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ABSTRACT

AROMATIC SCHIFF'S BASES AND FREQUENCY SHIFTS

ON THE C=N STRETCHING MODE UPON

PROTONATION AND DEUTERATION

BY

Juan Lopez Garriga

Unprotonated, protonated and deuterated aromatic

Schiff's bases seem to be important for modeling the C=N

stretching frequency in porphyrins Schiff's bases and

derivatives and for understanding the unexpected increase

in the C=N stretching frequency which is observed upon

protonation or deuteration of the Schiff's bases. The

aromatic Schiff's base models are discussed and compared

with analogous aldehydes and unsaturated Schiff's bases.

The application of Raman and infrared Spectroscopy are

used to determine the C=N, C-NH and C=ND stretching

frequencies. Other than the changes in the C=N stretching

mode upon protonation, no significant shifts are observed

in frequency bands related to the aromatic ring motions.

The same kind of behavior is observed in the NMR data

obtained for these compounds which suggests that the

positive charge does not perturb the aromatic ring

substituents uniformly. From these observations, it

appears that.protonation effects are localized at the

Schiff's base environment.
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CHAPTER I

INTRODUCTION

The suggestion that the chromophore, retinal, is

covalently associated with the protein Opsin by a protonated

Schiff's base linkage to form the photosensitive pigment

rhodopsin (Figure 1a), has stimulated considerable

spectroscopic work on the properties of free Schiff bases

of retinal and of its protonated form. Because of the

importance of the configuration of the Schiff's base in

this conversion, Raman spectroscopy has been used

extensively to monitor changes in the C=N stretching

frequencies during the rhodopsin Photocycle. A frequency

change from 1620 cm.1 for the C=N stretch in the non-

l
protonated species to a frequency of 1655 cm- for the

1 for the deuterated formprotonated form and to 1630 cm-

has been observed (see, for example, Ottolenghi, 1980;

Marcus gt 31., 1979; and Aton 33 31., 1980).

Recent work by Ward 93 31. (1983), modeling interac-

tions between the carbonyl group of heme a and an amino

donor group, show that the metalloporphyrin Schiff's

bases (see Figure 1d) which results upon protonation have

unusual spectra properties. The C=N stretching frequency

-1-



Figure 1. Rhodopsin.

BacteriorhodOpsin br570, all trans-

retinal-+opsin.

Bacteriorhodopsin br603, all trans-

3-dehydro retinal-+0psin.

Nickel (II) formylvinylporphyrin.
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for the Schiff's base appears at 1639 cm—1, upon protonation

this frequency shifts to 1650 cm.1 and, if the proton is

replaced by a deuteron, the stretching vibration is observed

at 1640 cm'l.

In both cases the observed Raman frequencies corres-

ponding to the protonated and deuterated Schiff's base are

difficult to understand on intuitive grounds, since, in

general, it is expected on the basis of a simple mass

effect that protonation will decrease the C=N stretching

frequency. Moreover, these C=N frequency changes are not

consistent with changes in the nature of the groups on

the Schiff's bases. For example, the C=N stretching

frequency is higher in the metalloporphyrin Schiff's base,

1639 cm—1, than in the unpretonated retinal Schiff's base,

1620 cm—1, even though the resonance system is more

extended and the reduced mass is higher in the former

system than in the latter.

In the case of visual pigments and their model

compounds, the frequency changes which occur for the C—N

bond upon protonation and deuteration have been discussed

by Marcus 33 33., (1979). They suggested that the

interaction of the Schiff's base C=N bond with the N-H

bending mode, in the protonated case, contributes

significantly to the increase in the frequency of the C=N

stretching mode. Support for this model was claimed from

the fact that these frequency changes cannot be attributed

to a simple reduced mass effect because substitution of the
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proton by a deuteron decreases the stretching frequency by

25 cm.1 while N15 enrichment shifts this mode by only

13 cm-l. Aton 33 33., (1980) tested this proposal by

carrying out calculations on a hypothetical triatomic

molecule, C=N-H. Their results showed that by allowing

the C=N stretching frequency to interact with the N-H

bending mode, they could produce an increase in the C=N

vibrational frequency.

On the other hand, Massing 33 33., (1982) suggested

another possibility for the increase in the C=N stretching

frequency upon protonation which involves mixing between

the C=N stretch and an adjacent C-C stretch. At the same

time, there are other factors which affect the characteris-

tic group frequency. Woffe (1975), pointed out that the

characteristic carbonyl group frequency depends, in general,

on steric effects, reduced mass, conjugative effects,

electron delocalization, on the electron donating and

electron withdrawing ability of the substituents.

Perjessy (1973) indicates that transmission of polar

effects due to the CH=CH group also effect the C=O

stretching frequency. Seth-Paul (1981) discussed the

dependence of this group frequency on the 6CCOC angle.

In general, it is known that there is a decrease in

the C=O force constant with increasing polarity of the

carbonyl group. Thus, when a halogen atom is introduced

into the methyl group of acetaldehyde or acetone the

carbonyl bond becomes less polar and the C=O stretching
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frequency shifts to higher values. This behavior was

attributed by Bra132 33 33., (1961) to a variation of

the effective electronegativity of the carbonyl carbon

atom.

In addition, Besnainau 33 33., (1966) showed that

halogen substitution on similar nitrile compounds produces

the same behavior. Furthermore, a hyperconjugation effect

was discussed by Howell (1976) and Christen 33 33., (1982),

as the main factor in the variation in bond distance of

methyleimine halogen derivative.

To examine the frequency changes in the imine bond

which occur upon going from an unsaturated substituent to

an aromatic substituent, as well as to study the possible

analogy that exists between the effect of protonation and

deuteration of the C=N bond in metalloporphyrin Schiff's

bases with respect to the retinal Schiff's bases, nuclear

magnetic resonance, infrared and Raman spectroscopic

studies have been carried out. One, two and three ring

aromatic Schiff's bases (Figure 2) and their protonated

and deuterated derivatives were studied. With the

identification of the C=N stretching frequency in the

various compounds, it is possible to establish whether

the increase in the C=N frequency mode of the aromatic

Schiff's bases relative to the unsaturated Schiff's bases,

follows the same trend as that observed for the carbonyl

stretching frequency and the nitrile stretching frequency

in an analogous series of compounds. These studies provide



Figure 2. a.

b.

c.

d.

e.

f.

g.

h.

n-benzylidene-n-butylamine.

n-benzylidene-n-butylammonium ion.

2-naphtha1idene-n-butylamine.

2-naphthalidene-n-butylammonium ion.

9-anthra1idene-n-butylamine.

9-anthralidene-n-butylammonium ion.

benzophenilidene-n-butylamine.

benzophenilidene-n-butylammonium ion.
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information on the question of whether the increase in the

=N stretching frequency in metalloporphyrin Schiff's

bases, which occurs upon protonation and deuteration,

is an isolated case or can be generalized as a common

characteristic of aromatic Schiff's bases. Furthermore,

the identification of the N-H and N-D bending modes will

provide information that can be used in future work to

test the hypothesis that the interaction between the C=N

stretching vibration and the N-H or N-D bending modes is

responsible for the observed increase in stretching

frequency of the imine bond upon protonation or

deuteration (Aton 33 33., 1980).



CHAPTER II

EXPERIMENTAL

A.1 Sample Pr3paration
 

Benzaldehyde was purified by distillation in vacuum,

2-naphtha1dehyde and 9-anthraldehyde were recrystallized

from a methanol-water mixture. Benzophenone and n-butyl-

amine were used with no further purification. Methylene

chloride and chloroform were distilled in the presence of

calcium hydride. N-benzylidene-n—butylamine, 2-naphthali-

dene-n-butylamine and 9-anthralidene-n-butylamine were

prepared by producing a reaction with 10 m1 of the

appropriate aldehyde in a 4 h. reflux with dry benzene

containing an excess of n-butylamine (20 m1). Benzene acts

as the azeotropic agent which allows for the removal of

the water produced by the reaction (Cordes 33 33., (1963)

and Layer, (1963)).

 

\ k1 \ *3 k2
c=o +RNH2 .==—-’ HOC-NH .——— c = N-R+H20 (1)

/ k-1 I k-2 /

Lyophilization yields pure Schiff's bases (Ward 33 33.,

1983). After the reaction was completed, the excess

n-butylamine and the benzene were removed in a rotavapor

-10...



-11-

system. N-benzylidene-n-butylamine was purified by

distillation in a vacuum, while 2-naphthalidene-n-

butylamine and 9-anthra1idene-n-butylamine were recrystal-

lized in a mixture of methylene chloride and petroleum

ether. Since aromatic ketones react with amines more

slowly than aromatic aldehydes, aluminum chloride was

used as a Lewis acid, thus making the reaction possible.

Benzophenone Schiff's base was used without further

purification.

A.2 U.V. Measurements and Results
 

In order to verify the formation of the imines,

ultraviolet absorption spectroscopic measurements of

approximately 1 X10”4 M solutions in methylene chloride

or chloroform were carried out with a Perkin Elmer

Lambda 5, UV/Vis spectrophotometer. Table I shows the

blue shift relative to the free carbonyl species upon

Schiff's base formation (El-Aasser 33 33., 1971).

Table I. lmax(nm) of Aldehydes and Schiff's bases

 

 

ArCHO ArCH=NBu ArCH=NBu ArCH-NDBu

C6H5 248 247 278 277

C10H8 252 251 275 275

265 260 270 -——
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Protonated and deuterated Schiff's bases were prepared

by adding equivalent amounts of dry HCl(g) or DCl to

(g)

0.25 M of imine solutions in methylene chloride or

chloroform as solvent. Solutions of approximately

1 ><10_4 M were used to verify the red shift of the n-*n*

transition in the U.V. region (Santerre 33 33., 1958) due

to the presence of protonated or deuterated Schiff's bases.

(See Table I and Figure 3). However, in some cases, the

n-+n* transition for aromatic aldehydes, benzaldehyde and

2-naphthaldehyde and the corresponding aromatic Schiff's

bases cannot be differentiated. Therefore, another

Spectroscopic technique is required in order to establish

the formation of the Schiff's bases.

A.3 NMR Measurements and Results
 

Nuclear magnetic resonance spectroscopy is a very good

technique for identifying aldimines Schiff's bases, since

the proton attached to the carbon in the imine bond has a

characteristic environment (Parry 33 33., 1970). In

addition, protonated Schiff's bases can be observed due to

the NH proton interactions. The nitrogen proton (NH)

may undergo a rapid, intermediate or slow rate exchange

(Silverstein 33 33., 1981). In the case of rapid exchange,

the proton is decoupled from the N atom and from adjacent

protons. Therefore, the CH protons will not be split by

the NH proton. The same observation applies when the NH
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Figure 3. U.V. spectra of Benzaldehyde ( ).

N-Benzylidene-n-butylamine (-- -—r -—-I.

N-Benzylidene-n-butylammonium ion (—-'--*f-).

and N-Benzylidene-n-butyldeuteroammonium

ion ( ------ ) in chloroform.
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proton undergoes an intermediate rate exchange, since the

NH proton is only partially decoupled. However, when the

exchange rate is slow, the coupling of the NH proton with

adjacent CH protons can be observed. Therefore, the

chemical shift and the splitting pattern of the protons

can be used to detect the presence of unprotonated and

protonated Schiff's bases.

Aldehydes and imines were prepared at a concentration

of 0.1 M in deuterated chloroform. Protonated and deutera-

ted forms were obtained by adding equivalent amounts of dry

HCl(g) and DCl(g), respectively. NMR spectra were

recorded on a Varian T60 NMR spectrometer at a 0.1 RF

power level, at a spectrum amplitude of 10 and at a

spinning rate of 40 rps.

Figures 4 through 6 show the NMR spectra of

n-benzylidene-n-butylamine, n-naphthalidene—n-butylamine,

n-anthracylidene-n-butylamine, its protonated forms, and

its carbonyl analogs. Table II contains data of the Ha

and aCH2 protons, with assignments based on those of

Sharma 33 33., (1973) and Parry 33 33., (1970). The

change in the chemical shift of the Ha proton indicates

the formation of the aromatic Schiff's base from the

corresponding aldehyde. The results also indicate that,

when the Schiff's base is protonated, the splittings of

the Ha proton into a doublet and of the aCH2 protons into

quartets are due to the Hb proton present on the imine

nitrogen. On the other hand, in the deuterated solution
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Table II. Chemical shift for carbonyl and imine protons of

Ha Ha CH2 ((1) R

the kind: ArC , ‘\C=N” and

IFFC) .Ar”

Ha /CH2 (a) R

“c=§

Ar/ \Hb (D)

Ar Substituent Ha aCH2

CSH5 Carbonyl 9.96(s)

Imine 8.17(s) 3.57(t)

Prot. Imine 8.8 (d) 3.97(q)

Deut. Imine 8.9 (s) 3.92(t)

C10H8 Carbonyl 10.04(s)

Imine 8.30(s) 3.60(t)

Prot. Imine 8.8 (s) 3.95(b)

Deut. Imine 8.9 (s) 3.95(t)

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.
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and in the unprotonated Schiff's bases the azomethine

proton gives a singlet and the a-methylene protons appear

as triplets. The data from Table II suggest that, upon

protonation of the Schiff's bases, there is an increase

in the effective electronegativity of the carbons, the

Ha and aH hydrogens, since resonances of the two shift

downfield upon protonation. This observation is consistent

with the results reported by Sharma 33 33., (1973) and

Blatz 33 33., (1975) for similar Schiff's bases. In

contrast, Figures 4-6 suggest that upon protonation, the

positive charge in the Schiff's base is not uniformly

distributed in the substituent system, since the observed

chemical shift for other peripheral hydrogens on the ring

is smaller. Therefore, it appears that protonation of the

Schiff's bases increases the electron withdrawing nature

of the C=N group but that the charge does not delocalize

to a large extent into the ring system. Similar results

were observed by Ward 33 33., (1983) in the study of

heme a Schiff's base models.



CHAPTER III

RAMAN AND INFRARED STUDIES

A.1 Instrumentation
 

Raman spectra were obtained by utilizing two different

laser light sources. For n-benzylidene-n-butylamine and

derivatives, spectra were obtained with the 514.5 nm

line of a Spectra Physics 165 argon-ion laser. For 2-

naphthalidene-n-butylamine, 9-anthralidene-n-butylamine and

derivatives, 1ex==647.l nm from a Spectra-Physics 165

Krypton-ion laser was used. For the latter species,

fluorescence from the samples necessitated the use of the

larger wavelength exciting line. The Raman spectrometer

used in the experiments was a Spex 1401 double mono-

chromator together with its related electronics. The

solutions for Raman studies were .25 M of the species of

interest in methylene chloride or chloroform and a static

arrangement was used. A scan speed of 20 cm-l/minute,

and a time constant of 1 second were used to record all

the spectra. The delta frequency position was calibrated

by using benzene as the standard before each experiment.

For the infrared spectra, solutions of 0.05 M of the

aromatic aldehydes, aromatic Schiff's bases and derivatives

-24-
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were prepared in chloroform. The I.R. spectra were obtained

with a Perkin-Elmer 283B infrared spectrophotometer at a

resolution of 2 cm-l.

In general, the purity of the samples, as judged by

NMR, I.R. and Raman spectroscopy, was good although the

samples deteriorated in storage, the protonated and

deuterated Schiff's bases deteriorated at a faster rate

than was the case with the unprotonated Schiff's bases.

A.2 N-benzylidene-n-butylamine and Derivatives

N-benzylidene-n-butylamine and derivatives were

prepared as described in Chapter II. The Raman spectra of

0.25 M solutions of benzaldehyde, unprotonated, protonated

and deuterated Schiff's bases in methylene chloride or

chloroform were obtained with a Aex==514.5 nm line. The

spectral slit width used was 2 cm”1 resolution, the laser

output was between 75-80 mW. Other spectral conditions

were set as follows: range 1 X105 count/sec; PMT voltage

1800 v; scan speed, 20 cm-l/min; time constant, 1 sec; and

chart speed, 1 cm/min. Before recording the spectra, the

imine samples were irradiated for half an hour. The spectra

were recorded within a resolution of 2 cm-l.

Figure 7 shows the Raman spectra of 0.25 M methylene

chloride solutions of benzaldehyde, n-benzylidene-n-butyl-

amine, protonated and deuterated Schiff's base derivatives.

Figures 3 and 9 show the Raman and infrared spectra of the
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Figure 9. Infrared spectra of N-Benzylidene-n-butylamine

(BnBI), N-Benzylidene-n-butylammonium ion

(BnBIH+) and N-Benzylidene-n-butyldeutero—

ammonium ion (BnBID ) in chloroform.
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same Schiff's base in chloroform solutions. The frequency

assignments for the Schiff's bases and derivatives are

shown in Table III. The work of Zwarich 33 33., (1971) on

benzaldehyde provided the main assignments for the ring

and related vibrational motion of the imines. Thus, the

band at 1203 cm-1 is assigned to the vibrational mode

between the aldehyde group and the benzyl group in

CGHS-CHO. This frequency is absent from.the Raman spectra

of the Schiff's base, in methylene chloride solutions a

new band appears at 1221 cm-1, being replaced by a band at

1228 cm"1 and at 1224 cm'1 upon protonation and deuteration,

respectively. Therefore, this frequency motion may be

8 0
assigned as (C6H5CH=NR), (C6H5CH=NHR) and (C6H CH=NDR).

5

The same observations can be made for the Raman and I.R.

spectra of Schiff's base on chloroform solutions, but

in this case there is some overlap between a solvent band

and the CGHSCH=NR band.

Upon protonation of the Schiff's base, the N-H bending

motion is assigned to 1423 cm"1 in Raman and to 1418 cm"1 in

the I.R. because in the unprotonated or in the deuterated

spectra this band is absent. In addition, it is near the

N-H bending mode region observed for protonated all-trans

retinal Schiff bases by Massing 33 33., (1982) and

Aton 33 33., (1980). This band cannot be observed clearly

in methylene chloride solutions due to overlap with the

solvent band. In a similar manner, the I.R. band at

1
1121 cm- in deuterated Schiff's bases was assigned to the
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N-D bending mode. However, a band at 1237 cm.1 in the I.R.

spectra and at 1243 cm-1 in the Raman spectra behave in the

same way. However, for br and br603, the difference

570

between the frequency of the CNH bending and the CND

bending is 370 cm“1 (Massing 35 33., 1982). Therefore,

it appears that the former frequency and not the latter

can be assigned as the N-D bending mode.

Another important change occurs in the band at

1696 cm"1 assigned to the c=o stretching frequency in

benzaldehyde. This band, upon formation of the imine,

1
is shifted to 1648 cm’ and is assigned to the C=N

stretching frequency. Upon protonation and deuteration this

frequency mode shifts to 1680 cm-1 and to 1660 cm-1,

respectively. This is in agreement with the previous

observed increase in the C=N stretching frequency in

protonated and deuterated Schiff's bases (Aton 33 33.,

1980; Marcus 33 33., 1979 and Ward 33 33., 1981).

It is known that the Raman intensity of certain

molecular vibrationS' depends on the conjugation. Schmid

33 33., (1977) investigated the Raman intensity changes

of the V8 mode (in compounds of the type CGHSCOX) with

changes in the electron withdrawing character of the group

X, and indicate that an increase in the V8 mode intensity

is related to an increase in the electron withdrawing

character of the group X. Also, Schmid 33 33., (1983),

investigated the Raman intensity of the phenyl v mode
8

changes with the angle of twist in biphenyls. Therefore,
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it can be assumed that for phenylimine the intensity of

the v8 mode is indicative of the extent of conjugation.

Therefore, it is possible to deduce that protonation and

deuteration of phenyl Schiff's base changes to some

extent the state of conjugation between the imine group

and the ring. Since there is a relative intensity

variation of the v8 frequency mode with respect to the

C=N frequency mode.

A.3 2-N3phtha1idene-n-butylamine and Derivatives
 

2-Naphthalidene-n-butylamine and derivatives were

prepared as described in Chapter II. The Raman spectra

were obtained with a Aex==647.1 nm and after an irradiation

period of 3 hours at a power of 500—600 mw. The spectral

slit width used was 3 cm.1 resolution, the range 1 X104

count/sec and the PMT voltage was 1860 v. The other

conditions were the same as in N-benzylidene-n-butylamine.

Figures 10 through 13 show the Raman and infrared

spectra of the corresponding Schiff bases in methylene

chloride and chloroform respectively.

The frequency assignments were made based on the

work of Sharma 33 33., (1974) for a and B naphthaldehydes.

Other bands were assigned by comparing with N-benzylidene

derivatives. Table IV contains the more probable

assignments for the observed vibrational modes. As

expected, the greatest frequency changes were observed
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Figure 13. Infrared spectra of 2-Naphtha1idene-n-buty1

amine (NapBI), 2-Naphtha1ide-n-butylammonium

ion (NapBIH+) and 2-Naphthalidene-n-butyl

deuteroammonium ion (NapBID+) chloroform

solutions.
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for the C=N stretching frequency upon protonation and

deuteration. Thus, for example, there was a change from

1 (Schiff's base) to 1673 cm"11644 cm- (protonated

Schiff's base) and to 1653 cm-1 (deuterated Schiff's

base) respectively. In addition, some small changes on

the C-C stretching frequency of the ring were observed.

These, toqether with variations in the relative intensities

of the bands at 1630 cm_1 with respect to the C=N

stretching frequency, may indicate, as in N-benzylidene-n-

butylamine derivatives, a change in the state of conjuga-

tion between the aromatic system and the C=N group upon

protonation of the Schiff's base.

A.4 9-Anthralidene-n—butylamine and Derivatives
 

9-Anthra1idene-n-butylamine and derivatives were

prepared as described in Chapter II. The Raman spectra

were obtained with 1ex==647.1 nm with a period of

irradiation of 5 hours at a power of 500-600 mw. The

other conditions were the same as in 2-naphtha1idene-n-

butylamine.

Figures 14 through 17 show the Raman and infrared

spectra of the imine and its derivative in methylene

chloride and chloroform respectively. The frequency

assignments were based on the work of Ohta 33 33., (1977)

related to vibronic coupling studies on anthracene.

Table V presents the more probable assignments for some
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Figure 17. Infrared spectra of 9-Anthra1idene-n-butylamine

(AnBI), 9-Anthra1idene—n-butylammonium ion

(AnBIH+) and 9-Anthralidene-n-butyldeutero-

ammonium ion (AnBIDI) in chloroform.
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of the observed frequencies. The C=N stretching frequency

behaves as before, increasing in frequency upon protonation

of the Schiff's base. However, the frequency corresponding

to the N-H bending mode cannot be assigned since there is a

very strong band in the 1400-1404 cm“1 region which may

overlap the expected N-H bending frequency.

A.5 Benzophenone Schiff's Base and Derivatives

Benzophenone Schiff's base and derivatives were

prepared as described in Chapter II. The Raman spectra

were obtained with the excitation at 647.1 nm and the

instrument conditions were the same as 9-anthralidene-n-

butylamine. These are shown in Figures 18 and 19. The

band observed at approximately 1600 cm.1 can be assigned

as the analog to V8 in benzene. The frequency at 1656 cm-1

on benzophenone is characteristic of the C=O stretching

1 1
frequency, while the frequencies at 1618 cm- , 1636 cm-

and 1616 cm.1 are assigned to be the C=N stretChing

frequency of the unprotonated, protonated and deuterated

Schiff's bases respectively.
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Figure 18. Raman spectra of Benzophenone (bO) in

chloroform.

Figure 19. Raman spectrum of BenZOphenone Schiff's base

(bSb), its protonated form (bSbH+) and its

deuterated form (bSbD+) in chloroform.
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CHAPTER IV

SCHIFF'S BASES

A.1 Introduction
 

Schiff's base and protonated Schiff's base vibrational

modes have been studied for at least the past three

decades. Part of the interest in these species derives

from the occurrence in biological systems of Schiff's base

linkages, for example, in pyridoxal enzymes (e.g. Witkay

and Beiler, 1954) and, more recently, in rhodOpsin (e.g.

Aton 33 33., 1980). Perhaps as a result, a systematic

investigation of saturated, unsaturated and aromatic

Schiff's bases and protonated Schiff's bases 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 33 33., (1956), to the 1665-1674 cm'1 range which

was extended by Steele (1964) to the 1665-1680 cm'l.

N-(n-propylidene)-n-propy1amine, has an I.R. absorption

at 1673 cm-1 (Fabian 33 33., 1956) while the simplest

aldimine, methyleneimine, (Botschwina, 1974) has a C=N

1
stretching frequency around 1642 cm-1. The 31 cm-

difference in the C=N stretching frequency between these
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two imines could be due to the fact that for the CHZNH

species the C-C=N group structure is not present,

whereas in propyleneimine it is. In methyleneimine,

upon substitution of the hydrogen at the nitrogen by

deuterium, the C=N stretching frequency decreases to

1629 cm.1 and upon N15 substitution this mode shifts to

1627 cm’l. Christen 33 33., (1982), observed that when

the hydrogens in methyleneimine are substituted by

fluorine, the C=N stretching frequency increases to

1740 cm-l, while substitution by chlorine decreases the

frequency to 1728 cm-1.

Aromatic aldimines of the type C6H5-CH=N-R exhibit a

C=N stretch in the 1658-1629 cm”1 region, and in the 1637-

1626 cm-1 range when the R group is substituted by a

phenyl group (Fabian, 1956). Witkop 33 33., (1954)

in a study of possible pyridoxal modes indicates a

1
1639-1626 cm- (Patai, 1970) range for aromatic Schiff's

base models and a 1672-1646 cm.1 range for their salts.

A further reduction of this mode to 1640-1610 cm"1 is

obtained when the number of substituent phenyl rings

increases.

In general, these reports show that the region over

which the C=N stretching frequency occurs is relatively

extensive, from 1600-1680 cmul. This, to some extent,

suggests that the C=N stretch can be influenced by

motions involving neighboring atoms. Therefore, the

Physical and chemical environment of the C=N group,
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including such factors as the presence of electron donating

or electron withdrawing substituents, conjugation effects,

resonance effects and hydrogen bonding are the main

determinants of the C=N stretching frequency variations.

References such as Fabian (1956), Colthup 33 33., (1964)

and Patai (1970) can be consulted for more details.

A.2 =N Stretching Frquengy in Unsaturated and Aromatic

Schiff's Bases

 

 

The results indicate, as can be seen in Table VI, that

the changes in C=N stretching frequency in unsaturated

Schiff's bases follow the same trends as the carbonyl

stretching frequency in aldehyde analogs. That is, as

the number of unsaturated bonds increases, both the carbonyl

group and the imine group decrease in their respective

stretching frequencies. This behavior has been attributed

to the mesomeric effect observed in these kinds of

unsaturated bonds (Bratéz 33 33., (1961) and Yanovskaya

33 33., (1973)).

Similar changes in frequency can be observed in

Table VI when aromatic aldehydes and aromatic Schiff's

bases are compared; an increase in the resonance system

leads to a decrease in frequency. However, the variation

in the C=O stretching frequency is greater than the

frequency change of the C=N stretching mode, for example,

increasing the resonance system from benzaldehyde to

cyt 33+ or cyt 32+ (both porphyrin systems) there is a
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change in the C=O stretching frequency of 18 and 29 cm-l,

respectively, while from benzyleneimine to the cyt 3

analog the difference in the C=N stretching frequency is

only 7 cm-l. These observations show that the C=N

stretching frequency is relatively invariant to increases

in the magnitude of the resonance system. On the other

hand, the lower values observed for the C=N stretching

frequency in ketimines shows that the axes of the n

orbital of the additional phenyl rings are planar with

respect to the n orbital of the C=N bond. In this way

the presence of an aromatic ring on the carbon increases

the extent of conjugation in the system which results in

a corresponding decrease in the C=N frequency mode

(Patai, 1970). Consistent with the general trends in

Table VI, the difference in C=N stretching frequency

between the M chromophore (1620 cm-1) and the cyt 3
412

Schiff's base (1639 cm—1) follow the same direction as the

trends observed for unsaturated and aromatic Schiff's

bases, respectively.

Bennainou 33 33., (1966) in a very well detailed

study on the mechanical coupling and electronic perturba-

tion that can affect the CEN stretching frequency in

nitriles, suggested that variations in the CEN stretching

frequency between unsaturated and aromatic nitriles are

due to different degrees of conjugation. Mechanical

coupling of different modes was shown to play a minor role

in producing vCEN frequency variations.
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Since what is called the characteristic C=N frequency

is a frequency characteristic of the CCN group rather than

of the C=N bond, it is possible to suggest that the varia-

tion on the C=N between aromatic and unsaturated Schiff's

bases is mainly due to electronic effects. Similar

behavior was suggested by Besnainou 33 33., (1966) for the

nitrile bond. The study indicates that in methylated and

halogenated acetonitrile the inductive effect determines

the behavior of the CEN stretching frequency. For example,

in halogen substituted acetonitriles the effective

electronegativity of the a-carbon increases and then

decreases as the number of chloro substituents increases.

This behavior allows an increase and a decrease of the

CEN stretching frequency, respectively, depending on the

number of chloro substituents on acetonitrile. The

conjugation effect is operative in conjugated and aromatic

nitriles. In order to calculate the CEN force constant,

it was assumed that its magnitude was dependent on the n

electron structure of the molecules, as well as on the o

substitution, since the latter can affect the behavior of

the n system. It was found that the two vibrations, VCEN

and vCC' provide the major contribution to the frequency

observed and that the contribution to the CEN stretching

frequency of each of the other vibrations was on the order

of only a fraction of a wave number. A similar approach

was used by Bratéz (1961) to determine the influence of
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electronic effects on the C=O stretching frequency. He

concluded that the variations in the C=O stretching

frequency are mainly vibrational coupling interactions for

cyclanones and that they do contribute to some extent to

the C=O streching frequency in aldehydes. He also showed

that when this vibrational coupling is small, the AVC=O

frequency shifts are mainly determined by the effective

electronegativity of the carbon and in some cases by

conjugation effects.

On the other hand, Kamarow 33 33., (1975) proposed

that the change in energy for the singlet n+-n* state is

greater for compounds of the type ArCHO (where Ar==phenyl,

naphthyl, antracene) than for conjugated bond systems of

the type H-(CH=CH)nCHO, and suggested that, with the same

number of double bonds, the extent of conjugation is

greater for unsaturated aldehydes than for aromatic

aldehydes. For imines the extent of conjugation between

the n orbital leads to an increase or decrease in the

characteristic C=N frequency. Therefore, the availability

of orbitals with appropriate symmetry on a series of

adjacent atoms leads to delocalization through the

resulting molecular orbital. As a result the bond lengths

increase and the stretching frequency decreases.

In other words, the lower C=N stretching frequency

observed for unsaturated imines with respect to the C=N

stretching frequency observed for the aromatic imines

(with the same number of double bonds) indicates that the
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compatibility between the n orbital of the C=N bond (1 a"

for methylene imine) with the n orbitals of the aromatic

ring is to some extent smaller than the compatibility

between this orbital and the n orbitals of the unsaturated

analoqs. Therefore, the extent of conjugation can be

expected to be higher for unsaturated imines than for

aromatic Schiff's bases with the consequent decrease in

the C=N stretching frequency.

A.3 C=N Stretching Frequency on Protonated and Deuterated

Aromatic Schiff's Bases
 

The experimental results are summarized in Table VII

and indicate that upon protonation or deuteration of the

aromatic Schiff's bases, an increase in the C-N stretching

frequency occurs, which is similar to that observed upon

protonation of the unsaturated Schiff's bases under the

same conditions. This fact in terms of the simple relation

between frequency and force constant suggests that the

force constant of the C=N stretching mode increases upon

protonation or deuteration of the Schiff's bases. On

the other hand, the resonance structure of the charged

Schiff's bases, i.e.,

  t at C-13

61’ ‘\e ’r

N- ”

\\.

indicate that the frequency of the C=N and therefore, the

force constant to decrease. A similar argument was
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presented before by Blatz 33 33., (1975); Elguero 33 33.,

(1967) and Goulden (1953). For rhodopsin and analogous

Schiff's bases it was assumed by Aton 33 33., (1980)

that protonation increases the extent of n-electron

delocalization and therefore, the C=N stretching frequency

should decrease. But since the observed frequency is

greater for the protonated than for the unpronated

Schiff's bases, it was suggested by Marcus (1979) and

developed in detail by Aton 33 33., (1980), that in

the case of unsaturated Schiff's bases, the increase in

the C=N stretching frequency is due to the interaction

between the C=N stretching frequency at 1624 cm.l and the

N-H bending mode at 1250 cm-1. The interaction between

these modes was suggested to increase the frequency of

the higher mode to the value observed for the C=N stretch

in the protonated form. If this is the case, it may also

be supposed that aromatic Schiff's base will show a

similar behavior. Thus, for example, in N-benzylidene-n-

butylamine (compound I), the interaction between the N-H

bending mode at 1425 cm.1 and the C=N stretching frequency

at 1646 cm-1 would interact to increase the stretching

frequency of the later mode to 1680 cm-1. However, at

this point, it is necessary to notice that although the

C=N and N-H stretching frequencies are substantially

different between the retinal Schiff's base analog and

the n-benzyl Schiff's base, the difference in stretching

frequency between their unprotonated and protonated
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Schiff's base is practically the same, i.e., 35 cm-l.

Therefore, in order to determine whether the stretching-

bending interaction model accounts for the frequency

changes upon protonation of aromatic Schiff's base, a

normal coordination analysis needs to be performed in the

future. On the other hand, it is difficult to eXplain

some of the C=N stretching frequencies, presented in

Table VII, in terms of the bending mode interaction model.

For example, the series of compounds from V to VII (which

do not have N-H bending mode) present C=N stretching

1, 1658 cm’l, and 1660 cm'l,frequencies of 1658 cm—

respectively. These frequencies are, in fact, higher than

the C=N stretching frequency (1646 cm-1) for the

benzaldehyde Schiff's base analog (compound I). From

simple arguments, one would expect that the presence of

a ring on the nitrogen would decrease the C=N stretching

frequency since an increase in conjugation can be expected

(Parry 33 33., 1970). In addition to the above criticism

the ketimine derivative prepared from benzophenone and NH3,

which contains N-H as a terminal group (compound X,

Table VII) has a C=N stretching frequency at 1600 cm"1

(Datin 33 33., 1969), while the ketimine containing a

butyl terminal group attached to the nitrogen (compound XI)

has a C=N stretching at 1618 cm-1. Similar ketimines,

where the terminal group is -CH2CH2CH or C6H5, present

1
C=N stretching frequencies of 1616 cm-1 and 1614 cm- ,

respectively (Fabian 33 33., 1956). When the n-butyl
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derivative Schiff's base is protonated, there is a 16 cm-1

increase in the C=N stretching frequency. So, if it is

assumed that the N-H bending mode interacts with the

C=N stretching frequency and increases the frequency

of the latter, one would expect, by a simple mass effect,

that the ketimine which contains only the N-H bond as a

terminal group will have a higher C=N stretching frequency

than the ketimines with alkyl substituents. However, this

is not the case, since, as discussed above, the aromatic

ketimine derivative from NH3 has a C=N stretching frequency

at 1600 cm_l, while the protonated aromatic ketimine from

n-butylamine Schiff's base has a C=N stretching frequency

at 1636 cm'l.

Therefore, at this point, it appears that the

interaction between the N-H bending and the C=N stretching

frequency cannot account for various of the observed

increases in the C=N stretching vibration upon protonation

of aromatic Schiff's base. Rather, the protonated Schiff's

base case seems to be analogous to the situation which

occurs when a proton is brought up to NH to give NHE.

The lone pair electrons forming the new N-H bond will not

stay unaltered in their 3p2 hybrid orbital, neither will

they be equally shared between N and H; they will assume

some intermediate distribution (Brown, 1957). Thus, it

appears that the possible change in the state of the electron

lone pair, as well as the increase in the electronegativity

of the nitrogen atom upon protonation of the Schiff's bases
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play an important role in the CN+ stretching frequency

increase relative to the C=N frequency mode.

Bond order and bond distance also contribute to the

magnitude of the kC=N value. The interplay between these

and the increase in the electronegativity of the nitrogen

determines the value of the C=N frequency in the Schiff's

bases upon protonation or deuteration. For example, in

1
(CH CHCH=NCH(CH3)2 there is a shift of 37 cm- (from

3’2

1667 to 1704 cm-1) upon protonation. At this point with

only one double bond, there is n0' strong delocalization

effect (no conjugation) which means to some extent that

the increase in the electronegativity of the nitrogen

controls the change in the C=N stretching frequency and,

therefore, the change in frequency is relatively large.

In CH3CH=CHCH=NCH(CH3)2 there is only a 7 cm.1 change upon

protonation which means that conjugation and electro-

negativity effect cancel to a large extent. For retinal

a larger shift (approximately 27 cm-l) is observed and

Massing 33 33., (1982) indicate that there is no change in

the C=N stretching frequency or in the C=N stretching

frequency for the addition of a double bond on br570. It

can be suggested that the increase in the electronegativity

in the nitrogen atom plays an important role in the increase

of the C=N stretching frequency.

The compounds used for this study (I, II and III in

Table VII) behave as if electronegativity effects dominate

(i.e. delocalization is small). This is consistent with
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the NMR data for heme 3 Schiff's base analog in the Ward

33 33., (1983) paper where strong electronegativity

effects are observed but small delocalization effects

(there is a possibility that the charge delocalizes over

the CB=CB double bond on the pyrrole ring but it does not

delocalize into the major porphyrin n electron system).

The NMR data for the model compounds (see Tables II and

Figures 4-6) suggest also that upon protonation or deutera-

tion of the Schiff's bases, there is a strong electro-

negativity effect as can be deduced from the downfield

shift of the Ha and aCH2 protons, and that the extent of

charge delocalization is not apparently uniform in the

ring system.

Figure 21 shows that as the number of double bonds

increases in the series of protonated aromatic Schiff's

bases, the electronegativity contribution effect on the

C=N stretching frequency appears to be smaller or the

conjugation effect larger. Figure 20 also indicates

that the variation on the C=N stretching frequency as a

function of the number of double bonds is smaller for

unprotonated Schiff's bases than for protonated Schiff's

bases; the latter seems to follow a similar trend as the

carboxylic group in analog aldehydes. With respect to

the decrease on the C=N vibrational mode upon deuteration

relative to the C=N mode upon protonation it can be observed

in Table VII that it is not constant and appears to
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Figure 20. Plot of VC=O(OOO) , vc=N(DDD) and

vc=§(000) stretching mode for unsaturated

aldehydes versus the number of double bonds

in the particular compound.
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and VC=NB(AZIA) stretching mode for aromatic

aldehydes and imines versus the number of

double bonds in the particular compound.
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depend to some extent on the magnitude of the aromatic

substituent group.

On the other hand, a normal coordination analysis

to modeling the N-H or N-D model interactions with the C=N

stretch has not been performed yet. Until the nature of

the C=N stretching increase upon protonation in aromatic

Schiff's base with respect to the unprotonated Schiff's

base is established, any attempt, at this point, to

explain the frequency shifts between the C=N stretching

frequency upon deuteration with respect to protonation

in terms of bending mode interactions, conjugation effects

or inductive effects will not have any firm basis and will

only be speculative. However, it should be indicated that

the difference in mass between hydrogen and deuterium

can contribute to the difference in frequency between the

-C=gH and C=QD stretching modes (Marcus 33 33., 1979). It

is not clear how much this mass effect can contribute to

the difference in frequency of the stretching modes.



CHAPTER V

SUMMARY AND FUTURE WORK

A.1 Summary

The C=N, C=NH and C=ND stretching frequency for some

aromatic and unsaturated Schiff's bases have been

discussed and the corresponding C=N stretching modes

assigned by I.R. and Raman spectroscopy and the chemical

shift of the Ha and aCH2 protons or protonated Schiff's

bases have been determined by NMR. It was shown that the

increase in the C=N stretching frequency in aromatic

Schiff's bases relative to the C=N stretching mode in

unsaturated Schiff's bases follow the same trend that the

variation in the carbonyl stretching frequency in the

aldehydes or in the nitriles of analogous compounds.

Therefore, it appears that the difference in the C=N

stretching frequency between the M412 chromophore and

the metalloporphyrin Schiff's base (cytochrome 3 analog)

is mainly due to electronic effects rather than mechanical

coupling. At the same time, the C=N stretching frequency

in aromatic Schiff's bases of the kind ArCH=N-R (where

Ar==pheny1, naphthyl, antracene) shows a lesser degree

of delocalization effects (with an increase in the number

-86-
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of double bond systems) than the carbonyl group stretching

mode in the analogous aromatic aldehydes. This fact also

applies to the protonated and unprotonated Schiff's base.

There is more similarity in the behavior of the conjugation

effect between protonated aromatic Schiff's bases and

analogous aldehydes than between protonated and unprotonated

Schiff's bases.

The NMR, I.R. and Raman spectroscopic results have'

indicated that upon protonation of the aromatic Schiff's

bases, the positive charge on the system is not uniformly

distributed in the aromatic system. Rather than this,

the large increase in the electronegativity in the

nitrogen apparently increases the electron withdrawing

character of the imine group and localizes, to some extent,

the positive charge. This fact, together with the

arguments presented in Chapter IV, indicates that the

increase observed in the C=N stretching frequency upon

protonation or deuteration of aromatic Schiff's bases

cannot be attributed primarily to the coupling between the

C=N stretching frequency and the N-H or N-D bending mode.

It appears that the interaction between the lone pair

electrons on the nitrogen with the hydrogen or deuterium

upon N-H or N-D bond formation, with the corresponding

increase on the nitrogen's electronegativity, play an

important role in increasing the C=N stretching frequency.

It was not possible to account for the nature of the

deuterium shift that happens when the hydrogen atom on
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the nitrogen is substituted by a deuteron. However, it

is possible to indicate that differences in electronic

effects such as electronegativity, inductive effect

may play a decisive role in determining the small shift

observed.

A.2 Future Work
 

The efforts for future experiments and calculations

need to be focused on determining a good value for the C=N

stretching force constant for unprotonated, protonated

and deuterated aromatic Schiff's bases by using the

compound presented here as models. However, since the

geometry of the model Schiff's base is not known, it may

be postulated that upon protonation of the Schiff's base

there is an increase in the electronegativity of the

nitrogen (Brown, 1957), and an increase in the electron

withdrawing character of the C=N group (Ward 33 33., 1983).

There is also the possibility that the lone pair electrons,

upon formation of the new N-H bond, will not stay unaltered

in their sp2 hybrid orbital. Ab initio and semiempirical

studies will be necessary in order to determine the charge

distribution, the geometry and the force constants involving

the unprotonated and protonated model Schiff's base.

Hanson 33 33., (1983, submitted publication) indicated

that upon protonation of mono- and di-substituted

porphyrin, chlorin and bacteriochlorin Schiff's base
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complexes the observed red shift in the visible spectrum

can be attributed to a drOp in energy of the Schiff's

base C=N n orbitals which then mix with the n orbitals

of the porphyrin models. Therefore, similar calculations

can be carried out in the unprotonated and protonated

aromatic Schiff's bases, together with a Raman excitation

profile to study the red shift observed in the U.V. spectra

of the model Schiff's bases.



LIST OF REFERENCES



LIST OF REFERENCES

Aton, 8.; Doukas, A.G.; Narva, D.; Callender, R.H.;

Dinur, V. and Honis, B. (1980) Biophys. J. g2, 79-94.
 

Besnainou, S.; Thomas, B. and Bratoz, S. (1966) J. Mol.

Spect. 33, 113-124.

Blatz, P.E. and Mohler, J.M. (1975) Biochemistry 3:,

2304-2309.

 

Botschwina, P. (1974) Chem. Phys. Lett. 32, 580-584.
 

Braloz, S. and Besnainou, S. (1961) J. Chem. Phys. 3;,

1142-1147.

 

Brown, R.D. and Penfold, A. (1957) Trans. Faraday Soc.

3;, 397-402.

 

Christen, D.; Oberhammer, H.; Hammaker, R.M.; Chang, S.

and DesMarteau, D.D. (1982) J. Am. Chem. Soc. 104,

6186-6190.

 

Cordes, E.H. and Jencks, W.P. (1963) J. Am. Chem. Soc.

2;, 2843-2848.

 

Datin, A.P. and Lebas, J.M. (1969) Spectrochim. Acta

25A, 169-185.

 

El-Aasser, M.; Abdel-Halim, F. and El-Bayoumi, M.A. (1971)

J. Am. Chem. Soc. 2;, 586-592.
 

Elguero, J.; Gil, R. and Jacquer, R. (1967) Spectrochim.

Acta 23A, 383.

 

 

Fabian, M.J.; Legrand, M. and Poirier, P. (1956) Bull. Soc.
 

Chim. Fr., 1499-1509.
 

Favrot, J.; VOcelle, D. and Sandorfy, C. (1979) Photochem.

Photobiol. 32, 417-421.

 

 

Goulden, J.D.S. (1953) J. Chem. Soc., 997.
 

-90-



-9]_-

Hanson, L.K.; Chang, C.K.; Ward, 8.; Callahan, P.M.;

Babcock, G.T. and Head, J.D. J. Am. Chem. Soc.

submitted.

Heyde, H.E.; Gill, D.; Kilponen, R.G. and Rimai, L. (1971)

J. Am. Chem. Soc. 2;, 6776-6780.
 

Howell, J.M. (1976) J. Am. Chem. Soc. 2;, 886-887.
 

Layer, R.W. (1963) Chem. Rev. 2;, 489-510.
 

Leonard, N.J. and Paukstelis, J.V. (1963) J. Org. Chem.

3;, 3021-3024.

 

Marcus, M.A., Lemley, A.T. and Lewis, A. (1979) J. Raman

Spect. 3, 22-25.

Massing, G.; Stockburger, M.; Gortner, W.; Oesterhelt, D.

and Towner, P. (1982) J. Raman Spect. 3;, 287-294.
 

Ohta, N. and Ito, M. (1977) Chem. Phys. 3, 71-81.
 

Ottolenghi, G. (1980) Adv. Photochem. 3;, 97-200.
 

Parry, K.A.W.; Robinson, P.J.; Soinburry, P.J. and Waller,

M.J. (1970) J. Chem. Soc. 422' 700-703.
 

Patai, S. (1970) The Chemistry 33 Carbon-Nitrogen Double

Bond, Chapter 1, IntersEience Publishers, New York.

  

Persessy, A. (1973) Tetrahedron 32, 3207-3212.
 

Santerre, G.M.; Hansrote, C.J. and Crowell, T.I. (1958)

Jo AI“. Chem. SOC. Q, 1254-12570

 

Schmid, E.D.; Schlenker, P. and Brand, R.R. (1977)

J. Raman Spect. 3, 314-318.
 

Schmid, E.D. and Topsom, R.D. (1981) J. Am. Chem. Soc.

103, 1628-1635.

 

Seth-Paul, W.A. (1981) J. Mol. Struct. Lg, 151-167.
 

Sharma, O.P.; Singh, S.N. and Singh, R. (1974) Indian

J. Phys. 2;, 494-503.

Sharma, G.M. and Roels, O.A. (1973) J. Org. Chem. 38,

3648-3651. ‘—

 

Silverstein, R.M.; Clayton, G.M. and Morrill T.C. (1981)

Spectrometric Identification of Or anic Compounds,

4th ed., Wiley, New York, pp._I97-I98.

  



-92-

Steel, W.L. (1964) Dissertation Abst. 3;, 61.

Ward, 8.; Callahan, P.M.; Young, R.; Babcock, G.T. and

Chang, C.K. (1983) J. Am. Chem. Soc. 195, 634-636.

Witkop, B. and Beiler, T.W. (1954) J. Am. Chem. Soc. ;g,

5589-5597.

Wolfe, S.; Schlegel, H.B. and Whangbo, M.H. (1976)

Can. J. Chem. 22' 795-799.

Yanovskaya, L.A.; Kryshtal, G.V.; Yakovlev, I.P.;

Kucherov, V.F.; Simkin, B.Y.; Bren, V.A.; Minkin,

V.I.; Osipov, O.A. and Tumakova, I.A. (1973)

Tetrahedron 32, 2053-2064.
 

Zwarich, R.; Smolarek, J. and Goodman, L. (1971) J. Mol.

Spect. 3;, 336-357.


