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CHAPTER 1

I ntroduction

Dendrimers (Greek: dendron = tree, meros = part) are a class of macromolecules with a
well-defined, highly branched globular structure. Dendrimers are three dimensional
architecture produced in an iterative sequence of reaction steps, in which each additional
iteration leads to a higher generation material. The first example of an iterative synthetic
procedure towards well-defined branched structures has been reported by Vogtlé who
named this procedure a “ casecad synthesis.” Since this time dendrimers chemistry starts
Spreading.

Highly Branching
branched 7’ units
Internal
Core -
moisty cavities
Globular Closely-packed
structure surface groups

Figure 1.1. Dendritic structure.

Introduction of pconjugation in macromolecular systems has attracted a great deal of
attention owing to their potential to act as photosynthetic antennas, as molecular wires for
electron and energy transfer, and also as materials in organic photo- and
electroluminescent devices. In this regard, linear-chain polymers are the systems most
often prepared with these aims in mind. However, such materials do suffer from some
limitations such as broad molecular weight distribution, poorly defined morphologies,
and uncontrolled intra- and inter-chain interactions.™) Incorporation of the p-conjugation
in dendrimer system provides a high degree of control in terms of the molecular size,
shape, and location of functional groups, leading to almost total control over the
molecular architecture!?® Thus dendrimers have become suitable materials to overcome
the drawbacks of linear-chain |]oolymers and dendritic structures have been shown to act
as lightharvesting antennas!” and to be appropriate compounds for optoelectrons
applications.”



I ntroduction

Stilbene is certainly one of the most suitable p-conjugated molecules and one of the most
thoroughly studied classes of compounds from the standpoint of mechanistic and
preparative photochemistry. A lot of research is going on the study of the complex
isomerization process of stilbenes due to their application in optical brighteners, laser
dyes, optical data storage, photoconductors, photoresists, photochemically crosslinked
polymers, nonlinear optics and many more areas of applications. Thus the
photochemistry of stilbenoid compounds tas taken on an interdisciplinary character. By
stilbenoid dendrimers we mean dendrimers that are made up of stilbene units, ranging
from (E)- and (2)-stilbene (1,2-diphenylethene). In al these compounds benzene rings
are linked by 1,2-ethenediyl groups. This feature is associated with a strong absorption in
the UV/Vis spectrum corresponding to the excitation of p electrons of the conjugated
ethenediyl group into p* orbitals. Substituted chromophores still fall within the

definition of stilbenoid compounds if they do not impose their own characteristic
photochemistry on the dendrimers.
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Figure 1.2. Different paths of photochemical reactions of stilbene.[®!
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The photochemistry of stilbenoid compounds in their pure state or in inert media can be
divided into four types of reactions. a) E-Z isomerization, b) cyclization c)
cyclodimerization, and d) oligomerization (Figure 1.2 shows the different paths of
photochemistry of stilbenes). Thisis not a case for smple energy transfer, is sometimes
the case when a charge transfer occurs, and aways the case for photoadditions or
photocycloadditions with other reaction partners.

The trans / cis isomerization E&/Z isomerization) has, in the ground state S, a high
activation barrier (Ex = 180 + 20 kJmolt), which can be strongly reduced by a variety of
catalysts. The apparent cause of the experimentally observed barrier in S; is the change
in the configurational interaction in S, which is greater in the E configuration (? = 180°
than for ? = 90° (Figure 1.3). The photostationary equilibrium for direct Z/E
isomerization can be calculated for monochromatic irradiation, from the quantum yields
and the extinction coefficients, according to Equation (1). Since the ratio of quantum
yieldsisusualy closeto 1, it is possible by a suitable choice of the wavelengths to obtain
a high degree of enrichment in one configuration.

Sy conrot.
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Figure 1.3. An overview of the E/Z isomerization.[”]
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For example, with | = 313 nm 91.5 % conversion of (E) into the Z configuration can be
attained.

2] _ fewz &
[E] frece @

The rate of the isomerization of the E isomer to the Z isomer depends to a large extent on

the medium. The reverse (Z® E) isomerization for (Z)-stilbene in the first electronically
excited singlet state is complete in 1-2 ps, even in highly viscous media.

The photocyclodimerization of (E)-stilbene is another important reaction of stilbene. The
first excited singlet state S; undergoes a stereospecific [p?s + p?s] cycloaddition by
diffusion controlled formation of singlet excimers. These excimers, which correspond to
flat energy minima, transfer to the minima D of doubly excited singlet state for a

pericyclic geometry of the intermediate which then lead to the dimerized product.

Ph Ph
BSs— B9 E%% & ...O—s o—> bpf |

Ph Ph

(@) (b)

Figure 1.4. Photochemical mechanism of cyclodimerization

In this way two types of products are formed (Figure 1.4); a head to head (@) and a head
to tail (b). Predicting the regiochemstry is difficult, since according to perturbation
theory the head to head adducts should give the most stable excimers and head-to-tail
adducts give the most stable pericyclic minima® The stereoselectivity of the
cycloaddition is also linked to the formation of excimers. (Z)-Stilbenehasan S; state that
is much too short-lived, but also it does not, as a molecule in the ground state, take part in
the formation of an exciplex [(E)-1*...(2)-1]. Thus E)-stilbene dimerize while @)-
stilbene does not dimerize even in pure liquid state and a mixture of (E)-stilbene and (2)-
stilbene does not give a mixed cycloadduct.

Until now, the series 1a-e, shown in Figure 1.5, has represented the largest known series
of stilbenoid dendrimers with five generations (n = 1-5).1°™  Apart from the alkoxy-
substituted compounds, the first two generations 1f,g were also prepared with peripheral
p-dibutylamino groups!*?' Moreover, avariety of compounds exists which have the
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Figure 1.5. Structure of Stilbenoid dendrimers.
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1,3,5-tristyrylbenzene scaffold as 1a and 1f and alkyl, acyl, alkoxy, acyloxy, amino, nitro,
cyano, and halogeno groups.*®! The compounds 2a-c resemble in their structures with
the systems 1; however, they consist of (E,E)-1,4-distyrylbenzene building blocks.[*4*°)
Dendrimer 3a (Figure 1.6) has, like 1 and 2, a threefold symmetry axis C3, and contains
(E,E)-1,4-distyrylbenzen segments, as well as (EP-stiIbene building blocks.*® The same
structural concept is realized in the series 4a-d;!*”! however, a nitrogen atom forms the
center of the core.

In contrast to the three-arm systems 1-4 (I = 3), the dendrimers also have only two arms (|
= 2), which are fixed in on a benzene ring,!*¥lon an anthracene'®, on a chira 1,1'-
binaphthyl core!*¥ The stilbenoid dendrons are also attached with porphyrin core ( =
4)I2 and polyene core (Figure 1.7). The importance of such dendrimers is that there is
difference of absorption maxima from the core and periphery and there isefficient energy
transfer 2!
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Figure 1.6. Structure of stilbenoid dendrimers
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Figure 1.7. Stilbenoid dendrimers with polyene as a core.
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All dendrimers mentioned above contain the stilbene in the periphery and most of them
are conjugated. Uda et al synthesized the special class of dendrimers (Figure 1.8) in
which the stilbene is incorporated in the core and benzyl group in the periphery. The
photochemical properties of the core may be modified by the dendritic branches!?124
Due to the large size of peripheral groups, the CC bond formation is not possible in such
systems but only an efficient Z/E isomerization on photoirrradiation followed by the
thermal reverse Z/E isomerizationtake place.!?

Apart from these, McGrath et al. mentioned that they can construct a new
photoswitchable dendrimer.2¢2°)

Figure 1.8. Structure of dendrimers with stilbene in the core.
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In view of immense importance of stilbenoid dendrimers we designed stilbenoid
dendrimers with two types of core: @) 1,3,5-tricarbonyl and b) stilbene. Dendrimers are
designed in such a way that stilbene is connected with a benzyl-ether functional group.
The advantages of such systems are that they can absorb the energy to cause E/Z
isomerization and intra molecular cyclodimerization. As the two stilbene groups of same
molecule are close to each other so an intra- molecular reaction is favored in comparison
to an inter-molecular reaction. These results were confirmed by MALDI-TOF MS and
abinitio calculations. The dendrimers with stilbene in the core as well as in periphery
possess one stilbene unit (zero generation), five stilbene units (1% generation) and 17
stilbene units (2" generation); dendrimers with benzyl-ester as core contains 6 stilbere
units. Figure 1.9a-b shows the dendrimers with stilbene in the periphery (&) and
dendrimers with stilbene in the core as well as in the periphery (b).

:’)/‘j H (Del) k‘\k,i

R = OCH3 (TmDe)

3

Figure 1.9a. Structure of dendrimers with stilbene in periphery.
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Figure 1.9b. Structure of 2™ generation dendrimer (D-5) with stilbene in the periphery as
well aswell asin the core.

Dendrimers consisting of stilbene building blocks can principally exhibit the E/Z
isomerization, inter and intra molecular dimerization and oligomerization (Figure 1.4).
The photoreactions in solution and solid state have been investigated for these
compounds. It was found that [2+2] cycloaddition process worked even in diluted
solutions, the mgjor product in al cases was the intramolecular because of the geometry
of the molecules as two stilbenes are close enough to make the intramolecular
cycloaddition. The dimerization and oligomerization was favored in more concentrated
solutions. The UV/Vis studies of such compounds reveals that after certain period of
time almost all stilbene double bonds reacted as disappearance of typical stilbene
absorption. The prolonged irradiation leads to the crosslinking as the appearance of
absorption maxima below 250 nm.

The UV absorption of the 1% generation dendrimer (Tm2De) in spincoa films is
somewhat broader as in solutions, and the maxima are shifted by about 20 nm to longer

wavelengths. AFM studies reveal that the short irradiation leads cyclophane formation as
the roughness of surface increases by 20-30 nm. The prolonged irradiation causes the

smoothness in the surface due to the oligomeric formation.

1



CHAPTER 2

Synthesis of Dendrimers

2.1 Classfication

Most syntheses of dendrimers involve the repetitious alternation of a growth reaction and
an activation reaction. Often, these reactions have to be performed at many sites on the
same molecule simultaneously. Clearly, the reactions must be very 'clean’ and high
yielding for the construction of large targets to be feasible. Many dendrimer syntheses
rely upon traditional reactions, such as the Michael reaction,*3 or the Williamson ether
synthesis,[3233 whilst others involve the use of modern techniques and chemistry, such as
slid-phase  synthesis,®*®  organotransition metal®*%¥  chemistry, organosilicon
chemistry,[3%4" organo-phosphorus chemistry, 41 or other contemporary organic
methodologies.[*® The choice of the growth reaction dictates the way in which branching
is introduced into the dendrimer. Branching may either be present in the building blocks
as is more often the case or it can be created as a function of the growth reaction.

2.1.1. Divergent approach:

e
Growth
L T
Surface Growth
acivation

c:j = Reactive branching unit O = Paszive functonality

Figure 2.1. Diagram of divergent approach.

In the divergent synthesis, the dendrimers are grown in a stepwise manner from a centra
core, implying single molecule. Consequently, every reaction has to be very selective to
ensure the integrity of the final product. Since every new generation of divergently
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produced dendrimers can hardly be purified, the presence of a (small) number of
statistical defects cannot be avoided.

2.1.2. Convergent approach

rcer] obe O
E——

Growth
—_— —_——
Focal point Growth
acivation
| @ = Branching unit () = Passive focal paint W = Surface goup

Figure 2.2. Diagram of convergent approach.

In the convergent approach, the difficulty of many reactions that have to be performed on
one molecule has been overcome by starting the synthesis of these dendrimers from the
periphery and ending it at the core. In this fashion, a constant and low number of
reaction sites are warranted in every reaction step throughout the synthesis. As a
consequence, only a small number of side products can be formed on each reaction, and
therefore, every new generation can be purified (although the purification of higher
generation materials become increasing troublesome).

2.1.3. Hypercore approach:

In the early 1990s, the area of synthetic methodology in dendrimers research was led by
the Fréchet group at Cornell University. After the development of the convergent
approach, their efforts focused on the acceleration of dendrimers syntheses. The outcome
of this research was the demonstration (Figure 2.3) of ‘hypercores (2 and ‘branched
monomers .?Y) These methods involve the pre-assembly of oligomeric species which can
then be linked together to give dendrimers in fewer steps or higher yields.

13
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Figure 2.3. Diagram of hypercore approach.

2.1.4. Double Exponential and ‘Mixed’ Growth

The most recent fundamental breakthrough in the practice of dendrimers synthesis has

come with the concept and implications of ‘double exponential’ *” growth (Figure 2.4).
Double exponential growth, similar to a rapid growth technique for linear polymers,

(12

involves an ABz monomer with orthogona protecting groups for the A and B
functionalities. This approach alows the preparation of monomers for both convergent
and divergent growth from a single starting material. These two products are reacted
together to give an orthogonally protected trimer, this may be used to repeat the growth
process again. The first use of a versatile building block in this way was performed by

Shinkai [**°% athough the full potential of the idea was not realized.

Surface
deproecton

oot

—— .

R -
<%

Focal point
deproection
P —
Fourtr generation
branching unit
c:j = Branching mosity o and @ = Frotecing groups

Figure 2.4. Diagram of hyperbranching approach.
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The strength of double exponential growth is more subtle than the ability to build large
dendrimersin relatively few steps. In fact, double exponential growth is so fast that it can
be repeated only two or perhaps three times before further growth becomes impossible.
The double exponential methodology provides a means whereby a dendritic fragment can
be extended in either the convergent or the divergent direction as required. In this way,
the positive aspects of both approaches can be accessed without the necessity to bow to
their shortcomings.

2.2 Desgn and synthesis of stilbenoid dendrimers

In thiswork two types of stilbenoid dendrimers were synthesized having
a) Stilbenes on the periphery, and
b) Stilbenes on the periphery as well as in the core.

2.2.1. Synthesisof dendrimerswith stilbenes on the periphery.

The convergent approach was applied for the synthesis of stilbenoid dendrimers. The

synthetic route started with the synthesis of arylphosphonate (1a) by Arbuzow reaction,
which was then coupled with benzylaldehyde by Wittig-Horner reaction to get stilbene,

(1b, 2b) mainly trans geometry.

Cl

P(OCzHs)3 < > R
e
0, K-tBuO
9% IIT(OCsz)z >
0

la

R=H (1b)
R = OCH3 (2b)

NBS
CAs| 45.48%
AIB

R=H (lc)
R = OCH3(20)

Figure 2.5. Synthesis of compounds 1c and 2c.
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The trans stilbene (1b, 2b) was brominated with NBS in the presence of catalyst AIBN.
This procedure of bromination often gives mixture of products such as monobrominated
product (desired product) and some other unwanted polybrominated products. By
successive chromatographic separation followed by recrystalization, pure trans
bromostilbene products (1c, 2c) were obtained in moderate yield.

CO,H CO,Me CO2Me
MeOH/HCI |) DHP/MHCI |) LiAlH,
80% i) KCO5 “Ehe
95% i) H,O
OTHP 50 @ Ej)
HO.

HOAC-THF-H,0
N ~90%
H OH

6c

Figure 2.6. Synthesis of compound 6¢ and 6d.

On the other part the compound 3,5-dihydroxy benzyl alcohol 6c) was prepared by
protection of methyl 3,5-dihydroxybenzoate with tetrahydropyran. It was easy to protect
the ester (6a) with dihydropyran in the presence of catalytic anount of HCl which, after
chromatography on basic alumina, gave protected ester Gb). The chromatographic
separation of protected acohol from unprotected alcohol was very easy as pet. ether /
ethylacetate eluted very quickly the protected ester which was followed by unprotected
alcohol as by side product. The protected ester (6b) was reduced to acohol @d) with
LiAIH, in quantitative yield. The part of this alcohol was deprotected by stirring with
mixture of HOAc-THF-H,0 (4:2:1) to get the acohol (6c¢).

16
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HO
R 0] O
HO Acetone
R \ Br 18C-6
—>
60-65%
R=H (L) ¥
R = OCH3 (20) HO™ = TOH = XN
» O R - O R
R R=H (1d) R
R = OCH 3 ()

Figure 2.7. Scheme of synthesis of dendrons.

The dendron (1d, 2d) were synthesized by coupling of bromostilbene (1c, 2c) with 3,5-
dihydroxy benzyl alcohol (6c) and this dendron was reacted with core 1,3,5-tricarbonyl-
chloride (1e) to get the dendrimers (Del and TmDe). The chromatographic separation of
dendrimers Oel and TmDe) was very easy as the symmetrical products (dendrimer)
eluted first on silicagel with pet. ether / ethylacetate. The side products (n which
molecule reacted on one side or two sides) wereretained at the top of silicagel.

17
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R =H (1d)
TEA/DMAP R = OCHj (2d)
THF
70-90%
R
R
R

R=H (Del)
R= OCH3 (TmDe¢)

Figure 2.8. Synthesis of 1% generation stilbenoid dendrimers.
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2.2.2. Dendrimerswith stilbeneson the coreand periphery

The synthetic methodology began with the synthesis of symmetrical stilbene (3a), p-
methylbenzaldehyde was good precursor for the synthesis of dilbene (3a). Two
molecules of p-methylbenzaldehyde were coupled in the presence of TiCl, / Zn to get
stilbene (3a) in good yield with exclusively trans configuration, this was further
brominated with NBS in the presence of AIBN, which gave dibromo compound (3b) with
moderate yield. The compound (3b) was reacted first with acohols (4b and
benzylalcohol) to synthesize the model dendrimers (HyODe, TmODe); it helped in
optimizing the reaction conditions for synthesis of dendrimers. Figure 2.9 shows the
synthetic route to model dendrimers. By similar way, the compound 3b was reacted with
dendritic alcohol (2d) in the presence of KOH as base and TBAF (phase transfer reagent)
to get the dendrimer Tm2De (Figure 2.10). The separation of Tm2De was not easy

however repetitive chromatography gave the pure compound Tm2De with moderate
yield.

The 2" generation dendrimer (D-5) was prepared by the hypercore approach.[*® The
compound 3b was reacted with (THP)-protected alcohol (6¢) in the presence of 5 molar
eg. of KOH and TBAF as phase transfer catayst. The resultant compound was
deprotected in the same step to get the alcohol (2f) which was then reacted with
compound 2g in the presence of K,CO3; and 18-C-6 as phase transfer catalyst to get the
2" generation dendrimer (D-5). Figure 2.11a-b shows the synthetic route to 2™
generation dendrimer (D-5).

19
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95%| McMurry
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55% NBS
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Figure 2.9. Synthesis of model compounds with stilbene in the centre.
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HO.

KOH (5 mol eq)
3504 TBAF
-39 Chlorobenzene

R
R
5
-0,
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Figure 2.10. Synthesis of 1% generation dendrimer with stilbene in the core and in the

periphery.
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Figure 2.11a. Synthesis of halogenated compounds.
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h

OTHP

i) KOH/TBAF

Chlorobenzene

ii) HCI/H,0O
25%

o v OH
o 2¢/K ,CO3
—_——
NN Acetone/18-C-6
20%
O OH
HO
2f

D-5

Figure 2.11b. Synthesis of 2™ generation dendrimer D-5.

Figure 2.12. 2" generation stilbenoid dendrimer (D-5).



CHAPTER 3

Spectroscopic Characterization

The structure of stilbenoid dendrimers was established through standard techniques such
asNMR (*H NMR, **C NMR, 2D NMR), FT-IR, UV/Vis, MS (FD-MS, MALDI- TOF).

3.1 'HNMRand **C NMR of Dendrimers
3.1.1 NMR of dendrimerswith stilbenes on the periphery

Two types of dendrimers were synthesized which contained 1,3,5- Tribenzoyl as a core.

Figure 3.1. Structureof Del (R = H) and TmDe (R = OCH3).



Spectr oscopic Char acterization

The molecule TmDe possesses peripheral OCHs groups while the molecule Del lacks the
peripheral OCH3 groups.

NMR of TmDe

Dendrimer TmDe (R = OCHs, Figure 3.1) possesses Cz, symmetry and its *H NMR
spectrum shows a singlet (d = 8.91) for the centra ring protons (H 12). The aromatic
protons (H 8,10) show an AA®BB¢pattern in the range of 7.46-7.36. The olefinic protons
(H 9,11) give anarrow AB system atd = 6.97 with J= 16.5 Hz, which confirms the trans
configuration. The aromatic protonsH 6 give asinglet at d = 6.70 ppm. The protonsH 5
resonate at d = 6.67 with *J = 1.8 Hz and similarly H 7 protons resonate at d = 6.50, a
triplet with 3 = 1.8 Hz. The methyleneoxy protons H 3,4 give two singlets at d = 5.30
and 4.99, respectively, with a ratio of 1:2. The OCHj; protons show singlets d = 3.87-
3.83). Figure 3.2 depicts the 300 MHz 'H NMR spectrum of compound TmDe (R =
OCHz).

OCH; B
— 400
H-6 — 300
Olefinic H i
— 200
H5 i
H 12 H 8,10 H4 :
\ \ H7 h3 l _—100
| / UL i
0
T T | T T T T | T T T T | T T T T | T T T T | T 1 T T | T T
9.0 8.0 7.0 6.0 5.0 4.0

(ppm )

Figure 3.2. 300 MHz *H NMR Spectrum of TmDein CDCk;
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Spectr oscopic Char acterization

In the 3C NMR of TmDe, the carbonyl carbon (C 21) resonates at d = 164.6 ppm. The
oxygen bearing quaternary carbon atoms resonate at d = 160.1 (C 20) and at d = 153.3 (C
19). The other quaternary carbon atoms (C 13-18) show signals in the range of d =
138.0-132.8 ppm. The proton bearing carbon atoms (C 8-12) show signalsin the range of
d =131.2-126.5 ppm. Thesignal atd=107.1isdueto C 7, the signal at d = 103.6 is for
C 6 and the signal at d=102.0 is due to C 5. Methyleneoxy carbon atoms resonate at d =
69.9 (C4) and at d = 67.1 (C 3). The meta-OCHj3 carbon atoms resonate at d = 60.9 and
para-OCHj3 carbon atoms resonate at d = 56.1 ppm. Figure 3.3 depicts the 75 MHz **C
NMR spectrum of compound TmDe.

CH bearing m-OCHs
Carbon atoms
C8-12
Quartenary l p-OCH;z
Carbon atoms c6
C 13-18
Cc 19
|
c20
c21 ] c7
| l Ul
I 1I70I :I.IGOI ll50l 1I40I 1I30I 1I20I 1-10- lIOO 90 80 70 60 I
(ppm)

Figure 3.3. 75 MHz 3C NMR Spectrum of TmDe in CDCl;

NMR of Del

In the dendrimer without side chains ((Del, R = H, Figure 3.1), the protons (H
6,8,10,13,19) show multiplets in the range of d = 7.47-7.31, individual signals could not
be assigned. The central ring protons (H 12) give a sharp singlet at d = 8.91 which is
characteristic for this molecule. The olefinic protons (H 9, 11) give a narrow AB system
at d = 7.05 with J = 16.5 Hz, which confirms the trans configuration. The protons H 5
glveadoublet a d=6.67 with *J= 1.8 Hzand similarly H 7 protons show atriplet at d =
6.50 with *J = 1.8 Hz. The methyleneoxy protons H 3,4 give singletsat d = 5.30 and d =
4.99, respectively, with aratio of 1:2. Figure 3.4 depicts the 400 MHz *H NMR spectrum
of compound Del (R = H).

26



Spectr oscopic Char acterization
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Figure 3.4. 400 MHz *H NMR spectrum of Delin CDCk.
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3.1.2. NMR of dendrimer with stilbenes on the core and periphery

The stilbenoid compounds (TmODe, Tm2De, D-5) possess Cor, symmetry. The central

olefinic protons (trans) are symmetrical and don’t show a coupling, but the protons of the
double bonds in the periphery couple with each other to give a narrow doublet with J ~
16 Hz, which confirms the trans configuration. The same behavior was observed for the
model dendrimer (zero generation) in which the periphery stilbenes are lacking.

NMR of model compound (TmODe)

The methoxy protons of TmODeshow singlets at d = 3.82 (meta-OCHs) and 3.84 (para-
OCHs3), the methyleneoxy protons (H-3,4) show singlets at d = 447 and 4.54. To
differentiate between H 3 / H 4, the HMBC (Figure 3.6) and HMQC (Figure 3.7)
experiments were carried out. The proton H 3 shows 3-bond coupling with C 4 and C 5
while H 4 shows 3-bond coupling with C 3 and C 7. By a similar way, individual peaks
were assigned for other protons. Table 3.1 shows the individual assignment of each
proton and carbon atom of TmODe.
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Carbons d (°C) Protons d ("*H)
HiC-1 60.8 s 6H(H-1 3.82
HC-2 56.8 s 12H (H-2) 3.84
H.C-3 72.2 s 4H (H-3) 4.47
H.C-4 71.8 s 4H (H-4) 4.54
HC-5 104.6 s 4H (H5) 6.58
HC-6 128.2 s 2H (H-6) 7.10
HC-7 128.3 AAC4H (H-7) 7.35
HC-8 1265 BB¢AH (H-8) 7.50
C-9 133.8
C-10 137.6
C-11 136.7
C-12 137.6
C-13 153.2

Table3.1. *Hand 13C NMR dataof TmODe in CDCl (TMS asinterna standard).
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8
/11 N\ 7\
8 6

Figure 3.5. Numbering of model compound TmODe.
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Figure 3.6. HMBC spectrum of model dendrimer TmODe.
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Figure 3.7. HMQC spectrum of model dendrimer TmODe.
NMR of dendrimer Tm2De

The OCHj; protons of Tm2De show singlets at 3.85 (para) and 3.89 (meta) with aratio
1:2 and the methyleneoxy protons (H 3,4,5) show singletsat d =5.03,d =4.51 and d =
4.49, respectively, with aratio of 2:1:1. The upfield signal at d = 6.55, atriplet, isdueto
H6 (*J=18Hz andadoublet at d=6.62 (*J = 1.8 Hz) is for H 8 protons. The outer
ring protons (H 7) resonate at d = 6.67 and show a singlet, the outer olefinic protons (H
9,11) resonate at d = 7.01 and give a doublet of doublet with J = 16.1 Hz; this confirms
the trans configuration. The centra ring olefinic protons (H 15) give asinglet at d = 7.0
ppm. The other aomatic protons (H 10, 12 and H 13, 14) give two sets of AA(BB¢
patterns in the range of d = 7.51-7.29 ppm. Figure 3.9 depicts the 300 MHz *H NMR
spectrum of compound Tm2De.
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Figure 3.8. Numbering of Dendrimer Tm2De.
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Figure 3.9. 300 MHz *H NMR of dendrimer Tm2Dein CDCk.
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In 13C NMR of Tm2De, the OCH3 carbon atoms give signals at d = 56.1 (meta-OCHs)
and at d = 60.9 (para-OCHj3). The methyleneoxy carbon atoms resonate at d = 69.8 (C 3)
andd=71.8,d=71.9(C4and C5). The proton bearing carbon atoms give signalsat d =
101.5(C6),d=103.6 (C 7) and d = 106.6 (C 8). The other proton bearing carbon atoms
(C 9-15) give signals between d = 126.5-128.8 ppm. Two of the three oxygen bearing
carbon atoms resonate low field at d = 160.3 (C 24) and d = 153.4 (C 23). The other
quaternary carbon atoms (C 16-22) give signals in the range of d = 140.7-131.6 ppm.
Figure 3.10 depicts the 75 MHz *C NMR spectrum of compound Tm2De.
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Figure 3.10. 75 MHz 3C NMR of dendrimer Tm2De in CDCk.

NMR of 2" generation D-5

The *H NMR spectrum of 2" generation dendrimer D-5 is complex. Due to the large
number of overlapping signals, the individual signal of each proton could not be
assigned. The aromatic protons H 16,17 show an AABBC¢ pattern and resonate at d =
7.47 and 7.36 ppm; the protons H 18,19 have similar chemical shifts so their signas
merged into those of H 16,17. The ol€finic protons resonate at d = 6.99, a broad singlet,

32



Spectr oscopic Char acterization

and H 11 protons give a singlet at d = 6.71 ppm. The other aromatic protons (H 7-10)
resonate between d = 6.66-6.41 ppm. The OCH, protons give singlets at d = 4.98 (H 3)
and d = 4.93 ppm (H 4). The H 5 and H 6 resonate at d = 4.58 and 4.47 ppm. The meta-
and para-OCHj3; protons give signals at d = 3.87 and 3.85 ppm, respectively. Figure 3.12
depicts the 300 MHz *H NMR spectrum of dendrimer D 5.

Figure3.11. 2" generation dendrimer D-5.
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Figure 3.12. 300MHz *H NMR of dendrimer D-5 in CDCls.
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32. MALDI-TOF
3.2.1. Principle

MALDI-TOF mass spectrometry is an emerging technique offering promise for the fast
and accurate determination of high molecular masses. The MALDI technique is based
upon an ultraviolet absorbing matrix pioneered by Hillenkamp and Karas*®l. Matrix and
sample are mixed at a molecular level in an appropriate solvent with a ~100 molar excess
of the matrix. The sample / matrix mixture is placed onto a sample probe tip. Under
vacuum conditions the solvent is removed, leaving co-crystallized sample molecules
homogeneously dispersed within matrix molecules. When the pulsed laser beam is tuned
to the appropriate frequency, the energy is transferred to the matrix which is partialy
vaporized, carrying intact sample into the vapor phase and charging the sample!®
Multiple laser shots are used to improve the signalto-noise ratio and the peak shapes,
which increases the accuracy of the molar mass determination.®™ In the linear TOF
analyzer (drift region), the distribution of molecules emanating from a sample have
identical trandational kinetic energy after being subjected to the same electrical potential
energy difference. These ions will then traverse the same distance down an evacuated
fidd-free drift tube; the smaller ions arrive at the detector in a shorter amount of time
than the more massive ions. Separated ion fractions arriving at the end of the drift tube
are detected by an appropriate recorder that produces a signal upon impact of each ion
group. The digitized data generated from successive laser shots are summed yielding a
TOF mass spectrum. The TOF mass spectrum is a recording of the detector signal as a
function of time. The time of fliﬁght for a molecule of mass m and charge z to travel this
distance is proportional to (m/z)Y2. This relationship, t ~ (m/z)¥?, can be used to calculate
the ions mass. Conversion of the TOF mass spectrum to a conventional mass spectr um of
mass-to-charge axis can be achieved by calculation of the ions mass.

MALDI is a ‘soft’ ionization technique in which the energy from the laser is spent in
volatilizing the matrix rather than in degrading the sample. Preparation of an appropriate
sanple / matrix mixture is one of the critical limiting factors for the universal application
of MALDI to synthetic samples.
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Figure 3.13. Principle of laser desorption ionization.

The purpose of the matrix material, as described earlier, is two-fold: (1) absorption of
energy from the laser light, thus preventing sample decomposition, and (2) isolation of
the sample molecules from one another.***>? Most of the commonly used matrices are
2,5-dihydroxybenzoic acid derivatives, sinapinic acid derivatives, and indoleacrylic acid
derivatives. Few compounds are useful as matrix materials due to the numerous
stipulations involved; common solubility in a given solvent (water, acetonitrile, ethanol,
etc.), absorption, reactivity, and volatility are conditions that must be considered before
an appropriate matrix might be found for a particular synthetic sample.’**¥ |n addition to
the matrix material, cationizing species are often added to increase the concentration of
ionized species.® Some linear homopolymers and condensation polymers have been
shown to yield adequate spectra for analysis without cationizing species but often
alkaline salts (LiCl, NaCl, KCI) or silver trifluoroacetate have been included as the
cationizing agent to increase the yield of cationized species and allow a more
homogeneous cationization.
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3.2.2. MALDI-TOF of dendrimers

The MALDI-TOF of dendrimers mentioned here was carried out using the dithranol as a
matrix and silver trifluoroacetate is used as salt (Figure 3.14-3.15) shows the MALDI -
TOF spectrum of dendrimers), in al these cases there is a major peak of molecular ion,
apart from this some fragmentation also takes place.
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Figure 3.14. MALDI-TOF spectrum of TmODe irradiated for 20 minutesin 4 x 104 M
in dichloromethane, dithranol as matrix.

Structure of dithranol
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Figure 3.15. MALDI-TOF spectrum of Tm2Deirradiated for 20 minutesin 3 x 104 M in
dichloromethane, dithranol as matrix.
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Figure 3.16. MALDI-TOF spectrum of 2" generation dendrimer D-5, dithranol as
matrix.
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33.  UV/Vis spectroscopy

The E-stilbene chromophores show a strong absorption for the energy-lowest ?-7*
transition. It was observed that the influence of the generation of stilbenoid dendrimers
on the absorption maxima is very low.!® All dendrimers have almost the same | e
values in dichloromethane. The zero generation dendrimer TmODe has a | max vaue of
312 nm, 1% generation dendrimer Tm2de is dightly red shifted to | me at 314 and 2

generation dendrimer D-5 isred shifted to | max at 325 nm (Figure 3.17a-b).
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Figure 3.17a. UV/Vis spectra of stilbenoid compounds in CH,Cl,.



Spectr oscopic Char acterization

1.0

Absorbance (a.u)
o
[}
| N
——

0.0+

250 275 300 325 350 375 400

Wavelength| /nm

Figure 3.17b. UV/Vis spectraof stilbenoid compoundsin CH,Cls.

The dendrimer with three arms shows a slight blue shift absorption compared to the
dendrimers with stilbene in the core. The first generation dendrimer without side chains
(Del) absorbs a | max = 306 nm. The dendrimer with side chains (TmDe) is red shifted

to 310 nm.
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Figure 3.18a. Absorption spectra of thin spin coated film of stilbenoid compounds.
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Figure 3.18b. Absorption spectra of thin spin coated film of stilbenoid compounds

The absorption spectra of thin solid films of stilbenoid compounds were studied on
quartz plates. The absorption spectral features of the solid film were distinctly different
from that of solution. The thin film spectra are somewhat broader as in solution, and the
maximum is shifted by 7-16 nm to longer wavelengths. Both effects point to an
increased intermolecular interaction. The zero generation dendrimer (TmODe) is shifted
to | mex = 319 nm and I generation dendrimer (Tm2De) shows | max = 328 nm; thin film
absorption spectra of 2'¥ generation dendrimer (D-5) is more flat and red shifted to 341
nm. The absorption spectra of thin solid films of threefold dendrimers (TmDe, Del)
show maximum at 328 and 324, respectively. Figure 3.18ab depicts the absorption
spectra of thin solid film of stilbenoid compounds.
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34. Fluorescencespectroscopy

The emission spectral features of the stilbenoid dendrimers (TmDe, Tm2De, D-5) are
similar but they differ distinctly from the model compound (zero generation TmODe)
and Del which are hypsochromically shifted. Excitation at 306-25 nm, i.e. a the
absorption maxima of the stilbene units, resulted in emission bands which are at 363 nm
for TmODe, 403 nm for Tm2De, 405 nm for D-5, 404 nm for TmDe, and 359 nm for
Del. These results show a dlight effect of the fluorescence maxima on the number of
generations but the fluorescence intensity increases with increasing generation. It was
observed that substitution of H (Del) by OCH; (TmODe) on the periphery cuses the
fluorescence band to be shifted to longer wavelength; a possible explanation for this
behavior is decreased HOMO-LUMO gap. This effect is small in absorption spectra (5
nm) but significant in fluorescence emission spectra (45 nm). Figure 3.19 shows the
fluorescence spectra of stilbenoid compounds in dichloromethane.

Flu. Intensity (a.u)

T T
400 500
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Figure 3.19. Emission spectra of stilbenoid compoundsin CH,Cl.

The emission spectra of thin solid films of dendrimers were studied on quartz plates by
exciting at 319-341 nm, i.e. exciting at the | yax of thin solid films (Figures 3.20a-b). The
emission spectra are smilar to those measured in solution, but red shifted with respect to
the solution. The red-shift in emission in the solid state is also observed for some
conjugated polymers and may be explained by the fact that in the solid state, the
molecules can experience a wider distribution of conformations including a more planar
state which would give rise to a lower HOMO-LUMO energy gap.!>®
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Figure 3.20a. Thin film emission spectraof TmDe and Del.

El

s

2 w0 —— TmODe
S —— Tm2De
g

£

3

L

04
T T T
500 600

Wavelength | / nm

Figure 3.20b. Thin film emission spectraof TmODe and Tm2De.
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Figure 3.20c. Thin film emission spectra of 2" generation dendrimer (D-5).



Spectr oscopic Char acterization

35 FT-IR

IR spectrum of dendrimers TmDe and Del shows characteristic absorption at 1728 and
1727 cm?, respectively, for conjugated C=0 stretching. The absorption at 1600 cri is
for C=C stretching of trans stilbene.  The aromatic C=C stretching appears between
1410-1590 cm™ and $? and sp® stretching around 3000 cmit. The dendrimer TmDe
shows absorption at 1127 cm? that is due to peripheral C-O stretching which is missing
in the dendrimer Del (without peripheral OCHj3 groups). The dendritic alcohol 1d shows
characterisic O-H (H-bonded) stretching at 3420 cm'. Figure 3.21 shows the
comparison of IR spectrum of compounds 1d and Del and figure 3.22 shows the IR of
dendrimer TmDe.
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Figure 3.21. FT-IR (KBr pellet) of Del (red line) and 1d (black line).
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Figure 3.22. FT-IR (KBr pellet) of compound TmDe.
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CHAPTER 4

Photochemistry

Stilbenes belong to the best investigated compounds in photochemistry. Together with
the photophysical properties, E/Z isomerization reactions, electrocyclic ring closures
(with subsequent oxidation to phenanthrenes or higher polycyclic aromatics),
cyclodimerizations, and polymerizations / cross-linking CC formation render the
stilbenoid compounds suitable for various applications in materia sciences and
biomedical chemistry.[®”]

The photochemistry of stilbene was started in the beginning of twentieth century by
Ciamician and Silber®® who rank among the pioneers of photochemistry. The first
excited singlet state S; undergoes a [%s + ?°s] cycloaddition to give, in its simplest form,
two types of products. a head-head and a head-tail dimer with a statistica ratio that vary
from compound to compound. In addition, there is a high degree of streoselectivity.!®”
Here again formation of excimersis akey factor. Thisisillustrated by the example of the
double photocyclodimerization of 1,3-distyrylbenzene (1). This compound can exist as
three rotamers shown in Figure 4.1, bottom left is the least abundant, owing to its dightly
higher steric energy. The three rotamers lead to different syn-[2,2](1,3)cyclophanes.
According to the “NEER” principle (nonequilibrium of excited rotamers), the original
distribution between the rotamers is preserved in the § state!®® After the first four-
membered ring formation, the distribution in the $ state might change, but since the

steric conditions are similar to those in (1), the rotamer populations remain essentially
unaltered.
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Figure 4.1. Formation of three cyclophanes from three rotamers of compound 1.

4.1. Photochemidry of model dendrimers
Photochemistry of HyODe:

HyODe shows fast photochemical reactions upon irradiation in a 4 x 10* M
dichloromethane solution with medium pressure mercury lamp with duran filter. The H
NMR was recorded before and after the photochemical reaction which shows that the E
form transforms into Z . Apart from this, the dimerized products 4a and 4b were formed
including aso the oligomer formation.

The molecule HyODe possesses a Co, symmetry and the olefinic protons resonate at d =
7.1 ppm. Upon irradiation anew signal at d = 6.6 ppm for Z protons together with signals
of CC bond formation in the range of d =4.68-4.56 ppm appears. The dimerized products
4aand 4b (Figure 4.2) are symmetric and each configuration gives a single signal for the
protons on the 4- membered ring as well as for the OCH, protons. Multiplets at d = 4.68-
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458 are due to the CC crosslinked product 4c. Figure 4.3 depicts the *H NMR of
compound HyODe before and after the photochemical the reaction
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Figure 4.2. Photoreaction of the model compounds [R = benzyl (HyODe), R = 3,4,5-
trimethoxy benzyl (TmODe)].
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Figure 4.3. 300 MHz'H NMR of HyODe (in CDCh) beforeirradiation (bottom) and
after 20 minutes irradiation (top).

Photochemistry of TmODe

The molecule TmODe shows a fast photochemica E/Z isomerization reaction.
According to the 'HNMR signals, the ratio obtained for 3 x 10* M solution of TmODein
CDCl; irradiated for 5 minutes with a Hanovia-450W medium pressure mercury lamp
with duran filter amounted to E/Z mixture The spectrum shows also asmall amount of
CC bond formation. This is clear from the disappearance of *H NMR signalsat d = 7.1
ppm for E protons and appearance of rew signals for Z protons at d = 6.6 ppm together
with d = 4.49 ppm for CC bond formation (Figure 4.4a). A photostationary state enriched
with the cyclized products was obtained after 20 minutes of irradiation in which almost
all the signals for E protons(d = 7.1) disappeared (Figure 4.4d).

These results were confirmed by UV/Vis spectroscopy, the molecule TmODe was
irradiated by monochromatic light (I = 320 nm) with conc. 3 x 10* M in
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dichloromethane. In the beginning (t = 0 sec, Figure 4.5) molecule shows typical stilbene
absorption a | max = 312 nm, by irradiation this absorption starts decreasing and amost
vanished after long irradiation time (t = 1 hour, Figure 4.53). This indicates that all
stilbenoid double bond involved in the CC bond formation.

AAC ArH, OCH,
BB¢ c=C C=C (2) CC bonds

—E
T

56 54 52 50 48 46 44

Figure 4.4. 300 MHz *H NMR (in CDCk) of TmODe; before irradiation (a), after 5
minutes irradiation (b), after 10 minutes irradiation (c), and after 20 minutes irradiation

@.
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Figure 4.5a. Photodegradation of TmODeina3 x 10% M solution in dichloromethane
with monochromatic light (I = 340 nm).
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Figure 4.5b. MALDI-TOF spectrum of compound TmODe after 20 minutes irradiation
with Hanovia450W medium pressure mercury lamp with duran f