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ABSTRACT

FACTORS INFLUENCING THE C=N STRETCHING FREQUENCY IN
NEUTRAL AND PROTONATED SCHIFF'S BASES,
by

JUAN LOPEZ GARRIGA

The C=N stretching frequency has been studied in a series of
aromatic Schiff’'s bases, their protonated derivatives and their reaction
products with other Lewis acids. Protonation, deuteration or reaction
with BF; increases the C=N strotching frequency in a range from 1 cm1 to
80 el | Linear polyene Schiff’s bases show similar behavior: an
increase in the C=N frequency of 30 cm~1 ig observed upon complexation of
trans—retinal Schiff’s base with BF;, The magnitud of the increase in
the C=N vibrational mode is dependent on the extent of comjugation in the
aromatic system, on the nature of the substituent, and on the stremgth of
the Lewis acid. In the NMR spectra of the protonated and complexed
species a downfield chemical shift of the protons nearby the C=N bond is
observed which suggests that the nitrogen electromegativity increases in

the reaction products relative to the free Schiff’'s base.

These observations, plus the similarities in the behavior of
Schiff’'s bases and nitriles, suggest that rehybridization at the Schiff's
base nitrogen occurs on the reaction of its lone pair with Lewis acids to

increase the C=N bond order. Ab initio calculations on the Schiff’s



base, methylimine, support this idea as the C=N bond length decreases and
the C=N stretching force constant increases by 0.51 -dyn/A upon
protonation. Normal coordinate analysis of this species, of the model
structure CH3HC=NCH3;, and of their protonated and deuterated derivatives
are reported here which show that an increase in the stretching force
constant of this magnitude leads to an increase of ~ 30 oml in the
frequency of the C=N stretching vibration. Analogous normal coordinate
calculations were also carried out for the BF3; addition product which
show that a similar increase in C=N stretching force constant upon
complexation is likely. The results indicate that rehybridizationm
effects, in particular, an increase in the s orbital contribution from
the protonated nitrogen to the spz hybrid orbital in the Schiff’s base
linkage, are primary responsible for the increase in the C=N stretching

frequency upon complexation of a Schiff’s base by a Lewis acid.



To: Carmen Gonzalez, Marti Lopez, Juan Francisco Lépez.
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CHAPTER 1

INTRODUCTION

A. Importance of the Schiff’s Base Bond, C=N, in Biological

Systems.

Nitrogen and carbon are able to change their hybridization readily
to form different kinds of bonds. It is not surprising, therefore, that
their interrelationship plays a number of important roles in biological
systems., The reaction between a carbonyl group of an aldehyde (1) with
the amino group of a primary amine (2) leads to the formation of one of

these peculiar nitrogen—carbon-bonds,the Schiff’s base (3) linkage:

H_ H R
’C=0 + HNR== C=N_ +HQ
R R O

(L)
|
(7]

The Schiff’s base (C=N) bond, has attracted interest because of its
occurrence in rhodopsin, bacteriorhodopsin and its photocycle
derivativesl™17 and in pyridoxal enzyme syste-l.la'zz Metalloporphyrin
and metallochlorin Schiff’s bases have been synthesized recently and the

possibility that these occur in vivo has been raised.23-27

The fact that Schiff’s base linkages are versatile in their physical

1



and chemical properties no doubt accounts for their importance in
biological catalysis. The C=N bond, for example, is fairly labile and

can be hydrolized and reformed readily (4). Protonation of the C=N

-'-

nitrogen in a Schiff'’s base containing
U b

H R
>C=N _a >C=N
R .0 R H

>

d

H,0
H\
C=0 + H,NR+H*
R

4

chromophore generally leads to a marked red-shift in the chromophore
absortion spectrum. This reaction is of importance in controlling the
optical properties of the retinal Schiff’s base (5a) in the visual

pigment, rhodopsin.1-10

NN\ 12
N
<+
NNH—

All-trans-retinylidene—n-butylamine. 1l-cis-retinylidene—n-butylamine.



The primary amino acid sequence of bovine rhodopsin has been

detetninedzs_so and it has been established that a lysine group of the

protein is bound to the retinal moeity via a Shiff’s base linknge.sl

After the absortion of light, the 11-cis retinal protonated Schiff’'s
base (5b) chromophore in rhodopsin32,33 photoisomerizes to a red shifted
intermediate, bathorhodopsin, with a distorted all-trans retinal
configuration.34‘35 Following the formation of this primary photoproduct,
a series of thermal events occur (see Figure 1) which initiate a change
in the photoreceptor cell membrane that leads to a transmitted signal to

the brain through the corresponding synaptic processes.1'1°'35

Bacteriorhodopsin (BR) is another retinal-protein and it function as
a photochemical proton-pump in the purple membrane of
Halobacteria,11717,36-38 g 407 normal illumination conditions,
bacteriorhodopsin is in its light-adapted form, a protonated retinal
Schiff's base with an absorption maximum at 560 mm,1.2.35 Absorption of
light by the bacteriohodopsin retinal prosthetic group converts this
light-adapted Bn568 form to a red-shifted intermediate 1610 which absorbs
maximally at 610 nm, This species decays thermally to 38568' throught a
series of intermediates, one of them a deprotonated Schiff’s base, i.e.
My12, (see Figure 2). This light-driven protonation/deprotonation
sequence of the Schiff’s base nitrogen is the key step in the mechanism

of the proton pump action of bactctiorhodopsin.11'17'34'38

Many naturally ocurring porphyrinoid compounds contain a ketone or a

formyl as functional groups as in the case of chlorophyl a (6) in the



Figure 1. Bleaching scheme of the visual pigment rhodopsin (from
ref. 35). The 11-cis retinal Schiff'’s base, in rhodopsin,
absorbs a photon and is converted in picosecond to
bathorhodopsin, which contains a distorted Cu-c12 trans
chromophore. At physiological temperatures
bathorhodopsin decays through a series of intermediates to

all-trans retinal and the aspoprotein, opsin.
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Figure 2. Photochemical scheme of bacteriorhodopsin. The light-adapted
bacteriorhodopsin (32568). contains an all-trans retinal
chromophore attached to a lysine group, of the protein,

through a protonated Schiff’s base. Photoisomerization

about the C13-C14 bond forms the x610 intermediate,
which cycles in ~ 10 msec back to 33568 through Lggq.

l412 and 0640' From reference 35.
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photosynthetic systems or of heme a8 (7) in cytochrome oxidase. It is

generally observed that the spectral properties of the in vivo
chromophores are, as in the case of rhodopsin and bacteriorbodopsin, red

shifted relative to the in vitro chromophore,23-27

Y Y
HO = CH3
HaC =CHz
o=C CHy
H
2 G
CHz (H
CoOH  CoOH
7

For example, cytochrome oxidase catalyses the oxidation of
ferrocytochrome ¢ and the four electron reduction of dioxygen to water
through the centers cytochrome a and cytochrome a3. Each cytochrome
center contains a heme group and a protein-bound copper ion, and because
of their different chemical environments they are denoted heme g and
copper a and heme 23 and copper a3 respectivoly.41'42 In addition to its
redox chemistry, cytochrome oxidase is involved in proton tramslocation
from the inside to the outsite of the -enbrane.39-42 Such proton pumping
action has been postulated to be associated with the cytochrome s

center42

and in particular with the heme 2 chronophore.39‘4o‘43 Heme a is
the main absorbing chromophore of the redox active center, cytochrome a,
in the mitocondrial enzyme, cytochrome oxidase, and is low—-spin in both

its Fe2*t and F03+ states in the protein. Compared to low spin heme a



model compounds, red-shifted visible absorption spectra of 10 nm and 17
nm for the oxidized (i.e. 598 nm and 588 nm) and reduced (604 nm and 588
nm) species, respectively are obscrvod.39'4° From an historical point of
view, it was originally thought that the red-shifted absorption maximum
of the heme a chromophore was produced by a protonated Schiff’s base
formed between the carboxyl group of heme a (7) and an amino group from
the protein. In analogy to bacteriorhodopsin, a protonation/
deprotonation step of the nitrogen Schiff’s base following the redox
chemistry of that center was postulated to be involved in the proton pump
activity of the enzyme.44:45 gowever, spectroscopic studies have shown
that a protonated Schiff’s base is unlikely to be present in heme & 4a
and that the proton pumping activity of the enzyme may be attridbuted to

redox-linked activity at a hydrogen bond involving the carbonyl group of

heme 8 and a nearby amino acid side chain,39,40.43

Nevertheless, the former observation has led to the suggestion that
the red-shift observed for chlorophyll in vivo may originate, at least in
part, from similar phenomena, i.e., from formation and protomation of
Schiff’s base linkages in the protein env:l::onwnt.zs'25 The chlorophylls
in the reaction centers of the photosyntetic apparatus in alga and green
plants, with absorption maximum at 700 nm (P700) and 680 nm (PGBO) and
located in photosystem I and in the photosystem II, respectively, show
red-shifted absorption spectra relative to monomeric chlorophyl a. This
spectral shift has been attridbuted to dimers or to higher order
aggregates of chlorophyl ;.46-48 However, partly because in the
photopigment rhodopsin a protonated Schiff’s base is directly imvolved in

the regulation of the optical absorption wavelength maximum, the dimer
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hypothesis has been challenged and a protonated Schiff’s base has been

proposed as source of the P,,, and Pgg) red shifted absorption

maximum, 23-25

In addition to the above proteins, there is a set of enzymatic
systems in which the prostetic group and the catalytic function depend
explicitaly on a protonated Schiff’s base. For instance, the coenzyme,
pyridoxal phosphate (8), plays an important role in the metabolic

interconversion of amino acids.18-22,49,50

R
|

N

| C/ \.r-H
~—0

Q
0=P-0
O |}1 CH,

H
s

The protonation reaction of the Schiff’s base group (C=N) of the
coenzyme produces the key intermediate which can lead to transamination
(9), or the interchange reaction, of an amino group of the protein amino
acid by a carboxylic group. The reaction mechanism of the enzyme,
aspartate amino transfotuse".a classical example of transamination,
together with other transaminases involving Schiff’s bases, has been
extensively discused in a recent book by Christen and Metzler.30

- + ) ST -
% '_I"TIHz/O N\ Ic|l) /0
C-C-C-G —> G-G-C—C

7 11 N, HO 7 N
O wmnu O O H ©
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Another group of protomated Schiff’s base-related enzymes involves a
ketimine (10), instead of an imine (3), Schiff’s base. This condensation
reaction leads to the formation of an enamine intermediate (11,12) during
the catalytic cycle of a particular process. Such an intermediate, for
instance, is involved in the decarboxylation reaction of acetoacetate by
the enzyme acetoacetate decarboxylnsesz'ss, and in the aldol condesation
and reverse cleaveage reaction of the RCHO group by the enzymes, aldolase
and transaldol;se.respectively.54’57 The condensation reaction is shown
in Figure 3.

H,C\ nR' H? sz\) /'* H,C‘\ch@,R

C=N —™> C= PJ / N

R _H R H R H

10 1 12

A similar mechamisn is present when the pyridoxal cofactor Schiff'’s
base is involved in the decarboxylation reaction of aspartate and in the
interconvertion (13) and/or degradation of aminoacids such as serine,

threonine, cysteine, tryptophan, and cystathionino.5°'51

—C - CHx. ~CO,
F?)SJ(JIF4i;:%5/’C>()2 i§§tE+ 2
+ N
ri\\ ’,rb4~\\\ f1\\(jaf’ \\\:¥1

@)
= | +RX

N CH,

)
H
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CH-O-P HG-OP
g;‘-_-’m _EnHL c-N H-En
SH.-OH H-CH

OH

CNH -En

&5‘\ , O

/ R
H C"'O P Hzcl:"O"P
HO~E={H-En GO

HO{%H <"_———>HOQI-H+HN En+H"
H-CP—OH

H- C-O H
R

Figure 3. The condensation reaction illustrates other function of
a Schiff’s base, the activation of carbon via an enamine

intermrdiate. P and En represent the phosphate group

and aldolase enzyme respectively.
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The above survey of biological systems has indicated the importance
of the protonated Schiff’s bases in the biological kindom. In the next
section, the optical and vibrational spectroscopic properties of

chromophores involving the C=N group will be discussed.

B.Optical and Vibrational Properties of Chromophores Contaning the

C=N Group.

Visual excitation is initiated by photon absorption in the rhodopsin
pigment. This chromophore-protein complex consists of a protonated
retinal Schiff’s base bound to an apoprotein, opsin. The 1ll-cis-retinal
protonated Schiff’s base, formed from n-butylamine and 11-cis-retinal,
has it absorption maximum at 440 nm in nethanol61, whereas the bovine
rhodopsin pigment (see Figure 1) absorbs at 500 nm. Honig, Nakanishi and

co-workers61'66

proposed to call this in vivo red-shift from the in vitro
absorption maximum, the "“opsin shift” (in cn’l). For instance, the opsin
shift for cattle opsin would be 2700 om1 (22700 cm{-1} (i.e 440 nm) -
20000 cm ! (i.,e. 500 mm)]. Similarly, the opsin shift in
bacteriorhodopsin is ~ 5100 em 1 gince the absortion maximum of the
protein is at 560 nn.74 The development of this opsin shift, or

wavelength regulation, is caused by the protein enviroment and

congstitutes one of the central problems in the visual research.

Numerous models have been proposed to account for the opsin shifts

in rhodopsin, bacteriorhopsin and their various photocycle

61,66,74,95-101 Blatz et 60,95,102

intermediates. al. in their early

studies of retinal Schiff’s base models, concluded that upon protomation
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of the retinal imine the partially positive charge on the nitrogen
depends on the seperation between the center of charge of the cation and
anion (counter ion effect). In this way, the fractional charge on the
Schiff’'s base nitrogen not engaged in the ionic bond polarizes the _
system to produce a resulting excitation energy lower than the

unprotonated Schiff’'s base species.

To explain the opsin shift in rhodopsin and bacteriorhodopsin,
Nakanishi et a1,61.66 proposed that, in addition to the counter ion
offoctloz, a negative charge in the vicinity of carbons 11 and 12 (see
Figure 1) can account for the ~ 2700 cm-1 opsin shift of rhodopsin. They
also proposed61'66 that for bacteriorhodopsin a negative charge near
carbon 5 can account for the 5000 cm™1 opsin shift, However, receant data
from Mathies and his gronp74, and others in the fie1d103 suggested that
the bacteriorhodopsin shift can be partitioned into a 1200 oml ghift due
to ground state configurational changes and a 3900 cm 1l ghift due to a
weak hydrogen bond between the Schiff’s base proton and an
electronegative group in the protein.74 These observations on the
bacteriorhodopsin shift suggest that the enviroment at the protomated
retinal Schiff’s base moiety plays an important role in regulating the

absorption maxima of the photopigments.



15

Schiff’'s base (14) and protonated Schiff’s base (15) C=N vibrational

modes have been studied for at least the past three docudos.58'59

— 9+
R R H
N\

c=N_ ——| Cc=N

Part of the interest in these species derives from the observation of
functionally significant Schiff’s base linkages in biological systems,
for example, in pyridoxal enzynesls‘zz and, more recently, in
bacteriorhodopsin, rhodopsin and related visual cycle intermediates and
-odals.1'17 In rhodopsin, the retinal chromophore is bound to the opsin
protein moiety through a Schiff’s base linkage and resonmance Raman
spectroscopy has been used extensively to monitor changes in the C=N
stretching frequency during the rhodopsin photocycle. For example the
C=N stretching mode in the neutral species occurs at 1620 ol | This

increases to 1655 cm™1 upon protonation and to 1630 on~1

upon
deuteration,1-10 In bacteriorhodopsin, smaller frequency changes,

presumably originating in the protonated Schiff’s base, occur at stages
in the photocycle and suggest different degrees of protein—chromophore
interaction for the various intermediates.35 Thus, the decrease in the

C=N stretching frequency from the protonated LSSO intermediate (QC_N-1544

c-'l) to the Myy, intermediate (JC.N-IGSZ cn 1) has been used as an

indicator of the proton pump cycle of bacte:iorhodopsin.z'11'17-35

Analogously, pyridoxal Schiff’s bases show the same trend in the
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absortion spectra and C=N stretching frequency. For instance, at pH=13
the pyridoxal-valine Schiff’'s base complex shows an absortion maximum at
385 nm and a C=N stretching frequency at 1630 om1, Upon protonation at
pH=9, the absorption maximum red shifts to 415 nm and the C=N stretching
frequency increase to 1643 cm~l, Deuteration at the nitrogen shifts this
vibrational frequency to 1635 en 1, Similarly, the pyridoxal enzyme,
aspartate aminotransferase, show a C=N stretching frequency of 1649 cm-1
at pH=5 and this mode decreases to 1617 om™1 upon deuteration.21.22

23 on the Schiff’s bases formed between

Work from this laboratory
formylated metalloporphyrins or metallochlorins and primary amines shows
that upon protonation of these aromatic Schiff’s base there is an
increase in the C=N stretching frequency as well. For example, for the
Schiff’s base of Ni(II) porphyrin a the C=N stretching vibration occurs
at 1639 cm1, 1650 cm™! and 1640 cm™1 , respectively, for neutral,
protonated and deuterated species. Accompanying the protomation
reaction, there is a marked optical red-shift in the visible re;ionzs'zs

as also occurs in the polyene case.1717,60-66

C. Previous Mechanisms for the Anomalous Increases in the C=N

Stretching Frequency Upon Protonation of Schiff’s Bases.

Vhile the origin of the optical red-shift has been explored

26,27 60-66

theoretically in both aromatic heterocycle and polyene cases
the mechanism underlying the increase in the characteristic Schiff’s base
frequency upon protonation remains obscure. Both the resomance

structures (16,17) and the increase in the reduced mass of the nitrogen



17

suggest that the C=N vibrational frequency should decrease.

N Io{) r{i‘ N\ 1-’/’ N\ _+ //
16 17

In the visual pigments and their model compounds the frequency
increase associated with the C=N stretching mode upon protonation has
been attributed to the interaction between the C=N stretching mode and
the C=N-H bending mode.4:5,8,11,13 qy presence of this new internal
coordinate, (i.e. the C=N-H bending), is reflected in the C=N
vibrational frequency by the C=N-H (bending) and C=N/C=N-H (stretch-bend)

13. however,

interaction force constants. As pointed out by Marcus et al.
the stretch-bend interaction model can not account for the increase in
the O=N vibrational mode which occurs when retinal Schiff'’s base

derivatives are methylated instead of protomated.

Increases in the unsaturated carbon—nitrogen stretching vibrationmal
frequency upon reaction with a Lewis acid have been reported for other
systems. For example, I.R studies on ketimines (R1p20=NR) indicate that
the increase in the frequency of the C=N stretching mode when the
nitrogen lone pair is shared with a Lewis acid substitueat (e.g. ", BF,

or 3013) results from an increase in the C=N bond order.67
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Similarly, when nitriles (18) react with Lewis acids such as BF3 (19) and

BCl,,

the C=N stretching mode increases in frequency. This behavior has also
been attributed to an increase in the C=N stretching force constant and
to a decrease in the C=N bond distance.68-72 Because of the structural
analogies between these species and the Schiff’s base system, these
results suggest that a similar mechanism may occnr‘for the Schiff’s base

C=N group.
D. Description of the Work to be Presented.

In the work described here, absorption, nuclear magnetic resomance
and Raman spectroscopic studies have been carried out on aromatic and
rotinal Schiff’s bases and protonated, deuterated, BBrj, BCl3 and BF3
complexed derivatives. The aromatic Schiff’s bases serve as simple
models for the aromatic metalloporphyrin systems and protonation of the
above systems also allows us to compare the behavior of the C=N group in
aromatic vs linear polyene Schiff’s bases. The BFs, BCl3 and BBrj
adducts are very useful complexes for studying the behavior of the C=N
stretching frequency when the nitrogen lone pair is encumbered by a Lewis

acid other than the proton. Complexation of trans—retinal Schiff’s base



19

(5a) with a general Lewis acid, such as BF3, should remove the C=N-H
bending interaction effects (i.e. the C=N-H bending is substituted by
the C=N-B motion) on the C=N stretching frequency while maintaining
delocalization of the T system and thus provide a means by which to test
the C=N stretch —C=N-H bend interaction or mechanical coupling

hypothesis.

Absorption spectroscopy was useful in the characterization of the
Schiff’'s bases and their Lewis acid derivatives. The magnetic techmnique
(NMR) was employed to observe the effect of the protonation on the atoms
near the C=N group. Raman and resonance Raman spectrocopy were used to
determine the frequencies of the vibrational modes associated with the
Schiff’'s base models and, in particular, to note the behavior of the C=N
stretching frequency upon changes in the conjugation, protonation , and

Lewis acid adduct formation,.

The spectroscopic results show/3-76 ¢nat upon protonation of the
Schiff’s bases, there is a marked red shift in the absorption maximum,
the near by protons of the imine group shift downfield and the C=N
stretching frequency increases. Similar trends in the absorption maxima
and changes in the C=N stretching frequency are observed upon the

reaction of the free Schiff’s base with BF,, BCl3 and BBzrj.

With this work in mind, ab initio electromic structure calculation
for methylimine and its protonmated derivative at the Generalized Valence
Bond?7 (GVB) and Self Consistent Fiolds78 (SCF) levels were carried out.

The GVB calculations show [73] that upon protomation of methylimine there
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is a reorganization of the electronic character of the nitrogen lone pair
in such a way that the C=N bond order increases (we call this effect the
rehybridization model) and surprisingly, the nitrogen appears to be

partially negatively charged.

Finally, numerical calculations within the normal coordinate
analysis framework, were conducted for the models an-NH and CHBHC'NCHS
and their protonated, deuterated and BF3 derivatives to explore the
predictions of the stretch/bend interation model in light of a restricted
sot of force constants and to determine the effect of the increase in the
C=N bond order (rehybridization model) on the C=N stretching frequency.
The results of these analyses indicate that the electron density
redistribution (i.e. rehybridization of the C=N bond) which increases
the C=N stretching force constant upon protonation of Schiff’s bases
plays a major role in determining the increase in the C=N stretching

frequency.



CHAPTER 2

MATERIALS, INSTRUMENTATION AND METHODS

A. DMaterials

Benzaldehyde, trans-retinal, methylamine, n—butylamine,
tert-butylamine, benzophenone, bromo-bencene, benzonitrile and the Lewis
acids, BClj, BBr; and BF3, were obtained from Aldrich Chemical Co.
2-naphthaldehyde and 9-anthraldehyde were obtained from Alfa Products.
The solvents used, C32C12, HCC1; and DMSO (dimethyl sulfoxide), were
freshly distilled and kept in a dry nitrogen atmosphere over 5& molecular
sieves. Benzaldehyde was purified by distillation in vacuum,
2-naphthaldehyde and 9-anthraldehye were re-crystallized from a
methanol-water mixture. All the other starting materials were used with

no further purification.

B. Synthesis of Imines

N-benylidene-n-butylamine (Figure 4a), 2-naphthylidene—-n-butylamine
(Figure 4b), and 9-anthrylidene—n-butylamine (Figure 4c) were prepared by
reaction of the appropriate aldehyde in 4h reflux with dry benzene
containing an excess of n-butylamine. Following completion, excess
n-butylamine and benzene were removed by vacuum evaporation.
N-benzylidene-n-butylamine was purified by distillation in a vacuum,
while 2-naphthalidene Schiff’s base was purified by a sublimation
technique. Retinylidene—n-butylamine (Figure 4d) was prepared by two

different routes. One employed the same procedures as for the aromatic

21
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Figure 4. a. N-benzylidene—n-butylamine.
b. 2-naphthylidene—n-butylamine.
c. 9-anthrylidene—n-butylamine.
d. All-trans-retinylidene—n-butylamine.
e. of-phenylbenzylidene—n-butylamine.

f. o{-phenylbenzylideneamine.
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imines. The other involved combining the corresponding retinal isomer
with an excess of n-butylamine in ethanol. This solution was mixed at 0
OC for 2hr under a stream of nitrogen and freoze--dr:led.14 The two
preparative techniques gave product which produced the same spectroscopic

results.

C. Synthesis of Ketimines

o{'-phenylbenzylidene-n-bntylllin08° (Figure 4¢) was obtained as the
reaction product between benzophenone and the amine with aluminum
chloride as catalytic agent.oc-phenylbonzyl1deneanine (Figure 4f) was
prepared by means of a reaction between a bromo-benzene—-magnesium complex
(Grignard reagent) and benzonitrilc.sl The Grignard-nitrile complex was
prepared by the dropwise addition of 0.45 mole of the nitrile to a ‘
stirred Grignard reagent prepared from 0.50 mole of the corresponding
halide and 0.51g of magnesium in 300 ml of anhydrous ether, followed by a
24 hr, reflux., After cooling to room temperature, the complex was
decomposed by the dropwise addition of 100 ml of anhydrous methanol (40
min). This last reaction was very vigorous. Completion of the
decompositon gave a slurry solid. The slurry was filtered, and the
filtrate was vacuum destilled. The ketimine was collected between

125-130 °c.

D. Schiff’s bases: Lewis acid Derivatives

Protonated and deuterated derivatives were obtained by adding

equivalent amounts of dry HCl(g) or DCl(g) to the corresponding imine
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solutions, by bubbling the acid through a solution of the Schiff’s base
in ether until precipitation was completed, or by bubbling the acid in
the solvent and then adding equivalents amounts of the acidified solvent
to the Schiff’s base solution. The products obtained following the three

methods gave identical spectroscopic results.

The aromatic and polyene Schiff’s bases Lewis acids derivatives
(BF3. BCls) were prepared by reacting a stoichiometric amount of the
Lewis acid with the particular imine (i.e. benzaldehyde, 2-nahthaldehyde
and retinal Schiff’s base) in dimethyl sulfoxide (DMSO). The
trans-retinal Schiff’s base: Lewis acid complexes in CHZCIZ' were
prepared by adding to the retinal Schiff’s base solution in C32C12 an
equivalent amount of 0.001M solution of the corresponding Lewis acid
(BC13. BBrj, BF3) in CH,Cl,. All reactions were carried out after
degassing solvents and imine solutions in a nitrogen enviroment. The
transfer of the Lewis acid to the solvents or to the Schiff’s base
solutions was carried out in a dry nitrogen environmeant in dry, preheated
.lassvate.az The solids were washed with ether and dried and stored in a
dry nitrogen atmosphere. The formation of the Schiff’s bases from its
parent aldehydes was, in general, indicated by a blue shift of the
absorption spectra while the formation of the Schiff’s base complex was
indicated, relative to the free base, by a red shift of the

spect rum,23-25,60-66
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E. Instrumentation and Calculations

Optical spectra were recorded with a Perkin Elmer Lambda 5, UV/Vis
spectrophotometer. Concentration of the neutral, protonated and Lewis
acid (BF3. BBr,, BC13) Schiff’s base complexes were typically 1.0-5.0 x
10-4l in methylene chloride, chloroform or dimethyl sulfoxide for the
optical measurements. For the 250-MHz NMR spectra, benzaldehyde and its
corresponding imine were prepared in deuterated chloroform; protonated
and deuterated derivatives were obtained by adding equivalents amounts of

dry HC1 or DC1 gas.

In the Raman experiments, the incident laser frequency was directed
through the bottom of a clear cuvette or spinning cell that contained the
sample. The scattered light was collected at 90° to the incident beam
(see Figure 5), focused and passed through a polarization scrambler.
Following dispersion by the double monochromator (Spex 1401), the various
light frequencies were selectevely focused upon a cooled photomultiplier
(RCA C31034). Photon counting electronics were used and the scattered
intensity versus frequency was displayed on a chart recorder. Static and

spinning cell arrangements were used for the experiment.

Raman spectra of the aromatic Schiff’s bases and their derivatives
(~ 0.1-0.25 M in the different solvents) were obtained by using two
different laser excitation frequencies: >\ex-647.1 nm (from a krypton ion
spectra Physics model 164-11) for 2-naphthalidene and 9-anthralidene
derivative and. Xex-su.s nm (from an argon ion Spectra Physics model

164) for the other samples. Resonance Raman spectra of the retinal
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Schiff’s base derivatives were recorded by using 441.6 nm excitation from
a8 helium-cadmium laser.

A scan speed of 50 cm™1l/min, a time constant of 2.5 sec and § onl
spectral resolution were used in recording the Raman spectra on a Spex
1401 double monochromator. For recording the Raman spectra of the light
sensitive retinal Schiff’'s bases and derivative, s spinning cell system,
consisting of a quartz cylindrical cell, spinning on a precision ball
bearing (Model 00-450-082885 from Detroit Ball Bearing Co.) and comnected
by a O-ring ( 568-026 from Detroit Ball Bearings Co.) to s motor ( 5.25 v
and 4500 rpm model 1950 from C and H Sales Co.) (see Figure 6), was

developed and constructed at Michigan State University.

1. Ab Initio Calculations. The ab initio C=N bond distance and C=N

stretching force constant were determined for methylimine and
methylenimmonium ion under the SCF (Self Consistent Field)78 and 6vB
(Generalize Valence Bond)?7 formalisms. All calculations were carried
out by using the Argonne National Laboratory collection of Electromic
Structure Codes (QUEST-164). In particular, the integrals were domne by
using the program ARGOS written by Pitzer83 and the GVB calculations were
done by using the program GVB 164 writtea by R. Bair.84 The calculations
wore done on an FPS 164 attached array processor. The details of the

calculations and results will be discussed in Chapter 4.
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Figure 6. Schematic Spinning Cell
a. Plataform supporting system.
b. 5.25 v motor.
¢. Quartz spinning cell.
d. Ball bearing.
e. O-ring.

f. Distance in mm.
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2. Normal Coordinate Analysis. In-plane vibrational frequencies

and the corresponding potential energy distribution for methylimine, for

a hypothetical methylenimmonium ion and for the model structure

Cﬂ3CB=NCH3 and the corresponding isotopically substituted derivatives

were calculated by using the Shimanouchi normal coordinate analysis
progrlns.85'86 For the specific details of the calculations and results

see Chapter 5.



CHAPTER 3

SPECTROSCOPIC STUDIES

A. Introduction.

Vibrational spectroscopic studies provide a powerful means of
elucidating donor—acceptor interactions through a comparison of the
vibrational frequencies of the complex with those of free acid and base.
The present study is centered on the specific effects that these
interactions can have on the optical absorption and vibrational
properties of the Schiff’s bases upon complexation of the mitrogen lone
pair electrons of the C=N linkage with Lewis acids such as B, BF3, BClj,
and BBr3. The interest in the optical and vibrational properties of the
Schiff’s bases and their complexed derivatives derives from the important
role that the C=N linkage plays in biological systems (see Chapter 1), in
organic syntheses via the cyclization of n—acyliminium ions (20) of
naturally occuring alkaloid387, and in the nature of intramolecular

electron transfer in olefin—N-heteroaromatic salt systons.ss

Most of our present knowledge on the spectroscopic properties of the

32
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chromophores containing the C=N bond comes from the pyridoxllls'zz and
retinal Schiff’'s bases model systems and from the biologically occurring
pyridoxal enzymes and photopigments, rhodopsin and bacteriorhodopsin.1-17
Also, scattered studies on porphyrin Schiff’s bases and aromatic
ketimines are present in the literature.23-25.47 However, a systematic
investigation of saturated, unsaturated and aromatic Schiff’s bases and
their Lewis acid complexes (i.e. H', BF;, BClj and BBrj) has not
appeared. Rather, most reports deal with compounds specific to the
problem at hand. Thus, the C=N stretching frequency for saturated
aldimines was assigned by Fabian et a1.58:59 ¢o the 1665-1674 el range.
This work was extended by Steele39 compouds with frequencies in the to
1665-1680 cm™ 1, Aromatic aldimines of the type CGHS-CH-N—R present the
C=N stretch in the 1658-1629 cm™1 region and in the 1637-1626 cm1 range
when the R group is substituted by a phenyl groupsg. Witkop et 21,18 45
a study of possible pyridoxal models indicates a 1639-1626 om~1 range for
aromatic Schiff’s base models. A further reduction in the vibrationmal
frequency of this mode is obtained when the number of substituent phenyl

rings incteases.s9

In general, these reports show that the region over which the C=N
stretching frequency occurs in uncomplexed Schiff’s bases is relatively
extensive and that the physical and chemical environment of the C=N
group, including factors such as the presence of electron domating or
electron withdrawing substituents, conjugation effects, resonance effects
and hydrogen bonding, coantribute to the C=N stretching frequency

variations.
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More extensive insight into the spectral changes of a system
containing the C=N chromophore comes from resonance Raman vibrational
studies of the retinal Schiff’s bases and their derivatives. These
studies have helped to develop an understanding of the relationship
between the vibrational properties of these species and the different
conformations that the polyene can assume in rhodopsin, bacteriorhodopsin
and their respective photocycle intemediates. Heyde ot 1112, Mathies et

11%'35 and other vorkcts"ls‘go

recognized that the vibrational spectrum
of retinal Schiff’'s base isomers provides a characteristic vibrational
fingerprint region (i.e. 1100 - 1400 cm’l) unique to its molecular
structure. For example, conversion of all-trans retinal to its Schiff'’s
base causes a 50 om 1 increase ( see 5a, Chapter 1) of the C147C15
stretching frequency (i.e. from 1111 om 1 to 1161 cn-l). In addition to
the shift of the C14-C15 normal mode, other C-C frequencies in retinal
Schiff's base and protonated species have been found to be tltered?s In
this regard, the use of 28 and 130 isotopic derivative has been key to
assessing the C-C, C=C and C-H vibrational modes. More detailed
discussion of the trans-retinal Schiff’s base and protonated derivatives
vibrations can be found in the extensive work by Mathies et 31?’11'36

The identification of the all-trans-retinal vibrational frequencies has
been used as the reference point to distinguish the presence of other
isomers, i.e. 9-cis, 11-cis and 13-cis retinal protonated Schiff’s bases

in the photopingments intermediates.

It appears, as discused in Chapter 1, that co-ordination of Schiff’'s
bases (i.e.C=N) with Lewis acid acceptor like B or BF3 increases the C=N

stretching frequeny. For example, reaction of alkene ketimines with the
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above Lewis acids increases the C=N stretching frequency from 1610 om~1

to 1672 cn-l. Similarly, aromatic ketimines show increases of the order

67

of 7-64 em 1 upon protonation”’ and protonation of retinal Schiff’s bases

produces a 35 om 1 increases in the same vibrational mode i.e. from 1620
cn~1 to 1655 cn-1.1—17 This increase in the C=N vibrational frequency is
surprising because it might be expected that co-ordination would cause,
in analogy to carbonyl compmu:d::su'93 of the general type RHCOX, a
lowering of the C=N bond order and hence lengthening of the C=N bond,
with a consequent decrease in the Schiff’s base (C=N) stretching
frequency. From this point of view, as indicated in Chapter 1, the C=N
frequency increases associated with the visual pigments, and Schiff’s

bases in general, have been attributed to the interaction between the C=N

stretching mode and the C=N-H bending vibration."s's'u‘13

However, the fact that increases in the C=N stretching frequency are
observed for a larg; variety of substituted Schiff’s bases (e.g.aromatic,
alkene, polyene and porphyrin) Lewis acid complexes and that the
corresponding C=N-H or C=N-B bending motion are expected to be at very
different vibrational frequencies leads us to the idea of testing the
stretch-bend interaction model. In order to achive this task, we have
studied the vibrational properties of the C=N stretching motion in a set
of aromatic imines and ketimines as a function of increasing the ring
size substituents and in terms of the interaction between the Schiff’s

base bond and the Lewis acids H*, BFS' Bc13 and BBr Similarly, we have

3.
studied the effects of Lewis acid complexation of the nitrogen lone pair
electrons (in retinal Schiff’s bases) on the absorption maximum and C=N

stretching frequency of the model chromophore. In prinmciple,
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complexation of the retinal Schiff’s bases with Lewis acids, other than
the proton, can help to determine whether the optical absorption red
shift in the protonated species is a unique propertiy of the protonated
complexes (due, for example, to the presence of a counter ion or to
mechanical coupling) or is a general property that follows the encounter
of the nitrogen lone pair with any Lewis acid. The results of this study
and the effects on the C=N stretching frequency in the complexed aromatic

and polyene Schiff’s bases are below.

B. Spectroscopic Results.

1 Imines. Figure 7 shows Raman spectra of
N-benzylidene—n-butylamine Schiff’s base and its protonated and
deuterated derivatives in chloroform. The work on benzaldohyd01°4
provides assigments for the ring and related vibrational motions (see
Table 1). Thus, the band at 1696 cn’l. assigned to C=0 stretching
frequency in benzaldehyde, is shifted upon Schiff’s base formatiom to
1646 cm 1 and is assigned to the C=N stretching froqnency.1°5'1°6 Upon

1 and a new

protonation, the frequency of this mode increases to 1680 cm™
band appears at 1425 cnl in Reman and at 1418 o= 1 in IR; this band is
absent in the unprotonated and deuterated Schiff’s base derivatives and
is assigned to the C=N-H bending motion. Deuteration of the Schiff’s
base increases the C=N frequency mode to 1660 cm”l, The highest
frequency shoulder in the protonated and deuterated species is due to
decomposition products. Complexation of benzylideme-n-butylamine with

BF3, in dimethyl sulfoxide (DNSO) solution, increases the frequency of

the C=N normal mode to 1690 cm™ 1, Spectra of the parent aldehyde and the
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Figure 7. Raman spectra of N-benzylidene-n-butylamine (BnBI) and
protonated (BaBIH') and deuterated (BnBID') derivatives
in CHC13 solution. The highest frequency shoulder in the

protonated and deuterated species is due to decomposition

products.
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Table 1

39.

Frequency (om™1) Assignments for N-benzylidene-n-butylamine

(BnBI), and Protonated (BnBIH) and Deuterated (DnBID) Derivatives.

BnBI

1002s
1025m
1060w

1114w

1159w
1170m

1222vs
1221

1293w

1310w

1340w

1378

1452w
1495m
1588w
1602vs
1646s

BnBIH

1002s
1030m
1060w

1121w

1169m
1194m

1225s
1228

1294w
1306w
1312w
1334w

1346w
1425m

1451w
1497w

1603vs
1680s

BnBID

1002s
1030m
1060w

1121w

1168m
1194m

1220s

1224
1243m

1294w
1306w
1311w
1334w

1351w

1459w
1497w

1602vs
1660s

Assignments

V12

vl9a
chain

solvent

v9a

solvent
¢-C=N-R *¥

CHZwag chain

CH aldehyde
C=N-H bending

Vieb
182
8a
8a

< < < <

C=N
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neutral and protonated Schiff’s base species in this solvent are also

shown in Figure 8.

The C=N stretching frequency is sensitive to the nature of the amine
used in forming the Schiff’s base. For the benzaldehyde system,
substitution of the n—butyl group by a methyl group shifts the C=N
stretching frequency to 1650 cn'l. The small 4 cn'l increase in the C=N
vibrational frequency of this species may be due to the small mass of the
methyl group relative to the n-butyl derivative. Upon protonation, this
mode increases to 1684cm 1, The corresponding frequencies for tert-butyl
substitution are 1640 cm™ 1l and 1666 cm-l » respectively (spectra mot

shown).

The Raman spectra of 2-naphthalidene—n-butylamine and its protonated
and deuterated Schiff’s bases are shown in Figure 9. The C=N stretch
increases from 1643 cm™l (in the neutral species) to 1675 om 1 upon
protonation and to 1655 el jn the deuterated derivative, Similar to
the protonated benzaldehyde Schiff’s base derivative, the protonated
2-naphthylidene—n-butyl amine derivative shows a band at 1420 om™1 in the
Raman spectrum which is absent in the spectra of the unprotonated and
deuterated species. The Lewis acid (BFS. BC13) complexes of the above
species also show an increased C=N vibrational frequency (to 1683 or 1681
1

cm -, see Figure 10). Table 2 shows the assignments for the observed

vibrational frequencies; the work on naphthalen01°7

and
nuphthaldehydeslos have been used for the main assignments. We have also
recorded vibrational spectra for Schiff’s base species in a series of

anthracene derivatives (spectra not show). Protonation of
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Figure 8. Raman spectra of N-benzylidene-n-butylamine (BnBI) and
protonated (BnBIH') and BF; (BnBIBF;) derivatives

in DMSO solution., The solvent peaks are demoted by ®.
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Figure 9. Raman spectra of 2-naphthylidene-n-butylamine (NapBI)
and protonated (NapBIH') and deuterated (NapBID')

derivatives in CBCI3 solution,
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Figure 10. Raman spectra of 2-naphthylidene—-n-butylamine (a) and

3013 (b) and BF3 (c) derivatives in DMSO solution.

The solvent peaks are demotes by ®.
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Table 2 Frequency (cll"l) Assignments for 2-Naphtylidene—n-butylamine
(NAPnBI), and Protonated (NAPnBIH) and Deuterated (NAPnBID) Derivatives.

NAPn BI

1019m

1121w

1143w

1178m

1217m

1265w

1340w

1373m

1384s

1395s

1440m

1468m

1511w

1579w

1600w

1630s

1643s

NAPnBIH

1019w

1143w

1170w

1185m

1217m

1230m

1276w

1344m

1379m

1389s

1420s

1444m

1471m

1511w

1579w

1600w

1628s

1675s

NAPnBID

1019w

1143w

1170w

1185m

1217m

1230m

1277w

1374m

1389s

1444m

1470m

1510w

1579w

1600w

1626s

1655s

Assignments

1
a

11

solvent (CHCl

1
a

3)

skeletal

C=N stretching
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9-anthrylidene-n-butylamine increases the C=N stretching frequency from

1644 cm ! to 1663 cm 1.

The NMR spectra recorded for benzaldeyde Schiff’s bases and their
protonated and deuterated forms are presented in Figure 11, Table 3
collects the NMR chemical shift data for the H(a) andd}CHz protons of
N-benzylidene—n-butylamine, 2-naphthyline-n-butylamine and
9-anthrylidene— n-butylamine and their prptonated and deuterated forms.

The data indicate, in agreement with similar stndiesls'log

» that a
downfield shift of the H(a) andQFCHZ protons occurs upon protonation or
deuteration of the aromatic Schiff’s bases. The splitting of the H(a)
proton into a doublet and of thedE-CH2 into a quartert is due to the H(b)
proton present on the imine nitrogen. As expected, these feature are

absent in the unprotonated and deuterated Schiff’s bases where the (Ha)

proton gives a singlet and theQFCHz protons appear as a triplet,

Linear polyene Schiff’s bases are well-known to exhibit behavior
analogous to that observed for the aromatic Schiff’s bases: upon
protonation the C=N stretching frequency 1ncrelses.1_17 The Raman data in
Figure 12 show that the analogy extends to the retinal Schiff’'s bue:BF3
complex as woll, Figure 12a shows the spectrum of the neutral schiff’s
base in DMSO; the C=N stretch occurs at 1623 cm 1, Protonation (Figure
12b) increases this mode to 1654 cm 1, In the BF3 complexed retinal
Schiff’'s base derivative (Figure 12c) the C=N stretching mode occurs at
1656 cn—l. In addition, a series of trans—-retinal Schiff’s base: Lewis
acid complexes (BF3. BCl3. BBrs) were prepared and characterized in a

less polar solvent, i.e. CBZCIZ' As expected, strong optical absorption
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Figure 11. 250-NMR spectra of benzaldehyde (a), N-benzylidene-

n-butylamine (b) and its protonated (c) and deuterated (d)

derivatives in CDCls.
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Table 3 Chemical Shift for Carbonyl and Imine Protons of the Kind:

a H aCH_R Ha «aCH
/ RWVAE: \ 7 z
ArC C=N and C=N
\ A / / \
0 r Ar H, (D)
Ar Substituent H a-CH
Ar suostituent Ta— 2
CSHS a Carbonyl 10.08
Imine 8.30(s) 3.65(t)
Prot. Imine 9.38 (d) 4.10(q)
Deut. Imine 9.38 (s) 4.10(t)
b
C10H8 Carbonyl 10.04(s)
Imine 8.30(s) 3.60(¢t)
Prot. Imine 8.8 (s) 3.95(b)
Deut. Imine 8.7 (s) 3.95(t)
b
C14H10 Carbonyl 11.32(s)
Imine 9.28(s) 3.86(t)
Prot. Imine 9.75(b) 4.29(b)

r = Propyl group; s = singlet; d= doublet; t = triplet; q = quartet;
b = broad. a. 250-MHz, b. 60-MHz NMR.
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Figure 12. Resonance Raman spectra of reinylidene—n-butylamine (RnB)
and protonated (RnBH') and BF; (RuBBF3) derivatives

in DMSO solution. The solvent peaks are denmoted by ¢.
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red-shifts are observed for these species (Figure 13). The absorption
maximum for protonated Schiff’s base complexes is solvent dependent, as
has been pointed out by Blatz and co-workers.60:95,102 gigi1ar solvent
dependencies are observed for the Schiff’s base: general Lewis acid
complexes (compare for example, the extent of the red-shift in the BF3
and HC1 adducts in Cﬂzclz and in DMNSO in Table 4). This supports the
idea that the physical phenomena underlying the behavior of protomated
and general Lewis acid complexed Schiff’s bases are similar. The
corresponding resonance Raman data indicate, however, that the C=N
stretching frequency in the Schiff’s base increases by an amount similar
to that observed upon protonation. For example, BF3 (Figure 13d)
increases the C=N stretching frequency by 31 cn'l. while in the HC10,
complex (Figure 13e) an increase of 30 cmn 1 is seen. The other Lewis
acid complexes (BCl;, BBrj and HC1) show comparable increase in the C=N
stretching frequency (Figure 13). The small increase in (C=N) for the
Schiff’'s base-BCl; complex, is similar to the observed trend%® for
aromatic nitriles upon complexation with BF3 and BCl13. At this point it
is useful to mention that the possibility that a retinal Schiff’s base:
HF complex was formed instead of the retinal Schiff’s base: BF; complex
can be ruled out since the HF complexes in CCl, and CHCl3 solutions have
absorption maximum at 447 nm and 468 nm, :espectively.loz In these
solvents, the absorption maximun for the BF3; complexes appears at 456 nm

and 480 nm (Table 4), respectively.

2. Ketiminies. Figures 14 shows high frequency Raman spectra for
thodcphonylbonzyl1done-n—bnty1¢nine system, (CGHs)zchN(cnz)scn3. For the

neutral species (Figure 14a), the C=N stretching frequency appears at
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Figure 13. Resonance Raman and absorption (inset) spectra of trans-
roetinal Schiff’s base and Lewvis acid derivatives in
CH,Cl,. (a) Trans—retinylidene—n-butylamine.
(b) BCl; complex. (c) BBrz complex. (d) BF,

complex. (e) l!ClO4 complex. (f) HCl1 complex.
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Absorption Maxima, C=C and C=N stretching Frequencies® of

trans-retinylidene—n-butylamine and Lewis Acid Derivatives.

Retinal Schiff’s Base

Lewis Acid x(max) Cc=C C=N Solvent
Schiff’s Base'S) 364 1578 1622 CH2Cl2
Bc1, (€ 452 1559 1651 CHzCl2
BBra (¢ 458 1558 1651 CHz2Cl2
BF; (¢) 477 1552 1653 CHzCl2
nc1oe () 476 1552 1652 CH2Cl2
uc1(© 456 1558 1651 CH2Cl.
Br, (4) 441 1561 1656 (CHs )250
nc1(d) 440 1562 1654 (CHs )250
BFs (¢) 456 — — CCla
BFs (¢ 480 — — CHCla

a.
b.
c.
d.

Absorption maximum in nm.

Stretching frequencies in cm™

From Reference 97.

1

This work (spectra not shown).



58

Figure 14. Raman spectra of U-phenylbenzylidene—n-butylamine (a)
and protonated (b) and deuterated (c) derivatives in

methanol solution,
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1618 cn'ls upon protonation (Figure 14b) or deuteration (Figure 1l4c),
this mode is shifted to 1636 om™ 1 or to 1616 c-l. respectively. Figure
15 shows Raman spectra for a second ketimine sy:to-.cfwhenylbenzylidene
amine, (Csﬂs)zchNH. The spectrum of the parent ketome, benzophenone, is
shown in Figure 15a. The C=N stretching occurs at 1600 cml and the
C=N-H bending mode appears at 1364 cn~l in the neutral Schiff’s base
(Figure 15b). These assigments are based on the isotope studies carried
out by Datin et 21.110 protonation (Figure 15c) increases the C=N
stretching mode to 1661 cn 1l and in the BF3 complex (Figure 15d) this

mode is shifted to 1679 cm 1,
C. Discussion,.

1. O=N Stretching Frequency: Neutral Schiff’s Bases. Table §
summarizes aldehyde and neutral Schiff’s base functional group stretching
frequencies for a number of linesr polyenes and aromatic species. For
both classes of compounds, conjugation effects are apparent as increasing
the number of double bonds leads to a decrease in the C=0 and C=N
stretching frequency. This trend is summarized in Figure 16, where the
C=0 frequency in aromatic aldehydes and the C=N frequency in the
corresponding neutral Schiff’s base formed by reaction with n-butylamine
are plotted as functions of the number of double bonds in the aromatic
system. The slopes of the two plots show that conjugation effects are
more promounced for the aldehyde group than for the neutral Schiff’s
base, most likely the result of the stromger electron withdrawing
character of the carbonyl. For example, increasing the resonance system

from benzaldehyde to a formylated metalloporphyrin brings about a change
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Figure 15, Raman spectra of benzophenone (BBO).c*Lphenylbenzylideno—
amine (BBI) and protonated (BBIH*) and BF3 (BBIBF3)

dorivatives in DMSO. The solvent peaks are denmoted by *.
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Figure 16. Effect of increasing the aromatic ring conjugation on
the characteristic group frequency of aldehydes (O),

Schiff’s bases (1) and protonated Schiff’s bases ().
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in the C=0 stretching frequency of 28 cnl whereas the corresponding
shift in the Schiff’s base analogs is only 7 oml, Similar effects are
apparent in the optical spectroscopy of these two clases of
conponnd323'25, that is, the optical spectra of aromatic aldehydes are
more strongly red-shifted than those of the corresponding neutral

Schiff’s bases.

When the alkyl amine is replaced by an aromatic amine in the
Schiff’s base linkage, there is a decrease in the C=N frequency although
this effect is still fairly small; for the benzaldehyde system, for
example there is a 12 cml difference in the C=N mode for the Schiff’'s
bases formed from n-butylamine and aminobenzene. A further reduction in
the frequency of the C=N stretch (to 1616 cl’1) is observed as the number
of substituent phenyl rings is increased to three. These tremnds indicate
that conjugation effects play a role in determining the C=N stretching

frequency but that the dependence is fairly weak.

In comparision with the aromatic compounds, it is appareant from
Table 5 that the linear polyene Schiff’s bases show a much stromger
relationship between C=N frequency and number of double bonds. Similar
behavior has been reported for the neutral nitrile system where the CaN
frequency shows a more promounced dependence on extent of conjugation in
linear unsaturated systems than in analogous aromatic specios.lls For the
nitrile system, these conjugation effects were suggested to be the
determining factor in accounting for the frequency differemces between
these two clases of compounds, i.e., the interaction of the C=NA{Y orbital

with the T system of the aromatic ring is smaller than its interaction
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with that of the linear, unsaturated systems. The same phenomenon

appears to be in effect in the Schiff’s base systems and thus we expect
the extent of conjugation to be higher for the C=N group in the linear
polyene Schiff’s bases than in the aromatic imine Schiff’'s bases, with

the consequent decrease in the C=N stretching frequency of the former.

2. O=N* Stretching Frequency: Schiff's Base/Lewis Acid Complexes.
Table 6 collects data on various Schiff’s base: Lewis acid adducts which
were studied in the present work or described by other workers. The
dependence of the C=N* gtretching frequency on the size of the conjugated
system in protonated aromatic Schiff’s bases is shown in Figure 16. The
same type of dependence as noted above for aromatic aldehydes and neutral
Schiff's bases is observed: as the number of double bonds increases the
c=N* stretching frequency decreases. Moreover, the slope is steeper than
in the neutral Schiff’s base compounds, probably reflecting the effect of
the increased electronegativity of the protonated substituent on the

conjugated system.

The data in Table 6 show that the increase in C=N frequeancy upon
complexation with BF; is comparable to that observed upon protonmation.
Moreover, for both of these Lewis acids (H', BF3) the largest shifts
arise for compounds in which the Schiff’s base nitrogen is substituted
only by protons whereas the smallest shift occurs for the fully phenyl
substituted species. These observations indicate that a common mechanism
is likely to be responsible for the increase in the C=N stretching

frequency in both cases.
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Table 6 Chaages iz the C=N Stretchiag Frequenmcy Upoa Complexatioa VWith Lewis Acids.

{a) + + (b) (c)

Complex Ven Ve Vor Vo Wt bvpe BV, Sy
PhHCNCAHQ(d) 1646 1680 1660 1690 34 20 43 1425
thcncaug(d) 1618 1636 1616 18 -2
rhzcuu(d) 1600 1661 1679 61 79 1364
NaphCNCaﬂg(d) 1643 1675 1655 32 12 1420
Anccncaug(d) 1644 1663 19
PhHcNMe (&) 1658 1695 1712 37 54
phucneh(®) 163 1672 1673 38 39
PhZCNHe(e) 1634 1669 1661 35 27
PhZCNPh(e) 1616 1623 1621 7 s
BUZCNH(e) 1610 1670 1672 60 62
Ni-porphyrin g(f) 1639 1650 1640 11 1

(g)
M, 1620
(g)*
Rhodopsin 1655 1630 35 10
R, (M 1642 1625 22 s 1350
570

(h) :
Br, 1641 1623 21 3 1346
TR 1633 1621 13 1 1349

578

Retinylidene-n- ‘3’ 1622 1655 1630 33 8
butylamine
Retinylidene-n- (& 1623 1654 1656 31 33

butylamine

v vty vt
a. C = N stretching frequency, protonated ( ), deuterated ( CND) and BF3 complex

Vcna).

b. &Vt " Vol - Vex;

Frequency in cm—l.

Vot =

D

\Y

c. C = N - H bending mode (GCNH)

d. This work; o. Reference 67; f. Referemce 23; g. Referesce 1; h. Reference 9;

CND

-V

CN;

AV =

A - tN
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As noted in the introduction to this Chapter and also in Chapter 1,
the increase in frequency upon protonation is counterintuitive. For
liner polyene Schiff’s bases a C=N stretch: C=N-H bend model has been
invoked to explain this phenomenon. This model has difficulty, however,
in accounting for the increase in C=N stretching frequency observed upon
methylation, as pointed out by Marcus et a1.13 It is also unable to
explain the similarity in behavior for protonated Schiff’s bases and
Schiff’'s base:BF3; addition complexes reported here. The experiments in
Figures 12 and 13 show that this similarity, which we have studied most
extensively in the aromatic systems, is also observed in linear polyene
systems: protonated retinal and the retinal: BF3 complex in DNSO show
increases in C=N stretching frequencies, relative to the nmeutral Schiff’s

base (1623 cn'l) of 31 cm™1 and 33 cu} , respectively.

Table 4 summarizes the absorption maximum, and the C=N and C=C
stretching frequency data for the retinal Schiff’s bases, its protomated
and Levis acid-complexed species in various solvents. The similarities
in these properties for the aromatic and retinal Schiff’s bases, as well
as their solvent dependencies (see also ref. 60,95,102), demonstrate
that the absorption red-shift, the increase in C=N vibrational frequency.
and the decrease in C=C stretching frequency are gemeral properties of
Lowis acid Schiff’s base reactions. In agreement with previous
resnltss'ls, the ethylenic (C=C) frequency of the retinal Schiff’s base:
Lewis acid complexes shows a stronger correlation with the magnitide of
the absorption red shift than the C=N stretching frequency. For example,
the difference between the absorption maximum values for the BF3 and BBrj3

complexes is 19 nm. The corresponding differences in their C=C and C=N
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stroetching frequencies are 6 em™1 gpng 2 cn’l. respectively, which
indicates that the C=C stretching force constant is more semsitive to
changes in the T system than is the C=N stretching frequency. This
suggests, in turn, that the chages associated with the C=C and C=N
stretching frequencies upon reaction with Lewis acids are regulated by

more than a single mechanism,

Complexation of trans—retinal Schiff’s base with general Lewis
acids, such as BF3, should remove the C-N-H bending interaction effects
on the C=N stretching frequency while maintaining delocalization of the
system and thus provide a means by which to test the mechanical coupling
(stretch-bend interaction) hypothesis. Our results for such complexes
show (see Figure 12-13 and Table 4) that there is little influence of
stretch— bend coupling in determining the C=N stretching frequency;
rather electronic effects which strengthen the C=N force constant upon
complexation appear to be responsible for the observed frequency

increlse.73

The ketimine datas provide another example of the difficulties of the
stretch-bend interaction model. The Raman data in Figure 15 show that
c&phenylbonzylidoneaninello (21) in its neutral form has a O=N stretching

frequency at 1600 cm 1l gngd a C=N bending vibration at 1364 cnl,

Q. 5 %

C:N\H-——)- C‘-‘N\H

N
N

21 | 22 i
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One might expect in the stretch-bend model that these modes would
interact in the neutral species to drive the C=N stretch to higher
frequencies. However, the C=N stretch at 1600 el is lower than the C=N

mode in ophenylbenzylidene-n-butylamine (23) by 18 cm™1,

Q.
C=N

N

Moreover, protonation of (21) to form (22) results in a 61 en1

increase in the C=N stretching mode to 1661 cu’l. and BF3 substitution

increases the frequency of this mode by 79 em 1,

These observations suggest that the change in the electromic
enviroment of the nitrogen upon protonation or reaction with a Lewis
acid, rather than mechanical coupling, is likely to be critical in
determining the increase in the C=N stretching frequency. An analogy may
be drawn to nitrile systoms where the increase in the CaN stretching
frequency which usvally accompanies reaction with a Lewis acid (e.g. H',
BF,, BCl3) has been explnined68 by suggesting that the C=N stretching

force constant increases upon complexation.

The results of the analysis above indicate that the behavior of the

nitrogen lone pair is involved in determining the properties of the C=N
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vibrational mode; changes in the electronic environment of this lome pair
upon protonation or reaction with a Lewis acid affect the electron
density distribution in the C=N linkage. The later statement is
supported by the NMR data shown in Figure 11 and Table 3 which suggest,
in agreement with previous results23,109 that an increase in the
electronegativity of the nitrogen occurs upon protomation of Schiff’s
bases. The protonation of a Schiff’s base seems to be analogous to the
situation which occurs when a proton is brought up to NH to give NH;.

The lone pair electrons forming the mew N-H bond will not stay unaltered
in their sp2 hybrid orbital, neither will they be equally shared between

N and H, 115

We have explored the possibility that a similar phemomenon occurs
for Schiff’s bases upon protonation by carrying out adb initio
calculations at the GVB level for methylimine and protonated methylimine.
The calculations are given in the following Chapter and show that a
decrease in C=N bond length occurs upon protonation. Accompanying this,

there is an increase of 0.51 -dyn/A in the C=N stretching force constant.

3. Absorption Maximum of trans-retinylidene-n-butylamine: Lewis

acid complexes.

A general introduction to the problem and importance, of the
absorption maximum red shift of the protonated retinal Schiff’s base
model was given in Chapter 1, (see also referemnces 60,95,102). It was
indicated that the bathochromic shift of the protonmated species, relative

to the unprotonated derivative, was regulated by the separation between
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the center of charge in the cation (i.e. C=N') and amion (X~ ). This
was called the anion effect since the interatomic distance between the
positive and negative centers controls the excitation energyloz (or
energy gap between the ground and excited states) of the cation and thus,
the polyene T system delocalization. Blatz et :1,60'95'102 noted that
solvent plays a major role in the determination of the absorption maximum
shift of the cation. For instance, N-retinylidene-n-butylammonium
chloride has an absorption maximum at 442 nm in cnson. but the same salt
shows its absorption maximum at 469 mm in CHCI3. A solvent like methanol
is said to be a leveling solvent, since it leveled the action of the
anion (i.e. different anions show very similar absorption maximas). It
has been proposed6°'95'1°2 that in methanol the N-retinylidene salts, are
fully disociated and the cation might be expected to absorb at a lower
energy (long wavelength). However, because of the stromg interaction

between the electron—rich oxygen and the polarizable nitrogen, a

significant charge is still localized in the nitrogen with the conmsequent
increase of the retinylic cation excitation emergy relative to a less

polar solvent 1like HCC13.

The same tremnds in absorption maximum as a function of the solveat
are reported in Table 4. For example, the protonmated retinal Schiff’s
base chloride species has an absorption maximum at 456 nm in CHzClz but
only 440 in DMSO. Analogously, the BF; complex shows absorption maxima
at 477 nm and 441 nm in these two solvents, respectively. In other
solvents like CCl, or CHCl; the retinal Schiff's base:BF3 complexes also
behaves as the protonated analog. For example, the absorption maximum

for the BF3; complex ion CHCl3 is red shifted relative to its absorption
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maximum in CCl,, The constancy and similarity between the red shifted
absortion maximum of the retinal Schiff’s bases: Lewis acid complexes
(i.e. BF3, BClj, BBrj) and protonated retinal Schiff’s bases indicates
that the presence of salt (i.e. cation-anion pair) is mot unique in
inducing a significant red shift in the absorption maxima of the

complexed chromophore.

This is turn indicates that the solvent dependency in both cases is
likely to be governed by a similar mechanism in which the counter ion may
play only a limited role. However, at this point more work is needed in

this area in order that this hypothesis can be further developed.



CHAPTER 4

AB INITIO CALCULATIONS

A. Introduction.

An interesting aspect of the Schiff’s base protonation reaction (and
reactions with Lewis’ bases in general) is the observation that the C=N
stretching frequency increases.73-36 The molecular mechanism underlying
this increase is not well understood. In Chapters 1 and 3, we point out
an analogy between the vibrational properties of Schiff’s bases and
nitriles. In nitriles, the observed decrease of the C=N bond length and
the accompanying increase in the C=N vibrational frequency upon reaction
with a Lewis acid has been interpreted in terms of an increase in the
bond order of the C=N 11nkage.68'72 This interpretation suggests that a
similar effect could be responsible for the increase in the C=N

stretching frequency in Schiff’s bases upon reaction with Lewis acids.

Methylimine, the simplest Schiff’s base, and its protonated
derivative provide a model system which can be used to study the
electronic changes in the C=N bond when the nitrogen lome pair is
encumbered by a proton. These species are difficult to deal with
experimentally and only a few reports of their vibrational properties
have appeared. lilli;an116, in infrared spectrocopic studies of the
photolysis of methyl azide, assigned the frequency of the C=N stretching
mode of methylimine at 1628 cn-l. Confirmation of methylimine as a
photolysis product was obtained by Moore et l1}17 in a study of

diazomethane which showed that the C=N stretching vibration was observed
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at 1642 cn—l. The difference in frequency between this result and that
reported by Milligan’s earlier work116 may have been due to the presence
of hydrogen cyanide which ocurred as a second product in the matrix

prepared by Moore et 11.117 Curiously, substitution of the hydrogens in

methylimine by fluoride, i.e. petflnoronethlnininell8

» increases the C=N
vibrational mode to 1740 cm™ 1 despite the increase in mass of the

substituents.

Theoretical work on the vibrational frequencies in the methylimine

system has also been done. Beginning with the results of Moore et 11117,

119 used adb initio methods and a small basis set to calculate

Botschwina
the force field of methylimine. For methylenimmoniun ion (protonmated
methylimine), calculations of neither the C=N stretching force constant
nor of the contribution of the s and p orbitals to the sp2 hybrid forming
the C=N bond have appeared. However, Eades et 11120, using SCF
calculations and a PRDDO geometry, estimated that the C=N-H bond angle
increases by approximately 10 degrees and that the C=N bond length
increases by 0.019 A upon protonation. In the same work the vibrational
frequencies for methylimine and methylenimmonium ion were calculated, but
for neither molecules were attempts made to assign the frequencies or
estimate the force constants of the C=N stretching mode. Kollman and

co—'orket3121, in SCF calculations of the electronic structure of Cﬂanz,

indicated that the nitrogen appears to be partially negatively charged.

With this previous work in mind we have carried out ab initio
electronic structure calculations for methylimine and methylenimmoniun

ion, at the Generalized Valence Bond (GVB)77 and Self Consistent Field
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(SCF) 1evols.78 The GVB results show an increase in the nitrogen s
character contributing to the C=N sigma bond, an increase of 0.51 ldyn/A
in the C=N force constant, a slight decrease in the C=N bond length and a

decrease in the carbon electronic charge when methylimine is protonated.
B. Theoretical Details,

In the GVB calculations the 12 valence electrons of methylimine were
represented by 6 electron pairs, each of which was represented by two
natural orbitals. The assignment of the electron pairs to the molecular

structure is given as:

Hﬁ\b Q‘L,

where b,, b,, b3, and 1 represent the CH's, the NH and the nitrogen lone
pair, respectively and the § and YWcorrespond to the particular bonds
between nitrogen and carbon. For the protonated methylimine an NH bond

(b4) replaces the lone pair 1.

The expansion basis was the Huzinuzalzz 9s5p set on both C and N and
the Dunninglz3 4s set on each H., These were augmented with polarization
functions (d's for C and N ({=0.75 and 0.80, respectively) and p’'s for

each H ((=1.0)), the resulting basis was (9s5pld/4slp) and was contracted
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to [3s2pls/2s1p] by using the general contractiom of Raffenetti.124 Total
charge distribution as well as the per cent s and p character in the N
contibution to the C=N bond were calculated from the natural orbitals of

the GVB wave function by using the Mulliken Population Analysis.125

To calculate the C=N stretching force constant we use the following
geometry optimization procedure. As a starting point, we fixed all
geometric parameters for both methylimine and methylenimmoniun ion at the
Eades et 11120, PRDDO optimized geometry values and varied the C=N
distance by 0.025 au (0.01323 A) symmetrically about the initial minimum
energy geometry. This calculations gives the emergy at a givem C=N
distance and the new equilibrium geometry. For both molecules the
resulting potential emergy curves were fit to a 4th order polynon111126
in (l—th) where Req is the calculated C=N bond length, and the force
constant for the C=N streching mode was determined from the coefficient
of the quadratic term in this expansion. All calculations were carried
out by using the Argonne National Laboratory Collection of Electromic
Structure Codes (QUEST-164). In particular, the integrals were by done

using the program ARGOS writtea by Pitzer83

and the GVB calculations were
done by using the program GVB 164 written by R, Blir.84 The calculations

were done on an FPS 164 attached array processor.
C. Results.
Calculated potential curves at the GVB and SCF level for the C=N and

c=N* stretching modes are show in Figure 17 (see also Tables 7 and 8

respectively). Figure 18 show the calculated GVB equilibrium geometry



79

Figure 17. Ab initio potential curves for the C=N stretching
motion. (a) C=Ngrp methylimine SCF . (b) C=Ngcp
methylenimmonium ion SCF. (c) C=Ngyy methylimine GVB.

(a) C=Ngyp methylenimmonium ion GVB, calculationms.
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Table 7 Methylimine Potential Curve(l'Z). Total Energy for
the C=N Stretching Motion.

LY Egcp(+94.0 au) Egyp(+94.0 au)
1.222 -0.05033 -0.14801
1.236 -0.05155 -0.15031
1.249 -0.05216 -0.15201
1.262 -0.05218(3) -0.15315
1.275 -0.05168 -0.15379
1.289 -0.05064 -0.15395(3)
1.302 -0.04924 -0.15367
1.315 -0.04729 -0.15295
1.328 -0.04512 -0.15196
1.341 -0.04250 -0.15058

1. Energy in hartrees and bond length in A.

2. Points closest to the equilibrium geometry used for a quadratic
polynomial fit,

3. Computed point nearest the equilibrium geometry.
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Table 8 Methylenimmonium ion Potential Cnrvo(l). Total
Energy for the C=N Stretching Motion.

ReaN Egcp(+94.0 au) Bgyp(+94.0 au)
1.242 -0.406378 -0.506805
1.255 -0.407058 -0.508163
1.268 -0.407179(1) -0.508968
1.282 -0.406776 -0.509238(2)
1.295 -0.405888 -0.509043
1.308 -0.404572 -0.508417
1.321 -0.402836 -0.507373

1. See footnotes in Table 7.

2. Computed point nearest the equilibrium geometry.
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for methylimine and the protonated derivative. The protomated species
showvs a potential minimum at an enmergy lower than the unprotonated one.
This is in agreement with previous calculations in which a small basis
set and the SCF formalism120.121 were used. The GVB calculation predicts
that upon protonation of methylimine, the C=N bond will be slightly
shorter than in the unprotonated ome (1.282 A and 1.289 A, respectively).
Opposite to this tremd, the SCF calculation predicts, in agreement with
the SCF calculation of Eades et 31}20, that the bond distances of the
protonated specie (1.268 A) will be slightly longer than the neutal

species (1.262 A).

The fitted potencial surfaces were used to determine the
coefficients of the quadratic terms which in turn give the force constant
for the C=N and C=N' stretching modes. These are shown in Table 9. Ve
estimated the anharmonicity corrections and found them to be
insignificant. The protonated species at the GVB level shows an increase
in the C=N* stretching force constant, relative to the C=N stretching
force constant, of 0.51 -dynli, while the SCF level shows a decrease of
0.52 -dyn/A; in addition, the values at the SCF level are higher than at
the GVB level. It is generally recognized that SCF calculations
overestimate force constants by between 10—305.127—131 Since the GVB wave
function contains a more appropriate mixture of ionic and convalent terms
and separates to the correct asympototic products, the GVB force

constants should be more reliabdble,
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Table 9 Cllg 1 ted(l) Force Constnnts(z) for the C-N(s)
C=N 4 Stretching Motion,

Force constant C=N c=N*
kgvB 11.14 11.65
kgcF 13.77 13.25

1. From a polynomial fit of the GVB and SCF potential curves
(see text for details).

2. Quadratic valence force constant in -dyn/A.
3. Methylimine.

4. Methylenimmonium ion.
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One may think of the GVB wave function as being the SCF function

plus various correction terms.

lGVB> = | SC F>+|Corr. Terms

The "correction terms” correct for the wrong distance dependent behavior
of the SCF, i.e., when bond lengths are changed. We are not too
concerned with the SCF predicted trend upon protonation since we realize
it is a much less complete function than the GVB., When one has two
approximate wave functions and one is considerablylless approximate than
the other it seems prudent to trust the predictions of the more complete
functions over those of the less complete functions. Note also that the
GVB is equivalent to an SCF with limited configuration interactions. The

GVB contains electron correlation while the SCF does not.

Tables 10 and 11 present the Mulliken Population Analysis for both
the protonated and unprotonated methylimine species calculated at the
minimum energy geometry. Figures 19 and 20 show the corresponding
contribution of the G-and"systus to the total electron distribution,
while the sp electron distribution to various bonds in the G'systo- is
shown in Table 12. Figure 21 indicates the change in the sp character of
the nitrogen when methylimine is protonated. Under the same
circumstances, Figure 21 also shows the electron distribution in the YT

systems in the C=N and C=N* bonds.
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Table 10 Methylimine: Electron Distribution.

Orbitals
Atom 8, Py do P, d'tr 6 2 |
Carbon 3.19 1.98 0.05 0.89 0.01 5.22 0.9

Nitrogen 3.58 2.60 0.02 1.08 0.01 6.20 1.09

H 0.8 0.01 — 0.00 — 0.90 0.00

Hz 0.88 0.01 — 0.00 — 0.89 0.00

Hs 0.78 0.02 — 0.00 — 0.80 0.00
TOTAL 14.01 1.99
Table 11 Methylenimmonium ion: Electron Distribution.

Orbitals

Atom L P, do p" d"r ¢ |
Carbon 3.23 2.03 0.04 0.61 0.02 5.30 0.63

Nitrogen 3.42 2.41 0.03 1.35 0.01 5.86 1.36

H 0.77 0.01 — 0.00 — 0.78 0.00
Hz 0.77 0.01 — 0.00 — 0.78 0.00
Ha 0.61 0.02 — 0.00 — 0.63 0.00
He 0.61 0.02 — 0.00 — 0.63 0.00

TOTAL 13.98 1.99
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Table 12 Electron Distribution of the Bond System®
Bond(®)> Atom Orbital¢c) /Atom(9) Methylimine Methylenimmoniun
Ion
s/C 0.32 0.33
Carbon p/C 0.57 0.61
s/H 0.14 0.07
H-C
s/H 0.81 0.75
Hydrogen(1) 8/C 0.09 0.12
p/C 0.11 0.12
s8/C 0.31 0.33
Carbon p/C 0.58 0.61
s/Hz 0.13 0.07
H2—C
s/Hz 0.80 0.75
Hydrogen(2) 8/C 0.09 0.12
p/C 0.12 0.12
8/C 0.33 0.29
Carbon
p/C 0.51 0.49
C-N
s/N 0.31 0.42
Nitrogen

p/N 0.58 0.52



Cont. Table 12

Nitrogen
N-Ha

Hydrogen(3)

Nitrogen
N-(lone-

pair)

Lone—Pair

Nitrogen
N-He

Hydrogen(4)

9l

s/N
p/N
s/Ha

s/Ha
s/N
p/N

s/N

p/N

s/N

p/N

s/N
p/N
s/Ha

s/Ha
s/N
p/N

0.20
0.69
0.11

ooo
SRa

0.41

0.51

0.57

0.50

0.33
0.62
0.07

‘O
b.
°Q
d.

Calculated from Mulliken Population Analysis.
See Figure 18 for the particular geometry.

s and p stands for s and p orbitals, respectively.

C, N and H stands for the carbon, nitrogen and hydrogen atoms
involved in the particular bond.
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D. Discussion.

Further insight into the mechanism responsible for the increase in
the C=N stretching force constant upon protonation may be gleaned from
the detailed electron distribution predicted by the GVB functions used in
this work. If the nitrogen atom in methylimine did not use its 2s
electrons in the bonding to the H or Cﬂz group we would expect a CNH
angle of 90° and no nitrogen 2s character in either the C-N or N-H sigma
bonds. The calculated value of 111.9° for the CNH angle in CHZNB
reflects the extent to which the nitrogen 2s electrons participate in the
bonding and from Figure 21 we see that the GVB calculations allot 0.31
electrons from the nitrogen 2s to this C-N bond. When methylimine is
protonated at the nitrogen lone pair, the CNH angle increases further to
122.9%nd the calculated number of nitrogen 2s electrons in the C-N bond
increases to 0.42, This enhanced nitrogen 2s character in the C-N bond
is reflected in a smaller bond length in the positively charged ionm
relative to the neutral species and in the increase in the stretching

force constant,

The calculations above indicate that it is possible to attribute the
increase in the C=N stretching force constant in methylenimmonium species
to a change in the electronic environment of the C=N bond upon
protonation of methylimine. This increase in the C=N stretching force
constant for the protonated species translates into an increase in the
O=N stretching frequency of 30 on1 (see next Chapter) and suggests that
the same kind of mechanism may be responsible for the observable increase

in the O=N stretching frequency im protomated or Lewis acid—complexed
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Schiff’s bases.

Several studies have suggested that when one protonates a polyene
Schiff’s base the C=N bond order decreases resulting in a corresponding
decrease in the C=N force constant.4:5:8,11,13 1¢ ¢po encumbered lome
pair mechanism (rehybridization model) is to be dominant for such systems
then the change in the bond order and component of the C=N force constant
must be smaller than these earlier studies predict. Note, however, that
numerical experiments within the normal coordinate analysis model,
presented in the next Chapter, suggest that the increase in the C=N
stretching frequency observed upon protonation in a variety of molecules
can not be reproduced with a "sensible” set of interaction force
constants when there is a decrease of 0.3 -dynli in the C=N force

constant.

The electronic structure of the methylenimmonium ion shows (see
Figure 20) that the nitrogen appears to be partially negatively charged
and the carbon carries partial positive charge. Since the charge of the
system is +1, the hydrogens bear the rest of the positive charge.
Mulliken atomic populations tend to be basis set dependent, which may
indicate that the above charge distribution in methylenimmonium ion is
not necessary correct. However, a similar charge distribution was
obtained by Kollman and co-workersl2l by using a STO-3G and double Zeta
basis set. Moreover, Birge ot 21.64 in their somi-empirical calculations
on the cis—-trans isomerization of rhodopsin, indicated that the INDO-CISD
atomic charges of a 11-retinal Schiff’s base show that the nitrogen

roetains a negative charge (despite the fact that the chromophore carries
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a net positive charge) and that the Schiff’s base carbon is more
positively charged than the nitrogen atom. Thus, our results suggest, in
agreement with Birge et 2154 that the common approach of assigning
nitrogen a +1 core charge will overestimate the TV potential in
semi-empirical calculation of retinal Schiff’s bases or Schiff’s bases in

general.



CHAPTER 5

NORMAL COORDINATE ANALYSES

A. Introduction.

Resonance Raman and Fourier Transform infrared spectroscopy have
been used to study the mechanism of excitation and photochemical
properties of the retinal Schiff’s base chromophore in rhodopsin,
bacteriorhodopsin and related photopiglents.1‘17 Comparison of the
vibrational spectra of the retinal Schiff’s base model with the pigment
spectra has been used to examine the interaction between the retinal
chromophore and the protein. For example, the C=N stretching mode in the
1620-1655 cm™l region has been used to identify the state of protonationm
of the retinal Schiff’s bases. A vibrational frequency 25 a1l jower
upon deuteration has helped to determine that in rhodopsin the Schiff’s
base is protonuted.2'35'132 The finger print region of the retinal-based
proteins, between 1100-1400 cn‘l, often correlates with the isomeric form
of the chromophore. Isotopic substitution in this case has helped to
distiguish between the particular vibrations of the isomeric forms.2,11,3
However, the enviromment of the protein can affect the vibrational
frequencies of the retinal chromophore. Moreover, the C=N stretching
frequency of the protonated Schiff’s base species is higher that the
non-protonated species. Thus, normal mode calculation have been used to
predict the vibrational spectral changes of the chromophore upon
interaction with the protein. In particular, the normal mode
calculations have been used to emphasize that, upon protomation of the

retinal Schiff’s bases (or Schiff’s bases in genmeral), the C=N stretching

96
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force constant decreases. The increase of the C=N stretching frequency,
relative to the unprotonated Schiff’'s base, is attributed to the coupling
between the C=N stretching and C=N-H bending motions.4,5,8,11,13 For more

details see section C in Chapter 1.

As discussed in Chapter 3, the stretch-bend model can not account
for the experimental increase in the C=N stretching frequency when
aromatic imines and retinal Schiff’s bases are reacted with the general
Lewis acid BFj, BCl3, BBrj or when ketimines are protonated. In the
preceding Chapter we have shown that upon protomation of methylimine
there is a reorganization of the electromic enviromnment around the C=N
bond in such way that the C=N stretching force constant increases and we

called this effect the rehybridization model.73-76

To analyze the implications of the rehybridization model on the
Schiff’'s bases vibrational f:eqnency.OC_N, we have carried out normal
coordinate analyses for methylimine and its protonated dervatives and for
the model structures CH3CH=NCH3; and its protonated and BF3 analogs. Ve
have also carried out vibrational analyses for the CH3CH-NHCH3 structure
in which the O=N stretching force constant is allowed to decrease upon
protonation. This latter calculation allows us to explore the
predictions of the stretch/bend interaction model in light of a
restricted set of force constants. For both types of force fields, we
systematically varied the force constants of the modes which can
influence the C=N stretching frequency, which allows an evaluation of the
various contributions to the observed behavior of the C=N stretching

mode.
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The results of these analyses indicate, in agreement with the
rehybridization -odel73'76. that the electron density redistribution
which occurs upon protonation plays a mayor role in determining the C=N
stretching frequency, the stretch bend interaction is promineat to a much

lesser extent.

B. Numerical Calculations and Methylimine and Methylenimmonium Ion

Force Fields.

In-plane vibrational frequencies and the corresponding potential
energy distribution for methylimine and for a hypothetical
mothylenimmonium ion have been calculated. The ab initio geometry
determined for methylimine and methylenimmonium i0n120 (with the
exception of the C=N bond distance, see below), and the force field
calculated for -ethylininell9 were used. The methylenimmonium force
field was constructed from the methylimine force field. The C-H cis
force constants of the neutral species were used for the two C-H bonds of
mothyleinimmonium owing to the greater lengths of these bonds ia the
protonated form and the C,  symmetry of the ion. The C=N bond distance
and the C=N stretching force constant for methylimine and protonated
methylimine were substituted with our ab initio results. Figure 22 shows
the geometries and Table 13 and 14 summarize the force fields. The
Shimanouchi ptozttlss'86 was used to calculate the frequencies and the
potential emergy distribution in terms of an internal basis set (see
Figure 22). In order to check consistency of the C-H modes in the
potential emergy distribution, the in—plame 5A; and 4B, vibrationmal

frequencies of the protonated methylimine have been calculated, first, by
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Figure 22. Geometry and internal coordinates employed for the normal coordinate
analyses of methylimine and methylimmonium ion. The molecules were

assumed to be planar. Bond lengths in A. Bond angles in degrees.
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Table 13 F® Matrix Elements for Methylimine'® .

R r, r, ‘ r,
(a)

11.14 0.087 0.231 0.259

5.736 0.040 -0.030

4.923 0.048

4.994

0.682

0.277

-0.067

0.025

0.882

0.345

-0.075

-0.026

-0.169

-0.021

l.061

0.479

0.086

-0.181

0.003

0.078

0.458

1.046

.Stretihing force constants — mdyn/A; bending force constants — mdyn

A/zad?;

stretching-bending interactions force constants — mdyn/rad.

.‘Force constant from Reference 119,

From Reference 73.
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means of a symmetrical coordinate basis set (see Table 15) and second, by
using an internal basis set (see Figure 22). The poteatial energy

distribution of the C-H bonds were the same in both coordinate systems.
C. Force Fields for the MNodel cnscnsncns and Its Derivatives.

Vibrational analyses also have been carried out for the Schiff’'s
bases, CH;CH=NCH3, and for its protonated, deuterated and BF3-complexed
derivatives. The geometry and force field for 2-propaneinin0133,
nllylinine134. ethylidonei-inel35. proparzylilinclsG. methylimine and
methylenimmonium ion114,121 .. employed to construct the geometry and
force field for the normal mode calculation, see Figure 23. The C=N bond
lengths were taken from the ab initio calculations reported in the
previous Chapter. The molecules were assumed to be planar and the CH3

and the BF3 groups were employed, as in other studies"a, as point

Table 16 presents the main diagonal and off-diagonal force constants
for a series of imines.1337136 5 goppination of these force fields with
the force constants associated with the N-C motions in
N—-ethylacota-id0137 was used to construct an initial force field for the
CH3CH=NCH3 Schiff’s base and its protonated species. Semi-refined force
fields for the unprotonated and protonated models were obtained (see
Table 17) from a fit of the initial force field to the frequencies of the
C=N stretch, C=N-H bend and ring Schiff’s base (BHC=NR) motion in
N-benzylidene—n-butylamine and its protonated and deuterated derivatives

( see Figures 7-8 and Table 1 in Chapter 3). For the C=N/C=N-H
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Table 15 Symmetry Coordinates for In—Plane Vibrations of Methylenimmonium Ion

1 2
S =R
1 1
S+= (r. + r,) s, = (r, - r,)
14 e 1 4 14 /7 1 4
1 1
s. .t = (r. + r.) S.. = (r, - )
23 S 2 3 23 3 2 3
1 _ 1
S + = (a + w) S = (@ - w)
ow o vz
V2
+ 1 - 1
= B +Y) S = B -7v)
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(stretch/bend) interaction term a value of 0.53 mdyn/rad, which is
similar to the interaction force constants reported in Table 16 and also
to that calculated by Botschwinall? gor methylimine, was used. Starting
with these force fields for the various Schiff'’s base derivatives, we
thoen determined the C=N stretching frequency as a function of the force
constants of the principal modes which are likely to interact to produce
the observed frequency in the neutral and complexed Schiff’s bases.

These calculations were carried out by fixing the force coastants
according to their values in Table 16 and allowing the force constaant of
interest to vary. We carried out these calculations for two different
sconarios for the effect of complex formation on the C=N stretching force
constant: case A, for an increase of 0.5 -dyn/A upon complexation and
rehybridization as we calculate in the last Chapter and Case B, for a
decrease of 0.3 -dynlﬂ upon complexation. This approach makes possible a

comparison of these differing views of the effect of complex formation.

To our knowledge, there is no force field available for an 1-1no-BF3
complex. Therefore, we employed the geometry of Figure 23 and the force
field used for this species was the same as that used for the protomated
derivative with the modifications that the N-B stretch and the C=N-B bend
were fixed at 3.85 ldyn/k and 0.5 ldyn/A rad , respectively. These force
constant values are similar to those reported in the literature for the
trimethylamine-BF4 oonp101139'14°. in which the N-B stretching frequency
is at 690 c-"l, and for the ncetonittile-BF3 conplox‘s. in which the
above mode appears at 661 cm~l and the C=N-B bending motion occurs at 100
om~l, The C=N/N-B (stretch/stretch) and the C=N/C=N-B (stretch/bend)

interaction force constants were optimized to fit the C=N stretching
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frequency in the N—bonzylidene-nrbutyltnine-BF3 complex. The final
matrix elements were: 0.53 -dynli for the C=N/N-B (stretch/stretch) and
0.39 mdyn/rad for the C=N/C=N-B (stretch/bend) interaction force

constants.

D. Results of the Vibrational Analyses.

1. Mehtylimime and Methylenimmonium Ion Vibrational Frequencies.
Table 18 shows the calculated in-plane vibrational frequencies and the
potential emergy distribution for methylimine. The C=N stretching
frequency occurs at 1675 em 1, For this particular mode, there is a 83%
contribution of the C=N stretch and the remaining contributions involve
primarily the C-H stretching and bending modes. MNethylenimmonium ion
(Table 19) shows similar behavior: the C=N stretching model makes an 81%
contribution to the C=N stretching frequency at 1703 cn’l. Table 20
compares the C=N normal mode frequencies calculated for neutral,

protonated, deuterated and N substituted methylimine. Also given in the

table are the C=N force constants calculated in the preceding Chapter.

2. Vibrational Frequencies of CH3CH=NCH3 and Its Derivatives.
Table 21 shows the C=N stretching frequency and the potential energy
distribution (PED) calculated for the model structures according to the
force fields in Table 17. The C=N vibration of the unprotonated species
occurs at 1645 cm™l, For this mode, the C=N stretching force constant
contributes 92% to the PED; the remaining contributions involve mainly
the N-C and C-C stretches and the C-C-H bending modes. The normal mode

compositon of the C=N stretching frequency in Tables 18, 19, 21 is very
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Table 18 Methylimine Calculated Frequencies (c-l) of In-Plane Vibrations.

*

Calculated PED Assignments
3217 rl(98) N-H stretch
3028 r3(69)r2(30) Asym. CH2 stretch
2966 r2(69)r3(30) Sym. CH2 stretch
1675 R(83)B(12)v(6) C=N stretch

BY(8)Ra(1.4)

1483 B(23)v(29) Sym. CH2 deformation
BY(23)R(15) + C=N stretch
1326 a(75)B(21)R(20) CNH bend + CH2 (in-plane)

rocking + C=N stretch

993 B(68)Y(68) CH2 (in-plane) rocking + CNH

a(32) bending

*Potential energy distridution, major intermal coordinate coamtridbution
(in percent). The overall percent distridbution in the calculation was 100%.

®® See definition Figure 22 and Table 15.
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Table 19 Methylenimmonium Ion Calculated Frequencies of In-Plane Vibrations.
* X%k
Calculated PED PED Assignment
3228 r) (48)r, (48) 514_(97) Asym. N-H stretch
3198 r, (48)r. (48) s. ¥ (98) Sym. N-H stretch
4 1 14
3012 r3(50)r2(48) 823 (98) Asym. C-H stretch
2952 r,(50)1(48) sz3+(100) Sym. C-H stretch
1703 R(81)B(9)Y(9) 512(81) C=N stretch
BY(8)Rx(0.7)RW(0.7) S+BY(27)
1472 a(26)W(26)aW(27) saw+(75) Sym. NH, deformation +
SBY+(22) Sym. CH2 deformation
1442 R(24)a(10)B(18)Y(18) 812(24) C=N stretch + Sym.
w(10) SBY+(52) CH2 deformation +
+
S(’.w (30) Sym. NHZ deformation
1203 B(54)y(54)a(29)W(29) SBY-(61) . Asym. CH, deformation
Saw (28) + Nﬂz deformation
762 a(89)W(89)B(38)Y(38) Saw-(85) Asym. NH, deformation +
SBY (43) Asym. CH2 deformation

‘Potontial energy distridbution, major internal coordinate comtribution
(in percent). The overall percent distribution in the calculation was 100%.

** See definition Figure 22 and Table 15.
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Table 20 Calculated C=N Stretching Frequency of Methylimine
Derivatives.

+ + + 15
CHZNH CHZNH2 CHZNHD CHDNH2 CH2
kC_Na 11.14 11.65 11.65 11.65 11.65
vC_Nb 1675 1703 1685 1695 1688

a. Quadratic v:lenci force constant in ndyn/l (reference 73)
b. Frequency in cm™
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similar to that reported recently for a series of simple imines,133-138

In the protonated species the C=N stretching frequeancy occurs at
1680 cn~l with an 89% contribution from the C=N stretching force
constant. Other contributions involve the same modes present in the
nonprotonated species plus a 5% contribution from the C=N-H bending
motion. The contribution from the bending motion was expected since the
force field for the protonated model was optimized to reproduce a C=N-H

1 45 observed experimentally

bending frequency between 1425 and 1420 om™
for N-benzylidene-n-butylamine and 2—-naphthylidene—-n-butylamine (see
Figures 7 and 9). Other molecules, such as allylimine (CH,=CH-CH=NH) in
which the C=N-H bending motion occurs at 1368 cl'l. showv no involvement

of the bending mode in the C=N stretching freqnency.133'136

Because the normal coordinate analyses for the neutral and
protonated Schiff's bases are reasonably well-constrained by the force
constant values in Table 17, we have carried out further calculations to
investigate the behavior of the C=N linkage. Figure 24 shows the
difference between the C=N stretching frequency in the protonated and
neutral Schiff’s base, CH3CH=NCH3, as a function of the force comstants
of the principal modes which contribute to the PED. As noted in the
Methods section, the calculations were carried out for both rehydrization
model and stretch/bend interation model scenarios. For the former we
used our calculated increase of 0.5 -dyn/A in the C=N force constaant upon
protonation (Case A), denmoted as [B+(})]); for the latter we allowed the
C=N force constant to decrease by 0.3 -danA upon protonmation (Case B,

denoted as [ﬂ+({)]). Also shown are calculations for the deuterated
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Figure 24, Difference between the C=N stretching frequency in the
protonated and neutral Schiff’s base C83CB=NCH3. as
a function of the force constant of the principal modes

which contributed to the potential emergy distribution.
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Schiff’'s base for the rehybridezation model, case A, [D*(f)]. Indicated
in each panel is the value used for the particular force constant from
our constrained normal coordinate analysis (Tables 16-17). From the
slopes of the curves near these values, these plots provide an indication
as to how theocgn frequency is influenced by the force constants of the
various relevant modes. For both cases A and B, Figures 24a and 24b show
that the N-H stretch and C=N/N-H stretch/stretch interaction force
constants are unlikely to lead to the observed increase 1nJE,N upon
protonation. Figures 24c and 24d shov that the dependence of C=N OB the
C=N-H bending and C=N/C=N-H stretch/bend interaction force constants is
more pronounced. For case B, [ﬂ+({)], for example, Figure 24d shows that
‘é-N increases by 68 cn~l when a force constant of 0.03 adyn/rad is used
for the C=N/C=N-H stretch/bend interaction term. Figure 24c shows for
Case B that a bending force constant of 1.15 mdyn Altnd leads to an
increase of 31 cm™l in the C=N stretching frequency. These observations
suggest that a small stretch/bend interaction term in conjunction with a
relatively high bending force constant could account for the 35 o1
increase in the C=N stretchin frequency in the case where the stretching
force constant is assumed to decrease upon protomation. However, in
allylimine, (CH,=CH-CH=NH), the simplest form of an alkeme-imine
conjugated Tl system, the bending force constant is 0.86 mdyn Alrad and
the stretch/bend interaction force constant is reported to be 0.58
ldyn/rad.64b These values appear to be typical for this class of
compounds (see Table 16). Figure 24 shows that a stretch/bend
interaction force constant in this range is unable to account for the
increase inik.N in the Case B [E+({)] situation. If the force comstant

increases upon protonation, as our calculations indicate, then a
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stretch/bend interation of this magnitude reproduces the observed C=N
frequency (Figure 24d) under conditions when the other force constants
are within constraints imposed by Table 17. This suggests that the
increased C=N force constant we calculated for the protonated Schiff’s
base plays a more important role in 1ncroasing1é.N than does the
stretch/bend interaction force constant. Similar conclusions regarding

the bending force constant are indicated by Figure 24c.

For Case A, Figure 24 also shows that the deuterium isotope shift
for the protonated Schiff’s base is not linear with a change in force
constants of the C=N-H fragment. This is apparent for all four of the
force constants in Figure 21, but the difference in slopes for the [ﬂ*(}
)] and [D*(§)] plots at their calculated, Table 17 values, is most
pronounced for the N-H(D) stretch (Figure 24a) and the C=N/N-H(D)

stretch/stretch (Figure 24b) interaction force coastant.

Analogous calculations for the BF3; derivative shown in Figure 25,
indicate that the dependencies ofik,N on C=N-BF3 vibrational parameters
are generally attenuated relative to those of the C=N-H(D) group in
Figure 24. The C=N/N-BF; stretch/stretch interaction, which is somewhat
similar to the C-C/C-CH stretch/stretch interaction that increases the
C-C frequency in methylated linear polyenes.6-35 did produce a comparable
shift in‘%_u ( 7 cm 1 when varied from 0.73 to 0.03 ndyn/i) but this
appears to be too modest to account for both a decrease in C=N force
constant and a 50-80 cm™1l jincrease 1n$k.N. The attenuated depencence on
C'N‘BF3 parameters contrasts with the more prononncod\E.N increase upon

BF3 complex formation (e.g. for benzaldehyde protonation increases C=N
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Figure 25. Difference between the C=N stretching frequency in the

BF3 and neutral Schiff’s base CH3CH=NCH3, as a

function of the force constant of the principal modes

which contributed to the potential emergy distribution.
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by 35 °l—1. whereas BF3 complex formation leads to an increase of 45
on"l), Thus, even though there is uncertainty in the BF3 force field, as
noted in the Methods section, a reasonable set of force constants that
includes an increase in the C=N stretching force constant provides
agreement with the experimental data. VWe conclude, therefore, that the

Case A scenario most likely applies to these adducts as well,

D. Discussion.

For methylimine and methylenimmonium ion the results show that an
increase in the C=N stretching force constant from 11.14 -dyn/A to 11.64
-dyn/A increases the C=N stretching frequency upon protonation by 28 cm 1
and upon deuteration by 10 om~1 (see Table 20). For the model structure,
CH3CR-NCH3. and its derivatives, the same increase of the C=N stretching
force constant increases the C=N mode by 35 cml and shifts the deuterium
substituted species by 21 cl'l. These values are typical of those
observed experimentally (Table 6). Moreover, the calculated frequencies
in Table 21 for various isotopically substituted imines follow the same
trend as those measured experimentally by Mathies and co-workersll gpnd
Bagley et 31}6 in their extensive study of protonated retinal Schiff’s
bases. Their resultsll ghow that deuteration of the Schiff’s base
nitrogen produces a 23 cm™1l ghift in the C=N stretching frequency and we
calculated a 21 cm™1, decrease in close agreement with our experimental
results. Deuteration at the carbon of the protonated retinal is
observedll.16 to decrease the C=N stretching frequency between 12-15
cn'l, and Table 21 shows that the calculated decrease for this

substitution is 16 om™1, Substitution by 15y produces a 14 om ldecrease
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in the O=N stretching frequency in trans-retinylidene-n-bntylanine.11 In
their calculations, Mathies and co-workersll obtained an 18 cm™l shift
for the 15N substituted protonated species; we calculated a 20 on~l shift
for both the unprotonated and protonated derivatives. The shift observed
upon deuteration of the Schiff’s base nitrogen has been used as an
argument in support of the stretch/bend interaction -odel.4'5'8'11'13
But, as Figure 24 indicates, this shift is also dependent upon the N-H
(stretch), C=N/N-H (stretch/stretch) and C=N-H (bend) force constant and
suggests that their inclusion in the force field represeating a

protonated Schiff’'s base, in as constrained a manner as possible, is

necessary.

The calculations summarized in Figure 24 and the recent results
collected in Table 21 also provide some insight into previous force
fields which were used and the normal coordinate anmalysis which resulted
for Schiff’'s base species. For example, Aton ot al.4 used a relatively
low value for the C=N stretching force constant (8.1 ndyn/i) and a
negative stretch/bend interaction force constant (0.2 mdyn/rad) to
produce a protonated retinal Schiff’s base C=N stretching frequency of
1659 cn-l. It is apparent from Figure 244 that the negative interaction
force constant will compensate for the low stretching force constant and
push the stretching frequency up. Similarly, Kakitani et a1,8 calculated
C=N stretching frequencies of 1659 om~1 and 1657 cm™1 for the protonated
retinal Schiff’s base and for rhodopsin, respectively. For the
protonated retinal model they used a C=N stretching force constant of 9.7
-dynli and a stretch/bend interaction constant of 0.2 mdyn/rad. The

C=N-H bending force constant was used as a parameter to fit the C=N



122

stretching frequency and they obtained a value of 0.6 mdyn A/rad. For
rhodopsin, they used a smaller C=N stretching force constant (9.3 -dyn/A)
and a negative stretch/bend interaction force constant (-0.1 mdyn/rad);
The bending force constant (0.5 mdyn A/tldz) was again optimized to

reproduce the 1657 cm~1

rhodopsin C=N stretching frequency. Figure 24c¢
indicates that the difference in bending force constants in these two
calculations, 0.1 mdyn A/rad, will not strongly influence the results.
Our calculations suggest, however, that the 0.4 -dynli decrease in the
stretching force constant used by Kakitani et a1.8 for rhodopsin relative
to the protonated model Schiff’'s base is compensated by the decrease (by
0.3 mdyn/rad) they assumed in the stretch/bend interaction force comstant

and that this leads to the similarity in calculated values °f‘%hN in the

two compounds.

In our normal coordinate analysis of the methyl-substituted Schiff’'s
base wve used a C=N/C=N-H stretch bend interaction force constant of 0.53
mdyn/rad, a value that is similar to the interacion terms compiled in
Table 16. To provide some physical insight into this positive value, it
is useful to note that the values in Table 16 are for neutral Schiff’'s
bases. Upon protonation we expect a change in C=N-H bond angle and N-H
bond length, Mills141l notes that changes of interbond angle will produce
changes in hybridization for the central atom owing to orbital following
of the bending coordinate. For situations in which bond angle increases
lead to greater s content in the bond and hence to shorter bondlengths, a
positive value for the stretch/bend interaction force constant is
expected. This appears to be the case for the Schiff’s base linkage as

Eades et a1.120 pave calcualted that the C=N-H bond angle increases by
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11° and the N-H bond length decreases by 0.008 A upon protonmation of
mothylimine. In our own calculations we find an increase inm nitrogen s
character in the N-H bond in methylimine upon protonntion.73 These
arguments suggest that the O=N/C=N-H interaction force constant will be
positive and relatively large in the protonated species, in agreement
with the value we have used. These arguments also indicate that hydrogen
bonding to the protonated Schiff’s base, to the exteant that it alters the
hybridization at the nitrogen, the C=N-H bond angle and the C=N and N-H
bond lengths, will have strong effects on the C=N stretching frequency.

A recent example of such a situation may be the work on pyridoxal
Schiff's bases21:22 yhich shows a C=N stretching frequency at 1646 cm1
and a vibration at 1465 cm~l with contributions from the C=N-H bending
mode. In this particular case, the imine proton is intramolecularly
hydrogen bonded to a mearby oxygen which constrains the system and likely

perturbs the force constants associated with the C=N-H group.

In conclusion, the results of our analysis above indicate that the
behavior of the nitrogen lone pair is involved in determining the
properties of the C=N vibrational mode; changes in the electromic
enviromment of this lome pair, upon protonation or reaction with a Lewis

acid, affect the electron density distribution in the C=N linkage.



CHAPTER 6
SUMMARY AND FUTURE RESEARCH

A. Introduction.

A main effort in research on visual and related systems is directed
toward understanding the conditions that the retinal Schiff’s base
chromophore experience in the protein to regulate the optical asbsorption
properties of the photopigments. The lack of any detailed X-ray
crystallographic information about rhodopsin and bacteriorhodopsin has
prevented the identification of the charged amino acid near the retinal
Schiff’s base chromophore. In this regard, the original point charge
model suggested by Nakanishi et 31.61'103 has been undermined by new data
presented by Nathies et a1.94 on the "opsin shift” of retinal Schiff'i
base models in bacteriorhodopsin. Their results show that much of the
“opsin shift” in bacteriorhodopsin (contrary to the original indications)
is due to chromophore-protein interactions near the Schiff’s base end of
the chromophore. In addition, no crystallographic information is
available for Schiff’s bases and protonated analogs that indicate if the
C=N bond is longer or shorter for the Schiff’s base complexed species
than for the uncomplexed derivative. In other words, no bond length data
is available at present for retinal Schiff’s base models that can show
the state of the C=N bond order in the protomated photopigments, relative

to the unprotonated species.

It is important to know the state of the C=N bond upon protomation,

because a protonated retinal Schiff’s base is the fundamental

124



photopigment in both rhodopsin and bacteriorhodopsin. Furthermore, a
protonated retinal Schiff’s base is the chromophore present in almost all
the intermediates of the rhodopsin and bacteriorhodopsia photocycles.
Thus, to understand the primary changes of the electromic structure upon
protonation of the C=N moiety is a key step for the understanding of the
wavelenght regulation processes in vivo. Analogously, a protonated
aromatic Schiff’s base has been found to be the key intermediate in the
reaction mechanisms of a series of metabolic coenzymes (i.e. pyridoxal
phosphate) which play an important role in the interconversiom of amino
acids. In these cases, as well, changes in the electronic structure upon
protonation of the O=N moeity are key to the catalytic action of such

coenzymes as discussed in more detail in Chapter 1.

If crystalographic information were available for Schiff’s bases and
Lewis acid derivatives, it should be possible to determine if the
increase in the C=N stretching frequency upon complexation of the
nitrogen electron lone pair is attributable to the stretch-bend coupling
-04‘14.5.8.11.13 (i.e. longer bond length and a weaker C=N stretching
force constant upon Schiff’s base protomation) or to the rehybridization
model suggested in this thesis 73-76 (i.e. shorter bond length, stronger

C=N stretching force coamstant).

Spectroscopic studies on models Schiff’s bases offer a good method
for understanding the C=N bond, and the insight obtained may easily be
extended to rationalizing the properties of the covalent linkage between
the retinal and the protein. As a direct comsequence, determimation of

the properties of the C=N bond can lead to a further understanding of the
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mechanism of wavelength regulation by the naturally-occuring
photopigments. In the preceding Chapters, the application of optical,
Raman and resonance Raman spectroscopies, normal coordinate amalysis and
adb initio calculations had proved to be very useful im providing detailed
information about optical, vibrationmal, structural and electromic changes
that are experienced by the C=N chromophore upon its complexation with

goneral Lewis acid, for example, H, BF3, BCl; and BBrj .

B.Sumsmary.

1. Spectroscopic Studies. The spectroscopic studies, see Chapter
3, have shown that the basic operating mechanism which produces changes
in the electronic structure of the protonated retinal Schiff’s base and
of retinal Schiff’s base—Lewis acid complexes are very similar. This
conclusion is based on the experimental results which show that, relative
to the free species, protonation or complexation of retinal Schiff’s
bases with the Lewis acid BF3. BCl; and BBrg lead to similar chromophore
responses as follows., a) Similar red shifts in the absorption maximum of
the chromophore are observed. b) The C=N stretching frequency inoreases
by approximately the same order of magnitude. c¢) The C=C stretching
frequency is inversionally proporiomal to the absorptiom absorption
maximum for both kinds of complexes. (d) Similar conclusion apply for

the protonated and general Lewis acid complexed aromatic Schiff’s bases.

2. Ab initio Studies. The adb initio calculations at the GVB level
(see Chapter 4), have indicated that upon protonmation of methylimine the

following occur. a) There is reorganization in the electromic structure
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of the C=N bond such that the nitrogen s orbital coatributing to the sp2
hybrid C=N bond increases. b) The electron charge distribution
calculation show, though the chromophore carries a +1 charge, that the
nitrogen appear to be partially negatively charged while the carbon and
hydrogen carry the rest of the positive charge. c¢) These electromic
changes in the protonated methylimine, relative to the unprotonated
species, lead to a decrease in the C=N bond length and to an increase in
the C=N stretching force constant of the protonmated derivative relative

to the uncomplexed analog.

3.Normal Coordinate Analyses Studies. Normal coordinate analyses
indicated (see Chapter 5) the following. a) The calculated increase in
the C=N stretching force constant upon protonation leads to a 30 om~1 in
the C=N stretching frequency. This imndicates that the C=N stretching
frequency increase observed upon protonmation or reaction of Lewis acid
with the Schiff’s bases is primarily due to the increase in the C=N
stretching force constant. b) The calculations summarized in Figure 24
provide some insight into previous force fields used to calculate the C=N
stretching frequency for protonated retinal Schiff’s bases. The results
shov that the vibratiomal calculations which support the strech-bend
coupling model used low or megative C=N/C=N-H (stretch-bend) interaction
force constants which can compensate for the decrease in the C=N
stretching force constant (assumed upon protomation) and push the C=N
stretching frequency up. However, recent studies (see Chapter §)
indicate, in agreement with our rohybridization model, that the C=N/C=N-H
interaction force constant is positive and possibly relatively large. c)

Numerical calculation within the mormal mode analysis shov that the
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deuterium shift associated with the decrease in the C=N stretching
frequency upon substitution of the Schiff’s base hydrogen by deuterium is
dependent to some extent on the N-H(D) stretch, C=N-H(D) beand, C=N/N-H(D)
(stretch-stretch) and C=N-H(D) (stretch-bend) interaction force
constants. These force constants therefore need to be taken inmto
consideration for any well restricted normal coordinate analysis of
Schiff’s bases. Furthermore, the nonlinearity of this shift (see Figure
24) indicates that the deuterium shift attributed by the stretch-bend
model to the decrease in coupling between the C=N stretch and C=N-D bend
can be explained, within the rehybridization formalism, by the increase

in mass of the C=N-D center relative to the C=N-H moiety.

C. Conclusions.

The results presented here show that adduct formation between
Schiff’s bases and Lewis acids (i.e. H+, BF3,BClj, BBts) leads to C=N
stretching frequency increases because the C=N bond rehybridizes such
that the C=N stretching force constant increases. As a result of the
rehybridization, the nitrogen and carbon in the C=N group carry partial
negative and positive charges, respectively. How the increase in the C=N
bond order and charge separation in the C=N bond in the protomated
roetinal Schiff’s bases are used by the photopigments (rhodopsin and
bacteriorhodopsin) in conjuction with local eanvironmental effects to
regulate the changes in the absorption maximum of the retinal chromophore
are not clear yot., The interplay between these factors comstitute a very
good field of research and form the basis for the future work described

below.
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D. Future VWork.

1. Introduction. Our long-term objective is to determine how the
charge distribution of the protonated Schiff’s base, in particular, the
charge separation in the C=N bond, is altered and transmitted to the rest
of the retinal moiety. The presence of a positive or negative charge
near the C=N group or by the orientation and stremgth of possible
hydrogen bonds between the imine hydrogen and a nearby counter ion are
reasonable candidates for this process. An understanding of the
contribution of a particular charge distribution within the C=N bond to
the absorption maximum of the protonated retinal Schiff’'s base
chromophore and how variation in the former can lead to variation in the
latter is a major goal. Insight into the magnitude of this contribution
to the "opsin shift” in rhodopsin and bacteriorhodopsin due to the
interaction of the protein with the Schiff’s base end of the chromophore

will be gained.

These goals can be addressed by using X-ray crystallographic studies
on all-trans-retinylidene—n-butylamine and 2-naphylidene—n—butylamine and
their protonated and BF3 derivatives to determine the change in the C=N
bond distance upon complexation of the free Schiff’s base with Lewis
acid. In addition, ab initio calculations and vibrational studies can be
used to obtain the geommetry, electronic charge density distributionm,
force constants and frequency changes that occur upon protomation or BF3
reaction of the allylimine, (CBZ-CH-CH-NH) and its methylated analog

(Clz-CB-CH-NCH3). Resonance Raman scattering and 13C and ISN auclear

magnetic studies can be used to determine the vibrational frequencies and
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charge density distribution upon complexation of the retinal Schiff’s
bases with Lewis acids of the gemeral kind BF3 and BFZX. Vibrational
analysis at the general valence force £ie14%6 1evel (GVFF) can be used in
conjunction with the allylimine results to estimate the force comstants
and vibrational frequencies of the retinal Schiff’s base. Comparison of
these vibrational frequencies with those from the retinal Schiff’s base
in models and photopig-entsl’17 can give insight iato the net effect of

the protein on the retinal Schiff’s base chromophores.
2. Specific Aims and Nethods.
The specific aims are the following:

i. To obtain X rays crystallographic data for the C=N bond in
all-trans retinylidene—n-butylamine, 2-naphtylidene—n-butylamine and

their protonated and BF3 derivatives.

ii. Ab initio electron density, force constant and frequency
calculations for the imine CH,=CH-CH=N-R (where R=H, CH3) and its
protonated and BF3 analogs. Isotopic derivative can also be used to
assign the particular vibrations. Comparation of the electrom demsity,
force constant and frequency of the ocomplexed and uncomplexed species
will allow us to determine the effect of mitrogen lome pair occupancy om
the electronic environment and normal modes of the imine CI2-CH—CH-NR.
For the protonated allylimine derivative, calculation of the absorption
maximum of the chromophore as s function of the change in distance and

orientation between the imine proton (C=N-H) hydrogen boaded to a counter
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ion (negatively charged) can be useful in predicting the influence of the
strength of hydrogen bonded counter ion to the absorption maximum of the
retinal chromophore. Furthermore, the above calculations will be the
starting point for calculating changes in the absorption maximum of the
allylimine model as a function of the distance between the protomated

Schiff’s base nitrogen and a positive or negative point charge.

iii. A synthetic method can be developed to prepare the complexes
[CHz-CH-Cﬂ=NH] and [CHZ-CB-CH=NRBF3]. which will allow us to study the
C=C, C-C and C=N vibrational modes in a more localized enviroment than in
retinal Schiff’s bases. To achive this goal a matrix isolation
tochnlquel4z'144 can be developed to study the experimental vibrationmal
frequencies of the free imine and its complexes. Comparison of both
systems will give insight into the effect of lome pair occupancy and
electron density on the vibrational frequencies of the imine normal

modes.

iv. The study of the retinal Schiff'’s base-BFs complexes can be
extended to determine the behavior of the absorption maxima and
associated vibrational frequencies for a variety of solvents different
than those presented in Table 4. 13¢ gna 15N magnetic resomance
information can be obtained for the Schiff’s base and BF3 complex. A
comparison of these results with those present in the
lito:atu:094'145'148 for protonated retinal Schiff’s base should allow us
to establish the role of the counter—ion in determining the absortion

maximum of the protonated Schiff’s bases.
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v. A synthetic method to preparate retinal Schiff’'s base-BF,X
complex that can incorporate perturbation to the nitrogen lone pair
Schiff’'s base of the C=N bond can be developed. In prinmciple, the
synthetic method will consist in the preparation and isolation of the

condensation product formed upon reaction of BF3 with

;B—dikotones.149'15° i.e.

o=
(@)
+
(9 8)
<
v
I
@)
(89)
Tl
+
I
M

The isolation of the BF,X complex from the HF product must be the first
step in the sequence, since any trace of HF will not allow a clean
reaction between BF,X and the retinal Schiff’s base. If the isolationm of
the BF,X product is satisfactory, the next step will be to determine
whether the spectroscopic characteristics of this new retinal Schiff’s
base- Bsz complex resemble those of the protonmated retinal Schiff’'s
base. If this is the case, the R group that initialy will be s cn3
group, will be substituted by electron donating, electron withdrawing,
positively and megatively charged groups. The effects of these
substituents on the absorption maximum and vibrational properties of the
complex will be used to understand the "opsin shift” in the photopigments

rhodopsin and bacteriorhodopsin.



133

130 and 1SN nuclear magnetic resonance studies of the above

vi.
retinal Schiff’'s base-Lewis acid complexes will provide information about
the electron density distribution in C=N bond in the retinal system under

different conditions of nitrogen lone pair occupancy.

vii., Absorption and resonance Raman spectroscopy will provide
information about the relation between a particular change in the
electronic structure of the chromophore and the C=N, C=C and C-C

vibrational frequencies.

viii. A vibrational analysis with the GVFF method will be used in
combination with the information obtained from the cnz-cn-msn-n system
and the data present in the literaturel™17 to deduce the effect of
protonation and BF3 reaction on the retinal Schiff’s base system and to
construct an accurate force field for the Schiff’s base end of the
retinal chromophore. This force field then will be used to provide
information on the protein—induced changes in the vibrational frequeancy
and force constants of the retinal chromophore due to protein

interactions at the Schiff’s base.

ix. Vith the above information on the struoture of the
unprotonated, protonated and BF; complex retinal Schiff’s base models for
the chromophore—protein interaction for rhodopsin and bacteriorhodopsin

will be proposed and evaluated.

x. Finally, it can be proposed to study the experimental behavior

observed upon hydrogen bond formation or protonmation of a chromophore
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containing the groups, C=0, C=N and C=N. For example, chromophores
containing the carbonyl (C=0) group uvsually showv a decrease in the C=0
stretching frequency and a red shift in the absorption maximum on
hydrogen bond formation. This behavior is contrary to the trend of the
imines and nitriles which show an increase in the C=N and C=N stretching
frequency respectively, and a red shift in the absorption maximum. Note,
however, that the experimental behavior of the absorption maxims is in
all the cases the same. Ab initio calculations can be used to study the
effect that electron lone pair occupancy can have in the electronmic
characteristics and properties of the C=0, C=N and C=N bonds in ketones
(RR’'C=0) nitriles (RC=N), and imines (C=N) respectively. A comparative
ab initio study of formaldehyde and cyanide with methylimine and
allylimine will help to distinguish between the effect of having one lone
pair (nitrogen) or two lone pair (oxygen) on the C=X force comstant and
C=X stretching frequency. This comparative study will indicate if the
rehybridization model, suggested to explain the observed increase in
frequency for protonated Schiff’s bases, can be extended to explain the
experimental trends in the vibrational frequencies for the carbonyl and

nitrile containing chromophores.
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