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’ - ABSTRACT -

-

. This -thesis enéompasses some investigations into the “structure

and chemistry of “iminium salts. The.inte;eét in this work stems from

-

.previous investigations of the visual pigment rhodopsin and a related
pretein, bacte:io:hodepain. Bp:h of these prcteiss have keen sheown te
consist of an iminium salt linkége between the chromophore and the
protein.' Also, éhese &ompognds are able to absorb.lig@c in the visible

region of the spectrum and undergo efficient isomerization processes.

A series of iminium salts related to these natural chromophores

were prepared and characterized by a variety of cpect:oscdbic metheds in
. . X ;
both solution and the sclid states. In particular, the ground state

structure of these positively charged molecules was examined in terms cof

- .

charge delocalization, cation anion interactions and chromophore confor=-

mation. These préperties have been previously sugges€éd to he important

in the natural chromophores. - One'cenclusion of this study was that

positive charge in these "model"” systems is localized in the iminium
pertion ©f the meclecule. Secondly, it was found that the conformaticens

of these molecules.may be different in the solid state from that in

solution. In at least one case. the conformation of the chromophore was

found to be identical to that found in the natural pigment, bacterior-

hodopsin.
The photochemical and thermal reactivity of several of the
prepared iminium salts was alsc investigated using high field lH NMR
(=3
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SReCtroscopy as an analvtical method to directly monitor these reaclions.

.
. -

Using this technique, it was found that several of the iminium salts

- : s .

studied underwent efficient trans to cis photoisomerization réactions.

In one case, the efficiency of this reaction was very close to that fouad

.

for bacte:io:hodopsih; Moreover, the primary photoproducts formed in

.
.

S
these reactions were found to be stable under the experimental conditions

used. This was jin contrast to previocusly reported investigations of
. . ” '. ,.
similar compounds, where cis/::agi‘:he:mal isomerizations occurred in the

rgaction medium.

‘
<
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INTRODUCTION



Chapter 1

Vision and Related Processes

Of the five human senses, perhaps vision is the most complex.

Light from an object impinges on the eye and is focused on the retina at

the back of the eveball. Located within the retina is the visual pigment

rhodopsin which absorbs light :and triggers a chain of events zhat

ultimately result-in the sending of an electrical impulse to the brain.
) L]
s > .
This apparently simple seguence allows us to see objects Ln near darkness

or in brilliant sunshine. The human eve can depict all of the colours of

the visible spectrum and permits us to see objects of every derail and

(a4

i1l largely a

size. VYet this seemingly well defined process is s

mystery. The mechanisms by which light energy is absorbed, and then

transformed into an electrical signal are far from well understood.

Central to this issue is the structure of rhodopsin, the visual pigument

itself, which may contain important information in the understanding of
the visual process. N ‘\\

s\

A comparable process tO vision occurs in the bacter:ium -

Halobacterium halobium and involwves a pigment similar to the wisual

& H .

pigment rhodopsin. This pigment, bacteriorhodopsin, undergoes a similar
chain of events to rhodopsin but allows the organism to procduce enerqgy,

rather than to see. However, the structure and mechanism of action of

bacteriorhodepsin, like that of rhodopsin, is still unresolwved.



N

I. The Visual .Pigment Rhodopsin -

»
¢
)

. The human visual pigment rhodopsin is a membrane protein found in

the receptér cells of the retina in the eve. There are two different

-

. =
tvpes of receptor cells in humans, rods and cones, Figure 1-1. \The

.
by

smaller of these are the cones which are responsible for vision in béight
) :
light. These can be further subdivided into three types based on their

L

absorption spactra, which provide the basis for colour discernment by

absorbing light in the red, blue and green regions of the spectrum. Rods

on the otherhand can not distinguish colour but can function in dim

light. Because rods are more numercus and theéir isolation is easier most

chemical and biochemical studies are carried out cn them.

i. Pzotein Structure

The protein rhodopsin, 1, is comprised of a chromophore, ll-cis

retinal (1), linked t© apoprotein opsin via a protonated Schiff base.
» L ]

y

-« H
Xy~

g
Opein

i I

Only one of these chromophoric groups-exist per ¢psin molecule (2) for

et

all species of vertabrates. Rhodeopsin has a molecular weight of about

4C,00C (3) and also contains small amounts of phospholipids,

~ .

carbohyvdrates and cholesterol (4). Pecently Ovchinnikov and co-workers

r
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. established the complete amino acid'sengnée for bovine rhodopsin (5).

The pol?peptide chain was found to contain 348 aming acids which

transversed the rod outer segment membrane.seven times. These studies

also suggested that the average membrane thickness was egquivalent to a

peptide chain length of 40 residues. ,Previocusly it was found that the

N-terminal amino acid was acetylmethionine (6) and that this portion of

rhe molecule consisted of 39 residues which were exterior to the

photoreceptor membrane {7). Similarily the carboxyl end of the protein

contains 40 residues which are not within the membrane (8).

The secondary structure of rhodepsin has been studied using
- . e .
circular dichroism measurements and is postulated as having 30-560%

g&-helical content (9,10). Within the protein there also exist well

*

\
defined zegions of hydrophobicity which range from 30-100% (5), baséd on

-

the aminc acid content.

ti. The ll-cis Retinal Binding Site . Y ’

The locaticn of the binding site of the—ll-cis retinal moiety ¢

.

opsin was identified bg mild reduction of the aldiminiuﬁ bond by sodium
borohyvdride, followed by alkaline hydreolysis and recovery of the retinal
containing fragment (11,12). These studies clearly showed that ll-cis
retinal is bound to posi:ionlLyé 295 of the polypeptide chain towards the

carbexyl end of the protein (5). - )

The size and shape ¢f the bindiag site has been shown te be very

specific in taerms of breadth and longitude. Sinding .experiments usizég

the varicus 14 stable iscmers @f retinal have revealed that 10 of these

- -



7 -

form visual pigment analogues. The all-trans, 2, and 13-cis, 3, retinal

isomers do not condense with opsin. This, aleondy with the fact that

4

ll-cis, 4 (13,143), 9-cis, S (1%5,16), and T-cis, 6 {17), retinals form

pigments has established that the retinal binding site.can only accommod-

. - . ' - : - . .
ate a chromophore with a maximum of I trans C=C bonds in cormjugation with

the cyclohexenyl ring (18,19).

A fu
cyclohexenyl
cyclohexenyl
hvdrophobic
the bingih

system does

requirement of the binding site is the inclvorom —T oI
-
itself (20). It has been suggested tHat the

may interact with opsin through _the formation of

-

{21). However the stereospecif:city of

site appears to be low since substitut:ion about the ring

not af

L A
fect pigmeént generation (22).  Ia fact, several



dihydro, and oxoretinal derivetives also form visual analogues with opsin

T (23-28). . : : .

iii. The Nature of the Retinal-Opsin Linkage -

Bovine rheodopsin has an absorption maximum at about 500 nm (27).
’ . - .
However, the ll-cils retindl chromophore itself absorbs at about 380 nm

: -
({28) whilegits Schiff base absorbs at a slightly lower wvalue (29). Upon

-

- ~

protonation the absorption maximum @f the Schiff base is red shifted to~

about 450 nm (30-34). It has been suggested that the Schiff base in

rhodepgin must alse be protonated or streongly hydrogen bended (35-38), in
L. .

order to account for its longer wavelength absorption maximum.

-

Resonances Raman spectzoscopy has provided the most useful
informaticn regarding the retinal opsin linkage. In rheodopsin, the

gtretching freguency, ' was found at 1655 em~l in excellent agreement
~ . -— ' ) -

with a model protonated Schiff base (39,40). Upon deuteration of the rod

VC-N'

p
cuter segment ves:icles the p— shifted to lower energy by 25 em~t (aq1).

The deuterated Schiff base model system alse showed the same shift

[ 3
providing strong evidence that the Schiff base in rhodopsin is indeed
protonated.
Nuclear magnetic resonance (NMR) spectroscopy has also provided
ingight into the retinal-opsin linkage in rhodepsin.  The 3¢ nMRr
N . . &
chemical shifs of €(1l3) in rhodopsin was found to be at 136.8 ppm by
. ) . 1 . e T ,
using a sample larelled with 13¢ at =his position (42). This raised some

-

controversy over the state of pretenation of rhedopsia, since it had

previcusly been_shown in studies on a medel Schiff base, that the C(l4)



rescnance sheould occur near 130 ppm compa:éiwtc 120 ppm in the protonated

. ..
_gvystem (43). The authors concluded that the rhodopsin Schilf base was

unprotonated. However, the lower field resonancé of C(14) in rhodopsin

compared to that in the mcdel system was later interpreted to be a result.

of an interaction between the opsin protein, and the retinal chromophore

. i . ) ;
at C(li}. The effect of this was to deshield C(l4) and shif: it to lower
\ .

in (24). .

29
}e
u]
[ and
[oR
'™
3
)
o
0
L
Q

0
n
b

fe)

3

nkage

Perhaps the most cenvincing argument £or the Schiff base

being protonated in zhodopsin comes from an active site labelling
experiment by Rande and Longstaff (45). In this study, a pure '
permethylated bovine opsin was prepared, monomethylated at Lvs 296. When
- .
this modified protein was allowed te react w:ith ll-cis rez:inal, a
U

methvlated Schiff base pigment was formed which had.an absorpticg maximum
. .

at 520 nm, wery near to that of bovine rhodopsin.

iv. The Structure of the Chromoghore -

The detailed structure of the ll-cis retinal meigty in wisual
) .

.
rhodepsin is not known. The most accurate method for ebtaining this

11
ot
o]

information in rhodopsin would be x-ray crystallography. However, due

LY

che complexity of the protein and difficulty in working with rnodepsin

the general route for structural studies 1s to deal with model s5ystems
and ccmpare these to the v:sual pigment. The model system cf chbice for
{

gome vears now has been an n-butvl retinylidene iminium saltz,
system the four carben chain was chosen s as o mimic the {ree amino

portion of the active site lysine ir rhodopsin. A ¢rystal structure of



Y

this molecule has alse not .been attained.

- Some structural information about the rhodepsin chromophore has

&

besy prgvided from an x-ray crystallographicwstudy ofxll-cis retinal.
This has revealed that tw& distinct regions of the polyvene chain eﬁ;st
{4%). *The atoms frem €(6)-C(1l3) and €(1l2)-C(1l%5) form two planes which
are twisted by 39O about the C{lE;,C(lB) bond. This deviation from
from the s-cis conformation of ‘the C(12y,C(13) bond
resulting in a steric interaction between C(lO)H and C(l4)H. The

. .
C(;),C(?) bond in ll-cis retinal is also s-cis and i1s distorted to a

dihedral angle of 417. This is a result of crowding of the C(l1S) methyl

qroup and C(S8)1H.
R ) ) . .

The structure of ll-cis retinal is net the same in solution as it
15 in the selid phase (39,47). Rescenance Raman studies have shown thas
n the sclid ghase the C€(13).C(J0) stretching frequency exhibits one line
1017 =om™= due to the ll-g-cis isomer as found in the crystal

13 . . -
tructure. Recent -°C NMR studies have also indicated that only one
. . * -

1somer 15 present 1n the solid state (48). In contrast, the sclution

Raman spectrum shows two bands az 1018 and 988 cm~l, consistent with the

presence of poth the 12-s-cis, 8, and l2-s-trans, 4, conformers
- i



respectively, equation 1.

Thegse findings were supported by 13c wMr

experiments which concluded that in solution the ll-s-trans form

predominates at low tamperatures while the 12-g-cis igomer is favoured

above room temperature (49-51).

~

T

This thermal eguilibrium apparently does not exist

retinylidene Schiff base, 9.

compound forms the l2-s-trans

(52).

-
i Ho,

Callender et al. have

12-g-trans configur

(39

-

Jome

atio

-
-

. 10,

y. This hypothesis has been verifled us:i

However, it has been

upeon protenation,

-

(1

for the

suggested that this

~y
-

egquation

2)



which was locked in the ll-cis, l2-s-trans conformation. Upon generation
. ¥

of a pigment with opsin, this analogue exhibited similar spectral

. properties to the natural chromophore (53}.

.

. It has been suggested that protonation of the Schiff base

nitrogen should yield resonance structures such as those shown in

b
P

equation 3. A decrease in bond.alte:nation between single and double
bonds should occur (54). This was shown éo'be the case in resonance
Raman experiments of n-hexyl all-trdns retinylidene Schiff basgs and
their protonatad counterparté {55)., Tﬁe stretching f:equencies-fo:.the
C=C and C=N bonds‘in the unprotonated specles were located at 1583 and
1023 cm_; EespeCtlvqu. Upon protonation the C=C stretching frequency

. . A
shifted to a lower yavenumbe: (ene:gy).of 1560 cm-l, suggesting a reduced
double bond ch;racter. However, the C=N Ireguency wés Zound at a higher

. .',.

anergy. This has been suggested to be a result of the wvwibraticnal
st:etchigg modes for C=N bonds Yeing altered significantly upen

- protonation and thus not representing the change in bond strength

accurately (34,35}).

(3

10
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A& further comparison between a retinylidene iminium salt and

rhodopsin has also been made using Raman data. The C=aC stretching
. s
frequency of a protonated ll-cis retinylidene Schiff base occurred at

1556 c:m-1 {40). In sontrast the same stretching mode was found at 1545

cm-l in rhodopsin (39). This strongly suggested that the double zgnd

character in the visual chromophore is somewhat less than that in the »

-~

1
model retinylidene iminium salt. However, in order to make a statement

regarding the extent of charge delocalNzation and thus the degree of bond

alternation in rhodopsin a more detailed study of the C-C stretching
! '

frequencies is :equired? Such a study has recently been completed for

bacteriorhogopsin and is discussed later on in this section. — )

it

An insight inte the electronic distribution cf the visual chromo-
hore has been cbtained from thecoretical calgulations. Using CNDO
I3 -

metheds, Pullman and Mantione (55) determined the ground state chargo

distribution of an 1l-cis retinylidene iminium ion, 1l. L

[1}]
]
4]
"
L]
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L]
3
it
-
i |
it
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¥
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it
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Several important feature

. war

-

-

it

Firsz, the M ch rge associated wi the odd numbered atems Ln the polyene

I3

chain was positive and decreased as cne moved further fzom the nitrogen.



12
Correébondingly, the charge on the éven numbered carbons was né@ative and
became more positive further away from the nitrogen. §§§;nd, the n 7
charge on nitrogén was quite large (+0.40). but the overall charge on
nitrogen was negative. These obsarvations are consistent with the
delocali:&tLOn of positive charge within the polyene chain as suggested

in eguation 3, and Ircom Raman expe{iments. Similar calculations by Inoue
(54] aﬁd Salem (57) have also shown that‘delocali:ation decreases to
varying degrees with progressien down the polyene chain. -
A theoretical séudy‘cf the bond lengths and angles in
retinylidene iminium salts has also shown that a decrease in bond
alternation accompanies chazrge delocalization. Xakitani and
kakitani {38} have determined the moleculaf‘st:ucture of an all;trans'
retinylidene iminium salt, 12, by HMO calculation. They found that the

c=C bond length decreased as one moved further away from the C=N

fragment. Likewise the c-C bond length increased during the same

prograssion.

' .38 _1-294
+ _~R

\\l
f.3¢p 1 t48T 10433 1-438 1-430 0

H

12 4
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v. Bleaching of Rhedopsin -
Y
The ultimate fate of rhedopsin upon absorption of a photon i5 its

bleaching to form dissociated all-trans retinal and epsin, equation 4.

-m'—) G (4)
d=0.67
- H + UDSJ’!‘I
\\T/’ . ; .
0pein

Several distinct intermediates are invelwved in this process, each with
?
their own distinctive spectroscopi¢ propert:es, Scheme l-1. Most ot

-

'™

(£}
[&]

nes

1)
e

coperties are believed to be a result of varicusw interaction

L d

petween the chromophore and the protein. The overall guantum vield for
E E g k,

this process is 0.67 (59,50).

The primary photeoproduct formed on irradiation of chodepsin with

2]

@action is photochemically
&

blue light is batherhodopsin. At T7°K, this
reversible but thermally irreversible (61). Extended illumination of
rhodopsin yields the photpstationary state shown in equation 5. The
minor photoproduct, isorhodopsin, has been jsuggested zco contain a F-cis
chfomopho:e and upon irradiation it too forms ba:ho:hodopsin; THuo it

was suggested that the gecmetry ¢f the commen phosoproduct bathorhedeopsin

must be all-trans (62).

‘ 437 nm 437 mm
Rhodapsin —> Botharhadopsin — Izorhodops:n (S)

33z Six 16Z -



RHODOPSIN hv hv ISORHDDOPSIN

S00 nm N\ 7 494 om

- BATHORHOOOPSIN
- 548 mm

l?—]4D°C

LUMIRHODBOPSIN
457 nm

1?—AU°C ,
METARHODOFSIN 1
478 rm

‘ | J[>~15°c

METARHOOGPSIN 11
380 rm

l>D°C

METARHODOFPSIN 111
. 465 rm

l>5°c

ALL-TRANS RETINAL ~+ - QOFSIN
387 nm

Scheme 1-1: The bleaching of rhodopsin.
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The formation of bathorhodopsin as the essential process in

-

vision was established using modified rhodbpsins in which the C(11),C(12)

..bond of the ll-cis retinal moiety was incorporated into a :ing-ﬁystem.

This prevented iscmeri:ation of the molecule and indeed no bathorhodopsin

-

was formed upon irradiation of these systems {S3,83). This alse

.reinforce%’the idea that the C{11),C(12) bond in bathorhodeopsin is trans.
| Bathorhodopsin decays thermally above 133°K to evehtﬁaily form

the long lived intermediate metarhodopsin II. It is postulated that

unfolding of the protein occurs here and causes a deprotonation of the

chromophore to yield metarhodopsin I (§4). Resonance Raman support
. ’
these characterizations since the spectrum oI metarhodopsin I 15 very

similar to that of a protonated all-tzrans retinylidene Schiff base while

metarhodopsin II corresponds to the unprotonatied compound (651).

vi. visual Transduction

During the visual cycle an electrical impulse 15 sent to the
brain which then interprets the signal. This process is called vigual
transduction, and is peostulated to occur before or during :ﬂe formation
of metarhodopsin II (66). It has alsc been determined that cis/trans
isomerization is a necessary requirement for transduction To oCcgur.

In the dark, a centinucus current Lis present in zhe rods. This
is the result of sodium ions Passing into the rod outer segment in
response éd a concentration gradient. The scdium ions funnel T2 the tar

end of the rod where they are pumped out. This ¢ycle produces a dark

current of about 1 billion electron charges per second (57.%8). Upcn
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irradiation, this current decreases by about 3% for each photon absorbed

by rhodopsin and a change in membrane permeability ocsdrs such that

sodium ions -/, longer pass into the rod outer segment. This gives rise
/ .

to the electrical impulse.

No direct correlation between the rhodopsin photocycle and the

change in dark current has been observed. However, several chemical

events occur at a similar time. The first is that during absorption of

light by rﬁodopsin, vclic guanidine monophosphate (cGMP) is hvdrolysed

at an enormous rdte (69,70). . Fellowing this, it has been suggested that

the light activated rhodopsin transforms the membrane enzyme transduc¢in

(G protein) into its active form. This .in turn activates cGMP

phosphdiesterase which hydrolyses ¢GMP (71). It has been shown that cGMP

gtimulazes the release of calcium ions which may be respensible for-

blocking sodium channels and decreasing the dazk current substantially

/

II. Bacteriorhodopsin

Bacteriorhodopsin, found in the cell membrane of the bacterium

Halobacterium halobium is a second biologically important protein which

contains a retinal chromophore (73). Like the visual pigment rhodopsin,

bactericorhodopgin contains i protonated Schiff base linkade retween the

-
-

retinal and protein and exhibits photolvtic activity. In the presence of

oxygen this organism Ls capable of synthesizing ATP through a nozmal
respiraticn pathway. However, anaercbically, light energy is used to

produce adencsine triphosphate {ATP} via a proton pumping mechanism (

-
4

4).

A



vk
i. Photochemical/Thermal Cvcle

Bacterivrhodopsin can exist in either dark adapted or light .

adapted forms. In dark adapted bacteriorhodopsfn, both the all-trans,:

), and 13-cds, (BRSJBJ' retinal isomers are present (75,78). 'These

R
(BRogs
L
two chromephores exist in reoughly egual populations in thermal
- . - 5

equilibrium, eguatien & (77,73). Recently, it was shown by s

13¢c uMr technigues that Bths contains a syn C=N bond compared ©

which is has an anti arzangement (79). In the presence of light th

13-cis isomer is efficiently converted to the all-trans $=0.81y,

equatioq 7 (80,81).

(5

;}Ec:tnr;ccpciﬂ —_—
+ _-BacteriocpPeln

rI1 . \T/

BRoga ' + BRsyg H

Bv

ERA Y +_.8cctertaapsin (7)

dr_-Boctericopein ¢ = 0.68

ERs4g ! .+ BReg

nitlal reactive species in

The all=-trans isome:z, ISRggg, i35 the

\"..

the photochemical cycle c¢f bacterilorhedepsin, Scheme l-2. This process .

is similar to that of rhodopsin in that Lt involwes a single C=C photo-

isomerizazion (78,82), but unlike the visual .pigment, bacter:icorhodopsin

' *
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ALL-TRANS 15~ANTI p— 13-CIS 15-SYN
/ BRsss ' 8Rss8
' Kszs
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<
.

Lsso

Ma12 v
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Schepe 1-2: The photocycle for bacteriorhodepsin.
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is now bleached (83).

- L]
The primary step upeon light abscrption is the formaticn of the

*

intermediate K This process occurs in less than 40 picoseconds and

625°

v

has a quantum yield of about 0.30 (8C,81). Resonance Raman studies have *

indicated that the C(13),C(1l4} bond of Kszs is cis (84,85), and the C=N
- <

bond is anti {86).
- L . .
The remaining steps of the cvcle are -thermal and involve several
discrete intermediates, each named for the wavelength at whyich it absorbs

(8§7-21). Decay ¢f bacteriorhodopsin K gives rise fo a structurally

‘'similar product, L which alse contains a l3i-cis double bond

550°
1

86,82,93). This in turn forms M which ceonsists of two or more
312 .

rapidly, interconverting intermediates (94,95). The much shorter

absorption maximum ©f M indicates that deprotconation of the nitrogen

LS
.

£e

‘. .
has occurred (96,97). It has been suggested that this deprotonation

results frcm a change in the environment of thi chromophore (82,98). The
- . . » . 3 » -
f£inal interzmediate formed is 06‘0 in which the chromophore 13 now
~
-

all-trans an¢ the Schiff base has been reprotconated (99,100:.

L) el

Zvidence for the proton pumping activity of bacteriorhedopsin has

§
- come From kifetic measurements at low temperatures., Using analogues of

bacteriorhedopsin which have either a locked C(13),C(l4) bond {101y or

are sterically hindered at C(11l),C(1Z) (10Z,103), it was shown that the

1
13
1*

(A

o]

LA}

all-trans to 1l3-cis photoisomerizdtion was a necessary reguirem
’‘

(=)
proton pumping activity. AT -407C, it was found that the rate of proien

release parallels that of the formation cf intermedlate X, 1124,105).

Reprotonation occurs rapidly and coincides with the formation of Q...
. N S
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'(106). One Estimate has suggested that two protons may be pumped per

N -

cycle (107,108).

+i1ii. Protein Structure

Bacteriorhodopsin is a structurally simpler protein than

rhodopsin. It contains only 243 amino acids, 100 fewer than the visual

pigment (109,110). X-ray and electron diffraction studies (111-115) have

provided a wealth of structural information about the protein and have
. ' ki
anabled researchers to propose a detailed three dimensiond! medel.

4

The polypeptide chain of bactericorhedopsin conaists of seven
- o .‘ . -
"#ods*, approximately 40 A each in length and with 10 A spacings. Three

-

of these "rods" are parallel to the lipid bilayer and the remainder are

slighely zilted. There are about 25 amino acids in eagh rod and 70 amino

\%;ids which connect the "rods" together. The protein has been estimated

to be 70% hydrophokic, based on its amino acid composition (109).

n

xperiments aimed at determining the secondary structure of

hodopsin have found that—the peptide backbone is quite rigid.

4]

bacterio
. 1 ) o
Based on solid state 13C measurements, no motions greater than 10 and

- -1 -
fasgter than 100 s™* ceould be observed (115).

§-
}-
t
+3
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from that of rhedopsin. %cth the all-trans and l3-cis retinal isomers
form pigments with bacteriocpsin, while the ll-cis and 9-cis isomers do

not (117). This suggests that the pocket in which the chromophore is

Y .

s
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located is long and narrow. Many different bacteriorhodopsin analogues
N . . [ 4 '
can be formed including ones that have an extended (118) or truncated .

.

polyene chain (119), or lack a cyclohexenyl ring (120)f
“The retinal moiety i5 deeply buried within the pro%fsin. It is

]
estimated. to be about B A fzc&kfhe membrane surface (121) and bgund to

”
I

Lys 216 (109,122y.%° . N

. G .
Resonance Raman experiments have shown that the Schiff base

_linkage between retinal and bagtericopsin is proconated (78,88,100,123).

This has been verified by solid state 15N NMR experiments in whick Lys

_ 4 N 1 .. e
216 was 15y enriched. It was found zhat the 138 chermical shift of the

labelled bactericrhodopsin was very near that of & model proteonated

Schiff base. These resgnances alse had cemparable line-widths and fensor

-

values (124).

iv. The Structure of the Retinal Chromophore in Bacteriorhodonsin

The exact structure of the chromophore in bacteriorhedopsin, like

»

that of rhodopsin, is still unknown. However, a more detailed structure

of the retinal chromephore in bactericrhedopsin compared to that in
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rhodeopsin exists largelv because of the ease in

"

chromophore rather than the ll-cis iscmer. A large portiion of evidence
for the structure ©f bacteriorhodepsin comes Izom the ability o

synthesize derivatives labelled specifically at cne or more pos:tions

-

All of the single bonds from €(8)-C(15) in BRS&B have been shown

to be s-trans by resonance Raman Spectrescopy (87). These findings were
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pre&iously suspected from an x-ray cr&staflog:aph;c study of all-trans

retinal (126). In addition, the crys;alﬁgt:ucture'showed that the -
polyene chain of all-trans fetiniL 5@% markedly bent ¥rom linearity and

bowed from planarity. Similar %o the crystal strucgure of ll-cis

% .o = - .
retinal, the all-trans isomer i3 s-¢is about the C(9).C{7) bond. £ has
- - - : o . -

" peen assumed that this conformation does not change upon formation of
- ] e . .

bacteriorhodopsin. The dihédral-angle about C(6),C(7) in all-trans

. - - -

. - ) X .o T
retinal is 62, somewhat larger than that in ll-cis retinal, while

. ) \
solution experiments have shown that this angle is about 337 using

nuclear overhauser experiments (NOE) (49). Theoretical studies of
bactericrhodepsin have -alse shown that the conformation about the
. = :

. -~

" C(5}.,C(7) bond is $=s=cis (127), however the precicted dihedral angle is
. , .
92°.
\ _ )
Recently, it has been suggested that the C(8},C(7) bond in
. C T e

bacteriorhcdopsin may not have a twisted $§-5-Cis conformatiqn. videnge

-

- -

-
L

: 1 ‘ : . .
olid staze 13¢ NMR experiments using both
¥

4]

for this has ceme from

ives, and systems~uitﬁ kKaown C(6),C(7)
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cenformations cbhtained from crystal structure data (128). Using these

Ky

data, Harbison and co-workers have showd that the C({6),C{7} bond in &4

bacter:orhodopsin 1s in a perturbed E6-s-trans conformation, 13.

b

E,rbcctagieapsﬁn' -

|

H v




23

»
Delocalization in bacteriorhodopsin has been shown to very

extensive. In rescnance Raman experiments using deuterium and/or carbon

labelled chromophores, Smith and co-workers were able to unequivocally

. - -

identify each C-C stretch in the chomophores of bacteriorhodopsin and a
Tt -

- model retinylidene iminium - salt (87,123). In each case, the specif;c c-cC

- -

' stretching frequencies of the peolyene chain’ for bacteriorhodopsin are at

higher energy than the comparable one in the model compound,

LY " -
corresponding to a more delocalized structure in bactericrhedepsin.

v

Schulten and Tavan have also shown that bond alternation in the

bacteriorhedopsin chromephore is reduced near the C=N beond and increases

steadily as one moves further down the polvene chain (127). Accompanying

L
this is an increase in charge ¢elocalization. Overall, the highest

- .

pesitive charge is located on C(15), C(13) and C(ll) and the most

—_—

- negative charge was found on N, C(1l4) and C(l;). In tge model system
used to determine these values an anion was placed 3.0 A £from the
nitroden and as a result a significant po::ién of the positive charge was
found on the nitrogen proton.

I1T. Rhodopsin and Bacteriorhodonsin Modal Svstems

]
po

The ccmplex nature of the binding site and protein

rhodopsin and bacteriorhodopsin has made detailed structural examinat:ien

= *
of the chromopheores in these systems very diffisult. As has already been
shown there appears to be a significant structural difference between the

natural chromopheres and simple protonated retinylidene Schiff base

RN

medels. It is acw widely accepted tiat theze differences resfl: fzom



anionic/cationic interactions between the protein and the chromophore

w3thin the binding sites (129,130). It has also been suggested that the

binding sites of rhodopsin and_bacteriorhoaopéin play a large role in the

photochemistry and thermal chemistry of theése systems. As a result,

.

model systems have been developed to mimic the absorption spectra of

rhodopsin and bacteriorhodopsin in an effort to understand the

e —————— .
environments of the chromophores and their overall structures. Model

systems have also been used to probe the mechanisms of photochemical and

thermal isomerization in these systems.

i. Models Based cn Abgerpticon Spectra

A protconated retinyledene Schiff base exhibits a broad, feature-

" ;
less abscrption spectrum that is the result e¢f a n-n electronic

transiticon. The lack of fine structure in these spectra suggests that a

large number of vibrational levels exist with similar energy in the first

_excited singlet state, $, (13D). T

: A lirear relationship between the reciprocal of the anicn radius

and the absorption maximum exists for Frotonated n-butyl retinvlidene
Schiff bases, l4a-f, Table 1-1. In this study it was found tl:a_t_/
retinylidene iminium salts prepared with different anions had absorptian
maxima in non polar solvents. The sho:tqu absorption maximum was

observed with a chloride anion and the longest was with perchlorate.

Based on this data (31}, it was _suggested that a small anion such as

itrogen protcon and tends

3.

. T, s
chleoride fcrms a strong hydrogen bond with the

te move the anion closer to the nitzogen. In contrast, larger anions

Y
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such as iodide or perchlorate possess a weaker hydrogen bond, and are

located further from the nitszogen. Thus the absorption maximum increasges

as the anion-size increases. In a more recent study (132), encompassing

retinylidene salts with a greater range.of anions based on pKa, this

-

finding was cozgroborated for strong mineral acids using Hﬁ/NHR

Spectroscopy.

-

Id4o: X = C]
= N0,
= HSQ,
B

. ]
cig,

‘b 0N n
H oW X M
. 1

The binding sites of rhodopsin and bacteriorhedepsin are very

L4l

confined and it is highly unlikely that the distance beatween the anion

o
and nitrqgen would be greater than 4.CA. Thus the simple catien/anion
distance relationship for retinylidene iminium salts has been ruled out
in acceounting for the longer wavelength abscrpiicns of bacteriorhedopsin
{570 nm} or rhodopsin (500 nm). As a result, further models- for bac-
teriorhodopsin and rhodopsin wé:e developed which could mimic possible
seccndary anionic (point charge) interacticns between the protein and the
chroemophore. The cha:qu.species of the protein would most'likely be 1n

- the form of aming acid vesidues which contain cwitterionic groups such as

carboxvlate or ammonium icons.

The first suggestion that the opsin protein could modify the
* >

"spectral properties of the ll-cis retinal chromophore in rhodopsin vas
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Table 1-1
Absorption Spectra Data® for Retinylidene Iminium salts®
Compound X Amax_(CHCL3)
1da . er- . _ 460
1ib NO5~ 364
ld¢ H504™ 466
144 B~ 4683
g ]

lde I~ _ 478
148 Clog~ 480
: ) ) /s
LN nm.
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made by Hubbazrd (129). Theoretical evidence for this interaction, '

.

presentéd by Pullman and Mantione, indicated that the placement of an

anicon along the polyene chain of the chromophore could alter the ground
and excited state properties of the molecule (56). This electrostatic

interaction was capable of mimicking the longer wavelength absorption of
rhodopsin better as compared to the model retinylidene compounds lda-f.
However, the exact nature of the interacticn asd the specific location of
the anion in the‘op;iﬁ protein remained uncerstain.

* Some time later, Nakanishi aﬁd co-workers showed, usiné a series
of éihgdro-:etinals, that the sec:ionkﬁi:he recinal chremophore most
responsible gor the long'wavelength absorption of rhodopsin was the
region f£rom Call) 0 ﬁi:rcgen {133). Using this information., it was
calculated that a negative “"point charge” placed approximately 3 R from
C({l2) and C(14) could reprouduce the absorp;ign maximum of bovine
rhodeopsin, Figure 1-2. £ was also suggested that this model could\bé
mecdified by empleoying one or more external‘cha:gegﬂto reproduce ;he three
absorption maxima of human cone rhodopsins (44,134). A series of
medified diene iminium salts were used to show that in addition to a red

Jshifr from external negé:ive charge interacticoms, 15, a blu7 shift could

also bBe cbtained, 16 {135). Retinal analogues with "built-in point

charges" have since been synthesized in an effort to reproduce the

.
absorption properties of rheodepsin (136,137},
-

4
v

In bacteriorhodopsin the absorpticn maximum is more than 100 nm

red shifted from that of the n=-butyl retinylidene iminium salts, l4a-f.

. f G

It was therefore suggested.that..a different h¥thanisa from that of
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Figure 1-2: The point charge model for rhodopsin.



rhodopsin must be operating te account for this large difterence. Using
the same principles as employed in the visual pigmeﬁt, Nakanishi
developed a second "point.charge" model for bacter&ofhodopsin. It was
found that a negative charge above C(5) in the B-ioncne ring could
account for the long wavelength abscrption of bacteriorhodopsin (l3o,

138,139).

Nl ’ -+
\ '\N \N/
. l X
' X
15 - 16

' A recent re-examination of the dihydro-retinal derivatives used

:

for the bacteriorhodopsin model system (140,141), showed that the

difference in abscrption maxima between the 7.5 dihydro Racteriorhodopsin

17 and its corresponding retinylidene ion was too large to arisec from a

simple anionic charge near C(5) as was originally proposed. It was

v N

. “
suggested that a planar 6-s-trans retinal configuration (128,142) in

-

¢ ' .

bacteriorhodopsin, ‘'rather than the p%fviously suspected twisted H-5-cis
-

conformer may exist in addicieon to a negative charge above C(5). A

model containing a 6-s-trans chromophore had previously been consideraed

-

by Honig et al. who calculated the dependence ©of the absorption maximum

on the C(6),C(7) twist angle in retinylidene iminium salts (142).

Recently., a retinal derivative with a fixed S-s-trans
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absorptiocs mz:émum of 564 nm was obtained, in excellent agreement with

the actual absorption maximum of bacteriorhcdopsin (144). This

experiment clearly showed that the zetinal chromephore in

bacteriorhodeopsin is 5-s-trans. The currently accepted model for

bacteriorhodopsin is shown in Figure 1-3.

+ -Bactaricopsin
M N

|

H

ii. Photochemical Moddls

Absorption of a pheton by the retinvlidene iminium salt 7, produ-

ces its first excited singlet state, §3. Decay to a ground state species
Sg, can be achieved by the emission of light {fluorescence) or through a

radiationngs process. In addition, the S; state can undergo intersystem

-

crossing teo the lowest excited triplet state; T; which can relax to the

ground state through phosphorescence or radiationless means, Scheme 1-3.

Within each energy/manifold are several vibrational levels,

v

Scheme 1-3. Conversion within a manifold from a higher vibraticnal level
to a lower one ig attained through collisional transfer of enrergy, 3o

roduce the lowest energy vibrational state, V5. This process occurs in
.
-12

approximately 10-%-10 seconds.

It is also possible for higher singlet states than 3$; to become
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Figure 1-3:.-The peoint charge model for bacteriorhodopsin.
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fluorescence

w

¢

phosphorescence _

I

¥

a2



-

populated upon absorption of light. When this ocgurs, rapid internal
conversions (10‘14 seconds) to a lower singlet . state occur. These

reactions are iscenergetic and result in a higher vibrational level in

- N .

the lower excited state.

. . . ! . .
Many possible radiationless processes are possible £3r a highly

conjugated systom such as 7. Fluorescence ¢f model systems gsuch as 7,

.

rhodeopsin and bacteriozhoddopsin is very weak and only observable at low

temperatures. Quantum yields for iLntersystem crossing are also very low,

Table 1-2. Thus it has i:ﬁq(suggested that photoiscmerization reactions

of these iminium’salts are occurring from the S,

excitgg state (145).

*

L]

The de:iifed course of a phetolsomerizaticn can be described in

terms of an energy surface(s) which the molecule may follow enroute %o

L
£s return to its ground state energy and confdrmat:ion (150). Such an
.

energy surface is shown in

i}

igure l-4. The S, energy surface for an

molecule can follow. The "deeper” or lower in energy this “"funpel® is,
the more probable it is fgr a molacule Lo follow this pathway.
rhe case where several isomerizaticn pathways may be present, such as i1n

-

rhodepsin and bacteriorhodepsin, the molecule will choose the path of

33
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Table 1-2 *
Quantum Yields for Fluorescence and Intersystem Crossing of
. AN
Retinylidene Iminium Salts
" Compound Qf % 1se v
Rhedopsin . 0.0000124 -
Bactericorhodopsin 0.000252 ' -
7 0.001¢ 0.01%
. 14 0.00:¢ ~<0.001¢
¢ . = guantum yield for fluorescence, ®rgc = q{.\antum vield for intersvstem.
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Figure 1-4: Energy surfaces and crossing points for photoisomerization.
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steepest descent (ie. the path with the deepest "funnel"). In addition}

if the excited state energy surface has an energy barrier between the

.

initial position of the excited moleéﬁle and the_"funnel”, the

probat™lity of the molecule followiqé this pathway will be reduced. This

can nften result in the molecule choosing a radiational pathway such as

fluorescence. Once the molecule reaches the bottom of the "funnel™

{usuvally at @=907), it crosses over %o the ground state energy surface,
and ccensinues its course until an energy minimum is achieved.

Propeosing a photechemical model for rhedopsin or

bactericrhodopsin Is difficult. The model must be able to account for

several experimental chservaticons in addition %o the high quantum yield.

1Y
for the ll-cls to all=trans iscmerization (131). These azre;

i) the photoisomerization must be reglospecific; only ons double
-

pond its involved,
ii) the phetoisomerization must be reversible,-f

ir1) the Lscomerization is extremely rapid. PuigedAlase: experiments
el

kave showa that batheorhodepsin, the primary thedseroduct
cf rhodopsin is formed in the order of psec.
~ ivy both forward and reverse photolsomerizations must occur frem a

commen energy minimum in the excited singlet state.

The sudden polarization model, Scheme l-4, proposed by Salem and
Bruckmann, is perhaps one of the most popular theories in detailing the

+cis/trans photoisomerizatien in rhodopsin (152-158). This theory .implies

ar

. . . . cs
that in the ground state approximately 50% of the positive charge in the

’

retinylidene chromophore is found in the C{12) te nitrcgen region of the

i
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Scheme 1-4: The sudden polarization model. ~
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molecule. Upon excitation of the molecule to the lowest excited singlet

state, a highly polarited intermediate is formed.” The polarization-of
o . =]

this species becomes a maximum at a twist angle of 90 about C(11),C(12),

where a zwitterienic intermediate forms such that more than a full

positive charge is found in the C(7) to C(l11) region and a small negative

charge i5 located in the C{I2) to nitrogen portion of the molecule. This -

allows for facile €(11),C(12) isomerization, however, this meocdel does not

dccount for the high quantum yield in rhedopsin. A second £law in this

he

rh
(4

theory is that it does not account, for for the regioselectivity o

photoisomerization of either rhodopsin or bacteriorhodopsin. .

* Semiclassical trajectory calculations have been used by Warshel -

{¥27-159) and by Birge (160) in an effort to explaih the efficiency and

.

the extremely fast rate of c¢is/trans isomerization in rhodopsin. The

calculated quantum vield using this approach can be as high'as 0.61, very

near to that of rhodepsin (0.%7). In these studies a "surface crossing

Cprobability per oscillation, g, from the excited state minimum was

estimated. If g is small, many oscillations would occur in a gi§eﬁ timg
frame (ie. the molecule will Aave’equilib:ated in the minimum of the -
excited séate "funnel"); Equal propability should exist, at this point, N
for the molecule to cross over t@ the ground state potential curve . and

fcl;o# a4 course to yield either the starting isomer of :an isomesized

groduct. The guantum vield should be about 0.5 for this process. If @

i35 large, féw oscillations occur {(ie. the molecule will not have

equilibrated in the excitgd state "funnel™). This will favour the

molecule crossing over to the ground state and following a course forming
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the isomerized material. - The quantum yield would be greater than 0.5.
This proposal also uses a common energy minimum tfor photoisomerization

and allows for reversibility. However one criticism of this model is
that it allows for the direct interconversion of isorhodopsin (9-cis) and

rhedopsin - a process which has not been shown to occur in nature (61).

A non-mathematical, photochemical model which is applicable to

L]

bacteriorhodopsin and rhqdopsih was developed recently by Liu and ceo-

workers [161-153}. This model was bhased on the premise that photo-

. A .
isomerization in either of these systems should be governed by voluma

constraints of the binding sites within each protein. Ia each case the

retinal moeiety was "tethered" at each end, by the lysine linkage ot the

nitrogern and by hydropheobic interactions near the.cyclohexenyl ring.

-

Thus isomerization had to occur through movement of the pelyene chain

-

only. The exact mechanism of this motion was determined through computer

simulation and was found to involve not only the double bond of inteyesst
A .

but also an adjoining single bond, equation 8. This process was dubbed

“the "Hula Twist® {H.Tw). Thus in bacteriorhodopsin, the suggested

mechanism for the photoisomerization of all-trans BRggg to its l3-cis

.

s }
Q
"
(1}
T
D
)
b
w
[p]
bt
o

intermediate, Xg3g5, inveolves a srafns/cis iscmerizatio

'

bond and conversion of the C{l4),C(1l5) £rom s-trans to s-cis. This

intermedia=e would then decay thermally, wia the intermedlates shown :wn

Scheme 1-2, earcute To the completion of the cycle and reformat:on 2¢ the

all-trahs species. A similar mechanism could eceur ia rhodopsin

1

_iavolving the photoiscmerization of the l0-s-traans, 11-¢is chromophore o

the 10-s=cis, ll-trans isomer (bathorhodopsin. Scheme l-1), in the.

e
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Although the “"Hula Twist” model is an elegant approach to account

for the specificity of the photoisomerizations in both rhodopsin and -

bacteriorhedopsin, it is inconsistent with othe:\existing experimental

evidence (164-167). Recently it was shown by Mathies et al. using
‘ .

resonance Raman technigques, that the primary photeoproduct of rhodopsin,

batheorhodopsin, has a l0-s-trans, ll-trans conformation (164) and the
~

" first photochemical intermediate, Kgog, ©f bacter:iorhodopsin is 13=¢is,

ld4-s-trans (145). Both ¢f these resulis are inconsistent with the
-

structures proposed by Liu for the “Hula Twist™ mechanism.

Information on the photeisomericzations of rhodopsind and
. s o
. bacteriorhedopsin has been obtained using various cis-retinal isomers .

(168-173).‘fetinylidene imines (172-176} and retinylidene iminium salts
{(173=-177), Table 1-3. Photoisomerization of eithe: the ll=c¢is or li-cis

isomers ©f these compounds results, i1n most cases, in the formation of

the corresgeonding all-trans isowmers, eguation 9. The exception to these

cis to trans processes is the photoisomerization of li-cis retinal which

also forms small amounts of the ll-cis, l3-cis retinal, eguation 10.

Cverall, the regioselectivity of these photoisomerizations is in good .

40
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Table 1-3

Photoisomerization Data for Cis-Retinvlidene Derivatives

Compound R Products 150 Solvent
ll-cis o] trans/11,13-dicis (5:1y 0.242 3-Mmp
trans. .- 0.04% MeOH
NR’ trans 6.0k Hex&ne
rans ! 0.232 MeOH
. A} .
" NHR* Trans Q.186% Acetone
trans 0.28¢ Hexane
l3-cis o trans 9.214 3-MpP
" NR" rans 0.01° Hexane
) trans 5.03° MeOH
-1 . .
" . NHR" trans 0.0sP Hexane
»
L Ll - 2 S
$ 1so = gquantum yield for photeoiscomerization
a ref. 16%
b. ref. 175 ) ‘
c ref. 174
b
’ -
- -’ L X -
P, ‘ .
N

41



agreement with that found in the natural pigments. However, the guantum

vields for the isomerizations of these model compounds are significantly

.

lower than found in either rhodopsin or kacteriorhodopsin, Table 1-3.

(8

-

(10

In bacteriorhodopsin, a pheotoisomerization from the all-trans
form {BRggg)} %c the l3-cis isomer (Kg2g) occurs. Thus many photo-

isomerizations of all-trans retinals, retinyl:idene imines and retinvli-



Table l-4

Photoiscmerization Data for All-Trans Retinylidene Derivativas

Product Ratlio

Compound Aox llcis ll-cis 9=-cis 7-cis QISO Solvént
Aldehvde 10 1 - - - " 0.04 3-yp2
" 350 1 - - - 0.006 MeQH?

“ 350 11 4.5 1 T - 0.33 ELOHT
Imine 355 1 - - - 0.01 Hexane®
" ) 355 1.9 . f—j ol € 0.12 MeQH®
Iminium Salt 355 1.7 6.4 1 t 0.14 Hexane®
. 355 1.8 14 3 1 013 MeOHS
. 336 2.3 3.6 2 3 0.1 Hexaned

. 168 4.2 - 1 - 0.17 McORY
436 9.3 4.3 1 t 0.38 Hexane

®150 = teotal gquantum vield for photoisomerization, t = trace

a

b

r

ef.

158

-
«d
—

}
-
w

b
~}
-~
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dene iminium salts have be€n investigated, Table 1-4. In contrast to
: : i

ghoteol rizazi tudi £ the 13-ci nd ll-ci i sivatives,

the regioselectivity of photoisomerization of the all-trans conpounds is

- ~

much lewer. In many cases, several isomeric products are formed and the

A
guantum yields are extremely low in-all examples, Table 1-4.

~. . . .
\ -
' - . . - .

|
{ .
i

1ii. Thermal Chemistry - )
. ]
Dark adapted bacteriorhodopsin exists as an.approximate 50:50
>
l3-cis, 1lS-syn (BRS

"

mixture ¢ ) and l3-trans, 15-anti (BR retinal

48 568)

-
isomers in thermal eguilibrium, eguation 11. This intecconversion of
!

isomers involves a €=C and a C=N isomerization - two‘:elatively high b
energy processes (178). Typically., zotation about’ a C=C bond requires

about 50 kcal/mol 112?), while rotation about the C=N bond in GH_=NH

2
has been calcufa:s# o' be about 70 kcal/mel in the gas phase [179}.

[l

However, the rarrier %o €=C igomet*izaticomn has been shown =o be

-

significantly lower in the p:eaenéc of differing anionm (180-182). In
some cases this barrzier can be lowered to as little &s 11.6 kcal/mol. In
bacteriorhedopsin, the energy bdrriers to these two isomerirzations musst

Le <20 keal/mol for repid interconversion to occur at temperatures above
L]

o C L - . : :
C C. This intriguing aspect of bacteriorhodopsin has prompted many
studies of C=C and C=N isomerizations using model compounds (183-18&).

»

an

+ -Boctarioopein —

\\;,—Bncter;aupsxn



s Recently, a syatematic approach to the mechaniam of C=N

iscmerization was taken by Pankratz and Childs (186)., using M series of

-

N-aryl 3-arylpropeﬁylidene iminium salts, 1l8a-e, equatien 12} in strong

acid soluticns. It was found that E/IZ ilsomerizations in these molecules

required an activation energy of 28—32.7‘§cal/mol, and that twe different
t
the substituent on the J-aryl
“w

mechanisms were operating depending on
in Scheme 1-5, an electron donating substituent (X=UCH3)

ring. ASs shown
»

-
favoured an N-protonaticon mechanLEE while an electron withdrawing grouvp

{X=NOa) lead to a nucleophilic addition mechanism. This latter mechanism

net

Q

tion mechanism L

[ 4]

n bacteriorhedepsin. The preoten
-~

o

may be ocgurriag

probable in bacteriorhodopsin, however this study provides..important

evidence that a simple rotational mechanism about the C=N bond in

"t

bacteriorhodopsin is unlikel

. -
. \§§ . a 2 E//
—_—
| = //”—_" I 2 ;
' = =
» X X
18a: X = Nz 18c-a
B: X = 1
- c: X = H
d: X = CH3
@:X = QCH;

The mechanism by which the C(13},C{l4) bond in bacvtericrhodopsin

isomerizes has been more extensivelv researched than that of Cal



Scheme 1-5: Protonation vs. nmucleophilic addition mechanisms for
thermal iscmerization in iminium salts.

——Z
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\ ‘
iscmerization (18%,187). Rande and Lukten have investigated the

mechanisms for C=C isomerization in a series of retinals, retinvlidene
imines and retinylidene iminium salts (18%,19C). In ll=cis retinal, the -
. i -. l ) \'
activation energy for isomerization about the C(1ll),C(1I) bond was found
‘mo be about 25 kecal/mol, in good agreement with a previous study (191).

M)

However, the corresponding ll-cis wetinylidene imine isomerized about

shree times faster than the aldehyde, and mereover, this rate was

decreased by nearzly ten fold in the presence of excess amine. Rande
. -

suggested shat the excess amind was able to neutzalize trace guantities
‘ 9 .
£ acid¢ in the solvent, which was involved in the imine isomerization.
This theory was tested by studying the rates of {somerization of wvarious

cis-retinviiidene imines in the presence of HCL. : -

In\gxcess HCl the rates ¢f isomernization were found Zco be 1l3-cis

> ll-cis > %-c¢is at 25 °C, with an approximate activation energy for the

I

13-cis isomer of 19.6 kcal/mol. It was further determmined that

trifluorcacetic acid also catalysed this reaction, but that the rate of

e
r

somerization was nearly 10" times siower than with.HCl. Based of these
. . P .

experiments, Randc suggested that the isoger:ization of ret;nledéng
iminium salss wa;q;:oceeding via a nucleophilic additien mechanism,

i5 may alsc be cccurring in bactericrhcdossin. A similar
mechanism had been proposed earlier by Childs and Dickie (188) Icor the

C=C isomerization of a series ¢f J=-aryl gropenylidene iminium salts, 20a-

e, eguation l3.

I
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A study of the igomeriuation &

in a lipid dispersion has provided information that the lipids may




Scheme 1-6: Nucleophilic addition mechanism for thermal ¢cis/trans
iscmerization of retinylidene iminium salts.

L]
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X 49
catalyse'isomeri:ation through a similar mechanism (192}. The imine 22

was found to ispmerize 10° times faster in a lipid matrix than in n-

heptane. A pH study of this iLsomerization suggested that a possible

nucleophilic catalysis was occurring and that only a single proton was

Ainvolved in the isomerization. .
~ a ~
_—é L
g’ c I (13
. l =2 | .
' =
X X . m
o
20a: X = NO: 21g=g
- b: X =~ Ci -
c: X = H .
* d: X = CH3 . ' : . .
@: X = 0CHa ) :
el )
3 |
7
i{q
l -
22
g
|
R

The thermal barrier for rstatien abeut the C€(13),C(14) bend in .

s

bacteriorhodepsin model system 23, is approximately 46 kcal/mol, -based on

¢



quarntumchemical MNDOC calculations (127). Upon protonation of 23 this

value is reduced to about 11.5 kcal/mel, in the absence of a counter-

anion, 24. This barrier to rotation increases to about' 21.6 kcal/mol

. ) o . : :
when an anion 1s placed 3.0 & from nitrogen. A similar study (180) found

that 24 had a C=C barrier to rotation of 15.8 kcal/mol in the absence of

&

» - .
a counteranion. This increased significantly to 38.C kcal/mol when an

. o : .
anion was placed 2.5 A from nitrogen. Since the presently accepted model

for bacvteriorhodopsin also contains & second anion near C€(35), the

C(1l3),C(13) Darrier to isomerization was also calculated by Schulten and
was found to be only 5.3 kcal/mol. This second catloan/anion interacticn
produces of a significant amount of charge delocalization in the pajyene

chain -and thus a lower - 'bond ‘order between the C(13),C(13) bond, allewing
. :
for facile isomerization. This interactieon also represents the initial

stages of a anucleophilic additien

o
1
-

"
t

caction as gsuggested by Childs and by

e

Rando. t was suggested, by Schulten, that these interactions allow for
C=C isomerizations ti occur on the millisecond time scale, consistent

with those observed in dark-adapted bacteriorhodopsin.

50
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iv. Problems With Retinvlidene Iminium Salt Photochemical Studies

Studies on the photoisomerization of all-trans retinal. compounds
are difficult because the all-trans molecules possegs five potential
isomerizatien sites. Typically, photoproducts are analysed by HPLC

technigues (168-170). However, in the case of the retinylidene iminium

salts, the problem is complicated by the inability of HPLC to resolve

gach isomer as its iminium salt. The usual technigue for the

guantitative analysis of these compounds is to hydrolyse them to theiv

corresponding aldehvdes and analyze by HPLC. Difference absorption

"spectrosceopy -{173-176}), although a practical method, 15 also extremely

-

difficult 4n these cases since all isomeric retinvlidene iminium salts
have a very similar absorption spectrum and the extinction coefficients

vary by as much as 30% for any cne isomer (177).
These prcblems seem to be manifested in the reported photolisomer-
irzation of the bacteriorhodopsin model system 25 in two independent

<

studies (175,177), shewn in Scheme l1-7 and Table l-4. Though studied at

-~
two difterent wavelengths, it is c¢lear from these reactions that this

photcisomerization is neither regioselective nor as erficient as in

th
th

ercnce between these atudies . is the

I

bacteriorhodepsin A striking d

imary site of the photoisomerization of 25. In one case the l3-Cls

2y

“isomer is formed preferentially (177), while in the second case the 11-

cis Lsgmer is formed to a larger extent (175). In neither case is the

reaction regioselective and the quantum yields are only reported as a

total for the ‘entire photoisomerization. The reactions would seem to be
v
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“

found in the natural pigments. : .
+ _~n=By

25

A second major problem encountered in photochemical studies of

L}
all-trans retinylidene iminium salts is the competing thermal reactions

which may occur. Indeed, it has been shewn by severxl groups (186,198-

190} that photochemically Yormed cis isomers are extremely susceptible to

nucleophilic catalysis reactions which reform the trans starting
~

materials. In the case of retinylidene iminium salts, catalysis by

chloride ion is extremely rapid for the isomerization of the l3-~cis and

ll-cis isomers to the all-trans com§0und. These reactions also occur
with trichlorocacetate, but at a reduced rate. In the photochemical

gtudies shown in Scheme 1-7, either chleoride or trichloracetate anions

e
were present in excess ameounts during the photo:egttxons. The presence

of a.nucleophilic catalysed reaction such as those obserwved by Rando and
by Childs could severely influence the isomer content. and efficiency of

these photoreactions.

3

It was suggested some years ago that the best method to directly
identify and guantitate this photereacticon, *H NMR spectroscopy, was not

practical due to the complexity of the resulting spectra and the small
guantities involved in the photoreaction. In order to address this

1.s .

14 MMR spectroscopic examifazion 9¢ the

preblem I undertook a high field

& B .
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photochemical isomerizations of a series of conjugated iminium salts

v

including geveral all-trans retinylidene iminium ions. Included in this
: oy :

investigation was an. in-depth assessment of the thermal stabilities-of

.
each retinylidene photoisomer. The aim of this study was to accurately

identify all of the photoproducis geherated from the irradiation of ithese

. -

iminium ions difectly by 1H NMR spectroscopy, and determine'thé regio-
seloctivity and officigney of these photciscmerizations as compared to
rhodopsin and bacterio:hodopsin. This sﬁudy should'give éignificant
ingight inéo the.differepces in retinylidene iminium ion photochemistry
in solution and within the binding sites of uhodopsin.and bacterio-
‘rhodopsin._

- Related to this photochemical study is one which details the
structur®s of some model systems of the visual chrémophoge and
bacteriorhodopsin. Some uncertainty of the conformaticn and electronic
distribution in these simplLfled chromophores still remains. Moreover
“the majority of the previcus studies ¢f retinylidene icns have been done
in polar solvents, conditions :hich do not mimic the hydrophobic
environmgnt of ;he binding sites of the natural pigments. In an effort
c; gain gstructural information abeut retinvlidene ions in such an

. 3 '
environment, C NMR, FT-IR and UV spehtrosccpic techniques were empleved
-

v -
io.

in both the solution (CH_Cl)} and in the solid state. This analvsisg
hl
cf particular importance since it.is now generally accepted that the
. §
conformation in bécteriorhodopsin 15 6-s-trans. This conformation has

not been shown to exist in model fetinylidene iminium salts. Closa

attention in this work has also been given to the effect the counterion



has on the ! C chemical shifts of a retinylidene ion and whether these

L]

are indicative of charge delocali:atig?.
The most direct route for the structure determination of a

conjugated iminium salt, such as a retinylidene icn, is through x-ray

»

crystallographic techniques. Despite the immense interest in these

»

compounds, there are surprisingly few crystal structures of them in the
literature. One approach in this work investigated the x-ray structures

of an &, B unsaturated iminium salt and its corresponcing imine. From

these data, a comparison c¢ould be made between these two compounds in an

-
effort to determine the effect of protonaticn on bond alternation,

conformation and electronic distribution. X-ray crystallography alse

allows for the study of interactions which occur between tlme Lminium ion

-

and its counterion exactly, in analogy to the protein-chromophore

interacticns which occur in the visual pigments. To my knowledge, such a
Py

study has only been carried out con thecoretical grounds before, but hag -

not been reported uging a crystallographic basis.

4
-

)



RESULTS AND DISCUSSION
&



- L . Chapter 2

Structural Studies of Conjugated Iminium Salts

The most direct method which can been used to assess the struc-
ture of a éonjugated iminium salt is x-ray crystallography. Unfortunate-

-1y, this appreach has been used sparingly and there are few structures ot

£

these compounds repeorted in the literature. Hence, alternative moans to

) T . ) 1
analyse the structures of iminium icns have been used, including “H and

13 . : :
C NMR spectroscopy, infrared, resconance Raman and abscrpticon spectro-

v

scopy. and theoretical techniques.

The determinations of the structures of a simple &, nnsaturared
imine and iminium salt, using a variety of techniques ave presented in
this chapter. The goal of this work is to determine the differences in

i

structure between an imine and a related Iminium salt. The relationship

that exists between the cation and anion in the Lwinlum . salt and its
-]

effect on the electronic distribution in the molecule is develnaped,

A major concern in the chemistry of rhodopsin and bacterio-
rhodopsin 1s the degree of charge delocalization in these molecules. 1In
.the previoug gection it was shown that the posoitlcn of the counteranion
has a large effect on charge delecalization in these molecules. and their
thermal barriers feor bond rotation. To przobe =his phencmenon, charnae
delocalization in a series of model retinylidene Lminium salty hag been

. . - . . 13
probed in this work by analysing the correlarion betwsen T HMR ~hemircal

L
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shifts and the distanée of various counteranions. Absorétion spectro-
scopy is also used to determine the extent of delocalizatioen as it
relates to the countaeranion. These studies also include, for comparison,
several protonated unsaturated aldehydes.

A third facet of iminium salt structure which is examined is

-

conformation. In bacteriorhodopsin solid state 13¢ mMR spectroscopy has
recently been used to shew that this chromophore exists in a 6-s-trans
conformation. In this thesis, solid state 13¢ mMR spectroscopy and

absorption spectroscopy have been used to show that the §-s-trans

conformation is alse present in some retinylidene iminium salts.
RESULTS

I. Preparation of Iminium Salts

Imines 26-29 were prepared by the same general method (32). The
appropriate aldehyde or ketone was condensed with either n-butvl o; t—-
butyl amine as indicated in equation 1ld. In the case 'of the 3-icnoﬁe
derivative 28, the n=butyl imine was prepared because t-butvl amine
showed no reaction with the ketone. Imines 26-29 wé:e found to be .
extremely sensitive to both temperatiure and moisture and best resul;s
occurred when they were protonated immediately after formation.

Protenaticn of these imines was accomplished using a dilute .

iminium salts 30-33, eguation 15. Iminium salt 34 was prepared by

reacting dimethyl ammonium perchlorate with 2Z,4 hexadienal (193},



L

. equation 16. Imines 28 and 29 contained minor isomeric impurities which
disappeared upon protonation. All of the iminium salts prepared were
assumed to retain the all~trans configuration which was present in the

-

starting aldehyde or ketone. This was substant:iated by lu MR spectros-

[ 8]

copy ags shown in Tables I-1 to I-43.

tBUNH, 3 3 1 R -
. 4 <
26 R=CHy R =tBu
27 R=CHy(CH=CH), R’ =t8u

Ak rewy L e
RT YT Ng —> rT TN

>
28 R= ;@_RI-EH} Ry=H, R’ =n3y

3~

(14

3

29 R~ i ? ,Ry=H. Ry=CH; R* =t8u
]

%8¢ wrip PP -
R//§§,1§§,A§§N N R,/Q§?/Q§,/§§N
E [ 2 l
H Cl0,°
=
30 R-CHQ .
. 31  Re=CH;{CH=CH) (13
Ra R, R, R
RTHX /g/&’ K
R”Lk?/éktN” —> g ]J’ _
H X~
~ 52- Re= ?@I\.Rl-CHJ. Rz-H. R."'ﬂau . X'EF‘
a

33 Re 'i"" . Ry=H. Rp=CHa, R* =28y . X=C10,

CHP NH, L0, | - .

ARy, — 2 ol
n /\MN/ CID: (18)
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.For comparison burpoges pertaining te charge delocalization, the
aldehydes 35 and 36 were cleanly protonated-by_extraction from CHzclé
into FSO3H at -78°¢, to form 38 and 39, egquation 17. An attempt to
p;otonate the aldehyde 37 by this method, to férm 40, vielded at least

two rearranged products. These were not identifiedl.

FSD;* '
RM& — M amn
35 Re=CH, 3B
38 R=CH, (CH=CH) 39
- 37 Re(CH,{CH=CH), 40

The iminium salts 41-44 were prepared by stirring equimolar
amounts of the appropriate aldehyde with N-methyl aniline and either
perchloric or trichlorcacetic acid in ether (l186), equation 18. The
imine 45 was synthesized by cendensing aniline with p—chloro-cinnamala-

ehyde, equation 19.
)pl'

\qyJ::j

"f
CI,CDDH X
(18
ar HCJU.

41 ReH, X=C1,C0D
42 Rer. X=C10,
43 ReC], X=C1,C00
44 R=Cl. X=C10,

IThis work was completed as part of a collabeorative project with P.
Yates, J. Krepinsky and I. Gupta of the Department of Chemistry and The
Ludwig Cancer Institute, University of Toronto, Toronte, Ontario.
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The retinylidene imines 46 and 47 were syntheéi:ed Qslnq litera-
ture methods (32). All-trans retinal was allowéd to co‘ndense with the
approp:iaté amine in the absence of light, eqguation 20. The desired
iminium salts 48-53 were prepared by adding slightly less ;han an
cguimelar ameount of an ethereal acid solutien te the freshly prepared

imine, equation Z1.

45 Ren-8u
47 Ret-8u

(21}

48 Re=n8u, X=-

C1,5050
45 R=ndu. X=C1C,
SC R=tdu. X=i
51 R=t3u. X=8F,
S2 R-tdu. X-C:2,
- S3 R-tBu, X-CF,S0,
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The dimethyl retinylidene iminium perchlorate salt 54 was made by
a condensation of dimethyl ammon ium pe:chloraﬁe with all-trans retinal

{193y, egquation 22. All retinylidehe iminium salts synthesized possessed

. ; 1 . .
an all-trans geometry as indicated by “H NMR spectroscepic data shown in

Tables i—S and 2-6. -

3 " (CHy 5NH
4] - ?N ? M (22
: cm ci07
-

54

II. Eg NMR Scectroscopy

The chomical shifts and ccoupling constants ¢f all imines and
iminium salts are listed in Tables I-1 %hrough 2=-6. Assignment of the

resonances was accomplished by a variety of methods. In several cases

- .
-
kY

literature comparisons were made-using salts with similar structures or
1N some cases the. same cation but differing counteraniens (34,52,184,
186,188,194-198). The remainder of the assignments were based on first
order coupling constant information at either 250 or 500 MHz. In one

- = l s
case, 31, the 250 MHz "H NMR spectrosceopy spectrum vielded geveral -
complex;sp n systems which were very difficult te assign directlv. In.

Y

. ) i
this case, assignments were made using a spectral simulation technigue,

.
The H NMR data for aldehydes 35 and 36 and protonated aldehvdes

38 and 29 are shown in Table 2-7. Identification of the rescnances for



Cl4)H C(?)H.C(OJH.

B

' C(2}H

C(3H
C(5)H
| ..
UUL U_.MU -
74 7.0 6.6 62

Figure 2-1: Vinyl region of 250 MHz *H NMR spectrum of N-t-butyl-2,4,6-
octatrienylidene iminium perchlorate, 31, (A) and simulated
(B), with coupling to Cl(H) remcved.
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. Table 2-1
1y NMR Chemical Shift®:D,¢ pata For Aliphatic Imines and Iminium Salts

.

N-H . -

11.00bs .

$ Compound
‘Position . 26" 30 S TRy . .34
C(1)H" 7.84d 8.13dd 7.96dd 8.38a
C(2)d 6.18dad 6.74dd 6.84dd 6.55dd
C(3)H 6.53dd 7.49ad 7.40dd 7.63dd
C(4jH 6.18dd .6.48a4 6.50dd '6.49dd
C{SIH 5.90dg 6.65dq 6.90dd ' 6.70dg
C(6)H - - 6.31cd - -
E(?)H ) - P - 6.32dg -
CH3 1.78d 1.99d 1.92d 2.02d
C{l’)H - - - 3.49s
C(l1"")H - ’ - ’ - 3.68s.
C(ﬁ')H l.1l6s 1.51s 1.51s -
' 11.04bsg -

a s = singlet, d = doublet, dd = doublet of doublets, dg a doublet of

quartaets, bs = broad singlet.
B in ppm. Numbering of carbong as in "ext.

¢ referenced to CDaCly, 5.32 ppm. Measured at 21%.

-

‘ Table 2-2
Coupling ConstanseData (Hz) For Aliphatic Imines and Iminium Salcs
’ ‘Comnouhd
26 30 31 34

S - J 16.64 C16.47 -
JI,E 8.79? . 10.39 _10.43 10.54
J 95 3 , 15.24 QE: 14.71 14.50 14.43
'J3'4 . 10.87 AN 10.65 11.34 10.87
4 J§.5 1:{\ 15.%1 15.07 15.11 : 14.93
JS,E 6.18 - 6.64 12.03 5.87

JS,? . - " —-g 17.585% -

%3 ’ oo - 5.43 -
. P

LY

o
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Table 2-3 .

1 NMR Chemical Sh;fta'b Data For Aliphatic Imines and Iminium Salts

Compound s
Position 28E 294 . 328 33d
c(2)H 150 " 1.46¢t T1.43¢ 1.48¢t
C(3)H | 1.67m \ikg?m 1.70m ©1.64m :
C(4)H _ 2.06t 2.03t 2.13¢ . 2.12¢
C{7)H 6.66d 6.360 7.73d 7.13d
C(8)H 6.13d 6.14d 6.51d 6.49d
C(10}H - . } 6.19d - 6.82d
C(11)H - . ~ B8.3d¢ " -7 8.28dd
1,1 CH3 1.01s  1.02s 1.01s. 1.08s
5 CH3‘ 1.70s - 1.69s-. 1.81s 1.808 v=
9 CH3 1.97s8 | 2.03s 2.49s 2.32s

a 's = singlet, d = doublet, t = triplet, dd = doubiet of doublets,
m = mult ipleg
in ppm at 21 C. Numbering of carbons as in text. o

b

¢ referenced to CDClj, 7.28 ppm.

d referenced to, CD»€ls, 5.32 ppm.

e, referenced to (CH3)4NBF4, 3.10 ppm, in TFA.

Table 2-4
Coupling Constant Data (Hz)} For Aliphatic Imines and*Iminium Salts

v ! -

Compound
28 29 32 33 -
3 g 17.05 . |  15.88 . 15.01 16.01
10,11 - 8.38 - 11.08
Tit,m B SRR ) et
3 Y
- N "
£ .
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Table a5

}H NMR Chemical Shift®:P,€ paea ror Retinyllidene Imines and Im:inium Salts
Y

) ) cOggo;nd
Position 46 47 a8 49 £ 51 52 53 54
HE 1.50%, 1.50t 1.47t  1.53 1.6l 1.50t 1.6l  1.Slt -
C{HH 1.62¢ 1.62m 1.62m 1.6%m 1.6 l.6lm :.6lm 1l.61lm '
CidIH 2.03t  2.0%t  2.0%5c  2.09t  2.06t ¢ 2.06t  2.06T  2.09t
C(7iH 6.25d 6.28d 5.5l1¢ 6.56d. 6.53d 6.47d  6.53d  6.364
C{a)H 6.134 5.16d 6.24d 6.27d  6.26d 6.21d 6.25d 6.31d
Crlo 6.154 6.19¢  6.29d  6.33d  6.31d  6.29¢ 6.)2d  6.36d
CL11H 6.86dd 6.91dd 7.40dd  7.51dd  7.489dd 7.43dd  7.45dd  7.59dd
Cli2)H 6.37d 6.41¢ 6.56d 6.56d 6.57d 6.5Bd 6.55d 6.62a
CLldH 6.19d  6.33a  6.74d  6.72d  6.74d §.65d  6.86d  6.64¢
Cl1S)H 8.30a 8.32d 8.20a 8.34ag 8.22da a.:;aa 8.20d¢ B8.56d
C{l6}H » . ‘

: 1.03s 1.0%5s 1.04s 1.08s 1.0Ss 1.05s 1.05s 1.08s .
C(1TIH .
C{18)K 1.71s  1.73s -1.73s 1.77a 1.74s 1.74s 1.748 1.78s
Cl19)H 1.99%  2.0ls  2.0%s 2.13s  2.10s 2.10s 2.10s  2.16a . (\
C(201H 2.09%  2.14m  2.39s  2.36s  :.33e 2.323 2.31a  2.46s
Cil°)H 3.47c - 3.70¢  1.74er - - - 3.748
C{1*IH - - - - - - - 1,470
2 1.62m  1.28s 1.78@ 1.8lm 1.%0m 1.5lm  1.50m -
St 1.33m - 1.4l1m ~ 1.43m - - .- -
S14m18 0.93t - 0.96t  0.99t - -, - -
NeH 10.94Ds 10.82bs 11.60bs -

a ».= singlet, d = doublet, t = triplec, dd = doublet of doublets,

de = doublet of triplets, bs = broad singlac. -

5 in ppm. Numbering of Carbons AS LN TexT.

ceferenced o CD.CLla, 5.1 ppm. Measured at ZLGC.

3

.

]
Table 2-6

1
. ln Coupling Constant Data® ror Retinylidens Imines and Imintum Salts

¥
Cempound
46 47 <8 39 51 52 LR] 54

JT,S 16.32 16.28 16.:8 15.95% 156.62 15.90 16.01 19.96

:;0.11 Al.48 11,22 .78 1.4z 1.7 1l.39 .7t .7

::l.:: i5.18 5.2 )14.34 1s.70 1<.83 14.9Q l4.34 14.53

Jld,ls 3.86 9.90 12.11 11.28 11.1¢0 1l.32 12,10 .79

::S.N - - - 15.72 16.19 i5.4% .%.85 -

4 in Hz. NyumbDering of carbens as in Cext.
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Table 2-7

1y NMR Chemical Shift2,P pata For Aldehydes and Protonated Aldehydes

»\\\__\

Compo;:;ﬁ\\\\\

) Position 35 " 268 T3 398
C{1)H 9.63d 9.55d 8.82d 8.58d
C{2)H 6.07dd 6.17dd 6.85dd 6.81dd
C(3)H 7.13dd 7.13dd 8.48% 8.41t

[ B

C(4)H 6.30m 6.20m 7.05¢ 7.00%
C(5)H 6.30m 6.63dd 7.70m 7.83dd
C(6)H - 6.38dd - 6.71%
c(7)4d - 6.10m - 7.18m
CHy 1.93d 1.85d 2.32d - 2.17d

a s = singlet, d = doublet, t = triplet, dd = douvblet of doublets,
m = multiplet

5 in ppm. Numbering of carbons as in text.

¢ referenced to CDCly 7.24 ppm. Measured at 19C¢.

d referenced to CD,Clp 5.32 gpm in FSO3H/CDaCla. Measured at -60°C.
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C(2)H, C(4)H and C(6)H in 39 was made on the basis of 1y decoupling
experiments. The remainder of the spectrum was assigned using coupling

constant information.

The IH NM# data shown in Tables 2-1, 2-3 and 2-5 indicateé that
in all cases protonation of the imines 26-29 and ;6,47 produces a gengrai
downfield shirft of the odd numbered proton resonances. This is consis-
tent with pfotonation cccurring on nitrogen. A similar trend is found i

the protonated aldehydes suggestihg protonation on oxygen. In the

iminium salts 30, 31, 33, and 49=53 the aldiminium proton appears as a

 doublet of doublets, Figﬁre 2-2. The larger of the two coupling

. .
constants in this spin system.results from coupling across the C=N bond

+

. of 15.4-16.6 Hz to the proton on nitrogen (184). This coupling constant

————

is indicative of an anti C=N arrangement (199).

| Since coupling is cobserved in tﬁeae systems between the aldimin-
ium proton and.“he N-H §roton, exchange of the nitrogen proton must be
slow relative to the NMR time scale. Thus the equilibrium for proton
exchange, equagion 23, lies far to the riéht in these systems, at room

temperature. This is in marked contrast to previously reported studies

”,

using trifluorcacetic acid as a protonating agent where a 1l:1 complex

only exhibited this coupling below -61°C (184).

. R « R

H=X : H X~
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ITI. Solution 3¢ NMR Spectroscopy

The 13c NMR spectroscopic data shown in Tables 2-8 to 2-10 are of
the all-trans iminium salts as determined by ﬁhé 1y NMR experiments.
Chemical ghifts of the various resonances were found to depend slightly

: ~
on the acquisition temperature. For examplé, the resonances of 52 showed
a general, but small {<0.5 ppm) shift to higher fié}d on lowering the
temperature from -IOOC ﬁo -40%¢.

Agsignments of the wvarious 13¢ resonances of imines 26-29,
iminium salts 30-34, and protonated aldehy&eg 38 and 3% were made by com-
parison with published dﬁta {43,52,54,132,184,198,200), proton off-
resonance decoupling or-;3C{lH} ghift correlation experiments. The
latter method is sﬁpwn for the iminium salt, 31, in Figure 2-3, where all’
of the vinylic carbons occur in a confined region of the spectrum. All

of the resonances of the retinylidene imines 46,47 and iminium salts 48-

54 were assigned using J-modulated spin echo exper%ments and comparison

¥

with literature data. The use of spin echo experiments was required
since the chemical shifts of C(13) and C(15) were found to be extremely

anion dependent, Table 2-10.

Proteonation of imines 26-29 results in a general shift of the odd

. f
‘numbered vinvlic carbons to lower field and the even numbered carbons Lo

slightly higher field. The retinyvlidene imines 46,47 and iminium salts

48-54 show the same trend as exemplified in Figure 2-4.
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Table 2-8 . -

13c NMR Chemical Shift?'b Data For Aliphatic Imines and.Iminium Salts

compound < -Z

Pogition 26 278 30 31 .32 33 34
ci 157.05 164.53 166.12 164.96 35.01  34.71 171.01
c2 131.26 132.53 120.46 120.90 41.02  40.26 117.53
c3 141.13 141.20 160.68 160.33 20.53  19.29 163.36
c4 131.56 132.97 131.25 128.35  35.21  34.28 131.54
. cs 134,22 138.20 151.11 \150.39 146.44 138.76 152.98
c6 1809 134.00 19.11 131.73 137.59 137.74  19.94
c7 - - 135.27 - 7 143.25 151.83 143.05 -
cs : - - - 19.26 124.94 134.82 -

g :
ce . - - ?«%;\ - 181.82 160.55 -
€10 - - - - - 119.82 -
- €11 - - - - - 166.40 -

1,1 CHj ' - - - - 7 28:93 29.57 -
5 CHjy : - - - - 15.55  14.68 -
9 cHy - - - - - 22.27  22.20 -
cl- 57.20 ' - 61.65 60.49 47.99  60.16 -
c1- - - 49.63 - - - -

_icz' .87  28.30 - 28.43  30.48  28.57 -

a in ppm. Numbering of carbons as in text. o

b referenced to CD,Cl,, 53.8 ppm. Measured at 21 C.

c trom ref. 48

»
Y
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i Table. 2-9
3¢ NMR Chemical Shift2+P pata For Retinylidene Imines ;nd Iminium Salts
/ Compound '
.Position 46 47 a8 as 50 51 52 53 54
€1 34.71 34.22  34.21 34.24 34.78 34.69 34.21 34.66 34.32
c2 40.21° 37.74 39.46 39.47 '40.30 40.16 39.44 40.15. "39.82
c3' 19.78 19.29 19.13 19.11 15.70 19.56 1%.10 19.55 19.20
c4q 33.57 33.10 33.27 33.34 33.80 33.76 33.32 33.74 33.41
cS 130.18 129.64 131.74 132.40 132.37 132.59 132.26 132.44 133.94
c6 -138.35 137.78 137.45 137.47 138.13 138.02 137.45 137.97 137.63
c7 128.13 127.37 131.74 132.79 132.89 133.20 132.60 132.90 132.90
cg 138.00 137.52 137.19 136.91 137.32 13?.23 l3g.94 137.18 136.61
o 138.35 137.78 145.24 147.17 146.82 147.42 146.86 146.95 148.20
cl0 130.43 130.76 129.60 129.69 129.93 _ 129.97 1259.68 129.92 129.52
Cl1 128.29 127.70 137.19 139.42 138.76 139.57 139.08 139.02 140.41
cl2 136.56 136.25 133.63 133.33 132.89 133.75 133.416_i33.6? 133.4%
cl3 144.02 143.21 163.27 165.73 163.56 165.53 164.98 164.57 168.30
ci4 130.18 130.01 120.35 119.27 119.16 119.83 119.47 119.74¢ 116.43
c1s 159.36 153.50 164.64 164.20 158.43 159.28 158.96 159.02 163.él
Cl16 o "
. 29.20 28.75 28.76 28.79. 28.95 28.60 28.78 28.59 28.82
cl7 N
c1s 21.89 21.43 21.77 21.82 21.98 21.97 21.79 " 21.9% 21.61
cl9 (13.01 12.58 13.11 13.27 13.54 13.34 13.186 13.430 13.22
c20 13.20 12.88 13.90 14.40 14.47 14.92 14.47 i4.83 14.54
cl- 62.27 £7.32 c’ SE.80 60.23 59.72 59.4%9 59.58 49.90
cl-- - - - - - - - - - 40.53
c2 33.79 29.58 31.33 31.15 29.25 29.16 28.15  29.14 -
c3 " 20.97 - 19.87  19.66 - - - - -
ca- 13.10 - 13.59 13.50 - - - - -
a in ppm. Numbering of carbons as in text. '’
b referenced to CDaCls, 53.8 ppm. Measured at 21°%¢
<

under sclvent piak.

FOU



Table 2-10

13¢ NMR Chemical Shift® Data For Aldehydes and Protonated Aldehydes

-,

L4 . Y
Compound
Position 352 — 362— 38S" 395
c1 . - 193.82 193.27 198.20 190.89
c2 129.79 130.46 “122.92 132.14
c3 152.55 152.25 18a.87 183.51
ca 130.03 127.42 134.57 122,21
cs ' 141.88 142.94 174.96 171.89
cs ' - 131.00 - 134037
c7 . - 136.94 N - . 164,10
CH; 18.87 19.06 22.15 “ 2101
- ' ’

a in ppm. Numbering of carbons as in text.
referenced to CDCly 77.3 ppm. Measured at 19°C.
¢ referenced to CD;Cl, 53.8 ppm in FSO3H/CD5Cl,. Measured at -60°C.

42
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C13 C15 . C6C8 C7 C10 Cl4
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Figure 2-4: Vinyl region of Ve er sééctra of N-t-butyl-retinylidene
imine, 47 {A), and its perchlorate salt, 52 (B}. .
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IV. Solid State 13c nMr Spectroscopy

The solid state 13C NMR Spectroscopy spectra of five simplg

conjugated:iminium galts, 34 and 41-44, and four retinylidene iminium

salts 48, S1, 52 and 54 were obtained using cross polarization magic
anglé spinning (CPMAS) methods. The chemical shifts of these compounds

are listed in Tables 2-11 and 2-12. The spectra of all iminium salts

except 34, 48 and 51 were provided by Dr. R.E. Wasylishen at Dalhousie

University_in Halifax. Identification of tne'quat?;nary aqd methyL
c;rbons was made using a delay without decoupling pulse segquence (201),
which suppresses EH and CHy rescnances, Figure 2-5. The remainder of the
‘resonances were assigned by comparison with solution.spectra or litera-
ture values (48;76,128,202,203).

Ail of the iminium salts studied, with the exception of 54 showed
the presence of one isomer in accordance with solution 1H and 13¢ NMR -

. '

spactrogcopy findings. It is c¢lear from the spf?trum of 54 that two
different compoundsg are present ané that at least one of these is a

\

-~
dimethyl all-trans retinylidene iminium salt. The solution iy Ngﬁ

v

spectrum of 54 indicated that the l3-cis isomer of this iminium salt, S§§, »

. N .
wags present to the extent of approximately 13% at 21°¢c.  In order ko
determine if{the second componentg- in gh@ solid state 13¢ spectrum of 54
was 55, the salt was dissolwved in CDaCls ab -SOOC; conditiens under which
S5 would be kinetically stable. However, the -H NMR spectroscopy
spectrum obtained at -éooc showed that only the all-trans isome:.was

{

present. Upon warming of this sclution the 13-cis isomer, 55, became

more abundant. Since 55 is not present at -60°C, it‘!s concluded that it

.



Table 2-11

Solid State 13C NMR Chemical Shift3:P Data For Some Iminium Salts

Compound

Position 34 41 42 * 43 . 44
c1 171.35 164.3 172.2 162.8 170.8
c2 118.94 117.1 118.9 11609 118.5
3 159.78 164.3 163.5 162.8 163.0
c4 131.15 135.2 C1hs ' 13jf: C131.%
cs, co 150.86 133.9 132.6 133.2 . 131.5
[

¢s, cs 20.88 .  128.3 126.9 129.9 Cli3rs”
c7 - 138.3 136.3 140.9 d&;a,a .
cic* - 141.9 146.2 140.9 -f—~§33.7-
c11, cis - 122.6 124.1. ™ 121.% 123.8
c12, c1a - .. 130.8 130.8 . 130.5 131.5.
c13 K 133.9 132.6‘ 132.s “ ' uﬁ;.s
cH; - 40.5 $4.9 30,4 $1.4

a in ppm. Numbering of carbons as in text.
b referenced to adamantane, 29.5 and 38.57 ppm. Measured at 21 C.



Table 2-12 _

Solid State 13C NMR Data®:P For Retinylidéne Iminium Salts

Compound
Position 48 51 52 54
cl 35.47 34.47 - 36.69 34.74 ’
L - 30.43 38.77 45.15 44.11
c3 20.84 1934 19.92 19.42 )
cé 35,47 33.62 34.78 36.22
c5. —  131.69 128.99 136.76 137.40
c6 140.03 139.06 140.11 138.57
c7 Y131.69 132.42 134.29 130.56
c8 136.84 138.68 136.76 137.40
ce’ 143.99  149.51  147.60 149.22 .
. €10 130.37 130:26 129.66 127.81
c1l1 140.03 138.68 . 140.11 138.57
c12 132.37 132.42 133.41 133.25
c13 162.75 167.13 167.16 ‘ 166.73 .
Ccl4 122.54 118.92 120.34 117.52  118.95
c1s 1166.90 '160.00°  160.98 162.09  182.77
cl6 28.77 27.98
31.52 _ 29.90 _ 29.93
17 ' 29.51 ’ 31.50Q
c18 25.41 .23.31 . 22.32 21.33-  23.31
c19 13.43 12.94, 12.84 13.42
c20 17.20 14.42 15.53 16.08 18.17
c1 54.75 58.56 60.2% 10.88
cr-- - - - 48.95 51.24
c2- 32.55 27.94 . 32.23 -
c3’ . 20.84 - - -
ca- 15.70 - - -
a chemical shift in ppm. Numbering of carbons as in text.
b referencéd to adamantane, 29.50 and 38.57 ppm. Measured at 21°C.
¢ breoad singlet
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Figure 2-5: CPMAS “C_ NMR spectrum of N-t-butyl-retinylidene iminium
perchlorate, 52 (A) and suppressed (B).
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can not be the second-.compound in the solid state 13¢c NMR spectrum of 54.

This compound must be either a different conformational isomer about a C-

C single bond, or a second symmetrically unrelated molecule of the all-

trans retinylidene iminium salt, 54. resulting from crystal packing

affects.

S5 -

The solid state spectrum of 34 contaiped three carbons which

appeared-as doublets. These result from reqidual coupling to the

nitrogen quadrupole of the carbons adjacent to the iminium nitrogen

1~ - .
(204). This phenomenon has previcusly been detected in similar compounds
* S .
-(202}). In all other solid state spectra, coupl;ﬁapto the nitrogen

quadrapole was eliminated by.by the ggg.of a st;ongeé magnetic field.

V. Absorption Spectroscopy

i. Solution Spectra

The abscrption spectra of iminium salts 30-33, 41-44 and 48-54

were measured at room temperature in CHsCls. Absorption maxima and
. .
extinction co-efficients are shown in Tables 2-13 and 2-14. All of

spectra exhibited a broad, intense featureless peak, characteristic

the T-N" transition in iminium salts.

79



Table 2-13,

- -

Abgorption Spectra Data? (nm) for Iminium Salts

- i B
Compound  ANmax £ max (élo:ﬁ) A max {solid)

30 314 S 3.65 292

31 b 370 3.48 344

a2 . 33gP 2.35 -

"

33 378k - -

- 34 320 3.56 312

48 ass - a  a48

as ., 476 - | 4.06 ' . 510

50 ' _ 467 - 462

51 470 | 3.89 442

52 R ¥ 3 j 4.26 504

53 | * 464 4.44 448

54 .  ase 4.05 . 480

a in CHaCl, at 21°c.

b in MeOH.

. R . g



Table 214

“

Absorption Spectra Data (nm) for Aromatic Iminium Salts

) . - . A max .
Compound _' CHCl s . CgHg_ éTOH' Solid
41 = 348 350 E 350 394
T 42 _- 356 .. 352 350 . 348

43 - 356 356 3g2

14 360 362 358 370

81
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ili. Seclid State Spectra

Absorption spectra were measured £dr many of the iminium salts in
the solid phase as lisfed in Tables 2-13 and 2-14. The use of solid

state absorpticn spectra in oxganic chemigtry has been quite limited and

most examples in the literatéfe of its use are found for inorganic
compounds {205). The purpose of its use in this study of iminium salts

was twofold. Firstly, & method was developed which was simple to use but

also gave reproducible spectra. Secondly, solid state spectrd should, in
pé&gciple, vield valuable information about the overall structure of a
molecule in the crystalline state. The most iﬁportant structural
feagures which were examined were those of cation/anion interactions and
conformational changes which may have occurred on moving from the
gsolution phase to the solid. Typically, solid state abso;ption peaks

were broader_thaﬁ in solution but still galusaian in shape. Spectra were

obtained using very thin layers of microcrystalline sample on either a

glaess or guart:, slide (205,206). In some experiments where light'scatter’-

v -

was particularily excessive a reference sample of KBr was used. Quanti-

-

tative measurement of extinction coefficients was impossible using this
technique. A reference sample of all-trans retinal was.used to determine

if either of the slides perturbed the position of "the absorpticon maximum.

This was found tc absorb at 386 nm, very close to its value in methylene
I3 : - . I - '
chloride of 382 nm. The error in the absorption maximum from each solid
-l

‘gpectrum was approximately *5 nm.



vI. Xirav Crvstallocraphic Studies

J?“fu-sipgle.crystgls of 44 and 45, suitable for x-ray crystallographic

t,idéte;ﬁination. were grown by the distillation of ethyl ether into

acetonitrile solutions ot the respective compound. The crystals were

found to be stable at room temperature in the absence of moisture. Each

structure existed in the same moneoclinic space groubd. P:lfc. Details ot

£he eollection af data and the -solution of the structures can be found.in
the Experimental section and the Appendix.’

N R -
- 1 .
cig,”
=
® : |
. =
- Cl
Cl . .
. . 44 bl . 45 »
- ~ {
The sbructures of 44 and 45 are remarkably.similar within the
carbon skeleton of each molecule, b 7

igures 2-8 and 2-7. Except for C(l}-H
and C(17-C(2), bond leagths and bond angles for non-hydrogen atoms, found
in Tables 2-15 and 2-16, are all similar within experimental error for

the two structures. —

-
- W

~Each molecufe.is composed of three planar f{ragments which are
twisted {rom each other to varying degrees. The atoms involwed in each
plane.and the dinedral angles between planes are listed in Tables 2-1
and 2-18. . In both structures, the dihedral angle between planes Pl and
P2 is significantly smaller than zhe angle between planes P2 and P3J.

3

The crystal packing arrangements oI 44 and‘45 are markedly diff-

ST



Figure 2-6: Ortep diagram for N-phenyl-N-methv

v1-3-(p-chlorophenyl )-

2-propenylidene iminium perchlorate, 44.

-
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g Figure 2-7: Ortep diagram for N-phenyl-3-(p-chlorophenyl)-
2-propenylidene imine- 45.

e
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Table 2-15

' o
Bond Lengths (A} and angles (deg.) for N-phenyl-N-methyl-3-(p-
chlorophenyl)-2-propenylidene iminium perchlorate, 44.

Bond Lengths:

Cl(ly-0(1l)
Cl({1)-0C{3)

c(l)-n
C(2)=-C(3)
C(4)-C(5)
C{5)=-C{&) B,
C{7)=C(8)

L L8y -9y
C(l1om-C{11)
C(11)=-C(12)
c(13)2¢(14)
‘C(16)=N

Bond Angles:

QO(1y-Cl{l})-0(2)
O(ly=-Cl{1)y-0(%)
0(2)1-CL({1}-0(%)

C(2y=C(1)=N
C(2)=-C(J)~-C(d)
C(3r-Cc{4)=-C(M
C{5})=C(6)=C(T)
C{8)~-C(7)=-CL{2}
C{7)=C(B)=C(%)
C{l1)-C(10)-N
C(10)=-C(11y-C(12)
C(12)y-C(l3)y-C(14)
C{l0})=-C{14}-C(15]}
C{l)~-N-C(16}

1.351(7)

1

1

1
1
1
1
1.
1
1
1
]

.411(4)

.325(8)
.330(10) .
L398¢(9y
L3718y
L364(9)
365(8)
.374(8)
.368(9)
.376(12)
-483(9)

.54
4.2(5)

LA

L2(%5)
.8(5)
«A{3)
L4(6)
119.2¢5)
121.41¢5)
119.2¢(5)
120.0(7)
120.43(7)
116.9(6)
121.3¢(5)

™

O(1)-CL(1)-0(3)
O(2)=-CLl(1)y~-0(
O(31=-CL(1Yy=O(d)

C(1l)-C(24-C(3)
C(3Y-C(4)=-C(5)
C{3)=-C(5)=-C({5)
C{5)~-C(7)=C(8)
Ct8)=C(7)=CLl(2)
C(3)-C(9)-C(8)
C(15)-C{10)-N"
C(ll)=-C(12)=-C(13)
C(13)=C(14)-C(15)
C{l)y=N=C{10)}

C{10)=N-C(18)

'3

I N L e el el S S

Cl{1)-0(2) 1.341(5)
Cl({1)=-0(4) 1.350(8)
C(l}-C{2) 1.410¢8) -
TC{3)-C(4) 1.348(8)
C(4d)1=-C(9) 1.377(™)
CH)=-C(7) 1.3869(7)
c(7T)-cl(2y 1.739(6)

c(l10)-N 1.438(%)
C(10}1=-C(15) 1.400(9y
C{12)=-C{1d 1.379¢(13)
C({lda)=-Cc(13) ©1.398(10)

-~

187.8( 3
113.3(
111.0(%)
18.0(%)
19.7(%)
22.0¢5)
20.44(5)
20.4(4)
19.8(8)
19.1({5)
20.0¢
2.0
19.6¢(5)
19.1(5

86



Bond Lengths

s

:R) and angles (deg.) for N-phenyl-3-tp-chlorophenyl)-

=~ 2-propenylidene imine, 45.

Bond Lengths:

C(l)=N
CL21=C(3)
C1dy=C(5)
C(5)-C(6)
C{7)-C(8)
C(8)-C(9)
C{l0)y=C(11)
C(li)y-C(12)
Cr13i-c(ldy

Bend Angles:

C(2)-Cidy~N
C(2)1=C(3)-C(3)
C{3)-C{d)=-C(9)
C{5)-C{6)-C{T)
C(6)=C{7)~Cl
C(7T)=-C(8)=C(
C(ll)y=-C(l0)-N
C(10)=-C{1l1)=-C(12)
C(l12)-C{13)-C(14)
C{10)=-C(13)-C(1d)

1.274(4)
1.327(5)
1.401¢(4)
1.376(%)
1.380(4y
1.378¢(5)
1.392¢(4)
1.378(5)
1.375(%)

122.1(2)
127.3(3)
119.9(2)
119.2(3)
119.8(2)
118.6(3}
117.8(2})
121.0(3)
119.7(3)
120.6(3)

Table

-

<
2-16 )

Ci1)=C12) -
Ci3)-C4d}
C{3y-C(9)
C(G)-C(T)
C(7)-Cl

C(l0)-N

C(10)-C (15}
C(12)-C(13)
C(14)-C(15)

C{ly-C{2)-Cr 3}
C(3)-C(4)-Ci5)
C(41=C(S)~C(5)
C(6)-C(TT-C(9)
C(3)-C(7)=Cl

C{3)1=C(a)1=C(8}
C(1%)-C(l0)-n

O el )

Lddd (4
SAbL(d
L3884
L3804y
L7330
L1503y
L3854

TS

.3757(5)

r

P = =T = S Sl

C(11)-C(12)-C(13)
C{13)-C(1l4)-C(15)

C4l)=N=C(20)

b

(S S A=l PR 36 T el O R R S |

D Q Dt PY W 4+ 4 1) s

& 1) O W is - u

(WIS IR R

o
bad
—

§(3)

12y

a7
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Table 2-17
-

. o .
Best Fit"PFlanes and C-0 contacts (A for N-phenyl-N-methyl-3-(p-
chlorophenyl)-2-propenylidene iminium perchlorate, 44.

<

»
~

. . . o
Planec - ) Digrance ¢f Atem Trom Plane (A)
Pl Ci3)=-N, C(15) c(I) 0.000(%), C¢2y =0.000(7) .
C(3) =0.000%7), C(1%) 0.0Q5(%) -
. N 0.000¢(5)
P2 C(4)=C(9) ' Cr4) =0.008(6), C(5) 0.000(6)
C(8) 0.005(7), C(7) =-0.00278)

- ’ C(8) "=0,007(7), C(?) 0.012(7)

PI C(1Q0)-C(1%) % C(10). -0.001(S), C(l11) 0.004(8)
S C(12) =0.002(9), C(13) -0:006(2)
Cilsy 0.0l:(lO).C(;S) -C.004 (8

1Y

Dihedral Angles (deg.}

Pl-PZ 2.8
T p1-P3 15.0 .
»
P2-Pl 35.8
Shortest C-0 Coﬁtacts - = l
- C(1y=0(1) 3.3¢9 . C{6)=0(3) 3.z29 =
CL1y-0(31 3.23 C{9Y-0(3) 3.83
C{L1=0(3} 3.48 C{10)=0(3) 3.46
C(2y=012) 3.2%6 C(l11)-0(3) . 3.55
C(2)=01() 2,34 - C(14)~0(1) 3.50
- CjSp-O(é) 3.35. C(i8)=-0(2) <3.37
V'
/,‘—\

o



' ) -~ - .
o . . . 3 . -
Table 2-18
Best Fit Planes for N-phenyl-3-{p-chlcrophenyl)=-2-propenylidenc
- e imine, 45. ' '
k'] -
. o
Plane Digtance of Atcm Frem Plane 1A
P2 Ct3y=-N _ c(l C.042(3), C(2Iy 0.052(3)
h C(3) =0.042(31, N ~0.02%¢20
22 C(e)=-C(S) C(dy =0:R13(2y, C(D) Q.09 (3
Cc(5) 0.0038¢Jy, C(T) =C.013(d
C(3) 0.008(3)y, C(9 C.009 (3
P3  C(l0}y-Ctl5) C{10) 0.004(3), €(1l) -0.008(3)
. - , C{i2 0.002(3}, Cr13y 0.008(s%)
e‘(cu-z) -0.010(3),_GwlSy ©.0C2(2) -
Dihedral Angles {(deg.)
’ P1-P2 21.5 -
PL-P3 ©38.4 .
Pl-P3 59.2
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Figure 2-8: Crystal packing for N-phenyl-N-methyl-3-(p-chlorophenyl )~
2-propenylidene imini%m perchlorate, 44. -
Figure 2-9: Crystal packing for N-phenyl-3—{ p—chlorophenyl)-

' 2ypropenylidene imine 4S.
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erent, likely becausem?f the presence of the perchlorate anions in 44.

In the unit cell &f 45, Figure 2-9, the four mcleculeé are arranged in a

layered fashion such that each-molecule is aligned head to tail with the

next.

-

The spatial arrangement of 44 is shown in Figure 2-8. 1In this
3
structure the cations form a rough spiral perpendicular to the BC plane.
The overlapping portions of the molecules alternate between the N-phenyl
end and the p-chlorp phenyl end near the centre of the unit cell. The
\ P . o
perchlorate anlons in 'this stzucture foom tunnels which pavallel the axis
of the caticnic spiral. The 'perchlorate anions are not in the same plane
as the cations, but rather above and below this region. This gives rise
to each caticon being surrpunded by four symmetrically related anions. In
crystal structures of similar iminium salts (202) it was found %that
i

‘cations and anions were located in approximately the same plane and that
cazions overlapped head to tail, much like in 4S.

The x-ray crystallographic structures of two other iminium salts
34 and 54 were also attempted. In 34, a unit cell was found for the
space group Pnma however a suitable solution could not be determined.
The retinylidene iminium salt, 54, was discovered to be a muitiple

crystal and thdas only unib\cell parameters cculd be obtained from

precession photography.

i
/Akb/q§y/§§§// - ¥ XN

|

34 g



DISCUSSION ' .

In the previous section, the results obtained from experiments on

a variety of iminium salts and protonated aldehydes were ‘\presented. The

relevance of these studida to the overall structure of iminium salts in

N )

terms of geometry, charge delocalization and cation/anion interactions

-
are presented in this section.

It is useful before considering the structure of the retinylidene
k! A

iminium salts to examine in detail some of the simpler conjugated

This will allow the basic principles of charge delocalization

~8Systems.

and cation/anion interactions to be developed.

A. Simple Conjugated Iminum Salts

' The iminium salts 30-34 and 41-44 are related in that they
possess one to three double bonds conjugated to the formal C=N bond. All
of these compounds possess a trans (E) geometry about C=C and C=N bkends
{(except 34, which is symmetric about C=N) as found by either 1y NMR

gpectrogcopy Or x-ray crystallography.

I. Charge Delcocalization

Three different strategies were used to investigate charge
delocalization in thege simple iminium salts. The most direct method
used was x-ray c:ysta}lography which also allowed for a detailed struc-
tural comparison between the iminium salt 44 and its cor:espoﬁding imine

45, to be made. The second approach used was an empirical bond-valence

2 !
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relationship which allowed for a "qupntitative” assessment of.charge

delocalization. Parallelling £his mebhod was an analysis _of l3c NMR

spectroscopy chemical shift data which has previously been suggested as a

.
.

measure of charge delocalization..

-

\_ - —_—
Uelk o

. N

“l‘ l
c1o,” . P

’U'
C1
Cl
i 44 45
i. X-rav Crystallography
~~

" The structures of 44 and 45 are shown in Figures 2-9 and 2-10.

= : .
. These molecules differed only by the presence of the N-methyl group an

‘ the perchlorate anion in 44. It is immediately apparent that these
structures are gquite similar in geometry. Each molecule is divided into
three best fit planes, Tables 2-17 and 2-18. In both cases, the dihedral
angle between the N-C(3} plane and the 3-phenyl ring is gubstantially
smaller than that between N-C(3) plane and the N-phenvyl ring. In terms

. . . . C . A :
of conjugation, this orientation is expected in 44 since conjugation af
the C(3) to phenyl with the iminium function $6, should be more important

than involvement of the N-phenvl group, 57. As a result, better '

orbital overlap is occurring in the N to C(9) portions of 44 and 45, as



compared to the C(3) to C{15) section.

.‘\N/© ' | | \w© —

v 7 cn,” ' cIg,

—

cl . cl
| 56 57

The bond lengths of these molecules should give some indigation
of positive charge delocalization in 44. In a localized system such as

58, where the pogsitive charge is placed on nitrogen, "normal” single and

i
double beonds exist. That is, they would be expected to alternate in

internuclear distance such that single bonds are much longer than double
bonds. As charge is delocalized through the system this alternation will
decrease with former single bonds now possessing some double bond

character, and vice versa, 5%, eguation 24. An intermediate.C-C distance

o)
would be achieved near that of benzene, at 1.395 A (207).

~r ~
> Z (24)
S8 S8

o
In the imine 45, the C(l1)-N bond length is 1.274(4) A. This is

: =]
well within the range of 1.23-1.29 A expected for the C=N bend in simple

.- . . . .
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~

conjugated imines (208). In 44, the corresponding bond is substantially

o .
lengthened at 1.325(8) A. It is also longer than that found in the

P o .
unconjugated tetramethylmethylene iminium ion, 1.30 A, which has been

s

suggested to represent a "pure” c=N* bond (20?). Accomp&nying this__

change in the C=N bond length.there is a decreased C=N sgpgtching
frequency in the infrared spectrum of.44, 1621.63 em~1, compared to
1628.01 cm~! in 45. These findings are consistent with positive &harge
delocgli:ation to C(l) in 44 resulting'iq'bond elongation. ’
The & B8 double bonds, C(2)-C(3), in 44 and 45 are 1.330(10) R and

' o]
1.327(5) A respectively. These are the same within experimental error

and show that no large change in the C-C bond length occurs upon Conver-

csion of the imine to the iminium salt. This is substantiated by the C=C
3
’

~

stretching fregquencies ¢f these gonds which are nearly identical for both
compounds, Table 4-1. In contrast, cyanine dyes. thch have extensive
positive charge delocalization, exhibit an average C{2)-C{3) bond length
of l.;Bl(i4) R {210,211). 1In the preaent cases, the C(Z)-C(J)'bond
distance is more representative of the 1.342 R found in éthylene {212y,
or 1.360 g.in 1,3 butadiene (213). This lack of lengthe;ing of é(:)-C(J)
suggests that a formal double boné is present and that positive charge is
not extensively deleccalized to C(3}.

The C(1)-C(2) bond length in 44 is slightly shorter than that in
45. This is consistent with charge delocalization to C(l) in 44 and 15 a

-
regsult of coulombic attraction between electren deficient C(l) and

electron rich C(2), which tends to shorten the bond (214).



ii. Bond Valence Approach . . ) .

. -

‘The analysis of X-ray crystal structures using the bond-valence
. v . \ by )

method (215-220) can, in-principle, provide a detailed picture of the

¥4

- * - - - .
chdrges within-a molecule. Essentially, the bonds surrounding each atom

‘are represented in terms of their valence, s. "This is calculated from

=

‘the nmpirical expression shown below, where R is the bond length of -

interesat, Rg is a standard bond length and B is a constan§. The sum of

" . the bond valences for am atom is the atomic valence, V. Thus, any

Y

deviation of V from the formal valence of an atom should give an

- | , c

indication of .the charge residing oz that atom. The sum of these

.

-y
deviations of all atoms.in an ion should sum to +1 én cations and -1 in
-« -

’ ' b

anions for the complete molecule assuming that po-"strong” interacticns

between the anionggid hydrogens of the cation occur. 1In .perchloric acid
hydrates and inorganic acetate salts, Brown has shown that these interac-
tions are quite extensive (219,220). However, in the current work,

hydrogen atom positions are not known accuratély;\\Therefore the degree

of interacticn between the cation and the perchlerate anion was deterx-

mined ahrough internuclear distances between the oxygens of the anion and

-

carbons {or nitrogen) of the' cation.

-

= Bond valences for 44 and 45 are shown in Figure 2-10 and the

atomit valences in Table 2-19. The most obvious trend in these figures
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1-358 -48 1-48 1-47
1-47

1.44

Figure 2-10: Calculated bond valences for 44 and 45. ~



' rable 2-19
S

Atomic Valences and Charges for 44 4and 45

a4 45
Position Valenée Charge valence Charqge
€(1} ‘ 390 +0.10 4.04 -0.04
c(2) | ' 4.02 -0.02 3.1 +0.09
o3 . - 3.88 +0.12 ] 3.86 +0.14
c(d) ' 4.06 -0.06 - 3.96 +0.04
c(5) 3.89 +0.11  3.85 +0.15
c(6) . 4.01 ~-0.01 3.92. +0.03
(M) - - - _
c(8) ' 4.04 -0.04 3.93 +0.07
c(9) 3.99 +0.01 3.90 +0.10
c({10}) 3.94 +«0.06 - 4.05 -0.05

h-—\\\\\f(ll) s.99 +0.01 3.89 +0.11

c(12) 3.97 +0.03 3.91 +«0.09
Cc(13) 3.94 +0.06 3.9% +0.06
c 1Ty 3.87 +0.13 3.95 +o.ds
C(15) .77 +0.23 3.9¢ +0.04
c(16) ' 3.9a +0.06 - -

N 3.58 +0.58 2.9¢9 -0.01
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is that the increased C(1l)-N bond length in the iminium salt 44, compared
to its imine 45, leads to a reduced bond valence. The‘calculated atomic
valence for nitrogen is 3.58 in 44, 0.59 units higher than in 45. This

places the calculated valence of nitrogen closer to tetravalent carbon,

~

having a\c§arge'of +i, thag neutral trivalent nitrogen. Thus the
ca;§ulateh charge for nitrogen in 44-6f a;out +0.58 suggests that a large
”portionﬁof the posiﬁive charge in 44 is residing on the nitrogen.
Bond-valence treatment of the allylic ca:;ons in 44 and 45 also

suggests that the bulk of positive charge is on the nitrogen.. The atomic
valences for (1), C€(2) and €{3) are all very c¢lose to four, &be expected
value for a neutral carbon.atom.\ HOfever, the greatest change exhibited
on going from the imine to the iminium salt is found at C{l). Here, the

‘valence decreases from 4.04 in 45 to 3.90 in 44, a difference of 0.13

units. This is substantially different from any of the other allvlic

ca:bohs and représenta a move towards a full positive charge on C(l) of
44 in which case the carbon valencg would be three. This has been
corrcborated‘thqoreticaily at the 6-316".leve£ {221y for the model
com?ounds 60 and 61, where the greatest change in electron density occurs
at C(l). These calculations also indicate that a slight increase in
electron density occurs at nitrogen, which is in contrast to the bond
valence results. However, previously reported calculations have shown
that while the posigive charge on C(lf is essentially the same as

_calculated from the bond valence method, a positive charge on nitrogen is

also possible with values ranging up to +0.51 (56,127,142).
.



100

v Py R

while the calculated charge for C(3) of 44 is quite close to that
. found for C(l), it should be neted that C(3) had a valence helow 4.0 in
the imine, and theif is little change in the vilence of this atem upon

protonation. This suggests that very little "extra" charge is filtering

-
-
.

down to C(3) in 44. .
Overall, it would appear that in 44 most of the positive charge
is located on nitrogen and that a significant poftion 1s delocalized to

€{1l). This corresponds to_ﬁhe ground state resonance structures shown in

equation 25.

> * (235)
Cl ' C

~

It is informative to compare these conclusions on the charge
 distribution in iminium salts with the correspending oxolenium ions using
X-ray crystallographic data. These oxolenium catiocns, which are closely

" “related to iminium ions, are usually depicted as the rescnance forms

shown in equation 26, with 62 usually being regarded as the most impor-
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tant rescnance contributor.” This would make oxygen trivalent, having a
formal charge of +1, whereas resonance forms 63 and 64 would p%ace oxygen .

as a neutral divalent atom. Analys:is ngcrystal structure data of
F

protonated carbonyl cogggunds'and ethoxy substituted carbenium ions

N ——

allows the relative importance of these resonance contributeors to be

assessed. ' -

~ oH o oH : .
R I A -
‘ 62 63 -

64

-

The crystallegraphic bond lengths of the ditropenyliumyl ether,
65, and ethoxyhomotropylium, 66, are shown in Figuré 2-11 along with

¢

calculated bond valences (222,223). The atomic valences of both of thesge
cations are shown in Table 2-20. It is evident from an analysis of bond

. ’ X Q
lengths in these caticons that a formal double bond ;1.20 A} to oxygen
does not exist. In 65, a Cp axis passes through the central oxygen
making both C-0 bond lengths an identical internuclear distance of

o ‘ /ﬁ\y' R

1.356(3) A. This value is very c<lose fo phenyl ether C-0 beond length

/

o] .
of 1.365¢(3)y~=1.370(1) A (224) cor that found in diaryl ethers, 1.353-1.412
o : .
A (225). 1In terms of bend valences, these bonds are wery nearly single ~
bonds at 1.05 units each, and thus the atomic valence for oxvgen, 2.10,
suggests that very little participation by the oxygen lone pair L5
occurring in delocalization. Verification of this is found in the

- . -

tropvlium rings in which each C-C bond is intermediate between that of a

‘ o
C-C single bond, 1.54 A, and a C-C double bond, 1.32 A The average bond

valence is, as expected, slightly lower than the 1.50 in benczene and the
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v

Figure 2-11: Crystallographic bond lengths {top) and calculated bond
- valences (bottom) for the ditropenyliumyl ether cation,
.65, and the ethoxyhomotropylium cation, 66.
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Table 2-20°
Atomic Valences and Charges for 65 and 66
55 66
Pogition .Valence Charge Valence Charqge
c(l) 3.83 +0.17 3.76 +0.24
c(2) 3,85 +«0.15 3,90 «0.10
c(3) ‘{;ss +0.13 385 +0 .18
c(4) 3.79 7 +0.21 3.83 +0.17
c(5) 3.89 +0.11 3.80 +0.20
LY . ) s \ )
C(6) ©3.95 .- +0.05 3.92 +0.08
c(7) 3.94 - +0.08 3.67 «0.323
c(8) - - 4.12 -0.12
_ N e :

o) 2.10 “«0.19 2.02 +0.02

)

1023

3
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average atomic valence of 3.83 in 65, is extremely close to the theoreti-
cal value of 3.86 for a fully delccalized tropylium cation. This

guggests that each carbon in the tropylium rings bears about +0.17 .
¥ .
“
charge. Calculations by Bader and co-workers (226) have shown that while

the bond orders in the tropylium cation are very close to those deter-
mined here, the charge on each carbon is somewhat lower at about +0.07.

The remainder of the charge is dispersed evenly about the seven hydrogen

atoms. In. the present case, hydrogen atom positions were not accurately
known and a bond-valence of one was assumed. Thus no charge is placed on

the hydrogens. The results of Bader suggest that the C-H bond valence

f"
must be somewhat lower. Overall, on the basis cof a bond-valence

analysis, the ditropylium cation, 65, still seems to bear the bulk of its

two., pogitive charges in each of the seven membered rings and enly a -
- . i
r

minimal amount on the oxygen.

0
SR
2(SbClgT) : SbClg”~
55 56

Further evidence for the involvement of the oxygen atom in charge

delocalization is found in the ethoxvhomotropvlium caticn, 66, This

molecule possesses two very different C-0 bonds. The shorter of the two,

C(l1)=0, has a bond valence of 1.39. However, the bond between C(9)}-0 is

extremely long'fo: a C-0 bond and has a valence of only 0.70. It seems

that the oxygen is compensating f{or a shortening of one C-0 bond by the
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lenqkhening of the second. As a result the atomic valence for oxyqeﬁ in
this é;se is only 2.09, very close to that in tbe ditropylium ether
gtructure, 65. -

Bond-valence analysis-shows that there is an inherent difference
in the behavior of conjugated cationic systems which involve oxygen and
nitrogen. The above examples show that in iminium salts the majority of
positive éharge is on the nitrogen-and that a smaller'amognt of charge is \\'
delocalized to the a carbon. The exact amount of charge on C(l) appears
to Se about 30% of the total positive charge, based on bond—valkncé
considerations. Conversely, in oxolenium ions liétle or no charge
resides on the oxygen atom and.the positive chargé becomes delocalized
throcughout the carbon framework., as was s.oﬁn in 64, eguation 286. .;he‘
extent of this delocalization probably dependé on the 'substituents on the
exygen. In crystal structures which have a protonated oxygen, there is

s
always a very strong in-plane hydrogen bonding between the proton and the
counteranion (227). Consegquently, a resonance form such as 63 is
probablf impértant, reducing the amcunt of charge on'§he carbon frame-

.

work.

iii. 23c NMR Spectroscopic Analvsis

The chemical shift of an atom is the summation of sewveral cont- |
ributions, equation 27: In conjugated 1N systeﬁs, the most dominant ﬁerm
is the paramagnetic factor 55“,_$hich has been found to be related to the
N eiectron dengity (8“) and the N bond order of an atom. Hence the

-

. . : . ’ 1 .
relationship of zthe change in a particular 13¢ ;eemxcal gshift ketween a

o
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charged and a neutral organic molecule (88" and the change in carbon
eiect:on density lpAl was developed by Karplus and Pople {228)} eguation

28. Data from a series of organic molecules including beth cations and
-
anions has provided values of &« = 160 - 180 ppm/electron. For carbenium

imns a value of @ = 150 ppm/electren is generally accepted (229,230).

B A : . -
a 0 B_J\[S + Sring ] . (27

88" = «(p -1) (28)

. ’ . . 1 -
an analysis cof the 88 values derived from the =°C NMR spectros-

copy data of 44 as compazed to 45 shows that the largest change is about

21 ppm at C(3), Table 2-21. The A& for C{i) is much smaller (8.3 ppu)
than this. Based on crystallographic and bond-valence analyses, which
showed that meore pesitive charge was found on C(l) than on C(3), the C(1l)

A8 was expected to be much larger. However, previcus NMR studies have

generally found that the chemizal shift of a carben @ te a heteroateom is

[*¥$}

a poor indicator of the charge distribution (229,231). In this respect,
-~

etermined using

b
W

w1
(2

charge distribution 2 the & carhon is more accurat
x-ray crystallographic techniques as was shown in the previous section.
! . P . . .
13¢ chemical shifc/charge density correlations were also examined
' ! ———
in the iminium salss 30 and 31 and the analogous protonated aldehydes 38

and 39, as shown in Table 2-21. There are scme substantial differences

. 13 '
in the 1°C NMR spectra cf these compeounds as they are protonated. In al

cases the odd numbered carbons are shifted to lower field compared to the
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Table 2-21

Jalculated Charge Density Based on 13¢ nur Chemical Shiftd pata

107

Compound

Position 30 31 38 39 34
cl 0.06 0.00 0.03 -0.01 0.06
c2 -0.07 -0.07 -0.04. 0.01 -0.0%
€3 6.1: 0.12 0.20 0.20 0.13
.c4_ 0.00 -0.03 | - 0.03 -0.03 -0.02
cs 0.11 0.08 Co.m 0.18 . o.02
cé SR -0.01 - 0.02 0.02
c7 - 0.0S ‘ - 0.17 CL
Total +0.22 +0.14 +0.43 +0.54 +0.15

a charge density for each carbon = L§Ci}iminium salt) - &Ci(imine)}

- 160
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corresponding neutral imines 26 and 27 and aldehydes 36 and »7. However.

the magnitudes of A8 for the odd numbered carbons are much larger in the

oxygen cations 38 and 39, consistent with an increased positive charge on

these atoms. ;\Jf
AR B 0

H C10, Fso,”

30 38

0 0 1 D 0 2 Y o
H C10,” £SOy~
31 ' . 39

Chemical shift cha;ges also occur in the even numbered carbons
of these compounds. In the iminium saits, 30 and 31 these carbons
undergo small shifts teo higher field, comparea to little change in the
analogous carbons in the protonated aldehydes 38. and 39. Siﬁce these 48
differences are significant for several carbons, a comparison of the
extent-of charge delocalization for these t;o types of cations should not
be restricted to only the odd numbered carbons. In order to overcome
this difficulty and agsesa the total positive charge on the carbon
skeleton of these iong, the sum cof the A§ values for each’ cation was
determined, Table 2-21. Two trends are clear from these values. First,
the charge density totals for 38 and 39 are 2-4 times larger than those
of 30 and 31 suggesting that a-much 1afger amount o©of positive charge is
delqcali:ed in the-protonated aldehydes than the iminbgm salts. The

total charge on the carbons in the iminium salts 30 and 31 is only 0.14-
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0.22 implying that the remainder of this charge (+0.78 to +0.86) must be
on nitrogen or on the proton bonded to nitrogen. However, based on the
. findings for 44, the positive charge on C{l} may have bekn underestimated
due to the hetercatom effect. If this is the case in 38 and 31, the
total positive charge on the carbon skeleton of these molecules may be
slightly higher.

A second important trend occurs in“cations 38 and 39, whick
e;hibit substantially differenﬁ cha}ge density sums. The addition of one
double bond to the system (39 vs. 33) increases the A8 on the carben
framework of the moleculeﬁby 25%.. Thus in 39 the ability of the carbon

framework to stabalize positive charge is enhanced. A similar effect has
" -

been previously reported for a series.-of conjugated cyclic ketcnes.

II. Cation Anicon Interactions

To this point the structures of the cationic portioﬁ ot iminium
salts and protonated aldehydes have been discussed with little reference
’to the counteranion. As it has been shown that the anion can have
immense effects on the absorption spectra of iminium salts and NMR

chemical shifts, it is interesting to examine this question in more

detail with the results available €from this Qork.

i. Location of the Anion

T L3
In general, it has been found from x-ray crystallegraphic

: determinations of organic salts (227,232-234) that cations which have a

4
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. hd .
proton bonded to a hetercatom, aither oxygen &% nitrogen, always have an
anion Pecated nearby gsuch that a linear hydrogen bond exists between

cation and anion. 67. For example, this has been found to be the case\in

every reported cricial structure of a protonated ketone {235-237).
L ‘.
4

. _.  . -;‘ . X

g7

, _ ' In crystal structures of amqgnium sglts an anion is always found-
hydrogen bonded to the acidic proteons .on nitrogen (23&-234). The iminium
salts 30-34 fall into this category and.al:hough cfystal'st:actures of

. thege compounds could not be obtained, it is expected that in each case
the anion will be locéted Erose to the proton on nitrbgen. The iminium
salts 27 and 41-44 lack a preoton beonded to ni::ogén and thus p:esené

intriguing cases as to whéfe the‘anion is lecated. In one case 44, this

was determined =ros=allagraphically.

44

The shortest N-O contact in the crystal structure of 44, between
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the nitrogen atom of the cation and an oxygen of the perchlorate counter-

r

@onk is 3.86 A. This is well beyond the sum of the Van der Waals radii
for these two atoms (2.90 R}, In ;he &lly;ic chain, there are short C-0
interactions at both C(l) and C{2), Table 2-17. The contact at C{l} is
consistent witk the expected apprpach of a negatively charged anion to a
positively charged carbon. Analyses of the C(l)-N bond length and atomic
valence of C{1l) in the previous section showed that some pasitive charge
is present at Ehis position. A similar approach of the anion to C(1l} has
been previously found in crystal structureldeterminatiops of protonated
.benzophenones where a proximate anion is positioned at an.angle of 70-
- 1000 from the carbonyl plane (237). This has been suggested to represent
the lowest energy approach path for a nucleophilic attack of a protonated
carbonvl. In the present case, the-percﬁlorate anions in 44 can be
considered to be formally acting as nucleophiles on C(1). In all of
these cases;_the C=0 or C=N segment of the molecule is planar, whicq
allows for an unhindered appreach pathway of the anion from above or
below this plane.

There is no interaction of an oxvgen of the perchlorate anion
« o
with €(3) that is closer than 3.584(8) A. If the positive charge in this
molecule were delocalized, it would be expected that an appreoach of the
anion at C(3) would occur much like that at C(l). The fa;k cf this
interaction reinforces .the previous conclusions that very little charge
is delocalized to C(3) in 44. ft'is also interesting that the lack of a

perchlorate anicn near nitrogen in 44 may indicate that a much lower

positive charge resides there than was calculated by the bond-valence



approach.

Li. Effects on l3C NMR and Absorption 3pectra

‘ 13 ,
The effects that an anion can have on the € NMR and absorption
spectra of .an iminium salt were analysed by increasing the number of C=C

bonds conjugated to the iminium function, and varving the anion and in

-

both the golution and sclid states.
In solution, the effect of chain length on the absorption maximum
is clearly evident in the iminium salts 30-34, and S2, Takle.2-13.

Despite minor'changes in the carbon skeleton a very good linear correla-

tion was found as shown in Figure 2-12, in which the Xmaw of the salts is

~

plotted against the number of double bonds. An approximate relationship

of kmax = 211 + 54n was determined where n is the number of C=C bonds..

The 54 nm increment for each C=C bond was significantly lower than that
found in cyanine dyes (107 nw) (238} and slivhtly lower than that found

by Sorensen for pelyenylic systemé—(és nm) (23%). It is however, higher

than the 30 nm value in hydrocarbon polyenes (240).

Absorption spectra data for some of these iminium salts was also
\ ;

obtained in the selid state, Table 2-13. In mogt ¢f these cases the
mnax

was blue shifted frem that measured in soluticn. The iminium sait 30.
which had the shortest C=C chain, exhibited the greatest blue shift {2400

-1 ’
cem 1., whereas 34. which was dialkylated at nitrogen had a much smaller

\ -~
—
=

blue ahift (801 Cm_l).

The iminium salts 41-44 showed different trends in the solution

and solid states. In solution the perchlorate salts 42 and 44 absorbed
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L
at a longer wavelength than their corresponding trichloroacetate salts,

41-and 43. However in the solid statelthis ordering was reversed and the
trichloroacetate salts absorbed at a substantially longer wavelength than
in solution. Thesé iminium salts were also studied by solid state 13—
NMR spectroscopy where any specific cation/anion pairing should ideally
be detectable. It was apparent that there was a significant difference
in the chemical shifts within the ﬁihyl reg}ons of the molecules with the

‘trichloroacetate anions 41 and 43 compared tc the perchlcrate anions 42

and 44, Table I-11.

T
-

R
Benzene Sotid
. 41 R=H, X=C1,C00 35C 394
42 R=H, X~ClO, . 352 348
43 R=C), XeC!,C00 356 382
44 ReC1, x=010, 362 370

i - * L3 " *
The changes in absorption maxima between solution and solid

phases can best be rationalized by the changes in the caticn/anion
- N
s
interaction in each state. It is impoxrtant-to note that zwo Qifferent

~

relationships exist for the iminium salts described above. The first o
these involves a cation which is hydrogen bonded to the anion. This
occurs for the salts 30 and 31 which have a perchlorate anion. The ,
second possible association is one where the iminium nitrogen is dis-

1
.
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ubstituted. This occurs in the iminium ions 34 and 41-44. For this type

. . . [] : .
of interaction a hydregen bond between the nitrogen and the anion deos
. ’ -
not exist, and the anion must interact with some other portion of the

-

cation.

In solution, the minimum distance between cation and anion Lis

> . ) . . , Q

attained when the two exist as a contact i1ion pair. This distance is
close to the sum of the Van der Waal’'s radii for each ion and has bean

previously studied (241=-248) in carbanions having an ‘alkali cation. 68,

In 68, the 'distance between caticn and anicn can be increased by increas-
[ » .
* .
ing the polarity of the solvent vr Jecreasing the tewmperaturs= (241-243).
This results in solvent-separated ion pairs. The absorptison spectra of

these two types of ion pairsg are quite different. The contact ion payr

spectrum:is blue shifted from that of the solvent-separated 1on pair by

-1
as. much ag J10C ¢m ~. Furthermore, an excellent correlation exisha

between the anion distance and ghe absorptien maximum for a ser:es ot

cations (241). It has been suggested that a cleser interaction of =he
ion pair stabalizes the complex, reésulting in a decreased ground state

energy and thus a blue shift in the absorption spectrum. This applies

+

when changing from a solvent-separated icon pair to a contact ion pair oi

on moving from a large catioh ™o  a smaller one. This thenry has been

. 13

- . .
correborated by C NMR spectroscopy which shewed that N oleshresn densit
was most strengly polarized towards Crgr i a CoRTAcT Lon paLr or with a
small caticon and resulted in an upfield shifs of this carbon regseonance

In iminium salts possessing a protonated nLltrogen (as cppoded 4o

a dialkyl substituted nitrogen). similar trends to those aheve have .hean
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noted by Blatz (32) and by vocelle ({132). A blue shift in the absorption
gpectrum is found in non-protic solvents as the polarity decreases ahd a
.- good linear relationship wa? found between the anion radius, and thus the

~ . »
cation/anion distance, ané:tho abscrption maximum. -

X=Ng, K, Rb, Cs

58

3 — The blue shifts in the absorption maxima ¢f iminium salts 30 and

31 ﬂg the solid state as compared to thé solution state are excellent
ekamples of the trends discussed above. In methylene chloride, which has
é dielectric constant of 9.087 the perchlorate anion is partially
solvated and thus c¢an not attain a minimum distance from the cation.
However, in the solid state the cation/anion interaction is maximized
since no solvent is preseﬁt and a minimum distance in the ion pair
results. Corroborating this result is the previously calculated
perchlorate-nitrogen distance in solution (3.5-4-0 A based on absorption
maxima (}2,143)) gcmpared‘;o the crys;allographic distance (2.93 A
(247,248).

‘ In the cages where the iminium salts are disubstituted on.
nitregen a slightly different situation holds since the major ai}onic

interaction does not occur with nitrogen. The iminium salt 44 has an

important cation/anion interacticns at C(l1)} as found crystallegraphi-

!

-
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callj. Table 2-17. Curiously, the absorption spectrum of 44 in the seolid

state is approximately the same as that in benzene, as shown in Table 2-

- -

14, suggesting that the catiof/anion interactions in 44 are very similar

in both phases. A similar result is found for the iminium salt 42.

Edeally a shorter absorption maximum in the solid state compared to that
¢ )

in solution should have resulted as was the case in the iminium salts 30

w -

and 31. This may be the result of the much iower polarity of benzene

{(£=2.28) which would faveur a tiéhter ion' pair for 42 .and 44 compared to

the more polar methylene chloride (£=9.08) in which 30 and 31 were

studied. Thus the change in the absorptien maximum on going to the solid

-

state in 42 and 44 is much smaller. A second factor 1s ﬁhat a smaller
blue shift betwégn solution an; solid;s;ates results when a hydrogen
bond, as in 30 and 31, iq,nct involved. This isg shown:-ideally forlthe
dimethyl substituted iminium salt 34, whére the solid state spectrum is
only slightly blue shifted from that in solution, Table 2-13. The
magnitude of this shift (801 cm~l) ig.only 30% ;g that observed for 30

-

{2400 em~1).
- ) .

The iminium salts 41 and 43, which each have a trichloroacetate

~

anion, absorbed at slightly lower wavelengths than their corresponding
perchlorate salts in solution. Assuming 'the trichlorcacetate anion
occupies the same region of space as did the perchlorate anion in 44,
thig could result from the decreased size of the carboxylate group as
compared to perchlorate.

In the solid state, iminium salts 41 and 43 were significantly

red shifted, approximately 44 and 26 nm respectively f{rom their sclution
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gpectrd. These'sﬁifts can-not be rationalized based on a’ simple_anion

-

o

" distance medel, Eince the closer approach by the trichlorcacetate anion

to the C=N bond should result in a blue shift, és hds been previcusly

demongtrated (32,143). 4-

Examination of solid state 13C NMR data of 41 and 43 shows that

’

the positions of most of the resonances are similar to those in the

pcrchlé:ate salts.42 and 44, Table 2-11.. However, in both cases C(l) is-

- <

shifted significantly downfield in the perchlorate salts. compared to

v

their respective tY¥ichlorovacetate salts: . Again, this is nct consistent

with a cluser approach of the trichlorvacetate anion in the sulild. e

.

the fluorenyl anions previcusly discussed 68, a closer contact hetween

—

‘Cla) and the cation caused®an increase of 1 electron density on Crea) and

. 13 . - .
thus an upfield C shift (243). In the present case a closer cdntact

'

between the trichlorcacetaté anion and,g(l) in 41 and 43 sheould remeve n
13 I
T C resonance to lower field,

7]

electren density frem Cf

y anhd shift it

b

' X B
compared te C(ly <f thevperchleorate salts, 42 and 44. Calculations by

Nakanishi and co-workers have corroborated this idea (133).

. 13 :
The solid state C NMR spectrum of 43, Figure 2-13, again shows

.

that this Timinium salt is not a simple case ¢f a cation/anion interac-
. ;
<1 Y

‘tion. Two resonances for CI gOO- are located near 167 pom inferring that

3

two acetate melecules existed per cation Elemental analysis data, Table

G-i,-verified this finding. It is clear that the interacticn of the
“h

second.ace:a:é mclecule U§ causing the red shift in the-sclid state. ©Oneé

explanaticn to account for this would be a complex between the tri-

chlorcacetate anieon and the acid, 69. This homoconjugate ion can
L
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be envisioned as being a much larger anion than the perchorate in 44 and \\

thus causes a red shifc.

§

The fact that in solution.a bathochromic shift ‘was not observed
2
4 for 41 and 43 compared to 42 and 44 may be a result of the second

molecule of acid being dispersed in the methylene chloride and having a
small association with the anion. QDuring the crystallization process,

cations which become associated with homoconjugate pairs tended to

.

precipitate from solution more regdily. This type of hcmgconjugate\dcid
>pqi:ing has previously'Leen‘suggested to occur in N,N dialkyvlated
N~ retinylidene iminium salts giving rise teo a red shift at higher
trichloroacetic acid concentrations (31). In order to determine if
homoconjugatg pairing is occurring in 41 and ;3, thesgse salts should have
their UV spectra measured in the preseﬁce of excess ;richlofoacetic acid.
This woﬁld favor the formation of the homoconjugate pairs and should
. -
produce a substané;al red shift in the-spectrum.

-



III. Summar

This struétubal investigation of simple coniugated iminium salts
revealed several important aspects of charge delocalization and cation-
/anion interactions. . In terms of charge delocaliz;tion, both x-ray
crystallography and bond-vélence approaches show that most pf the
positive charge in iminium salts-is located at the nitrogen. However, a
significant portion of the charge delopali:es to C€(l). In contrasé,'
positive charge delocalization in oxolenium cations is much more exten-
sive and a substantial amount c¢f charge delocalizes to the conjugated

_ ) \
system of these cations.
Caticn/anion interactions in iminium salts were studied directly

'

using x-ray érystallographfﬂand aiunique combination of absorption

spectroscopy and 13¢ NMR spectroscopy in both solid and solutlion states.

In iminium galts, generallf a blue shift is noted in the absorption

spectra on moving from the solution ta the sclid phase. This is simply a

result of a tighter cation/anion pairing in the solid state. The anomoly

to this trend are iminium salts which are dialkylated on nitrogen and
1

contain a trichlorocacetate anion. It was found that these ions sheowed a
significant red shift in the s0lid state as compared to in solution.

Solid state 13¢ NMR provided evidence that this is a result of a homocon-

jugate anion pair forming during crystalliczation.



B. - Retinvlidene Iminium Salts

I. Charge Delocalization . Ve

Charge delocalization in retinylidene iminium' salts has been

‘ . 1 13
examined previously by a variety of methods. In solution, "H and NMR

qpectroscopic methods and'absorptign spectroscopy have been ugsed exten-
sive&y to moniteor electronic changes in retinylidene salts. . Similar
studies in the sclid state a:é only now beginning te surface and are
impertant because they exclude solvent from the structure and allow a
closer cation/anicn interaction te occur as s the case in the i}nding '
site of either bacteriorhedopsin or the visual pfbment.

i. Abgorption Spectroscornyv

Most of the retinvlidene iminium salts studied 48-53, contained
boéh.an alkyl group anml a proton on nitrogens The various aﬂicns
employed in these salts were each assumed to lie in a linear arvangement
‘with N-H, as has been found for protonated ketones (235-23F). Ii,all the *
aniens used are considered as spheres and the anion sizes are estimated
from the é:?stallograpnic radii, then plotting the recipreccal of anton.
gize vergus the abgorptien maximum yields a linear relationship, Figure
2—14.+%.simila: correlation had been previously noted by Blatz et al.

(32} in which only moncatomic halegen anions were emploved. A correla-

‘tion between acid strength and the absorption maximum of the retinvlidene

iminium salts 49-32 in solution was also attempted but did not result in

any noticeable trend. This has been noted previously in a similar study

using strong acids (22.132).
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In solution the retinylidene iminium salt 52 had the longest
wavelength absorption (472 nm) of any of the protonated species, Table Z-
13. This would correspond to the lowest ground state energy species of
the retinylidene series 49-53, and would suggest that 52 has the most

positive charge delocalitzed through the polyene chain, based on earlier

studies by Blatz (32).

48 Re=nBu, X=C1,CCO0°
43 RenBu. X=ClD,

SO R=tBu. X-!

S1 RetBu, X=8F,

52 R=tBu, X=C10,

S3 Re=tBu, X=CF,S0,

ii. Charge Density - NMR Spectreoscopy Correlations

Is the retinylidene iminium salts 50-53 the chemical shifté of
the odd numbered carbons, C(15), C(13), C(1ll), C(9) and C(7) move to

lawer field as the anion radius increages, Figure 2-15. The greatest

change in chemical shift occurs at C(13), where a 4 ppm difference was

. ) - ’
noted over this range of anion sizes. The changes obgerved with the

. .
other carbons are much smaller. These changes are consistent with an

}
increase in politive charge, particularly at C(13), in the polvene chain
]

as the cation/anion distance increases. There is only a small change in

the chemical shift of C(l5) with increasing anion size. However, in view

of the insensitivity cf the shifts of this carbon noted in the previous
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section (229,231) and independently by others (249), this should not be

taken to indicate that only a small increase in positive charge is I~

occurring here as the anion size increases.

The corresponding changes in N electron density of each carbon

can be obtained from the change in chemical shift of a specific carbon
upon protonation, Table 2-22. In the case of the salt with the smallest
anion, chloride 70, studied by Shriver et al. (52), a charge of +0.11 on

C(13) is estimated. For the largest anion, perchlorate, a charge of

+0.14 is found on C(13}), a 25% inc¢rease. . The amount of positive charge

on C{ll1l), C{?) and C(7) decreases in that order. The average charges for |
— i

C(lly, Ct9) and C(7}) are +0.07, +0.06 and +0.03 respect:ively.

.

aal:!
N/nu

v . |
* M CIT

70 - /

This cha?ge density correlat%on shows quantitatively that
increasing the nit:ogeq/anion distance has the largest influence on C(13)
in retinylidene iminium salts. This represents the expected agreement
with the trend babed solely on the chemical shift/anion relationship,
Figure 2-15, and corresponds to the major resonance contributer, 71.
Similaéily, a much smaller portiuvn of the positive charge is delecalized

to the more remote carbons C(%9} and C(7). These changes in charge

density are also consistent with the slopes for nhe various carbons in



a

Table 2-22

Calculated Charge Density Based on l3C_N_MR Chemical Shift? Data

-4

Compound
Position 50 51 52 53 70R
c7 0.03 0.04 0.03 0.03 0.02
c8 0.00 0.00 0.00 0.00 -0.01
co 0.06 0.06 0.06 0.06 .04
c10 ~0.01 0.00 -0.01 -0.01 -0.01
c11 0.07 0.07 0.07 0.07 0.06
c12 -0.02 -0.02 -0.02 -0.02 -0.02
c13 0.13 0.14 0.14 0.13 0.11
cls -0.07 0.04 -0.07 -0.06 -0.06
c18 0.03 0.04 0.03 0.03 0.03
Total +0.22 +0.27 ~0.23 +0.23 «0.16
a charge density for each carbon = iﬁca(iminium salt) - 8Ci147y}
160 .
b -

calculated and normalized from reference 43.



Figure 2~15. The steepest slope is for C(l3), which undergoes the
largest increase in positive charge as the anion sice increases and the

shallowest slope is that of C(7)., which 'is relatively unaffected, -

~tBu

R

-
v

The total charges in the retinylidene salts 50-52, Table 2-22.

are very close to those found for the simple conjugated iminium salts 30

.and 31, Table 2-21, suggesting that an iacrease in pclyéne chain length
does not result in increased chargé delocalizazion. This provides strong
evidence that the bulk of the charge in retinvlidene iminium salts, about
+Q0.75 units, must :e;ide on the nitrogen or i1ts preten. This is in good
s .

agreement wit! N NMR spectroscopy studiec by Mateescu and co-workers
(:00), which suggested that increasing chain length affected the-chemical
shift of the nitrogen by :eiatively small amounts, thus reflecting very
little difference in the charge density™on this atom.

II. The Structure ¢f the Retinal Chromorhore

. This secticn on the overall structure ¢f retinvlidene iminium
. 1]
salts is subdivided inte twe sectichk - cation/anion interactions, and

conformation. Vari :;odf‘of these two factors have been shown o

influence both the absorption and NMR spectra of severgy retinvlidene



! J129

»

iminium salts, and presumable will have the same effects in the natural

pigments, rhodopgin and'bas;priorhodops;n.

i. Cationfknion Iinteractions

- -/

The differences in the absorpticon spectra of the retinylidene

iminium salts in the solution and the solid state were similar to those

™~
found in the simple iminium salts. That is, a blue shift in the abgorp-

tion maximum &f most of the iminfum salts 48-54 is noted on going from
the solution to the solid state, Table 2-13. This would seem to result

from a tighter cation/anion pair in the s0lid state than in wethylene

chloride.

&~ i : a N
The transition from sclution to the solid state can have several

L'/\“l__‘ _

effects on the relationship between the cation and anion in iminium

salts, in addition to the cation/anion distance which has been previously

discussed. When different anions are invelved, such as those in the

retinylidene iminium q&lts 50-53, the nature ¢f the anion should be very
impeortant. The "hardness®” of the anicn should affect the degree of the

cation/anion interaction in the solid state more than in solution because

3

the cation and anion will not be sclvated. A "scft"™ anion should show

-

relatively little change in its assoclation with the cation in selution

A

and the solid state, whereas a "hard" anion will tend to pair very

tightly with a “hard” cation such as a retinyvlidene ion (250).
The trend in the magnitude of the blue shift in the retinylidene
. —_

iminium salts 50-53 cenforms gquite well to the "hard acid/hard base”

principle upon moving from the solution to the solid state. The smallest
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blue ghaft was found for the iodide salt 50 (200 cm ) which fallg into

’ .
the "soft” anion category. The largest blué shifts were found for the

BFd- (1350 cm™ ') and triflate salts (770 em™1). . Both of these anions are
R )

‘classified as "hard" anions and thus bind strongly in the solid state.

The magditude of the largest blue shift in the retinylidene

LS . -

sefries, 1350 cm-l in 51, is much gmaller than that in the iminium salts
- -1 i .
30 (2400 cm l) and 31 (2040 ¢m ). The sequential decrease in the

magnitudes of these blue shifts in these iminium salts would seem tao

-t -

rise from a dependency of the shift on the chain length. However, more
extensive studies are required to corfcoborate and provide an explanat:ion
for thig trend. -

The retinylidene iminium salt 54, in which there will be no N-H
bonding, showed a redﬁshifted spectrum in solution from that in the solid
state. However, an assessment of the magnitude of this chanue is
difficult since 54 exhibits a dependence pf the absorption My imum wich

. . . -6 .
concentration. In dilute solution (6x10 M}, the Xﬁa is 506 nm whereas
. ! X
- =5 ‘ . . .
at more concentrated levels (7x10 7)) the absorption maximum is blue
ghifted to about 488 nm. Irving and Leermakezs (31) have previously
shewn that a similar retinvlidene ion, 72, exhibits this same bread range

of absorption maxima, depending on the concentration of the salt in

LA

solution. This was rationalized in terms o

the perchlorate anicn being
greatly dispersed in dilute solution, having a large cation/anion
distance and therefore a leng wavelength absorption. AS t“he concentra-

tion increases. the perchlorate anion becomes more clogely associated

with the iminium ion and thus stabilizes the ground state energy of the
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72

One further type of cation/anion relationship- that was considered

4 - B
was that involving a second interaction much like that in Nakanishi's
o -

"poigt charge” model (133). In the iminium salt 53, the olectrcn-rich
triflucromethyl group of the triflate anion can act as the second
néggtive source ?y interacting with the polyéne chain of the cation.
With the exception of C(14)H, .the lH NMR spectrum of 53 is very
similar to that of other retinylidene iminium salts which lacked this
extra perturbation, Table 2-5. This proton i3 deshielded by 0.53 ppm,
compé;éd to the imine 47, the largest of any of the protons on the

5

polfene chain. Vocelle and co-workers (195-197) have studied these types

of interactions extensively and have interpreted a large deshielding

value guch as that for C({l4)H to be a result of the interaction of this

proton with a second "charged” gfup in an anion. Using melecular

model}ing, the CF3 group of the triflate anion was found to be positioned
nea; C(14)H and towarzds C(13), 73. In is important te note that the
interaction here is with the proton on C(l4) and not the carbon itsell,
unlike Nakanishi’'s pqint-éharge model. Thus a blue shift ghould regult

in 53 compared to a chromophore with a similar anion without this second

perturbation.
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Examination of Figure 2-14 shows that the absorptidn maximum for
S3 lies below (blue shifted) the linear correlation between anion size
and absorption maximum, in excellent agreement with the gredictéd shift

from the "point charge” "medel.

ii. Conformation of the Chromeophcre

~

The retinylidene iminium salts 49 and 52 showed a markedly
different shift in their absorption maxima than the other retinylidene

iminium salts studied on going from the scolution to the solid state,

4

Figure 2-16. The absorption spectra of 49 and 52 showed maxima which

were red shifted 34 nm and 32 'nm respectively in the solid state, Table

2=13. These red shifts are not éharactg:istic of a simple cation/anien

interaction and have been interpreted to result from a conformational

. RN .
change about the C(6),C(7) bond of the retinylidene chromephere in the

.s0lid state, from that in solution;

-

13

The ground state energy difference between a twisted 6-5-cis and

- .
a plarmar 6-s-trans retinyvlidene ion conformer, 74, is small (251). 1In

retinal itself, the 6-s-cis conformer is favcured, but only bv about 2.5

A
.
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kcal/mol. Indeed, most éryst&l structures of retinal derivativess (252~
_ - . f " - '
255) and their related compounds show that the C(6),C(7) bond is in the

‘twisted s-cis conformaticn and chat the dihedral angle ranges from 40° to
62°. However, there.are a small number of,structureq_which have been
found to exist in the planar 6-s-trans conformatiom (254,256,257). The

conformation about the C(6},C(7i bond in bacteriorhodopsin has recently
' 2

been found to be 6-g-trans using sclid state 13¢c NMR spectroscopy

technigques (128).

It was suggested scome vears ago (143) that twisting about the
C{6),C(7) bond in retinylidene iminium salts céuld alter the absorption

maximium by up to about 50 nm. The lengest wavelength absorption that

was expected was about 500 nm for the plapar 6-s-trans all-trans isomer

conformer, while shorter abscrption maxima were predicted for various

twistedv6-s-cis forms. The absorption maximum for a 6é~s-cis all-trans
retinylidene iminium salt with a dihedral angle of 6L;-J about the
C(6),C(7) bond is expected toc be about 460 nm.

In solution the absérpticn maximum for 52 is 472 nm. The
conformatien of this retinylidene iminium salt.about the €{6),C(7) bond

. . . . Q. .
was probed in soluticon by a nuclear coverhauser experiment at -60 C in
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which the C(18) nethyl group was irradiated. A 15% observed enhanéement

was noted for C(B)H, suggesting that the major conformer in solution is’
6-g=cis.

The absorption maximumefor 52 (504 nm) in the solid state is very
close to the predicted absorption maximum of 500 nm for the 6-s-trans
conformer .{143) and hints that this chromophore may exist in a planar 6-

s-trans conformation in this phase. It i3 important to note that in this
. ” .

N .
gpectrum a small blue shift will occur due to d tighter cation/anion

interaction in the solid state as compared to solution. However, the red

shift which accompanies the proposed §-s-cis to 6-s-trans conformation

'

change on going from the solution to the solid state must predominate.

In S2, the magnitude of the blue shift due to the tighter cation-

/anion interaction in the solid state was approximated from the absorp-

tion spectra of 51, which underwent a "ncrmal” shift to shorter wave-

length on moving from the solution to the solid state (28 nm). “The
contribution from the conformaticnal change in S2 from twigted §-c-cis to
6-s-trans was estimated as being the equivalent of adding one double bond
to the twisted 6-s5-Cis conforme;. From Figure 2-12, this was tound to be
about 54 nm. Thus the expected red shift for the'conformational.change
of 52 from 6-s-cis in solution to 6-s-trans in the solid is the dif-
farence between these two values, about 26 nm. This would'éuggest that

the absorption maximum of 6-s-trans 52 in the solid state should be at

498 nm. This is in excellent agreement with theé observed value of 504 nm

for 52 in the solid state. On the basis of this, it is also expected

that the conformation of the n-butyl retinylidene iminium salt 49, is 6-
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+
s-trans in the solid state since it shows a similar trend in its absorp-

sion maxima as S52. in both of these cases, the observed solid state

absorption maxima are in close agreement with that calculated By Honig

L4

‘forg-a 6-s-trans retinylidene chromophore (143).
Further evidence for the ?resencerof the é—s-\:ans conformer in
the solid state and the §-s—cis.conformer in solution comes from a
é;tailed i3c NMR spectroscopic study by Ha;bison (48)$which indicated
that the C(5) chemical shift varies with the conformation of the
C(6),C(7) bond. . In the 6-s=-trans conformer this resonance is located

near 136Jppm and in the 6-s-cis conformer a chemical shift of about 128

opm has been noted, Table 2-23.
In golution, the C{S) chemical shifts of the retinylidene iminium

salts 48-54 are’'close to the middle of the values noted by Harbison and -
suggest thatlboés conformations exist in a dynamic equilibrium with ap-
proximately equal amouﬁts of each being present. Harbison conservatively
estimated thst abaut 75% of the rgtinylidene ion composition in solution
was.§-s-cis, and 25% was G-s-trans. In this werk, an attempt was made
here to freéze out only the mﬁre stable 6-s-cis conformer of 52 at —GOOC,
and monitor the 6-s-cis composition by the chemical shift of C(5).
However, ﬁo carbon chemical shift changed by more than 0.52 ppm and th;
_shift of C(5) did not approach that the 6-s-cis conformer at 128 ppm.
This was expected, since the barrier for the interconversion of ﬁhe 6-5-
trans to 6-s-cis conformers was expected to be only about 8 kcal (251).

The solid state 13¢ spectrum of 52 shows notable differences from

its solution spectrum at C(2), C(5), C(6), C(13) and C(15). As is the
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case with the other iminium salts studied by solid state 13C'NMR spectro-
scopy, the changes at C(1l3) agd C(l%) are preobably a result of enhanced
.cation/anion interactions in the solid state. However, much larger
changes are evident at C(2) and C(5), which both shift over 4.5 ppm
downfield in the solid state. Both of these changes are cohsi;tent with
the ;onformation of 52 being &6-s-trans in the solid state 75, Tables 2-23

and 2-24. The shift of C(5) is nearly identical with that determined by

Harbigson for the 6-s-trans conformation of. several retinal compouhnds.

+ -

g‘-/tsu

v |

H Cl0,”

75

The chemical shift change of C(2) in the solid state from that in

solution can also denote a 6-s-cis to 6-s-trans conformaticnal change,
although it deoes not seem to be as good of a marker as the C(5)

'
resonance. In this study, the chemical shg;t of €(2) in the solid state

-
v

ig at significantly lower field than in solution, Table 2-24. This is in
consensus with the 13¢ NMR studies by Harbison, where the chemical shift
- &
of C(2) was always furthet downfield in the &-s-trans conformer, although
it fell within no defined range.
The iminium salt S1 has a similar 3¢ spectrum in the solid state
and in solution, again with the notable exception of the resonances for

Ci(3) am? C{l13). The lower field resconance for C(l3) is most likely a

result of the closer anion/cation packing in solid state versus the
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Table 2-23

13¢ chemical Shifts for C-5 Position of Retinal Derivatives

S=8=Cis f=-s=-trans ' .

All-trans retinal? 128.5 -
13-cis retinal? - 126.7 138.8
All-trans retinoic acid? 127.8 135.9

; 51 128.99 -
52 ‘ - 136.8

a reference 48.
! Table 2-24

13¢ chemical Sshifts for C-2 Position of Retinal Derivatives

6-5-Ccis 6-g-trans
13-cis retinal?d 39.5 43.5
All-trans retinoic acid? 30.5 <1.4
51 | 38.77 -
52 - 45.15

a reference 48.
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gsolution. This is not expected to affect a remote carbon such as C(5)

which has moved about 3.5 ppm upfield in the sclid from its lecation in
solution. In the solid state, iﬁis resonance has the expected chemical
“ghift of the ,5-s-cis confermation, Table 2-23, which is also present in
solution. These conclusions are consistent with the ébsorption spectra
F 4 .
of 51 in the solution and solid state which showed only a blue shifc. AW
further acte on the conformaticns c¢f retinylidenc iminium salts S1 and S2
in the solid state conéerns the methyl resonances C(l%) and C(17). In a
planar S-s-trans conformaticn these two carbons sheuld be magnetically e-
quivalent since a wirror plane would pass through the entirve muleuul;
down the length of the golyéne chain. Only cne resonance for borh
13

carbons should be present in the [ "C NMR gpectrum. In the f-s-cis
conformation, these two carbons should be magnetically inequivalent since
i:he-C(é),C{7) bend is twisted by some 507 . This would place one methyl
group above the polyene chain of the chromophore, while the sacond methyl
group would be roughly in this plane, as has been found in the cryszal
gtructure ©of all-trans retinal. Equilibration between these two groups

would not be expected in the solid state since this would regquire the
TN
C{18) methyl group to pass threugh the same plane as the polyene chain in

the planar 6-s-cis conformer, and undergo a severe interaction with

C(81d#. The planar 6-s-cis conformer has been found to be the highes

or
~

energy conformer and the calculated energy barrier forghis process is

about 10 kcal/mol (251). Therefecre, two rescnances should resu
C(le)y and C(17) from th chromophore being in the twisted S-s-cis

conformation.
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The retinylidene iminium salts 51 and 52 show e#actly the .
predicted pattern ah%;e, Table 2-12. In 51, tnefe are two resonances at
28.77'and 29.51! ppm for C(16) and C(l17), while in S2 there is bnly one
resonance for these .carbons at 29.90 ppm. This confirms tﬁat these two
retinylidene iminium salts exist in different conformations about the
C({6).C{7} bond in the solid.state.~ As sugg;sted from the C(5} and ¢(2)
chemical shift dgta, 51 is ii the 6-s-cis form and 52 is in the 6-s=-
trans form, 75.

The retinylidene iminium salt 5S4 can not be classified con-
clusively as S-5-cis or 6-s-trans in the sclid state. The sclid state
13

C NMR spectrum of 54 clearly shows that two conformational isomers are

present. The number of rescnances in this spectrum made it difficult to

.
-

unequivocally analyze but it is clear that several of the resonances cor-
respopded to the, 6-s-Cis conformer, ghile others were similar to that éf
. , .
the 6-s-trans iminium salt. The variation of-apéorption maximum of 54
with concentration eliminates this method as a probe for the 6—5-t:ans‘
conformer in tﬁe solid state since a bage solution absorption maximum
could not be obtained. However, it is intriguing that the solid‘absorp-
ticn spectrum of 54 possesses an asymmetrical shape with a tail in the
Curve at higher wavelengths. This is consistent with the presence cf two

. i
conformaticonal isomers’'as observed in the sol:id state ‘BC spectrum.

cio”
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III. Summary

Charge delocalization in retinylidere iﬁinium salts was assessed

us NIg 13¢ NMR spetéroscbpy. ‘It was found that most of the positive

-charge inMhese ions is located on the nitfogen'or its proton and that

about 10% of the cﬂarge resides on C(;B). The total amount of positive

éharge which is delocalized in-the conjugaﬁed system of these salﬁs was
- . .

similar to that found for the simple iminium salts discussed earlier.

}pe structure of retinylidene iminium salts was also studied by
13¢ NMR and absorption spectroscopy in solution and in the sol;d staﬁe.
Similar to the simple conjugated iminium salts, a blue shift was gene:ai-

- .
ly observed on moving from the solution to the sclid phase. In two
cases, the N-n-butyl and N-t-butyi retinvlidene iminium peechlorate

.salts, 49 and 52 respectively, a red shift occurred in the absorption
spectrum during‘this same phase ch;nge. This was preobed by solid state‘
13¢c NMR and concluded to be a result of a confcrmétional change. In
golution these icng exist in the S-s-cis conformation, while in the solid
state a S-g-trans conformation predominates, similar te that in bac-
teriorhodépsin. This discovery of the b-s-trans contormer in a natural
pigment model .system marks the first of 1ts kind, and zeafiirms the

iminium salts 49 and 52 as prime candidates for further model system

studies of bacteriorhodogsin.
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Chapter 2

Photochemical and Thermal Studies of Conijugated Iminium Salts

The purpose ©of the experiments presented in this section is to
dercermine the waricus photechemical and thermal isomerxization pathwayvs
that conjugated iminium salss folleow. These have previcusly been studied

for several &,8 uasaturated iminium ilons in strongly acidic and neutrial

media using high tield 1H NMR technigues (186,188). The photochemistry
DRs

of retinvlidene iminium ilons has also been studied earlier (173-175).

Howewver, in previous experiments the photcisomers were detected indirect-
. . >

1y as their corresponding aldehydes using either HPLC or absorption

spectroscopy. I this work, the direct cbservaticn, characterization and

quantitaticon of the photoproducts from retinylidene iminium salt isomer-
g
izations 1s investigated using high field lz wmr spectroscopy. This

technique also allows the thermal sgabil;:xes ot the wvarious retinyiidene

(a4

o be determined. \

150Merd

{33

xsensive photochemical studies of rhodopsin and bacter:or-
hoedepsin have been previously reported. However, no ccnclusive evidence

has been offered for the large differences in guantum vields between

iminium ions. One of the
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goals of this work is teo examine the photochemistcy of several

retinylidene and other iminium salts, determining the gquantum yvields

and/cr reglogelectivity in each case. The results cb!&&ned can then be
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compafed to those found in nature and discussed in terms ©of the organ-
zation and effect of the binding sites on the photochemistry in these

two pigments.
RESULTS

A. Simple Conjugated Iminium Salts
k’

I. Selection
Three simple conjugated iminium-salcs: 30, 31 and 34 were
selected for photéchemical study. These Q;lts were selected because they

ﬁosseséed different substitution at nitrogen, différent Hegrees_of

unsaturation, and all had non-nucleophilic counterions.

»

.

II. Preparation

The all-trans iminium salts 30, 31 and 34 were prepared as
described in the previous chapter. Each of these iminium salts possessed
small ameunts of igsomeric xmpu-af-es, Table 3-1, ah;ch for the purpo;e of
quant;tatxve photochem;cal and thermal experxments, had to be accuvacél"
identified. Minor iscmers were prepared in appreéciable amounts, from the
photolysis of the iminium salts 30, 31 and 34, equations 29-30; and

. . i . 1
i ified an ntitca from vsis of =t spectrum. . _.
dentified d antitated frem an analy of each “H NMR spect
4 .

ITII. Characterization

The all-trans iscmers 30, 31 and 34 were characterized by H and

13¢ NMR and absorption spectrcscopy in the previous chapter, Tables 2-1,

-
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o~ Table 3-1 ° - o
Isomeric Purity of Iminium Salts by 1y NMR as P:eégred

Relative Percentage of Isomer

.Compound - rans 2-cis | a-cis 6~cig
30 91.19 0.93° 7.96 -
31 7 Tgo.81 Co2.34 4.35 2.50
34 86.24 nd 13.76 -

. . °
nd. isomer not detected. Methylene chloride solvent, 22°C.

-
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2-2. and 2-13. The. characterization of the minor. isomers present in each

case was made by 250 or 500 MHz lu NMR analysis of each irradiated

solution. This allowed for the identification of each geometric isomer
*

based on coupling constant measurement Oor previously reported chemical
B . . -
shifs information. Chemical shift and coupling constant data for all

identified isomers are reported in Tables 3-2 and 3-3.

—

3.3 1 ) - )
AR B sesenR 29)
4 H
| ‘ | Xxyr-Ra

clia, R, Ra : |

30 Ry=H. RyetBu 76 77 R,

11s

34 R =Ry=CH; : ' 83 )

. /\/\/ﬁ\ &]od)
\j.i'/“

/‘\\/I . ﬁ\\
l\. H ‘
T
8! I 82 \k;/“

%Bu i
8y

4

The identification of each iminiud sa%: igomer was based either

shifts and/or

3}
bos
n
i
=
P
O
b
i
3
-
0
o
y—

on comparison with literature values fo



Table 3-2

- 1486

14 NMR Chemical Shift2:P/C pata For Aliphatic Iminium Salts and Their

Primary Photoproducts.

C(2")H

Compound .
Position 30 77 31 80 34 83
C(1)H 8.13dd 8.46dd 7.96dd 8.41dd 8.384 8.82d
C C{2)H . 6.74dd 6.49¢t 6.84dd 6.58¢ 6.55dd 6.20t
C(3)H 7.49ad 7.26t 7.40dd 7.29¢ 7.63dd 7.37¢
C(4)H 6.48dd 6.84bt 6.50dd 6.78bt 6.49dd 7.11bt
C(5)H “6.65dq 6.65dg 6.90dd 6.90ad 6.70dq 6.70dg
C(6)H - - 6.31dd  6.31dd - -
C(7)H - - 6.32dg 6.32dq - -
CHj 1.99d 2.04d 1.92d 1.92d 2.024 2.04d
C(l1"H - - - - ) 3.49s 3.50s
Ci1H - - - - - & 3.68s 3.77s
1.51s.  1.54s 1.51s 1.54s - T

a s ='singlet, d = doublet, t =

dg = doublet of quartets, bt = broad triplet.
b in ppm. Numbering of carbons as in text.

-l4, 1§ coupling Constant Data® For Iminium

Table 3-3

referenced to CD3Cls, 5.32 ppm. Measured at 21%.

Salts

triplet, dd = doublet of doublets,

Compound
30 77 31 80 34 83

S 16.64 16.60 16.47 16.45 - -
3 10.39 1097 10.43 11.01 10.54 10.86 .
3, 13.71 11.20 14.60 10.63 14.43 10.386
I . 10.65 11.20 11.34 10.63 10.87 11.27
3, ¢ 15.07 13.04  '1S5.11 15.11 14.93 13.52
¢ o 6.64 6.64 12.03 2.03 §.87 6.87
e 5 - - 17.65 17.65 - -
s g - - 5.43 5.43 - -

2 Numbering of carbons as in text. °* -

a. in Hz.
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coupliﬁg constants, or by utilization of 14 NMR chemical shift trends

that arise upon isomerization of the all-trans compounds. These trends
are well documented in the ‘literature for conjugated aldehydes and

iminium salts (52,185,186,188,258). 'The chemical shift changes expected

for 76-78, potentlal isemers of 30, eguaticn 29, are depicted in Scheme’

.

3=1. In each case, the largest éhanges in chemical shift from that of

the all-trans isomer, 30, occur near the site of isomerization. The

coupling constants across C(1)H,NH, C(2)H,C{3)H and C{3}H,C{5)H, being
about 3-4 Hz smaller than those in the corresponding trans isomer 30 were

also indicative of a cis geometry in 76-78. -

v

The t-butyl iminium ion, 30 displaved characteristic doublets of

doublets for C{l)H at § 8.13, C(3)H at 7.49 and C(4)H at &.48 ppm. ‘These
resonances were indicative of the all-trans configuration of 30. Upon
irradiation of 30 at 300 nm, the lH NMR spectrum shown in Figure 3-1 was

obtained. This apectrum showed that a second major Lsomer, not present

in the starting material, had been formed in addition to the trans isomer

T\

30. An examination of the aldiminium regien of the lH NMR spectrum, 2.0-

8.5 ppm, revealed that the new isomer had a similar doublet of doublets

’

{AM5) coupling pattern as 30, at 8.46 ppm.  The magnitude of the larger

coupling constant in this multiplet, 16.6 Hz, corresponded to Jl " A

coupling of this magnitude is well within the range of coupling constanrs
found for an anti C=N bond arrangement, typically 14-17 Hz (184), and
indicated that the new isomer was not the syn isomer 76.

" - . 1
The rescnance which ogcurred at 7.25% ppm in the “H NME spectzum

shown Ln Figure 3-1 was assigned to C(31H. This apparent triplet was
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: \ : | - . |
formed from coupling of C(3)H to two magné;ically equivalent protons with
gsimilar coupling constants of about 11.2 Hz. This value is consistent
with a 2-s-trans contigur;;ion as fcun&'in the starting-material. Taﬁlev
3-3. Howedgr, the Enmaining coupling constant could notiﬁe attributed‘to
a cougling of d(B}H with C{2)H across a tr?ns-dbuble bond, typ}cailf
about 14-16 Hz. The observed value of about 11.2 Hz for the coupling of
C(Z)H,E(B)H corresponded well with a2 cis C=C bond coupling constant of 9-
12 Hz (258). Tgis indicated that this isomer was_the 2-;15 iﬁinium salt,
77-

The 4-cis isomer, 78, was also present in the fpectrum shown in
Figure 3-1, in a much smaller quantity than either 36 or 77. This
material was alsc present in the starting material before irradiation.
This isomer Qas identified by its characteristic C(lsH resonance which
was located midw;y between thos; for C(1)H of 30 and 77. According to
Scheme 3-1, thisg is exactly as expected. Isomerization about the
€(4),C(5) bond should give rise to a smaller downfield i:‘.ft‘ of C(1)H in
78 than in 77 because C(l)E in 78 is fartﬁér removed from the isomeriza-
tion site. The remaining resonances for the 4-cis isomer, 78, could not
be identified due to the complexity of the spectrum, Figure 3-].

The photoigomerization of 31 at 350 nm was more complex than that
of 30, due to.,"its additi.ona‘l C=C bond. The ;'eacti.on was followéd by Y]
NMR spectroscopy, comparing spectra before and after irradiation. As
§ound for 30, the lowest field resonances, in the gpectrum of 31 and its

photeoproducts, originated from the C(l) proton. In -the 'irradiated f

solution, these appeared as two doublets of doublets at 8.0-9.0 ppm with
' -
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Jl N of about 16.5 Hz. - Like those in 30 and 77, the appearance &f these

two similar sets of resonances suggested the presence of 31 and a second
4

isomer containing an anti configuration about the CaN bond. The syn

isomar 79 could not be detected.

The resonancs: corresponding to C{3}H in the new ‘isomer was a

triplet at 7.29 ppm, Tables 3-2 and 3-3. This resonance was much like

-

that in 77. The coupling constants resulting from coupling of C(3)}H to

C(2)B and C(4)H were both about 10.6 Hz. This value was substanfially

-smaller than the J.,

3 = 14.6 Hz in the all-trans isomer 31, suggesting

that the primary photoisomer of 31 was the 2-cis iminium salt, 80.
The 1H NMR spectra for 4-cis isomer 81, and the 6-cis isomer, 82,

could not'be unambiguously assigned since these iLsomers did not'ap—
-« .

* - . r . . 1 -
preciably increase in concentrations upon irradiation. The identity of

these two isomers was based sclely on the proximity of the C{l)H reson-
: (’ » - -
ance o that of the all-trans isomer, 31 or the 2-cis isomer 8Q0.
The photoisomerization of 34 followed a similar course to that of
30 with isomerization about the C(2},C{3) bond occurring to form the 2-
cis isomer, 83. This isomer was identified in an analogous manner to 77.

Again, an upfield chemical shift of C{3)E and smaller C({2)H,C({2)H

coupling constant of about 10.9 Hz was observed, Tables 3-2 and 3-3. It

should alsc be noted that photoisomerization about the C=N bond cf 34

could not be detected in this sample due to the symmetrical substitution

about the nitrogen.
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IV. ‘Stability : N

Methylene chloride solutions of the trans iminium salts 30 and 34

were shown to be stable by ?H NMR spectroscopy when kept at 22°C for up
to periods of 24 hrs. These were the solvent and temperature conditions
at which all photochemical experiments weke carried out. Furthermore,
the symetric;lly substituted compound 34 Qas shown to be stable, in
methylene chloride solution, up to a temperaturé of 80°¢ for up teo 24

héurs. Extended heating of 34 yiélded bnly decomposition products.

These were not identified.

-

V. Photochemistry R

i. Absorption Spectra

&

The absorption maxima of the trans iminium salts 30, 31 and 34
are reported in Table 3-4. The long wavelength abscrption of each of
these strongly absorbing compounds was a broad gaussian curve, charac-

teristic of the N-N" transiticons of iminium salts.

ii. oQuantitative Experiments

Thejiminium salts 30 and 34 were irradiated at 313 nm using a
high pressure mercury arc lamp as a light source in a guantum yield
apparatus. Wavelength selection was regulated using a, monochromator with:
a bandwidth of 11.4 nm. Photon flux was betermined using the decomposi-
tion of potassium fergsioxalate at this wavelength. The method chosen for
gquantifying the photoisomerization reactions of t@ese iminium salts

involved the measuremant of apparent. quantum vields, at a different time

.



Table 3-4
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Absorption Spectra pata? (nm) for Iminium Salts

A

5
Compound Amasx £ nax (x10=3)
30 314 3.65
31 370 3.48
34 320 3.56
49 a76 4.06 ) \
52 472 4.26 °
54 498 4.05

a in CH,Cl, at 21°c.
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intervals by IH NMR spectroscopy (170}. Photon flux over the duration of

the experiment was shown to be constant from measurements made before and

.

aftar the irradiation of iminium salts, and was used to determine each

time interval of irradiation, recorded in Einsteins. This method was
-gelected because accurate phbtostationary state concentrations, usually
used to correct for light absorption by the new iéomeric species, could
not be obtained as the 1H NMR spectrum becaﬁe too complicated to analyse.

Conversions to the primary photoproducts 77 and 83 were kept below 10m% in

all experiments.

-

The relative amounts of the trans iscmers, 30 and 34 and the Z-

cis isowersg, 77 and 83, for each photoreaction were assayed directly from

the irradiated sola¥ion using 250 MHz lH NMR sgpectroscopy (186,188). In
. -

the isgmerization‘of 30 to 77, the relative amcunts of the lsomers were

N

obtained by comparison of the areas ¢f resonances associated with the %-
butyl groups. In 34 to B3, the C(l)H resonances were employed. In cach

case four measurements were obtained at different degrees of conversion.

'
-

. ) 3
The apparent guantum yield, éapp for each sample, was calculated from

. . . 1
Wntegration of the varicus resonances in the "H NMR spectrum. The

resulting plots of éapp versus Einsteins for’each photoiscmerization,

-

Figures 3-2 and 3-3, showed an excellent linear correlation {r>0.90).

Each line was ex€£;polated to t=0 to give the initial guantum vield for

.

the reaction. .
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iii. Thermal Stabilitv of Photoproducts

Selutions of tge t-butyl 2-cis iminium salt 77 Qére‘thermally
stable when kept at 22°C, the temperature‘of all photochemical experi-
ments, Table 3-5. However, a catalysed isomerization was observed upon.
addition of a nucleophilic catalyst such as chloride to the solution,

aquation 31. The reaction of 77 to 30 was studied quantitatively by lH

NMR spectroscopy using various guantities of dimethyl ammonium chloride

to cétalyse the process. Cood, pseudo first order kinetics (rr{0.99) wore
observed for four independent measurements in which the chloride ion
concentration was in considerable excess of the iminium saln, Figure 3-3.
- i : . -4 -1 -1

The second order rate constant for this reaction was 4.4 x 10 sec M .

The dimethyl 2-¢is iminium salt, 83, completely isomerized to the
starting trans material, 34, equation 32, without the addition of
chloride at 22 €. The half-life for the Lsomerizaticn of 83 to 34 was

-5 -1

16.7 hr, with k=1.1%5 x 10 sec {z=0.99), Figure 3-5. This isomer-

AD-L.i.:..an::'.on i3 sufficiently slow that it would have a minimal influence on

photocheq}cal‘experiments. which tended to last only about one honr.

&? M/\Q/te‘-’ a1

30

NS 0 0 (32>



Table 3-5°

Thermal Stabilities of Primary Iminium Salt Photoproducts? at 22%

Relative Percentage by 1z nMr

Isoma:' After irradiation 2 hr later
30 (Trans) f ) l 5% 59
77 (2-Cis) 41 . f 41
31 {Trans) S8 : 58
80 (2-cis) o 39 . 39 )
34 (Trans) 3 . 58
83 (2-Cis) 47 42
52 (All-trans) 45 17
90 (ll-Cis) 20 . o 18
S4 . (All-trans) 40 | . 4l
93 (11lcisy : 27 25
a. wging relative peak ﬁgights of various lH NMR resonances.

Ll

Estimated error in retinvlidene series was about 10% due to scme

peak overlapping.

is8
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B. Retinylidene Iminium Salts-

I. Selection : '/\' .

The retinyliden® iminium ions 49, 52 and-54 were chosen for
. |

.

pheotochemical studies. These compounds were selected because they
possessed differant substitutions atv nitrogen and they ceontained a non-

nucleophilic perchlcratee counterion.

II. Preparation and Characterization

Pl

. /-
The all-trans retinylidene iminium salts 49, 52 and 54 wer.

prepared as described in the previous chapter. Each iminium salt

Y

. . . ] g - .

contained small amounts-of isomeric impuritics, formed on preparation of
the ions, Table 3-6. _The salts 49, 52 and 54 were characterized by 1y
and 13C-NMR. and absorption spectroscopy in the previous chapter, Tables

2-5, 2-6, 2-9 and 2-13. The charicteriration of the isomers of 49, 52
“and 54 was madé by examination, by high field 1r nMR spectéoscopy: of
irradiated solutions of each compound. which centained appreciable
amounts of most of the mono-cis isomers, equatién 33. Comparison of
chemical shifts ardd coupling constants with previocusly regrted data
(52,185,186,188,259) was used to unequivecally identify each isemer. As
was the case wi;h the simple iminium salts 30, 31 and 34, trends in
chemical shifts, Schene 3-1, arising from Fhe LsomerL:atLAn ot salts 4;,

52 and 54 were also used to aid identification, Scheme 3-2. Chemical

shift and coupling censtant data for all identified isomers are reported
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49 R=nBu, RpH
52 Ri=tBu. Ry=H
54 RI-RZ-CH:,

F L
1 hwv "k I
C107 l

81
94

162

a3

The least complicated lH NMR example to examine is that of S54.

This all-trans isomer exhibited a doublet at B.56 ppm, C(15)H, a doublet

of doublets at 7.59 ppm, C{l1l)H, anJrLeveral resonances between 6.2 and

6.6 ppm for the remainiﬁg vinylic protons, Tables 2-6 and 3-9.

NMR gpectrum shown in Figure 3-6 was obtained upon

The li

-

jrradiaticn of 54 at

re=

350 nm in methylene chloride. This spectrum showed that a second major

isomer, not present in the starting material, had been fcrmed.

In this

-

spectrum, the resonances of C({15)H for both major isomers were located at

8.56 ppm and appeared as a broadened doublet. This suggests that the

second isomer in this spectrum had a cis bonc¢ which is quite

*

remote from

C(15)H, Scheme 3-2. It should be noted ﬁhat a svn CsN isomer of 54 could

not be detected in this sample because of: symmetrical sub

nitrogen.

sty

Analysis o the multiplets occurring between 7.1 and 7.7

¢ritical in determining the structure of the-phot

roduct

formed

tution about

Ppm was

from the



Isomeric Purity of Retinylideéene Iminium Salts by 1y NMR as PreTgred

Table 3-6

[}

\

Relative Percentage of Isomer

Compound All-trangs l3-cig

ll-cis 9-cig
49 © 90.50 9:50 nd nd
52 96.50 3.50 nd nd.
54 87.36 : 12.70 nd nd

nd. isomer not detected.

Methylene chloride

solvent, 22

163
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Table 3;7
Iy NMR Chemical Shift®-D.% paca For Retinylidene Iminium Salts and Thel:c
ﬁramary Photoproducts
. Comgpﬁnd
Position 49 87 52 90 54 93
' C(21H 1.53c 1.83e 1.50t 1.50c l.51t 1.51¢ |

TE 1Y 1.65m 1.65m 1.61m 1.61m 1.5lm 1.61m
C(a)H .09t 2.05t  2.06t 2.06¢ 2.09¢t 2.09¢
G{TIH §.56d 6.56d 6,474 6.47d 6.59d 6.59¢
ci8)H 6.27¢ 6.27¢ 6.21d 6.21d 6.31d 6.36d
C{10}H 6.33d 6.75¢ 6.29d 6.73d « 6.36d 6.75d
C{ll}H 7.51dd  7.04dd  7.43ad  7.03c . 7.594d - 7.08t
C{12)H 6.56d 6.18d 6.584 §.23d 6.64d°  6.23d

_ - cila)H 6.72d - 6.30d 6.65d 6.73d 6.62d 6.41d

- c(15)H 8.34dd  B8.25dd  8.19dd  B.20dd  8.56d 8.584
C{i6}H, N i -

1.08s 1.08 1.0%s 1.0%s 1.08¢ _  1.08s v

Cl1lT)H %\ -
Cr18)H 1.77s 1.778 . 1.74s 1.57s 1.78s 1.78e
cinn 2.13e 2.10s 2.108  2.07s 1.16s 2.09a
C(201H 2.36m 2,458 2.320° 2.468 2.468 2.56m
c(1 3.74de 3.74¢t - -  3.7ae 3.768
C{i"}H . . - - - 1.47s J.47s
C(2" 14 1.8lm L.81m L.51m! 1.513 - - -
C(I°IH 1.42m 1.43m - - - -

C{4")H Q0.95¢ 0.96¢t - - - -

-

a a= n;nglit, d = doublet, t = tziplet, dd « doublet of doubleta,
dt = doublet of zriplets, m = multiplet.
2 in ppw. Numbesing of carbons as Lo text. o
¢ referenced to CDoCla, 5.J02 ppm. Measured at 217C. -

Table 3-8 |

-

I, iu Coupling Constant Data® For Retinylidene Iminium Salzs

and Theyir Primary Photoproducta

Compound : ) \
"’ 39 P ‘52 90 54 33
- . a 15.93% ip-35 i5.90 15.9C 13.96 15.96
J‘D 11 11.81 12.96 11.8%9 12.41 1. 11.59
Ti1aia la.7¢ .77 14.9Q 11.30 1d4.58 21.55
Sy 15 11.28 10.64 11.32 .12 11.7% 11.8%
JIS.N 15.71 15.85 15.31 15.41 - -

; 4 Ln Hz. Numbering/of carbons as in Text.
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‘Table 3-9

1y NMR"b,c Data For All-trans and l3-cis Retinylidene Iminium Salts

Compound

Position: ' 54 92
C(2)H 1.51¢ 1.50¢ .
C(3)H ' 1.61m 1.61m
C(4)H . . 2.09t 2.06t
C(T)H 6.594 J, (=15.96 6.59d J. ,=15.96
C(8)H 6.31d 6.31d
C{10)H 6.36d  J . =11.77 6.33d I, =11.77
C(11)H . 7.594d J,, ),=14.68 7.48dd 311'12=}4.50
C(12}H 6.64d ' 7.22d
C(14)H . 6.62d  J ., =11.79 §.13¢ g, =11.98
C(15)H 8.56d 8.76d
C(l6)H ' )
1.08s 1.07s
C(17}H _
C(18)H 1.78s 1.78s
C(19H ' : 2.16s 2.14s
C(20)H 2.46s 2.43s
C{l1°)H 3.74s . -3.75s
C(1")H 3.47s? 3.47s

a s = singlet, d = doublet, t ;*E:iplet, dd = doublet of doublets,

m = multiplet. ° f ) . : .
chemical shift in ppm, coupling constants in Hz. Numbering ¢f carbons
as in text. . . - )
¢ referenced to CDsCl,, 5.32 ppm. Measured at 21%.

/

-
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Figure 3-6: Vinyl region of 'H MR spectrum of 54 before (A) and after
(B) irradiation at 350 nm.

£
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Lrradiation of 54. The trip&et centred at 7.08 ppm was>assigned to
C(l11)H of the isomeric iminium salt, coupled to C(10)H and\giiiiil_ This
resonance is similar %o the ones found for tﬁe 2-cis isomers 77, 80 gné
B3. . In the present exa?ple, the triplet pattern oé C(ll;chorrgsponds to
that expected for the ll-cis isdme:, 93, with the characteristic cis

;oupling constant for J10 11 of 11.59 Hz. This resonance occurs at

higher field than C(11}H in 54. Accompanying this were the expected
shifts to lower field of C(L0)H, and to higher field of C(12)H and
g{lde, as suggested from Scheme 3-2.

The chemical shifts of several of the aliphatic preotons are guite
different im the,ll-cis igsomer, 93 as compared to its parent.coqpound.
54. The largest ¢f these differencesroccur:ed for C(20)E which was

shifted from 2.46 ppm in the all-trans isomer 54, to Z2.57 powm in 119.

1
This is consistent with previous "H NMR studies of retinylidense imininm

salts, where resonances of C(20}H‘a:e shifted by 0.15 ppm to lower field

in the ll-cis compared to the all-trans isomer.

»

The ll-cis igomer, 92, present in appreciable amecunts in the

starting material before irradiaticon, Table 3-5, was identified by an

: . 1 .
independent synthesis and "H NMR analysis of the l3-cis iminium salt, 92.

" Treatment of 13-Cis retinal with dimethyl ammonium perchlorate at 0 € led
to the formaticon of a mixture of the 13-¢is, 22 (40%), and all-trans, 54

{€0%), iminium salt isomers which allowed for the uneguivocal identifica-

]
tion of the 1l3-cis iscmer by "H NMR spectroscopy, Table 3-9. The small

multiplets at B8.7% and 7.48 ppm in the irradiated spectrum gf 54, Figure
. E
3-5., correspond to the C{15)H and C(l11)E protons ¢f the 13-gis

¢
-
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éetinylidene iminium salt, 92.

- The identifications of the cis isomers derived from the irradia-
tions of 49 and 52 were more difficult than in 54, due to the additional
coupling of C({15)H to N~-H, and smaller changei)}n the chemical shifts
between thé cis isomers ‘and the parent all-trans iqinium salts: Figure 3-
7. Nevertheless, confirmation that the ll-«cis isomers, 87 and 90 were
the primary photoproducts was made using the same methods as described
» above for 93. Comparison of lH NMR data for 112 and 116 with thosé of a
previously reported ll-cis iminium salt (52) showed the same trends in
chemical shift, especially foxr C(1l0}H, C(1ll)H, C(lzﬂé; C(15)H and C(20)H.

B e 't

. . . L Er
However, a direct comparisen could not be made because of the large

e T r ]
difference in solvent used in this and the previous reporgs. Solvent
o SN

changes have been shown prev%ously to have a large effect:oh-the 1y

chemical shifts of iminium salts. . . .

III. Stability

- The all-ﬁfans retinylidene iminium salts 49, 52 and 54 formed no
P .

. . o . |
other iscmeric products, when kept at 22 C aver perieds of up to 24 hrs.
’ . .

'
This was monitored using high field 1y NMR SpecCtIoscopy .

IV. Photochemistzy

1. Absorption Spectra
T
Thé absorption maxima of the all-trans retinylidene imini zalts

3
49, 52 and 54 are reported in Table 3-4. The spectra of these compounds
el

were broad gaussian curves typical of those found in conjugated iminium

salts.
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8.0 - 7.0
PPH

Figure 3-7: vVinyl region of 500 MHz 'H NMR spectrum of 49 before (A)
and after (B) irradiation at 350 nm.
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ii. Qualitative Expéfiments

Irradiation-of methylene chloride solutions of the all-trans
isomers 49, 52 and 54 with }ight of X 350, EBS or 468 nm led to the
production of predoﬁinately the ll-cis isomers, 87, 9C and 93 respective-

ly, equation 34. Typically, a conversion of the all=-trans isomer to*

-

approximately 20% of the ll-cis isomer was found, as measured by g NMR
spectroscopy. This occurred regardless.qf the wavelength used when
solutions'of 49, 52 or 54 were irradiated for about one-half hour, Figure
3=-7. During these early stages of photoisomeri:ation, it was cle;r ﬁhat
only the ll-cis isomer was being formed, within the detectiomflxmité ot
500 MH: lH‘NHR spectroscopy, about 1.0%. The l3-cis isomers, 86, 89 and
92, which were présent in the stazting material, did noﬁ appear to change
in concentratien as shown by 1y nNMRr spectroscepy, Figure 3-7. Further

. Co /. .
irradiation for periods of up to two hours yielded three of the four
Y

possible mono-cis isomers in appreciable amounts. At this peoint the i
NMR spectra became .extremely complex and complete assignment of all
resonances was not possible. As a result, irradiations were not carr:ied
out fcr a sufficient length of tipe for the reaction ﬁa reack a photosta-

ticnary state.

350, 436 or

468 nm (34)

43 Ry=nBu. Ry=H .
52 Ry=tBu., Ry~H
54 Rf:hz'CH:

¥
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It was evident from the 1H NMR spectra of irradiated'solutiona of
49 and 52 that no7C=N syn isomers wére‘being formeé photochemically at
'22°c, It was possible that this réaction'was cccurring, but went un-
detécted because the syn isomers, 85 and 88, were isoméri:ing'back to
their anti forms, 49 and 52, thermally. Teo determine if this was
QCCurring.‘both 49 and 52 were irradiated and assayed‘;:\:fooc by 1H NMR

spectroscopy at the same temperature. In both cases, it was found that

the svn isomeés; 85 and 88 were not being formed photochemically.
- - -t

iii. oQuantitative Experiments

The‘quantum yields for the photoiscmerizations of the all-trans

iﬁinium salts 49 and 52 to their corresponding ll-cis iscmers, 87 and 90

were measured using light of 468 nm and potassi:m ferrioxalate actino-

1
. . s
metry. A monochromator with a 20 nm bandwidth, and-a 425 nm cut-off

-

filter were emploved. The quantum vield éo: the.photsisome:i:ation of 54
to 93 was determined b;/a relative method using 49 as the actinometer. . -
Quantum yields were calculated using the procedure described previously
for the hexadienyl iminium salts, 30 and 34. The’;elative qmount; of the
ll-cis and all-trans isomers{were determined directly frem Ehe itrradiated
sclution using 1z nMm spectroscopy at either 250 or 500 MH=z. The reson-
ances corresponding to C(20}H in each isomer were integrated at various

r .
irradiation times, Figure 3-8. Conversiens of the starting materials
were kept below 5%.

The apparent guantum yields were plotted against Einsteins of

light absorbed for the isomezizations 49 to 87 and 52 to 90, Figures 3-9



. .
N} " .
L]
° 173
- 20min
A 2
— At
10 min
N ~ _
5 min
4
N i *
— N,
. ..
~
L . H
e _ ( 0 min . _
. - .
~ ~
- k) “ -
| S T T
' 2.4 2.3 :
PPH ¢
Figure 3-8: 500 MHz *H NMR spectrum of C(20)H rescnance of 49 at . |
_different irradiation times. . :
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and\3-10. in each case, a good linear relationship (r>0.90) was found.

From these plots, ‘the initial gquantum yields (at t=0) of 0.15 and 0.25
~ : . . _
for 49 to 87 and 52 to 90 respectively were obtained. The quantum yield

chtained for the photoisomerization of 49 s 87 was corrected for tﬂe 13-

cis isomeric imﬂhrity-found in the starting material (9.5%). This was

done by aséaming that the 13-cis isomer absorbed 9.5% of the light

entering the sample. The corrected gquantum yield.for this reaction was
0.17. The guantum yield for the t—bﬁiy& retinylidene iminium salt

isomerization was not corrected since the isomeric impurity in this
starting material was only 3.5%. This was below the experimental error

- . . -

of the integration technique used for measuring.the 18 NMR resonances,

- -
which was approximately 5%. The calculated guantum yield of 54 to’ 93,

0.18, was neaxly identical with that of 49 to 87.

-

iv. Thermal Stability of Photoproducts

i - .
g The ll-cis retinylidene iminium salts 90 and: 93 were shown to be

thermally stable, by 1H NMR spectrosceopy, when kept at 22°¢ for a period

- 4
of 2 hours, Table 3~5. This time period was much longer than the

duration of the average photochemical experiment.

e 176
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‘organic andbiﬁorganié compouads. The use of 1y NMR spectroscopy with
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. . _DISCUSSION

-

1 NMR spectoscopy iS.a very powerful'analytiqal method which can

)be ugsed not only to identify but also to quantitatively analyse;complex

respect to retinylidene iminium salts and related compounds has been

quite extensive and has produced a wealth of information on such topics

-~
-

as coupling constants, long range through space inter%c;ions and

-

kinetics. However, an area which has received a large part of attention,

namely the photochemistry of retinylidene iminium ions, has' not been

invest;;agéd uging 1y NMR spéctroscopy. H}gh field 1y NMR spectrcécopy‘
allowé for a photochemical or‘thermal reaction to be followed by
aecensing the reaction producte di:octlyi In previous photochemica
studies of :etihylidene.iminium salts, this\ﬁas not been attempted.
However, in thermal kinetic studies of retinyfzdene'ions and similar

compounds, 1y NMR has been shown not only to be informative but also to

provide important guantitative information.

I. Thermal Chemistrv

Methvlene chloride was the least polar medium that dissolved
sufficient amounts of the iminium salts studied here to permit accurate

1y NMR spectra to be obtained. This solvent, when deuterated, does not

A
interfere with proton resonances of any of the iminium salts. Methylene

chloride also has the added advantage in that it is non-nuclecphilic.



178

This is a depirablé proberty of the sclvent since it has been previously
shown that C=C thermal isomerization is éreatly accelerated by

nucleophilic “catalysis by the selvent or other nucleophiles in solution .

N - - -

(186,188-190). 1In previous studig?\bighly polar solvents such as

methanol and acetonitrile have been used td\gtudf the photoisomerization

- Py

of retinylidene iminium salts (173-177). However, these solvents do not
. o

mimic the hydrophobicity of the binding sites of rhoddpsin*énd

bacteriorhodopsin, and thus may not represent ar™accurate picture of the

photoisomerization processes. These solvents are also ‘nucleophilic

——- .

(186,260). ' v

ek

. - . - . /'I
a key feature of the iminium salts studied here is that they were

isolated as solids and thus possess a.single anion for each cation. 1In
addition, the perchlorate anions used gfé substantially less nucleophilic

than ions such as chloride or trichloroacetate, which have traditionally

>

been used.

i. Simple Conjugated Iminium Salts

-

The trans iminium salts 30 and 34 are thermally stabla, in

methylene chleoride at 22°C, the temperature at which photochemical

experiments were performed. Sclutions of the 2-cis iminium salt ‘77 are
. also stablé at room temperature, in methylene chloride. However, upon

addition of chloride ion, 77 isomerized to the all-trans product, 30,
' r

.

equation 35. The 2-cis iminium salt 83 was found to isomericze to its
) - L "o T
trans igsomer, 34, without the addition cf chloride ro the solution,

equation 36. ’ ) ¢



77

<«

83

34
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(33)

30

-~

(36

Since the 2-cis iminium salt 77 is stable in the absence of‘

chloride ion, the thermal isomerization which occurs on addition of

chloride to the solution must be mediated by the chloride ion itself.

This is shown in Figure 3-4, where a plot of [chloride] vs. the rate of

isomerization of 77 to 30 yields a straight line,_suggesting that &he

reaction is second order, eguation 37.

d{30)/dt =

The mechanism for the thermal
has-been previously studied by Childs
and co-workers (189.190}. Their work
in the pregénce of a good nuclecphile

isomerization in iminium salts occurs

=k[77]J[(CH3)5NHCL]

{37)
isomerizations of cis iminium salts
et al. (186,188,260) and by Rando
has presented %prong evidence that,
such‘§s chloride, the cis/trans

via a nucleophilic pathway. Such a,
pa—

mechanism is suggested for the isomerization of 77 to 30 and is shown 'in
< ;
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equation 38. - ) e —

(38)

-——

The thermal iscmerization of B3 to 34 can be éonsidered to occur

through two possible mechanisms. The first inveolves simple C=C bond

rotation. The second possibilit? igs similar to that for 77, whereby-E
nucleophile catalyses the reaction.

Simple igomerization about the C=C bond in a 2-propenylidene

iminium salt, 95, via.a reotation mechanism, equation 39, has a calculated y

activation energy of about 40 kcal/mol (249). In conjugated iminium

salts, it has been suggested that this barrier to rotation can be lowered

by the presence of charge stabalizing groups at C(3}) such as an

1
additional double bond (185). This has the effect of potentially -

t .
increasing the positive charge at C(3) through delocalization, and thus
lowering the C(2),C(3) bond order. The results from the previous chapter
- . /
3uggest that the amount of positive-charge on C(3) in the all-tgans

igomer 34 is minimal, and is essentially the same as that for tha iminium

salt 30, for which a hydrogen bond exists between cation and aniony

Assuming that this electronic distraibution is similar for the Z-cis

1]

iscmera 77 and 83, the €{2r,C(3) bond order and the activation energy for

-

rétation'of €(2),C(3) should also be similar. Thus, isomerization to the
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all-trans compounds’ 30 an; 34, should not éccur. This was the cage for
77 in the absence of a gﬁod nucleophile. . Along thil same argument it is
expected that the activation eﬁergy for rotation in 83 shoqld fic
somewhere between that of 95, 40 kcal/mol, and more conjugated systems
such as the retinyliéene.iminiuﬁ ions, about 22 kcal/mol (127). In 83,
the measured activation energy for this reﬁction, 23.8 kecal/mol, is some
15 kcai/mcl lower than the c&lculated énerg; for 95, and very near that

calculated in more conjugated systems. It is therefore difficult to
. ' - . N

~

imagine that a aimple&qotaticnal mechanism can be cccurring during the

isomerization of 83 to 34.

a~ . o
! > oz > 1 G
Ry 2 R, Ry Rz H

Cis/trans isomerization of 83 to 34 by a nuclecphilic additicn

mechanism may involve one or several nucleophiles, present in the
r 4

reaction medium. The possible nucleophiles may be methylene chloride,

water, the perchlorate anion or other trace contaminants present.

»

However, since this study was done using the same solwvent as in- 77, any

influence that trace contaminants or water would have, should have veen’

>

observable in 77 alse. In addition, the presence of water would give
rise to hydrolysis products, equ;%ion 40. No hydrolysis products were

noted in either 77 or 83. Similarily, if methylene chloride acted as a
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nuclebphilic catalyst, this too would have been observed in 77. This. too -

did not occur.

..Hi) /\MO - /\&k '_ (405 B
= OO ' "

J )
» Fi, a0, ” a

In the iminium salt 83, there is a significant difference in

~
-

cation/anion pairing from that in 77. It was shown, in the previous

-chapter, that the perchlorate anion in 77 is ﬁydrogen bonded to the

nitrogen and thus is relatively fixed in position. However, in 83 the -

perchlorate anien can not hydrogen bond to the cation because the

nitrogen is dialkylated. Thus the anicon is "free® to move about the

cation. <Conceivably, the perchlorate c<ould alsc act as a nucleophile,

although a much poorer one than chloride in 77.

Isomerization of 83 ro 34 by a nucleophilic mechaniﬁm would
involve approach of the pe;chlorate anion to either -C{3) or C{(5), similar
to Ategophilic acta;k by chloride in 77. ,Ap#r;ach by ghe peéchlorate to
either ¢€(3) or C{5) would increase positive charge at these carbons such

that the bond alternation pattern in the molecules would be altered
Cs £

significantly. A tight ion pair could occur at this point. This would

allow for facile bond rotaticon about €(2),C(3), leading to the trans

isomer, 34, egquation 41. The activation energy for this type of

mechanism should be considerably lower than for a simple C=C bond



rotation. Indeed, recent calculations by ' Seltzer h§ve shown that the

- * .

actjivation eﬁergy for C»C isomerization card be decreaded by about 50%,

-

when such an interdction occurs (180}. ; ‘ ¢
B _ )
' cio, ~ ‘
— X —_ . ,4§§,A§§,A§§§,f (41>
’ . I *
: Y " |
| l
83 34
. h— % —
~_ ‘"\‘ A

.
-

Further evidence for this type of iscomerization can be degivéﬁ
from the':elative nucleophilicities of pe:chloigte inl83 and ;hlcride in
77. Since perchlorate is much less nucleophilic than chloride, the rate
of the isomerization of 83 to 34 should ke slower than that ;f 77 to 30

with only one efuivalent of chloride (from Figure 3-4). In fact, the

rate constant for nucleophilic catalyzed cis/trans isomerization by
. Al

.

perchlorate anion (1.15 x 10-5 sec~l) is about three times slower than .
with one equivalent of chloride (3.22 x 1073 gsec™!). Although one might
expect a iarger difference between the magnitudgs of these rate
constangs, they are stil} consistent with the order of nucleophilicity.eg
these two anions. These observations suggest that the cis/trans
isomeri:at&pﬁ of 83 to 34 must Be occurring by the approach of the

perchlorate anion to'either C{3) or C(5) much like that in a nucleophilic
? g

catalysis mechanism. )
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ii. Retinylidene Iminium .Salts

The starting compositions of the retinylidene iminium salts 49,

52 and 54, were found to contain small amounts of isomeric impurities,

-_Table 3-6. These were identified and guantitated by 'H NMR spectroscopy.
In the retinylidene iminium salts, 49, 52 and 54, the 13-cis’ isomers 86,
89 and 92 are.present in the amounts 9.5%, 3.5% and 12.7%, respectively.

In previous studies of retinylidene iminjum salts, these isomers have
P .

also been identified.as the minor isomeric.inPurities (174,175,177). In
F
—y

the case of the n-butyl retinylidene iMinium salt, 49, the amount of the

-
13-cis isomer, 86, found in the starting material ' is very similar to that

previously reported (175). However, the amount of l3-cis isomer,‘92, 4
found in the starfing material/of the.dimethyl substituted iminium salt,

-

S4, is substantially lower in this study than has been previously found

{177). The t-butyl retinylidene iminium salt, 52, has significantly leas

of the 1l3-¢is isomer, 86, present in the'sca:ting material than either of
the other two icns and represents one of the highest purity retinylidene

iminium salts prepared to date.~ In terms of quantitative analvsis for

photochemical work, thisg made the retinylidene iminium galt, 52, the mogt

desirable starting material. .

.

The cis retinyvligene iminium salts, .generated upon irradiation,

=] . . .
were stable at 22 ¢ for the duration of the photochemical experiments.

This was expected since the retigpylidene iminium salts prepared in this

study .contained a non-nucleophilic perchlorate anion and were studied in

a non-nucleophilic solvent, methylene chloride, similar to the simple -
conjugated iminium salts. This is an important finding for several
- - )

-

“n
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reagsons. First, previous studies of retinylidene iminium salts have not

shown conclusively that the cis isomers are thermally stable for long

periods of time (174,175,177). These photochemical studies of all-trans
retinylidene iminium salts have also utiliczed nucleophilic anions such as

chloride (177) or trichloroacetate g174,175), which have been shown to

catalyze cia to trans isomerizations {189,190). In terms of guantitative

analyéis of a trans to cis photoisomerization, any cis/trans thermal

« & . .
isomerization which occurs during a quantum yield measurement would _

undouﬁtedly be reflected in a lower quéntum vield for the trané-to cis
process. Secondly, since the catalyzed rates'of‘éis‘té trans thermal
igomerizasion in rgtinylideﬁe iminium ion; are known'to be different for
each cis iscmer (190), the iéome: composiﬁioq from the i;radiaticn of
these salts can also be effected.

. In this wo;k. the photoisomerizations of the retinvlidene iminium
salts ﬁ?, 52 and S4 Qhow an extremely high regioselectivity for the
C{11),C(12) bond. The combinatidn of the thermal :isomerization processes

above, which have been shown to occur in simpler systems in this work and
1)

in the more complex retinylidene ions,\pay -account for the apparent .

- - -

ungelective naéure of the retlnylidene iminium salt photoisomerizations
in previcus studies (1?4,175,177). .
Furthermore, the method of analysis préViously used to the
Ld;ptify each retinylidene iscmer also assumes that no isomerization of
the cis retinylidene iminium salts occurs during the maﬁipulations uséd

(174,:75,177). This methed, involves the hydreolysis of the retinvlidene

. . N . . . - .
iminium salts produced on irradiation of the all-trans isomer, and
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.subsequent HPLC analysic <f the reaulting'retinda isemers. -In_this_

study, an identical analysis of irradiated iminium salt solutions (I hrs)
‘ .
-y ) ) '

. 1 . ) :
of 52 and 54, was compared with a "H NMR analysis, Table 3-10. The HP}C
]

analysis gonfirmed the presence of the -allitrans, 13-cis, 1ll-cis and 9-

- B . 1 .
cis isomers for both 52 .and 54, as determined by H NMR spectroscopy.

However, upon hydrolysis, there hasggen some significant changes in the
. i ' o . 1 .
isomer compositions, compared to those meaggred directly by "H NMR -
spectroscepy. In particullir are the changes in the 13-¢is isomer '

compositions., 89 and 93, which each increase, approximdtely S04 upon.. -

. ) . . .
hydrolysis. In fact, %the relative amcunt =f the 1l-cis isomer in “he

*

HPLC analyses is approaching that of the equilibrium amount for vetinal
{22%) {(2%1). This result is consistent with e€arlier weork by Waddell and

Donahue where it was repoerted that irradiation of a n-butyl all-trans

. -
v

t

he 13egis Lscemer at <o8 nm as the maior

retinylidene iminium icon yielded
photopredust (177). ) . -
. . . . 1 .
It is quite ¢lear from the examination ©f H HMR spectra obtained
in this study that very little, if any, of the 13-cis isomers are [ozmed
in the initial stages of the photoiscmerization of 49, 52 cov 54. The

appearance bf the l3-cis isomer in Waddell's earlier work mus:t be

incorrect, ‘and most probably arises freom hydrolysis/HPLC tec!

to identi:fy and quantitate the photcreacticns. This comparison clearly

.
shows the accuracy of “H MMR spectroscopy not only in the iLdentification

cf eacll isomer but alsce in determining the relative amounts £f each
' . ¥

iscmer. -



Table 3-10
Comparative Analysis® of Retinylidene Iminium Salt Isomers by

250 MHz lH NMR and HPLC

- ' Relative Percentage by
. | Isomer 1H NMR HPLC
52 All-trans 34.6 37.3
89  13-cis . Ts.9 . 12.0
90 ll-cis 20.3 . 19.5
91,  o-cis 29.2 31.3
54 All-trans : 3726 ) 40.8

i

92 13-cis ¢ -6.0 v 11.6
o3 1;§fis 27.1 21.8

a4q S=-cisg 29.3 . 25.8

a. each value is the average of two identical experiments.

187
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II. Photochemistry

i. Nature of the Excited State

The absorbance spectra of all oflthe imiéium salts studied were
characteristically broad and lacked any fine structure. Th;é is in
agreement with many other studies which document the absorbance spectré
of conjugated imiqium'salts.‘ The lack of fine structure in these spectra
suggest that the S; excited states are composed of many vibrational
levels, all very close in ehérgy.

In the retinylidene iminium salts, the fact that the ll-cis
.isomér is formed as the primary éhotop:qduct at three different
wavelengths, suggests that lsomerization is occurring from the 5; excited

state. This is in excellent agreement with previous studies by Honig et

al. (143).

ii. Regioselectivity of Photociscmerizations

All of the iminium salt photoisomerizations stuaied have very
high degrees of :egiéselectivity in the initial stages of
photoisomerization. In the simple conjugated iminium salts 30 and 34,
the primary photoproducts are the 2Z-cis iminium salts, 77 and 83
:espéctiﬁely. In the retinylidene iminium salts,‘49, 52 and 54, the 1ll1-
cis photoisomers, 87, 90 and 93 are forme& initially, equatioﬁ 41. These
regioselectivities are in agreement with calculations by Longlet ‘and co-
workers (262), thch predict that ghe central bond is most suséeptible to

photoisomerization. The only compound which does not £it this trend is

the 2,4,6-octatrienylidene iminium salt 31, which predominantly f{orms the

e
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2ecis compound B0 upon irradiation. It was expected that an equal
proportion of the 2-cis, 80, and 4-cis, 81, isomers should be produced in

the early stages of the irradiation. This suggests that the
R .

regicselectivity of conjugated iminium salt photoisomerization may be-

governed by more than simply the central bond.

350, 436 or

R, 458 nm . 42
_) i

cio,”

49 Ry=nBu. Ry=H
'S2 R,=tBu, R,=H
S4 R:-Rz-cHa

In the retinylidene iminium salts 49, 52 and 54, the selectivity

~a "

for isomerization to the ll-cis isomers 87, 90 and 93 rather than the 13-

.cis isomers 86, 89 and %92 was large. This was noted from irradiations of

~

each ¢f the h;l-trans.isomers to a point where the ll-cis isomers reached
approximately 20%, Figure 3-7. 1In these cases there was no observable’
change in the 13-¢is iminium salt composition_from the starting material
compogition. Since tge detection level of high field 1y NMR spectroséopy
in these experiments is about 1.0% this suggests that <1.0% 13—cis_isomer
was -being formed photochemically in either 49, 52 or 54. In these cases
the selectivity for the formation of the ll-cis isdmers'&?, 90 and 93
must be at least 20 times!

‘ The identification of the ll-cis isomer as the primary
photoproduct from the irradiation of all-trans retinylidene iminum salts

was confirmed shortly "after the completion of this work. Becker and
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Freedman (175) used difference ébsorption specttoscopy[ﬂﬁbC'techniques to

determine that the ll-cis isomer is the primary photoproduct from 350 nm

-

irraéiatioh of an all-trans retinylidene iminium salt. However, it
should be notéd that they réportgd appreciable amounts of the l3-cis
photoisomer being formed. Thig is in contrast to the present study; and
again may be a result of thermal formation of the 13-cis isomer during _

hydrolysis. - _ .

iii. Effects of Polvene Chain Length and Substituents on Quantum Yield

A comparison of the guantum yields for photolsomericzation of the

iminium salts 30 and 34 with those ¢ }étinylidene iminium salts 49,

52 and 54 shows that there'is a marked \decrgase in the quantum ylield as

1. The guantum yields Eo;
v

the polyene chain length lincreases, Tab

the simple iminium salts 30 and 34 are two to three times larger than

those of the retinylidene salts, but well within the range found for the

C=C photeoiscmerization of other simple conjugated iminium salts (188,
249). This decrease in gquantum yield with increasing chain length has
been noted previbusly for C=N photoisomerization studies’ -

£ -
The iminium salts 30 and 34 also differ from the retinylidene

iminium salts studies here in that the simple systems do not peosaess any

methyl -groups along the polvene chain. These may contribute to the

quantum efficiency of a reacticn through steric interaction in the

excited state. This could influence the position of the critical

C . . . . 2
gecmetry (energy minimum) in the excited state which is usually at 90°.

in order to determine this, a study would reguire the measurement of cis
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- J -
. Takle
- . a . . .
Quantum Yield Data somerizaticn of Some Iminium Salts
- -~
Compound Product LA P
ex
3e 7 313 C.56
34 B3 313 0.60
]
43 “ 87 463 0.15
52 S0 453 0.25
S4 o3 350 0.17 .
a tn CH_ Cl_, at 21 C.

- . &
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to trang gquantum yields and a comparison with the quantum yields for the

r

trans to cis isomers measured in this study. The sum of these should add

to cone if a2 common excited state energy minimum exists for these two

:brocesaes. One approach to this would be to examine a series of polyenyl

iminium salts such as 30 and 31, extend their conjugation and add methyl
groups to various sites along the chain. The influence that the methyl
groups have on the efficiencies of the forward and reverse

photoisomerizations and on the position of the energy minimum in the
excited state could then -pe determined. -7 : . .
) In the previous chapter and other studies, it was shown.that a
hydrogen bond exists between Qhe nitrogen and the perchia?hte anion in
30, while in 34 the percnlorate 15 completely dissociated from the
cation. However, these t*o compounas have similar quaﬁtum vields, 0.56
) ™~
and’ 0.60 respectively, and form_simila: 2-cis primary photoproducts, 77
- and gB:\_:his suggests‘that the hydrogen bond in 30 does not reduce %he
efficiency or alter ghe regiospecificity of this reaction thrngh its
spec%f;c interaction with the perchlorate anion in solution. A similar
reault has been found by Childs and Dickie (188) in the
photoisimerization of substituted 3-aryl-2-propenylidene iminium salts,

equations 43 and 44. Interestingly, the guantum ylelds f{or these later

reactions are nearly identical with those. found in the present weork.

- ~
313 nm I (43 ,

$=0. 860
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- H nBu H. - -nBu \
‘\ﬁ/’ . \\N/’
"2 I 313 nm I 44
#=0. 58

The retinylidene iminium salts 45, 52 ana 54 form an ll-cis
photoproduct ubon irradiation, however the efficiencies of tiHe
transformations ;dry. The t-butyl substituted iminium salt 52, form$ the
l1l1-cis photoproduct 90, with an efficiency which is 50% larger than
either the n-butyl salt, 49, ar the dimethyl si}t, 54. fhis igs in
contrasc-with findings in the simple iminium salts, where the t-butyl
ion, 30, formed its 2-cis isomer with a similar efficiency as the
di@ethyl iminium sal;, 34. A similar dependency of the guantum vield on
the nitrogen substituent has been previously noted dn‘photochemical
studies of ll-cis retinylidene iminium salts (176), "'where quantum vields

h

ranged from €:05-0.34 and in aromatic iminium salte which had gquantum

yields of 0.27-0.75 (188). These results suggest that the gquantum yields
for these photoisomerizations may become more sensitive to the

gubstituent on nitrogen as the\iznjugated chain increases in length.

\
&Vv. Comparison with the Natural Chromophores

The all-trans retinylidene iminium salts 49, 52 and 54 a::é\\5
analogous in structure to the chromophre in light adapted
bacteriorhodopain, BRggg- In terms of the structure and photoreactivity

of bhacteriorhodopsin, it appears that the best model is the iminium salt
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-52. "As has been shown earlier, tpi; molecu;e exists in the 6-s-trans 4
conformation in the solid state, much like the natural chromophoreL‘and
has most of the pogitive charge localized nearest the nitrogen. In
solution, 52 exiBts to some extent in the 6-s-trans conformation but the
ac;ual concentration of this'conformer is diffiqult to assess.
adéteriorhodopsin presumaply undergoes photoisomerization from the 6-s3- -
trans state. “11

Thé quhqtgm‘yield for thg photoisomeri:atiﬁn of 52 to 90 is 0.25,
equation 45, very similar to that of bacteriotho;cpsin. which has a
quantum efficiency of 0.30 (50,81). This similarity in quantum
efficiencies suggests that the pkégéin‘in bacteriorhodopsin does not
affeét the efficiency éf‘this reaction. However, the regioseleétivit;es
cf the isgmeri:a;ions for the retinylidene iminiuﬁ salt 52 and for
pacteriorhodopsin Yre different. In S2 the primary photoproduct is the
1;4qié isomer while in bactericrhoaﬁpsin the 13-cis isomer is formed,
equation 46. This clearly indicates that the binding site in the

bacterioopsin protein is inf}uencing the regiocselectivity of

isomerization.

{45)
3 + ~D-0pEin 3 :
" P by (46)
=0. 30
¢ \VH

BRuny . Kes ' b-opsin
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§£:uctu:al studies én the intermediates in the bacteriorhodopsin
+ photocycle (Scheme 1-2} have concluded that the first intgrmedi;te
fo:méd, Kgag, i3 1l3-cis (84,85). The oniy suggested modification in the
brotein cavity at this stage is.an increase in the anion distance from
the cation, resulting from the isomerization. This gives rise to the
" longer wavelength apsqrption of the K intermediate. Furthermore, binding

.j> gite studies of various retinal isomers with bactericopsin show that

while the all-trans and {B-Cis retinal iscmg;s bind readi;y with
‘bacteriocopdin, the ll-cis retinal isomer does not‘(lIT). This has been

" previously rationalized on the Lpngitudinai and latitudinal size
limitations of the binding site cavity within the protein. Bésed on
these results, it would seem likely that during the initial stages of the
photochemical cycle of bacteriérhodopsin, the size restrictions in the
binding site do not change considerably. Therefore, only the 13-cis
photoisomer is exclusively formed in bacteriorchodopsin.’

In solution where no environmental restrictions are present that
. . b

.may favour one cis isomer over the others, the retinylidene iminium salt

S2 simply ;ollows its energetically favoured path in the excited state
which seems to be rotation about the central C(11),C(12) bond. Such a
“:egioselectivity has not been shown previously in retinylidene iminium
salts. Furthermore, the photoisomerization of 52 to 90 is the first
examplerf a model all-trans retinylidene iminium salt which
photeiscemerizes, reéioselectively, as efficiently as a natural pigment.

A comparison between 52 and the visual pigment rhodopsin can also

be made.~ Both of these molecules undergo a photoisomerization to yield
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an ll-cis product. In 52, this is a trans to cis process whereas in

rhodopsin the reverse procegss occurs, equation 47. Similar to

-

bacteriorhodopsin, ;h? isomeri:aﬁion of the ll-cis ehromophore in
rhodeopsin cccurs in the well defined limits of its binding site. The
first intermediat; in the photoisomeri:a:ion of rhoa;;sln,
bathorhodopsin, has been suggested to be all-trans (62). However, since
all-trans retinal dc;s not bind with opsin, this suggests that a major
cﬁange in the protein cavity of rhodopsin during the early st;ges of this
isomerization must have occurred.. This implies that in rhodopsin the
opsin protein doea not influence the regioselectivity of the
isomeri;gtion; as i; bacterio:hédopsin. Thié has been further verified

in photochemical studies of ll-cis retinylidene imines and iminium salts

which also form their all-trans isomers (175).

I“

hv : (47>
b=0. 67
+« H
\T/
Opsin

An estimate of ﬁhe efficiency of the ll-cis to trans
isomerization in 52 can be obtained from its photostationary state
composition. This state was never fully reached in i::adiq;icng of 52.
However, the compgsition of 52 after an extended irradiation of 2 hours,
TaSle 3-10, which consists of the all-trans, l3-cis, ll-cis and 9-¢is

isomers may give an estimate of the photostationary state composition.
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% ..Cot = %..Cc5 ' (48)
The quantum yield for the photoisomerization of 90 to 352 is. -
determined from equation 48, using known values for the extinction co-

efficients of the all-trans (g, ) and ll-cis (g ) isomers (174), theiv¥

\

concentrations at 2 houfs and the qﬁantum vield for the all-trans to 1l1-
cis conversion (¢t4c). This yields a quantﬁm vield of 0.59 for the
conversicn of the ll;cia ratinylidene iminium salt 90 to its ali—trans
isomer S2, equation 4%. This ié in excellent agreement with the reported
value of 0.67 for the ;imilar reaction in rhodopsin. A similar
calculation for the n;ﬁutyl retinylidene iminium salt, 87, yields a
guantum yield of 0.40 for its photoiscmerization to the ‘all-trans isomer,

49. This is in good agreement with prevously reported values of 0.22-

h .
Q.37 for thls reaction.

hv + ~t8u (49)
N

32 cig, ~

The calculated quantum vields for the cis to trans

photoisomerizations of 87 and 90 assume that. the cis/trans iscmerization

" and trans/cis isomerization of these compounds occur from a common energy

minimum in the excited gtate. If this is not the case then %these
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»

calculated values may be far from corzgét. Nevertgtfess, these
Approximations show that in all cases studied, cis/trans _

photoisomerization in retinylidene iminium salts is much more‘efficient

‘than the corresponding trans/cis isomerization. This can be ascertained

from the negative slopes of Figures 3-9 and 3-10, which indicate that

-light absorption and presumably isomerization by the cis isomers 87 and

-

90 is increasing with irradiation time. The slope for the

photoisomerization:-of 52 is more severe than that for 49 indicating that

*

the back isomerization is more efficient in the former case. This

obgservation is in good agreement with magnitudes of the calculated

-

quantum yields.

-

III. Suwmarv

* +
The photoisomerizations of several iminium salts were studied

quantitatively by high field ly NMR spectroscopy ‘and were found to be
highly regioselective. It was found that in conjugated iminium salts,

the efficiencies of these photoisomerizations decreases as the chain

.

length increases. Differing substituFion on nitrogen had little effect

-

on the efficiency for photoisomerizatiocn in the simple iminium salts
studied, but had a large effect on the photoisomerization efficiency in
retinylidene iminium salts.

The method of analysis in this werk, high f£ield lH NMR

spectroscopy, was found to be accurate and far superior to previously

-

used HPLC/hydrolysis'techniques; Furthermcre, the use of non-

nucleophilic perchlorate anions and solvent (methylene chloride), assured
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- that thermal cis/trans isomerizations which have plagued pfébious
photochemical studies of all-trans retinylidene iminium salts did not
occur. This combination of iy NMr Spectroscepy., anion and solvent should

"be the only combination used in future studies of these complex polyene

“ ~

systems, where several possible photoisomerizations are possible.

Using the 1y NMR technique, guantum yields feor only the all-trans

-

to_ll-cis photcisomerizations in retinylidene iminium salts were

determined. This is the first time a quantum yield for a specific ¢=C
7

bond photeoisomerization has been determined for retinylidene ions. In
the case of the t-butyl retinylidene iminium salt 52, a quantum vield of

0.25 was found for this process, essentially the same efficiency as that

in bacteriorhodopsin. N
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EXPERIMENT METHODS

I. Materials : - i . o -
_— . » .

The reagents used in this work were commercially available.

<)
Diethyl. ether was distilled from LiAlHg; and stored over 3A molecular

gieves. Methylene chloride was distilled from Pj0g, and stored over

>

_molecular sieves. Tertigry butylamine and n-butylamine were'distilled
and kept over SR molecular sieves. Tertiary butylamine was stored in the
refrigerator. o ‘ - |

Cinnamaldehyde (Kodak), 2,4-hexadienal (Aldrich), and g-ionone
(Aldri;h) were distilled prior to use. All-trans re;inal {Aldrich or
Fluka) was assayéd by analytical HPLC (>98% pure) and used without
further purification. Dimethyl ammeonium pe:chlorage was prepared from
dimethylamine and perchloric acid and stored in a de;sicatcr prier to -
use.

Deuterated methvlene chloride, used in ali quantitaéive 1 NMR
experiments, was purchased in sealed 1 g;am ampules {MSD Isotopes) and

‘uased without fLrther purification.

-~

II. Ingtrumentation

i. 1y nMr Spectra

All 14 mMm spectra were obtained at 90 MH:z on a Varian EM3%0

200
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spectrometer, 250 MHz on a Bruker wuzso-spectromater or 500 MH:z on a
Bruker AMS00 spectrometer. Unless otherwise noted the acquisition

' =]
temperature was 21 C.
. . ‘

Deuterated methylene chloride was used as an internal reference

for most spectra. The residual CHDCl, in this solvent was centred at -

-
~

5.32 ppm and appeared as a triplet.
The lH NMR spectral simulation of iminium salt 24 was carried out
in the abs%Fce of the chemical shift of C(1)H and its coupling to C(2)H

due to & lack of memory size in the progam.

ii. Solution 13¢ NMR Spectra

Spectra were gbtained at 20.1 MHz on a Bruker WPBC spectrometer,
£2.9 MHz on a Bruker WM250 spactrometer or 125.8 MH: on a Bruker AM500
spectrometer. Unless otherwise noted, spéc;:a were ;&quired at zloc.

- -
Deuterated methylene chloride was used.as an internal standard in most
spectra, the central peak of the guintet being centred at 53.8 ppm.

The various resonances of all compounds were assigned by

broadband decoupling, spin-echo and {13C}IH correlation experiments.

Concentratiens ranged from 0.03 M to 0.4 M.

iii. Solid State l3c NMR Spectra

Solid state 13C NMR spectra of the iminium salwvs 34, 41-44, 48,

§1 S2, and 54 were obtained using cross polarizaticn magic angle spinning

»

(CPMAS) on crystalline samples. Samples were packed into alumina rotors

in a” nitregen atmospher Spectra were acquired at 25.1 MHz on a Bruker

e.
“»



MSL100 spectrometer or at 50.3 MHz on a Bruker MSL200 spectrometer.
Spectra obtained on this latter instument were provided by Dr. R.E.
wasyiishen of the Department of Chemistry at Dalhousie_University,
Haiifax, No:a Scotia. Spinning rateshwere apprckimately 4000-4500 Hz.
Methyl and quaternary carbon.resoninces were aséigned using the delay
without decoupling pulse sequence of_Opella anlerey (20i). Adamantane
was used as an external reference, havimg—chemical shifts of 2%.50 ppm
{CH) and 38.56 ppm (CHa) with respecﬁ to tetramethylsilane (263).

iv. Solution and Solid State Absorption Spectra

Solution dbsorption.spect:a'wére obtained at floc using a Hewlett
Packard 8451A diode array spectrophotometer, PerEin-Elmer Lambda 9
spectrophotometer or Pyé Unicam SP8-~100 6V—Vis spectrophotomeéer.
" concentrations of approximately 10-% M in methylene chloride were
employed. . |

Solid stafe abesorptiecn spectra were obtained on microcryctalline.
samples using the method of Kobavashi et al (206). A thin laver of

freshly crystallized iminium salt was placed on a glass or quart: slide.

A similar slide or one coat'ed with KBr was used as a reference.

N

v. Infrared Spectra - —

-
Solid and solution infrared spectra were measured using a Nicolet
7199 FT-IR spectrometer. Scolid spectra were obtained for iminium salts

as thin KBr discs. , .



vi. Liguid Chromatography

- Preparative and analytical‘higﬁ pressure liquid chromatography of
. . .

all retinal isomers was.carried out in a dark room using a Varian 5000
—_— . liquid chromatdérahic gystem with a Varian Vista 402 data station. 1In

analytical experiments, a silick'phase Varian Si-5, 15 cm x 4 mm i.d.

N
column was used. Preparative experiments used a similar Si-10 column,

having dimensions of 30 cm x 8 mm i.d.. The sélvent system uged was 98%
_ hexane/2% tetrahydrofuran.
Quantitative analysis ©of retinal isomers was carried out at’ 254
N L .

nm and 365 nm. The composition of isomers was corrected using the _
relative extinction coefficient method of Waddell and West (170).
The elution order of isomers was l3-cis, ll-cis, 9-cis and all-trans
having relative retention times of 0.54W.65:0.72:1.0 at a flow rate of

.

1.0 ml/min and column presstre of 36 psi.

-

III. Synthesis

The imines 26-29 and 45-47 were synthesized using a modified
method of Blatz et al (32). The corresponding iminium salts 30-33 and
-48-53 were prepared by addition ©¢f an ethereal solution of.the degired
acid to the im;he dissolved in ether. The iminium salts 34, 41-44 and 54
were prepared following the procedures of Lecnard and Paukstelis (193).
The protonated aldehydes 38 and 39 were prepared by extraction from
methylene chloride into FSO3H. Sample syntheses_of all classgﬁ of

compounds are given below.

Phvsical data for the iminium salts prepared in this work are
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found in Tablé“4-1, unless the compound has been previously reported and

charabter;:ed. . . I

i. N-t=butyl-2,4-hexadienylidene imine, 26 and N-t-butyl-2,4,6-
N

octatrienvlidene jimine, 27

Tertiary butylamine (1.52 g, 21.0 mmoles) was added to a solution

of 2,4-hexadienal (sorbaldehyde) (200 mg, 2.0 mmol) in dry ether (10 ml)

over anhyvdrous KCO3 under a nitrogen atmosphere. The reaction mixture

wag stirred for 24 hours, filtered, and ether and excess amine removed

-

under vacuum. The yield was 267 mg, 95%.

Imine 27 was prepared by the similar condensaticn of t-but&lamine
with 2,4,6-octatrienal (150 mg, 1.23 mmol). Octatrienal was. prepared
)
"from a Reformatsky reaction of bromomethylacetéte with sorbatdehyde,

followed by reduction with LiAlHg at 0°¢ ana MnO> oxidation (overall

yield, 5%):

ii. N=t-butvl-2,d-hexadienvlidene iminium perchlorate ® 30, and N-t-

-

butvl-2,4,6-cctatrienylidene iminium perchlorate, 31

The freshly prepared imine, 26 (above), was dissolved in dry
ether (10 ml) and coecled to -40°c under nitrogen. To this an ethereal

aolution of HClO, was added cdropwise until precipitation was complete.
The resulting solid was filtered and recrystallized from CHjCN/ether at -
20°¢, to vield a pale vellow solid (96 mg, 21%).

Iminium salt 31 was prepared similarily to give a vellow solid, yield

110 mg, 33%.
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tii. N,N dimethyl-2,4-hexadienylidene iminium perchlorate., 34

N,N dimethyl ammonium perchlorate (600 mg, 4.1 mmol) was

dissolved in a minimum amount of absolute ethanoi (5 ml} and scrbaldehyde
added dropwise (840 mg, 8.8 mmol). After stirring for 3 hours, a small
amount of dry ether was ad?ed to induce precipltation, and the flask
cooled in ice. The resulting pale vellow salt‘was filtered,
recrystallized twice from ethanol/ether and dried under vacuum (yield 410
mg, 45%).

The retinylidene iminium salt .54 wi: prepared similarily from N,N

dimethyl ammonium perchlorate (50 mg, 0.35 mmol) and all-trans retinal

(200 mg, 0.70 mmol). The yield was 145 mg, S5O%.

iv. Aromatic Iminium Salts, 41-44

The aromatic iminium salts 41-44 were prepared in a similar
manner to“34. The method is illustrated for the perchlo;ace salt, 41.
Cinﬁamaldehyde (2.0 g, 15 mmol) was stirred in ether and equimolar
amounts of N-methyl aniline (800 mg, 7 mmol) and HClQ4 were added
dropwise until precipitation was complete. The vellow salt was
recrystallized twice from CH3CN/ether and dried under vacuum. The yield
was 1.06 g, 72%:

-

v. N=t-butvl-retinvlidene imine, 46 e

Tertiary butylamine (2.1 §, 28.2 mmol) was added tc a sclution of
all-trans retinal (800 mg, 2.8 mmol) in dry ether (50 ml)} under a

-~

nitrogen atmosphere and in the absence of light. The reaction was
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stirred at room temperature over 3A molecular sieves for 24 hours. The
% . ' - - S
mixture was filtered, And ether and excess amine removed under vacuum,
yielding a pale yellow residua (910 mg, 95%).

vi. N-t-butyl-retinylidene iminium perchlorate, 52

-

F:gggly prepared imine 47 was dissolved in dry ether (30 ml) and
cooled to -40°C in the dark. To this, an eﬁﬂereal solution of HClO4 was
added dropwise until precipitation Qas complete. The dark red
precipitate was filtered and‘washed several times with ether until the
fitrate was pale yeligw. The salt was recrystallized twice from
methylene chloride/ether at -20°c, fitered and dried overnight under
vacuum (yield 440 mg, 37%).

The iminium salts 49-51 and 53 were prepared a similar fashion.

- Y

vii. Protonated aldehydes 38 and 39

The appropriate aldehyde (100 mg) was dissolved in CDaClz (0.5
ml) in a medium walled nmr tube and cooled to -78°c in a dry ice-acetone
bath. Previously cocled FSO3H (—78°C) was added slowly down the sides of

the tube. The sample was mixed using a thin glass rod and kept at -78%

until 1E NMR analysis.

by

IVv. Bond-Valence Calculations

All bond-valence calculations were carried out using bond lengkhs

(R) obtained from crystallographic data. The general formula found below

was used. Values for standard bend lengths (Ry) and its appropriate
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ficted conatant (B) are those determined by Brown and co-workers (216-
220f except for that involving a conjugated C-C bond, for which no
accurate value was avalilable. This (Ry) was determined using a back

=alculation from known benzenoid crystal structures (264-266) dnd

~

assuming that each bénd (R) had a valence of 1.5 as in benzene itself.

All of the parameters used are listed below.

s = e (Ro=R)
B -
Bond Type Ro B
c-cC 1.543 €.35
Cc-C (conj) 1.5i2 0.35
C-N : 1.462 O.Bi
<) ) Cc-0 1.370 0.30

V. Determjination of Crystal Structures

i. Collection of Data

Crystals of’the iminium ‘'salt 44 and imine 45 suitable for x-ray
diffraction techniques, were obtained from distillation of diethyl ether
into an acetonitrile solution of each salt at about -2q°c. )

The space group of each ;ompound was determined through
precession photography. These showed that crystals were monoclinic and

that the space g*oup for each was leﬁc Accu—a e unit cell parameters

were determined from a least squares fit of X, ¢ andfze In 37, a range
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of 19.6 < 29:} 31.3 was used for 15 reflections. For 38, 15 reflections

.

where 18.5 < 20 < 25.9 were used. Radiation was graphite monochromatic

o
A = 0.71069A, and reflection intensity data was measured using a

MoK,
Syntex P2y diffractometer having a coupled &{crystal)-26(counter) scan.
Selection of scan rates and initial data treatment were as pfeviously

deécribgd {267,268). Corrections for Lorent;-polari:ation factors were

made, but not for absorption. This will make the maximum error in Fg,

1.0% in 37 and 38. All crystal data are summarized in Table 4-2.

ii. Solution of Structures

.

In the iminium salt 44, chlorine atoms were found™from a three-

dimensiogal Pattersen synthesis and all other ;toms were located from
electron difference syntheses. The chlorine atom in the imine 45 was
found by direct metnods using 164 reflections with |E] > 1.1 and 20 sets
of starting phases. All remaining atoms were found from the subsequent
difference map. Coordinates of all non-hydrogen étoms were defined using.
full-matrix least-squares minimizing ZIw(lFgl - IFcl)z, wuntil the maximum
\\)
gshift/error was < 0.1. Throughout, the scattering curves were taken from
thoge in the Internaticnal Tables (269). Seccndary extincticon
correcﬁia;s were apblied from SHELX. Positicnal parameters for non-
hydrogen atoms of both structureas %re found in Tables 4-3 and 4-4d.

‘Anisotropic temperature factors, hydrogen positional parameters and

observed (Fo) and calculated (F.) reflection intensities for 44 and 45

can be found in the Appendix.
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Table 4-2
- Crystal Data
44 45
Compound (C1gH1sNCL™) (CLO4™) C15HyaNCL
F.W. 356.17 i 241.72
Crystal Size (mm) .30 x 0.30 x ©.25 ‘ 0.30 x 0.30 x 0.10
rough cube rlate
Systematic Absences 0kO k=2n+1l Ok0 k=2n+l
- ROl 1=2n+1 hOl l=2n+l
Space, Group P2;/c P2y/c
Unit Cell (A and deg) a= 7.811 "a=14.438, .
bal6.811 b=113.26 b=14.348 b=101.57
c=13.876 c= 6.240
Velume (83) 1673.97 12668.39
s . 3
pcalc (g cm~3) 1.413 1.268
w {em 1) 3.53 2.34
Max. 20, reflctns meas 35, n,x,>1 55°, h,k,>1
standard reflctns (esd) 10 4 (0.041) 4 =3 2 10,012y
, 251 (0.015) 16 -2 (0.009)
femp, (OC) \\\ 22 22
No. unigque reflctns 1827 2922
No. with I>0 1317 1393
Final Rj,Ran p, ©.0980,0.0842 £.0920,0.0764
Final shift/error max (avg) i I .020
Ny {secondary e;Einction) 0.00s538 0.01092
Final difference map
“max (e, A"3); location  0.64 .20 .74 .84 0.25 .08 .88 .76
min (e &°3); location -0.60 .38 .80 .32 ~0.57 .10 .66 .52
waighsin ‘ weg(F) "2 w=1oF2 + 0.000659F2)"1
Erzor in an obs of unit wt 2.538% 1.3278

Ry = DHFol-IFel1/L!Fel i Ry = (LwflFol-1Fci}2 Twry2]2/2
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i_ Table 4-3 '

Atomic positional parameters and temperatu;e factorg (?\2)
. for C1S5H12CIN, 45. |
atom 1% (x10%) Y {x10%) Z (x103) Ueq(x103)
cL -1048.9(6) 1564.6(7) 9267(1) ©75.3(5)
c(1) -6222(2) 1102(1}) 12906 (4) - 49 (1)
c(2) -5256(2) 1050(2) 12657(4) 51(1)
c(3) -4984(2) 1160(1) 10756(4) ~ 50(1)'
c(4) -4019(1) ©1192(1) 10376 (4) 43(1)
,C(5) -3239(2) 875(2) 11915(4) 19(1)
c(6) ) -2331(2) ©974(2) 11572(5)% 55(1)
C(7) y ~2189(2) 1393(1) 9673(4) a8 (1)
c(8) . . -2940(2) 1686(2) © BO8a(4) 0(1)
c(9) . -3843(2) 1581(2) | 8as9(4) SO(1)
c(10) ~7413(1) 1150(1) 14905(4) a5(1)
c(11) -7649(2) 1625(2) 16666(4} 52(1) ,
C(12) -8574(2) 1680¢2) 16918(5) S8(1)
C(13) -9278(2) 1251¢(2) 15429(6) 62(1)
c{14) , -9050(2) 762(2) 13709(5) 65(1)
C(15) -8131(2) 719(2) 13431(5) 53(1)
N -63446(1) 1104(1) 13780(3) S0.6(9)
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Table §-4.
' o
Atomic positional parameters and temperature factors (AL

for C16H1SCl2NO4, 44.

Atom X (x10%) < Y (x108) Z(x10%) Ueq{xiOél
CL(1) 3975(2) . 8062(1) 3580(1)  57.5(4)
CL{2) "3179(2) 3881(21) 4157 (1) 75.0(5) -
o(1) 5235(9) 8621(3) 3614(5) 175(1)
0(2) “2750(8) 7983(2) 2582(3) 184(1) -
©(3) T 4956(6) - 7360(2) L 40213y, 0 741y
0(4) 3120(9) 8358(4) 14179 (4) 143(2)
C(l) T -649(9) 7353(3) 7 _340(4) 41(1y
c(2) 451(9) 6891(3) 537(4) 48(1)
C(3) -222(8) 6193 (3) "§74(4d) <4 (1)
c(4) 671(7) . 5638(3) 1523(4) 32(1) -
c(5) -103(8) "4882(3) T 1483(4) 52¢(1)
c(6) 646(8) 4340¢3) | 2280(4) . 51¢1)
LC(7) 2199(8) 4556 (3) 3139(4) 48(1) - -
c(8) "2978(8) 5292(4) " 3189(4) 60(1)
c(9) - - 2256(8) 5829(3) . 2387 (4) 45(1)
C10) T =1460(8) 8447(3) -1534(4) 41¢1)
cril) -2277(9) . 8010(4) -2438(4) 54(1)
c(1l2) ~3513(10} 8365(4) -3324(5) 66(2)
c(13} - =3934(10) 9160(S) -3320(5) 74(2)
c(14) -3092(13) 9603 (4} -2420(8) €a(1)
C(15) -1837(10) 9257(3) ~1486(5) 49(1)
C(15) | 1593(12) 8449 (4) 40(8) 85(1)

N(1} -202(6) 8059(3) -600(3} a3(1)
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VI. Quantum Yield Measurements

The light scurce used‘for the determination of gquantum yields for
the iminium salts 30 and 34 was an Osram HBO 200W super pressure mercury
lamp in a gratoa ;HM 150/1 housing. The power éodrce wag a Kra%oa LPsS
251HR Universal Arc Lamp Suppiy. A Kratos GM lOOLI ﬁonochrometer with
11.4 nm bandwidth entrancé ;nd exit slits was used. The collimated light

'beam_was passed through a filter with a transmission window of 308-400 mm
(Corning #5970) to a beam splitter inside of a light tight box.

The }ight souéce‘used for the irradiation of the imin;ﬁm salts 49
and 52 was an Osram XBO 150W/S high pressure xenon lamp placed in a PRA
ALH215 Arc Lamp Housing, and coperated with a PRA M303X Lamp Power Supply.
The light was passéd through a PRA ALHi_Jackege;'Infr;red Filter. A PRA
B102 monochrometer with 20 nm bandwidth entrance and exit slits was used,
followed by a 425 nm cut-off filter (Corning #3389). Collimated light
was passed through a beam splitter to the samples.

In both cases a UV-enhanced silican chip diode detector'placéq
behind each of the sample ;nd comparison channels was used to assess the
amount of light passing through each sample. These were connected to a
“home-built™ digital integrater. | ”

Samples of each iminium salt were carefully weighed (3-10 mg) and
dissolved in CDhCls (0.5 mls) in 22-mm-od x Z-mm guartz “lbllLPOp" cells.

_All work was carried out in a dark room.

Quantum vields were determined using ferrioxalate actinometry a

(ad

_ 313 nm for salts 30 and 34 and 468 nm for 49 and 52. Photon flux was

determined before and after each series of four irradiaticns and was
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= found not to vary by more than 5%. The quantum yield for 54 to 93 was

..-ﬁ'determined relative to the conversion of 49 to 87 aﬁ 350 nm. After each

irradiation the entire sample was placed in a S-mm-o.d., thin walled tube .

for. 250 ﬁﬂi or 500 MHz lH NMR analysis. The resulting spectrum was
’ , . . -~ :

assayed for the presence of the trans isomer and any photochemically

formed cis isomers. Evaluation of these compounds was accomplished using

»

the relative areas of the C(2°')H resonance for 30 to 77, C(1)H for 34 to

‘.

83 and C(20)H for~4§ to 87,52 ta 90 and 54 to 93. The aréas of these

: 1 .
resonances were integrated by both a cut ‘and weigh and relative peak .
height techniques. The relative differences in these techiques was

- ' .

approximately 5% and represents the approxdmate error in this method of -

measursgent. Raw quantum yield data are presented in Table 45

-

. ) ’t;;Ctet - je‘tC;cc . {50}
L] ’. -
| ,‘ 'Quantum vields for 87 to 497and 90 to 52 were calculated from .

.~ egquation 50, where ‘:-c is the measured guantum yield_fbr the trans to

cis process, Cy and C. are the concentrations of the trans and cis
. .

isomers respectively at the photosgtationary state, and £ ard >

their respective extinction coefficienats. C¢ and C. were approximated
from an extended irradiation at 468 nm and the ratioc of €, o g 'was

determined (in CH>Cls) from literature values. The remaining variable

. . N ‘
"#_... can be calculated from a manipulation of eguation 40 to give an
- . x )

. approximate quantum vield for the cis to trans process.
‘

-



Table 4-5

Primary Quantum Yield Data

T215

Reaction Wgt (gm) . Moles % Conv. Moles Eiﬁsteins ¢
%103 x10° Conv.x10% x10°
30 + 77 6.70 2.669 2.97 0.793, 1.404 0.56%
" 6.75 2.689 4.96 1.33 2.445 0.545
- 6.83 2.721 $.53 1.789 3.398 0.523
. .60 2.629 8.01 2.11 4.226 0.498
34 » 83 8.55 3.817 2.31 0.883 1.631 0.541
. 8.85 3.951 2.9 1.16 2.283 0.509
" 8.60 ' 3.839 3.86 1.48 2.990 0.496
- 8.7s 3.906 5.84 2.28 a.831 0.473
49 + 87 2.25 0.511 2.00 0.102 0.716 0.143 °
. 2.32 0.527 2.56 0.135 0.988 0.137
. 2.22 0.505 2.99 0.151 - 1.121 0.135
- 2.28 0.518 3.36 0.185 1.288 0.135
52 » 80  7.45 1.693 1.42 0.240 1.097 0.2:9
" 7.67 1.743 1.75 0.30% 1.71% 0.17'8
" 7.30 1.659 2.18 0.362 2.030 0.178
. 7.55 1.716 2.47 0.424 2.756 0.154
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i. Isomerization Rate Constants

The rate constant for the isomerization of 83 to 34 wgf

. . . - Q . ' A
determined Ln_duﬁ%;cate at 2I¥2.5°C in CD,Cl... In each case the iminium
—_— - - - -
salt 34 (10 mg} was dissolwed in 0.5 ml ©f solwvent in a medium walled nmr

tuke. The sample was then irradiated at 300 nm in a -Rayones

Photorhemical Reacter (Southern New England Ult:laviolet Ceo., RPR-100)

until appreoximately equal amounts 0f the 2-cis isomer, B3, and the

C ) 1
stavting material 34 were present, as assayed by H NHR. The peak
hejnhts nf rthe singler resonances corresponding o one of the Hamethyl
quroups in each iscemer, &8 3.77 in 83 and 8 3.68 in 34, were used to
. : 1 - . -

yuantitate the reaction. A H NMR spectrum was obtained duringe several
timed interwvals of the reactieon. The ratis of the cis iscmer to the
Lotal Lminium $alt was detersmined and ln (ratic) plotted against time,
Figure.3-%. Each run had a geod linear correlation (r=0.99y. The slopes
cf these graghs were equal to the firgt-cozrder rate constant for the

~5 -1 '

reaction. An average rate constant of 1.1% x 19 sec for the two

experimontd wags cktained. Raw data are given in Table 4-6. The

L1
O
[}

dif[e:epce‘in rate constants was 5%, which was the approximate error
the experimenﬁ. ' -

Since the reaction times of the isomerization was relativqu
shayre, it wae agsumed that the total concentration of iminium salt did

remained constant

-
“~

not varyr substantially. The volume of CD_Cl
. L

. ¥ . . . :
throughout the experiment. The reaction was monitored for 1.5 half-

lives at which time t=he N-methyl rescnance for 83 became %oo small o



measure accurately.

A similar experiment was performed.for the iminium salt 30. The

H ‘.

major difference was that measured amounts of dimethyl ammonium chloride °

(> 10 fold excess) were added t; each of four samples in order to
catalyse isomerization. This was done after approximately S5SO0% of ché 2-
cis'iéomer 77 Qad been generated photochem%cally. In the absence of
chloride salt no thermal cis/trans isomerization was noted at 22%.

Several measurements were made during a 24 hour period and showed only a

a
- -

genp:a% scatter of 10% in the aﬁoﬁnﬁ.of 2-c§s isomer. The reaction was
monitored using the t-butyl peak heightg at &§ 1.54 for 77 and & 1.51 for
30. The ratio of c¢is to total iminium salt wa;~measured a minimum of
. three times for'?ach catalyged reaction a&d 1ln (Eatio) plotted against
time to obtdin four linear correlations (r=0.§9 for all) and four )
cbservéd pseudo first order rate consﬁants {Kebs)- These were plotted
against the concentratiqn of chloride for each respective run to obtain

the second order rate constant 4.37 x 10~% sec™4 M~1 (r=0.99), Figure 3-

q.
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Table 4-6

Rate Constant Data for the Isomegization of 83 <+ 34

218

Time (min) + Cls Ratio? <ln {ratio)
¢ 42.6 1 0
30 41.9 0.98 .017
60 39.9 0.94. .05
120 37.6 0.88 .125
300 32.6 0.77 .268
360 30.6 0.72 .331
420 30.9 0.73 .321
600 26.8 0.63 .463
1380 16.8 -0.39 .930

Ratio = Cis
Cist.o
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Hvdrogen atom positional parameters and temperatufe factors

(gﬁ €or CLSHI2CLN, 45.
Atom X(x103) ¥ (x103) E(xloi)‘ y(x103)
H(1) -679(2) 114(1) 119%¢(%) T9(1)
H(2) -481(2) 95(2) 1389(5S) 100¢1)
H{3) -548¢(2 128(1) 2504y es(Ly
H{I) -330(1} 60(L) 1327 (1) 51(1)
H(S5) -170¢(2 77(2) 1270¢(5) 103¢1)
H(5) -’f9(’) 1961 877(4) 74(L)
H{T) -334(1) 180¢2) 750¢(s 63(1)
H(§) =719(1) 192(1) 1765¢4) 63(1)
H(9) -879(2) 203(2) '1824(5) 92(1)
H(1C) -993(2) 125(2) 1546(5) 97(1)
H(ll) =-355(2) 45(:) 1264(5) 3q(1)
H{1d) -802¢(1) 41{1), 1227(4d) 57(1)
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Hydrogen atom positional parameters and temperature factor( A%)

for CleH1S5CL2NO4, 44.

-

Atom X(x10%) ¥ (%103 2 (x103) U(x103)
H(L) v -179(5) 706¢(2) -97(3) 55(3)
H({2) 156(7) 708(3) 1113y i)
H(3) -132(5) 500(2) , 10(2) 36(3)
H(5) -106(6) 475(2) 92(3) §1(3)
H(6) - 6(6) 381(2) 227(3) 50(3)
H(8) 398(7) 536(3) 376(3) 73(3)
H({9) . 293(8) . 5441(2) 248(3) e NIk .
H(11) -191(7) 738(3) -236(3) ,80(3)
H(12) -326(8) 802(3) —306 (4) 134(3)
H(13) ~-490(5) 948(2) -401(3) 81(3)
H(14) -322(11) 1004(3) ~227(6) 133(3)
H{15) -90(8) 950(3) -61(4) 112(3)
H{l%) 1409 . 869(3) B2(d) 114(3)
H(17) 249(11) 813(4)% 30(6) 174(3)
H(18) 173(10) 896(3) -16(5) 130(3)
“



-

o
3nisotrgpic temperature factors ( A x 103) for
Cl6H15C1l2NO4, 44.

221

Atom Uil 022 U33 U2 U13 U23

CL(1) 63(1) 6#(1) 64(1) S(1) 9(9) 14¢1)
cL(2) 2100(1) 84(1) 70(1) 20(1) 7(1; 4(1)
Q1) 122(5%) 1144} 337(9)y O 123(%5) 20(5} 9(4)
Q(2) 230(6) 118(4) 83(3) =-31(3) -51(4) 87(4)
o3 31(3) 71(2)" 111(3) 28(2) 17(2) 27(2)
0(4) 185(8)  283(8) 106(4) 34 (4) 61(4) 159(8)
c(l 73(5) 59(4) 58(4) _2(3) 28(3) -5(3)
C(2) 68(4) 62(4) 57k3) 11(3» 18(3) 34
c(3) . 54(4) ‘63(4) 55(3) 5(3) 17¢3) 2(3)
c(d) S04 51({2) 63(3) -0.(3) 28(3y 2(3)
c(s) 50(4) 70(4) 57(4) ~7(3) 8(3) -7(3)
c{5) 58(4) 52(3) 718 43 T12(3) —d(3)
c(7) S4{4) 50 (4) 58(3) -2(3) 12(3) i
c(9) 57(4) 7;(5) 57(4) -10(3) §(3) -3(4)
c(9 51{4) 62(4) 58(3) -3(3) 15(3) -12(3)
10y 59(4) 734 T 50(3) 16(3) 25(3) -8(3)
c(lly 80(5S) T8(41) 50(3) 5{4) 20( =0. (%)
C(12) 88(6) 95(6) 78(5) 13(43 26(4) -10(4)
C{ldy ?S(il 122(T) 78(%) 38(5) 23(4) =0.(5}
C{ldy 107(6) T0¢(5) 126(7) 39(8) 60(5) 18(5)
c(isy $8¢(5) 8l(d) 85(4) 20(4) _41(4) =-3(4)
c{1s) 92(6) 76(5) 81(5) S{3) -2¢(5) ~31(5)
N(1) 54(3) 83(3) 52(2) 12y 21(2) -5(3)

\
/



Anisotropic temperature

=F .
factors (Ax1079) for C16H15CLN

[ §)
[P ]
| )

Atom U1l y232 U33 P Ul3 y23
CL 67.8(6) 95.1(7) 109.0(8)_ o =8.4(86) 41.5(5y =-8.8(%)
C(l) 53(1) S1(1) 52(1) -1(1) 8(1) -0. (1}
c(2) 56(1) S6(1) S2(1) -0.{1) 10¢1) (1)
c(3) 51(1) 52(1) 54(1) -1(1) 5(1) 2(1)
C{d}) 541 401y . 44(1) -0.(1) T __1:1'1,
C(9) 58(1) S56(1) SoO(Ly 12(1) 4L St
C{&) '59(1) S8(1) 85(2) 4Ly 15¢(1} Sl
c(M 55(1) $6(1) 69(1) -7 25¢1) -1y
of §-3 78(2) 52(1) 51(1) ~1(1) /L -2
c(9) T s 52(1) 45(1) 2(1) (1) 3
é(lO,k ) 53(1) 42(1) ‘-ﬁ(l) 5(1) 11 S(1)
ey 67(1) 54(1) S4(1) 2(1) 15(1) -1(1)
c(12) 81(2) 64(2) £§9(2) -1¢1) Is(l 8L
c(13) 58(1) §7(2) 99 (2) 1y 31(1}7 h4(l)
C(1s) 54(1) T0(2) 86(2) -9(1) 13() -3
C(15) . 62(1) 55(1) 64(1) -13(1) 17(1) -3
N 53(1) S50t 5C(1) =1{1) 0 ¢
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