geometric isomers. -The unambiguous identification of
_photoisomerization about é c=N" bond is particularly significant

since, to my knowledge, it is thé-first.report of such an occurrence.

SRR S A -
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Vs
Prolonged irradiation results in the formation of a photostationary
state among the isomers and no other major photoproducts are formed.
Since no emission was detected it appears that isomerization is the ~
_only major decay pathway of the excited state. Although the multiplicity
of the excited state could not be determined with certainty all of the
experimental data is consistent with a singlet state.

In the one case where the quantum yield for C=N" bond isomer-
ization could be measured without ambiguity this reaction was shown to
be efficient. However, charge stabi]iiing substituents at C3 appear
to tower this yield dramatically. The quantum yield for C=C bond
isomerization, on the other hand, is increased when such substituents
are placed at C3.

An isomerization mechanism invelving rotation about a'singlé
multiple bond per quantum absorbed is consistent with the experimental
data. As proposed by Salem aﬁh Bruckmann (87,88) such a mechanism
requires an extensive change in charge distribution in the excited
state. Particularly in the case of C=C bond isomerization a significant
positive charge increase at C3 is a consequence of this mechanism. The
electronic and viscosity dependence of the quantum yields for C=C bond
isomerization and the electronic absorption data all support this

dramatic charge polarizatioen.



CHAPTER 5
THERMAL CHEMISTRY

Stereomutation about the acyclic doublie bonds of the z,5-unsaturated

iminium saits can also occur in the ground state. A quantitative invest-

-

igation of these reactions and an evaluation of the possible mechanistic

pathways was undertaken and the results are presented here.

A. Qualitative Observations

For the aliphatic a,8-unsaturated iminium-saTts §Z to §? there
were no observable thermal isomerizations at temperatures up to 60°C in
any of the acid media (134)._ The heating of solutions of either the
starting all-trans isomers or their photostationary state mixtures did
not give any detectable changes in their ]H nmr spectra. Prolonged
heating (> 24 hours) of these salts resulted in a general decomposition.
Since it appeared that no useful information could be obtained, further
investigation of these salts was abandoned.

H\ﬁ/t—Bu H\ﬁ/n-Bu H\ﬁ/nQBu
" HyC

39

In contrast to the aliphatic systems, the aromatic salts 40 and

41 gave a mixture of the starting trans,trans-isomers and the cis,trans-
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isomers 60 and 6§ respectively, when heated a% 100°C in TFA, equation
22. The same mixture§ were obtained by wérming the photostationary
state mixtures formed from the irradiation of 90 and 41. These observa-
tions suggested that the isomers were in thermal equilibrium at 100°C.
Due to the complexity of the reaction mixtures in these two cases, the

experimental data were difficult to interpret quantitatively.

H\ﬁ/ﬂ-Bu rvBu\ﬁ/H
| A |
| pa— | (22)
X X
L0 X=H (72%) 60 (28%)
1 X=NO, (79%) 63 (21%)

The ]H nor spectra of the iminium salts gg to §§ showed no
changes after prolonged heating at 100°C in TFA solution. This was not
surprising since the ¢=N" isomerization observed in f? and fl can not
be detected in salts fg to fg.due to symmetric substitution at nitrogen.
In ail cases, warming of the photostationary state mixture at 100°C
in TFA resulted in the conversion of the c¢is- to the trans-isomers.

equation 23. The half-lives of these isomerizations appeared to vary

greatly.
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[ A |
| _ * | - {23)
X X
56 X=H . 42
67 X=0CH, 43
68 X=CH, 44
69 X=Cl 5
7_0 X=N02 L‘S - }

B. Quantitative Measurements

The isomerizations of salts §§ - zg to f? - §§ respectively were
examined quantitatively. In each case a photostationary state mixture
was generated by the irradiation of the appropriate trans-isomer in TFA.
The reactions of the cis- to trans-compounds were measured by heating the
samples in a constant temperature bath at 100 + 0.5°C. After varying
lengths of tihe the compositions of the solutions were determined
using 1l-l nmr spectroscopy. Two independent ruﬁs were made for each
reactioﬁ.

In each case good first-order kinetics were observed. Values
of the first-order rate constants are summﬁrized in Table 5-1 along wi th

other pertinent data.

Substituent Effects
The data in Table 5-1 show that the magnitudes of the rate
constants of isomerization for salts 66 to 70 vary over a wide range.

The fastest reaction (67 -~ 43) has a half-life of about 6 minutes while

SN

w¥
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Table 5-1

Isomerization rate constants at 100 + 0.5°C for the

para substituted iminium salts in TFA

: - )
Reaction x© 2 s71 (x108) Log(k/k,) o
66 - 42 ? 1.6 0 0
67 ~ 43 0CH, ' 2000 3.1 -0.78
68 ~ 44 CH 4.6 0.45 -0.31
69 -+ 45 Cl © 2.0 0.084 0.11 *
70 - 46 NO, 19 1.1 0.79
*
a

estimated error is + 10%

b from reference 166

c para substituent on phenyl ring
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the slowest (§§ - fg) has a half-1ife of about 7200 minutes or 120 hours.
It is ¢lear that the para ring substituents have a profound effect on the
rates of isomerization about the C=C bonds of these salts. This dependence
i$ by no means a simple one since both a p-methoxy group and a p-nitro
group accelerate the reaction relative to the unsubstituted system.

The Hammett eq&ation, in its many variations, has geen used to

cbtain information about reaction mechanisms (167). Equation 24 gives

the form of the relationship used here.
Log(k/ko) = gp (24)

where k and ko are reagtion-rate constants, o is a substituent parameter
determined from a standard reaction and o is a constant of proportion-
ality. Thus if a linear free energy relationship exists between the
standard reaction and the one under examination a plot of Log(k/ko) Vs ¢
should yield a straight 1ine of slope 5.

Both the magnitude and sign of p can provide mechanistic inform-
ation. A positive o means that electron-withdrawing substituents
accelerate the rate, implying that there is an increase of electron density
at the reaction site during the course of the reaction. On the other
hand, a negative p implies that there is a decrease in electron density
at the reaction site. The magnitude of o shows how sensitive the reaction
is to the effect of the substituent. A [p] < 1 indicates that the reaction
is less sensitive than the standard reaction while the reaction is more
sensitive if |p| > 1. The slope of the Hammett plot sometimes changes

as the substituents are varied. That is two straight lines of different

slopes are obtained. This usually implies that the reaction mechanism

b
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lis changing in response to the varying electron demand of the substit-
uents (167).

When the reaction site is in direct conjugation with the substit-
uent, ¢ constants, which are based on the ionjzation of substituted
benzoic acids, often do not give 2 good correlation. For this reason
c+ and ¢~ constants were introduced. These constants are employed if
an electron deficient or electron rich reaction site, respectively, is
in direct conjugation with the substituents. Since the substituents in
salts §§ to 29 were in direct conjugation with an electron deficient
centre the o constants are the most appropriate.

The Hammett o plot of the rate constants of isomerization for
salts 66 to 79 is illustrated in Figure 5-1. This plot is somewhat
different than that normally encountered. It has a distinct upward
curve with the slope changing from positive to negative. The values for
the methoxy and methyl substituted salts, §7 and 68 respectively, lie on
a steeply negative slope (p = -5.6). This suggests that there is a .
significant increase in positive charge in the C3/phenyl moiety
during the course of the isomerization process. in these systems. The
data for salts §§, 99 and Zg. however, lie on a much less steep positiv%H
slope (o = 1.3). Thus during the stereomutation of these latter three
salts the electron density in the C3/phenyl moiety would seem to
increase. These data clearly indicate that there are at least two
mechanistic pathways operating in the isomerizations of salts §§ to

70 (167). It is instructive at this point to discuss the possible

mechanisms.
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e A

Possible Tsomenization Mechanisms

Four broad types of mechanisms were considered for these
isomerizations. Two of these pathways, bond rotation (equation 25)
and azetinium formation {equation 26), are intramolecular processe;
while the other two mechanisms, C2 protonation (equation 27) and Michael
addition (equation 28} are {ntermo]ecu1ar-processes. The electron

demand at the C3/phenyl end of the cations might be expected to vary
-

substantially with these mechanisms.

. 3 H3C\&/CH3 H3C\I;‘]/CH3 H3C\gf/CH3
— | (25)

Szjﬂ_
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» |
-_— | (27)
X
H3C\ﬁ/CH3
- |
Y
- | (28)
X

&
As was concluded in Chapter 3 there is some positive charge at

C3 in the ground state of o,8-unsaturated iminium salts. Some of this
charge should be delocalized into the phenyl ring. For the bond rotation
mechanism (equation 25) it is expected that the charge distribution |
transition state is substantially different from that of the ground
state. That is 2 good correlation with o might be anticipated.
However, what might the slope 6f this plot be? It is attractive to
localize the positive charge at the C3/pheny1 end of the system such
that the charge on-the ring will be enhanced in the transition state.
Thus the Hammett o plot would have a negative slope. Other charge
distributions are possible. .

To investigate the change in charge distribution in this
pathway the isomerization about the C=C bond in the parent system 48a

- -

was examined using MINDO/3. The results of these calculations are

~
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summarized in Table 5-2. These data include the activation energy
required to go from the planar cation to the 90° twisted transition
state and the total Mulliken populations at C3 for the two species.

Figure 5-2 illustrates the activation energy calculated by MINDO/3.

l
l

L8a

The total Mulliken population at C; for 48a is 5.81 whereas the
twisted transition state has a value of 5.34. Thus the positive charge
at C3 increases from 0.19 to 0.66 on going from the ground state to ;He
transition state. This implies that the barrier to isomerization via
this mechanism should be strongly dependent on the subsfituent at C3.

In fact, this pathway should be facilitated by the presence of good
positive charge stabilizing substituents at C3. These substituents are
expected to have a larger effect on the energy‘of the transition state
than on the ground state. Thus, a good correlation with c+ with a
negative ¢ is anticipated. The activation barrier calculated by MINDO/3
(43.7 kcal/mol) for C=C bond isomerization in 48z is high,but, as just
mentiohed, this barrier should be greatly diminished by proper substit-
ution at C3.

A mechanism involving protonation at C2 should also place
significant positive charge on the C3/phenyl moiety in the isomerization

intermediate, equation 27. Again positive charge stabilizing substituents

at (3 would facilitate reaction by this pathway and a good correlation




- 117 -
Table 5-2

MINDO/3 activation energies and Mulliken populations for the

bond rotation and azetinium formation mechanisms

Mulliken population at C3 (total)

Mechanism Acti@ation Energy Planar cation Transition statgh
kcal/mol
Bond Rotation 43.7 5.81 5.34
Azetinium Formation 62.0% 5.83 5.77

a for formation of transition state from s-cis iminium salt 48b.

%

-3
)

PR



B i L - . T L P T T T R TP T YR Y T Y

P

‘egp ‘UoLled wnjutw} pajeanjesun-gn jusded
ay3 Jo :cEBo._ pucq )=) 404 uadjaaeq uojleAllde £€/00NIH 2-9 a.nb} 3

- 118 -

21buy 1s1m |
o081 206 0
\ 4 ; -0
Fl
H< M /, ) s H W
I \ / _ (o)
| | =
H-sy TR ®
m
jow /|09 -
. LEY 02 ®
_L. 5
\ -
; E
p \ X
\ o
\ <
AY / .
/@ \ / M
“Ha, o H 07 T
e
z
NG




- 119 -

with c+ with a negative slope is expected. Thié mechanism could be
-ruled out for the stereomutation of protonated enones (124) but cyanine
dyes .are known to protonate at C2 (109,168).

Isomerization via azetinium formation involves a thermally
allowed conrotatory ring closure anﬁ re-opening, equation 26. Ring
closure must occur froﬁ the s-cis conformation. Both C=N" and C=C bond
isomgrizations would be expected to occ;r simultaneous1} if the r{ﬁg
closure and re-openiné are concerted. However, in the cases discussed
here, C=N" bond isomerization cannot be detected. A similar mechanism

.inyolving an Sxete has beén suggested to be involved in ‘the sterec-

'mutation of protonated enones (124). ‘-

From a qualitative argument using the Hammond postulate (16§),

—— e ———— "

it would appear that the geometry of the transitioﬁ state for azetinium
formation more closely resembles the four-membered ring; In the
azetinium jon, C3.is no longer conjugated te the formalily positively
charged nitrogen. Thus the electron density in the £3/phenyl moiety
‘might be expected to increase on éoing frﬁm the iminium salt-to the
transition-state. If this is the case,-a correlation with 0" is still
expected but with a positive value. | |

To examine the energy requirements and charge distribution in |

this mechanism the energy surface for the conversion of the parent

-

azetinium ion 72 to the s-cis iminium cation f?? was determined by the
' MINDO/3 method. In these calculations the N,C3 bond length was used
as the reaction cqordinate. The calculated transition state geometry
wa? similar to that determined by Dewar and Kirschner (170) for the

conrotatory ring opening of cyclobutene. Some of these results are

ar
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given in Table 5-2. Figure 5-3 illustrates the MINDO/3 energy surface

for the reaction.

/H H
——Ntenr +
H
72 £8b

Thédtotal Mulliken populations at C3 show a slight decrease on
going from %?? (5.83) to the transition state (5.77) for the coccerted
ring closure. That is the positive charge increases from (.17 to 0.23.
This change in positive charge is opposite to that anticipated from the
qua]itacive argument above. However, the positive charge at C3 of the
azetinium ion Zg is only 0.11.  This Tatter result indicates thac the
changes in the total Mulliken populations at C3 for thfsumechaﬁism are
small. The MINDO/3 method may not be able to accurately cetecmine the
relative Mulliken populations at all the points on the energy surface.
The calculated actithi;n energy is very high (62.0 kcal/mol) but, by
analogy to subst{iﬁ%ed butadienes (171) this is expected to be loﬁercd'
by substituents at both nitrogen and C3.
It is suggeSted from these calculations tgat C=C bond stereo-
mutation via the azetinium mechanism would have a sma11 q »dependence
The magnitude of the slope of the Hammett plot is expected to be small. Rt
It may, in fact, be pos1t1ve but no def1n1te conc]us1on can be reached
since this iS subject to the accuracy of the Mu111ken popuTat1ons
determined by the MINDO/3 method. : - - v
The fourth mechanﬁsﬁ;-which‘has been suggested as a possible o

pathway for the enzyme-catalysed isomerization of a retinal iminium salt
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(125), involves the Michael addition of a nucleophile, equation 28.
Attack of a nucleophile at C3 is similar to the reverse of the hydro]jsis
of para substituted t-cumyl chlorides, which is the reaction used to.
define the o* constants (172). Thus an excellent correlation with o
and a positive o value are expected.

The substituent dependence of the acid-catalysed nucleophilic
attack on benza]&ehydes in semicarbazone formation could be considered
as a further close analogy to the Michael Bddition mechanism. In the

case of the substituted benzaldehydes, a good correTation with 5" was

reported with a » of 1.5 (173).

HO NHR
e A = S
X X

The problem is how to differentiate among these four possible
mechanisms. The bond rotation and C2 protonation mechanisms both predict
a negatiﬁe p for a Hammett ot plot and as such are consistent with the
- data obtained for salts §Z and §§ (see Figure 5-1}. On the other hand,
the data for salts §§, §? and Zg give a positive p. Thus azetinium
formation énd Michael addition are viable pathways for, these latter

salts. ' ' A

Effect 0§ Solvent Acidity
The effect of solvent acidity on these reactions was investigated
to further define the reaction mechanisms.

In the bond rotation mechanism the ratejégfiting step is the
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forméfion of the 90° twisted transition state. The rate of formation of
this species is dependent both on the solvating power of the solvent and
the ability of the molecule to stabilize a large positive charge at the
C3/ﬁheny1 end of the molecule. Small alterations in the medium are not
expected to cﬁ%nge seriously its solvating ability and as such should
not alter significantly the rate of isomerization by this mechanism.

-

The rate-determining step in fﬁeTCZ protonation mechanisin is
expected to be the addition of a proton at C2. In the expression
. definiﬁg the concentration of this intermediate there will be a term for
the acid strength of the medium. Thus the rate of formation of this
dication should be proportional io solvent acidity. A change in this
parameter should be reflected by a corresponding change in the rate of
isomerizafion.
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Azetinium formation is a concerted intramolecular process and
as such is anticipated to be Targely independent of small changes in the
bulk properties of the solvent. Thus a small increase in solvent
acidity is not expected to alter the rate of isomerization by this

path\;fay. .

ra
/ L]
In the case of Michael addition, the rate-limiting step is the

attack of a nucleophile at C3. For a pure solvent, the best nucleophile

present is the solvent anion, which is formed by self ionization of the

solvent.

- + -

The concentration of this anion in the case of pure TFA is about 2)(10'7

M
(164). An increase in the concentration of protons by the addition of

a strong acid (eq. HZSO4) should shift this equilibrium to the left and

so decrease the nucleophile concentration. Therefore, the Michael addition

mechanism is expected to show a decreaisbin the rate of isomerization with

{

an increase in solvent acidity. C .

¢
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The rate constants for the isomerizations of salts §§'to 29 were :
measured in a solvent mixture of 0.015M H,50, in TFA, Table 5-3. )’
The acid strengths of thé two soTveqts were measured at 25°C

using 2,4-dinitroaniiine and the H, acidity scale. The values obtained

were ~4.0 and -5.1 for TFA and HZSOQ/TFA respectively. The Ho value

of H,S0,/TFA agreed well with that reported previously (174) but the

value for TFA was substantially lower than the accepted value of -2.8
(164,175). Regardless of this discrepancy, the H0 values measured here
indicate clearly that the addition of sto4 Has increased the acidity

of the solvent on the H, scale. The absolute values of H, are not

impoftant in this relative experiment.

' Two ddditidna] prob]ems,_which arise, are ‘the temperature
dependenée of Ho'and the presence of anions which might act as nucleo-
philes. The isomerizations occurred at ]00°C whereas the above Ho
va]ueg were determined at 25°C. . As far as I am aware, the temperature
dependence of the H, acidity function in TFA has not been examined.
However, it has been measured at temperd%u?és up to 90°C for various
H,S0,/H,0 mixtures (176). A significant decrease in the acid strength

was observed in these mixtures when the temperature was increased, but

their relative acidities did not change. Thus it was anticipatéa that
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Table 5-3

Isomerization rate constants at 100 + 0.5°C for the para

substituted iminium salts in TFA and (0.0Q15M HZSO4/TFA

Reaction x® K 57! (xIO'S) Log(k/ko)c c*d
TFA H,S0,/ TFA TFA H,S0,/TFA

66 — 42 H 1.6 0.94 0 -0.24 0

67 ~43 ' OCH, 2000 6200 3.1 3.6 -0.78

68 ~ 44 CHy 4.6 29 0.45 1.2 -0.31

69 ~ 45 Ci 2.0 0.94 0.086 °  -0.25 0.11

70 - 46 N, 19 3.1 1.1 0.27 0.79

¥para substituent on phenyl ring

Pestimated error is + 10%

Cdetermined using kg = 1.6x1078 571

dfrom reference 166
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the acidity of the H2504/TFA mixture would still be greater than that of

TFA at 100°C.
The only anions introduced into the solutions were C104'. HSOd'
(from added H.,50,) and BF4' (from the internal standard, see Chapter 6).

2774
These anions are poor nucleophiles. In all probability trifluorcacetate
was still the best nucleophile in solution.

Comparison of the rate constants of isomerization can be made
by examining the data given in Table 5~3. It can also be represented
graphically. Figure 5-4 illustrates a Hammett plot of Log(k/ko) vs o7
for both sets of data. The plot for the solvent mixture has been modified
to show the change in the rate constants. In order to maintain a bomnon
reference point in the evaluation of Log(k/ko), the ko value was taken
as the rate constant of isomerization for the unsubstituted salt §§ in
TFA. Such a non-standard reference point does not alter the shape of
the plot but it allows the data to be compafed with the values obtained
in TFA.

The new plot has a shape similar to the previous Hammett plot.
Again the values for salts §Z and §§ 1ie on a steeply negative slope
(p = -4.9) whereas the data for 66, 69 and Z@ Tie on a less steep
positive slope (o = 1.8). The curvature of the new plot is again
indicative of a change in mechanism with the variation in the electron
demand of the substituents. A comparison of the first-order rate
constants given in Table 5-3 shows that the rates of isomerizations for
salts 67 and 68 are accelerated in the Hy50,/TFA solvent mixture, while

the rates for the other three salts are retarded in this medium. These

results are consistent with isomerization occurring by protonation at C2
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in the case of 67 and 68 and by Michael addition of a nucleophile for
66, 69 and 70. The two intramolecular mechanisms are incompatible with
the observed changes upon alteration of the solvent acidity and so can

be ruled out on this basis.

Deuterium Exchange

The study of the isomerization in deuterated acid could provide
further evidence as to which of the isomerjzainn mechgnisms are operating.
The bond rotation and azetinium formation pathways, which are intramolecular
processes, should not lead to exchange. For this reason the following
discussion concentrates on the other two mechanisms.

If the isomerization involves protonatioﬁ at C2, then exchange
of the C2 proton would be expected to accompany isomerization when the
reacEion is carried out in deuterated acid. It #s also possible that
exchange could be faster than the rate of isomerization since exchange
could occur in both the cis- and trans-isomers. In the case of'cyanine
dye gg, deuterium incorporation at C2 hés been observed in aqueous Dz§04

soTvent (109).

I

: (CH313N
20

For the simple Michael addition mechanism, no exchange is

expected when deuterated media are used. It is possible, howevefr, that




further protonation of the enamine intermediate could occur.
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This could

take place ot one of two sites - nitrogen or C2. Protonation at

nitrogen is expected to be much faster than at C2 (177). Thus deuterium

incorporation may or smay not occur during a Michael addition type isomer-

jzation.
H3C~g~CHs
Bl
[
X
LY :' 2
! H Y

X

-H3C\KJ/CH3 i

X

|

The isomerizations of salts 66 - 70 to 42 - 46 respectively,

.were monitored in both TFA-d and 02804/TFA-d at 100°C. There was no

detectable deuterium incorporation at €2 or any other positioh during

the course of these isomerizations.




H3C\K]/CH3 H3C\I;\'I/CH3
| A |
| D* | .
' X X
| 85 X=H 42
i . B9 X=Cl L5
7__0 X=N02 . 46

In the case of salts 66, 69 and 70 this result is consistent
with both the Michael addition and azetinium formation mechanisms. .The
latter mechanism was ruled out by the acid dependence.experiment;
Although §§ may be a borderline case, these salts appear totisomerize
exc]usive]y.by a Michael addition pathway. -

The lack of exchange for sa]tg §Z and §§ raises a dichotomy.
The Hammett o correlation suggested that either a bond rotation or a
C2 protonation mechanism was involved. Protonation at C2 is consistent
with the acid strength experimeni but the results of the deuterium
exchange experiment seem to contradict this conclusion and suggest that
a bond rotatioﬁ mechanism is involved. Is it possible that there is an
as yet unconsidered mechanism which is consistent with all of the above
results? |

Protonation at nitrogen would give a dication which is expected
to have a low barrier to isomerization about the C2,C3 bond (178),
equation 29. This mechanism would increase the positive charge at the
C3/phenyl end of the molecule during the course of the reaction and as

such would give a good correlation with o with a negative slope. As

N
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well, it can explain the acid dependence and deuterium exchange data.

o

NHICH,), - Halag~CHs

+ I

- - " (29)

Although, to my knowledge, there is no precedence for nitrogen
protonation in iminium salts, it has been shown to occur in the case of
émidinium salts (180). Exchange of the N-H protons and the equilibra-
tion of the resonances due to the N-CH3 protons of amidinium salt Z?
occurred in H2504/H20 mixtures of high acid strength. Both of these
processes were found to be acid-catalysed and a mechanism involving
protonation at nitrogen was proposed (180). A similar acid dependence

of the barrier-to rotation about the C=N+ bond in cyanine dyes has been

reported (109).

At first, the addition of a proton at the formally positively
charged nitrogen seems odd, but it must be remembered that the n-eléctron

density at this site is high (see Tables 3-3 and 3-4 and reference 137).
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Table 5-4

Rate constants of deuterium exchange at 100 + 0.5°C for the

C2 proton in TFA~-d and B,S0,/TFA-d

Compound X2 . kP 571 (x106)'_ :
 TFA-d . D,80,/TFA-d - %
42 H <0.2 <2 | E
8 OCH, 72 340 -
44 ‘ CH, <0.5 - <0.5
45 . <0.2 . «@0.2 . é
46 sz <05 <0.5

apara substituent on phenyl ring

Pestimated error is + 103
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The dication which is formed on nitrogen protonation is.similar to that

produced by C2 protonation. In fact, the energies of these two species

'

might well be similar.

Prolonged heeting of the trans-isomers f? to f? in either acid
medium at 100°C.resu1teh in deutef%hm exchange at-C2 oﬁ1y in the case
cof 43 The rates of these prOcesses were monitored quantitati?e]y by ]H'
nmr spectroscopy and the first-order rate constants are given in Table 5— .
Deuterium incorporation for 4§ was accelerated in the stronger acid
medium, a1though the rate was st111 at least an order of magnitude
slower than the rate of 1somer1zat10n (see Table 5-3).

The observation of deuterium 1ncorporat1on at C2 of f3 is
consistent with the previous statement that the energies of the dications
formed by nitrogen and C2 protonation a%e sihiIar. In order to show that
'nitrogen protonation is indeed possible }urther experimentation is

necessary.

C. Conclusions
In summary the arbmatie substituted o,B-unsaturated iminium
salts undergo cis to trans isomerizations about theﬁr C=C bonds. As.

the para ring substituents vary, the mechanism of isomerization changes.
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A

In the case of electron-withdrawing substituents isomerization occurs

by Michael addition of a nucleophile. & mechanism involving protonation

at nitrogen was.proposed for salts with electron-donating substituents. *

:
1
|
d
!
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CHAPTER 6
EXPERIMENTAL METHODS

A. Materials

A11 of the reagents employed were connercia]jy available. FSO3H
was_purified by a double distillation. The first distillate was purged
with dry nitrogen and redistilled. This acid was;then stored in sealed
glass ampules in 0.5 ml a]iquots.* TFA was purified by_disti]lation from
cHZSO4 and stored in a dry glass container which was kept in a dry Sox.
Both FSO;D and TFA-d were obtained commercially and uséd without further
purification. Thé methane sulphonic and n-propy] suiphonic acids used
in the fluorescence measurements were vacuum distilled tw1ce and stored
in react1 flasks.

- The trans-pent-B-en-Z—pﬁe, obtained commercially, contained some
of the cis-ketone and mgsity] oxide. This'magéFial was purified by
preparative GLC. The puri%ied ketone was‘collected in a glass "y*
tube cooled in a dry ice/aceténe bath (-78°C). Analysis by analytical
GLC showed the trans-ketone to be 99.5% pure.

B. Instrumental Techniques

’H nmt Spectha

Al ]H nmr spectra were obta1ned at 90 MHz on a Varian EM390
spectrometer or at 400 MHz on a Bruker wH400 spectrometer. Th1s latter
spectrometer is situated at the Southwestern Ontario Regional nmr Centre

at the University of Guelph, Guelph, Ontario.

- 136 -
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For the neutral imines 32 to 36, CDCT3 was used as solvent and

resongnces were referenced to internal TMS. FSO3H, 36% H2

werelemployed as solvents to obtain the spectra of the aliphatic

SO, and TFA

salts 37 to 39. Thé chemical shifts were not medium dependent.
g case of the aromatic iminium salts 49 to 46 only TFA solvent - was
used. Tetramethylammonium tetrafluoroborate ((CH3)4N BF4 , 6 3.10)

was used as internal standard in all acid solvents. The various
resgnances were assigned by the use of spin decoupling experiments.
Sample concentrations ranged from 0.25M to 0.75M. Data are summarized
in Tables 3-1 and 3-2.

The spectra of all photostationary state mixtures were acquired

at 400 MHz and the signals of all photoproducts (53 to 70) were assigned

by spin decoup11ng experiments (see Chapter 4) d1rect1y on these mixtures.

Data are given in Tables 4-2, 4-3 and 4-4.

Soﬂuiion 73C nm Spectra .

ATl spectra:were obtained at 22.6 MHz on a Bruker WH90 spectro-
meter or at 20.} MHz on a Bruker WP80 gpectrometer. For the neutral
imines, ?? to‘§§, CDCT3 was used as solvgnt and the signals wefe referenced
to internal TMS. The spectéa of the iminium salts ?Z and §§ were obtained
in FSO3D solvent and the resonances were referenced to externél ™S
whereas the spectrum of §? was acquired in TFA-d solution and the solvent
was used as internal reference (§f3C020, 6 114.5). In the case of salt
f? 0.75M TFA in CD4NO, was employed as solvent and CD3N02 (6 62.77) was
used as inteéné] reference. The spectra of the dimetpyliminium'

perchlorate salts, 42 to 46, were all acquired in CD3N02 solvent with

«
1
3
I
.
]
A
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internal TMS as a reference. Resonances for all compounds were assigned
by various broadband, off-resonance and selective decoupling experiments.
A1l concentrations were in the range of 0.25M to 0.75M. Data are

symmarized in Tables 3-5 and 3-6.

13

Solid State "“C nmr Spectia

~1

The 13¢ CPMAS spectra of the iminium salts 42 to 46 were acquired
at 25.1 MHz on a Bruker CXP100 spectrometer with a home built probe and
spinner assembly. This instrument is situated in the laboratory of
C.A. Fyfe at the University of Guelph, Guelph,Ontario and the spectra are
provided by his- courtesy. Proton spin locking and decoupling fields
of approximately 40 k Hz were used. The spinner deéﬁgn was of the

Andrew-Beams type utitizing Kel-F spinners driven by air and operated

at spinning rates of about 3 k Hz. Data are given in Table 3-7.

‘Efectronic Absonplion Spectra

The absorption spectra were obtained on either a Cary 14 or a

. Pye Unicam SP8-100 UV-VIS spectrophotometer. Spectra of the acid salts

37 to 42 were acquired in 96% H2504 solution while' TFA was employed for
the salts 42 to 46. Concentrations of appro§jmate1y TO‘SM were used in

all cases and data are summarized in Table 4-1.

" Infrared Spectra

<

A Perkin-Elmer 283 IR spectrophotometer was used to obtain the
IR spectra for all imines and iminium salts. Spectra of the neutral

imines 32 to 36 were obtained either in CCl, solution (0.20 M to 0.25 M)

- - -

‘or as thin films. 1In both.cases NaCl windows were used. The KBr disc

. ’ - .
technique was employed for the iminium salts 42 to 46. Data are

EEEN TI e I L L
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summarized in Table 6-1.

Gas Chrwomatography

An Aerograph model A-90-P gas chromatograph was used for all of
the preparative GLC work. The column used was a %ﬂ dia. x 6' long
copper tube packed with 15% SE-3O on Chromosorb W. Column temperature
was maintained at 100°C and the helium carrier gas flow rate was set
at 30 m1/min. For the analytical work a Varian model 3700 gas chromato-
graph equipped with an FI detector was employed. Peak areas were
obtained using 2 coupled Varian CDS 111 data s&stem. In this caée a
%” dia. x 6' long copper column packed with 15% Carbowax on Chromgsorb W

was employed. A column temperature of 75°C and a nitrogen gas flow

rate of 20 ml/min were maintained throughout the analysis.

C. Synthesis

The imines 32 to 36 were synthesized by a slight modification

of the method of‘Kieczykowski et al {148) and the corresponding iminium
satls 37-to 41 were prepared by dissolving the imines in FSO,H, H,S0,

or TFA. In the syntheses of imines 32, 33 and 35 minor isomeric

- - - —

impurities of approximately 5% (seé Chapter 3), which could not he
separated, were formed. As a consequence their corresponding iminium

salts 37, 38 and 40 were contaminated with-these 1mpur1t1es The

dimethyliminium perchlorate salts 42 to 46 were prepared from the

appropriate para-substituted c1nnama1dehydes (149) by the method of
Leqnar& and Paukstelis (TSD) The syntheses are given below.
Elemental ana]yses y1e]ds’bnd some other physical data are

T 2 E
summarized in Table 6-1. 'H nfr data are given in Tables 3-1 and 3-2
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while I3C nmr data are given in Tables 3-5, 3-6 and 3-7. Electronic

absorption data for the iminium salts are summarized in Table 4-1.

zzana,t&ana-&-z-buzgz-Z-butgnyﬂideniméne, fg

Crotonaidehyde (2 mls, 24.2 mmoles) in'dry ether {10 mis) was
added dropwise (30 min) to a cooled (0°C) stirred mixture of t-buty]amfne
(4 mis, 38.1 mmoles) in dry ether (30 mls) and anhydrous K2C03 (2 gms,
14.4 mmoles). After addition was complete the mixture was warmed to
roomr temperature and left for four hours. This mixture was filtered
to remove K2C03 and the ether was evaporated. The resulting residue
was vacuum distilled (bp = 38-40°C/20 mm) to obtqin imine 32. Yield

-

was 2 m]s: (1.7 gms, 60%).
trans , trans -N-n-butyl-2-methyl-2-butenylidenimine, §§ and trhans-N-n-
butye-2-methyl-2-propenytidenimine, 34 |

Tiglaldehyde (2 mls, 20.7 mmoles) in dry ether (10 mls) was
added dropwise.(BO min) to a cooled (0°C) mixture of n-butylamine
(4 mls, 40.5 mmoles) in dry ether (30 mls) and anhydrous K2C03 (2 gms,
14.4 mmoles). ,Nhen addition was complete the mixture was warmed to room
temperature and left overnight. The mixture was fi]tered'aéd the
ether was.removed. The residue was vacuum distilled to gi?e imine ??
(bp = 76.8°C/20 mm): Yield was 1.8 mls (1.5 gms, 55%).

Imine §f was prepared in an analogous mannef except that the
tiglaldehyde was rep]aced“;ith methacrolein (2 mls, 24.2 mmoles). The
residue was vacuum distilled to give imine 34 (bp = 32.4°C/20 mm) in

a yield of 0.35 mls (0.30 gms, 10%).

TN
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. Luans , Lrans -N-n-butyl- 3-phenyl-2-propenylidenimine, 35
I o7
Imine 35 was synthesized by the same procedure as imine 32.

-

Cinnamaldehyde (2 mls, 15.9 mmoles) replaced the crotonaTdehyde. " The
residue was vacuum distilled to give 35 (bp = 150°C/2 mm) in 75% yield
(2.5 mls, 2.1 gms).

Lrans , trans -N-n-butyl- 3- {p-nitrophenyl ) - 2-propenylidenimine, 36

Imine §§ was synthesized by the same procedure as imine 32.
The crotona1dehyde_was replaced by p-nitrocinnamaldehyde (0.5 gms,
2.8 mmoles}, which was synthesized by the aldol condensation of acet-
aldehyde and p-nitrobenzaldehyde (149}). ODue to the sma]1 amount of
aldehyde the amount of the other reagents were reduced appropriately.

The imine was purified by column chromatography (neutral zlumina, eluted

~ with 10% ether/petroleum ether) (mp = 63-4°C). Yield was 0:33 gm, 50%. —

~

o
r

-——

Protonation Methods

The iminium salts 37 to 41, which correspond to the imines 32

- - -

tb §§’ were prepared by one or all of the protonation procedures given
below. _— ' ' g

An appropriate amount of imine was placed into a medium-walled
nmr tube, swirled to distribute it onto the walls of the tube and
quickTy'frozen there by cooling in liquid nitrogen. If the imine was
to be dissolved in FSO;H this tube was placedin a dry ice-acetone
bath (-78°C) and previously cooled (-78°C) ac{d was added by pasteﬁr
pipette. The solution was stirred with a thin gia;s rod to facilitate

mixing. If the imine was to be dissolved in H2504 or TFA the nmr tube

. was placed in an ice_bath (0°C).and acid, cooled prev%ously (0°C), was

i

N
R
4
-
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added by pipette. Homogeneity of the solution was again ensured by

stirring with a2 glass rod.

trans-N, N-dimethyl- 3- (p-X-phenyl) - 2-propenyideniminium perchlorates, f%
(X=H}, f? {X=0CH3}, ff [X=CH3}; ff (X=CL], ff {X=N02)

A1l of the dimethyliminium pérch]orate salts were prepared by the
following general procedure {150), which is illustrated for salt fg.
The para-substituted cinnamaldehydes were synthesized by aldol conden-
_sation of the corresponding benzaldehydes with acetaldehyde as described
in the literature (149).

Cinnama]dehydé {2 mls, 15.9 mmoles)} and dimethylammonium
perchlorate (2.30 gm, 16.0 mmoles) were dissolved in methandl, {15 mls)
and left to stir overnight: The resy1ting yellow crystals were isolated

by vacuum filtration and recrystallized from methanol to censtant

melting point (mp = 132-3°C). Yield was 3.9 gm, 95%.

D. MINDO/3 Calculations

The MINDO/3 program was obtained from the Quantum Chemistry.

Program Exchange (Program #279) centred at the Chemistry Department

of In&iana University. With minor-modifications the program was qade
compatible with the computing faciHities available at McMaster'University.
However, none of the program parametgrs were a]tered. A1l calculations
were performed on either a CDC 6400 or a Cyber 170-730 computer.

i The species calculated here were all fully optimized and the
inclusion of 3X3 CI made 1ittle or no difference to their heats of
formation. The energy surface for the ring opening of the azetinium ion‘

72 was calculated using the N,C3 bond length as the reaction coordinate

-

L]
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(170). After each change in this bond length the geometry was re-

optimized.

E. Crystal Structure Determinations

Co&lection of thé Dala

Crystals of 4? and f?, suitable for single crystal x-ray
analysis, were obtained by the slow evaporation of solvent, CHZC]2
and CH30H respectively, from sclutions of the salts.

Precession photographs showed that the crystal of fg was ortho-
rhombic and that of f? was triclinic. Unit cell parameters were obtained
from a least-squares fit of x, ¢ and 2¢ for 15 reflections in the range
16.2° < 26 < 31 for 42 and 16.2° < 26 < 34.8 for 43 recorded on a
Syntex P2] diffractometer yith the use of graphite-monochromatic MoK .
radiation (x = 0.71069 A). Crystal data and other numbers related to
data collection are summarized in Table 6-2. The densiiy of thg crystals
was measured by floatation in a t-butylchloride/carbon tetrachloride
mixture. RegHection intensities were measured on 2 Syntex PZ]

di ffractometer with the use of a coupled 8 {crystal) - 28 (counter) scan.
The methods of selection of scan rates and initial data treatment have
been described_(lBT,]SZ). Corrections were made for Lorentz-po1arization

effects but not for absorption. This will make a maximum error in F0 of

< 1.0% for 42 and <0.5% for 43.

Solution o4 the Stwetures -
The solution was similar for the two structures. Chlorine

atoms were found from three-dimensional Patterson syntheses and a series

of full-matrix least-squares refinements and electron density differences




2
X

Table §-2

Crystal cata for (CoH N )C10,75, 22, ane ()M, NOT1ICI0,TS, 43

Co:pﬁund
F.%,
Crvstal size(mm)

Systezatic absences

Space Eroup
Unit cell (i ard deg)

. .
Yolume (A7}
4

pcalc(g cn’.-")

gobs (g cm3)

Lineat absorp. coeff. (cn'l)
Max 22, reflectns. collected
Standard reflectns. (e.s.d.%)

Temp. (*C)

No. of independent reflectns.

No, with I>0

No, with I<0, rejected
2 pa

Final 31. Rz

Final shift/error sax.(ave.)
X {Secondary extinction}-

Final difference map

Highest puk(elisj; location
Lowest valley(e/AS); location -0.237; 0.15, 0.75, 0.50°

-

@ - &
rs
(€ H NI (C10,7) » (€) "y gNOTI(C10,7)
259.69 289.72
prralielepiped,0.17x0.17x0.27 needle, 0.10x0.10x0.50
hot telnel none
hko heknlnel ’

Pocn Pi
3=6.595(1) 2=6.862(1) a=119.05(1).
be15.288(4) be9.830(2) 2=114.99(2)
c=10.216(2) c=13.376(3) Y=50.79(2)

1232,3(4) 687.1(M)

P 2
1.400 1.400
1.42(2) 1.37(2)
.09 2.99
45°% . h,k,21 435° ,2h, 2k, 2
1,5,0{1.2) 1,5,1(1.2 0,2,3(2.7) 2.4.-6(2.3)

22 -35

269 1785

833 1670

3% _ 95

0.0628, 0.0772 0.079, 0.0757 -
0.054 0.076
0.00211

0.00304

0.266: 0.25, 0.75, 0.20 0.542; 0.68, 0.92, 0.19

: -0.3-01.;’ 0.08, 0.90; 0.16
Weighting. w=(6240.0006257 ) ™} wa (0%+0.00025F )"}
Error in an cbservation of unit wt. 1.720% 0.3880
a

!

Ry = ZIIF -IFCHZEIR,] ¢ Ry = (elFI-1F D ¥/ (vr D)1

)
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Table 6-3

Atomic positional parameters for trans-N,N-dimethyl-3-phenyT-

‘Z-proﬁeny1ideniminium perchiorate, 42

iR - ' .
Atom x Y oz '
CL 2500 1579(1)  1432¢2) . >
o(L) : 250-0 811(4) :'142;(7) . %
02) 2500 1825 (4) 123(7) ‘ j
0(3) 791(11)  1844(3) 2060(6)
cay - 2500 ~1386(4) 2797(9)
c(2) 2500 -686(5) ©3409¢8)
(3 2500 : -663(.5)_’ 4743(9) . _ -
ca) 2500 “9(5) ~  5529(7)
C(5)  '2500 -691(6) 4976(9) : ,
ng C(6) 2500 - 1250(6) $798(10) R
C(?) 2500 1228¢6) 7122(9) - .
C() 2500 $43(6) 7651(9) ®
C) 2500 T -73¢5) 6892¢8) )
C(10) 2500 ° ~917(6) 599(8) ,
cQl) 2500 -2278(5) 1084(8).- . 2
N 2500 "-1514(3) 1558(7)
’ R
. o S
K e - LA
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Table 6-4.

Atéﬁic positional parameters for trans-N,N-dimethyl-3-

(p—methoxypheny])—245Yopen§1jdeniminium perchlorate, 43 f\\»i

Atom x y z ‘;
C1(1)  -305(3) -832(2) 1904(1) . . . é
0(1) 1464 (7) ~104(s) 2013(4) i
0(2) .  518(10) ~-1192(S) - 2871(4) . | :
. 0(3)  -1845(8) 80(5) 2081(5) A
0(4)  -1384(8) - -2301(4) 661(4) i
C(1Y 377009 7300(6) 876(s) . . ?
. c(2) 4064 (8) 6194 (6) 1506 (4) & :
C(3)  5438(9)°  6803(6) 2591(5) :
. ce4) 59§3(8) 5942 (6) 3253(5)
C(5) - 5135(9) 4272(6) 2594(5)
c(6) 5688 (8) 3502(6) 3272(5) | K
c(7) 7072(8) 4405 (6) 4623(5)
C(8)-  7952(9) 6073(6) " 5301(5)
C(8)  7388(5) 6817(6) 4619(5) . Lod
C(10) 857(9) 5308(7) ~1380(5) . -
T ocany  2218(11) 8203(7) -596(5). - N
C(12)  6993(10) . 2052(7) a7446)
¥ ' N ¢ 23948 6920(5) -298(4)
T 0 LT T696(6)  3781(4) 5383(3) )
— ™
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Table 6-5

- N ' 3
Temperature factors (Az) for non-hydrogen atoms (x107)

@ + _
for (C]]H]4N )(cm4 ), fg

cl 96(2) 53(2)  49(1) o(l)

0(1) 236 (11) 49 (5) 99 (6) 6(4)

0(2) 167(9) 94(6) 70(5) - 25(4)

0(3) 145 (6) 138(5) 156(6).  20(5) 71(5) =30(4)

C (1) 105(9) 59 (7) 55(6) -1(5)

C(2) 84(8) 69(6) 57(6) -5(5)

C (3} 119(9) 66(7) 49 (6) 13 (5)

C(4) 96 (8) 37(6) 46 (5) -6 (5)

(5} 100 (9) 70(7) 48 (6) 7 (5)

&(s) 91(9) 72(8) 81(8) . 4(s)

Cc(7) - 95(9) 84(8) 54 (7) -10 (6) ¢

c(8) 89 (8) 74(8) 60 (6) : 5(6). -

C(9) 100(9) 65(7) 47(5) | 5(5)
. C(10) 93 (8) 91(8) 49(6) , 10 (5) 5
- C(11) 91(8) 50(6) 66(6) -21(5) 3
. N : 71(5) -52(4) 50 {4) . ~5(4) :

a ~
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Table 6-6 .

- Temperature factors (A™) for non-hydrogen atoms (x]03)

+ -
for (C'IZH'IGNO )(C]Oa, ) 43

U U u

22 Usz

) 1 12 13 23

(1)  55(1)  20.7(7)  32.3(8)  16.5(7)  14.1(7) 6.5(7)

o) 53(3) 50(2) 81(3) 25(2) 34(3) 0(2)
0(2)"  179(6) 72(3) 47(3) 36(3)  -19(3) 20(5) o
o3) 783 613 119(8)  s0(3) 663 37(3) :
0(4) 9%6(4)  41(2) 39(2) 1(2) 20(3) - 9(2) i
c(1) 47(4) 36(3) 43(3) 24(3) 22(3) © 12(3). f
c(2) 38(3) 32(3) 29(3) 18(2) 15(3) 7(2)

o3 ®E) 00B) 43 193)  20(3) 5(3)
c(4) 36(3) 30(3) 29(3) 1) 15(3) - 9(3)
c(s) ~  38(3) 39(3) 32(3) 14(3) 14(3) - 8(3)
c(6)  39(3)  34(3)  32(3)  20(3)  14(3) 9(3)
o7y 3(3) 43(3) - 34(3) 25(3) 14(3) 10(3)
c(8) " 41(3) 34(3) 30(3) 13(3) 12(3) 5(3)
c(9) 36(3) 37(3)  2%(3) 11(3) 12(3) 6(3)
c(10)  50(4) 51(4)  35(3) 23(3) - 14(3) 8(3) )
c11)  81(5)  -58(4) 61(4) 49(4) 37(4) 32(4) |
c(12)  64(4)~" 55(4) 55(4) - 40(3) 26(3) - 22(3)
N 52(3) 39(3) a0(3) - 25(2) 24(3) 14(2)

0 57(3) 47(2) 34(2) 25(2) 17(2) 16(2)

— ;
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Table 6-7

) * ! -
Best planes and torsional angles for trans-N,N-dimethyl-3-

(p-methoxyphenyl)-2-propenylideniminium perchlorate, 23

-

. Plane Distance of atems from plane (R)

CH) i=4-9  "c(4) 0.001(6), C(5) -0.002(7), C(6) 0.004(6)
C(7) -0.006(6), C(8) 0.006(7), C(9) -0.003(7)
0(1) -0.017(4), C(1) -0.089(7), C(2) -0.065(s)
€(3) -0.018(7), N(1} -0.233(6), C(11) -0.274(8) .
C(12) 0.070(8) ,

S .

Torsional angles (deg).

C(12)0C(7)C£6) 4.1(4) C(12)0C(7)C(8) -175.3(&;
C(10)NC(1)C(2) ' 1.9(4) ° C(11INC(1)C(2) 178.2(4)
NC(1)C(2)C(3) -174.7(4) C{1)C(2)c(3)Cc(d) 179.5(4) |
C(2)C(3)c(4)C(5) 1.5(4) C(2)C(3)C(4)C(9) -177.2(4) :

C(3)C(4)c(5)C(6) -179.4(5) - C(3)c(Hesc(s) 179.6(5)
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revealed all atoms. At this stage the temperature factors of all non-
hydrogen atoms were made anisotropic with appropriate tests for the
significance of the use of the increased parameters (183). :Except for
the temperature factors of the hydrogeﬁ atoms, the refinement of all
‘ parémeters was continued using full-matrix least squares and minimizing
Zw(IFol - |Fc|)2. This was terminated when the maximum shift/er;or was.
< 0.1. Throughout, the scaftering curves were taken from reference 184
and ancmalous dispersion corrections ffom refe;ence 185 were applied to
the curves for C, N, 0 and C1. The positional Earameters for non-
hydrogen atoms are listed in Tables 6-3 and 6-47 and the correspondiﬁg
temperature factors are given in Tables 6-5 and 6-6. Best planes and

torsional angles for 43 are summarized in Table 6-7.

F. Fluorescence Measurements

The emission spectrum of 42 was measured usingan Aminco-Bowman

© spectrophotofliuorometer (American Instrument Co. Iﬁc.) equipped with an
Aminco xenon lamp power supp]j (Part no. 422-829). The output from this
instrument was fed into a Hewlett-Packard model 7047A X-Y recorder. An

excitation wavelength of 313 nm was'employed and the sample emission was

monitored from 320 nm to 600 nm. Samples were prepared such that they

¥ A1l calculations were carried out.on a CYBER 170-730 computer. Initial
data treatment used the XRAY 76 package (J.M. Stewart, Technical Report
TR-446; Computing Science Centre, University of Maryland: College

Park,- MD, 1976). The structure was solved with SHELX (G.M. Sheldrick, .

Cambridge University, England, 1976) and finalrefinement and difference

calculations used the internally written programs CUDLS (J.S. Stephens) -

“and SYMFOU (J.J. Rutherford). Diagrams were prepared with ORTEP II
(C.X. %ghnson, Report ORNL-5138; QOak Ridge National Laboratory: Oak
Ridge TN, 1976).

P ]
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had an absorbancé of 1.0 at 313 nm. ~

Spectra at room temperature were obtained in 98% HZSO4 solution
using a standard 10 mm quartz fluorescence cell. Spectra at 77K were
measured in a=rigid acid glass (3:1 mixture by volume of meth;ne
sqlphonic and n-propane sulphonic acids) using 2 thin quartz tube
cooled in a partially silvered quartz dewar filled with Tiquid nitrogen.

There was no detectable emission at either of these temperatures.

G. Quantum Yield Measurements

Aliphatic Iminium Salis ’ ' |

The light source used in these expefimehts consistgd of 8 Tow-
pressure mercury lamps (Southern New England glﬁ:g!jolet Co., RPR-2537A)
arranged in a Rayonet Photochemical Reactor (Southern New England Ultra-
viaﬁet Co., RPR-100) which was fitted with a "merry-go-round”. With
the 1émps on, the inside of the rayonet remained at 25°C. Sémp]es were
contained in either S-mm-i.d.‘quartz tubes or 5-mm-o.d. quartz nmr
tubes. The samples were prepared by weighing the appropriate amount
(25 - 80 mg) of imine into the required sample container. Protonations
were carried out as described previously (2 mls of acid were used in the
larger tubes and 0.5 mls with the. smaller ones). To determine‘the'photo-
stationary state concentrations a sample was irradiated until there were
no detectable changes in the 1H nmr spectrum of the ﬁixture. The
relative concentrations of the isomers were determined from the spectrum

by integration. {
The quantum yield for the conversion of 39 to 59 in TFA was

- -

measured relative to the photodecompos1t1on of potassium ferrijoxalate (152)

The .percent conversion was less than 10% and Wwas corrected for back

-
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reaction (153}. fhe composition of the acid solution was- determined by
measurement of the relative intensities of the resonances due to the C2°
methyl groups for 39 and S? at ¢ 2.07 and 2.28, respectively (the peak
half-width rr the two signals were the same). To obtain the best
value for the gercent conversion the appropriate part of the spectrum‘
was-reco}ded 5 or 6 times and the measured relative coﬁcentrationf were
averaged. This was perfdrmed for the otﬁer cases described below. In
this case and those mentioned below, dup]iEate samples were used in
each run.

The yield for the conversion of §? to §? in F$03H and 56% H2504
was measured relative to the conversion of trans- to cis-pent-3-en-2-
one in isopentane (165). The percent conversion of the ketone was
determined by analytical GLC and was corrected‘for back reacﬁidn (153).
Quantum yields for the conversions of 37 to 54 and 38 to §z in’ TFA-d,
FSO3D and 96% DZSQ4 were also measured relative to the conversion of
trans- to cis-pent-3-en-2-one in isopentane (165). Assays of the cis
iminium salts were achieved by the measurement of the relative intensities
for the signals due to the C1 proton at 6 8.14 and 8.55 for 37 and 54,
respectively and at § 8.08 and 8.70 for 38 and 57, respectively.
Déuteratéd acids were used in order to simplify these signals. In both
of the latter cases the final isomer was already pfesent in the unirrad-
jated samples {~ 5%). The relative concentrations of the products were
measured before and after irradiatioé and the perdent conversion was
taken as the difference between these two values. Since the starting ,

concentrations of the cis-isomers were small it was assumed that they

did not-absorb a significant amount of light. Raw quantum yield data
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are given in.Table 6-8.and the final values are summarized in Table 4-5.
Most of these quantum yields were remeasured in dégassed
solution. gggassfng‘was achjeved by bubb]ing dry nitrogen through the -
samples. Due to the expense of FS0,D this experiment was not performed
in the case of ?Z and §§. Problems were encountered in TéA solvent due

to its }ow heat of vaporization. Even at 0°C gas bubbling caused a
significant amount of solvent,fh evaporate. This change in volume Jowered
the surface area available ang as such could result in a {ow percent |
conversion. -The one degassing experiment (38 -~ 57) performed in TFA

gave a low value for the quan tum y%eld of isomerization and this was
probably‘thé reason. -

-

Since the concentrations used in the quantum yield determina-

.t1ons were high (necessary for ]H nmr ana]ys1s) there was a poss1b1l1ty

" of Tayering. Such an effect would have caused a 10wer1ng of the yields

from their true values. To check for this effect the quantum yield for
the conversion of 39 to 59 in 96% HZSO4 was remeasured-using potassium
ferrioxalate actinometry. ODuring the timé of irradiation the samples were
stirred with a stream of argon. The data for this experimenf are given
in Table 6-8 and they show that there was no‘?héﬁgé';n the quantum
yieid. Sulphuric¢ acid was by far the most vjscous'medium ﬁsed sg'that
it was the most likely solvent for a 1ayeringieffect to occur. Since
there was no detectable effect in this solvent it was assumed that
there was no layering in the othé"two ac1d med1a-

The largest source of error in these measurements was in
determining the percent conversion from the ]H nﬁr spectra. An errbg;zt

5% to 10% seems reasonable. To be on the safé';jde the error in ®e
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quantum yields was estimated to be * 10%.
£

Awmatic Iminium Salis

The 1ight source used in these measurements was an Osram
HBO 200W high-pressure mercury 1amplp1aced ips -x"Bausch and Lq?b SP-200
light source. This was coupled with a Bausgij:;:’Lomb monochromator
(Catalog No. 33-86-07) with entrance and exit slits set for a 20 nm
bandwidth. The collimated beam was passed through a beam splitter
inside of a light tight de. -Sahp1es were contained-in 22-mm-0.d. x 2-mm
quartz “l1ollipops" and 22-mm-o.d. x 10-mm and 22-mm-0.d. x 20-mm quartz
éctinometer cells were employed. The samples were prepared by weigping
the imine or iminium salt (25 - 40 mg) into the sample comtainer hg
dissolvihg in TFA (0.5 mis). | l/"‘///’/a
. The quantum yield for the conversion of 40 to 61 was measured

at 313 nm using potassium ferrioxalate q;Einometry (152). The percent -
conversion, in all cases, was 1e§s than 10% and was corrected foi back
reac;;;;\?}SS). After irradiation an aliquot was pipetted from the
sample holder and placed in a 5-mm-0.d. nmr tube for 400 MHz ]H nmr
assay. This assay was determined by the measurement of the relative |
areas (2 cut and weigh téchnique was used} of the signals dqé to the

€1 proton fbr fg and 93 at ¢ 8.25 and 8.42, respectively. In this cas!}
and all those mentioned below at least three separate runs were performed
and the ratiq for the beam splitter was measured after every other run.
Quoted errors are standard deviations calculated from these values.

In most cases this error was + 10% -as was estimated for the conversions

af 37 to 54, 38 to 57 and 39 to 59. i?ﬁ

i bk AT N L . .
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S

Quantum yields for the conversions of 42 - 66, 44 - 68, 45 - 69

and 46 -~ 70 were determined at 313 nm and the yields for the conversions

- -

of 42 -~ 66 and 43 + 67 were measured at 366 nm. These values were
determined by an analbgous procedure to that described above. Except for

the conversion of 46 - 70, the compositions were monitored by the same

-~

method as above (resonances at & 8.20 and 8.26 for 42 and 66 respectively,
& 8.09 and 8.25 of 43 and 67 respectively; s 8.13 and 8.26 of 44 and 68

respectively’ and at & 8.20 and 8.25 of 45 and 69 respectively). In the

y -

case of 46 and 70 the composition was\monitored by the measurement of

- - -

the relative areas of the signél due to the C6,8 protons of 70 (& 7.50)

and the resonance for the (2 proton of 46 (& 7.29). Correction was
made for the relative number of protons involved for each resonance. Raw
data for all of the above measurements are given in Table 6-9 and the

final values are summarized in Table 4-6.

-

The quantum yields for the conversions of 66 - 42 and 70 -~ 46

were calculated using equation 21.

-

% e Ct~ec °c?t Cq‘ec (21)

where‘¢t*c is the quantum yield for the conversion of the trans- to

the cis-isomer (42 - £6 and 46 ~ 70), ¢ is the yield for the reverse

c+t
reaction (66.» 42 and 70 - 46), Ct and Cc are the concentrations at the

.

photostationary state of the trans- and cis-isomers respectively and €4

and €c are the corresponding molar extinction coefficients at the

appropriate wavelength.
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The molar extinction coefficient of 42 at 313 nm (st,

was determined from jts absorptioﬁ spectrum whereas the value for 66

(c , 6220 cm ]M ) was estimated from the absorption spectrum of the

5750 cn”] M1y

photostationary state mixture. The low energy absorption bands for

42 and 66 were superimposed. It was assumed that the absorbance at 313nm

-

~ was due to the sum of the absorbances for the t:o isomers. The relative
concentrat1ons of ?g and 66 at the stat1onary state had been determined _
by ]H nmr assay so that the extinction coefftcwent of §§ could be ;
calculated. The only unknown remaining in equation 21 was the éuantum

yield for the conversion of 66 -~ 42 (¢ t) and this could be calculated

-

[ W

by a simple manipulation of the equation. This procedure was repeated
and the two values averaged to give the quantity réborteq.in Table 4-6. °
It was estimated that the error was + 10%. A value for the conversion

of 70 + 46 was determined by an analogous procedure. The molar

- -

extinction coefficients of 46 and 70 determined at 313 nm were 28200 cm']M']

- -

and 32500 cm IM L respectively.

-~
/

H. - Kinefiq;ﬂggsurements - o “ o : f

H_ Measurements |
The Hammett 1nd1cator, 2,4- d1n1troan111ne was recrysta111zed

from CH OH to constant me?t%ng point (mp 177.5-8. 5 C, literature

value 180°C, reference_]?g). In CHZCIZ, this material had an absorption _

maximum at 330 nm (¢ = 1.42x10°% cm Iy ). Absorption spectra of

known concentrations were recorded in TFA and 0.015M HZSO4/TFA solution.

The qpsorbance at 330 nm for each of thgse spéctra was determined and

by the use of Beer's l1aw and the previously measured molar ektinction

coefficient the consentration of the unprotonated aniline was evaluated.

-

- T w L
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The concentration of the protonated aniline was just the difference

between this value and the .totall concentration of the an1]1ng/‘{@ Hy
~value was then determined using equation 30.

i Bl - .
Hy = PK + Log—réH—,]_]— (30)

where pKa = -4.3 for 2,4-dinitroaniline (176) and [B].and [BH+] are the -

“concentrations of the unprotonated and proton-ated aniline respectively. ’

Tsomenization Rate Consitants o o f;j‘. a
The rate constant for the conversion of 66 to 42 at 100°C was " :

determined as fo'l‘lows An appropmate amount of iminium sa'lt 42 (~ 25 mg)
was dissolved in TFA (0.3 m]s-) and a small amount of (CH )4N BF4 was

_added'as an internal standard. This mi xture was p'laced into a med1um- ‘

‘
iR E et AR S s T i i A R St s oy e s s

walled ﬁmr_tub'e which was then sealed. The sample.was “irradiated--in _b'-'

-

-2 Rayonet Photochemical Reac-tor (Southern New Eng]and Ultraviolet Co.

RPR-100) fitted with 16 RPR-3000 ‘A lamps until a photostationary state
1

,was-r'eached A 'H nmr spectrum of "this mixture was r:ecor'ded The

N J!.;,_.u‘.-(_;;.g FRYSL P Y SR S S

peak he1ght of ‘the centre of - 'c.he7 tnp'let at 6 6 26 wh1ch was due to the

HZ proton of the,_.c1s-1 somer §§, was twed with the peak he1ght of the
" singlet at & 3.10 due to.the internal standard (peak half-widths were
- tﬁe same). This. ratio was used as a d1mens1on'|ess co@entratwn*‘functwn.
The_s'ample was heated in a ref'luxmg water bath (T = 100 +0.5° C) -
and about onc‘e every 24 hours thf’ samp'1e was cooled qui ‘ckly to 25 C L _ _

and tts H nmr. spectrum was obtained The-concentration of 66 was

- bl

-‘Jdetemrined from this spectrum by the method descr'lbed above. This -

£ e
procedure was con_tmued for at Z'Ieast tyo half-lives and the raw data )

-
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thus obte'inet.i are given in_TabI_e 6-10. .A plot of'-l.n (-Rat'io) vs time —
'Qave a good 1inear correlation (correlation coefficient = 0.995 . .The ' E
510pe of this line (1.65x10'6‘s'1), which was determined by 1iEE9r f
reqression, was‘equaI to thelfirst-order rate constant. A secend run
was perfermed and the two values of the rate constant were averaged
{see Table 5-1). These two values did not differ by any-more than Ib%

- wnich was the estimated error. Again the largest source of error was
in the ]H.nmr analys1s which was no gréater than 10%. ) . ‘?

This procedure was repeated for the convers1ons 67 to 43,

-

68 to 44, 69 to 45 and 70 to\ks Naturally the samp]es were heated for

N 1

d1fferent lengths -of time between 'H nmr spectra depending on t tes

;
3
1
i
1
-
k!
i
3
3
3
z
;
i
L]
s
3
“

of the 1somer1zat1on processes. In all cases the trip1et due to-ahé =
H2 proton of the cis-isomer was used to mon1tor the k1net1cs (6 .6.41 for
67, & 6.47 for 68, ¢ 6.56 for 69 and & 6.79 for 70). The only alteration

€ ) v ‘ - ) . -
was that, in the case of 43, the photochemical reactor was fitted with

-~

RPR-3500 A Tamps. \ z
The rate constants detenn1ned in the 0.015 H2504/TFA so]vent

. were measured by an analogous procedure. Only one run was performed
{

since the measured rate constants in this,;solvent were statistically .
Qe\Iable 5-3).

different than those determined:in TFA (sel

Rate Constants 5on Dewterium Exchange at CZ -

- The above 1soner1zat1ons were mon1tored-qua11tat1ve1y in both
TFA-d and DZSOQ/TFA-d eolvents by a s1m11ar method. If exchange had
occurred. the signals due to Hl Snd H3 would have co]]apeed to singlets -

and the signal due to H2 would iminished. In all cases there was

1
.no detectab]e exchange at any s1te during the t1ne of the 1somer1zat1ons.

» b
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Table 6-10 | N~

Raw rate constant data for the isomerization of the

. unsubstituted aromatic iminium salt, 66 - 42

- -

Time min Ratic® - Ln(Ratio) - 0 i
. . ] ]
o 3.8 1.34 . .Q_
1710 a.32 . 1.46
2880 5.2 | 1.67 %
8320 6.07 — s . 3
5895 6.78 . 1.91 1
7230 C7.67 — " 2.04 §
8550 - 8.8 ' 2.17 :
9720 10.38 2.34 E
10440 10.64 . 2.36 :
11160 10.71 ° 2.37
12720 I U 4 , 2.65-

'a-Ratio'= Peak height of resonance at § 3.10
Peak height of resonance at § 6.26

4
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The rate constants for the exchange of the c2 proton of the

trans~isomers 42 to 46 were determined at 100 + 0.5°C in both TFA-d and
504/TFA-d solvents. Except for 4?, ;hIS was accomplished by a

procedure analogous to that described for the rate constants of isomer-
ization. The he1ght of a convenwent peak of the doublet of doublets
due to the H2 proton (s 7.08 for 42, s 7.01 for 44, § 7.05 for 45 and-
§ 7.29 for 46),was ratioed with the singlet at ¢ 3.10 due to the internal
standard. In the case of 43 the signal due to HZ (5 6.92) was over-

-

lapped by the doublet for H6 and H8 (s 6.92). This latter resonance also

exchanged so that the simultaneous disappearance of these signals was

monitored by integration. Since the exchange of the ring protons was
faster than that of the C2 proton, the rate constants, which were
determined, were upper limits for the exchange of H2.-

As before the samples were cooled periodically to 25°C and their

. 'l .
H nmr spectra were recorded. The decrease in the resonance for H2

was determined by one of the two methods described above. In the case
of 44 and 46 there was no detectable exchange in either solvent after

heating at 100°C for 2 days whereas 42 and 45 showed no detectable

exchange after 6 days. The constants for these processes afe-gunnarized

" in Table 5-4.
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